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บทคัดย9อ 

งานวิจัยนี้ทําการศึกษาวัสดุเพียโซอิเล็กทริกไร$สารตะก่ัว เพื่อนํามาทดแทนวัสดุเพียโซอิเล็ก-

ทริกที่มีตะก่ัวเปFนองค*ประกอบ โดยเน$นศึกษาเซรามิกที่ประกอบด$วยระบบหลัก 3 ระบบ คือ แบเรียม-

ไทเทเนต (BT)  บิสมัทโซเดียมไทเทเนต (BNT) และโพแทสเซียมโซเดียมไนโอเบต (KNN) เพื่อสมบัติ- 

เพียโซอิเล็กทริกที่สูง จึงมีการออกแบบเซรามิกในสัดสKวนที่ประกอบด$วยเฟสรKวมระหวKางสองเฟสหรือ

มากกวKา โดยอาศัยหลักการของบริเวณรอยตKอระหวKางเฟส (MPB) และการเปลี่ยนเฟสแบบหลายรูป 

(PPT) ทั้งนี้มีการรวบรวมข$อมูลจากเอกสารอ$างอิงเพื่อสร$างเฟสไดอะแกรมเฟอร*โรอิเล็กทริกและ

บริเวณรอยตKอระหวKางหลายรูปวัฏภาค (PPB) จากนั้นศึกษาเอกลักษณ*เฉพาะของโครงสร$างผลึกของ

แตKละเฟส โดยเทคนิคการเลี้ยวเบนของรังสีเอกซ* (XRD) และรามานสเปคโทรสโคป4 การวิเคราะห*เชิง

คุณภาพของเฟสและการวิเคราะห*โครงสร$างระยะส้ัน (local structure) ได$ศึกษาโดยเทคนิครีทเวลรีไฟน*

เมนต* (Rietveld analysis refinement) และเทคนิคการดูดกลืนรังสีเอกซ* (XAS) พร$อมทั้งรายงานคKา

สัมประสิทธิ์เพียโซอิเล็กทริกและคKาทางเฟอร*โรอิเล็กทริก เชKน d33  d33
* Kp  Pr และ Ec รวมทั้งศึกษา

พฤติกรรมความล$าทางไฟฟjา ซ่ึงเปFนสมบัติสําคัญของวัสดุที่จะประยุกต*ใช$งานในฮาร*ดดิสก*ไดรฟl 

 งานวิจัยได$นําเสนอเฟสไดอะแกรมเฟอร*โรอิเล็กทริกของระบบสามองค*ประกอบ BT-BZ-CT 

และรายละเอียดของรอยตKอระหวKางเฟส ผลการทดลองพบวKาเซรามิกที่สัดสKวนบริเวณรอยตKอระหวKาง

เฟสหลายรูป (PPB) แสดงสมบัติเพียโซอิเล็กทริกที่โดดเดKน เมื่อมีการเหน่ียวนําทางไฟฟjา เซรามิกที่

สัดสKวน x = 0.06 แสดงคKาความเครียดสูงถึงร$อยละ 0.23 เมื่อใช$คKาสนามไฟฟjาเทKากับ 40 กิโลโวลต*

ตKอเซนติเมตร เนื่องจากเซรามิกประกอบด$วยเฟสรKวมระหวKางเฟสรอมโบฮีดรอลและเฟสเททระโกนอล 

สKงผลให$คKาสัมประสิทธิ์เพียโซอิเล็กทริกสัมพัทธ* (Smax/Emax) มีคKาสูงถึง 1280 พโิคเมตรตKอโวลต* ภายใต$

สนามไฟฟjาเทKากับ 10 กิโลโวลต*ตKอเซนติเมตร เซรามิกที่สัดสKวนบริเวณรอยตKอระหวKางเฟสหลายรูป 



(PPB) ยังแสดงการเส่ือมสภาพจากความล$าในระดับตํ่า ภายหลังจากการให$สนามไฟฟjาจํานวน 106 

รอบ นอกจากนั้น เมื่อมีการให$สนามไฟฟjาด$านเดียว คKาความเครียดภายใต$สนามไฟฟjายังไมKแสดงวง

วนฮีสเทอเรสิส ณ สนามไฟฟjาคKาสูง จากการศึกษาสKวนนี้พบวKาเซรามิกที่สัดสKวนบริเวณรอยตKอ

ระหวKางเฟสหลายรูปข$างต$น มีความเหมาะสมตKอการนําไปประยุกต*ใช$งานด$านแอคชัวเอเตอร*  

 เซรามิกในระบบ BT-CT-BS ที่สัดสKวน x = 0.1000 หรือ (Ba0.825+xCa0.175-x)(Ti1-xSnx)O3 แสดง

สมบัติเพียโซอิเล็กทริกที่โดดเดKน คKาสัมประสิทธิ์เพียโซอิเล็กทริก (d33) มีคKาเทKากับ 515 พโิคคูลอมบ*ตKอ

นิวตัน และคKาสัมประสิทธิ์เพียโซอิเล็กทริก (d33
*) เทKากับ 1293 พโิคเมตรตKอโวลต* ซ่ึงคKาดังกลKาวสูงกวKา

คKาที่รายงานในเซรามิกเลดเซอร*โคเนตไทเทเนตแบบอKอน    ย่ิงไปกวKานั้น ผลการวิจัยพบการผKอนคลาย

ทางไดอิเล็กทริก ณ อุณหภูมิ 90-150 เคลวิน ซ่ึงต่ํากวKาอุณหภูมิการเปล่ียนเฟสระหวKางเฟสรอมโบฮี

ดรอลกับเฟสออโธรอมบิกมาก โดยเปFนไปตามแบบจําลองของ Vogel-Fulcher แสดงคKาพลังงานกKอกัม

มันต* (Ea) ในชKวง 20 - 70 มิลลิอิเล็กตรอนโวลต* และพบอุณหภูมิเยือกแข็ง (TVF) มีคKาระหวKาง 65-85 

เคลวิน สําหรับระบบที่มี BNT เปFนองค*ประกอบหลัก ได$ทําการศึกษาเซรามิก (1-x)(0.94Bi0.5Na0.5TiO3-

0.06BaTiO3)-xBaSnO3 หรืออักษรยKอ BNT-BT-xBSn ในสัดสKวน x = 0.00  0.02  0.04  0.06  0.08 

และ 0.10 พบวKาเซรามิกที่สัดสKวน x = 0.02 แสดงคKาความเครียดสูงถึงร$อยละ 0.4 และคKา

สัมประสิทธิ์เพียโซอิเล็กทริกสัมพัทธ* (d33
*) มีคKาเทKากับ 669 พิโคเมตรตKอโวลต* ณ อุณหภูมิห$อง ผล

การศึกษาสKวนนี้แสดงวKาเซรามิกในระบบ BNT-BT-xBSn เหมาะสมสําหรับการประยุกต*ใช$ในงาน

แอคชัวเอเตอร*ที่ต$องการความเครียดตอบสนองที่สูง 

 ในระบบสุดท$ายงานวิจัยทําการศึกษาเซรามิกในระบบ(1-x)(K1/2Na1/2)NbO3 – xBi(Zn2/3Nb1/3)O3 

[(1-x)KNN–xBZnN]  ที่อัตราสKวน x = 0.01–0.10จากผลการศึกษาสมบัติไดอิเล็กทริกพบวKา อุณหภูมิใน

การเปลี่ยนเฟสเฟอร*โรอิเล็กทริก- พาราอิเล็กทริกมีคKาลดลงอยKางมีนัยสําคัญตKอการเจือ BZnN ใน

เซรามิก KNN. เซรามิกแสดงสมบัติเพียโซอิเล็กทริกและเฟอร*โรอิเล็กทริกที่โดดเดKนที่องค*ประกอบ x = 

0.01 โดยให$คKา คKาสัมประสิทธิ์เพียโซอิเล็กทริก (d33
*) เทKากับ 498 พิโคเมตรตKอโวลต* และ คKาโพราไร

เซช่ันคงค$าง (Pr) gmjkdy[ 23.3 ไมโครคูลอมตKอลูกบาศก*เซนติเมตร แสดงคKาความเครียดภายใต$

สนามไฟฟjาสูงเทKากับ 0.3% และอุณหภูมิคูรีย*มีคKาเทKากับ 380oC งานวิจัยนี้พบวKา เซรามิกในระบบน้ี

เมื่อเทียบกับเซรามิกในระบบ BT และ BNT เหมาะสมที่จะนํามาประยุกต*ใช$งานกําลังสูง หรือ แอคชัวเอ

เตอร*ที่ใช$งานที่อุณหภูมิสูง 
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ABSTRACT 
 An attempt was made by this study to replace Pb-based piezoelectric ceramics with a 
non-toxic lead-free piezoceramic, while focusing on a perovskite structure based on 3 systems; 

BaTiO3, (Bi,Na)TiO3 and (K,Na)NbO3-based ceramics. In order to achieve high piezoelectric 
properties, the composition that exhibits two or multiphase coexistent near room temperature was 
designed, based on the concept of morphotropic phase boundary (MPB) and polymorphic phase 
transition (PPT). Several works in the literature were reviewed in order to establish the ferroelectric 

phase diagram and search the polymorphic phase boundary (PPB). Phase compositions in the 
crystal structure were characterized by X-ray diffraction and Raman spectroscopy. The quantitative 
phase analysis and local structure of some systems were characterized by Rietveld analysis 
refinement and X-ray absorption fine structure spectroscopy (XAS). This study measured important 

piezoelectric and ferroelectric parameters, such as d33, d33
* Kp, Pr, Ec, and also focused on electric 

fatigue behavior, which is an important parameter for HDD applications.  
The ferroelectric phase diagram was established in the BT-BZ-CT ternary system, with 

the PPB line being proposed. The PPB composition exhibited outstanding piezoelectric properties. A 

large, virtually hysteresis-free electric field induced strain of 0.23% was achieved with the 
composition, x = 0.06, at 40 kV/cm on the boundary between rhombohedral and tetragonal 
phase. This relates to an extraordinarily high and normalized piezoelectric coefficient (Smax/Emax) of 
1280 pm/V, which was reached at a low electric field applied at 10 kV/cm. Fatigue measurement 

carried out on PPB compositions showed a small degradation in maximum strain after 106 cycles, 
when using an applied field of 20 kV/cm at 10 Hz. Furthermore, the unipolar strain curves were 
almost hysteresis-free at a high electric field. This study recommended the use of PPB 

composition for high precision actuator applications. 
As a result, at x = 0.1000 in the BT-CT-BS system, the (Ba0.825+xCa0.175-x)(Ti1-xSnx)O3  

showed outstanding piezoelectric values of d33 = 515 pC/N and d33
* = 1293 pm/V, which were 

higher than those found in commercially available soft PZT. In addition, this study was the first to 



report an anomalous dielectric relaxation at T ≈ 90-150 K, which is far below that in 

rhombohedral to orthorhombic phase transition. This relaxation fitted the Vogel-Fulcher model with 
activation energy of Ea ≈ 20 - 70 meV and freezing temperature of TVF ≈ 65-85 K. 

Solid solution of (1-x)(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)-xBaSnO3 [abbreviated as BNT-BT-

xBSn] with the compositions, x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 in the BNT-based 

system was considered. This part of the research reported that a large strain of around 0.4%, with 

a normalized strain value (d33
*) of 669 pm/V at the composition, x = 0.02, was achieved by 

applying an electric field of 60 kV/cm at room temperature. The results of this study showed that 

a new BNT-BT-xBSn ceramic system is a very promising candidate for creating a significantly 

large strain response, which is sufficiently effective for actuator material applications.  

In the KNN-based system, the binary system of (1-x)(K1/2Na1/2)NbO3 – xBi(Zn2/3Nb1/3)O3 

[(1-x)KNN–xBZnN]; x = 0.01–0.10 was investigated. The dielectric data show that the amount of 

Bi(Zn2/3Nb1/3)O3 added in (K1/2Na1/2)NbO3 decreases the ferroelectric–paraelectric transition 

temperature progressively. Furthermore, optimum piezoelectric and ferroelectric properties were 

observed at the composition, x = 0.01: effective piezoelectric coefficients (d33
*) = 498 pm/V, 

remanent polarization (Pr) = 23.3 µC/cm2, coercive field (Ec) = 14 kV/cm, maximum strain (Smax) = 

0.3% and Curie temperature (TC) = 380oC. The results of this study show that KNN with a small 

amount of Bi(Zn2/3Nb1/3)O3 (x = 0.01) can be a candidate lead-free piezoelectric ceramic. 

Furthermore, when compared with the BT and BNT–based system, the KNN-based system can be 

a candidate lead free piezoelectric ceramic for high power or high temperature actuator 

applications. 
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In this research, potassium niobate (KNbO3) powder was synthesized successfully for
6–24 h in 15 M of KOH solutions at 120–200◦C via the hydrothermal method. The effects
of reaction temperatures and reaction times on the precipitation of KNbO3 powders
were investigated. A hydrothermal precursor yielded a pure single phase KNbO3 for
18 h at 150◦C. When the reaction time increased to 24 h, the morphology of KNbO3

changed from an irregular shape to a rod- or bar-shape. The reaction temperature had
a marked effect on both structure and phase formation, while the reaction time could
affect morphology. The direct synthesis of KNbO3 from Nb2O5 and aqueous KOH under
hydrothermal conditions therefore represents an easy method for the preparation of this
compound.

Keywords Potassium niobate (KNbO3); hydrothermal method

1. Introduction

Potassium niobate (KNbO3) is a lead-free piezoelectric material with perovskite-type struc-
ture, and considered to be a promising compound for replacing PZT-based material. Lead-
contained compounds possess excellent properties and are important industrially. However,
hazardous lead oxide is the origin of much environmental pollution and many medical
symptoms [1]. KNbO3 is a well-known ferroelectric material, in which several phase
transitions occur from high to low symmetry as temperature decreases such as: cubic to
tetragonal at 435◦C, tetragonal to orthorhombic at 225◦C and finally orthorhombic to rhom-
bohedral at −10◦C [2]. It is a frequency doubling material and holographic storage medium
that act as optical waveguides in finding applications in electro-optic and non-linear optic
devices. This material also is highly promising for use in surface acoustic wave devices,
since its electromechanical coupling coefficient is higher than that of LiNbO3, which is
manufactured most for this application [3]. Conventional, solid-state synthesis of KNbO3

requires prolonged heating using mixed powders at the high temperature of 820◦C [4].
An aqueous solution route also has been used at 25◦C to precipitate amorphous KNbO3

powders that are then crystallized by heating to 600◦C [5]. The modified process involving
two-stage calcinations (first stage at 600◦C and second stage at 1000◦C) is very effective

Received December 9, 2012; in final form August 25, 2013.
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in obtaining KNbO3 ceramics with a high density ratio >96% and a high resistivity, ρ,
of >1012 �·cm and that are nondeliquescent [6]. Therefore, many methods have been de-
veloped for preparing KNbO3 such as the homogeneous sol-gel process, colloid chemistry
and microemulsion mediated synthesis. KNbO3 powder has been prepared by template
crystallization of a precursor gel [7]. However, these synthesis methods demand long reac-
tion times (6–7 days); and template crystallization of the precursor gel is a two-step route
including high temperature calcinations (T > 500◦C).

Recently, hydrothermal synthesis became extremely interesting because of its simple
process and short reaction time at low reaction temperature, which saves energy, and several
research groups have used this method to synthesize crystalline powder such as BaTiO3,
ZnO and PbTiO3. The theoretical design of the hydrothermally synthesized pure KNbO3

powder was in a K-Nb-O tri-component system, where stability yields diagrams and the op-
timum conditions. It is found that the experiment is in great agreement with the theoretical
design [8]. Moreover, non doped KNbO3 crystal powders were synthesized by ultrasonic-
assisted hydrothermal method. By using the ultrasonic assist technique, the yield constant of
the hydrothermally synthesized KNbO3 crystal powders was 96% when the synthesis time
and temperature were 3 h and 190◦C, respectively [9]. So, this research reports the synthesis
of KNbO3 powder via the hydrothermal method using niobium oxide (Nb2O5) and potas-
sium hydroxide (KOH) as starting materials. Effects on the evolution phase and morphology
of KNbO3 powders at different reaction temperatures and reaction times were investigated.

2. Experimental Procedure

Analytical grade niobium oxide (Nb2O5, 99.95 %, Aldrich, USA) and potassium hydroxide
(KOH, 99 %, Sigma-Aldrich, Germany) were used as starting materials. A typical synthesis
of KNbO3 powders was as follows: Nb2O5 was added to 25 ml of 15 M KOH solution,
which was stirred vigorously in air for 30 min. Thereafter, the reaction mixture was sealed
in a 100 cm3 Teflon-lined stainless steel autoclave and heated for 6–24 h at 120–200◦C.
After cooling to room temperature, the products were washed several times with distilled
water and ethanol followed by drying for 5 h at 80◦C. The product was analyzed by
X-ray powder diffraction (XRD; Bruker AXS, D8 Advance, Karlsruhe Germany) using
Ni-filtered CuKα radiation to identify the phase formed and optimum condition for the
formation of KNbO3 powders. The room temperature FT-IR spectra were recorded in the
range of 4,000–400 cm−1, with eight scans on a Perkin-Elmer Spectrum GX spectrometer,
and the resolution of 4 cm−1. Powder morphology and grain size were imaged directly
using scanning electron microscopy (LEO, LEO 1455VP, Cambridge, England).

3. Results and Discussion

Figure 1 shows the X-ray diffraction pattern of KNbO3 powder, synthesized for 24 h
at different reaction temperatures. From reaction time at 120◦C, un-dissolved Nb2O5 was
observed with no evidence of perovskite KNbO3 in the XRD pattern. This result implies that
no reaction occurred under these conditions. When the reaction temperature was increased
to 150◦C, the XRD pattern exhibited a single-phase perovskite structure with orthorhombic
symmetry, which can be indexed according to JCPDS card no. 71-2171 (KNbO3) and refined
cell parameters, a = 5.697 Å, b = 3.971 Å and c = 5.721 Å. When reaction temperature in
the preparation reached 200◦C, it was found surprisingly that the obtained KNbO3 powders
exhibited structure corresponding to the cubic instead of orthorhombic phase [10]. Evidence
of K4Nb6O17·3H2O or complete dissolution of the initial niobium oxide was not observed
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Figure 1. The XRD patterns of KNbO3 powders synthesized for 24 h using different reaction
temperatures via the hydrothermal method. (Color figure available online.)

in the pattern. The XRD pattern of this powder was consistent with that reported in JCPDS
No. 08-0212 [10]. The above results imply that the increasing reaction temperature in the
hydrothermal reaction influenced the crystalline structure of KNbO3. The effect of reaction
time on the crystalline structure of the final product was studied under the constant reaction
temperature of 150◦C. Figure 2 shows the XRD patterns of the KNbO3 powders synthesized

Figure 2. The XRD patterns of KNbO3 powders hydrothermally synthesized for different reaction
times with the reaction temperature at 150◦C. (Color figure available online.)
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for different reaction times at 150◦C. Only Nb2O5 existed in the products at a reaction time
of 6 h. This result implies that no reaction occurred under these conditions. When the
reaction time was increased to 12 h, a small amount of KNbO3 perovskite was crystallized,
but when increased to 18 h, a large amount of KNbO3 perovskite was generated. Formation
of KNbO3 in hydrothermal condition can be expressed as follows: while Nb2O5 is in
hydrothermal condition, with the temperature above 150◦C, it can be ionized, dissolved,
and reacted easily with KOH. Superficial parts of the Nb2O5 particle were hydroxylized
and dissolved into the solution, before the dissolved proportion reacted further with KOH
in different alkalinity and generated KNbO3 [11]. The above results reveal that the reaction
time is a critical controlling factor for synthesizing KNbO3 powder.

The FT-IR spectrum was used as a second tool to support the XRD results. The IR spec-
tra of the KNbO3 powders synthesized for different reaction times at 150◦C are presented in
Figure 3. All the spectra display bands that are characteristic of O–H stretching modes (3,437
and 1,640 cm−1), and several bands are characteristic of the oxygen-metals/stretching mode
at around 600 and 500 cm−1 [12, 13]. At 3,437 cm−1, absorption of stretching vibrations
for the H2O- and OH-group was observed in KNbO3 powder synthesized for 6 and 12 h at
150◦C, but no absorption was seen when synthesized for 18 and 24 h. The FT-IR spectrum
of the sample synthesized for 18 h showed a very strong and broad IR band centered at
614 cm−1 and 854cm−1, which can be attributed to the amorphous Nb2O5 that was in line
with the XRD measurement [14]. Synthesis at a longer reaction time led to a significant
change in the infrared spectra, thus causing the bands to disappear at 614 and 854 cm−1.
At the reaction time of 18 h, and at about 635 cm−1, the band was associated with the
Nb–O stretching vibration of the NbO6 octahedron in the perovskite structure [15]. Powder
synthesized for 24 h showed similar spectral behavior. To investigate the morphology of
hydrothermally grown crystals, this research showed scanning electron microscope (SEM)
images of KNbO3. Figure 4 shows the SEM image of the KNbO3 powders synthesized
for different reaction times at 150◦C. The SEM image of KNbO3 powders synthesized for
12 h at 150◦C is shown in Figure 4a, in which the particles are irregular and uneven. The

Figure 3. IR spectra of KNbO3 powders prepared with the reaction temperature at 150◦C. (Color
figure available online.)
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Figure 4. SEM micrographs of KNbO3 powders prepared at 150◦C in reaction times of (a) 12 h, (b)
18 h and (c) 24 h, consecutively. (Color figure available online.)

average particle size, which can be estimated from micrographs, was found to be 0.22 ±
0.06 μm. When the reaction time increased [Figure 4(b-c)], the morphology of KNbO3

changed from an irregular shape to a rod- or bar-shape. No evidence of a different or
pyrochlore phase was found, which suggested the homogeneous character of the prepared
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powder. The changes in the morphology are in agreement with the results of the XRD
patterns. These findings indicate that the reaction time and reaction temperature play a key
role in the crystal structure of the powder and morphology of the KNbO3 products. The
direct synthesis of KNbO3 from Nb2O5 and aqueous KOH under hydrothermal conditions
thus represents an easy method for preparing this compound. This method eliminates the
need for using high temperature reactions, calcination steps, or less accessible precursors.

4. Conclusions

KNbO3 particles were synthesized successfully using niobium oxide (Nb2O5) and potas-
sium hydroxide (KOH) as starting materials via the hydrothermal method. The effects of
reaction temperatures (from 120◦C to 200◦C) and reaction times (from 6 h to 24 h) on the
precipitation of KNbO3 powders were investigated. When the reaction temperature in the
preparation reached 200◦C, it was found surprisingly that the obtained KNbO3 powders
exhibited a structure corresponding to the cubic instead of orthorhombic phase. Further-
more, the morphology of KNbO3 changed from an irregular shape to a rod- or bar-shape.
These findings indicate that the reaction time and reaction temperature play a key role in
the crystal structure of the powder and morphology of the KNbO3 products.
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Monosized spherical barium titanate (BaTiO3) nanoparticles have been synthesized
successfully via sonochemical reaction. The as-synthesized BaTiO3 nanoparticles were
characterized using X-ray diffraction of powder, Fourier transform infrared spec-
troscopy, Raman spectroscopy, scanning electron microscopy and transmission electron
microscopy. The XRD pattern of BaTiO3 particles, which were synthesized under irra-
diation of ultrasonic sound for 0.5 h, showed sharp diffraction peaks that corresponded
to the cubic BaTiO3 phase. Only a small amount of BaCO3 contamination was present
in the sample. The Raman active modes of the samples in this study were similar to
the cubic phase of BaTiO3. The average diameter of sonochemical synthesized particles
was ∼99.54 ± 18.25 nm. The synthesized BaTiO3 nanoparticles were almost spherical.

Keywords Barium titanate (BaTiO3); sonochemical method; nanoparticles

1. Introduction

Barium titanate (BaTiO3) has been one of the most widely used ceramics for electronic
devices in the technological ceramic industry, such as fabrication of multilayer ceramic
capacitors (MLCCs), pyroelectric elements, heaters with a positive temperature coefficient
of resistivity (PTCR) and embedded capacitance in printed circuit boards (PCB). This is
because it has ferroelectric, thermoelectric and piezoelectric properties when assuming a
tetragonal structure [1]. The conventional method of preparing BaTiO3 particles is via a
solid-state reaction from the calcinations of BaCO3 and TiO2 [2, 3]. The as-prepared powder
is typically coarse and highly agglomerated. BaTiO3 nanoparticles have been prepared
recently via solid-state reaction from nanocrystalline TiO2 with BaCO3 of different particle
sizes [3]. However, solid-state reaction is time-consuming and energy-intensive. Several
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chemical techniques are available for synthesizing pure BaTiO3 powders with uniform
and fine particle size such as the precipitation, hydrothermal, solvothermal, sol-gel and
combustion methods [4, 5]. The preparations of BaTiO3 powders are required with a well-
crystallized, smaller and more uniform particle size.

In 1927, Wood and Loomis conducted a preliminary survey on the chemical effects
of ultrasound. Since then, various chemical effects have been reported and reviewed [6,
7]. Currently, the sonochemical method is used extensively to generate novel materials
with unusual properties because it causes much smaller particle formation and higher
surface area than that reported by other methods. The chemical effects of ultrasound arise
from acoustic cavitations, i.e., the formation, growth, and implosive collapse of bubbles in
liquid. The implosive collapse of the bubbles generates a localized hotspot through adiabatic
compression or shock wave formation within the gas phase of the collapsing bubble. The
conditions formed in these hotspots have been determined experimentally, with transient
temperatures of ∼5,000 K, pressures of 1,800 atm, and cooling rates in excess of 1010 K/s.
Until now, only a few studies have reported the sonochemical synthesis of perovskite-type
oxides with the general formula, ABO3 [8].

This research reported the preparations of barium titanate (BaTiO3) nanoparticles via
the sonochemical method in a strong alkaline environment, using barium chloride dehydrate
(BaCl2·2H2O) as the barium source and titanium (IV) chloride (TiCl4) as the titanium
source. The effects of different reaction times on the formation of BaTiO3 nanoparticles
were reported as well.

2. Experimental Procedure

BaTiO3 nanoparticles were prepared by sonochemical synthesis. Appropriate proportions
of high-purity barium chloride dehydrate (BaCl2·2H2O; 99%) and titanium (IV) chloride
(TiCl4; 99%) were used as the Ba and Ti sources. The deionized water used in this exper-
iment was boiled for 15 min at 100◦C in order to remove the CO2 dissolved in it. Then,
the dilution procedure involved 0.20 M of concentrated TiCl4 being added slowly to 15 ml
of deionized water at a temperature lower than ∼5◦C, while stirring until it turned into a
homogeneous solution. The solution was brought to bubble for 15 min with Ar gas, and
BaCl2·2H2O was added and stirred into the Ti4+ solution. After that, 12 M of excess NaOH
was added in the chamber. The initial pH value of the suspension was controlled at 14.
Ultrasound irradiation was accomplished with a high-intensity ultrasonic probe, immersed
directly at 0.5 h in the reaction solution. After completion of the reaction at 0.5 h, the white
precipitation was separated centrifugally and washed several times with deionized water.
Next, the products were dried at 90◦C for 5 h before the white products were obtained.

The product was analyzed by X-ray powder diffraction (Bruker AXD, D8 Advance,
Karlsruhe Germany) using Ni-filtered Cu Kα radiation (λ = 0.1546 nm) to identify the phase
formed and optimum condition for the formation of BaTiO3 powders. Room temperature
FT-IR spectra were recorded in the range of 4,000–400 cm−1 with eight scans on a Perkin-
Elmer Spectrum GX spectrometer, and in the resolution of 4 cm−1. A thermo scientific
DXR Raman microscope was used to analyze the content of residual inorganic and organic
carbon contaminations in the powders. Powder morphology and grain size were imaged
directly using a scanning electron microscope (Hitachi S4700, USA) and transmission
electron microscope (Philips, Tecnai 20, Holland).

3. Results and Discussion

Figure 1 shows the XRD patterns of the as-synthesized nanoparticles synthesized at different
ultrasonic reaction times. Perovskite phase was detected at 0.5 h of ultrasonic reaction time,
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Figure 1. The XRD patterns of the BaTiO3 nanoparticles synthesized at different ultrasonic reaction
times. (Color figure available online.)

while the BaCO3 phase also could be found. BaCO3 usually coexists with the perovskite
BaTiO3 phase, which should be attributed to the open-air synthesis system. The BaCO3

could be reduced or eliminated by using a closed system. As the reaction time increases,
the peaks of BaCO3 disappear. A pure perovskite phase is obtained at 2 h of reaction
time. Regarding BaTiO3 crystal with a 4 mm tetragonal symmetry, two peaks are seen
from 44◦ to 46◦ that correspond with (0 0 2) and (2 0 0) planes. However, at 44.8◦ only
one symmetric peak was observed in all of the samples in this study, which suggested
that the particles obtained the cubic BaTiO3 phase. When compared to traditional solid
state synthesis, this result indicates that the BaTiO3 phase was formed completely during
the sonochemical synthesis without further heating or calcination. The Rietveld method
was used to confirm the cubic structure of BaTiO3. Structure refinement of the BaTiO3

nanoparticles was performed by the REX program [9]. Figure 2 shows the refinement
result for BaTiO3, and the R- and S-values were Rp = 19.00, Rwp = 24.20, and S = 1.50,
respectively. Table 1 presents the refinement results of BaTiO3. The results in Table 1 and
Fig. 2 show that the Rietveld refinement method indicates good agreement between the
XRD patterns observed experimentally and those calculated theoretically. According to the
literature [9], quality of the data from structural refinement is checked generally by R-values
(Rp, Rexp, Rwp) as well as the quality of fit (GoF = Rwp/Rexp). Additionally, the difference
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Figure 2. Rietveld refinements of the BaTiO3 nanoparticles synthesized in the reaction time of 2 h.
(Color figure available online.)

between experimental profiles of XRD patterns and calculated data is slightly different in
the scale of intensity, as illustrated by the line, YObserved − YCalculated. Furthermore, the
crystalline size of 29.13 nm was calculated using the Scherrer equation from the full width
at half-maximum of the 110 planes in the XRD pattern.

FT-IR spectra of the as-synthesized samples were performed in order to trace possible
organic substances. Figure 3 shows the FT-IR spectra of samples synthesized at different
ultrasonic reaction times. The FT-IR spectrum consisted mainly of three regions: the first
region shows bands at 3,440 and 1,627 cm−1, which are due to the OH stretching vibration

Table 1
Lattice parameters, unit cell volume, c/a ratio and atomic position of the BaTiO3

nanoparticles

Atoms Wyckoff Site x y z Occupancy

Ba 1a m-3 m 0 0 0 1
Ti 1b m-3 m 0.5 0.5 0.5 1
O 3c 4/mm. m 0 0.5 0.5 1

Pm-3 m (221), Cubic (a = b = c = 4.0413 ± 0.0004 Å; c/a = 1; V = 66.0 Å3), χ 2 = 1.50
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Figure 3. IR spectra of the BaTiO3 nanoparticles synthesized at different ultrasonic reaction times.
(Color figure available online.)

(υ) and OH deformation vibration (δ), respectively, arising from the water present in the sur-
face of the barium titanante nanoparticle. The second region corresponds to the absorption
bands at 1,430 cm−1, characteristic for the asymmetric stretch vibration of the carbonate
groups and Ba2+ ions. The third region, 600–380 cm−1, represents the characteristic in-
frared absorptions of the Ti-O vibrations. The band situated around 598 cm−1 is due to TiO6

stretching vibration connected to the barium [10]. Finally, the peak at 414 cm−1 can be
attributed to normal TiOII bending vibrations [10, 11]. By increasing the ultrasonic reaction
time, the absorption bands of about 598 cm−1 became increasingly stronger, indicating that
the BaTiO3 phase was created initially at about 0.5 h of reaction. The asymmetric stretch
vibration of the carbonate groups decreased significantly and disappears at reaction time
of 2 h. This result indicated that, BaTiO3 crystallites grew increasingly by increasing the
reaction time, which was also consistent with the XRD determined previously. The peak
position of TiO6 stretching vibration mode shifted to lower wave number with the increase
of the reaction time. The frequency shifts in FTIR spectra are related to the change of the
bonding characteristics, such as bond angle and bond length and also the structure of the
material.

Raman spectroscopy is a highly sensitive spectroscopic technique generally used for
probing structure in atomic scale on the basis of vibrational symmetry [12]. Cubic BaTiO3

has no inherent Raman-active modes, which are however, expected for noncentrosymmetric
tetragonal structure. Raman spectra of as-synthesized powders, synthesized at different
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Figure 4. Raman spectra of the BaTiO3 nanoparticles synthesized at different ultrasonic reaction
times. (Color figure available online.)

ultrasonic reaction times, are presented in Fig. 4. It is well known that BaTiO3 has five
atoms, fifteen degrees of freedom per unit cell, octahedral rotational symmetry in the cubic
phase, and fifteen degrees of freedom divided into the optical representations, 3F1u +
F2u, while another F1u symmetry mode corresponds to the acoustical branch. The BaTiO3

spectra revealed the presence of a tetragonal structure, mainly characterized by the A1(1TO),
A1(2TO), E(2TO), A1(3TO), and A1(3LO)/E(LO) Raman modes, while no Raman-active
mode is predicted for the cubic phase (Pm3m) [12]. When the reaction time at 0.5 h, the
Raman shift peaks located at around 181, 295, 521 and 707 cm−1 match well with the
typical Raman peaks of BaTiO3 [13]. The bands around 295 and 521 cm−1 are assigned
to the transverse optical (TO) modes of A1 symmetry, whereas the peak at 181 cm−1

arises due to interference from anharmonic coupling between the three A1(TO) phonons.
The peak at 707 cm−1 is related to the highest frequency longitudinal optical mode (LO)
with A1 symmetry [14]. In addition, the small peaks at around 134, 155 and 808 cm−1

correspond to the symmetric stretching mode of C O bond from minimal BaCO3 traces.
With increasing reaction time, the symmetric C O stretching vibration becomes weaker
and disappears at 2 h of reaction. The decreasing of symmetric C O stretching vibration
band in Raman is corresponded well with FT-IR spectrum. For such compound, the E(2TO)
(∼307 cm−1) phonon mode indicates an asymmetry within the TiO6 octahedra, suggesting
the presence of a tetragonal crystalline structure. The E(2TO)(∼307cm−1) phonon mode
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Figure 5. SEM micrographs of the BaTiO3 nanoparticles prepared in the reaction times of (a) 0.5 h,
(b) 1 h, (c) 1.5 h and (d) 2 h, respectively. (Color figure available online.)

was not observed at all in any compositions. Thus, these powders present a cubic structure
that is in agreement with XRD and Rietveld refinement results.

Figure 5 shows formation of the BaTiO3 aggregated particles sonochemically syn-
thesized in different reaction times. As shown in Fig. 5(a), a large amount of BaTiO3

nanocrystals was created initially from the Ti-based precursor under ultrasonic irradiation
before aggregation of BaTiO3 particles from large particles. Sphere-like particles were
obtained after 0.5 h, and the particle size increased slightly after 2 h under ultrasonic irra-
diation. The BaTiO3 particles showed a monosized spherical shape that was different from
that in other preparation methods. The products had a spherical or very close to spherical
morphology, and the particle size distribution was rather narrow. In addition, the average
grain size was increased from 81.13 ± 12.93 nm to 138.34 ± 17.52 nm in diameter by
increasing the reaction times from 1.5 h to 2 h, respectively, as seen in Fig. 5(a-d). Figure 6
shows TEM micrographs of the BaTiO3 nanoparticles. The particle size calculated from
Scherrer analysis was not consistent with the TEM result. In this research, the average di-
ameter of the sonochemically synthesized particles was about 99.54 ± 18.25 nm. Figure 5
shows that the large BaTiO3 particles were characterized as aggregates of 5–10 nm small
nanocrystals. The difference between the XRD crystallite size and TEM primary particle
size is thought to associate with the existence of hierarchical structure [15]. The XRD
crystallite size may stem from the secondary mesostructure that consisted of the primary
smaller particles.
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Figure 6. TEM micrographs of the BaTiO3 nanoparticles.

4. Conclusion

In this research, the spherical nanoparticles of barium titanate (BaTiO3) were prepared suc-
cessfully by the sonochemical method in a strong alkaline environment, using BaCl2·2H2O
and TiCl4 as starting materials. The effects of reaction times on BaTiO3 nanoparticles were
investigated. The XRD patterns that revealed the sample at 2 h had good crystalline, and
all the main diffraction peaks corresponded to peaks of the cubic BaTiO3 particles. The
FT-IR and Raman spectra indicated presence of the bonding vibration of Ti-O stretching
within the BaTiO3 structure. The BaTiO3 particles from sonochemical synthesis showed
a monosized spherical shape and narrow size distribution. The average diameter of the
sonochemically synthesized particles was 99.54 ± 18.25 nm at 2 h of ultrasonic reaction
time, as identified by TEM.
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Synthesis of Monodispersed Perovskite Barium
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Barium zirconate (BaZrO3) was synthesized successfully by the sonochemical method.
The monophase of BaZrO3 was formed completely in short irradiation time without the
calcination process. X-ray diffraction, Fourier transform and Raman spectroscopy were
used to characterize formation of the perovskite BaZrO3 phase, which occurs in a 60
minute single phase with a cubic crystal structure at room temperature. Therefore, sono-
chemical irradiation could accelerate the formation of BaZrO3 particles significantly.
Furthermore, scanning electron microscopy investigated the uniform shape and size.
The size distribution became narrow with increasing time, as a function of irradiation.

Keywords Barium zirconate; sonochemical method

1. Introduction

Barium zirconate (BaZrO3; BZ) is one of the most studied perovskite materials, presenting
a wide range of technological applications [1]. At room temperature, BaZrO3 has a cubic
crystal structure that does not undergo phase transitions in the range of 4–1,600 K, and it has
a high dielectric constant of about 30 [2]. It is a well known refractory material with very high
melting point (2,600◦C), small thermal expansion coefficient, poor thermal conductivity,
and excellent mechanical properties towards corrosive compound [1]. Therefore, it is a good
candidate for many structural applications. BaZrO3 is used in the functional utility as an
inert crucible material and substrate for thin film deposition, and it demonstrates its sensor
applications at high temperature in H2 containing atmosphere [1]. The quality of powders
used for producing electronic devices is a key for obtaining optimal properties. Thus,
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highly disagglomerated, submicro-size powders are interesting because of their physical
properties depending on grain size. Conventionally, barium zirconate has been synthesized
through solid-state reaction of barium carbonate and zirconium oxide. The solid state
reaction was performed at temperatures of up to 1,300◦C [3]. The powder prepared by this
method has several drawbacks such as lack of reproducibility, large particle size, wide size
distribution, and chemical inhomogeneity. Therefore, a number of chemical techniques have
been developed. The chemical routes provide atomic level mixing of elements, thus reducing
the diffusion path to nanometric scale for obtaining the desired material, and needing
lower synthesis temperature than that by solid state reaction. Regarding the existing solid-
state method, “soft-chemistry” techniques are increasingly important in barium zirconate
synthesis such as precipitation [4], oxalate route [5] and sol-gel method [6]. However,
these techniques still need the calcination process and only a few of them can control
particles size, shape and size distribution. Recently, the sonochemical synthesis became
an effective method for improving the properties of synthesized particles. According to
Gedanken, nanomaterials were obtained in almost all sonochemical reactions leading to
inorganic products. It has been proved that the ultrasound-assisted technique possesses
such controllability on phase formation, stoichiometry, morphology, particle size and size
distribution, and ultrasound-assisted synthesis is a potential method for synthesizing high
performance ceramic particles in a short period of time [7]. In 2006, Xu et al. successfully
synthesized BaTiO3 particles by using the sonochemical method [8]. Grainne et al. reported
that ultrasonic irradiation caused self-assembling of sonochemically synthesized BaTiO3

particles [9]. Otherwise, sonochemical synthesis of BaZrO3 has not been report until now.
This study reported the first synthesis of monodispersed perovskite barium zirconate

(BaZrO3) by the sonochemical method. BaZrO3 was formed completely without the cal-
cinations process. The single phase of BaZrO3 occurred in a short period of time. The
monodisperse shape and size of BaZrO3 particles could be obtained under ultrasonic
irradiation.

2. Experimental Procedure

All reagents were pure analytically and used without further purification. The sonochemi-
cal process was carried out in sonication glassware (total capacity, 15 ml). Stoichiometric
amounts of BaCl2·2H2O and ZrOCl2·8H2O were dissolved typically in DI-water. The total
concentration of cations in the mixed solution was kept at 1 mol/dm3 with a molar ratio
of Ba/Zr equal to 1.00. The mixed solution was added drop by drop to the sonication
glassware, which contained 20 mol/dm3 of NaOH solution. Then, the suspension was ex-
posed to high-intensity ultrasound irradiation under argon gas flow for a given time. The
ultrasound irradiation was carried out by employing a direct immersion of ultrasonic probe
(3 mm diameter; Ti-horn, 20 kHz). The white precipitate was separated by centrifugation
at 3,000 rpm, washed with DI-water and dried at 80◦C overnight. The precipitates were
characterized by the X-ray diffraction (XRD) technique with a Bruker D8 Advance diffrac-
trometer (monochromatized CuKα radiation) for crystallographic identification. Fourier
transforms infrared (FT-IR) spectroscopy with a Perkin-Elmer, Spectrum GX FT-IR spec-
trometer was used to identify the IR active functional groups using the KBr pellet technique.
Phase identification was supported further by Raman spectroscopy. Visible laser light was
used for Raman measurements (DXR Raman microscope, Thermo Scientific). The particle
sizes and morphology of the powders were studied by scanning electron microscope (SEM,
Hitachi 54700).
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3. Results and Discussion

XRD patterns of the as-prepared BaZrO3 powders, with different times of ultrasound
irradiation are presented in Fig. 1, in which the main peaks (indexed by a star) of powders
for all conditions correspond to the perovskite BaZrO3 phase with a cubic crystal structure.
The main (110) diffraction plane relates to the periodic arrangement of the dodecahedral
(BaO12) and octahedral (ZrO6) sites [2]. Peak position of the BaZrO3 phase agrees well with
standard data (JCPDS: 06-0399) that has a Pm3m space group. The weak peak (indexed
by a circle) is assigned to the orthorhombic BaCO3 phase (JCPDS: 05-0378) with a Pmcn
space group, as seen in the powders at 5, 10 and 15 min. The BaCO3 could be formed,
due to dissolution of CO2 from the air in solution. The XRD result indicated that low
crystalline BaZrO3 was formed for the first time at 5 min together with the reflections
of BaCO3, thus the crystallization process remained incomplete in this condition. By
increasing the irradiation time, intensity of BaZrO3 diffraction peaks increased, while that
of the diffraction peaks of BaCO3 gradually decreased. The mol% of BaCO3 (calculated
from the ReX program [10]) was founded to be 18.99, 11.17, 6.96 and 2.04% for 5, 10, 15
and 30 min of irradiation, respectively. Finally, the crystalline BaZrO3 phase was observed
clearly at 60 min of irradiation, and the BaCO3 mol% was about 0.00%. It is interesting
to note that the BaZrO3 phase was formed completely during the sonochemical synthesis,
without further heating or the calcination process. Structural refinement by the Rietveld
method [10] was performed to confirm the BaZrO3 structure, and the refinement results for
BaZrO3 at 60 min of irradiation are shown in Table 1. The results confirmed that BaZrO3

powder has a cubic structure with a space group (Pm3m), as established from the pattern
matching analysis. The atomic coordinate positions were the same as those found from
results in the literature [10]. Furthermore, the refined lattice parameter (a = b = c =
4.2016(2) Å) was calculated and identified by the ReX program, which is close to (within

Figure 1. XRD pattern of BaZrO3 powders at various irradiation times from 5 to 60 min. (Color
figure available online.)
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Table 1
Rietveld refinement results of the X-ray diffraction data of BaZrO3 powders synthesized

at 60 min of irradiation

Atom Wyckoff x y z Occupancy

Ba1 1a 0.000000 0.000000 0.000000 1.000000
Zr1 1b 0.500000 0.500000 0.500000 1.000000
O1 3c 0.000000 0.500000 0.500000 1.000000

Pm3m (2 2 1) – cubic (a = b = c = 4.2016(2) Å; Vol = 74.174 Å3)
Rexp = 33.033; Rp = 18.093; Rwp = 25.088; Rbragg = 3.856 and x2 = 1.68

0.02) the lattice parameter from JCPDS No. 06–0399 (a = b = c = 4.18 Å). The refinement
was continuous until convergence reached the value of the quality factor, x2 approaching
1, which confirmed the quality of the refinement. The R-values were Rexp = 33.033, Rp

= 18.093, Rwp = 25.088 and Rbragg = 3.856. In addition, the representative of a typical
Rietveld refinement analysis output for the quality of fitting is shown in Fig. 2. This figure
illustrates the BaZrO3 phase from experimental XRD data, indicating good agreement with
theoretical data.

FT-IR spectroscopy gave further support to the presence of significant amounts of
BaZrO3 phase in powders, as shown in Fig. 3. All conditions have shown that a very broad
band at around 3,400 cm−1 and peak at 1,640 cm−1 correspond to O H stretching and
O H bending, respectively, which is typical of hydroxyl species [11]. The presence of
O-H groups could be due to adsorbed moisture or the process occurring in a strong alkaline
base (pH value ∼14). The band at around 1,450 cm−1 corresponded to the presence of
CO3

2− species by comparison with pure BaCO3 [11]. When increasing irradiation time,
intensity of the characteristic carbonate peak decreased until disappearing in the powders at
60 min. Finally, the peak at around 545 cm−1 can be attributed to the stretching vibration of

Figure 2. Rietveld refinement fits of BaZrO3 powders synthesized at 60 min of irradiation. (Color
figure available online.)
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Figure 3. FT-IR spectra of BaZrO3 powders at various irradiation times from 5 to 60 min. (Color
figure available online.)

Zr-O octahedra in the perovskite structure [11], which is seen to sharpen and intensify after
synthesis at 60 min of irradiation. These FT-IR results suggest that the perovskite BaZrO3,
without any other phase, can be obtained in powders at 60 min of irradiation, which agrees
well with the result from XRD measurement.

The Raman scattering technique was used as a secondary tool to support the formation
of BaZrO3. For the first-order, cubic BaZrO3 possesses 4 Raman active modes that are split
into 2 longitudinal (LO) and 2 transverse (TO) modes, as well as 2 Raman active modes
in a secondary order structure [2]. However, the Raman spectra of BaZrO3 have showed
weak bands because of the perovskite structure, in which all atoms occupy sites with
inversion symmetry. Figure 4 shows the Raman spectra of the BaZrO3 powders ranging
from 100–1,000 cm−1. Powders at 5, 10 and 15 min of irradiation showed typical Raman
active modes of BaCO3 at around 130, 150 and 690 cm−1 [12] respectively, without the
Raman active mode of BaZrO3. The Raman active mode of the BaZrO3 phase was not
observed because the vibration mode superposition of the BaCO3. In addition, BaCO3

phase is more sensitive than that of BaZrO3 in Raman spectroscopy [2, 12]. At 30 min of
irradiation, Raman active BaZrO3 began to be seen in powders at around 218 and 404 cm−1,
which corresponded to the secondary order structure of BaZrO3. Also, the peak at around
484 cm−1 corresponded to the A1(LO2) Raman active mode of the BaZrO3 first order. When
the irradiation time was increased to 60 min, the orthorhombic BaCO3 reacted completely to
the cubic BaZrO3 phase. New peaks were observed at around 105, 186 and 515 cm−1, which
can be attributed to the vibration of A1(TO1), A1(TO2), and A1(TO4) modes, respectively.
These vibrational groups are typical modes of BaZrO3 with a cubic structure [2, 12]. The
Raman result can indicate that the cubic barium zirconate phase was the main one, which
became more favorable than the barium and zirconium individual phases after 60 min of
synthesis. It is interesting to note that XRD, FT-IR and Raman spectroscopy are used to
carry out analysis of the crystal evolution together with the synthesis process. The result
could conclude that the low crystalline BaZrO3 phase has initial formation at 5 min of
irradiation. Then, the BaZrO3 phase can be put into action after 60 min of processing, as a
suitable crystalline cubic phase with a well defined spherical shape, as seen in Fig. 5.
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Figure 4. Raman spectra of BaZrO3 powders at various irradiation times from 5 to 60 min. (Color
figure available online.)

Figure 5. SEM micrograph of BaZrO3 powders at 5, 15, 30 and 60 min of irradiation. (Color figure
available online.)
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Table 2
Comparison of different preparation methods for calculating calcination temperature,

reaction time and average particle size

Calcination
Method temperature (◦C) Time Particle size

Precipitation method [8] 1200 4 h 1.0–2.0 μm
Oxalate method [9] 900 6 h 3.0–7.0 μm
Sol-gel method [10] 1000 3 h 0.5–2.5 μm
Polymerization [11] 1100 4 h 1.0–3.0 μm
Sonochemical (this study) Non-calcined 1h 276.3 ± 16 nm

Morphology of BaZrO3 powders that were synthesized with different reaction times
by the sonochemical method is shown in Fig. 5. A distorted spherical shape of BaZrO3

was formed initially in 5 min of irradiation, with an average particle size of about 157.2
± 95 nm. Then, the BaZrO3 particle caused aggregation in a short period of time under
ultrasonic irradiation. The mono spherical shape of the BaZrO3 particles began after 15 min
of irradiation, and the average particle size increased with increasing irradiation time up
until 60 min, when it was found to be 276.3 ± 16 nm. Although the average particles size
increased with increasing time, the size distribution narrowed. According to the mechanism,
this report could propose the four step mechanisms of ultrasound on the formation of BaZrO3

particles. The first step involves ultrasonic irradiation that accelerates the formation of
BaZrO3 particles in liquid by chemical reaction, which is used for a short period of time
(about 60 min). The second step is nucleation of BaZrO3 crystals, and the third crystal
growth. The last step involves aggregation of the BaZrO3 particles caused by ultrasonic
irradiation, and the narrow size distribution obtained [13]. The same reaction was performed
with precipitation [4], without sono-assisted synthesis. BaZrO3 particles from precipitation
were produced at the same temperature (80◦C), but the particle size of about 1–2 μm [4]
was much larger than that 276.3 ± 16 nm of the sonochemical synthesis. Table 2 shows
comparison with other methods, which are still needed for the calcination process, but not
required in this method. Reaction time of the synthesis was clearly shorter. Furthermore,
the average particle size was smaller than that in other methods.

4. Conclusion

In this study, BaZrO3 powders were synthesized successfully by the sonochemical method
in a short period of time, without the calcination process. XRD showed that the single
phase of BaZrO3 can be obtained at 60 min of irradiation, with a cubic crystal structure.
The monodispersed shape and size of BaZrO3 could be obtained. The average particle size
increased with increasing time, and was found to be about 276.3 ± 16 nm, while the size
distribution became narrower when the irradiation time increased. However, the particle
size of BaZrO3 from the sonochemical method was smaller than that in other techniques.
The main advantages of this process are its short time synthesis, and ability to obtain well-
disperse BaZrO3 particles under ultrasonic irradiation. BaZrO3 powders were obtained in a
single-step process by directly subjecting a precursor complex of the respective metal ions,
with no need for a calcination process.
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Potassium sodium niobate (K1/2Na1/2NbO3) powder was synthesized successfully by the
combustion synthesis. The raw materials of KNO3, NaNO3 and Nb2O5 were used with
glycine as fuel. The thermal behaviour of the precursor was determined using thermo
gravimetric analysis (TGA) and derivative thermo gravimetric (DTG) analysis. The con-
ditions for preparing perovskite phase formation, influence of the fuel-to-oxidizer molar
ratio, and crystal structure were characterized by the X-ray diffraction technique (XRD)
and Fourier transform infrared (FTIR) spectroscopy. The morphology and particle size
were investigated through a scanning electron microscope (SEM).

Keywords Lead-free piezoelectric; potassium sodium niobate; combustion synthesis

1. Introduction

Potassium sodium niobate [(K,Na)NbO3; KNN] is one of the best-known perovskite alkali
niobate families [1]. It has been studied since the 1950s and showed promise, due to
its outstanding piezoelectric and ferroelectric properties [2]. Moreover, severe restrictions
were put in force by recent directives on the use of hazardous substances in electronic
equipment, from which lead and other heavy metals should have been banned or phased out
[3]. Therefore, development of low-lead-content and/or lead-free piezoelectric materials
has been more attractive for replacing lead-based materials in commercial applications [4].
According to superior properties, KNN was proposed as alternative piezoelectric materials
[5]. KNN powders have been prepared by a conventional solid-state reaction method using
oxide or carbonate compound as raw materials [6]. The use of this method was found to
be difficult in obtaining fine particles with stoichiometric chemical composition, which can
cause problems from the moisture-sensitive nature of starting materials [7]. Furthermore,
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high calcination temperature and long heating time can lead to the evaporation of volatile
compound and agglomerate particles. Thus, the manufacture of dense, homogeneous single-
phase ceramics is not always released.

Combustion synthesis (CS) or self-propagating high temperature synthesis (SHS) has
been reported as an effective, low-cost method for producing various industrially useful
materials. It commenced as a quick, straightforward preparation process for producing
homogeneous, very fine, crystalline and unagglomerated multicomponent oxide ceramic
powders, without intermediate decomposition and/or calcination steps [8]. This synthesis
technique uses a mixture of easily oxidized reactants (such as nitrates) and a suitable organic
fuel on the basis of redox reaction. Then, a highly exothermic reaction occurs, which
produces a long duration of temperature that is high enough for the synthesis to take place,
even without an external heating source [9]. A large amount of gas released from the system
results in ultrafine nano-sized powder with dry, fluffy, crystalline, unagglomerated features.
Metal nitrate was found to be the salt preferred, due to its water solubility, and homogeneous
solution could be achieved easily by melting at a low temperature [10]. Recently, this method
has been applied also to synthesize lead-free alkali niobate sodium niobate (NaNbO3)
powders using sodium nitrate (NaNO3) and Nb2O5. Monophasic nanocrystalline NaNO3

powder was obtained after calcinations at a relatively low temperature of 400◦C [11]. In
this study, the combustion synthesis was used to synthesize potassium sodium niobate
(K1/2Na1/2NbO3) powder using glycine as fuel. Effects of various fuel-to-oxidizer molar
ratios on the phase evolution and particle morphology were studied.

2. Experimental Procedure

Potassium sodium niobate (K1/2Na1/2NbO3) powder was synthesized via the combustion
synthesis. AR grade potassium nitrate (KNO3 99.5%), sodium nitrate (NaNO3 99.5%)
and niobium pentoxide (Nb2O5 99.95%) were used as the oxidizer and starting material.
Glycine (NH2CH2COOH 99.7%) was a selected fuel. First, the appropriate amount of
KNO3, NaNbO3 and Nb2O5 was weighed, mixed with de-ionized water in a glass beaker
and stirred regularly for 30 min. The fuel (glycine) was then added and the mixture stirred
for 30 min. After stirring, the precursor solution was heated using a hotplate before being
boiled and evaporated. Once the solution had thickened and begun to dry, ignition took
place when the temperature rapidly increased, which resulted in self-sustaining combustion.
Rapid evolution of gas products in a large volume and formation of voluminous powder
occurred, and potassium sodium niobate (K1/2Na1/2NbO3) powder was obtained.

For investigation on thermal behaviour of the precursor, the mixture of starting material
was determined using thermo gravimetric analysis (TGA) and derivative thermo gravimetric
(DTG) analysis. The X-ray diffraction (XRD, Advance D8) technique was carried out on the
combustion synthesized powder, using Ni-filtered CuKα radiation for phase identification
and mean crystalline size estimation. The final powder product was characterized by using
the Fourier transform infrared (FT-IR) technique and scanning electron microscope (SEM,
Hitachi S4700).

3. Results and Discussion

Figure 1 shows the TG/DTG plots of the stoichiometric precursor for K1/2Na1/2NbO3

powder synthesis. From observations of the TGA curve, there appeared to be a three-staged
weight loss from room temperature to 800◦C, which related to DTG peak at 243, 430 and
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Figure 1. TG-DTG curves of the precursor mixed in the equivalent stoichiometric proportion of
K1/2Na1/2NbO3.

658◦C. As suspected, the initial temperature (T in) occurred when the sample weight started
changing rapidly during the chemical reaction [12]. A significant weight loss was observed
as the temperature increased from 200◦C to 250◦C, indicating that the T in was around this
temperature. The overall weight loss of about 36.66% was close to the theoretical value of
35.75%, which corresponded to the release of 25 mol H2O, 14 mol N2 and 20 mol CO2,
and related to the following reaction:

9KNO3 + 9NaNO3 + 9Nb2O5 + 10NH2CH2COOH →
18K1/2Na1/2NbO3 + 25H2O + 14N2 + 20CO2 (1)

This result supported our idea that a hotplate can be a suitable heating source, since it is
capable of initiating the combustion reaction at a temperature as low as that of the T in.

The X-ray diffraction (XRD) patterns of potassium sodium niobate (K1/2Na1/2NbO3)
powder, which was synthesized using different fuel-to-oxidant molar ratios, are illustrated
in Fig. 2. The diffraction pattern of the powder with a fuel-to-oxidant molar ratio of 1:0.56,
which is the equivalent stoichiometric ratio calculated for maximum energy release, sug-
gests a perovskite phase. These diffraction peaks are detected for all different fuel content
molar ratios (fuel-to-oxidant molar ratio ranging from 0.56 to 1.80). The well-split diffrac-
tion peak can be observed by using a fuel-to-oxidant molar ratio of 0.56 to 0.80. As the
fuel-to-oxidant molar ratio increased to over 0.80, the peak split of (400)(004) and peak
intensity were found to decrease, thus indicating a decrease in synthesized powder crys-
tallinity. In addition, a fuel-rich composition resulted in less crystallinity, and a diffraction
peak of un-reacted Nb2O5 raw material also was found (JCPDS file no. 30-0873).

The average crystalline size (D) of as-prepared K1/2Na1/2NbO3 powders was considered
from the diffraction peak as a function of fuel content by using X-ray line broadening
through Scherrer’s equation [13]:

D = kλ/β cos θB (2)
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Rapid Synthesis of Potassium Sodium Niobate [315]/131

Figure 2. X-ray diffraction patterns of K1/2Na1/2NbO3 powder obtained from various fuel-to-oxidant
molar ratios.

where D is the average crystalline size, k a constant taken as 0.89; the wavelength of
X-ray radiation, β the full width at half maximum (FWHM) and θB the diffraction angle.
Figure 3 shows average crystallite sizes of K1/2Na1/2NbO3 powder obtained from various
fuel-to-oxidant molar ratios. In powder synthesized using a fuel-to-oxidant molar ratio of
0.56, the average crystallite size was found to be 29 ± 11 nm. As fuel content increased
to the molar ratio of 1.0, its average crystallite size was found to decrease regularly to
14 ± 3 nm. As fuel content increased to more than that used, the average crystallite sizes
were stable and increased slightly when the fuel content reached the ratio of 1.8 (16 ± 6 nm).
This observation of decreased crytallite size with increasing fuel content could be caused
by a larger amount of gas product produced from the combustion reaction [10–11]. This
suggested that elevated fuel content could lead to the production of a smaller crystalline
size (related to a small particle size) of powder.

Nevertheless, as a consequence of additional cost and more carbon residual, an ex-
tremely high fuel-to-oxidizer molar ratio (fuel-rich ratio) did not always result in the desired
production of powder, as reported initially. Figure 4 shows the FT-IR spectroscopic studies
of the crystalline potassium sodium niobate (K1/2Na1/2NbO3) before and after combustion
synthesis. An IR band of around 3,450 cm−1 assigned to O H asymmetric stretching (ν3)
[14] was observed in the precursor mixture without heat treatment. This band related to the
moisture content that could belong to KBr media. In addition, the IR spectrum indicated
peaking of the characteristic band at 1,626, 1,385 and 828 cm−1, which corresponded to
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Figure 3. Average crystallite sizes of K1/2Na1/2NbO3 powder obtained from various fuel-to-oxidant
molar ratios.

Figure 4. FT-IR spectra of the precursor mixed in the stoichiometric proportion of K1/2Na1/2NbO3

and powder obtained from various fuel-to-oxidant molar ratios.
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Rapid Synthesis of Potassium Sodium Niobate [317]/133

Figure 5. SEM micrographs showing K1/2Na1/2NbO3 powder obtained from fuel-to-oxidant molar
ratio of 0.6.

the anti-symmetric carboxyl group stretching vibration, anti-symmetry NO3
−1 stretching

and bending vibration, respectively [15]. This result indicated existence of the carboxyl
and NO3

−1 group belonging to the starting material.
After combustion reaction, an FT-IR band was detected at a low wave number of

around 600 to 1,000 cm−1, without others bands. This outcome suggests an Nb O bond
formation, which was believed to be the vibration (ν3) mode in the corner-shared NbO6

octahedron, as reported IR spectra of niobate glass ceramics [15]. Therefore, this result
led to the assumption that the perovskite K1/2Na1/2NbO3 phase was synthesized (which
correlated to XRD analysis).

Figure 5 illustrates an SEM micrograph of the as-prepared K1/2Na1/2NbO3 powder
using the fuel-to-oxidant molar ratio of 0.6. The agglomerated uniform cubic-like particle,
K1/2Na1/2NbO3, was observed. No evidence of secondary phase was found. The mean
particle size estimation using the linear intercept method was found to be about 229 ±
52 nm. This observation agreed well with evidence suggested from the XRD technique,
in which K1/2Na1/2NbO3 powder was synthesized via the combustion method without the
calcinations step.

4. Conclusions

Crystalline K1/2Na1/2NbO3 powder was prepared rapidly from the combustion synthesis.
Glycine was used as the fuel. The final product was confirmed by XRD, FT-IR and SEM
techniques. This is a facile, simple cost and time-saving method for synthesizing stoichio-
metric, homogeneous, and fine K1/2Na1/2NbO3 powder. The powder obtained was found to
be a uniform agglomerated particle that possesses an average crystallite size (defined by
XRD) decreasing from 29 ± 11 nm (ratio of 0.56) to 16 ± 6 nm (ratio of 1.8), and a mean
particle size (defined by SEM micrograph) of 229 ± 52 nm.
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Binary metal pyrophosphates; Cu(2-x)ZnxP2O7 (x = 0.0–2.0) compounds, were prepared
via the solid solution method. The synthesize powders were characterized by X-ray
diffraction (XRD). The local structure of Cu was analyzed by the mean of synchrotron X-
ray absorption near the edge structure (XANES). The Cu2+-O1, Cu2+-O2 and Cu-Cu/Zn
distances determined are extended X-ray absorption fine structure (EXAFS) measure-
ments at the Cu K-edge, with a distance of about 1.52, 2.11, and 2.74 Å. The correlation
between the structural changes and Cu content was analyzed and discussed. The anal-
ysis of the EXAFS spectra collected at the Cu K-edge indicates that the local structure
around Cu atoms also is affected by the introduction of Zn atoms in the structure.

Keywords X-ray absorption spectroscopy; binary metal pyrophosphates

1. Introduction

Copper pyrophosphate (Cu2P2O7) is one of a series of crystallographically related pyro-
compounds, which have isostructural high temperature phases (called β) as a monoclinic
system with space group C2/m (Base-centered). The low temperature phase (called α) is
a monoclinic system with space group C2/c (Base-centered) [1]. These compounds have
the generalized formula of M2X2O7, with M as the cation and X an element showing
the disposition of tetrahedral coordination with oxygen atoms. This series of compounds
include the mineral, thortveitite. It has been observed that structure in which the radius
of M is less than 0.97 Å (M = Mg2+, Mn2+, Co2+, Cu2+, Ni2+ and Zn2+), in a pair of
P2O7

4− groups in eclipsed conformation, crystallizes at about the center of symmetry, with
bridging O atoms extending towards each other. When the radius of M is greater than 0.97 Å
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∗Corresponding author. E-mail: naratipcmu@yahoo.com
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(M = Ba2+, Cd2+, Ca2+, Sr2+, and Pb2+) the structure is a dichromate type in which P2O7
4−

exists in staggered conformation [2]. The M2P2O7 was found to have many applications
such as Cu2P2O7, which can be used as catalysts in the cyclohexane conversion process.
Mn2P2O7 can be utilized as an additive in a lithium-ion battery [3], and Mg2P2O7, Ca2P2O7,
and Zn2P2O7 used for low temperature co-fired ceramics (LTCC), especially α-Zn2P2O7

that exhibits rather low sintering temperature (875◦C) [4–6]. Mix metal pyrophosphate,
called binary metal pyrophosphates have the advantage of combining different materials
together such as Cu(2-x)ZnxP2O7. The properties vary by crystal structure of the materials.
Thus, the study of structure is necessary.

This study described the use of conversion-electron, extended X-ray absorption fine
structure (EXAFS) as a tool to investigate the site distribution of metal cation (Zn2+) in
copper pyrophosphate. As this technique offers element specificity, as well as local structure
and chemical sensitivity, it is suited ideally for such a study. In addition, this technique is
applied readily to powder and thin films on thin supporting substrates, without the need for
additional sample preparation.

2. Experimental Procedure

Synthesis of Cu(2-x)ZnxP2O7 (x = 0.0, 0.5, 1.0, 1.5, and 2.0) was conducted using traditional
solid-state reaction techniques. High purity ZnO (99.9%), CuO (99.9%), and (NH4)2HPO4

(99%) were used as raw materials. Stoichiometric mixtures of starting materials were
homogenized by ball milling with ZrO2 media in ethanol for 24 hrs and calcined at 800◦C
for 2 hrs. The structure and crystallite sizes of Cu2P2O7 and Zn2P2O7 samples were studied
by X-ray powder diffraction using a D8 Advanced powder diffractometer (Bruker AXS,
Karlsruhe, Germany) with Cu Kα radiation (λ = 0.1546 nm). The Scherrer method was
used to evaluate the crystalline size. Experiments were conducted at room temperature on
the beam line (BL8) of the National Synchrotron Research Center (Thailand), with a double
crystal Ge(220) for the XANES mono-chromator. X-ray absorption (XAS) spectra at the

Figure 1. XRD patterns of Cu(2-x)ZnxP2O7. (Color figure available online.)
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Figure 2. XANES spectra of Cu(2-x)ZnxP2O7. (Color figure available online.)

Cu/Zn K edge were obtained in transmission mode with air chambers. Reference materials
used for X-ray absorption near-edge spectroscopy (XANES) measurements included Cu
foil, Zn foil, Cu2O, CuO, and ZnO. The data from XANES were analyzed by a supporting
program.

3. Results and Discussion

The Cu(2-x)ZnxP2O7 (x = 0.0, 0.5, 1.0, 1.5, and 2.0) samples were analyzed by X-ray
diffractmeter (XRD), together with the Cu2P2O7 at x = 0.00 –1.50 and Zn2P2O7 at
x = 2.00 as reference compounds, as shown in Fig. 1. The lattice parameter of each
pyrophosphate was refined by pattern matching using FullProf software [7]. In the case of
the composition, x = 0.00–1.50, a base centered monoclinic structure was observed, and
the deduced cell parameters suitably followed Vegard’s law, as seen in Table 1. The result
from the case of the composition, x = 2.00, indicated that the Zn2P2O7 crystal structure
was a monoclinic system with space group I2/c. No compositions detected the pyrochlore
phase. Obtaining the solid solutions, Cu(2-x)ZnxP2O7, was confirmed by these results.

Table 1
Average crystallite size and lattice parameter of Cu(2-x)ZnxP2O7 calculated from XRD data

Lattice parameters

x a(Å) b(Å) c(Å) β(o)

2.0 20.0971(6) 8.2716(2) 9.1020(3) 106.31
1.5 6.6662(4) 8.2409(5) 4.5308(3) 106.46
1.0 6.7246(4) 8.1972(4) 4.5431(3) 107.47
0.5 6.7900(2) 8.1574(3) 4.5580(2) 108.43
0.0 6.8809(4) 8.1172(4) 9.1598(6) 109.52
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Figure 3. XANES spectra comparison of Cu2P2O7 and CuZnP2O7.

As X-ray absorption near the edge structure (XANES) is very sensitive to both the
oxidation state and change in the local geometry, spectra collected at both edges could help
in understanding Fourier transform evolutions. The XANES spectra of samples, as shown
at the Cu K-edge in Fig. 2, remain identical to the signal observed for Cu(II)O, whatever the
Cu content,. Copper atoms thus remain Cu2+ in a monoclinic symmetry. XANES spectra in
the Zn K-edge in the case of Zinc, remain identical to the signal observed for Zn(II)O. Zinc
atoms therefore remain Zn2+ in the crystal structure. Fig. 3 presents the local environment
of Zn atoms when they enter the Cu2P2O7 structure. The spectrum of zinc in CuZnP2O7

and Cu2P2O7 compound is practically identical, indicating that the Zn is divalent and the
coordinated environments in the two compounds are similar [8].

Figure 4. EXAFS patterns of Cu(2-x)ZnxP2O7.
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Figure 4 shows the extended X-ray absorption fine structure (EXAFS) plot of the
samples, and the spectrum distance of around 2.5–4.5 Å exhibits structure ordering. As Zn
content increases, peaks have low amplitude, which indicates presence of structural disorder.
Regarding k3-weighted EXAFS, Figure 4(a) shows the separated Fourier transform (FT)
peak of the first two orders for the initial, as apparent evidence of the Jahn–Teller distorted
CuO6 octahedral site. The first shell to be modeled for the Cu(2-x)ZnxP2O7 (x = 0.0, 0.5, 1.0,
and 1.5) was the one that consisted of four equatorial oxygen atoms (Cu-O1), with bond
lengths of about 1.52 Å. Then, the two axial oxygen atoms were taken into account for the
second shell, thus introducing the Jahn Teller distortion effect, undergone by the copper
octahedral centered site in the model (Cu-O2), with bond lengths of about 2.11 Å. A third
shell was then added to the model in order to describe Cu-M (M = Cu, Zn) interaction
with a distance of about 2.74 Å. An additional fourth shell did not improve the quality of
analysis.

4. Conclusion

This work presented an electronic and structural characterization by XAS of the solid
solution, Cu(2-x)ZnxP2O7 (x = 0.0, 0.5, 1.0, and 1.5), which was synthesized via solid
state reaction. The pyrochlore phase was found in neither XRD patterns nor XAS spectra.
XANES and EXAFS spectra (performed at the K-edge of each atom type) show that the
oxidation state of zinc and copper is 2+. The Cu/Zn-O in binary metal pyrophosphate,
which coordinates locally in the two compounds, is similar to Cu2P2O7. This shows that
Zn completely replaces Cu atomic position in the Cu2P2O7 structure. Distances between
Cu2+-O1, Cu2+-O2 (distorted) and Cu-Cu/Zn are measured at the Cu/Zn K-edge at about
1.52, 2.11, and 2.74 Å, respectively.
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Nano-crystalline alkali metal niobate (ANbO3; A = K and Na) powders were synthe-
sized by the combustion of nitrate compounds and Nb2O5 using glycine as the fuel. The
chemical reaction, nucleation mechanisms and influence of the fuel-to-oxidizer ratio
to phase formation were studied. The precursor and product powders were character-
ized, using the thermo gravimetric analysis (TGA), Fourier transform infrared (FT-IR)
spectroscopy, X-ray diffraction (XRD) technique, and scanning electron microscopy
(SEM). Different fuel-to-oxidizer ratios were found to be a key factor of the process.
As-prepared and calcined powders provided the perovskite structure with a nano-scale
of mean crystalline size.

1. Introduction

Combustion synthesis (CS) or self-propagating high temperature synthesis (SHS) has been
reported as a simple, rapid, energetically economic and low-cost method for producing
various industrially useful advanced materials [1]. This process is provided, based on the
fundamentals of a highly exothermic redox chemical reaction, in which an oxidation and
a reduction reaction take place simultaneously. This synthesis technique begins with a
mixture of easily oxidized reactants (such as nitrates) and a suitable organic fuel (as a re-
ducing agent). The mixture is then heated until ignition, when it produces a self-sustaining
combustion reaction with long duration of temperature that is high enough for the syn-
thesis to take place, even without an external heating source [2]. A large amount of gas
released during chemical reaction results in ultrafine nano-sized powder with dry, fluffy,
usually crystalline and unagglomerated features [3]. Thus, combustion synthesis is known
as a quick, straightforward preparation process for producing homogeneous, very fine crys-
talline and unagglomerated multicomponent oxide ceramic powders, without intermediate
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Combustion Synthesis of Lead-free Piezoelectric [401]/27

decomposition and/or calcination steps [4]. Metal nitrate was found to be the oxidizing
salt preferred, due to its water solubility. Furthermore, it possesses a relatively low melting
temperature and permits achievement of a homogeneous solution [1]. Combustion synthesis
has been utilized to produce numerous industrially useful refractory, magnetic, dielectric,
semiconducting, insulator, catalyst, sensor, phosphor, etc. oxide materials and carbide,
boride, silicide, nitride, etc. non-oxide materials [1]. When compared with conventional
ceramic processing, the most obvious advantages of combustion synthesis are primarily: (1)
high reaction temperature production that can volatilize low boiling point impurities and,
therefore, result in higher purity products; (2) reaction that has a simple exothermic nature,
and needs inexpensive processing facilities and equipments; (3) short exothermic reaction
time that results in low operating and processing costs; (4) high thermal gradients and rapid
cooling rates that can produce new non-equilibrium or metastable phases; (5) inorganic
materials that can be synthesized and consolidated simultaneously into a final product by
utilizing the chemical energy of the reactants; and (6) formation of nearly all sizes and
shapes of the products [5]. These advantages have engrossed researchers enough to become
more active in researching the combustion synthesis of new and improved materials, with
specialized mechanical, electrical, optical and chemical properties.

Solid state reaction is a traditional and conventional method used for synthesizing
oxide ceramics [6], and has been used widely for mass production of several advanced
industrial materials. It is probably one of the most fundamental and practical routine meth-
ods being used. The stoichiometric constituent of oxides and carbonate starting materials
are mixed and then calcined for an appropriate duration at a high temperature in air or
oxygen. Intermediate grinding is required to obtain phase-pure and homogeneous products.
This method is found to be relatively simple, but time-consuming and energy intensive.
As the Directives on Waste from Electrical and Electronic Equipment (WEEE), Restriction
of Hazardous Substances (RoHS) and End-of-Life Vehicles (ELV) have enforced EU leg-
islation on disposal of waste products since 2004, 2006 and 2003, respectively, non-lead
piezoelectric materials need to be considered for environmental protection [7–8]. One of the
main obstacles for commercial development of non-lead piezoelectric materials seems to
be difficulties in processing, especially densification. Therefore, development of alternative
methods, which can produce powder with high sinterability and controlled stoichiometric
composition, are necessary and challenging.

The combustion synthesis was found to be a superior alternative chemical process
because of its characteristics, as explained above. This work synthesized perovskite alkali
metal niobate (ANbO3; A = K and Na) powders via the combustion synthesis technique for
the first time. The chemical reaction, nucleation mechanisms and influence of fuel content
to phase formation were studied.

2. Experimental Procedure

Exothermic redox reaction could be initiated only when oxidizer and fuel were mixed
intimately in a fixed proportion. The elemental stoichiometric coefficient, φ, could be
calculated for releasing maximum energy by following the method of Jain et al. [9], which
is based on thermochemical concepts used in propellant chemistry. The ratio between the
total valencies of fuel (glycine; NH2CH2COOH) and that of the oxidizer (sodium nitrate
and/or potassium nitrate) should be united. To satisfy the principle in the present system,
the nitrate (oxidizing valency = 5−) to glycine (reducing valency = 9+) molar ratio was
found to be 1:0.56. The comprehensive reaction that formed alkali niobate can be written
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28/[402] N. Chaiyo et al.

as:

36NaNO3 + 18Nb2O5 + 20NH2CH2COOH → 36NaNbO3 + 50H2O + 28N2 + 40CO2

(1)

36KNO3 + 18Nb2O5 + 20NH2CH2COOH → 36KNbO3 + 50H2O + 28N2 + 40CO2

(2)

18KNO3 + 18NaNO3 + 18Nb2O5 + 20NH2CH2COOH → 36K0.5Na0.5NbO3

+ 50H2O + 28N2 + 40CO2 (3)

Various fuel-to-oxidizer ratios should be calculated for investigating and comparing
the effect of fuel- rich/fuel-lean mixtures on the synthesis of alkali niobate powder. Differ-
ent fuel-to-oxidizer molar ratios, such as fuel-deficient (<0.56), equivalent stoichiometric
(0.56) and fuel-rich (>0.56) condition, were applied.

For the combustion synthesis, AR grade sodium nitrate (NaNO3; 99.5%), potassium
nitrate (KNO3; 99.5%) and niobium pentaoxide (Nb2O5; 99.95%) were used as the starting
materials, and glycine (NH2CH2COOH; 99.7%) was used as fuel. Without a purification
step, the appropriate amount of starting materials was weighed, mixed with de-ionized
water in a glass beaker and stirred regularly for 30 min. The fuel (glycine) was then added
and the mixture was stirred for 30 min. After that, the solution precursor was boiled on a
hotplate inside a fume-cupboard under ventilation and then evaporated. Once the solution
had thickened and begun to dry, the ignition took place when the temperature rapidly
increased, resulting in self-sustaining combustion, with a large volume of rapidly evolving
gas products, and formation of voluminous powder.

To investigate thermal behavior of the precursor, the mixture of starting material was
determined using thermo gravimetric analysis (TGA, Perkin Elmer). The X-ray diffrac-
tion (XRD, Advance D8) technique was performed on the combustion synthesized and
calcined powders, using Ni-filtered CuKα radiation for phase identification and mean crys-
talline size calculation. The volume fraction of the perovskite phase formation was con-
sidered by approximate calculation of the main X-ray peak intensity ratio of alkali niobate
and/or other secondary phases [10], according to the following equation;% perovskite =
(Iperovskite/(Iperovskite + Ind)) × 100, where Iperovskite and Ind stand for intensities belonging to
the strongest reflection peak of perovskite and secondary phase, respectively. Based on the
X-ray powder diffraction data, Scherrer’s formula [11] was used to calculate the crystallite
sizes; D = kλ

β cos θB
, where D is the average crystallite size, k a constant equal to 0.94, λ

the wavelength of X-ray radiation, β the full width at half maximum (FWHM) and θB the
diffraction angle. As-synthesized and final powder products were characterized by using
the Fourier transform infrared (FT-IR, Perkin-Elmer Spectrum GX spectrometer) technique
and scanning electron microscopy (SEM, Hitachi S4700).

3. Results and Discussion

The TG/DTG plots of the stoichiometric precursor for NaNbO3, KNbO3 and K0.5Na0.5NbO3

powders are shown in Fig. 1. The combination observed on the TGA and DTG curves
appeared to show three-stages of weight loss from room temperature to 900◦C. The first
one is of relative importance, as it is assumed to be at an initial temperature (T in) when
the sample weight starts to change rapidly during the chemical reaction [12]. A significant
weight loss was observed as the temperature reached 200◦C, demonstrating that the T in
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Combustion Synthesis of Lead-free Piezoelectric [403]/29

Figure 1. The TG/DTG plots of the stoichiometric precursor for NaNbO3, KNbO3 and
K0.5Na0.5NbO3 powders.

was at around this heat. This result supported the concept of this study in that a hotplate
can be applied as a heating source to initiate the combustion reaction at a temperature as
low as that of the T in. As the temperature increased, weight loss proceeded continuously
until residual mass finally remained. It was indicated that this reaction belongs to a multi-
stage reaction. The overall weight loss was found to be about 34.99%, 40.00% and 36.66%,
which is close to the theoretical value of 34.71%, 36.87% and 35.75% for KNbO3, NaNbO3

and K0.5Na0.5NbO3, respectively. These overall weight losses correspond to the release of
50 mol H2O, 28 mol N2 and 40 mol CO2 related to Eq. (1), (2) and (3), respectively.

To investigate the effect of fuel proportion and oxidizing agent on phase formation,
the nitrate-to-glycine molar ratio of 1:0.56 (equivalent stoichiometric ratio) was used for
the combustion synthesis. Figure 2 shows XRD patterns of the as-synthesized NaNbO3,
KNbO3 and K0.5Na0.5NbO3 powders. Regarding K0.5Na0.5NbO3, the presence of reflection
peaks ascribed to the crystalline perovskite phase of the sample could be matched with
orthorhombic potassium sodium niobate JCPDS file no. 74-2025. This illustrated that the
perovskite phase of K0.5Na0.5NbO3 was produced directly after the combustion process.
The XRD patterns of KNbO3 and NaNbO3 could be correlated to the diffraction peaks of
Nb2O5 (•) (JCPDS file no. 30-0873) and NaNO3 ( ) (JCPDS file no. 85-0859) starting
materials, with no evidence found of a perovskite phase. This was correlated with the
experimental observation that auto-ignition did not occur in those conditions, although the
equivalent stoichiometric ratio was calculated for maximum energy release. Oxygen defi-
ciency then could be indicated in the system, and its environment might lead to combustion
reaction and failure to follow the theory. Thereby, various fuel-to-oxidizer ratios were car-
ried out for investigating and comparing the effect of fuel-rich/fuel-lean mixtures on phase
formation. Figure 3 shows the XRD patterns of as-synthesized KNbO3 ceramic powders
obtained from various fuel-to-oxidant molar ratios. For the equivalent stoichiometric (0.56)
and fuel-deficient (0.5) ratios, diffraction peaks of Nb2O5 (•) (JCPDS file no. 30-0873)
starting materials were detected, with no evidence of perovskite phase. These results were
correlated with the experimental observation of no ignition and combustion reaction in
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30/[404] N. Chaiyo et al.

Figure 2. XRD patterns of the as-synthesized NaNbO3, KNbO3 and K0.5Na0.5NbO3 powders.

those compositions. Furthermore, despite ultra-high fuel content with the fuel-to-oxidant
molar ratio of 3 being studied, no diffraction peak of perovskite phase was apparent. How-
ever, the diffraction pattern correlated to the orthorhombic KNbO3 perovskite phase (�)
JCPDS file no. 32-0822, and the space group, Cm2m (38), was found when using fuel-rich

Figure 3. XRD patterns of as-synthesized KNbO3 ceramic powders obtained from various fuel-to-
oxidant molar ratios.
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Combustion Synthesis of Lead-free Piezoelectric [405]/31

Table 1
Volume fractions of the perovskite phase formation of KNbO3, NaNbO3 and
K0.5Na0.5NbO3 powders obtained from various fuel-to-oxidant molar ratios

%wt perovskite Fuel-to-oxidant molar ratios

0.56 0.6 0.8 1.0 1.2 1.4 1.6 1.8
As-prepared

K0.5Na0.5NbO3

100.00 100.00 100.00 100.00 83.04 74.13 75.22 76.83

0.7 0.8 0.9 1.0 1.2 1.4 1.6 1.8 2.0
As-prepared

NaNbO3

92.87 92.48 92.53 92.91 91.33 89.49 88.89 91.35 62.77

Calcination temperature (◦C)

As-prepared 300◦C 400◦C 500◦C 600◦C 700◦C 800◦C 900◦C
KNbO3 35.42 44.69 30.92 85.47 95.47 95.65 96.65 96.49

mixture with fuel-to-oxidant molar ratios of 1.0 and 2.0. These KNbO3 minor peaks were
found to accompany the major peak of K2Nb7O19 (�) JCPDS file no. 84-0812. Therefore,
results from the fine nucleation condition of the monophasic KNbO3 phase, found that the
fuel-to-oxidizer molar ratio of 1.0 created the highest volume fraction of the perovskite
phase formation (% perovskite), and was selected to investigate the effect of calcination
temperature. The volume fraction of the perovskite phase powder formation, which resulted
from the combustion method that used various fuel-to-oxidizer molar ratios, is shown in
Table 1. Thus, the as-prepared powder was calcined for 4 h at different temperatures, with
a heating/cooling rate of 20◦C/min. The XRD patterns of those calcined KNbO3 powders
are illustrated in Fig. 4. With regard to the powders calcined at relatively low temperatures
of 300◦C and 400◦C, their diffraction patterns suggested apparent un-reacted raw materi-
als accompanied by a minor perovskite phase, similar to those in as-prepared powder. As
calcination temperatures increased to 500◦C, diffraction peaks that could correspond to the
orthorhombic potassium niobate perovskite phase (KNbO3) JCPDS no. 32-0822 (�) were
shown clearly with the minor peak of the K2Nb7O19 secondary phase. The secondary phase
was found to be a main problem, which was usually discovered in synthesizing KNbO3, as
many kinds of potassium niobate compounds with various crystal structures could occur
in the K2O-Nb2O5 system, such as K4Nb6O17 or K2Nb7O9 [13]. Apart from KNbO3, the
combustion synthesis method also was used systematically to synthesize NaNbO3. In the
Na2O-Nb2O5 system, as shown in Fig. 2, the stoichiometric fuel-to-oxidize molar ratio of
0.56 was found to be unsuitable. No perovskite phase occurred when using the above fuel
content. After trying various fuel contents, as-synthesized NaNbO3 with a fuel-to-oxidize
molar ratio of 1 was found to possess the highest value of 93% volume fraction of the
perovskite phase, comprising a slight Nb2O5 (·)(JCPDS file no. 30-0873) phase, as shown
in Figure 5(c). After calcination, intensity of the Nb2O5 phase was found to decrease with
increasing calcination temperature (data not shown). The diffraction peak corresponding
to the Nb2O5 disappeared after calcination for 4 h at 400◦C, whereas the monophasic
perovskite NaNbO3 phase was obtained, as illustrated in Figure 5(d). This NaNbO3 phase
(�) was consistent with JCPDS file no. 82-0606, which corresponded to an orthorhombic
structure with the space group, P21ma (26). When comparing with a KNbO3 preparation
[XRD pattern shown in Fig. 5(a) and (b)], the calcination temperature used to achieve the
monophasic NaNbO3 phase was lower because the perovskite phase of 35% found for as-
synthesized KNbO3 powder was lower than that of 93% for NaNbO3. Nevertheless, these
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Figure 4. XRD patterns of KNbO3 powders calcined at different temperatures for 4 h with a heat-
ing/cooling rate of 20◦C/min.

Figure 5. XRD patterns of the as-prepared powders, KNbO3 (a), KNbO3 calcined for 4 h at 900◦C
(b), as-prepared NaNbO3 (c) and NaNbO3 calcined for 4 h at 400◦C.
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Combustion Synthesis of Lead-free Piezoelectric [407]/33

Figure 6. FT-IR spectroscopic studies of the precursor of the powders, K0.5Na0.5NbO3 (a), as-
synthesized K0.5Na0.5NbO3 using a ratio of 0.56 (b), NaNbO3 precursor (c), as-synthesized NaNbO3

using a ratio of 1.0 (d) and NaNbO3 calcined at 400◦C (e).

results implied that the fuel content and calcination temperature play an important role in
perovskite phase formation. The most suitable fuel-to-oxidize molar ratio should be used
in order to produce a high perovskite phase form or monophasic phase power. In addition,
corresponding average crystallite sizes, as determined from the XRD pattern in accordance
with Scherrer’s equation, are shown in Table 2. As K0.5Na0.5NbO3 powder increased in fuel
content, the average crystalline size (D) was found to decrease with regularity from 29 ±
11nm (ratio of 0.56) to 14 ± 3 nm (ratio of 1.0). As the fuel content increase exceeded
that used, the values were stable and increased slightly when the fuel content reached the
ratio of 1.8 (16 ± 6 nm). Likewise, the average crystalline size (D) of NaNbO3 was found
to decrease from 44.51 ± 11.99 nm (ratio of 0.7) to 23.79 ± 5.52 (ratio of 1.8), and then
increase to 26.11 ± 13.69 nm (ratio of 2.0). The elevated fuel content was found to result
in a smaller crystalline size (related to a small particle size) of powder, due to the larger
amount of gas evolved. Nevertheless, higher fuel content that releases more energy can
accelerate the crystallite growth and lead to formation of agglomerates. As a consequence
of additional cost and more carbon residual, an extremely high fuel-to-oxidizer molar ratio
(fuel-rich ratio) did not always provide the desired powder production.

Figure 6 shows the FT-IR spectroscopic studies of the as-synthesized and calcined
alkali niobate powders. The IR band at ∼3,500 cm−1 was assigned to O-H asymmetric
stretching (ν3), as observed in all samples. It also was related to the moisture content
of the KBr pellet, as the scissor bending mode (ν2) of HO-H at 1,600 cm−1. Regarding
the precursor powders of K0.5Na0.5NbO3 and NaNbO3 without heat treatment [Figure
6(a) and (c)], the IR spectrum indicated characteristic band peaking at ∼1,612, ∼1,385 and
∼890 cm−1, which corresponded to the anti-symmetric carboxyl group stretching vibration,
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Figure 7. SEM images showing as-synthesized powders of KNbO3 using a ratio of 1.0 (a), as-
synthesized K0.5Na0.5NbO3 using a ratio of 0.56 (b), as-synthesized NaNbO3 using a ratio of 1.0 (c)
and NaNbO3 calcined at 400◦C (d).

anti-symmetry NO3
−1 stretching and bending vibration, respectively [14]. These spectrums

also were found in as-prepared NaNbO3 powder [Fig. 6(d)]. These results showed existence
of the carboxyl and NO3

−1 group that belonged to the starting material in samples without
apparent broad absorption bands at a low wave number of ∼673 cm−1, which was believed
to be the vibration (ν3) mode of the Nb–O bond in the corner-shared NbO6 octahedron [15].
However, this broad band of Nb–O bond was newly found in as-synthesized K0.5Na0.5NbO3

powder and NaNbO3 powder calcined for 4 h at 400◦C [Figure 6(b) and (e)], without
observation of any starting material band. This result led to assumption that the perovskite
niobate phase was synthesized, which correlated to XRD analysis, and indicated success
in synthesizing monophasic perovskite K0.5Na0.5NbO3 and NaNbO3 after the combustion
process and calcination for 4 h at a temperature as low as 400◦C, respectively.

SEM images of the as-prepared powders, KNbO3 (a), K0.5Na0.5NbO3 (b), NaNbO3

(c) and NaNbO3 calcined at 400◦C (d), are presented in Fig. 7. No evidence of a different
phase was found in those results. The as-prepared KNbO3 SEM image [Fig. 7(a)] reveals
rectangular particles with an average particle size of 230 ± 54 nm. The as-prepared powders,
K0.5Na0.5NbO3 and NaNbO3 [Fig. 7(b) and (c)], are composed of aggregated polyhedral
in nanoparticle shape, due to their extremely small dimensions and high surface energy
of the powders obtained [16]. The average particle sizes, which can be estimated from
micrographs, were found to be in the range of 229 ± 52 nm and 137 ± 52 nm for
as-prepared K0.5Na0.5NbO3 and NaNbO3, respectively. However, the particle growth of
calcined powder appeared to be seen in the calcined powder of NaNbO3, with a relatively
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higher average particle size of 226 ± 46 nm. It can be said that the firing process tends to
produce agglomerated particles and grain growth.

4. Conclusion

The combustion synthesis was used successfully for synthesizing alkali metal niobate
(ANbO3; A = K and Na) powders. Crystalline K0.5Na0.5NbO3 powder was synthesized
directly after the combustion process. Monophasic perovskite NaNbO3 and KNbO3 powders
were obtained following an additional calcination step. The fuel-to-oxidizer ratio was
found to be the key factor for perovskite phase formation and characteristics of the powder
obtained. This combustion synthesis method was studied as an alternative way to produce
nano-crystalline powder alkali metal niobates (ANbO3; A = K and Na), with the desired
chemical composition, and reduced time and cost.
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Zinc doped cobalt ferrite powders were prepared by the solid state reaction method.
The effect of zinc substitution on structure, morphology and magnetic properties was
investigated. The X-ray analysis confirmed existence of the single phase cubic spinel
structure, while Rietveld refinement data showed increasing of lattice parameters with
zinc content. In addition, saturated magnetization increased with increasing zinc con-
centration and it was contained at maximum in CoFe1.9Zn0.1O4 powders. However, the
value of coercivity was decreased with zinc doped content. Furthermore, the oxidative
states were characterized by X-ray absorption spectroscopy. The results confirm that
the structure contained Co2+, Fe3+ and Zn2+ ions.

Keywords Cobalt ferrite; zinc doping; magnetic properties; XANES spectra

Introduction

Cobalt ferrite is a ferromagnetic cubic spinel and important in many technological appli-
cations such as magnetic recording media, magnetic refrigerators, microwave devices and
other high frequency appliances [1]. It is a well-known hard ferrite material that has been
studied in detail, due to its very high cubic magnetocrystalline anisotropy, reasonably satu-
rated magnetization, high wear resistance and good electrical insulation [2]. It shows various
magnetic properties depending on the thermal history, composition and site preference of
the cations among the tetrahedral (A) and octahedral (B) sites [1–3]. The partial substitution
of transition metal in the CoFe2O4 offers an excellent opportunity for engineering specific
magnetic interactions in the crystal lattice [4]. The addition of nonmagnetic zinc in cobalt
ferrite raises saturated magnetization, due to zinc being the transition metal with strong

Received December 9, 2012; in final form August 25, 2013.
∗Corresponding author. E-mail: w.vittayakorn@yahoo.com

145

D
ow

nl
oa

de
d 

by
 [

W
an

w
ila

i V
itt

ay
ak

or
n]

 a
t 0

0:
11

 0
9 

D
ec

em
be

r 
20

13
 



146 R. Roongtao et al.

Figure 1. XRD patterns and Rietveld refinement plots of CoFe2−xZnxO4 powder calcined for 48 h
at 900◦C. (Color figure available online.)

D
ow

nl
oa

de
d 

by
 [

W
an

w
ila

i V
itt

ay
ak

or
n]

 a
t 0

0:
11

 0
9 

D
ec

em
be

r 
20

13
 



Structural and Magnetic Properties 147

A-site preference [3]. Thus, Y. Köseoğul et al. [2] prepared a cobalt zinc ferrite nanoparti-
cle by using the microwave method. It was reported from the magnetic properties studied
that the composition, Co0.8Zn0.2Fe2O4, has the highest value of saturated magnetization.
However, the oxidative state of each element in the samples has yet to be investigated in any
great extent. Therefore, this work aimed to study the valence state of structural elements by
synthesizing CoFe2-xZnxO4 powders using solid state reaction, which is a very simple and
the most economical method [5]. The samples were characterized by various techniques
and then studied for their structure, magnetic behavior and oxidative state of each structural
element.

Experimental Procedure

A series of CoFe2-xZnxO4 ferrites (where x = 0.00, 0.10, 0.15, 0.20, 0.25) were prepared by
conventional ceramic processing. Raw material of Fe2O3 (Sigma-Aldrich, ≥99.0% purity),
Co3O4 (Aldrich, ≥99.0% purity) and ZnO (Fluka, ≥99.0% purity) powders were weighed
and mixed by the ball milling technique for 24 h in a PVC container, using an alumina
ball and ethanol as the medium. The mixed powders were dried in a hot air oven and
calcined at 900◦C for 48 h with a heating/cooling rate of 5◦C/min in air. The calcined
powders were well ground using an agate mortar, and a single phase of spinel ferrite
was confirmed at room temperature by X-ray diffractometer (XRD). The morphologic
characterizations of the samples were performed by scanning electron microscopy (SEM).
The saturated magnetization and coercivity of the powder were measured with a vibrating
sample magnetometer (VSM) at a maximum applied field of 8 kOe at room temperature.
The oxidative states of the element in the samples were measured using X-ray absorption
spectroscopy (XAS). XANES data were collected from the Co K-edge (7709 eV) and Fe K-
edge (7112 eV) in the transmission mode, and Zn K-edge (9659 eV) at room temperature
in the fluorescence mode, at the XAS facility (BL-8) of the Siam Photon Laboratory,
Synchrotron Light Research Institute, Nakhon Ratchasima.

Results and Discussion

Figure 1 shows the X-ray diffraction pattern and Rietveld refinement of CoFe2−xMnxO4

(0.00 ≤ x ≤ 0.25) powder, calcined at 900◦C for 48 h. All peaks in the pattern correspond

Table 1
Rietveld refinement result, average particle size, and magnetic properties of CoFe2−xZnxO4

at room temperature

x a (Å)
V

(106pm3) Rw (%) χ2

Average
particle size

(μm)
Ms

(emu/g)
Mr

(emu/g) Hc (Oe)

0.00 8.3843 (6) 589.385 4.823 1.408 0.40 ± 0.12 97.32 34.55 844.10
0.10 8.3851 (5) 589.554 5.304 1.525 0.52 ± 0.21 124.02 33.53 181.09
0.15 8.3820 (4) 588.897 5.124 1.470 0.57 ± 0.19 103.91 22.86 119.75
0.20 8.3776 (4) 587.982 5.228 1.432 0.59 ± 0.16 111.25 17.22 75.94
0.25 8.3720 (5) 586.799 5.028 1.418 0.60 ± 0.14 96.30 9.21 52.57
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148 R. Roongtao et al.

to the cubic CoFe2O4 phase, according to the standard JCPDS file no. 22-1086, with the
lattice parameters, a = 8.3910 Å, and space group, Fd3m (no. 227) [6]. No other impurity
phases with increased zinc contents were observed. This confirms the formation of a single
spinel phase, and the lattice parameters were performed by the Rietveld refinement method.
The lattice parameters and results of a quantitative phase analysis from the refinement are
given in Table 1. The structure refinement shows the corresponding fits and confirms that
the structure is a truly cubic type. Furthermore, the lattice constant and unit cell volume for
each composition were seen to decrease with increasing Zn substitution. This was probably
due to the ionic radius of 0.65 Å for low spin and 0.745 Å for high spin of Co2+ ions. Co2+

ions coordinated six-fold with O2− ions was larger than the 0.6 Å for Zn2+ ions, which
were coordinated four-fold with O2− ions in the spinel structure [7]. Also, the unit cell

Figure 2. Morphology and particle size distribution of the CoFe2−xZnxO4 powders for (a) x = 0.00,
(b) x = 0.10, (c) x = 0.15, (d) x = 0.20 and (e) x = 0.25. (Color figure available online.)
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Structural and Magnetic Properties 149

parameters varied linearly with the composition for continuous substitution, in which ions
that substitute each other are distributed randomly according to Vegard’s law [6].

Figure 2(a)–(e) shows SEM micrographs and particle size distribution measurement of
the CoFe2−xZnxO4 powders, with different Zn doped content, calcined at 900◦C for 48 h.
From the morphology, all powders are agglomerated and basically irregular in shape, with
a substantial variation in particle sizes. Heating resulted in calcinations for the well-faceted
particle to form solid bodies [2]. Results of the average particle sizes are shown in Table 1,
in which they increase with increasing amount of dopant, due to any Zn content having
corresponding effect on the resulting particle size. In addition, the particle size distribution
observed from the SEM image had narrow range distribution and increased with increasing
Zn doping.

Figure 3 shows the magnetic hysteresis loop of CoFe2−xZnxO4 powders at room tem-
perature, with a maximum applied field of up to 8 kOe. The saturated magnetization,
remanence and coercivity are summarized in Table 1. The magnetization value of doped
samples increases sharply with the external magnetic field strength at the low field region.
The highest saturated magnetization can be obtained in x = 0.1 of Zn doped cobalt fer-
rites. Increases in saturated magnetization can be attributed to influence of the cationic
stoichiometry and its occupancy in specific sites. The magnetic order in the cubic system
of ferromagnetic spinels is due to occurrence of the super-exchange interaction mechanism
between metal ions in the tetrahedral A-site and octahedral B-site [2]. When the nonmag-
netic zinc ion is substituted by the cobalt ferrite lattice, due to the zinc ferrite being a normal
spinel, it has a stronger preference for the tetrahedral site and thus reduces the amount of

Figure 3. Magnetic hysteresis loops of CoFe2−xZnxO4 powders at room temperature. (Color figure
available online.)
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150 R. Roongtao et al.

Figure 4. XANES spectra of CoFe1.9Mn0.1O4 samples and the standards obtained at (a) Co K-edge,
(b) Fe K-edge and (c) Zn K-edge.
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Structural and Magnetic Properties 151

Fe3+ in the A site. The net result, due to antiferromagnetic coupling, is an increase in
magnetic moment on the B lattice and an increase in saturated magnetization. However,
at high levels of zinc substitution in x > 0.1, the A-site magnetic ion becomes so diluted
that coupling between the two lattices is lost, and the saturated magnetization drops [3].
Furthermore, the changes in remanence and coercivity of the samples by increasing the
Zn content can be attributed to the magnetic character and anisotropic nature of cobalt. As
more Zn ions are replaced with Co ions by increasing the “x”, the remanence and coercivity
decreases [8].

The XANES regions of the absorption spectrum are important because they contain
electronic information on the immediate environment of the absorbing atom, which in
principle can be translated into spatial, geometrical information. The first derivative of the
XANES spectra is useful because it highlights the features around the absorption edge
and facilitates determination of the oxidative state [9–10]. Figure 4(a) shows the XANES
spectra of CoFe1.9Zn0.1O4 samples and varied cobalt standards obtained at the Co K- edge.
The valence state of Co in the ferrite samples was determined from energy of the main
maxima in the spectra [11]. The curves of samples in the threshold region are close to that
of CoO, suggesting existence of a divalent state. The E0 values of CoFe1.9Zn0.1O4 samples,
Co foil, CoO and Co3O4 are 7718.408, 7708.960, 7718.750 and 7721.194, respectively. As
observed, the spectra for the samples are similar to those obtained for the CoO standard,
in which Co2+ is coordinated six-fold with O2− ions, suggesting that Co ions exist in a
divalent state in six coordinated oxygen atoms [12]. Figure 4 (b) shows XANES spectra
of CoFe1.9Zn0.1O4, Fe foil, FeO, Fe3O4 and Fe2O3 in the vicinity of the Fe K-edge, with
their E0 of 7125.540, 7112.061, 7121.192, 7124.186 and 7125.525, respectively, which
leads to existence of Fe3+ in the samples. Fig. 4 (c) shows that the threshold energy of
CoFe1.9Zn0.1O4 samples is higher than that of Zn foil, but close to the energy of ZnO.
The E0 values of CoFe1.9Zn0.1O4, Zn foil and ZnO are 9661.148, 9658.964 and 9661.104,
respectively, suggesting existence of a divalent state of Zn in the samples.

Conclusion

In summary, zinc doped CoFe2O4 powders were synthesized successfully by the mixed-
oxide method. The structural characteristics revealed that all samples have a single spinel
structure, and Rietveld refinement showed that the lattice parameters were decreased by
Zn content, whereas the size of particles increased. VSM measurements showed that sat-
urated magnetization of the samples increased with increasing Zn content. The coercivity
and remnant magnetization of the samples decreased with increasing Zn content, which
attributed to the anisotropic nature of Co ions. Furthermore, Co2+, Fe3+ and Zn2+ ions are
the valence states of element in the structure.
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Composites made of electroactive ceramics and a ferroelectric polymer are very attrac-
tive for applications since they exhibit good piezoelectric and pyroelectric properties,
low densities and their properties can be tailored to various requirements. Here, we
reported the preparation and dielectric properties of 3-3 PZ/PVDF nanocomposites
by infusion of polyvinylidenedifluoride (PVDF) into the PZ nanofiber mat followed by
heating of the composite at 80◦C. The 3-3 PZ/PVDF composites were characterized by
X-ray diffraction, FT-IR, SEM and LCR meter. The dielectric constant of the PZ/PVDF
nanocomposite are relatively stable in the range of 21.98–18.21 within the measurement
frequencies from 100 Hz to 2 MHz. This value is higher than the dielectric constant of
the polyvinylidene fluoride. Moreover, the dielectric loss of the composite is below 0.09
at low frequencies.

Keywords PZ; PVDF; composite; dielectric

1. Introduction

Piezoelectric ceramic-polymer composites were intensively studied within the last decades
because of their considerable potential for applications such as pyroelectric sensors, ul-
trasonic transducers, and hydrophones [1]. Piezoelectric ceramics have high piezoelectric
strain coefficient and high electromechanical coupling coefficient [2]. However, the rela-
tively high density, high acoustic impedance and mechanical stiffness limit their applica-
tions. On the other hand, piezoelectric polymers have acoustic impedance well matched to
water and biological issues, but their piezoelectric strain coefficient and electromechanical
coupling coefficient, are lower than those of piezoelectric ceramics [3]. Thus, in many
applications, one might optimize conflicting requirements by combining the most useful
properties of two or more phases that do not ordinarily appear together in nature. Therefore,

∗Corresponding author. E-mail: naratipcmu@yahoo.com
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Preparation of PZ/PVDF Nanocomposite 95

different kinds of composites such as porous ceramics and ceramic-polymer composites
are typically developed.

Antiferroelectric materials have attracted much research interest due to their potential
applications in microactuators and energy conversion devices [4]. Lead zirconate, PbZrO3

(PZ), is a well known antiferroelectric materials. This material can be processed into vari-
ous forms such as bulk ceramics, thin films, and fibers, depending on the application area.
The hysteresis characteristics of Antiferroelectric PbZrO3 regions are well suited for either
power-storage or actuator applications. Moreover, the extremely large charge which is re-
leased from the FE state to the AFE state may be useful as alternate capacitor materials in
DRAMs [5]. In recent years, researchers have focused on synthesizing nanosized PZ fibers
to improve desired properties. Fibrous PZ have potential for utilization in high performance
electric-mechanical application such as actuators, sensors, high energy storage capacitors
and microelectromechanical systems (MEMS). Due to the high surface-to-volume ratio and
their novel properties that are significantly different from their bulk, such as mechanical
[6] and electrical property [7]. Nanoscale PZ fibers incorporated into a piezoelectric poly-
mer are expected to obtain smart piezocomposite structures and to find wide applications,
particularly in nanoelectronics, photonics, sensors, and actuators. Both kinds of materials
show different piezoelectric properties, such as resonance frequencies and electromechani-
cal coupling coefficients because of differences in their microscopic structures, their elastic
properties and their typical transducer geometries [8]. Due to such special qualities, piezo-
electric polymers have been increasingly used in a rapidly expanding range of applications
such as electromechanical transducers, position sensors and vibration control actuators [9].
Often piezo- and pyroelectric polymers such as nylon [10], polyvinyl chloride (PVC) [3]
and polyvinylidene fluoride (PVDF) [11] were used as matrix. Based on our knowledge,
there has been no previous report on the fabrication of PZ fibers/PVDF composite.

Polyvinylidene fluoride (PVDF) is a piezoelectric polymer that has been used in many
applications including microphones, transducers, sensors and actuators, due to its high
piezo-, pyro- and ferroelectric properties [12]. The PVDF has low permittivity, low thermal
conductivity and is flexible and relatively low in cost [13]. In addition, it is exceptionally
sensitive, for example, sensors based on PVDF film have been applied even in erosive
media to detect pressure, in biological environments to aid minimally invasive surgery, test
and characterize fabrics, and monitor human health [12].

Therefore this study fabricated 3-3 PZ/PVDF nanocomposite using PZ fibers embedded
in PVDF matrix. The crystal structure and morphology were investigated. Moreover, the
dielectric properties of the resultant 3-3 PZ/PVDF nanocomposite was characterized.

2. Experimental Procedure

PZ nanofibers were synthesized by an electrospinning method utilizing a solution which
contained poly(ethylene oxide) (PEO, Mw ∼ 300,000; Aldrich), and sol-gel precursor so-
lution of PZ [14]. After obtaining the PZ fiber mats, PZ/PVDF nanocomposite samples
were prepared. Firstly, Polyvinylidene fluoride (PVDF; Mw ∼ 534,000; Aldrich) powder
was dissolved in DMF solvent to obtain the polymer matrix of the composite. This solution
was poured on to the calcined PZ fiber mat and this sample was kept under vacuum for
10 min to eliminate trapped air. Then, the sample was dried 24 h at 80◦C. X-ray diffrac-
tion (XRD; Bruker-D8 Advance) using CuKα radiation was used to determine the phases
formed. The room-temperature FTIR spectrum ranging 4,000–370 cm−1 was recorded by a
Perkin Elmer Spectrum GX FTIR/FT-Raman spectrometer, with 8 scans and a resolution of
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4 cm−1 using KBr pellets. A scanning electron microscope (SEM, JEOL JSM5910LV) was
used to observe the microstructures of the PZ/PVDF nanocomposite. Finally, dielectric
properties of the PZ/PVDF nanocomposites were measured from 100 Hz to 2 MHz using
a precision LCR meter HP-4284A (Hewlett-Packard, Palo Alto, CA). The samples were
prepared into thin, rectangular, parallel plates, and the dielectric measurements were taken
by placing the samples between two parallel metal plates of the sample holder.

3. Results and Discussion

PZ/PVDF nanocomposite achieved from embedded PZ nanofibers in PVDF polymer has a
smooth surface, with no buckling or folding over, thus indicating that the solvent evaporated
uniformly. The morphology of the PZ/PVDF composite was revealed by scanning electron
microscopy (SEM). Figure 1 shows SEM photographs of the composite. From Figure 1(a),
it is shown that the polymer matrix phase was infiltrated thoroughly into the fiber network,
and an intimate mixture of two phases was obtained. Figure 1(b) shows the backscattering
electrons SEM image of the composite section, in which the PZ phase is visible with a
bright-white contrast, and the PVDF phase is identifiable as the darker-gray region. The
microgeometry of the inclusion and the interface between the filler and the matrix could be
important. The mixing rules of a given property are controlled by the connectivity of the
individual phases [13]. From the Figure, it reveal that the composite has 3-3 connectivity
by using Newnham’s convention on connectivity of piezocomposites, in which the active
PZ and polymer matrix phases are both connected in three dimensions in the micrometer
scale [7].

The crystalline phases of 3-3 PZ/PVDF composite was revealed by X-ray diffraction
spectra. Figure 2 shows the XRD patterns of the 3-3 PZ/PVDF composite compared with
PZ fibers and PVDF powder. From the Figure, it is revealed that crystalline PZ/PVDF
composite were obtained. According to JCPDS card no.75-1607, the diffraction peaks can
be indexed as an orthorhombic perovskite structure of lead zirconate. Moreover, peaks of
polyvinylidene fluoride (PVDF) could be observed in the XRD patterns of the composite,
because of PVDF is a semi-crystalline polymer with typical crystallinity of 50%. The
spectra of the PVDF polymer are also seen to have well defined peaks at 2θ = 20.3◦,
referent to the sum of the diffractions in plane (110) and (200) characteristic of the β phase.
Peak at 2θ = 26.64◦ referent to the diffractions in planes (021), which characteristic of α

phase [15].

Figure 1. SEM micrograph of the composite structure of 3-3 PZ/PVDF nanocomposite.
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Preparation of PZ/PVDF Nanocomposite 97

Figure 2. XRD patterns of 3-3 PZ/PVDF nanocomposite compared with PZ fibers and PVDF powder.

Formation of the 3-3 PZ/PVDF composite was confirmed further by the FTIR spec-
tra, as shown in Figure 3. The spectrum of the 3-3 PZ/PVDF composite shows multiple
absorption bands in the region of 400 to 4,000 cm−1, which corresponds to the stretching
and bending vibrations of ceramic, polymers and moisture. Peaks of around 1,450 cm−1

correspond to the aliphatic CH group vibrations of the CH2 mode of PVDF polymer [9].
The wave number at ∼1,600 cm−1 and broad peak at around 3,400 cm−1 both correspond

Figure 3. FT-IR spectra of 3-3 PZ/PVDF nanocomposite.
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98 C. Nawanil et al.

to the O H stretching vibration of moisture [10]. The symmetric and asymmetric CH
stretching vibration of PVDF is observed at 2900 cm−1 [16]. The absorbtion band at 480,
530, 612,764, 797, 855, 976 and 1410 cm−1 correspond to large amount of α crystal phase,
whereas peak at 1226 cm−1 indicates β phase of vinylidene group of polymer [15, 17]. In
addition, the absorption peak at ∼548 cm−1 is attributed to Zr O stretching vibration [11],
which corresponds to the polycrystalline PZ fiber. This study can guarantee that its sample
consists of two phases, including ceramic and polymer phases.

Dielectric properties of the resultant 3-3 PZ/PVDF nanocomposite was characterized
by LCR meter. The dielectric constant of the 3-3 composite was found to be relatively
stable in the range of 21.98–18.21 within the measurement frequencies from 100 Hz to
2 MHz (Figure 4). This value is higher than the dielectric constant of the polyvinylidene
fluoride, which was measured as 13.14 (at 2 MHz) in this study. This is due to the in-
creasing contribution of PZ to the dielectric properties of the composites, because PZ has
a substantially higher dielectric constant (εr = 116 at room temperature [18]) than the
polymer. This result demonstrated that, a particular response of a composite to an external
field may depend either on the corresponding response of individual phases or may result
in a property not existent in the phases composing the material. In addition, a particular
property of the composite may depend on several properties of the individual phase [19].
The polymer phase in the composite was burnt out at 600◦C, and the weight of the sample
was recorded. From the theoretical density of PZ (8.085 g/cm3) and PVDF (0.6 g/cm3), the
volume fraction of the PZ fibers in this composite structure was determined to be about
10%. Using the rule of mixtures according to equation (1) and dielectric constants of the
constituent phases, polyvinylidene fluoride and PZ, the calculated dielectric constant of the
composite was 23.43. [20]

ε′
composite = ε′

polymer Vpolymer + ε′
ceramic Vceramic (1)

Figure 4. Dielectric properties of 3-3 PZ/PVDF nanocomposite within the measurement frequencies
from 100 Hz to 2 MHz.
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Preparation of PZ/PVDF Nanocomposite 99

The calculated value is higher than the measured value, this may be due to the porosity
and its contribution to the dielectric constant of the composite. The dielectric loss of the
composite is below 0.09 at low frequencies.

4. Conclusions

In summary, this study prepared 3-3 PZ/PVDF nanocomposite successfully by infiltrating
a polyvinylidene fluoride (PVDF) polymer into the PZ nanofiber mat. The composite
has relatively smooth surface. The PZ/PVDF composite consists of two phases, including
ceramic phase with orthorhombic perovskite structure and polymer phases. The dielectric
constant of the composite measured at room temperature is higher than the polymer matrix
and reasonably agrees with the prediction from the rule of mixtures.
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In this work, BaTiO3-xCoFe2O4, where x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5, nanocompos-
ites were prepared by conventional mixing method and followed by normal sintering
in air. The effect of processing condition on phase formation, microstructure, magnetic
and electrical properties of the BaTiO3-CoFe2O4 nanocomposites was investigated. The
phase development and microstructural evolution of this system have been determined
via X-ray diffractometer and scanning electron microscope. From the results, it con-
cludes that phase formation, microstructure, electrical and magnetic properties of the
BaTiO3-xCoFe2O4 nanocomposites strongly depend on chemical composition.

Keywords BaTiO3; CoFe2O4; nanocomposite

1. Introduction

Multiferroic material is a material which can simultaneously exhibit ferroelectricity and fer-
romagnetism. Magnetization (or polarization) of this material can be induced by applying
electric (or magnetic) field. So, this phenomenon will offer new opportunities to this kind of
material such as the possible of modifying magnetic properties by applying an electric field
and vice versa. The coexistence of magnetic and electric subsystem in multiferroic material
can produce new materials with the product property, for example, the composite exhibits
response that are not available in each individual phase, thus allowing an additional degree
of freedom in the design of electronic components. Moreover, the interaction of the mag-
netic and electric subsystem can manifest itself as the giant magnetoelectric effect and the
effect of mutual influence of the magnetization and polarization. These phenomena are of
practical interest for many kinds of electronic applications such as microelectronics, mag-
netic memory, spintronics and sensors. Barium titanate-cobalt ferrite (BaTiO3-CoFe2O4)
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154 W. C. Vittayakorn et al.

nanocomposite is one of the most interested multiferroic composites due to its outstanding
properties, high chemical stability and low particle size. The magnetic, electrical and me-
chanical properties including magnetoelectrism of BaTiO3-CoFe2O4 nanocomposite can be
varied by modifying the chemical stoichiometry, processing parameter and microstructural
architecture. Variety of BaTiO3-CoFe2O4 nanostructures are proposed such as multilayer
structure, self-assembled nanostructured thin film and core-shell structure [1, 2]. Various
techniques are used to fabricate BaTiO3-CoFe2O4 nanocomposites such as sputtering, pulse
laser deposition, sol-gel method and co-precipitation [3, 4]. Effect of processing parameters
on structure and property is also studied by many researchers [5, 6]. However, the main
problems of nanocomposite fabrications are still nanometer-scale preservation and highly
densification of final body. As well known, microstructure and density of ceramics can be
engineered through processing condition, therefore, this research will take this opportunity
to reveal the relationship between processing parameters, compositions, microstructure
and properties of BaTiO3-CoFe2O4 nanocomposites, which would help to understand more
clearly in basic principle of this system. The preparation technique in this work will mainly
base on conventional milling followed by conventional sintering in order to reduce cost and
complexity. The effect of processing parameters on phase development, microstructural
evolution, electrical and magnetic properties of BaTiO3-CoFe2O4 nanocomposites will be
investigated. Finally, the relationships among these experimental results will be discussed.

2. Experimental

High purity grade of BaTiO3 (∼50 nm) and CoFe2O4 (20–50 nm) nanopowders (Inframat,
>99.9% purity) were mixed together in the compositions of BaTiO3-xCoFe2O4, where
x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5 mol%, and ball-milled with alumina media in ethanol for
24 h. Then, the slurry were dried, ground and pressed into pellets with 10 mm diameter.
Green bodies were placed in high-purity alumina crucible and sintered at 1050, 1100, 1150
and 1200◦C for 2 h in air with heating/cooling rates of 5◦C/min. The crystallinity and
phase formation of the sintered ceramics were examined by X-ray diffractometer (XRD).
Densities of all ceramics were measured using Archimedes method. After that, grain mor-
phology and size were directly imaged using scanning electron microscopy (SEM). The
saturated magnetization and coercivity of the ceramics were measured with a vibrating
sample magnetometer (VSM) at a maximum applied field of 8 kOe at room temperature.
For dielectric measurement, silver paste was painted on both sides of samples. Dielectric
properties of all sintered ceramics were studied as a function of both temperature and fre-
quency. The capacitance was measured by LCR meter controlled by a computer system and
the testing temperature was varied from room temperature to 200◦C. Dielectric permittivity
(εr) was then calculated using the geometric area and thickness of discs. Finally, the Curie
temperature (TC) was determined by the temperature dependence of the dielectric constant
at 1 kHz.

3. Results and Discussion

The phase formation of BaTiO3-xCoFe2O4 nanocomposites, where x = 0, 0.1, 0.2, 0.3, 0.4
and 0.5, is revealed by XRD as shown in Fig. 1. It is seen that both BaTiO3 and CoFe2O4

form in every composites after sintering process which suggests that both constituents
behave almost as single phases in composites prepared by mixture of precursors. For
x = 0 (pure BaTiO3), typical tetragonal perovskite structure (JCPDS file no. 5-0626) was
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BaTiO3-CoFe2O4 Nanocomposites 155

Figure 1. XRD patterns of BaTiO3-xCoFe2O4 nanocomposites.

formed in this composition with the lattice parameters a = 4.001 Å and c = 4.027 Å. The
tetragonality (c/a) of this BaTiO3 is 1.006. After added CoFe2O4 into system, XRD graph
still shows no evidence of any phase other than that of tetragonal BaTiO3, this was due pos-
sibly to the amount of CoFe2O4 additive being at a very small level and less than the XRD
detection limit. With increasing CoFe2O4 content to x = 0.2, XRD peaks show the existence
of both cubic spinel CoFe2O4 (JCPDS file no. 22–1086) and tetragonal perovskite BaTiO3

(JCPDS file no. 5-0626) and the intensity of CoFe2O4 peaks increase with increasing of
x. However, it is well known that BaTiO3 shows different polymorphs depend on their
thermodynamic stability. For this system, XRD patterns of ceramics after added CoFe2O4

additive did not clearly show the splitting of (002)/(200) peaks, which are characteristic of
tetragonal BaTiO3. Therefore, these compositions might attribute to the symmetric cubic
BaTiO3 (JCPDS file no. 31–0174). The lattice parameters of all samples calculated from
XRD data exhibit in Table 1. From the results, it suggests that, after added CoFe2O4 into
system, the lattice parameters slightly change but the c/a value remains constant at 1.007.
With increasing CoFe2O4 content to x = 0.4 and 0.5, the c/a value significantly decreases
and converges to 1, which confirms the appearance of cubic phase and support assumption
about the cubic phase formation in above line. On the other hand, the lattice parameter of
CoFe2O4 phase shows almost constant value. For the crystallite size (D) of samples which
also calculated from XRD data (Table 1), after added CoFe2O4 into system, the crystallite
size of BaTiO3 suddenly drops and continuously decreases with increasing of x, whereas
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156 W. C. Vittayakorn et al.

Table 1
Lattice parameters and crystallite size (D) of BaTiO3-xCoFe2O4 nanocomposites

BaTiO3 CoFe2O4

x a (Å) c (Å) c/a D (nm) a (Å) D (nm)

0 4.001 4.027 1.006 62.5 — —
0.1 4.005 4.034 1.007 60.8 — —
0.2 4.006 4.035 1.007 60.2 — 30.4
0.3 4.005 4.034 1.007 60.4 8.39 49.9
0.4 4.007 4.029 1.005 58.7 8.39 58.6
0.5 4.007 4.025 1.004 58.4 8.38 64.0

the crystallite size of CoFe2O4 increases with increasing of CoFe2O4 content. Therefore, all
results here can suggest that firing process of BaTiO3-xCoFe2O4 ceramics may affect their
microstructures, resulting in different polymorphs in this system. Moreover, the stability of
tetragonal structure in ferroelectric-ferrimagnetic composite strongly depends on mechan-
ical boundary conditions of each ceramics because the cubic-tetragonal transition relates
to interphase stress which means that firing temperature and microstructural characteristics
play an important role in stability of tetragonal cell in composite structure [5, 7].

After sintered all pellets in the temperature range of 1050–1200◦C, it is found that the
optimum sintering temperature of all compositions is 1150◦C. The average value of relative
density for all composites is about 95% with 17% of shrinkage and 8% of weight loss.
Microstructure development of BaTiO3-CoFe2O4 nanocomposites is revealed by scanning
electron microscope (SEM) and shows in Fig. 2. Pure BaTiO3 ceramic shows highly dense
of irregular-shape grains with the maximum grain size of 4.0 μm, minimum grain size of
0.5 μm and the average grain size of about 1.35 μm (Fig. 2(a)). After added CoFe2O4

into BaTiO3 ceramic (x = 0.1), the microstructure is similar to pure BaTiO3 with slightly
smaller grains (∼1.30 μm) as seen in Fig. 2(b). Furthermore, with carefully observation,
whisker-like shape structure (∼10 nm in width) is clearly seen to distribute and coat over
every grains in this composition. With increasing CoFe2O4 amount, the average grain size
of ceramics swings in the same value and the whiskers still appear all over the grains.
However, it can noticeably observe that grain morphology of these compositions is more
equiaxed than that of pure BaTiO3 (Fig. 2(c) and (d)). Even though exact mechanism of the
microstructure observed here is not well established, but it should be noted that the various
features of microstructure in BaTiO3-based ceramics are dependent on the grain growth
rate in the different planes [8]. However, the sintering process and growth environment also
play an important role in the formation [9].

The magnetic measurements for all samples sintered at 1150◦C are showed in Fig. 3
and summarized in Table 2. The maximum magnetization (Mmax) determines from the
magnitude of the maximum possible magnetization of a sample, the remanent magnetization
(Mr) is the magnitude of the magnetization of a sample when the applied magnetic field
is zero and the coercive field (HC) is the applied field where the overall magnetization of
a sample is zero. For pure BaTiO3 (x = 0), VSM graph shows linear line which means
BaTiO3 exhibits no magnetic property. After added CoFe2O4 into system, Mmax and Mr

increase with increasing of x due to presence of ferrite phase in the system which can
induce magnetic characteristic to the ceramics. When the amount of ferrite increases, the

D
ow

nl
oa

de
d 

by
 [

W
an

w
ila

i V
itt

ay
ak

or
n]

 a
t 0

2:
36

 0
9 

D
ec

em
be

r 
20

13
 



BaTiO3-CoFe2O4 Nanocomposites 157

Figure 2. SEM images of BaTiO3-xCoFe2O4 nanocomposites where x = (a) 0, (b) 0.1, (c) 0.3 and
(d) 0.4.

magnetic contacts between grains also increases which leads to higher value of composite
magnetization. However, the HC value does not vary significantly when the amount of
CoFe2O4 increases which can be explained that the agglomeration of ferrite particle may
hinder the motion of magnetic domains.

Table 2
Magnetic and dielectric properties of BaTiO3-xCoFe2O4 nanocomposites

Magnetic properties Dielectric properties

x
Mmax

(emu/g)
Mr

(emu/g) HC (Oe)
εr at
30◦C

εr at
TC or Tmax

TC or Tmax

(◦C)

0 — — — 3000 3360 129
0.1 3.9 1.4 315 2210 2230 40
0.2 11.3 4.7 408 2860 4020 50
0.3 20.4 9.7 481 1565 — —
0.4 27.6 13.8 497 1110 — —
0.5 35.7 18.3 547 830 — —

D
ow

nl
oa

de
d 

by
 [

W
an

w
ila

i V
itt

ay
ak

or
n]

 a
t 0

2:
36

 0
9 

D
ec

em
be

r 
20

13
 



158 W. C. Vittayakorn et al.

Figure 3. Magnetic hysteresis loops of BaTiO3-xCoFe2O4 nanocomposites.

Temperature dependence of dielectric constant for BaTiO3-xCoFe2O4 nanocomposites
is revealed in Fig. 4 and dielectric properties are tabulated in Table 2. For x = 0.0 (pure
BaTO3), the εr peak is sharp and approaches 3360 at TC ∼ 129◦C. Curie point corresponds
to transition between ferroelectric and paraelectric phases which lead structure to change
from tetragonal to cubic. After added CoFe2O4 into system, it is seen that εr curve becomes
broad peak with maximum temperature (Tmax) at 40◦C for x = 0.1 and 50◦C for x =
0.2, respectively. With increase more CoFe2O4 contents (x = 0.3, 0.4 and 0.5), dielectric
curves become flat with positive slope, which means that there are no phase transition
between ferroelectric and paraelectric here. The dielectric behavior of this system can be
explained that since BaTiO3 is high dielectric constant material, while CoFe2O4 ferrite
has a low dielectric constant, thus it affects the εr value of composites to decrease in the
compositions with higher CoFe2O4 amount. Moreover, if referred with XRD results above,
cubic BaTiO3 is about to occur around these compositions, therefore it is possible that flat
curve of dielectric constant may also result from this cubic phase. The εr value at room
temperature (30◦C) also decreases with increasing of x due to reducing of ferroelectric
BaTiO3 phase in the composites. For the dielectric loss, the tanδ value hasn’t showed
significantly change in all compositions, however it should be noted that the dielectric loss
of all ceramics increases rapidly at high temperature as a result of thermally activated space
charge conduction. From all dielectric data, it can be concluded that the ferroelectricity
of BaTiO3-xCoFe2O4 nanocomposites decreases with increasing of x which effect from
magnetism and conductivity of CoFe2O4 phase.
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BaTiO3-CoFe2O4 Nanocomposites 159

Figure 4. Variation of dielectric constant (εr) and dielectric loss (tanδ) with temperature of BaTiO3-
xCoFe2O4 nanocomposites measured at 1 kHz.

4. Conclusions

This work mainly studies on fabrication and properties of BaTiO3-xCoFe2O4, where x =
0, 0.1, 0.2, 0.3, 0.4 and 0.5, nanocomposites prepared by conventional milling method
and followed by normal sintering in air. Phase formation, microstructural development,
magnetic and dielectric properties for all ceramics were investigated. The results show that
both BaTiO3 and CoFe2O4 phases form in all nanocomposites after sintering. Highly dense
microstructures present in all compositions and whisker-like structure is found to cover all
over the grains in BaTiO3-CoFe2O4 nanocomposites which can explain by various grain
growth mechanisms in BaTiO3-based ceramics. Maximum and remanent magnetizations
of nanocomposites increase with increasing of x due to presence of ferrite phase in the
system. From dielectric results, ferroelectric-paraelectric phase transition is exhibited only
at compositions x = 0, 0.1 and 0.2.
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The microwave-assisted solution combustion synthesis was developed for application
with initially synthesized thermochromic perovskite manganese oxide La0.75Ca0.25MnO3

nano-powders. Dry and very fine powders were obtained after one-step combustion reac-
tion for less than 10 min in a modified domestic microwave oven. The thermal behavior,
phase formation and purity of the precursor, and as-synthesized and calcined pow-
ders, were investigated by TGA/DTA, X-ray diffraction (XRD) and FT-IR techniques.
The morphology of the powder obtained was characterized using a scanning electron
microscope (SEM). The XRD pattern and FT-IR results showed that as-synthesized
La0.75Ca0.25MnO3 powders were crystalline, and the monophasic perovskite phase oc-
curred with an average crystallite size of 30.46 ± 5.54 nm for 6 h at a relatively low
calcination temperature of 900◦C. The small particle size obtained by SEM suggested
a high specific surface area and high sinterability. This method was found to be simple,
rapid and cheap, and an effective way to prepare nano-size perovskite powders.

Keywords La0.75Ca0.25MnO3; combustion synthesis; perovskite; manganites

1. Introduction

Combustion synthesis (CS) is an innovative approach to synthetic strategies of solid syn-
thesis. It also is called ‘self-propagation high-temperature synthesis’ (SHS) and fire or
furnace-less synthesis and has been reported as the high-temperature, fast heating rate
and short reaction time method [1–2]. It has been used successfully in the preparation of
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Thermochromic LCM Perovskite Manganites Nano-powders 97

more than 500 oxide and nonoxide compounds with high-purity, metastable phases, and
variable sizes and shapes [1–2]. Extensive research, carried out recently, emphasized the
capabilities of CS in improving material, saving energy and protecting the environment. CS
makes use of highly exothermic redox chemical reactions between metals and nonmetals
or reaction involving redox compounds/mixtures [3–4]. Various types of CS reactions that
depend on the nature of reactant, i.e. elements or compounds (solid, liquid or gas) and
exothermicity (adiabatic temperature, Tad) have been discussed. CS can be described as
SHS; low-temperature combustion synthesis (LCS); solution combustion synthesis (SCS);
gel-combustion, sol-gel combustion, emulsion combustion, volume combustion (thermal
combustion), etc. [1, 5].

SCS is an alternative method (compared to others) recently developed for using redox
mixtures (oxidizer-fuel). It was discovered after α–Al2O3 foam had been prepared by
rapidly heating a solution of aluminum nitrate-urea mixture. Hundreds of oxide materials
have been prepared by aqueous solution containing stoichiometric amounts of respective
metal nitrate (oxidizer) and fuels like urea, glycine, hydrazide, carbohydrazide, citric acid,
oxalyl dihydrazide (ODH), malonic acid dihydrazide (MDH), ethylene diamine tetraacetic
acid (EDTA), etc. [1, 6]. A major drawback of ceramic procedure or the conventional
solid state method is the diffusion control problem that requires repeated grinding and
calcinations for a long duration at high temperatures, which results in large particle sizes,
non-homogeneity and presence of impurity [1, 4, 7]. Furthermore, most developed chemical
methods, i.e. sol-gel, hydrothermal and citrate-gel techniques, also require high purity,
expensive reagents, complicated equipment and a great deal of time [8]. On the other
hand, the SCS method prepared oxide materials fast and simply with fine, crystalline,
homogeneous, dispersive nano-sized powder and the desired composition/structure [9]. It
is already known that microwave heating can be used to prepare crystalline powders [10].
Recently, microwave-assisted CS has been used with high-efficiency to synthesize a variety
of narrowly distributed nano-sized inorganic powders in a relatively short period of time
when compared to conventional combustion [11–12]. As microwave energy heats whole
sample volume at the molecular level, a thermal gradient during processing can be avoided,
thus providing a uniform environment for chemical reaction, whereas, conventional heating
heats from the outer surface to interior, thus causing thermal gradient and heterogeneous
heating [8, 15].

La0.75Ca0.25MnO3 (LCM) is a perovskite-type phase of lanthanum manganese, with
the general formula, La1–xAxMnO3 (a representative divalent cation such as Ca, Sr, Ba, Pb).
This manganite family has been attractive material for decades because of its temperature-
dependent metal-insulator (MI) phase transitions and colossal magnetoresistance effect
(CRM) near phase transition temperature (TMI). This is based on its ability to undergo
a reversible structural distortion as a function of temperature. Both electrical conduction
and ferromagnetic coupling in these compounds are found to arise from a double ex-
change process, in which Mn3+ and Mn4+ ions are coupled by electron exchange via
oxygen ions. Recently, thermochromic properties of La1–xAxMnO3 (A = Ca, Ba) were
studied by investigating their temperature-dependent hemispherical emittance [13]. These
thermochromic materials are of considerable interest, due to their application in optical
switching devices, smart windows, thermal sensors, field-effect transistors, etc. Since novel
physical and chemical properties were found to be caused by size scaling; processing and
production of nanoparticles have been important scientific challenges and a major research
objective over the last few years [9]. Additionally, nanoparticle production, with homoge-
neous component mixing, was believed to be a precursor available for lower calcination
temperature, shorter duration and higher sinterability, and a cost and time saving method
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98 S. Kahatta et al.

for commercial preparation [14–15]. Generally, these manganite samples are prepared by
ceramic techniques actually using oxide, carbonates or hydroxide as sources of La, Ca and
Mn ions. These methods possess disadvantages, as mentioned above, and the powder has
to be calcined several times [13]. With reference to our previous work, it was found that
SCS can synthesize perovskite-type materials successfully in rapid time by using simple
laboratory equipment, which results in homogeneous, soft agglomerate nano-size powder
through a relatively low calcination temperature [16]. This unique process can prepare a
homogeneous reaction product, due to all starting material being mixed in a solution at the
molecular level. However, in this study, attention was paid to the composition, x = 0.25,
since it usually shows both antiferromagnetic (AF) and ferromagnetic (FM) behavior [14].
The perovskite-type compound, La0.75Ca0.25MnO3, was prepared via microwave-assisted
SCS, using glycine as a fuel for the first time. Effect of the molar ratio; oxidizer to fuel,
and calcination temperature on the formation, size and morphology of LCM particles has
been reported.

2. Experimental Procedure

La0.75Ca0.25MnO3 was synthesized via a solution combustion synthesis (SCS). Analytical-
grade powders of La(NO3)3·6H2O, Ca(NO3)2·4H2O, MnCO3 and glycine (NH2CH2COOH
99.7%) were used as starting materials and fuel. On the basis of combustion synthesis, which
comes from the thermochemical concept used in the field of propellants and explosives,
calculation of the reducing oxidization ratio in the mixture for releasing maximum energy
could be performed simply [3, 5]. Since CO2, H2O and N2 were found to be usual products;
C and H were considered as reducing elements with the corresponding valencies, +4 and
+1. O was deemed to be an oxidizing element with the valency, –2, and N to have a
valency of zero. Metals also were considered as a reducing element with the valencies they
possessed in the corresponding compound [3, 6, 8]. The total valencies in La(NO3)3·6H2O,
Ca(NO3)2·4H2O, MnCO3 and glycine were –15, –9, 0 and +9, respectively. Based on the
concept of propellant chemistry, the ratio of total oxidizing valencies to reducing valencies
should be unified. To satisfy the equivalent stoichiometric ratio, the oxidizer-to-glycine
molar ratio was found to be 1:2.7. The combustion reaction can be represented as follows:

0.75La(NO3)3 × 6H2O + 0.25Ca(NO3)2 × 4H2O + MnCO3 + 2.78NH2CH2COOH
+ 3.12O2 → La0.75Ca0.25MnO3 + 12.44H2O + 2.76N2 + 6.56CO2

(1)
In this study, the powder characteristics were studied in detail by varying the molar ratio

on either side of the stoichiometric ratio, i.e. fuel-deficient ratio (1:2.5) and fuel-rich ratio
(1:3.0). It should be noted that this calculation is based on a theoretical reaction equation
that neglects all secondary phenomena such as urea hydrolysis and thermal decomposition,
as well as nitrate decomposition, which would alter the initial oxidizer-to-glycine molar
ratio.

All cation source compounds were dissolved in de-ionized water and stirred by mag-
netic stirrer. Glycine was then added into the nitrate solution under continuous stirring.
The precursor solution was heated using a modified domestic microwave oven inside a
fume-cupboard under ventilation. Evaporation then occurred and the solution became dry.
While the exothermic redox reaction was taking place, the temperature reached a point
when ignition could arise. The temperature rapidly increased and resulted in self-sustaining
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Thermochromic LCM Perovskite Manganites Nano-powders 99

Figure 1. TGA/DTG/DTA curves of the precursor mixed in the stoichiometric proportion of
La0.75Ca0.25MnO3.

combustion, with rapid evolution of a large volume of gas products and voluminous pow-
der. For investigating thermal behaviour of the precursor, the mixture of starting material
was determined using thermo gravimetric analysis (TGA) and differential thermal analy-
sis (DTA). The X-ray diffraction (XRD, Advance D8) technique was carried out on the
combustion synthesized powder, using Ni-filtered CuKα radiation for phase identification
and mean crystalline size estimation. The final powder product was characterized by using
the Fourier transform infrared (FTIR, Perkin-Elmer Spectrum GX spectrometer) technique
and scanning electron microscope (SEM, JEOL JSM-6335F).

3. Results and Discussion

Figure 1 shows the TGA/DTG/DTA curves of the stoichiometric precursor for
La0.75Ca0.25MnO3 powder preparation. From observations of the TGA curve, there ap-
peared to be multi-stages of weight loss from room temperature to 1,300◦C. A 20% weight
loss was observed as the temperature rose to 200◦C, which corresponded to the first en-
dothermic peak of the DTA and DTG curve, centered at about 130◦C. This range of mass
loss could indicate the release of water molecules that are lost from starting hydrated
reagent. When raising the temperature to over 200◦C, a significant weight loss was ob-
served. This drastic weight loss was matched to the exothermic peak of the DTA and DTG
curve, centered at about 250◦C. As the heat increased, weight loss continued until the tem-
perature reached 800◦C. The overall weight loss was found to be about 78%, which is close
to the theoretical value of 73% that corresponds to the release of H2O, N2 and CO2 related
to Eq. (1). The initial temperature (T in) of the reaction was reported as the point when the
sample weight begins to change quickly during the chemical reaction [6]. Hence, T in of this
reaction could be expected at around the temperature of 200◦C. This result supported our
idea that a microwave oven can be used as a heating source, which is capable of initiating
combustion reaction.
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100 S. Kahatta et al.

Figure 2. FT-IR spectra of the as-synthesized La0.75Ca0.25MnO3 powders prepared using different
oxidizer-to-glycine molar ratios.

Figure 2 illustrates the FTIR spectra of the as-synthesized La0.75Ca0.25MnO3 powders
with a different oxidizer-to-glycine molar ratio. A broad peak at ∼3,450 cm−1 and small
peak at ∼2,340 cm−1 and ∼1,650 cm−1 correspond with anti-symmetric stretching (νOH),
symmetric stretching (νOH), and bending (δOH) vibrations of the surface-adsorbed water and
oxygen species [17]. The shoulder bands at ∼2,925 cm−1 and ∼2,850 cm−1 are attributed
to the stretching vibrations of C H bond. The characteristic band at ∼1,500 cm−1 is
matched with the anti-symmetric stretching COO− group [18]. Glycine, which was used as
fuel in solution combustion synthesis (SCS), is the simplest amino acid and has a carboxyl,
methylene and an amino group (H2N CH2 COOH). It was reported that dissolved glycine
can reveal the changes in covalent bond strength with rising temperature, for instance,
when the N H bonds of NH3

+ become stronger; structure of the COO− group becomes
asymmetric; and strength of the C C and C N bond becomes weaker, resulting in three
sections being divided according to their functional group, i.e. NH3

+, COO- and >CH2.
Since FT-IR bands belonging to COO− and >CH2 were observed, as mentioned above, the

NH3
+ band also could be detected. However, when considering FTIR spectra, the –NH3

+

stretching vibration band and asymmetric deformation could not be found at ∼3,050 cm−1

and ∼1,500 cm−1, due to these bands being very weak and strongly overlapped with
an anti-symmetric stretching band of water molecule and COO− asymmetric stretching
band, respectively. Weak band peaking at ∼1,066 cm−1 and ∼860 cm−1 corresponded to
stretching of the C O bond and anti-symmetric NO3

−1 bending vibration, respectively.
When considering the NO3

−1 functional group, which possesses anti-symmetry stretching
vibration at ∼1,385 cm−1, this spectral band could not be observed clearly, due to the
COO− asymmetric stretching band being overlapped. Therefore, all functional groups
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Thermochromic LCM Perovskite Manganites Nano-powders 101

Figure 3. X-ray diffraction patterns of as-synthesized La0.75Ca0.25MnO3 powders with different
oxidizer-to-glycine molar ratios.

apparently indicated traces of starting compound in as-synthesized products. Nonetheless,
the IR spectra band centred at ∼600 cm−1 was identified as the characteristic band of
M-O (M = Mn) and believed to be the vibration (ν3) mode in the corner-shared MO6

(M = metal) octahedron. This observation might suggest perovskite phase formation of
La0.75Ca0.25MnO3.

Figure 3 shows the XRD patterns of as-synthesized La0.75Ca0.25MnO3 powders pre-
pared through a different oxidizer-to-glycine molar ratio. The XRD patterns clearly indicate
that the perovskite La0.75Ca0.25MnO3 phase was formed for all oxidizer-to-glycine molar
ratio conditions. These patterns corresponded to the standard JCPDS file no. 89-8084, with
orthorhombic crystal structure, space group Pnma(62), and peaks that were indexed (�).
Thus, it can be suggested that this single-step microwave-assisted SCS is capable of pro-
ducing La0.75Ca0.25MnO3 powder. Regarding the fuel-deficient ratio (1:2.5), a small peak
corresponding to La(NO3)3 JCPDS file no. 52-1103 was observed at 2θ∼20◦ (�). This
could indicate that the trace of starting material remaining in the powder product was due
to incomplete reaction caused by the lack of fuel. This XRD result was found to match
an FT-IR spectroscopic study, in which an anti-symmetric NO3

−1 bending vibration band
was detected at ∼860 cm−1, as mentioned above. Regarding a higher fuel ratio (1:2.7 and
1:3.0), an La(NO3)3 peak was found to disappear, while a small peak that could be matched
with La2O3 JCPDS file no. 83-1344 was observed at 2θ∼29◦ (◦). Formation of the La2O3

phase might occur from the result of energy released from exothermic redox reaction [19].
Nevertheless, when considering the crystallinity of a product from XRD patterns, using a
fuel-rich ratio (1:3.0), the result in a well crystalline peak can be compared to the equivalent
stoichiometric ratio (1:2.7), which shows higher intensity and sharper peaks. Furthermore,
a relatively low amount of pyrochlore La2O3 phase also was detected in the fuel-rich
ratio (1:3.0) powder product. Therefore, to optimize the fine nucleation condition of the
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102 S. Kahatta et al.

Figure 4. X-ray diffraction patterns of La0.75Ca0.25MnO3 powder (using an oxidizer-to-glycine molar
ratios of 3.0) calcined at various temperatures for 6 h with a heating/cooling rate of 20◦C /min.

monophasic La0.75Ca0.25MnO3 phase, the fuel-to-oxidizer molar ratio of 3.0 was selected
to investigate the effect of calcination temperature on evolution of the perovskite phase.

Thus, the as-prepared powder was calcined at different temperatures for 6 h with a heat-
ing/cooling rate of 20◦C/min. The X-ray diffraction (XRD) patterns of La0.75Ca0.25MnO3

powder, calcined for 6 h at different temperatures, are illustrated in Fig. 4. Perovskite
La0.75Ca0.25MnO3 phase was seen to occur in all samples. The diffraction peak corre-
sponded to the pyrochlore La2O3 phase, which was detected in as-prepared powder and
seen to disappear after 6 h of calcination in at least 600◦C, whereas monophasic perovskite
La0.75Ca0.25MnO3 phase was obtained (100% yield within the limitations of the XRD tech-
nique). Nonetheless, the powders calcined from 600◦C to 900◦C showed diffraction peaks
that could correspond to the orthorhombic La0.75Ca0.25MnO3 perovskite phase JCPDS file
no. 89-8084 (�). Amplified peak intensities can be seen after calcinations at increased
temperatures, which could refer to a relatively high crystallinity of the powder obtained.
This is confirmed by the calculation of crystalline size (D), as described below.

The above results suggested that the perovskite La0.75Ca0.25MnO3 powder could be
synthesized by using the microwave-assisted SCS process, which was discovered as a
simple, time-saving, energy-intensive and cost-effective method when compared with the
traditional solid-state reaction that requires repeated grinding, more time and higher tem-
perature [1, 6– 8]. However, for confirmation of the synthesized monophasic perovskite
La0.75Ca0.25MnO3 phase, all calcined powders were investigated using FT-IR spectroscopic
studies. Figure 5 shows the FT-IR spectra of the crystalline La0.75Ca0.25MnO3 obtained after
combustion synthesis, and powder calcined at different temperatures for 6 h. As mentioned
above, the FT-IR spectra band of the COO−, >CH2 and NO3

−1 functional groups, which
belong to starting reagents and fuel, was shown in as-prepared La0.75Ca0.25MnO3 powders
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Thermochromic LCM Perovskite Manganites Nano-powders 103

Figure 5. FT-IR spectra of the La0.75Ca0.25MnO3 powders (using an oxidizer-to-glycine molar ratio
of 3.0) calcined at various temperatures for 6 h with a heating/cooling rate of 20◦C /min.

for all fuel-to-oxidizer molar ratios. After calcination in the range of 600◦C to 800◦C, IR
bands were found also in La0.75Ca0.25MnO3 powders. This notification demonstrated that
powder calcined at 600◦C was not a monophasic perovskite La0.75Ca0.25MnO3 phase. Nev-
ertheless, the XRD pattern (Fig. 4) showed that powder calcined at 600◦C corresponded
to the monophasic perovskite La0.75Ca0.25MnO3 phase. The contrast could occur due to
limitations of the XRD technique, from which only the crystalline phase can be detected.
Thereby, the combination of XRD and FT-IR results can demonstrate that the monophasic
perovskite La0.75Ca0.25MnO3 phase was obtained after 6 h of calcination at 900◦C. This
calcination temperature was found to be lower than that when using conventional solid-state
reaction. In addition, this microwave-assisted SCS was a novel single-step method, which
required no re-ground or re-calcination step [13].

Since the XRD investigation of La0.75Ca0.25MnO3 powder suggested an orthorhombic
crystal structure, the calculation of lattice parameters could be performed by means of the
Unit Cell program package [20]. The consequent cell parameters, which are close to those
reported in JCPDS file No. 89-8084 (a = 5.465 Å, b = 7.726 Å and c = 5.482 Å), are given
in Table 1. The suggested orthorhombic crystal structure, obtained from matching with
the JCPDS file, could be supported by this correlation of lattice parameters. Nonetheless,
from the reflection peak, the average crystalline size (D) of La0.75Ca0.25MnO3 powders was
considered as a function of fuel content and calcination temperature by using X-ray line
broadening through Scherrer’s equation [21].

D = kλ

β cos θB

(2)
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104 S. Kahatta et al.

Table 1
Lattice parameters of the La0.75Ca0.25MnO3 powder prepared using different oxidizer-to-
glycine molar ratios and calcined at various temperatures for 6 h with a heating/cooling

rate of 20◦C /min

Compound Method a (Å) b (Å) c (Å)

La0.7Ca0.3MnO3 JCPDS #
83–1344

5.465 7.726 5.482

La0.75Ca0.25MnO3 in
this work

As-prepared Fuel-to-oxidant molar ratios
2.5 5.486 ± 0.018 7.802 ± 0.061 5.566 ± 0.088
2.7 5.517 ± 0.010 7.784 ± 0.109 5.616 ± 0.164
3.0 5.496 ± 0.031 7.771 ± 0.023 5.516 ± 0.033

Calcined powders (3.0) Calcination temperature (◦C)
600◦C 5.431 ± 0.045 7.731 ± 0.003 5.471 ± 0.004
700◦C 5.462 ± 0.025 7.731 ± 0.001 5.473 ± 0.002
900◦C 5.465 ± 0.008 7.736 ± 0.001 5.471 ± 0.002

where D is the average crystalline size, k a constant taken as 0.89, λ the wavelength of X-ray
radiation, β the full width at half maximum (FWHM) and θB the diffraction angle. However,
when powder samples were used, the XRD peak broadened, due to mechanical strain,
instrument error and other sources that were ignored in this calculation. The consequent
values are reported in Table 2. As the fuel content increased, the average crystalline size
(D) was found to increase from 12.14 ± 1.45 nm (ratio of 2.5) to 17.53 ± 2.19 nm (ratio
of 3.0). This suggested that elevated fuel content could lead to the production of a higher
crystalline size of powder. In addition, as the calcination temperature increased, a higher
crystalline size from 20.21 ± 0.82 to 30.46 ± 5.54 also was found. This can imply that
calcination temperature also plays an important role in developing the pure phase creation
[15] as commonly observed from the amplified XRD peak intensities, which can be seen
after calcinations at increased temperatures.

Table 2
Average crystalline sizes, D, of the La0.75Ca0.25MnO3 powder using different oxidizer-to-
glycine molar ratios and calcined at various temperatures for 6 h with a heating/cooling

rate of 20◦C /min

D (nm) Fuel-to-oxidant molar ratios

As-prepared 2.5 2.7 3.0
12.14 ± 1.45 14.51 ± 0.53 17.53 ± 2.19

Calcination temperature (◦C)

Calcined powders (3.0) 600◦C 700◦C 900◦C
20.21 ± 0.82 21.37 ± 1.38 30.46 ± 5.54
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Figure 6. SEM micrograph of La0.75Ca0.25MnO3 powders synthesized using an oxidizer-to-glycine
molar ratio of 3.0.

Figure 6 shows a scanning electron microscope (SEM) micrograph of crystalline
La0.75Ca0.25MnO3 powder prepared by using the fuel-to-oxidizer molar ratio of 3.0, and
calcined at 800◦C for 6 h. The SEM micrograph shows powder with a spongy-like structure
and uniform features. No evidence of a different or pyrochlore phase was found, which
suggested the homogeneous character of the prepared powder. This spongy-like structure
could result from a combination of small individual particles of average particle size,
estimated from micrographs of around 100 nm. These particle size values are greater than
the average crystalline size calculated from X-ray line broadening, because a particle can
be formed generally from many crystallites.

4. Conclusion

A microwave-assisted solution combustion synthesis (SCS) using metal nitrates and
glycine was found to enable synthesis of thermochromic perovskite manganese oxide
La0.75Ca0.25MnO3 nano-powders, with an average crystalline size (D) of 12.14 ± 1.45 nm
to 30.46 ± 5.54 nm. Higher crystalline size was found to be influenced by increasing
fuel content and calcination temperature. This method proved production of a nano-sized,
homogeneous and stoichiometric controllable product, with a rapid, simple and an ener-
getically economic process. Monophasic perovskite La0.75Ca0.25MnO3 phase was obtained
after 6 h of calcination at the relatively low temperature of 900◦C, when compared to the
conventional solid-state reaction method. A scanning electron microscope (SEM) image
showed a spongy-like powder rising from a small individual particle that possessed a size
of around 100 nm.
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Phase transition behavior of Ba(Mg1/3Nb2/3)O3

modified PbZrO3 solid solution

Usa Sukkha,ac Naratip Vittayakorn,*abc Ruyan Guod and Amar S. Bhallad

Different compositions of (1 � x)PbZrO3–xBa(Mg1/3Nb2/3)O3 (PZ–BMN) system, with x ¼ 0.00–0.50, were

synthesized using the columbite precursor method. The effects of BMN content on phase transition,

electrical and thermal properties of PbZrO3 ceramic were investigated. The composition range and

stability of the ferroelectric phase in perovskite PZ–BMN system can be improved by optimizing BMN

substitution. Phase transition behavior of various solid solutions of PZ compositions can be predicted by

a phase diagram established from the average electronegativity difference versus tolerance factor of the

end members.
1. Introduction

Antiferroelectric (AFE) materials are interesting because of their
properties, which include giant electrocaloric effects1 or high
electrostriction.2 AFE materials can be used in a wide range of
applications such as high energy storage capacitors, electro-
caloric refrigerators and high strain actuators and transducers.
Extensive investigations concerning AFE materials, both
experimental and theoretical, have been reported.3 Lead zirco-
nate (PbZrO3, PZ) was the rst compound to be identied as an
AFE material.3,4 Both pure and compositionally modied PZ
have been studied. PZ is orthorhombic at room temperature5

and has an orthorhombic AFE to cubic paraelectric (PE) phase
transition at 236 �C, and a sandwiched rhombohedral ferro-
electric phase (FE) exists over a very narrow temperature range
(233–236 �C).3–6 It is well known that at room temperature the
AFE to FE phase transition in PZ ceramic requires a strong
electric eld; otherwise dielectric breakdown occurs. In order to
modify the critical eld and control physical and electrical
properties, many research groups have investigated the substi-
tution of metal oxides into the PZ structure.3,6–8 They have
reported that the stability of the FE phase in PZ can also be
altered by various substitutions at the A-site or B-site of the
perovskite structure (ABO3). For example, the FE phase of PZ
can be stabilized by adding Ba2+, Sr2+ and La3+ at the A-site, and
Ti4+and Sn4+ at the B-site.7 Tan et al. proposed that the FE phase
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can be stabilized by substitution with larger ions at the A-site, or
smaller ones at the B-site, whereas, the AFE phase can be
stabilized by substitution with smaller ions at the A-site, or
larger ones at the B-site.9 Recently, the present group was able to
control the FE phase in PZ by substitution of the perovskite
structure at the B-site by combining PZ and relaxor ferroelectric
(RFE) compositions to get PZ–PNN, PZ–PZN and PZ–PCoN;10–12

and order–disorder ferroelectric compositions to obtain PZ–PIN
and PZ–PYbN;13,14 and antiferroelectric compositions to
synthesize PZ–PMW and PZ–PYN.15,16 Also, an alternative FE
phase was synthesized with replacement of ions at both the
A-site and B-site in the PZ structure by combining PZ with
BiAlO3 and Ba(Al1/2Nb1/2)O3.17,18 Furthermore, it was found that
if the tolerance factor, t, of the solid solution is higher than pure
PZ, the FE phase can be induced, while the AFE phase is
stabilized when the t value of the solid solution is lower than
that of pure PZ.18 However, it cannot explain why PNW and NN,
which tend to have t values higher than that of pure PZ, fail to
induce the FE intermediate phase of PZ.19,20 Thus, tolerance
factor is perhaps not the only aspect to be considered for the
prediction of phase transitions in the PZ system. Although the
ferroelectricity of materials cannot be predicted by the average
electronegativity difference (�c) alone, it has been reported that
ferroic behavior in both pure and complex perovskites can be
separated when plotted as t value versus �c.21 It was found that
many unstable complex perovskites, which had low t and �c,
exhibited relaxor ferroelectric behavior. Thus, the average
electronegativity difference of each end member may be
another factor for considering prediction of phase transitions in
PbZrO3:mixed oxide based ceramics.

Barium magnesium niobate [Ba(Mg1/3Nb2/3)O3; BMN] is a
lead-free complex perovskite, which has been of interest as
a candidate microwave dielectric material, because BMN has a
high dielectric permittivity of 32 and very low dielectric loss
tangent (Q ¼ 5600, where Q ¼ 1/tan d) at room temperature.22–24
J. Mater. Chem. C, 2014, 2, 2929–2938 | 2929
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In the solid solution, (1 � x)Ba(Mg1/3Nb2/3)O3–xPbTiO3, it is
found that at room temperature the morphotropic phase
boundary is located in the composition range from x ¼ 0.71 to
0.74. Additionally, relaxor ferroelectric behavior has been
shown in the composition 0.4BMN–0.6PT and a high dielectric
permittivity of �4000 at Tmax close to room temperature was
observed.25,26 There are no reports on the solid solution of AFE
PZ and microwave dielectric BMN. This work deals with the
binary system of (1 � x)PbZrO3–xBa(Mg1/3Nb2/3)O3, where
substitution is considered at both A-site and B-site, in order to
obtain more information concerning the combination of AFE
PZ and microwave dielectric material. In addition, the lead
content is also reduced when compared with the PZ–PMN,
PZ–PZN, PZ–PCoN and PZ–PNN solid solution compositions.
The inuences of BMN on crystal structure, phase transition
behavior and thermal, dielectric and ferroelectric properties of
PZ–BMN solid solution are investigated. Furthermore, the
average electronegativity difference of the end members in
relation to the tolerance factor is discussed for predicting the
phase transition of PZ:mixed oxide based ceramics.
Fig. 1 XRD patterns of sintered ceramics for various compositions of
(1 � x)PbZrO3–xBa(Mg1/3Nb2/3)O3, where x ¼ 0.0–0.5.
2. Experimental procedure

Ceramics of the (1� x)PbZrO3–xBa(Mg1/3Nb2/3)O3 system, where
x ¼ 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.20, 0.30, 0.40 and 0.50,
were prepared via the columbite precursor method. High purity
(>99.0%) PbO, ZrO2, BaCO3, MgO and Nb2O5 were used as the
starting materials. The columbite precursor, MgNb2O6, was
synthesized rst by mixing MgO and Nb2O5 in ethanol and ball
milling for 18 h, then mixed powders were calcined at 1100 �C
for 2 h at a heating/cooling rate of 5 �C min�1. The columbite
precursor was then mixed with PbO, ZrO2 and BaCO3 by ball
milling and calcined at 850–900 �C for 4 h at a heating/cooling
rate of 5 �C min�1 in order to obtain the desired composition of
(1 � x)PZ–xBMN. All compositions of (1 � x)PZ–xBMN powders
were ball milled again for 18 h and subsequently ground and
sieved to reduce the particle size. The calcined powders were
pressed into a pellet using 5 wt% polyvinyl alcohol (PVA) binder
to facilitate pressing. Aer binder decomposition at 500 �C for
2 h, the pellets were sintered at temperatures between 1200 and
1250 �C, depending on the composition, for 4 h. In order to
reduce lead loss in the ceramics during sintering, the pellets
were submerged in PbZrO3 powder. All crystal structure
compositions of sintered ceramics were characterized using an
X-ray diffractometer (XRD; Bruker-AXS D8, CuKa radiation). The
effect of BMN on the phase transition of (1 � x)PZ–xBMN was
investigated using a differential scanning calorimeter (DSC
2920, TA Instrument) between room temperature and 350 �C,
with a heating rate of 10 �C min�1. Samples for electrical
measurements were prepared by polishing both their sides and
coating them with silver (C1000, Heraeus) to serve as electrodes.
An LCR meter (HP4284A, Hewlett-Packard, Palo Alto, CA) was
used to measure the dielectric properties, and the temperature
was varied between 50 and 250 �C at a heating rate of 2 �Cmin�1.
The polarization–electric eld (P–E) hysteresis loops were
obtained at room temperature using a standardized ferroelectric
2930 | J. Mater. Chem. C, 2014, 2, 2929–2938
tester system (RT66A) at a frequency of 4 Hz. The peak eld was
maintained at 35 kV cm�1 during measurement.
3. Results and discussion

Fig. 1 shows the XRD patterns of the sintered (1 � x)PZ–xBMN
ceramics for 0.00 # x # 0.50. All compositions showed a pure
perovskite structure, which matched with JCPDS le no. 75-
1607. No secondary phase was observed in the patterns, which
indicated that all compositions in the series of (1 � x)PZ–xBMN
form solid solutions with a perovskite structure. The 1/4 (hkl)
superlattice reection peaks were seen clearly in all composi-
tions, and those peaks are marked with a “*”. As is well known,
PbZrO3 displays an orthorhombic perovskite structure with
lattice parameter a ¼ 5.889 Å, b ¼ 11.784 Å and c ¼ 8.226 Å.27,28

The orthorhombic unit cell, which contains eight formula units,
is a pseudocubic perovskite. According to previous works, this
superstructure is due to the antiparallel shis of Pb2+ ions along
the pseudocubic h110i direction, which leads to the AFE
behavior.27,29 Kittel described an antiferroelectric state in which
lines of ions in the crystal are spontaneously polarized, but with
neighboring lines polarized in an antiparallel direction.30 So,
the crystal does not show spontaneous polarization.

The 1/4 (hkl) superlattice reections (*), (111), and (200),
were chosen to identify phase evolution of the samples, as
shown in Fig. 2. In compositions of 0.00# x# 0.04, the 1/4 (hkl)
superlattice reections and a splitting (200) peak at around 43�

were observed, indicating that those ceramics possessed an
orthorhombic symmetry. XRD patterns for the compositions,
0.06 # x # 0.10, showed a single (200) peak and splitting (111)
reections, indicating that their crystal structure was of rhom-
bohedral symmetry. At the higher BMN content of 0.20 # x #

0.50, the XRD patterns still exhibited a single (200) peak, but the
splitting (111) peak became a single one. These results indi-
cated that the crystal structure of the composition x ¼ 0.20 was
This journal is © The Royal Society of Chemistry 2014



Fig. 2 XRD patterns of the 1/4 (hkl)-type superlattice reflections, and the (111) and (200) peaks of (1 � x)PZ–xBMN ceramics, with x ¼ 0.0–0.5.
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of pseudocubic symmetry and it transformed into cubic
symmetry for compositions of 0.30 # x # 0.50. As mention
above the 1/4 (hkl) superlattice reection is observed in all
compositions, indicating that these compositions, 0.06 # x #

0.50, have a mixed phase with the coexistence of orthorhombic
structure, as listed in Table 1. Later, description of the P–E
hysteresis result supported this assumption.

Concerning the 1/4 (hkl) superlattice reections, the inten-
sity of these reections tends to decrease with increasing BMN
content and it drastically decreased at the composition of
x ¼ 0.06. The 1/4 (hkl) superlattice reections are observed only
in orthorhombic AFE phase, but not in the rhombohedral FE
phase.30 As mentioned before, the crystal structure changed
from orthorhombic to rhombohedral when BMNwas increased.
Table 1 Physical properties of (1 � x)PZ–xBMN ceramicsa

Composition (x) Crystal structure

Lattice parameter (Å)

a

0.00 O 5.8396 � 0.0097
0.02 O 5.8446 � 0.0122
0.04 O 5.8546 � 0.0130
0.06 O + R 4.1602 � 0.0042
0.08 O + R 4.1571 � 0.0058
0.10 O + R 4.1530 � 0.0046
0.20 O + PC 4.1482 � 0.0039
0.30 O + C 4.1416 � 0.0274
0.40 O + C 4.1298 � 0.0175
0.50 O + C 4.1230 � 0.0184

a (R, rhombohedral; O, orthorhombic; PC, pseudocubic; C, cubic).

This journal is © The Royal Society of Chemistry 2014
Thus, the formation of orthorhombic AFE phase is inhibited
during the cooling process, which results in the decrease of
intensity of the 1/4 (hkl) superlattice reections.31 In other
words, the substitution of the Pb2+ ions by Ba2+ ions, and Zr4+

ions by Mg2+/Nb5+ ions, decreases the driving force for an
antiparallel shi of Pb2+ ions. Moreover, it has been reported
that the presence of polarization in the [111] direction for
rhombohedral structure,30 ensuing on the improvement of a net
polarization for PZ–BMN system.

The A-site of the ABO3 perovskite structure in the BMN
system is occupied by Pb2+ and Ba2+ ions, while the B-site is
occupied by Zr4+, Mg2+ and Nb5+ ions. The average ionic radius
of A-site and B-site ions in the (1 � x)PZ–xBMN can be calcu-
lated from the following equations:
Unit cell volume (Å3)b c

11.9257 � 0.0183 8.3976 � 0.0478 584.8199
11.8888 � 0.0393 8.3686 � 0.0365 581.4945
11.8626 � 0.0194 8.3352 � 0.0236 578.8861
— — 72.0017
— — 71.8408
— — 71.6285
— — 71.3804
— — 71.0402
— — 70.4348
— — 70.0874

J. Mater. Chem. C, 2014, 2, 2929–2938 | 2931
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rA-site ¼ (1 � x)rPb2+ + xrBa2+ (1)

rB-site ¼ ð1� xÞrZr4þ þ x

�
1

3
rMg2þ þ 2

3
rNb5þ

�
(2)

where ionic radii of Pb2+ and Ba2+ in 12 coordinate environment
were 1.49 Å and 1.61 Å, and Zr4+, Mg2+ and Nb5+ in 6 coordinate
environment were 0.72 Å, 0.72 Å and 0.64 Å of the perovskite
structure, respectively.32 The average ionic radius of A-site and
B-site ions in the (1� x)PZ–xBMN system are listed in Table 2. It
can be seen that the increasing average radii rate of the A-site
(0.120 Å mol�1) is higher than the decreasing average radii rate
of the B-site (0.053 Å mol�1). Therefore, substitution of Ba2+ at
the A-site and Mg2+ and Nb5+ at the B-site should produce a
decrease in the lattice parameters and unit cell volume of
PZ–BMN ceramics. However, as presented in Table 1, the
calculated lattice parameters and unit cell volume of (1 � x)PZ–
xBMN; x ¼ 0.00–0.50, tend to decrease with increasing BMN
content. This result may be due to the large size of Ba2+, which
prevents a proportion of Ba2+ ions from entering the A-site of
the perovskite structure to substitute Pb2+ ions. In addition,
BMN has a hexagonal structure that is different from the crystal
structure of PZ.24 PZ and BMN cannot form a solid solution
completely due to different ionic sizes and crystal structures,
when mixed phases occur in this system. However, a secondary
phase in this system was not observed in the XRD patterns
for all compositions; perhaps the detection limit of the equip-
ment could not detect the existence of a secondary phase of a
nanometer size scale.

The tolerance factor (t) for an ABO3 perovskite structure can
be expressed by the general formula: t ¼ (RA + RO)/(O2)(RB + RO),
where RA and RB are the radii of A (CN ¼ 12) and B (CN ¼ 6),
respectively, and RO is the radius of oxygen (CN ¼ 6). The
tolerance factor values in (1 � x)PZ–xBMN ceramics are pre-
sented in Table 2. It can be seen that the t values here tend to be
higher than that of pure PZ. Asmentioned above, if the t value of
a solid solution is higher than that of pure PZ, the FE phase can
be induced, while the AFE phase is stabilized when the t value of
a solid solution is lower than that of pure PZ. Therefore, the FE
phase is expected to be observable at room temperature. Later,
ferroelectric data provide support for this assumption.
Table 2 Average ionic radius of the A-site and B-site and tolerance
factor of (1 � x)PbZrO3–xBa(Mg1/3Nb2/3)O3 ceramics

Composition (x)

Average ionic radius (Å)

Tolerance factor (t)A-site B-site

0.00 1.490 0.72 0.964
0.02 1.492 0.719 0.965
0.04 1.495 0.718 0.967
0.06 1.497 0.717 0.968
0.08 1.500 0.716 0.969
0.10 1.502 0.715 0.970
0.20 1.514 0.709 0.977
0.30 1.526 0.704 0.983
0.40 1.538 0.699 0.990
0.50 1.550 0.693 0.996

2932 | J. Mater. Chem. C, 2014, 2, 2929–2938
Fig. 3 shows the temperature dependence of relative
permittivity and dielectric loss (tan d), while heating (1 � x)PZ–
xBMN ceramics at various frequencies between 1 and 100 kHz.
The relative permittivity curves of pure PZ show a sharp peak at
around 234 �C, which is characteristic of the rst order phase
transition of orthorhombic AFE to cubic PE phase transition.3

Furthermore, the relative permittivity of pure PZ above the Curie
temperature obeyed the Curie–Weiss law, 1/3r ¼ (T � T0)/C, with
C �2.65 � 105 K and T0 � 190 �C. PZ underwent only one phase
transition due to temperature dependence of the relative
permittivity, and no further anomaly was found to correspond to
the transient FE phase. The absence of an AFE to FE transition
might be due to the existence of impurities from starting
materials, which stabilize the AFE phase.33,34 Regarding the
compositions of 0.02 # x # 0.04, the relative permittivity curves
and dielectric loss exhibited two distinct dielectric peaks, which
corresponded to the phase transitions. A lower temperature was
linked with the orthorhombic AFE to rhombohedral FE phase
transition, while a higher one corresponded with the rhombo-
hedral FE to cubic PE phase transition. Later, the P–E hysteresis
loop description further supported this assumption. The AFE to
FE and FE to PE phase transition temperatures of (1 � x)PZ–
xBMN ceramics are summarized in Table 3. It is interesting to
note that when BMNwas introduced into PZ, both AFE to FE and
FE to PE phase transition temperatures of (1 � x)PZ–xBMN
ceramics decreased to room temperature. Additionally, the
temperature range width of the rhombohedral FE phase also
increases continuously when BMN concentration is increased.
The relative permittivity curves for the compositions of 0.06 # x
# 0.10 showed a phase transition arising from only that of
rhombohedral FE to cubic PE, due to the AFE to FE phase
transition temperature shiing to below room temperature.
Regarding the composition x ¼ 0.20, FE to PE phase transition
may occur at around room temperature, due to this composition
having high relative permittivity at room temperature, as listed
in Table 3. Both AFE to FE and FE to PE phase transitions shied
to below room temperature for the higher BMN concentrations.
Thus, no dielectric peak corresponding to a phase transition was
observed in the composition range 0.30 # x # 0.50, and the
relative permittivity tended to decrease with increasing temper-
ature. These results indicated that the compositions of 0.30 # x
# 0.50 have a paraelectric phase at room temperature, which
corresponds well with XRD data, showing these compositions
have a cubic phase. In addition, 0.8PZ–0.2BMN was selected to
study dielectric properties at low temperature (�100 �C to
150 �C). Fig. 4 shows the temperature dependence of relative
permittivity (3r) and dielectric loss (tan d), while cooling 0.8PZ–
0.2BMN ceramic at various frequencies between 100 Hz and 1
MHz. It is clearly seen that the temperature dependent relative
permittivity of 0.8PZ–0.2BMN ceramic exhibited the character-
istic of relaxor ferroelectric (RFE). The relative permittivity (3r)
and dielectric loss (tan d) as a function of temperature show
broad and strong frequency dispersive peaks of phase transition
attributed to the dispersion of polar nanoregions (typically 10–
100 nm).35–38 The maximum temperature is dependent on the
frequency and increases with increasing frequency.36 Moreover,
the maximum relative permittivity (3r,max) did not correspond to
This journal is © The Royal Society of Chemistry 2014



Fig. 3 Temperature dependence of the dielectric properties of (1 � x)PZ–xBMN ceramics. Arrows indicate the AFE to FE phase transition.

Table 3 Phase transition temperatures of (1 � x)PbZrO3–
xBa(Mg1/3Nb2/3)O3 ceramicsa

Composition (x)

Phase transition temperature (�C)

Relative permittivity DSC

TAFE–FE TFE–PE TAFE–FE TFE–PE

x ¼ 0.00 — 234.0a — 233.5a

x ¼ 0.02 168.0 217 168.5 216
x ¼ 0.04 96.0 207 95.0 206
x ¼ 0.06 — 197 — 197
x ¼ 0.08 — 184 — 186
x ¼ 0.10 — 170 — 171.5
x ¼ 0.20 — — — —
x ¼ 0.30 — — — —
x ¼ 0.40 — — — —
x ¼ 0.50 — — — —

a Indicates antiferroelectric to ferroelectric phase transition
temperature.

Fig. 4 Temperature dependence of the dielectric properties of
0.8PZ–0.2BMN ceramics at low temperature.

Paper Journal of Materials Chemistry C
the maximum dielectric loss (tan dmax).38 Based on the dielectric
data, it could be said that 0.8PZ–0.2BMN ceramic is relaxor
ferroelectric. As is well known, a relaxor ferroelectric displays a
slim P–E hysteresis loop with low remanent polarization (Pr) and
coercive eld (Ec) due to the dynamic nature and small size of
spontaneous polarization regions.37 Moreover, the transition
maxima temperature, Tm, is around room temperature. Thus,
This journal is © The Royal Society of Chemistry 2014
even a slimmer P–E hysteresis loop in 0.8PZ–0.2BMN ceramic is
expected to be obtained at room temperature.

The relative permittivity (3r,room) and dielectric loss (tan d) at
room temperature, andmaximum relative permittivity (3r,max) at
1 kHz of all compositions, are shown in Table 4. It was found
that 3r,room for the compositions 0.02 # x # 0.20 tends to
increase with increasing BMN content, due to the decrease of FE
to PE phase transition temperature. Regarding the composition
J. Mater. Chem. C, 2014, 2, 2929–2938 | 2933



Fig. 5 Typical differential scanning calorimetry (DSC) curves for (1� x)
PZ–xBMN ceramics, with x ¼ 0.00–0.50.

Journal of Materials Chemistry C Paper
x ¼ 0.20, 3r,room increases abruptly, due to the FE to PE phase
transition temperature being around room temperature. With
regard to the compositions 0.30 # x # 0.50, 3r,room decreases
with increasing BMN content, since the FE to PE phase transi-
tion temperature is below room temperature. However, PZ–
BMN solid solution showed 3r,room values for all compositions
that were higher than its value of pure PZ. Furthermore, the
maximum relative permittivity of the compositions 0.02 # x #

0.10 is also higher than the value of pure PZ. Therefore, it could
be assumed that BMN substitution can enhance the dielectric
properties of pure PZ ceramic.

The differential scanning calorimetry (DSC) technique was
used for conrming the effect of added BMN on the phase
transition of PZ–BMN ceramics, and detecting the heat capacity
of phase transformations recorded in the absence of an external
electric eld. The thermograms of PZ–BMN ceramics at a
heating rate of 10 �C min�1 between room temperature and
350 �C are shown in Fig. 5. It was found that the DSC results
corresponded well with the dielectric data. Pure PZ exhibited
only a sharp exothermic peak, arising from the phase transition
at the Curie temperature of �233.5 �C, which corresponded to
sharp changes in the relative permittivity curve of PZ. The DSC
curves clearly showed two exothermic peaks for the composi-
tions 0.02 # x # 0.10. The lower and higher temperature were
linked to the transition temperatures of the AFE to FE and FE to
PE phase transitions, respectively. No exothermic peak was
observed at a higher BMN content. Table 3 provides the tran-
sition temperatures, including AFE to FE and FE to PE transi-
tions for all compositions. It is clearly seen that AFE to FE and
FE to PE phase transition temperatures shi to a lower
temperature with an increase of x in the composition.

Thermodynamic parameters, enthalpy change (DH*/J g�1),
heat capacity (Cp/J g

�1 K�1), entropy change (DS*/J g�1 K�1), and
Gibbs energy change (DG*/J g�1), can be calculated from the
DSC data. The heat change involved in each step per unit mass
of the specimen was used directly to calculate the enthalpy
change value. The DH* thus determined was employed to
calculate the specic heat capacity (Cp) using the following
equation:39,40

Cp ¼ DH

DT
(3)

where DT ¼ T2 � T1; T1 is the temperature at which the DSC
peak begins to depart from the baseline, and T2 is the
Table 4 Electrical properties of (1 � x)PbZrO3–xBa(Mg1/3Nb2/3)O3 ceram

Composition (x) TC (�C) at 1 kHz 3r,max at 1 kHz 3r,room at 1 kHz

0.00 234.0 6200 185
0.02 217.0 7664 186
0.04 207.0 11203 188
0.06 197.0 17925 263
0.08 184.0 22302 296
0.10 170.0 30232 504
0.20 — — 32501
0.30 — — 2928
0.40 — — 1045
0.50 — — 381
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temperature at which the peak lands. Subsequently, the entropy
change (DS*), and Gibbs energy change (DG*) were calculated
using the following equations:39,40

DS* ¼ 2:303Cp log
T2

T1

(4)

DG* ¼ DH* � TpDS* (5)

Table 5 provides the calculated values of DH*, DS*, Cp and
DG* for the phase transitions of the ceramics. The positive
values of DH* indicated that the AFE to FE and FE to PE phase
transitions are exothermic processes.41 Regarding DG* of both
phase transitions, the positive values indicated that these phase
transitions are non-spontaneous. Furthermore, the values of
DS* for the AFE to FE and FE to PE phase transitions are positive
for all compositions. Based on the activated complexes theory
(transition theory),42–46 a positive value of DS* points to the
degree of randomness and disorder of the transition stage,
when compared with the initial stage. The DS* values of FE to
PE phase transitions for each composition are higher than
those of AFE to FE phase transitions. This means that the
ics

tan droom at 1 kHz Pr (mC cm�2) Ps (mC cm�2) Ec (kV cm�1)

0.04 — — —
0.05 — — —
0.02 — — —
0.02 29.3 32.0 11.0
0.03 29.5 33.0 7.9
0.05 2.3 23.6 0.8
0.05 2.4 24.0 1.1
0.10 — — —
0.10 — — —
0.02 — — —

This journal is © The Royal Society of Chemistry 2014



Table 5 Thermodynamic parameters for phase transition of (1 � x)PbZrO3–xBa(Mg1/3Nb2/3)O3 ceramics calculated from DSC data

(x)

AFE to FE phase transition FE to PE phase transition

DH* (J g�1) Cp (J g�1 K�1) DS* (J g�1 K�1) DG* (J g�1) DH* (J g�1) Cp (J g�1 K�1) DS* (J g�1 K�1) DG* (J g�1)

0.00 — — — — 4.96 93 � 10�2 9.8 � 10�3 219 � 10�5

0.02 0.98 18 � 10�2 2.2 � 10�3 65 � 10�5 1.74 46 � 10�2 3.6 � 10�3 94 � 10�5

0.04 0.63 17 � 10�2 1.7 � 10�3 55 � 10�5 1.38 31 � 10�2 2.9 � 10�3 91 � 10�5

0.06 — — — — 0.85 12 � 10�2 1.8 � 10�3 62 � 10�5

0.08 — — — — 0.46 7 � 10�2 1.0 � 10�3 60 � 10�5

0.10 — — — — 0.32 4 � 10�2 0.7 � 10�3 1 � 10�5

0.20 — — — — — — — —
0.30 — — — — — — — —
0.40 — — — — — — — —
0.50 — — — — — — — —
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degree of randomness and disorder in the corresponding acti-
vated complex for FE to PE phase transition is higher than that
in the AFE to FE phase transition, meaning the FE to PE phase
transition is harder to achieve than the AFE to FE phase tran-
sition. Also DS* values of the FE to PE phase transitions tend to
decrease with increasing BMN concentration. As higher
concentrations of BMN were introduced in the PZ–BMN
ceramics, the FE to PE phase transition, with decreasing phase
transition temperature, is found to be easier.

The ferroelectric hysteresis loop measurements were used to
demonstrate the existence of FE phase in PZ–BMN ceramics. At
room temperature, the electrical polarization (P–E) hysteresis
loops were carried out at 35 kV cm�1 electric eld strength with a
frequency of 4 Hz. The P–E hysteresis loops for (1 � x)PZ–xBMN
ceramics are shown in Fig. 6. Compositions of 0.00 # x # 0.04
exhibit a linear eld dependence of polarization, which is
characteristic of an AFE material. As AFE has a net remanent
polarization (Pr) of zero, and also the existence of antiparallel
dipole moments, the AFE to FE phase transition requires an
intense electric eld. However, it is well known that the electric
eld required for inducing the AFE to FE phase transition in PZ
ceramics at room temperature is higher than the breakdown
strength of the ceramics. This result indicated that the AFE
phase persists in PZ–BMN ceramics for 0.0 # x # 0.04 at room
temperature. The hysteresis loops were obtained for the
composition 0.06 # x # 0.20 at 35 kV cm�1 electric eld
strength. Based on dielectric and DSC results, for the composi-
tions of 0.06 # x # 0.20, the AFE–FE transition temperature of
PZ–BMN ceramics is lower than room temperature, whereas the
FE–PE transition temperature is higher than that temperature.
From the XRD results, orthorhombic AFE phase also exists in
these compositions but the applied electric eld is not enough
to switch the AFE domains. Thus, only P–E hysteresis loops
resulting from FE phase were observed at room temperature. In
addition, the shape of the hysteresis loops clearly shows that the
compositions 0.06# x# 0.20 can be separated into two groups.
Firstly, the P–E hysteresis loops show a symmetric shape and
square loops for the compositions 0.06 # x # 0.08, resulting in
domain switching in an electric eld. In addition, these
compositions have high values of Pr, Ps and Ec, due to them
containing long range interaction between dipoles in the
This journal is © The Royal Society of Chemistry 2014
ferroelectric micro-domain. The remanent polarization (Pr),
saturation polarization (Ps) and coercive eld (Ec) are summa-
rized in Table 4. When BMN is increased to x ¼ 0.10 and 0.20,
the P–E hysteresis loops show a slim loop which is a character-
istic of a RFE. Furthermore, these compositions have low values
of Pr, Ps and Ec, suggestive of the presence of local spontaneous
polarization regions (with a nanometer size scale).35,47

Combining the ferroelectric, dielectric and XRD results of
0.9PZ–0.1BMN ceramic, the sharp phase transition in the
dielectric measurement might be due to a phase transition from
cubic to the orthorhombic AFE phase, whereas, the slim
hysteresis loop which is characteristic of RFE is attributable to
the rhombohedral phase. These results indicated that PZ–BMN
ceramics at room temperature are FE or RFE in nature. In
addition, the composition x ¼ 0.20 did not lose ferroelectric
properties, thus supporting the supposition that the crystal
structure of this ceramic is pseudo-cubic type at room temper-
ature. Behavior of phase transition from normal FE to relaxor
FE in the PZ–BMN system is similar to that in PbZrO3–

Pb(Ni1/3Nb2/3)O3.10 When the BMN content increased further to
0.30 # x # 0.50, a linear curve was detected, which means that
the ceramic was in the cubic PE phase at room temperature.
This result corresponds with the dielectric and DSC results that
the FE–PE transition temperature of PZ–BMN ceramics with
0.30 # x # 0.50 is lower than room temperature. Also, the
orthorhombic AFE phase which coexists with the cubic PE phase
cannot switch by the applied electric eld (35 kV cm�1). Thus
only the linear curve which is a characteristic of a PE phase is
observed in the compositions 0.30 # x # 0.50 at room temper-
ature. P–E hysteresis loop measurements indicated that BMN
can induce the FE phase in PZ-based ceramics, as expected.

Based on the results, the effect of BMN substitution can
induce the FE phase in perovskite PZ. This behavior followed
the previous assumption of this study; that if the tolerance
factor value of a solid solution is higher than that of pure PZ, the
FE phase can be induced, while the AFE phase is stabilized
when the t value of the solid solution is lower than that of pure
PZ.18 These results conrm that the tolerance factor can be used
for predicting ferroelectricity and antiferroelectricity in a
PbZrO3:mixed oxide based system. Recently, this research group
found that PNW and NN can induce another AFE intermediate
J. Mater. Chem. C, 2014, 2, 2929–2938 | 2935



Fig. 6 Polarization–electric field hysteresis loops of (1 � x)PZ–xBMN ceramics.

Journal of Materials Chemistry C Paper
phase in the PZ intermediate phase, but not in a ferroelectric
phase, although the tendency of t in PZ–PNW and PZ–NN solid
solutions is higher than that of pure PZ.19,20 Thus, it could be
said that the tolerance factor is a good indicator, but not the
only aspect to be considered for predicting phase transitions in
PbZrO3:mixed oxide based ceramics.

It is well known that the stability of a perovskite compound
can be expressed by the tolerance factor (t) and average elec-
tronegativity difference (�c). These factors reect structural
distortion, rotation and tilt of the BO6 octahedra and chemical
bonds, which have an effect on the properties of the perovskite
structure, such as transition temperature, dielectric properties,
etc.48 Thus, the average electronegativity differences of the end
members should also be considered for predicting phase tran-
sitions in the PbZrO3:mixed oxide based ceramics.

The average electronegativity difference (�c) is expressed by:21

�c ¼ (cAO + cBO)/2 (6)
2936 | J. Mater. Chem. C, 2014, 2, 2929–2938
where cAO ¼ electronegativity difference between A-site cation
and oxygen and cBO ¼ electronegativity difference between
B-site cation and oxygen.

The electronegativity difference of the A-site cation and
oxygen and B-site cation and oxygen was calculated using Pau-
ling's electronegativity scale.49 For complex perovskite, a
weighted average value was used for calculating the average
electronegativity difference. Fig. 7 shows the plot of tolerance
factor versus average electronegativity difference of the end
member in PZ-based solid solutions. The perovskite
compounds, which induced FE intermediate phase in PZ-based
ceramics, are marked by a lled symbol, while perovskite
compounds that stabilized the AFE phase are marked by a half
opened symbol. It was found that the average electronegativity
difference for most non-lead perovskites is higher than that of
lead-based perovskites. A close analysis of the relationship
between t and �c of PZ:mixed oxide based ceramics (marked by
lled and half opened circles) found that this phase diagram
This journal is © The Royal Society of Chemistry 2014
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consists of three regions. Firstly, the ferroelectric phase region
has a high tolerance factor. It is noticeable that end members
that have a t value higher than 0.98 can induce an FE phase
except for BiAlO3 (BA). However, PIN, which has the same
tolerance factor value as its PZ value, t ¼ 0.946, can induce a
ferroelectric phase. Thus, it could be said that the lower limit of
tolerance factor for inducing the FE phase in PZ:mixed oxide
based ceramics was 0.964, or t of PZ. Secondly, the AFE phase
region has a low tolerance factor. End members that have a t
value lower than 0.964 can stabilize the AFE phase. Further-
more, a higher limit in tolerance factor is noticeable for the AFE
phase. Thirdly, the overlap zone is the region of the AFE and FE
phase. The tolerance factor of this region ranges from the lower
limit of t value for the FE phase to the higher limit of t value for
the AFE phase; 0.964 to 0.98. The FE intermediate phase and
AFE phase in this region can be stabilized, as found in PZ–PIN
or PNW and PZ–NN systems, respectively. Therefore, it could be
said that if the end members form a relationship between t and
�c in this area, the FE and AFE phases may be stabilized in
PZ:mixed oxide based solid solutions. Concerning the PZ–BA
system, as shown in Fig. 7, BA could not induce a FE phase
although t of BA is higher than the upper limit of the tolerance
factor for the AFE phase. It is noticeable that BA has a very low �c

when compared with other non-lead compounds, which
develops a relationship between t and �c in the FE phase area.
Thus, it is possible that the very low �c of BA causes the stabi-
lization of AFE phase in PZ–BA system. From this result, the
relationship between t and �c of the end members diagram
(Fig. 7) perhaps has a higher/lower limit for the AFE/FE phases
Fig. 7 Tolerance factor versus average electronegativity difference of
the end members for PZ-based solid solutions: where PSb ¼ PbSbO3,
PT ¼ PbTiO3, PNb ¼ PbNbO3, PSn ¼ PbSnO3, PHf ¼ PbHfO3, KZ ¼
KZrO3, BZ ¼ BaZrO3, SrZ ¼ SrZrO3, LaZ ¼ LaZrO3, CaZ ¼ CaZrO3,
PNN ¼ Pb(Ni1/3Nb2/3)O3, PCoN ¼ Pb(Co1/3Nb2/3)O3, PMN ¼ Pb(Mg1/3-
Nb2/3)O3, PZN ¼ Pb(Zn1/3Nb2/3)O3, PIN ¼ Pb(In1/2Nb1/2)O3, PYN ¼
Pb(Y1/2Nb1/2)O3, PYbN ¼ Pb(Yb1/2Nb1/2)O3, PNW ¼ Pb(Ni1/2W1/2)O3,
PMW ¼ Pb(Mg1/2W1/2)O3, BY ¼ BiYbO3, BAN ¼ Ba(Al1/2Nb1/2)O3 and
BMN ¼ Ba(Mg1/3Nb2/3)O3. Solid and half filled symbols are used for
perovskite compounds that induced FE intermediate phase and
stabilized the AFE in PZ-based solid solutions, respectively.

This journal is © The Royal Society of Chemistry 2014
also. Therefore, more details about the effect of �c on such phase
transitions will be studied in the near future.

To prove that the relationship between t and �c of the end
member can be used for predicting phase transitions in PZ-
based solid solutions we used this factor with PZ:metal oxide
based solid solutions which have been studied in several
previous works. The �c–t relationship of the end members in
PZ:metal oxide based solid solutions are shown in Fig. 7.
Perovskite compounds that stabilized the AFE phase are marked
by a half opened diamond, while perovskite compounds which
can induce the FE phase in PZ are marked by the lled diamond.
Guided by our proposed �c–t relationship, the stabilized phase
regions for FE phase, AFE phase and AFE–FE regions are shown
in Fig. 7. It was found that the stabilized phase in each system
corresponds well with our proposed hypothesis. Thus, it could
be said that the �c–t relationship diagram can be highly useful for
predicting the ferroelectricity and antiferroelectricity in the
PbZrO3-based solid solution systems.
4. Conclusion

The perovskite structure (1 � x)PbZrO3–xBa(Mg1/3Nb2/3)O3

ceramics were prepared successfully by the columbite precursor
method. Added BMNhas been found to strongly inuence crystal
structure, electrical and thermal properties of PZ ceramics. The
sequence of phase transitions in PZ–BMN ceramics at room
temperature changed from orthorhombic AFE to rhombohedral
FE to pseudo-cubic RFE and to cubic PE when the amount of
BMN increased. The dielectric properties of PZ–BMN exhibited
signicant improvement with BMN loading. The relationship
between �c and t of the end members is used for predicting phase
transition behavior of PZ:mixed oxide based ceramics.
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h i g h l i g h t s

� The relative permittivity curves for the composition, 0.02 � x � 0.06, showed two anomalous peaks.
� The intermediate phase in PZeNN system is antiferroelectric-like structure.
� The ferroelectric phase diagram of PZeNN was established in this work.
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a b s t r a c t

The solid solution of (1 � x)PbZrO3exNaNbO3 ceramics, where x ¼ 0.0e0.08, was synthesized by solid
state reaction. The basic characterizations were performed using X-ray diffraction (XRD), dielectric
spectroscopy, hysteresis measurement and differential scanning calorimetry (DSC) techniques. The re-
sults indicated that the crystal structure of the solid solution, (1 � x)PZexNN, where x ¼ 0.00e0.08, is of
orthorhombic symmetry. It was found that the effect of NN being replaced with small ions at the A-site
and B-site can induce an AFE-like phase in PZ. The FE intermediate phase of PZ cannot be induced,
although Zr4þ ions were substituted by small Nb5þ ions. This is due to the decreasing average rate of radii
in the A-site (0.1 �A mol�1) being higher than that in the B-site (0.08 �A mol�1).

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lead zirconate (PbZrO3, PZ) is a prototype of antiferroelectric
ceramics. PZ is interesting material, as it can be used extensively
for many different electronic devices such as high charge storage
capacitors and large strain actuators, due to the behavior of electric
field-induced antiferroelectric to ferroelectric phase trans-
formation [1,2]. The crystal structure of PZ changes from ortho-
rhombic antiferroelectric phase (AFE) to cubic paraelectric phase
(PE) at 236 �C, and a rhombohedral ferroelectric phase (FE) exists
over a very narrow temperature range (233e236 �C) [3].

Sometimes, this FE phase is called the FE intermediate phase. The
FE phase of PZ can be alternated by adding small amounts of ions at
the A-site and/or B-site. Q. Tan et al. reported that substitutionwith
larger ions at the A-site, or smaller ones at the B-site, can stabilize
the FE phase, whereas, substitution with smaller ions at the A-site,
or larger ones at the B-site, can stabilize the AFE phase [4]. Recently,
this study researched the effect of BiAlO3 substitution on PbZrO3 by
replacing ions at the A-site and B-site with smaller ones, and found
that the AFE phase stabilized, due to the average rate of radii in the
A-site decreasingmore than that in the B-site [5]. Also, Z. Ujma et al.
reported that the substitution of Nb5þ in PZ can induce an FE phase
of PZ [6]. Therefore, this work dealt with the binary system of
(1� x)PbZrO3exNaNbO3 (PZeNN), inwhich the decreasing average
rate of radii in both the A-site and B-site were close. This study
reports the effect of NN content on the crystal structure of (1 � x)
PbZrO3exNaNbO3 ceramic, phase transition of PZeNN ceramics
and the intermediate phase in PbZrO3 ceramic.
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2. Experiment

The (1 � x)PZexNN ceramics, with x ¼ 0.00, 0.02, 0.04, 0.06 and
0.08, were synthesized using the solid state method. The PbO
(�99.0% purity), ZrO2 (99.0% purity), Na2CO3 (99.0% purity), and
Nb2O5 (99.5% purity) powders were used as raw materials. PZ and
NN powders were prepared separately. For preparation of PZ
powder, PbO and ZrO2 powders weremixed for 18 h by ball-milling.
After drying, the mixed powder was calcined as PZ powder for 4 h
at 750 �C. A similar process was used to prepare NN powder, which
was obtained by calcining for 5 h at 800 �C. Both PZ and NN pow-
ders were weighed according to the stoichiometric formula and re-
milled. The mixed powders were calcined as PZeNN powders for
4 h at 850 �C. After pressing into pellet form, the pellets were
sintered for 4 h at 1250 �C inside a covered alumina crucible. Phase-
purity check and structure analysis were performed using the X-ray
diffraction technique (XRD, Bruker-AXS D8). Phase transition of
PZeNN ceramics was investigated by a differential scanning calo-
rimeter (DSC 2920, TA Instrument). The sample surfaces were
polished and electroded with silver (C1000, Heraeus) as electrodes
in order tomeasure electrical properties. The dielectric constant (εr)
was measured by an HP4284A LCR meter The polarizationeelectric
field (PeE) hysteresis loops were observed using a standardized
ferroelectric tester system (RT66B, Radiant Technologies) at a fre-
quency of 4 Hz. The peak field wasmaintained at 35 kV cm�1 during
measurement.

3. Results and discussion

Room temperature XRD patterns of (1 � x)PZexNN sintered
ceramics are shown in Fig. 1. For all compositions of (1 � x)PZexNN
ceramics, all of the diffraction peaks that correspond to the
perovskite structure can be assigned and matched well with JCPDS
No. 75-1607. The crystal structure of ceramics is an orthorhombic
symmetry at the composition, 0.00 � x � 0.08. Furthermore, dif-
fractions from the secondary phases were not observed in the
patterns, which indicate pure perovskite structure within the
detection limit of the equipment. The ¼ (hkl) superlattice reflection
peaks, marked by “*”, which arise from antiparallel displacement of
Pb2þ cations, were observed in all compositions. However, their

intensity tended to decrease with increasing NN concentration,
which indicated that replacements of the Pb2þ ions by Naþ ions,
and Zr4þ ions with Nb5þ ions, decrease the driving force for an
antiparallel shift of Pb2þ ions. The calculated lattice parameters and
unit cell volume of (1 � x)PZexNN ceramics are shown in Table 1.
These values decrease with increased NN content by replacing
Pb2þ-site (1.49 �A) and Zr4þ-site (0.72 �A) ions with small Naþ

(1.39 �A) and Nb5þ (0.64�A) ions, respectively [7].
Tolerance factor (t) for the perovskite structure is given by the

general formula: t ¼ (RA þ RO)/(O2)(RB þ RO), where RA and RB are
the radius of A (CN ¼ 12) and B (CN ¼ 6), respectively, and RO is the
radius of oxygen (CN ¼ 6). When t is <1, the antiferroelectric (AFE)
phase is stabilized, whereas when t is >1, the ferroelectric (FE)
phase is stabilized [8]. The average ionic radius of A-site and B-site
ions in the (1 � x)PZexNN can be calculated from the following
equations: rA-site ¼ (1 � x)rPb þ xrNa, and rB-site ¼ (1 � x)rZr þ xrNb.
The average ionic radius of A-site and B-site ions, and tolerance
factor in the (1 � x)PZexNN ceramics, are presented in Table 2. It
can be seen that the tolerance factor of PZeNN ceramics is in the
range from 0.9639 to 0.9642. This result indicated that the AFE
phase is expected to be found at room temperature. Later, the
ferroelectric property provided support for this assumption.

Fig. 2 shows the temperature dependence of relative permit-
tivity, while heating (1 � x)PZexNN ceramics at frequencies of 1, 10
and 100 kHz. The relative permittivity curve of pure PZ shows only
one sharp maximum at 231 �C, which is characteristic of the first
order phase transition. It is well known that PZ has a ferroelectric
intermediate phase between the AFE phase and PE phase. However,
the AFE to FE phase transition of PZ was not observed, due to the
impurities from raw materials. The relative permittivity and
dielectric loss curves for the composition, 0.02 � x � 0.06, showed
two anomalous peaks. A higher temperature was linked with the
Curie temperature, while a lower temperature suggested the
existance of another phase transition. The values of dielectric loss in
the intermediate phase are not significantly different from those of
the AFE phase. It is known that the FE phase has significantly higher
dielectric loss than the AFE phase because of domain wall motion
[9,10]. The small Naþ ions were added at the A-site of PZ and the
tolerance factor of the ceramics was lower than 1. Then, the inter-
mediate phase is possibly another AFE phase. However, the ferro-
electric intermediate phase of PZ may be induced by adding Nb5þ

ions at the B-site because partial substitution of Nb5þ has been

Fig. 1. XRD patterns of sintered ceramics for various compositions of (1 � x)PbZrO3e

xNaNbO3, where x ¼ 0.02e0.08.

Table 1
Lattice parameters and unit cell volume of PZeNN ceramics.

Composition
(x)

Lattice parameters (�A) Unite cell
volume (�A3)

a b c

0.00 5.884 � 0.02 11.780 � 0.03 8.309 � 0.01 575.93
0.02 5.877 � 0.04 11.775 � 0.05 8.304 � 0.09 574.65
0.04 5.886 � 0.07 11.778 � 0.03 8.312 � 0.09 576.23
0.06 5.878 � 0.06 11.735 � 0.02 8.316 � 0.03 573.62
0.08 5.879 � 0.06 11.759 � 0.03 8.185 � 0.02 565.84

Table 2
The average ionic radius of A-site and B-site ions and the tolerance factor of (1 � x)
PZexNN ceramics.

Composition (x) Ionic radii (�A) Tolerance factor (t)

A-site B-site

0.00 1.4900 0.7200 0.96394
0.02 1.4880 0.7184 0.96400
0.04 1.4860 0.7168 0.96406
0.06 1.4840 0.7152 0.96412
0.08 1.4820 0.7136 0.96418
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reported as an excess-valency, and a small sized Zr4þ brings about a
ferroelectric intermediate phase [4,11,12]. Therefore, the lower
transition temperature should be interpreted carefully because the
intermediate phase may be FE or another AFE. To clarify this point,
the PeE hysteresis loop of the samplewasmeasured as a function of
temperature. If the intermediate phase is FE, the hysteresis loops
should be seen. In addition, the phase transition temperature of
ceramics shifts towards room temperature when NN is added to PZ.
The temperature range width of the intermediate phase also in-
creases continuously. No anomalous peak corresponding to the AFE
to intermediate phase transition was observed in the composition,
x ¼ 0.08, because decreasing transition temperature possibly loses
to room temperature.

The DSC technique was used as a secondary tool to confirm the
phase transitions of ceramics, since it was operated in the absence
of an external electric field. The results of DSC analysis on heating
ceramics are shown in Fig. 3. As expected, the DSC curves for PZ
showed a sharp exothermic peak at a Curie temperature of 231 �C,
which is in accordance with abrupt changes in the relative
permittivity curve of PZ. Two phase transitions in (1 � x)PZexNN
ceramics in the composition, 0.02 � x � 0.04, were obtained with
dielectric measurement and clearly confirmed by DSC measure-
ment. The peak positions shifted to a lower temperature with a
higher composition of x. The temperature range width of the in-
termediate phase increased with increasing amounts of NN
content.

In order to clarify the intermediate phase in (1 � x)PZexNN
ceramics, the PeE hysteresis loop of each composition was
measured as a function of temperature at 35 kV cm�1 electric field
strength. At room temperature, no ferroelectric loop was observed
in any composition because the electric fields were insufficient for
switching antiferroelectric domains. Generally, AFE has a zero net
dipole moment, owing to existence of the antiparallel alignment of
dipole moments in the unit cell. When the external electric field is
weak, the polarization is proportional to the electric field, and
macroscopic polarization of hysteresis is not shown [13]. Mean-
while, when the electric field exceeds the critical field, the AFE
becomes FE and the polarization shows hysteresis with respect to
the field. Furthermore, the hysteresis loop also forms in the nega-
tive field, in which a double-loop is linked with antiparallel dipole
moments in adjacent unit cell sublattices. However, it is well
known that the electric field required for inducing the AFE to FE
phase transition in PZ ceramics is higher at room temperature than
the breakdown strength of the ceramics. This could indicate that all
compositions of 0.00 � x � 0.08 have AFE behavior at room tem-
perature. The 0.98PbZrO3e0.02NaNbO3 ceramic was selected for
investigating polarization behavior sequence while heating to
240 �C. The PeE hysteresis loops on heating for 0.98PZe0.02NN
ceramic are shown in Fig. 4. A linear behavior of polarization re-
mains from room temperature to 210 �C. When the temperature
was increased to 215 �C, the ceramic exhibited AFE-like behavior, in
which the PeE loop became a double-loop type. Such double-loop
behavior remains at temperatures of up to 230 �C. However, the
critical field tends to reduce continuously with increasing tem-
perature. This result is caused by a higher temperature, which re-
duces the ferroelectric interaction among the dipoles. A linear
curve could be observed in this composition when above the
transition temperature of 230 �C, which implied that the ceramic
was in the PE phase. It is clear that the intermediate phase in this
system is not a ferroelectric phase. However, the intermediate
phase that reveals a PeE double loop may or may not be another
AFE phase because incommensurate ordering in PZ-based solid
solution is still able to exhibit AFE behavior [14e16].

It is well known that the structure of PZ at low temperature
(<230 �C) is orthorhombic with the lattice parameters of
a ¼ 5.884 �A, b ¼ 11.768 �A, and c ¼ 8.22 �A [17]. The orthorhombic
unit cell consists of eight formula units and eight primitive cells,

Fig. 2. Temperature dependence of dielectric properties of (1 � x)PbZrO3exNaNbO3

ceramics.

Fig. 3. Typical differential scanning calorimetry (DSC) curves for (1 � x)PbZrO3e

xNaNbO3 ceramics.
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with a pseudocubic structure [3]. PZ is the AFE ordering, which
manifests by itself as the antiparallel shift of Pb2þ ion along the
pseudocubic <110> direction, resulting in antiferroelectricity
[3,17e20]. Sawaguchi et al. reported that the strips of commensu-
rate ordering of Pb2þ shifts had periodicity of four pseudocubic
(110) planes, which are characterized by the presence of a ¼ (110)
superlattice reflection [3,14,17,21,22]. Many research groups con-
cerned used transition electron microscopy (TEM) for investigating
commensurate ordering in PZ and PZ-based solid solutions with a
Zr-rich side [14,15,18,21e25]. Dwight Viehland et al. observed 1/x
(110) incommensurate superlattice reflections in a narrow tem-
perature range between intermediate FE and orthorhombic AFE
phases in PZ [18]. Also, PZ-based solid solutions on the Zr-rich side,
including PZT [18], PZST [23], PLZT [21,23,25,26] and PNZST
[16,22,27], have been studied in this area. It was reported that PZ-
based solid solutions have shown 1/x (110) incommensurate
superlattice reflections. The incommensurate phases in modified
PZ comprise strips of commensurate ordering with a periodicity of
6e8 (110) spacings [21,27,28]. Furthermore, Tan et al. studied the
phase transition of PNZST ceramics using Raman spectroscopy, and
found that Raman spectroscopy can be used to distinguish the two
AFE phases, one with commensurate ordering AFE and the other
with incommensurate ordering AFE [15]. Based on previous work, it
could be said that the commensurate ordering in PZ can be dis-
rupted by adding impurities or working on solid solutions.
Regarding (1 � x)PZexNN where 0.02 � x � 0.06, a possible
interpretation of lower phase transition might be commensurate
AFE to incommensurate AFE phase transition when FE data com-
bined with the XRD result show ¼ (110) superlattice reflections at
room temperature and the dielectric result shows insignificant
change of tan d between AFE, and the intermediate phase and these
compositions are on the Zr-rich side of solid solution. The in-
tensities of ¼ superlattice reflections for the composition, x ¼ 0.08,
are very weak, thus indicating the destabilization of commensurate

ordering in PZ. In addition, 0.92PZe0.08NN has the highest toler-
ance factor among the studied range of 0.02 � x � 0.08. It is
accepted that the tolerance factor of perovskite reflects the
distortion and controls octahedral rotation [26]. Generally, the AFE
phase is stabilized if t is low, whereas, the FE phase is stabilized if t
is high. Therefore, it is possible that the tolerance factor of the
composition, x ¼ 0.08, is critical due to the possible occurrence of
competition between AFE and FE phases, as found in the PLZT
system [26]. Furthermore, Xu et al. reported that the incommen-
surate ordering phase is attributed to the competition of AFE and FE
phases [18]. Then, the mixture phases of commensurate ordering
AFE, and incommensurate ordering AFE and FE, may be observed at
room temperature by using a high resolution technique such as
TEM, Raman, neutron diffraction, etc. Further details about phase
transition in this composition will be published later.

After accumulating all data, the ferroelectric phase diagram of
(1 � x) PZexNN was established, as shown in Fig. 5. The phase
diagram consists of three regions in this system; high temperature
cubic PE, AFE-like, and orthorhombic AFE. In the PZeNN system,
the FE intermediate phase of PZ cannot be induced, although Zr4þ

ions were substituted by small Nb5þ ions. This is due to the
decreasing average rate of radii in the A-site (0.1 �A mol�1) being
higher than that in the B-site (0.08 �A mol�1), which is similar to
other systems [5]. Additionally, when the tolerance factor of all
compositions is lower than 1, the AFE phase remains stabilized.
Fesenko et al. previously studied the relationship between
composition, structure and properties in solid solutions of Pb(Zr,Ti)
O3ePbB0B00O3 and PbTiO3eNaNbO3 [29]. They established phase
diagrams and discovered the morphotropic phase transition in
various solid solutions. Furthermore, from that information they
were able to use the fundamental theory, which relates electro-
physical and structural parameters of solid solutions for predicting
the composition of piezoelectric materials, with suitable properties
given for different applications. In the same way, this work may be
useful for theoretical and experimental data for AFEeAFE solid
solution.

4. Conclusion

The (1 � x)PbZrO3exNaNbO3 ceramics were prepared by the
solid state method. The XRD results indicate that the (1 � x)PZe
xNN solid solutions exhibited a single phase perovskite structure
for all compositions. The crystal structure of the solid solution,
(1 � x)PZe xNN, where x ¼ 0.00e0.08, is orthorhombic symmetry.

Fig. 5. Ferroelectric phase diagram of the (1 � x)PZrexNN system.

Fig. 4. Polarizationeelectric field hysteresis loops of 0.98PbZrO3e0.02NaNbO3 ceramic
at 4 Hz during heating.
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Adding NaNbO3 cannot induced FE intermediate phase of PZ. The
phase transition sequence of (1 � x)PZexNN ceramics changes on
heating from orthorhombic AFE into AFE-like into PE phase. The
temperature range width of AFE-like intermediate phase increases
with the amount of increasing NaNbO3
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A B S T R A C T

Binary metal pyrophosphate powders were prepared by the solid state reaction method and
subsequently calcined at 400, 500, 600, 700, and 800 �C in order to study Cu:Zn partial evolution to
the final CuZnP2O7 product. Synchrotron X-ray absorption, X-ray diffraction, Raman, FT-IR spectroscopy,
and thermogravimetric analysis were used in this investigation. Phase evolution of the reaction products
was investigated systemically. The results showed that complicated mixtures contributed to the reaction
of synthesis temperature. The reaction comprised 3CuO�2P2O5�0.3NH3�0.2H2O, Cu2P2O7, Zn2P2O7, and
Zn2P2O7�3H2O intermediates. Decreasing percentage of 3CuO�2P2O5�0.3NH3�0.2H2O intermediates was
related directly to an increasing final product. Cu:Zn contents changed in Cu(2�x)Zn(x)P2O7 in the
temperature range of 400–600 �C, when x � 1 clearly was related linearly to the reaction temperature.
The final product was confirmed by EXAFS fitting spectra as solid solution between the Cu and Zn atom in
the CuZnP2O7 structure, and it indicated environment around metal atoms.

ã 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Metal pyrophosphates have had awide range of applications such
as microwave dielectric materials, chelating agents, corrosion-
resistant coatings, glass ceramics, biomedical cements, and high-
quality fertilizers [1–3]. The metal pyrophosphate, M2P2O7, has been
reported as various phase types [4]. An M radius structure greater
than 0.97 Å has been observed as a dichromate type (M = Ba2+, Cd2+,
Ca2+, Sr2+, and Pb2+), in which a pair of P2O7

4� groups crystallize in
eclipsed conformation around the center of symmetry, with
bridging O atoms extending towards each other. When the M
radius is less than 0.97 Å (M = Mg2+, Mn2+, Co2+, Cu2+, Ni2+, and Zn2+),
the structure is a thortveitite type, in which P2O7

4� exists in
staggered conformation. Furthermore, metal pyrophosphates were
classified into two groups by stable phase temperatures [5]. They
included alpha-phases, which are stable at low temperatures and
beta-phases at high temperatures. Alpha and beta phases can be
alternated at a critical temperature. In addition, different syntheses
exhibited many phases such as glass ! X ! Y ! b  ! a
* Corresponding author at: Advanced Materials Science Research Unit, Depart-
ment of Chemistry, Faculty of Science, King Mongkut’s Institute of Technology
Ladkrabang, Bangkok 10520, Thailand. Fax: +66 2 326 4415.

E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).
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0040-6031/ã 2014 Elsevier B.V. All rights reserved.
phases [6]. Binary copper zinc pyrophosphate ceramic has different
physicochemical, mechanical and biological properties because of
different processes.

Most studies of metal phosphate focused on the synthesis and
characterizations of both bulk [7,8] and nano particles [9], kinetics
and the thermodynamics of reaction [10,11], and their properties
[12,13]. However, the study of phase formation and atomic
evolution of the final product, and intermediate substance relating
phase, is not widely understood, and is therefore of interest. The
objective of this study was to investigate Cu:Zn evolution of
possible binary copper zinc pyrophosphate formation in a solid
state reaction at different temperatures. In order to investigate the
ideality of a fully solid solution, the probe needs to be more local.
X-ray absorption spectroscopy (XAS), using synchrotron radiation,
is an extremely suitable technique for studying local atomic and
electronic structures of mixed metal phosphates, such as
CuZnP2O7, and using extended X-ray absorption fine structure
(EXAFS) measurements for probing structure of the final product.

2. Experimental procedure

Synthesis of CuZnP2O7 was conducted using traditional solid-
state reaction techniques. High purity ZnO (99.9%), CuO (99.9%),
and (NH4)2HPO4 (99%) were used as raw materials. Stoichiometric
mixtures of starting materials were homogenized by ball milling

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.tca.2014.08.038&domain=pdf
mailto:naratipcmu@yahoo.com
http://dx.doi.org/10.1016/j.tca.2014.08.038
http://dx.doi.org/10.1016/j.tca.2014.08.038
http://www.sciencedirect.com/science/journal/00406031
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with ZrO2 media in ethanol for 24 h, and batching was calcined for
2 h at 400, 500, 600, 700, and 800 �C. The phase content of the
prepared samples was studied by X-ray powder diffraction using a
Bruker D8 Advance X-ray Diffractometer (Bruker AXS, Karlsruhe,
Germany) with Cu Ka radiation (l = 0.1546 nm). Room tempera-
ture Fourier transform infrared (FT-IR) spectra were recorded in
the range of 4000–400 cm�1 with eight scans on a PerkinElmer
Spectrum GX spectrometer with the resolution of 4 cm�1. Raman
spectra were recorded in the range of 1300–100 cm�1 with eight
scans on a thermo scientific DXR Raman microscope. Thermal
analysis measurements (thermogravimetry, TG; derivative ther-
mogravimetry, DTG) were taken using a PerkinElmer, Pyris 1 TGA.
Experiments were conducted at room temperature on the beam
line (BL8) of the National Synchrotron Research Center (Thailand),
with a double crystal Ge(220) for the EXAFS mono-chromator. X-
ray absorption (XAS) spectra at the Cu and Zn K-edge were
obtained in transmission mode with air chambers. In addition,
complete substitutional solid solutions, in accordance with the
Hume–Rothery rules, may form if the solute and solvent have:
similar atomic radii; RCu(II) = 0.73 Å and RZn(II) = 0.74 Å [14], similar
Fig. 1. Raman spectra of Cu(2�x)ZnxP2O7; x � 1.00, subse
electronegativities; Cu = 1.90 and Zn = 1.65, similar valency;
Cu = 2+ and Zn = 2+ and same crystal structure; b-Cu2P2O7 =
monoclinic, C2/m and b-Zn2P2O7 = monoclinic, C2/m. These data
show high possibility of substitutional solid solution between Cu
and Zn ions in pyrophosphate compound.

3. Results and discussion

Infrared and Raman spectroscopy are two powerful methods
used to analyze compound bonding. These popular techniques are
used to observe vibrational, rotational, and other low-frequency
modes in the phosphates system. Fig. 1 shows Raman shift spectra
when x � 1. Powders were calcined at different batch temperatures
(400, 500, 600, 700, and 800 �C) using the solid state reaction
method. Raman spectra were assigned as relating to the vibration
unit; PO4

3�, P2O7
4�, P2O5 clusters and metal oxide (M—O) bond.

The samples were calcined at 600, 700, and 800 �C. The peak bands
were similar. It is noticeably clear that the studied compounds
exhibit more splitting and sharpness, especially in the low-
frequency region (1400–100 cm�1), indicating polymerization of
quently calcined at 400, 500, 600, 700, and 800 �C.
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[PO4
3�] to [P2O7]4� [15,16]. The strong vibration bands around

1000–1100 cm�1 are attributed to stretching of the PO4
3� unit. The

bending vibration of the PO4
3� unit is observed at about

450–650 cm�1. These vibration bands were shown to remain in
the phosphates group. The asymmetric and symmetric stretch of
the P—O—P bridge in the [P2O7]4� unit for this sample were
observed at around 930–970 and 680–760 cm�1 respectively,
while P—O—P bending vibration is expected in the area
600–500 cm�1 (PO2

2� radical) and 500–370 cm�1 (P—O—P bridge).
These peaks were confirmed as characteristic of pyrophosphate
compounds. In addition, the PO3 deformation and rocking
modes, P—O—P deformations, and torsional and external mode
were found in the 430–180 cm�1 region. Metal—O stretching
usually appears in the bending mode region, as the bending modes
of the P—O—P bridge and absorption bands associated with these
vibrations are usually very weak [17]. The weak band of
approximately 1220 cm�1 exhibits a high temperature phase in
pyrophosphate groups. These binary metal phosphates closely
resemble those of the b-Zn2P2O7 with a monoclinic structure and
space group C2/m [18]. A wave number of 630 cm�1 for sample
Fig. 2. FT-IR spectra of Cu(2�x)ZnxP2O7; x � 1.00, subseq
powders was calcined at 500 �C, and assigned to asymmetric
stretching of P—O in the P2O5 cluster [19]. The sample was calcined
at 400 �C, which unable to be observed any peak. Generally, Raman
spectroscopy only detect crystalline of compounds [20]. The very
low crystallinity of sample was calcined at 400 �C caused Raman to
be inactive. While, calcination temperature increases due to
growing crystallinity of the sample. Intensity of Raman spectra
shows high intensities following calcination temperature. This
phenomena is similar to those observed by Zhang et al. [21], Liu
et al. [22], and Fairbrother et al. [23]. However, Raman
spectroscopy results did not clarify H2O and NH3 molecules, and
this signifies the limitation of the Raman instrument. Therefore,
H2O and NH3 molecules were analyzed by FT-IR spectroscopy
techniques. The FT-IR spectra of samples are shown in Fig. 2. All
strong vibration bands were attributed to the phosphates group
according to Raman results. However, medium peaks in the range
of 1630–1640 cm�1 were referred to as the bending vibration of
water for samples calcined at 400, 500, and 600 �C. In addition, FT-
IR spectra show a weak band at about 1430 cm�1, particularly when
calcined at 400 and 500 �C, and there is asymmetric bending
uently calcined at 400, 500, 600, 700, and 800 �C.
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vibration of ammonia molecules in 3CuO�2P2O5�0.3NH3�0.2H2O
compound [24].

The XRD patterns of samples are shown in Fig. 3. This technique
can be investigated by both qualitative and quantitative analysis.
X-ray diffraction is used often to semi-quantitatively determine
the weight fraction of constituents, which can be identified by
comparing the integrated intensities of the diffraction peaks from
each of the known phases. In addition, complex mixtures
containing more than two phases also can be quantified. Even if
one phase is amorphous, diffraction can still yield a relative
amount of each phase. The diffraction pattern includes information
of peak positions and intensity. The peak positions are indicative of
the crystal structure and symmetry of the contributing phase. The
peak intensities reflect total scattering from each plane in the
crystal structure of the phase, and are dependent directly on the
distribution of particular atoms in the structure [25]. Thus,
intensities are ultimately related to both the structure and
composition of the phase. The diffraction intensity equation has
Fig. 3. XRD patterns of Cu(2�x)ZnxP2O7; x � 1.00, subseq
been studied many times [26–29], and is summarized below;

IðhklÞa ¼
I0l

3

64pr
e2

mec2

� �2MðhklÞ
V2
a

jFðhklÞaj2
1 þ cos2ð2uÞcos2ð2umÞ

sin2ucosu

  !
hkl

na
ms

(1)

where:
I(hkl)a: intensity of reflection of hkl in phase a.
I0: incident beam intensity.
r: distance from specimen to detector.
l: X-ray wavelength.
(e2/mec

2)2: square of classical electron radius.
ms: linear absorption coefficient of the specimen.
na: volume fraction of phase a.
M(hkl): multiplicity of reflection hkl of phase a.
0: Lorentz-polarization (and monochromator) correction

1þcos2ð2uÞcos2ð2umÞ
sin2ucosu

� �
.

Va: volume of the unit cell of phase a.
2um: diffraction angle of the monochromator.
uently calcined at 400, 500, 600, 700, and 800 �C.
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F(hkl)a: structure factor for reflection hkl of phase a (i.e., the
vector sum of scattering intensities of all atoms contributing to
that reflection).

In recognizing that many of these terms are consistent for a
particular experimental setup, the experimental constant, Ke, can
be defined. The constant, K(hkl)a, can be defined for a given phase
that is in effect equal to the structure factor term for phase a. In
substituting the weight fraction (Xa) for the volume fraction, the
density of the phase (ra) for the volume, and the mass absorption
coefficient of the specimen (m/r)s for the linear absorption
coefficient, yields the following equation:

IðhklÞa ¼
KeKðhklÞaXa
raðm=rÞs

(2)

This equation describes the intensity for peak hkl in phase a in
similar terms. The weight fraction, f1, could be described as follows:

f 1 ¼
ðImix

1 =Ipure1 ÞA2

A1 � ðImix
1 =Ipure1 ÞðA1 � A2Þ

(3)

where I1
mix and I1

pure are the phase 1 intensities in the mixture and
pure material, respectively, and A1 and A2 are the mass absorption
coefficients. Based on probability analysis, it is believed that the
formation path of the CuZnP2O7 phase could be described as
follows:

3CuO(s) + 4NH4H2PO4(s)! 3CuO�2P2O5�0.3NH3�0.2H2O(s) + 3.7NH3

(g) + 5.8H2O(g) (4) (4)

2CuO(s) + 2NH4H2PO4(s)! Cu2P2O7(s) + 2NH3(g) + 3H2O(g) (5) (5)

3CuO�2P2O5�0.3NH3�0.2H2O(s) + CuO(s)! 2Cu2P2O7(s) + 0.3NH3

(g) + 0.2H2O(g) (6) (6)

2ZnO(s) + 2NH4H2PO4(s)! Zn2P2O7�3H2O(s) + 2NH3(g) (7) (7)

Zn2P2O7�3H2O(s)! Zn2P2O7(s) + 3H2O(g) (8) (8)

Cu2P2O7(s) + Zn2P2O7(s)! 2CuZnP2O7(s) (9) (9)

It is highly probable that all reactions proceeded together. In
Eqs. (4) and (5) reaction was competitive to reactions as follows:

5CuO(s) + 6NH4H2PO4(s)! Cu2P2O7

(s) + 3CuO�2P2O5�0.3NH3�0.2H2O(s) + 5.7NH3(g) + 8.8H2O(g) (10) (10)

Part of Zn2P2O7�3H2O was decomposed to Zn2P2O7 and H2O
molecules, as in Eq. (8), while the Cu2P2O7 and Zn2P2O7 molecules
were forced somewhat to fuse together by heating, as in Eq. (9).
Products calcined at 400 �C represented the reaction at about
400 �C. The result exhibited the complication of mixed phases,
which included CuO (JCPDS no. 80-1917), a-Cu2P2O7 (JCPDS no.
Table 1
Approximation of percentage by weigh from XRD results.

Temperature (�C) Percentage of compounds (%wt)
CuO 3CuO–2P2O50.3NH30.2H2O C

800 – – –

700 – – –

600 – – –

500 2.97 19.83 2
400 4.05 27.08 2
44-0182), 3CuO�2P2O5�0.3NH3�0.2H2O (JCPDS no. 49-1004),
a-Zn2P2O7 (JCPDS no. 49-1240), Zn2P2O7�3H2O (JCPDS no. 51-
0201), and Cu(2�x)Zn(x)P2O7when x � 1. All product contents (%wt)
are shown in Table 1. The chemical reaction process is proposed in
Eq. (11).

CuO(s) + ZnO(s) + 2NH4H2PO4(s)! 0.7358Cu(0.8695)Zn(1.1305)P2O7

(s) + 0.0782Cu2P2O7(s) + 0.0509(CuO)3�(P2O5)2�0.3NH3�0.2H2O(s) +
0.0389Zn2P2O7�3H2O(s) + 0.0452Zn2P2O7(s) + 0.0509CuO(s) + 1.9847
NH

3(g)
+ 2.8732H2O(g) (11)

Since starting reaction at room temperature until 400 �C, the total
mass loss was 21.89% of NH3 and H2O (gas phases). The sample
calcined at 500 �C, represented the reaction moment. This stage
clearly shows decreasing contentof 3CuO�2P2O5�0.3NH3�0.2H2O and
CuO compounds because the rate of reaction between CuO and
3CuO�2P2O5�0.3NH3�0.2H2O to Cu2P2O7 was increasing, while
Cu2P2O7 reacted with Zn2P2O7 to Cu(2�x)Zn(x)P2O7; x � 1 to bring
increasing Cu(2�x)Zn(x)P2O7 and decreasing Cu2P2O7. This stage is
the proposed reaction in Eq. (12) as follows.

CuO(s) + ZnO(s) + 2NH4H2PO4(s)! 0.7422Cu(0.9369)Zn(1.0631)P2O7

(s) + 0.0776Cu2P2O7(s) + 0.0373(CuO)3�(P2O5)2�0.3NH3�0.2H2O(s) +
0.0177Zn2P2O7�3H2O(s) + 0.0878Zn2P2O7(s) + 0.0373CuO(s) + 1.9888
NH

3(g)
+ 2.9393H2O(g) (12)

Total mass loss in NH3 and H2O gas phases at this stage was
22.21%, when the calcination temperature reached 600 �C. The
result detected only Cu(2�x)Zn(x)P2O7; x � 1 and the trace quantity
of Zn2P2O7�3H2O phases. This effect exhibited temperatures below
600 �C, and CuO and 3CuO�2P2O5�0.3NH3�0.2H2O were a complete
reaction. A majority of Zn2P2O7�3H2O was decomposed to Zn2P2O7

and reacted with Cu2P2O7 to Cu(2�x)Zn(x)P2O7; x � 1. This stage
proposed the following reaction in Eqs. (8) and (9), the total mass
loss was 22.52%.

CuO(s) + ZnO(s) + 2NH4H2PO4(s)! Cu(1.0009)Zn(0.9991)P2O7

(s) + 0.0009Zn2P2O7�3H2O(s) + 2NH3(g) + 2.9972H2O(g) (13)

According to IR results, no peak was detectable at around
1430 cm�1 of asymmetric bending vibration of ammonia (dasNH4)
clusters. However, IR observed a weak band at about 1630 cm�1,
which indicated bending vibration of a water molecule for
Zn2P2O7�3H2O. The CuZnP2O7 sample was a complete reaction at
a temperature of about 700 �C. XRD results showed a single phase
of Cu(2�x)Zn(x)P2O7; x = 1. Diffraction patterns of the sample were
similar to those obtained from individual b-M2P2O7 [5,30]. At the
700 �C, The XRD pattern showed only a single phase of CuZnP2O7,
and peak (�2 0 1), (0 2 1), and (111) clearly were separated. These
affects caused atomic arrangement that brought long ordering in
the crystal structure. In this state, the total mass loss was equal to
that in the previous state. The reaction could be concluded as
follows:

CuO(s) + ZnO(s) + 2NH4H2PO4(s)! Cu(1.0000)Zn(1.0000)P2O7(s) + 2NH3

(g) + 3H2O(s) (14)

Intermediates of all of states included a-Cu2P2O7,
3CuO�2P2O5�0.3NH3�0.2H2O, a-Zn2P2O7, and Zn2P2O7�3H2O, of
u2P2O7 Zn2P2O7 Zn2P2O73H2O Cu(2�x)Zn(x)P2O7

 – – 100.00
 – – 100.00
 – 2.03 97.97
3.37 26.74 6.36 20.71
3.54 13.78 13.95 17.61



Fig. 4. Plots of the relationship of the atomic partial, Cu:Zn, versus reaction
temperature.

Fig. 5. TG/DTG of CuZnP2O7 precursor powder.

Table 2
Comparison values between the proposed TGA and XRD mass loss.

Temperature (�C) Mass loss (%)

XRD TGA

400 21.89 18.24
500 22.21 19.88
600 22.52 21.09
700 22.54 21.78
800 22.54 21.81
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which Zn2P2O7�3H2O was the strongest intermediate substance,
because the heating energy it requires to reach temperatures
higher than 600 �C breaks all bonds in Zn2P2O7�3H2O molecules.

When evaluation of Zn and Cu atoms to CuZnP2O7 structure is
considered, the relationship of the atomic partial, Cu:Zn, versus
reaction temperature is shown in Fig. 4. This result was classified
into two parts. Firstly, a reaction temperature of below 600 �C was
included, and secondly a reaction temperature above 600 �C. In the
former, the increasing relationship of Cu or decreasing Zn clearly
occupied a linear relationship with:

b = 0.0003a + 0.2949 (15) (15)

and strong linear regression of R2 = 0.9996, when b is the atomic
partial, and a the reaction temperature (�C). These relationships
predict occupancies between Cu and Zn atoms in
Cu(2�x)Zn(x)P2O7; x � 1 structure at different temperatures. In
the latter, atomic occupancy was close to 1. This range of
temperature was close to a complete reaction. The other phases
were fused to b-Cu2P2O7 and b-Zn2P2O7 (high temperature
phases) before being assembled into one structure. A similar
crystal structure with a monoclinic system, and C2/m space group,
was above two compounds. Normally, low temperature is called
alpha phases, a-Cu2P2O7 is a crystal structure with a monoclinic
system and C2/c space group, Z = 4, and a-Zn2P2O7 is a crystal
structure with a monoclinic system and I2/c space group, Z = 12.
Meanwhile, b-Cu2P2O7 and b-Zn2P2O7 phases are finally interme-
diate and easily phased for formation of CuZnP2O7 compound. In
addition, the mechanisms of the proposed CuZnP2O7 phase
formation were supported by the result of Thermogravimetric
analysis (TGA).

The thermal property of the studied compound was investigat-
ed on a TG-DTG (Thermogravimetry, TG; Derivative Thermog-
ravimetry, DTG). The TG curve in Fig. 5 shows the mass loss of
between 30 and 800 �C, which is a related multi-stage decomposi-
tion. On the basis of TG data, the final decomposed product
seemed to occur at a temperature above 700 �C and the water and
ammonia content were determined. The first mass loss was 18.24%
in the range of 50–400 �C. The second to fifth mass loss was 19.88,
21.09, 21.79, and 21.79%, in the range of 400–500, 500–600, 600–
700 and 700–800 �C, respectively. All stages corresponded in
continuum with the elimination of three molecules of crystallized
water and two molecules of crystallized ammonia. The total mass
loss of 21.81% was close to the XRD values. The retained mass of
about 78% was comparable with the value expected for the
formation of CuZnP2O7, thus verified by XRD, Raman, and FT-IR
measurements. Comparison values between the proposed TGA and
XRD mass loss, which are close, are shown in Table 2.

As extended X-ray absorption fine structure (EXAFS) is very
sensitive to change in local geometry, spectra collected at both
edges could help in understanding Fourier transform evolutions.
The EXAFS results were used for support XRD results of
substitutional solid solution between Cu and Zn ions in the binary
metal pyrophosphate compound. Therefore, EXAFS data were
supported. The data set were then analyzed by ‘data processing’
with ATHENA software [31]. Accurate details of EXAFS such as
interatomic distances and coordination numbers were obtained by
‘curve fitting’ (Fig. 6) through ARTHEMIS software [31]. The details
of shell which were presented in Table 3. Cu K-edge and Zn K-edge
were considered. In the case of Cu K-edge, the primitive EXAFS
model was taken from parameters obtained from Robertson et al.
[30]. The results of fitting were demonstrated the asymmetry of
CuO6 octahedral. The first shell to be modeled was the one
consisting of four equatorial oxygen atoms, (Cu—Oeq) with
interatomic distances of 1.96081 Å. Then the two axial oxygen
atoms were taken into account (Cu—Oax) with interatomic
distances of 2.26967 Å, introducing the Jahn–Teller distortion
effect undergone by the copper octahedral centered site into the
model. The next shell was then added to the model to describe the
combination of Cu–M (M = Cu/Zn), and Cu–P interaction. Addition
of fourth shell did not improve the quality of the fitting. Zn K-edge
were similar to the Cu K-edge fitting, the initial EXAFS model was
taken from parameters obtained from Calvo [5]. Zn K-edge EXAFS
spectrum was identified, as in the case of Cu, with interatomic
distances of 2.03230 and 2.35242 Å for first and second shell,
respectively. The peak shifted to a high radial distance, due to a
larger atomic radius. These results clearly confirmed that the



Fig. 6. Experiment (Black line) and fitted EXAFS data (Red line) at Cu and Zn K-edge
of CuZnP2O7. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 3
Results obtained by EXAFS fitting analysis.

Sample Path Shell CN R(Å) s2(Å2) R-factor

CuZnP2O7 Cu-Oeq 1 4 1.96081 0.00704 0.0061
Cu-Oax 2 2 2.26967 0.01537
Cu-Cu 3 1 3.01409 0.00738
Cu-P1 3 2 3.07768 0.05747
Cu-P2 3 2 3.11544 0.04976
Zn-Oeq 1 4 2.03230 0.00796 0.0123
Zn-Oax 2 2 2.35242 0.07798
Zn-Zn 3 1 3.12398 0.01144
Zn-P1 3 2 3.18988 0.04815
Zn-P2 3 2 3.22903 0.00469
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Zn2P2O7 is a completely solid solution with Cu2P2O7 being brought
to a CuZnP2O7 compound.

4. Conclusion

Phase formation of the binary metal pyrophosphate, CuZnP2O7,
was studied at different temperatures in the range of 400–800 �C.
Samples were obtained by solid state reaction using stoichiometry
of CuO, ZnO and NH4H2PO4 at ambient temperature to 800 �C.
Intermediate substances of reaction were observed by FT-IR,
Raman, and XRD measurements that included a-Cu2P2O7,
a-Zn2P2O7, 3CuO�2P2O5�0.3NH3�0.2H2O, and Zn2P2O7�3H2O, of
which Zn2P2O7�3H2O was the strongest intermediate substance.
The CuZnP2O7 sample completely reacted at a temperature of
about 700 �C, with low crystallinity. When the temperature
increased to about 800 �C, the structure had an ordering atomic
arrangement, which was brought to long range order and increased
crystallinity. Cu:Zn evolution in the structure was separated into
two parts with increasing temperature that started below 600 �C.
Thus, increasing Cu and decreasing Zn contents had clear linear
relationships. When the temperature rose above 600 �C, the range
of reaction was close to completion. The calcination temperature
has been found to have a pronounced effect on phase formation
and chemical composition of the calcined CuZnP2O7 powders. The
complete solid solution was clearly confirmed by EXAFS fitting
spectra.
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Abstract Lead-free xBaZrO3–(0.25-x)CaTiO3–0.75Ba

TiO3; x = 0.00–0.25 ceramics were successfully prepared

using the conventional solid-state reaction method. Anal-

ysis of the sintered ceramics showed that all compositions

exhibited a pure phase perovskite. The effects of compo-

sition on the phase transition, ferroelectric properties, and

piezoelectric properties were studied. With the increasing

BaZrO3 content, the phase transition temperature (TC)

decreased and the coercive field Ec decreased. The phase

diagram featuring a cubic–rhombohedral–tetragonal triple

point (x * 0.125) was derived from X-ray diffraction data

and dielectric data as a function of temperature. Compo-

sitions near the convergence region exhibited the maxi-

mum peak in permittivity of *11,400 at TC. In addition,

the morphotropic phase boundary compositions showed an

enhancement in ferroelectric and piezoelectric properties.

The composition 0.125BaZrO3–0.125CaTiO3–0.75BaTiO3

exhibited the highest strain values of 0.14 % and a d33
* of

474 pm/V.

Introduction

Lead-free piezoelectric materials have been an important

research topic in the drive to find alternative materials to

replace PZT-based ceramics according to global restrictions

concerning the toxicity of lead and its derivatives [1–3].

Barium titanate (BaTiO3; BT) is a well-known ferroelectric

perovskite oxide which possesses high piezoelectric coeffi-

cients (e.g. d33 = 190 pC/N) [4]. To modify its piezoelectric

properties, complex perovskite materials with A- and/or

B-site substituted systems have been studied. Perovskites

that feature a composition-induced phase transition between

two ferroelectric phases or morphotropic phase boundary

(MPB) have been reported to possess superior properties,

and materials which exploit this approach are promising

candidates for next-generation environmentally benign

piezoelectric materials [5–7]. In 2009, the pseudo-binary

lead-free Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 system was

reported by Liu and Ren [8] with excellent piezoelectric

properties that were claimed to be due to the existence of

cubic–rhombohedral–tetragonal (C–R–T) triple point simi-

lar to that observed in PZT and PMN-PT [8, 9]. The com-

position 50Ba(Zr0.2Ti0.8)O3–50(Ba0.7Ca0.3)TiO3 exhibited a

surprisingly high piezoelectric coefficient d33 value of

560–620 pC/N which exceeds that of soft PZT composi-

tions. The value of dS/dE equal to 1140 pm/V is higher than

that of all PZT ceramics, which are typically around

360–900 pm/V [8]. The origin of the high dielectric constant

and excellent piezoelectric properties was proposed to be due

to the anisotropic flattening of the free energy function for

compositions at the MPB composition. The very weak

polarization anisotropy yields a low barrier between h001iT
and h111iR polarization states which allows the polarization

to rotate easily [8]. This is similar to the mechanism in PZT-

based ceramics [8, 9]. Recently, there are many attempts to
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study and explain the superior properties of the system via

composition–structure–property relationships. The terms

‘‘convergence region’’ [10] and ‘‘diffusion phase transition’’

[11] were proposed rather than the tricritical point (TCP) due

to ambiguity in the transition region.

Considering the coexistence of the R and T phases, since

the symmetries of these phases are not group–subgroup rela-

ted and the parent phase BaTiO3 has an intermediate

orthorhombic phase (O) between the two, high-resolution

synchrotron X-ray diffraction (XRD) [10, 12], Raman spec-

troscopy, [13–15] and convergent beam electron diffraction

(CBED) [16] techniques have been utilized to analyze

ceramics near the MPB compositions. These findings revealed

the existence of an intermediate O phase between the T and R

phases in the MPB region [10, 11, 13, 14]. In contrast, several

literature reports have claimed that there is no evidence of an

orthorhombic intermediate phase [12, 15, 16]. The coexis-

tence of two different phases in different ratios was proposed

and as part of a so-called two-phase mixture model [12, 14,

15]. Furthermore, a microstructure study of MPB composi-

tions showed that high piezoelectric coefficient also coincides

with a miniaturized nanodomain structure with a domain

hierarchy [17, 18]. The low polarization anisotropy, polar-

ization extension, and elastic softening at MPB were reported

to be the mechanisms for the superior piezoelectric properties

[19–22]. Nevertheless, in contrast to the nearly vertical MPB

separating the R and T phases in PZT, the boundary in the

Ba(Zr0.2Ti0.8)O3–(Ba0.7Ca0.3)TiO3 system is strongly tem-

perature and composition dependent.

To study the composition-induced transition, a range of

compositions was designed around the known MPB com-

position. The present study examines ceramics in the

ternary system of xBaZrO3–(0.25-x)CaTiO3–0.75BaTiO3;

x = 0.00–0.25 (xBZ–CT–0.75BT) which has not been

investigated elsewhere. Ceramics were prepared and

examined to determine the dielectric, ferroelectric, and

piezoelectric properties. These results will enable a more

complete ternary phase diagram to be developed which will

aid in the development of new improved environmentally

benign piezoelectric materials.

Experimental procedure

Synthesis and fabrication

The xBaZrO3–(0.25-x)CaTiO3–0.75BaTiO3; x = 0.00–

0.25 (xBZ–CT–0.75BT) ceramics were synthesized using a

conventional solid-state reaction method. BaCO3 (C98.5 %,

Sigma-Aldrich), ZrO2 (99.0 %, Riedel-deHaën), CaCO3

(99.5 %, BDH Chemicals), and TiO2 (99.0–100.5 %, Riedel-

deHaën) were used as the raw materials. Each starting material

was weighed according to the stoichiometric formula and ball

milled for 18 h in polyethylene bottle with yttria-stabilized

zirconia balls using ethyl alcohol as medium. After drying, the

precursor was calcined in an alumina crucible at 1200 �C for

4 h followed by grinding using mortar and pestle, 2nd-milling

and sieving. Then, the powder was mixed with 5 wt% poly-

vinyl alcohol (PVA) solution and uniaxially pressed into green

disk with a diameter of 10 mm. The pellets were sintered at

1400 �C for 4 h in a covered alumina crucible.

Characterizations

Densities of sintered ceramics disks were determined by the

Archimedes’ method. The phase and crystal structure

determination of crashed sintered pellets were characterized

using an X-ray diffractometer (XRD, Bruker AXS D8

Discover, Madison, WI, USA) in the range of 2h between

20� and 80�. The surface of ceramics was examined using

scanning electron microscope (SEM, FEI Quanta 600 FE-

SEM, Hillsboro, OR, USA). In order to prepare electrodes

for electrical properties measurements, silver paste was

applied on both surfaces of the polished disk and then fired

at 700 �C for 30 min. The temperature-dependent dielectric

constant er and dielectric loss tan d measurements over a

temperature range of -150–200 �C were performed in the

frequency range from 1 to 100 kHz using a custom sample

holder placed in a Delta Design 9023 Environmental Test

Chamber (Delta design, INC., Poway, CA, USA) coupled

with an LCR meter (Agilent 4284A, Santa Clara, CA,

USA). Polarization hysteresis was measured at room tem-

perature and 1 Hz using a Radiant Technology ferroelectric

test system (RT66A, Albuquerque, New Mexico) utilizing

Vision software. Strain hysteresis measurements were

acquired at room temperature using this system coupled

with an interferometric sensor (MTI Instruments 2100

Fotonic Sensor, Albany, New York). Low-field piezoelec-

tric coefficient d33 was determined at room temperature on

pooled samples by a YE2730A d33 test meter (SINOCERA,

Yangzhou, China). The samples were pooled in silicone oil

bath by applying a DC electric field of 40 kV/cm for 30 min

at room temperature. The planar electromechanical cou-

pling factor kp and quality factor Qm were determined by a

resonance–antiresonance method with an impedance ana-

lyzer (Solartron SI1260A equipped with Solartron 1296A

dielectric interface, Farnborough, UK) in the frequency

range of 100–600 kHz by applying the SMaRT impedance

measurement software program.

Results and discussion

The sintered density values for ceramic disks of the composi-

tions xBaZrO3–(0.25-x)CaTiO3–0.75BaTiO3; x = 0.00–0.25

(xBZ–CT–0.75BT) were determined by the Archimedes’
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method [23] and the relative theoretical densities (%TD) are

reported in Table 1. In general, the ceramics achieved relatively

high densities in the range of 93–98 % of theoretical density.

The approximate average grain size values extracted from SEM

micrographs of the surface of BT–BZ–CT ceramics using the

linear intercept method [24] were found to be in the range of

4–17 lm for all compositions. There were no apparent trends in

the relationship between grain size and composition.

The XRD patterns of crushed sintered ceramics are

shown in Fig. 1a. Figure 1b shows the enlarged reflections.

It can be clearly seen that all specimens possess a single-

phase perovskite without any secondary phases. With the

increasing BZ content, the diffraction peaks shifted sig-

nificantly to lower angles which correlates well with the

expectations due to an increase in average cation radii due

to the substitution of the larger Ba2? (1.64 Å) for Ca2?

(1.34 Å) on the A-site and the substitution of the larger

Zr4? (0.72 Å) for Ti4? (0.605 Å) on the B-site. This also

resulted in an increased volume of the unit cell. The cor-

responding lattice parameters calculated using Cohen’s

method [25] and unit cell volumes for all compositions in

this study are shown in Table 1. For the compositions with

x = 0.00–0.10, the splitting of the {200} reflection is

characteristic of tetragonal symmetry (Fig. 1b). The degree

of splitting diminished as the BZ content increased and

eventually became negligible for x[ 0.10. This suggests

that the solid solution undergoes a transformation from

tetragonal symmetry to another phase with higher

symmetry.

Figure 2 shows temperature dependence of dielectric

constant er (a) and dielectric loss tan d (b) of the xBZ–CT–

0.75BT ceramics measured at 1 kHz upon cooling from

200 to -150 �C. The er data show a dielectric maxima

along with an abrupt change in dielectric loss tan d which

are linked to a ferroelectric tetragonal to paraelectric cubic

phase transition. This indicates that, for the composition

x[ 0.175, the ceramic possess a cubic structure due to a

shift in phase transition temperature to below room tem-

perature. With the increasing BZ content, the temperature

at which er is maximum (Tmax), which corresponds to the

tetragonal–cubic (TC–T) transition, tended to decrease from

98 �C (for x = 0.00) to -14 �C (for x = 0.25). This is

consistent with the results reported for Ba(Ti1-xZrx)O3 [26]

and BZT–xBCT ceramics [13, 27]. The decrease in the

phase transition temperature might be due to the chemical

stability of Zr4? [15].

The phase transition became increasingly diffuse in

compositions with higher BZ content. This is likely related

to the substitution of Zr4? which enhances cation disorder

on the B-site which perturbs the long-range dipole order

[11, 22, 27, 28]. For the compositions with x = 0.05–0.10,

two obvious phase transitions are observed which corre-

spond to the rhombohedral–tetragonal (TT–R) and tetrago-

nal-cubic (TC–T) transitions, respectively. The TT–R

transition peak shifts toward higher temperatures with the

increasing BZ content. At the composition around

x = 0.125, the two phase transitions seem to merge toge-

ther and only one transition peak was observed for com-

positions with higher BZ content. Thus, a pseudobinary

phase diagram with the convergence region around the

compositions of x = 0.10–0.15 can be created using the

temperature-dependent dielectric results along with the

XRD data as shown in Fig. 3. The maximum dielectric

constant emax and the room temperature dielectric constant

Table 1 The relative theoretical densities (%TD), lattice parameters, ferroelectric, and piezoelectric properties of xBaZrO3–(0.25-x)CaTiO3–

0.75BaTiO3 ceramics

Composition (x) Properties

%TD Lattice parameter Pmax (lC/cm3) EC (kV/cm) d�33 (pm/V) d33 (pC/N) Qm kp

a c

x = 0.000 93.1 3.9617 4.0010 15.0 10.0 173 95 732 0.19

x = 0.025 95.1 3.9747 4.0080 14.0 8.2 204 111 628 0.24

x = 0.050 94.7 3.9845 4.0139 14.8 6.8 284 150 314 0.28

x = 0.075 95.5 3.9956 4.0155 16.3 5.2 429 225 227 0.36

x = 0.100 96.4 4.0020 4.0157 18.4 3.7 464 264 205 0.42

x = 0.125 93.4 4.0135 – 16.3 2.8 474 222 82 0.33

x = 0.150 94.1 4.0240 – 15.7 2.2 312 141 140 0.19

x = 0.175 96.0 4.0340 – 15.1 2.0 250 69 165 0.09

x = 0.200 97.4 4.0384 – 14.0 1.7 317 – – –

x = 0.225 97.8 4.0499 – 12.4 1.7 226 – – –

x = 0.250 97.9 4.0503 – 11.1 1.5 173 – – –
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er of all compositions are shown in Fig. 4. The maximum

dielectric constant (emax) first increased to a maximum

value of 11,400 for x = 0.15 and then decreased slightly to

9110 for x = 0.25. Likewise, the values for er at room

temperature increased with the BZ content from 315 for

x = 0.00 up to 4990 for x = 0.125 which is about 2.5 times

higher than that of pure BaTiO3 [4]. As x increased to 0.15,

the values for er drastically increased up to a value of

10,200. As it is well known that the dielectric constant

sharply increased in the vicinity of a phase transition, the

large values associated with the x = 0.15 compositions are

likely due to the fact that the phase transition point was

shifted close to room temperature. In addition, the pseu-

docubic phase appears to possess higher dielectric con-

stants than the tetragonal phase due to the effects of the

phase transition [8].

Figure 5a shows the ferroelectric hysteresis data at room

temperature for xBZ–CT–0.75BT ceramics as a function of

composition (xBZ) under an applied field of 50 kV/cm.

The maximum polarization Pmax and remnant polarization

Pr and coercive field Ec values obtained from this data are

shown in Fig. 5b and tabulated in Table 1. In general, fully

saturated hysteresis loops were observed in ceramics with

low BZ content with a tetragonal crystal structure. With the

increasing BZ content, the Pmax values first enlarged to a

maximum value of 18 lC/cm2 at x = 0.10 and then

decreased. The increase in polarization is likely due to the

enhanced coupling of the TiO6 octahedra [29]. Slim hys-

teresis loops with negligible Pr were observed for compo-

sitions with the increased BZ content as expected from the

phase evolution to the paraelectric pseudocubic phase from

the XRD and dielectric data shown previously. It was also

Fig. 1 a X-ray diffraction data

on crushed sintered ceramics of

xBZ–CT–0.75BT where

x = 0.00–0.25, and b the

enlarged reflection peaks of

(110), (111), (200), and (211)

planes
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observed that Ec gradually decreased to values as small as

2 kV/cm. Thus, it can be seen that solid solutions ‘‘soft-

ened’’ due to the free energy profile expected from polar-

ization rotation with negligible anisotropy in compositions

near the MPB as reported elsewhere [13–15].

Figure 6a displays the bipolar electromechanical strain

data for the xBZ–CT–0.75BT ceramics. Typical butterfly-

shaped loops with negative strain were observed for com-

positions with x = 0.00–0.10. This is expected as these

features are characteristic of ferroelectric materials with a

tetragonal crystal structure. At higher BZ content, the strain

data take on a parabolic shape with no negative strain

which is consistent with electrostriction associated with a

paraelectric pseudocubic structure. The normalized strain

d�33 which corresponds to the inverse piezoelectric effect, is

defined as

d�33 ¼ Smaxð%Þ
EmaxðkV/cmÞ � 105; ð1Þ

where Smax is the maximum strain and Emax is the maxi-

mum applied electric field. The d�33 values for the materials

in this study are listed in Table 1. The compositions around

the convergence region exhibited higher normalized

piezoelectric coefficients as shown in Fig. 6b. When

comparing d�33 values obtained using electric fields of 30

and 60 kV/cm, due to the curvature of the loop, the mag-

nitude of the strain values at lower electric fields showed

higher d�33 values. The composition 0.125BZ–0.125CT–

Fig. 2 a Temperature dependence of the dielectric constant er, and

b the dielectric loss (tan d) of xBZ–CT–0.75BT ceramics measured at

1 kHz over the temperature range of -150–200 �C

Fig. 3 The phase diagram of xBZ–CT–0.75BT system, where

x = 0.00–0.25 determined from XRD analysis, and temperature-

dependent dielectric spectra (Tmax values identified from peak values

of the real and imaginary component of the dielectric constant)

Fig. 4 The maximum dielectric constant emax and dielectric constant

at room temperature extracted from data measured at 1 kHz for xBZ–

CT–0.75BT ceramics, where x = 0.00–0.25
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0.75BT exhibited the highest strain values of 0.14 % with

d�33 = 474 pm/V at an applied electric field of 30 kV/cm.

The large electromechanical strains in this composition is

further evidence that the crystal lattice is elastically ‘‘soft’’

which is consistent with the low coercive field [14].

Figure 7 shows the low-field piezoelectric coefficient

d33 (a), mechanical quality factor Qm, and planar elec-

tromechanical coupling factor kp (b) as a function of BZ

content. The d33, Qm, and kp values obtained from ceramics

in this study are provided in Table 1. The Qm values were

calculated following IEEE standards where Qm is assumed

to be equal for both resonance and antiresonance modes

[30]. It can be observed that both d33 and kp exhibit a

maximum value with the composition of x = 0.10 with

d33 = 264 pC/N with the mechanical coupling factor kp of

0.42. The Qm value decreases with the increasing BZ

content as is consistent with a gradual decrease in Ec.

These results show that for compositions in the vicinity

of the MPB composition, there is a significant enhancement

in dielectric, piezoelectric, and ferroelectric properties. The

excellent piezoelectric properties originate from the van-

ishing polarization anisotropy and lattice distortion in a

TCP-type MPB model as evidenced by the enhanced er [31,

32].

Fig. 5 a Room temperature ferroelectric hysteresis data (measured at

1 Hz) for xBZ–CT–0.75BT ceramics, where x = 0.00–0.25 at applied

fields ranging from 10 to 50 kV/cm, and b the maximum polarization

Pmax, remnant polarization Pr, and the coercive field Ec as a function

of BZ content
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Conclusions

Pb-free piezoelectric ceramics within the solid solution

xBaZrO3–(0.25-x)CaTiO3–0.75BaTiO3 were prepared by

the solid-state reaction technique. Analysis by XRD and

temperature-dependent dielectric measurements indicated a

composition-induced phase transition from tetragonal

symmetry to cubic symmetry. Increasing BZ content

influenced both the temperature of the phase transition and

the character of the dielectric spectra. With the increasing

Fig. 6 a Bipolar strain versus electric field (S–E) hysteresis data and normalized strain d�33 under an applied field of 30 kV/cm for xBZ–CT–

0.75BT ceramics as a function of x, and b normalized strain d�33 at applied electric fields of 30 and 60 kV/cm
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BZ content, the TC–T shifted to lower temperatures, while

the TT–R transition shifted toward higher temperatures

resulting in a pseudobinary phase diagram with a conver-

gence region located around x = 0.10–0.15. Compositions

near the convergence region exhibited high dielectric

properties with an emax of *11,400, a significant

enhancement in ferroelectric and piezoelectric properties

with a low field d33 = 264 pC/N, and a high field

d�33 = 474 pm/V. These results are in agreement with the

TCP-type MPB model proposed for the BaZrO3–CaTiO3–

BaTiO3 system that explains the superior piezoelectric

coefficients above other lead-free ceramics. Based on these

excellent properties, these environmentally benign piezo-

electric ceramics are potential candidates for actuator

applications.
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is, growth process and optical
properties of monodispersed CaWO4 microspheres
via a sonochemical route

Jira Janbua,a Jitkasem Mayamae,a Supamas Wirunchit,a Rattanai Baitahea

and Naratip Vittayakorn*abc

Monodispersed calcium tungstate (CaWO4) microspheres were synthesized successfully via a

sonochemical process in deionized (DI) water. The functional group and phase formation analyses were

carried out using Fourier transform infrared (FT-IR) and X-ray diffraction (XRD), respectively. XRD

revealed that all samples were of pure tetragonal scheelite structure. FT-IR and Raman analysis exhibited

a W–O stretching peak of molecular [WO4]
2�, which related to the scheelite structure. The effect of

ultrasonic irradiation times in the sonochemical process was investigated briefly for 1, 5, 15 and 30 min.

The shape of the particles was revealed as spherically monodispersed with narrow size distribution and

uniform features at the ultrasonic time of 5 min. This study also found that the spherical surface was

composed of tightly packed nanosphere subunits. A possible mechanism for the formation of CaWO4

powders with a different ultrasonic time was discussed in detail. Optical properties showed blue light

emission at a wavelength of around 420 nm and an optical energy gap (Eg) value of 3.32–3.36 eV.
Introduction

The tetragonal scheelite structure and space group I41/a of
calcium tungstate (CaWO4) has a Ca2+ and W6+ ion in 8-fold,
and tetrahedral site of oxygen coordination, respectively.1 It is
well known that CaWO4 with a scheelite structure is a
commercially important material with luminescence proper-
ties.1–3 It has been used as blue phosphor (433 nm) in laser
host materials,4–6,7 quantum electronics, scintillators in
medical devices,1,3–5 and oscilloscopes.1,3–5 Phosphors made up
from monodispersed and microsized spherical morphology
are known to be suitable for application because they have
higher packing density, scattering and re-absorption of light
than small spherical particles.8–10 As a result, their high reso-
lution, screen brightness and efficiency provide better lumi-
nescence performance.

However, an ideal morphology of phosphor particles
demands a perfect spherical shape, narrow size distribution
and non-agglomeration. Therefore, various preparation
methods have been developed actively for controlling
morphology, size and distribution. For instance, Pan et al.8
ege of Nanotechnology, King Mongkut's

Bangkok 10520, Thailand. E-mail:

e, King Mongkut's Institute of Technology
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hemistry 2015
synthesized quasi-monodispersed AWO4 (A ¼ Ca, Sr, and Ba)
microspheres with a diameter of about 3 mm by a hydrothermal
route at a temperature of 180 �C for 8 h in the presence of citric
acid. Although this method uses a low reaction temperature, it
has a long holding time in the synthesis process. Furthermore,
monosized CaWO4 microspheres were obtained by Zhang et al.9

via a large scale solvothermal method (4.4 to 6.8 mm) with a
surfactant-assisted solution route, in which either sodium
dodecylbenzenesulfonate (SDS) or cetyltrimethyl ammonium
bromide (CTAB) was used. Their method needed surfactant-
assisted solution, which is an expensive reagent and not envi-
ronmentally friendly, and surfactants must be removed
completely to obtain a pure product. This makes the synthetic
step more complicated. Over the past few years, the sono-
chemical process has been applied to applications for synthe-
sizing and customizing micro- and nano-structured inorganic
and organic materials. The mechanism in this process occurred
from acoustic cavitation (the formation, growth, and implosive
collapse of bubbles in a liquid). This process has advantages
such as uncomplicated steps, low energy consumption, time
saving and high purity.

This study reports the fast synthesis of CaWO4 microspheres
almost monodispersed via the sonochemical route by using
deionized (DI) water as intermediate solvent, which is envi-
ronmentally friendly and has no assistance from surfactant or a
template. The inuence of different ultrasonic irradiation
times, crystal structure, optical properties, and microstructure
was investigated.
RSC Adv., 2015, 5, 19893–19899 | 19893
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Experimental procedure

Calcium nitrate tetrahydrate (99% Ca(NO3)2$4H2O) and sodium
tungstate dihydrate (99% Na2WO4$2H2O) were purchased from
Sigma–Aldrich Reagents Co., Ltd. and used without further
purication. In a typical procedure, each 0.0167 mole of
Ca(NO3)2$4H2O and NaWO4$2H2O was dissolved separately in
50.00 ml of deionized (DI) water by stirring continuously until
dissolved completely (transparent solution), without using an
adjusted pH value of starting materials. Aer that, two solutions
were added into the chamber and the ultrasonic probe (3 mm
diameter; Ti-horn) was immersed with the frequency of pulsed
ultrasound waves (conducted in the 2s mode; and a pause in 1s
mode) at 20 kHz and 70 W cm�2. The inuence of different
ultrasonic irradiation times was applied in the chamber con-
taining mixed substrate solution for 1, 5, 15, and 30 min by the
following reaction:

Na2WO4$2H2Oþ CaðNO3Þ2$4H2O �!sono
CaWO4 þ 2NaNO3 þ 6H2O (1)

The white precipitate particles were washed with distilled
water several times and then absolute ethanol before drying at
90 �C for 24 h. The X-ray diffraction (XRD) patterns of products
were characterized by an X-ray diffractometer (D8 Advance). The
morphology of products was obtained by scanning electron
microscope (SEM). The vibration mode of the bond in mole-
cules was obtained from Fourier transform infrared (FT-IR
spectrum Gx, Perkin Elmer, America) spectra. The sample was
recorded in a wavelength range of between 400 and 4000 cm�1,
and a Raman spectrophotometer (DXR smart Raman, thermo
scientic) with argon (Ar) laser recorded its wavelength range of
between 200 and 1000 cm�1. The optical properties were
investigated, and a portion of emission property was measured
by a uorescence spectrophotometer (Cary Eclipse model;
Agilent Technologies, Varian, USA) with Xe lamp at room
temperature, using an excitation wavelength (lex) of 235 nm. A
solid sample holder was used as a coated sample. The optical
absorbance spectrum was examined by a UV-Vis spectropho-
tometer (T60, PG Instruments Limited) in the wavelength range
of between 200 and 900 nm. The solution samples were
prepared via mixing the powder samples in hydrogen peroxide
to form a concentrated solution of 2 mM.
Fig. 1 Rietveld analysis of XRD patterns of CaWO4 powders synthe-
sized by the sonochemical method at different ultrasonic irradiation
times.
Results and discussion
a) Crystal structure

All the diffraction peaks in XRD patterns of the as-prepared
CaWO4 powders were synthesized by the sonochemical
method at different ultrasonic irradiation times of 1, 5, 15 and
30 min, and could be indexed to a pure tetragonal scheelite
structure (a ¼ b s c, a ¼ b ¼ g ¼ 90�) with space group I41/a,
when compare to the Joint Committee on Powder Diffraction
Standards (JCPDSs) card no. 41-1431. Diffraction peaks corre-
sponding to the secondary phase were undetected, and not a
shi peak at different sonication times. In addition, peak
intensities could be found to increase when ultrasound
19894 | RSC Adv., 2015, 5, 19893–19899
treatment time increases, as compared to the curves of four
products that indicate better crystallization.11 The percentage
yield of the products obtained by this method was about 95%.

The Rietveld renement method of XRD patterns was per-
formed for CaWO4 powders using the Fullprof program, as
shown in Fig. 1. This technique is based on the least-squares
method,12 where the theoretical peak patterns are adjusted
upwards to converge with the result of measured patterns. It
displays various advantages of typical quantitative analysis
techniques, which comprise the use of pattern-tting algo-
rithms, and all lines of each crystallographic phase are
considered explicitly. From structural renement analysis,
which provides various data on factors generally checked by
quality algorithms of R-factors or chi-squared (c2), the differ-
ence between the measured and theoretical simulation patterns
is considered a way to verify success of the renement. The c2

value is the quality of t, as the value distinguishes between
theoretical simulations and the XRD pattern data result, which
is more or less consistent, and this value should approach 1.

Upon inspection of the data, the tetragonal I41/a space group
and parameters (a, b, c, a, b, and g) acquired from JCPDS Card
no. 41-1431 were chosen for the initial renement of the model.
The t of the XRD pattern data gave an c2 value of 1.27, 1.63,
2.11 and 2.34 for ultrasonic irradiation times of 1, 5, 15 and
30 min, respectively, which agreed well with acceptance for
tting the data. A large match of model intensities in peak
variety, position and shape was assumed as correct from
resulting renement. This revealed that the selected space
group and parameters were correct, and not that a completely
pure phase of CaWO4 was obtained at a 1 min sonication time,
thus suggesting this method be used for a very short time and
utilized practically for synthesis of monodispersed CaWO4

microspheres in eld applications. The lattice parameters were
calculated by using the Fullprof program, and those obtained
were seen as a tetragonal unit cell type with a and c parameter
values, as shown in Table 1. When comparing these lattice
This journal is © The Royal Society of Chemistry 2015



Table 1 The refinement values of CaWO4 powders and comparison with the lattice parameters from other methods

Methods Time

Lattice parameters (Å)

c2 Ref.a c

Sonochemical 1 min 5.238 � 0.002 11.389 � 0.003 1.27 This work
Sonochemical 5 min 5.243 � 0.001 11.370 � 0.004 1.63 This work
Sonochemical 15 min 5.235 � 0.001 11.369 � 0.003 2.11 This work
Sonochemical 30 min 5.240 � 0.001 11.379 � 0.005 2.34 This work
Hydrothermal 8 h 5.252 11.388 — 8
Solvothermal 12 h 5.46 12.04 — 9
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parameter values with JCPDS Card no. 41-1431, and lattice
values from other various methods,3,4,6,13 good and acceptable
agreement is found. However, the method in this study has
more precise cell parameters than in other techniques, with the
least deviation observed.

The Fourier transform infrared (FT-IR) and Raman spectra
were used to characterize the molecular structure of metal
tungstate in order to verify the product structure. Typical
CaWO4 had a primitive cell of scheelite structure, which was
characterized in its molecule consisting of [WO4]

2� molecular
ionic groups (W metal in the tetrahedral site of O), with a
strongly covalent W–O bond. The bonding between the [WO4]

2�

molecular ionic groups and Ca2+ cations indicated loosely
coupled bonds that were isolated from each other, while the
Ca2+ was surrounded by eight oxygen ions. CaWO4 presented a
tetragonal structure of the symmetry,C6

4h, at room temperature.
The group theory calculation presented 26 different lattice
vibrations for the CaWO4 in a unit cell, where a zero wave vector
can be described by the following equation.3,13–15

G ¼ 3Ag + 5Au + 5Bg + 3Bu + 5Eg + 5Eu (2)

while only infrared (IR), and Raman active modes are deter-
mined by the following equation.3,13,14

G ¼ 3Ag + 5Bg + 5Eg + 4Au + 4Eu (3)

All even vibrations (Ag, Bg and Eg) are Raman-active modes,
while the odd modes (Au and Eu) are active only in the infrared
frequency range. Therefore, a 13 zone-center was expected in
the Raman-active modes of CaWO4, as presented in the
following equation.3,15

G ¼ 3Ag + 5Bg + 5Eg (4)

From the literature, the vibrational modes found in the
Raman spectra of CaWO4 can be classied into two groups
consisting of internal and external modes. Internal vibrations
correspond to vibrations inside the [WO4]

2� molecular ionic
group, which is considered as a stationary mass center. The
lattice phonons or external vibrations are related to motion of
the Ca2+ cations and rigidly molecular ionic [WO4]

2�. In free
space, [WO4]

2� tetrahedrons have a cubic point symmetry
Td,3,14,15 in which their vibrations are composed of four internal
This journal is © The Royal Society of Chemistry 2015
modes, n1(A1), n2(E1), n3(F2) and n4(F2), with one free rotation
mode, nf.r.(F1), and one translation mode (F2).3,14,15

Raman spectra of CaWO4 powders were obtained at different
ultrasonic irradiation times (1, 5, 15 and 30 min), and operated
in the wavenumber range of 200–1000 cm�1 by using Ar laser as
an excitation source, as shown in Fig. 2. The graph shows six
different modes of n1(Ag), n3(Bg), n3(Eg), n4(Bg), n2(Ag), and the free
rotation of the z axis [nf.r.(Ag)], occurring at about 914, 842, 798,
404, 333 and 212 cm�1, respectively. The vibration modes in the
Raman spectrum are Ag, Bg and Eg with peaks found mainly in
internal modes, with W–O symmetric stretching vibration in
molecular ionic [WO4]

2�.3

FT-IR spectra of CaWO4 powders obtained at different ultra-
sonic irradiation times (1, 5, 15 and 30min), and operated at the
wavenumber range of 400–4000 cm�1 are shown in Fig. 3. The
FT-IR spectrum demonstrated a strong peak at about 802–803
cm�1, which is in accordance with W–O asymmetric stretching
vibration inmolecular ionic [WO4]

2�,3 and weakW–O bending at
about 430–460 cm�1. Furthermore, O–H stretching and O–H
bending vibration of residual water were detected in powder
products at 3070–3690 cm�1 and 1620 cm�1,3,16 respectively.
b) Optical properties

The optical energy gap (Eg) of CaWO4 powders was obtained
from the calculation of their absorbance spectrum in UV-visible
Fig. 2 Raman spectra of CaWO4 powders obtained at different
ultrasonic irradiation times.

RSC Adv., 2015, 5, 19893–19899 | 19895



Fig. 3 FT-IR spectra of CaWO4 powders obtained at different ultra-
sonic irradiation times.

Fig. 4 Relative graph of the (ahn)2 with hn (eV) of CaWO4 powders.

Fig. 5 Fluorescence spectrum of CaWO4 powders obtained at
different ultrasonic irradiation times.

RSC Advances Paper
range by using Wood and Tauc's equation,3,16 which proposed
the following:

ahn ¼ (hn � Eg)
n (5)

where a is the optical absorption coefficient, h is the Planck
constant, n is the frequency of photon, Eg is the optical energy
gap, and n is a constant that corresponds to the nature of an
electronic transition. Transitions allowed directly, forbidden
directly, allowed indirectly and forbidden indirectly are n ¼ 1/2,
3/2, 2 and 3, respectively. According to the literature, metal
tungstate with a tetragonal scheelite structure has n ¼ 1/2
because its electronic transition is allowed directly.3,13,17 The
optical absorption coefficient, a, is calculated by using the
following equation13

a ¼ �ln T/d (6)

where T is the optical transmittance and d is the optical path
length through the cuvette. The Eg value was determined by
extrapolating the straight linear portion of the relative graph
between (ahn)2 and photon energy (hn) at an hn value of 0. The
(ahn)2 graph relative to the hn value of CaWO4 powders shows
the Eg values at different ultrasonic irradiation times in Fig. 4.
Increased time makes an Eg value of 3.33, 3.36, 3.34 and 3.32 eV
for different ultrasonic irradiation times of 1, 5, 15 and 30 min,
respectively. It is noticeable that the Eg values differ slightly, due
to the range of particle size varying insignicantly.

A uorescence spectrophotometer was used to conrm the
light emission spectrum of CaWO4 powders. Fig. 5 shows the
uorescence spectra of CaWO4 microsphere powder samples
obtained at different sonication times by using an excitation
wavelength (lex) of 235 nm. The broad peak emission positioned
at a wavelength of around 420 nm indicates the direct transition
gap of CaWO4 microparticles. The blue light emission occurred
from the 1T2 / 1A1 transition intrinsic molecular anion
[WO4]

2�group cluster.3 The uorescence spectrum discovered
19896 | RSC Adv., 2015, 5, 19893–19899
different intensities that could be the result of various particle
sizes and crystallinity.11 When comparing with the peak posi-
tion of emission in bulk CaWO4, the tetragonal (scheelite)
structure has a wavelength of 433 nm (2.87 eV),18 where good
acceptable agreement is found.
c) Microstructure

Fig. 6(a) shows the products prepared from mixing substance
solution, then leaving it until precipitation occurs (without
ultrasonic irradiation). Themorphology obtained varied greatly,
with broad size distribution. The particle sizes were difficult to
measure, due to the random aggregation of mixed powder that
appeared between spherical particles and spread nanoparticles.
Fig. 6(b)–(h) show CaWO4 powders synthesized under different
ultrasonic irradiations. Near spherical shape and narrow
particle size distribution, with a micron size of the powders,
were observed clearly at a radiation time of 1 min [Fig. 6(b)]. The
average size of the microsphere was about 7.59 � 1.20 mm.
When enlarging the image of only one particle [Fig. 6(c)], the
This journal is © The Royal Society of Chemistry 2015



Fig. 6 SEM images of CaWO4 powder obtained, (a) without ultrasonic irradiation, and produced from ultrasonic irradiation, (b) at 1 min, (c) with
only one enlarged microspherical particle showing a surface with aggregated primary nanoparticles (inset image), (d) at 5 min, (e) at 15 min, (f)
with the neck between microsphere particles at 15 min, (g) at 30 min, and (h) microspherical breaking at 30 min.
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texture of microspheres was composed of aggregated small
nanoparticles, with an average particle size of 52.87 � 1.39 nm.
The mono size with spherical shape was observed clearly at a
sonication time of 5 min [Fig. 6(d)]. The average diameter of the
spheres increased to about 11.20 � 1.07 mm. Furthermore, the
morphology obtained at the sonication time of 15 min was a
mixture of small and large microsphere particles and rarely
spherical-shaped ones [Fig. 6(e)]. Evidently, the neck between
the microsphere particles was observed from this condition.
Fig. 6(f) shows expansion of the neck with melted nanoparticles
on the surface area. When the reaction time increased to
30 min, a very rough surface of microparticles was obtained, as
shown in Fig. 6(g). Furthermore, neck point breaking is shown
between microspheres, with small clusters of particles that had
broken off [Fig. 6(h)].
Possible growth process and effect of ultrasonic irradiation
time

Fig. 7 shows a schematic illustration of the growth process of
monodispersed CaWO4 microspheres via the sonochemical
process by ultrasonic time-dependent experiments. The
precursor solid (as the calcium and tungstate ion source) was
hydrolyzed immediately in DI water as solvent in order to create
Ca2+ and WO4

2� ions. Additionally, Ca2+ and WO4
2� species

were attracted at the initial formation stage by electrostatic
interaction, and formed numerous CaWO4 nuclei. Subse-
quently, the mixed solution was irradiated with high-intensity
ultrasound (70 W cm�2, 20 kHz). Precipitation in the liquid–
solid heterogeneous system was accelerated completely by
ultrasonic irradiation, which resulted from the acoustic cavita-
tion process (the formation, growth, and implosive collapse of
This journal is © The Royal Society of Chemistry 2015
bubbles in a liquid). At the initial state (0 min), primary nano-
particles appeared and tended to aggregate into so nano-
particle clusters in order to reduce each other's surface energy.
With the ultrasonic time at 1 min, CaWO4 microspheres were
assembled by unstable nanoparticle cluster orientation. As
seen, each microsphere consisted of numerous tightly packed
nanospheres resulting in rough surfaces. It is known that
collapsing bubbles create OHc and Hc radical species via the
sonolysis of water in an aqueous solution, and preferably yield
formation of H2O2, H2O etc. From previous observation,19

hydroxyl groups (–OH) were produced from radical species that
prefer to react with oxygen ions, and also, H2O2 was likely to
decompose on the surface of metal oxide particles. These
hydroxyl groups on the surface of CaWO4 nanoparticles
promote self-attachment between unstable nanoparticles, thus
resulting in aggregation of single microspheres on a surface
consisting of nanospheres. This study considered that high-
intensity ultrasound irradiation also plays an important role
in the formation of products leading to the microspherization
process.20,21 The result of this study is similar to that of Xu
et al.,21,23 in which prepared polysaccharide-based and chitosan
microspheres used the single-step sonochemical method.
However, the morphology of CaWO4 in this work was quite
different from that reported by Yang et al.22 The difference in
morphology might be attributed to varied synthesis parameters
such as ultrasonic frequency, pH value and ultrasonication
mode.22 At 5 min sonication time, stable monodispersed
microspheres would steadily aggregate in mostly narrow
particle size distribution. The diameter of these particles
became larger simultaneously to an unsurpassable critical size
limit, of which the microsphere particles in this work were
about 11.20 � 1.07 mm. The critical size limit of these particles
RSC Adv., 2015, 5, 19893–19899 | 19897



Fig. 8 Plotting of average particle sizes with ultrasonic irradiation
time.
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strongly depends on many factors such as ultrasonic frequency,
velocity of interparticle collisions and shock waves generated by
cavitation in liquids irradiated with ultrasound.24 These shock
waves can induce physical effect, especially by increasing mass
transport. Shock waves through the microsphere particles can
expedite and drive microparticles suspended in liquid into one
another, and the impact velocity of these collisions between
particles can be estimated at around one hundred meters per
second.23 This physical effect causes changes in surface
composition, distribution of particle size and particle
morphology.23 Additionally, a short-lived localized hot-spot that
produces enormous volumes of temperature at �5000 K, pres-
sure of �1000 atm and heating and cooling rates of >1010 K s�1

can be generated during cavitations.24,25 As a result, necking
occurred at 15 min between microsphere particles, which was
similar to the initial stage of the solid-state sintering process. It
is believed that this heat energy occurrence can make surface
diffusion, as the melting point started from the surface area of
nanoparticles on the microsphere particles. Surface diffusion is
a typical mass transport in the sintering mechanism that
produces surface smoothing, particle joining, grain boundary
formation, neck growth, and pore rounding.26,27 However,
volume shrinkage and densication was not found, due to the
sonochemical method generating local thermal energy, which is
different from thermal energy of the sintering process. When
increasing the sonication time to 30 min, the necking and
unsmooth surface broke into a large number of particle scraps,
with no single monodispered microspheres. As a result, impact
from high speed microjets on the surface led to the phenomena
of morphological transformations, including particles breaking
and erosion of material.23,28 Furthermore, the average particle
sizes, as a function of ultrasonic irradiation time, are plotted in
Fig. 8. Increasing time gradually increases microsphere parti-
cles to an average size of 11.20 � 1.07 mm and narrow standard
deviation at 5 min, which is suitable for producing uniformed
spherical morphology. A broad size deviation was observed as
the time increased to 15 and 30 min, due to difficulty in nding
Fig. 7 Schematic illustration of the growth process of monodispersed
CaWO4 microspheres via the sonochemical process of ultrasonic
irradiation time-dependent experiments.
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the particle sizes aer necking and microsphere breakage.
Based on the results obtained at different ultrasonic times,
formation of the monodispersed CaWO4 microsphere can be
controlled easily by only one single parameter in a simple
sonochemical process.

Conclusion

Nearly monodispersed CaWO4 microspheres were accom-
plished via the sonochemical process by using deionized (DI)
water as intermediate solvent at an ultrasonic irradiation time
of 5 min. XRD results exhibited CaWO4 powders as a tetragonal
scheelite structure. SEM images showed the morphology as
monodispersed CaWO4 microspheres of 11.20 � 1.07 mm. The
growth mechanism was performed carefully by brief ultrasonic
time-dependence. The uorescence spectra of CaWO4 micro-
spheres obtained a blue light that was emitted at a wavelength
of around 420 nm. The Eg values obtained results of the
absorbance spectrum at 3.32–3.36 eV. This synthesized method
for monodispersed CaWO4 microspheres presents advantages
such as uncomplicated steps, low energy consumption, high
purity, time-saving and suitable application.
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ical synthesis of near spherical
barium zirconate titanate (BaZr1�yTiyO3; BZT);
perovskite stability and formation mechanism

Supamas Wirunchit,ac Thitirat Charoonsukac and Naratip Vittayakorn*abc

The multicationic oxides of perovskite Ba(Zr,Ti)O3 were synthesized successfully by the sonochemical

method without a calcination step. Detailed exploration considering the role of sodium hydroxide

(NaOH) concentration, synthesis atmosphere, ultrasonic reaction time and precursor concentration on

the perovskite phase formation and particle size was presented. It was found that nanocrystals were

formed directly before being oriented and aggregated into large particles in aqueous solution under

ultrasonic irradiation. The nucleation in the sonocrystallization process was accelerated by the implosive

collapse of bubbles, while the crystal growth process was inhibited or delayed by shock waves and

turbulent flow created by ultrasonic radiation. A pure complex perovskite phase of spherical shape was

formed completely in a short irradiation time without the calcination process. Sonochemical irradiation

could accelerate spherical shape formation of the particles significantly. These results provide new

insights into the development and design of better nanomaterial synthesis methods.
1. Introduction

Barium zirconate titanate (BaZryTi1�yO3) and/or BaZryTi1�yO3 –

based ceramics have become among the most researched lead
free piezoelectric materials, due to their excellent piezoelectric
properties.1–4 The conventional solid state method is a tradi-
tional way of preparing BaZryTi1�yO3 ceramics. However, this
fabrication method has several drawbacks such as a long pro-
cessing time,5,6 multiple calcinations,7,8 low purity,9,10 sub-
micrometer size crystals5,6,11 and a frequent need for grinding
steps,10 and this technique is not suitable for obtaining narrow
particle size distribution.5,7,11 J. Bera et al.5 investigated the
formation of BaZryTi1�yO3 solid solution by using solid state
reaction between BaCO3, ZrO2 and TiO2. They reported that at a
temperature of lower than 1300 �C, raw materials did not form
BaZryTi1�yO3 solid solutin directly because it had a higher
formation of energy (133 kcal mol�1) than BaTiO3 (34.3 kcal
mol�1) and BaZrO3 (48.4 kcal mol�1). The formation mecha-
nism can be explained by multistep reactions as follows: at the
initial stage, BaTiO3 and BaZrO3 are formed separately at a
temperature ranging from 700 to 800 �C. Subsequently, the
BaTiO3 diffuses into the BaZrO3 to form a single perovskite
ege of Nanotechnology, King Mongkut's

Bangkok 10520, Thailand. E-mail:

e, King Mongkut's Institute of Technology

of Science, King Mongkut's Institute of
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phase of BaZryTi1�yO3 at a temperature as high as 1600 �C. In
order to obtain perovskite BaZryTi1�yO3 nanoparticles with high
quality, many new wet-chemical synthesizing methods have
been developed to replace conventional solid state reaction,
including the combustion method,12 sol–gel method,13,14 direct
synthesis from solution (DSS),15 and aqueous co-precipitation
method.16 Nanosized BaZryTi1�yO3 particles are synthesized by
wet-chemical methods, which make the BaZryTi1�yO3 system
very attractive for developing new electronic nanodevices.17,18 P.
Julphunthong et al.12 synthesized barium zirconate titanate
(BZT) powder via the combustion technique by using urea
(NH2)2CO as a fuel to reduce the reaction temperature. Unfor-
tunately, the powder needed to be calcined at 1000 �C for 5 h
aer the combustion process in order to obtain a pure perov-
skite structure. Generally, submicron sizes with irregular
morphology of the powder are observed always aer the calci-
nation process.11,19 It is very difficult to obtain nanoparticles of
uniform size under the calcination process,11,19 which would
therefore be an undesirable step during the fabrication process
of nanopowder. M. Veith et al.14 reported the synthesis of
homogeneous BaZr0.5Ti0.5O3 nanopowders that derived from a
alkoxide sol–gel route. The hetero-trimetallic Ba–Ti–Zr frame-
work was synthesized from [TiZr(OPri)8$Pr

iOH]2 and [Ba(OPr2
i)]

and used as a precursor. The processing was performed under
CO2–free argon (Ar) or nitrogen atmosphere. The most advan-
tageous characteristics of this method are the high purity and
outstanding control of the composition of resulting powders.
Nevertheless, the hydrolyzed dried gel needs to be calcined at
temperatures above 400 �C in order to crystallize BaZryTi1�yO3.
J. Q. Qi et al.15 developed a new method called direct synthesis
RSC Adv., 2015, 5, 38061–38074 | 38061
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from solution (DSS) to prepare BaZryTi1�yO3 nanoscaled
powders near room temperature under ambient pressure. By
dissolving barium hydroxide into warm water as a base solu-
tion, nanocrystalline BaZryTi1�yO3 powders can be obtained by
mixing isopropanal solution of zirconium isopropoxide–iso-
propanol and tetrabutyl titanate with hot base solution. When
doing this, the particle size of the nanoparticles fell within the
range of 25 to 120 nm. Recently, single phase nanocrystalline
powder of BaZryTi1�yO3 was obtained successfully by the
aqueous co-precipitation method at a temperature <100 �C.16

The process was as follows: a mixed chloride solution of Ba, Ti
and Zr ions was dripped slowly into a heated strong base
solution (pH > 12.0). The nanocrystalline BaZryTi1�yO3 favored
forming a strongly based concentration at a temperature of
about 80 �C. The as-prepared powders showed an average
particle size of 30 nm. The precipitant concentration and
synthesis temperature play an important role as a parameter for
increasing product purity.16 However, the particles have various
shapes such as spherical, acicular, elliptical, and cubic with
truncated edges.16 The particle size and shape are not controlled
by this method. The different morphologic shape and wide
range of particle size distribution have been the key problem to
create the abnormal grain growth in the sintering process.11

In order to eliminate abnormal grain growth during the
sintering process, BaZryTi1�yO3 nanoparticles are expected to
have spherical morphology with a narrow particle size distri-
bution.11 Among the wet-chemical methods developed so
far,14–16,20,21 sonochemical synthesis at ambient temperature
seems to be a new technique that fullls the requirements for
synthesizing extremely ne particles with spherical morphology
and a narrow size distribution.22,23 The sonochemical method
uses an acoustic cavitation phenomenon from ultrasonic irra-
diation to generate or accelerate the chemical reaction. Acoustic
cavitation is the formation, growth, and implosive collapse of
bubbles in a liquid, which generates a localized hot spot, with a
temperature of approximately 5000 K, pressure of 20 MPa, and
heating and cooling rates that exceed 1010 K s�1.22,24 These
transient, localized hot spots can drive many chemical reac-
tions, such as decomposition, dissolution, oxidation, reduction,
and promotion of polymerization.22,24 By using these transient
extreme conditions, various kinds of organic, inorganic and
novel materials, with unusual properties such as metals,25,26

precious metals,27,28 simple metal oxides,29–35 nitrides,29

carbides,36 suldes29,37 and core/shell nanocomposites37,38 were
synthesized successfully. Up until now, few studies on the
sonochemical synthesis of multicationic oxides based on a
complex perovskite structure [A(B0B00)O3] have been reported,
and to the best of the authors' knowledge, there is no previous
report on the direct sonochemical synthesis of (BaZryTi1�yO3); y
¼ 0.0–0.6 powders.

This study used high-intensity ultrasound irradiation to
synthesize nanosized complex ternary metal oxide (BaZryTi1�y-
O3); y ¼ 0.0–0.6. Various key synthesis parameters such as
synthesis atmosphere, concentration of precipitating agent,
concentration of the starting solution, sonication time and Zr/Ti
molar ratio were investigated carefully in order to understand
their effect on the perovskite phase formation and morphology
38062 | RSC Adv., 2015, 5, 38061–38074
of the powders. The procedure of the sonochemical formation
of nanosized BZT powders also was examined.

2. Experimental procedure
2.1 Solution preparation

In this study, all the reagents used in experiments were of
analytical purity and used without further purication. The
barium chloride dihydrate (BaCl2$2H2O, 99.8% Merck), zirco-
nium oxychloride octahydrate (ZrOCl2$8H2O, 99.5% Advance
material) and titanium tetrachloride (TiCl4, 99.9% Wako) were
used as the starting materials. Sodium hydroxide (Fisher
Scientic 97.7%) was used as the precipitating agent. In order to
obtain the stock of Ti-solution, TiCl4 was dripped very slowly
into deionized water at a temperature lower than 5 �C and
stirred vigorously until the solution was clear. Then, the sepa-
rate stoichiometric amounts of BaCl2$2H2O and ZrOCl2$8H2O
were dissolved typically in de-ionized water in order to obtain
the barium (Ba2+) and zirconium (Zr4+) solution, respectively.
These stocks of starting solution were prepared freshly for each
set of experiments.

2.2 Synthesis of Ba(ZryTi1�y)O3 powders

The barium zirconate titanate (Ba(ZryTi1�y)O3; BZT) powder
products, with the composition (y) ¼ 0.00, 0.05, 0.20, 0.04 and
0.60, were synthesized by the sonochemical method without
the calcination process, which was in accordance with the
reaction (1):

BaCl2$2H2O(aq) + (1 � y)TiCl4(aq) + yZrOCl2$8H2O(aq)

+ (6 � 2y)NaOH(aq) / Ba(ZryTi1�y)O3(s)

+ (6 � 2y)NaCl(aq) + (13 � y)H2O(aq) (1)

Firstly, the appropriate proportions of titanium and zirco-
nium (withdrawn from the stock solution using a pipette) were
mixed together to form a solution to which the barium solution
was then added, with continuous stirring in order to obtain a
homogeneous mixed solution. The concentrations of barium
and titanium solution were varied from 0.01 mol L�1 to 1.5 mol
L�1 in order to study the effect of Ba and Ti ion concentration on
the perovskite phase formation. The Ba and Ti ion ratio in the
mixed solution was targeted constantly at 1 : 1. Aer that,
sonication equipment was set up for the sonochemical process.
Regarding the synthesis system, the effect of synthesis atmo-
sphere on the phase formation was studied. The powder
synthesized in open air was compared with that in a closed
system with Ar gas. Aer setting up the equipment, the sodium
hydroxide (NaOH) solution was loaded into a sonication vessel
for use as the precipitating agent. The concentration of NaOH
solution was varied from 5 to 20 mol L�1 in order to study its
effect. Then, the mixed starting solution was added into the
sonication vessel, which contained the NaOH solution, drop by
drop at a rate of about 25 ml min�1. Therefore, a high pH value
reached 14 during the process. In order to obtain nanoparticles
of better quality, pulse ultrasonication (Sonics VCX-750, 20 kHz,
750 W) was conducted in the 2 s mode; and a pause in 1 s mode
was performed in the experiments that followed. It has been
This journal is © The Royal Society of Chemistry 2015
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reported that synthesized powder in pulse ultrasonic mode
gives a narrower particle size distribution than that in contin-
uous ultrasonic mode.39 This may be related to the uneven
distribution of ultrasonic energy in the ultrasonic vessel.39

During the process of adding mixed solution, white precipita-
tion was formed instantaneously. Aer the irradiation time was
over, the sonication vessel that contained the precipitate was
cooled to room temperature by immersing in tap water. Then,
the recovered precipitate was ltered out by centrifugal ltra-
tion, and washed with de-ionized water until the pH value
reduced to 7. The supernatant was checked with 0.1 mol L�1 of
AgNO3 solution until no white sediment remained, which
conrmed that the chloride ion was not retained. Finally, the
washed precipitates were dried at 80 �C in an oven overnight in
order to obtain the powder products.
Fig. 1 XRD patterns of BaZryTi1�yO3; y ¼ 0.0 powders evolved for 60
min at various NaOH concentrations in the open air system.
2.3 Characterization

The perovskite phase formation, structure and crystallite size of
the products were carried out by X-ray powder diffraction using
an X-ray diffractometer (Philips PW3040, The Netherlands) with
Cu Ka radiation (l ¼ 0.15406 nm). The acceleration voltage was
35 kV with a 150 mA current ux. X-ray diffraction (XRD) was
taken of the powders attached to a glass slide, and data were
collected in the 2q range from 20� to 60�, with a scanning rate of
4� per min and sample interval of 0.02�. Crystallite size and
microstrain were calculated by the X-ray line broadening
method using Scherrer40 and Hall–Williamson methods.41 The
Scherrer equation relies on utilizing the following equation:

D ¼ Kl/b cos q, (2)

where l is the CuKa radiation of wavelength (1.5406 Å), b is the
full width at ha-maximum (FWHM) in radian and q is the
scattering angle. Also, K is the shape factor (a constant equal to
0.94) and D is the crystallite size normalized to the reecting
planes. The Hall–Williamson method provides a technique for
nding an average size of coherently diffracting domains and
microstrain. Strain-induced peak broadening arises due to
imperfect crystal and distortion, which is calculated by using
the following formula:

3 ¼ bhkl

4 tan q
(3)

To estimate microstrain from the XRD pattern, Hall and
Williamson proposed a formula as follows:

bhkl cos q ¼ kl

D
þ 43 sin q (4)

where 3 is the elastic strain. When bhkl cos q is plotted versus
different diffraction planes, a linear t is expected. Lattice
strains were obtained from the slope of this line. Raman
spectra were recorded in the 100–1000 cm�1 wave number
ranges in order to support the crystal structure identication of
synthesized powders with a Thermo Scientic DXR Raman
microscope (532 nm excitation of the laser). The vibration
mode of the bond in molecules was obtained from Fourier
This journal is © The Royal Society of Chemistry 2015
transform infrared (FT-IR spectrum Gx, Perkin Elmer, America)
spectra. The morphology and particle size of the resulting as-
prepared products were characterized initially by using a
scanning electron microscope (SEM, Hitachi 54 700), equipped
with energy-dispersive X-ray spectroscopy (EDX) capabilities.
These samples were then coated conductively with gold by
sputtering for 15 s in order to minimize charging effects under
SEM imaging conditions. Regarding the study of phase transi-
tion, a differential scanning calorimeter (DSC 2920, TA Instru-
ment) was used, and DSC curves were recorded in a
temperature range from 30 �C to 200 �C with a scanning rate of
10�C min�1.
3. Results and discussion
3.1 The effect of NaOH concentration on the perovskite
phase formation

Changing the synthetic parameters greatly affected the perov-
skite phase formation. This study exposed the concentration of
NaOH that had a notable effect on the perovskite phase
formation. Fig. 1 shows the XRD patterns of BaZryTi1�yO3; y ¼
0.0 powders that evolved aer sonication for 60 min in different
NaOH concentrations in the open air system. As shown in Fig. 1,
only X-ray peaks of whiterite-BaCO3 and Ba(OH)2(H2O)3 are
present in powder synthesized with 5 mol L�1 NaOH. These
kinds of unwanted phase correspond well with the literature.21
RSC Adv., 2015, 5, 38061–38074 | 38063
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No perovskite structure was characteristic of diffraction peaks,
thus indicating no reaction had yet been triggered for synthesis
with 5 mol L�1 of NaOH concentration. Interestingly, the XRD
pattern presented no evidence of a Ti-precursor phase, indi-
cating that an amorphous phase might be formed.42 When the
perovskite phase started to form with increasing NaOH
concentration, the BaCO3 and Ba(OH)2(H2O)3 phase decreased
dramatically. Diffraction peaks of the perovskite phase are
indexed with the BaTiO3 cubic structure in the Pm3m space
group from JCPDS card no. 31-0174. Intensity of the perovskite
pattern increased signicantly with increasing NaOH concen-
tration. The increase in perovskite phase at high hydroxide
concentration might be due to increasing formation of the
complex polymeric chain network of bimetallic Ba–Ti hydrox-
ides.43 Nevertheless, in the open air system, a peak of BaCO3

with low intensity was still present in products synthesized in 20
mol L�1 of NaOH concentration. The problem of forming BaCO3

at a high NaOH concentration should be attributed to use of the
open air synthesis system, in which the Ba-hydroxide in the
solution can react easily with CO2 in air or carbonate species in
the solution.
3.2 Effect of synthesis atmosphere on the perovskite phase
formation

In order to study the inuence of synthesis atmosphere on the
perovskite phase formation, the powder was synthesized in
open-air and Ar atmosphere. Fig. 2 shows XRD patterns of
BaZryTi1�yO3; y¼ 0.0 powders that evolved aer sonication for 5
to 60 min in 20 mol L�1 of NaOH concentrations in the (a) open
air system and (b) closed system with Ar gas. The XRD pattern in
the open-air system showed a mixed phase of perovskite, BaCO3
Fig. 2 XRD patterns of BaZryTi1�yO3; y ¼ 0.0 powders obtained after son
open air system and (b) closed system with Ar gas.
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and Ba(OH)2(H2O)3 phases. The BaCO3 and Ba(OH)2(H2O)3
phase remained in the pattern with increasing sonication time,
indicating that the formation of BaCO3 and Ba(OH)2(H2O)3
phase are not related directly with the sonication irradiation
time. Regarding powder synthesized in Ar atmosphere, the
BaCO3 phase disappeared aer only ve minutes sonication
time. The relatively small XRD pattern agreed well with the
perovskite structure. However, intensity of the perovskite phase
was quite low, indicating that the product has low crystallinity.
The crystallinity of the product was improved signicantly by
increasing the sonication period, and a sharp XRD pattern was
observed clearly at 60 min sonication time. The observations
clearly show that the BaZryTi1�yO3; y ¼ 0.0 phase formation was
completed during the sonochemical process itself, without the
need of further calcination or a heating process. The XRD
pattern indicated that the synthesized powder agreed well with
the cubic BaTiO3 structure in the Pm3m space group (JCPDS
data no. 31-0174). Based on XRD results, Rietveld renement
analysis gave lattice parameters of a¼ 4.0415� 0.0004 Å, which
were slightly larger than those reported to value a ¼ 4.031 Å
(JCPDS data no. 31-0174). This slight expansion of lattice
parameters (a) might be due to the presence of a trace amount
of the OH group trapped in the crystal lattice, which can be
conrmed by solvothermal treatment with dimethylformamide
(DMF). The intensities and positions of the peaks match very
well with those data reported in the literature.15,16 No peaks in
any other phase were detected, thus indicating high purity of
the product. These results indicate that impurity of the BaCO3

phase can be reduced or eliminated when the product is
synthesized with a high concentration of precipitating agent
(NaOH) and in the closed system with Ar atmosphere.
ication for 5 to 60 min in 20 mol L�1 of NaOH concentrations in the (a)

This journal is © The Royal Society of Chemistry 2015
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3.3 Effect of precursor concentration on the perovskite
phase formation

The effect of Ba and Ti ion concentration in the starting solu-
tion on the perovskite phase formation was observed. The Ba
ion to Ti ion ratio in the solution was kept constant at 1 : 1. The
precursor concentration varied from 0.01 to 1.5 mol L�1.
Fig. 3(a) illustrates the XRD pattern of BaZryTi1�yO3; y ¼ 0.0
powders at different precursor concentrations synthesized for
60 min with 20 mol L�1 of NaOH in Ar atmosphere. The XRD
pattern displayed the BaCO3 and Ba(OH)2(H2O)3 phase at a low
precursor concentration (#0.1 mol L�1), the perovskite phase
was not observed. The perovskite phase started to form at
0.1 mol L�1. When the concentration increased to 0.5 mol L�1,
the BaCO3 peak disappeared, and the pure perovskite phase
was obtained. Fig. 3(b)–(d) display the morphology of the
product synthesized with different precursor concentrations.
Two types of morphological particles were observed clearly at a
low precursor concentration (0.01 mol L�1); i.e. a large particle
with irregular morphology and small one with agglomerated
form. The energy dispersive X-ray (EDX) analysis [Fig. 3(b)]
indicated that the large particle was the BaCO3 phase, while the
agglomerated cluster was the Ti-amorphous phase. The results
corresponded well with the XRD pattern. The morphology of
the particle changed signicantly with increased precursor
concentration to a more spherical shape, and a narrow size
Fig. 3 XRD pattern (a) and SEM images (b) to (d) of BaZryTi1�yO3; y ¼ 0.0
20 mol L�1 of NaOH in Ar atmosphere.

This journal is © The Royal Society of Chemistry 2015
distribution was observed clearly. The histogram of particle size
distribution in Fig. 3(d) illustrates nanoparticles with a narrow
size distribution that ranges within the average particle dis-
persity (DSEM99/DSEM50) of 1.54. The average particle size
decreased signicantly with increasing precursor concentra-
tion, and when measured by SEM was found to be 123.2 �
42.8 nm and 49.6 � 11.2 nm for powder synthesized in 0.5 mol
L�1 and 1.5 mol L�1 of precursor concentration, respectively.
The intensity of the XRD pattern decreased when the precursor
concentration increased to 1.5 mol L�1, while the FWHM value
was increased, thus indicating that nanocrystals tend to
become smaller. The Hall–Williamson plot of bhkl cos(q)/l
versus 4 sin q gives the value of strain from the slop of the t, as
shown in Fig. 4(a)–(f). The crystalline size calculated from the
Scherrer and Hall–Williamsonmethods is summarized in Table
1, where this assumption has been conrmed. The crystallite
size of powder was found to be 36.61 � 13.96 nm and 16.40 �
01.46 nm when synthesized in 0.5 mol L�1 and 1.5 mol L�1 of
precursor concentration, respectively. It is interesting to note
that the particle size becomes close to the crystallite size with
increasing precursor concentration, which indicates that
particles synthesized at a high precursor concentration are
composed of fewer crystallites. Generally, particle sizes that
precipitate from solution are inuenced by the relative rates of
nuclei formation and crystallite growth, and a high nucleation
powders synthesized for 60 min at various precursor concentrations in
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Fig. 4 Hall–Williamson plot (a) y¼ 0.0 at 0.5mol L�1 of precursor concentration, (b) y¼ 0.0 at 1 mol L�1 of precursor concentration, (c) y¼ 0.0 at
1.5 mol L�1 of precursor concentration, (d) y ¼ 0.05, (e) y ¼ 0.2 and (f) y ¼ 0.4.

Table 1 Crystalline size (D) and lattice strain calculations of the BaZryTi1�yO3; y ¼ 0.0, 0.05, 0.2 and 0.4 powders as determined by X-ray
diffraction

Sample Scherrer method Hall–Williamson method SEM

y Conc. (mol L�1) Crystalline size (nm) Crystalline size (nm) 3 (�10�3) Particle size (nm)

0.00 0.50 36.6 � 13.9 28.5 2.01 � 0.002 123.2 � 42.8
0.00 1.00 28.8 � 09.4 26.4 2.68 � 0.001 93.0 � 28.2
0.00 1.50 16.4 � 01.4 15.0 1.53 � 0.003 49.6 � 11.2
0.05 1.00 29.8 � 07.4 18.6 3.87 � 0.002 96.3 � 14.0
0.20 1.00 33.2 � 12.7 19.1 3.56 � 0.003 108.1 � 19.3
0.40 1.00 33.5 � 12.3 19.4 3.55 � 0.002 115.5 � 11.0
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rate can produce a large number of small crystallites.19,44 A
larger number of cations at higher values of precursor
concentration diffuse in solution, thus leading to a higher
degree of supersaturation and higher nucleation rate.11,29 As a
result, the size of the nal particles decreased with increasing
precursor concentration, while a large number of small crys-
tallites were formed. The structural and morphological char-
acterizations converged when demonstrating that the
sonochemical synthesis process leads to forming the cubic
BaTiO3 phase, with 100 nm grade nanopowders and a narrow
size distribution.
38066 | RSC Adv., 2015, 5, 38061–38074
3.4 Effect of sonication time on the morphology and particle
size distribution

To investigate the details of sonochemical conversion from
precursor to the nal perovskite phase, a series of experiments
employed different sonication times, without changing the
conditions of other preparations. Fig. 5(a) shows the XRD
pattern of as-prepared BaZryTi1�yO3; y ¼ 0.0 powders synthe-
sized by 1mol L�1 of precursor concentration with 20mol L�1 of
NaOH in Ar atmosphere at different sonication times. The pure
perovskite structure was observed clearly at 5 min sonication
time by using a strong base solution (20 mol L�1 NaOH) and
This journal is © The Royal Society of Chemistry 2015



Fig. 5 XRD pattern (a) and SEM images (b) to (e) of BaZryTi1�yO3; y ¼ 0.0 powders synthesized at various reaction durations in 20 mol L�1 of
NaOH in Ar atmosphere.
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high precursor concentration ($0.5 mol L�1), with the powder
synthesized in a closed system with Ar gas. No BaCO3 phase or
unwanted phase was found, but intensity of the perovskite
phase was quite low. This indicated that the product had low
crystallinity, which improved signicantly with increasing
ultrasonic irradiation time. A sharp XRD pattern was observed
clearly at 60 min sonication time. Fig. 5(b)–(d) illustrate the
secondary electron images of BaZryTi1�yO3; y ¼ 0.0 synthesized
at different sonication times. Fig. 5(b) and (c) show that nano-
crystals of BaZryTi1�yO3; y ¼ 0.0 were formed rstly under
ultrasonic irradiation, and then readily agglomerated into
aggregated particles in a short period of time, in order to
minimize high surface energy. The particle size and shape of
the cluster are difficult to identify. However, the spherical shape
and uniformity of the particle were observed clearly with
increased sonication time [Fig. 5(d)–(f)]. Sphere-like particles
were achieved, evidently aer 20 min sonication time, and the
particle size increased slightly aer 2 h under ultrasonic irra-
diation. The particles showed a monosized spherical shape that
was different from that in other wet chemical synthesizing
methods.12,14–16 The products had a slightly spherical
morphology, and the particle size distribution was rather
narrow. Furthermore, by increasing the sonication time further,
the formation of neck between the particles was observed,
which is caused by high velocity interparticle collision gener-
ated by ultrasonic irradiation [Fig. 5(d)]. The high velocity of
This journal is © The Royal Society of Chemistry 2015
interparticle collision can make surface diffusion, as the
melting point starts from the surface area of nanoparticles.24

Surface diffusion is transportation of a typical mass in the
sintering mechanism that produces surface smoothing,29

particle joining,23,45 grain boundary formation24,45 and neck
growth.45 Nevertheless, densication and volume shrinkage did
not originate, as the sonochemical method generated local
thermal energy that differed from thermal energy of the sin-
tering process.22

3.5 Effect of the Zr/Ti molar ratio on the perovskite phase
formation

The evolution of XRD patterns of BaZryTi1�yO3; y ¼ 0.0, 0.2, 0.4
and 0.6 powders synthesized in different sonication times is
shown in Fig. 6(a)–(d). Strong inuence of the Zr/Ti ratio was
observed clearly on perovskite phase formation, which started
for the composition, y ¼ 0.0, at 5 minutes sonication time
[Fig. 6(a)]. Otherwise, formation of the perovskite phase started
to form at 10 and 15 minutes sonication time for the compo-
sition, y ¼ 0.2 and 0.4, respectively [Fig. 6(b) and (c)]. However,
as shown in Fig. 6(d), no strong crystal phases can be found
from the XRD pattern for the composition, y ¼ 0.6, meaning
that the samples were composed of an amorphous phase, of
which its formation might be related to different regions of
sonochemical activity. Two regions of sonochemical activity are
known to exist, as postulated by Suslick and co-workers.22,46 One
RSC Adv., 2015, 5, 38061–38074 | 38067



Fig. 6 XRD patterns of BaZryTi1�yO3; y ¼ 0.0, 0.2, 0.4 and 0.6 powders synthesized at various sonication times in 20 mol L�1 of NaOH solutions
(a) y ¼ 0.0, (b) y ¼ 0.2, (c) y ¼ 0.4 and (d) y ¼ 0.6.
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is the inside of collapsing bubbles and the other the interfacial
region between the cavitation bubbles and surrounding solu-
tion. The inside of collapsing bubbles generates extremely high
temperature (>5000 K), pressure (>20 MPa) and very high cool-
ing rates (excess of 1010 K s�1), whereas the interfacial region
generates a much lower temperature, which is still high enough
to rupture chemical bonds and induce a variety of reactions.45

When a reaction takes place inside collapsing bubbles, the nal
product is amorphous, as a result of the extremely rapid cooling
rate (>1010 K s�1) that occurs during the collapse. Conversely, if
a reaction occurs within the interfacial region, nanocrystalline
products are expected to materialize. Since amorphous powders
were obtained in this study at a high Zr/Ti ratio, the authors
postulate that the formation of Ba(Zr/Ti)O3 at a high and low
Zr/Ti ratio probably occurs inside and at the interfacial region of
38068 | RSC Adv., 2015, 5, 38061–38074
collapsing bubbles, respectively. Similar behavior was observed
in stibnite (Sb2S3) nanorod that was synthesized by the sono-
chemical method.47 Besides, another factor might relate to the
difference in formation constant of the complex metallic
hydroxide network. At a high Zr concentration, hetero-
trimetallic Ba–Ti–Zr-hydroxide may have difficulty in forming
a network.44 All compositions of powders synthesized at 60 min
sonication time were selected in order to investigated the solid
solution and identify the crystal structure. The XRD pattern of
BaZryTi1�yO3; y ¼ 0.0, 0.2, and 0.4 nanoparticles, synthesized
for 60 min sonication time are presented in Fig. 7(a). All
powders exhibit a pure perovskite structure without a trace of
impurity, indicating that Zr4+ has diffused into the host lattice
to form a solid solution. One symmetric peak observed at 2q
�44� to 46� in all of the samples conrmed that all
This journal is © The Royal Society of Chemistry 2015



Fig. 7 XRD patterns of BaZryTi1�yO3; y ¼ 0.0, 0.2 and 0.4 powders synthesized at 60 min sonication time (a) enlarged ranges of 28–34�, (b)
Raman spectrum (c) and FT-IR spectrum (d) SEM/EDX results of the composition y ¼ 0.4 powders (e and f).

Table 2 Lattice parameter (a), and unit cell volume (v) of the BaZry-
Ti1�yO3; y ¼ 0.0, 0.2 and 0.4 powders as determined by X-ray
diffraction

Sample
Lattice parameters
(a)/(Å)

Unit cell volume
(v)/(Å)3y Conc. (mol L�1)

0.00 1.00 4.0415 � 0.0004 65.42
0.20 1.00 4.0641 � 0.0004 67.12
0.40 1.00 4.0931 � 0.0011 68.57
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compositions had a cubic symmetry. This agreed well with
previous reports that used the co-precipitation method.16

Additionally, the XRD pattern demonstrated a progressive peak
shi toward the lower diffraction angle with increased Zr4+

[Fig. 7(b)]. This phenomenon can be explained qualitatively
with respect to the unit cell volume caused by the substitution
of Zr4+ at the Ti-site. According to Shannon's effective ionic
radii, with a coordination number of 6, the ionic radius of B-site
ions (Zr4+) is 0.86 Å, which is close to the radius of Ti4+

(0.745 Å).48 The calculated lattice parameters (a) and unit cell
volume (v) of BaZryTi1�yO3; y ¼ 0.0, 0.2, and 0.4 powders are
reported in Table 2. These values increase with increased Zr
content by replacing Ti4+-site (0.745 Å) with large Zr4+ (0.86 Å)
ions. The Raman spectra are shown clearly in Fig. 7(c). All
Raman peaks of the composition y ¼ 0.00, 0.20 and 0.40 were
This journal is © The Royal Society of Chemistry 2015
observed similarly. The 4 broadening peaks at around 186, 303,
522 and 715 cm�1 are assigned to the [A1(TO) + E(LO)], [A1(TO)],
[E, A1(TO)] and [A1, E(LO)] Raman-active modes of tetragonal
(P4mm) symmetry.49 It is noteworthy that despite the XRD data
[Fig. 7(a)] showing the cubic (Pm3m) symmetry, the Raman
spectra show the tetragonal (P4mm) crystal structure. This is
because of the hydroxyl defect from a high basic environment.
The –OH groups can substitute the sub-lattice to form a meta-
stable cubic phase. However, the hydroxyl defect existed as
interstitial defects in many unit cells, but not all. Therefore,
some unit cells can stabilize in a tetragonal structure. Never-
theless, characterization by XRD gives results in a static and
average symmetry, while the result in a dynamic and local
symmetry could be characterized by Raman spectroscopy.49

Therefore, the results from Raman did not correlate with those
from XRD data in this situation. In fact, the crystal structure of
powder products may exhibit a mixture between the tetragonal
and cubic crystal structure. However, the hydroxyl defects could
be removed by chemical treatment with DMF, which is dis-
cussed later. Furthermore, Fig. 7(c) also reveals that all of the
Raman peaks disappeared when the composition (y) of the Zr/Ti
ratio was increased to 0.60. The presence of a very broad hump
demonstrated a predominantly amorphous phase character-
istic. This result conrms that the condition of powder products
was stabilized in the amorphous phase. Furthermore, the FT-IR
spectrum of powder products at various Zr/Ti ratios was studied
RSC Adv., 2015, 5, 38061–38074 | 38069
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and reported in Fig. 7(d). The band appearing for all compo-
sitions at around 3600 and 1600 cm�1 is attributed to O–H
stretching and O–H bending vibration, respectively. In corre-
sponding with previous results, it could be said that the OH
vibration bands in the 0.00–0.40 compositions of the Zr/Ti
ratios come from the OH-defects, that existed on the surface
particles and in the sub-lattice. On the other hand, the O–H
vibration band in the 0.60 composition of the Zr/Ti ratio may
come from the mixture between OH� species defects and –OH
groups from the amorphous phase. In addition, the absorption
peak at around 520 cm�1 was used to indicate the difference of
trimetallic Ba–Ti–Zr hydroxides amorphous and crystalline BZT
phases. This peak is assigned mainly to the characteristic peak
of the perovskite structure, while associating with the absorp-
tion vibration of Ti–O and Zr–O asymmetric stretching in BO6

octahedra.14,50 The 0.00–0.40 compositions showed the strong
of asymmetric stretching in BO6 octahedra, thus conrming
that the powder products in these conditions were formed as
BZT solid solution without the impurity or the other phases.
Interestingly, the BO6 vibration band disappeared at the 0.60
composition of the Zr/Ti ratio, while the OH absorption band
exhibited large intensity, thus suggesting that the BZT solid-
solution phase was not found at this condition. Therefore, it
can be conrmed that the product powder may stabilize in the
form of trimetallic Ba–Ti–Zr hydroxides in the amorphous
phase. The SEM/EDX analysis at different points on the surface
of individual particles was performed in order to conrm the
homogeneity of the powder products. Fig. 5(e) and (f) display
the EDX spectra at different points on the surface of individual
particles. It can be seen from these gures that the concentra-
tions of various elements (Ba, Ti, Zr and O) involved in the
individual particle are very close to each other indicating to the
homogeneity of the powder products. The result from SEM/EDX
spectra showed good correspondence with the result from XRD
[Fig. 7(a)]. This observation clearly demonstrates that the
multicationic perovskite BaZryTi1�yO3; y ¼ 0.0–0.4 solid solu-
tion was formed completely during the sonochemical process
itself, without the need for further calcination or a heating
process.
3.6 Effect of chemical treatment on the crystal structure by
using dimethyl formamide (DMF)

Ordinarily, hydroxyl (–OH) groups play an important role in the
synthesis of perovskite nanopowders via wet-chemical
processes, especially in a very high OH concentration (pH >
12).20,49–53 The powder products can contain much chemical
bonding with the two types of OH species. Weakly bonded OH�

species are adsorbed on particle surfaces, while strongly
bonded OH� species are entrapped in the crystal lattice, to form
lattice OH� defects.20 These defects can affect the stability of
lattice vibration and decrease tetragonality to form ametastable
cubic phase, which leads to the absence of phase transition.20

From the literature, the OH� species on particle surfaces could
be eliminated by thermal heat treatment above 300 �C, and
above 1100 �C for eliminating the lattice OH� species.20,52,53 This
work investigated sonochemical Ba(ZryTi1�y)O3 powder
38070 | RSC Adv., 2015, 5, 38061–38074
products and found hydroxyl defects similar to those in the
BaTiO3 reported in the literature.20,53 Nevertheless, in this work,
lattice hydroxyl defects could be removed completely by sol-
vothermal treatment with DMF solution at only 170 �C. In
studying the effect of DMF on the crystal structure, a selected
region of XRD patterns in 2q ¼ 42� to 48� of Ba(ZryTi1�y)O3 (y ¼
0.00) powder products was compared between before and aer
treatment, as shown in Fig. 8(a). The results clearly show the
difference of tetragonal versus cubic crystal structure. Before
treatment, the powder products showed a single peak of (200)
reection, which agreed well with the characteristic of a cubic
crystal structure. When the powder products were treated with
DMF solution at 170 �C for 24 h, splitting of (200) reected at a
higher region, with a (002) shoulder at the lower region, and this
corresponded to the characteristics of a tetragonal crystal
structure. In accordance with a large amount of lattice OH�, a
high amount of protons (H+) can link and exist in an oxygen
sub-lattice. Therefore, the unit cell volume was enlarged with
close correlation, and distortion of the tetragonal crystal
structure was observed. Consequently, a cubic crystal structure
was presented;20 then, when the lattice OH� was removed, the
tetragonal structure returned to stabilize it. FT-IR spectroscopy
was used to investigate the functional group of Ba(ZryTi1�y)O3

(y ¼ 0.00) powders. The spectrum is shown in Fig. 8(b). O–H
stretching vibration of the hydroxyl group and Ti–O6 stretching
vibration of in BO6 octahedra of BaTiO3 were detected on
Ba(ZryTi1�y)O3 (y ¼ 0.00) powders before treatment. Then, the
band of O–H stretching disappeared, while TiO6-stretching was
still present aer the treatment process. It could be seen that
the hydroxyl species were desorbed more effectively aer the
treatment process. However, it is difficult to distinguish
between the surfaced-adsorbed and lattice hydroxyl groups
because the peak position of two OH� species is very similar.52,53

Furthermore, Raman scattering spectroscopy also was studied
for further investigation. The Raman spectra of Ba(ZryTi1�y)O3

(y ¼ 0.00) compared before and aer chemical treatment are
shown in Fig. 8(c). All Raman-active modes in the powder
products aer chemical treatment clearly correspond to those
in the 4E(TO + LO) + 3A1(TO + LO) + B1(TO + LO) of a tetragonal
(P4mm) crystal structure.49 However, there are 3 broadening
peaks at around 303, 522 and 715 cm�1 in powder products
before treatment, which are assigned to the Raman-active
modes of tetragonal (P4mm) symmetry, indicating that the
crystal structure of powder products before treatment may
exhibit a mixture between tetragonal and cubic crystal struc-
ture. However, when the chemical treatment was preceded by
DMF, the cubic crystal structure changed completely to be
tetragonal. In addition, it is well known that the existence of
OH� defects leads to loss of phase transition in ferroelectric
materials.49,50 Therefore, DSC measurement was used for
further investigation of Ba(ZryTi1�y)O3 (y ¼ 0.00) phase transi-
tion. The DSC data are shown in Fig. 8(d). The powder products
before treatment show only the baseline, without the change of
enthalpy (DH), while those aer treatment clearly show the
exothermic transition on cooling at temperatures of about
127.1 �C, which correlates to the phase transition temperature
of tetragonal to cubic crystal structure. The relating change in
This journal is © The Royal Society of Chemistry 2015



Fig. 8 XRD pattern (a), FT-IR (b), Raman (c), DSC (d) and SEM image of BaZryTi1�yO3; y ¼ 0.0 untreated powders (e) and chemically treated
powders with DMF (f).
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enthalpy (DH) value of this transformation is 593 mJ g�1, which
corresponds to 650 mJ g�1 of the commercial BaTiO3 tetragonal
structure. On the other hand, the Curie temperature observed
from DSC data can be used to conrm the 1 : 1 stoichiometry
Ba/Ti ratio in Ba(ZryTi1�y)O3 (y ¼ 0.00) powder products, which
is similar to reports from F. Baeten.51 Finally, all the results
from this part of this study indicate that the use of chemical
treatment with DMF solution possibly eliminates OH� defects
from the oxygen sub-lattice. The tetragonal crystal structure was
improved, and the phase transition observed at 127 �C. In
addition, the chemical treatment with DMF had no signicant
effect on the particle shape, size or size distribution. The
particle size changed slightly from 97.4 � 19.2 nm to 103.5 �
13.3 nm with a narrow size distribution. The SEM micrographs
This journal is © The Royal Society of Chemistry 2015
of powder products before and aer chemical treatment are
shown in Fig. 8(e) and (f), respectively.
3.7 Mechanism of crystal growth formation

Based on the results achieved with different synthetic parame-
ters, perovskite phase formation of the BaZrTiO3 spheres
involved the crystallization process and was similar to
mechanical stirring.54 A plausible mechanism that explains all
these data is shown in Fig. 9. The rst stage of the synthesis is
forming a complex network of the amorphous phase, which is
assumed to be ows: i.e. barium cations that form Ba(OH)+

species in the NaOH concentration. Furthermore, titanium and
zirconium cations were hydrolyzed readily in NaOH solutions to
form soluble [Ti(OH)6]

2� and [Zr(OH)5]
� anions. The formation
RSC Adv., 2015, 5, 38061–38074 | 38071



Fig. 9 Schematic diagrams illustrating formation of the crystal growth mechanism.
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of hexahydroxy titanate(IV) and pentahydroxy zirconate(IV)
[Zr(OH)5]

� in the presence of strong alkaline condition were
described also by N. C Pramanik et al.42 and Boschini et al.55

respectively. The reaction between Ba(OH)+, [Ti(OH)6]
2� and

[Zr(OH)5]
� initiated the formation of gels comprising an

entangled complex network of polymeric chains of trimetallic
Ba–Ti–Zr hydroxides. The skeleton of the polymer corresponds
to the Ba, Ti and Zr atom linked by bridging O atoms. The
second stage of the synthesis is accelerating the formation of
tiny primary BZT particulates (crystallization) by ultrasonic
irradiation. The results presented in a previous section of this
study strongly indicate that formation of BZT is dominated by a
nucleation and growth mechanism. When the complex network
of amorphous phases was irradiated ultrasonically, the forma-
tion, growth, and implosive collapse of bubbles (microjet effect)
in liquid medium generated extreme synthesis conditions
(localized hot spot with high temperature of ca. 5000 K, pressure
of ca. 20 MPa, and a very high cooling rate of ca. 1010 K S�1).
Also, due to vaporization of the solvent into bubbles, solubility
of the reactants was enhanced, thus elevating supersaturation
of the reactant solutions. In the conventional crystallization
process from a solution, two steps are involved; nucleation and
crystal growth, of which both have supersaturation as a
common driving force. Crystals in the supersaturated solution
can neither form nor grow. The nucleation rate in the crystal-
lization process is small and only few nuclei can be generated at
the initial time of growth. Then, nuclei grow in spatial orien-
tations xed by solute crystallized structures. However, nucle-
ation in the sonocrystallization process was accelerated by the
implosive collapse of bubbles, while the crystal growth process
38072 | RSC Adv., 2015, 5, 38061–38074
was inhibited or delayed by shock waves and turbulent ow
created by ultrasonic radiation.22,29 This effect promoted
nucleation over grain growth to form tiny primary particulates
(crystalline), which tended to aggregate into large particles due
to tremendous surface energy; and stability of the particles can
be expressed as:56,57

S ¼ ðRa þ RbÞ
ðN
Ra�Rb

exp

�
VðCÞ
kBT

�
dC

C2
(5)

where S is the stability factor of the particles, Ra and Rb are the
radius of the two particles, respectively, V(C) is the function of
potential energy interaction, C is the distance between the two
particles, kB is Boltzmann's constant (1.3806 � 10�23 J K�1) and
T is the temperature (K). When the distance between particles is
decreased to a certain extent, short-range reactions (van der
Waal's forces and existence of an electrostatic barrier) lead to
strong attraction between particles.56,57 The third stage of
synthesis is forming spherical particles with a narrow size
distribution. The turbulent ow andmechanical effects, such as
microjet impact and shock waves that generate from the
implosive collapse of bubbles under ultrasonication,24,46 can
create a relatively uniform reaction in uid medium,24,46 which
improves the spherical shape of monodispersed BZT particles.
Microjets with a high velocity of over 400 km h�1 crush the
aggregated cluster in all directions,21,43 and nanocrystalline
particles are driven together at extremely high speeds, thus
inducing effective melting at the point of impact.22,45 These
phenomena generate relatively monodispersed particles with a
narrow size distribution. Furthermore, when increasing the
sonication time further, neck formation was observed between
This journal is © The Royal Society of Chemistry 2015
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the particles, caused by high velocity of the interparticle colli-
sion generated by ultrasonic irradiation.45 Suslick et.al.45,46

proposed that the effects of cavitation in the phenomenon of
interparticle collisions come from the shock waves released into
liquid and not from the temperature of the localized hot-spot
formed within the collapsing bubble. It is interesting to note
that volume shrinkage and densication did not originate, due
to the sonochemical method that generated local thermal
energy, which differed from thermal energy of the sintering
process.

4. Conclusion

Multicationic oxides based on the complex perovskite structure
of Ba(ZryTi1�y)O3; y ¼ 0.0–0.4 nanoparticles were synthesized
directly under ultrasonic irradiation in the sonochemical
synthesis process, without a calcination step. The concentration
of NaOH, the precursor and synthesized atmosphere play a key
role in forming the perovskite structure. Strong and high
concentration of NaOH and the precursor, respectively, not only
initiate nucleation, but also eliminate the formation of BaCO3.
Nanocrystalline was formed in a short period of time and then
aggregated to form large particles. Narrow size distribution was
acquired for the aggregated particles under ultrasonic irradia-
tion. However, the synthesized powder had some of the OH
group trapped in the crystal lattice, which was caused by strong
OH concentration during the synthesis process. A plausible
crystal growth mechanism was proposed by this study.
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An investigation of the coexistent ferroelectric phase was carried out on the ternary system of 0.87BaTiO3–
(0.13-x)BaZrO3–xCaTiO3 [abbreviated as BT–BZ–xCT (where 0.00 ≤ x ≤ 0.13)]. Temperature-, frequency-
dependent dielectric data, electric field-dependent strain and polarization as a function of composition are
presented in order to understand the relationships of structure-properties and find the high piezoelectric
response in this system. Results showed that ceramics in the composition range of 0.00 ≤ x b 0.04were of a rhom-
bohedral structure and transformed into a tetragonal structure at x N 0.06. The multiphase coexistence of the
rhombohedral and tetragonal phase in this system was identified at x = 0.06. A large, virtually hysteresis-free
electric field induced strain of 0.23% was achieved with the composition, x=0.06, at 40 kV/cm on the boundary
between rhombohedral and tetragonal phase. This relates to an extraordinarily high and normalized piezoelec-
tric coefficient (Smax/Emax) of 1280 pm/V, which was reached at a low electric field applied at 10 kV/mm. These
results indicated that a high piezoelectric response may stem primarily from the rhombohedral-tetragonal
phase boundary, due to greater lattice softening and reduced energy barriers for polarized rotation.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Lead-based piezoelectric ceramics, e.g. lead zirconate titanate
(PbZrxTi1-xO3)-based or Pb-based relaxor ferroelectic are used widely
for various electronic applications, such as buzzers, actuators, transduc-
ers, sensors, transformers and piezoelectric energy harvesting, as these
materials exhibit excellent piezoelectric and ferroelectric properties
at the morphotropic phase boundary (MPB) [1]. Nevertheless, lead-
based piezoelectric ceramics contain more than 65 wt.% of highly toxic
lead oxide, which is a serious threat to the environment, due to its vol-
atility at high temperature (above 880 °C) during the fabrication process
(calcination and sintering at high temperature) [2–4]. Thus, develop-
ment of lead-free piezoelectric materials, with comparable electrical
properties to lead-based piezoelectric materials, is an urgent task
for researchers [2,5]. A series of typical lead-free systems based on a
perovskite structure such as (K1/2Na1/2)NbO3 (KNN), BaTiO3 (BT), and
(Bi1/2Na1/2)TiO3 (BNT) have been investigated extensively in pure and
modified form, in order to replace materials containing lead [2,6–8].
Much attention regarding lead-free piezoelectric materials has focused
recently on BaTiO3 (BT)-based ceramics because they exhibit excellent
piezoelectric properties [9–12]. Recent work by Liu and Ren [10]
culty of Science, KingMongkut's
and.
rn).
reported excellent piezoelectric properties (d33 ~ 500–600 pC/N) in
Ba(Zr0.2Ti0.8)O3–(Ba0.7Ca0.3)TiO3 ceramics, which are close to critical tri-
ple points of ferroelectric tetragonal, rhombohedral and paraelectric
cubic phases. It is known that enhanced piezoelectric properties, accom-
panied by the occurrence of a morphotropic phase boundary (MPB) or
polymorphic phase transition (PPT), are associatedwith the coexistence
of multiple ferroelectric phases [2,5,10,13]. This phenomenon can cause
polarized rotation of the ferroelectric domain easily by electric field or
external stress, leading to enhancement of dielectric, piezoelectric and
ferroelectric properties. Recently, Li et al. [14] observed excellent piezo-
electric properties in the (Ba(1-x)Cax)(Ti0.95Zr0.05)O3 system. A polymor-
phic phase transition that coexisted with the orthorhombic–tetragonal
phase was observed in a composition of around x = 0.07 and d33 =
387 pC/N and kp = 44.2%. These ceramic processes have orthorhombic
symmetry in the composition, x ≤ 0.06,which transforms into tetragonal
symmetry in the composition, x ≥ 0.12. Zhang et al. [15] published
results of the (Ba0.95Ca0.05)(Ti(1 − x)Zrx)O3 system, and reported a poly-
morphic phase transition, with coexisting rhombohedral–tetragonal
phase, in a composition of around 0.5 ≤ x ≤ 0.7. Based on results from
the literature [14–19], the ferroelectric phase diagram of the BaTiO3–
BaZrO3–CaTiO3 ternary system was established, as shown in Fig. 1.
Many compositions in the “white region” of the ferroelectric phase dia-
gram are expected to have a multiphase coexistence, and these compo-
sitions have not been investigated according to the authors' knowledge.
Furthermore, it is interesting to note that the multiphase coexistence

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2015.07.172&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2015.07.172
mailto:naratipcmu@yahoo.com
http://dx.doi.org/10.1016/j.matdes.2015.07.172
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jmad


Fig. 2. (a) XRD patterns of sintered BT–BZ–xCT ceramics at room temperature with
x = 0.0–0.13, (b) position of the (111) peaks at 2θ ~ 38.5, (c) position of the (200)
peaks at 2θ ~ 45, and (d) position of the (211) peaks at 2θ ~ 56.

Fig. 1. Composition phase diagram and composition studied in the BT–BZ–CT ternary
system.
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boundary line needs to be complete in order to achieve high perfor-
mance lead-free piezoelectric ceramics in the BaTiO3–BaZrO3–CaTiO3

ternary system. In order to complete themultiphase coexistence bound-
ary line in BaTiO3–BaZrO3–CaTiO3 ternary systems, this study examined
the composition groups, as indicated by a “circular dot”, by increasing
the CT content and systemically investigating its effects on the crystal
structure and phase transition of ferroelectric and piezoelectric proper-
ties. Meanwhile, the origin of large piezoelectrics near the PPT also was
discussed. The research results will be of benefit for the design of a poly-
morphic phase boundary (PPB) line, with high performance in BaTiO3–
BaZrO3–CaTiO3 ternary systems.

2. Experimental procedure

The ternary system of 0.87BaTiO3–(0.13-x)BaZrO3–xCaTiO3 [abbre-
viated as BT–BZ–(xCT)], with 0.00 ≤ x ≤ 0.13, was prepared by the
conventional mixed oxide method and normal sintering. Analytical-
grade BaCO3 (99.0%, Fluka), TiO2 (99.0%, Riedel-de Haen), ZrO2 (99.9%,
Inframat Advanced Materials: USA) and CaCO3 (99.5%, Riedel-de
Haen) were used as raw materials. All powders were dried in an oven
at 120 °C for 24 h in order to remove residual moisture before use. All
of the raw materials were weighed according to the chemical formula
and vibro-ball milled for 4 h, using yttrium-stabilized zirconia balls as
grinding media. After drying, the mixed powders were calcined at
1300 °C for 4 h in an alumina crucible, and then sieved and uniaxially
pressed into pellets of 11mm in diameter at 150MPa, using 3wt.% poly-
vinyl alcohol (PVA) as a binder. The samples were sintered at
1350–1450 °C for 4 h in air, with a heating/cooling rate of 5 °C/min.
The density of the sintered samples was determined using a water im-
mersion technique based on Archimedes' principle [20]. Ceramics with
more than 94% theoretical density were selected for investigating
electrical properties. The phase analysis of the samples was carried out
with an X-ray diffractometer (XRD; Bruker — AXS D8 Advance) using
CuKα radiation with λ = 1.5418 Å. Room temperature XRD data were
collected in the 2θ scan range of 20–80° with a step size of 0.02°.
Raman spectra were measured in the 100–1000 cm−1 wave number
range with a Thermo Scientific DXR Raman microscope, using the
532 nm exciting line of a He–Ne laser, in order to support the crystal
structure identification of ceramics. The samples were polished to ob-
tain smooth and parallel surfaces prior to making electrical measure-
ments. After polishing, the samples were painted with a silver paste
(Heraeus, C1000) on both sides to form an electrode before they were
fired at 750 °C for 30 min, with a heating/cooling rate of 5 °C/min. The
dielectric property measurement allowed determination of the phase
transition temperature, permittivity value and dielectric loss. Dielectric
properties of the ceramics, as a function of temperature, were per-
formed using an LCR analyzer (HP4284A, Hewlett-Packard, Palo Alto,
CA), and the temperature varied between 25–160 °C, with a heating/
cooling rate of 2 °C/min. The ferroelectric properties of the ceramics
were characterized using the standard ferroelectric tester system
(RT66B; Radient Technologies, Inc., Albuquerque, NM), which performs
measurement of polarization as a function of electric field (P–E loop)
at room temperature. The electrical strains were obtained at room
temperature by using an optical displacement sensor (MTI-2100) com-
bined with the radiant ferroelectric test system. The normalized piezo-
electric coefficient, d33⁎, which relates to the piezoelectric constant of
inverse piezoelectric effects, was determined by evaluating the ratio of
maximum strain (Smax) to maximum electric field (Emax), Smax/Emax,
from unipolar strain measurements. For piezoelectric measurement,
samples were poled first at room temperature by stirring in silicone
oil at 35–40 kV/cm for 30 min, using a DC power supply. The piezoelec-
tric constant (d33)wasmeasured using a quasistatic d33meter (YE2730A,
APC International Ltd.).
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3. Results and discussion

The XRD patterns of BT–BZ–xCT; x = 0.00–0.13 ceramics at room
temperature are shown in Fig. 2(a). All of the specimens have a pure pe-
rovskite structurewithout a secondary phase formation. The result indi-
cates that the solid solution between BT, BZ and CT was developed well
in order to complete solid solution in all the compositions studied, with
Ca2+ entering the Ba2+ site of the A-site; and Zr4+ entering the Ti4+

site of the B-site in the ABO3-type perovskite structure. Furthermore,
most diffraction peak positions of these ceramics shifted to a higher
angle with increased CT content, which correlated to a decrease in cell
parameters. In order to determine the dependence of phase structure
on the composition, enlarged XRD patterns for all compositions in
the 2θ of 37.5°–40.5°, 43.5°–46.5° and 54.5°–57.5° are presented in
Fig. 2(b), (c) and (d), respectively. Regarding the composition,
0.00 ≤ x b 0.04, there was no evidence of splitting of (200) and (211)
peaks at around the 2θ of 45.2° and 56°. Although splitting of the
(111) peak was not observed clearly, it could be seen to broaden in
the composition, x = 0.04 [Fig. 2(b)]. This observation corresponds to
the rhombohedral symmetry characteristic, and agrees well with previ-
ous literature [21] and the established ferroelectric phase diagram in
Fig. 1. With increasing CT content (x N 0.04), separation in the (200)
peak begins to appear and it eventually splits into (002) and (200)
peaks at the composition, x = 0.08. The same behavior was evident in
the (211) peak as well [Fig. 2(c)]. The peak intensity of (200) is higher
than that of (002), which represents the characteristic of the tetragonal
phase. The results indicate that the phase structure transformed into a
tetragonal one. Interestingly, a broadening (111) peak was observed
clearly in the composition, x = 0.06, which indicates that the sample
also consists of a rhombohedral phase. Splitting of the (200) peaks are
presented clearly with increasing x. A wide range of splitting was ob-
served clearly with increasing compositions of x, indicating increasing
tetragonality of the structure. By using the XRD data, the lattice param-
eter, unit cell volume and tetragonality (c/a) are calculated and plotted
in Fig. 3. The lattice parameters and unit cell volume actually decrease
linearly, with increasing x. The tetragonality increased significantly
with increasing composition of x, which indicates that stabilization of
the ferroelectric phase occurred when CT was incorporated in BT–BZ.
Decrease in the cell parameter and unit cell volume is attributed to sub-
stitution of the Ba2+ ions (1.61 Å; coordination number=12) and Zr4+

ions (0.72 Å coordination number= 6) by the smaller cation ions; Ca2+

(r = 1.34 Å; coordination number = 12) and Ti4+ (r = 0.605 Å: coor-
dination number = 6) in the A- and B-site of the ABO3 perovskite
Fig. 3. Relationship between the Lattice parameter (Å), cell volume (Å3) and composition x
in the BT–BZ–xCT ternary system.
structure, respectively. In relation to Bragg's equation (2dsinθ = nλ),
the decrease of lattice parameters moves the peak toward high diffrac-
tion angles.
Fig. 4. (a) Raman spectra of sintered BT–BZ–xCT ceramics at room temperature with
x = 0.0–0.13, (b) magnified Raman spectra in the wave number range from 100 to
300 cm−1, (c) those in the wave number range from 400 to 600 cm−1, (d) those in
the wave number range from 650 to 850 cm−1, and (e) Position of the Raman active
modes observed, with the dot line indicating the ferroelectric phase transition between
rhombohedral and tetragonal phases.
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Since Raman spectroscopy is a well-known versatile technique used
to investigate the vibration modes and sensitivity of local structure in
inorganic materials, the Raman scattering technique was used together
with X-ray diffraction to confirm the crystal structure of BT–BZ–xCT ce-
ramics. Raman spectra were measured in a range of between 100 and
1000 cm−1 at room temperature for reconfirming the phase structure
of BT–BZ–xCT ceramics, as shown in Figs. 4 (a–e). Based on group theory
analysis, the perovskite structure for an ideal cubic paraelectric phase
of ABO3 does not permit any Raman-active modes in its vibrational
spectra. In the tetragonal ferroelectric phase, each F1u mode transforms
into A1 and E mode, whereas the F2u mode gives rise to B1 and D mode.
The Raman spectrum in Fig. 4(a) shows all Raman-active modes of the
ferroelectric phase; a broad band centered at 257 cm−1 corresponding
to the A1(TO2) phonon mode, a sharp peak near 295 cm−1 corre-
sponding to the E(TO2) phononmode, a broad band at 515 cm−1 attrib-
uted to E(TO) and A1(TO3) modes, a broad band centered at 712 cm−1
Fig. 5. Temperature dependence of the dielectric constant and dielectric lossmeasured between
(e) x = 0.08, and (f) x = 0.13.
corresponding to the mixed A1(LO3) and E(LO3) phonon mode, and an
interference dip at 172 cm−1. The vibration modes in the Raman spec-
trum are found mainly at 515 cm−1 in internal modes, with B–O sym-
metric bending and stretching vibration in molecular ionic [BO6]2−.
Furthermore, the characteristic signatures in the Raman active mode
of the rhombohedral phase were presented evidently in the composi-
tion, x ≤ 0.06. Presence of the rhombohedral phase is indicated by coex-
istence of the triple Raman active peaks at 104, 163 and 186 cm−1 and
sharpening of the Raman active mode at 515 cm−1 [Fig. 4(b) and (c)].
Two sharp interference dips are evident at 123 and 172 cm−1 in
the composition, x ≤ 0.06, and they are caused by the antiresonance
effect between narrow A1(TO1) and broad A2(TO2) modes and narrow
A1(TO1) and broad A1(TO2) modes. It is important to note that the
Raman spectra of the composition, x ≤ 0.06, revealed a well-defined
octahedral breathing mode (A1g) peak at 793 cm−1 [Fig. 4(d)], where-
as this mode was absent from single cation spectra occupying the
25 and140 °C for BT–BZ–xCT ceramics; (a) x=0.0, (b) x=0.02, (c) x=0.04, (d) x=0.06,
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octahedral BO6 of the perovskite structure. Generally, the A1g octahe-
dral breathing mode in pure BT is symmetrical and, therefore, Raman
becomes inactive. However, with two or more different cation species
occupying the B-site (Zr and Ti), the A1g becomes Raman active, since
the presence of different ions in the center of the octahedra makes
asymmetry in the breathing mode. Besides, this mode is sensitive
only to modification of B-site occupancy and does not result in substi-
tution on the A-site [22,23]. The Raman active mode connects to
vibrations of the polar BO6 octahedra, which changes significantly
with increasing CT content, especially in a low-frequency region
(100–300 cm−1). The Raman active mode characteristic of the rhom-
bohedral phase transforms smoothly into a tetragonal phase. The
sharpness of the dip weakens reasonably at 123 cm−1. Weakening in-
terference of the dip at 123 cm−1 is an indication of reduced coupling
Fig. 6. Temperature dependence of the inverse dielectric constant, 1/εr at 10 kHz, for BT–BZ–xCT
between A(TO) modes. The coexistence phase of rhombohedral and
tetragonal ferroelectric phases was detected in the compositions,
x = 0.06 and 0.08. This transition point is consistent with XRD mea-
surements. The intensity of triple Raman active peaks disappears
progressively with increasing CT content at 104, 163 and 186 cm−1,
together with disappearing interference dipping at 123 cm−1, when
a broadening peak of A1(TO3) is clearly in evidence at 515 cm−1

[Fig. 4(b) and (c)]. This suggests that the rhombohedral symmetry is
lost gradually. The characteristic signature of the tetragonal phase
is clearly in evidence in the compositions, x = 0.08, 0.10 and 0.13;
when the interference dips at 172 cm−1, the Raman-active mode be-
comes sharp at 295 cm−1, a broad A1(TO2) peak appears at 257 and
swelling A1(LO2)/E(LO) weakens at 470 cm−1. The appearance of
interference dips at 123 cm−1, which results from the presence of
ceramics; (a) x=0.0, (b) x=0.02, (c) x=0.04, (d) x=0.06, (e) x=0.08, and (f) x=0.13.



Fig. 7. The ln [1/εr–1/εmax] as a function of ln [T–Tm] at 10 kH for BT–BZ–xCT ceramics, with
x = 0.0–0.13.

Table 1
The temperature of maximumdielectric permittivity (Tm), maximumdielectric permittiv-
ity (εm), temperature above which the dielectric constant follows the Curie–Weiss law
(Tcw), deviation (ΔTm), Curie–Weiss temperature (T0), Curie–Weiss constant (C), and
diffuseness (γ) of BT–BZ–xCT ceramics.

Compositions
(x)

Tm
(°C)

εm Tcw
(°C)

ΔTm
(°C)

T0
(°C)

C
(×105oC)

Γ

0.00 71 13,680 102 31 80 0.77 1.67
0.02 79 12,750 122 43 91 0.76 1.70
0.04 88 13,600 124 36 97 0.92 1.68
0.06 98 11,620 130 32 104 0.93 1.63
0.08 109 11,400 132 23 108 1.08 1.48
0.10 116 8880 133 17 113 0.96 1.46
0.13 121 7010 135 14 114 0.85 1.31
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nanosized ordered Zr-rich clusters [24]. The A1g octahedral breathing
mode peaks at 793 cm−1, resulting from the presence of two different
cation species that occupy the B-site (Ti4+ and Zr4+ion), decrease
slightly with increasing CT content and disappear when the composi-
tion reaches x=0.10. Zhang et al. [25] reported that when substituting
the BaTiO3 structure with the Ca2+ ion, the latter can substitute both
the Ba- and Ti-site with solubility limits of 25 and 4 mol%, respectively.
When an inactive A1g octahedral breathing mode peaks at 793 cm−1, it
clearly confirms that Ca2+ ions reside in the A-site, and octahedral BO6

occupy only Ti4+ ions. Furthermore, by increasing the CT content, the
Raman-active band shifts to a higher frequency at 515 and 712 cm−1,
which involves an increase of force constant resulting from the
presence of higher amounts of Ca2+ and Ti4+ occupying the Ba-sites
and Zr-sites, respectively [26]. The structure observed by Raman spectra
agrees well with the powder in Raman spectra reported by Maiti et al.
[27] and Farhi et al. [24] and corresponds well with the XRD data.

Fig. 5 displays the dependence of relative permittivity (εr) and di-
electric loss, (tan δ), on the temperature of BT–BZ–xCT; x = 0.00–0.13
ceramics at 1, 10 and 100 kHz. Thepermittivity anddielectric loss exhib-
it different anomalies depending on the composition of x. Regarding the
composition, x b 0.04, relative permittivity exhibits only one broad di-
electric maximum,which corresponds to the phase transitions of rhom-
bohedral ferroelectric phase to cubic paraelectric phase. The peak of
dielectric constant is in accordance with dielectric loss data, with only
one peak anomaly observed clearly. It is interesting to note that relative
permittivity shows a frequency-dependent response near the transition
temperature attributed to the characteristic of diffuse phase transition
behavior, which is represented by frequency dependence of the permit-
tivity versus temperature curve in the ferroelectric phase. Also, a greater
shift in transition temperature has been found in many lead-based [28]
and lead-free piezoelectric ceramics, such as (BiNa)TiO3-based ceramic
[2,29]. Regarding the composition, 0.04 ≤ x ≤ 0.06, two polymorphic
phase transitions, together with lost tangent peaks, are in evidence,
which corresponds to the phase transitions of rhombohedral–tetragonal
(TRT) and tetragonal–cubic (Tm) phases. The polymorphic phase transi-
tion temperatures of TRT are about 64 °C and 40 °C, which corresponds
to BT–BZ–xCT ceramics at x=0.04 and 0.06, respectively. The TRT tran-
sition displays a declining trendwith increasing x and disappears when
the concentration, x, reaches 0.08. The tetragonal phase can be stabi-
lized at room temperature when x is N 0.08. Frequency dispersion of
relative permittivity and variation of Tm at a frequency near maximum
permittivity were not observed with increased composition of x ≥ 0.08.
This indicated a normal ferroelectric phase transition at Tm, which in-
creased linearly at the increasing rate of 4.80 °C/mol% and increasing
composition of x. The increasing trend of Tm and tetragonality (c/a)
could be attributed to a strong bonding force interaction and off-
centering of the BO6 octahedral unit,which is believed to arise frompar-
tial substitution of Ca2+ for Ba2+ and Ti4+ for Zr4+ in the BCZT lattice.
Generally, cations with a smaller ionic radius tend to produce stronger
covalent bonds with the oxygen ligands. Replacement of the Zr4+ ion
(0.72 Å), with a comparatively undersized and strong ferroelectric ac-
tive Ti4+ ion, forms polar clusters of BaTiO3 that lead to off-centering
of the Ti4+ (r = 0.605 Å) cations within the octahedral cage, via
hybridzation between Ti 3d and O 2p orbitals. This forms a strong
long-range Coulomb field and its effect leads directly to increasing tran-
sition temperature. It is interesting to note that the enhancement
of tetragonality does not occur because of larger off centering of the
B-site in the perovskite unit, but due instead to the effect of decreased
oxygen octahedral volume that also raises tetragonality effectively.

It is known that the relative permittivity of normal ferroelectrics
with first order phase transition above Tc can follow the Curie–Weiss
law [30]:

1
εr

¼ T−To
C

; T NTcð Þ ð1Þ
where εr is the relative permittivity, T is the Cure–Weiss temperature
and C is the Curie–Weiss constant. Fig. 6 illustrates a plot of inverse
relative permittivity as a function of temperature. The fitting parameter
results are summarized in Table 1. Results show that the Curie–Weiss
law fails to describe permittivity behavior in the Curie point vicinity.
The deviation from the Curie–Weiss law is defined as [31]:

ΔTm ¼ Tcw−Tm; ð2Þ

where Tcw corresponds to the temperature atwhich the relative permit-
tivity starts to deviate from the Curie–Weiss law, and Tm represents the
temperature of relative permittivity when it reaches the maximum
value. The decreasing ΔTm values for x = 0.02, 0.06, 0.08 and 0.13 are
43, 32, 23, and 14 °C, respectively, indicating a transformation from
relaxor-like ferroelectric to a normal ferroelectric phase for higher CT
content. The diffuseness of ferroelectric phase transition can be pro-
posed by the following empirical equation [30]:

1
ε
−

1
εm

¼ T−Tmð Þγ
C

; ð3Þ

where the γ parameter represents information on the characteristic of
phase transition: the phase transition for γ = 1 follows the Curie–
Weiss law, which indicates the first-order phase transition; and com-
plete diffuse phase transition for γ = 2 is observed. It is assumed that
γ and C are constant. Based on the temperature plots of ε′ at 10 kHz,
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the plots of ln(1/ε′–1/ε′m) as a function of ln (T–Tm) for BT–BZ–xCT; x=
0.00–0.13 ceramics are shown in Fig. 7. The values of diffuse constant γ
are reported in Table 1, and a linear relationship is observed for CT-
substituted BZT ceramics. The values of diffuse constant γ were deter-
mined by least-squared fitting experimental data to the equation,
and they varied from 1.70 to 1.31. As the CT content increased from
0.01 to 0.05, the diffuse constant γ decreased from 1.70 to 1.31. The
results clearly imply that BT–BZ–xCT ceramics exhibit a strong normal
ferroelectric phase transition for higher CT content. The diffuse phase
transition or relaxor ferroelectric behavior in the solid solution of
Ba(ZryTi1 − y)O3 can be controlled by varying the Zr/Ti ratio [32]. The
pair distribution function (PDF) technique suggested that the diffusion
phase transition/relaxor ferroelectric behavior in Ba(ZryTi1 − y)O3

solid solution is caused by formation of nonpolar BaZrO3 clusters in
Fig. 8. Bipolar strain and ferroelectric hysteresis loop of BT–BZ–xCT ceramics at room temperatu
the polar BaTiO3 matrix [33,34]. Ti4+ and Zr4+ are bonded with oxygen
ligands in Ba(ZryTi1 − y)O3 solid solution, thus forming distorted polar
[TiO6] and non-polar [ZrO6] clusters. The inhomogeneous distribution
of non-polar [ZrO6] clusters creates a randomly distributed electrical
or strain field in the BaTiO3 matrix, leading to diffusion phase transition
behavior. The evidence of dynamic disorder, due to incorporating non-
polar [ZrO6] clusters, is supported also by extended X-ray absorption
of fine structure (EXAFS) analysis [34,35]. However, when CaTiO3 was
substituted in the BZT structure, the Ca2+ ions generally substituted
Ba2+ ions at the A-site of the structure, whereas Ti4+ ions substituted
Zr4+ ions at the B-site of the perovskite structure. The B-site was occu-
pied by only Ti4+ ions at the composition, x= 0.13, whereas the A-site
was occupied by two cations (Ca2+ and Ba2+ ions). However, diffuse
phase transitionwas not observed. The results indicated that the diffuse
re with (a) x=0.0, (b) x=0.02, (c) x=0.04, (d) x=0.06, (e) x=0.08, and (f) x=0.01.
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phase transition in the BT–BZ–CT systemwould be influenced by disor-
dered arrangement of cations at the B-site of the structure, rather than
the A-site, which was consistent with recent results reported by Y.
Tian et al. [21]. It has been reported that diffuse phase transition behav-
ior was suppressed when a small amount of Ba2+ had been substituted
by a Ca2+ ion at the A-site in (Ba1 − xCax)(Zr0.1Ti0.9)O3 ceramic.

Fig. 8(a–f) exhibit polarization–electric field (P–E) hysteresis loops
and bipolar field-induced strains at room temperature for samples
with x = 0.0–0.10. All ceramic samples displayed well-saturated P–E
loops at room temperature, which confirmed that all ceramic samples
are of typical forms characterizing ferroelectric materials. An electric
field-induced strain loop with a typical sprout-shaped curve was ob-
tained in all compositions. This type of bipolar strain shape is different
from soft PZT [1,36] and lead-free BNT-based ceramic [2,37]. The nega-
tive strain in all compositions is close to zero, which can be attributed to
Fig. 9.Unipolar strain of BT–BZ–xCT ceramics with (a) x=0.0, (b) x=0.02, (c) x=0.04, (d) x
the difference in the domain reorientation process [36]. The electric
field-induced strain behavior correspondswell with results of ferroelec-
tric hysteresis.

In order to evaluate the optimized piezoelectric response of the BT–
BZ–xCT system, all compositionswere examined under different electric
fields (10 kV/cm and 40 kV/cm). Fig. 9(a–f) show the unipolar strain
curve for various compositions of x = 0.0–0.10, measured at 10 kV/cm
and 40 kV/cm. The unipolar strain initially increases at electric field
loading of under 10 kV/cm, with increasing x of up to 0.06, and reaches
a maximum value of 0.128% for the composition, x = 0.06. When in-
creasing x further to 0.10, the unipolar strain decreases to 0.028%. The
calculated d33* value of the BT–BZ–xCT ceramics for all compositions is
summarized in Table 2. The d33⁎ exhibits a similar tendency for strain
and reaches the maximum value of 1280 pm/V as x increases to 0.06.
Generally, outstanding piezoelectric properties are related basically to
=0.06, (e) x=0.08, and (f) x=0.01 under 10 and 40 kV/cm of the electric field applied.



Fig. 10. (a) Ferroelectric properties; Pr, Ec, and Ps–Pr as a function of composition, and
piezoelectric coefficient (d33) and normalized strain (Smax/Emax) value measured at
(b) 10 kV/cm and (c) 40 kV/cm of the electric field applied.

Table 2
Ferroelectric and piezoelectric properties of BT–BZ–xCT ceramics.

Composition (x) Ec (kV/cm) Pr (μC/cm2) Rsq Sm (%) d33* (pm/V) d33 (μC/N)

10 kV/cm 40 kV/cm 10 kV/cm 40 kV/cm

0.00 1.9 5.8 0.76 0.047 0.120 473 299 232
0.02 2.0 6.9 0.78 0.070 0.168 700 420 286
0.04 2.3 7.5 0.79 0.113 0.218 1128 546 329
0.06 2.5 8.8 0.92 0.128 0.233 1280 582 439
0.08 4.5 6.6 0.65 0.080 0.227 800 568 354
0.10 5.7 4.6 0.57 0.041 0.175 410 438 210
0.13 6.5 2.4 0.45 0.028 0.110 280 276 140
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both intrinsic and extrinsic contributions. Intrinsic contribution refers
mainly to variation in lattice distortion, which can be enhanced by
adjusting chemical compositions within a coexistence zone of multi-
phase. Extrinsic contribution is attributed to the strains that formmain-
ly the domain reorientation (switching and rotation) process. Each type
of ferroelectric domain has different dynamic orientation processes
along the electric field applied. In this work, the extraordinary d33⁎
value of BT–BZ–xCT ceramics, at the composition, x = 0.06, correlates
to the intrinsic contribution caused bymultiphase coexistence of rhom-
bohedral and tetragonal phases, and the extrinsic contribution caused
by a low coercive field (Ec), and corresponds to ease the domain reori-
entation process. BT–BZ–xCT ceramic, under high electric field loading
(40 kV/cm), exhibited increased maximum strain (Smax) values of up
to 0.23% at the coexistence phase composition, x=0.06, which is near-
ly double the value obtained from pure BT, before it decreased to 0.17%
at x = 0.10. Furthermore, the electric field induced strain curve for the
composition close to that of the coexistence phase (x = 0.06 and 0.08)
consists of two distinguishable regions. Region I (low electric field
region b 20 kV/cm), shows a nonlinear and hysteretic strain curve
that can be ascribed to the domain switching process. In Region II
(high electric field region N 20 kV/cm), most of the domain is clamped
by the electric field, leading to minimal contribution from the domain
wall motion or domain switching to piezoelectric activity. The piezo-
electric responses are induced by lattice deformation and reversible
motion of internal interfaces. It is interesting to note that the composi-
tions, x= 0.06 and 0.08 which comprise unipolar strain curves that are
almost hysteresis-free, and a desired feature for high precision actuator
application, were observed at a high electric field. The appearance of a
hysteresis-free large strain is found commonly in the Pb-based relaxor
ferroelectrics, PZN–PT and PMN–PT [1], but is not very common gener-
ally among lead free piezoelectric ceramics [37,38]. The giant strain of
0.45% under both unipolar field loadings in the K1/2Na1/2NbO3 modified
Na1/2Bi1/2TiO3–BaTiO3 system was reported by S–T Zhang et al. [38].
Nevertheless, it was accompanied by an undesirably large hysteresis,
which limited its practical utility. From this viewpoint, the hysteresis-
free giant strain of 0.34% in CT-substituted BZT makes this ceramic a
strong candidate for lead-free precision actuator applications. Fig. 10
displays the varied composition of remnant polarization (Pr), coercive
field (Ec), (Psat–Pr) value, longitudinal piezoelectric coefficient (d33)
and normalized piezoelectric coefficients (d33⁎) of BT–BZ–xCT ceramics.
The remnant polarization of the ceramics increases with increasing
composition, x, and reaches a maximum value of 8.8 μC/cm2 at x =
0.06. Then, Pr decreases with x increasing further, until reaching a min-
imumvalue of 2.4 μC/cm2 at x=0.13,while Ec is between6.5 kV/cmand
1.9 kV/cm. Such a low coercive field indicates that the BT–BZ–xCT ce-
ramic is “soft” with respect to the electric field. The “soft” sample indi-
cates that the free energy profile for electrically polarized rotation is
anisotropically flattened at themultiphase coexistence. This low energy
barrier can facilitate the rotation of polarization greatly and also im-
prove the piezoelectric properties effectively. The observed Ec in the
rhombohedral side increases slightly, with x increasing until x = 0.06,
and then it increases significantly in the tetragonal side, with increasing
x, and reaches a maximum value of 6.5 kV/cm at x = 0.06.
The Pr on the rhombohedral side is higher than that on the tetrago-
nal side, while Ec on the tetragonal side is higher than that on the rhom-
bohedral side. This behavior is ascribed mainly to the domain structure
and motion of the domain walls. It is known that the rhombohedral
phase has three types of domains: 71°, 109°, and 180°, while the tetrag-
onal phase has only 180° and 90° domains. Non-90° domain switching
needs a lower electric field than 90° domain switching, and the ferro-
electric domain in rhombohedral ceramic is easier to switch than that
in tetragonal ceramic. The value of (Psat–Pr) shows the same trend as
that of Ec. Lower (Psat–Pr) values are observed evidently in the rhombo-
hedral side (0.0 ≤ x b 0.06) of the system, and then they increase signif-
icantly at the coexistence phase composition, x=0.06. The significantly
enhanced Psat–Pr value is related to the phase transition from rhombo-
hedral to tetragonal phase near room temperature. This phenomenon
can be attributed to the lower free energy barrier, where the ferroelec-
tric domains switch back easily when electric fields decrease to zero.
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The longitudinal piezoelectric coefficient (d33) also shows a similar
trend as a function of composition. The d33 increases from 232 pC/N
for the composition, x = 0.0 (rhombohedral side), to 439 pC/N at x =
0.06 (PPB composition). It then falls continuously after x = 0.06, with
d33 = 354 pC/N at x = 0.08 and 140 pC/N at x = 0.13 (tetragonal
side). This trend is similar to remnant polarization results. In order to
quantify the change in the P–E hysteresis loop, the empirical relation-
ship between Ps, Pr and polarization at fields above Ec were used to
calculate squareness of the hysteresis loop, as proposed by Haertling
and Zimmer [39] with:

Rsq ¼ Pr

Ps
þ P1:1EC

Pr
ð4Þ

where, Rsq is the squareness of the hysteresis loop and Ps and Pr are sat-
urated and remanent polarization, respectively. P1.1Ec is polarization
at an increasing electric field of 1.1 times the coercive field (Ec).
The squareness parameter has been used to investigate the quantifica-
tion of changes in P–E hysteresis loops in many lead-based/lead-free
ferroelectric ceramics. For an ideal P–E hysteresis loop, the Rsq should
be equal to 2. The calculated Rsq value is also summarized in Table 2.
It was found clearly that the Rsq parameter of the ceramics increases
with increasing composition x, and reaches a maximum value of
0.92 at x = 0.06. Then it decreases with x increasing further, until
Fig. 11. Composition–temperature ferroelectr
reaching a minimum value of 0.45 at x = 0.13, indicating that the P–E
hysteresis loop becomes more slanted.

Based on XRD, Raman and Dielectric data, the composition–
temperature ferroelectric phase diagram of BT–BZ–xCT ceramics was
established, as shown in Fig. 11. The ferroelectric phase diagram in
this system consists of three distinct crystallographic phases; high tem-
perature paraelectric cubic, rhombohedral, and ferroelectric tetragonal.
With increased CT content, the transition temperature increase is
approximately linear with x, from Tm = 71 °C for x = 0.0 to 121 °C for
x = 0.13. The rhombohedral ferroelectric to tetragonal ferroelectric
phase transition temperatures decrease with increasing CT content.
The ceramics undergo a phase transition from rhombohedral to tetrag-
onal near x = 0.06 at room temperature.

4. Conclusion

The ternary system, 0.87BaTiO3–(0.13-x)BaZrO3–xCaTiO3 (0.00 ≤ x ≤
0.13), fabricated via the solid state reaction method, exhibits excellent
piezoelectric properties in proximity of the R–T phase in the coexistence
zone. Substitution of CaTiO3 changes the symmetry from tetragonal
phase for ceramics with 0.0 ≤ x b 0.06 to phase for ceramics with
0.08 ≤ x ≤ 0.13. Substitution of CT also improves the transition tempera-
ture of the ceramics, and an extraordinarily “soft” character has been
achieved in x = 0.06. The enhancement of piezoelectric properties in
the system is attributed mainly to multiphase coexistence of the
ic phase diagram of BT–BZ–xCT ceramics.
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rhombohedral and tetragonal phase, and reduction of energy barriers
for polarized rotation. A composition–temperature ferroelectric phase
diagram was proposed, in which an R–T phase boundary is formed
near room temperature. This work provides a new coexistence phase
composition for designing high-performance piezoelectric materials.
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Fine Grain BaTiO3-Co0.5Ni0.5Fe2O4 Ceramics
Prepared by the Two-Stage Sintering Technique

NATTAKARN PULPHOL,1 RANGSON MUANGHLUA,2

SURASAK NIEMCHAROEN,2 NARATIP VITTAYAKORN,1,3,4,*
ANDWANWILAI VITTAYAKORN1,4

1College of Nanotechnology, King Mongkut’s Institute of Technology

Ladkrabang, Bangkok 10520, Thailand
2Department of Electronics Engineering, Faculty of Engineering, King

Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand
3Advanced Materials Research Unit, Department of Chemistry, Faculty of

Science, King Mongkut’s Institute of Technology Ladkrabang, Bangkok 1520,

Thailand
4Nano-KMITL Center of Excellence on Nanoelectronic Devices, KMITL,

Ladkrabang, Bangkok, 10520,Thailand

This work investigated the improvement of density and controllable grain size of
multiferroic ceramics by using the system of (0.8)BaTiO3-(0.2)Co0.5Ni0.5Fe2O4

nanocomposites via the two-stage sintering technique. The sintering process was
divided into two steps. Firstly, samples were fired at the optimized temperature of T1
to activate grain boundary migration in order to obtain an initial high density.
Secondly, the samples were cooled immediately to the temperature of T2 and soaked at
various times to enable dense ceramics without grain growth. All of the samples were
characterized by an X-ray diffractometer, and the results confirmed that all samples
were composite ceramics. Scanning electron microscopy showed the grain size of all
the samples and proved that the two-stage sintering technique achieved fine grain
ceramics when compared with traditional sintering. Electrical properties of all the
samples were investigated using an LCR meter at room temperature to 200�C with
various frequencies, and magnetic properties were characterized by a vibrating
sample magnetometer.

Keywords Multiferroics ceramics; two-stage sintering; traditional sintering

1. Introduction

Nowadays, electronics technology has been developed for smaller devices with multiple

functions. The reduction of particle or grain size to nanoscale enables electronic devices

to be smaller with improved properties, resulting in better mechanical properties such as
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hardness, strength and toughness in ceramics. It is interesting that ceramics with nano-

grains have increased since the remarkable improvement in their properties when com-

pared with coarse grain ceramics. The sintering technique has been reported to reach

nanostructure bulk materials. Weibel et al. [1] studied the microstructure of nanocrystal-

line TiO2 prepared by the hot pressing technique, resulting in the motivation of nanostruc-

ture ceramic production.

Diphankar Khosh et al. [2] later studied the effect of the sintering technique to obtain

grain size, and the spark plasma sintering technique for acquiring dense composite and

comparing with pressure less sintering. Composite samples were fired rapidly with the

pressure factor during the spark plasma sintering process, and the results yielded a nano

grain ceramic with high density. Although hot pressing and spark plasma sintering are

good methods for ceramic preparation, based on production of nanoparticles and fine

grain ceramics in nano-scale, the production cost and complex shape are limitations for

these techniques.

Recently, a new sintering technique called two-stage sintering was developed by

Chen and Wang [3], in which nano-grain Y2O3 ceramics reached full density. This tech-

nique divided the sintering process into two steps. Firstly, green bodies were fired at an

optimum T1 temperature to achieve a critical density, and then cooled immediately to a

lower T2 temperature. In the second step, the green bodies were sintered in air without

pressure during the process. The rapidly cooling temperature in the second step caused

the grain boundary migration to freeze while being maintained [4]. This led to a fine grain

nano-size of the final product. Chen and Wang also applied two-step sintering to other

materials such as, BaTiO3 [5–6], Ni-Cu-Zn ferrite [5], ZnO [7], ZrO2 [8–9], Al2O3 [10]

and SiC [11].

Two-stage sintering is a successful technique for decreasing grain size to nano-scale

in not only ferroelectric materials, but also ferrites, and it has never been applied for com-

posite like multiferroic materials, despite its unique properties that may be adaptable for

future development. Many studies have deemed compound materials corresponding to

biferroic properties, non-lead ferroelectric materials, like barium titanate, and ferrite

materials such as cobalt ferrite as being the most popular systems. Previous work [12]

studied cobalt nickel ferrite concentration in the barium titanate system, which was pre-

pared by the conventional solid state method. The results showed better electrical proper-

ties such as higher dielectric permittivity and lower dielectric loss, and when composite

nickel substituted cobalt ferrite with barium titanate, electrical properties of the ferrite

system improved by 20%.

In this study, the magnetostrictive-piezoelectric nanocomposites of (0.8)BaTiO3-

(0.2)Co0.5Ni0.5Fe2O4 were prepared by standard solid-state ceramic processing and sin-

tered by the two-stage sintering method. The phase formation, morphology, and electrical

and magnetic properties of the samples were investigated.

2. Experimental Procedure

2.1. Green Body Preparation

Multiferroic ceramics were prepared by the conventional mixed oxide method. Firstly,

barium titanate and cobalt nickel ferrite nanoparticles were mixed together, using the

(0.8)BaTiO3-(0.2)Co0.5Ni0.5Fe2O4 formula. The mixed powders were ball-milled in etha-

nol media for 24 hours, dried, ground and then sieved to avoid agglomeration of the com-

posite powders before pressing into disk shape.
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2.2. Sintering Process

Pure barium titanate and pure cobalt ferrite were fired by normal sintering to obtain a den-

sity curve that leads to finding the optimum temperature for two-stage sintering. Figure 1

exhibits the density curve of pure barium titanate and cobalt nickel ferrite samples sin-

tered by normal sintering. Barium titanate and cobalt nickel ferrite samples were fired in

a temperature range from 650–1,500�C and 700–1,300�C, respectively, with a heating-

cooling rate of 5�C/min. Densities below 850�C did not change promptly in either mate-

rial. After all the samples had been heated to 850�C or more, densities increased signifi-

cantly and became constant at 1,250�C. The immediate change of density after 850�C
indicated that grain boundary migration is active at this and higher temperatures, which

leads to decreasing porosity. Furthermore, Figure 1 shows that the highest value of

density was given when both materials became constant at 1,250�C. Temperature T1 in

two-stage sintering must be high enough for grain activation and use for the diffusion of

atom at T2. Therefore, T1 in this work was set at 1,250
�C and T2 at 850

�C.
Figure 2 shows the process of two-stage sintering. Firstly, samples were heated to

temperature T1 with a heating-cooling rate of 5
�C/min in order to activate grain boundary

Figure 1. Temperature for two-stage sintering collected from barium titanate and cobalt nickel

ferrite density.

Figure 2. Two-stage sintering process.
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migration, and then they were cooled immediately to temperature T2 and held there for

various periods of time (2, 4, 8 and 12 hours, consecutively). The grain size should remain

constant at this stage, while density continues to increase. After holding the sintered sam-

ples for various periods of time, and cooling them to room temperature with a heating-

cooling rate of 5�C/min, their density was measured by Archimedes’ method and the fol-

lowing equation:

r
CD W1

W2¡ W3

h i
£ rwater

(1)

where rc and rwater are density of the sample and water, respectively. W1, W2 and W3 are

weight of the sample when measured in air, wet and water, respectively. After the firing

process, every sample was characterized and all results are discussed in the next part of

this paper.

3. Results and Discussion

3.1. X-ray Diffractometer

Figure 3 shows the phase formation of (0.8)BaTiO3-(0.2)Co0.5Ni0.5Fe2O4 composite

samples sintered by two-stage sintering at various holding times (2, 4, 8 and

12 hours, consecutively). This figure illustrates the X-ray patterns of both the ferro-

electric and ferrite phases, in which no pyrochlore or unknown phase was detected.

When the holding time for two-step sintering is increased, it does not affect the

structure of composite samples. Normally, X-ray diffraction patterns of tetragonal

barium titanate, which was used as starting material in this research, exhibit splitting

of the (002)/(200) peaks at 45�, but when barium titanate was mixed with cubic spi-

nel structured ferrite, this characteristic changed. This effect was observed clearly in

previous work [12], when the variation in ferrite concentration, which was added

Figure 3. X-ray diffraction pattern of (0.8)BaTiO3-(0.2)Co0.5Ni0.5Fe2O4 sintered by two-stage sin-

tering at various holding times.
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into the composite system, is capable of changing the tetragonality in barium tita-

nate. When the amount of ferrite increased, the split (002)/(200) peaks merged

slightly into one peak. The absence of (002)/(200) peaks might attribute to the sym-

metry of cubic barium titanate, which matched JCPDS file no. 31-0174 [12]. The

important factor for the phase transition in barium titanate is its size and influence

that determines the height of temperature. Composite materials must consist of two

or more components that have different physical or chemical properties, and when

they combine, each one clearly should remain separate. In this study, X-ray patterns

apparently exhibit both the barium titanate and cobalt nickel ferrite phase in each

holding time, which confirms that they coexisted to form composite materials. Nev-

ertheless, when considering the (002)/(200) peaks of barium titanate, their separation

merges slightly into one peak, which is characteristic of the cubic structure of bar-

ium titanate. This result is not consistent with the composite characteristic in a pre-

vious line. Generally, the barium titanate unit cell in a perovskite structure is a form

of oxygen octahedra cage, with Ti4C ions occupying sites (B sites) inside, while the

Ba2C ions occupy A sites [13]. The cobalt nickel ferrite, with a spinel structure, con-

sists of Ni2C ions that occupy B sites, while Fe3C and Co2C ions occupy both A and

B sites in the unit cell [14]. To obtain bulk ceramics, composite materials require

the sintering technique, which is a high temperature process that may apply more

than 1,000�C with ion replacement of two different materials occurring during the

firing process. The ability of ion replacement can be considered from the ionic

radius of each material, which must be similar. When focusing on the ionic radius

of 0.605 for titanium, and 0.745, 0.69, 0.645 for cobalt, nickel and iron, respectively

[15], it is possible that nickel or iron is capable of substituting titanium at the B-

site, which aids the temperature in the sintering process. Therefore, the transition of

barium titanate from tetragonal to cubic structure may be caused in some regions by

substitutional solid solution between tetragonal perovskite barium titanate and cubic

spinel cobalt nickel ferrite during the sintering process, which leads to lower ferrite

intensity in the X-ray pattern.

3.2. Scanning Electron Microscope

The morphology of BaTiO3-Co0.5Ni0.5Fe2O4 ceramics, sintered by two-stage sinter-

ing, had a first and second temperature of 1,250�C and 850�C, respectively, at vari-
ous holding times with the same magnification of 50k, as shown in Fig. 4. This

figure exhibits the diffusion of large and small grains along the surface. After mea-

suring the average grain size, as shown in Table 1 and Fig. 5, large and small grains

were found to have an average size of around 200 § 0.13 nm and 90 § 0.02 nm,

respectively. Despite soaking at various times, the grain size did not increase. Nor-

mally, in composites like multiferroic ceramics, there are two different ferroic

orders, which require a different sintering temperature for grain growth. It is well

known that increasing sintering temperature can produce high density ceramics, but

sintering at high temperature may cause some effects such as solid solution between

two different phases and/or heterogeneous microstructure that consists of large and

small grains. To clarify these assumptions, all samples were analyzed using energy

dispersive spectroscopy (EDS), and the results shown in Fig. 6 relate to previous

assumptions that coexistence of different grain size is possibly due to high tempera-

ture in the sintering process, which causes the agglomeration or merging of small

grains. In addition, solid solution was formed in some regions. These results
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Figure 5. The average grain size of samples sintered by two-stage sintering at various holding

times.

Figure 4. SEM micrographs of sintered ceramics at various holding times with the same magnifica-

tion of 50 k.

Table 1

The average grain size of samples sintered by two-stage sintering at various holding times

Average grain size (mm)

Soaking time (h) Large grain Small grain

2 0.26 § 0.13 0.09 § 0.02

4 0.21 § 0.05 0.09 § 0.02

8 0.23 § 0.07 0.09 § 0.02

12 0.24 § 0.09 0.09 § 0.02

Fine Grain BaTiO3-Co0.5Ni0.5Fe2O4 Ceramics [343]/175

D
ow

nl
oa

de
d 

by
 [

K
in

g 
M

on
gk

ut
's

 I
ns

t o
f 

T
ec

hn
ol

og
y 

L
ad

kr
ab

an
g]

, [
N

ar
at

ip
 V

itt
ay

ak
or

n]
 a

t 1
6:

42
 0

7 
Ja

nu
ar

y 
20

16
 



corresponded to those from the X-ray diffractometer, in that merging of (002)/(200)

peaks is caused by solid solution in the ceramics. During successful two-step sinter-

ing, the grain size should remain constant in the second step, unlike in conventional

sintering, in which final stage densification is invariably accompanied by rapid grain

Figure 6. EDS analysis of samples sintered by two-stage sintering (a) SEM image of the BT-CNFO

surface sintered by two-stage sintering (b) EDS for the BT-rich area (c) EDS for the CNFO-rich

area.
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growth. Therefore, the two-step technique was successful in reducing grain size in

this research.

3.3. Dielectric Properties

The density of dielectric properties in all samples sintered by two-stage sintering techni-

ques is shown in Fig. 7 and Table 2. The value of dielectric permittivity at various hold-

ing times was plotted with the function of temperature. When the holding time was

changed, the dielectric permittivity did not change significantly or was not proportional

to the change of time. This may be caused by the effect of density. In general, the sample

with high density gives a high value of dielectric permittivity. In contrast, if the sample

has low density, there is much porosity that can cause a decrease of dielectric permittiv-

ity. Therefore, these results can give the assumption that porosity in ceramics is the factor

which affects the dielectric properties of samples. The improvement of barium titanate

has been reported in many researches in order to obtain good electrical properties such as

high dielectric permittivity with low dielectric loss. Barium titanate with a tetragonal

structure has been studied widely, due to its ferroelectric and piezoelectric properties.

Normally, the phase transition in barium titanate occurs at the temperature of 130�C.
Then, the barium titanate changes from tetragonal to cubic structure, which leads to a

change from ferroelectric to paraelectric property. Also, barium titanate with a cubic

Figure 7. Electrical properties of all samples at a frequency of 100 kHz.

Table 2

Densities of all samples sintered by two-stage sintering

Soaking time (h) Relative density

2 89.19 § 0.03

4 86.86 § 2.47

8 83.39 § 1.72

12 89.09§1.81
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structure can be found in very fine particles at room temperature [16]. Furthermore, the

properties of barium titanate can be improved by the volume fraction of the dopant or

composite materials [17]. When the Curie temperature (TC) of dielectric permittivity

results was considered, TC shifted from 130�C to a temperature of around 20�C. The shift
of TC can be caused by many reasons. As mentioned in previous results, each composite

material should exhibit its characteristic. In this case, due to the composite system being

between two different materials, the sintering process was used at high temperature in

order to obtain the final products. It is possible that some of the ferrites were diffused into

barium titanate, which caused the solid solution in this system and led the shift of TC in

dielectric results to a lower temperature. For this reason, dielectric results can confirm the

occurrence of solid solution in the barium titanate-cobalt nickel ferrite system, which was

caused by the phase shift of Curie temperature from 130�C to 20�C in barium titanate,

and this finding supports the X-ray results.

3.4. Magnetic Properties

Multiferroic materials not only have electrical properties, but also magnetic ones. Mag-

netic properties of composite samples were characterized by a vibrating sample magne-

tometer, and magnetic hysteresis loops are illustrated in Fig. 8. When the holding time

was changed, the maximum magnetization or Mmax did not change significantly. Mag-

netic properties of cobalt nickel ferrite nanopowders have been reported in other

researches, which observed that the value of coercivity is around 5,000 A/m and

30 Am2kg¡1 for saturate magnetization [18]. In this study, the coercivity value of saturate

magnetization decreased from 5,000 A/m to around 2,000 A/m and from 30 Am2kg¡1 to

around 8 Am2kg¡1. The decrease in magnetic properties was caused by the proportion of

ferrite concentration in the composite. In this system, 20% of ferrite was added into the

barium titanate system, which caused less magnetic contact between grains. When con-

sidering the difference between sintering times in this study, the magnetization of every

one changed, but not for the coercive field. It is known that in ferrite materials with a spi-

nel structure, the ions that occupy the tetrahedral (A site) and octahedral (B site) depend

Figure 8. Magnetic hysteresis loop of composite samples sintered by two-stage sintering.
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on 4 factors; 1) the ionic radii of specific ions, 2) the size of the interstices, 3) tempera-

ture, and 4) the orbital preference for specific coordination, which leads to the change of

magnetic properties. Cobalt nickel ferrite consists of Ni2C, Co2C and Fe3C ions, and the

former occupies B sites, while the latter occupies both A and B sites. As seen in the X-ray

results, the possibility of ion exchange in octahedral B sites is that of the ionic radius of

two ions. The ionic radius of Ni2C and Fe3C ions are similar to Ti4Cions, which means

that Ni2C and Fe3C can be substituted by Ti4C at the octahedral B sites. From this result,

the Co2C ions concentrated at tetrahedral B sites are decreased, which leads to a change

in saturate magnetization. When the saturate magnetization in this work is considered,

the values did not change as a trend. This may be caused by the migration of some Co2C

ions in A and B sites, which had temperature and sintering time as an aid.

4. Conclusion

This work studied the fabrication of multiferroic composite prepared by the two-stage sin-

tering technique, using the system of (0.8)BaTiO3-(0.2)Co0.5Ni0.5Fe2O4. The phase for-

mation, microstructure, and electric and magnetic properties were characterized. Results

from the X-ray diffractometer confirmed that all samples were composite and had some

solid solution, as observed by the merging of (002)/(200) peaks. A scanning electron

microscope (SEM) illustrated grain morphology, and the result from EDS supports the

assumptions that solid solution was formed. Both electric and magnetic properties are

shown, which confirms that they are a multiferroic composite.

Funding

This work was supported partially by the Thailand Research Fund (TRF) Grant No.

BRG5680006, National Research Council of Thailand (NRCT) under Grant No

2558A11802071, and the National Nanotechnology Center (NANOTEC), NSTDA, Min-

istry of Science and Technology, Thailand, through its program of Center of Excellence

Network.

References

1. A. Weibel, R. Bouchet, R. Denoyel, and P. Knauth, Hot pressing of nanocrystalline TiO2

(anatase) ceramics with controlled microstructure. J Eur Ceram Soc. 27, 2641–2646 (2007).

2. G. Dipankar, H. Hyuksu, C. N. Juan, S. Ghatu, and L. J. Jacob, Synthesis of BaTiO3-

20%wtCoFe2O4 nanocomposites via spark plasma sintering. J Am Ceram Soc. 95, 2504–2509

(2012).

3. X. H. Wang, P. L. Chen, and I. W. Chen, Two-step sintering of ceramics with constant grain-

size, I. Y2O3. J Am Ceram Soc. 89, 431–437 (2006).

4. C. J. Wang, C. Y. Huang, and Y. C. Wu, Two-step sintering of fine alumina-zirconia ceramics.

Ceram Int. 35, 1467–1472 (2009).

5. X. H. Wang, X. Y. Deng, H. L. Bai, H. Zhou, W. G. Qu, L. T. Li, and I. W. Chen, Two-step

sintering of ceramics with constant grain-size. II. BaTiO3 and Ni-Cu-Zn ferrite. J Am Ceram

Soc. 89, 438–443 (2006).

6. A. Polotai, K. Breece, E. Dickey, C. Randall, and A. Ragulya, A novel approach to sintering

nanocrystalline barium titanate ceramics. J Am Ceram Soc. 88, 3008–3012 (2005).

7. P. Duran, F. Capel, J. Tartaj, and C. Moure, A strategic two-stage low-temperature thermal

processing leading to fully dense and fine-grained doped-ZnO varistor. Adv Mater. 14,

137–141 (2002).

Fine Grain BaTiO3-Co0.5Ni0.5Fe2O4 Ceramics [347]/179

D
ow

nl
oa

de
d 

by
 [

K
in

g 
M

on
gk

ut
's

 I
ns

t o
f 

T
ec

hn
ol

og
y 

L
ad

kr
ab

an
g]

, [
N

ar
at

ip
 V

itt
ay

ak
or

n]
 a

t 1
6:

42
 0

7 
Ja

nu
ar

y 
20

16
 



8. P. C. Yu, Q. F. Li, and L. Lu, Two-stage sintering of nano-sized yttria stabilized zirconia pro-

cess by powder injection moulding. J Mater Process Tech. 192–193, 312–318 (2007).

9 J. Binner, K. Annapoorani, A. Pual, I. Santacruz, and B. Vaidhyanathan, Dense nanostructured

zirconia by two-stage conventional/hybrid microwave sintering. J Eur Ceram Soc. 28, 973–977

(2007).

10. K. Bodi�sov�a, P. �Salgal�ık, D. Galusek, and P. �Svanc�arek, Two-stage sintering of alumina with

submicrometer grain size. J Am Ceram Soc. 90, 330–332 (2007).

11. Y. I. Lee, Y. W. Kim, and M. Mitomo, Effect of processing on densification of nanostructured

SiC ceramics fabricated by two-step sintering. J Mater Sci. 39, 3801–3803 (2004).

12. N. Pulphol, R. Muanglua, S. Niemcharoen, W. Pecharapa, W. Vittayakorn, and N. Vittayakorn,

Magnetoelectric properties of BaTiO3 – Co0.5Ni0.5Fe2O4 composites prepared by the conven-

tional mixed oxide method. Adv Mater Res. 802, 22–26 (2013).

13. G. H. Haertling, Ferroelectric ceramics: history and technology. J Am Ceram Soc. 82, 797–818

(1999).

14. I. H. Gul, F. Amin, A. Z. Abbasi, M. Anis-ur-Rehman, and A. Maqsood, Physical and magnetic

characterization of co-percipitated nanosize Co-Ni ferrites. Scripta Mater. 56, 497–500 (2007).

15. R. D. Shannon, Revised effective ionic radii and systematic studies of interatomic distances in

halides and chalcogenides. Acta Crystallogr., 32, 751–767 (1976).

16. L. V. Leonel, A. Righi, W. N. Mussel, J. B. Silva, and N. D. S. Mohallem, Structural characteri-

zation of barium titanate-cobalt ferrite composite powders. Ceram Int. 37, 1259–1264 (2011).

17. H. C. Pant, M. K. Patra, A. Verma, S. R. Vadera, and N. Kumar, Study of the dielectric proper-

ties of barium titanate-polymer composites Acta Mater. 54, 3163–3169 (2006).

18. K. Maaz, S. Karim, A. Mashiatullah, J. Liu, M. D. Hou, Y. M. Sun, J. L. Duan, H. J. Yao, and

D. Mo, Y. F. Chen, Structural analysis of nickel doped cobalt ferrite nanoparticles prepared by

coprecipitation route. Phys B. 404, 3947–3951 (2009).

[348]/180 N. Pulphol et al.

D
ow

nl
oa

de
d 

by
 [

K
in

g 
M

on
gk

ut
's

 I
ns

t o
f 

T
ec

hn
ol

og
y 

L
ad

kr
ab

an
g]

, [
N

ar
at

ip
 V

itt
ay

ak
or

n]
 a

t 1
6:

42
 0

7 
Ja

nu
ar

y 
20

16
 



Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=gfer20

Download by: [King Mongkut's Inst of Technology Ladkrabang], [Naratip Vittayakorn] Date: 07 January 2016, At: 16:42

Ferroelectrics

ISSN: 0015-0193 (Print) 1563-5112 (Online) Journal homepage: http://www.tandfonline.com/loi/gfer20

Effect of BiYbO3 Addition with a Small Tolerance
Factor on Ferroelectricity and TC in PbZrO3
Ceramics

Usa Sukkha, Surasak Niemcharoen, Naratip Vittayakorn, Ruyan Guo & Amar
S. Bhalla

To cite this article: Usa Sukkha, Surasak Niemcharoen, Naratip Vittayakorn, Ruyan Guo & Amar
S. Bhalla (2015) Effect of BiYbO3 Addition with a Small Tolerance Factor on Ferroelectricity and
TC in PbZrO3 Ceramics, Ferroelectrics, 487:1, 55-67, DOI: 10.1080/00150193.2015.1070246

To link to this article:  http://dx.doi.org/10.1080/00150193.2015.1070246

Published online: 23 Dec 2015.

Submit your article to this journal 

Article views: 2

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=gfer20
http://www.tandfonline.com/loi/gfer20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00150193.2015.1070246
http://dx.doi.org/10.1080/00150193.2015.1070246
http://www.tandfonline.com/action/authorSubmission?journalCode=gfer20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=gfer20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00150193.2015.1070246
http://www.tandfonline.com/doi/mlt/10.1080/00150193.2015.1070246
http://crossmark.crossref.org/dialog/?doi=10.1080/00150193.2015.1070246&domain=pdf&date_stamp=2015-12-23
http://crossmark.crossref.org/dialog/?doi=10.1080/00150193.2015.1070246&domain=pdf&date_stamp=2015-12-23


Effect of BiYbO3 Addition with a Small Tolerance
Factor on Ferroelectricity and TC in PbZrO3
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Perovskite (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 (PZ-BY) ceramics, where x D 0.01–0.10,
were synthesized by conventional solid state reaction. The effect of BiYbO3 on crystal
structure, phase transitions and electrical properties was studied as a function of
composition. The X-ray diffraction (XRD) result indicated that the perovskite
structure with orthorhombic symmetry was a major phase for all samples. The
pyrochlore phase, identified as Yb0.2Zr0.8O1.9, coexists in PZ-BY ceramics. The
influence of instability and a small tolerance factor (t) and the average
electronegativity difference (x) of pure BY on phase formation of PZ-BY ceramic has
been discussed. Furthermore, it was found that adding small tolerance factor BiYbO3

compound can stabilize the antiferroelectric (AFE) phase of PZ solid solutions and
decreasing t of solid solution can enhance Curie temperature of PZ.

Keywords Antiferroelectric; tolerance factor; phase transition; lead zirconate

1. Introduction

Currently, antiferroelectrics (AFE) are of interest due to their excellence properties

including electrocaloric effects [1] or electrostriction [2]. They also are important in

a extensive range of technical applications for example high energy density
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capacitors, high strain actuators and transducers. The first compound to be identified

as an antiferroelectric was lead zirconate (PbZrO3; PZ). At room temperature, PZ

has an orthorhombic symmetry with the lattice parameters; a D 5.884 A
�
, b D 11.768 A

�
,

and c D 8.22 A
�
[3]. Phase transition of PZ has progressively changed from orthorhombic

AFE phase to rhombohedral ferroelectric (FE) phase (233–236�C) to cubic paraelectric (PE)
phase at 236�C. Sometimes, the FE phase between AFE and PE phases is called as a FE inter-

mediate phase. As well known, phase transition of AFE to FE in PZ requires a strong electric

field then dielectric breakdown will be occured. In the past, many research groups focused

on adjusting this critical field and optimizing electrical and physical properties of PZ by dop-

ing some metal oxides at the A-site or B-site of a perovskite structure. It was found that FE

phase of PZ can be induced by loading Sr2C, Ba2C and La3C at A-site, and Ti4C and Sn4C at

B-site [4]. Recently, this research group observed that the AFE and FE phases of PZ can be

controlled by adding hybrid-dopants such as Ni2C/Nb5C, Zn2C/Nb5C, Mg2C/W6C and Y3C/
Nb5C at the Zr4C-site of the PZ structure [5–8]. However, Curie temperature (TC) of most

PZ-based solid solutions tends to decrease with increasing metal oxide content. This

phenomenon limits PZ-based compounds for applications that require high operating

temperature.

Recent studies have been carried out on a variety of BiMeO3-PbTiO3 systems, with

the aim of enhancing high TC solid solutions. Eitel et al. [11] pointed out that the smaller

tolerance factor of BiMeO3 can increase the transition temperature further when do solid

solution with PbTiO3. Crystal structure of BiYbO3 has a triclinic symmetry, with the lat-

tice parameters, a D 8.487 A
�
, b D 8.419 A

�
, and c D 9.928 A

�
[9]. The tolerance factor of

0.857 for BiYbO3 is lower than that for BiScO3, BiInO3, etc. In 2009, G. Feng et al. stud-

ied phase transition of xBiYbO3-(1-x)PbTiO3 ceramics[10]. Novel perovskite xBiYbO3-

(1-x)PbTiO3 solid solution has a high Curie temperature (up to 550�C), which is higher

than the TC of xBiScO3-(1-x)PbTiO3 [11]. Although the solid solutions of BiMeO3-

PbTiO3 have been investigated widely, few reports on BiMeO3 with lead zirconate (PZ)

are available. Therefore, in this work PZ was used as the end member with BiYbO3 to

help stabilize a perovskite structure of PbZrO3-BiYbO3 ceramic. The influence of

BiYbO3 on crystal structure, phase transition and electrical properties of PbZrO3 are

reported. Guided by the tolerance factor, relationship with the TC, PbZrO3-BiYbO3 sys-

tem is expected to have a high Curie temperature.

2. Experimental Procedure

Conventional solid state reaction was used for the preparation of (Pb(1–3x/2)Bix)(Zr(1–3x/

4)Ybx)O3 ceramics, where x D 0.00, 0.02, 0.04, 0.06 and 0.10. High purity metal oxide

powders of PbO (99%), ZrO2 (99%), Yb2O3 (99.9%) and Bi2O3 (�99.9%) were batched

in stoichiometric amounts and ball-milled with yttrium-stabilized zirconia balls and etha-

nol for 18 h. After drying the mixture for 24 h in an oven, the mixed powder was calcined

at 900�C in air for 4 h, with a heating/cooling rate of 5�C/min. The calcined powder was

ground and sieved to obtain fine particles prior to making a pellet. In order to get a green

body, the fine powder of each composition was pressed into a disk shape using 5 wt%

PVA as a binder and then sintered at 1,250�C for 4 h. The green bodies were fired in a

sealed alumina crucible in PbO-rich atmosphere to prevent PbO volatilization. The con-

tent of perovskite phase was measured using an X-ray diffractometer (XRD; Bruker-AXS

D8) with CuKa radiation.The relative amount of perovskite structure and pyrochlore

phase was determined by using their major peak intensities. The percentage of perovskite
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structure was calculated via the follow equation:

Content of perovskite phase %ð ÞD Iperov

Iperov C Ipyroc
£ 100 %

where Iperov and Ipyroc refer to intensity of the major peak for perovskite and pyrochlore

phases, respectively. The differential scanning calorimeter (DSC 2920, TA Instrument)

was used to investigate the phase transition of samples in the temperature range of room

temperature to 300�C at a heating rate of 10�C/min. Flat and polished samples were pre-

pared before electrode coating with silver paste (C1000, Heraeus) on both surfaces.

Capacitance and tan d were measured as a function of temperature between 30–300�C,
with a heating rate of 2�C/min using an LCR meter (HP4284A, Hewlett-Packard, Palo

Alto, CA). The polarization was measured as a function of electric field using a standard-

ized ferroelectric tester system (RT-66A, Radiant Technologies, Albuquerque, NM) at a

frequency of 4 Hz. The peak field was maintained at 35 kV/cm during measurement.

3. Results and Discussion

Figure 1 shows XRD patterns of (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 ceramics for the composi-

tions, 0.00 � x � 0.10, at room temperature. At the composition, x � 0.01, a phase-pure

perovskite structure was obtained. All diffraction peaks are able to match well with JCPDS

No. 75–1607, indicating that the crystalline structure of ceramic is an orthorhombic symme-

try. In the compositions, 0.02 � x � 0.10, the major phase was observed as a perovskite

phase. The cubic pyrochlore phase, Yb0.2Zr0.8O1.9 (JCPDS No. 78–1309), marked by “�”,

started to develop and increased in intensity with increase content of BiYbO3 (BY). Under

the detection limit of equipment, percentage of the perovskite phase at various compositions

Figure 1 XRD patterns of sintered ceramics for various compositions of (1-x)PbZrO3 – xBiYbO3,

where x D 0.0–0.1.
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is calculated and listed in Table 1. These results point out that the solubility limit of

(Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 ceramics is the composition, xD 0.01. Also, the existence of

BY in a solid solution drops off the stability of PZ perovskite phase owing to the instability

and small tolerance factor (t) and average electronegativity difference (x) of pure BY;

t D 0.857 and x D 1.786. The tolerance factor (t) and average electronegativity difference

(x) are important factors used to consider the stability of perovskite structure [12].

The tolerance factor can be calculated by the general equation for perovskite

structure: [4]

tD .RA CRO/

x 2.RB C RO/
(1)

where RA, RB and RO are the ionic radius of the ions occupying the A(CN D 12), B(CND
6) and O(CN D 6) sites, respectively. BY compound has a relatively small ionic size of

Bi3C (1.40A
�
, 12 coordinate) on the A-site and a relatively large ionic size of Yb3C

(0.868A
�
, 6 coordinate) in the B-site [13], resulting in a small tolerance factor. Thus,

perovskite BY compound is thermodynamically less stable, and difficult to synthesize,

and the pyrochlore phase often appears. For the second factor, average electronegativity

difference x is exhibited by [12]:

.x/D .xAO CxBO/=2 (2)

where xAO and xBO are electronegativity difference between oxygen and cations occupy-

ing at the A-site and B-site. The average electronegativity difference reflects the ionic

character of the chemical bonds in a perovskite structure. The percentage of ionic charac-

ter is proportional to the electronegativity difference between anions and cations. For a

stable perovskite, the cations and anions should form a strong ionic bond [12]. Bi-based

compounds have a small x value when compared with other lead-free perovskites such as

BaZrO3 (x D 2.33), NaNbO3 (x D 2.175), KNbO3 (x D 2.23). Then Bi-based compounds

may not form a perovskite structure easily.

In addition, the PbO has a low melting point, about 890�C, which volatilizes during

the sintering process, as shown in equations (3) and (4) [10].

PbO.s/ $890
oC
PbO.g/ $890

oC
Pb.g/C 1

2
O2.g/ (3)

PbZrO3 $890
oC
ZrO2C PbO (4)

Also, Bi2O3 has a low melting point of about 820�C. Then BiYbO3 will decompose

and bismuth compound will volatilize during the sintering process by the following equa-

tions [10]:

Bi2O3.s/ $820
oC
Bi2O3.g/ $820

oC
Bi.g/C 3

2
O2.g/ (5)

BiYbO3 $820
oC
Yb2O3C Bi2O3 (6)

The evaporation of PbO and Bi2O3 leads to excessive ZrO2 and Yb2O3, and then

these oxides form a stable Yb0.2Zr0.8O1.9 pyrochlore phase. Furthermore, this pyrochlore
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phase tends to increase with BiYbO3 content increase, as found by the increasing of inten-

sity of extra peaks of around 50� and 60� in Figure 2. A similar phenomenon has also

been found in other solid solution systems [10]. Figure 2 shows enlarged profiles of the
1/ 4 (h k l) superlattice reflections and (042) and (400) peaks of the perovskite phase, and

extra peaks of the Yb0.2Zr0.8O1.9 pyroclore phase in (1¡ x)PZ–xBY ceramics. The 1/ 4
(h k l) superlattice peaks (*) and (042)/(400) of the perovskite phase were chosen for

determining the crystal structure of PZ-BY ceramics. It was found that the superlattice

reflections and splitting of the (2 4 0) peak were noticed at around 43� in all compositions.

This result indicated that the crystal structure is an orthorhombic perovskite and the effect

of adding BY does not change the symmetry of PZ throughout the studied composition

range. Furthermore, instability of the PZ-BY perovskite structure, which has a small

tolerance factor, prevented the MPB compositions from being synthesized. The calculated

lattice parameters and unit cell volume of PZ-BY ceramics are listed in Table 1. It was

found that the unit cell volume of PZ-BY ceramics at all compositions is higher than that

of pure PZ, although the decreasing rate of average ionic radius at the A-site is higher

than the increasing rate of average ionic radius at the B-site. An average ionic radii at the

A-site and B-site ions in the (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 can be determined by the

equations:

rA-site D 1¡ 3x

2

� �
rpb2C C xrBi3C (7)

rB-site D 1¡ 3x

4

� �
rZr4C C xrYb3C (8)

where the ionic radii of Pb2C and Bi3C in 12 coordinates and Zr4C and Yb3C in 6 coordi-

nates of the perovskite were 1.49A
�
, 1.40A

�
, 0.72A

�
and 0.868A

�
, respectively [13]. The

average ionic radii of the A-site and B-site ions for PZ –BY ceramics are listed in

Table 2. It is found that the decreasing rate of average ionic radius at the A-site and

increasing rate of average ionic radius at the B-site was 0.83 A
�
/mol and 0.33A

�
/mol,

respectively. Thus the increase of unit cell volume may be described due to the

Figure 2 XRD patterns of the 1/ 4 (h k l) reflections and the (042) and (400) peaks of perovskite

phase, and extra peaks of the Yb0.2Zr0.8O1.9 pyroclore phase in (1¡ x)PZ–xBY ceramics, with

x D 0.0–0.1.
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evaporation of Bi2O3, resulting in change of the substitution ratio at the A-site and B-site.

Furthermore, the large ionic radius of Yb3C ions which is in excess in the system, can be

expected to come into the PbZrO3 perovskite structure in order to replace the Zr4C ions.

Therefore, the unit cell volume of PZ-BY ceramics is higher than its PZ. However, the

swing of those values, as a function of composition, was observed over the composition

range. This phenomenon could be described by the existence of pyrochlore phases and a

change in the ratio of the substitution at the A-site and B-site. Regarding solid solutions,

the average ionic radii of the A-site and B-site ions were used for tolerance factor calcula-

tion. For the ferroelectric perovskite; when t < 1, the antiferroelectric (AFE) phase stabil-

izes, but while t > 1, the ferroelectric (FE) phase stabilizes [14]. The current research

group has recently found that if the t value of PbZrO3-based perovskite is higher than that

of pure PZ, the FE phase stabilizes. In contrast, an AFE phase is stabilized when the t

value of PbZrO3-based perovskite is lower than that of pure PZ [15]. The tolerance factor

of (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 ceramics decreases with increasing BY content as

shown in Table 2. It is clearly seen that the t of all compositions is lower than 1 and lower

than pure PZ. This result indicated that at room temperature the AFE phase is expected to

be found. Furthermore, as expected, the transition temperature of PZ-BY ceramics is

higher than that in pure PZ, due to the small tolerance factor of BiYbO3. Subsequently,

explanation of dielectric and ferroelectric properties supported these assumptions.

Figure 3 shows the temperature dependence of relative permittivity (er) and loss

(tand) of (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 ceramics using measurement frequencies of 1–

100 kHz. The relative permittivity curve of (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 ceramics,

where 0.00 � x � 0.10 showed a sharp dielectric permittivity peak, was interpreted from

the phase transition. This transition occurred from the orthorhombic AFE phase to the

cubic PE phase at Curie temperature, and a later explanation of ferroelectric data sup-

ported this assumption. A frequency dependence of dielectric response was not observed

at phase transition, which represent no evidence of occurrence of diffused of relaxor-like

behavior. However, the dielectric data revealed a large dielectric loss at high temperature

for all compositions, because space charge polarization and conductivity of insulating

ceramics increased. The variations of Curie temperature (TC), maximum relative permit-

tivity (er max) and maximum dielectric loss (tan dmax) of each composition are shown in

Table 2

Average ionic radius at the A-site and B-site and tolerance factor for (1¡x)PZ–xBY

ceramics

Composition (x)

Average ionic

radius at A-site

Average ionic

radius at B-site Tolerance factor (t)

0.00 1.490 0.720 0.9639

0.01 1.482 0.723 0.9597

0.02 1.473 0.727 0.9554

0.03 1.465 0.730 0.9427

0.04 1.457 0.733 0.9469

0.05 1.448 0.736 0.9427

0.06 1.440 0.740 0.9385

0.08 1.423 0.746 0.9302

0.10 1.407 0.753 0.9218

Effect of BiYbO3 Addition on Ferroelectricity and Tc in PbZrO3 61

D
ow

nl
oa

de
d 

by
 [

K
in

g 
M

on
gk

ut
's

 I
ns

t o
f 

T
ec

hn
ol

og
y 

L
ad

kr
ab

an
g]

, [
N

ar
at

ip
 V

itt
ay

ak
or

n]
 a

t 1
6:

42
 0

7 
Ja

nu
ar

y 
20

16
 



Table 3. The Curie temperature of PZ-BY for all the compositions was found to be higher

than its value of pure PZ. Notably, this phenomenon was not observed in PZ-PYN and

PZ-PYbN systems, although PYN and PYbN also could stabilize the AFE phase of pure

PZ [8, 16]. The higher Curie temperature in PZ-BY ceramics may be attributed to the

small tolerance factor of BiYbO3, as found in BiMeO3-PbTiO3 solid solution [11]. How-

ever, the swing of Curie temperature, as a function of composition, was found throughout

the composition range. This phenomenon may be due to appearance of the pyrochlore

phase and change in the composition of PZ-BY after the evaporation of some Bi2O3. The

er max of PZ-BY was seen to decrease with increasing BY content. Regarding lead-based

perovskite, the presence of pyrochlore or secondary phase could deteriorate dielectric

properties seriously. The amount of Yb0.2Zr0.8O1.9 pyrochlore phase in the PZ-BY system

increases with increasing BY content.

The differential scanning calorimetry (DSC) was used as a secondary technique

to study and confirm the effect of BiYbO3 on phase transition of the PZ-BY sys-

tem. Figure 4 shows DSC curves of PZ-BY ceramics obtained when heating sam-

ples with a heating rate 10�C/min. As expected, a single exothermic peak was

detected for all compositions of the PZ-BY system. This transition of energy attrib-

uted to the Curie temperature of the AFE - PE phase transition. The Curie tempera-

ture of PZ-BY ceramics is higher than its value of PZ, as shown in Table 3. As

expected, there is no significant change in the Curie temperature throughout the

composition range. The results of the DSC analysis are consistent with those of the

dielectric measurements.

Based on DSC data, thermodynamic parameters including heat capacity (Cp),

enthalpy change (DH*), Gibbs energy change (DG*) and entropy change (DS*) were

achieved and listed in Table 2. The enthalpy change was determined directly from the

quantity of heat change in each step per unit mass of the sample. Thus, the DH* was used

Figure 3 Temperature dependence on dielectric properties of (1-x)PbZrO3 – xBiYbO3 ceramics.
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to determine a specific heat capacity (Cp) by the following [17, 18]:

Cp D DH

DT
(9)

where DT D T2 ¡ T1; T1 is the temperature at which point the DSC peak starts to depart

from the baseline; and T2 is the temperature at which point the peak lands. Then, the DG*

and the DS* were calculated by the following equations [17, 18]:

DS� D 2:303Cplog
T2

T1
(10)

DG� D DH� ¡ TpDS
� (11)

Table 3 clearly shows that the values of DH* in all compositions are positive

which indicated that AFE to PE phase transition is an exothermic process [19]. Further-

more, the values of DH*, DS*, CP and DG* change slightly when compared with those of

pure PZ. These phenomena may be owing to the result of orthorhombic AFE to cubic PE

transition throughout the composition range. However, those values are not a significant

change or swing. This result is difficult to describe because the appearance of the pyro-

chlore phase and non-stochiometric quantities in the composition. Also, thermodynamic

parameters of ferroelectric material have various variables as shown by the following

equations [20]:

DH� D TpDS ¡ xiDXi ¡ DiDEi (12)

DG� D SDT ¡ xiDXi ¡DiDEi (13)

Figure 4 Typical differential scanning calorimetry (DSC) curves for (1¡x)PZ–xBY ceramics, with

x D 0.00–0.10.
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where six variables including S is entropy change, T is the temperature, X is stress, x is

strain, E is electric field and D is displacement. For DSC measurement, when temperature

is changed, entropy which point to the disorder of system also changes. There are many

ways to introduce the disorder into a sample such as vibration of atoms, disordered elec-

tric dipoles, vacancies and other defects [21].

The P-E hysteresis loop was measured to clarify the dielectric behaviour of the AFE

phase in the PZ¡BY system. Measurements of the P-E hysteresis loop for all composi-

tions were measured at 35 kV/cm of electric field strength. All compositions of the

ceramics had a linear relationship between electric field and polarization at room temper-

ature, since the electric fields were not enough for switching AFE domains. Generally, an

AFE phase has a zero net dipole moment because the spontaneous polarizations of com-

ponent sublattices are antiparallel to each other. As the external electric field is weak, the

polarization is proportional to the external electric field, and macroscopic polarization

hysteresis is not observed [22]. At room temperature, the electric field which required for

inducing the FE phase in PZ ceramics is higher than the dielectric breakdown strength of

the ceramics [4]. This result indicated that these (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3 ceramics,

where 0.01 � x � 0.10, have AFE behaviour at room temperature. Furthermore, P-E hys-

teresis loop measurements of PZ-BY ceramics, where x D 0.01 and x D 0.03, were oper-

ated at 35 kV/cm of electric field strength in a series of temperatures to clarify further

how the phase transition occurs with temperature. The P-E hysteresis loops measured

after the temperature had stabilized for at least 5 min are shown in Figure 5. For the com-

position, xD 0.01, when temperature is increased to 170�C, the P-E hysteresis loop shows

a small polarization. The higher the temperature, the higher is the polarization observed.

These results indicated that the FE phase can be induced more easily at high temperature

than that at low temperature. However, the polarization is obtained by measurement the

P-E hysteresis loop includes contributions from ferroelectric domain switching, dielectric

displacement and electric conductivity [4, 23]. In this system, PbO and Bi2O3 evaporate

during the sintering process, then defects such as bismuth, lead and oxygen vacancies are

created which resulting in high electric conductivity. With rising temperature, the vacan-

cies are much mobiles, thus the electric conductivity increases [24]. So, it is possible that

a small polarization observed in the composition, x D 0.01, is attributed from the electric

Table 3

Curie temperature (Tc), maximum relative permittivity (er max) and dielectric loss (tan

dmax) for (1¡x)PZ–xBY ceramics

Composition (x)

Dielectric constant DSC

TC

(�C)
er max

at 1 kHz

tan d max

at 1 kHz

TC

(�C)
DH

*(Jg¡1)

Cp

(Jg¡1K¡1)

DS
*(Jg¡1K¡1)

DG
*(J g¡1)

0.00 231.0 3800 0.03 231.0 4.96 0.93 9.7£10¡3 0.0335

0.01 232.0 3700 0.02 235.0 4.72 1.10 9.3£10¡3 ¡0.0069

0.02 238.0 3350 0.04 235.5 4.53 0.92 8.9£10¡3 ¡0.0093

0.03 232.0 2650 0.03 236.0 4.50 0.74 8.8£10¡3 ¡0.0048

0.04 234.0 2660 0.04 239.0 4.62 0.74 9.0£10¡3 ¡0.0081

0.05 233.0 2580 0.07 238.5 4.34 0.99 8.5£10¡3 ¡0.0017

0.06 238.5 2230 0.01 237.0 4.51 0.68 8.9£10¡3 ¡0.0027

0.08 239.0 1990 0.02 237.5 4.46 0.67 8.7£10¡3 ¡0.0066

0.10 239.5 1900 0.04 234.5 4.72 1.10 9.3£10¡3 ¡0.0069
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conductivity. Unfortunately, the P-E hysteresis loop of the composition, xD 0.03, showed

a linear relationship between polarization and electric field until the temperature was

increased to 230�C, due to insufficient of electric field for switching AFE domains. As

indicated in FE data, that the AFE phase existed below the temperature of maximum rela-

tive permittivity. The FE data support the assumption in dielectric results in that the AFE

phase exists in PZ-BY ceramic at room temperature, and AFE changes to PE phase at

Curie temperature.

4. Conclusion

The study of (Pb(1–3x/2)Bix)(Zr(1–3x/4)Ybx)O3, where xD 0.01–0.10, indicated that the perov-

skite structure with orthorhombic symmetry was a major phase for all compositions. The

cubic pyrochlore phase, Yb0.2Zr0.8O1.9, started to develop and increased in a intensity with

increase content of BiYbO3. From dielectric properties, DSC and P-E hysteresis results it is

confirmed that the AFE phase of PZ can be stabilized by adding BiYbO3, are result of the t

value of PZ-BY being lower than that of pure PZ. In addition, the substitution of BiYbO3 in

the PZ perovskite also can enhance the Curie temperature of PZ-BY ceramics.
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Figure 5 Polarization-electric field hysteresis loops of PbZrO3 – BiYbO3 ceramic at 4 Hz while

heating at various temperatures.

Effect of BiYbO3 Addition on Ferroelectricity and Tc in PbZrO3 65

D
ow

nl
oa

de
d 

by
 [

K
in

g 
M

on
gk

ut
's

 I
ns

t o
f 

T
ec

hn
ol

og
y 

L
ad

kr
ab

an
g]

, [
N

ar
at

ip
 V

itt
ay

ak
or

n]
 a

t 1
6:

42
 0

7 
Ja

nu
ar

y 
20

16
 



References

1. A. S. Mischenko, Q. Zhang, J. F. Scott, R. W. Whatmore, N. D. Mathur: Giant electrocaloric

effect in thin-film PbZr0.95Ti0.05O3. Science. 311: 1270–1271 (2006).

2. S-T Zhang, A. B. Kounga, W. Jo, C. Jamin, K. Seifert, T. Granzow, J Rodel, D Damjanovic:

High-strain lead-free antiferroelectric electrostrictors. Adv Mater. 21: 4716–4720 (2009).

3. F. Jona, G. Shirane, F. Mazzi, R. Pepinsky: X-ray and neutron diffraction study of antiferroelec-

tric lead zirconate, PbZrO3. Phys Rev. 105: 849–856 (1957).

4. B. Jaffe, W. R. Cook, H. Jaffe: Piezoelectric Ceramics. New York: Academic Press; 1971.

5. S. Wirunchit, P. Laoratanakul, N. Vittayakorn: Physical properties and phase transitions in

perovskite Pb[Zr1-x(Ni1/3Nb2/3)x]O3 (0.0 � x � 0.5) ceramics. J Phys D: Appl Phys. 41: 125406

(2008).

6. U. Sukkha, R. Muanghlua, S. Niemcharoen, B. Boonchom, N. Vittayakorn: Antiferroelectric-

ferroelectric phase transition in lead zinc niobate modified lead zirconate ceramics: Crystal

studies, microstructure, thermal and electrical properties. Appl Phys A. 100: 551–559 (2010).

7. N. Vittayakorn, P. Charoonsuk, P. Kasiansin, S. Wirunchit, B. Boonchom: Dielectric properties

and phase transition behaviors in (1-x) PbZrO3 -xPb (Mg1/2 W1/2) O3 ceramics. J Appl Phys.

106: 064104 (2009).

8. U. Sukkha, R Muanghlua, S. Niemcharoen, B. Boonchom, N. Vittayakorn: Effect of

Pb(Y1/2Nb1/2)O3 additions on thermal and electrical properties of PbZrO3 ceramics. Ferroelec-

trics. 416: 8–15 (2011).

9. M. Drache, P Roussel, J. P. Wignacourt, P. Conflant: Bi17Yb7O36 and BiYbO3: Two new com-

pounds from the Bi2O3-Yb2O3 equilibrium phase diagram determination. Mater Res Bull. 39:

1393–1405 (2004).

10. G. Feng, H. Rongzi, L. Jiaji, L. Zhen, C Lihong, T. Changsheng: Phase formation and charac-

terization of high Curie temperature xBiYbO3-(1-x)PbTiO3 piezoelectric ceramics. J Eur

Ceram Soc. 29: 1687–1693 (2009).

11. R. E. Eitel, C. A. Randall, T. R. Shrout, P. W. Rehrig, W. Hackenberger, S-E Park: New high

temperature morphotropic phase boundary piezoelectrics based on Bi(Me)O3-PbTiO3 ceramics.

Jpn J Appl Phys. 40: 5999–6002 (2001).

12. A. Halliyal, T. R. Gururaja, U. Kumar, A. Safari: Stability of perovskite phase in

Pb(Zn1/3Nb2/3)O3 and other A(B’B”)O3 perovskites. IEEE Trans. Ultrason. Ferroelectr & Freq

Control. 33: 437–441 (1986).

13. Y. Yamashita, Y. Hosono, K. Harada, N. Ichinose: Effect of molecular mass of B-site ions on

electromechanical coupling factors of lead-based Perovskite piezoelectric materials. Jpn J Appl

Phys. 39: 5593–5596 (2000).

14. K. J. Rao, C. N. R. Rao: Phase Transitions in Solid: An Approach to the Study of the Chemistry

and Physics of Solids. New York: McGraw-Hill; (1978).

15. U. Sukkha, W. Vittayakorn, R. Muanghlua, S. Niemcharoen, B. Boonchom, N. Vittayakorn:

Phase transition behavior of the (1-x) PbZrO3-x Ba (Al1/2 Nb1/2) O3 solid solution. J Am Ceram

Soc. 95: 3151–3157 (2012).

16. U. Sukkha, R. Muanghlua, S. Niemcharoen, B. Boonchom, W. Vittayakorn, N. Vittayakorn:

Effect of Pb (Yb1/2Nb1/2)O3 on phase transition and thermal and electrical properties of PZ-

PYbN solid solution on PZ-rich side. J Mater Sci. 47: 1452–1459 (2012).

17. S. A. Halawy, N. E. Fouad, M. A. Mohamed, M. I. Zaki: Kinetic and thermodynamic parame-

ters of the decomposition of chromium chromate in different gas atmospheres. J Therm Anal

Calorim. 82: 671–675 (2005).

18. R. H. Abu-Eittah, N. G. Zaki, M. M. A. Mohamed and L Kamel: Kinetics and thermodynamic

parameters of the thermal decomposition of bis(imipraminium) tetrachlorocuprate, bis(imipra-

minium) tetrachloromercurate and imipraminium reineckate. J. Anal. Appl. Pyrol. 77: 1–11

(2006).

19. P. Richet: The physical basis of thermodynamics with applications to chemistry. New York:

Kluwer Academic/Plenum; (2001).

66 U. Sukkha et al.

D
ow

nl
oa

de
d 

by
 [

K
in

g 
M

on
gk

ut
's

 I
ns

t o
f 

T
ec

hn
ol

og
y 

L
ad

kr
ab

an
g]

, [
N

ar
at

ip
 V

itt
ay

ak
or

n]
 a

t 1
6:

42
 0

7 
Ja

nu
ar

y 
20

16
 



20. M. E. Lines, A. M. Glass: Principles and applications of ferroelectric and related materials.

Clarendon: Oxford; (1977).

21. R. E. Newnham: Properties of materials: anisotropy, symmetry, structure. New York: Oxford;

(2005).

22. F. Moura, A. Z. Sim~oes, L. S. Cavalcante, M. A. Zaghete, J. A. Varela, E. Longoa: Ferroelectric

and dielectric properties of vanadium-doped Ba(Ti0.90Zr0.10)O3 ceramics. J Alloys Compd. 466:

L15–L18 (2008).

23. H. Yan, F. Inam, G. Viola, H. Ning, H. Zhang, Q. Jiang, T. Zeng, Z. Gao, M. J. Reece: The con-

tribution of electrical conductivity, dielectric permittivity and domain swiiching in ferroelectric

hysteresis loops. J Adv Dielectrics. 1: 107–118 (2011).

24 J. S. Kim, B. C. Choi, J. H. Jeong: Dielectric anormaly and electric conductivity of Nd-doped

and Nd/V Co-doped Bi4Ti3O12 ferroelectric ceramics. J Korean Phys. Soc. 55:874–878 (2009).

Effect of BiYbO3 Addition on Ferroelectricity and Tc in PbZrO3 67

D
ow

nl
oa

de
d 

by
 [

K
in

g 
M

on
gk

ut
's

 I
ns

t o
f 

T
ec

hn
ol

og
y 

L
ad

kr
ab

an
g]

, [
N

ar
at

ip
 V

itt
ay

ak
or

n]
 a

t 1
6:

42
 0

7 
Ja

nu
ar

y 
20

16
 



Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=gfer20

Download by: [Naratip Vittayakorn] Date: 21 February 2016, At: 15:37

Ferroelectrics

ISSN: 0015-0193 (Print) 1563-5112 (Online) Journal homepage: http://www.tandfonline.com/loi/gfer20

Effect of Annealing Time on the Cation Distribution
in Mn Doped CoFe2O4

Rachanusorn Roongtao, Naratip Vittayakorn, Wantana Klysubun & Wanwilai
C. Vittayakorn

To cite this article: Rachanusorn Roongtao, Naratip Vittayakorn, Wantana Klysubun & Wanwilai
C. Vittayakorn (2016) Effect of Annealing Time on the Cation Distribution in Mn Doped
CoFe2O4, Ferroelectrics, 492:1, 43-53, DOI: 10.1080/00150193.2015.1069924

To link to this article:  http://dx.doi.org/10.1080/00150193.2015.1069924

Published online: 17 Feb 2016.

Submit your article to this journal 

Article views: 4

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=gfer20
http://www.tandfonline.com/loi/gfer20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00150193.2015.1069924
http://dx.doi.org/10.1080/00150193.2015.1069924
http://www.tandfonline.com/action/authorSubmission?journalCode=gfer20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=gfer20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00150193.2015.1069924
http://www.tandfonline.com/doi/mlt/10.1080/00150193.2015.1069924
http://crossmark.crossref.org/dialog/?doi=10.1080/00150193.2015.1069924&domain=pdf&date_stamp=2016-02-17
http://crossmark.crossref.org/dialog/?doi=10.1080/00150193.2015.1069924&domain=pdf&date_stamp=2016-02-17


Effect of Annealing Time on the Cation Distribution
in Mn Doped CoFe2O4
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District, Nakhon Ratchasima 30000, Thailand
3Advanced Materials Science Research Unit, Department of Chemistry, Faculty

of Science, King Mongkut’s Institute of Technology Ladkrabang, Bangkok

10520, Thailand

In this work, the series of CoFe2-xMnxO4 powders were synthesized using the solid
state method. The structure and lattice parameter of the samples were determined by
the X-ray diffraction (XRD) and Rietveld refinement method. The morphology was
confirmed without annealing and with annealing at 500�C for 4 and 100 h, with the
samples examined by scanning electron microscopy (SEM). Then, the distribution of
migrating cations was analyzed using X-ray absorption spectroscopy (XAS). Also,
magnetic properties were examined by a vibrating sample magnetometer (VSM). It
can be confirmed from the morphology that the average particle size before and after
annealing remained unchanged, and ranged from 0.66 § 0.20 mm to 0.79 § 0.26 mm.
Furthermore, the distribution of cations was no different after annealing Mn ions at
500�C for 100 h. However, the distribution of cations migrated to their site of
preference after annealing Co and Fe ions in the structure. The result of migrations
induced a saturated magnetization increase to 42.24 emu/g.

Keywords Cation distribution; X-ray absorption; EXAFS; cobalt ferrite; annealing

1. Introduction

Cobalt ferrite is an inverse spinel and important technological material, which exhibits

moderate saturated magnetization (about 80 emu/g) and high coercivity (5400 Oe) as

well as high resistance to wear and significant mechanical hardness [1–2]. In addition, the

partial substitutions of Mn were found to be appropriate for magnetomechanical, embed-

ded high magnetostriction applications and stress-sensing [3–4], since magnetic, elec-

tronic, and catalytic physical and chemical properties depend on cation distribution

among the octahedral (B) and tetrahedral (A) sites. Thus, deciding on cation distribution

between octahedral and tetrahedral sites in spinel ferrites plays an important role in deter-

mining the use of these materials, and has been the subject of many studies [5–7]. It is
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acknowledged that causes of cation distribution over the spinel structure are composed of

[8] particle size [9–10], synthetic methods [11], annealing temperature [12], octahedral

site preference energy [13], size of interstices and ionic radii of ions, and annealing time

[14].

V. G. Harris et al. [8] studied cation distribution in NiZn ferrite films, where Zinc

concentration varied. The results showed that the Zinc cations occupied the A site only.

The Fe cations were found to occupy both the B and A site, as did Nikel ions, but with a

preference for the B site. Harris et al. believed that a large portion of the A site Nikel

ions was natural to the thin film structure. Then, J. A. Gomes et al. [11] investigated cat-

ion distribution on the A and B site of copper ferrite nanoparticles that were prepared by

coprecipitation and compared with copper ferrite by using the standard method. As a

result, the nanoparticle sample presented dissimilar cation redistribution from the theory

of copper ferrite, as it performed different cation distribution over A and B sites in ferrite,

which was related to the different particle sizes obtained with various synthetic routes.

Also, Z. J. Zhang et al. [12] determined the cation distribution in Mn ferrite spinel nano-

particles, using neutron diffraction at various temperatures. The Rietiveld method was

used for fitting in order to obtain the cation distribution. The results of refinement suggest

portions of Mn and Fe are on both the B and A site. Furthermore, the cation distribution

can be modified by heat treatment in a vacuum. The literature reviews did not contain

information about the effect of annealing time on the cation distribution of spinel ferrites.

Thermal annealing was efficient noticeably on dielectric properties, ferroelectric proper-

ties, and crystal structure similar to PZT–PZN ceramic. A research by N. Vittayakorn

et al. [15] prepared PZT–10PZN powders using the columbite precursor method. Ther-

mal annealing was efficient noticeably when improving piezoelectric responses and

dielectric PZT based ferroelectric ceramics. It also proved that annealing time has an

influence on the electrical properties in 0.9PZT-0.1PZN ceramics.

Therefore, this work aimed to study the influence of annealing time on cation distri-

bution in cobalt ferrite synthesized by a conventional mixed-oxide method. The samples

were prepared by excess Mn doped cobalt ferrite, and the single phase ferrite composition

was used to investigated the cation distribution in the structure. This composition made

the cation sites apparent when the structure was restricted. Furthermore, transference of

the cation to the preferred site was expected when the samples were annealed for a very

long time. Also, control of the same average particle site of the samples was desirable for

eliminating other effects of cation distribution. Thus, the samples were annealed at

500�C, due to the annealing temperature being controlled at their same average particle

site, even if the annealing time took a long time. In addition, the annealing time was used

for up to 100 h, due to expectation that a long annealing time would be suitable for cati-

ons changing between A and B sites.

A variety of probes can be considered for information on cation distribution; for

instance, X-ray diffraction, M€ossbauer spectroscopy and neutron diffraction. However,

the neutron diffraction and X-ray diffraction used were limited by the low percentage of

composition in the samples. M€ossbauer spectroscopy was effective in deciding the sur-

roundings of Fe ions, but did not provide information on the Mn cations and Co cation

because the main purpose of this research was to emphasize cation site distribution for

the structural study of spinel ferrite. Hence, extended X-Ray absorption fine structure

(EXAFS) spectroscopy was chosen to detail information on the effect of annealing tem-

peratures on manganese-doped cobalt ferrite, since EXAFS is seen as a powerful tech-

nique for presenting element specificity, chemical sensitivity and local structure. In

[924]/44 R. Roongtao et al.
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addition, EXAFS has been found recently as a useful method for investigating the cation

distribution in spinel ferrites [7–8].

Consequently, this research focused on studying the effect of annealing time on cat-

ion distribution in Mn doped cobalt ferrite by using the X-ray absorption spectroscopy

(XAS) technique. The crystal structures of CoFe2-xMnxO4 powders and confirmation of

average particle size by scanning electron microscope (SEM) were reported. Furthermore,

the magnetic properties between before and after annealing were discussed.

2. Experimental Procedure

Samples of the CoFe2-xMnxO4 system, where x D 0.00, 0.10, 0.20, 1.00, 1.10, and 1.15,

were prepared by a mixed-oxide method. The reagent grades of Fe2O3 (Sigma-Aldrich, �
99.0% purity), Co3O4 and Mn2O3 (Aldrich, �99.0% purity) were used as starting materi-

als. The raw materials were weighed and mixed by the ball milling technique for 24 h in

a PVC container using an alumina ball and ethanol as the medium. The mixed powders

were dried in a hot oven and calcined at 900�C for 48 h with a heating/cooling rate of

5�C/min in an alumina crucible in air. The calcined powders were well ground using an

agate mortar, and an X-ray diffractometer (XRD), Philips-XPert MPD, was employed at

room temperature to identify the phase formation for all samples. Cu Ka radiation was

applied with a step size of 0.02� and a scan rate of 3 s per step. Lattice parameters of the

materials were determined from XRD patterns by the Rietveld refinement method using

the FullProf program. The influence of thermal annealing was identified by the

CoFe0.90Mn1.10O4 powders being annealed at 500�C for 4 and 100 h with a heating/cool-

ing rate of 5�C/min. The unchanging average particle sizes were confirmed by scanning

electron microscopy (SEM), Hitachi S4700, with an accelerating voltage of 5 kV. The

cation distribution without annealing and with annealing at 500�C for 4 and 100 h was

characterized using EXAFS data from the Co K-edge (7709 eV), Fe K-edge (7112 eV),

and Mn K-edge (6539 eV) in the transmission mode at room temperature, in the Siam

Photon Laboratory at the XAS facility (BL-8), Synchrotron Light Research Institute.

Also, magnetization measurements before and after annealing the samples were measured

by a vibrating sample magnetometer (VSM) under a maximum applied magnetic field of

8 kOe at room temperature.

3. Results and Discussion

Figure 1 displays the X-ray diffraction of CoFe2-xMnxO4 powders at various composi-

tions and calcined at 900�C for 48 h. The XRD patterns showed that peaks (when x D
0.00–1.10) were of a single phase cubic structure and corresponded to JCPDS file no.

22–1086 and space group Fd3m (no. 227) [16]. However, the XRD pattern of the

CoFe0.85Mn1.15O4 powder detected secondary phases, which were Fe3O4, Fe2O3 and

(Co, Mn)(Mn, Co)2O4 that corresponded to JCPDS file no. 28–0491, 25–1402 and 18–

0409, respectively. Therefore, only single phase samples were used to investigate the

lattice parameters, which were analyzed from XRD data by the Rietveld refinement

method using the FullProf program, and the variation of lattice constants and results of

a quantitative phase analysis from the refinement with Mn2C doping are presented in

Table 1. The structure refinement showed the corresponding fits and confirmed that the

structure was cubic type. Data quality of structural refinement was checked basically by

R-values (Rw) and a good fit (x2). In addition, the distinction between XRD patterns,

calculated data and experimental profiles displayed small value in the intensity scale, as
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illustrated by the line, YObserved – YCalculated [17]. Furthermore, the results showed

that the lattice constant and unit cell volume for each composition increased with

increasing Mn ion, and gradually exhibited an almost linear dependence and linear

regression with R2 D 0.9940, which is in accordance with Vegard’s law [16]. This

showed that powders in the system are completed for continuous substitution, where

atoms or ions existed [16]. The lattice parameter increased with doping, due to the ionic

Figure 1. X-ray diffraction patterns of CoFe2-xMnxO4 powders calcined at 900
�C for 48 h.

Table 1

Lattice constant (a) and Rietveld refinement result of CoFe2-xMnxO4 powders calcined at

900�C for 48 h

X a (A
�
) V (106 pm3) Rw (%) x2

0.00 8.3843 (6) 589.010 4.01 1.11

0.10 8.3884 (6) 589.879 4.19 1.13

0.20 8.3904 (5) 590.401 4.45 1.19

1.00 8.4094 (3) 594.687 2.81 1.56

1.10 8.4103 (4) 594.893 2.62 1.33
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Figure 2. SEM micrographs of CoFe0.90Mn1.10O4 powders with (a) no annealing, (b) annealing at

500�C for 4 h and (c) annealing at 500�C for 100 h.
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Table 2

Average particle size, saturated magnetization, and coercivity of CoFe0.9Mn1.1O4

powders as a function of annealing time.

Annealing time (h) Average particle size (mm) Ms (emu/g) Hc (Oe)

no annealing 0.66 § 0.20 37.67 130.43

4 0.79 § 0.25 36.21 161.58

100 0.79 § 0.23 42.24 169.37

Figure 3. Fourier transformation of (a) Co, (b) Mn and (c) Fe EXAFS data for CoFe0.90Mn1.10O4

powders.
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radius of Mn coordinating six-fold with O2¡ ions, which were larger than the ionic

radius of Fe coordinating six-fold with O2¡ ions in the structure [18].

The XRD results indicated that the CoFe0.90Mn1.10O4 powders would be annealed,

due to their composition having excess Mn dope in the structure. As expected, the cations

in this composition were migrated easily to a preferred cation site when taking enough

annealing time. Then, the CoFe0.90Mn1.10O4 powders were annealed at 500�C for 4 and

100 h, with the average particle sizes confirmed by scanning electron microscope (SEM).

Figures 2 (a)–(c) show the morphology and particle size distribution of

CoFe0.90Mn1.10O4 powders as a function without annealing, and with annealing at 500�C
for 4 and 100 h. Basically, the particles were of irregular shape and generally agglomer-

ated. The average particle sizes of the powder were estimated from SEM micrographs

and are presented in Table 2. The results showed that the average particle sizes did not

change with annealing time, and they ranged from 0.66 § 0.20 mm to 0.79 § 0.23 mm.

Furthermore, all samples showed small particle size distribution, as observed in the fig-

ures. The size distribution of powders without annealing mainly ranged from 0.57 to

0.83 mm, and slightly increased with annealing time. However, general size distribution

still ranged from 0.57 to 0.83 mm. This minor increase in size distribution certainly would

not have significant effect on cation distribution. These observations revealed that anneal-

ing time has no effect on average particle sizes, which affect cation distribution.

Then, the annealed and non-annealed samples were examined by X-ray absorption

spectroscopy (XAS). EXAFS investigation determined the local bonding surrounding the

Co, Fe and Mn. Spectra that encompassed the Co (7709 eV), Fe (7112 eV) and Mn

(6539 eV) K-edges over an energy range from 100 eV below the energy edge to 800 eV

above it. The information was examined by following standard EXAFS processing, which

led to the Fourier transformation (FT) of information to radial coordinates. In this form,

peak amplitudes reflected the occupancy of atomic shells, and the radial coordinate of the

peak reflected the distance of atom shells from the absorber, which was not corrected for

natural electron phase shift to XAS. [9]. Figure 3 shows the FT of Co, Fe, and Mn

EXAFS data for the CoFe0.90Mn1.10O4 powders without annealing and with annealing at

500�C for 4 and 100 h. The FT from a DK range of between 2 and 10 A
� ¡1, with k2

weighting of the non-annealed Co EXAFS spectra, is shown as a function of distance in

Figure 3 (a). This fact could be seen better when noticing the two maximum intense

peaks. The first one centered near 1.5 A
�
presented the first shell with oxygen around the

Co atoms. The second one centered near 2.8 A
�
, which corresponded to the next shell

neighboring the Co atoms. The first peak showed splitting; the nearest metal Co-O bond

neighbor appeared at r about 1.4 A
�
, according to the tetrahedral coordination absorbing

cation, whereas the oxygen bond near 1.9 A
�
corresponded to the octahedral coordinating

cation. The second peak also showed splitting; the peak centered near r about 2.6 A
�
corre-

sponded to the Co-Co distance. This unique fingerprint identified the absorbing ion occu-

pying the octahedral (B) sites, due to both scattering and absorbing atom occupancy on

octahedral site contributions. The peak centered near 3.1 A
�
absorbed the tetrahedral (A)

sublattice, including contributions from CoA-MA, CoA-O, CoA-MB, and CoB-O correla-

tions (M is metal), but the identification was not unique. Therefore, related amplitudes of

these peaks indicate qualitative distribution of the absorption cation at the B and A site

[8–9, 14]. The non-annealed sample [Figure 3 (a)] shows splitting in the first and second

peak, with the ratio between the second peak being approximately equal. Then, after

annealing at 500�C for 4 and 100 h [Figure 3 (a)], the trend of amplitude in the second

peak split associated only with the increased B site contribution at about 2.6 A
�
[Figure 4

(a)]. This can be explained by the increment of Co ions surrounding the octahedral site
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Figure 4. Trends in site occupation determined from amplitude as a function of annealing time for

(a) Co, (b)Mn and (c) Fe K-edge.

[930]/50 R. Roongtao et al.

D
ow

nl
oa

de
d 

by
 [

N
ar

at
ip

 V
itt

ay
ak

or
n]

 a
t 1

5:
37

 2
1 

Fe
br

ua
ry

 2
01

6 



that affects the annealing time for cation distribution. After annealing, the migration of

Co ions to the B site was observed clearly in the EXAFS spectra because the cation distri-

bution was determined by the preferred cation site, which related to the octahedral site

preference energy (OSPE). The OSPE was estimated from a variety of thermodynamic

data, in which the OSPE of Co ions exhibited a preference for B sites [11].

Also, interpretation of the Mn EXAFS spectra was related to the previous investiga-

tion carried out on the Co EXAFS. Examination of Figure 3 (b) and 4 (b) indicated that

the Mn EXAFS spectra without an annealed sample showed the amplitude of a large peak

centered near 2.6 A
�
of non-annealed powders that were relative to the B site contribution

only. After annealing at 500�C for 4 and 100 h, the migration of Mn cations did not

change, which can be explained by the annealing time having no effect on Mn ion distri-

bution in the structure. Due to OSPE, Mn ions preferred the A or B site when taking a

long annealing time, and the cation distribution trend did not change.

Then, Fe EXAFS data were shown in Figure 3 (c) and 4 (c) as a function of the radial

coordinate. The Fe EXAFS spectra of the sample showed splitting in the second peak

before annealing. This peak was not perfectly symmetric, and enlargement of the region

between 2.6 A
�
indicated that Fe ions were localized at the B site. The amplitude trend of

Fe ion distribution, which was relative to the B-site contribution only, decreased slightly

after annealing at 500�C for 4 and 100 h. This indicated that annealing times influenced Fe

ion distribution, and Fe ion OSPE was shown to prefer the A or B site [11]. Furthermore,

the state of oxidation caused Fe ion migration. Basically, the chemical formula in spinel

ferrite Fe ion was trivalent ions, which are generally smaller than divalent ones because the

larger charge produces greater electrostatic attraction and therefore pulls the outer orbits

inward [13, 19]. Also, the ionic radius of Fe ions was smaller than that of Mn ones [18].

Therefore, Fe ions were transferred to the tetrahedral (A) site more easily than Mn ions.

Figure 5 shows the magnetic hysteresis loop of CoFe0.90Mn1.10O4 powders as a func-

tion without annealing, and with annealing at 500�C for 4 h and 100 h, and a maximum

applied field of up to 8 kOe at room temperature. Basically, the magnetization curves of

all samples were normal S-shaped and typically ferrimagnetic materials [19]. The varia-

tions of saturated magnetization (Ms) and coercivities (Hc) for CoFe0.90Mn1.10O4 powder

Figure 5. Magnetic hysteresis loops of CoFe0.90Mn1.10O4 powders without annealing, and with

annealing at 500�C for 4 and 100 h.
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as a function of annealing time are exhibited in Figure 6 and Table 2. The results pointed

out that saturated magnetization before annealing was 37.67 emu/g, but when the trend

increased with increasing annealing time to 100 h, saturated magnetization read

42.24 emu/g. This confirmed that, as a result of increased saturated magnetization, the

annealing time affected cation migration to the preferred site. The cation distribution results

can explain the magnetic properties that determine the increase of saturated magnetization

in CoFe0.90Mn1.10O4 powders after annealing Co and Fe ions. Since net magnetic properties

resulted from super exchange interaction of metal ions in the A and B site [6], increasing

Co ions in the octahedral site with 3 mB, and decreasing Fe ions very slightly in the octahe-

dral site with 5 mB, resulted in a net uncompensated moment of magnetization, and increas-

ing saturated magnetization. Furthermore, the changing coercivity of the samples, when

increasing the annealing time, can be attributed to annealing time having impact on struc-

tural distortion. Changing coercivity also increased the anisotropy of the Co ion, which

was in accordance with large coercivities that were noticeable in the annealed samples [9].

4. Conclusion

In summary, Mn doped CoFe2O4 powders were synthesized successfully by the conven-

tional mixed-oxide method. The structural characteristics revealed that samples had a sin-

gle phase spinel structure. The unchanged average particle sizes of non-annealed and

annealed samples were confirmed. Furthermore, annealing of CoFe0.90Mn1.10O4 powders

at 500�C for 100 h influenced cation distribution and increased magnetic properties to

42.24 emu/g.
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Samples of the binary metal pyrophosphate, Cu(2-x)Mg(x)P2O7 (x D 0.00 – 2.00), were
prepared via solid state reaction. Vibrational bands of [P2O7]

4¡ anion which contains
the O–P–O radical ([PO2]

¡) and the P–O–P bride ([OPO]¡) and approximate M–O
stretching were identified by Raman scattering. A strong P–O–P band was observed
clearly in Raman spectra, which indicated the formation of solid solution.The purity
of synthetic powders were characterized by X-ray diffraction (XRD).The XRD patterns
indicated that all the samples exhibited a single monoclinic phase structure. The
complete solid solutions in the Cu(2-x)Mg(x)P2O7 (x D 0.00 – 2.00) system were
obtained. The unit cell volume changed, due to the difference between the final
product structure and Cu2P2O7.X-ray absorption near the edge structure (XANES)
technique was used to confirm oxidation state of copper in the Cu(2-x)MgxP2O7.The
relative permittivity and dielectric loss of the samples were measured. The bond
length and bond angle were analyzed by EXAFS and Raman techniques. The relative
permittivity was seen to maintain temperature by substituting Mg2C with Cu2P2O7.
These results were used to explain the crystal structure of materials in order to
change the bond which affects dielectric phenomena.

Keywords Binary metal pyrophosphates; relative permittivity; EXAFS analysis

1. Introduction

Metal phosphate (Mx(PO4
3¡)y species) materials show interesting properties nowadays

because of their wide applications in microwave dielectric materials, corrosion-resistant

coatings, biomedical cements, chelating agents, glass ceramics, and high-quality fertil-

izers [1–3].The pyrophosphate M2P2O7compounds have been reported to possess good

dielectric loss properties as well as a relatively low sintering temperature [1]. It has been

observed that an M radius structure greater than 0.97 A
�
[4] is a dichromate type (M D
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Ca2C, Sr2C, Ba2C,Pb2C, and Cd2C), in which a pair of P2O7
4¡ groups in eclipsed confor-

mation crystallize at about the center of symmetry, with bridging O atoms spreading

towards each other. When the M radius is less than 0.97 A
�
(M D Ni2C, Mg2C, Zn2C,

Co2C, Cu2C, and Mn2C), the structure is a thortveitite type, in which P2O7
4¡occurs in

staggered conformation, and thortveitite-type pyrophosphate a-Cu2P2O7or

a-Mg2P2O7exhibits a rather low sintering temperature when compared with metal oxides.

However, single pyrophosphates groups (such as Cu2P2O7, Mg2P2O7, Zn2P2O7, and

Co2P2O7) still show phase transition when changing temperature. Therefore, this primary

research aimed to modify the structure of these materials in order to decrease dielectric

loss and manipulate the relative permittivity to constant variations with temperature.

Most studies of metal phosphate focused on the synthesis and characterizations of

both bulk [5, 6] and nano particles [7], kinetics and the thermodynamics of reaction [8,

9], and their properties [10, 11]. Nevertheless, the study of the relationship between

dielectric properties and crystal structure is not widely understood, and is therefore of

interest. The secondary aim of this study was to probe the crystal structure which influ-

ence dielectric phenomena of binary metal pyrophosphate compounds. Dielectric proper-

ties of the metal pyrophosphate group are due to two effects that comprise movement of

M2C ions in the octahedral MO6 and shift of O atoms in the collinear P–O–P bridge. If

the collinear P–O–P bond of the pyrophosphate ion is distorted, some distortion of octahe-

dral MO6 also can occur, which would improve the dielectric property of the molecule by

producing polarization [12]. It is well known that the highly relative permittivity of

tetragonal perovskite BaTiO3 comes from off-centred Ti4C ions in octahedral TiO6. Put-

ting a solid solution of Mg2C into Cu2P2O7 structure may bring about distortion of MO6

and the collinear P–O–P bond and improve the dielectric properties of Cu2P2O7 with a

low sintering temperature. This research synthesized Cu(2-x)MgxP2O7 (x D 0.0 – 2.0)

before Raman, and XRD techniques investigated the crystal structure that affects dielec-

tric properties. The phenomena of polarization in the crystal structure of compounds also

were studied in order to characterize via bond length and bond angle.

2. Experimental Procedure

Synthesis of Cu(2-x)MgxP2O7 (x D 0.00, 0.50, 1.00, 1.50, and 2.00) was conducted using

the conventional method. High purity (NH4)2HPO4 (99%) CuO (99.9%), and MgO

(99.9%), were used as starting materials. Stoichiometric mixtures of raw materials were

homogenized by vibratory milling with Yttria stabilized zirconia media in ethanol for 4

hrs. These were calcined at 800�C/24 hrs for x D 0.00, and 950�C/3 days for x D 0.50 –

2.00. The calcined powders were ball-milled again, pressed uniaxially into small pellets

at the pressure of 1000 kg/cm2 and sintered at 1000�C for 24h. The theoretical density of

all ceramics observed was about 95–98%. Raman spectra were recorded in the range of

1300–100 cm¡1 with eight scans on a thermo scientific DXR Raman microscope. The

samples were excited with 488 nm light from an ArC ion laser and the power of the inci-

dent beam was 12.5 mW. The crystal structure and crystallite sizes of the prepared sam-

ples were studied by X-ray powder diffraction with Cu Ka radiation(λ D 0.1546 nm).

using a Bruker D8 AdvanceX-ray diffractometer (Bruker AXS, Karlsruhe, Germany) The

dielectric properties were measured as a function of frequency (1–1000 kHz) and temper-

ature (room temperature to 150�C) using an LCR meter (HP4284A; Hewlett-Packard,

Palo Alto, CA).

Furthermore, substitutional solid solutions, in accordance with the Hume-Rothery

rules, may form if the solute and solvent have: similar atomic radii; RCu(II) D 0.73 A
�
and
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RMg(II) D 0.72 A
�
[13], similar electronegativities; Cu D 1.90 and Mg D 1.31, similar

valency; Cu D : 2C and Mg D 2C. And same crystal structure; b-Cu2P2O7 DMonoclinic,

C2/m and b-Mg2P2O7 D Monoclinic, C2/m. These data show a high possibility of substi-

tutional solid solution between Cu and Mg ions in pyrophosphate compounds. The X-ray

absorption spectroscopy (XAS) was conducted on the beam line (BL8) of the National

Synchrotron Research Center (Thailand). A double crystal Ge(220) was used for the

EXAFS mono-chromator. X-ray absorption (XAS) spectra at the Cu K-edge were col-

lected in transmission mode. The Cu foil, Cu2O, CuO were used as a reference materials

for X-ray absorption near-edge spectroscopy (XANES) measurements. The data from

XANES were analyzed by aATHENA supporting program.

3. Results and Discussion

The Raman spectra of Cu(2-x)MgxP2O7 are shown in Figure 1. It is clearly noticeable that

the studied ceramics display more sharpness and splitting, especially in the low-frequency

region (1300-100 cm¡1), indicating polymerization of [PO4
3¡] to [P2O7]

4¡. The vibration
analysis of the P2O7

4¡ ion which contains the O–P–O radical ([PO2]
¡) and the P–O–P

bride ([OPO]¡) and approximate M–O stretching band were exhibited in Raman spectra.

The Raman spectra are similar to those observed by Boonchom et al. [14]. The strong

vibration bands around 1100 cm¡1 are recognized to stretching of the PO3 unit. The

asymmetric (nasym POP) and symmetric stretch (nsym POP) bridge vibration for these sam-

ples are detected at about 960 and 730 cm¡1, respectively, while the asymmetric (dasym
PO3) and symmetric (dsym PO3) bending vibration are observed at about 600 and 520

cm¡1, respectively. The metal oxide bonds are found in the 460–400 cm¡1 region. When

Cu2C is replaced by Mg2C in the Cu(2-x)MgxP2O7 solid solutions, the Raman spectra show

an important displacement of an absorption band found at about 420 cm¡1. This band can

be assigned to the M–O bond lengths, which are responsible for the wave number increase

from 411 to 458 cm¡1 [15]. In composition x D 0.00 and 2.00 phases, three distinct bands

that originate from the nasym(PO3) vibrations are visible at 1214, 1146 and 1080 cm¡1. In

Figure 1. Raman spectra of Cu(2-x)MgxP2O7; x D 0.00 –2.00.
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the composition of x D 0.50, 1.00, and 1.50 phases, the bands remain at 1146 and 1080

cm¡1, but disappear at 1214 cm¡1. This indicates binary metal phosphates that closely

resemble those of the b-Mg2P2O7 phase, because the medium peak appears at around

1220 cm¡1 only in the alpha phase [16].

Figure 2 shows the XRD patterns of Cu(2-x)MgxP2O7 (x D 0.00, 0.50, 1.00, 1.50, and

2.00). Based on our analysis, the synthesized materials are solid solution and not a combi-

nation of the individual phases. These results indicate that the binary and the single metal

compounds for X2P2O7 (X D Ni, Mn, Zn, Mg, Cu, Co) types are isostructural. Conse-

quently, all XRD pattern can be indexed distinctly based on a pure monoclinic phase with

space group C2/c (Z D 4) for a-Cu2P2O7, P21/c (Z D 4) for a-Mg2P2O7, and C2/m (Z D
2) for the samples as a function of x D 0.50 – 1.50, which noted to be similar to those of

the standard XRD patterns of M2P2O7 (PDF no. 44-0180 for Cu, PDF no. 75-1055 for Mg

and PDF no.82-0973 for CuMg), respectively.

Table 1 presents the variation in these unit cell parameters with x. The half decreas-

ing of lattice parameter c due to changing of space symmetry elements in the molecules

from c (glide plane axis perpendicular to pincipal axis) to m (mirror plane perpendicular

to pincipal axis) which show that increase symmetry in crystal structure. The lattice

parameters a, c and b decrease. Parameter b increases, but the volume shows little change,

due to the similar ionic radii of Mg and Cu(RCu(II) D 0.73 A
�
and RMg(II) D 0.72 A

�
). These

results indicated that when the crystal structure of a-Cu2P2O7 was disturbed by different

kinds of atom (Mg atoms). As a result the new crystal structure is stable at both low and

high temperature. The average crystallite size of 72 § 10 nm for a-Cu2P2O7 sample was

calculated from X-ray line broadening of the reflections of (002), (-112), (-202), (022),

(112), (220), and (130), using Scherrer equation;

DD 0:89λ=bcosu (1)

where D is the mean size of the ordered (crystalline) domain, which may be smaller or

equal to the grain size, u is the diffraction angle,λ is the wavelength of X-ray radiation,

Figure 2. XRD patterns of Cu(2-x)MgxP2O7; x D 0.00 –2.00.
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and b is the full width at half maximum (FWHM) [17], and were found to be 83 § 9 nm

for sample a-Mg2P2O7 was calculated from X-ray line broadening of the reflections of

(111), (002), (020), (212), (410) and (¡422). The average crystallite size of 79 § 9, 73 §
6, and 61 § 7 nm for binary metal pyrophosphates at x D 0.50, 1.00, and 1.50, respec-

tively, were calculated from X-ray line broadening of the reflections of (110), (001),

(¡201), (021), (111), (220), and (130).The data of Raman and XRD results confirms that

to single phase.

Normally, the oxidation state of Mg is two plus. However, the oxidation state of Cu

can be one plus or two plus in phosphate form. So, X-ray absorption near the edge struc-

ture (XANES) technique was used to confirm oxidation state of copper in the

Cu(2-x)MgxP2O7 (x D 0.0, 0.5, 1.0, and 1.5) compounds. As XANES is very sensitive to

both changes in the local geometry and the oxidation state, spectra collected at both edges

could help in understanding Fourier transform evolutions. The XANES spectra of sam-

ples, as shown at the Cu K-edge in Figure 3, remain identical to the signal observed for

Table 1

Lattice parameters of Cu(2-x)MgxP2O7; x D 0.00 – 2.00 calculated from XRD data

a b c b V

Composition (x) Systems A
�

A
�

A
� o A

� 3

0.00 PDF no. 44-0182 6.88(0) 8.11(3) 9.16(1) 109.52(1) 482.30(0)

0.50 This work 6.75(1) 8.15(0) 4.54(4) 107.07(2) 238.75(2)

1.00 6.64(0) 8.21(4) 4.50(0) 106.52(0) 235.19(0)

1.50 6.57(4) 8.24(1) 4.48(2) 105.50(0) 233.71(1)

2.00 PDF no. 75-1055 6.94(0) 8.28(0) 9.04(0) 113.79(4) 476.47(4)

Figure 3. XANES spectra of Cu(2-x)MgxP2O7; x D 0.00 –2.00.
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Cu(II)O (Table 2), whatever the Cu content. Copper atoms thus remain Cu2C in a mono-

clinic symmetry.

The relative permittivity(er) and dielectric loss versus composition plots at 10, 100,

and 1,000 kHz of Cu(2-x)MgxP2O7are shown in Figure 4. The effect of porosity on the per-

mittivity was eliminated by applying the Bosman and Havinga’s correction [18], shown in

Eq. (2), which can be used for dense ceramics having porosity lower than 5%:

er; corrected D er; measured 1C 1:5Pð Þ (2)

where er, measured and er, corrected are the measured and corrected relative permittivity,

respectively, and P is fractional porosity and tabulated in Table 3. The bond angle and

bond length were performed by the Raman scattering and EXAFS results for investigated

phenomena of dielectric properties. Dielectric properties of the metal pyrophosphate

group include two effects that comprise to shift of O atoms in the collinear P–O–P bridge

and movement of M2C ions in the octahedral MO6. In the part of shifting of O atoms in

the collinear P–O–P bridge. The sample as a function of x D 0.50 – 1.50, all compositions

Table 2

Energy positions of the absorption edges observed for measured samples

Compounds Threshold value (E0)

Cu(0) 8979.27

Cu(I) 8979.91

Cu(II) 8986.25

0.00 8986.08

0.50 8986.65

1.00 8986.45

1.50 8986.69

Figure 4. Plots of the relative permittivity and loss of Cu(2-x)MgxP2O7; x D 0.00 –2.00.
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have the space group C2/m. Previous researches reported that all of pyrophosphates com-

pound which have monoclinic system with C2/m, the P–O–P angle are 180 degrees. Sin-

gle metal pyrophosphates, a-Cu2P2O7and a-Mg2P2O7 were exhibited the P–O–P angle

to157� [19] and 144� [20], respectively. In this case, the octahedral MO6 site via bond

strength or average bond length was considered by EXAFS data (Figure 5) and supported

by Raman spectra in the wavenumber about 420 cm¡1 (M-O stretching). As extended X-

ray absorption fine structure (EXAFS) is very sensitive to change in local geometry, spec-

tra collected at both edges could help in understanding Fourier transform evolutions. The

data set were then analyzed by ‘data processing’ with ATHENA software [21]. The struc-

ture parameters of this analysis included approximate interatomic distances. The results

demonstrated the asymmetry of CuO6 octahedral due to the occurred of the little peak

around last part of 1st shell introducing the Jahn-Teller distortion effect undergone by the

copper octahedral centered site into the model or this peak may be the ghost peak [22].

The first shell was the consisting of six oxygen atoms, (M–O) with interatomic distances

about2.10 A
�
. The next shell was described the combination of Cu-M (M D Cu/Mg), and

Cu-P interaction. However, in this work was focus on 1st shell of M-O6 octahedral. The

relation of POP angle, M-O atomic distances from Raman and EXAFS were tabulated in

Table 4. The average bond length of Mg-O6 (x D 2.00) from XAS technic cannot be mea-

sured due to limitations of the instrument. Nevertheless, this data was supported by

Raman result with increasing peak position which corresponded to decreasing bond

length of EXAFS data Figure 5. The single metal pyrophosphate, x D 2.00 (Mg2P2O7)

Table 3

Relative permittivity and dielectric loss of samples

Corrected relative permittivity Dielectric loss

Composition (x) %TD 10k 100k 1000k 10k 100k 1000k

0.00 98.5 11.11 10.66 10.44 0.0432 0.0224 0.0091

0.50 96.7 9.64 9.46 9.36 0.0017 0.0045 0.0072

1.00 95.7 8.19 8.02 7.82 0.0196 0.0117 0.0055

1.50 96.4 6.67 6.43 6.29 0.0175 0.0095 0.0035

2.00 95.3 14.13 13.82 13.87 0.0105 0.0094 0.0076

Table 4

Bond angle, M-O stretching position, and average bond length of samples

POP angle M-O6

Composition (x) Angle(o) Peak position (cm¡1) Bond length(A
�
)

0.00 157 411 2.18

0.50 180 420 2.16

1.00 180 431 2.13

1.50 180 442 2.09

2.00 144 458 —
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was shown to be the highest er and the least of P–O–P angles is 144 degrees, while x D
0.00 (Cu2P2O7) was shown second er and the second lowest of P–O–P angle is 157

degrees. Binary metal pyrophosphates, x D 0.50 – 1.50 with P–O–P angle is 180 degrees

which exhibited er less than single metal pyrophosphate compounds. These results show

that the P–O–P angle is probably main factor for polarization of pyrophosphates group,

by means of small P–O–P angle cause good polarization and good dielectric properties.

Secondly, compounds having the same P–O–P angle (180 degrees), average bond length

were considered. The samples as a function of x D 0.50, 1.00, and 1.50 displayed decreas-

ing of er when increasing Mg2C compositions. These as a result of average M-O bond

length decrease polarization. Therefore, dielectric permittivity tends to increase with

increasing bond length, since decreasing bond strength, shows better polarization. The

changing of dielectric loss of binary metal pyrophosphates at high frequency tends to be

decreasing when x increases. Due to pyrophosphates compound are quite responsive in

the high frequency range (microwave dielectric properties). But low frequency, the

dielectric loss changing were difference may be caused by the extrinsic factors. Gener-

ally, high dielectric permittivity causes high dielectric loss. The Mg having lower EN

(Electronegativity) than Cu [23] is introduced, positively charged defects will be

destroyed thus decreasing the density of defect states of binary metal pyrophosphates,

Cu(2-x)MgxP2O7 system as compared to pure Cu2P2O7. The addition of Mg to Cu2P2O7

build up the amount of charged defect states that might affect the dielectric loss. Since

the dielectric loss of these compounds depends upon the total amount of localized sites,

the decrease of dielectric loss and the increase of Mg component can be understood in

terms of the decreased density of defects on summing up of Mg to Cu2P2O7. Due to the

decreased number of dipoles (D¡ and DC) at higher component of Mg, the dielectric loss

is also expected to decrease with Mg component as found in this study.

Figure 5. EXAFS patterns of Cu(2-x)MgxP2O7; x D 0.00 –2.00.
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4. Conclusion

Metal pyrophosphates; Cu(2-x)MgxP2O7 (x D 0.0-2.0) samples were prepared via solid

state reaction to obtain information on solid solution formation, and characterized in the

metal pyrophosphate group by Raman spectroscopy. XRD and Raman spectroscopy

investigated the structure, which exhibited the compositions, x D 0.50 –1.50, as a copy

structure of high temperature phase, b-Cu2P2O7, with space group C2/m at both high and

low temperature. The dielectric properties of the metal pyrophosphate group include two

effects that comprise to shift of O atoms in the collinear P–O–P bridge and movement of

M2C ions in the octahedral MO6. The experimental results were shown that P-O-P angle

in P2O7
4¡ ions is the main factor. Narrow angles will cause more polarization than wide

angles. Furthermore, increasing bond length in the octahedral site (M-O) increases polari-

zation, because it affects the bond strength of octahedral MO6.The binary metal pyro-

phosphates have high dielectric permittivity and low dielectric loss, especially in

x D 0.50.
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The lead–free piezoelectric ceramics on the binary system of (1-x)(K1/2Na1/2)NbO3–
xBi(Zn2/3Nb1/3)O3 [(1-x)KNN–xBZnN]; x D 0.01–0.10 were fabricated by the solid
state reaction method. The structure and phase transition were determined by X-ray
diffraction.The results of XRD patterns suggested that Bi(Zn2/3Nb1/3)O3 completely
diffuse into the (K1/2Na1/2)NbO3 lattices to form a solid solution. The crystal structure
was in an orthorhombic phase for x � 0.01. When reaching 0.01 < x � 0.07, crystal
structure became a rhombohedral phase and transformed to a pseudo-cubic structure
for x > 0.07. The dielectric data shows that the amount of Bi(Zn2/3Nb1/3)O3 added in
the (K1/2Na1/2)NbO3 decreases the ferroelectric – paraelectric transition temperature
progressively. Furthermore, optimum piezoelectric and ferroelectric properties were
observed at the composition, x D 0.01: effective piezoelectric coefficients (d33 *) D
498 pm/V, remanent polarization (Pr) D 23.3 mC/cm2, coercive field (Ec) D 14 kV/cm,
maximum strain (Smax) D 0.3% and Curie temperature (TC) D 380�C. The results of
this study show that KNN with a small amount of Bi(Zn2/3Nb1/3)O3 (x D 0.01) can be
one of lead-free piezoelectric ceramic candidate.

Keywords Lead-free piezoelectric; phase transition; (K1/2Na1/2)NbO3-
Bi(Zn2/3Nb1/3)O3

1. Introduction

Piezoelectric ceramics such as lead zirconate titanate (PbZrxTi1-xO3; PZT) or PT-relaxor

based compound are used widely in micro-actuators, piezoelectric sensors, transducers,

and several piezoelectric devices [1,2]. Nevertheless, these materials contain about 60

wt% of lead oxide, which has been dangerous to our environment. Thus, there is a great
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need for developing lead–free piezoelectric materials with excellent piezoelectric proper-

ties to instead lead-based materials for various applications. Many class of lead-free pie-

zoelectric ceramic such as Bi1/2Na1/2TiO3–based [3–5], Bi–layered structure [6,7],

BaTiO3–based [8–11] and alkaline niobate–based [12–23] have been investigated.

Recently, research on lead–free piezoelectric materials had been focused mainly on

K1/2Na1/2NbO3 (KNN)–based ceramics because of their excellent piezoelectric, ferro-

electric properties, and exhibited high Curie temperature. Nevertheless, it is difficult to

achieve a dense ceramic of pure KNN from the normal sintering method due to the vol-

atility of potassium at high temperature [12–15]. Thus, various techniques such as spark

plasma sintering [16] hot forging press [17] and hot isostatic pressing [12], were used to

improve density of KNN ceramics. However, these techniques were insufficient for the

mass production industry. To improve the densification of KNN ceramics, many other

perovskite structures was used to form the solid solution with KNN such as BaTiO3

[18], Bi1/2Na1/2O3 [19], SrTiO3 [20], LiTaO3 [21], LiNbO3 [22], LiSbO3 [23] and

Li(Nb,Sb)O3 [15].

Bi–based complex perovskite materials have been investigated extensively because

Bi3C has similar electronic configuration to Pb2C. Recent work reported the solid solution
between Bi–complex perovskites with lead titanate such as PbTiO3–Bi(Zn1/2Ti1/2)O3

[24], PbTiO3–Bi(Mg1/2Ti1/2)O3 [25] and PbTiO3–Bi(Ni1/2Ti1/2)O3 [26] systems. These

materials exhibited a high Curie temperature, which is of great advantage for high–

temperature application. Thus, Bi–complex perovskite also can form solid solutions with

lead–free piezoelectric ceramics. For example, Jarupoom et al. [27] published results on

(Bi1/2Na1/2)TiO3–(Bi1/2K1/2)TiO3–Bi(X1/2Ti1/2)O3, where x D Mg and Ni system which

reported large effective piezoelectric coefficients (d33 *) greater than 500 pm/V. Paterson

et al. [28] observed a high remanent polarization (Pr»35 mC/cm2) in the (Bi1/2Na1/2)

TiO3–Bi(Zn1/2Ti1/2)O3 system. Many research groups focused on a solid solution between

KNN with Bi–complex perovskite with the 1:1 of b–site ordering. Nevertheless, there

were no systematic investigations on the Bi–complex perovskite with the 2:1 of b–site

ordering. In this study, the amount of Bi(X2/3Nb1/3)O3, where X D Zn, was used partially

to substitute KNN. The influence of Bi(Zn2/3Nb1/3)O3 (BZnN) addition on the sintering

ability, crystal structure, phase transition, dielectric, ferroelectric and piezoelectric prop-

erties of the KNN ceramics being investigated.

2. Experimental Procedure

The (1-x)KNN–xBZnN (x D 0.01–0.10) ceramics were fabricated by the solid-state reac-

tion method. Reagent–grade metal oxide, carbonate and bicarbonate powders: Na2CO3

(99.5%), KHCO3 (99.50%), Nb2O5 (99.95%), Bi2O3 (99.95%) and ZnO (99.0%) were

used as starting materials. Typically, the K2CO3 powder was used as a starting material.

However, it is very difficult to take accurately weighing process coursed by K2CO3 has a

highly hygroscopic property. This caused the non-stoichiometric of the K/Na ratio, result-

ing in poor electrical properties. The KHCO3 powder was used as the starting material

instead of K2CO3 powder because of its sensitivity to low hygroscopic property [29]. All

powders were placed in an oven at 120�C for two days before using. All the starting pow-

ders were mixed with ethanol using vibro-milling process for 4 h with yttrium stabilized

zirconia ball, and then dried at 80�C in oven. The mixed powders were calcined at 900�C
for 2 h in covered crucibles, then ball milled again. The granulated powders were pressed

into pellets with 11 mm of diameter, using 3 wt% polyvinyl alcohol (PVA) as a binder.

After PVA burnout at 500�C for 2 h, the samples were sintered at between 1,100–
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1,140�C for 2 h using heating/cooling rate of 5�C/min. All ceramic samples were sintered

in sealed crucibles, which In order to reduce loss of the volatile components such as

potassium, sodium and bismuth; all ceramic samples were sintered in sealed crucibles.

The structure of the sintered pellets was analyzed by X–ray diffraction (XRD) (D8

XRD Advance Bruker). The density of the ceramics was calculated by the Archimedes

method [30]. The microstructure of the sintered pellets from fractured surfaces was

observed by means of scanning electron microscopy (SEM, ZEISS, Evo-Ma10). Prior to

the electrical measurements, the sintered ceramics were polished to achieve flat and paral-

lel surfaces. And then, a silver paste was applied on both sides as the electrode and then

the samples were fired at 650�C for 30 min. The dielectric properties were measured as a

function of temperature using an LCR meter (HP4284A, Hewlett-Packard, Palo Alto,

CA). A ferroelectric tester system (RT66B; Radient Technologies, Inc., Albuquerque,

NM) was used to measure the polarization-electric field hysteresis (P–E) loop at 4 Hz at

room temperature.

3. Results and Discussion

The x-ray diffraction patterns of sintered (1-x)KNN–xBZnN ceramics are shown in

Figure 1. Pure perovskite structure was found in all compositions. Pyrochlore phase such

as K4Nb6O17 was not observed at all. The result indicates that the BZnN was diffused

completely into the KNN lattices, with Bi3C and Zn2C entering the (K1/2Na1/2)
C and

Nb5C site, to form a new solid solution in the studied compositions. The detailed crystal

structure was studied by analyzing XRD patterns using the Rietveld method and Full-prof

software. All of the samples were refined, and they assumed three different structures:

orthorhombic with space group Amm2, rhombohedral with space group R3m and pseudo–

cubic with space group Pm3m. The low x2 values obtained in this investigation indicate

that the refinement was performed successfully in all parameters. Illustrations of the x2

index of (1-x)KNN–xBZnN ceramics are shown in Table 1. Figure 1 shows the optimum

Figure 1. XRD patterns of (1-x)KNN–xBZnN ceramics.

Lead-Free Piezoelectric (K1/2Na1/2)NbO3 – Bi(Zn2/3Nb1/3)O3 [515]/3
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refined structure for each composition. As observed, the experimental patterns fit well

with the simulated patterns (calculated). The differences between the experimental and

simulated patterns also are showed at the bottom of the individual pattern. At the compo-

sition, x D 0.01, the ceramic showed orthorhombic symmetry with space group Amm2

because reflections of the phase fitted well, except at the calculated peak positions with

x2 D 2.12. However, with increasing BZnN content, the ceramics began to exhibit rhom-

bohedral structure with space group R3m for the composition, x < 0.01, and transform to

a pseudo-cubic structure when the composition, x D 0.10. The dielectric information

described later further supports this hypothesis. In addition, most of the peaks were found

to shift slightly to a lower angle with increasing BZnN content, which indicates a change

in the cell parameters. The lattice parameters and unit cell volume calculated by the Riet-

veld method are presented in Table 1. The results indicated that the unit cell volume

increased slightly with increasing BZnN content. In the A–site of perovskite structure,

the Bi3C is slightly smaller than (K1/2Na1/2)
C However, the unit cell volume increased

due to the substitution of larger average ion size of B–site cation of Zn2C (0.74A
�
) to

Nb5C (0.64A
�
). The crystal structure was in an orthorhombic phase for x � 0.01. When

reaching 0.01 < x � 0.07, crystal structure became a rhombohedral phase and trans-

formed to a pseudo-cubic structure for x > 0.07. The same phenomenon has been

observed in previous work [31]. By adding Bi(Zn1/2Ti1/2)O3 to KNN, the crystal structure

transforms from orthorhombic to rhombohedral structure and changes slightly to pseudo–

cubic structure.

Table 1

Crystal structure, x2, lattice parameters and unit cell volume of (1-x)KNN–xBZnN

ceramics calculated from XRD data by the Rietveld method

Lattice parameter (nm)

Compositions (x) Crystal structure x2 a b c V(nm3)

0.00 [29] O – 3.9995 3.9490 3.9995 63.16

0.01 O 2.12 3.9934 3.9533 4.0033 63.20

R 3.01 – – – –

P 3.14 – – – –

0.03 O 1.90 – – – –

R 1.71 3.9830 – – 63.23

P 2.01 – – – –

0.05 O 1.93 – – – –

R 1.87 3.9871 – – 63.38

P 2.01 – – – –

0.07 O 2.06 – – – –

R 2.01 3.9872 – – 63.39

P 2.05 – – – –

0.10 O 2.03 – – – –

R 2.04 – – – –

P 2.00 3.9884 – – 63.44

O D orthorhombic; R D rhombohedral; P D pseudo–cubic.
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Figure 2 demonstrates the SEM micrographs of the fracture surface of (1-x)KNN–

xBZnN ceramics. No abnormal grains were found in any samples, indicating no formation

of pyrochlore phase coursed by high volatility of K, Na or Bi element. All samples were

well sintered and possessed dense ceramics. The average grain size increased when the

BZnN content increased. The relative density of all ceramics was about 95.2–98.4%. The

increasing in relative density can be described by the Bi3C and Zn2C, Nb5Cion are consid-
ered to enter the A– and B–site, respectively, and many oxygen vacancies could be found

in the ceramics. This phenomenon leads to expedite lattice diffusion, followed by increase

of the density of the ceramic [32].

The temperature dependence of relative permittivity (er) and loss tangent (tan d) at

10 kHz of (1-x)KNN–xBZnN ceramics be displayed in Figure 3. The composition, x D
0.01, shows that the phase transitions at 120 and 380�C correspond to those from ortho-

rhombic ferroelectric phase to tetragonal ferroelectric phase (TO-T) and tetragonal ferro-

electric to cubic paraelectric (TC) phases, respectively. The phase transition behaviors

of these ceramics and that of pure KNN were similar and observed at 200 and 420�C,
respectively [12]. Nevertheless, both of these phase transitions shifted to a lower tem-

perature with increasing BZnN content. At the composition in the range of 0.03 � x �
0.07, the O–T phase transition disappeared, and the ceramic became a rhombohedral

structure with a permittivity maximum transition temperature (Tm) of 340, 280 and

198�C at compositions x D 0.03, 0.05 and 0.07, respectively. Finally, the structure trans-

forms to a pseudo–cubic structure in the composition x D 0.10 with Tm of 91�C. These
dielectric data are consistent with XRD analysis. In addition, The Tm decreased with

increasing BZnN content. The decreasing in the Tm is caused the substitution of the

larger average size of B–site cation of Zn2C to Nb5Cion, causing a decreasing in the

Figure 2. SEM micrographs of the fractured surface of (1-x)KNN–xBZnN ceramics at various

compositions, (a) x D 0.01, (b) x D 0.03, (c) x D 0.05 and (d) x D 0.10.
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D
ow

nl
oa

de
d 

by
 [

N
ar

at
ip

 V
itt

ay
ak

or
n]

 a
t 1

5:
36

 3
0 

Ja
nu

ar
y 

20
16

 



tolerance factor (t) [33]. For KNN has a value t is 1.012, when BZnN was added, the t

value reduced to 1.006 at composition, x D 0.10.The t value was calculated using the

ionic radii of Shannon and Prewitt [34]. Similar behavior has been observed in the

Bi1/2K1/2TiO3–KNN [33], BiZn1/2Ti1/2O3–BiScO3–BaTiO3 [35] and KNN-Bi(Zn1/2Ti1/2)

O3 ceramics [31]. Figure 4 illustrates the variation of the 1/er as a function of tempera-

ture of (1-x)KNN–xBZnN; x D 0.01 ceramic at 10 kHz. The deviation degree from the

Curie–Weiss law can be defined by the following DTm:

DTm D Tdev ¡ Tm (1)

Figure 3. Dielectric permittivity as a temperature function of (1-x)KNN–xBZnN.

Figure 4. Variation of the 1/er as a function of temperature at 10 kHz of (1-x)KNN–xBZnN; x D
0.01 ceramics.
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where Tdev is at dielectric permittivity starts to deviate from the Curie–Weiss law. The Tm

is the temperature at maximum permittivity. At the composition, x D 0.01, the DTm is

21�C. The calculated DTm increased from 21 to 230�C with increasing BZnN content,

indicating enhanced diffuse phase transition behavior. The diffuseness of a phase

transition can be determined by the following:

em
er

D 1C .T ¡ Tm/
g

2d2g
.1� g � 2/ (2)

when em is the maximum value of permittivity er at Tm, dg is as a measure of the degree of

diffuseness of the peak. And g is the degree of diffuseness. The g value can have a rang-

ing from 1 for a normal ferroelectric to 2 for an ideal relaxor ferroelectric material. The

dg value can be calculated from the slope of em/er versus (T-Tm)
2 and the g value can be

calculated from the slope of ln(1/er–1/em) versus ln(T–Tm), which both should be linear.

Figure 5 displays the plots of ln(1/er–1/em) versus ln(T–Tm) of (1-x)KNN–xBZnN

ceramics. A linear relationship was observed in all ceramics. The data form Figure 5 was

used to calculate g and dg values for each samples, as shown in Table 2 varies between

1.12 to 1.77 and 4.3 to 6.7, respectively. The g and dg values increases gradually with

increasing BZnN content, suggesting that the ceramics have transformed from 1st order

phase transition to diffuse phase transition. A diffuse phase transition has been explored

in many perovskite structures such as Bi1/2Na1/2TiO3–based ceramics [3], and KNN–

SrTiO3 [20] BiZn1/2Ti1/2O3–BiScO3–BaTiO3 [35] and KNN–Bi(Zn1/2Ti1/2)O3 [31] sys-

tems. It is well known that not only differences in ionic radii but also the ionic charges of

the cation in A– and B–site on the ABO3 perovskite structure are favorable for the forma-

tion of an ordered structure in the A–site complex (A0A00)BO3 or B–site complex A(B0B00)
O3 perovskite structure [36]. Regarding (1-x)KNN–xBZnN ceramics, Bi3C (1.45 A

�
) sub-

stitutes NaC (1.39 A
�
) and KC (1.64 A

�
) in the A–site, while Zn2C (0.74 A

�
) substitutes

Figure 5. Plots of ln(1/er–1/em) versus ln(T–Tm) of (1-x)KNN–xBZnN ceramics. The symbols

denote the experimental data, while the solid lines denote the least–squares line that fits the modi-

fied Curie–Weiss law.
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Nb5C (0.64 A
�
) in the B–site of the perovskite structure. The heterovalent ions and differ-

ence ionic radii lead the high degree of disorder and the local compositional fluctuation

may increase in the perovskite structure, thus giving rise to a diffuse phase transition.

Figure 6 illustrates the P–E hysteresis loops of (1-x)KNN–xBZnN ceramics. At the com-

position, x D 0.01, a well-saturated hysteresis loop was observed clearly. The remanent

polarization (Pr) and a coercive field (Ec) value are of 23.3 mC/cm2 and 14 kV/cm,

respectively. However, when more BZnN was added the Pr and Ec values decreased dra-

matically, the slim hysteresis loop was dominated. The slim hysteresis behavior is

explained by the high degree of disorder in the ABO3 perovskite structure. Similar phe-

nomena have been observed in BaTiO3–Bi(Zn1/2Ti1/2)O3–BaInO3 [37]. The unipolar

strain versus electric field of (1-x)KNN–xBZnN ceramics at room temperature are shown

in Figure 7. The high field piezoelectric strain coefficient (d33 *) was calculated by using

the slope of these curves at 60 kV/cm, as shown in Table 2. The highest d33 * and maxi-

mum strain (Smax) value of this system was found in the composition, x D 0.01, where

d33 * D 498 pm/V and Smax D 0.3%. This significant strain enhancement may be due

to mixed contribution between non-polar and ferroelectric phase transition. At the compo-

sition, x D 0.01, the generation of non-polar phase and the formation of defect dipoles in

Table 2

Dielectric, ferroelectric and piezoelectric properties of (1-x)KNN–xBZnN ceramics

Compositions

(x)

Tm
(�C)

DTm
(�C) em dg g

Pr

(mc/cm2)

Ps

(mc/cm2)

Ec

(kV/cm)

Smax
(%)

d33 *

pm/V

0.01 380 21 2850 4.3 1.12 23 26 14 0.30 498

0.03 340 57 1900 4.9 1.30 3 15 9 0.098 163

0.05 280 89 1750 5.4 1.33 3 13 9.5 0.083 138

0.07 198 135 2050 5.9 1.52 2 13 8 0.066 110

0.10 91 230 2040 6.7 1.77 1.3 12 5 0.057 95

Figure 6. P–E hysteresis loops of (1-x)KNN–xBZnN ceramics.
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ferroelectric material occurred. When the electric field was applied, the non-polar regions

were induced reversible to ferroelectric phase formation, and lead to promote a large

reversible domain switching. Finally, the large strain was obtained in this composition.

When more amount of BZnN is added, the strain value decreased due to the non-polar

phase dominated, thus the electric field induced phase transition could be difficultly

achieved. Similar phenomena have been observed in the in other reports [38–40]. Table 3

presents the Comparison of the d33* of our data with reported data on other lead-free pie-

zoelectric ceramics. It is well known that the ferroelectric and piezoelectric properties in

polycrystalline ceramics are caused by the intrinsic effect in connection with the change

of the polarization and the extrinsic contribution effect [41, 42]. For the extrinsic effect,

this effect is associated by grain size effect, defects, the secondary, densification and

porosity of the ceramics. For the (1-x)KNN–xBZnN ceramics, the addition of BZnN can

be promoted the grain growth of the KNN ceramics, which helps the domain movement.

In addition, as the amount of BZnN is added, the ceramics became denser (%TD D 95–

98% for KNN – BZnN system compared with %TD D 93% for pure KNN [31]). The

enhancement of grain size and densification can be improved of ferroelectric and

Figure 7. Unipolar strain S(E) curves of (1-x)KNN–xBZnN ceramics.

Table 3

Comparison of the d33* of our data with reported data on other lead–free piezoelectric

ceramics

Materials d33* (pm/V) Ref.

KNN-1%BZnN 498 This study

KNN-LiSbO3 330 [23]

KNN-LiTaO3 138 [21]

BaTiO3-Bi1/2Na1/2O3 240 [36]

Bi1/2Na1/2O3-Bi1/2K1/2O3-KNN 385–560 [36]

Bi1/2Na1/2O3-Bi1/2K1/2O3-Bi(Mg1/2Ti1/2)O3 570 [28]

Bi1/2Na1/2O3-Bi1/2K1/2O3-Bi(Ni1/2Ti1/2)O3 520 [28]

Bi1/2Na1/2O3-Bi1/2K1/2O3-Bi(Zn1/2Ti1/2)O3 460 [37]

Lead-Free Piezoelectric (K1/2Na1/2)NbO3 – Bi(Zn2/3Nb1/3)O3 [521]/9

D
ow

nl
oa

de
d 

by
 [

N
ar

at
ip

 V
itt

ay
ak

or
n]

 a
t 1

5:
36

 3
0 

Ja
nu

ar
y 

20
16

 



piezoelectric properties. On the other hand, the intrinsic effect originates from the polari-

zation and the ionic displacement. In KNN-based perovskite solid solution, the B-cation

displacement and ferroelectric activity of Zn, Sc, Cd, Sn, W, Ce and Y cations were

explored [43, 44]. The substitution of Zn2C with Nb5C would cause an increase of polari-

zation and ferroelectric activity and lead the improvement of ferroelectric and piezoelec-

tric properties in the solid solution. The large Pr, Smax and d33 * values were observed

when amount of BZnN is added (x D 0.01). Nevertheless, when more amount of BZnN is

added (x > 0.01), the concentration of heterovalent ions in the perovskite lattice were

more changed lead to order/disorder state was altered. Due to increasing of random polar-

ization with concentration of foreign ions, and lead to change of structure from long-range

order to shot-range order state with increasing BZnN content, resulting the Pr, Smax and

d33 * values decreased.

4. Conclusion

Lead–free piezoelectric (1-x)KNN–xBZnN ceramics was prepared by conventional solid-

state reaction. The ceramics were observed a perovskite structure with orthorhombic

phase at composition x � 0.01. When more BZnN was added in the range 0.01 < x �
0.07, the crystal structure became a rhombohedral phase and transforms to a pseudo–

cubic structure at x > 0.07. The dielectric data show that the amount of BZnN in the

KNN solid solution slightly decreases the paraelectric cubic–ferroelectric phase transition

temperature (TC). Optimum ferroelectric and piezoelectric properties were observed at the

composition, x D 0.01: Curie temperature (TC) D 380�C, effective piezoelectric coeffi-

cients (d33 *) D 498 pm/V, remanent polarization (Pr) D 23.3 mC/cm2, coercive field

(Ec) D 14 kV/cm, and maximum strain (Smax) D 0.3%. The results show that KNN with a

small amount of BZnN (x D 0.01) is a good lead-free piezoelectric ceramic. The results

of this study indicate that (1-x)KNN–xBZnN forms a new class of environmental friendly

candidate material for application in piezoelectric devices, and provides an alternative

way of finding new lead–free piezoelectric materials.
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TiO3-xBi(Mg0.5Ti0.5)O3 Solid Solution
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Solid solution of 0.9BaTiO3-(0.1-x)Bi0.5Na0.5TiO3-xBi(Mg0.5Ti0.5)O3 (BT-BNT-xBMT)
system, where x D 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, was synthesized by the solid state
reaction. Dense BT-BNT-xBMT ceramics were obtained by sintering at 1,150–1,2508C for
4 h. The effect of BMT on crystal structure and electrical property of BT-BNT ceramics was
investigated as a function of composition, x, using X-ray diffraction, dielectric
spectroscopy, hysteresis and strain measurements. The crystal structure of solid solution
BT-BNT-xBMT, where x D 0.00-0.10, successively transforms from tetragonal to
pseudocubic symmetry, with increased BMT concentration. Temperature dependence of
dielectric constant (er) and dielectric loss (tand) for BT-BNT-xBMT at various frequencies
showed that phase transition of ceramics changed from ferroelectric to relaxor-like
behavior as BMT content increased. Furthermore, remanent polarization (Pr), coercive
field (Ec) and the normalized strain (d33*) of BT-BNT-xBMT ceramics tend to decrease with
increasing BMT concentration.

Keywords BT-BNT-xBMT; lead free piezoelectric; phase transition; electrical
properties

1. Introduction

Lead zirconate titanate (PZT) ceramics have been used widely in many electronic devices

such as piezoelectric sensor, actuators and transducers because of their excellence
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piezoelectric properties [1]. However, PZT-based piezoelectric ceramics are not environ-

mental friendly because more than 60% wt of these ceramics contains the lead toxicity.

Furthermore, the EU legislation forced draft directives including Waste from Electrical

and Electronic Equipment (WEEE) and Restriction of Hazardous Substances (RoHS).

According to the environmental issues, lead free friendly piezoelectric ceramics have

been received considerable attentions to replace lead-based piezoelectric materials.

Although no real lead free materials can be replaced the common use in lead-based

ceramics for various applications, many potentially promising lead free materials have been

developed. Among the lead free materials, Barium titanate (BaTiO3; BT) has perovskite

structure and good electrical properties such as ferroelectric and piezoelectric properties but

low Curie temperature (Tc) [2]. In recent years, there are many researches about BT-base

for example Ba0.85Ca0.15Ti0.90Zr0.10O3 [3] and (1-x)Ba0.98Ca0.02Ti0.94Sn0.06O3-xBa0.85-
Ca0.15Ti0.90 -Zr0.10O3 [4]. Jiagang Wu et al. [4] found that BT-base ceramic by combining

(1-x)Ba0.98Ca0.02Ti0.94Sn0.06O3-xBa0.85Ca0.15Ti0.90Zr0.10O3((1-x)BCTS-xBCTZ) system

has a phase boundary coexistence of orthorhombic and tetragonal phase at around 4 mol%

BCTZ which show good dielectric and piezoelectric properties of dielectric constant

(er»5500), dielectric loss (tand»0.3%) and piezoelectric constant (d33»407 pC/N). The

binary system of Bi0.5Na0.5TiO3-BaTiO3 (BNT-BT) is an important candidate for replacing

lead-based piezoelectric. In a few decades, BNT-BT solid solution was studied by various

research groups [2, 5, 6]. Takenaka et al. [5] found that BNT-BT system has a morphotro-

bic phase boundary (MPB) between rhombohedral and tetragonal phases at around 6-7

mol% BT which shows the excellent properties including eT33 /e0 D 580, piezoelectric con-

stant (d33 D 125 pC/N), Curie temperature (Tc D 288�C), dielectric loss (tand D 1.3%) and

planar coupling coefficient (k33 D 55.0%). Afterwards, researchers focused to develop

BNT-BT binary material on the composition range of MPB by doing ternary solid solution

such as KNN-modified BNT-BT [7,8] and BZr-modified BNT-BT [9]. Also, the BNT-BT-

based systems on the BNT-rich side have been investigated extensively for example (0.94-

x)BNT-0.06BT-xKNN [7], 0.865BNT–0.350BT–0.100BKT [8] and BZr-modified BNT-

BT [9]. However, few works have investigated and developed BNT-BT on the BT-rich

side. Recently, Wada et al. studied on the combination between BaTiO3 and Bi(Mg0.5Ti0.5)

O3 (BMT) and found that BMT can enhance Curie temperature (TC) of BT with the highest

TC (about 360�C) for 0.5BaTiO3-0.5BMT ceramics [10]. Moreover, Qi Wang et al. have

studied lead free Bi0.5Na0.5TiO3–Bi(Mg0.5Ti0.5)O3 systems and reported that BMT can

improve piezoelectric properties and enhance TC of BNT ceramic. The 0.95BNT-

0.05BMTO3 ceramic showed the highest d33 about 110pC/N and high TC at 352�C [11].

This work dealt with the new ternary system of 0.9BaTiO3-(0.1-x)Bi0.5Na0.5TiO3-xBi

(Mg0.5Ti0.5) in order to get more information of BT-BNT-based on BT-rich side. BT-

BNT-xBMT ceramics were prepared by the solid state reaction. The effect of BMT on

crystal structure, phase transition and electrical properties were studied as a function of

composition, x.

2. Experimental

Lead free 0.9BaTiO3-(0.1-x)Bi0.5Na0.5TiO3-xBi(Mg0.5Ti0.5)O3 (BT-BNT-xBMT) ceramics,

where xD 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, were synthesized by the solid state reaction. Bi2O3

(99.9%, Sigma-Aldrich), BaCO3 (98.5%, Fluka), Na2CO3 (99.8%, Riedel-deHaen), TiO2

(99.9%, Sigma-Aldrich) and MgO (99%, Fluka) powders were used raw materials. First, stoi-

chiometric amounts of rawmaterials wereweighted and ball-milledwith yttrium-stabilized zir-

conia in ethanol media for 18 hours. After drying the mixture for 24 h in an oven, the mixed
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powder was calcined at 900�C for 4 hours with heating/cooling rate 10�C/min. In order to

obtain fine particles prior to making a pellet, the calcined powders were ground and sieved.

The fine powders were pressed into disks with 15 mm diameter. 5 wt% polyvinyl alcohol as a

binder was used as binder. The disks were sintered at 1150-1250�C for 4 hours with heating/

cooling rate 5�C/min. The crystal structure of ceramics was characterized using X-ray diffrac-

tion (Bruker-AXS D 8 Advance) with Cu(Ka) radiation in the 2u scan range of 20�–80�. For
electrical measurements, the samples were polished for both sides and made parallel before

electrode coating with silver paste (C1000, Heraeus) on both surfaces. Silver paste was heated

on at 750�C for 20 min with heating/cooling rate 5�C/min. The relative permittivity (er) and
dielectric loss (tand) were determined as a function of frequency (1-100 kHz) and temperature

(room temperature to 2508C) using LCR meter (HP4284A, Hewlett-Packard, Palo Alto, CA).

Polarization-electric field (P-E) hysteresis loop were determined at room temperature using

Radiant Technologies, Inc (RT66A). The strain-electric field (S-E) curves were determined

using MTI-2100 Fotonic sensor combined with Radiant Technologies. The peak field for P-E

hysteresis loop and S-E curve measurements was maintained at 60 kV/cm during measure-

ment. The surface morphology of ceramics was observed using scanning electron microscope

(EVO�MA10).

3. Results and Discussion

The X-ray diffraction patterns of BT-BNT-xBMT ceramics, where x D 0.00, 0.02, 0.04,

0.06, 0.08, 0.1, are shown in Figure 1(a). It indicates that all samples are a single phase

with the perovskite structure. The secondary and other phases were not observed in the

XRD patterns, which indicating that all compositions in the BT-BNT-xBMT system can

completely form solid solution with a perovskite structure. A (111) peak at around 39

was chosen to identify the crystal structure of BT-BNT-XBMT ceramics as shown in

Figure 1(b). In the compositions, 0.00 � x � 0.08, the crystal structure has a tetragonal

symmetry, identified by a splitting of the (002) and (200) peaks. At the higher BMT con-

tent of x D 0.1, the doublet of (002) and (200) peaks become a single peak of (200) and

the (111) peak still exhibits a single peak. These results indicated that the crystal structure

changed to a pseudocubic symmetry.

The average ionic radius of A-site and B-site, calculated lattice parameters, the tetra-

gonality c/a ratio and tolerance factor of each composition are listed in Table 1. The tetra-

gonality c/a ratio is the important factor representing the lattice distortion of the

tetragonal symmetry. It is seen that the c/a ratio decreases significantly with increasing

BMT content. The ionic radii of Bi3C (CN D 12, 1.40 A
�
) are smaller than the ionic radii

of Ba2C (CN D 12, 1.61 A
�
) resulting in the decreasing of average ionic radii at A-site

[12]. Also, the substitution of Ti4C ions (CN D 6, 0.605 A
�
) by Mg2C (CN D 6, 0.72 A

�
)

results in the increasing of average ionic radii at B-site as shown in Table 1. Then, it is

reasonable to assume that the substitution of BMT into BT-BNT leads to the distortion

and deformation of tetragonal structure. Furthermore, the tolerance factor (t) is important

factor that reflecting the perovskite structure distortion, rotation and tilt of the BO6 octa-

hedra [13]. Generally, the perovskite structure is stable in the range of 0.880 < t < 1.090

region [14] and the symmetry is higher as the t value is approach to 1. It is also noticed

that the t for BT-BNT-xBMT ceramics tends to decrease with increasing BMT which cor-

responds well with the phase transition from tetragonal to pseudocubic symmetry.

Based on the XRD data, it could be said that the combination between BT-BNT and

BMT could form completely crystalline solid solution of perovskite structure but the exis-

tence of BMT caused the tetragonality of BT-BNT decrease.

Lead Free 0.9BaTiO3-(0.1-x)Bi0.5Na0.5TiO3-xBi(Mg0.5Ti0.5)O3 [537]/25
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Figure 2 illustrates the temperature dependence of the relative permittivity (er) and
dielectric loss (tand) of BT-BNT-xBMT ceramics measured at various frequencies

between 1 and 100 kHz. Regarding the composition, x D 0.00, the relative permittivity of

0.9BT-0.1BNT increased slowly until the temperature approached transition temperature,

then it abruptly increased and passed through a maximum of about 178�C. This disconti-
nuity of dielectric constant at phase transition is characteristic of the first order phase tran-

sition [15] and occurs from the change of the tetragonal ferroelectric (FE) phase into the

cubic paraelectric (PE) phase, in agreement with previous reports [2]. The relative permit-

tivity curves at the compositions, 0.02 � x � 0.10, showed only one phase transition. The

composition, x D 0.02, showed a broadening dielectric peak which much like the charac-

teristic of relaxor ferroelectric, however the position of the peaks keep unchanged at vari-

ous applied frequency. At higher composition, 0.04 � x � 0.10, the diffuse phase

transition behaviour with broad maximum and frequency dispersion became more self-

evident when BMT concentration increased. Also, the transition temperature is dependent

of frequency and increases with increasing frequency. These results indicated that BT-

BNT-xBMT progressively change from normal ferroelectric to relaxor ferroelectric when

Figure 1. (a) X-ray diffraction patterns of 0.9BT-(0.1-x)BNT-(x)BMT ceramics with the composi-

tion 0.00 � x � 0.10; (b) X-ray diffraction patterns for (111), (002) and (200) peaks of 0.9BT-(0.1-

x)BNT-(x)BMT ceramics with the composition 0.00 � x � 0.10.
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BMT concentration increases. This phenomenon of BT-BNT-xBMT system resulted from

the substitutions of Bi3C ions for NaC ions and Mg2C ions for Ti4C, which distort the unit

cell and change dipole moment. For complex perovskite compound, the more cations

occupy the equivalent crystallographic site of A or B, the more the chemical fluctuation

and structural disorder in arrangement of cations are inhomogeneous at the nanometre

scale, then the relaxation characteristic becomes more distinctly [16, 17].

In order to further characterize the relaxor behavior, a modified Curie–Weiss law in

equation (1) was used for description a broad relative permittivity and diffuseness of

phase transition [18, 19].

em
e
D 1C .T ¡ Tm/

g

2dg
(1)

where em is the maximum value of relative permittivity and Tm is the temperature of

dielectric maximum. The g value expresses the degree of dielectric relaxation in relaxor

Figure 2. Relative permittivity (er) and dielectric loss (tand) as a temperature dependence of

0.9BT-(0.1-x)BNT-(x)BMT ceramics with the composition 0.00 � x � 0.10.
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ferroelectric material which this value is in the range of 1 � g � 2. When g value is equal

1, Eq. (1) becomes the classic Curie Weiss law valid in the case of normal ferroelectric.

When g value is equal 1, the ideal relaxor behavior with quadratic dependence is

described. The parameter dg is the diffuse parameter which can be used to determine the

degree of diffuseness in the phase transition. The dg value can be observed from the slope

of e
0
m=e

0
versus (T-Tm)

2, which should be linear. Plot of ln (1e ¡ 1
em
) as function of ln

(T-Tm) at 100 kHz of BT-BNT-xBMT ceramics are displayed in figure 3. By plotting ln

(1/e–1/emax) versus ln(T-Tm), the g value can be determined directly from the gradient.

The g and dg values are determined and shown in Table 2. It is clearly seen that both dg
and g values tend to increase with increasing of the BMT content, confirming the relaxor

behavior in these solid solution. Based on the dielectric data, a slim P-E hysteresis loop in

BT-BNT-xBMT ceramic at high BMT content is expected to observe at room

temperature.

Curie temperature and maximum relative permittivity (er max) at 100 kHz of

BT-BNT-xBMT ceramics are determined and plotted as a function of composition in

Figure 3. The relative plot between ln(1/e–1/em) and ln(T – Tm).

Table 2
The dielectric and ferroelectric properties of BT-BNT-XBMT ceramics with the

composition 0.00 � x � 0.10

x

er room at

100 kHz

tand at
100 kHz g dg

Pr

(mC/cm2)

Ps

(mC/cm2)

Ec

(kV/cm)

Squareness

hysteresis

loop (Rsq)

0.00 524 0.038 1.08 12.88 15.52 19.72 29.47 1.56

0.02 663 0.039 1.32 13.98 12.87 18.04 24.31 1.38

0.04 1075 0.051 1.47 14.94 11.26 17.74 20.41 1.20

0.06 1684 0.071 1.60 15.77 8.30 17.30 13.64 0.88

0.08 2820 0.069 1.67 16.26 2.55 15.96 4.24 0.37

0.10 2526 0.080 1.59 15.97 1.63 11.77 3.48 0.33
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Figure 4(a). It was observed that Curie temperature decreased rapidly with further

increase of BMT. As the previous works have reported that the rapidly decrease in transi-

tion can be caused by valence mismatch [20, 21]. In BT-BNT-xBMT system, the differen-

ces in valence of ions at A-site (Ba2C, NaC, Bi3C) and B-site (Mg2C, Ti4C) might be result

in valance mismatch, thus Curie temperature decrease with increasing BMT content. Sim-

ilar behavior is also observed for the substitution of BMT in KNN structure [22]. More-

over, the maximum relative permittivity (er max) of BT-BNT-XBMT ceramics tends to

decrease with increasing BMT concentration. However, at room temperature the relative

permittivity (er room) tends to abruptly increase with increasing BMT, excepting the com-

position, x D 0.10. While, dielectric loss (tand) tend to gradually increase with BMT

increase as shown in Figure 4(b). The smooth increase of er room for the compositions,

0.02 � x � 0.08, might be attributed to the decreasing of Curie temperature to room tem-

perature. While, the er room of composition, x D 0.10 is decrease might be the Curie tem-

perature being below room temperature.

The composition dependence of polarization-electric field (P-E) hysteresis loops

for BT-BNT-xBMT system was measured at room temperature with electric field of

60 kV/ cm, as shown in figure 5. It is evident that all ceramics display the saturated P-E

Figure 4. (a) The relative plot between Curie temperature and maximum relative permittivity

(er max) as a function of composition (x); (b) The relative plot between relative permittivity at room

temperature (er room) and dielectric loss (tand) as a function of composition (x).
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hysteresis loops. For 0.9BT-0.1BNT, a shape of hysteresis loop displays typically normal

ferroelectric behavior with remanent polarization (Pr) and coercive field (Ec) of

15.52 mC/cm2 and 29.47 kV/cm, respectively, which in good agreement with previous

work [2]. Normal ferroelectric contains a long-range interaction between dipoles in the

ferroelectric micro-domain state, giving a typical square hysteresis loops with high Pr

and Ec. As expected for BT-BNT-xBMT ceramics, the substitution of BMT has signifi-

cantly effect on the hysteresis loops shape and polarization and coercive field values. The

more BMT concentration increases, the more the hysteresis loop shape becomes slim,

identified the gradually drop of Pr, Ps and Ec values as summarized in Table 2. This result

suggests that the long-range order of polarization in ferroelectric micro-domain was sig-

nificantly broken down to polar nano-regions by adding BMT. Then, at high content of

BMT, normal ferroelectric BT-BNT-xBMT ceramics become relaxor-like behavior

exhibiting a slim P-E hysteresis loop with low Pr and Ec. For low content of BMT, the

decreasing of Pr and Ec might be due to an easier of domain switching and domain wall

motions [23] as well as tetragonality decreasing of crystal structure in this system [24].

The plots of Pr and Ec values against composition are given in figure 6. Again, a clearly

smooth trend of decrease was seen in Pr and Ec with respect to BMT content, confirming

the completely solid solution formation in BT-BNT-xBMT system.

To confirm the changes in hysteresis behavior, the empirical relationship between Pr,

Ps and polarization at fields above the Ec proposed by Haertling and Zimmer was used for

calculated the squareness of hysteresis loop [25]

Rsq D Pr

Ps

C P1:1EC

Pr

(2)

where Rsq, Pr and Ps are squareness of hysteresis loop, remanent polarization and satura-

tion polarization, respectively. P1.1Ec is the polarization at an electric field equal to

1.1 times the coercive field (Ec). The squareness parameter reflects the quantification of

changes P-E hysteresis loops. For an ideal P-E hysteresis loop, the Rsq is equal to 2. The

calculated Rsq for all ceramics is listed in Table 2. It is clearly found that, as BMT content

Figure 5. The relative plot of polarization (mC/cm2) with electric field (kV/cm) of 0.9BT-(0.1-x)

BNT-(x)BMT (x D 0.00-0.10) ceramics.
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increase, the Rsq parameter decreases from 1.56 to 0.33 which implies that P-E hysteresis

loop becomes more slanted. On the other words, the P-E loops changes from normal fer-

roelectric to relaxor behavior with increasing BMT concentration which is consistent

with the dielectric result.

Combined with the ferroelectric, the dielectric and XRD results of BT-BNT-xBMT

ceramic, all of changes such as the transformation of crystal structure, the decreasing of

transition temperature and remanent polarization and ferroelectric – relaxor ferroelectric

phase transition are so smooth. Therefore, it could be said that BT-BNT and BMT can

completely form solid solution throughout the whole composition range.

Figure 7 illustrates the unipolar strain curves of BT-BNT-xBMT ceramics measured

at room temperature with an external electric field of 60 kV/cm. It is clearly found the

decreasing of unipolar strain of BT-BNT-xBMT ceramics from 0.2% to 0.09% when the

Figure 6. The composition (x) dependence of remanent polarization (Pr (mC/cm
2)) and coercive

field (Ec(kV/cm)) in 0.9BT-(0.1-x)BNT-(x)BMT ceramics.

Figure 7. The relative plot of unipolar strain (%) as a function of electric field (kV/cm) in 0.9BT-

(0.1-x)BNT-(x)BMT (x D 0.00-0.10) ceramics.
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composition of x was increased from 0.00 to 0.10. The normalized strain (d33*) value of

BT-BNT-XBMT ceramics was calculated from the Smax/Emax ratio for each composition.

The composition dependence of normalized strain tends to decrease from 328 pm/V to

153 pm/V when composition of BMT increases, as represented in figure 8. This result

has caused the approaching to the relaxor-like behavior with increasing of BMT [26].

Figure 8. Normalized strain (d33 *(pm/V)) value of 0.9BT-(0.1-x)BNT-(x)BMT ceramics with the

composition 0.00 � x � 0.10.

Figure 9. SEM micrographs of 0.9BT-(0.1-x)BNT-(x)BMT ceramics with various compositons (a)

x D 0.00, (b) x D 0.02, (c) x D 0.04, and (d) x D 0.10.
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The composition dependence of the level of induce strain is similar to result observation

of BT-Bi(Ni1/2Ti1/2)O3 system [27].

Figure 9 displays SEM micrograph of the sintered surfaces of BT-BNT-xBMT

ceramics at x D 0.00, 0.02, 0.04 and 0.10. The substitution of BMT directly effects on the

average grain size of BT-BNT-xBMT ceramics. For the composition x D 0.00, the grain

morphology shows and the average grain size is about 1.01 § 0.14 mm. Homogeneous

and uniformity feature microstructures were observed in the composition x D 0.00. The

wide grain size distributions was observed in the composition x D 0.02 and 0.04. For the

composition x D 0.10, more disorderly and unsystematic shaped grains are observed. A

dramatic grain growth inhibition was founded with increasing BMT composition. The

average grain size decreased significantly with increasing the composition x. The average

grain size are about 0.72 § 0.09 mm, 0.54 § 0.09 mm, and 0.49 § 0.07 mm for the com-

position x D 0.02, 0.04 and 0.10 respectively. This should be attributed to the effects

arisen from the donor-type nature of BMT on inhibiting the grain growth [22]. The

decreasing in piezoelectric properties in BNT-BT-xBMT system may be attributed to the

inhibiting of the grain growth coursed by substitution of BMT in the BNT-BT system.

The detailed mechanisms of the diminution in piezoelectric properties of BNT-BT-

xBMT system are unclear and demands further study.

4. Conclusion

Lead free 0.9BaTiO3-(0.1-x)Bi0.5Na0.5TiO3-xBi(Mg0.5Ti0.5)O3 (BT-BNT-xBMT; x D
0.00 – 0.10) piezoelectric ceramics were synthesized successfully by the solid state

reaction. The crystal structure of BT-BNT-xBMT solid solution transforms from tetrag-

onal to pseudocubic symmetry with increasing of BMT content. Combined with the fer-

roelectric and the dielectric results of BT-BNT-xBMT ceramic, phase transition of

ceramics gradually changed from ferroelectric to relaxor-like behavior as BMT content

increased. Also, BT-BNT and BMT can completely form solid solution throughout the

whole composition range.
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High Strain Response of the
(1-x)(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)-xBaSnO3

Lead Free Piezoelectric Ceramics System
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Institute of Technology Ladkrabang, Bangkok 10520, Thailand
4Nano-KMITL Center of Excellence on Nanoelectronic Devices, KMITL,

Ladkrabang, Bangkok, 10520,Thailand

The system of lead free piezoelectric ceramics, (1-x)(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)-
xBaSnO3 [abbreviated as BNT-BT-xBSn] with the compositions, x D 0.00, 0.02, 0.04,
0.06, 0.08 and 0.10 was synthesized via the conventional solid state reaction method.
All the products from X-ray diffraction patterns showed diffraction peaks as a phase
perovskite structure, with no secondary phases. Due to the composition-dependence of
the ferroelectric, bipolar and unipolar strain properties were investigated in order to
achieve a good new lead free piezoelectric ceramics system. It was noticeable that a
large strain of around 0.4%, with a normalized strain value (d33

*) of 669 pm/V at the
x D 0.02composition, by applying an electric field of 60 kV/cm at room temperature.
The results of this study showed that a new BNT-BT-xBSn ceramics system is a very
promising candidate for creating a significantly large strain response, which is
sufficiently effective for actuator material applications.

Keywords Perovskite; normalized strain (d33
*); BNT-BT-xBSn

1. Introduction

Lead zirconate titanate (PZT) and PZT-based ceramics with a perovskite structure

have been applied extensively for actuators, sensors and transducers in many elec-

tromechanical devices [1], due to the fact that of superb piezoelectric properties,

the piezoelectric coefficient (d33) is about 200-600 pC/N and strain 0.3% [2, 3].

Nevertheless, the high level of toxicity in lead (Pb) or lead oxide (PbO) from
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component lead-based piezoelectric ceramics was brought about with severe envi-

ronmental problems. In July 2006, the European Union (EU) legislated two direc-

tives including Waste Electrical and Electronic Equipment (WEEE) and Restriction

of the use of certain Hazardous Substances in electrical and electronic equipment

(RoHS) in order to protect human health and the environment by avoiding danger-

ous waste from electronic equipment and replacing it with less hazardous substan-

ces. Therefore, the current development of lead-free piezoelectric materials has

been evaluated as a substitute for lead-based piezoelectric materials.

The lead free piezoelectric ceramics perovskite binary system, such as

Bi0.5Na0.5TiO3 -BaTiO3 (abbreviated as BNT-BT), has been investigated as an

important candidate for replacing Pb-based piezoelectric materials, which are used

widely in industry. Bismuth sodium titanate (Bi0.5Na0.5TiO3, BNT) was combined

with barium titanate (BaTiO3, BT) by Takenaka et al.in 1991 [4], and this (1-x)

BNT-xBT binary system found a morphotropic phase boundary (MPB) between

rhombohedral and tetragonal phases at the compositions, x D 0.06-0.07mol % BT.

This composition has enhanced dielectric and piezoelectric properties such as d33
D 125 pC/N, T

33/e0 D 580, k33 D 55.0%, tand D 1.3%, and Tc D 288�C. In order to

develop these binary materials, previous researchers have attempted to improve their

piezoelectric properties in order to provide high performance in applications that are

comparable to equivalent Pb-based material by modifying via a solid state reaction

method with several perovskite materials such as Bi0.5K0.5TiO3 (BKT) [5],

K0.5Na0.5NbO3 (KNN) [6], CaTiO3 (CT) [7], and BaZrO3 (BZ) [8]. The concept of

morphotropic phase boundary (MPB) is a preferred alternative for achieving excellent

strain value that is promising for piezoelectric actuator applications. Recently, a large

strain value was proposed for BNT-based solid solution ceramics, for example, the

1¡xBi0.5Na0.5TiO3–xKNbO3 system; in which a very large reversible strain (0.40%)

with a normalized strain value (d33
* D 498 pm/V) was achieved at an MPB between

ferroelectric rhombohedral and relaxor ferroelectric phases with pseudocubic phases.

The large reversible strain was clarified by non-180� 71� and 109� domain switching

of the field-induced ferroelectric rhombohedral phase [9]. Large strains also were

obtained in the BNT-BT-based system. A large strain of 0.45% was reported for the

(0.94-x)Bi0.5Na0.5TiO3–0.06BaTiO3–xK0.5Na0.5NbO3 system at an applied electric

field of 80 kV/cm with a normalized strain value (d33
*) of 567 pm/V [6]. This was

attributed to the structural lattice change by field-induced transition between antifer-

roelectric and ferroelectric phases. In addition, Jamil et al. [8] proposed the BaZrO3-

modified 0.935Bi0.5Na0.5TiO3–0.065BaTiO3 system, with a large strain of 0.38% and

normalized strain (d33
*) of 542 pm/V at an electric field of 70 kV/cm. The P–E and S–

E loops exhibited transition from the ferroelectric to relaxor ferroelectric phase by

passing through an intermediate phase that coexists in both ferroelectric and relaxor

ferroelectric phases. BaSnO3 (BSn), with a cubic unit crystal cell structure (the same

as in BaZrO3 and SrTiO3), displays as lead-free perovskite materials, with applica-

tions such as gas sensors, semiconductors (n-type semiconductor with an energy band

gap of 3.4 eV), and actuators [10–12].

This serves the purpose of synthesizing new solid solutions of the(1-x)

(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)-xBaSnO3 system with the compositions, x D 0.00,

0.02, 0.04, 0.06, 0.08 and 0.10, and obtaining the MPB composition that causes a signifi-

cantly promising large strain response that is sufficiently effective for actuator applica-

tions. The dielectric, ferroelectric (FE), bipolar and unipolar strain properties were

measured as a function with different compositions.
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2. Experimental Procedure

The (1-x)(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)-xBaSnO3ceramics were prepared by a conven-

tional solid state reaction, with the compositions, x D 0.00-0.10. The powders with high

purity of Bi2O3 (99.9%, Sigma-Aldrich), Na2CO3 (99.8%, Riedel-deHaen), TiO2 (99.9%,

Sigma-Aldrich), BaCO3 (98.5%, Fluka) and SnO2 (99.9%, Sigma-Aldrich) were used as

starting raw materials. In first step, all powders were weighed according to the stoichiomet-

ric ratio of the product and ball-milled with zirconia balls in ethanol for 18 h. The mixed

oxide powders were dried in an oven at 85�C and calcined at 850�C for 2 h, with a heating

rate of 10�C/min. After that, the powders were sieved with 325-sized mesh for uniformed

particle size screening before they were mixed with 5% polyvinyl alcohol and pressed uni-

axially into circular disks, with a diameter of 10 mm. The sintering was carried out at

1,150�C for 2 h in air, in order to avoid vaporisation of the bismuth element. The as-pre-

pared samples were examined for density by archimedes’ principle. While the law of mix-

ture was used for calculating the theoretical density of each composition, the densities of

Bi0.5Na0.5TiO3, BaTiO3, and BaSnO3 pure phases were 5.99 g/cm3 (JCPDs No.36-0340),

6.012 g/cm3 (JCPDs No.05-0626), and 7.238 g/cm3 (JCPDs No.15-0780), respectively.

The relative density of all sintered BNT-BT-xBSn ceramics was higher than 97%. The pel-

let samples were polished down to a smooth surface, and the phase purity and

crystal structure of the pellet samples were investigated by X-ray diffraction

(Bruker-AXS D 8 Advance), with Cu Ka1 radiation and collection range of 2u from

10� – 80�. Raman spectrophotometer (DXR smart Raman, Thermo scientific) was per-

formed on pellets by using the 532 nm exciting line of a He–Ne laser recorded its wave-

length range of between 100 and 1,000 cm¡1. In order to prepare the pellet samples for

piezoelectric and ferroelectric measurement were polished down to approximately less

than 0.65mm. Ag paste electrodes were applied and then fired at 650�C for 30 min. Charac-

terization of the ferroelectric hysteresis loops was performed in silicone oil at room temper-

ature using a ferroelectric tester system (RT66B; Radient Technologies, Inc., Albuquerque,

NM). The unipolar and bipolar strain characterization was measured by usingMTI-2100

Fotonic sensor combine with Radiant Technologies, Inc in silicone oil at room temperature.

3. Results and Discussion

Figure 1(a) shows the X-ray diffraction patterns of BNT-BT-xBSn ceramics with the

compositions, x D 0.00–0.10. All of the diffraction peaks were observed clearly as a

phase perovskite structure, without secondary phases. Peak enlargement at theta degrees

(2u) of around 39.5– 40�, 46– 46.5�, and 57–58� is exhibited in Figures 1(b to d), respec-

tively. At the non-doped composition, x D 0.00, peak splitting is shown in the (003), with

(021) at a 2u of about 39.5 – 40�, and the (104), with (122) at a 2u of about 57–58 �, which
is in accordance to the rhombohedral phase. Furthermore, slight splitting can be seen at a

2u of about 46– 46.5�, which assumes a (200) and (002) characteristic peak of the tetrago-

nal phase. It is well known that the MPB between the rhombohedral (R) and tetragonal

(T) phase was found in the composition of 0.94BNT-0.06BT[4]. Thus, BNT-BT-xBSn at

the composition, x D 0 suggested an MPB of R-T. An increased concentration of BSn (x

D 0.02–0.10) shows minor splitting in the (111), (200), and (211) peak, which resulted

from Ka2 (1.54439 A
�
) radiations. However, increasing the BSn content makes it become

a pseudocubic symmetry structure. Additionally, the peak was seen to shift to lower

angles with increasing BSn content. This leads to unit cell expansion, due to replacement

of the larger ionic radius of Sn4C (0.69 A
�
) when compared with Ti4C (0.605 A

�
), which is

similar to results observed in Sn-doped BaTiO3 by K. Chandramani Singh et al. [13].

BTN-BT-BSN Lead Free Piezoelectric Ceramics System [527]/15

D
ow

nl
oa

de
d 

by
 [

N
ar

at
ip

 V
itt

ay
ak

or
n]

 a
t 1

5:
35

 3
0 

Ja
nu

ar
y 

20
16

 



In order to clarify the extreme composition-dependent phase transition behavior,

Raman spectroscopy was used to determine the short length structure of local ionic con-

figuration. Raman spectra of BNT-BT-xBSn ceramics were recorded at room temperature

in the frequency range of 100 - 1,000 cm¡1, as plotted in Figure 2. The spectrum for pure

0.94BNT-0.06BT was reported previously in other data [14, 15]. Three modes distin-

guished broad peaks that were detected at around 268, 536, and 605 cm¡1, and associated

with Ti-O vibrations in the TiO6 octahedral [10]. The mode of high-frequency over 700

cm¡1 was associated with E (longitudinal optical) and A1 (longitudinal optical) overlap

bands [16]. Increasing substitute BSn composition shows gently broadening peaks that

begin to form into two peaks at 268 cm¡1 mode, while further splitting occurs at 536 and

605 cm¡1 mode, due to distortion of TiO6octahedra. This is a result of substituting Sn4C

ion with a higher ionic radius at the Ti in B-site. Obviously, it is worth noting that the

Figure 1 (a) X-ray diffraction patterns of the BNT-BT-xBSn ceramics system with the composi-

tions, x D 0.00–0.10, and expanding chart of 2u, (b) 39� – 40�, (c) 45� – 47� and (d) 57� – 59�.
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composition, xD 0.02, started broadening at the 278 cm¡1 mode and clearly split into two

modes at 536 and 605 cm¡1, and transformed into a pseudocubic structure according to

XRD results. However, the electric property measurement should be considered for con-

firming the structure evolution and phase mixture, specifically with ferroelectric (FE) and

piezoelectric properties.

The plot of polarization with the electric field (P-E hysteresis loops) was investigated at

room temperature for BNT-BT-xBSn ceramics with different compositions at 60 kV/cm and

10 kHz. Figure 3 shows the P-E hysteresis loops for the composition, x D 0.00, and reveals

well saturation hysteresis loops of typical ferroelectric (FE) behavior with saturated polariza-

tion (Ps), remanent polarization (Pr), and coercive field (Ec) of 36mC/cm
2, 35mC/cm2, and 37

kV/cm, respectively. As evidently seen, when the BSn content increases, Ps values decrease

slightly and largely decrease in both Pr and Ec because when the applied electric field reaches

Ec it relates easier to domain switching and domainwall motions. Figure 4 presents relationship

of thePr,Ps, andEc values and BSn composition of BNT-BT-xBSn ceramics.

The results indicated that a sharp transition from non-ergodic relaxor (NR) state to ergodic

relaxor (ER) state was observed with increasing BSn content. The dramatically decrease in Pr

is caused by the lacks of long-range ferroelectric order in the sample. It is well known that, at

above transition temperatures, relaxors ferroelectrics exist in a non-polar paraelectric state.

Below the transition temperature, relaxors transform into an ergodic relaxor state at the Burns

temperature nearly dynamic polar nano-regions (PNRs) with dipole moment directions ran-

domly appear. With decreasing the temperature, the dynamics of PNR delay down until the

PNRs become frozen and the relaxor transforms into a NR state which lacks of long-range fer-

roelectric order and be similar to a dipolar glass state.

The slim P-E hysteresis loops were observed clearly due to lower significant values

of Pr and Ec for samples with a pseudocubic structure. It could be suggested that typical

relaxor ferroelectric behavior and the results of this study are similar to the phase transi-

tion in BNT-based ceramics proposed by Hiruma et al.[9].This result is also similar to

Figure 2 Raman spectra of BNT-BT-xBSn ceramics with different compositions.
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observed by Jamil et al. that the P–E behavior of BNBT–BZ ceramics gently changed

from ferroelectric to relaxor ferroelectrics [8]. Furthermore, NR state to ER relaxor cross-

over behavior originated from the addition of KNN into the BNT-BT system and induced

the giant strain, as also observed by Jo et al. [17, 18].

Figure 5 shows the bipolar electric-field with strain curves (S-E curve) of BNT-BT-

xBSn ceramics, with different compositions measured at room temperature under an

Figure 4 Polarization and coercive field values of BNT-BT-xBSn ceramics.

Figure 3 Polarization with the electric field (P-E hysteresis loops) of BNT-BT-xBSn ceramics with

different compositions at room temperature under an applied electric field of 60 kV/cm.
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applied electric field of 60 kV/cm. While Figure 6 shows the negative strain (Sn) values

with BSn content, the Sn factor associates with domain back switching. This is a negative

strain with a difference between the zero field and lowest strain. Pure 0.94BNT-0.06BT

composition exhibits a well-defined typical butterfly S–E loop. In other compositions

(x > 0.02), deviation from the butterfly S–E loops is accompanied by a significant reduc-

tion of negative strain. These results indicate different domain switching mechanisms

induced by electric-field. Figure 6 shows decreasing Sn that suggests increasing the addi-

tion of BSn content proportionally, which deviates greatly from typical ER behavior. The

pure 0.94BNT-0.06BT composition shows a large negative strain value of 0.27%, which

corresponds with features typical for NR materials and coexistence between the rhombo-

hedral (R) and tetragonal (T) phase. With a higher BSn content (x > 0.02), the Sn value

approaches zero, which corresponds to a decreasing Pr value in the hysteresis loop curve

for samples with a pseudocubic structure (as the relaxor ferroelectric phase relates to an

almost invisible negative strain). It is believed that the transition boundary of the ER and

NR relaxor phase in the composition, x D 0.02, results in displaying a large strain

response. The highest strain of 0.4% was acquired with few negative strains at an electric

field of 60 kV/cm. This result agrees well with other BNT-BT-based ceramics, for exam-

ple, the BNT-BT-BZ3 system had a strain of 0.36% at an electric field of 70 kV/cm [8],

the BNT-BT-KNN system had a strain of 0.45% at an electric field of 80 kV/ cm [6], the

BNT-BT-SZ2 system had a strain of 0.39% at an electric field of 55 kV/cm [19], and the

BNKT–BA3 system had a strain of 0.35% at an electric field of 60 kV/ cm [20].

To highlight the efficiency of this ceramic system for actuator applications, the uni-

polar electric-field with strain curves in the BNT-BT-xBSn system were investigated with

Figure 5 The bipolar electric-field with strain curves (S-E curve) of BNT-BT-xBSn ceramics.
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various BSn concentrations at an applied electric field of 60 kV/cm, as plotted on the

graph in Figure 7. A noticeably large strain of around 0.4% was obtained at the composi-

tion, x D 0.02, which is consistent with the results from strain curves of the bipolar elec-

tric-field. In addition, by increasing the amount of BSn (x � 0.04) further, the strain

steadily decreases.

Figure 8 shows the normalized strain (d33
*, pm/V) and maximum (%) strain values of all

compositions in the BNT-BT-xBSn system. The normalized strain (d33
*) can be calculated

from the relationship of the Smax/Emax, d33
* value. The composition, xD 0.02, has reached the

maximum value of 669 pm/V, as a result of boundary between the NR and ER relaxor ferro-

electric phases confirmed by the nature of P-E hysteresis loops. The concept of MPB or PPT is

a preferred alternative for achieving a good, large strain that is promising for piezoelectric

Figure 7 The unipolar electric-field with strain curves of BNT-BT-xBSn ceramics.

Figure 6 Negative strain (Sn) values with different contents of BSn composition.
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actuator applications. This was the case in similar results from other BNT-BT-based ceramic

researches such as those for BNT–BT6-KNN2 (d33
*D 567 pm/V) [6], BNT–BT-BZ3 (d33

*D
542 pm/V) [8], BNT-BT-SZ2 (d33

* D 722 pm/V) [19], BNKT–BA3(d33
* D 592 pm/V) [19],

and comparable soft PZT (d33
* D 400-590 pm/V) [21]. The results of this study propose that

this BNT-BT-xBSn system is representative for lead-free piezoelectric materials, which are

attractive and non-toxic in the environment.

4. Conclusion

The (1-x)(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)-xBaSnO3 system (abbreviated as BNT-BT-

xBSn) with the composition, x D 0.00 – 0.10, was synthesized via the conventional solid

state reaction method. The X-ray diffraction patterns of all the products showed diffrac-

tion peaks as a phase perovskite structure with no secondary phases. Results from the P-E

hysteresis loops obtained showed a feature transition from square to narrow and slimmer

loops with increased BSn content, which exhibited typical NR relaxor state and ER

relaxor state behavior. It is believed that the transition of NR to ER relaxor ferroelectric

phases results in displaying a large strain response. It is noticeable that large strains of

around 0.4%, with a normalized strain value (d33
*) of 669 pm/V at the x D 0.02 composi-

tion, to perform at room temperature under an applied electric field of 60 kV/cm. The

results of this study showed that a new BNT-BT-xBSn ceramics system is a very promis-

ing candidate for creating a significantly large strain response, which is sufficiently useful

for actuator material applications.
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• The micro-scale BaTiO3 precursor was
conversed directly to nearly
monodispersed nanoparticles in one
step.

• Stoichiometry and crystal structure of
the final nanoparticle products
remained constant.

• A mechanism model for the formation
of nanopowders was proposed and
discussed in detail.

• This method is potentially useful for the
preparation of other complex oxide sys-
temswith controlled size and scalability.
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A reasonable design of nanoscale ferroelectric ceramic fillers, with well-controlled shape and size, has become
very interesting in modern energy storage applications. A convenient “top-down” process was proposed to ob-
tain nanoparticle products of tetragonal barium titanate (BaTiO3) with highly accurate stoichiometry and mor-
phological control. The key point of this work emphasized that a micrometer-sized precursor decreases to
nanometer-sized product particles, and its irregular shape changes to nearly spherical with narrow size distribu-
tion. Both XRD and Raman results of BaTiO3 nanoparticles indicated a tetragonal crystal structure. The 77.5 ±
2.5 nm sized BaTiO3 powder product still polarized spontaneously at room temperature and the ferroelectric
phase transition was confirmed at around 127 °C. Dielectric permittivity was found to be ~166.42 by
Landauer-Bruggeman effective medium approximation (LB-RMA). Experimental procedures revealed a possible
process mechanism observed within the etched surface and Oriented-attachment growthmodels, and this dem-
onstrated approach could be used as an excellent platform for preparing ceramic nanoparticles. It also could be
extended to synthesize complex oxide of functional materials for the preparation of other ceramic/polymer-
based nanocomposites that achieve desirable properties.
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1. Introduction

Barium titanate (BaTiO3) and its various doped derivatives have
attracted much attention and become the most valuable lead-free ferro-
electric material for a variety of industrial devices, such as multilayer ca-
pacitors, ferroelectric memories, thermistors, IR detectors, optical
modulators, etc. [1–3]. To date, the nanoscale of BaTiO3 has created in-
creasing interest for the design of high-k gate dielectric ceramic-
polymer nanocomposite films in flexible nanogenerators and flexible ca-
pacitors for energy storage applications [4–8]. The use of nanoscale filler
particles not only decreases the thickness of nanocomposite films, but
also improves high interfacial areas significantly, resulting in higher di-
electric response and breakdown strength [4–8]. In addition to small-
sized particles, the uniform shape and aggregate-free composites also
play a critical role in the performance of nanocomposites, because vari-
ous shapes and sizes usually lead to different interfacial polarization
[4–6]. Besides size and shape dependence, the properties of binary and
ternary complex oxides are highly sensitive to defects from non-
stoichiometry [4–6]. Therefore, highly accurate control of shape, size,
monodispersity and surface composition of nanoparticles, asfiller for en-
ergy storage applications, is top priority in nanoscale synthesis.

“Bottom up” approaches via soft chemistry have been carried out in
the synthesis of fine BaTiO3 nanoparticles, including hydrothermal,
solvothermal, sol-gel, and co-precipitation methods. A well-defined
size and shape of BaTiO3 nanoparticles could be obtained from the direct
reaction of precursor ions through the hydrothermal method [9,10],
while the solvothermal technique can produce more uniform nanopar-
ticles, due to complex organic solvents preventing their agglomeration
[11–13]. The sol-gel process shows outstanding control of a very small
particle size (~10–50 nm) by using complex compound solution [14,
15]. Co-precipitation via oxalate [16] and citrates [17] can produce
BaTiO3 at a lower temperature easier than other methods. Alternative
and modified techniques also were proposed such as sonochemical
[18], supercritical fluid [19], sol-gel hydrothermal [20], Sol–gel combus-
tion [21], microwave solvothermal [22], microwave-hydrothermal [23],
etc. Much excellent work has been carried out by soft chemistry, but it
usually requires the complicated step of experimental procedures,
which need a highly purified, expensive precursor and specific equip-
ment. It is too difficult to develop as a readily scalable method for syn-
thesizing binary and ternary oxides in a large industrial volume.
Notably, the most important problems caused via soft chemistry still
emanate as much from low crystallinity and tetragonality of BaTiO3

nanoproducts as decreased size, resulting in gradually decreasing spon-
taneous polarization and Tc. In the case of high basic solution, problems
usually arise fromhydroxylation incorporated in the oxygen sub-lattice,
which stabilizes in a metastable cubic phase with non-ferroelectric
properties [24,25]. The limitation of the chemical method motivates
the search for other processes that produce high performing BaTiO3

nanoparticles. These processes need to meet the industrial require-
ments based on geopolitical uncertainty, reproducibility, scarcity and
cost. A recent method allowed for highly desirable properties for
obtaining metals, metal sulfides, and even magnetic fine nanoparticles
by using a digestive ripening process [26–30], which involved refluxing
thepoly-dispersed bulk precursorwithin the excess solution of complex
capping agents, such as hexadecylamine (HDA), tetraoctyl-ammonium
bromide (TOAB), hexadecyl-trimethyl-ammonium bromide (CTAB),
etc. During the reflux process at over the melting point of the capping
agent, larger particles were etched out as clusters, resulting in size re-
duction. These clusters were deposited simultaneously on another
smaller particle, which preferred to grow by Ostwald ripening or other
mechanisms in order to attain equilibrium of a specific size [26–30].
Thefinal size and size distributionof nanoproducts are influencedmain-
ly by the capping agent used [30]. To date, there has been no report on
perovskite oxides, for example, BaTiO3, BaZrO3 or Ba(ZrxTi1-x)O3 be-
cause no suitable capping agents could be found or the reflux tempera-
ture was too low for breaking the surface particles of these materials.
This work demonstrates a possible way of obtaining tetragonal
BaTiO3 nanoparticles from microscale to nanoscale conversion via a
convenient “top-down” process using NaCl salt. A simple process was
performed without destroying the stoichiometry or crystallinity of the
properties and crystal structure. The uniform shape and narrow-sized
distribution of nanoparticles could be achieved by controlling the reac-
tion temperature and time. Themechanismmodel of this process is pro-
posed and discussed. This research shows the advantage of scale-up
production, which does not require complex procedural steps, special
apparatus or a specific purified precursor.

2. Experimental procedure

2.1. Conversion of BaTiO3 nanopowder

The BaTiO3 precursor was prepared by the solid state reaction be-
tween barium carbonate (BaCO3) and titaniumdioxide (TiO2) at a calci-
nation temperature of 1300 °C for 4 h. After calcination, the BaTiO3

precursor was ground together with sodium chloride (NaCl) salt in a
mortar at a weight ratio of 1:50 for 15 min. The NaCl salt of analytical
grade (99.5%) was used as a surface etching agent without further puri-
fication. Themixturewas then placed in a covered alumina crucible. The
reaction was carried out at 700–900 °C for 3–72 h in air, with a heating/
cooling rate of about 5 °C/min. After furnace cooling to room tempera-
ture, the powder products were washed with hot de-ionized water
and filtered many times to confirm the complete removal of chloride
ion (Cl-) residue. The amount of Cl- residue was checked by testing
with 0.5 mol L−1 AgNO3 reagent; until the white precipitation of AgCl
disappeared. The powder products were dried at 90 °C overnight.

2.2. Characterization

The particle size and morphology of the powder products were de-
termined by field-emission scanning electron microscope (FE-SEM,
Hitachi 54700). An energy dispersive X-ray (EDX) analysis was used
to identify the Ba:Ti stoichiometric ratio. The lattice fringes and electron
diffraction patterns of the nanoparticles were observed by a transmis-
sion electron microscope (TEM; JEOL-JEM 2010, 80–200 kV). The
phase purity, crystalline size and lattice strain of the products were ex-
amined by powder X-ray diffraction (XRD) with CuKα radiation source
(Bruker D8 Advance diffractometer) in the 2θ range from 20–80° at an
interval of 0.02°. The lattice parameters, atomic displacement, and de-
gree of tetragonality were studied using powder XRD patterns collected
on Rigaku, Miniflex600 in the 2θ range from 20–140° with a 0.02° step
size. The BaTiO3 crystal structure was refined by Rietveld analysis of
the XRD data, using the JANA2006 program [31]. The induced strain
arising from imperfect crystals was calculated by [32]:

ε ¼ βhkl=4tanθ ð1Þ

where βhkl represents the corrected peak width at half-maximum in-
tensity, as βhkl = [β2

hkl observed − β2
hklinstrumental]1/2, and θ is the

diffraction angle. The lattice strain was modified and rearranged by
Williamson and Hall in the following equation:

βhklcosθ ¼ kλ=DXRDð Þ þ 4εtanθ ð2Þ

where λ is the X-ray wavelength (0.154 nm), and k the constant value
(0.89). The lattice strain was determined from the slope between the
linear plots of βhklcosθ and 4tanθ, with the y-intercept used to calculate
the crystalline size (DXRD). Furthermore, Raman spectroscopy was used
as a complimentary technique to investigate and confirm the phase for-
mation and crystal structure of thepowder products. The Raman spectra
were collected by a DXR Raman microscope, Thermo Scientific, from a
laser operating at 532 nm, 100× objective and nominal 10 μm laser
spot size. In addition, differential scanning calorimetry (DSC; 2920 TA
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Instrument) was used to study the BaTiO3 phase transition. The DSC
curves were recorded at 50–200 °C with a scanning rate of 10 °C/min.
The dielectric measurements allowed determination of the phase tran-
sition temperature, relative permittivity value and dielectric loss. The
dielectric properties of nanopowderwere shaped into a disk by cold iso-
static pressing, and measured as a function of temperature between 50
and 150 °C by an LCR analyzer (HP4284A, Hewlett-Packard, Palo Alto,
CA) in the 100 Hz–10 kHz frequency range, with a heating/cooling
rate of 2 °C/min.

3. Results and discussion

3.1. The mechanism model

This study used themechanismmodel to convert theBaTiO3micron-
sized precursor to nanoparticle products, as proposed with time depen-
dence. A simple schematic is illustrated in Fig. 1. It can be assumed that a
surface active etching by NaCl salt is an effective reaction for obtaining
desirable nanoparticles, such as controllablemorphology, stoichiometry
and high crystallinity. At the early stage, the BaTiO3 (micron-sized) pre-
cursor was placed into the environment of excess sodium chloride salt.
Then, the sodium chloride salt melted completely when the reaction
Fig. 1. Simple schematic diagram
temperature reached 801 °C. Themolten salts acted as a surface etching
agent [33,34]. It is well known that BT powders synthesized by solid
state reaction are polycrystalline, with random polyhedral crystallite
orientation. Generally, the polycrystalline particles contain some de-
fects such as stacking faults, dislocations or twin boundaries [35,36].
The presence of dislocations and twin boundaries in particles leads to
lower lattice stabilization energy and higher chemical reactivity. The
precursor particles also have a high density of surface defects, making
them susceptible to attack by the molten NaCl. Therefore, the etching
process occurs primarily togetherwith these defects [35]. Consequently,
when etching occurs all over the surface area of the precursor particles,
several parts are ripped off to form smaller particles, and the precursor
ions are dissolved into molten NaCl. This stage is illustrated in Fig. 1(a),
with the bimodal distribution of the product particles being obtained.
Upon further exposure [Fig. 1(b)], the process continues, which results
in size-reduction of the precursor particles, higher concentration of sol-
vated ions, andhigher number of smaller etched-particles in the system.
The etching rate tends to slowdownwith increasing time.Morpohology
of the product particles becomesmore uniform, and they acquire a near
spherical shape with a narrow size distribution. Themechanism is illus-
trated in Fig. 1(c). It is noteworthy that up to this time the nanoparticle
products maintain the original stoichiometry of the precursor. As the
of the mechanism model.
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reaction time is prolonged further, the concentration of precursor ions
in salt flux is high enough to induce the supersaturation stage. These
precursor ions diffuse and deposit directly over the surface of existing
etched-particles, as illustrated in Fig. 1(d). The newly precipitated parti-
cles are called secondary particles, which occur and grow continuously
over the surface area of the primary etched-nanoparticles. The outcome
of this stage is represented in Fig. 1(e). It isworth noting that the forma-
tion mechanism of the secondary nanoparticles can be understood by
invoking arguments similar to the rapid self-nucleation from the super-
saturated solution, according to the La-Mer mechanism model [37].
When the reaction time is continued [Fig. 1(f)], the primary and second-
ary nanoparticles agglomerate tightly and fuse together. The spontane-
ous self-organization of contact particles grows by surface-interface
solid particles. The nearest particles can attach to each other with a
common crystallographic orientation. In this case, the morphology of
the resultant product particles generally converts to irregular prismatic
shapes with larger particle size and wide size distribution. The stoichi-
ometry of product particles would be different from that in precursor
particles. However, the etching process is still retained simultaneously,
depending on prolonged reaction time, but this occurs at a lower reac-
tion rate because of low assorted defect sites in small source particles.
Therefore, the growth process arises at a higher rate than the etching
process. If the reaction time were prolonged further, it is feasible that
the particle product size would be big enough, and the digestion and
growth mechanisms would reoccur in the same way.

3.2. Characterization of the BaTiO3 precursor

In order to support themodel in this study, the BaTiO3 micron-sized
precursor was prepared initially by the solid-state reactionmethod. The
Fig. 2. SEM images with EDX analysis (a)–(b), Rietveld refinement X-ray
morphology and size of the particles were observed by FE-SEM, reveal-
ing that the BaTiO3 precursor powder contained an irregular shapewith
particles of non-uniform size, which averaged 3.7 ± 1.5 μm. In order to
confirm the homogeneity and stoichiometry of synthesized powder,
EDX analysis was used to determine the Ba, Ti, and O content. Typical
micrographs from the scanning electron microscope (SEM) with EDX
analysis of the precursor powder are shown in Fig. 2(a) and (b). The
EDX spectra taken from 2 different points demonstrated the Ba:Ti
ratio of 24.89:24.88 and 25.31:24.37 for spectrum 1 and 2, respectively.
Therefore, Ba:Ti stoichiometry was very close to 1:1.

The XRD and Raman techniques were used to investigate the phase
purity and crystal structure. All of the diffraction profiles were refined
by using Rietveld analysis. Both the precursor and nanopowder prod-
ucts were best refined with non-centrosymmetric P4mm space group
from Crystallographic Information File no. 73,643 (see section on
Supporting information). The example of the refined XRD pattern of
precursor powder is shown in Fig. 2(c), and the enlarged plot is
shown clearly in Supplementary data (S1). The refined parameters
and quality of fit are listed in Table 1. The XRD refinement results in
this study correlate with the analysis available in the literature [38].
The Raman spectrum of the precursor is shown in Fig. 2(d), and
discussed using the point group analysis theory. The phonon modes of
BaTiO3 in cubic symmetry (Pm3m; Oh1) are represented as 3F1u
(IR) + F2u (inactive), with no Raman active modes. The off-centered
Ti atom in the ferroelectric tetragonal (P4mm; C4v) space group causes
the F modes to split into transverse and longitudinal phonons of A1

and E symmetry for F1u, while the F2u mode splits into B1 and E modes,
resulting in eight Raman-active modes of 4[E(TO) + E(LO)] (IR &
R) + 3[A1(TO) + A1(LO)] (IR & R) + B1 (R) [39]. All of the peaks for
Raman spectra of the BaTiO3 precursor in Fig. 2(d) matched well with
fitting graphs (c), and Raman spectra (d) of the BaTiO3 precursor.



Table 1
The corresponding fitting results from the Rietveld refinement data of the BaTiO3 (μm)
precursor and BaTiO3 product particles after the process at 700-900 °C for 3 h.

t-BaTiO3

precursor
BaTiO30

700 °C
BaTiO3

800 °C
BaTiO3

900 °C

Crystal structure Tetragonal Tetragonal Tetragonal Tetragonal
Space group P4mm P4mm P4mm P4mm
a (Å) 3.9987(2) 3.9957(15) 3.9963(2) 3.9956(16)
c (Å) 4.0321(17) 4.0314(19) 4.0337(3) 4.0262(2)
c/a 1.0104(2) 1.0089 (8) 1.0083 (13) 1.0076 (5)
V(Å)3 64.432(6) 64.364(5) 64.421(6) 64.278(5)
z(Ti) 0.52302(1) 0.52319(3) 0.51005(1) 0.519733(6)
z (O1) −0.05277(3) −0.04919(8) −0.05548(2) −0.04548(2)
z (O2) 0.48893(2) 0.50061(3) 0.52464(5) 0.49813(2)
Robs (%) 1.19 2.77 1.95 1.73
Rp (%) 8.25 8.59 9.95 7.29
Rwp (%) 9.72 11.65 12.73 9.87
χ2 1.17 1.36 1.28 1.35
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BaTiO3 in the P4mm tetragonal phase. The appearance of large damping
at around 28–150 cm−1 was attributed to the E(TO1) soft mode [39]. It
was suggested that the dip at 180 cm−1 represented the A1(TO1) pho-
non mode, which appears in all ferroelectric phases of BaTiO3. This
A1(TO1) phonon mode was explained as anti-resonance from the an-
harmonic coupling interference between three A1(TO) phonons [39]. A
broad band at around 269 cm−1 was assigned to the transverse
A1(TO2) mode. The peaks at around 305 and a small peak at 473 cm−1

corresponded to the [B1, E(TO3+ LO2)] and [E(TO4)+ A1(LO2)], respec-
tively. Appearance of the 305 cm−1 Raman peak indicates a local
order of asymmetric Ti\\O vibration within the TiO6 octahedra of
tetragonal BaTiO3, which disappears above the Curie temperature [39,
40]. The 473 cm−1 peak of the [E(TO4) + A1(LO2)] mode is appropriate
for tetragonal representation [38]. In addition, the 521 and 702 cm−1

Raman peaks were assigned to [E(TO4), A1(TO3)] and
[E(LO4) + A1(LO3)] phonon modes, respectively [39,40]. A Raman
peak of 702 cm−1 at the highest frequency corresponded to the longitu-
dinal mode of A1 and E symmetry due to TiO6 octahedral stretching [40].
Therefore, these results confirm the tetragonal crystal structure of pre-
cursor powders.

3.3. Effect of reaction temperature on morphology and phase stabilization

The effect of reaction temperature was investigated by focusing on
the powder products in excess NaCl by varying the reaction tempera-
ture range from 700 to 900 °C. Morphology of the particles and their
size were examined using FE-SEM, as illustrated in Figs. 3(a)–(d). The
original BaTiO3 precursor was shaped irregularly, with a particle size
of about 3.7 ± 1.5 μm. After etching for 3 h at 700 °C, the particles
were reduced to 385.5 ± 120.4 nm, with a more uniform shape than
the precursor [Fig. 3(b)]. After etching at 800 °C, the morphology of
the particles changed; with a dramatically reduced particle size of
87.3 ± 14.2 nm, and nearly spherical shape, as shown in Fig. 3(c). A
small difference in the average particle size occurred when the reaction
temperature increased from 800 to 900 °C: the average particle size
slightly decreased from 87.3 ± 14.2 nm to 77.5 ± 4.1 nm, as illustrated
in Fig. 3(d). Highly uniform particle morphology was obtained easily in
this condition. Excess chloride salt plays an important role, and the reac-
tion temperature influences the particle size and size distribution. Fur-
thermore, the Ba:Ti stoichiometry in BaTiO3 nanopowder products is
confirmed by EDX analysis, as shown in Fig. 4. The composition ana-
lyzed in six different positions indicated an average atomic ratio of
1.01 ± 0.05 Ba/Ti, which is close to the Ba/Ti stoichiometry of the pre-
cursors. Therefore, it can be confirmed that the Ba:Ti stoichiometry of
the powder product did not change notably from the stoichiometry of
the precursors. In addition, other impurities, such as Na and Cl, were
not detected. In contrast to soft chemistry methods, such as precipita-
tion and hydrothermal techniques, the final Ba/Ti stoichiometry might
be less than 1.0, due to the high dissolution rate of Ba2+ cations [41].
Therefore, it is vital to note that this research offers a novel preparation
route, with an accurate compositional and morphological control of the
final products. Furthermore, a TEM image of the nanopowder product
obtained at 900 °C, with a uniform shape and particle size close to that
estimated from the FE-SEM, is shown in Fig. 5(a). Clear lattice fringes
are observed from the individual particle with inter-planar spacing of
about 0.28 nm [Fig. 5(b)], which corresponds to the (110) crystal
plane spacing of tetragonal BaTiO3. The corresponding selected area
electron diffraction (SAED) pattern reveals that the BaTiO3 nanoparti-
cles are single crystals and confirms the single crystalline nature of
these nanoparticles. The SAED pattern in Fig. 5(c) displays the clean
and sharp diffraction spots of (100) and (110) planes, which are charac-
teristic of crystalline BaTiO3. These results are consistentwith analysis of
the XRD pattern and Raman spectroscopy, confirming that the BaTiO3

nanoparticles belong to tetragonal symmetry.
The XRD profiles of powder products were refined in order to con-

firmphase purity and crystal structure, and compare themwith the pre-
cursor. The corresponding fitting results are shown in Fig. 6(a), and the
enlarged plot is shown clearly in Supplementary data (S2). The results
confirm the single phase for all of the products. Secondary phases
were not found. The selected refinement parameters are listed in
Table 1, which suggests a P4mm space group of the non-
centrosymmetric tetragonal structure. The lattice parameters, a and c,
show a slight decrease when compared to the precursor, but they re-
main independent from etching temperature within one standard devi-
ation. It is known that cubic crystal structure becomes stabilized at room
temperature with particle size decreasing to below ~30 nm [42,43]. No
trend in decreasing c/a ratio was found in these nanopowder products,
probably because BaTiO3 products have a much larger average particle
size than 30 nm. All nanopowder products consistent with the ferro-
electric P4mm space group show the [001] displacement of Ti atoms,
as shown in Table 1. This gives rise to spontaneous polarization in the
ferroelectric tetragonal phase. Accordingly, spontaneous polarization
can be calculated from relative ion displacement, as follows [44];

Ps ¼ e=Vð Þ Ʃi Z”i Δi ð3Þ

where e is electron charge (μC), V is unit cell volume (cm3), Z”i is appar-
ent charges of ion i (used from the work of A. W. Hewat [44]) and Δi is
the displacement of ion i. The result shows calculated polarization
slightly decreasing from 59.8 μC/cm2 of the precursor to 44.6, 40.9 and
41.8 μC/cm2 for nanopowders obtained at 700, 800 and 900 °C, respec-
tively. These calculated polarization values exhibit a varied trend in the
sameway as those in tetragonality, aswell as showa decreasing average
particle size of the powder products. Furthermore, they can confirm the
tetragonal structure and occurrence of ferroelectric phase in as-
synthesized nanoparticles. The XRD data in Table 2 also show that the
lattice strain increased with decreasing particle size. According to the
Williamson-Hall (W-H)method, a 119nmcrystalline size of the precur-
sor decreased to 114.7, 56.9 and 55.6 for powder at 700, 800 and 900,
respectively. The crystalline size from the W-H method corresponded
to a particle size from FE-SEM, which implies that the product particles
are most likely the single crystal. This result is also in agreement with
the electron diffraction patterns, collected by TEM.

This interesting result motivated this study to use a local probe anal-
ysis of Raman spectroscopy, which is sensitive to crystallographic de-
fects and lattice distortions. Raman spectra of the BaTiO3 precursor,
compared with powder products obtained at various temperatures,
are shown in Fig. 6(b). Powder products obtained at 700 °C showed
Raman spectra that were similar to the precursor, which confirmed
the stability of the tetragonal crystal structure. The difference in the
Raman spectra ranging from 170 to 280 cm−1 was seen clearly for the
powders at 800 and 900 °C. The most notable feature was the shape of
the 180 cm−1 A1(TO1) mode, which is attributed to the preferential ori-
entation of the powder particles obtained at 800 and 900 °C, probably



Fig. 3. FE-SEMmicrographs of the BaTiO3 (μm) precursor (a) and BaTiO3 powder products after the reaction temperature of 700 (b), 800 (c) and 900 °C (d) for 3 h.
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because of the decreasing size. As discussed in the literature, the inten-
sity and shape of the A1(TO1)mode strongly depends on the orientation
of the crystal to the incident and reflected Raman light beam [41]. On
the other hand, the spectral dip of A1(TO1) may change to a positive
peak of [A1(TO1), E(TO1+ LO1)], due to the internal stress in nanoparti-
cles, which can induce decoupling interaction of the A1(TO1), as also
proposed in the literature [43,44]. According to Fig. 6(b), (c) and (d),
all Raman peaks of the precursor also are defected in nanoparticle
products.

3.4. Effect of reaction time on morphology and phase stabilization

In order to support the mechanism model of BaTiO3 nanoparticles
under the reaction system of melted chloride salt, a varied time series
of experiments were performed. The influence of reaction time on the
morphology and particle size is illustrated by the FE-SEM images in
Figs. 7(a)–(f). The etching process was carried out at 900 °C for a reac-
tion time ranging from 30 min to 72 h. The average particle size is re-
ported in Table 2. During the first 30 min, the average particles size of
the precursors decreased from 3.7 ± 1.5 μm to 1.53 ± 0.15 μm. Also,
much smaller particles of around5–10nmwere observed in thepowder
products, as shown in Fig. 7(a). Therefore, the bimodal size distribution
could be seen, which corresponded to the mechanism step in Fig. 1(a).
As the reaction time increased, the average particle size of the precursor
powder decreased continuously. When the reaction timewas extended
to 3 h [Fig. 7(b)], mono-dispersed particles were obtained with an aver-
age particle size of about 77.5±2.5 nm, andmorphology of the particles
became more spherical. This result corresponded to the mechanism
represented in Fig. 1(c). The SEM images in Fig. 7(b) and (c) show
that 3 to 8 h is a suitable reaction time for obtaining uniform
nanopowders. A notable difference was observed after 12 h reaction
time. As demonstrated in Fig. 7(d), the product particles were not
mono-dispersed, but largely agglomerated into clusters with a non-
uniform shape. The average particle size increased drastically from a
minimum of 84.8 ± 2.5 nm at 8 h to 135.8 ± 17.5 nm, 155.3 ±
45.1 nm and 205.5 ± 65.0 nm at 12, 48 and 72 h, respectively. The re-
sults of prolonged etching revealed that the size of the secondary parti-
cle increases with increasing reaction time. The evidence from FE-SEM
images showed that 12 to 72 h corresponded with the mechanism in
Figs. 1(d)–(f).

Furthermore, in order to illustrate the relationship of particle size
and morphology of powder products with reaction times more clearly,
the matched plot with an SEMmicrograph is shown in Fig. 8. The parti-
cle size tends to decrease with increasing reaction time until the opti-
mum size and size distribution is achieved (marked with a blue
circle). The particles change from an irregular shape to nearly spherical.
The reaction time between 3 and 8 h did not lead to any significant
change in morphology, size or even size distribution of the particles.
The growth process after 8 h influences themorphology of product par-
ticles more than the etching process, resulting in a prismatic shape that
forms with the poly-dispersity of the particle size. According to the
growth process, the particle growth can occur generally in several
ways such as Ostwald ripening [45], fast aggregated growth [46], orien-
tation attachment [47], etc. The reaction time presented below in the
analysis of this research favors the “orientation attachment (OA)”
growth mechanism for approximately 12 to around 72 h. The growth



Fig. 4. SEM image with EDX analysis of BaTiO3 powder products at 900 °C for 3 h.
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curve of particle size could fit a modified kinetic Smoluchowski's equa-
tion [47] with Eq. (4), as follows:

d ¼ dint mk1 t þ 1ð Þ= k1 t þ 1ð Þ ð4Þ
Fig. 5. TEMmicrograph (a), lattice fringes (b) and selected area electron diffra
where dint and d represent the average particle size of the product par-
ticles at the reaction time of 12 h and average particle size at time t, re-
spectively, while k1 is a constant value, with m defined as the
aggregated factor value. The enlarged resultant of the fitting plot be-
tween experimental data and calculation of Eq. (4) is shown in
ction (SAED) pattern (c) of BaTiO3 nanoparticle products at 900 °C for 3 h.



Fig. 6. Rietveld refinement X-ray fitting graphs (a), Raman spectra (b) and the enclosed-Raman spectra (c) and (d) of the BaTiO3 (μm) precursor and powder products at 700, 800 and
900 °C for 3 h.

240 T. Charoonsuk, N. Vittayakorn / Materials and Design 110 (2016) 233–244
Supplementary data (S3). The plot corresponds well with the accepted
R2 value of about 0.9993.

The X-ray analysis has confirmed the single phase tetragonal struc-
ture of the product particles, as shown in Fig. 9(a). The crystalline size
and lattice strain were calculated, as noted in Table 2. It was found
that the crystalline size grew larger, and the lattice strain becameweak-
erwith increasing soaking time. Furthermore, all of the samples showed
corresponding Raman active modes that were similar to those in pre-
cursor powder, as illustrated in Fig. 9(b). The slight difference in the
Table 2
Crystalline size, average particle size and lattice strain calculations of the BaTiO3 precursor
and powder products systematically synthesized with different conditions.

Samples Williamson-Hall method FE-SEM

Reaction
temperature (°C)

Reaction time
(hours)

Crystalline
size (nm)

ε
(×10−3)

Average particle
size (nm)

Precursor – 119.4 1.8 3.7 ± 1.5 μm
700 3 114.7 2.2 385.5 ± 120.4
800 3 56.9 3.2 87.3 ± 14.2
900 3 55.6 3.3 77.5 ± 2.5
900 6 55.0 3.4 82.2 ± 3.2
900 8 60.8 3.1 84.8 ± 4.1
900 12 67.3 2.9 135.8 ± 17.5
900 24 69.5 2.6 140.6 ± 11.5
900 48 73.9 2.5 155.3 ± 45.1
900 72 75.2 2.3 205.5 ± 65.0
peak shape at 180 cm−1 is associated with preferential orientation
and the internal stress in nanoparticles, as mention above [40,43].

3.5. Ferroelectric phase transition

Ferroelectric phase transition behavior in BaTiO3 nanopowder prod-
ucts was investigated at 900 °C for 3 and 24 h, and compared with the
precursor by the mean results from a differential scanning calorimeter,
as shown in Fig. 10. The endothermic peak, with well-defined phase
transition,was observed at around 127.10, 127.00 and129.40 °C for pre-
cursor and the powder products at 3 and 24 h, respectively, which
corresponded with the ferroelectric tetragonal to paraelectric cubic
phase transition. The evidence of an endothermic peak confirms the fer-
roelectricity in the nanopowder products after the etching process. The
change in enthalpy (ΔH) associated with the phase transition is given
by the area under the endothermic peak, which is calculated by DSC in-
strument software from a 2920 TA Instrument. The corresponding
change in enthalpy (ΔH) of 637, 575 and 599 mJ/g was found for pre-
cursor and powder products at 3 and 24 h, respectively. The difference
in enthalpy related to the average particle size [48]. Also, DSC is a highly
sensitive technique for detecting the deviation from stoichiometry in
BaTiO3. According to the literature [49], nonstoichiometry in BaTiO3

has a strong influence on thermal properties, ferroelectric phase transi-
tion and thermal fluctuation near the transition temperature. The re-
sults in Fig. 10 show that the endothermic peak of the nanopowder
product had not shifted significantly from that of the precursor
(127.00 °C from 127.10 °C). This small shift of 0.1 °C can be attributed



Fig. 7. FE-SEMmicrograph of BaTiO3 powder products (a)–(f) after the process at the reaction temperature of 900 °C from 30 min to 72 h.
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to experimental error. Therefore, it can be confirmed that the stoichi-
ometry of nanopowder products did not change at 3 h from that of
the precursors. Nevertheless, the result of powder products at 24 h did
showa difference. The endothermic peak positionwas found to increase
to 129.4 °C, possibly due to residual stress. From the possible mecha-
nism suggested above, the nucleation surface of secondary particles
from primary ones can induce stresses that affect ferroelectric phase
transition, based on a different thermal coefficient of expansion be-
tween these two phases [49]. On the other hand, according to Randell
CA [50], the discontinuous shift of transition temperature of powder
products comes from surface stresses, which may be caused by an evi-
dent low concentration of Ba-rich (BaTi1-δO3-2δ) and Ti-rich (Ba1-δTiO3-
δ). Whereas, stresses on the non-stoichiometry surface of the BaTiO3

particle [50] may be caused by an oriented attachment growth process
when the surface particle is contacted.

3.6. Dielectric properties

As a high sintering temperature would induce hard agglomeration
greatly and hardly change the nanostructure of BaTiO3, the dielectric be-
havior of the nanoparticle product was measured from the porous bulk
specimen at 900 °C/3 h, and prepared by cold-isostatic pressingwithout
annealing or other heat treatment steps. The SEM micrograph of the
surface specimen is shown in Fig. 11. Density of the bulk pellet was



Fig. 8. Schematic illustrations of the average particle size and reaction times in relation to
powder products from 30 min to 72 h.

Fig. 10. DSC data results of the BaTiO3 micrometer size precursor compared with the
BaTiO3 powder products at 900 °C for 3 and 24 h.

242 T. Charoonsuk, N. Vittayakorn / Materials and Design 110 (2016) 233–244
measured at 3.2401 g/cm3 by Archimedes principle, which indicated
around 53.88% when compared with the theoretical density of
6.0135 g/cm3 fromRietveld refinement. The dependence of relative per-
mittivity (εr) and dielectric loss (tan δ) on temperatures between 50
and 150 °C is shown in Fig. 12(a) and (b), respectively. The diffuse
phase transition was found to be near 120 °C, with a broad maximum
value of dielectric permittivity, and the small dissipation of dielectric
loss (tan δ)was obtained at a low level of 0.01–0.06. The dielectric result
confirmed that the 77.5 ± 2.5 nm of BaTiO3 powder product was still in
stabilized ferroelectric phase at room temperature, which agrees well
with the XRD and DSC results. On the other hand, a lower tan δ of the
bulk specimen is required for dielectric device applications because of
the low heat produced [51]. According to the dielectric data, the mea-
sured dielectric permittivity of the specimen was found to be ~53 for
100 Hz, and it decreased slightly to ~51 and ~50 by increasing the fre-
quency from 1 to 10 kHz. This dielectric permittivity can be considered
as a composite value between the two phases of BaTiO3 nanoparticle
and air. The interfaces between nanoparticles and air could have hard
Fig. 9. X-ray diffraction patterns (a) and Raman spectra (b) of BaTiO3 po
effects on the dielectric behavior of the bulk specimen. Therefore, the
Landauer-Bruggeman effective medium approximation (LB-EMA) was
employed in this study to calculate the real dielectric permittivity
value of BaTiO3 nanoparticle products. The mathematical description
of LB-EMA is given by [52];

v ɛair−ɛrð Þ= ɛair þ 2ɛrð Þð Þ þ 1−vð Þ ɛBT−ɛrð Þ= ɛBT þ 2ɛrð Þð Þ ¼ 0 ð5Þ

where v denotes the volume fraction of the pore in the specimen,which
was determined as 46.12% by using a pore size analyzer (model
MasterPore33). The ɛBT, ɛair, and ɛr stand for the dielectric permittivity
of BaTiO3, air and bulk specimen, respectively. After calculation, the di-
electric permittivity of BaTiO3 becomes ~166.42, 160.33 and 141.66 for
a frequency of 100 Hz, 1 kHz, and 10 kHz, respectively, which indicates
exclusion of internal porosity. The estimated value of dielectric permit-
tivity is shown in a similar way to that in reported data from the litera-
ture [53,54]. It is interesting to note that the real dielectric permittivity
of the sample can be changed drastically in a wide range, which de-
pends on introduction of the volume fraction of the pore. However,
the real dielectric permittivity can be improved by themethod for spec-
imen preparation.
wder products after the reaction temperature at 900 °C for 3–72 h.



Fig. 11. SEM image on the surface of BaTiO3 bulk specimen prepared by cold-isostatic
pressing.

Fig. 12. (a) The relative permittivity and (b) the dielectric loss as a function of temperature
of BaTiO3 nanoparticle products at 900 °C for 3 h.
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4. Conclusion

This research proposed a simple and convenient way for achieving
uniform BaTiO3 nanoparticles by direct conversion from an irregular-
shaped BaTiO3 micron sized precursor. A variation in temperature and
time provides great thermodynamical control over the particle size
and size distribution. A possible mechanism was proposed, starting
with the term of precursor particles being etched from the whole sur-
face area, until obtaining the optimal size of the product particles. The
Oriented-attachment growth mechanism takes place to increase the
particle size and form an irregular morphology. It is important that
this research offers a novel preparation route, with an accurate compo-
sitional andmorphological control of the final nanoparticle products. In
addition, the BaTiO3 nanoparticle product possesses a tetragonal crystal
structure. The local symmetry remains non-centrosymmetric to a very
small particle size of about 77.5± 2.5 nm, and thus allows ferroelectric-
ity at room temperature. Hence, this method is highly recommended
and potentially useful for the preparation of other complex oxide sys-
tems with controlled morphology, size, and surface composition by
using a simple, easily scalable and highly versatile process.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matdes.2016.07.137.
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Appendix A. Supplementary data

Supplementary data comprise details of the crystallographic data for
tetragonal BaTiO3 in CIF format, an enlarged plot of Rietveld refinement
X-ray fitting graphs of the tetragonal BaTiO3 precursor (S1), the en-
larged plot of Rietveld refinementX-rayfitting graphs of the BaTiO3 pre-
cursor compared with the powder products at various temperature
(S2), and the plot of particle size (nm) and time (h) between the exper-
imental data and OA-mechanism fitting (S3). Supplementary data asso-
ciated with this article can be found in the online version, at http://dx.
doi.org/10.1016/j.matdes.2016.07.137.
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Understanding of the point defect chemistry of donor-doped ceria is important since it impacts 

the physical, chemical and electronic properties. This work reports on the point defects in Ta-

doped ceria, relating the lattice evolution with the point defect concentration. The accurate 

Ce
3+

 quantification using magnetization method is a key factor in solving the defect equilibria. 

Combining the experimental data and lattice expansion models it is demonstrated that the 

extra positive charge of Ta
5+

 donors is compensated by both the Ce
3+

 and the oxygen 

interstitials An accurate quantitative analysis of the lattice expansion indicates that the 

theoretical calculations significantly overestimate the effect of the lattice response to oxygen 

interstitials. Furthermore, it is demonstrated that at high temperatures the anion Frenkel 

defects, whose concentration anomalously increases with the Ta substitution level, bring 

additional lattice expansion. The calculated enthalpy of formation of the anti-Frenkel defects 
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(HAF = 3.27-4.24 eV) for Ta-doped ceria is in good agreement with the ab-initio calculations 

and with the experimental values for the U-doped ceria. These defects define the ‘swelling’ of 

the UO2, PuO2 and NpO2 nuclear waste as well as the oxygen storage capacity for catalytic 

applications of chemically modified ceria. 

 

1. Introduction  

 Cerium dioxide (CeO2) and its substituted derivative materials have generated a lot of 

academic and industrial interest. These materials are used in the intermediate temperature 

(~500-1000 K) solid-oxide fuel cells (SOFCs),
[1,2]

 gas sensors,
[3]

 and automotive three way 

catalysts (TWCs).
[4,5]

 Industrial applications of CeO2 are attributed to its oxygen-storage 

capacity (OSC), which refer to the ability of exchanging oxygen by rapid Ce
4+↔Ce

3+
 redox 

cycles.
[6,7]

 CeO2 is also used as a cheap surrogate material for modeling of point defects in 

isostructural nuclear waste materials, such as UO2, PuO2 and NpO2.
[8,9]

  

 Undoped-ceria can deviate strongly from stoichiometry, depending on the temperature 

and oxygen partial pressure, pO2.
[10,11]

 The point defect chemistry of oxygen-deficient CeO2−x 

has been studied both computationally
[12,13]

 and experimentally,
[10-11,14-15]

 arriving at the same 

conclusions. Using the Kröger-Vink notation, the oxygen deficiency leads to the Ce
4+

 → Ce
3+ 

reduction, according to [VO
x ] + [VO

∙ ] + 2[VO
∙∙ ] = [CeCe

′ ].
[10-15]

 First-principles calculations 

estimate the formation energy for [VO
∙∙] + 2[CeCe

′ ] defect complex of about ~0.56 eV.
[13] 

Other 

defects such as ceria vacancies, ceria interstitials and oxygen interstitials have much higher 

formation energy than the oxygen vacancies.
[12-13,16]

 For oxygen-rich conditions, high voltage 

electron microscopy has found the oxygen interstitials on the surface
[17]

 whereas the neutron 

diffraction based pair-distribution-function analysis has detected the oxygen interstitials in the 

octahedral void sites of ceria nanoparticles.
[18] 

 Meanwhile, the first-principles calculations of 

ceria at high pO2 are somewhat controversial. Calculations by Zachele et al.
[13]

 favor the 

oxygen vacancies as the dominant defects at high pO2 but Xiao et al.,
[19] 

and Keating et al.,
[12]
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find that the oxygen interstitials have lower defect formation energies and may be important 

high pO2.  

 Ceria doped with acceptor ions, such as Gd
3+

, Dy
3+

, Sm
3+

, etc., shows high ionic 

conductivity.
[20,21]  

The defect chemistry model of acceptor-doped CeO2 is now well 

understood.
[12-13,22-24]

 At high pO2  the acceptor ions are compensated by oxygen vacancies 

according to [MCe
′ ] = 2[VO

∙∙], where (M = Gd
3+

, Dy
3+

, Sm
3+

, etc.).
[7,23-24]

 Decreasing pO2 at 

high temperatures brings about ceria reduction, causing an increase in both the oxygen 

vacancies and conduction electrons according to [VO
x] + [VO

∙ ] + 2[VO
∙∙] = [CeCe

′ ].
[23-25]

 The later 

reduction of ceria is one of the main problems limiting the application of CeO2 as oxygen 

electrolyte in SOFC at high temperatures. On the other hand, it opens up other applications in 

the mixed electronic and ionic conductors, gas sensors and oxygen storage.
[20-25]   

Ceria doped with the donor ions, such as Nb
5+

, Ta
5+

, U
5+

, W
6+

, etc., shows significant 

electronic conductivity at high temperatures. Donor-doped ceria is explored as diffusion 

barrier for stainless-steel-supported SOFC
[26]

 and as a catalytic additive for the SrTiO3-based 

SOFC anodes.
[27]

  The defect chemistry of Nb-substituted CeO2 was first studied by electrical 

conductivity and thermogravimetric analysis (TGA) by Naik and Tien
[28]

 who suggested that 

at high pO2 Nb
5+

 ions are charge compensated by both Ce
3+

 and oxygen interstitials, Oi, 

according to [NbCe
∙ ] = [CeCe

′ ] + [Oi
′] + 2[Oi

′′].  Stratton and Tuller have arrived at the similar 

conclusions while studying CeO2 – UO2 solid solution.
[29]

   Göbel et. al.,
[30]

 investigated 

temperature and pO2 dependence of electrical conductivity of Ce0.98Nb0.02O2 epitaxial thin 

films and found that below T ≈ 573 K  Oi
′′ are the majority of the defects compensating Nb

5+
. 

Moreover, the conductivity vs. pO2 data also indicated a small admixture of singly ionized 

oxygen interstitials.
[30]

 More recently, NMR analysis of Ta-doped CeO2 has detected the 

oxygen interstitials in ceramics equilibrated at 873 K in the 
17

O2 enriched atmosphere.
[31] 

Remarkably, the first-principles calculations of the donor-doped CeO2 are in disagreement 
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with the experiment as they predict electronic charge compensation of the donors (i.e., [DCe
∙ ] = 

[CeCe
′ ]) at high pO2.

[13] 

One of the problems in quantifying point defects in ceria is the lack of accurate 

estimate of the Ce
3+

 concentration. In most studies of the donor-doped CeO2, the 

concentration, c, of Ce
3+ 

ions is calculated from the measured electrical conductivity, σ, 

according to:  𝒄 =
𝛔

𝒆𝛍
 , where μ is the electron mobility and e is the elementary charge. The 

large error in c comes from the uncertainty in electron mobility, which cannot be measured 

directly, but estimated from the electrical conductivity of CeO2-x with ‘known’ concentration 

of the oxygen vacancies determined from the TGA.
[28,32]  

Zhang et al.
[33]

 and Fleming et al.,
[34]

 

pointed out that the X-ray photoelectron spectroscopy (XPS) significantly overestimates the 

Ce
3+

/Ce
4+

 ratio. Yinglin and co-workers
[35]

 showed photoluminescence (PL) spectra of the 

characteristic Ce
3+

 signals, however, it cannot be used to accurately determine the Ce
3+ 

concentration. These difficulties preclude more accurate analysis of the defect concentration 

and defect formation energies in donor-doped ceria. Recently Kolodiazhnyi et al. introduced 

magnetochemical method to determine the low concentrations of Ce
3+

 with high accuracy in 

Nb-doped CeO2.
[36]

 It was shown that in ceramics equilibrated in air at 1923 K half of Nb
5+

 

content is compensated by Ce
3+

 by forming a [Nb
5+

-Ce
3+

] defect complex while the rest of the 

Nb is compensated by the other defects, which could not be clearly identified.
[36]

   

This contribution is focused on Ce1-xTaxO2 ceramics with x ≤ 0.03 where we probe the 

point defect chemistry by combining the magnetochemical analysis and the lattice evolution 

as a function temperature and Ta
5+

 concentration. The accurate quantification of Ce
3+

 content 

from magnetic measurement and complimentary results from the lattice expansion lead to the 

consistent equilibrium defect model for Ce1-xTaxO2 at pO2 = 0.2 atm. It is found that at least 

two types of defects, such as CeCe
′  and Oi

′′  participate in the charge compensation of donor 
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ions. At higher temperatures, in addition to the above defects, a Frenkel disorder in anion sub-

lattice contributes significantly to the lattice expansion.     

 

2. Results and Discussion 

 There were two sets of Ce1-xTaxO2 samples studied in this work: A and B. The A-set 

consisted of ceramics equilibrated in air at 1923 K for 10 hours and fast-cooled to room 

temperature. With increasing x the sintered samples showed a change in color from light-blue 

to almost black. For the B-set of samples, the ceramics from the A-set were crushed into fine 

powder, compacted into pucks and equilibrated in air at 1273 K. After annealing at 1273 K 

the color of ceramics become light green-blue. We find that it is very important to crush the 

sintered ceramics into fine powder: Annealing of the 96 % dense ceramics (previously 

sintered at 1923 K) at 1273 K for 40 h brings almost no change in magnetization and color, 

while the X-ray diffraction shows some phase separation into two CeO2 phases (major and 

minor) with a slightly different lattice parameters.   

 

Figure 1. Rietveld refinement of the powder X-ray diffraction data of the A- and B-samples of Ce0.98Ta0.02O2. 

Experimental data are shown as + symbols. The solid line is the fit, the vertical bars are the expected Bragg 

reflection positions for CeO2 and for LaB6 and the red line at the bottom is a difference between the fit and the 

experimental data for sample A only. The inset shows a large angle diffraction profile for A and B samples 

which demonstrates a change in the unit cell. 
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Figure 1 shows an example of the X-ray powder diffraction of the A- and B-samples 

of Ce0.98Ta0.02O2 along with the Rietveld refinement of the cubic fluorite structure. In 

agreement with Ref.
[37]  

no secondary phases were detected by the X-ray diffraction in both A- 

and B-sets for Ta content of x ≤ 0.03. At higher x the traces of CeTaO4 second phase were 

detected. Therefore, this work is limited to the 0.00 ≤ x ≤ 0.03 compositions. For Ce
3+

 ion in 

a cubic crystal field environment, the total magnetic susceptibility is given by: 

𝜒 = 𝜒𝑧 + 𝜒TIP,              (1) 

where χTIP  is temperature independent paramagnetism and χz is the magnetic susceptibility of 

Ce
3+

 ion cubic crystal field:
[36]

 

𝑥𝑧 =  
𝑁𝐴g𝐽

2𝜇B
2𝑐

4+2𝑒
−

∆
𝑘B𝑇

 {
65

9
+ 

25

18
𝑒

−
∆

𝑘B𝑇

𝑘B𝑇
+  

80(1−𝑒
−

∆
𝑘B𝑇)

9∆
}       (2) 

where c is concentration of Ce
3+

 per formula unit, 𝑁𝐴 is Avogrado number, g𝐽 is the Landé g-

factor, μB  is the Bohr magneton, Δ is the energy gap between the Γ8 and Γ7 magnetic 

multiplets,  𝑘B is the Boltzmann constant and T is the absolute temperature. The magnetic data 

and the fit for selected A- and B-samples are shown in Figure 2.   

 

 

Figure 2. Temperature dependence of magnetic susceptibility of selected Ce1-xTaxO2 ceramics measured in 5000 

Oe magnetic field. Solid and open symbols correspond to the samples of A- and B-set, respectively.  Solid lines 

are the fits to the data.    
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The fitting parameters are summarized in Figure 3. The data in Figure 2a confirms a linear 

increase in the Ce
3+ 

concentration with Ta substitution for A-samples. However, in contrast to 

the expected Ce
3+

/Ta
5+

 ratio of 1:1, the data show that only half of Ta
5+

 ions are compensated 

by Ce
3+

.  This result is similar to the case of Nb-substituted CeO2 reported in Ref.
[36]

 

The data reveal a dramatic difference in the magnetization of the A- and B-set of samples. 

According to Figure 3a, the concentration of Ce
3+ 

in B-samples is significantly lower than 

that in the A-samples.  

The energy of the crystal field splitting ∆ shows a tendency to increase with x, as 

shown in Figure 3b. In the case of the ideal solid solution of non-interacting Ce
3+ 

and Ta
5+

 

defects, the crystal field splitting is expected to be independent of x at low x values.
[36]

 The 

small variation in the crystal field energy is attributed to the different local environment of the  

Ce
3+  

site because of the different concentration of point defects and possible formation of the 

[Ce
3 
- Ta

5+
] defect complex.   

Although pure CeO2 is an insulating cubic fluorite, it shows substantial temperature-

independent paramagnetism (𝑥TIP)
[36]

 which supports the idea of partially covalent nature of 

the chemical bonds.
[38]

 The x-dependence of 𝑥TIP  shown in Figure 3c indicates a slight 

increase for A-samples, which is attributed to the partial population of the 4f band.  For B-

samples with depleted concentration of Ce
3+ 

there appears an additional diamagnetic 

contribution which reduces the χTIP below the undoped CeO2 value of χTIP = 1.4510
-5

 

cm
3
mol

-1
. While the magnetic data clearly indicates that only a certain fraction of Ta

5+
 ions 

are compensated by Ce
3+

, they cannot provide further information as to what kind of point 

defects compensate the remaining positive charge of the donor ions. To find the answer to this 

question we follow a well-established procedure
[39,40]

 and analyze the effect of the ideal 

solution of the point defects on the lattice parameter of Ta-doped CeO2.         
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Figure 3. (a) Concentration of Ce
3+

 ions, c, obtained from the fit of magnetic susceptibility data, (b) Crystal field 

energy splitting between г7 and г8, and (c) Temperature independent paramagnetic susceptibility of A- and B-set 

of Ce1-xTaxO2 ceramics.  

 

It is known that the ionic substitution or creation of any point defects will generally 

affect the lattice parameters. For example, formation of anion vacancy compensated by two 

Ce
3+

 cations causes lattice expansion in reduced ceria.
[39] 

The lattice parameter of acceptor-

doped ceria may either expand or contract depending on the radius of the rare-earth acceptor 

ion.
[40]  

The total electro-neutrality condition for Ta-doped ceria is given by:
[10-11,28,31-32,36,41]

 

[Tace
∙ ] + 2[VO

∙∙] + [VO
∙∙] = 2[Oi

′′] + [Oi
′] + 4[Vce

′′′′] + 3[Vce
′′′] + 2[Vce

′′] + [Vce
′ ] + [Cece

′ ]   (3) 

Starting from the simplest scenario, we assume that all Ta
5+

 are compensated by Ce
3+

 

according to: 

[Tace
∙ ] = [Cece

′ ]              (4) 

The experimental unit cell, a, of CeO2 with the cubic fluorite structure is given by:
[36]

 

a = 
4

√3
(rcation + rO) × 0.99699,        (5) 
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where rcation and ranion  are cation and anion radii, respectively. The coefficient 0.99699 is 

introduced in Eq. 5 to bring the ideal cubic fluorite cell in agreement with the experimental 

one.
[40]

  When Ce is partially replaced by Ta, according to Eq. 4, the rcation is given by: 

rcation =  xrTa5+ +  xrCe3+ +  (1-2x)rCe4+  ,       (6) 

where rTa5+  = 0.74 Å, rCe3+  = 1.14 Å and rCe4+  = 0.97 Å, based on the effective ionic radii 

model of Shanon
[42]

 and x is the [Ta
5+

] concentration per formula unit.  

 

 

 

Figure 4. The variation in lattice parameter, a as a function of Ta
5+

 concentration, x, for A- and B-set of Ce1-

xTaxO2. Black solid line is calculated unit cell according to the [Tace
∙ ] = [Cece

′ ] model. Blue and red dash lines are 

calculated unit cells according to Equation 7 for A- and B-samples, respectively.  Green-dash line is calculated 

unit cell for A-samples according to Equation 10.   

 

The expected lattice parameters in the case of [Tace
∙ ] = [Cece

′ ] compensation are shown as 

black line in Figure 4 along with the experimental lattice parameters for A- and B-sets of 

samples. The unit cell of as-sintered (A-set) ceramic showed non-monotonic x dependence 

with a values significantly exceeding the predicted a(x) values at x > 0.005. The B-samples 

(i.e., annealed at 1273 K for 40 h) demonstrated almost linear lattice contraction with a values 

far below the expected ones (Figure 4). Thus the simple charge compensation mechanism of 

Equation 4 is inadequate to describe the experimental results. At the same time the a(x) 
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dependence concurs with the magnetic results and literature reports indicating that the charge 

compensation in Ta-doped ceria is far more complex than the simple [Tace
∙ ] = [Cece

′ ] defect 

model.    

Next we consider the a(x) dependence for a real-case Ce
3+

 concentration obtained 

from the magnetic data and assuming that the other point defects do not cause any additional 

changes to the lattice parameter. In this case, the rcation is given by: 

rcation =  xrTa5+ +  crCe3+ +  (1-x-c)rCe4+  ,       (7) 

where c is Ce
3+

 concentration estimated from the magnetic data (Figure 2). The unit cell 

calculated from Equation 5 and 7 is shown in Figure 4 by the blue dash and red dash lines for 

A-and B-samples, respectively. It can be seen that the experimental unit cells for both A- and 

B-sets are much larger than the calculated ones. Therefore, it can be concluded that the 

additional point defects compensating Ta
5+

 ions bring about significant lattice expansion.   

According to the electro-neutrality condition (Equation 2), in addition to Ce
3+

 there are 

two other types of point defects that may need to be considered. These are cerium vacancies, 

Vce
′′′′, and oxygen interstitials, Oi

′′. We rule out cerium vacancies in further analysis for two 

reasons: First, we expect that the Vce
′′′′ must result in lattice contraction, and second, according 

to the first-principles calculations, cerium vacancies must have the highest formation energy 

among the point defects under the oxygen-rich conditions.
[13,16]

 In contrast, the oxygen 

interstitials have much lower formation energies.
[12-13,16]

 Furthermore, there is a solid 

experimental evidence of oxygen interstitials in both Nb- and Ta-doped CeO2.
[28,30-31]

 

Assuming the Oi
′′  as an additional point defect in Ta-doped ceria, the modified charge 

neutrality conditions allow us to quantify the Oi
′′ concentration, b, from: 

x[TaCe
· ] = 2b[Oi

′′] + c[CeCe
′ ].         (8) 

Taking the c values from the magnetic data, the b values for both the A-and B-sets of 

Ce1-xTaxO2 samples are summarized in Figure 5. It is clear from Figure 5 that for Ce1-xTaxO2  



  

11 

 

 

 

 

Figure 5. Concentration of oxygen interstitials as a function of Ta substitution for A- and B-sets of Ce1-xTaxO2 

samples. The dash-dot line shows a 1:2 ratio for [Oi
′′]:[ Ta

5+
].   

 

equilibrated at 1273 K for 40 hours almost all Ta
5+

 ions are compensated by oxygen 

interstitials for x < 0.01 with the rest of Ta
5+ 

compensated by Ce
3+

. For samples equilibrated at 

1923 K only approximately half of the Ta
5+

 ions are compensated by Oi
′′. Although our results 

are in agreement with other experimental data, they are in contrast with the computational 

work of Zacherle et al.,
[13] 

who claimed that at pO2 = 0.2 atm the U-donor ions are 

compensated by CeCe
′  at 1:1 ratio. 

To estimate the effect of oxygen interstitials on the lattice expansion, we further make 

a reasonable assumption that the concentration of other intrinsic (i.e., Frenkel and Schottky) 

defects is negligibly small and can be ignored for B-set of samples. The lattice expansion 

upon incorporation of one Oi
′′  into a primitive unit cell is given by: 

ɛi (%)   = 
𝑎𝑒𝑥𝑝− 𝑎0

𝑏∗𝑎0
 × 100,          (9) 

where 𝑎𝑒𝑥𝑝  is the experimental lattice parameter, 𝑎0  is the lattice parameter with rcation 

calculated from (7) and b is the concentration of Oi
′′ calculated from Equation 8. The results 

shown in Figure 6 indicate that the primitive unit cell of Ce1-xTaxO2 expands by 11.8  1.5 % 
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upon incorporation of Oi
′′. Along with the experimental data in Figure 6 we also include the 

first-principles results for incorporation of oxygen interstitial into the octahedral void formed 

by 8 oxygen ions.
[19]

 It appears that the first-principles calculations overestimate the lattice 

expansion by a factor of ~1.68. At the same time, the significant difference between our 

experimental data and the ab-initio calculations of ideal (i.e., undoped) ceria reported in 

Ref.
[19]

 may originate from the possible defect association, such as [TaCe
· -Oi

′′-TaCe
· ] or 

[Oi
′′-TaCe

· ]′ in the Ce1-xTaxO2 samples equilibrated at 1273 K.     

In the next step we used the calculated ɛ value to model the lattice expansion of the A-

set of samples according to: 

a* = 𝑎𝑐𝑎𝑙(1 + 𝑏 × ɛ),          (10) 

where acal is given by the blue line in Figure 4 and b is the concentration of Oi
′′ determined 

from Equation 8. The a*(x) dependence for A-set of samples is shown in Figure 4 by the 

green dash line. Although the calculated unit cell values are close to the experimental ones for 

x < 0.005, the difference between the calculated and experimental data increases significantly 

at x > 0.005. This indicates that the excess positive charge compensation in A-set of Ce1-

xTaxO2 is more complex than the one described by Equation 8, and an additional intrinsic 

point defects must be considered explicitly. These defects include the Schottky, Frenkel and 

anti-Frenkel disorder. Among them, the anti-Frenkel disorder is the most plausible one 

because of the lowest formation energy of the 𝑉O
·· + Oi

′′ defect pair.
[12-13,43-44] 

It is possible to 

estimate the concentration dependece of the anti-Frenkel defects in our A-set ceramics. The 

defect equilibria that includes the anti-Frenkel disorder is given by: 

x[TaCe
· ] = 2𝑏[Oi

′′] + c[CeCe
′ ] +d [VO

·· + Oi
′′],       (11) 

where d is the concentration of the anti-Frenkel defects. Although the anti-Frenkel defects do 

not affect the charge neutrality conditions, they contribute to the change in the unit cell. This  
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Figure 6. Lattice expansion normalized for incorporation of one Oi
′′ per primitive unit cell (i.e., per formula unit) 

calculated for several Ta
5+

 concentrations, x, of the B-set Ce1-xTaxO2 samples. The horizontal dash lines show 

lattice expansion upon incorporation of neutral, Oi
x, singly-, Oi

′ , and doubly-ionized, Oi
′′,  oxygen interstitials 

adapted from the first-principals calculations of Ref.
[19] 

 

change comes from the total effect of the lattice contraction caused by the oxygen vacancies 

and the lattice expansion caused by the oxygen interstitials: 

ɛAF = ɛi +ɛv,            (12) 

where ɛAF  is the lattice expansion caused by creation of one anti-Frenkel defect pair, 𝑉O
·· + Oi

′′, 

per primitive unit cell, ɛi = +11.8 %, calculated from Equation 9, and ɛv is the lattice 

contraction due to the incorporation of one oxygen vacancy per primitive unit cell. From 

experimental data and molecular dynamics simulations
[39] 

the ɛv ≈ -4.0 %, which yeilds the 

total expansion ɛAF ≈ +7.8  %.  Note that the latter value is valid only if the 𝑉O
·· and Oi

′′ defects 

formed by the anti-Frenkel disorder assume an ideal solid solution. If this condition holds for 

A-set of samples, the concetration of the anti-Frenkel defects, d, is calculated from: 

aexp= a* (1 + d  ɛAF),          (13) 

where aexp is experimental lattice parameter and a* is defined in Equation 10.  

The results summarized in Figure 7 are remarkable in a way that they predict that the 

concentration of the anti-Frenkel defects increases with Ta substitution in Ce1-xTaxO2. While  
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Figure 7. The concentration of [𝑉O
˙˙ + Oi

''] anti-Frenkel defect pairs as a function of Ta
5+

 substitution (x) in A-set 

Ce1-xTaxO2 ceramics. 

 

the absolute value of the [𝑉O
˙˙ + Oi

''] in Ce1-xTaxO2 may have significant error bar due to 

several assumptions made, there is still a clear evidence of an increase in the anti-Frenkel 

defect concentration with x (Figure 7). It is important to note that qualitatively similar 

increase in anti-Frenkel defects with donor substitution has been proposed for Nb-doped ceria 

in Ref.
[36]

. There is significant uncertanty in the enthalpy of formation of the anti-Frenkel 

defect pairs in ceria, HAF = 3.66-6.42 eV, reported in literature.
[13,43-44]

 The  HAF  can be 

estimated from the defect reaction equation: 

 [𝑉O
··][ Oi

′′] = KAF exp(- 
𝐻AF

𝑘𝑇
),     (14) 

where pre-factor KAF ≈ 1.110
50

 cm
-6

 is adapted from Ref.
[29]

 The calculated HAF  dependence 

on Ta concentration is shown at the inset of Figure 7. The obtained enthalpy of the anti-

Frenkel defect ranges from 3.27 to 4.24 eV. While these data are in reasonably good 

agreement with the values of 3.66 - 4.47 eV for U-doped CeO2 reported by Stratton and 

Tuller
[29]

 the reason for decrease of HAF by almost 1 eV with an increase in Ta substitution x 

from 0.001 to 0.03 is not clear and requires further study.    
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3. Conclusions and future work 

An accurate analysis of the Ce
3+

 concentration using magnetization data reveals rather 

complex picture of the point defect equilibria in Ta-doped ceria, which includes appreciable 

quantities of the charge-compensating Oi
′′, CeCe

′  defects along with the intrinsic anti-Frenkel 

VO
·· + Oi

′′ defect pairs. The results are in good agreement with other experimental data on Nb-, 

Ta- and U-doped ceria. The accurate experimental values of the lattice expansion caused by 

the oxygen interstitials obtained in this work can be used to further refine the first-principles 

calculations addressing the problem of the Oi
′′-induced swelling in CeO2, PrO2, UO2 and PuO2.   

We also expect that the results will be used to further aid the first-principles 

calculations of the intrinsic (i.e., anti-Frenkel) and extrinsic defect formation energies in 

donor-doped ceria. Despite the enormous progress with accuracy and complexity of the ab-

initio calculations, some of the experimental data related to the charge compensation 

mechanism in donor-doped CeO2 are at variance with the theoretical simulations. In particular 

we demonstrate here that in the oxygen-rich atmosphere the Ta
5+

 ions are almost exclusively 

compensated by the oxygen interstitials at T ≤ 1273 K, whereas at T ≥ 1923 K, the charge 

compensation involves significant fraction of the Ce
3+

 ions. In addition to industrial interest, it 

is clear that the CeO2 system will remain an excellent playground for testing the accuracy of 

the ab-initio calculations of the 4f electron systems.   

 

4. Experimental Section  

 The Ce1-xTaxO2 with composition with x = 0.000-0.04 were prepared by solid state 

reaction method. The CeO2 (99.99% purity, Tokai-Chemy, Japan) and Ta2O5 (99.99% purity, 

Cerac, USA) were used as the precursors. Mixed-precursor powders were ball-milled in 

ethanol for 24 h. The dried powders were sieved through a 250-mesh and calcined at 1473 K 

for 20 h in air. Small amount of 5% PVA binder was added before pressing them under 20 

MPa in the WC (Fujilloy, Japan) pressing dies to obtain 7-10 mm diameter and approximately 
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2 mm thickness pellets. These pellets were stacked on top of each other above the CeO2 

powder layer and sintered at 1923 K for 10 h. The ceramics with 93-96 % relative density 

were obtained. Selected compositions were crushed into fine powder with Y-stabilized ZrO2 

mortar and pestle and pressed again into pellets which were annealed in air at 1273 K for 40 h 

followed by fast cooling to room temperature. The relative densities of these ceramics were 

50-55 %. 

 Phase purity was determined by powder X-ray diffraction (Miniflex600 diffractometer, 

Rigaku, Japan) with CuKα radiation source. The LaB6 (a = 4.1563(1) Å) powder was mixed 

with the samples as internal standard to refine unit cell parameters. The lattice parameters 

were obtained from Rietveld refinement of the X-ray diffraction data by using JANA2006 

program. Magnetic moment was measured in 2-300 K range at 5000 Oe using Magnetic 

Property Measurement System (MPMS-XL, Quantum Design, USA) equipped with 

superconducting quantum interference devise. 
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ToC: 

 

Point defects in the Ta-doped CeO2 in the oxygen-rich conditions are studied using the 

dc magnetic susceptibility and the lattice parameter analysis. The extra positive charge of 

the donor ions is compensated by two types of defects: Ce
3+

 and oxygen interstitials, whose 

relative concentrations depend on the equilibrium temperature. In addition, anion Frenkel 

disorder starts to dominate at high temperatures.    

 

Ceramics 

         

T. Charoonsuk, N. Vittayakorn,  T. Kolodiazhnyi* 

 

Lattice Evolution and Point Defects Chemistry in Ta-Doped Ceria  

 

  


	Progress report final.pdf
	OUTPUT1
	OUTPUT2
	OUTPUT3
	OUTPUT4
	OUTPUT5
	OUTPUT6
	OUTPUT7
	OUTPUT8
	OUTPUT9
	OUTPUT10
	OUTPUT 11
	Phase transition behavior of Ba(Mg1/3Nb2/3)O3 modified PbZrO3 solid solution
	Phase transition behavior of Ba(Mg1/3Nb2/3)O3 modified PbZrO3 solid solution
	Phase transition behavior of Ba(Mg1/3Nb2/3)O3 modified PbZrO3 solid solution
	Phase transition behavior of Ba(Mg1/3Nb2/3)O3 modified PbZrO3 solid solution
	Phase transition behavior of Ba(Mg1/3Nb2/3)O3 modified PbZrO3 solid solution
	Phase transition behavior of Ba(Mg1/3Nb2/3)O3 modified PbZrO3 solid solution


	OUTPUT 12
	OUTPUT 13
	Phase formation and evolution of Cu:Zn partials in binary metal pyrophosphates Cu(2-x)Zn(x)P2O7; x&asymp;1
	1 Introduction
	2 Experimental procedure
	3 Results and discussion
	4 Conclusion
	Acknowledgements
	References


	OUTPUT 14
	Phase transitions, ferroelectric, and piezoelectric properties of lead-free piezoelectric xBaZrO3--(0.25minusx)CaTiO3--0.75BaTiO3 ceramics
	Abstract
	Introduction
	Experimental procedure
	Synthesis and fabrication
	Characterizations

	Results and discussion
	Conclusions
	Acknowledgements
	References


	OUTPUT 15
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route

	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route

	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route
	Directed synthesis, growth process and optical properties of monodispersed CaWO4 microspheres via a sonochemical route


	OUTPUT 16
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism

	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism

	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism
	Facile sonochemical synthesis of near spherical barium zirconate titanate (BaZr1tnqh_x2212yTiyO3; BZT); perovskite stability and formation mechanism


	Output 17
	High piezoelectric response in the new coexistent phase boundary of 0.87BaTiO3–(0.13-�x)BaZrO3–xCaTiO3
	1. Introduction
	2. Experimental procedure
	3. Results and discussion
	4. Conclusion
	Acknowledgements
	References


	Output 18
	Output 19
	OUTPUT 20
	OUTPUT 21
	OUTPUT 22
	OUTPUT 23
	OUTPUT 24
	OUTPUT 25
	A facile one step conversion of the sub-�micrometer to uniform nanopowder in tetragonal BaTiO3 via a surface active etching salt
	1. Introduction
	2. Experimental procedure
	2.1. Conversion of BaTiO3 nanopowder
	2.2. Characterization

	3. Results and discussion
	3.1. The mechanism model
	3.2. Characterization of the BaTiO3 precursor
	3.3. Effect of reaction temperature on morphology and phase stabilization
	3.4. Effect of reaction time on morphology and phase stabilization
	3.5. Ferroelectric phase transition
	3.6. Dielectric properties

	4. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


	OUTPUT26
	Ta-dope Ceria.pdf
	OUTPUT 26




