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A new binary CoqsFe;2(H2P04),-2H,0 was synthesized by a simple, rapid and cost-effective method
using CoCO3-Fe(c)-H3P0O4 system at ambient temperature. Thermal treatment of the obtained Co, ,Fey,
2(H2P04),-2H,0 at 600 °C yielded as a binary cobalt iron cyclotetraphosphate CoFeP401,. The FTIR and
XRD results of the synthesized Coqj3Fe;/2(H2P04)2-2H,0 and its final decomposed product CoFeP404,
indicate the monoclinic phases with space group P2;/n and C2/c, respectively. The particle morphologies
of both binary metal compounds appear the flower-like microparticle shapes. Room temperature
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specific magnetization values of 0.045 and 12.502 emu/g at 10 kOe, respectively. The dominant physical
properties of the obtained binary metal compounds (Co;/;Fe;2(H2P04),-2H,0 and CoFeP40+,) are compared
with the single compounds (M(H,PO4),-2H,0 and M,P401,; where M = Co, Fe), indicating the presence of Co
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ions in substitution position of Fe ions.
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1. Introduction

In recent years, a large number of inorganic natural or
synthesized phosphates have the incremented use in order to
supply the demands of industrial, commercial, scientific and heath
sectors due to valuable physical-chemical properties and reactivity
[1-4]. The metal phosphate compounds are divided by block unit as
P0O43~,HPO,2~,H,PO,~, P,0,4~ and P404,*" units, which have found
widespread applications in catalysts and adsorbents, ion-exchange
materials, solid electrolytes for batteries, in linear and non-linear
optical components, chelating agents, tooth powder and doughs,
artificial teeth and bones, corrosion-resistant coating, sewage
purifying agents, glass-ceramics, refratories, fire extinguishers,
cements, soap powders, biomaterials and implantates, forages for
animals, superinonic conductors, piezo- and ferroelectrics, gas and
moisture sensors, magnets, phosphors, detergents and high-quality
fertilizers [5-11]. Synthesis of these materials by solid state reaction
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at ambient temperature and the morphology and architecture at
microscale and nanoscale levels is a significant challenge, which
attracts increased attention because of their conveniences and their
strong influence on material properties.

Metal dihydrogenphosphate (H,PO4 ) group, one of the impor-
tant metal phosphates, has found widespread applications according
to above mentioned. Additionally, this metal dihydrogenphosphate
group is transformed to metal cyclotetraphosphate (P,01,%") group
by dehydration and polycondensation reactions at high temperature,
which is advance material, such as ceramic pigment, catalyst and
fertilizer [12-17]. Both metal dihydrogenphosphate and metal
cyclotetraphosphate groups have received a great deal of attention
due to simple, nontoxic and cheap synthetic routes and their friendly
environment [5-11]. Consequently, in the last few years many
works have been a successful attempt in the synthesis of metal (II)
dihydrogenphosphate hydrates M;_xA(H;PO4),-nH,0 (M and
A =Mg, Ca, Mn, Fe, Co, Ni, Zn, or Cu; x=0-1; n=1-4) [12-17] and
metal (II) cyclotetraphosphates M,_,A,P401> (y=0-2) [15-17].
However, it is pertinent to synthesize binary metal dihydrogenpho-
sphates, binary metal cyclotetraphosphates and their solid solutions.
By varying the composition of the solid solution (within its
homogeneity range), one can change its useful properties. So far,
binary metal dihydrogen phosphates were synthesized from
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corresponding metal(Il) carbonates (or metal oxides)and phosphoric
acid at low temperature (40-80 °C) with long time periods (>48 h)
[15-17]. While binary metal cyclotetraphosphate was synthesized
by mix of corresponding metal cyclotetraphosphates, then melting
them together on platinum dishes in an electric furnace at high
temperature (>900 °C) with long time consumption (>5 h). How-
ever, binary metal cobalt iron dihydrogenphosphate and it decom-
posed product has not been reported in the literature.

The purpose of this work is to prepare new binary Coq;Fey,
2(H,P04)2-2H,0 by solid state reaction at ambient temperature
with short time consumption (<15 min). Thermal transformation
product of the synthesized sample is binary cobalt iron cyclote-
traphosphate CoFeP40;,. The synthesized powders of Coq;Fey,
2(H2PO04)2-2H,0 and its thermal transformation CoFeP4,0,, with
flower-like microparticles and novel superparamagnetic proper-
ties were characterized by thermogravimetry-differential thermal
gravimetry-differential thermal analysis (TG-DTG-DTA), X-ray
diffraction (XRD), scanning electron microscopy (SEM), Fourier
transform IR (FTIR), and vibrating sample magnetometer (VSM)
techniques for the first time.

2. Experimental
2.1. Preparation

All chemicals (analytical grade or chemically pure grade) were
purchased from Fluka and Merck. Following procedure, 4 mL of
70% H3PO,4 (86.4% (w/w) H3PO,4 dissolved in DI water) was added to
1.1893 g of CoCO3 and 0.5593 g of Fe(c) (a mole ratio correspond-
ing to the nominal composition of Fe:Co ratio of 1.0:1.0), the
resulting suspension was continuously stirred at ambient tem-
perature until CO,(g) was completely evolved and the precipitates
were obtained. For this procedure, the increasing temperature of
the precipitates from exothermic process was cooled to room
temperature. The nearly dry sample was obtained and then 10 mL
of acetone was added to allow highly crystalline product to be
developed. The prepared solid was filtered by suction pump,
washed with acetone and dried in air.

2.2. Characterization

Thermal property of the studied compound was investigated on a
TG-DTG-DTA Pyris Diamond Perkin Elmer Instruments. The
experiment was performed in dynamic air at heating rate of
10 °C min~! over the temperature range from 30 to 600 °C and the
flow rate of 100 mL min~". Its final decomposition product seemed
to occur at temperatures above 500 °C (Fig. 1). In order to gain its
final thermal transformation product, the obtained Co,.Fey,
2(H;P04),-2H,0 was heated in the furnace at 600 °C for 3 h and
the thermal transformation products was further investigated. The
cobalt and iron contents were determined by dissolving in 0.0126 M
hydrochloric acid using atomic absorption spectrophotometry (AAS,
Perkin Elmer, Analyst100). The phosphorus content was determined
by colorimetric analysis of the molybdophosphate complex. The
water content was determined by TG data. The structure and
crystallite size of the synthesized Coy ;Fe;2(H2P04),-2H,0 and the
thermal transformation products were studied by X-ray powder
diffraction using a X-ray diffractometer (Phillips PW3040, The
Netherlands) with Cu Ko radiation (A = 0.15406 nm). The Scherrer
method was used to evaluate the crystallite size [18]. The
morphologies were examined with scanning electron microscope
(SEM) using LEO SEM VP1450 after gold coating. The room
temperature FTIR spectra were recorded in the range of 4000-
370 cm~! with 8 scans on a Perkin-Elmer Spectrum GX FTIR/FT-
Raman spectrometer with the resolution of 4 cm™! using KBr pellets
(KBr, spectroscopy grade, Merck). The magnetic properties were
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Fig. 1. TG-DTG-DTA curves of CoqFe;2(H2P04)2-2H,0.

examined at room temperature (20 °C) using a vibrating sample
magnetometer (VSM 7403, Lake Shore, USA).

3. Results and discussion
3.1. Thermal analysis

The TG/DTG/DTA curves of Coqjz2Feq2(H2P04),-2H,0 are shown
in Fig. 1. The TG curve shows the mass loss between 30 and 600 °C,
which is related to the elimination of water molecules in
crystallization water and an intermolecular phosphate condensa-
tion. The eliminations of water were observed in three areas: 45-
130, 130-300 and 300-450 °C. The mass losses in three stages are
12.80, 7.42 and 5.61%, which correspond to 2.04, 1.18 and 0.89 mol
of water for Coq2Feq2(H2PO4),-2H,0, respectively. The DTA curve
shows three endothermic effects over the temperature region at
60,159 and 386 °C whereas the DTG curve shows three peaks at 60,
155, and 385 °C. Further, a small exothermic effect at 520 °C
without appreciable mass loss is observed in the DTA curve, which
can be ascribed to a transition phase from of CoFeP40,. The
thermal decomposition of CoqzFeq2(H2P04),-2H,0 in the range of
30-600 °C involves the dehydration of the coordination water
molecules (2 mol H,0) and an intramolecular dehydration of the
protonated dihydrogenphosphate groups (2 mol H,0) as shown in
Egs. (1)-(3):

COl/zFel/z(H2PO4)2-2H20 — CO]/2F61/2(H2P04)2 + 2H20 (1)
C01/2Fe1/2(H2P04)2 — CO]/z(H2PO4) . [1/4F62P4012] + 1H,0 (2)

C01/2(H2PO4) . [] /4F82P4012] — ]/2COF€P4012 +1H,0 (3)

The intermediate compounds, such as acid polyphosphate Coy,
2F€1/2(H2PO4)2 and CO]/z(H2P04)~[1/4F62P40]2] and mixture of
both intermediates have been registered. Coq;2(H2P04)[1/
4Fe,P4015] is observed in Eq. (2) due to Fe,P40,, is formed at
lower temperature than Co,P40;,, which related to thermal
transformation of single dihydrogenphosphate dihydrate in our
previous works [19,20]. The intermediates were similarly observed
with single metal dihydrogen phosphate [9,10,12-15]. The binary
cobalt iron cyclotetraphosphate, CoFeP,0, is found to be the final
product of the thermal decomposition at T > 500 °C. The total mass
loss is 25.83% (4.12 mol H,0), which is in agreement with those
reported for other binary dihydrogenphosphate dihydrate in the
literature (1 < mole of water <4) [9,10,12-15]. The thermal
stability, mechanism and phase transition temperature of the
studied compound in this work are significantly different from
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Fig. 2. XRD patterns of Coyj2Fe;/2(H2P04)2-2H,0 (a) and its decomposed product
CoFeP401; (b).

those of the decomposition reactions of individual metal
compounds (Fe(H;PO4),-2H,0 [19] and Co(H,PO4),-2H,0 [20]).
These results indicate that the incorporation of Fe and Co metals in
the skeleton has the effects of thermal behaviors, which support
the formations of new binary dihydrogen phosphate CoqjFeq),
(H2P0O4),-2H,0 and binary metal cyclotetraphosphate CoFeP4015.

3.2. X-ray powder diffraction

The XRD patterns of Coq,Feq2(H2P04),-2H,0 and its decom-
posed product CoFeP401, are similar to those obtained from the
individual M(H,P04),-2H,0 and M5P40;, (when M =Co and Fe)
but the intensities are slightly different (Fig. 2). The spectrum
peaks for the systems of binary cobalt iron solid solution and single
metal dihydrogen phosphate (or metal cyclotetraphosphate) are
quite similar due to the electronic charges and the radii of cations
are equivalent and close to each other, respectively [13-17].
According to the XRD analysis, we can draw a conclusion that the
synthesized CoqjzFeq2(HoP04),-2H,0 and its decomposed product
CoFeP40, are solid solutions and not a mixture of the individual
ones. In addition, the result confirmed that new binary metal (Coy,
oFeq2(HaP04),-2H,0 and CoFeP4012) are isostructural to type
series of the single metal (M(H,PO,4),-H,0 and M,P40,,; where M
or A=Mg, Mn, Co, Ni, Fe, Zn). All the reflections can be distinctly
indexed as a pure monoclinic phase with space group P2¢/n (Z=2)
for Coqj2Feq2(H2P04),-2H,0 and C2/c (Z = 4) for the decomposed
products CoFeP404,, which noted to be similar to those of standard
data of M(H,PO4),-H,0 (PDF no 390698 for Co and PDF no 751444

Table 1

for Fe) and MP401, (PDF no 842208 for Co and PDF no 782285 for
Fe), respectively. The average crystallite sizes and lattice para-
meters of CoqjyFeq2(H2PO4),-2H,0 and the decomposed product
CoFeP401, were calculated from XRD patterns and also tabulated
in Table 1. The lattice parameters of CoqyFeq2(H2PO4),-2H,0 and
the decomposed products CoFeP40,, are comparable to those of
the standard data of individual ones. The average crystallite sizes of
Coq2Feq/2(H2P04)2-2H20 and the decomposed product CoFeP401,
were found to be 77 + 27 and 73 & 18 nm, respectively. However,
the crystallite sizes for the obtained compounds in this work are
larger than those from the single metal compounds (Table 1) in our
previous works [13,14,18,19].

3.3. FTIR spectroscopy

The FTIR spectra of CoqjxFeq2(H2PO4),-2H,0 and the decom-
posed products CoFeP40;, are shown in Fig. 3 and they are very
similar to those of M(H,P0,4),-2H,0 and M,;P,0,, (M = Co or Fe),
which confirmed their isostructural. Vibrational bands are
identified in relation to the crystal structure in terms of the
fundamental vibrating units namely H,PO,~ and H,O for Coq ,Fey,
2(HoP04),-2H,0 and [P401,]*" ion for CoFeP40;,, which are
assigned according to the literature [9,10,12-15,21,22].

The FTIR spectrum of CoqxFeq/2(H2P04),-2H,0 (Fig. 3a) is very
similar to those observed by Koleva et al. [10] and Boonchom et al.
[19,20]. The highest site symmetry of H,PO,~ ion is Cy,, in the
crystallographic unit cell (P2¢/n, Z=2) [10], but the four H,PO,~
ions are located on the set of non-equivalent site symmetry of C;. A
pair of H,PO4~ ions is related to each other by a center of
symmetry. The four fundamental modes of the free phosphate ion
undergo factor group splitting [22]. It is known that the existence
of short OH---O hydrogen bonds in a variety of strongly hydrogen-
bonded solids is manifested by the appearance of the characteristic
ABC structure of the v(OH) vibrational bands [9,10]. The problem of
the origin of the ABC trio is discussed in many studies on acidic
salts, but an explanation of this behaviour of strongly hydrogen-
bonded systems is still to be found [9,10]. One of the most popular
interpretations of the ABC trio suggests a strong Fermi resonance
between the v(OH) stretching fundamentals and the overtones
[25(OH) and 2)(OH)] or combinations involving the §(OH) and
Y(OH) vibrations. Usually, the ABC bands are very broad and consist
of many ill-resolved components. Two bands centered at 3138 and
2427 cm~! in the FTIR spectra are referred to as bands A and B,
respectively. The third component (band C) is observed around
1749-1639 cm™'. The intense band at about 1260 cm™! is due to
the in plane P-O-H bending (A;), while the out of plane bending
(A;) vibration is observed at about 816 cm™'. Vibrational spectra of
present hydrate are assigned by factor group analysis and derived
from the same mode as in free H,PO,~ ion. A strong band at about

Average crystallite sizes and lattice parameters of Co;xFeq/2(H2P04),-2H,0 and its decomposed product CoFeP40,, calculated from XRD data.

Compound Method a (A) b (A) c(A) B () Average particle sizes (nm)
Co(H,P0,),-2H,0 PDF no 390698 7.27 9.8 533 94.36

Ref. [20] 7.21(3) 9.91(1) 5.29(5) 94.88(6) 2642
CoujaFes;2(HaP04), 2H,0 This work 7.30(0) 9.92(0) 5.35(1) 95.01(2) 77427
Fe(H,P0,)>-2H50 PDF no 751444 7.30 9.92 5.34 95.14 -

Ref. [19] 7.25(1) 10.10(0) 5.32(0) 95.71(0) 2844
CoyP404> PDF no 842208 11.8 8.297 9.923 118.72

Ref. [20] 11.83(8) 8.22(6) 9.94(0) 118.51(1) 40410
CoFeP,015 (calcined 600°C) This work 11.77(3) 8.56(0) 9.63(1) 119.09(0) 73418
Fe,P4012 PDF no 782285 11.94 8.37 9.93 118.74 -

Ref. [19] 12.80(0) 8.80(4) 10.56(0) 118.67(4) 2946
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Fig. 3. FTIR spectra of CoqjFeq2(HoP0O4),-2H,0 (a) and its decomposed product
CoFeP404; (b).

1149cm™! in FTIR spectra is assigned to PO, asymmetric
stretching (B;), while the other one at about 1045cm!
corresponds to PO, symmetric stretching modes (A;). The FTIR
frequency of the P(OH), asymmetric stretching (B,) shows the
strong band at about 954 cm . The weak band at about 908 cm !
is assigned to P(OH), symmetric stretching modes (A;). The
medium band at about 562 cm™! is corresponding to PO, bending
modes (B;). Two strong bands appeared at about 516 and 471 cm ™!
are attributed to PO, rocking modes as B; and A, vibrations,
respectively. The bands of water vibrations are illustrated in Fig. 3a
as a doublet bands (1639 and 1573 cm™') contribute both to the
band C and to the water bending band. A weak band occurs in the
FTIR spectra at approximately 634 cm™! is assigned to rocking
mode involving water librations. The voy stretching modes of HOH
in Coqj2Feq/2(H2P04)2-2H,0 appear at 3138 cm~! (viorAband)and
3315cm™! (v3). The bands associated with the voy stretching
frequencies in H,PO,~ ions are observed at about 2850 and
2427 cm™.

The FTIR spectrum of the decomposed product CoFeP40;
(Fig. 3b) is very similar to those obtained from the individual
M,P40:> (M =Co and Fe) [13,14,18,19]. The band assignment is
identified in terms of the fundamental vibrating modes of P,0,,%~
ion in the frequency range of 370-1400 cm™!, which are assigned
according to the literature [13,14,18,19]. The anion contains the
PO,2~ radical and the P-O-P bride, where are interpreted the FTIR
spectra from viewpoint of the vibrations of these two groups. As
the P-0 bond strength in the P-O-P bride is weaker than in the
PO,2" radical, the stretching frequencies of the P-O-P bride are
expected to be lower than those in the PO,?~ radical. The
asymmetric and symmetric stretching frequencies of the PO,2~
radical are generally observed in the areas 1325-1227 and 1151-
1100 cm™ !, respectively. The P-O-P bride has its asymmetric and
symmetric stretching frequencies around 1000-900 and 900-
700 cm™!, respectively. The bending modes are expected in the
area: 600-400 cm ! (PO,2~ radical) and 400-370cm™! (P-O-P
bride). The metal-O stretching usually appears in the bending
mode region as the bending modes of the P-O-P bride and
absorption bands associated with these vibrations are usually very
weak. The observation of a strong v,POP band is known to be the
most striking feature of cyclotetraphosphate spectra, along with
the presence of the v,;OPO~ band. From X-ray diffraction data [10],
it was shown that the crystal structure is monoclinic (space group
C2/c) with a cyclic structure of the [P40;5]%" anion. This has been
confirmed by the FTIR measurements.

2209

I
Co,,Fe,,(H,P0,),2H,0
calcined at 600 °C

Fig. 4. SEM micrographs of Cojj;Fe;o(HoP04),-2H,0 (a) and its decomposed
product CoFeP404; (b).

3.4. Scanning electron microscopy

The SEM micrographs of Coqj,Feq/5(H2P04)2-2H,0 and the
decomposed product CoFeP40;, are shown in Fig. 4. The particle
shape and size are changed throughout the whole decomposition
product. The SEM micrographs of Co; ,Fe2(H2P04),-2H,0 and the
decomposed product CoFeP,0;, show flower-like architectures,
having sizes of 15-20 wm. The morphology of CoyxFey;
2(HaPO4)2-2H,0 (Fig. 4a) shows petal-bud-like microparticles,
which exhibit the different features from Co(H,P04),-2H,0 and
Fe(H,PO4),-2H,0 in the our previous reports [13,14,18,19]. The
morphology of the decomposed product CoFeP40, (Fig. 4b) shows
filament-like structures and porosity on the filament surface,
which are significant different grain from single metal cyclote-
traphosphate (M,;P40,,; M =Mn or Fe) in our previous reports
[13,14,18,19]. The different morphologies between the single
metal compounds (M(H,P0,4),-2H,0 and M,P4012, M = Co or Fe)
and the binary metal compounds confirm the formation of Coy,
oFe;5(H2P04)2-2H,0 and CoFeP401,, which support the presence
of Co ions in substitution position of Fe ions.

3.5. VSM magnetometer

The specific magnetization curves of CoqxFe;/2(HyP04),-2H,0
and the decomposed product CoFeP40,, obtained from room
temperature VSM measurements are shown in Fig. 5. All samples
demonstrate typical superparamagnetic behavior with negligible
coercivity and remanence, in accordance with the theory that
superparamagnetic behavior is often observed at room temperature.
The specific magnetization curves are typical superparamagnetic
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Fig. 5. The specific magnetizations of CojjzFeq2(H2PO4),-2H,0 (a) and its
decomposed product CoFeP40,, (b) as a function of field, measured at 293 K.

behavior without any hysteresis in the field range of 410,000 Oe.
Specific saturated magnetization (M) values of CoqjFeq2(H2PO4):
2H,0 and the decomposed product CoFeP40, are found to be 0.045
and 12.502 emu/g, respectively. Itis worth nothing that these saturated
magnetizations were compared with other magnetic materials (M of
Fe304 is 10-50 emu/g) [23-25]. It is seen that magnetizations of the
CoqoFeq2(HoPO4),-2H,0 and CoFeP404, are lower than those of
Fe(H,PO4),-2H,0 (96.28 emu/g) and Fe, P40, (85.01 emu/g) [20] but
markedly distinct from the diamagnetic properties of Co(H,P0,),-2H,0
and CoyP40;> [19]. To our knowledge, it is worth nothing that
superparamagnetic properties of the CoqpFeq;2(H2P04),-2H,0 and
CoFeP401, samples are reported for the first time in this study.

4. Conclusion

Flower-like microparticle CoqyFeq2(H2PO4),-2H,0 was suc-
cessfully synthesized by solid state method from CoCOs-Fe-H3PO,
system at ambient temperature with short time consumption
(15 min). Coq2Feq/2(H2P04)2-2H,0 decomposes in three steps
which correspond to the loss of water of crystallization in the
first step, subsequently to a continuous intermolecular polycon-
densation and elimination of water of constituent in anion (the
second and the third steps). The thermal behaviors, flower-like
morphologies, particle sizes and superparamagnetic properties of
Coqj2Feq2(H2P0O4)2-2H,0 and the thermal transformation products
CoFeP40,, in this work are different from single metal compounds

in our previous reports. This work presents the simple, cost-
effective and short time consuming method for the preparation of
new binary metal Coq;Feq2(H2PO4),-2H,0 and CoFeP40,, com-
pounds, which may be used in many important applications such
as catalytic, superinonic conductors, piezo- and ferroelectrics,
magnets, electrochemical, bioceramic and environmental pro-
cesses.
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The pyrophosphate of CuFeP,0; was synthesized through one step-thermal synthesis at 500 °C using the
mixing of copper carbonate, iron metals and phosphoric acid. FTIR and XRD results indicate the dominant
feature of pyrophosphate (P,O%37) anion and a pure monoclinic phase with space group C3, (Z=4),
respectively. The crystallite size of 2549 nm for the CuFeP,0; was estimated by X-ray line broadening.
Room temperature magnetization result shows ferromagnetic behavior of the CuFeP,0; powder, having
hysteresis loop in the range of 4+ 10,000 Oe with the specific magnetization value of 1.57 emu g~ . This
property is important for specific application and is presented for the first time.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Binary metal (II) pyrophosphates consisting of a homogeneous solid
solution are characterized by high corrosion resistance, high tensile
strengths, improved ductility and good malleability as compared with
the corresponding single metals [1,2]. These materials are widely
employed in various fields as catalysts, wastewater purification
systems, ferroelectrics, lithium batteries, the steel and glass industries
[2-4]. In the recent years, they have been proposed as the cathode in
lithium batteries and lithium metal phosphates can be used as cathode
or anode electrodes in lithium batteries because they are the next
generation of positive-electrode materials for lithium batteries and
offer additional advantages in practical applications due to their lower
cost, safety, benign environmental properties, stability and low toxicity
[5,6]. The binary metal M, _ ,A,P,0; (M or A=Mg, Mn, Co, Cu, Nij, Fe,
Zn; 0<x<2) group, one of the important metal phosphates, has found
widespread applications and is graining interesting according to above
mentioned [7]. Because it appears economically advantageous to
substitute a portion of the divalent metal with a less costly divalent
element, which influences many properties, for example, the color of
pigments, the relatively stable compounds—both thermally and
chemically, anticorrosion ability and luminescence [1-4]. In addition,
some metals, such as copper or iron, and (P,0;)*~ species are lower
cost, safety, benign environmental properties and low toxicity [5,7].
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Therefore, our laboratory has focused on the studies of the synthesis of
new binary metal pyrophosphates [8,9], which are important for the
development of new inorganic functional materials.

The present paper describes the synthesis and characterization of a
new binary copper iron pyrophosphate, CuFeP,0- using powder X-ray
diffraction (XRD), Fourier transform infrared (FTIR) and vibrating
magnetometric (VSM) techniques. The information on the synthesis
and characterization of a new binary copper iron pyrophosphate,
CuFeP,07 are reported for the first time.

2. Experimental

All the reagents used in this study were of A.R. grade. In typical
procedure, CuCOs; and Fe (complexometric) were mixed together
with mole ratio of 1.0:1.0 and then was ground for 10 min.
Subsequently, 5 mL of 70 % H3PO4 (86.4 %w/w H3PO,4 dissolved in DI
water) was added slowly to the mixed solid with mechanically
stirring at ambient temperature (10 min). Then, the mixed suspen-
sion was evaporated by heating in the furnace at 500 °C for 2 h. The
obtained gray pink precursor was crushed into powder, which was
washed repeatedly by DI water until no POz~ was detected. Finally,
the powder was washed again for several times with methanol and
dried at room temperature. The reaction equation can be expressed
as:

CuCOs(s) + Fe(s) + 2H;PO,4(aq) —CuFeP,0;,(s) 4+ 3H,0(g) + CO(g) (1)

The copper and iron contents of CuFeP,0; were determined by
dissolving in 0.0126 M hydrochloric acid using atomic absorption
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spectrophotometry (AAS, Perkin Elmer, Analyst100). The phosphorus
content was determined by colorimetric analysis of the molybdopho-
sphate complex. X-ray powder diffraction (XRD) was carried out by a
Phillips PW3040 X-ray diffractometer (The Netherland) utilizing Cu
Ko radiation (A=0.15406 nm) at 40 kV/200 mA. The Scherrer
method was used to evaluate the crystallite size [10]. The room
temperature FTIR spectrum in the range of 4000-370cm™! was
recorded by a Perkin-Elmer Spectrum GX FT-IR/FT-Raman spectrom-
eter with 8 scans and the resolution of 4 cm™ ! using KBr pellets. The
magnetic property was examined at room temperature (20 °C) using
a vibrating sample magnetometer (VSM 7403, Lake Shore, USA).

3. Results and discussion

The XRD pattern of CuFeP,05 is similar to those obtained from the
individual M,P,0; (when M= Cu, Co, Mn and Fe) [1-4,11], but the
intensities are slightly different (Fig. 1). The lower and higher
intensities of XRD peaks indicate the differences of crystallization or
amorphous phase as well as crystallite sizes of these materials. From
literature, it indicates that the binary solid solutions (M, _ xA.P207)
and the single metal compounds for M,P,0, (M or A= Mg, Mn, Co, Cu,
Ni, Fe, Zn; 0 <x <2) types are isostructural [1-4,11]. In the hypothesis
of isostructural, the spectrum peaks for the systems of binary copper
iron pyrophosphate (solid solution) and single metal pyrophosphate
(M,P,07, M= Cu and Fe) are quite similar because of the equivalent
electronic charges and the close radii of cations. In addition, no
characteristic peaks of other impurities (CuCOs or Fe) were observed.
In this respect, we can draw a conclusion that the synthesized product
CuFeP,05 is solid solution and not a mixture of the individual ones.
Consequently, all reflections can be distinctly indexed based on a pure
monoclinic phase with space group C2/c (Z=4) for CuFeP,0,, which
noted to be similar to those of the standard XRD patterns of M,P,07
(PDF no. 79-2075 for Cu and PDF no.76-1762 for Fe), respectively. The
average crystallite size of product is estimated from the strongest
three diffraction peaks below 40° for 26 and found to be 25+ 9 nm.
The lattice parameters calculated from the XRD spectra are a=6.73
(0),b=8.21(1), c=9.39(0) A and b=110.65(4) °, which are close to
those of the standard data file (a=6.89 (5), b=8.11(3),c=9.16(4) A
and b=109.62(0) ° from PDF no. 79-2075 for Cu,P,0; and a = 6.65
(0), b=8.48(4), c=4.49(0) A and b=103.89(0) ° from PDF no.76-
1762 for Fe,P,0-) and the literature [11,12].

FTIR spectrum of CuFeP,0; shown in Fig. 2 is very similar to those
obtained from the single metal pyrophosphates M,P,0; (M= Mn, Ni,
Co and Fe) [7-9,12,14]. The vibrational modes of P07~ ion observed in
the frequency range of 370-1400 cm™ ! are assigned according to the
literature [7-9,13,14]. The anion containing the PO3 and the P-O-P
bride are interpreted the FTIR spectrum from viewpoint of the
vibrations of these two groups. The asymmetric and symmetric
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Fig. 1. XRD pattern of CuFeP,0-.
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Fig. 2. FTIR spectrum of CuFeP,05.

stretching frequencies of the POs are generally observed at 1097 and
1067 cm™ !, respectively. The bending modes of PO5 are expected in the
range of 592-518 cm™ '. The metal-O stretching usually appears in the
bending mode region as the bending modes of the PO3 and absorption
bands associated with these vibrations are usually very weak. The
bands found at 955 and 739 cm™ ! are typical of the pyrophosphate
group and correspond to the stretching and bending vibrations of the
P-O-P bridge, respectively. The observation of a strong v,sPOP band is
known to be the most striking feature of pyrophosphate spectra, along
with the presence of the v,;JOPO™ band. The PO3; deformation and
rocking modes, the POP deformations as well as the torsional and
external modes are found in the 592-410 cm™ ! region. FTIR result is
consistent with X-ray data [15], indicating that the crystal structure is
monoclinic (space group C2/c) with pyrophosphate groups of the
[P207]4_ anion.

The specific magnetization curve of the CuFeP,0; sample obtained
from room temperature VSM measurement is shown in Fig. 3. This
curve is typical for a soft magnetic material and indicates hysteresis
ferromagnetism in the field range of ~ + 10,000 Oe while outside this
range the specific magnetization increases with increasing field and
saturates in the field range investigated (410 kOe). The specific
saturation magnetization (M;) value of 1.57 emu g~ ! was observed for
the CuFeP,0; sample. The coercive force (Hc) obtained on the
increasing and decreasing filed sides (blanket) were 67.70 (—67.70)
Oe for the CuFeP,0, sample. The ferromagnetic solid solution formed
in CuFeP,0, system is different from paramagnetic for Fe,P,0; and
diamagnetic for Cu,P,07. The CuFeP,0, called pyrophosphate con-
stitutes the largest family of condensed phosphates and contains
different cations (Cu?>™ and Fe?") [15-18]. The ferromagnetic of the
studied compound originates from magnetic moment of anti-parallel
spins of between Cu?™ (non-magnetic element) at octahedral sites
and Fe?™ (magnetic element) at distorted octahedral coordination
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Fig. 3. The specific magnetization of CuFeP,05 as a function of field, measured at 20 °C.
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[17,18]. This should be necessary for the appearance of ferromagne-
tism [18]. Additionally, it found that the tendency of Ms to increase is
consistent with the enhancement of crystallinity or particle sizes, and
the saturation value of Ms for CuFeP,0, is observed due to the
obtained microstructure. This result has been essentially verified in a
quantitative sense within the last two decades. Ferromagnetic
property of the CuFeP,0; sample reported for the first time is
important for specific applications such as magnetic resonance
imaging contrast agents, data lifetime in high density information
storage, ferrofluid technology, lithium batteries and magnetocaloric
refrigeration [15,16].

4. Conclusions

This research has successfully achieved a simple one-step thermal
synthesis of a monoclinic phase of a new binary copper iron
pyrophosphate CuFeP,0;. FTIR, XRD and VSM results suggested the
formation of a binary metal CuFeP,0,. The FTIR and XRD data confirmed
the dominant feature of pyrophosphate (P,0%~) anion indicated the
formation of a binary CuFeP,0-. The crystallize size of CuFeP,0; shows
polycrystalline having crystallite size of 2549 nm, as estimated by
XRD. The synthesized CuFeP,0, shows ferromagnetic property, which
has hysteresis loop in the range of — 10,000 Oe <H < 10,000 Oe with
the specific magnetization of 1.57 emu ~! at 10 kOe. This research
displays that the simple, cost effective and rapid time consumption is
necessary for elaboration of technology and academic scientist to
produce the pyrophosphate of transition metals, which may be useful
for potentially applications as inorganic ceramic pigment, catalyst, fuel
cell material and corrosion-proof compositions.
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Floral-like microparticle of a binary cobalt iron cyclotetraphosphate CoFeP40;, was synthesized through
solid phase reaction using cobalt carbonate, iron metal and phosphoric acid with further calcinations at the
temperature of 500 °C. The XRD and FTIR results indicate that the prepared CoFeP401, has a pure monoclinic
phase without the presence of any phase impurities. The floral-like microparticle and superparamagnetic
behavior of the synthesized CoFeP40;, are important properties for specific applications, which were
revealed by SEM and VSM techniques, respectively. The dominant features of the synthesized CoFeP40; in
this work are compared with M;P40;, (M =Co and Fe) and CoFeP40;, reported in our previous works.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, synthesis of the morphology and architecture of
inorganic phosphates at micro-/nanoscale levels is a significant
challenge, which attracts increased attention because of their strong
influence on the chemical and physical properties of materials [1-3].
Morphology influences not only the intrinsic chemical, optical, and
catalytic properties of micro-/nanoscale metal phosphates, but also their
relevant applications in electronic, biocompartible and biodegradable in
tissue [2,4]. As one of the members of phosphate material family,
transition metal cyclotetraphosphate micro-/nanoparticles can be used
in potential pigments, selective catalysts, phosphors, materials for
corrosion-resistant coatings and biocompartible and biodegradable in
tissue [5-8]. Several divalent including 3d metals, namely, Mn, Co, Fe,
Zn, Cuy, and Ni, are known to form the single metal cyclotetraphosphate
M,P401,, where M(II) stands for a divalent metal. The binary metal
cyclotetraphosphates M, _ ,AyP401> (M and A= Mg, Ca, Mn, Co, Ni, Zn,
or Cu; x=0-2), isostructural with the single metal cyclotetrapho-
sphates M,P401,, were prepared by Trojan et al. [5-8] and Boonchom
etal.[9-11]. All these compounds have similar X-ray diffraction patterns
and close unit cell parameters, which crystallize in monoclinic space
group C2/c (Z=4) [12]. Various methods have been employed to
synthesize binary metal cyclotetraphosphates, including two-step
thermal method [5-8], hydrothermal synthesis [5] and the decompo-
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sition of binary metal (II) dihydrogenphosphates (M; —,A,(H,PO4)»
nH,0; where M and A = Ca, Mg, Mn, Fe, Co,Ni,CuorZn;y=0-1;n=1-
4) [9-11]. This work is of interest because it appears economically
advantageous to replace partially the divalent metal cations by some
cheaper divalent element which could also improve special properties
as above mentioned [1-4]. However, it is relevant to synthesize binary
cyclotetraphosphate and its solid solution because changing the metal
ratio influences its useful properties. Consequently, it is a major
challenge to synthesize binary metal cyclotetraphosphate micro-/
nanoparticles with its intrinsic shape-dependent properties and
resulting application. Recently, cobalt iron pyrophosphate CoFeP,0,
and cobalt iron cyclotetraphosphate CoFeP,0,, were prepared by
mixing of CoCOs, Fe and HsPO,4 in water-methanol and in water-
acetone, respectively [13,14]. The difference of media (solvents) in the
precipitation process leads to the obtaining different phosphates, as
revealed by XRD and FTIR data. Due to its solubility in water and its
ability to associate with metal ions in media, solvent has been used as a
binder cum gel for shaping materials (bulk, porous, micro- or
nanoparticles) and a matrix for entrapment of ions to generate a gelled
precursor which resulted in obtaining different material or same
material with different size and morphology after heat treatment. The
results obtained are also in agreement with other phosphate group
reported in literature [15,16]. In this work, we report for the first time
one step thermal synthesis of floral-like microarchitectures of binary
cobalt iron cyclotetraphosphate CoFeP401, by solid state reaction from
cobalt carbonate, iron metal and phosphoric acid without organic media
agent (or solvent). The different preparation routes of the CoFeP,0;
between this work and our previous report [14] affect the differences of
some physical and chemical properties such as morphology, particle size
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and magnetic behavior. The synthesized sample was characterized by X-
ray powder diffraction (XRD), Fourier transform infrared (FTIR),
scanning electron microscope (SEM) and vibrating sample magnetom-
eter (VSM) techniques.

2. Experimental

All the reagents used in this study were of A.R. grade. A binary cobalt
iron cyclotetraphosphate CoFeP40,, was prepared at laboratory
temperature. In typical procedure, CoCO; and Fe (complexometric)
were mixed together with mole ratio of 1.0:1.0 and then was ground for
10 min. Subsequently, 5 mL of 70 % H3PO, (86.4 % w/w H3PO, dissolved
in DI water) was added slowly to the mixed solid with mechanically
stirring at ambient temperature (10 min). Then, the mixed solution was
evaporated by heating in the furnace at 500 °C for 2 h. The obtained gray
pink precursor was crushed into powder and was washed repeatedly by
DI water until no POz~ was detected. Finally, the powder was washed
again for several times with methanol and dried at room temperature.
The reaction equation can be expressed as:

500°C
CoCOs(s) + Fe(s) + 4H;PO4(aq)—CoFeP,0,,(s) + 6H,0(g) + CO(g)

(1)

The cobalt and iron contents of CoFeP40,, were determined by
dissolving in 0.0126 M hydrochloric acid using atomic absorption
spectrophotometry (AAS, Perkin Elmer, Analyst100). The phosphorus
content was determined by colorimetric analysis of the molybdopho-
sphate complex. X-ray powder diffraction (XRD) was carried out by a
Phillips PW3040 X-ray diffractometer (The Netherland) utilizing Cu
Ko radiation (A=0.15406 nm) at 40 kV/200 mA. The Scherrer
method was used to evaluate the crystallite size [17]. The room-
temperature FTIR spectrum in the range of 4000-370cm™ ! was
recorded by a Perkin Elmer Spectrum GX FTIR/FT-Raman spectrom-
eter with 8 scans and the resolution of 4 cm™ ! using KBr pellets. The
morphology was examined with SEM picture by LEO SEM VP1450
scanning electron microscope. The magnetic property was examined
at room temperature (20 °C) using a vibrating sample magnetometer
(VSM 7403, Lake Shore, USA).

3. Results and discussion
3.1. Chemical analysis

The chemical analysis data showed that the cobalt, iron and
phosphorus mass percentage were 13.58%, 12.92% and 28.75%,
respectively. In other words, the molar ratio of Coyotai:Fetotar:Protal in
the synthetic product is equal to 1.00:1.00:4.03, which indicates that
the general formula would be CoFeP,40+5.

3.2. X-ray powder diffraction

XRD was used to characterize the phase the crystallographic
structure of the product (Fig. 1). The XRD pattern of as prepared
floral-like CoFeP40; is similar to that of non-uniform particle CoFeP,.
04, reported by our previous work [14] but the intensities are slightly
different. The lower and higher intensities of XRD peaks indicate the
differences of crystallization or amorphous phase as well as particle
sizes of these materials. In the hypothesis of isostructural, the spectrum
peaks for the systems of binary cobalt iron cyclotetraphosphate (solid
solution) and single metal cyclotetraphosphate (M,P40;,, M= Co and
Fe) are quite similar because of the equivalent electronic charges and the
close radii of cations. Consequently, all the diffraction peaks in the figure
are found to be in agreement with monoclinic M,P40, (PDF no. 842208
for Co,P401, and PDF no.782285 for Fe,P40+5), space group C2/c (Z=4).
No characteristic peaks of other impurities (CoCOs or Fe) were observed,
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Fig. 1. XRD pattern of CoFeP4O,,

and all the reflections could be indexed to the pure monoclinic phase of
binary cobalt iron cyclotetraphosphate CoFeP404,. From XRD analysis
(Fig. 1), it can conclude that the as prepared floral-like CoFeP,0+; is solid
solution, not a mixture of the individual phases and isostructural with
the single metal M,P,0,, (M=Co and Fe). According to the Scherrer
formula: D=K\/( cos 0), where D is particle diameter, K=0.89 (the
Scherrer constant), A = 0.15406 (wavelength of the X-ray used), Bis the
width of line at the half-maximum intensity and 0 is the corresponding
angle. The average crystallite size of product is estimated from the
strongest three diffraction peaks below 40° for 26 and found to be 49 4+
20 nm. This crystallite size of the prepared CoFeP40,; in this work is
smaller than that obtained from our previous work (65 =+ 24 nm) [14]
but it is larger than those for the single metal compounds (40 + 10 nm
for Co,P401> and 29 + 6 159 nm for Fe,P4015) in our previous studies
[9-11]. The lattice parameters calculated from the XRD spectra are
a=11.89(0), b=8.33(0), c=10.15(0) A and b= 119.09(0)°, which are
close to those of the standard data file (from PDF no. 842208 for
Co,P401, and PDF no.782285 for Fe,P401,) and the literature [9-11,14].

3.3. FTIR spectroscopy

The CoFeP40,, structure is characterized by a three- dimensional
framework with MOg (M = Co or Fe) polyhedral linked with P,04; rings
by M-0O-P. The basic structure unit is the centrosymmetric cyclote-
traphosphate ring P40, and therefore vibrational modes can consider it
as made up of the P,075 anion. The vibrational modes of P,0%5 ion
observed in the frequency range of 370-1400cm™! are assigned
according to the literature (Fig. 2) [18-20]. The many peaks split in these
regions indicate the different strength of the bond between cations
(M=Co?* and Fe?") and anion (P,40%3 ), which confirm the inserting
different cations in the skeletal as well as the formation of binary cobalt
iron cyclotetraphosphate. The anion contains the PO5™ radical and the
P-O-P bridge which differ in their bond strength. As the P-O bond
strength in the PO5~ radical is stronger than in the P-O-P bridge, the
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Fig. 2. FTIR spectrum of CoFeP4015,
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stretching frequencies of the PO3 ™ radical are expected to be higher than
those in the P-O-P bridge. The P-O bonds in the PO5™ radical show its
asymmetric and symmetric stretching frequencies around 1327-1237
and 1150-1000 cm™ !, respectively. The asymmetric and symmetric
stretching frequencies of the P-O-P bridge are observed in the regions of
1000-900 and 800-700 cm™', respectively. The symmetric P-O-P
bridge stretching modes occur at 736 and 714 cm™ !. These observed
bands are known to be the most striking feature of cyclotetraphosphate
spectra, along with the presence of the v,OPO~ band. From X-ray
diffraction data [12], it was shown that the crystal structure is
monoclinic (space group C2/c) with a cyclic structure of the [P4015]*~
anion. This has been confirmed by the FTIR measurements. The bending
modes are expected in the area 600-400 cm™ ! (P03~ radical) and 400-
370 cm~ ! (P-O-P bride). The 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. The weak FTIR band at 400 cm~! is probably due to metal-O
stretching mode.

3.4. Scanning electron microscopy

SEM micrograph of CoFeP,40;, sample is shown in Fig. 3. It can be
seen that the sample is composed of floral-like structures. There is soft
agglomeration phenomenon among the particles of CoFeP40,, which is
attributed that the strong absorption of each other exists among
particles with the layered structure compound. The floral-like mor-
phology consists of similar petal-like flakes growing radically from the
centre as can be observed under a higher magnification (inset). The
different morphologies between the single metal compounds (IM,P4015,
M = Co or Fe) and the binary CoFeP,0;, indicate the presence of Co ions
in substitution position of Fe ions, which confirms the formation of
binary cobalt iron cyclotetraphosphate CoFeP401,. The result of SEM
experiment indicates that the grain sizes of CoFeP40, are not consistent
with the crystallite sizes in the XRD analysis indicating the influence of
media agents on particle nucleation and growth mechanisms. In
addition, the floral-like morphology of the prepared CoFeP40;; in this
work is different from the non-uniform particles of CoFeP,0,, reported
in our previous work [14]. These results indicate that the medium
reagents for precipitation have the strong effect on the morphology of
binary metal cyclotetraphosphate and are also in agreement with other
reported other phosphate groups [12-15].

3.5. VSM magnetometer
The room-temperature magnetization curves of the floral-like

microparticle CoFeP40;, displays typical superparamagnetic behavior
(Fig. 4). This curve is typical superparamagnetic behavior without any

Fig. 3. SEM micrograph of CoFeP,015.
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Fig. 4. The specific magnetization of CoFeP401; as a function of field, measured at 20 °C.

hysteresis in the field range of -+ 10,000 Oe. Specific saturated magneti-
zation (M) value of the floral-like microparticle CoFeP401, (18.202 emu/
g) in this work is higher than that of non-uniform microparticle
CoFeP4015 (14.243 emu/g) reported in our previous work [14] because
of their small size. The result is lower than the saturated magnetization for
Fe304 nanoparticles (in a range of 30-50 emu/g) [21,22]. It is seen that
magnetization of the prepared CoFeP40;; is lower than that of Fe,P,01,
(85.01 emu/g) but markedly distinct from the diamagnetic properties of
Co,P4045 [9,10]. This result indicates that the presence of Co ions in
substitution position of Fe ions has the strong effect on the magnetic
behavior of CoFeP40;,. This study demonstrates that the floral-like
microparticle CoFeP4015 is truly superparamagnetic, which is a unique
feature of magnetic materials. This material may be used in modern
technologies including magnetic resonance imaging contrast agents, data
lifetime in high density information storage, ferrofluid technology, and
magnetocaloric refrigeration [21-25].

4. Conclusions

Floral-like microparticle CoFeP40;, was successfully synthesized
by solid state route from cobalt carbonate, iron metal and phosphoric
acid at 500 °C. The floral-like morphology and higher magnetization
value of CoFeP401, in this work are different from those obtained from
other works indicating that this may be caused by the media agents.
The morphology of CoFeP,01, shows floral-like crystals, as revealed
by SEM data. The synthesized powder is polycrystalline, having
crystallite size of 49 420 nm for CoFeP40,, as estimated by XRD. The
synthesized CoFeP40;, is superparamagnetic, having no hysteresis
loop in the range of —10,000 Oe <H < 10,000 Oe with the specific
magnetization of 18.202 emu/g at 10 kOe. The results obtained are
necessary for elaboration of technology to produce the cyclotetrapho-
sphate of transition metals, which may be useful for potentially
applications as catalytic, ceramic and the biomedical materials etc.
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The solid solution of lead zirconate [PbZrOs (PZ)] and lead magnesium tungstate [Pb(Mg;,W,,)O3
(PMW)] has been synthesized by the wolframite precursor method. The crystal structure, phase
transformations, dielectric and thermal properties of (1—x)PZ-xPMW, where x=0.00-0.10, were
investigated. The crystal structure of sintered ceramics was analyzed by x-ray diffraction.
Phase-pure perovskite was obtained for all compositions. Furthermore, a change from orthorhombic
to rhombohedral symmetry was observed as the mole fraction of increased PMW. As a result, it was
found that PbZrO;—Pb(Mg;,,W,,)O3 undergoes successive transitions from the antiferroelectric
phase to the ferroelectric phase to the paraelectric state. The coexistence of orthorhombic and
rhombohedral phases in this binary system is located near the composition x=0.1. © 2009 American

Institute of Physics. [doi:10.1063/1.3212991]

I. INTRODUCTION

Antiferroelectric (AFE) materials are widely used for
various devices: high charge storage capacitors, large strain
actuators, and microelectromechanical systems.l’2 The basic
physics for these applications is due to the behaviors of
electric-field-induced AFE to ferroelectric (FE) phase trans-
formation. Lead zirconate [PbZrO; (PZ)] has been consid-
ered as the prototype AFE since its discovery by Sawaguchi
etal. in 1951.% At room temperature, PZ has an orthorhombic
structure  with the lattice parameters a=5.884 A, b
=11.768 A, and ¢=8.22 A.* The orthorhombic unit cell
consists of eight formula units and eight primitive cells with
a tetragonal structure.” AFE PZ has spontaneous polarization,
with adjacent rows of dipoles oriented antiparallel to each
other, and no net spontaneous polarization at the equilibrium.
AFE PZ has a phase transition to the paraelectric (PE) state,
which occurs at approximately 236 °C. However, transition
from the orthorhombic AFE to a rhombohedral FE structure,
at a few degrees below the PE transition temperature, has
been reported by several authors.”® It is well known that the
AFE to FE phase transformation in PZ ceramic requires a
very strong electric field; otherwise, dielectric breakdown
occurs.’ Consequently, most commercial AFE ceramics are
chemically modified by adding Ti*, Nb>*, Sn**, or La** to
reduce the critical field and optimize the physical and elec-
trical properties.7’8

Lead magnesium tungstate [Pb(Mg,;,W,2)O0; (PMW)]
is a complex perovskite compound with Mg?* and W or-
dered on the B-site of the ABO; perovskite structure.” PMW-
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based ceramics have been known as dielectric materials pos-
sessing low dielectric loss and low sintering temperature.10
Therefore, these materials can be used to fabricate multilayer
capacitors with inner electrodes that melt in low temperature.
At room temperature, PMW has an AFE phase, which has an
orthorhombic structure. It undergoes a first order phase tran-
sition from an orthorhombic AFE phase to the cubic phase
(Fm3m) at 38 °C.° The room temperature x-ray diffraction
(XRD) pattern of PMW shows the presence of superlattice
reflections due to the B-site ordering.9

Most studies of FE solid solutions have focused on
relaxor-PT systems, such as Pb(Mg;;Nb,/3)03—PbTiO3,"
Pb(Zn,;sNb,3)03—PbTiOs,""'*  and  Pb(Ni,;3sNby3)05—
PbTiO3,13 and AFE-PT  systems, for example,
PbZrO_;—PbTiO_g.M’15 A small number of studies have fo-
cused on AFE-AFE systems. Furthermore, the structure-
property relationship between solid solution and an AFE-
AFE system is still unclear.

Since PZ is an AFE with a sharp dielectric peak near
T.~236 °C, and PMW is a B-site ordered AFE with a sharp
maximum permittivity at 7.~ 38 °C, the Curie temperature
in the PZ-PMW system can be engineered over a wide range
of temperatures by controlling the amount of PMW in the
system. This study deals with the binary compound of PZ-
PMW because, to the author’s knowledge, there has been no
detailed report on the structure and electrical properties of
this entire system. In order to obtain more information about
the combination of AFE and ordered AFE materials and rec-
ognize the properties of PZMW ceramics, this paper at-
tempted to carry out synthesis of the quasibinary solid solu-

© 2009 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



064104-2 Vittayakorn et al.

tion, Pb[Zr(_,)(Mg;,W,,),]0; with x=0.0-0.1, using the
wolframite precursor method. This paper also reported some
properties of the ceramics obtained.

Il. EXPERIMENTAL PROCEDURE

Samples of Pb[Zr(_,(Mg;,W,),]03, x=0.00, 0.02,
0.04, 0.06, 0.08, and 0.10, were synthesized from high-purity
(>99%) oxides via a modified wolframite-type route. The
wolframite (MgWQ,) was initially prepared by mixing start-
ing magnesium oxide (MgO) and tungsten (VI) oxide
(WOs5). Single phase formation of MgWO, was confirmed
by XRD. The wolframite precursor was then mixed and ball
milled with predetermined amounts of PbO (with 2 at. %
excess) and ZrO, powders. The mixture was calcined in an
alumina crucible at 900 °C for 2 h to form phase-pure per-
ovskite powders. The calcined powders were milled for 6 h
to reduce the particle size. After grinding and sieving, the
calcined powder was mixed with a 5 wt % polyvinyl alcohol
binder and uniaxially pressed into a pellet. The binder burn-
out occurred by slowly heating the pellets to 500 °C and
holding them at that temperature for 2 h. Sintering occurred
between 1100 and 1250 °C with a dwell time of 4 h depend-
ing on the composition. To mitigate the effects of lead loss
during sintering, the pellets were sintered in a closed alumina
crucible containing PbZrO; powder. The density of the sin-
tered PZ-PMW pellets was measured by the Archimedes wa-
ter immersion method. The relative density of all the sintered
pellets was approximately 96%—-97% of the theoretical den-
sity. The crystal structure of the sintered ceramics was ana-
lyzed by XRD (Bruker D8 Advance diffractometer). To de-
termine the dielectric and FE properties, the maximum
density of each composition sample was lapped on their ma-
jor faces, and silver electrodes were made from a low-
temperature silver paste by firing at 550 °C for 30 min to
enable recording of electrical measurements. The relative
permittivity (e,) (calculated from the capacitance using the
sample dimensions and sample thickness) and dissipation
factor (tan &) of stress-free samples were measured using a
precision LCR meter (HP-4284A, Hewlett-Packard, Palo
Alto, CA). The capacitance and dissipation factors of the
samples were measured at 100 Hz—1 MHz, the temperature
varied between 25 and 300 °C, and a heating rate of
2 °C/min was used while measurements were being taken.
The phase transitions were also measured by a differential
scanning calorimeter (DSC 2920, TA Instrument) between
ambient temperature and 350 °C at a rate of 10 °C/min.
The FE polarization versus electric field (P-E) measurements
were made using an RT66A standard FE test system with a
frequency of about 4 Hz. The peak field was maintained at
30 kV/cm during measurement.

lll. RESULTS AND DISCUSSION
A. Crystal structure

XRD patterns for the (1-x)PZ-xPMW, x=0.0-0.1, are
presented in Fig. 1. The complete crystalline solutions of a
perovskite structure were formed throughout the whole com-
position range. Evidence of the pyrochlore or other second
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FIG. 1. XRD profiles for (1-x)PZ-xPMW obtained at optimum sintering
temperature.

phases was not detected in the patterns. It is believed that
Mg?* and W% ions diffuse into PZ lattices to form a solid
solution. In general, XRD patterns of pure PZ ceramic ex-
hibit ﬁ (h k 1) superlattice reflections arising from the anti-
parallel displacements of Pb** ions. Meanwhile, XRD pat-
terns of perovskite PMW display % (h k 1) superlattice
reflections, resulting from the ordering of B-site ions in an
ABOj structure. Figure 1 shows that the i (h k 1) superlat-
tice reflections were clearly presented in all compositions.
Unfortunately, the % (h k 1) superlattice reflections were not
detected, indicating that the long range Mg/W/Zr cation or-
der was not developed. Furthermore, the intensity of i
(h k 1) superlattice reflections decreased with increased
Mg?*/ W5 content. This result indicates that the replacement
of the Zr** ions by Mg?*/W®" ions decreases the driving
force for an antiparallel shift of Pb>* ions.

Figure 2 shows enlarged profiles of the (1 1 1), (2 4 0),
and i (h k 1) superlattice reflections for determining the
crystal structure of the as-sintered ceramics. Based on the
careful XRD spectra study of the i (h k I) superlattice re-
flection, (1 1 1) and (2 4 0) reflections in Fig. 2, a phase
transformation from the orthorhombic to the rhombohedral
structure was found to occur with increasing PMW content.
The XRD data show that the }‘ (h k 1) superlattice reflection
peak ( *) and splitting of (2 4 0) peaks are clearly observed in
the composition x=0.0-0.08, indicating that the major
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FIG. 2. XRD profiles for the ‘]-L (h k 1) superlattice reflection ( *) and (200)
peaks of (1-x)PZ-xPMW, x=0.00-0.10, ceramics.

000

J. Appl. Phys. 106, 064104 (2009)

phase in those compositions had an orthorhombic symmetry.
At x=0.1 composition, the split (2 4 0) peaks from
an orthorhombic symmetry were rapidly combined into
a single peak, and the (1 1 1) diffraction peaks began
to split, indicating that the crystal transformed into a
rhombohedral symmetry. However, the }‘ (h k [) super-
lattice reflections still remained. This indicates that both
orthorhombic and rhombohedral phases coexist in this
composition. Nevertheless, hysteresis loop results indicated
that the x=0.1 composition shows an AFE phase at
room temperature. We believe that this composition
is within the orthorhombic-rich side of the coexistent
phase. It is interesting to note that the phase evolution se-
quence in the present PZ-PMW system is very
similar to that in the Pb_,Ba,ZrO;,'® PbZrO;-
Pb(Co,,3Nb,3)03,"7  PbZrO;—Pb(Ni; ;5Nb,3)05,"%2°  and
PbZrO;—Pb(Zn, ;3sNb,/3)05°%? systems.

B. Dielectric properties

The temperature dependencies of the relative permittiv-
ity and dielectric losses during as-sintered ceramic heating
are shown in Fig. 3. A pure PZ ceramic shows the first order
phase transition. The temperature dependence of relative per-
mittivity shows discontinuities at the transitions, and the
maximum relative permittivity is 3600. Above the Curie tem-
perature, the relative permittivity follows the Curie—Weiss
law, &,=C/(T-T,), with the Curie constant C~1.59
%X 107> K and Curie-Weiss temperature Ty~ 191 °C. The
fact that the Curie-Weiss temperature 7, is lower than the
transition temperature (7.=231 °C) confirms the first order
type of the phase transition in PbZrO;. The measured Curie
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TABLE 1. Dielectric properties of (1—x)PZ-xPMW, x=0.00-0.10, ceramics.

TArE¥E TrepE
Compositions Crystal structure €/.r00m £, max (°C) (°C)
x=0.00 (6] 116 3670 e 231
x=0.02 O 140 4318 214 226
x=0.04 (6] 150 4836 195 222
x=0.06 (6] 155 4057 174 219
x=0.08 (6] 200 4160 160 216
x=0.10 O+R 180 2643 105 206

O is the orthorhombic phase and R is the rhombohedral phase.

constant and Curie—Weiss temperature are in close agree-
ment with that reported by Sawaguchi.l&19 For the composi-
tion x=0.02, there were two distinct changes in both dielec-
tric peak and loss. The first one occurred at around 214 °C,
where both relative permittivity and dielectric loss increased
by one order of magnitude. This anomaly is due to the trans-
formation from the AFE to the FE intermediate phase. Later
FE data descriptions supported this assumption.

The dielectric anomaly corresponding to the AFE-FE
transition was also observed at 195, 174, and 160 °C, and at
105 °C for compositions x=0.04, 0.06, 0.08, and 0.1. The
value of relative permittivity at the AFE-FE phase transition
temperature decreases with increasing PMW content from
2700 for x=0.02 to 400 for x=0.1. Crystal structure, dielec-
tric data, and transition temperature are summarized in Table
I. The temperature range width of the FE phase increases
progressively with PMW content. It is interesting to note that
all compositions show the AFE-FE phase transition tempera-
ture higher than room temperature, and an AFE state is ex-
pected to be observed in all compositions at room tempera-
ture.

The second abrupt change occurred at the dielectric
maximum (&, ,,). This anomaly is linked to the transition of
the FE into the cubic PE phase. Dielectric results have shown
a significant difference in e, ,,, across the composition
range. This may be due to the ionic size difference between
Zr** and Mg?*/ WS, However, the transition temperature is
well dispersed over the compositions. The FE-PE transition
temperature (Tpppp) decreases nearly linearly at the rate of
2.28 °C/mol % of PMW when compared with its value for
pure PZ. It is noticeable that this rate is much less than
PZ-PNN (2.81 °C/mol %).'%"°

C. FE properties

To clarify the dielectric behavior of the FE intermediate
phases further in the PZ-PMW system, electrical polarization
hysteresis loop measurements were performed under a peak
field of 30 kV. At 30 °C, no FE hysteresis loop was observed
in the composition 0.0=x=0.1. The linear polarization was
observed, as a function of electric fields, in a range of up to
30 kV/cm. This could indicate that ceramics with the com-
position x=0.1 have an AFE behavior at room temperature.
For AFE ceramics, the net remanent polarization (P,) is zero
due to the existence of the antiparallel dipole moments. To
induce an AFE-FE phase transition, an intense electric field
needs to be applied to the ceramics. However, it is well

known that the electric field required for inducing the
AFE-FE transition at room temperature in PZ ceramics is
usually higher than the breakdown strength of the ceramics.
FE data support the assumption of an existing AFE stage at
room temperature in dielectric results.

Figures 4(a)-4(d) show the changes in the hysteresis
loop with rising temperature for the 0.9PZ-0.1PMW ceramic.
The FE hysteresis loop was recorded after the temperature
was stabilized for at least 5 min. As shown in Fig. 4(a), very
small polarizations can be induced by the electric field ap-
plied in the ceramic at room temperature. This is typical of
an AFE ceramic subjected to electric fields that are not suf-
ficient enough to induce the AFE to FE phase transition.
Such linear behavior with minimum polarization remains at
temperatures of up to 100 °C [Fig. 4(b)].

When the temperature was raised to 150 °C, a regular
hysteresis loop exhibiting ferroelectricity was clearly demon-
strated, corresponding to the intermediate phase between
105 °C and Tggpg [Fig. 4(c)]. At 150 °C, the P,
=19.2 uC/cm? and E.=7.9 kV/cm were observed. Above
Trepe, @ linear curve was also seen as an indication of the
cubic PE phase [Fig. 4(d)].

D. Thermal properties

The DSC technique was used as the secondary tool to
investigate and confirm the phase transition of PZ-PMW ce-
ramics with increasing PMW concentration. The phase tran-
sition temperature in PZ-PMW ceramics, clearly confirmed
by DSC measurement, is presented in Fig. 5, which shows
that two distinct endothermic peaks were observed for PZ-
PMW samples with 0.0=x=0.10. The lower temperature
corresponds to the transition temperature of the AFE—FE
phase transition, while the higher temperature corresponds to
the FE—PE phase transition. AFE—FE phase transition,
FE —PE phase transition, AH, AS, and AS/T, are summa-
rized in Table II. The AFE— FE phase transition was found
in the composition 0.0=x=0.10. The peaks shifted to lower
temperatures with higher compositions of x. In Table II, the
temperature range width of progressive FE phase continu-
ously increases with PMW content. The temperature range
widths of the FE phase are around 7.5, 25, 40, 52.6, 67.5,
and 80 °C for compositions x=0.00, 0.02, 0.04, 0.06, 0.08,
and 0.10, respectively. The peak value of heat capacity be-
came weaker, and the heat capacity anomaly gradually
broader, with increasing PMW concentration. These results
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FIG. 4. (Color online) Polarization hysteresis loops recorded from 0.9PZ-
0.1PMW at 4 Hz during heating at (a) 25 °C, (b) 100 °C, (c) 150 °C, and
(d) 200 °C.

indicated that the phase transition deviates gradually from
the first order type. Stenger and Burggraaf23 observed that
the change in entropy (AS) and AS/T, correlates with the
fluctuation probability in conjunction with a small spontane-
ous lattice deformation and polarization. They explained that
large values of the ratio, AS/T,, give sharp transition and
lower values, which lead to diffuse behavior. Table II shows
small AS and AS/T, values for the PMW doped sample when
compared to the pure PZ sample, indicating existence of dif-
fuseness in the phase transition behavior that increases with
increased PMW content, which coincides well with the di-
electric results in the composition range investigated.

J. Appl. Phys. 106, 064104 (2009)

Heat Flow (mW/mg)

T T
100 150 200 250
Temperature ("C)

FIG. 5. Typical DSC curves for (1-x)PZ-xPMW, x=0.0-0.1, ceramics.

E. FE phase diagram

After accumulating all these data, a FE phase diagram
for the (1-x)PZ-xPMW, x=0.0-0.1, was finally determined
and is shown in Fig. 6. The phase diagram consists of three
distinct crystallographic phases in this system: high-
temperature PE cubic, FE rhombohedral, and AFE ortho-
rhombic. At room temperature, the composition 0.0=x
=0.08 has an AFE orthorhombic phase. With increasing
temperature, an AFE orthorhombic to a FE rhombohedral
phase was observed in the samples with 0.02=x=0.10. The
temperature range width of the FE rhombohedral phase in-
creases progressively with PMW content. At room tempera-
ture, the phase boundary between the AFE orthorhombic and
FE rhombohedral phases was observed near x=0.10.

IV. CONCLUSIONS

In this work, the phase transition and dielectric proper-
ties of the solid solution between AFE PZ and AFE PMW
have been investigated. AFE PMW has been found to
strongly influence the phase development and physical prop-
erty responses of PZ ceramics. The crystal structure data
obtained from XRD indicate that the solid solution, (1
—x)PZ-xPMW, where x=0.0-0.1, successively transforms
from orthorhombic to rhombohedral phase with an increase
in PMW concentration. The coexistence of orthorhombic and
rhombohedral phases in this binary system is located near the
composition x=0.1.
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TABLE II. Thermal properties of (1—-x)PZ-xPMW, x=0.00-0.10, ceramics.

T ArEFE Teppe AH AS X 10 (AS/T,)* 10°
Compositions (°C) (°C) Jeg™h Jg'K™ (Jg'K?)
x=0.00 222 230 2.227 9.682 42.096
x=0.02 200 224 2.148 9.568 42.169
x=0.04 180 220 2.354 10.676 48.416
x=0.06 163 216 2.325 10.764 49.830
x=0.08 140 211 1.956 9.270 43.934
x=0.10 123 205 1.855 9.049 44.141

the National Nanotechnology Center (NANOTEC) NSTDA,
Ministry of Science and Technology, Thailand through its
program of Center of Excellence Network.
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Abstract The combination of antiferroelectric PbZrOj
(PZ) and relaxor ferroelectric Pb(Znj/3Nb;,3)O3 was pre-
pared via the columbite precursor method. The basic charac-
terizations were performed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), linear thermal expan-
sion, differential scanning calorimetry (DSC) techniques,
dielectric spectroscopy, and hysteresis measurement. The
XRD result indicated that the solid solubility limit of the
(1 — x)PZ—xPZN system was about x = 0.40. The crystal
structure of (1 — x)PZ—xPZN transformed from orthorhom-
bic to rhombohedral symmetry when the concentration of
PZN was increased. A ferroelectric intermediate phase be-
gan to appear between the paraelectric and antiferroelectric
phases of pure PZ, with increasing PZN content. In addition,

U. Sukkha - N. Vittayakorn (B<)

Electroceramic Research Laboratory, College of KMITL
Nanotechnology, King Mongkut’s Institite of Technology
Ladkrabang, Bangkok 10520, Thailand

e-mail: naratipcmu @yahoo.com

Fax: +66-2-3264415

R. Muanghlua - S. Niemcharoen

Department of Electronics, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
Bangkok 10520, Thailand

B. Boonchoma

King Mongkut’s Institute of Technology Ladkrabang,
Chumphon Campus, 17/1M. 6 Pha Thiew District,
Chumphon 86160, Thailand

N. Vittayakorn
Department of Chemistry, Faculty of Science, King Mongkut’s
Institute of Technology Ladkrabang, Bangkok 10520, Thailand

U. Sukkha - N. Vittayakorn
ThEp Center, CHE, 328 Si Ayutthaya Road, Bankok 10400,
Thailand

the temperature range of the ferroelectric phase increased
with increasing PZN concentration. The morphotropic phase
boundary (MPB) in this system was located close to the
composition, x = 0.20.

1 Introduction

Ferroelectric materials are extensively used for many dif-
ferent electronic devices, such as actuators, transducers,
and multilayer capacitors [1-3]. Study over several decades
has focused mainly on the development of physical and
electrical properties of ferroelectric materials [2, 3]. Many
ferroelectric ceramics have been developed from binary
systems containing a combination of antiferroelectric and
normal ferroelectric ceramics such as (1 — x)PbZrOsz—
xPbTiO3 (PZ-PT, PZT) [3, 4], and (1 — x)SrTiO3—xPbZrO3
[4,5]. Among them, PZT is a very famous ferroelectric
ceramic, due to its exhibition of high piezoelectric coef-
ficient and electromechanical coupling factor around the
morphotropic phase boundary (MPB) [3, 4]. The combi-
nation of normal ferroelectric and relaxor ferroelectric ce-
ramics also shows excellent piezoelectric and dielectric
properties such as Pb(Mg;,3Nb;,3)03-PbTiO3(PMN-PT)
[5], Pb(Zn; ;3Nb;,3)03-PbTiO3(PZN-PT) [6, 7], Pb(Zny 3-
Nb2/3)O3—Pb(ZI’1/2Ti1/2)03(PZN—PZT) [8], and Pb(Nil/3-
Nb2/3)O3—Pb(ZI’1/2Ti1/2)O3 (PNN—PZT) [9] Fur[hermore,
PZN-PZT, PNN-PZT, and Pb(Zr;,>Tii2)O03-Pb(Coy,3-
Nb,,3)O3(PZT-PCN) [8-10] ceramics show high, relative
permittivity.

Metal oxide Lead zirconate (PbZrOs, PZ) is a proto-
type of antiferroelectric ceramics. The PZ phase changes
from the orthorhombic antiferroelectric phase (AFE) to cu-
bic paraelectric phase (PE) at 236°C, and a ferroelectric
phase (FE) exists over a very narrow temperature range

@ Springer



552

U. Sukkha et al.

(230-233°C) [11]. Stability of the ferroelectric phase can be
altered by substitutions such as Ba>* ions or La>T ions at the
A-site of the perovskite structure (ABO3) [12—14]. Besides,
PZ-based thin films are also particularly interesting be-
cause of the characteristic hysteresis loop resulting from the
electric field-induced antiferroelectric-to-ferroelectric phase
switching [14, 15]. Our recent work reported that the com-
bination of antiferroelectric PZ and relaxor ferroelectric
(RFE), Pb(Co1/3Nby/3)03 (PCoN), or Pb(Nij/3Nb2/3)03
(PNN) can also induce the ferroelectric phase of PZ[16, 17].
Nevertheless, due to PCoN and PNN having a low transi-
tion temperature (7, ~ —90°C and ~—120°C for PCoN and
PNN, respectively), the transition temperature of PZ—PCoN
and PZ-PNN systems was dramatically decreased [17, 18].

Complex metal oxide lead zinc niobate (Pb(Zn;,3Nb>/3)
O3, PZN) is an RFE material with a rhombohedral per-
ovskite structure at room temperature. A diffuse phase tran-
sition from paraelectric to ferroelectric polar state occurs at
the high temperature of 140°C [6, 7]. There has been exten-
sive research carried out on single PZN crystals because of
their high relative permittivity (&, 10kH, reaching 50,000),
pyroelectric constant (Ppoc = 7 X 10712 C /m2 K) [6],
high piezoelectric coefficient (d33 =~ 1100 pC/N), and high
electromechanical coupling factors (k33 = 92%) [7]. Single
crystals of PZN can be prepared by the flux-growth method,
but pure perovskite PZN ceramics are difficult to synthesize
via the conventional mixed-oxide method under atmospheric
pressure [19, 20]. It is well known that forming solid so-
lutions with other perovskites such as Ba(Zn;,3Nb;/3)O03,
BaTiOs3, and SrTiO3 [20, 21] is considered an effective way
to stabilize the perovskite PZN ceramic.

As both PZ and PZN have a perovskite structure, it has
been suggested that PZN can be alloyed with PZ in or-
der to stabilize the perovskite structure and find a suitable
composition across the MPB. To the best of the author’s
knowledge, there has been no detailed report on the struc-
ture, solubility limit, dielectric properties, thermal proper-
ties, or phase transition in this system. Additionally, as PZN
is a relaxor ferroelectric with broad dielectric peak near
T, ~ 140°C, and PZ is an antiferroelectric with sharp max-
imum permittivity at 7, ~ 230°C, the Curie temperature in
the PZ-PZN system can be engineered over a wide range of
temperatures via control of the PZN amount in the system.
With a complementary characteristic, it is expected that ex-
cellent properties can be obtained from PZ-PZN ceramics.
The relationship between the phase evolution and the prop-
erties was emphasized.

2 Experiment

The composition series of (1 —x)PbZrO3—xPb(Zn;,3Nby,3)
O3 ceramics, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10,

@ Springer

0.20, 0.30, 0.40, and 0.50 were fabricated via a columbite
precursor. The reagent-grade oxide powders of PbO (99.9%,
Aldrich, Milwaukee, WI, USA), ZnO (99.9%), Nb,Os
(99.5%), and ZrO, (99.6%) were used as starting raw ma-
terials. Prior to reaction with other raw materials, ZnO was
reacted with NbyOs5 at 975°C for 4 h to form ZnNb;Og. The
precursors, ZnNb,Og, ZrO;, and PbO (with 2 mol% excess
PbO), were weighed and mixed well by ball-milling in a
polyethylene bottle together with methyl alcohol and par-
tially stabilized zirconia balls. Methyl alcohol was removed
by heating at 80°C for appropriate durations, and then the
mixture was dried at 150°C for 24 h. After drying, the mixed
powders were calcined at 750-850°C for 4 h in a covered
Al>Os3 crucible. After that, all compositions of (1 — x)PZ—
xPZN were ball-milled again for 18 h. The calcined pow-
ders were sieved and uniaxially cold-pressed at 300 MPa.
The disks were sintered at 1,200-1,250°C for 4 h depend-
ing on the composition. To compensate PbO volatilization;
the PbO atmosphere for the sintering was maintained using
PbZrO3 as the spacer powder.

The crystal structure and phase transition of the sintered
pellets were characterized using an X-ray diffractometer
(XRD; Bruker-AXS D8, CuKo radiation). The density of
PZ-PZN ceramics was measured via Archimedes water im-
mersion method. Scanning electron microscopy (SEM; Hi-
tachi, s4007) was employed to investigate the microstruc-
ture of sintered pellets. The phase transition of samples
was investigated using a differential scanning calorime-
ter (DSC 2920, TA Instrument) between room temperature
and 300°C at a heating rate of 10°C/min. To confirm the
phase transition of samples, the sintered pellets were mea-
sured by a dilatometer (DIL 402 PC, Netzsch) between
25-300°C at a rate of 1°C/min. For the measurement of
electrical properties, both sides of the maximum density of
each composition sample were polished and electroded with
silver paste (C1000, Heraeus). An LCR meter (HP4284A,
Hewlett-Packard, Palo Alto, CA) was used to measure the
dielectric properties, and the temperature varied between
25-350°C with a heating rate of 2°C/min. The polarization—
electric field (P—E) hysteresis loops were obtained at room
temperature using a standardized ferroelectric tester system
(RT-66A, Radiant Technologies, Albuquerque, NM) at a fre-
quency of 4 Hz.

3 Results and discussion
3.1 Crystal structure

The XRD patterns of the sintered (1 — x)PZ-xPZN ceram-
ics for 0.00 < x < 0.50 are shown in Fig. 1. At the compo-
sition, 0.00 < x < 0.40, ceramic samples had a pure per-
ovskite structure. Evidence for the secondary phases was



Antiferroelectric—ferroelectric phase transition in lead zinc niobate modified lead zirconate ceramics

553

not observed in the patterns, indicating homogeneous solid
solution of PZ-PZN. However, increasing the amount of
PZN further to 50 mol%, gave rise to formation of the
pyrochlore phase, Pby ggZng 3Nb 2505 305, which could be
matched with JCPDS No. 25-0446. This result could explain
the larger ionic size of Zn** (0.88 A) [22], as compared to
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Fig.1 XRD patterns of sintered ceramics for various compositions of
(I — x)PbZrO3—xPb(Zn;3Nb3/3)03, where x = 0.0-0.5

the sixfold lattice sites formed by the oxygen octrahedra.
Then, Zn>* cannot enter the B-site of the perovskite struc-
ture as a replacement for Zr*+ (0.86 A) ions [22]. This result
indicated that the solubility limit of the (1 — x)PZ-xPZN
system was found at x = 0.40. Furthermore, the 1/4 (h k I)-
type superlattice reflection peaks, identified with “*”, arise
from antiparallel displacement of Pb?T cations, and this was
clearly seen in all compositions. The relative intensity of 1/4
(h k I)-type superlattice reflection peaks decreased with in-
creasing PZN, which indicated that the substitution of 7+t
ions by Zn?>* /Nb>T ions decreased the driving force for an
antiparallel shift of Pb>* ions.

Figure 2 shows enlarged profiles of the 1/4 (h k I)-type
superlattice reflections (*): (1 1 1), (2 0 0), and (2 2 0) re-
flections. At the composition, 0.00 < x < 0.10, the XRD
data exhibit the superlattice reflections and splitting of
(2 4 0) peak at roughly 43°, indicating that the crystal struc-
ture of samples at the composition, 0.00 < x < 0.10, are
orthorhombic perovskite. Furthermore, the compositions,
0.20 < x < 0.50, showed a split (1 1 1) and (2 2 0) re-
flection, and single (2 0 0) reflection, indicating that the
crystal structure transformed into a rhombohedral structure.
Moreover, the XRD patterns of 0.20 < x < 0.50 composi-
tions also showed 1/4 (h k 1)-type superlattice reflections.
Therefore, it could be assumed that the orthorhombic and
rhombohedral phase coexist in these compositions. Conse-
quently, the composition, x = 0.20, is expected to be close to
the MPB, whereas the 0.30 < x < 0.50 compositions are in
the thombohedral-rich region of the coexistent phase. Elu-

Fig. 2 XRD patterns of the
1/4(h k 1)-type superlattice
reflections, and the (1 1 1),
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Fig.3 SEM micrographs of the
fractured surfaces of

(1 — x)PbZrO3—be(Zn1/3-
Nb;/3)O3 with various
compositions (a) x = 0.00,

(b) x =0.02, (¢) x =0.04,

(d) x =0.10, (e) x =0.30, and
) x =0.50

cidated electrical property data later confirmed this assump-
tion. It is interesting to note that the influence of additional
Pb(Zn;,3Nby/3)03 on phase transition of the PbZrO3 sys-
tem was similar to that of PZ—PMW and PZ—PCoN sys-
tems [17, 23].

3.2 Microstructure

The effects of PZN amount on the microstructure of (1 — x)
PZ—xPZN, where x = 0.00, 0.02, 0.04, 0.10, 0.30, and 0.50
ceramics, are shown in Fig. 3. From these micrographs,
specimens show the absence of pyrochlore formation. It is
interesting to note that at the composition, x = 0.50, the py-
rochlore phase was detected by XRD but not observed from
the SEM micrograph in Fig. 3(f). As the pyrochlore phase
was probably located at the surface, and the scale was too
small, it did not appear in the SEM micrograph of the frac-
tured surface. This result was similar to that in the PMN
system [24]. The ceramics displayed a dense microstruc-
ture, and most of the grains were fractured in an intergranu-
lar manner. The grain boundaries could be clearly observed,

@ Springer

and then the average grain size was calculated directly by
the linear interception method [25]. Physical properties of
the sintered (1 — x)PZ—xPZN ceramics are listed in Ta-
ble 1. The SEM images in Fig. 3 reveal that the addition
of PZN resulted in significant changes in the microstruc-
ture of the ceramics. All ceramics exhibited high density
with an average grain size range of about 0.54 &£ 0.09 to
17.02 & 0.19 um. The relative densities were obtained in
the range of 90-97% of theoretical density. Additionally,
shrinkage of about 11-17% of (1 — x)PZ—xPZN ceram-
ics could be achieved in this study. This value is consis-
tent with other lead-based systems [26]. The average grain
size dramatically increased from ~1.80 um in the compo-
sition, x = 0.0, to approximately 17.02 pm in the compo-
sition, x = 0.06. Conversely, in concentrations of PZN in-
creasing to x = 0.08, the grain size significantly decreased
with increasing PZN. From these results, it can be assumed
that a small amount of PZN substitution improves the sin-
terability of the ceramic. While excessive PZN substitution
was segregated at the grain boundary, which acts as impuri-
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Table 1 Physical properties of (1 — x)PbZrO3—-xPb(Zn;,3Nb/3)O3 ceramics (R, Rhombohedral; O, Orthorhombic; Pyr, Pyrochlore)

Composition Crystal structure Average grain size Shrinkage Relative density
) (um) (%) (%)
0.00 (¢} 1.80 £0.31 15.0+0.02 97.24+0.11
0.02 (¢} 11.96 £0.21 11.0+0.01 89.84+0.21
0.04 (¢} 12.22 £0.17 12.740.03 93.3+0.33
0.06 (¢} 17.02 £0.19 13.54+0.03 92.5+0.30
0.08 (¢} 1.20£0.15 12.940.02 91.1+0.13
0.10 (¢} 0.54£0.09 13.94+0.01 94.3+0.09
0.20 O+R 0.77£0.26 13.940.02 93.0+0.16
0.30 R-rich 0.95+0.16 15.6+0.01 93.8+0.14
0.40 R-rich 1.59 £0.31 17.1+0.01 95.1+0.18
0.50 R-rich + Pyr 1.96 £0.48 17.3+0.01 94.44+0.39
Fig. 4 Temperature dependence [ ool R i R
of dielectric properties of x=050 06
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Nb2/3)03 so00
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ties, the grain growth was inhibited. This phenomenon was
similar to those in other solid solution systems [27].

3.3 Dielectric properties
The relative permittivity of (1 — x)PZ—xPZN ceramics, as

a function of temperature at differently applied frequencies
between 1 and 100 kHz, are given in Fig. 4. At the compo-

Temperature ("C)

sition, 0.00 < x < 0.06, two distinct dielectric peaks were
observed. The phase transitions at lower temperatures were
due to transformation from the orthorhombic antiferroelec-
tric phase to rhombohedral ferroelectric phase [16], while
the maximum dielectric was linked with the transformation
of the rhombohedral ferroelectric phase into the cubic para-
electric phase [17, 23]. Later descriptions in ferroelectric
data supported this finding.
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Table 2 Phase transition temperatures and enthalpy of (1 — x)PbZrO3—xPb(Zn;;3Nby/3)O3 ceramics

Composition Phase transition temperature (°C) AH AS x 103 AS/T; x 10°

(x) Dielectric constant Thermal expansion DSC ad g‘l) ad g_lK_l) ad g_lK_z)
TAFE-FE TrE-pPE TAFE-FE TrE-pPE TAFE-FE TrE-pPE

x =0.00 - 233 212 220 208.4 225.6 2.6 11.6 51.7

x=0.02 212 226 192 213 193.1 224.9 3.3 14.6 64.8

x=0.04 207 227 181 215 184.7 223.2 3.3 14.7 65.8

x =0.06 130 219 110 205 137.4 222.1 3.6 16.2 72.8

x=0.08 - 214 - 200 94.7 219.5 33 15.1 68.9

x=0.10 - 217 - - 59.0 217.3 2.6 11.8 54.2

x=0.20 - 216 - - - 211.2 1.5 7.1 33.8

x=0.30 - 213 - - - 209.4 0.8 4.0 19.4

x =0.40 - 210 - - - 188.5 0.6 34 18.0

x=0.50 - 200 - - - - - - -

Phase transition temperature of (1 — x)PZ—xPZN ceram-
ics is summarized in Table 2. The transition temperatures
of the AFE to FE phase became lower, and the tempera-
ture range width of the FE phase also increased continuously
with increasing PZN. For the composition, x > 0.08, transi-
tion of the orthorhombic antiferroelectric phase to rhombo-
hedral ferroelectric phase was not observed. As PZN con-
centration increased, the diffuse phase transition (DPT) be-
havior, with broad maximum and frequency dispersion, be-
came more self-evident. The FE to PE transition decreased
nearly linearly at the rate of 0.48°C/mol% of PZN, when
compared with its value for pure PZ. Noticeably, this rate
was much lower than that of PZ-PCoN (2.20°C/mol%) [17]
and PZ-PNN (2.81°C/mol%) [18]. The maximum relative
permittivity for all compositions is listed in Table 3. The
composition, x = 0.20, showed the highest value of relative
permittivity, and existence of the MPB near this composi-
tion was expected. This result is consistent with the X-ray
diffraction finding that both orthorhombic and rhombohe-
dral phases coexist in this composition. It was found that the
addition of PZN also shifts the transition temperature (7},)
value of PZ-PZN ceramics down from 243°C (T, for PZ)
in the composition, x = 0.0, to 199°C in the composition,
x =0.5. A similar trend has also been found in the PZ-PNN
[18] and PZ-PCoN system [17].

It is well known that the relative permittivity of a nor-
mal ferroelectric, which is above the maximum relative per-
mittivity temperatures, can be described by the Curie—Weiss
law [4]:

1 T-Tp

& c ’

ey

where Ty is the Curie—Weiss temperature, and C the Curie
constant. Above the Curie temperature, the relative permit-
tivity of pure PZ obeys the Curie—Weiss law, with the Curie
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constant C ~ 1.70 x 10°°C and Curie-Weiss temperature
To ~ 179°C. However, a broad relative permittivity of re-
laxor ferroelectric can be described by a simple quadratic
law. The relative permittivity of relaxor ferroelectric above
the maximum relative permittivity temperatures can be de-
rived via the following expression [28]:

ey T=Tul)

ST Yy =2), @

2 —_— —_—
2685

where ¢/, is the maximum value of the permittivity at 7 =
T (f). The value of y expresses the degree of dielectric re-
laxation in the relaxor ferroelectric material, when y =1 (2)
expresses Curie—Weiss behavior, while y = 2 in this equa-
tion is identical to the quadratic relationship. Many relaxor
ferroelectric materials can fit (2) with y = 2 at temperatures
above Tax. The parameter 8, can be used to measure the
degree of diffuseness of the phase transition in mixed re-
laxor antiferroelectric materials. The values y and 6, are
both material constants depending on the structure and com-
position of the material. The §,, value can be determined
from the slope of &/, /&’ versus (T — Ty;)?, which should
be linear. By plotting In(1/e — 1/emax) versus In(T — T,,),
y can be determined directly from the gradient. According
to (2), the values of In(1/e — 1/emax) for the sintered ce-
ramics measured at 100 kHz are plotted against In(T — T;,,)
in Fig. 5. As shown in the figure, the plotted lines for all
samples demonstrate significantly good linearity within the
measured temperature range. The intercept and gradient of
lines in Fig. 5 are used to calculate and demonstrate y and
d, for each sample in Table 3. The value of y presented in
Table 3 varies between 1.02 and 1.81. The 6, values are in-
creased also from 11.5 to 15.6 with increasing PZN content,
thus confirming that a diffuse phase transition occurs in the
PZ-PZN system. Nevertheless, a minor swing of y values
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Table 3 Dielectric and ferroelectric properties of (1 — x)PbZrO3—xPb(Zn;3Nb/3)O3 ceramics
Composition T & max Sy 4 P, Py E.
@) O (uC/em?) (uC/em?) (kv /em)
0.00 233 2850 11.5 1.02 - - -
0.02 226 4400 11.6 1.02 - - -
0.04 227 5500 11.8 1.04 - - -
0.06 219 4400 11.8 1.08 - - -
0.08 214 6600 13.5 1.33 20.20 22.86 17.88
0.10 217 6800 12.6 1.09 22.69 25.69 19.59
0.20 216 10300 14.8 1.55 26.90 31.45 15.52
0.30 213 8300 16.0 1.81 18.59 25.66 13.34
0.4 209 9700 15.3 1.59 20.73 27.48 13.04
0.5 199 9300 15.6 1.65 19.65 26.18 14.80
7
W x=0.00 = 0.10 x=0.50
sox-0.02 - 020
5 x=0.04 Cox=030 188.5°C x=0.40
) c ox=006 ¢ x=040 -
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9 4 o
E 2mac <020
i = - )
QE =10 4 = [ \|‘ N
= & — |59.0°C \',217.3 C x=0.10
& = E o~ I,
< - = 94.7°C 'JINIO.S C =008
= - N I —)
137.4°C 202.1°C x=
12 % ] . Ei
# 184.7°C | 2232°C x=0.04
-13 4 ) 193.1 °C 2249°C x= 0.02l
05 10 15 20 25 30 35 40 45 S0 2084 “CA_ j \ 2257 ‘C x=0.00
In (T-T) = SR
50 100 150 200 250 300

Fig.5 Theln(l/e—1/emax) vs. In(T —T,,) plots for (1 —x)PZ—xPZN
ceramics with x = 0.00-0.50

as a function of composition was found in some composi-
tions. For ferroelectric ceramics, it has been established that
the degree of dielectric relaxation could also be caused by
the decrease of grain size [29], and the observed difference
of y value could be a result of grain size variation. A similar
propensity also has been detected in several prior investiga-
tions [29, 30].

3.4 Thermal properties

The DSC technique was used as a primary tool to confirm
the phase transition of the PZ-PZN system. DSC analysis
results of the PZ-PZN ceramics are presented in Fig. 6,
in which two distinct endothermic peaks for the composi-
tion, 0.0 < x < 0.10, are observed. The lower temperature
corresponds to the transition temperature of the AFE—FE
phase transition, while the higher temperature corresponds
to the FE— PE phase transition. The AFE—FE peaks shift
to lower temperatures, with a higher composition of x. This

Temperature ("C)

Fig. 6 Typical differential scanning calorimetry (DSC) curves for
(1 — x)PZ—xPZN ceramics with x = 0.00-0.50

result corresponds to a decreasing AFE phase, and the tem-
perature range width of the FE phase increases, with increas-
ing amounts of PZN content. Moreover, the endothermic
peaks become progressively broader, while the areas under
these peaks (AH) decrease with increasing PZN content.
These results indicate that phase transition diverges from
the first-order type. Burggraaf et al. [31] reported that the
change in entropy (AS) and AS/T; related to fluctuation
in conjunction with a small spontaneous lattice deformation
and polarization. They also reported that large values of the
AS/T; ratio give sharp phase transition, whereas the lower
values lead to diffusing phase transition. Transition temper-
atures and the values of AH, AS, and AS/T; for all compo-
sitions are calculated and summarized in Table 2. Notably,
the values of AS/T; gradually reduce, which indicates that
the diffuse phase transition behavior of PZ-PZN increases
with increased PZN.
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Fig. 7 Thermal expansion
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It is well known that in phase transition from AFE to FE
or FE to PE the volume of material yields abrupt changes.
Therefore, the thermal expansion measurement was em-
ployed as a secondary tool to confirm the phase transition
sequence. Figure 7 shows thermal expansion curves for the
PZ-PZN system. In the expansion curves of 0.00 < x <
0.06, with rising temperature, the volume expansion that
resulted from the transformation of AFE to FE, and the
small volume contraction of FE to PE transition, were ob-
served. The thermal expansion curves exhibited FE to PE
phase transition only when the amount of PZN increased
to x = 0.08; however, the transition temperature tended to
decrease continuously with increasing PZN. There was no
clear anomaly in the thermal expansion at transition temper-
ature for the composition, x > 0.10, because these composi-
tions showed the second-order phase transition, which is the
behavior of relaxor-like FE [16]. This occurrence was sim-
ilar to those in other researches on different solid solution
systems [32]. In demonstrating phase transition of PZ-PZN
ceramics by relative permittivity, DSC, and thermal expan-
sion measurements, it is noteworthy that all compositions
showed the difference of transition temperature in each tech-
nique, as listed in Table 2. This result attributed to the dif-
ferent heating rates used during the measurements.
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Fig. 8 Polarization—electric field hysteresis loops of (1 — x)Pb-
ZrO3—-xPb(Zn;/3Nb;,3)03 ceramics

3.5 Ferroelectric properties

The ferroelectric measurement was used to clarify further
dielectric behavior of the FE phase in the PZ-PZN sys-
tem. The P—E hysteresis loops for all composition ceram-
ics at room temperature are shown in Fig. 8. At the compo-
sition, 0.00 < x < 0.06, a near-linear relationship of P-E
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loop is observed, due to electric fields being insufficient
to switch any ferroelectric domains. It is well known that
in PZ ceramics, the electric field required for inducing the
AFE to FE phase transition at room temperature is higher
than the breakdown strength of the ceramics [11, 33]. This
result indicated that the AFE phase of pure PZ persisted
in the PZ-PZN system for x < (.08 at room temperature,
which corresponded to the dielectric and thermal expan-
sion results. For 0.08 < x < 0.50, at the 35 kV/cm elec-
tric field strength, fully and symmetrical hysteresis loops
were detected. The driving force for an antiparallel shift
of Pb?* ions was decreased, due to the replacement of the
Zr*t ion by Zn?*t/Nb>* ions, which interrupted the trans-
lational symmetry. Then, the ferroelectric phase appeared
when the amount of PZN was more than 6 mol%. Moreover,
the hysteresis loop of ceramics at 0.08 < x < 0.50 showed
normal-like ferroelectric behavior with the square loop. The
remanent polarization (P,) and coercive field (E,) value of
ceramics at 0.08 < x < 0.50 did not change significantly.
However, the highest P, value of this system was found in
the composition, x = 0.20, where P, =26.90 uC/ cm? and
E. = 15.52 kV/cm. The ferroelectric properties, together
with the basis of XRD and dielectric measurements, led to
the conclusion that the MPB of the (1 — x)PZ-xPZN system
exists at x = 0.20. Interestingly, the MPB of the (1 — x)PZ-
xPZN system shows higher remanent polarization and co-
ercive field when compared to that of the PZT system [34,
35]. It is well known that the MPB and grain size effect are
important parameters that strongly influence electrical prop-
erties of lead-based piezoelectric ceramics. However, this
study showed that the MPB in the PZ-PZN system is more
influential to electrical properties than the grain size effect.
For the composition, x = 0.50, the value of P, decreased to
19.65 uC/cm?, due to the coexistence of a pyrochlore phase,
as observed by the XRD technique.

4 Conclusion

The solid solubility limit of the (1 — x)PbZrOsz-
xPb(Zn;,3Nb;/3)O03 system, which was prepared via the
columbite method, was about x = 0.40. Relaxor ferroelec-
tric PZN was found to strongly influence crystal structure,
and electrical and thermal properties of PZ ceramics. The
XRD results indicate that the crystal structure of solid solu-
tion (1 — x)PZ-xPZN, where x = 0.00-0.50, successively
transforms from orthorhombic to rhombohedral symmetry,
with increased PZN concentration. The AFE—FE phase
transition shifts to lower temperatures with higher compo-
sitions of x. The temperature range width of the FE phase
increases with the amount of PZN increase. The dielectric
properties of PZ-PZN exhibited significant improvement
with PZN loading. The MPB of the (1 — x)PZ-xPZN sys-
tem exists close to the composition, x = 0.20.
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FTIR previous reports, which may be caused by the starting reagents and reaction condition for the precipitation.
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1. Introduction

In the recent years, a large number of inorganic natural and
synthesized metal phosphates have the incremented use in order to
supply the demands of industrial, commercial, agricultural, scientific
and heath sectors because of their valuable physical-chemical
properties and reactivity [1,2]. The metal phosphate compounds are
divided by phosphate block unit as PO3~, HPO3~, H,POz, P,03~
and P,0%5 units [3], which have found widespread applications
in laser host [4], ceramic [5], dielectric [6], electric [7], magnetic
[8], fertilizer [9], and catalytic [10] processes. Synthesis of these
phosphate materials by precipitation reaction at room temper-
ature with short time consumption and the morphology and
architecture at micro-/nanoscale levels have attracted the
interest of many researchers due to their conveniences and
their strong influence on material properties [4-10]. Compared
with hydrothermal method, solid state method, and sol-gel
method, the remarkable advantages of precipitation reaction are
its flexibility of operation, simple and rapid route, and
environmental benign and cost-effective technique [7,11-13].

* Corresponding author. Tel.: +66 7750 6422x4565; fax: + 66 7750 6411.
E-mail address: kbbanjon@kmitl.ac.th (B. Boonchom).

0032-5910/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.powtec.2010.05.022

Manganese phosphate monohydrate (MnPO4-XH,0, x=1.0-
1.7 mol), non-toxic foundational compound, has been applied widely
in catalysis, fertilizer, and electrical fields, was synthesized by various
methods (hydrothermal method, sol-gel method, solid state route or
high-temperature method) and was also found in nature [14,15].
Christensen [16] reported for the first time the synthesis of MnPO,- -
XH,0 by manganese(Il) nitrate-phosphoric acid system in the
presence of nitric acid, which was used for the oxidation of
manganese(Il) nitrate. The another preparation method involved
the oxidation of manganese(ll) carbonate by nitric acid in the
presence of phosphoric acid [17-19]. Recently, our group reported
the synthesis of MnPO4-H,0 by soft solution route using manganese
(II) nitrate-phosphoric acid-methanol system at 40 °C [20]. To
improve its functional properties and enlarge its application, many
attempts have been conducted during the last two decades, one of
which is to control shaping powder material (bulk, porous, micro- or
nanoparticles) [11-13,21]. So far, there have been structural and
spectroscopic reports on MnPO4-XH,0 (x=1.0-1.7 mol), to our
knowledge, little are the morphology and architecture data available.

In this present, MnPO4-H,0 powder was prepared by simple
precipitation at room temperature using manganese sulphate mono-
hydrate, phosphoric acid and water at pH="7. This method is simple,
rapid, cost-effective and has non-toxic routes to synthesize grass
blade-like microparticle MnPO,4-H,0. The precipitates were charac-
terized by TG/DTG, DSC, XRD, SEM and FTIR techniques. The data
obtained will be important for further studies of the compound.
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2. Experimental

MnPO4-H,0 crystalline powder was prepared by a solution
precipitation method using MnSO4-H,0 (>99% purity, Fluka) and
phosphoric acid (86.4% w/w H3PO4 Merck) as starting materials.
Following procedure, 1.70 g of MnSO,4-H,0 was dissolved in 18 mL of
1M H3PO4 The pH of the manganese- and phosphate-containing
solution was adjusted to 7 by the addition of NaOH, and MnPO,4-H,0
was precipitated at room temperature. The powder was obtained,
then isolated by filtration, washed with deionized water and dried in
air. This process can be explained by the following reaction:

Mn(Z:)—»Mn3+ + e (anodic)

H' +e —1/2H,1(cathodic)—H,P0O, —3H" + PO,
Mn®" + PO, —Mn(PO,)|

Therefore, the overall reaction can be rewritten by:

NaOH pH = 7 at room temperature

Mn**S0,* H,0 + 3H' + PO, —Mn’ PO, H,0| + 1/2H,1
+2H"(2H,0) + SO;~ (Na,S0,)

Thermal property of the studied compound was investigated on a
TG-DTG (Thermogravimetry, TG; Derivative Thermogravimetry, DTG)
Pyris One Perkin-Elmer instrument and a DSC (Differential Scanning
Calorimetry) 204 F1 Phoenix Perkin-Elmer apparatus with o-Al,03
powder as the reference material. On the basis of TG data, its final
decomposed product seemed to occur at a temperature above 500 °C
and the water content was determined. In order to gain the thermal
decomposition phase, the synthesized MnPO,4- H,0 was heated in a box
furnace at 500 °C for 2 h. The manganese contents of the synthesized
MnPO,-H,0 and its decomposed product Mn,P,0; were determined by
dissolving in 0.0126 M hydrochloric acid using atomic absorption
spectrophotometry (AAS, Perkin-Elmer, Analyst100). The phosphorus
contents were analyzed by colorimetric method of the molybdopho-
sphate complex [22]. The structure and crystallite sizes of the prepared
powder and its decomposed product were studied by X-ray powder
diffraction using a D8 Advanced powder diffractometer (Bruker AXS,
Karlsruhe, Germany) with Cu Ko radiation (A=0.1546 nm). The
Scherrer method was used to evaluate the crystalline size [23]. The
room temperature FTIR spectra were recorded in the range of 4000-
400 cm~ ! with 8 scans on a Perkin-Elmer Spectrum GX spectrometer
with the resolution of 4 cm™ !. The morphology was examined by SEM
using Hitachi S4700 after gold coating.

3. Results and discussion

The TG/DTG curves of MnPO,4- H,0 are shown in Fig. 1. The TG curve
shows the weight loss between 50 and 600 °C, which is related to the
elimination of crystallization water and oxygen. The first weight loss in
the range of 50-320°C was 10.80%, which corresponds to the
elimination of one molecule of crystallization water. The second
weight loss in the range of 320-500 °C was 5.20%, which corresponds
to the consequent release of oxygen due to the reduction of manganese
(1) to manganese(Il) [17,18]. Total weight loss of 16.00% is close to the
reported values by previous works [17-20]. The mass retained of about
84% is comparable with the value expected for the formation of
Mn,P,07, which is verified by XRD and FTIR measurements. In the DTG
curve, the corresponding peaks at 120, 190, 260 and 330 °C are
observed. The overall reaction formally could be presented as:

MnPO, - H,0 1/2Mn,P,0, + H,0 + 1/20,

F 0.5

96 1 s R F 0.0

F-0.5

Mass loss/%
S

DTG/ug min™

F-1.0

330f --1.5

100 200 300 400 500 600
Temperature/’C

Fig. 1. TG/DTG curves of the synthesized MnPO,-H,0 at the heating range of 10 °C min~— .

The temperature at which theoretical mass loss is achieved can
be also determined from TG trace and considered to be the mini-
mum temperature needed for the calcinations process. Thus, the
MnPO,4-H,0 powder was calcined at 500 °C for 2 h in a box furnace,
which is lower temperature comparable with this phosphate
reported by previous works [17-20]. The thermal behavior of the
prepared MnPO,4-H,0 powder in this work is significantly different
from that of the decomposition reactions of MnPO,4-H,0 reported
in the literature [17-20]. The result indicates that starting reagent
and reaction condition for the precipitation have the effects on the
thermal transformation of MnPO,4-H,0.

The DSC curve of MnPO,4-H,0 in N, is shown in Fig. 2. The DSC trace
shows three endothermic peaks and one exothermic peak at 130, 268,
324, and 475 °C (onset peak at 117, 250, 300, and 450 °C) which are due
to two dehydration, reduction and phase transformation reactions of
this compound, respectively. According to the DSC curve, the heat of two
dehydration, reduction and phase transformation reactions can be
calculated and were found to be 20.70, 19.65, 140.88 and —17.18 J g,
respectively. The reduction step exhibits higher heat energy in
comparison with other ones. This result indicates that it occurs harder
than the dehydration and phase transformation reactions.

The XRD patterns of MnPO,4-H,0 and its decomposed product
Mn,P,0, are shown in Fig. 3. The five strong peaks (26 data) were
observed at 27.898(021), 30.988(—202), 34.003(—221), 41.1204
(—311), and 55.961(042) for the MnPO4-H,O and 28.837(111),

—
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Fig. 2. DSC curve of the synthesized MnPO,-H,0 at the heating range of 10 °C min~".
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Fig. 3. XRD patterns of the synthesized MnPO,4-H,0 (a) and its decomposed product
Mn,P,0 (b).

30.317(—201), 34.206(130), 34.661(220), and 41.657(131) for
Mn,P,0, respectively (indices are given in parentheses). The patterns
match the standard XRD data for the MnPO4-H,0 of PDF no. 511548
and for Mn,P,0; of PDF no. 771243. These results indicated
that both crystal structures are monoclinic systems with space
group C2/c (Z=4) for MnPO4-H,0 and C2/m (Z=2) for Mn,P,0;.
The average crystallite sizes and lattice parameters of the MnPO4-H,0
and the decomposed product Mn,P,0; were calculated from XRD
patterns and also tabulated in Table 1. The lattice parameters of
MnPO,4-H,0 and Mn,P,0- are close to those of the standard data PDF
no. 511548 and PDF no. 771243, respectively. However, the problem
here is that the XRD patterns are very weak, so the lattice parameters
obtained from these data are different from the value presented by
other researchers. The result is caused by the different synthetic
methods, which are in agreement with the results reported in the
literature [11,12,19,20]. The average crystallite size of 41 & 13 nm for
MnPO,4-H,0 sample and 38 4+ 11 nm for Mn,P,07 in this work are
smaller than those prepared from Mn(NOs),-4H,0-H3PO4~CH3;0H
system reported by Boonchom et al. (66 4- 28 nm for MnPO,4-H,0 and
54 + 18 nm for Mn,P,05)[20]. The crystallite size of Mn,P,0- in this
work is close to that from Mn,P,0 prepared at 800 °C (31413 nm)
in our previous study [24], although the Mn,P,0 in this work was
obtained from the lower temperature (500 °C). These results
confirmed that the different crystallite sizes of the synthesized
MnPO4-H,0 and Mn,P,0; depend on the starting reagent and
reaction condition for the precipitations, which is consistent with
the literature [25-27].

The FTIR spectrum of the synthesized MnPO4-H,0 powder
(Fig. 4a) reflects characteristic vibrations of PO3~ ion and H,0
molecules. Water bonding at 1639 cm™! and O-H stretching broad
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Fig. 4. FTIR spectra of the synthesized MnPO4-H,0 (a) and its decomposed product
Mn,P,0; (b).

band center at 3443 cm™ ! can be observed, implying the presence of
crystalline hydrate. Spectra involving phosphate vibrations center on
four regions because of the idealized Tq symmetry of the phosphate
ion. Vibrational bands of POz~ ion are observed in the regions of 990-
950, 1100-1020, 480-400 and 650-500 cm ™ !, which are assigned to
the symmetric stretching region (v7), the antisymmetric stretching
region (v3), the symmetric bending region (v,), and the antisym-
metric bending region (v,), respectively [28,29]. The several strong
and sharp bands in the ranges of 1100-890 and 600-500 cm ™~ ', which
split into several peaks, report complexes of stretching and bending of
PO3~ group, respectively. Antisymmetric stretching and bending
vibrations are found at higher wavenumbers than symmetric
stretching and bending vibrations, are more intense in infrared
spectroscopy and weaker in Raman spectroscopy. Hence most
absorptions in the 1000-1100cm™' region are attributable to
antisymmetric (v3) vibrations. For the synthesized MnPOg4-H,0
powder strong band was observed at 1098 and 1022 cm™ '. Another
strong band observed at 895 cm™! was attributed to the symmetric
stretching mode of PO3 . Antisymmetric bending () vibrations are
observed at 570 and 520 cm ™ '. These phosphate band positions are in
excellent agreement with published data [28,29]. The weak bands at
1639 and 1405 cm ™~ ! are the H-O-H bending broad. The last band is
assigned to the very low bending of water molecule, which is in
excellent agreement with the literature [28,29]. The middle intense
bands at 3443 and 3195 cm™ ! are assigned to the antisymmetric and
symmetric stretchings of water molecule, respectively. In addition, a
weak band observed at 744 cm™ ' is assigned to water libration
(rocking mode) [28,29]. There results show that only the tribasic form
of PO3~ was present and some crystalline water existed in the title
compound.

Table 1

Average crystallite sizes and lattice parameters of MnPO,4-H,0 and Mn,P,0- calculated from XRD data.
Lattice parameters MnPO4-H,0 Mn, P07

This work PDF DIF This work PDF DIF
#511548 (This work-PDF) #771243 (This work-PDF)

a 7.009(0) 6.913 +0.096 6.845(0) 6.633 +0.212
(A)
b 7.666(0) 7.474 +0.192 8.651(4) 8.584 +0.067
(A)
c 7.234(0) 7.363 —0.129 4.657(0) 4.646 +0.011
(A)
B 113.27(0) 112.30 +0.97 102.17(0) 102.67 —0.50
)
Average crystallite size (nm) 41+13 - - 38+11 - -
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FTIR spectrum of the calcined MnPO,4-H,O powder at 500 °C
(Fig. 4b) exhibits the same characteristic as that of Mn,P,0,. FTIR
bands are assigned according to the literature [24,30] based on
the fundamental vibrating unit P,O0%~ anion. One of the most
noteworthy features of the spectrum is the presence of the strong
bands at 1090, 962, 570, 526, and 421 cm™'. These bands can be
assigned to V,5(POs3), V,s(POP), 6 (PO3), 6 (POs), and p (POs),
respectively. The symmetric and asymmetric vibrations of the POP
bridge (v,s POP and v POP) observed in the range 700-970 cm ™!
[24,30], which indicate the presence of the P,O3~ anions with a bent
POP angles in this salt.

The morphologies of MnPO4-H,0 and its decomposed product
Mn;,P,0, powders are shown in Fig. 5a and b. The MnPO,-H,0 shapes
in this work show well-defined grass blade-like microparticles, which
are not similar to those of MnPO4-H,0 reported in previous works
[18-20]. The grass blade-like morphology consists of similar leaf-like
flakes growing radically from the inside. Its decomposed product
Mn;,P,0, shows high agglomerate of non-uniform polyhedral parti-
cles, which is possibly caused by the dehydration and reduction
processes. The morphology of Mn,P,0 indicates further nucleation/
growth of the nanocrystals inside the powder. This phenomenon is
still not clear. The morphologies of the synthesized MnPO4-H,0 and
its decomposed product Mn,P,0, in this work are significantly
different from those of our previous reports [20,24,25]. The results
indicate that the starting reagent and reaction condition of the
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Fig. 5. SEM micrographs of the synthesized MnPO4-H,0 (a) and its decomposed
product Mn,P,0; (b).

precipitation have the strong effect in the morphologies of the studied
compounds.

4. Conclusion

Grass blade-like microparticle MnPO4-H,0 was successfully
synthesized by simple precipitation at room temperature using the
mixture of manganese sulphate monohydrate, phosphoric acid and
water at pH="7. The MnPO,4-H,0 decomposes in more complex steps
which correspond to the loss of crystallization water in the first step,
subsequently to the reduction of manganese(Ill) to manganese(II)
and the consequent release of oxygen (last step). The XRD and FTIR
results confirmed the formation of MnPO,4-H,0 and its decomposed
product Mn,P,0,. The thermal behaviors, grass blade-like shapes,
particle size and crystallite sizes of the synthesized MnPO4-H,0 and
Mn,P,0; are different from previous reports. This is possibly due to
the effects of the starting reagents and reaction condition for the
precipitation. The results obtained are necessary for theoretical study,
application development, and industrial production to produce the
MnPO4-H,0 and Mn,P,0;, which play potential applications as
catalytic, ceramic and the biomedical materials etc.
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Figure 1. TG-DTG-DTA curves of AlysFeosPO4:2.5H,O in dry air at
heating rates of (5, 10, 15, and 20) °C-min ™.

reaches pH 3.80. The precipitates were filtered by suction,
washed by hot deionized water, and dried in air. The resultant
solid was kept in a desiccator for further investigation.

2.2. Sample Characterization. Thermal analysis measure-
ments of about (8.0 + 0.3) mg sample mass were carried out
by a Pyrisl Perkin-Elmer apparatus with an alumina crucible
at heating rates of (5, 10, 15, and 20) °C+min~' in dynamic air
in the range of (30 to 900) °C. DSC was carried out for samples
((5 to 10) mg) in aluminum crucibles, over the temperature range
of (50 to 500) °C using DSC, a Perkin-Elmer DSC 204 F1
Phoenix apparatus. The heating rate employed was 10 °C+min~.
The structures of the prepared sample and its decomposed
product were studied by X-ray powder diffraction using a D8
Advanced powder diffractometer (Bruker AXS, Karlsruhe,
Germany) with Cu Ka radiation (4 = 0.1546 nm). The room
temperature Fourier transform infrared (FTIR) spectra were
recorded in the range of (4000 to 400) cm™! with eight scans
on a Perkin-Elmer Spectrum GX spectrometer with a resolution
of 4 cm™!. The morphology was examined by scanning electron
microscopy (SEM) using Hitachi S4700 after gold coating.

3. Results and Discussion

3.1. Thermal Analysis. Figure 1 shows the TG-DTG-DTA
curves of the thermal decomposition of AljsFeqsPO4+2.5H,0
at four heating rates. TG curves of AljsFeqsPO,+2.5H,0 show
a single well-defined dehydration in the range of (30 to 300)
°C. The water eliminated below 100 °C is related to the physical
adsorbed water, whereas water eliminated at 100 °C and above
(200 °C) can be considered as crystal water and coordinated
water. The dehydration temperature obtained in this work
suggest that the water in hydrated binary aluminum iron
phosphate can be considered as physical adsorbed water and
crystal water.®%'7'8 The peaks in the DTG and DTA curves
closely correspond to the mass loss observed on the TG traces.
All TG-DTG-DTA curves are approximately the same shape.
However, the dehydration stage was shifted toward higher
temperatures when the heating rates increase, which indicate
that the mass loss is dependent on the heating rate. The average
observed mass losses of four TG curves are 26.22 % by mass,
which correspond to 2.51 mol of water, which is close to the
theoretical value for AlysFeqsPO4+2.5H,0 (26.11 %, 2.50 H,0).
An endothermic effect in the DTA curves is observed at about
100 °C that agrees with the respective DTG peak. Further, an
exothermic effect at 572 °C without appreciable weight loss is
observed in the DTA curve, which can be ascribed to a transition
phase from an amorphous to crystalline form of Al sFe sPO,. !
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Figure 2. DSC curve of AlysFe(sPO,+2.5H,0 at the heating rate of 10
K-min~! in a N, atmosphere.
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Figure 3. XRD patterns of AlysFeysPO42.5H,0 (a) and its decomposed
product A10‘5F60.5P04 (b)

The retained mass of about 73.78 % is compatible with the value
expected for the formation of AlysFeysPO,4. The overall reaction
is:

Al sFe, PO, + 2.5H,0 — Al sFe, PO, + 2.5H,0
(1)

The binary iron aluminum phosphate, AlysFeysPO,, is found
to be the final product of the thermal decomposition at 7> 300
°C. The thermal stability, mechanism, and phase transition
temperature of the synthesized AljsFeysPO4*2.5H,0 are lower
than those of the dehydration reactions of individual metal
phosphates (AIPO,-2H,0'” and FePO,+2H,0'®). On the basis
of these results, we can conclude that the different thermal
properties are caused by the incorporation of Fe and Al metals
in the skeleton.

The DSC curve of AljsFeysPO,+2.5H,0 (Figure 2) shows
an endothermic peak at 144 °C (onset peak at 61 °C) and an
exothermic peak at 520 °C (onset peak at 506 °C) due to the
dehydration and the transition phase from an amorphous to
crystalline form of this compound, respectively. The tempera-
tures of the DSC peaks are well in accordance with that of the
DTG and DTA peaks (Figure 1), so results of the TG/DTG/
DTA and DSC methods are credible.

3.2. XRD Analysis. The XRD studies of AlysFeqsPO,¢
2.5H,0 and its dehydrated product AljsFe,sPO, revealed that
the structures remained in the amorphous or poor crystallization
phases as well as nanoparticles of these compounds (Figure 3).
The problem here is that the XRD data show poorly crystalline
patterns, which are no indication of AljsFe,sPO,+2.5H,0 and
AlysFeysPO4 as separated phases. The studied compounds
synthesized by the precipitation route in this work were poor
crystalline phases, which differ from crystallization phases of
those synthesized by a hydrothermal method.>'® These results
are in agreement with the results reported in the literature.””'°
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Figure 4. FTIR spectra of AljsFe(sPO4:2.5H,0 (a) and its decomposed
product A10‘5F60.5P04 (b)

3.3. FTIR Analysis. Figure 4 shows FTIR spectra of
Al sFeysPO42.5H,0 and its dehydrated product Al sFe(sPOs.
The vibrational motions of AlysFeysPO4+2.5H,O are divided
into two block units of the water molecule H,O and phosphate
anion PO,*~, whereas Al sFe,sPOy is divided into a block unit
of the only phosphate anion PO,*". It is worth mentioning that
the antisymmetric stretching (voy), the symmetric stretching
(von), and the bending (doy) vibrations of water molecules are
solely observed at (3440, 3220, and 1637) cm™!, respectively.
These bands disappear in the FTIR spectrum of AljsFeqsPO,
(Figure 4b), implying the presence of anhydrous crystal. For
the intramolecular vibrations of the PO,*~ anion, we identify
the symmetric stretching mode at v; = 990 cm™!, the doublet
at v, = (447 to 485) cm™!, the triplets v; at (1000 to 1085)
cm™!, and the triplet v4 in the region (570 to 640) cm™!. For
condensed phosphates, the intensity of the P—O stretching IR
bands near 1000 cm™! are always greater than those near 880
cm™!, assigned to the stretching vibration vp_g_p of P—O—P
bridges. These phosphate band positions of AlysFeysPOy4*
2.5H,0 and AljsFe(sPO, are in excellent agreement with
published data.'®°

3.4. SEM Analysis. The scanning electron micrographs of
Al sFeysPO,4+2.5H,0 (Figure 5a) and Al sFeysPO, (Figure 5b)
powders showed different uniform morphological features due
to the loss of crystallization waters. It can be seen that
the AlysFeysPOs powders were clearly coarser than the
A10'5FCO'5PO4'2.5H20 pOWdCI'S. The Alo‘5F60_5P04 powders
consisted of round particles near 100 nm in size along with a
narrow size distribution Additionally, the SEM photographs
show that both crystals have grown through a combination of
surface deposition and agglomeration.

3.5. Kinetics Analysis. In the rate equation for the isothermal
decomposition of a solid-state process,>' A (solid) — B (solid)
+ C (gas) is often written from:

do/ds = A exp(—E,/RT) flar) 2)

In most thermal analysis experiments, the heating rate f =
d7/dtr is a constant value, so eq 2 may also lead to the
corresponding equations of Ozawa®? and Kissinger— Akahira—
Sunose (KAS)?* methods after integration.

o

E
Ozawa equation: In § = ln( ) — 5.3305 — 1.0516(13—;)

Rg(a)
3)
onn( ) = nlizis) - (i)
KAS equation: ln(F) =In Rew ~ \RT )

where A (the pre-exponential factor) and E, (the activation
energy) are the Arrhenius parameters and R is the gas constant.
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Figure 5. SEM photographs of AljsFe;sPO4+2.5H,0 (a) and its decomposed
product AlysFeysPO, (b).

The g(ar) = [§(do/f(a)) is the integral form of f{a), which
is the reaction model that depends on the reaction mechanism.
The reaction can be expressed through the temperatures corre-
sponding to fixed values of the extent of conversion (o = (m;
— my)/(m; — myg), where m;, m,, and m; are the initial, actual,
and final sample mass at time #) from experiments at different
heating rates (5).

Hence, the dependences of In 8 and In S5/T* on 1000/T,
calculated for the same a values (0.10 to 0.90) at different
heating rates 3 ((5, 10, 15, and 20) °C-min™") can be used to
calculate the activation energy, so we can obtain the activation
energies through the experimental data for the dehydration of
AlysFeysPO,4+2.5H,0 as shown in Table 1. The activation
energies E, can be calculated from the slopes of the straight
lines with a good coefficient of determination (R? > 0.99). The
activation energies worked out through the Ozawa and the KAS
methods vary slightly, so the results are credible. If E, values
are independent of a, the decomposition may be a simple
reaction, while the dependence of E,, on o should be interpreted
in terms of multistep reaction mechanisms.**** From Table 1
it can be seen that the activation energies decrease first and
increase at o higher than 0.6. A decreasing dependence of E,
on o is found for consecutive reactions, while an increasing
dependence of E, on o is found for competitive reactions.
According to the decreasing E, at o < 0.6, the kinetics scheme
of which corresponds to a reversible reaction followed by an
irreversible one. In addition, the increasing E, at a > 0.6
corresponds to a two-pathway competitive reaction model.***
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Table 1. Activation Energies (E,) Versus the Coefficient of
Detemination (R?) Calculated by Ozawa and KAS Methods for the
Dehydration of AlysFesPO4:2.5H,0

Ozawa method KAS method
o E /kJ-mol™" R? Ey/kJ-mol™! R’
0.1 231.14 0.9985 237.50 0.9985
0.2 158.58 0.9937 160.99 0.9933
0.3 136.83 0.9968 137.98 0.9965
0.4 129.85 0.9984 130.54 0.9983
0.5 126.05 0.9972 126.44 0.9970
0.6 125.90 0.9970 126.16 0.9966
0.7 136.37 0.9976 137.02 0.9974
0.8 167.18 0.9989 169.21 0.9988
0.9 275.09 0.9959 323.93 0.9957

So it is concluded that there is a fourth reaction for the
dehydration reaction. Additionally, the obtained activation
energy values of the dehydration reaction of the studied
compound are higher than those of individual metal phosphates
(69.68 £ 7 kJ-mol™! (Kissinger method) for AIPO,+2H,0"
and 68.48 & 1 kJ-mol™! (Flynn—Wall—Ozawa method) and
65.55 £ 1 kJmol ™! (KAS method) for FePO,+2H,0'® reported
in our previous works. As can be clearly seen, there is a direct
relationship between the cation radius of Al(IIT) and Fe(III) and
its thermal stability and activation energy of the dehydration
reaction. A common conclusion is that the reason for this is
the different interaction of iron and aluminum with water
molecules in the structure, which supports the incorporation of
Fe and Al metals in the skeleton and forms the AljsFeysPO,*
2.5H,0 solid solution.

The Arvami exponent, n, can be evaluated by the Ozawa
equation. First, the volume fraction of phase transition x, at the
same temperature, 7, from four crystallization steps under
different heating rates is calculated by the ratio of partial area
at T to the total area of crystallization. After plotting In[—In(1
— x)]r versus In() and if the data can be fitted to the linear
function, then the slope of the function is —n,%° which is really
the combined process of nucleation and growth. The most
common approach used to describe the overall nonisothermal
crystallization is given below:

_ dIn[—In(1 — x)]
dInB)

The volumetric function of the growth mechanism directly
affects the transformation rate, and the dimensionality of the
transformation is reflected in the value of the Avrami expo-
nent.>**’” Higher dimensionality leads to a higher value of the
exponent. Therefore, determination of the Avrami exponent
allows one to determine which geometric model of the phase
transformation is the best fit: one-, two-, or three-dimensional
growth. For the dehydration step of AlysFeqsPO4+2.5H,0, the
Avrami exponent, 7, has a value of 1.11 (R*> = 0.991), indicating
a one-dimensional growth mechanism. The Avrami exponent,
in addition to giving information regarding the dimensionality
of the growth, can also yield insight into the rate-determining
step (phase boundary control or diffusion control). An analysis
of the Avrami exponent suggests a phase boundary mechanism.

3.6. Thermodynamic Analysis. Thermodynamic parameters,
that is, enthalpy change (AH*/J+mol™'), heat capacity (C,/
Jemol~!-K™!), entropy change (AS*/J-mol~!-K™!), and Gibbs
energy change (AG*/J+mol~') were calculated from the DSC
experiment. The enthalpy change was calculated directly from
the amount of heat change involved in each step per unit mass
of the test sample. AH*, AS*, and AG* were calculated using
the following equations:'>'¢

&)

AH

C,=%r ©)

AS* = 2.303C, log ki (7
P Tl

AG* = AH* — T AS* (8)

where AT = T, — T), T is the temperature at which the DSC
peak begins to depart the baseline, and 75 is the temperature at
which the peak lands. 7} is the DSC peak temperature at the
corresponding stage.

The values of AH*, AS*, C,, and AG* were calculated and
found to be 104.64 kJ-mol™!, 72.40 J-K '-mol~!, 290.75
J-K~'“mol ™!, and 744.57 kJ »mol~" for the dehydration reaction
and —852.61 kJ'mol™!, —10.74 J:K ''mol™!, —968.21
JeK '*mol™!, and 5.77 J+mol™! for a transition form, respec-
tively. The transition phase can be considered as the transforma-
tion of an amorphous to a crystalline form of this compound.”®
It is well-known that AS* can be less than, equal to, or higher
than zero. In the case when AS* < 0, the reactions are classified
as “slow” and when AS* > 0 as “fast”.>®3° The positive value
of AS* indicates a malleable activated complex that leads to a
large number of degrees of freedom of rotation and vibration,
whereas the negative value of AS* indicates a highly ordered
activated complex, and the degrees of freedom of rotation as
well as of vibration are less than they are in the nonactivated
complex. Therefore, the dehydration reaction and a transition
form of AlysFe(sPO,42.5H,0 may be interpreted as “fast” and
“slow” stages, respectively.”®* 3 The positive and negative
values of the enthalpy AH* for the dehydration reaction and a
transition form are in good agreement with an endothermic and
an exothermic effect in DTA and DSC data, respectively. The
positive and negative values of AG* indicate that nonsponta-
neous and spontaneous processes for dehydration and a transition
form stages, respectively. The thermodynamic parameters
obtained indicate that the dehydration reaction is softer than
the transition phase reaction. The results obtained in this work
are different from those of the individual metal phosphates
(AIPO,+2H,0'” and FePO,+2H,0)"® reported in our previous
work.

4. Conclusions

The results obtained in this study show that the dehydration
behavior of an Al sFeysPO,+2.5H,0 solid solution varies with
the function of their cations (AI(III) and Fe(IIl)). The feature
of great interest here is that AljsFeysPO4+2.5H,0 decomposes
at a relatively low temperature (< 300 °C). A fluctuating value
of E for different o. can be assigned to a complex multistep
reaction process, which corresponds to the different interactions
of iron and aluminum with water molecules in the skeleton.
The thermal behavior and kinetic and thermodynamic parameters
of the dehydration reaction of AljsFeysPO4+2.5H,0 are different
from those of individual metal phosphates (AIPO,*2H,0 and
FePO,*2H,0), which result from the perturbation of the
molecular orbitals of the anion and cations occurring during
the formation of the studied compound. The kinetic and
thermodynamic data obtained from such studies can be directly
applied in material science for the synthesis of various composite
compounds.
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perovskite structure of the lead =zirconate-lead magnesium tungstate ceramic,
0.94PbZr03;-0.06Pb(Mg;,W;/;)03 (0.94PZ-0.06PMW), was prepared by the wolframite precursor
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1. Introduction

Active studies of antiferroelectric (AFE) materials have been
recently enhanced for next-generation electronic systems, for
example, microelectromechanical systems consisting of sensors
and actuators and high performance energy storage devices [1,2].
The phase transition from AFE to the field-forced ferroelectric (FE)
state, induced by an electric field [3,4], is characterized by typi-
cal double P-E hysteresis loops. These materials are suitable for
nonlinear charge storage capacitors because a field-forced fer-
roelectric state releases all polarized charges and can therefore
supply very high instantaneous currents at the ferroelectric to
antiferroelectric reverse phase transition. Recently, AFE materi-
als, including Pb(Zr,Ti)Os3, (Pb,Ba)ZrOs, (Pb,Sr)TiO3, (Pb,La)(Zr,Ti)O3,
NaNbOs3, and (BigsNag5)TiO3 systems, have attracted increasing
scientific attention [3-9]. Among them, lead zirconate (PbZrOs; PZ)
and PbZrOs-based are the most attractive AFE materials, due to
their high longitudinal strain response, and the latter is a proto-type
of AFE ceramics that belongs to an ABO3-type perovskite family
of oxides [10,11]. At temperatures below the Curie temperature
(230°C), PZ displays an orthorhombic perovskite structure with

* Corresponding author at: Department of Chemistry, Faculty of Science, King
Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand.
E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).
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lattice parameters of a=5.87 A, b=11.74A and c=8.20 A [12]. This
structure possesses an antiparallel shift of Pb ions along the [11 0],
resulting in antiferroelectricity [13]. At temperatures above 230 °C,
PbZrOs3 is in the paraelectric phase, with cubic m3m symmetry
[13,14]. An intermediate phase, characterized by 1/2{110}.-type
superlattice diffractions, is in between the AFE and paraelectric
phase, within a narrow temperature range of 225-230°C [13,14].
It is well known that the AFE to FE phase transformation in PZ
ceramic requires a very strong electric field; otherwise, dielectric
breakdown occurs. Consequently, most commercial AFE ceram-
ics are chemically modified by adding Ba2*, Sr2*, Ti** or Sn*" to
reduce the critical field and optimize the physical and electrical
properties [3-9]. Sawaguchi [15] studied the effect of Ti** substi-
tution in PZ on temperature variation of the P-E hysteresis loop
and established the ferroelectric intermediate phase between the
AFE and PE phase. Shirane [16] investigated the phase transition
behavior of Ba2* doping in PZ and reported that the ferroelectric
intermediate phase between the AFE and PE phase for Ba2* con-
centrations was lower than x=0.175. Pokharel and Pandey [17,18]
reported that relaxor ferroelectric behavior for Ba2* concentrations
was higher than x=0.25. Recently, it was reported that antiferro-
electric (Pby_xBax)ZrOs (PBZ) films, with a higher barium content
of more than 45 mol%, were in paraelectric state at room temper-
ature and possessed excellent dielectric properties comparable to
(Ba,Sr)TiO3 [6]. On the contrary, a ferroelectric intermediate phase
was not observed in lanthanum doping in PZ. Otherwise, lanthanum
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doping in PZ would be found to increase the stability range of the
antiferroelectric phase [19,20]. Furthermore, Tan et al. [20] studied
the doping effect of various metal oxide elements on field-induced
polarization in PZ ceramics and found that addition of Bi3* and K*
substantially increased stability of the antiferroelectric phase. Chen
etal. [21] observed antiferroelectric-like or double hysteresis loops
behavior in (Pb,Sr)TiO3. However, the antiferroelectric nature is dif-
ferent from PZ ceramics. Rubia et al. [22] investigated the effect of
Hf** substitution in PZ on phase transition, when the intermediate
phase was found to increase with increasing Hf** concentrations.
Up to now, scientific information about the effect of metal oxide
substitution in PZ and nature of the intermediate phase is still
unclear. Recently, our research work reported that the interme-
diate phase can also be introduced by partial replacement of Zr4*
ions with complex B-site ions such as Ni2*/Nb>* [23,24], ZnZ*/Nb>*
[25], or Co?*/Nb>* [26]. Furthermore, our previous study found
that by adding minor amounts (2-10mol%) of antiferroelectric
Pb(Mg;,W;2)03 (PMW) into antiferroelectric PZ, the temperature
range expanded to an intermediate phase, which was charac-
terized by evident frequency dispersion in dielectric permittivity
[27]. As a consequence, a series of outstanding phase transitions
were revealed by the dielectric measurement [27]. Nevertheless,
the nature of the intermediate phase is still open for debate. The
0.94PbZr03-0.06Pb(Mg;,W12)03 ceramic was selected in this
study for further investigation of phase transformation sequence,
while heating to 250 °C with ferroelectric measurement.

2. Experimental procedures

The perovskite structure of the lead zirconate-lead magnesium tungstate
ceramic, 0.94PbZr03-0.06Pb(Mg;,W;/2)03 (0.94PZ-0.06PMW), was prepared by
the wolframite precursor method via the ball-milling technique. The wolframite
structure (MgWO,) was synthesized first before stoichiometric amounts of the pre-
cursor (MgO and W03 ) were mixed and milled in ethyl alcohol for 18 h. The mixture
was then dried and calcined at 1100°C for 4 h, and MgWO,4 and ZrO; were subse-
quently mixed with PbO. After re-milling and drying, the mixtures were calcined
at 900°C for 4h in a closed alumina crucible. Pellets measuring 15 mm in diam-
eter were pressed using 5% PVA, the binder was burned out slowly by heating to
500°C over 2 h, and the samples were sintered at 1150 °C for 4 h. Phase formation
of 0.94PZ-0.06PMW was investigated by X-ray diffraction (XRD). Scanning electron
microscopy (SEM; Hitachi, s4007) was employed to investigate the microstructure
of the sintered pellets. The major faces of the samples were lapped to determine
their dielectric and ferroelectric properties, and silver electrodes were made from a
low-temperature silver paste by firing at 550 °C for 30 min to enable electrical mea-
surements to be taken. The relative permittivity (&) and dissipation factor (tand)
were measured using an HP-4284A LCR meter. The capacitance and dissipation
factors of the sample were measured at 1-100kHz, and the temperature varied
between 25 and 350°C. A heating rate of 2 °C/min was used during measurement,
and the phase transitions also were measured by differential scanning calorimeter
(DSC 2920, TA Instrument) between ambient temperature and 350°C at a rate of
10°C/min. The electrical polarization versus field hysteresis loops was recorded at a
series of temperatures by a standardized ferroelectric test system (RT-66A, Radiant
Technologies). The peak field was maintained at 30 kV/cm during measurement, and
the ferroelectric hysteresis loop was recorded after the temperature was stabilized
for at least 5 min.

3. Results and discussion

The XRD pattern of 0.94PZ-0.06PMW ceramic is presented in
Fig. 1. The 0.94PZ-0.06PMW ceramic was identified from the pat-
terns as a single-phase material with a perovskite structure having
orthorhombic symmetry. Evidence of the pyrochlore or other sec-
ond phases was not detected in the pattern, but the 1/4(hkl)
superstructure lines were presentin the 0.94PZ-0.06PMW ceramic,
indicating that the Pb%* ions suffer antiparallel displacements with
respect to their original position in the cubic perovskite lattice. The
indexed pattern with the least number of refinement squares gave a
cell with dimensions ofa=5.85(1)A, b=11.67(3)Aand c=8.16(8) A.
The cell parameters of 0.94PZ-0.06PMW were close to those
of the standard data: PDF#751607 [a=5.88(4), b=11.76(0) and
c=8.22(0)]. A 97.8% relative density of the ceramic was measured
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Fig. 1. XRD pattern of 0.94PZ-0.06PMW ceramic.

using the Archimedes method, and the grain size was examined
by scanning electron microscopy (SEM). The fresh surface of the
0.94PZ-0.06PMW ceramic was almost free of pores, with a grain
size in the range of 10-14 wm, as shown in Fig. 2.

The temperature dependence of relative permittivity and dielec-
tric loss was measured at frequencies of 1, 10 and 100 kHz, while
heating from 25 to 350°C, and the results are displayed in Fig. 3.
There were clearly two abrupt changes in both relative permittiv-
ity and dielectric loss in the 0.94PZ-0.06PMW ceramic. The first
one occurred at around 177°C, where both relative permittiv-
ity and dielectric loss increased by one order of magnitude. The
other one took place at the Curie temperature of 219°C, where
significant suppression of dielectric loss was seen. Therefore, the
dielectric response in the 0.94PZ-0.06PMW ceramic can be divided
into three stages. At temperatures below 177 °C, both the relative
permittivity and the dielectric loss have low values and show neg-
ligible increases with increasing temperatures. At temperatures
above 219°C, the relative permittivity begins to decrease follow-
ing the Curie-Weiss law [3,4]. In the intermediate temperature
range (177-219°C), the relative permittivity increases dramati-
cally, while the dielectric loss remains high at around 0.08.

To elucidate further on the dielectric behavior of different
phases in the 0.94PZ-0.06PMW ceramic, electrically polarized
hysteresis loop measurements were performed at a series of tem-

EMRSc CMU. x5, Tpym WD 15.0mm

Fig. 2. SEM image of 0.94PZ-0.06PMW ceramic surfaces.
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Fig. 3. Dielectric properties during heating at 1, 10 and 100kHz in a bulk
0.94PZ-0.06PMW ceramic.

peratures under a peak field of 30 kV/cm. A circular disk specimen,
with a diameter of about 10 mm and thickness of around 800 pm,
was used. The loop was recorded after the temperature had been
stabilized for at least 5min. Linear polarization was displayed
as a function of electric field between room temperature and
155°C, as shown in Fig. 4(a)-(d). This could indicate that the
0.94PZ-0.06PMW ceramic has AFE behavior between room tem-
perature and less than 150 °C[Fig. 4(a)]. Regarding bulk AFE ceramic
specimens, the net remnant polarization (P;) was zero, due to the
existence of antiparallel dipole moments. To induce an AFE-FE
phase transition, an intense electric field needs to be applied to
the ceramics.

Hysteretic behavior starts to develop when the temperature
increases to 155°C, and a regular hysteresis loop has a coercive
Ec field of 8.29 kV/cm, as shown in Fig. 4(b). However, the hystere-

sis loop observed does not indicate the presence of a ferroelectric
phase. As seen in Fig. 4(b), close examination of the hysteresis
loop at 155 °C reveals that slight distortions, which are marked by
two circles, occurred at ~10kV/cm. Similar distortions were found
on the hysteresis loop in 0.98PbZr0O3-0.02Pb(Nij;3Nby;3)03 and
Pbolgngo.oz[ZI'O.57SDQ'43]1_xTix]0.9803 ceramics, and these have
been attributed to the onset of electric field-induced AFE to FE
transition [28,29]. Therefore, the 0.94PZ-0.06PMW ceramic is still
in the AFE phase at this temperature and it should be noted that
the distortions marked at 155°C in Fig. 4(b) indicate the AFE-FE
phase transition. A regular hysteresis loop, exhibiting ferroelec-
tricity, clearly demonstrated the intermediate phase between the
AFE and PE phase when the temperature was raised to 190°C
|Fig. 4(c)]. Moreover, hysteretic behavior transition from the FE to
PE phase occurred when the temperature increased to over 220°C
[Fig. 4(d)]. It is well known that the occurrence of antiferroelectric-
ity in pure PZis due to an antiparallel shift of Pbions along the [1 1 0]
direction and it also results in a superstructure line in the XRD pat-
tern. It is apparent that replacement of the Zr** ion by Mg2*/W6*
ions decreases the driving force for the antiparallel shift of Pb2*
ions, because they interrupt the translational symmetry. This inter-
ruption causes the appearance of an intermediate ferroelectric
phase and similar behavior has been found in PZ-PNN ceramics
[28].The DSC technique was used as the third tool to confirm the
phase transition of PZ-PMW ceramics. Fig. 5 shows the temper-
ature dependence of the heat flow (DSC curves) obtained when
heating the 0.94PZ-0.06PMW sample at a rate of 10°C/min. Two
phase transitions in the 0.94PZ-0.06PMW ceramic were obtained
with dielectric measurement and clearly confirmed by DSC mea-
surement. The lower temperature of 163 °C corresponded to the
transition temperature of the AFE — FE phase transition, while
the higher one (215°C) corresponded to the FE —PE phase tran-
sition. It is interesting to note that the difference in values of
AFE-FE and FE-PE transition temperature in dielectric, ferroelec-
tric and DSC measurement techniques is due to that in heating
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Fig. 5. DSC curves of 0.94PZ-0.06PMW ceramic.

rate and dwell time measurement. Thermodynamic parameter,
enthalpy (AH*[Jg~1), heat capacity (Cp/] g~ K-1), entropy change
(AS*/Jg~1K-1), and Gibbs energy change (AG*/Jg~!) were calcu-
lated from the DSC results. The enthalpy change was calculated
directly from the amount of heat change involved in each step
per unit mass of the sample. The AH* was thus determined and
implemented to calculate the specific heat capacity (Cp) using the
following equation [30,31]:

Cp = 2.303C, log(T,/Ty) (1)

where AT=T, — Ty, T; is the temperature at which the DSC peak
begins to depart from the baseline, and T, is the temperature at
which the peak lands. Consequently, the changes of entropy (AS*)
and Gibbs energy (AG*) were calculated using the following equa-
tions [30,31]:

ASx = 2303Cp lOg(Tz/T]) (2)
AHx = AG* —Tp ASx (3)

On the basis of DSC data, the value of AH*, AS*, C, and AG* for
the phase transition can be calculated according to Eqs. (1)-(3),
which are presented in Table 1. In terms of the activated com-
plex theory (transition theory), the higher value of AS* for the AFE
to FE phase transition indicates a lower ordered activated com-
plex. Also, the degree of rotation freedom as well as vibration is
higher than that in non-activated complex antiferroelectric and
paraelectric phases, which corresponds well with the formation
of a non-stability phase. This means that the rate of AFE to FE
phase transition is higher than that of the FE to PE phase transition

Table 1
Values of thermodynamic parameters for phase transition of 0.94PZ-0.06PMW
ceramics calculated from DSC data.

Temperature Tp/K  AH*[Jg! G/lg' K AS*Jg'K'  AGjg™!
ranges/K

431-441 436 1.207 2.768 x 103 6.350 x 10—° 1.179
487-491 488 2325 4.764x 103 3.858x10~°  2.308

of thermal transformation. Therefore, the FE to PE transformation
step occurs harder than the AFE to FE transformation step. On the
other hand, the thermodynamic parameter, AH*and AG*, was cal-
culated according to Eqgs. (1)-(3) and gave the positive values for
both steps, thus indicating that the AFE to FE to PE phase transitions
are connected to the introduction of heat, and phase transitions are
non-spontaneous processes.

4. Conclusions

The investigation of 0.94PZ-0.06PMW ceramics using XRD,
dielectric behavior, differential scanning calorimetry and ferroelec-
tric measurements has clearly shown a series of phase transitions
that occur above room temperature. When the ceramic is in an anti-
ferroelectric nature below 177 °C, both the dielectric property and
the loss tangent are low and stable against temperature change.
One order of magnitude increase in dielectric property occurs at
around 177 °C, and loss tangent results within a narrow tempera-
turerange. The ceramicisinanintermediate phase at a temperature
range of 177-219°C, when it is believed to be ferroelectric. When
the ceramic is above 219°C, it is in the cubic paraelectric phase,
with relative permittivity following the Curie-Weiss law. A ther-
modynamic parameter indicated that the AFE to FE to PE phase
transitions are connected to the introduction of heat, and phase
transitions are non-spontaneous processes.
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ABSTRACT: The superparamagnetic Mn, ,Fe;,,(H,PO,),:2H,0 was synthesized by a soft synthesis method using a Mn-
(c)—Fe(c)—H3PO, system in water—acetone medium at ambient temperature. The synthesized Mn, ,Fe; ,(H,PO,),-2H,0
decomposed through the dehydration and the phosphate condensation reactions at high temperature and yielded binary manganese
iron cyclotetraphosphate MnFeP,0O,. The XRD and FTIR results of the synthesized Mn, /,Fe,,(H,P0,),-2H,0 and the
decomposed MnFeP,O;, indicate the pure monoclinic phase with space group P2,/n and C2/, respectively. The thermal behaviors
and superparamagnetic properties of Mn, ,Fe;/;(H,PO,),:2H,0 and MnFeP,O,, in this work differed from the single
compounds (M(H,PO,),2H,0 and M,P,0,,, where M = Mn, Fe) and the binary compounds (Mng sFeg s(H,PO,), - xH,0)
reported in previous works. The kinetic and thermodynamic functions for thermal decomposition of Mn, /,Fe, /,(H,PO,), - 2H,0
were studied and confirmed as reaction mechanisms. Vibrational frequencies of breaking bonds in two thermal transformation stages
were estimated and assigned by comparison with the observed FTIR spectra.

1. INTRODUCTION

Binary metal(II) dihydrogenphosphate hydrates M;_,A,-
(H,PO,),-nH,0 (M and A = Mg, Ca, Mn, Fe, Co, Ni, Zn, or
Cu; x = 0—1; n = 1—4) have been investigated for over 30
years and have been widely applied as potential pigments,
selective catalysts, phosphors, and materials for corrosion-
resistant coatings, and they are biocompatible and biodegrad-
able in tissue.' ” This phosphate hydrate group is trans-
formed to binary metal(II) cyclotetraphosphate group
M, ,AP,0p, (y = 0—2) via the reactions of dehydration
and deprotonation of dihydrogenphosphate groups as well as
polycondensation at high temperatures.'”'® Both phosphate
groups are good sources for macro- and micronutrients (P,
Mg, Ca, Mn, Fe, Co, Ni, Zn, Cu) required by plants.3_13
Consequently, these phosphate materials have been become a
hot research topic in materials science in recent years.

Some binary metal M; _,A,(H,P0O,), nH,0O were prepared
for the first time by Trojan et al. using corresponding metal
carbonates and phosphoric acid at low temperature (313—353 K)
with long time periods (2—60 h),''® and releasing toxic gas
(CO,). Recently, M, Ni,(H,PO,), - xH,O (M = Mg, Mn, Fe,
Co, Zn, and Cd) were prepared by corresponding metal carbo-
nates and phosphoric acid at 293 K for 2—90 days.” More recently,
Mn,_,A,(H,PO,), xH,0 (A = Ca, Fe, Co, Ni, and Cu) were
prepared by metal sources (Mn (c; complexometric) or MnCO4
and A(II) = CaCO3, Fe, CoCO3, NiCO;, or CuCOs) and phosphoric
acid H3PO, at ambient temperature for 20 s. These procedures
were strong exothermic reactions and evolved gases (CO,
and H,)."”~*' However, a limited dose of M; A, (H,PO,),"
nH,O could be synthesized without toxic gases.

W ACS Pub”cations ©2011 American Chemical Society

Synthesis of transition phosphates by a soft solid state reaction
in media agents (ethanol, acetone, and water, etc.) at ambient
temperature has received a great deal of attention due to their
conveniences, cost-effectiveness, and that they are environmen-
tally benign.**~** Because of its solubility in water and its ability
to associate with metal ions in media, solvent has been used as a
binder cum gel for shaping materials (bulk, porous, micro- or
nanoparticles) and as a matrix for entrapment of ions to generate
a gelled precursor, which resulted in obtaining different material
or the same material with different size and morphology. The
presence of media agent (solvent) reduces strong exothermic
reaction and protects the evolved gases, which will be necessary
for elaboration of technology to produce transition metal phos-
phates. The use of solvent simplifies the process and would
provide another alternative process for the environmental and
economical synthesis of transition phosphate with different
particle size and morphology.

Herein, this work reports the fabrication of Mn; Fe; -
(H,PO,4),*2H,0 through a soft solid state reaction from metals
of manganese and iron with phosphoric acid in water—acetone
medium at ambient temperature with short time consumption
(<30 min). The synthesized Mn, /,Fe,/,,(H,P0O,)-2H,0 de-
composed to binary manganese iron cyclotetraphosphate MnFe-
P,O,, at 773 K. Consequently, kinetic (E,, A) and thermo-
dynamic (AH*, AS*, AG*) functions of thermal transformation
of Mn,,Fe;;»(H,PO,), 2H,0 playing an important role in
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theoretical study, application development, and industrial pro-
duction have also been reported for the first time. The synthe-
sized sample and its decomposed product were characterized by
X-ray powder diffraction (XRD), Fourier transform infrared
(FTIR), scanning electron microscope (SEM), and vibrating
sample magnetometer (VSM) techniques. The Mn, ,Fe; ,-
(H,PO4),+2H,0 and MnFeP,O1, may be useful for fertilizers,
(Mn- and Fe-micronutrients and P-macronutrients), ceramic
pigments, magnetic materials, etc., in the future.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization. The starting reagents
are Mn (c; complexometric) (99.99%, Merck), Fe (c; complex-
ometric) (99.99%, Fluka), and phosphoric acid (86.4% w/w
H;PO,, Merck). Following this procedure, 1.0988 g of Mn(c)
and 1.1186 g of Fe(c) (a mole ratio corresponding to the nominal
composition of Mn:Fe ratio of 1:1) were crushed into fine mixed
powders using a mortar and pestle. Subsequently, 10 mL of
acetone was rapidly added to the fine mixed powders, and then
10 mL of 50% H;PO, (86.4% w/w H;PO, dissolved in DI water)
was added slowly to the resulting suspension with continuous
stirring at ambient temperature until the cooled crystalline
product was developed (30 min). The prepared solid was filtered
by a suction pump, washed with acetone, and dried in air.

Mn(s) + Fe(s) +4H;PO,

C3HO

+2H20 2Mn1/2Fe1/2(H2PO4)2-ZHZO(S) +2H2

(1)

The water content was investigated by the TG curve in
Figure 1, which reveals that its final decomposed product,
MnFeP,0;,, seemed to occur at temperatures above 673 K.
The dried white gray precipitation then was calcined in a box
furnace at 773 K for 3 h in air atmosphere. The manganese and
iron contents of Mn, j,Fe, ,(H,PO,),*2H,0 and MnFeP,O,,
were determined by dissolving in 0.0126 M hydrochloric acid
using atomic absorption spectrophotometer (AAS, Perkin-
Elmer, Analyst100). The phosphorus content was determined
by colorimetric analysis of the molybdophosphate complex. The
structure and crystallite size of the synthesized sample and its
decomposed product were studied by X-ray powder diffraction
using an X-ray diffractometer (Phillips PW3040, The Nether-
land) with Cu Ko radiation (4 = 0.15406 nm). The Scherrer
method was used to evaluate the crystallite size.”> The morphol-
ogies of the prepared samples were examined with a scanning
electron microscope (SEM) using LEO SEM VP1450 after gold
coating. The room temperature FTIR spectra were recorded in the
range of 4000—370 cm ' with eight scans on a Perkin-Elmer
Spectrum GX FT-IR/FT-Raman spectrometer with the resolution
of 4 cm™ " using KBr pellets (KBr, spectroscopy grade, Merck). The
magnetic properties of the Mn,,Fe;/»(H,POy), 2H,0 and
MnFeP,O,, were examined at room temperature (293 K) using
a vibrating sample magnetometer (VSM 7403, Lake Shore, U.S.).

2.2. Kinetic and Thermodynamic Studies. To evaluate the
activation energies for the thermal decomposition of Mn, /,Fe, ,-
(H,PO,),-2H,0, a TG-DTA Pyris Diamond Perkin-Elmer
Instrument was used. The experiments were performed in
dynamic dry air, at heating rates of S, 10, 15, and 20 K min "’
over the temperature range from 303 to 673 K and the O, flow
rate of 100 mL min ™. The sample mass of about 6.0—10.0 mg
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Figure 1. TG-DTG-DTA curves of Mnl/zFel/z(H2P04)2- 2H,0.

was filled into an aluminum crucible without pressing. The
thermogram of sample was recorded in an open aluminum
crucible using at-Al,O; as the reference material. Decomposition
of crystal hydrates is a solid-state process of the type’®™ >
A(solid) — B(solid) + C(gas). The kinetics of such reactions
is described by various equations taking into account the special
features of their mechanisms. The activation energies for the
thermal transformation steps of Mn, ,Fe;/,(H,PO,),2H,0
were calculated from two peaks on the DTA curves using the
Kissinger equation:™*

In <ﬁz> - b (AR) )
T, RT, E,
Here, 3 is the DTA heating rate (K min '), E, is the activation
energy for the phase transformation (kJ mol '), R is the gas
constant (8.314 J mol ' K™ '), and Ty, is the phase transforma-
tion temperature peak in the DTA curve (K). The fact that the T},
values for various heating rates can be precisely evaluated from
nonisothermal data (DTA, DTG, or DSC curves) conferred to
the Kissinger method to evaluate the kinetic parameters a high
popularity. The plots of In(3/T>) versus 1/ T, should give the
straight lines with the best correlation coefficients of the linear
regression (R*), which have been proved to give the values of
activation energy and pre-exponential factor by the slope and the
intercept for the different thermal transformation stages of Mn; /,-
Fe, ,(H,P0O,),2H,0. The advantage of Kissinger equation is
that the values of E, and A can be calculated on the basis of
multiple thermogravimetric curves and do not require selection
of particular kinetic model (type of g(o) or (@) functions).** 3!
In addition, the E, and A values obtained by this method are
usually regarded as more reliable than those obtained by a single
thermogravimetric curve.
The thermal decomposition mechanism could be determined
from the shape factor (1) of ethe ndothermic peak represented
by the following equation:>*

25 Tp
" T AT'EJR

(3)

where 7 is the Avrami constant, and AT is the full width at half-
maximum of the endothermic peak; T}, is the average tempera-
ture at different DTA curves; and E, is the activation energy of
the Kissinger method.
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From the activated complex theory (transition state) of
Eyring,** ™’ the following general equation may be written:

2= (Hale) o (A2) (@

As¥ = R1n<’:—;'kBTap> (s)

Because
AH* = E, —RT, (6)
AG* = AH* — T,,AS* (7)

where A and E, are the pre-exponential factor and the activation
energy, respectively, obtained from the Kissinger method; e =
2.7183 is the Neper number; y is the transition factor, which is
unity for monomolecular reactions; kg is the Boltzmann con-
stant; h is the Planck constant; and T, is the average phase
transformation temperature peak in DTA curves (K). The
changes of the enthalpy AH* and Gibbs free energy AG* for
the activated complex formation from the reagent can be
calculated using the well-known thermodynamic equation. In
this Article, we suggest the relation between kinetic (E,, and A)
and thermodynamic (AH* AS* AG*) parameters of the thermal
transformation of Mn, /,Fe;,(H,P0,),-2H,0 based on the
Kissinger method and attract the interest of thermodynamic and
kinetic scientists.

The specificity of the thermal decomposition was character-
ized by identification of the bonds to be selectively activated due
to energy absorption at vibrational level.”® These bonds were
assigned by comparing the calculated wavenumbers with the
observed wavenumbers in the IR spectra. These breaking bonds
are assimilated with a Morse oscillator”**”*® coupled nonline-
ar’”3® with the harmonic oscillators of the thermic field. Follow-
ing a theoretical treatment developed by Vlase et al,”® the
relationship between the average phase transformation tempera-
ture peak in four DTA curves (T, K) and the wavenumber of
the activated bond is given as follows:

w = %Tap = 0.695T, (8)
where c is the light velocity. Because the breaking bond has an
unharmonic behavior, the specific activation is possible also due
to more than one quanta, or by a higher harmonic: wg, = g1, g
€ N=1,2,3.., where wg, is the assigned spectroscopic number
for the bond supposed to break, which relates to the evolved gas
in the thermal decomposition step. In this Article, we suggested
the maximum peak temperature Ty, in the DTA curve for the
calculated wavenumbes (wsp) according to eq 8. Therefore, the
use of T, (DTA) will be an alternative method for the calculated
wave numbers for identification in each thermal transition step of
interesting materials.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. According to the
chemical analysis data, the P/(Mn + Fe) = 2.01 and H,O/P =
1.82 molar ratios in the synthesized phosphate differed very little
from those calculated for binary metal dihydrogenphosphate

3330~
3105+

(b)

1227 .
1081+
959~

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
/ -1
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Figure 2. FTIR spectra of Mn, /,Fe; /5(H,PO,4),2H,0 (a) and MnFe-
P40y, (b).

with the general formula Mn, /,Fe;,,(H,PO,),2H,0. Simi-
larly, the P/(Mn + Fe) = 1.98 molar ratio in the decomposed
product practically corresponds to the MnFeP,O;, stoichiome-
try, where Mn(Il) and Fe(II) stand for divalent cations.

Figure 1 shows the TG-DTG-DTA curves of Mn; ,Fe;,-
(H,P0O,),:2H,0. The TG curve of Mn, ,Fe; ,(H,PO,),:
2H,0 relating to the elimination of water molecules shows
two well-defined mass loss stages in the range of 303—873 K.
These two steps in the TG curve observed in the ranges of
373—423 and 473—673 K appear in the respective DTG and
DTA as two endothermic peaks (383 and 499 K). The corre-
sponding observed mass losses of 11.86 (1.89 mol of H,O) and
11.73 (1.86 mol of H,O) % by mass are assigned to the
dehydration of coordination water molecules (eq 9) and an
intramolecular dehydration of the protonated dihydogenpho-
sphate groups (eq 10), respectively. The total mass loss of
23.58% (3.74 mol H,0) is in agreement with those reported
for other binary dihydro§enphosphate dihydrate in the literature
(1 < mole of water < 4)."* The thermal decomposition process
of Mn, /,Fe, ,(H,PO,), - 2H,O could be formally presented as:

373 =423 K

Mnl/zFel/z(H2P04)2'2H20 Mnl/zFel/z
(H,PO,), +2H,0 9)
473 —673 K
Mnl/zFel/z (H2P04)2 1/2MnFeP4012 + 2H20

(10)

A stable intermediate compound, acid polyphosphate Mn, ,,Fe; ,-
(H,PO,),, has been registered. This intermediate is similarly
observed with other binary dihydrogen phosphates, as it is
isostructural.'~® The plateau formed between 673 and 873 K
on the TG curve indicated the formation of binary manganese
iron cyclotetraphosphate, MnFeP,O,, as the final decomposed
product. The thermal stability, mechanism, and phase transition
temperature of the synthesized Mn, /,Fe, /,(H,PO,4),-2H,0 in
water—acetone medium of this work are significantly different
from those of Mn(H,PO,),-2H,0,* Fe(H,P0,),-2H,0,*"
and Mng sFeq s(H,PO,),-xH,0"® synthesized without media
agents. The obtained results are similar to those of the Mn-
(H,PO,), - 2H,0% synthesized by water—acetone medium repor-
ted in our previous works. On the basis of thermal results, we can
conclude that the different thermal behaviors are caused by the
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different interaction and position of Mn and Fe metals in the
skeleton, the medium reagents, and reaction condition for
precipitation.

The FT-IR spectra of Mn, /,Fe, ,,(H,PO,), - 2H,O (Figure 2a)
and MnFeP,O,, (Figure 2b) are very similar to those of
M(H,PO,),-2H,0 and M,P,0,, (M = Mn or Fe), respec-
tively.">'®?>*%*! The band position are shifted to the values
between those of individual M(H,PO,),:2H,0 and M,P,0,,
(M = Mn or Fe), and sharp or weak bands are observed,
indicating the inserting of different metal cations (Mn and Fe)
in the skeleton. Consequently, vibrational bands are identified
in relation to the crystal structure in terms of the funda-
mental vibrating units, H,PO, and H,O for Mn;,Fe; -
(HZPO4)2-2H20 and [P,0,,]* ion for MnFeP,O,, and are
assigned according to the literature."”'®* It is known that
the existence of short OH- - -O hydrogen bonds in a variety
of strongly hydrogen-bonded solids is manifested by the appear-
ance of the characteristic ABC structure of the ¥(OH) vibration.
Usually, the ABC bands are very broad and consist of many
ill-resolved components. The strongest band (A) is located in
the 3100—2700 cm™ ' region, the B band appears at about
2600—2400 cm ™', and the C band is around 1700—1600
cm” ' The problem of the origin of the ABC trio is discussed
in many studies on acidic salts, but an explanation of this behavior
of strongly hydrogen-bonded systems is still to be found. One of
the most popular interpretations of the ABC trio suggests a
strong Fermi resonance between the ¥(OH) stretching funda-
mentals and the overtones [20(OH) and 2y (OH)] or combina-
tions involving the (OH) and y(OH) vibrations."*'®** The
second type of characteristic vibrations is associated with the
phosphate groups. The stretching P—O and bending OPO
vibrations of the phosphate groups appear in the ranges of
920—990 cm ™' (v), 990—1160 cm™ ' (v3), 460—375 cm '
(v,), and 460—650 cm™ ' (v,). In addition to the internal PO,
vibrations, other vibrations involving OH motions are the
characteristic of the protonated phosphate ions (H,PO, "), both
out-of-plane (OH) and in-plane y(OH) bending P—O—H
vibrations, which appear at 1252 and 801 cm ™', respectively. The
third spectra feature in the FTIR spectrum (Figure 2a) of
Mn, /,Fe, /,(H,PO,),2H,0 is the water molecule vibrations.
The voy stretching modes of HOH appear at 3105 cm™ ' (v, or
band A) and 3330 cm ™' (v;). The doublet bands (1642 and
1570 cm ') contribute both to the band C and to the water
bending band.” A weak band around 639 cm™ ' could be tenta-
tively assigned to the rocking mode involving water librations.

The vibrational modes of P,O,*  ion observed in the
frequency range 370—1400 cm ' (Figure 2b) are assigned
according to the literature.”'®** The P,O,," anion contains
the PO,”  radical and the P—O—P bridge, which are interpreted
in the FTIR spectra from the viewpoint of the vibrations of these
two groups. As the P—O bond strength in the P—O—DP bridge is
weaker than in the PO, radical, the stretching frequencies of
the P—O—P bridge are expected to be lower than those in the
PO,”” radical. The asymmetric and symmetric stretching fre-
quencies of the PO, radical are generally observed in the areas
of 1350—1220 and 1150—1100 cm™ ', respectively. The
P—O—P bridge has its asymmetric and symmetric stretching
frequencies around 1000—900 and 900—700 cm ™, respectively.
The bending modes are expected in the area of 600—400 cm ™'
(PO,”" radical) and 400—370 cm~ ' (P—O—P bridge). The
metal—O stretching usually appears in the bending mode region
as the bending modes of the P—O—P bridge and absorption
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Figure 3. XRD patterns of Mn,,Fe;/,(H,PO,),2H,0 (a) and
MnFeP,0,, (b).

bands associated with these vibrations are usually very weak. The
observation of a strong ¥,POP band is known to be the most
striking feature of the cyclotetraphosphate spectra, along with the
presence of the v, OPO " band, which confirmed that the crystal
structure is monoclinic (space group C2/c) with a cyclic structure
of the [P40,,]* anion.*

Figure 3 shows the XRD patterns of Mn,,,Fe;,,(H,-
PO,),2H,0 and the decomposed product MnFeP,0,,, which
are similar to those obtained from the individual compounds
(M(H,PO,),-2H,0 and M,P,0;, (M = Mn and Fe)"#?240*#
and the binary compounds (MngsFeys(H,PO,), xH,O and
MnFeP,0,,) in our previous work,'® but the intensities are
slightly different. The lower and higher intensities of XRD peaks
indicate the differences of crystallization or amorphous phase as
well as particle sizes of these materials. According to the
hypothesis of isostructural, the systems of binary manganese
iron solid solutions and individual metal dihydrogenphosphate
(or manganese iron cyclotetraphosphate) show quite a similarity
of the XRD peaks because the electronic charges of cations are
equivalent and the radii of cations are close to each other. As
compared to the published XRD data of the individual metal
compounds (Mn(H,PO,),-2H,0 (PDF# 350010), Fe(H,-
PO,), 2H,O (PDF# 390699), Mn,P,0O,, (PDF# 380314),
and Fe,P,0,, (PDF# 760223), both studied samples can be
assigned to the Mn, /,Fe, ,,(H,P0O,),+2H,0 and MnFeP,O,,
product, which are solid solutions and not a mixture of the
individual ones. Consequently, all the reflections can be distinctly
indexed as a pure monoclinic phase with space group P2,/n (Z=2)
for Mn, j,Fe,/,(H,P0,),2H,0 and C2/c (Z = 4) for the
decomposed MnFeP40,, which noted that these XRD patterns
agreed well with those of standard data of M(H,PO,),:2H,0
and M,P,0,, (M = Mn or Fe), respectively. The average cry-
stallite sizes and lattice parameters of Mn, ,Fe;,(H,-
PO,), 2H,0 and the decomposed product MnFeP,O,, were
calculated from XRD patterns and also tabulated in Table 1. The
lattice parameters of Mn,,Fe;/,(H,PO,),2H,0 are larger
than those of the standard data of Mn(H,PO,),*2H,0 (PDF#
350010) and Fe(H,PO,),-2H,0O (PDF# 390699). However,
the lattice parameters of the decomposed MnFeP,O, are found
to range between those of the standard data of Mn,P,O;, (PDF#
380314) and Fe,P,0,, (PDF# 760223). The average crystallite
size of Mn, ;,Fe;»(H,PO,),2H,0 is larger than that of the
calcined MnFeP,O,, which resulted from two decomposition
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Table 1. Average Crystallite Sizes and Lattice Parameters of Mn(H,PO,), - 2H,0, Mn, /,Fe, ,,(H,PO,),*2H,0,
Fe(H,PO,), 2H,O0, and the Calcined Product MnFeP,O,, Calculated from XRD Data

compound a (A) b (A) c(A) B (deg) average crystallite size (nm)
PDF# 350010 7.32 10.08 5.37 94.75
(Mn(H,PO,),-2H,0)
this work 7.90(0) 11.03(6) 6.10(3) 95.04 (6) 79411
(Mn1/2Fe1/2(H2PO4)2 -H,0)
PDF# 390699 7.31 9.94 5.37 95.24
(Fe(H,PO,),-2H,0)
PDF# 380314 11.88 8.59 10.14 119.21
(Mn2P4012)
this work 12.06(8) 8.48(2) 10.12(4) 119.12(5) 62+13
(MnFeP,0,,)
PDF# 760223 11.94 8.37 9.94 118.77
(Fe;P4015)
20
@ 157
2 104
3
g 3
2 o] Mn, Fe, (HPO) 2,0
g
D -5
=
2104
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154
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Figure 4. SEM micrographs of Mn, ,Fe; /,(H,PO,),-2H,0 (a) and
MnFeP,O,, (b).

processes. The crystallite sizes of 79 &= 11 nm for Mn, ,Fe; /»-
(H,PO,),:2H,0 and 62 + 13 nm for MnFeP,O, in this work
are smaller than those prepared from Mn(c)—Fe(c)—H;PO,
without the medium system reported by Boonchom et al. (81 +
14 nm for Mn, ,Fe;,>(H,PO,),*xH,0 and 69 £ 21 nm for
MnFeP,0,,).'* However, the crystallite sizes for both binary
compounds in this work are larger than those from the single

~10000 -7500 -5000 2500 O 2500 S000 7500 10000
Applied Field (Oe)

Figure S. The specific magnetizations of Mn, /,Fe, ;,(H,PO,), - 2H,0
and MnFeP,O1, as a function of field, measured at 293 K.

metal compounds (52 & 14 nm for Mn(H,PO,),-2H,0,28 + 4
nm for Fe(H,PO,),*2H,0, 29 & 9 nm for Mn,P,0;,,and 27 &
6 nm for Fe,P,0),) in our previous studies.”>*** These results
confirmed that the differences in the crystallite sizes for the
synthesized Mn, /,Fe, ,(H,PO,),*2H,0 and MnFeP,O,, de-
pend on the medium, water, and metal compositions and the
condition for precipitations.

The SEM micrographs of Mn, ;,Fe, ,»(H,PO,),2H,0 and
MnFeP,0;, are shown in Figure 4. The particle shape and size
are changed throughout the whole decomposition product. The
SEM micrograph of Mn, ,Fe;,,(H,P0O,),-2H,0 (Figure 4a)
shows nonuniform particles, which appear as high agglomerates.
The morphology of Mn, ,Fe,,,(H,PO,),2H,0 exhibits fea-
tures different from those of Mn(H,PO,), - 2H,0, Fe(H,PO,), "
2H,0, and Mn, sFe( s(H,PO,), - xH,O reported in our previous
works.'##%* The morphology of MnFeP,O,, shows a high
agglomerate of nonuniform particles, which is not similar that
for MyP4,O;, (M = Mn or Fe) (Figure 4b) in the work
previously reported.'®***" The high agglomerates of Mn, /-
Fe,,,(H,P0,),-2H,0 and MnFeP,O,, powders are possibly
caused by the process of dissolution and a rapid coprecipitation
as well as the dehydration process.

Magnetization curves (M—H loop) of Mn,,Fe; ,(Ha-
PO,), 2H,0 and the decomposed MnFeP,O,, powders ob-
tained from room temperature VSM measurements are shown in
Figure S. Both samples demonstrate typical superparamagnetic
behavior with negligible coercivity and remanence, in accordance
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Table 2. Values of Thermodynamics, Kinetics, and Spectroscopic Data for Two Decomposition Steps of

Mnl/ZFel/Z(H2P04)2 2H,0

step  AG*/kJmol ' AH*/KJmol ' AS*/Jmol 'K ! Afs! E,/kJ mol " R Tp/K 0w g qWeg/cm ' band assignment
1 712.34 1119.78 105.46 3.88 x 10*° 115.19 0.9995 386 268 2 537 v, (POST)
3 805 y (OH)
4 1074 v, (PO,)
6 1611 v, (H,0)
9 2416 B band (H,PO, )
11 2953 A band (H,PO, ")
12 3222 v, (H,0)
13 2490 v; (H,0)
2 931.60 1883.50 188.69 1.13 x 10%° 192.54 09971 504 350 2 701 v (P—0y)
3 1051 v, (PO,)
5 1753 C band (H,PO,")
7 2454 B band (H,PO,”)
9 3155 A band (H,PO,")
10 -8.8-
o 92 1" step
-104 o 2 step
2 204 B 961
=i = [-= 9
i =
& 301 £ .10
a
=40+ —_— 5K min" e
390 — 10 K min™ =R
501 ——15 K min"
604 2 — 20K min" -10.84
-0 —— T 20 21 22 23 24 25 26 27
323 373 423 473 523 573 623 673

Temperature/K

Figure 6. DTA curves of the synthesized Mn, ;,Fe, ;,(H,PO,), - 2H,0
at four different heating rates (5, 10, 15, and 20 K min™ ).

with the theory that sugel})aramagnetic behavior is often observed
atroom temperature.4 “* The specific magnetization curves are
typical superparamagnetic behavior without any hysteresis in the
field range of +10000 Oe. From the magnetization curves,
specific saturated magnetization (M) values of the Mn, /,Fe; ,-
(H,PO,),-2H,0 and MnFeP,0,, are 15.097 and 17.459 emu/g,
respectively. The superparamagnetic solid solutions formed in
Mn, /,Fe, ,(H,PO,),-2H,0 and MnFeP,O,, system in this
work are different from ferromagnetic for Fe(H,PO,),-2H,0
(96.28 emu/g) and FeP,O,, (85.01 emu/g),41 and Mn, /;Fe; /»-
(H,PO,), - xH,0 (25.63 emu/g) and MnFeP,O, (13.14 emu/! )8
and diamagnetic for Mn(H,POy,),*2H,0 and MnP,0,,.% It
found that the tendency of M to increase is consistent with the
enhancement of crystallinity or particle sizes, and the saturation
values of M for Mn, /,Fe, ,(H,PO,),-2H,0 and MnFeP,O,,
are observed due to the obtained microstructure. These results
indicate that the medium reagents for precipitation have the
strong effect on the magnetic behaviors of Mn, ,Fe; -
(HZPO4)2- 2H,0 and MnFeP,O;,. Superparamagnetic proper-
ties of the Mn, ,Fe;,,(H,PO,),:2H,0 and MnFeP,O,,
samples reported for the first time are important for specific
applications because the magnetic materials may be syn-
thesized to have the multifunctions that can be applied
in magnetic resonance imaging contrast agents, data lifetime
in high density information storage, ferrofluid technology,

1000/T (K™

Figure 7. Kissinger plots indicating the activation energies involving
two transformation steps from the synthesized Mn, /,Fe; /»(H,PO,), "
2H,0 to MnFeP,O15.

lithium batteries, magnetocaloric refrigeration catalytic, and/
or adsorption processes.*’

3.2. Kinetic and Thermodynamic Results. The nonisother-
mal DTA method is desirable to analyze the reaction mechanism
and calculate the activation energy of the solid state.”* > Several
nonisothermal techniques have been proposed, which are quick-
er and less sensitive to previous and next transformations. The
basic data of T were collected from the DTA curves of the
decomposition of Mn, ,Fe; ,(H,PO,),2H,0 at various heat-
ing rates (5, 10, 15, and 20 K min~ ') (Figure 6). Figure 7 shows
the Kissinger plots of two transformation steps of the prepared
Mn, /,Fe; /»(H,PO,),-2H,0. From the slopes of the curves
(Figure 7), the activation energy values in two decomposi-
tion steps of the synthesized Mn, /,Fe; ,(H,PO,), - 2H,O were
determined as 115.19 and 192.54 kJ mol ', respectively. The
activation energies of two decompositions of Mn; ,Fe; -
(H,PO,),+2H,0 are different from those of Mn(H,PO,),
2H,0 (105—104 kJ/mol for the first step and 199—200 kJ/
mol for the second step) and Fe(H,PO,), - 2H,0 (136—137 kJ/
mol for the first step). These activation energies are related to the
vibrational frequencies and are the indication of the energy of
the breaking bond of intermediate species. The reason may
be relevant to the strengths of binding of water molecules in
the crystal lattice. Hence, different dehydration temperatures
and kinetic parameters are expected. The two mass loss steps
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Table 3. Comparing Physical and Chemical Properties of the Studied Materials in the Present Work and in the Literature

ref no.

this work

17

18

19

20

21

22

40

41

ref no.

this work
17
18
19
20
21
22
40
41

ref no.

this work
17
18
19
20
21
22
40

41

ref no.

this work

17
18

19

20

21
22

materials

Mn, ),Fe, »(H,P0O,),-2H,0 and MnFeP,O,,
Mng sCoqs(H,PO,), - 2H,0 and MnCoP,O,
Mng sFeos(H,PO4), - 2H,0 and MnFeP,O,,

Coy,Fe; ,(H,PO,), - 2H,0 and CoFeP,O,,

MngsCugs(H,PO,), 1.5H,0 and MnCuP,O,,

MnygsCags(H,PO,4), H,O and MnCaP,O,,
Mn(H,PO,),2H,0 and Mn,P,O;,
Mn(H,PO,),-2H,0 and Mn,P,0,,

Fe(H,PO,),:2H,0 and Fe,P,0,,

different synthesis route

prepared by Mn(c)—Fe(c)—H;PO, system in water—acetone medium at ambient
temperature for 30 min, and its final decomposed product was obtained at 773 K

prepared by MnCO;—CoCO;—H;PO, system at ambient temperature for 15 min,
and its final decomposed product was obtained at 773 K

prepared by Mn(c) —Fe(c)—H;3POy, system at ambient temperature for 30 min, and its
final decomposed product was obtained at 773 K

prepared by Fe(c)—CoCO3;—H;3PO, system at ambient temperature for 15 min,
and its final decomposed product was obtained at 773 K

prepared by Mn(c)—CuO—H;PO, system at ambient temperature for 15 min, and
its final decomposed product was obtained at 673 K

prepared by Mn(c)—CaCO;—H;3PO, system at ambient temperature for 30 min,
and its final decomposed product was obtained at 673 K

prepared by Mn(c)—H;3POy, system in water—acetone medium at ambient temperature
for 15 min, and its final decomposed product was obtained at 773 K

prepared by Mn(c)—H;PO, and MnCO3;—H;PO, systems at ambient temperature
for 15 min, and its final decomposed product was obtained at 673 K

prepared by Fe(c)—H3PO, system at 313 K for 30 min, and its final decomposed product
was obtained at 773 K

materials different thermal behavior
Mn, /,Fe, ,(H,P0,),2H,0 and MnFeP,O,, well-defined two thermal transformation steps in the range of 353—873 K
Mng sCogs(H,PO,), - 2H,0 and MnCoP,0,, four thermal transformation steps in the range of 273—873 K
Mn sFeg s(H,PO,), - 2H,0 and MnFeP,O;, three thermal transformation steps in the range of 273—773 K
Co, oFe; /»(H,PO,), - 2H,0 and CoFeP,O,, three thermal transformation steps in the range of 273—873 K
Mn sCugs(H2PO,), - 1.5H,0 and MnCuP,O,, well-defined two thermal transformation steps in the range of 353—673 K
Mny sCays(H,PO,),H,0 and MnCaP,O,, six thermal transformation steps in the range of 353—873 K

Mn(H,P0,),-2H,0 and Mn,P,0,,
Mn(H,PO,), 2H,0 and Mn,P,0,,
Fe(H,PO,),*2H,0 and Fe,P,0,,

materials

Mn, ;,Fe, »(H,P0,),-2H,0 and MnFeP,O,,
Mny sCops(H,PO4), - 2H,0 and MnCoP,0,,
Mng sFeos(H,PO,), - 2H,0 and MnFeP,O,,
Co,/2Fe; /2(H,PO,), 2H,0 and CoFeP,O,,
Mng sCugs(H,PO,), 1.5H,0 and MnCuP,0,
MnysCags(H,PO,), - H,0 and MnCaP,O,,
Mn(H,P0,),2H,0 and Mn,P,0,,
Mn(H,PO,),2H,0 and Mn,P,0,,

Fe(H,PO,4),-2H,0 and Fe,P,0,,
materials

Mn, ;,Fe; »(H,PO,),2H,0 and MnFeP,O,,

MngsCog.s(H,PO4),*2H,0 and MnCoP,0,,
Mng sFeos(H,PO,), - xH,0 and MnFeP,O,

Co, ,Fe; /»(H,PO,),2H,0 and CoFeP,O,,
Mg sCtig s (HyPO,), - 1.SH,0 and MnCuP,4O1

Mny sCags(H,PO,4), - H,0 and MnCaP,O,,
Mn(H,PO,), 2H,0 and Mn,P,0,,

well-defined two thermal transformation steps in the range of 353—1073 K
more than three thermal transformation steps in the range of 353—773 K

three thermal transformation steps in the range of 353—773 K
different morphologies

high agglomerates of nonuniform particles for both samples
rod-like shape and nonuniform particles
rod-like tetrahedral shape and small spherical particles with high agglomerates
flower like shape for both samples
many small and some large rod like and spherical shapes
roughness of many small and some large boundary surfaces and small and large spherical shapes
small rod like shape and retexturing and coalescence in aggregates of irregularly shape
large nonuniform polyhedral shape and retexturing and coalescence in aggregates
of irregularly shape

coalescence in aggregates of irregularly shapes for both samples
different magnetic properties

superparamagnetic properties (M, = 15.097 emu/g for Mn, /;Fe, »(H,PO,),*2H,0 and
M, = 17.459 emu/g for MnFeP,0,,

not reported

ferromagnetic properties (M, = 25.63 emu/g for Mng sFey s(H,PO,), - xH,O and
M, = 13.14 emu/g for MnFeP,0,,)

superparamagnetic properties (M, = 0.045 emu/ g for Co, ,Fe; 2(H,POy), - 2H,0 and
M, = 12.502 emu/g for CoFeP,O,)

not reported

not reported

not reported
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Table 3. Continued

different magnetic properties

ferromagnetic properties (M, = 96.28 emu/g for Fe(H,PO,),*xH,0 and M; = 37.78 emu/g

different nonisothermal decomposition kinetic data (E,, A, n)

ref no. materials
40 Mn(H,PO,),2H,0 and Mn,P,0,, not reported
41 Fe(H,PO,),*2H,0 and Fe2P,0,,
for Fe,P,0,,)
ref no. materials
this work  Mn, ,Fe; /,(H,PO,),2H,0 and MnFeP,O,,

115.19 kJ mol 7, 3.88 x 10" 5™, 2.56 for first step and 192.54 k] mol *, 1.13 x 10%°s™*, 2.06 for
second step
E, values for four steps as 100.55, 88.90, 90.58, 308.58 k] mol respectively

E, and n values for two steps as 99.75, 202.84 kJ mol ' and 1.34, 1.93, respectively
E, values for five steps as 147.85, 129.70, 89.41, 152.94, 236.97 kJ mol respectively, A values for

five steps as 1.41 x 10%°, 6.55 x 10'°, 4.48 x 10°, 4.04 x 10", 1.01 x 10%, respectively

E, values for two steps as 86.45, 187.92 kJ mol ', respectively

E, value as 136.85 kJ mol "
different thermodynamic data (AH*, kJ mol ™ '; AG*, kJ mol '; and AS*, J mol ' K™ ")

1119.78, 712, 105.46 for first step and 1883.50, 931.60, 188.69 for second step

144.65, 94.38, 130.34 for first step, 126.35, 99.64, 66.18 for second step, 85.50, 119.53—72.26 for

third step, 148.71, 127.80, 41.10 for fourth step, and 231.85, 155.59, 123.73 for sixth

17 MnysCogs(H,PO,), - 2H,0 and MnCoP,0;,
18 Mng sFeos(H,PO,), - 2H,0 and MnFeP,0,, not reported
19 Co, /5Fe; /»(H,PO,), - 2H,0 and CoFeP,O,, not reported
20 Mny sCugs(H,PO,), 1.5H,0 and MnCuP,0,,
21 Mny sCays(H,PO,),H,0 and MnCaP,0,,
2 Mn(H,PO,),+2H,0 and Mn,P,0;,
40 Mn(H,P0,), 2H,0 and Mn,P,0,, not reported
41 Fe(H,PO,), 2H,0 and Fe,P,0,,

ref no. materials
this work  Mn, /,Fe, ,(H,P0O,),-2H,0 and MnFeP,O,,
17 Mny sCogs(H,PO,), - 2H,0 and MnCoP,O,, not reported
18 Mng sFeos(H,PO,), - 2H,0 and MnFeP,O,, not reported
19 Co,5Fe;/2(H,PO,), - 2H,0 and CoFeP,O,, not reported
20 Mnyg sCugs(H,PO,), 1.5SH,0 and MnCuP,O;,  not reported
21 Mn sCags(H,PO,),H,0 and MnCaP,O,,
22 Mn(H,PO,),-2H,0 and Mn2P,0,, not reported
40 Mn(H,PO,),2H,0 and Mn,P,0, not reported
41 Fe(H,PO,), 2H,0 and Fe,P,0,, not reported

correspond to the loss of water of coordinated water in the first
steps, subsequently to a continuous intermolecular polycondensa-
tion and the elimination of water of constituent in anion in the
second step.”®”*® The second step exhibits higher activation energy
in comparison with the first step, and this is understandable because
this step relates to true P—OH bond breaking, in connection with
the polycondensation reaction.””'%*** These activation energies
are consistent with the former hypothesis that the intermediate
nucleates and crystallizes as metastable phase with adequate
growth kinetics before the stable phase MnFeP4O,. This result
is consistent with TG-DTG-DTA data as shown in eqs 9 and 10.

The pre-exponential factor (A) can be estimated from the
intercept of the plots of eq 2 (Table 2). All calculations were
performed using a program compiled by ourselves. The pre-
exponential factor (A) values in the Arrhenius equation for solid-
phase reactions are expected to be in a wide range (6 or 7 orders
of magnitude), even after the effect of surface area is taken into
account.”* > The low factors will often indicate a surface
reaction, but if the reactions are not dependent on surface area,
the low factor may indicate a “tight” complex. The high factors
will usually indicate a “loose” complex. Even higher factors (after
correction for surface area) can be obtained for complexes having
free translation on the surface. Because in many cases the
concentrations in solids are not controllable, it would have been
convenient if the magnitude of the pre-exponential factor could
provide the information for the reaction molecularity. With such
bulk decomposition, any molecule is as likely to react with any

others, and no preference is shown toward corners, edges,
surface, defects, or sites of previous decomposition. On the basis
of these reasons, the thermal decomposition reaction of Mn ,-
Fe, /»(H,P0,), - 2H,0 may be interpreted as “loose complexes”
for the first and second steps, which correspond to the proposed
mechanism in egs 9 and 10.

The value of the Avrami exponent provides information
regarding the morphology of the growing crystal.'”>*~>>3>3*
The value of n reflects the mechanism dominating crystallization.
Here, smaller n values indicate that the crystallization is dominated
by a surface crystallization or that the crystallization dimension is
low. On the other hand, larger n values are expected only in case
of increasing nucleation rates. For Mn, /,Fe; ,(H,PO,4), - 2H,0,
the n values are 2.56 for the first and 2.06 for the second
decomposition steps, which are random nucleation and growth
of nuclei for both decomposition steps.

As can be seen from Table 2, the entropy of activation (AS*)
values for all steps are positive values. It means that the
corresponding activated complexes had lower degrees of arrange-
ment than the initial state. Because the decomposition of Mn; /»-
Fe, »(H,P0,),-2H,0 proceeds as two consecutive reactions,
the formation of the second activated complex passed in situ. In
terms of the activated complex theory (transition theory),* ™" a
positive value of AS* indicates a malleable activated complex that
leads to a large number of degrees of freedom of rotation and
vibration. A result may be interpreted as a “fast” stage. On the
other hand, a negative value of AS* indicates a highly ordered
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activated complex, and the degrees of freedom of rotation as well
as of vibration are less than they are in the nonactivated complex.
These results may indicate a “slow” stage.”* >° With respect to
these results, the first and second decomposed steps of Mn, /»-
Fe, /,(H,PO,),*2H,0 may be interpreted as “fast” stages. The
positive values of the enthalpy AH* are in good agreement with
two endothermic effects in the DTA results. The positive values
of AH* and AG* for two stages show that they are connected
with the introduction of heat and are nonspontaneous processes.
The results of the kinetic and thermodynamic parameters of the
second steps are higher than those of the first step, which
correspond to that the second step needs a higher energy
pathway and a lower rate reaction than the first step.

To corroborate the calculated data with the spectroscopic
ones, we drew up the FT-IR spectra of the studied compound
(Figure 2). Table 2 shows the comparison of the @, values with
the g, values determined from this compound, together with
the assignments of the corresponding vibrational modes in the
literature."”> These wavenumbers are close to the vibrational
modes of water of crystallization and dihydro%en phosphate
group (H,PO, ) reported in the literature.’®”** The results
confirm that the loss of the water of crystallization and depro-
tonated dihydrogen phosphate group in the first step is followed
by a continuous intermolecular polycondensation for the second
step.”” ** The studied compound exhibited a very good agree-
ment between the calculated wavenumbers from average T,
(DTA) and the observed wavenumbers from IR spectra for the
bonds that were suggested to be broken.

4. CONCLUSION

The superparamagntic Mn, /,Fe; 2(H,PO,), - 2H,0 was pre-
pared by a soft solution solid-state reaction from the Mn(c)—Fe-
(c)—H3PO, system in water—acetone medium at ambient
temperature with short time consumption (30 min). Mn, ,-
Fe,»(H,P0,),-2H,0 decomposes in two steps, which corre-
spond to the loss of water of crystallization in the first step,
subsequently to a continuous intermolecular polycondensation
and elimination of water of constituent in anion (the second
step). Thermal kinetic study results indicate the activation
energies, which relate to the vibrational frequencies of the
breaking bond of thermal transformation of Mn; Fe; ;-
(H2P04)2 +2H,0. The thermal behaviors, morphologies, particle
sizes, superparamagnetic properties, kinetic and thermodynamic
data of Mn, /,Fe, /,(H,PO,), - 2H,0, and its thermal transformation
product (MnFeP,0,,) in this work are different from those of
single metal and binary metal compounds in our previous reports
(Table 3). The study results obtained are necessary for elaboration
of technology to produce the dihydrogenphosphate and cyclote-
traphosphate of transition metals, which may be useful for potential
applications as catalytic, ceramic, and biomedical materials, etc.
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This paper reports the synthesis of binary CogsFegs5(H2P04)2-2H20 by a simple, rapid and cost-effective
method using CoCO3—Fe(c)—H3P0O4 system in water—acetone media at ambient temperature. Thermal
transformation of the synthesized powder was investigated by TG/DTG/DTA and DSC techniques, which
indicate that its final decomposed product was a binary cobalt iron cyclotetraphosphate CoFeP401;. The
FTIR and XRD results of the synthesized CogsFegs5(H2P04)2-2H,0 and the decomposed CoFeP401; indi-
cate the pure monoclinic phases with space group P2{/n and C2/c, respectively. The morphologies of
CogsFegs5(HoPO4)2-2H20 and CoFeP40q1; powders appear non-uniform particle shapes and high
agglomerates, which are different from the cases of the single compounds M(H,P04)2-2H,0 and M3P401;
(where M = Co, Fe). The magnetic properties of the studied compounds are superparamagnetic behav-
iors, which are important for specific applications. The physical properties of the studied powders are
comparable with those reported in our previous study, affected by medium and condition of preparation

Non-uniform particles method.

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Binary metal phosphates with the general formula
M'xM"”1_x(HaPO4),-nH0 (M'or M” = Mg, Ca, Ba, Mn, Co, Ni, Fe, Zn;
X =0—1; n=1-4) have the incremented use in order to supply the
demands of high modern technology [1—3]. This phosphate group is
transformed to the corresponding binary metal(ll) cyclo-
tetraphosphate group M'y,M";_,P4012 (y =0-2) in the reactions of
dehydration and deprotonation of dihydrogenphosphate groups at
higher temperatures [4—6] Both M'yM”;_x(H2PO4);-nH20 and
M'yM”>_,P4012 compounds are isostructural with the single metal
dihydrogenphosphate (M’(H2PO4)2-nH,0) and single metal(Il)
cyclo-tetraphosphate (M’;P4013) groups, respectively [8—10].
Consequently, they have similar X-ray diffraction patterns and close
unit cell parameters, which crystallize in monoclinic space group
P21/n(Z = 2)for the dihydrogenphosphate group and C2/c(Z = 4) for
cyclo-tetraphosphate group. Both binary metal phosphate groups
canbe used in awide range of applications: catalysts and adsorbents,

* Corresponding author. King Mongkut's Institute of Technology Ladkrabang,
Chumphon Campus, 17/1 M.6 Pha Thiew District, Chumphon 86160, Thailand. Tel.:
+66 7750 6422x4565; fax: +66 7750 6410.

E-mail address: kbbanjon@kmitl.ac.th (B. Boonchom).

1293-2558/$ — see front matter © 2010 Elsevier Masson SAS. All rights reserved.
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ion-exchange materials, solid electrolytes for batteries, in linear and
non-linear optical components, chelating agents, tooth powder and
doughs, artificial teeth and bones, corrosion-resistant coating,
sewage purifying agents, glass-ceramics, refratories, fire extin-
guishers, cements, soap powder, biomaterials and implantates,
forages for animals, superionic conductors, piezo- and ferroelectrics,
gas and moisture sensors, magnets, phosphors, detergents and high-
quality fertilizers [1,4,5,11,12] Therefore, the design, synthesis and
characterization of the field of these phosphates have been very
active during the twentieth century. However, the development of
the chemistry of these phosphates was very slow, spreading along
almost a century. So far, there were reports on the synthesis, the
thermal analysis (TA) under quasi-isothermal and quasi-isobaric
conditions of binary metal(ll) dihydrogenphosphate hydrates
M'xM”1_x(H2PO4),-nH0 (M'or M” = Mg, Ca, Ba, Mn, Co, Ni, Fe, Zn;
x=0-1; n=1-4) [1,4,5,8—12]. Recently, Viter and Nagornyi [13],
Antraptseva et al. [4] and Koleva and Mehandjiev [12,14] reported
the synthesis at low temperature (40—80°C) with long time
consumption (2—90 days) of M1_xNiy(H2P04)2-2H,0 (M = Mg, Mn,
Co, Zn), Mnq ,XZHX(H2PO4)2~2H20 and M(H2P04)2~2H20 (M =Co, Nj,
Mn, Fe), respectively. Most recently, our research group reported the
rapid synthesis (10—20min) of M(H;PO4);-2H,0 and
M1 _xAx(H2PO4),-nH0 (M and A =Ca, Mn, Fe, Cu, Co) at ambient
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temperature [1,2,15,16]. However, it is obstacle to synthesize binary
metal dihydrogenphosphates, binary metal cyclotetraphosphates
and their solid solutions, which vary the composition of metal
cations for obtaining homogeneity ranges and modified useful
properties.

In this work, binary CogsFegs(H2P04),-2H,0 was prepared by
solid state method at ambient temperature with short time
consumption (<10 min), which is a simple and cost-effective route.
Thermal transformation of CogsFegs(H2P04)2-2H20 was investi-
gated by thermogravimetry/differential thermal gravimetry/
differential thermal analysis (TG/DTG/DTA) and differential scan-
ning calorimetry (DSC) techniques and its final decomposed
product is CoFeP401,. Furthermore, the synthesized CogsFegs5(Ha-
PO4)2-2H;0 and its decomposed product CoFeP401, were charac-
terized by X-ray powder diffraction (XRD), Fourier transform
infrared (FTIR), scanning electron microscope (SEM) and vibrating
sample magnetometer (VSM) techniques.

2. Experimental

Phosphoric acid (H3PO4, Fluka, 86.4% w/w), cobalt carbonate
(CoCO3, Merck, AR grade), iron metal (Fe, Merck, AR; c; com-
plexometric) and acetone (CH3CH,OCH3CHj, Merck, AR grade)
were used as precursors for phosphorous, Co(Il), Fe(Il) and media
agent, respectively. Typically process, 2.00 mL of distilled water was
added to 8.00 mL H3PO4 and then H3PO4 solution was added to
2.40 g of CoCO3 and 1.12 g of Fe(c) (a mole ratio corresponding to
the nominal composition of Fe:Co ratio of 1.0:1.0) in the presence of
15 mL acetone. This resulting suspension was continuously stirred
at ambient temperature for 10 min and the prepared solid was aged
for drying at room temperature. The presence of acetone reduced
strong exothermic reaction and prevented the evolved Hy(g) and
COy(g) in the precipitation process and developed the highly
crystalline product. This method is a simple, rapid, cost-effective
and environmental friendly route for synthesis of CogsFegs(Ha-
POy4),-2H,0. The prepared solid was recovered by filtration (suction
pump), washed with acetone, and dried in air.

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) was carried out in a flow of air (100 mLmin~') with
a heating rate of 10 °C min~! over the temperature range from 30 to
800 °C using a TG—DTG—DTA Pyris Diamond Perkin Elmer Instru-
ments. Its final decomposed product seemed to occur at tempera-
tures above 600 °C, so the prepared solid was calcined at 700 °C for
3 h. Differential scanning calorimetry was carried out for a sample
(5—10 mg) in an aluminum crucible, over the temperature range of
303—823 K using differential scanning calorimetry (DSC), Perkin
Elmer Pyris One. The heating rate employed was 10 Kmin~. The
cobalt and iron contents of the prepared solid and its final decom-
posed product were determined by dissolving in 0.0126 M hydro-
chloric acid using atomic absorption spectrophotometry (AAS,
Perkin Elmer, Analyst100). The phosphorus content was determined
by colorimetric analysis of the molybdophosphate complex. The
structure and crystallite size of the synthesized sample and its
decomposed product were studied by X-ray powder diffraction
using an X-ray diffractometer (Phillips PW3040, The Netherlands)
with Cu Ko radiation (A =0.15406 nm). The Scherrer method was
used to evaluate the crystallite size [17]. The photographs of scan-
ning electron microscope (SEM) were obtained by LEO SEM VP1450
after gold coating. The room temperature FTIR spectra were recor-
ded in the range of 4000—370 cm~! with 8 scans on a Perkin—Elmer
Spectrum GX FT-IR/FT-Raman spectrometer with the resolution of
4cm~! using KBr pellets (KBr, spectroscopy grade, Merck). The
magnetic properties of the prepared solid and its decomposed
product were examined at room temperature (20°C) using
a vibrating sample magnetometer (VSM 7403, Lake Shore, USA).

3. Results and discussion
3.1. Chemical analysis

According to chemical analysis data, the P/(Co + Fe)=2.13 and
H,0/P = 1.92 molar ratios in the synthesized phosphate differed very
little from those calculated for binary metal dihydrogenphosphate
with the general formula CoqoFeq2(HoPO4)z-2H,0. Similarly, the P/
(Co + Fe) = 2.01 molar ratio in the decomposed product practically
corresponds to the CoFeP401> stoichiometry, where Co(II) and Fe(II)
stand for divalent cations.

3.2. Thermal analysis

Fig. 1 shows the TG/DTG/DTA curves of Cog sFeg 5(H2P04)2- 2H,0.
The TG trace shows three mass loss stages in the range of
30—600 °C. In the first stage between 45 and 140 °C, the mass loss
of 11.62% corresponds to the elimination of 1.87 mol water (H,0) of
crystallization. The mass losses of 9.15% for the second stage
(140—275 °C) and 5.85% for the third stage (275—600 °C) relate to
the eliminations of 1.47 and 0.54 mol water of the deprotonated
dihydrogenphosphate groups, respectively. Three endothermic
effects in the DTA curve show over the temperature region at 119,
174 and 402 °C, which relate to three peaks in DTG curve at 114, 165,
and 400 °C and closely correspond to the observed mass loss on the
TG trace. Further, a small exothermic effect at 712 °C without
appreciable mass loss is observed in the DTA curve, which can be
ascribed to a transition phase form of CoFeP4013. The thermal
transformation of CogsFegs(H2P04)2-2H,0 involves the dehydra-
tion of the coordination water molecule (2 mol H,0) and an
intramolecular dehydration of the protonated dihydogenphosphate
groups (2 mol H0) as shown in Eqgs. (1) and (3).

Cog.sFeq 5(H2P04)2-2H20 — CogsFeps(H2PO4)2 + ~2H20 (1)
Cop.sFeq 5(H2P04)2 — Cog.5(H2P207)0.5- Feg 5(H2P207)o5 + ~H20 (2)

Coo.5(H2P207)0.5-Feo s(HaP207)0.5 — 1/2CoFeP4012 + ~H,0 (3)

An unstable intermediate compounds, such as acid poly-
phosphate Cog sFeq.5(H2PO4)2 and Cog 5(H2P207)o.5-Feo5(H2P207)0.5
and mixtures of intermediate of both have been registered and
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Fig. 1. TG/DTG/DTA curves of CogsFegs(H2PO4),-2H,0 at the heating rate of
10 °Cmin~" in air atmosphere.
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were similarly observed with the single hydrogen phosphates and
other binary metal dihydrogenphosphates [2—8]. The binary cobalt
iron cyclotetraphosphate, CoFeP401; is found to be the final product
of the thermal decomposition at T> 600 °C. The total mass loss is
26.62% (3.88 mol H,0), which is in agreement with those reported
for other binary dihydrogenphosphate dihydrate in the literature
(1 < mole of water <4) [4,12—16]. The thermal stability, mecha-
nism and phase transition temperature of the studied compound in
this work are significantly different from those from the single
metal compounds (Fe(H,POg4),-2H20 [18] and Co(H,POy4);-2H,0
[19]). The different thermal behaviors were considered to be due to
the different locations of the incorporation of Fe and Co metals in
the skeleton and water constitution, which affect to the strengths of
water molecule bonds in the studied compound.

The DSC curve of CogsFegs5(H2PO4)2-2H20 (Fig. 2) shows four
endothermic peaks at 121,167, 215 and 402 °C (onset peak at 98,162,
204 and 389 °C) which relate to the dehydration reactions for the
first two peaks and the polycondensation reactions for the last two
peaks, respectively. Three endothermic peaks at 121,167 and 402 °C
in the DSC curve are in good agreement with DTG and DTA curves
as shown in Fig. 1. According to DSC experiment, the heat of
dehydration reactions and the polycondensation reactions of this
compound can be estimated and were found to be 154.80, 7.80,
20.98 and 34.04 ] g, respectively.

3.3. X-ray powder diffraction

Fig. 3 shows the XRD patterns of the CogsFeg5(H2P04)2-2H20
sample and its final decomposed product, which are very similar to
those obtained from the single metal compounds of M
(H2PO4)2-2H20 and M3P401; (when M = Co and Fe), respectively.
Compared with the published XRD data of the individual metal
compounds (Co(HPO4),-2H,0 (PDF no 390698), Fe(H,P04),-2H,0
(PDF no 751444), Co,P4012 (PDF no 842208) and Fe,P401, (PDF no
782285)), both studied samples can be assigned to the
CogsFep5(HaPO4)2-2H,0 and CoFeP401, products. According to
hypothesis of isostructural, the systems of binary cobalt iron solid
solutions and individual metal dihydrogenphosphate (or cobalt
iron cyclotetraphosphate) show quite similarity of the XRD peaks
because the electronic charges of cations are equivalent and the
radii of cations are close to each other. Consequently, we can draw
a conclusion that the synthesized CogsFep5(H2P04),-2H20 and its
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Fig. 2. DSC curve of CogsFeqs(H;P04);-2H,0 at the heating rate of 10 °Cmin~' in N,
atmosphere.
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Fig. 3. XRD patterns of CogsFeps(H2PO4)2-2H,0 (a) and its decomposed product
CoFeP401; (b).

final decomposed product are solid solutions and not a mixture of
the individual ones. On the basis of XRD results, all the reflections
can be distinctly indexed as pure monoclinic phases with space
group P2¢/n (Z=2) for Cog s5Feg5(H2P04)2-2H,0 and C2/c (Z = 4) for
CoFeP401. The average crystallite sizes and lattice parameters of
both samples were calculated from the XRD patterns and were
summarized in Table 1. The lattice parameters and crystallite sizes
of CogsFeg5(H2P04)2-2H,0 and CoFeP401, are comparable to those
of the single metal compounds reported in the standard data and
our previous works [18,19]. As can seen from Table 1, the crystallite
sizes for both binary compounds in this work are larger than those
from the single metal compounds in our previous reports [18,19].

3.4. FTIR spectroscopy

The FTIR spectra of CogsFeps(HPO4)-2H,0 and its final
decomposed product CoFeP4013 are shown in Fig. 4. On the basis of
isostructural, the FTIR spectra peaks of the binary metal and single
metal of dihydrogenphosphate (or cyclotetraphosphate) are quite
similar. Consequently, vibrational bands are identified in relation to
the crystal structure in terms of the fundamental vibrating units
namely H,POz and H0 for CogsFeos(H2P04)2-2H,0 and [P4012]*~
ion for CoFeP401,, which are assigned according to the literature
[4,12—16]. The FTIR spectrum of Cog sFeg 5(H2PO4)2-2H,0 (Fig. 4a) is
very similar to those observed by Koleva and Mehandjiev [12] and
Boonchom et al. [18,19] The highest site symmetry of H,POz ion is
Cav, in the crystallographic unit cell (P21/n, Z = 2), but the four H,POz
ions are located on the set of non-equivalent site symmetry of C1. A
pair of H,POg ions is related to each other by a center of symmetry. It
is known that the existence of short OH---O hydrogen bonds in
a variety of strongly hydrogen-bonded solids is manifested by the
appearance of the characteristic ABC structure of the »(OH) vibra-
tional. Usually, the ABC bands are very broad and consist of many
ill-resolved components. The strongest band (A) is located in
the 3100—2700 cm™! region, the B band appears about 2600—
2400 cm ™! and the Cband around 1700—1600 cm ™. The problem of
the origin of the ABC trio is discussed in many studies on acidic salts,
but an explanation of this behavior of strongly hydrogen-bonded
systems is still to be found. One of the most popular interpretations
of the ABC trio suggests a strong Fermi resonance between the »(OH)
stretching fundamentals and the overtones [26(OH) and 2y(OH)] or
combinations involving the 6(OH) and y(OH) vibrations. The IR
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Table 1

Average crystallite sizes and lattice parameters of CogsFegs(H2PO4)2-2H,0 and its decomposed product CoFeP404; calculated from XRD data.

Compound Method alA b/A c/A B/° Average crystallite sizes/nm
Co(HPO4),-2H,0 PDF no 390698 7.27 9.88 5.33 94.86

Ref. [19] 7.21(3) 9.91(1) 5.29(5) 94.88(6) 262
Cog.sFeq5(H2P04),-2H,0 This work 7.29(0) 9.90(0) 5.35(0) 95.10(0) 59+13
Fe(H,P04),-2H,0 PDF no 751444 7.30 9.92 5.34 95.14 -

Ref. [18] 7.25(1) 10.10(0) 5.32(0) 95.71(0) 28+4
Co,yP4012 PDF no 842208 11.8 8.297 9.923 118.72

Ref. [19] 11.83(8) 8.22(6) 9.94(0) 118.51(1) 40+ 10
CoFeP401, This work 11.62(1) 8.30(0) 9.65(2) 119.17(4) 62+15
Fe;P4012 PDF no 782285 11.94 8.37 9.93 118.74 —

Ref. [18] 12.80(0) 8.80(4) 10.56(0) 118.67(4) 29+6

spectrum of CogsFegs(H2P04)2-2H20 in the region of the OH
stretching modes is characterized by the appearance of a complex
broad band between 3600 and 1600 cm~ .. Two bands centered at
3145 and 2431 cm™! in the FTIR spectra are referred to as bands A
and B, respectively. The third component (band C) is observed
around 1744—1640 cm™~ . The intense band at about 1260 cm™! is
due to the in plane P—O—H bending (A,), while the out of plane
bending (A;) vibration is observed at about 815 cm™". A strong band
at about 1141 cm™! is assigned to PO, asymmetric stretching (B),
while the other one at about 1043 cm~! corresponds to PO,
symmetric stretching modes (A1). The FTIR frequency of the P(OH),
asymmetric stretching (B;) shows the strong band at about
945 cm™ L. The weak band at about 906 cm ™! is assigned to P(OH),
symmetric stretching modes (A1). The medium band at about
560 cm™! is corresponding to PO, bending modes (B;). Two strong
bands appeared at about 520 and 470 cm™~! are attributed to PO,
rocking modes as By and A, vibrations, respectively. The bands of
water vibrations are illustrated in Fig. 4a as doublet bands (1640 and
1568 cm™!) contribute both to the band C and to the water bending
band. A weak band occurs in the FTIR spectra at approximately
638 cm™! is assigned to rocking mode involving water librations.
The voy stretching modes of HOH in Cog 5Feg 5(H2PO4)2 - 2H,0 appear
at 3145 cm™~! (»7 or A band) and 3322 cm™~! (v3). The bands associ-
ated with the yoy stretching frequencies in HyPOz ions are observed
at about 2929 and 2431 cm ™.

The FTIR spectrum of CoFeP401; is shown in Fig. 4b, which are
very similar to those obtained from the individual M;P4012 (M = Co
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Fig. 4. FTIR spectra of CogsFeps(HyP04);-2H,0 (a) and its decomposed product
COFEP4O12 (b)

and Fe) [18,19]. The vibrational modes of P,0%5 ion observed in the
frequency range of 370—1400 cm ™" are assigned according to the
literature [20,21]. One of the most noteworthy features of the spectra
is the presence of strong bands in the ranges of 1332—1227,
1150—1100, 1080—959, 780—700 and 600—400 cm L. These bands
can be assigned to v,sOPO~, vsOPO~, v,sPOP, v, POP and metal—O
vibrations, respectively. The observation of a strong »sPOP band is
known to be the most striking feature of cyclotetraphosphate
spectra, along with the presence of the v,;OPO~ band. From X-ray
diffraction data [20,21], it was shown that the crystal structure is
monoclinic (space group C2/c) with a cyclic structure of the
[P4012]*" anion. This has been confirmed by the FTIR measurements.

3.5. Scanning electron microscopy

The SEM micrographs of Cog sFeg 5(H2PO4),- 2H,0 and CoFeP4012
are shown in Fig. 5. The particle shape and size are changed
throughout the whole decomposition product. The SEM micrographs
of CogsFegs(HoPO4)2-2H2,0 and CoFeP4O1; show non-uniform
particles and high agglomerates, which are different from those of
the single metal compounds M(H,P0O4), - 2H,0 and M3P4012 (M = Co
or Fe) [18,19]. Additionally, the particle sizes and surface morphol-
ogies of both compounds in this work are significantly different from
those of these binary compounds (CoqpFe1p(HaPO4)2-2H20 and
CoFeP14012) reported by our previous work [22,23]. The different
morphologies of the single metal compounds (M(H,P04)>-2H,0 and
M,P4012, M = Co or Fe) and these binary compounds indicate the
presence of Co ions in substitution position of Fe ions and the
different conditions of preparation method, respectively.

3.6. VSM magnetometer

Fig. 6 shows the specific magnetization curves of CogsFeq 5(Ha-
PO4)2-2H,0 and CoFeP401, obtained from VSM measurements
measured at 20°C. Both samples demonstrate typical super-
paramagnetic behavior without any hysteresis in the field range of
+10,000 Oe, which is in agreement with the theory of super-
paramagnetic behavior, is often observed at room temperature.
Specific saturated magnetization (M) values of 25.61 and 11.89 emu/
g are observed for the CogsFegs(HoPO4)2-2H20 and CoFeP4O01o,
respectively. The superparamagnetic behaviors of the studied
compounds are different from the ferromagnetic properties of Fe
(H2PO4)2-2H20 and Fe,P401; and the diamagnetic properties of Co
(H2PO4)2-2H;0 and CoyP401;. In addition, it is seen that magnetiza-
tions of the CogsFeg 5(H2P04)2-2H20 and CoFeP401; are lower than
those of Fe(H,PO4),-2H,0 (96.28 emu/g) and Fe;P401; (85.01 emu/
g)[18]. The M of Cog sFeg 5(H2PO4)2 - 2H20 in this work is higher than
that of CoyjpFeq2(HaPO4)2- 2H0 (0.045 emu/g) prepared from other
method and reported by Boonchom et al. [23]. But the Mg of
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Fig. 5. SEM micrographs of CogsFeqs(H2PO4),-2H,0 (a) and its decomposed product
CoFeP4012 (b)

CoFeP401; in this work is smaller than that of the calcined CoyjyFey,
2(HaPO4)2-2H0 (12.502 emu/g) precursor at 700°C and the
obtained CoFeP401; (14.243 emu/g) in our previous study [22,23].
These results confirmed that the differences in magnetic properties
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Fig. 6. The specific magnetizations of Cog sFeqs(H,PO4),-2H,0 (a) and its decomposed
product CoFeP40+; (b) as a function of field, measured at 293 K.

for the synthesized Cog sFeg 5(H2P04),-2H20 and CoFeP4012 depend
on the medium and condition for preparations.

4. Conclusion

CopsFep5(HaP04)2-2H20  was  successfully  synthesized by
a simple solid state method using CoCOs3—Fe—H3PO4 system at
ambient temperature with short time consuming (10 min).
Thermal transformation of CogsFegs(HaPO4),-2H,0 was investi-
gated by TG/DTG/DTA and DSC techniques, which indicate the
dehydration and the deprotonated dihydrogenphosphate reactions
and its final decomposed product is CoFeP401,. The structures,
morphologies and magnetic properties of CogsFeg5(H2PO4),-2H20
and its decomposed product CoFeP401, were investigated. The XRD
patterns and FTIR spectra suggest the formation of pure monoclinic
phases of CogsFegs(H2P04)2-2H,0 and CoFeP401,. Both samples
are superparamagnetic at room temperature, having no hysteresis
loop in the range of —10,000 Oe < H < +10,000 Oe. This work
presents the simple, cost-effective and short time consuming
method for the alternative preparation of CogsFegs5(H2PO4),-2H20
and CoFeP401, compounds, which may be used in many important
applications such as catalytic, superionic conductors, piezo- and
ferroelectrics, magnets, ceramic and electrochemical performance.
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In this paper, we report on the polycrystalline (Pb(;_3x2)Bix)(Zri_3x4Alx)Os (PZO-BAO) ceramics, with
x=0.0-0.3, prepared by conventional solid state reaction. The crystal structure and thermal and dielec-
tric properties of the sintered ceramics were investigated as a function of composition by means of X-ray
diffraction (XRD), differential scanning calorimetry (DSC) and dielectric spectroscopy. The results indi-

cated that the presence of BiAlO3: BAO in the solid solution decreased the structural stability of the
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Ferroelectrics

X-ray diffraction
Dielectric response

overall perovskite phase. Dielectric, thermal and P-E hysteresis results confirmed that no ferroelectric
intermediate phase was seen in the PZO-BAO system. An antiferroelectric phase can be stable in a wide
temperature range, indicating that BAO enhanced antiferroelectric phase stability in perovskite PZ man-
ifests by “square” antiferroelectric behavior. Therefore, the (Pb_sxj)Bix)(Zri_3x4Alx)O0s solid solution
offers a material system for high-energy-storage capacitors and electromechanical transducers.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Pure and compositionally modified lead zirconate (PbZrOs; PZO)
ceramics are important materials used in energy storage applica-
tions for DC fields, due its antiferroelectric (AFE) nature. PZO has
an orthorhombic structure, with the lattice parameters, a=5.884 A,
b=11.768 A and c=8.22 A [1]. The phase transition sequence has
been found to follow the progressive heating of PZO orthorhombic
AFE to rhombohedral ferroelectric (FE) (228 <T<230°C) to para-
electric (PE) cubic at T, =230°C. The FE phase of between 228 and
230°C is sometimes called the FE intermediate phase. The AFE-FE
phase transition could occur spontaneously, due to several fac-
tors, for example, a change in stress configuration promoted by
external mechanical driving fields, an increase in the amplitude of
the applied AC electric field, hydrostatic pressure and/or temper-
ature variations [2,3]. For electric field induced AFE to FE phases,
transformation requires a very strong electric field in the AFE PZO,
otherwise dielectric breakdown occurs instead. Therefore, most
AFE ceramics are modified chemically by adding metal oxide at
the A- and B-sites of the perovskite structure. The FE intermedi-
ate phase can be induced by adding Ba%*, Sr2*, and La3* at the

* Corresponding author at: Department 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).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.10.206

Pb2*-site [2,4-7]. Moreover, our recent research found that the FE
intermediate phase also can be induced by adding, for example,
hybrid-doped Ni2*/Nb>*, ZnZ*/Nb5*, Co%*/Nb>* and Mg2*/W6* at
the Zr#*-site [8-14].

BiMO3; M=Fe3*, Mn3* and Nd3* has received a lot of attention
recently as a multiferroic, and investigation of the solid solu-
tions, BiMO3;-PbTiO3, has shown that they improve ferroelectric
properties of PbTiO3, reduce the amount of lead, and find new mor-
photropic phase boundary piezoelectrics [15-18]. However, very
little has been known so far about experimental BiMO3 with non-
magnetic ions (M=Al, Sc, Ga, and In). Furthermore, due to the
relatively small size of Bi3*, Bi(M)O3 is not stable in perovskite
form, and can be only synthesized under high pressure [19]. The
smaller tolerance factor of Bi(M)Os, and easily polarized Bi3* ion,
can enhance the transition temperature further, and with larger
piezoelectric effect when solid solution with PbTiO3 [15]. Crystal-
lized BiAlOs3 is a noncentrosymmetric structure and isotypic with
the well-known multiferroic, BiFeOs. Theoretical studies by Baet-
tig et al. [20], on a unique ferroelectric phase bismuth aluminate
(BiAlO3; BAO), predicted that BAO could be a promising novel
candidate ferroelectric material, with a high curie temperature of
~530°C.In 2005, Belik et al. [21] synthesized the compound of BAO
by using a high-pressure, high-temperature technique at 6 GPa and
1000-1200°C. BAO has rhombohedral (R3¢) symmetry with lat-
tice parameters given as a=b=5.37546(5)A and c=13.3933(1)A.
Unfortunately, pure stable perovskite BAO ceramics have never
been synthesized using a conventional sintering process, due to
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the small value of t and electronegativity difference between A-
and B-site cations. Zuo et al. [22] investigated the phase transitional
behavior and various electrical properties of (1 —x)K;,Na;;,NbOs3;
KNN-xBAO ceramics. The results indicate that the addition of BAO
significantly influences the sintering, microstructure, phase transi-
tion and electrical properties of KNN ceramics. The identification
of phase transitional behavior confirms the formation of a MPB
between orthorhombic and tetragonal ferroelectric phases in the
composition range of 0.005 < x <0.01. Ranjan et al. [23] studied the
crystal structure and solid solubility in the PbTiO3-BiAlO3 system.
Their study suggested that decrease in stability of the ferroelectric
state, due to dilution of the Ti-sublattice by smaller sized AI3* ions,
was compensated for by the increase in ferroelectric stability by
Bi3* ions. Although the compositions of Bi(M)03-PbTiO3 have been
investigated widely, few reports on Bi(M)O3; with other lead per-
ovskite end members are available. To the authors’ knowledge, the
literature has not reported BAO as incorporated into PZO for solid
solutions. Moreover, the effects of substitution in both A- and B-
sites on the antiferroelectric phase stability of PZO are still unclear.
The Bi3* ion and AI3* ion are both smaller than the Pb2* and Zr#* ion,
respectively. Therefore, in this paper, we report on the how antifer-
roelectric phase stability is changed by A- and B-site substitution
and determine the solubility limit of BAO in PZO.

2. Experimental procedures
2.1. Synthesis

Ceramics of (Pbj_3x2)Bix)(Zr1_3y4Alx)03, with x=0.0-0.3, were synthesized
using the conventional ceramic processing procedures [24]. Reagent grade oxide
powders of Bi, 03 (>99.9% purity, Cerac), PbO (>99% purity, Kento), ZrO, (>99.9%
purity, Advance Material) and Al,03; (>99.5% purity, Fluka) were weighed accord-
ing to stoichiometric formula, and ball-milled with ethanol and yttrium-stabilized
zirconia media for 18 h. The dried powders were calcined in crucibles at 700-900 °C
for 4 h, then ball-milled again for 6 h. The dried calcined powders were mixed with
5 wt% polyvinyl alcohol (PVA) and then pressed into pellets of 15 mm diameter and
~2 mm thickness. After burning out PVA binder at 550 °C, the pellets covered with
extra powders were sintered in sealed crucibles at between 1100 °C and 1250°C for
4h.

2.2. Characterizations

The densities of ceramics were obtained using the Archimedes method. The
density of the sintered PZO-BAO pellets was measured by the Archimedes water
immersion method. The relative density of all the sintered pellets was approxi-
mately 97-98% of the theoretical density. X-ray diffraction (XRD; Bruker-AXS D8)
using CuK, radiation was utilized to determine the phases formed and optimum
firing temperatures for formation of the desired phase for 0.02 <x <0.3 composi-
tions. For measuring the dielectric and ferroelectric characteristics, the specimens
were polished to 1 mm thickness using sand paper after ultrasonic cleaning in an
ethanol bath. Silver-paste (Heraeus C1000) was coated on both sides of the sin-
tered samples by the screen printing method, and then subsequently fired at 650°C
for 30 min. For investigating the dielectric properties, capacitance was measured at
1kHz using an automated measurement system. This system consisted of an LCR
meter (HP-4284, Hewlett-Packard Inc.). The dielectric constant was then calculated
from &, = Cd/e,A, where C was the capacitance of the sample; d and A were the thick-
ness and area of the electrode, respectively; and &, was the dielectric permittivity of
vacuum (8.854 x 10~'2 F/m). Polarizations, as a function of electric field (P-E loop) at
4 Hz of the samples, were observed using a ferroelectrics test system (RT66B; Radiant
Technologies, Inc.). The peak field was maintained at 40 kV/cm during measurement.

3. Results and discussion

3.1. Crystal structure and physical properties of PZO-BAO solid
solutions

The X-ray diffraction patterns of the sintered ceramics,
(Pb(1_3x/2)Bix)(Zr1_354Alx)03; x=0.02-0.3, at room temperature
are shown in Fig. 1. The presence of diffraction peaks can be used
to evaluate the structural order at long range or periodicity of
the material [25]. The patterns indicate that the ceramics possess
a phase of perovskite structure, and the crystalline symmetry is
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Fig. 1. XRD diffraction patterns of sintered (Pb(;_sx)Bix)(Zr1_3x4Alx)03;
x=0.02-0.30 ceramics.

orthorhombic. Phase-pure perovskite structures, with orthorhom-
bic symmetry, were obtained for x <0.1; however x> 0.1, A cubic
pyrochlore phase Pbg 33Bigg701.33 (Powder diffraction Files no. 85-
0448), identified by “0”, began to develop at x> 0.1, and increased
in intensity with increasing BAO concentration. These results indi-
cated that the presence of BAO in the solid solution decreases the
structural stability of PZO perovskite phase, due to the instabil-
ity of BAO perovskite under normal conditions and the tolerance
factor. The solubility limit of (Pbj_3y/2)Bix)(Zr1_3x4Alx)03 ceram-
ics is the composition, x=0.1. The peak positions shifted to higher
angles, indicating a slight decrease in the lattice parameter. This
phenomenon can be explained qualitatively with respect to the
unit cell volume caused by the Bi3* and AI3* incorporation. The ionic
radii of Bi*> (Shannon radius=1.17 A for CN=8) and AI*3 (Shannon
radius=0.535A for CN=6) are less than those of Pb*2 (Shannon
radius=1.29A for CN=8) and Zr*4 (Shannon radius=0.72A for
CN=6), respectively [26]. Therefore, Bi3* can enter the eight-fold
coordinated A-site of the perovskite structure to substitute Pb2*,
and AI3* can enter the six-fold coordinated B-site of the perovskite
structure to substitute Zr**, due to radius matching. The lattice
parameters were calculated using the least square refinement from
the UNITCELL-97 program [27]. Table 1 shows the lattice parame-
ter and cell volume of (Pb;_3x/2)Bix)(Zr1_3x4Alx)O3 ceramics. The
substitution of the relatively smaller Bi3* and AI3* for the compara-
tively larger Pb2* and Zr** led to a decrease in the unit cell volume.
This seems to be the case for x <0.01 only, as composition, x > 0.01,
is close to the solubility limit, but this argument does not apply due
to the inhomogeneous distribution factor.

Fig. 2 shows enlarged profiles of the 1/4 (hkl) superlattice
reflection (*) and (240)/(004) for determining the crystal struc-
ture of as-sintered ceramics. By increasing BAO concentration, the
remaining 1/4 (hkl) superlattice reflection peaks indicated the
remainder of antiparallel displacements of A-site ions in the per-
ovskite structure. It is interesting to note that the substitution of
BAO does not change the crystalline structure of PZO ceramics
within the studied doping level. The influence of BAO addition
on the phase structure of the PZO-BAO system is similar to that
of the PT-BAO system [23,28]. The tolerance factor (t) for per-
ovskite structure can be described by the general formula for ABOs3;
t=(Ra +Ro)/(,/2)(Rp + Rp), where R4 is the radius of A(CN = 8), Rg the
radius of B(CN=6) and Rg the radius of oxygen(CN=28). When t is
>1, the FE phase is stabilized, and when t is <1, the AFE phase is sta-
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Table 1

Summary of the lattice parameters of (Pb(; _3y2)Bix)(Zr1_3x4Alx)03; x=0.02-0.1 ceramics.

Composition (x) Lattice parameters

Volume of unit cell (A3)

a b c
0.00 5.8835 + 0.0003 11.7672 + 0.0008 8.2177 + 0.0007 568.93
0.02 5.8629 + 0.0207 11.7258 + 0.0414 8.2171 + 0.0273 564.89
0.04 5.8609 + 0.0225 11.7221 + 0.0453 8.2116 + 0.0253 564.15
0.06 5.8584 + 0.0237 11.7167 + 0.0473 8.2023 + 0.0195 563.01
0.08 5.8545 + 0.0258 11.7113 4+ 0.0494 8.2022 + 0.0159 562.37
0.10 5.8522 + 0.0275 11.7106 + 0.0527 8.2007 + 0.0124 562.01
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Fig. 2. X-ray diffraction profiles for the 1/4 (hkl) superlattice reflection (*),
pyrochlore phase (O) and (240)/(004) peaks of (Pb(;_sx2)Bix)(Zr1_3y4Alx)O3;
x=0.02-0.30 ceramics.

bilized [29]. The average ionic radius of the A- and B-site ions in the
(Pb(1_3x/2)Bix)(Zr1_354Alx )O3 can be calculated from the following
equation:

3x
TA-site = (1 - 7) Top2+ + XT3+ (M

3x
TBosite = (1 - Z) Tzdt + XT3+ (2)

where the ionic radii of PbZ*, Bi3*, Zr** and AI3* are 1.29A,
1.17A, 0.72A and 0.535A, respectively [26]. The average ionic
radius of the A- and B-site ions and tolerance factor in the
(Pb(1_3x/2)Bix)(Zr1_3x4Alx)O3 ceramics are shown in Table 2. The
calculated tolerance factor of the (Pb(j_3x2)Bix)(Zr1_3x4Alx)O3;
x=0.02-0.3 is between 0.8904 and 0.8202, indicating that AFE
behavior is expected to be seen at room temperature. Dielectric
and ferroelectric properties; later explained, support this assump-
tion. Furthermore, as expected, the stability of perovskite structure
decreases with increasing BAO concentration, due to the small tol-
erance factor value.

3.2. Dielectric properties

Temperature dependence of relative permittivity (&) and
dielectric loss (tan o) for (Pbyq_3x/2)Bix)(Zr1_35/4Alx)03; x=0.02-0.3

Table 2
Average ionic radius of A-site, B-site ions and tolerance factor in the
(Pb(1-3x/2)Bix )(Zr1_3x4Alx )O3 ceramics.

Compositions (x) Rasite Rg_site Tolerance factor (t)
0.02 1.2747 0.7199 0.8904
0.04 1.2594 0.7198 0.8854
0.06 1.2441 0.7197 0.8804
0.08 1.2288 0.7196 0.8754
0.10 1.2135 0.7195 0.8704
0.20 1.1370 0.7190 0.8453
0.30 1.0605 0.7185 0.8202

ceramics were measured at 1, 10 and 100 kHz, as shown in Fig. 3.
It is well known that pure PZO has two dielectric anomaly peaks
reported at 228 and 230°C, which corresponds to the phase
transitions of orthorhombic antiferroelectric (AFE) phase to rhom-
bohedral FE intermediate phase and rhombohedral FE intermediate
phase to cubic paraelectric phase, respectively. Furthermore, the FE
intermediate phase can be induced easily by adding Ba2*, Sr?*, and
Ca?* at the Pb2*-site [2,4-7] or Ni2*/Nb>*, Zn%*/Nb>*, Co2*/Nb>* and
Mg2*/W6* at the Zr**-site [8-14]. As shown in Fig. 3, a single sharp
dielectric permittivity peak arises in all ceramic samples. Inter-
estingly, the dielectric results showed one sharp dielectric peak
anomaly, indicating that the FE intermediate phase did not exist in
(Pb(1_3x/2)Bix)(Zr1_3x4Alx)03; x=0.02-0.3 samples. Increasing BAO
concentration resulted in a very small decrease in transition tem-
perature. No frequency dependence of dielectric response or shift
in transition temperature with frequency was observed under tran-
sition temperature, which indicated no evidence of relaxor-like
Pb(Zr,Ni,Nb)O3 [8,10] or (Pb,Ba)ZrOs3 [5,7]. Nevertheless, at high
temperature, the dielectric data revealed an enhanced dielectric
loss with increasing BAO concentration. At 1kHz measurement,
frequent higher losses were found to persist to a significantly
lower temperature. These results demonstrated that the enhanced
dielectric losses at higher temperatures are due to a space charge
mechanism [30]. For the composition, x > 0.2, the maximum rel-
ative permittivity decreases steadily with increasing BAO content
(&r decreases from ~3700 in composition x=0.1-700 in composi-
tion x=0.3), and the lower value is attributed to the detrimental
effect of the secondary pyrochlore phase.

3.3. Thermal properties

The DSC technique was used as the second tool to confirm the
phase transition of PZO-BAO ceramics. Fig. 4 shows the temper-
ature dependences of the heat flow (DSC curves) obtained when
heating the (Pb(q_3y/2)Bix)(Zr_354Alx)03; x=0.02-0.3 samples at
the rate of 10 K/min~!. A single endothermic peak was observed for
all compositions. The peaks shifted slightly to lower temperatures
with increasing BAO concentrations. This transition temperature
corresponds to the Curie temperature of the AFE to PE transforma-
tion. However, there is no significant difference in the temperature
of AFE to PE phase transition in the composition, x > 0.08. This could
be related to appearance of the pyrochlore phase. The DSC results
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Fig. 3. Relative permittivity (¢;) and dielectric loss (tan §) as a temperature function of (Pb(;_3x/2)Bix)(Zr1_3x/4Alx)03; x=0.02-0.3 ceramics.

observed are consistent with dielectric measurement results. It
should be pointed out that the difference in AFE-PE transition tem-
perature values in dielectric, ferroelectric and DSC measurement
techniques is due to the difference in heating rate and well time of
the measurement.

Thermodynamic parameter, enthalpy (AH*/Jg~1), heat capac-
ity (Cp/J g~ 1 K1), entropy change (AS*/] g1 K1), and Gibbs energy
change (AG*/Jg~1), were calculated from the DSC results. The
enthalpy change was calculated directly from the amount of heat
change involved in each step per unit mass of the sample. AH*,
thus determined, was implemented to calculate the specific heat
capacity (Cp) using the following equation [31,32]

AH

%=3ar

where AT=T, —Ty; T; is the temperature at which the DSC peak
begins to depart from the baseline; and T, is the temperature at
which the peak lands. Consequently, the changes of entropy (AS*)
and Gibbs energy (AG*) were calculated using the following equa-
tions [31,32]

AS* = 2.303, log (%) (4)

AH* = AG* — T)AS* (5)

On the basis of the DSC data, the value of AH*, AS*, (, and
AG* for the phase transition can be calculated according to Egs.
(3)-(5), and is presented in Table 3. The peak value of heat
capacity became weaker, and anomaly of heat capacity gradually
broader, with increasing BAO concentration. These results indi-
cated that the phase transition deviates gradually from the first
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Fig. 4. Typical DSC curves for (Pb(;_3xj2)Bix)(Zr1_3x4Alx)03; x=0.02-0.3 ceramics.

order type. Furthermore, the enthalpy (AH*) continues to decrease
with increasing BAO content, indicating that BAO decreases the
energy requirement for transition from AFE to FE. Stenger and
Burggraaf[33] observed that the change in entropy (AS*) correlates
with the fluctuation probability in conjunction with a small spon-
taneous lattice deformation and polarization. With increasing BAO
content, there is no significant change in AS*, indicating the stabil-
ity of energy required to reorient the antiferroelectric sublattices in
the PZO-BAO system [33]. On the other hand, the thermodynamic
parameter, AH* and AG*, calculated according to Egs. (3)-(5), gives
the positive values, indicating that the AFE to PE phase transitions
are connected to the introduction of heat, and phase transitions are
non-spontaneous processes.

3.4. Ferroelectric properties

In order to examine how the phase transition occurs with
temperature, electrical polarization hysteresis loop measurements
were performed under a peak field of 40kV/cm at a series of
temperatures for (Pb(j_sx2)Bix)(Zri_3x4Alx)O3 ceramics. A disk
specimen, with a diameter of about 10 mm and thickness around
600 wm was used. The loop was recorded after the temperature was
stabilized for at least 5 min. At 30 °C, no ferroelectric hysteresis loop
was observed for any compositions (0.0 <x < 0.3). The linear polar-
ization was observed, due perhaps to the extremely high coercive
field, indicating that the composition, x < 0.3, belongs to the AFE
phase at room temperature. The Pbg g4Big 04Zrg.97Alp.0403 ceramic
was selected for further investigation of the polarization behav-
ior sequence during heating to 220°C. The polarization behavior
of Pbg 94Big.04Zr0.97Alg.0403 ceramic as a function of temperature is

shown in Fig. 5. For the Pbg g4Big 04Z1¢.97Alp,0403 composition, such
linear behavior with minimum polarization remains at tempera-
tures of up to 195 °C. When the temperature was raised to 200 °C, a
double hysteresis loops started to develop, indicating the occur-
rence of electric field-induced antiferroelectric-to-ferroelectric
phase transition. The transition from a minor loop at low field to
a saturated double-shaped hysteresis loop at high field occurs at
205°C by increasing the electric fields. This is expected because
an antiferroelectric crystal generally has a zero net switchable
dipole moment, due to the antiparallel alignment of elementary
dipoles in its unit cell. When the external electric field is weak,
the induced polarization is proportional to the electric field and
demonstrates no macroscopic polarization hysteresis [34]. While
the electric field exceeds a threshold value, called the critical field,
the crystal becomes ferroelectric and the polarization displays hys-
teresis with respect to the field. A hysteresis loop also forms in the
negative field, with the two loops being associated with antipar-
allel dipoles in adjacent unit-cell sublattices. As the temperature
increases to 215 °C, the critical field is slowly reduced. This is caused
by a higher temperature that provides higher thermal fluctuation to
the polarization order parameter, which reduces the ferroelectric
interaction among the dipoles.

In addition, when the temperature was increased to above
225°C, a linear curve also was seen as an indication of the cubic
paraelectric (PE) phase. Fig. 6 shows the polarization versus electric
field hysteresis loops at 205 °C for the (Pb; _3x/2)Bix )(Z11_3x/4Alx)03;
x=0.02-0.08 ceramics. The double hysteresis behavior in polariza-
tion, with an applied electric field, clearly demonstrates the anti-
ferroelectric nature of (Pb(q_3x/2)Bix)(Zrq_3x4Alx)03; x=0.02-0.08
ceramics. Theremanent polarization, Py, slightly decreases between
x=0.02 and 0.08, from 23.26 u.C/cm? to 19.4 wC/cm?. The AFE-FE
switching field decreases for x=0.02 and 0.08 from 29.23 kV/cm
t013.81 kV/cm. In Berlincourt’s [35] study of doped Pb(Zr,Sn,Ti)0O3
ceramics, two different types of AFE to FE transitions based on
the character of the P-E hysteresis loop were described; the two
types of double hysteresis loops have been termed “square” and
“slanted”. The “slanted” double hysteresis loop ceramics have
far less hysteresis, small volume difference between AFE and FE
phases, lower transition fields and a wider temperature range,
over which the transition can be induced by electric fields. The
“slanted” double hysteresis loop ceramics exhibit a small rema-
nent polarization at zero fields, while the “square” loop ceramics do
not. The P-E hysteresis loop measurements demonstrate that the
ferroelectric properties of ceramics in the PZO-BAO system shift
gradually from “square” to “slanted” antiferroelectric behavior,
with increasing BAO concentrations. Interestingly, with increasing
temperatures from room temperature to 250°C, antiferroelectric
to ferroelectric intermediate phase transition was not observed in
any compositions, which indicated no ferroelectric intermediate
phase in the PZO-BAO ceramics. Chu et al. [36] pointed out that
the area enclosed by the decreasing field part of the polarization-
electric field trace represented a stored electrical energy density.
The ferroelectric results show that the PZO-BAO ceramics have
large polarization at a high electric field and a large area between
the polarization axis and curve. There are indications that this

Table 3

Values of thermodynamic parameters for phase transition of the (Pb(;_3x/2)Bix)(Zr;_3x4Alx)O3 ceramics calculated from DSC data.
Compositions (x) Tp/K AH*[Jg! Collg ' K ! AS*Jg ' K1 AG*]g !
0.02 499 3.825 7.665 x 103 6.145 x 105 3.856
0.04 497 3.749 7.543 x 1073 6.163 x 107> 3.795
0.06 491 3.348 6.819x 1073 6.438 x 10> 3.382
0.08 490 2.815 5.745x 1073 6.336 x 10> 2.849
0.10 489 2.676 5.461 x 1073 6.193 x 107> 2.901
0.20 490 2.360 4.816x 1073 6.851 x 10> 2.408
0.30 489 1.429 2.922 x 1073 5.985 x 10> 1.455
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Fig. 5. Polarization hysteresis loops recorded from Pbgg4Big04Z10.97Alp.0403 ceramic at 4 Hz during heating.

material can therefore store much more energy than either the
ferroelectric or linear dielectric materials.

There is good agreement between results of the three different

investigation techniques. The results indicated that BAO modifica-
tion can stabilize an antiferroelectric state in perovskite PZO. It is
well known that the ionic size and distribution of substituent on
the A- and B-site have been shown to affect antiferroelectric phase
stability. If A-site ions are replaced by larger ones or a B-site ion by
a smaller one, ferroelectric phase stability is enhanced. However, if
A-site ions are replaced by smaller ones, or a B-site ion by a larger
one, then antiferroelectric phase stability is enhanced [37]. How-
ever, in the PZO-BAO system, the ionic radius of Bi3* (1.17A) and
AI3* (0.535A) are both smaller than Pb2* (1.29 A) and Zr#* (0.72 A),
respectively. These results clearly demonstrate that the stability in
antiferroelectric phase PZO, by substituting Pb2* (1.29 A) with Bi3*
(1.17A) in the A-site of the ABO3 perovskite structure, are much
more pronounced than substitution of Zr** by AI3* in the B-site
of the perovskite structure. This is because the decreasing average
rate of radii in the A-site (0.765 A/mol) is much higher than that in
the B-site radii (0.005 A/mol) as shown in Table 1. The decreasing
average of radii in the A-site causes decreasing space in which the
B-site cation is allowed to “rattle”. This in turn decreases the polar-
izability, which facilitates a decrease in the Curie point. The results
clearly demonstrated that the ionic radii of the substituent are an
important factor in controlling the structure-property relations by
compositional design.
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Fig.6. Electric hysteresisloops of (Pb(;_3x2)Bix)(Zr1_3x4Alx)03; x=0.02-0.08 ceram-
ics at 205°C.

4. Conclusions

The investigation of (Pby;_3y/2)Bix)(Zri_354Alx)03; x=0.02-0.3
using X-ray diffraction, dielectric behavior, thermal properties
and ferroelectric measurements have shown clearly that phase
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pure perovskite ceramics in the (Pb(;_3y)Bix)(Zr1_3x/4Alx)03 sys-
tem can be prepared by the solid-state reaction method with
up to 10 mol% of BiAlOs3. Phase-pure perovskite structures with
orthorhombic symmetry were obtained forx < 0.1; howeverx > 0.1,
A cubic pyrochlore phase Pbg33Bigg70133 began to develop at
x> 0.1 and increased in intensity with increasing BAO concentra-
tion. The substitution of the relatively smaller Bi3* and AI3* for the
comparatively larger Pb2* and Zr** led to a decrease in the unit cell
volume. Dielectric, thermal and P-E hysteresis results confirmed
that there was no ferroelectric intermediate phase in the PZO-BAO
system, and only antiferroelectric to paraelectric phase transition
was obtained for a wide temperature range. The results confirmed
that BAO is shown to be a stable antiferroelectric state in PZO in
a wide temperature range. The stability in antiferroelectric phase
PZO by substituting Pb2* (1.29 A) with Bi3* (1.17 A) in the A-site of
the ABO3 perovskite structure is much more pronounced than sub-
stitution of Zr** by AI3* in the B-site of the perovskite structure.
The (Pb(1_3x/2)Bix)(Zri_3x4Alx)O3 solid solution offers a material
system for possible applications in high-energy-storage capacitors
and electromechanical transducers.
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Nano-crystalline sodium niobate (NaNbO3) powder was synthesized by the solution combustion syn-
thesis of sodium nitrate (NaNO3) and Nb,Os 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 characterized, using thermo gravimetric analysis (TGA), differential thermal
analysis (DTA), the X-ray diffraction technique (XRD), scanning electron microscope (SEM) and Fourier
transform infrared (FTIR) spectroscopy. As-prepared powder possesses an orthorhombic crystal struc-
ture with an X-ray diffraction pattern that could be matched with the perovskite, NaNbO3; JCPDS no.
82-0606. Perovskite NaNbO3 phase, with a mean crystalline size (calculated by X-ray line broadening)
ranging from 44.51 £11.99 nm (ratio of 0.7) to 26.11413.69 nm (ratio of 2.0) was obtained. The SEM
image shows polyhedral-shaped powder with a mean particle size of 137+ 52 nm and 226 + 46 nm for

Keywords:
Sodium niobate
Modified solid state reaction

as-prepared and calcined powder, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Sodium niobate (NaNbO3) is a perovskite with an inorganic
complex oxide and the empirical formula, ABOs. It is among the
candidates for lead-free substances that avoid toxicity of lead-
based piezoelectric materials (e.g. PZT [1,2]), and is concerned
about the environment. NaNbO3 has been studied widely for its
unusual structural transition series [3-7]. It has a ferroelectric
rhombohedral phase below —100°C, and is antiferroelectric with
orthorhombic symmetry between —100°C and 640 °C [4]. Finally,
it possesses cubic paraelectric above 640°C [5], and in addition,
its antiferroelectric, perovskite-type nature can transform into a
ferroelectric one by chemical doping, i.e. K* [6,7] and Li* [8].

Generally, alkali niobate powders are synthesized by conven-
tional solid state reaction, where alkali metal carbonate or oxide
compound of starting materials are heated at high temperature
(800°C or above) for a long duration [8,9]. High calcination tem-
perature can cause volatilization of alkali metal, thus causing this

* Corresponding author at: Department 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).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.11.043

classical method difficulty in achieving a homogeneous mixture
of the component [8-10]. Powder agglomeration can occur dur-
ing heating, which could affect properties such as low surface area
and low sinterability [ 10]. Thus, this method does not always allow
for the production of dense, homogeneous single phase ceramics.
Therefore, development of alternative methods that can produce
powder with high sinterability and controlled stoichiometric com-
position is necessary. In recent years, ultra fine ceramic powder,
which is synthesized using mechanochemical synthesis [11], poly-
meric precursors [12],and hydrothermal and polymerized complex
methods [13], has been described in the literature to enable produc-
tion of desired compositions. While synthesizing powder rapidly,
with the desired composition, high porosity and high sinterability
remains a challenge, combustion synthesis (CS) has been found as
a potential solution for this problem.

Combustion synthesis (CS) or self-propagating high tempera-
ture synthesis (SHS) is an effective, low-cost method for producing
various industrially useful materials. It has been introduced as a
quick, straightforward preparation process for producing homoge-
neous, very fine, crystalline and unagglomerated multicomponent
oxide ceramic powders, without intermediate decomposition
and/or calcination steps [14,15]. The combustion synthesis tech-
nique begins with a mixture of easily oxidized reactants (such as
nitrates) and a suitable organic fuel (such as urea [16], tartalic acid
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[17], alanine [18], glycine [19], etc.), which acts as a reducing agent.
The mixture is then heated until it ignites, which is when the tem-
perature of rapid exothermal chemical reaction commences, and a
self-sustaining combustion reaction starts. This highly exothermic
reaction produces a high temperature and duration long enough
for the synthesis to occur, even in the absence of an external heat-
ing source [20]. Ultrafine nano-sized powder also can be prepared
by releasing a large amount of gas from the system. This process
results in a dry, fluffy, crystalline, unagglomerated and fine oxide
powder. 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 [16].

However, it was reported that an exothermic redox reaction
(oxidation and reduction reaction taking place simultaneously)
could be initiated only when the oxidizer and fuel are mixed inti-
mately in a fixed proportion. The basis of the combustion synthesis
process derives from the thermochemical concepts used in pro-
pellant chemistry [21,22]. The method consists of establishing a
simple valency balance, irrespective of whether the elements are
present in the oxidizer or fuel components of the mixture, and
then calculating the stoichiometric composition of the starting mix-
ture, which is equivalent to the release of maximum energy. The
assumed valencies, which are presented as usual products of the
combustion reaction, consist of CO,, H,0 and N». Therefore, carbon
and hydrogen are considered as reducing elements with the corre-
sponding valencies of +4 and +1, whereas oxygen is thought to be an
oxidizing agent with a valency of —2, and nitrogen a valency of 0. To
extrapolate the concept of combustion synthesis of ceramic oxide
means considering metals as reducing agents with their valencies in
the corresponding oxide or nitrate, i.e. +2 for magnesium (oxide),
+3 for cerium (nitrate) and +4 for cerium (oxide). In the case of
multiple valence elements, the final product is used for calculation.

The elemental stoichiometric coefficient, ¢, which is the ratio
between the total valencies of fuel (glycine; NH,CH,COOH) and
that of the oxidizer (sodium nitrate), can be calculated following
the method proposed by Jain et al. [21]:

0= n(O(N) +2x 1(].[) +4(c) +2 x 1(H) + 4(C) e 2(0) — 2(0) + ](H))
I(Na) + On) + 3 x =2(0)

(1)

where n is the mole of glycine. According to the propellant
chemistry for stoichiometric redox reaction between fuel and an
oxidizer, the ¢ ratio should be united (stoichiometric). A <1
means oxidant-rich condition and ¢ > 1 means fuel-rich condition.
To satisfy the principle in the present system, the sodium nitrate
(oxidizing valency =5-) to glycine (reducing valency =9+) molar
ratio was found to be 1:0.56. The comprehensive reaction that
formed NaNbOj3 can be written as:

36NaNO3 + 18Nb,05 + 20NH,CH,COOH — 36NaNbO3 + 50H,0
+ 28N, + 40C0, (2)

It should be noted that various fuel-to-oxidizer ratios should be
carried out for investigating and comparing the effect of fuel-
rich/fuel-lean mixtures on the synthesis of sodium niobate powder.
In this study, sodium niobate powder was synthesized via the com-
bustion synthesis technique for the first time. This process used
sodium nitrate and niobium pentoxide as starting materials, and
glycine was used as fuel. The different fuel-to-oxidizer molar ratios
such as fuel-deficient (<0.56), equivalent stoichiometric (0.56) and
fuel-rich (>0.56) condition were applied.

2. Experimental procedure
For the combustion synthesis of perovskite sodium niobate powder, AR grade

sodium nitrate (NaNO3; 99.5%) and niobium pentoxide (Nb,Os 99.95%) were used
as the oxidizer, and glycine (NH,CH,COOH 99.7%) as fuel. The appropriate amount
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Fig. 1. TG-DTA curves of the precursor mixed in the stoichiometric proportion of
NaNbO;.

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
stirred for 30 min. After that, the solution precursor was boiled on a hotplate and
then evaporated. Once the solution had thickened and begun to dry, the ignition took
place when the temperature rapidly increased, which resulted in self-sustaining
combustion with rapid evolution of a large volume of gas products, and formation
of voluminous powder. For investigating thermal behavior of the precursor, the mix-
ture of starting material was determined using thermo gravimetric analysis (TGA)
and differential thermal analysis (DTA). The X-ray diffraction (XRD, Advance D8)
technique was carried out on the combustion synthesized powder, using Ni-filtered
CuK, radiation for phase identification and mean crystalline size estimation. The
final powder product was characterized by using the Fourier transform infrared
(FTIR) technique and scanning electron microscope (SEM, Hitachi S4700).

3. Results and discussion

Fig. 1 shows the TG/DTA plots of the stoichiometric precur-
sor for NaNbO3; powder synthesis. From observations of the TGA
curve, there appeared to be three-stages of weight loss from room
temperature to 800 °C. The definition of initial temperature (Tj,) is
when the sample weight starts changing rapidly during the chemi-
cal reaction [23]. As the precursor was heated, a significant weight
loss was observed as the temperature reached 170°C, indicating
that the T;, was around this heat. The weight loss did not stop until
the temperature reached 480 °C. It was indicated clearly that this
reaction belongs to a multi-stage reaction. The overall weight loss
was found to be about 40%, which is close to the theoretical value
of 36.87% that corresponds to the release of 50 mol H,0, 28 mol N,
and 40 mol CO, related to Eq. (2). This outcome supported our con-
ception that a hotplate can be used as a heating source because it
is capable of initiating the combustion reaction at a temperature as
low as that of the Tjj,.

The evolution XRD pattern of the combustion synthesized
ceramic powder, with the fuel-to-oxidizer molar ratio, is illustrated
in Fig. 2. The fuel-deficient (0.5) and equivalent stoichiometric ratio
(0.56), were found (according to experimental observation) to have
no ignition and combustion reaction in those compositions. Their
XRD patterns correlated to detection results of the diffraction peaks
of Nb,Os5 (@) (JCPDS file no. 30-0873) and NaNO5 (M) (JCPDS file
no. 85-0859) starting materials, with no evidence of perovskite
NaNbO3 phase found. Although the equivalent stoichiometric ratio
(0.56) was calculated for maximum energy release, auto-ignition
did not occur in this study. This could indicate that oxygen defi-
ciency in the system and its environment might lead to combustion
reaction and fail to follow the theory. The fuel-to-oxidizer molar
ratio was increased by using the fuel-rich condition (>0.56), which
was found to produce the perovskite NaNbO3 ceramic powder, due
to its diffraction peaks being detected for all different fuel contents
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Fig. 2. X-ray diffraction patterns of NaNbOs; powder obtained from various fuel-to-
oxidant molar ratios.

(fuel-to-oxidizer molar ratio ranging from 0.7 to 2.0). This NaNbO3
phase (v) was consistent with JCPDS file no. 82-0606, which corre-
sponded to an orthorhombic structure with the space group, P2;ma
(26). For a fuel-rich condition (fuel-to-oxidizer molar ratio of 0.7,
0.8 and 0.9), the NaNbOs3 phase (v) was detected with the accom-
panying pyrochlore phase of Na;Nb4011 (#), which matched JCPDS
file no. 20-1145. No evidence of unreacted Nb,O5 and/or NaNO3
diffraction peak was found. As fuel content increased from the fuel-
to-oxidizer molar ratio of 1.0-2.0, unreacted Nb,O5 (®) (JCPDS file
no.30-0873)was found together with a majority of NaNbOs diffrac-
tion peaks. From the reflection peak, the average crystalline size (D)
of NaNbO3 powders was considered as a function of fuel content
by using X-ray line broadening through Scherrer’s equation [24]:

_ ka
" Bcosby

where D is the average crystalline size, k a constant taken as 0.89,
A the wavelength of X-ray radiation, 8 the full width at half maxi-
mum (FWHM) and 65 the diffraction angle. The consequent values
are reported in Table 1. As the fuel content increased, the average
crystalline size (D) was found to decreased from 44.51 +11.99 nm
(ratio of 0.7) to 26.11 £ 13.69 nm (ratio of 2.0). This suggested that
elevated fuel content could lead to the production of a smaller crys-
talline size (related to a small particle size) of powder. Nevertheless,
as a consequence of additional cost and more carbon residual, an
extremely high fuel-to-oxidizer molar ratio (fuel-rich ratio) did not
always result in the desired production of powder [25].

Therefore, from findings on the fine nucleation condition of
monophasic NaNbO3 phase, the fuel-to-oxidizer molar ratio of
1.0 was selected to investigate the effect of calcination tempera-
ture. From this ratio, the volume fraction of the perovskite phase
formation (%perovskite) of as-prepared powder was found to be
as high as 93%. This relative value was considered by approxi-
mately calculating the ratio of the main X-ray peak intensities of
NaNbO3; and Nb, 05 phases [26], according to the following equa-
tion; % perovskite = (Iperovskite/ (Iperovskite + Inn, 05)) x 100. Thus,
the as-prepared powder was calcined at different temperatures for
4 h with a heating/cooling rate of 20 °C/min. The X-ray diffraction
(XRD) patterns of sodium niobate (NaNbO3) powder, calcined for
4h at different temperatures, are illustrated in Fig. 3. As the XRD

(3)
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Fig. 3. X-ray diffraction patterns of NaNbO; powder (obtained from the fuel-
to-oxidant molar ratio of 1.0) calcined at various temperatures for 4h with a
heating/cooling rate of 20°C/min.

pattern of as-prepared powder was composed of a slight Nb,Os5
(@) (JCPDS file no. 30-0873) phase, the intensity of that phase
was found to decrease with increasing calcination temperature.
The diffraction peak corresponded to the Nb,0Os, which disap-
peared after calcination at 400°C for 4h, whereas monophasic
perovskite NaNbO3 phase was obtained. This result suggested that
the perovskite NaNbO3 powder could be synthesized by using the
combustion synthesis process and calcinations at 400°C for 4h.
This process was found to be a simple, rapid and cost-effective
method when compared with the traditional solid-state reaction,
which takes longer time and requires higher temperature [8,9].
In addition, the mean crystalline size (D), which is reported in
Table 1, was not significantly varied between as-prepared pow-
der (29.28 £5.29 nm) and increasing calcination temperatures of
up to 400°C (27.84+7.12nm). It can be suggested that calcina-

N/

1.00 (calcined at 400°C)

1.20

0.70

Transmittance (a.u.)

0.56

precursor

T T L] T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'I)

Fig. 4. FT-IR spectra of the precursor mixed in the stoichiometric proportion of
NaNbOs; powder obtained from various fuel-to-oxidant molar ratios and after the
calcination step.
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Table 1
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Mean crystalline size, D, of NaNbO3; powder obtained from various fuel-to-oxidant molar ratios.

Fuel-to-oxidant molar ratios

0.7 0.8 0.9 1.0 1.2 14 1.6 1.8 2.0
As-prepared 44.51+11.99 42.59+11.54 37.31+8.54 29.09+5.29 27.45+5.86 26.29 +£5.97 24.40+4.92 23.79+5.52 26.12+13.69
Calcination temperature (°C)
200°C 300°C 400°C 500°C 600°C 700°C 800°C 900°C
Calcined powder 29.95+4.51 31.51+4.02 27.84+7.12 30+82+5.43 38.84+8.09 60.72 +8.09 70.87 £9.22 85.27 +15.65

Fig. 5. SEM micrograph showing as-prepared NaNbO; powder synthesized using the fuel-to-oxidant molar ratio of 1.0 (a) and powder calcined at 400°C for 4 h (b).

tions at this low temperature also produced a lower crystalline
size when compared with the traditional solid state reaction
method.

Fig. 4 shows the FT-IR spectroscopic studies of the crystalline
NaNbO3 obtained after combustion synthesis, its precursor with-
out heat treatment and powder calcined at 400°C for 4 h. For all
powder, an IR band of around 3400cm~! was assigned to O-H
asymmetric stretching (v3) [27], and on observation, it related to
the moisture content of KBr. Regarding the precursor of NaNbO;
powders without heat treatment, and as-prepared powder with a
stoichiometric ratio (0.56), the IR spectrum indicated peaking of the
characteristic band at ~1612, ~1385 and ~890 cm~!, which corre-
sponded to the anti-symmetric carboxyl group stretching vibration,
anti-symmetry NO3~! stretching and bending vibration, respec-
tively [28]. This result proved existence of the carboxyl and NO3 !
group (belonging to the starting material) in those samples. With
regard to fuel-rich ratios (0.7 and 1.2), the new broad absorp-
tion bands appeared after combustion at a low wave number of
~673 cm~1, suggesting that the Nb-O bond formation did occur.
This Nb-O bond was believed to be the vibration (v3) mode in the
corner-shared NbOg octahedron, according to reported IR spectra
of niobate glass ceramics [28]. This result led to the assumption
that the perovskite NaNbO3 phase was synthesized (which corre-
lated to XRD analysis). However, the IR band of anti-symmetric
COO~ and that of anti-symmetry NO3~! stretching vibration also
were observed. This clearly indicated traces of existent carboxyl
group and nitrate in as-prepared NaNbO3 powder, which cannot
be detected when using the XRD technique. For powder calcined
at 400°C for 4 h, the spectra band of vibration (v3) mode belong-
ing to the Nb-O bond was found without observation of any
starting material band. This can indicate that monophasic per-
ovskite NaNbO3 has been synthesized successfully after calcination
at a temperature as low as 400°C for 4h. Fig. 5 shows an SEM
micrograph of the as-prepared NaNbO3 powder using the fuel-to-
oxidizer molar ratio of 1.0 (a) and powder calcined at 400°C for
4h (b). The powder was found to be polyhedral in shape, with uni-

form features. No evidence of a different or pyrochlore phase was
found, which suggested the homogeneous character of the pre-
pared powder. The average particle size, which can be estimated
from micrographs, was found to be 137+ 52 nm and 226 +46 nm
for as-prepared and calcined powder, respectively. These particle
size values are greater than the average crystalline size calculated
from X-ray line broadening because a particle can be formed gen-
erally of many crystallites [29-31]. The particle growth for calcined
powder seemed to be detected. It can be said that the firing pro-
cess tends to produce agglomerated particles and grain growth, as
reported by other works [32,33].

4. Conclusions

Crystalline NaNbO3; powder, with a volume fraction of the
perovskite phase formation (% perovskite) as high as 93%, was syn-
thesized directly via the solution combustion process using NaNOs,
Nb,05 and glycine. Monophasic perovskite NaNbO3 powder was
obtained after calcination at 400°C for 4h. The fuel-to-oxidizer
molar ratio was found to affect the combustion reaction and char-
acter of the powder obtained. The average crystalline size (D)
was found to decrease from 44.51+11.99nm (ratio of 0.7) to
26.11 £ 13.69 nm (ratio of 2.0). This method is a simple, rapid, cost-
and time-saving way of synthesizing stoichiometric, homogeneous
and fine NaNbO3 powder with a low calcination temperature. The
powder obtained was found to be a uniform soft agglomerated
particle.
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Abstract Crystalline lead-free piezoelectric potassium
niobate (KNbO;) powders have been synthesized through a
modified solid-state reaction method. The thermal behavior
of the K,C,04-H,O and Nb,Os raw material mixture was
investigated by thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA). The X-ray diffraction
technique (XRD) was used to investigate the phase forma-
tion and purity. The morphology of the powder obtained was
characterized using a scanning electron microscope (SEM).
The XRD pattern showed that the monophasic perovskite
phase of KNbOj could be synthesized successfully at a
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temperature as low as 550 °C for 240 min, with an average
crystallite size of 36 &+ 8 nm. The SEM images suggested
that the average particle size of the powder obtained was
278 £+ 75 nm.

Introduction

Lead zirconate titanate (PZT) ceramics are used widely in
piezoelectric applications, due to their superior piezoelectric
properties near the morphotropic phase boundary (MPB) [1,
2]. However, more than 50% of the lead-based piezoelectric
material contains poisonous lead, which is a major draw-
back [3]. It has been reported that the use of lead-based
ceramics causes serious environmental problems and
numerous physical symptoms [3]. Furthermore, EU legis-
lation will enforce draft directives for waste from electrical
and electronic equipment (WEEE), and restrictions on the
use of certain hazardous substances in electrical and elec-
tronic equipment (RoHS) and end-of life vehicles (ELV) [4—
6]. According to these issues, lead and other heavy metals
should be phased out, and alternative lead-free piezoelectric
materials are receiving considerable attention.

Among various alternative families, perovskite type
(ABO;3) ceramics have attracted much consideration.
Among alkali metal niobates, potassium niobate (KNbO3)
is a well-known perovskite oxide that possesses attractive
physical and piezoelectric properties [6—9]. Furthermore,
the electromechanical coupling factor of the thickness-
extensional mode, k,, was reported to reach as high as 0.69
for the 49.5°-rotated X-cut on the Y-axis. This value of k, is
the highest among current lead-free piezoelectrics [10].
However, the main hindrance regarding this alkali niobate-
based material lies in the difficulty of preparing dense and
stoichiometric controlled ceramics using the conventional

@ Springer



1586

J Mater Sci (2011) 46:1585-1590

solid-state reaction and ordinary air sintering methods
[11, 12]. These difficulties are caused by potassium vola-
tility at high temperatures and excessive reactivity with
moisture [13, 14]. Thus, different additive methods, hot
pressing and spark plasma sintering have been used to
improve ceramic densification [12, 15-19].

Several alternative ways for preparing alkali niobates
have been investigated and developed: the hydrothermal
[20] and hydrothermal-assisted sol-gel method [22], and
glycothermal [23], nitrate—tartarate precursor technique
[21], etc. However, most chemical synthesis routes require
high purity reactants, which are more expensive and
demand complicated procedures and specific apparatus.
A modified solid-state reaction method has been used to
synthesize the NaTaO; perovskite type material success-
fully, with reduced reaction temperature [24]. In this
method, the carbonate compound was replaced by oxalate,
and the addition of urea played an important role. Recently,
this method also has been applied to synthesize lead-free
sodium niobate (NaNbO3) powders (without fuel) [25]. By
replacing sodium carbonate using oxalate as the raw
material, a lower calcination temperature and fine powders
with an average crystallite size of 31.45 £+ 5.28 nm were
achieved.

In this study, a modified solid-state reaction method,
with an expected lower reaction temperature, was used to
synthesize KNbOj particles, using potassium oxalate as
raw material without the addition of any fuel. Effects of the
calcination conditions on the KNbO; phase development
were investigated by the X-ray diffraction technique
(XRD) and a scanning electron microscope (SEM).

Experiment

KNbO; was synthesized by a modified solid-state reaction
method. Reagent-grade potassium oxalate monohydrate
(K5C,04-H,0, 99.9%) and niobium oxide (Nb,Os, 99.9%)
were employed as the starting material. The raw materials
were weighed in stoichiometric quantities following the
equation below.

K2C204 - HyO(5) + NbyOs() — 2KNbO3 () + COyg)
+ CO(g) + H,O (1)

These starting materials were mixed by the ball-milling
method using ethyl alcohol and partially stabilized zirconia
balls for 18 h. Then, the mixture was dried on a hot plate
with regular stirring for a suitable period. After drying, the
precursor mixture was determined by thermo gravimetric
analysis (TGA, Perkin Elmer) and differential thermal
analysis (DTA, Perkin Elmer) for investigating the thermal
behavior during heat treatment and finding the appropriate

@ Springer

calcination temperature. Based on TG-DTA results, the
mixture was placed subsequently in a closed alumina
crucible, and calcined for different periods of time at
various temperatures ranging from 300 to 700 °C, to
investigate formation of the KNbOj; phase.

Subsequently, calcined powders were inspected by room
temperature X-ray diffraction (XRD, Advance D8), using
Ni-filtered CuK,, radiation to examine the effect of thermal
treatment on the phase development and optimal calcina-
tion condition of crystalline KNbO5; powder formation. The
room temperature FTIR spectra were recorded in the range
of 4,000-400 cm ™! (Perkin-Elmer, Spectrum GX spec-
trometer), with eight scans and a resolution of 4 cm ™!
using KBr pellets. Powder morphologies and particle size
were figured directly using a scanning electron microscope
(SEM, Hitachi S4700).

Results and discussion

Figure 1 shows the TG-DTA curves of the stoichiometric
precursor of KNbOj3. The thermogravimetric (TG) curve of
the KNbO; precursor shows three stages of weight loss
from room temperature to 1,300 °C. Four endothermic
peaks at 123, 398, 524 and 1,066 °C were observed in the
differential thermal analysis (DTA) curve. Three weight-
loss steps were observed in the ranges of 50-121, 121-172,
and 416-532 °C. The corresponding weight losses seen
were 3.92, 1.07, and 16.00%. The overall weight loss was
found to be about 21%, which is close to the theoretical
value of 20.01%, and corresponds to the release of 1 mol
H,0, 1 mol CO, and 1 mol CO, related to Eq. 1. In the
temperature range from 50 to 121 °C (first stage), the ini-
tial weight loss of 3.92% showed decomposition of the
oxalate molecule releasing water molecules (0.98 mol

565.2°C

1066.5°C
524.6°C

DTA 398.5°C

AT (°C/mg)
(%) sso[ ySrop

123.3°C

T T T T M T T T T
200 400 600 800 1000 1200
Temperature (°C)

Fig. 1 TG-DTA curves of an uncalcined powder mixed in the
stoichiometric proportion of KNbO;
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H,0), which concurred with the theoretical value for
releasing 1.00 mol H,O (4.00%). This weight-loss corre-
sponded to the endothermic peak, centered at 123 °C.

The second and third weight-loss steps illustrated the
highest weight loss (~17%), which indicated a large
elimination of organic compound that could be related to
the release of CO and CO, by combustion reactions
according to Eqgs. 2 and 3 (16% theoretically). In the
temperature range from 121 to 532 °C, the DTA curve
shows corresponding endothermic peaks (398 and 524 °C)
that agree with the TG result.

K,C,04 — K,CO5 + CO (2)
K2C03 — KzO + C02 (3)

However, an exothermic DTA peak was found centered
at 565 °C. This implied that the third decomposition stage
could lead to the formation of potassium niobate
compound, which could be expected from the exothermic
peak at 565 °C (as confirmed by XRD analysis in Fig. 2).
As the temperature increased to 695 °C, weight loss was
found to start again in the TGA curve, which could be
correlated to the decomposition of the activated-K,COj;
residue. It is well known that K,C,0, decomposes to
K,COj; at a higher temperature; however, this carbonate
residue could decompose at a lower temperature when its
degree of arrangement is lower than its initial state [26].
When heating further, an endothermic peak (without the
observed weight-loss stage) could correspond to the phase
transformation at 1,066 °C. Therefore, temperatures from
the above TG-DTA analysis, which ranged from 300 to
700 °C, were selected for calcinations and investigation of
the phase formation. The mixture of raw materials in the

©=K,C,0,-H,0 JCPDS n0.22-1232
v @=N\b,0,JCPDS n0.30-0873
v v=KNbO,JCPDS no.32-0822
\ |
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Fig. 2 X-ray diffraction patterns of KNbO; powder calcined at
various temperatures for 4 h with a heating/cooling rate of 20 °C/min

required stoichiometric ratio was calcined in air using a
heating/cooling rate of 20 °C/min at various temperatures
and followed by the phase analysis using an X-ray diffrac-
tometer.

The X-ray diffraction (XRD) patterns of potassium
niobate (KNbO3) powders, calcined for 4 h at different
temperatures, are illustrated in Fig. 2. The diffraction pat-
tern of the powder calcined at 300 °C suggests a compo-
sition of potassium oxalate (&) (JCPDS no.22-1232) and
niobium oxide (@) (JCPDS no0.30-0873) raw materials. No
evidence of the KNbO; perovskite phase was found. As
calcination temperatures increased to 500 °C, diffraction
peaks of un-reacted raw materials were also found, but with
lower intensity. This could demonstrate that the completed
reaction cannot occur at such a low temperature range. As
the diffusion coefficient is a temperature dependent
parameter, the rate of diffusion is affected greatly by higher
temperatures [27], which also could improve higher atomic
mobility [28]. Nonetheless, the powders calcined from 550
to 700 °C showed diffraction peaks that could correspond
to the orthorhombic potassium niobate perovskite phase
(KNbO3) JCPDS 1n0.32-0822 (V). Amplified peak inten-
sities can be seen after calcinations at increased tempera-
tures. However, this result indicates the formation of
KNbO; perovskite phase powder, which passes through the
calcination temperatures from 550 to 700 °C in 4 h. These
temperatures were lower than those in the chemical syn-
thesis of KNbO;, which used the polymerized complex
method (PC method). This technique achieved the KNbO5
compound after the calcination step at 900 °C [29], or once
the citrate precursor route had obtained KNbO; nano-
powder after heat treatment at 800 °C [30]. In addition,
other chemical methods always require high purity
reagent, which is more expensive, and involves complex
procedures.

For a verdict on fine KNbO3 nucleation condition, a
temperature of 550 °C was chosen to find the effect of
calcination dwell time. The mixture of raw material pow-
der was calcined at 550 °C for 15-360 min. The XRD
analysis of calcined powder, with a different dwell time
(Fig. 3), revealed an amorphous phase for a calcination
period of 15 min, and no distinct crystalline phase could be
detected. The absence of reflection peaks that correspond to
K,C,04-H,0 and Nb,Os5 indicated the amorphous nature of
the powder obtained. The presence of reflection peaks for
the XRD pattern of powder calcined at 550 °C for 20 min
or longer could be ascribed to the crystalline phase of the
sample. The different diffraction pattern of the powder,
calcined for 20 min, suggests the nucleation condition of
the KNbOj; phase, which was confirmed by further soaking
time. After the calcination step at 550 °C for 20 min or
longer, the powder showed an XRD pattern that could be
matched with the perovskite potassium niobate (KN) phase

@ Springer
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Fig. 3 X-ray diffraction patterns of KNbO; powder calcined at the
calcination temperature of 550 °C for various dwell times with a
heating/cooling rate of 20 °C/min

JCPDS no0.32-0822. These XRD analyses agreed with the
TG-DTA analysis, in which crystallization of the KNbO;
phase was found around the previously mentioned tem-
perature range. During the course of calcinations, the rise
in calcination temperature and dwell time resulted in
increased diffraction peak intensities, which related to
higher crystallinity of the powder. This was supported by
the increase in lattice parameters and average crystallite
size, as revealed below. Nevertheless, it has been con-
firmed that this modified solid state reaction method can
synthesize pure KNbO; phase powder by using potassium
oxalate monohydrate as starting material at the calcination
temperature of 550 °C for 20 min. This calcination tem-
perature is much lower than that used in a mixed oxide
powder process, which lies in the range of 800 °C [9, 11,
13, 31, 32], or solution process (sol-gel and precipitation

methods) that requires calcination temperatures of over
600 °C [33, 34]. Since XRD analysis suggested an ortho-
rhombic crystal structure for preparing KNbOj; powder,
lattice parameters of the sample could be deliberate by
means of the UnitCell program package (ftp://rock.esc.
cam.ac.uk/pub/minp/UnitCell/). The corresponding cell
parameters, which are close to those reported from JCPDS
file No0.32-0822 (a = 5.695 nm, b = 5.721 nm, and ¢ =
3.973 nm) are given in Table 1. The suggested ortho-
rhombic crystal structure, obtained from matching with the
JCPDS file, could be supported by this correlation of lattice
parameters.

The average crystallite size of KNbO; powders was
considered as a function of calcination temperature, and
time for broadening the X-ray line of the reflection peak
using Scherrer’s equation [35]: D = kA/fcosOg, where D is
the average crystallite size, k a constant taken as 0.89, 4 the
wavelength of X-ray radiation, f§ the full width at half
maximum (FWHM), and 0p the diffraction angle. The
corresponding values are reported in Table 2. The average
crystallite size of powders, calcined from 550 to 700 °C
for 4 h, was found to be about 36 &= 8 to 58 & 6 nm. As
the dwell time increased, it was found that the average
crystallite size of calcined powders was increasing from
33 £ 9 to 36 £ 8 nm. The low D values suggest that the
surface area of calcined powder was high enough to sup-
port high sinterability sufficiently [36]. The increase in
crystallinity of the KNbO; phase was affected by increas-
ing dwell time and calcination temperature. This conse-
quence may confirm that the dwell time and calcination
temperature also play an important role in developing the
pure phase creation.

Figure 4 shows the FT-IR spectroscopic studies of the
crystalline potassium niobate (KNbO3) before and after the
calcination step. The IR band for the uncalcined precursor
was observed at 3,253 cm_l, due to O-H asymmetric

Table 1 Lattice parameters of

the KNbO3; powder calcined at KNbO,

Calcinations temperature (°C)

various calcination temperatures
for 4 h

Table 2 Mean crystalline size,
D, of the KNbO3 powder
calcined at different
temperatures for 4 h and for a
different dwell time at 550 °C

@ Springer

Lattice parameter

550

600

650

700

a

5.6929 £ 0.0005
5.6989 £ 0.0080
3.9802 £ 0.0005

5.6876 £ 0.0070
5.6994 £ 0.0048
3.9768 £ 0.0006

5.7019 £ 0.0022
5.7153 £+ 0.0108
3.9912 £ 0.0155

5.6952 £ 0.0028
5.6980 £ 0.0060
3.9777 £ 0.0030

KNbO; Calcination temperature (°C)
550 600 650 700
D 36.40 £+ 8.25 41.46 + 8.84 53.59 + 6.56 57.81 £ 6.31
550 °C  Dwell time (min)
20 30 40 60 120 240
D 3315 +£9.22 3436 £792 3454 £ 8.128 3530 £8.30 3597 647 36.40 & 8.25
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Fig. 4 FT-IR spectra of an uncalcined powder mixed in the
stoichiometric proportion of KNbO5; and KNbO; particles calcined
at 550 °C

stretching (v3), which related to the moisture content of the
KBr pellet and scissor bending mode (v,) of HO-H at
1,600 cm~ ! and 1,310 cm~'. When KNbO; powders were
calcined at 550 °C for 4 h, the absorption of bands at a low
wave number range of 620 cm ™' suggested occurrence of
Nb—O bond formation, which was believed to be the
vibration (v3) mode in the corner-shared NbOg octahedron,
according to the reported IR spectra of niobate glass
ceramics [37]. This result shows that the perovskite KNbO3
phase was synthesized, which correlated with other results.
The TG result indicated that the mass loss in the TG curve
at around 700 °C could be the result of the K,COj5 residue
decomposition, however, the FTIR band corresponding to
the C-O stretching mode of carbonate at 1,450 cm ™! [38]
was not found in KNbO3; powders calcined at 550 °C for
4 h. This observation could be described as the effect of
dwell time.

Figure 5 shows SEM micrographs of KNbO; powder
prepared using a modified solid state reaction method at
550 and 700 °C for 240 min. The KNbO; powder was
found to be polyhedral in shape, with uniform features. The
secondary phase could not be observed, which suggested
the homogeneous character of the powder prepared. The
mean particle sizes, which can be estimated from the
micrographs, were found to be 278 £ 75 and 341 =+ 80 for
powder obtained at 550 and 700 °C, respectively. Particle
growth was detected in powder calcined at a higher tem-
perature. This value is greater than the average crystallite
size, calculated from X-ray line broadening. It was
believed that this contradictory value could indicate the
agglomerate of the calcined powders. As reported by other
studies [39, 40], the firing process tends to produce
agglomerated particles and grain growth. No evidence of a
different or pyrochlore phase was found. This outcome
relates to the XRD result, in which the monophasic
perovskite phase of KNbO; can be established after cal-
cinations at 550 °C for 240 min.

Conclusion

Crystalline KNbO3; powder was prepared from a modified
solid state reaction of K,C,04-H,O and Nb,Os. The final
product was confirmed by XRD and SEM techniques. This
is a simple cost- and time-saving method for synthesizing
stoichiometric, homogeneous, and fine KNbO; powder,
with a low calcination temperature of 550 °C for 240 min.
This temperature is about 250 °C lower than others used,
even in conventional methods. The powder obtained was
found to be a uniform agglomerated particle that possesses
an average crystallite size (defined by XRD) of between
36 & 8 and 58 + 6 nm, and a mean particle size (defined
by SEM micrograph) of 278 + 75 nm.

Fig. 5 SEM micrographs showing KNbO; powder synthesized at 550 °C (a) and 700 °C (b), for 4 h with a heating/cooling rate of 20 °C/min
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The ternary system of 0.945(KgsNagsNbO3)—(0.055 — x)LiNbO3—xLiSbO3 [0.945KNN—(0.055 — x)LN
—xLS]; x=0.0—0.055 lead-free piezoelectric ceramics was fabricated by the conventional mixed oxide
method with normal sintering. The crystal structure was studied by means of X-ray diffraction (XRD). The
results of XRD patterns show that complete solid solutions of the mixed phase between the ortho-
rhombic and tetragonal perovskite phase were observed. The DSC and dielectric data show that the

amount of LiSbO3 in K 5NagsNbO3—LiNbO3 solid solution slightly decreases the paraelectric cubic-
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ferroelectric tetragonal phase transition (T¢) to a low temperature. Furthermore, good dielectric and
piezoelectric properties were observed at composition, x =0.03. The polymorphic phase transition
between the orthorhombic and tetragonal phases plays a very important role in enhancement of the
piezoelectric properties of KNN—LN—LS ceramics.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lead-based piezoelectric materials such as Pb(Zr,Ti)Os (PZT)
ceramics are the most widely used, due to their superior piezo-
electric performances [1]. However, the toxicity of lead oxide, which
contains more than 60 wt%, can cause damage to the kidney, brain
and nervous system [2]. In recent years, many countries have
required that all electronic equipment be lead-free for human health
and environmental protection. Therefore, urgent development of
lead-free piezoelectric ceramics, with outstanding properties for
replacing lead-based ceramics, is necessary, and recent attention on
this topic has been paid to (K,Na)NbO3 and (KNN)-based ceramics,
due to their good piezoelectric properties and high Curie tempera-
ture [3]. It is well known that not only the morphotropic phase
boundary (MPB) between orthorhombic and tetragonal phase, but
also the polymorphic orthorhombic and tetragonal phase transition

* Corresponding author. Department of Chemistry, Faculty of Science, King
Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand. Fax: +66
2 3264415.

E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).

1567-1739/$ — see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2010.08.015

temperature play an important role in the electrical properties of
KNN-based ceramics [4,5]. It was reported that the polymorphic
orthorhombic-tetragonal phase transition temperature (PPT)
strongly affects the electrical properties of KNN-based ceramics, and
a PPT near room temperature would be helpful in obtaining
enhanced electrical properties. Recently, Guo et al observed excel-
lent electrical properties in the (1 — x)(KosNags5)NbO3—xLiNbO3
system [6]. The coexistence of orthorhombic-tetragonal phase was
found at 0.05 <x < 0.07. Excellent piezoelectric and electrome-
chanical responses; d33=235pC/N, kp =44%, and k;=48%, were
obtained as samples, with the composition, x = 0.052. Recent studies
have also found that the binary system of (1 — x)Ko5Nag5NbO3—x-
LiSbOs; [(1 — x)KNN—XLS] at the composition, x ~ 0.052, exhibited
good piezoelectric properties at room temperature, with electro-
mechanical coupling factors of k33 ~62% and k31 ~30%, and
piezoelectric coefficients of d33 ~ 265 pC/N and d3; ~ —116 pC/N
[7]. The piezoelectric, electromechanical, and elastic properties
were determined as a function of temperature, showing anomalous
behaviour at around room temperature, which related to the
orthorhombic to tetragonal polymorphic phase transition (PPT) [7].
Since both the 0.945KNN—0.055LN [6] and 0.948KNN—0.052LS [7]
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LS

Fig. 1. Composition studied in the 0.945KgsNagsNbO3—(0.055 — x)LiNbO3—xLiSbO3
ternary solid solution.

compositions have excellent electrical properties; the combination
of these two systems to form a KNN—LN—LS ternary solid solution is
very interesting. In this study, the ternary solid solution of
0.945KNN—(0.055 — x) LN—xLS, where x =0—0.055, was synthe-
sized. To obtain a homogeneous perovskite solid solution and better
electrical properties, the samples were prepared by a conventional
solid state reaction process. Fig. 1 schematically shows the compo-
sition range that was studied in this work. In this study, the influence
of LiNbO3 (LN) and LiSbOs (LS) addition on phase transitions, and
electrical properties of KNN ceramics are also reported.

2. Experiment

The sample, 0.945KNN—(0.055 — x)LN—xLS, where x=0.00,
0.01, 0.02, 0.03, 0.04 and 0.055, was prepared using the conven-
tional solid state reaction process with normal sintering. Reagent-
grade oxide and carbonate powders of KyCOs3 (99.0%), Na;COs3
(99.5%), Li,CO3 (99.9%), Nb,0s5 (99.5%) and Sb,03 (99.9%) were used
as starting raw materials. The powders were weighed according to
the stoichiometric formula and ball milled in absolute ethanol for
24 h. The dried slurries were calcined at 850 °C for 4 h, then ball
milled again for 24 h. The granulated powders were pressed into
disks of 15 mm diameter and 1 mm thickness and then pressed
using a cold isostatic pressing (CIP) technique under 300 MPa.
These disks were sintered in air at 1030—1070 °C for 2 h. The
density of the fired samples was determined by Archimedes
method and found to be greater than 95% theoretical. Silver paste
(Heraeus C1000) was fired on both sides of the samples at 550 °C
for 10 min, as electrodes for dielectric measurements. The crystal
structures were determined by X-ray diffraction (XRD) analysis
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Fig. 2. XRD patterns of 0.945K,sNagsNbO3—(0.055 — x)LiNbO3—xLiSbO3 ceramics at
room temperature.
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Fig. 3. XRD patterns of the (200) and (113) peaks of 0.945K,5NagsNbO3—(0.055 — x)
LiNbO3—xLiSbO3 ceramics.

obtained by using CuKo radiation (Bruker-D8 Advance). The
temperature dependence of the samples’ dielectric constant was
examined using a programmable furnace with an LCR analyzer (HP-
4284, Hewlett—Packard Inc.). A differential scanning calorimeter
(DSC) was used to follow the phase transitions of sintered ceramics.
The ceramics were poled for piezoelectric measurement in a sili-
cone oil bath at room temperature for 30 min and field strength of
3—4 kV/mm. The piezoelectric coefficient, d33 of the samples,
which were left for 24 h after poling, was measured using a ds33
meter (Model 8000, Penne baker). The planar electromechanical
coupling factor, kp, was calculated from the resonance and anti-
resonance frequencies, based on IEEE standards.

3. Results and discussion

Fig. 2 displays the XRD pattern of 0.945KNN—(0.055 — x)LN—XLS
ceramics sintered at 1050 °C. A series of continuous solid solutions
between KNNLN and KNNLS was clearly formed. The phase struc-
ture in all samples was a pure perovskite phase and no secondary
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Fig. 4. Temperature dependence of the dielectric constant (&) at 100 kHz of
0.945K 5Nag sNbO3—(0.055 — x)LiNbO3;—xLiSbO3 ceramics as a function of x.
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Fig. 5. DSC heating curves of 0.945KqsNagsNbO3—(0.055 — x)LiNbO3—xLiSbO3
ceramics as a function of x.

impurity could be certified. The result indicated that the dopants
were completely diffused into the (KgsNag 5)NbO3 lattices, with Li™
entering the (Nag5Kos)" sites and Sb>* occupying the Nb>* sites, to
form a new solid solution in all compositions. Fig. 3 shows the XRD
patterns of 0.945KNN—(0.055 — x)LN—xLS ceramics in the 26 range
of 43—48° and 54—60°. The compositions in this study were
selected across the orthorhombic—tetragonal coexistence region
between the KNN—LS and KNN—LN system. As expected, coexis-
tence of the orthorhombic—tetragonal phase was observed in all
compositions. Interestingly, with an increasing x value, the
diffraction peaks located at a higher angle, and (113) and (311)
peaks near 26 =57°, tended to merge into a single peak, which
indicated that the crystalline structure varied from the ortho-
rhombic—tetragonal phase to the orthorhombic-rich phase. Similar
behaviour was observed in the xPb(Zn1;3Nby/303)—(0.2 — x)Pb(Niy,
3NDby/3)03—0.8Pb(Zr12Ti1 )03 ternary system [8].

The temperature dependence of the dielectric constant, (e;) of
0.945KNN—(0.055 — x)LN—XLS ceramics, at the frequency of 100 kHz
is shown in Fig. 4, together with the temperature dependence of ¢, for
all ceramic samples; showing two phase transitions that correspond
to those of ferroelectric tetragonal to paraelectric cubic (T¢) and
polymorphic ferroelectric orthorhombic to tetragonal ferroelectric
(To—r) for high and low transition temperatures, respectively. The T
decreases with increased composition x, however; To_t tends to
decrease with increasing composition x up to 0.03 and continues to
increase with a further increase of x. The To_1 was approximately 52,
53, 49, 48, 85 and 95 °C for compositions x = 0.00, 0.01, 0.02, 0.03,
0.04 and 0.055, respectively. Interestingly, the To_t phase transition
temperature for the composition, x = 0.03, is close to room temper-
ature and this composition is expected to attribute to high piezo-
electric responses. The phase transition temperature; clearly
confirmed by DSC measurement, is presented in Fig. 5. At the
composition, x=0.00, a sharp peak was observed near the

Table 1
The values of ¢max, Tmax, Tt» AH, AS and AS/T; of KNN—LN—LS ceramics.

Compositions emax  To-r Tmax Tt AH  ASx 10 (AS/T) x 10°
O (O 0 dgh Ug'kh dg'K?
x=0.000 4800 52 460 458 4.174 9.114 19.900
x=0010 5750 53 439 435 3471 7.979 18.343
x=0.020 4400 49 419 413 2858 6.920 16.755
x=0.030 6700 48 388 392 1.800 4592 11.714
x=0.040 5700 85 363 362 0987 2727 7.533
x=0.055 5250 95 340 331 0014 0.042 0.127
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Fig. 6. Planar electromechanical coefficient and piezoelectric constant of
0.945K 5sNag sNbO3—(0.055 — x)LiNbO3—xLiSbO3 ceramics as a function of x.

ferroelectric tetragonal to paraelectric cubic phase transition
temperature, and the transition is of the first order, due to its asso-
ciation with a significant value of AH. The transition temperature
defined by maximum heat capacity, which closely followed the
ferroelectric to paraelectric transition temperature revealed by the
dielectric measurement, is shown in Fig. 4. The peak value of heat
capacity became weaker, and heat capacity anomaly gradually
broader, with increasing LS concentration. These results indicated
that the phase transition deviates gradually from the first order type.
Stenger and Burggraaf et al. [9] observed that the change in entropy
(AS) and AS/T; correlates with the fluctuation probability in
conjunction with a small spontaneous lattice deformation and
polarization. They explained that large values of the ratio, AS/T;, give
sharp transition and lower values, which lead to diffuse behaviour.
Table 1 shows that the AS and AS/T; values are small for the LS doped
sample, when compared to the KNN—LN sample. This indicates the
existence of diffuseness in the phase transition behaviour, which
increases with increasing LS content, and coincides well with the
dielectric results in the composition range investigated. This behav-
iour can originate from the more complex occupation of the A and B
sites in an ABOj3 perovskite structure and heterogeneous composi-
tions, which also give rise to random fields that tend to make the
phase transition “diffuse” instead of sharp, as in a normal ferroelec-
tric. Fig. 6 shows the piezoelectric constant, d33, and planar electro-
mechanical coupling factor, k;, of polarized 0.945KNN—(0.055 — x)
LN—xLS ceramics as a function of LiSbO3 concentration. It can be seen
that the property exhibits a compositional dependence when d33 and
kp of the composition, x =0.00, show values of 210 pC/N and 0.42,
respectively, with increasing x, d33 and kj to the maximum values of
265 pC/N and 0.48 at x = 0.03. As expected, the composition, x = 0.3,
shows the maximum d33 and kp value in the KNN—LN—LS system.
Therefore, it can be concluded that the polymorphic phase transition
between the orthorhombic and tetragonal phases plays a very
important role in enhancement of the piezoelectric properties of
KNN—LN—LS ceramics. Similar behaviour was observed in the
KNN—LN [6] KNN—LT [10] and KNN—LT—BNT—BT [11] system. The
KNN—LN—LS samples showed good piezoelectric properties when
compared with the KNN—LN [6] and KNN—LS system [7].

4. Conclusion

In this study, 0.945Kgs5Nags5Nb0O3—(0.055 — x)LiNbO3—xLiSbO3
ceramics were prepared by the conventional solid state reaction
process with normal sintering. All ceramics with a perovskite
structure are mixed phase of orthorhombic and tetragonal phase.
The phase transition temperature of tetragonal—cubic (T¢) was
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decreased with increasing x. Furthermore, good dielectric and
piezoelectric properties were observed at composition, x = 0.03.
The polymorphic phase transition between the orthorhombic and
tetragonal phases plays a very important role in enhancement of
the piezoelectric properties of KNN—LN—LS ceramics.
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