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Chapter 1 

Ultrasound-assisted synthesis, characterization and optical property of 

0–3 wt% Sn-doped ZnO 

 

1.1 Introduction 

ZnO (3.37 eV wide band gap at room temperature and 60 meV large exciton 

binding energy) is one of the most promising semiconductors used for short wavelength 

optoelectronic devices operating in the blue and ultraviolet region. It has been 

investigated as transparent conductors and piezoelectric materials for solar cells, 

transparent electrodes and gas sensors. To enhance the electrical/optical properties, ZnO 

was doped with group III, IV and V elements due to its superior conducting properties 

based on oxygen vacancies [1–6]. Recently, ZnO doped with Al, Ga, In, Sn and Sb were 

reported to have high potential applications for gas sensors, dye-sensitized solar cells and 

photocatalysis [6–8]. In particular, ZnO film doped with 1–2 at% Al exhibited low 

resistivity and was regarded as an alternative potential candidate for indium-tin-oxide 

[1,9]. In-doped ZnO films showed excellent conductive property and high transparency 

[10]. ZnO was able to emit shorter wavelengths by doping with In [11] and red spectrum 

by doping with Eu3+ ions [12]. The main reason of choosing tin-doped ZnO is to enhance 

the electrical conductivity. When ZnO is doped with Sn4+, the ions substitute for Zn2+ 

sites in ZnO crystal, leading to two more negative charges to enhance the electrical 

conductivity. Furthermore, Zn2+ ions can be easily substituted by Sn4+ ions without large 

lattice distortion, because they are almost the same size (radii: Zn2+ = 0.074 nm, Sn4+ = 

0.071 nm) [2-4, 13]. 

In this research, the synthesis of crystalline ZnO doped with different contents of 

Sn4+ via ultrasonic chemical method is reported. The ultimate goal is to improve the 

optical property of the crystals to utilize for visible sunlight.  

 

1.2 Experiment 

Typically, 0.01 mole zinc nitrate hexahydrate and 0–3 wt% Sn4+ of tin chloride 

were dissolved in 100 ml deionized water, into which a 28 % ammonium hydroxide 

solution was continuously dropped and stirred until the solution pH reaching at 8.5. Upon 



8 
 

irradiation with 35 kHz ultrasound at 80 oC for 3 h, the precipitates were synthesized, 

filtered, washed with methanol several times and dried at 80 oC for 12 h. The products 

were characterized by X-ray diffraction, electron microscopy and UV-visible 

spectrometry. 

 

1.3 Results and discussion 

 

 
Fig. 1.1 XRD patterns of 0, 1, 2 and 3 wt% Sn-doped ZnO. 

 

All diffraction peaks (Fig. .1.1) were identified to correspond with hexagonal 

wurtzite structured ZnO (JCPDS No. 36-1451) as the main product [6,14]. Incorporation 

of Sn in crystalline lattice of ZnO host can play the role in density of the native point 

defects such as vacancies, interstitials and anti-sited defects; especially, the host with 

higher concentration of dopant. It should be noted that Sn concentration of the Sn-doped 

ZnO samples was so low that the elemental Sn was unable to be detected by this XRD 

analysis. 
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Fig. 1.2 SEM images of (a–d) 0, 1, 2 and 3 wt% Sn-doped ZnO, respectively. 

 

General morphology of the as-synthesized ZnO (Fig. 1.2a) was uniform flower-like 

nanostructure composed of different oriented petals directly grown out of the bases of 

central crystalline towers. Diameters of the towers gradually decreased from 400 nm at 

the bottom to 200 nm at the tip. Each of the petals and towers was composed of several 

parallel agglomerated ZnO nanorods. Upon doping with different contents of Sn, the 

product shapes were still flowers for 1 wt% Sn-doped ZnO (Fig. 1.2b), and agglomerates 

of nanoparticles for 2 and 3 wt% Sn-doped ZnO (Fig. 1.2c and d). The 1 wt% Sn-doped 

ZnO shows petals and towers composed of multineedles with 20-120 nm long and 20 nm 

diameter grown from central cores. A number of agglomerated nanoparticles composing 

the petals were detected in both the 2 and 3 wt% Sn-doped ZnO. 
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Fig. 1.3 TEM images and SAED pattern of pure ZnO flowers. 

 

The elemental composition of the as-synthesized samples was analyzed by EDX 

(results not shown). For this analysis, zinc and oxygen with 1:1 atomic ratio were 

detected for pure ZnO, including the detection of additional Sn for 1, 2 and 3 wt% Sn-

doped ZnO. Intense peaks of Cu and Au originated from Cu stubs and sputtered Au were 

also detected. The EDX mapping of 3 wt% Sn-doped ZnO was mainly composed of 

uniformly distributive Zn, O and Sn, which revealed the random doping of Sn in the 

crystal lattice. 
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Fig. 1.4 TEM images of (a, b) 1 wt% and (c, d) 3 wt% Sn-doped ZnO. 

 

TEM images of ZnO (Fig. 1.3a and b) present the uniform flower-like ZnO 

nanostructure, consisted of petals shaped like rods with sharp tips. The rod-like petals 

with the same size as those characterized by SEM were also detected, and have smooth 

surfaces. The petal (Fig. 1.3c) has a preferential growth along the c-axis. A SAED pattern 

(Fig. 1.3d) on a rod-like petal was composed of bright spots with 6-fold symmetry, 

belonging to hexagonal ZnO single crystal, with the [-110] direction as zone axis.  

TEM images of the 1 and 3 wt% Sn-doped ZnO at low and high magnifications are 

shown in Fig. 1.4. At low magnification, the samples shaped like flowers composed of 
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multineedle-like petals grown out of cores for the first, and agglomeration of 

nanoparticles for the second. Close-up observation on them, a number of crystalline 

needles composed the petals were detected for the 1 wt% Sn-doped ZnO, and different 

orientations of nanoparticles built up agglomerations for the 3 wt% Sn-doped ZnO.  

 

 
Fig. 1.5 Absorption spectra of 0, 1, 2 and 3 wt% Sn-doped ZnO. 

 

UV-visible spectra (Fig. 1.5) of the as-synthesized 0–3 % Sn-doped ZnO revealed 

that the Sn dopant can play the role in changing the absorption characteristics of pure 

ZnO. Strong absorption band in UV region at 373 nm attributed to the band edge 

absorption of wurtzite hexagonal pure ZnO, blue shift relative to its bulk (380 nm) [15]. 

Those of the 1, 2 and 3 wt% Sn-doped ZnO were red-shift broad absorption bands from 

UV to visible regions, caused by the increase of lattice defects by dopant concentration 

increasing. Generally, the red-shift in absorption wavelength and the increase in 

absorption intensity were believed to relate with the increase in the electron–hole pair 

formation rate on the photocatalytic surfaces [8], resulting in the higher photocatalytic 

activity of Sn-doped ZnO utilizing for sunlight.  
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1.4 Conclusions 

Samples of 0, 1, 2 and 3 wt% Sn-doped ZnO were successfully synthesized by an 

ultrasonic solution method at 80 oC for 3 h. In this research, XRD patterns were used to 

identify the hexagonal wurtzite ZnO phase. Uniform flower-like nanostructures were 

composed of different oriented petals, each of which was directly grown out of crystalline 

cores, characterized by electron microscopy. The UV-visible absorption of the 1–3 wt% 

Sn-doped ZnO exhibited red-shift broad absorption bands from ultraviolet for pure ZnO 

to visible sunlight by doping element residing in ZnO crystal.  
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Chapter 2 

Ultrasonic-assisted synthesis, characterization and optical properties of 

Sb doped ZnO and their photocatalytic activities 

 

2.1 Introduction 

Zinc oxide (ZnO) is a n-type II-VI semiconductor with a wide direct band gap of 

3.37 eV and large exciton binding energy of 60 meV [1−5], which is more than other 

semiconductor materials: ZnSe (22 meV) and GaN (25 meV) [6]. It has interesting 

applications on nanolasers, piezoelectric nanogenerators, solar cells, gas sensors and 

photocatalyst, due to its unique optical and electrical properties [1, 2, 4, 7]. However, its 

electrical and optical properties are not able to completely meet the requirements of 

constructing high performance semiconducting devices, including the increasing needs 

for applications nowadays [1, 2, 5]. To enhance these properties, ZnO was frequently 

doped with some dopants [1, 2, 5] such as Sb [6, 8], Sn [9], In [10, 11], Mn [12] and Ce 

[13]. Sn doped ZnO shows the highest gas response to ethanol vapor and highest 

photocatalytic activity toward methyl orange (MO) solution [9]. The 2 % Ce doped ZnO 

shows an effectively oxidation of cyanide to cyanate [13]. Sb doped ZnO nanoparticles 

have higher resistance and reflectivity than the undoped one [8].  

In this research, a facile and environment-friendly low-temperature route was used 

to synthesize Sb doped ZnO by ultrasonic-assisted solution method. Phase, morphologies, 

optical properties and photocatalytic properties of Sb doped ZnO were also studied and 

discussed in this report. 

 

2.2 Experimental  

Sb doped ZnO nanostructures were synthesized by the ultrasonic-assisted solution 

method using zinc nitrate hexahydrate (Zn(NO3)2·6H2O), antimony chloride (SbCl3) and 

ammonium hydroxide (NH4OH) as starting materials. All the chemicals for this synthesis 

were purchased from Aldrich Chemical Corporation and used without further 

purification.  

For the typical experimental procedure, 0.01 mol of Zn(NO3)2·6H2O and 1−5 % by 

mole of SbCl3 were dissolved in 100 ml of deionized water. Aqueous solution of 28 % 
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ammonium hydroxide was dropped in precursor solutions until reaching at the pH of 8.5 

with continuous stirring to precipitate Zn2+ and Sb3+ ions into metal hydroxide 

compound. Subsequently, the resultant solutions were transferred into sonication bath (35 

kHz), and sonicated at 80 oC for 3 h. In the end, the precipitates were filtered and washed 

with methanol several times to remove ionic impurities, and finally dried at room 

temperature. 

Crystalline phases of the as-synthesized nanostructured materials were analyzed by 

an X-ray diffractometer (XRD, Philips X’Pert MPD) with Cu-Kα radiation in the 2θ = 

15o–75o range. The morphology investigation was carried out by field emission scanning 

electron microscopy (FE-SEM, JEOL JSM-6335F) and transmission electron microscopy 

(TEM, JEOL JEM-2010) operating at 35 kV and 200 kV, respectively. The optical 

properties were studied by a Perkin Elmer, Lambda 25 UV-visible spectrometer. 

Photocatalytic activity was tested by decolorization of methylene blue (MB) in 

aqueous solution under UV light. The 150 mg pure ZnO and Sb doped ZnO as 

photocatalysts were suspended in 150 ml 10-5 M MB solutions, and were magnetically 

stirred for 30 min in the dark environment to establish an adsorption/desorption 

equilibrium of MB on surfaces of the photocatalysts. After UV irradiating, the 

concentrations of MB were determined by a UV-visible spectrophotometer (Lambda 25, 

Perkin Elmer) using a wavelength of 664 nm. The decolorization efficiency (%) was 

calculated as follows 

           Decolorization efficiency (%) = 
o

o

C
C -C x100   (1) 

where Co and C were the initial concentration of MB and the concentration of MB after 

UV irradiation, respectively. 
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2.3 Results and Discussion 

 

 
Fig. 2.1. XRD patterns of the products synthesized by ultrasonic-assisted solution 

method. 

 

The purity and crystalline properties of the as-synthesized ZnO and Sb doped ZnO 

samples were determined by X-ray diffraction (XRD) as shown in Figure 2.1. The XRD 

pattern of ZnO without Sb dopant showed diffraction peaks at 2θ = 31.8°, 34.5°, 36.4°, 

47.5°, 57.1°, 63.2°, 66.7°, 67.8° and 69.0°, identified to the (100), (002), (101), (102), 

(110), (103), (200), (112) and (201) planes, respectively of bulk wurtzite hexagonal ZnO 

structure (JCPDS No. 36-1451) [14]. No observed characteristic peaks corresponding to 

impurities such as Zn(OH)2 were detected in the pattern, confirming the purity of ZnO 



17 
 

sample. XRD patterns of 1−3 % Sb doped ZnO show the same diffraction pattern as pure 

wurtzite hexagonal ZnO structure with JCPDS No. 36-1451. No diffraction peaks of 

impurity phases such as Zn(OH)2, Sb2O3 and Sb were detected in these samples, 

suggesting that Sb3+ ions could uniformly substitute into the Zn2+ sites or interstitial sites 

of ZnO lattice by forming 2SbZn and VZn [3]. Moreover, the major diffraction peaks 

shifted slightly towards smaller diffraction angle compared to the pure ZnO phase due to 

the ionic radius of Sb3+ of 0.76 Å [15, 16] > ionic radius of Zn2+ of 0.74 Å [16, 17]. Upon 

increasing the Sb concentration doped in ZnO structure of more than 3 %, mixed phases 

of Zn(OH)2 and ZnO (JCPDS No. 38-0385 [14] for Zn(OH)2 and No. 36-1451 [14] for 

ZnO) were detected. The XRD results show that the limited Sb concentration doped in 

ZnO is 3 wt% in this research. 

 

 
Fig. 2.2. SEM images of (a) pure ZnO, (b) 1 % Sb doped ZnO, (c) 2 % Sb doped ZnO 

and (d) 3 % Sb doped ZnO samples at low magnification. 
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Fig 2.3. SEM images of (a) pure ZnO, (b) 1 % Sb doped ZnO, (c) 2 % Sb doped ZnO and 

(d) 3 % Sb doped ZnO samples at high magnification.   

 

Figures 2.2 and 2.3 show the FE-SEM images of the as-synthesized 0−3 % Sb 

doped ZnO products with low and high magnifications. A morphology of pure ZnO as 

shown in Figure 2.2(a) was well-defined flower-like three-dimension ZnO nanostructures 

in a large-scale area with diameters in the range of 0.5−1 μm. It should be noted that the 

flower-like three-dimension ZnO nanostructures were composed of assemblies of 

nanorods as petals. At high magnification image of the nanorod-built flower-like ZnO 

nanostructures in Figure 2.3(a), they revealed that each petal was about 300 nm long and 

100 nm in diameter. For the SEM images of Sb doped ZnO, the morphologies of rice 

kernel-like ZnO nanostructures formed instead of flower-like structures. Figures 

2.2(b)−(d) and 2.3(b)−(d) show SEM images of 1−3 % Sb doped ZnO prepared by 

ultrasonic-assisted solution method at low and high magnifications. They show the rice 

kernel-like ZnO nanorods in the range of 300−400 nm long. However, no flower-like 

structures were detected in the Sb doped ZnO samples. At high magnification, the 
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products were composed of assembled nanorods to build rice kernel-like ZnO nanorods. 

These different morphologies of ZnO and 1−3 % Sb doped ZnO can be explained in 

terms of a thermodynamic barrier arising from the Sb3+ dopant that slowed down the 

nucleation and inhibited the further growth of Sb doped ZnO crystals [18]. 

 

 
Fig. 2.4. EDX spectra of the products synthesized by ultrasonic-assisted solution method. 

 

Chemical composition of the as-synthesized products was observed using EDX 

analysis. Figures 2.4 and 2.5 show the typical EDX spectra of 0−3 % Sb doped ZnO and 

EDX mapping of 3 % Sb doped ZnO. EDX spectra show that the products consisted of 

zinc and oxygen for pure ZnO; and zinc, oxygen and antimony atoms for 1−3 % Sb 

doped ZnO. Intense peaks of Cu and Au were also detected in the spectra due to the Cu 

stubs and sputtered Au. No detection of other impurities in the products, indicating that 

they were very high purity. Figure 2.5 shows selected area elemental mapping of 3 % Sb 
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doped ZnO. The mapping was mainly composed of Zn, O and Sb elements. The Sb 

element was uniformly diffusive in ZnO lattice.  

 

 
Fig. 2.5. EDX mapping of 3 % Sb doped ZnO sample. 

 

Figure 2.6(a) shows a bright-field TEM image of the as-synthesized ZnO sample. It 

indicates the detail morphology of the ZnO product with flower-like shape. As shown in 

Figure 2.6(b), it can be clearly seen that the detail shape of some petals of flower-like 

ZnO product was composed of many clusters ZnO nanorods. These nanorods were in 

contact each other as bundles, growing outwardly by forming flower-like structures. The 

shape of the product appears as flowers with several symmetric petals. It indicated that 

every bundle was composed of closely packed nanorods with average diameters of 

around 150 nm. By performing on the individual petal (Figure 2.6(c)), the selected area 

electron diffraction (SAED) pattern as shown in Figure 2.6(d) indicates that the single 
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petal is single crystal of hexagonal ZnO phase. The individual petal was also confirmed 

that the nanorods grow along the [0001] direction. 

 

 
Fig. 2.6. TEM images and SAED pattern of flower-like ZnO structure. 

 

Regarding the formation of flower-like ZnO, it can be explained by manipulating 

the growth kinetics. In the present case, the contributing growth-driving force for ZnO 

crystals is the concentration of ZnO2
2− monomers. In the reaction solution containing 

Zn(NO3)2 and NH4OH, the high reactant concentrations led to the burst of initial 

homogeneous nucleation, and the supersaturated ZnO nuclei aggregated together in 

groups. As the reaction proceeded, concentration of the ZnO2
2− monomers became lower. 

Some active sites on the surface of the initially formed ZnO aggregates grew along the 

oriented direction as the chemical environment constantly provided reactants. The 
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preferential growth along the [0001] direction due to the intrinsic anisotropy in its growth 

rate (ν) with ν[0001] > > ν[01-10] > ν[000-1] [7, 19].  The structure of ZnO single crystal 

can be described as a number of alternating planes of coordinated O2− and Zn2+ ions. The 

oppositely charged ions are made of the positively charged Zn-(0001) and negatively 

charged O-(0001) polar surfaces. Following the decrease of the concentration of ZnO2
2− 

monomers due to the initial fast nucleation of ZnO, the absorption of OH− on the 

positively charged Zn-(0001) plane dominated the ZnO2
2− growth units. Therefore, the 

superfluous OH− ions stabilized the surface charge and the structure of Zn-(0001) face to 

some degree, allowing the fast growth along the [0001] direction, leading to the 

formation of flower-like ZnO nanostructure [7, 20−22]. 

 

 
Fig. 2.7. TEM images and SAED patterns of (a and b) 1 % Sb doped ZnO and (c and d) 

3 % Sb doped ZnO samples. 
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Figure 2.7 shows the typical TEM images of 1 % and 3 % Sb doped ZnO 

nanostructures. It is apparent that 1 % Sb doped ZnO exhibits well-defined rice kernel-

like colonies with an average size of 300−400 nm. The nanorods serving as building 

blocks were tightly packed as colonies of rice kernel-like shaped particles. They can be 

concluded that the rice kernel-like ZnO colonies formed from the attachment of ZnO 

nanorods. The magnified TEM image in Figure 2.7(b) shows the detail colonies of  rice 

kernel-like ZnO. The colonies of rice kernels were composed of densely arrayed 

nanorods with diameter of about 10 nm. While the colonies of the 3 % Sb doped ZnO 

nanocrystallites as shown in Figure 2.7(c), they present the rice kernel-like colonies of 

many closely packed nanorods of about 90 nm in diameter and 1.2 μm in length similar to 

1 % Sb doped ZnO sample. It also shows that the ends of the nanorods have relatively 

smaller diameters compared to that of the middle parts. The enlarged TEM image of 3 % 

Sb doped ZnO sample as shown in Figure 2.7(d) shows the colonies of rice kernel-like 

ZnO particles with very rough surface. It is noteworthy that the rice kernel-like structure 

was sufficiently stable, which cannot be destroyed even after ultrasonication for a long 

time. The insets of Figures 2.7(a) and 2.7(c) show the SAED pattern taken from their 

corresponding rice kernel-like Sb-doped ZnO samples. The diffraction patterns were 

composed of a number of bright spots arranged in concentric rings, with the calculated 

lattice planes obtained from the diameters of the diffraction rings. For the present 

research, the products were polycrystalline in nature. They were the (100), (002), (101), 

(102), (110), (103), (112) and (201) planes which were in accordance with those of the 

JCPDS database for hexagonal ZnO phase. 

The optical properties of as-synthesized 0−3 % Sb doped ZnO samples were 

studied by UV-visible absorption as shown in Figure 2.8. The spectrum of pure phase 

ZnO sample exhibits a broad absorption band at around 373 nm, blue shift relative to 380 

nm of bulk ZnO [23]. However, the spectra of 1 %, 2 % and 3 % Sb doped ZnO samples 

exhibit sharp bands at 356 nm, 350 nm and 343 nm, respectively. It should be noted that 

the absorption peaks became sharper. They were blue-shift from 373 nm of pure ZnO 

sample to 343 nm of 3 % Sb doped ZnO sample. The band gaps were calculated by the 

equation of Eg = 1240/λ [24, 25]. They are 3.32 eV, 3.48 eV, 3.54 eV and 3.61 eV for 

ZnO, 1 % Sb doped ZnO, 2 % Sb doped ZnO and 3 % Sb doped ZnO, respectively. These 
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can be explained by the decreasing in size of the particles and consequently the 

increasing band gap between the valence and conduction bands. A blue shift of the 

absorption peak in the UV-visible spectra of these samples was successfully and clearly 

observed. 

 

 
Fig. 2.8. UV-visible spectra of as-synthesized 0−3 % Sb doped ZnO samples.  

 

 

 
Fig 2.9. UV-visible absorption of MB solutions containing (a) ZnO, (b) 1 % Sb doped 

ZnO and (c) 3 % Sb doped ZnO. 

 

Upon the illumination of UV light, ZnO can transform the photonic energy into 

chemical energy, in a similar way for the synthesis or the decomposition of organic 

materials. Its remarkable oxidation reduction capability, high chemical stability and 
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harmless characteristics, are most commonly applied in pollutant removal and 

disinfectants. When the ZnO samples are illuminated by ultraviolet of wavelength less 

than 400 nm, electrons of the valence band were excited by the photonic energy of the 

ultraviolet to the conduction band. At the same time, the valence band created electronic 

holes carrying positive electricity. These holes reacted with the absorbed O2 or H2O to 

create OH• free radicals, which further generated the reaction such as disinfection or 

deodorization [26]. Figure 2.9(a) shows the UV-visible absorption spectral change of MB 

during the photocatalytic degradation in the presence of ZnO under UV light over the 

wavelength range of 400−800 nm. The intensity of main absorption peaks of the MB 

solutions at approximately 664 nm decreases continuously with the length of UV 

irradiation time. It indicates that MB molecules could be degraded in the presence of 

ZnO. The photocatalytic mechanism of ZnO is as follows: 

ZnO + hν   → ZnO(eCB
− + hVB

+)   (2) 

H2O + hVB
+   → H+ + OH•   (3) 

dye + OH•  → oxidation products   (4) 

where hVB
+ and eCB

− are the electron vacancies in the valence band and the 

photogenerated electrons in the conduction band, respectively. The conduction-band 

electrons and valence-band holes are generated on the surfaces of ZnO nanostructures 

when they are illuminated by UV light with energy greater than the band gap. Holes react 

with water molecules adhering to the surfaces of ZnO nanostructures to form highly 

reactive hydroxyl radicals (OH•) which have a powerful oxidation ability to degrade 

organic dye [7]. Figures 2.9(b) and 2.9(c) show the UV-visible absorption spectra of the 

aqueous solutions of MB with 1 % Sb doped ZnO and 3 % Sb doped ZnO samples as 

photocatalysts and illuminated to UV light for different time intervals. The characteristic 

absorption of MB at 664 nm decreases rapidly with the prolonging time, and almost 

disappear after about 300 min. Further exposure leads to no absorption peak in the whole 

spectrum, indicating the almost none of the MB remain. These photocatalysis results 

clearly demonstrate that Sb doped ZnO exhibited higher photocatalytic activity as 

compared with ZnO sample. 
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Fig. 2.10. Decolorization efficiencies of ZnO with and without Sb doping. 

 

Figure 2.10 shows MB degradation efficiency of the as-synthesized ZnO and Sb 

doped ZnO samples. The Sb doped ZnO samples exhibit much higher photocatalytic 

activities than that of the pure ZnO one. It took only 102 min for 3 % Sb doped ZnO and 

134 min for 1 % Sb doped ZnO to decolorize 50% of MB while pure ZnO took more than 

275 min to decolorize the same amount of MB. This faster degradation rate of MB under 

UV irradiation using Sb doped ZnO is attributed to the increase in defect sites caused by 

Sb3+ doping, leading to an enhanced optical absorption in the UV region. After 300 min 

irradiation, the values of degradation efficiency are 56, 90 and 95 % for pure ZnO, 1 % 

Sb doped ZnO and 3 % Sb doped ZnO, respectively. This clearly demonstrates that ZnO 

doped with Sb3+ degrades MB more efficiently than undoped ZnO. In this research, the 

3 % Sb doped ZnO shows the highest photocatalytic activity. Under illumination with 

UV light, Sb doped ZnO generates electron–hole pairs at the tail states of conduction and 

valence bands. The generated electrons diffused to the adsorbed MB molecules on the 

surface of Sb doped ZnO. The excited electrons from the photocatalyst conduction band 

migrated into the molecular structure of MB and by forming the conjugated system which 
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then led to the complete decomposition of MB. Holes at the valence band generated OH• 

via reaction with water or OH−, might be used for oxidation of other organic compounds.  

The photocatalytic properties of as-synthesized photocatalysts were evaluated by 

measuring the absorption intensity of MB at 664 nm after UV irradiation at different 

lengths of time. Both of these photodegradation reactions were determined by pseudo-

first-order reactions [27−30]. The reaction rate constants of MB degradation were 

calculated for ZnO, 1 % Sb doped ZnO and 3 % Sb doped ZnO are 1.47 x 10-3, 6.30 x 10-

3 and 8.65 x 10-3 min-1, respectively. This clearly demonstrates that ZnO doped with 

antimony can be used as a potential photocatalyst illuminated with UV light. 

 

2.4 Conclusions 

Ultrasonic-assisted synthesis of Sb doped ZnO at room temperature has been 

introduced. XRD results showed the formation of wurtzite ZnO and the upper bound of 3 

wt% doped Sb. No other phases were detected. The amount of antimony added shows a 

profound effect on morphology which changed from flower-like of nanorods for ZnO to 

rice kernel-like for Sb doped ZnO. As-synthesized doped and undoped ZnO crystals were 

tested and compared for their photocatalytic activities by decolorization of MB under UV 

light. It was clear that 3 % Sb doped ZnO showed the highest photocatalytic activity 

toward the MB solution. 
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Chapter 3 

Controlling morphologies and growth mechanism of hexagonal prisms with planar 

and pyramid tips of ZnO microflowers by microwave radiation 

 

3.1 Introduction 

Among semiconducting materials, wurtzite hexagonal ZnO with 3.37 eV direct 

band gap and 60 meV exciton binding energy is an important functional material as short-

wavelength optical devices due to its unique piezoelectricity, pyroelectricity and 

photocatalysis, including light emitting diodes (LEDs), laser diodes (LDs), transparent 

conducting electrodes for solar cells, surface acoustic filters, UV lasers and 

chemical/biological sensors [1–6]. Different morphologies of ZnO structures such as 

nanorods [3, 4, 5], hexagonal cones [6], hollow spheres [7, 8], flowers [2, 9, 10], 

nanoparticles [11], dendrites [12], hexagonal disks/plates [13–15] and nanotubes [16–19] 

have been synthesized both by chemical and physical methods such as sol-gel process 

[1], hydrothermal process [2, 3, 14], thermal evaporation process [4], ultrasonic-assisted 

synthesis [7–12], carbothermal reduction [15], plasma-assisted molecular beam epitaxy 

[18, 19], microwave radiation [20] and chemical vapor deposition [21–23]. 

In case of physical processes, they perform under relatively harsh conditions, 

requiring high temperature, low pressure (vacuum) and high efficiency instrument with 

elaborate design. They are quite difficult to apply for large-scale and industrial 

production. Practically, chemical syntheses in solutions known as solution methods can 

be enlarged for large-scale production without using catalysts and additives with better 

crystalline quality, preferably at low growth temperature. The processes are more 

convenience, inexpensive and challenged nano- and micro- structured products with 

morphological control and crystalline evolution.  

Generally, conventional heating is an energy transferred process from outside to 

inside of solutions or from the higher to lower temperature by conduction process. There 

are must be physical contact between internal surfaces of the reaction vessels and the 

mixtures containing inside. In case of microwave radiation, it is an increasingly popular 

method used for the synthesis of materials. Microwave radiation is composed of vibrating 

electric field that can penetrate the reaction vessels. Molecules, ions and dipoles of the 
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mixtures containing in the vessels rotate and vibrate in accordance with the vibration of 

the electric field, and cause a rise in the temperature. Heat is directly transferred to nearby 

mixtures. Temperature distribution of the entire solution mixtures is homogeneous. The 

main advantages of microwave-assisted synthesis are uniform heating of reactants. The 

process can generate localized instantaneous hot spots at reaction sites, consume shorter 

reaction time, selectively form specific morphology, reduce energy consumption and 

produce high product yield [24, 25].  

In this research, a facile synthesis of flower-like ZnO structures composing of 

petals of hexagonal prisms and hexagonal pyramid tips by microwave radiation is 

reported. Phase, morphologies and photocatalytic performance of the products were 

characterized by a series of techniques. These results show that both of the flower-like 

ZnO products can be used as superior photocatalysts with high efficiency for 

decomposing of organic dyes.  

 

3.2 Experiment 

All chemicals were purchased from Sigma-Aldrich Corporation and used without 

further purification. To start the procedure, 0.005 mole zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O) and 0.010 mole hexamethylenetetramine (HMT) were dissolved in 100 

ml de-ionized water under stirring at room temperature. Subsequently, 3 M sodium 

hydroxide solution was added to each of the 100 ml solutions until reaching at the pH of 

9 and 13. The two solutions with the pH 9 and 13 were transferred in a microwave oven 

and heated at 180 W for 60 min (96 oC). At the end of microwaving, white precipitates 

were synthesized, washed with methanol several times and dried at 80 oC for 24 h to form 

two powder products. 

The as-synthesized products were characterized by Philips X’Pert MPD X-ray 

powder diffraction (XRD) using a Cu-Kα radiation at 45 kV and 35 mA with a scanning 

rate of 0.04 deg/s in the 2θ range from 20 to 60 deg. Fourier transform infrared (FTIR) 

spectra were recorded on a Perkin Elmer RX FTIR spectrophotometer with KBr as a 

diluting agent and operated in the range of 400–4,000 cm-1 with the resolution of 4 cm-1. 

Raman spectrometer (HORIBA Jobin Yvon T64000) was operated using 50 mW of 514.5 

nm wavelength Ar green laser. SEM images were taken through a scanning electron 
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microscope (SEM, JEOL JSM-6335F) at 20 kV. TEM images of the products were taken 

using a JEOL JEM-2010 transmission electron microscope (TEM) with an accelerating 

voltage of 200 kV. UV-visible absorption was carried out through a quartz cell on a 

Lambda 25 Perkin Elmer spectrophotometer. 

Photocatalytic activities of the as-synthesized products were tested by measuring 

the degradation of rhodamine B (RhB) in aqueous solutions under UV radiation as light 

source. Each 0.1 g of photocatalyst was suspended in 75 ml of 2.5 mg/l RhB solution, 

which was magnetically stirred for 30 min in the dark to establish an 

adsorption/desorption equilibrium of RhB on surface of each photocatalyst. Then the 

light was turned on to initiate photocatalytic reaction. The solutions were analyzed by a 

Lambda 25 Perkin Elmer spectrometer using 450 W of Xe-lamp with 554 nm 

wavelength. The decolorization efficiency (%) was calculated using the equation: 

 Decolorization efficiency (%) = 
o

o

C
C -C x100      (1) 

where Co and C are the initial and final concentrations of RhB. 

 

3.3 Results and discussion 

Phase of the as-synthesized ZnO products was characterized by XRD as shown in 

Fig. 3.1. All diffraction peaks at 2θ of 31.81o, 34.47o, 36.31o, 47.61o and 56.65o were 

respectively indexed to the (100), (002), (101), (102) and (110) planes of pure hexagonal 

wurtzite ZnO structure of the JCPDS database no. 36-1451 [26]. No impurities were 

detected in these products. The characteristic peaks were high in intensity and narrow 

spectral width, implying that the products were high degree of crystallinity. 
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Fig. 3.1 XRD patterns of ZnO synthesized in the solutions containing Zn(NO3)2·6H2O 

and HMT at the pH (a) 9 and (b) 13. 

 

Raman spectra of hexagonal wurtzite ZnO structure belongs to the 4
6vC  or P63mc 

space group, with 12 phonon modes and two formula units per primitive cell. Therefore, 

there are nine optical and three acoustic phonon modes, belonging to three longitudinal-

optical (LO), six transverse-optical (TO), one longitudinal-acoustic (LA) and two 

transverse acoustic (TA) modes. Different symmetries involve the vibrational Raman 

active appearing in the spectra. Changes in lattice spacing and chemical environment are 

able to shift their vibrational frequencies. According to group theory prediction, the 

vibration of optical phonons at the Γ point of Brillouin zone is Γopt  = 1A1 + 1E1 + 2E2, 

where A1 and E1 are active in both Raman and infrared (IR) and E2 is active in only 

Raman. The polar characteristics of the A1 and E1 split into LO and TO components due 

to the macroscopic electric fields associated with optical phonons. Fig. 3.2 shows typical 
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Raman-scattering spectra with Ar green laser line as the excitation source for the as-

synthesized ZnO products at the wavenumber of 200–800 cm-1. Intense peaks at 438 cm−1 

were specified as the E2H mode, and a very weak peak at 585 cm−1 as the E1L mode. The 

presence of Raman-active optical phonon E2H mode was caused by the wurtzite 

hexagonal phase of ZnO, and the E1L mode was caused by the structural defects of 

oxygen vacancies, zinc interstitials, free carriers and impurities. The E2L low frequency 

mode at approximately 100 cm−1 was out of the range of the present analysis. In addition, 

two very weak peaks at 332 cm−1 and 381 cm−1 were also detected which indicated as the 

E2H–E2L multi-phonon and A1T modes, respectively [4, 10, 14, 20, 27]. 

 

 
Fig. 3.2 Raman spectra of ZnO synthesized in the solutions containing Zn(NO3)2·6H2O 

and HMT at the pH (a) 9 and (b) 13. 
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Fig. 3.3 FTIR spectra of ZnO synthesized in the solutions containing Zn(NO3)2·6H2O and 

HMT at the pH (a) 9 and (b) 13. 

 

FTIR spectra of ZnO products diluted by mixing with KBr at the 1:10 ratio for the 

analysis in range of 400–4,000 cm-1 at room temperature are shown in Fig. 3.3. They 

show absorption band around 521 cm− 1 and a broad band at 3,200–3,600 cm-1. The 

absorption at 521 cm− 1 is a typical characteristic band of wurtzite hexagonal ZnO 

structure [28, 29]. No other peak was detected, implying that the as-synthesized products 

were pure ZnO phase. The broad band at 3,200–3,600 cm-1 belongs to water absorption 

on the surface of ZnO products.  

ZnO wurtzite crystal structure is able to be described as hexagonal close packing of 

O and Zn atoms in P63mc space group with Zn atoms in tetrahedral sites. There is no 

center of inversion in the wurtzite structure. Thus an inherent asymmetry along the c-axis 

is present, which allows the anisotropic growth of the crystal along the [0001] direction. 
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A typical crystal exhibits a basal polar O (000–1) face and a top tetrahedral corner-

exposed polar Zn (0001) face, leading to their difference in reactivity. Zn and O atoms 

are located in an alternating manner in the (10–10) planes parallel to the c-axis. 

Structurally, ZnO has three types of rapid growth directions: ˂2–1–10˃ (±[2–1–10], ±[–

12–10], ±[–1–120]); ˂01–10˃ (±[01–10], ±[10–10], ±[1–100]); and ±[0001]. Together 

with the polar surfaces of atomic termination, ZnO exhibits a wide range of novel 

structures grown by tuning the growth rate along these directions. One of the most 

profound factors in determining ZnO morphology involves the relative surface activities 

of different growth facets under given conditions. Macroscopically, the crystal has 

different kinetic parameters for different crystalline planes under controlled growth 

conditions. Following an initial period of nucleation, crystallites will commonly develop 

into three-dimensional particles with well-defined and low-index crystallographic faces 

[30–32]. 

 

 
Fig. 3.4 SEM images of ZnO synthesized in the solutions containing Zn(NO3)2·6H2O and 

HMT at the pH (a-c) 9 and (d-f) 13. 

 

The morphologies of the as-synthesized ZnO products were investigated in detail 

using SEM. At the pH 9, SEM image of Fig. 3.4(a) gives a general view of the product 

morphology over a large area. The product consists of a large number of microstructured 
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ZnO flowers with the size of 2–3 μm. For a medium magnification SEM image (Fig. 

3.4(b)), the microstructured ZnO flowers were composed of microrods in the shape of 

hexagonal prisms grown out of ZnO cores. At high magnification, SEM image (Fig. 

3.4(c)) reveals that each microrod is a hexagonal-facet prism with smooth planar tip. 

Each hexagonal prism is 1–2 μm long and 50–130 nm in diameter. Clearly, each 

microrod formed as solid prism with its tip similar to a hexagon and its six equivalent 

vertical side walls in the shape of rectangle. Moreover, each of the as-grown microrods 

contains the (0001) top facet enclosed with six crystallographic planes of (10–10), (01–

10), (–1100), (–1010), (0–110) and (1–100) as shown in Fig. 5(a). The exact hexagonal 

surfaces confirmed the epitaxial growth and therefore the single crystalline nature of the 

as-grown microrods [31–33]. At the pH of 13, the SEM images are shown in Fig. 3.4(d)–

(f). At low magnification, the product is full array of uniform flower-shaped ZnO with 

the size range of 2–3 μm. For the medium magnification SEM image, the flower-shaped 

ZnO was composed of a number of petals of perfectly hexagonal prisms with hexagonal 

pyramid tips. Their lengths and diameters were 1.5 μm and 0.3 μm, respectively. They 

should be noted that all hexagonal prisms with pyramid tips grew out of the same origin 

cores to set up flower-shaped morphology.  At high magnification, the image shows a 

hexagonal prism with hexagonal pyramid tip. Each pyramid was composed of six 

triangles on top forming as the ±{10–11} polar planes, which were able to be inferred 

from wurtzite ZnO lattice structure. The six ±{10–11} polar planes are (10–11), (1–101), 

(0–111), (–1011), (–1101) and (01–11) [34]. Assemblies of the microrods were likely to 

be initiated by long-range electrostatic interaction and short-range chemical bonding, 

leading to the observed superstructure. The ±{10–11} planes were polar surfaces which 

could be terminated as zinc or oxygen faces. The electrostatic force can lead to the 

freestanding microrods with sharp tips on the ±{10–11} planes to be very active [30, 31, 

34, 36]. Some microrods attract charged ions such as OH– in aqueous solution onto the 

polar pyramid faces and the remains attract others onto the opposite polar planes. In the 

end, ZnO hexagonal prisms with hexagonal pyramid tips were produced as shown in Fig. 

3.5(b). 
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Fig. 3.5 Schematic illustration of the growth models for hexagonal prisms with (a) planar 

and (b) hexagonal pyramid tips. 

 

Fig. 3.6 shows TEM images and SAED patterns of the as-synthesized hexagonal 

prism flower-shaped ZnO microstructure. An individual flower-like ZnO microstructure 

with perfect geometry was the assembly of uniform hexagonal prism microrods. The 

flower-like ZnO assemblies consist of well-aligned hexagonal prisms of straight and 

uniform microrods with 100 nm wide and about 600 nm long, growing along the [0001] 

direction. SAED patterns of broken hexagonal prism ZnO microrods on the areas of 1 and 

2 were characterized. The bright diffraction spots of the SAED patterns indicate that the 

individual hexagonal prisms of flower-like ZnO microstructure were single crystal. Both 
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SAED patterns were specified as the (11–20), (11–22) and (0002) planes with the [1–

100] direction as zone axis of the hexagonal ZnO phase, in accordance with the above 

XRD analysis.  

 

 
Fig. 3.6 (a, b) TEM images and (c, d) SAED patterns of hexagonal prisms of flower-like 

ZnO microstructure synthesized in the solution with the pH 9. 
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Fig. 3.7 (a, b) TEM images and (c, d) SAED patterns of hexagonal pyramids of flower-

like ZnO microstructure synthesized in the solution with the pH 13. 

 

Fig. 3.7 shows TEM images of the hexagonal prisms with sharp tips of ZnO 

microstructure, in accordance with the above SEM characterization. It should be noted 

that the flower-shaped ZnO was composed a number of perfectly hexagonal prisms with 

sharp tips grown out of the same origin core to set up ZnO flower-shaped morphology 

with its petals of hexagonal prisms with sharp tips. At high magnification, the hexagonal 

pyramid flower-shaped ZnO microstructure was composed of smooth and clean surfaces 

of microrod petals with different orientated tips directing in the [0001] direction. Single 
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crystalline ZnO microrods were also characterized by SAED at the areas of 1 and 2, 

which show patterns of the symmetrical stripes of bright spots rather than bright spots in 

circles of the same center. Both patterns were indexed to be hexagonal ZnO with the 

[−1100] direction as zone axis. 

 

 
Fig. 3.8 UV-visible absorption of (a) hexagonal prisms and (b) hexagonal pyramids of 

flower-like ZnO microstructures. 

 

The formation of ZnO microflowers which are composed of petals in the shapes of 

hexagonal prisms with planar and pyramid tips can be explained by the following. The 

precipitation of ZnO particles in aqueous solution is rather complex. Generally, the size 

and morphology of ZnO particles are controlled by the chemical state of Zn2+ ions in the 

solution. Thermodynamic and kinetic factors can play different roles in the precipitation 

process. The chemical state of Zn2+ ions is strongly controlled by the pH of solution and 

anionic type. By gradual adding of NaOH solution to Zn(II)-salt solution, Zn(OH)4
2− 

complexes originated at the pH of 9. Precipitation of ZnO from Zn(OH)4
2− complexes can 

be written by the following reaction 
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  Zn2+ + 4OH-  → Zn(OH)4
2−     (2)  

Zn(OH)4
2−   →   ZnO+ H2O + 2OH−  (3)  

Due to the fewer nuclei and a large number of growth units, [Zn(OH)4]2− complexes are 

able to easily adsorb on different sites of ZnO nanorods (seeds). The positively charged 

Zn-(0001) surfaces are the most reactive. Thus OH− ions may stabilize the positive 

charge of the Zn-(0001) surfaces to some extent, allowing rapid growth along the [0001] 

direction, leading to the formation of ZnO hexagonal prisms with rod-like crystal. 

Comparing with ZnO microflowers of hexagonal pyramid tips, Zn(NO3)2·6H2O produced 

predominant aqueous species at higher concentration of NaOH solution with the pH of 13 

such as Zn(OH)3
1−, Zn(OH)4

2− and ZnO2
2− zincate ions. At high pH, these species are 

very stable, leading to promote the dissolution of Zn(OH)2 and ZnO at room temperature. 

The stability of these complexes decreases with increasing in the temperature during 

microwaving, resulting in the formation of ZnO solid. Growth mechanism of ZnO 

microflowers with the petals of hexagonal pyramids is able to be understood on the basis 

of the following reactions and crystalline characteristics of wurtzite ZnO. The structure of 

ZnO single crystal can be described as a number of alternating surfaces of coordinated 

O2− and Zn2+ with oppositely charged ions, made of Zn rich positive surfaces and oxygen 

rich negative surfaces, which can attract new ZnO and opposite charged species. Due to 

the crystalline characteristics of ZnO, growth rates (R) of different surfaces are in 

sequence as follows: R(0001) > R(−101−1) > R(−1010) > R(−1011) > R(000−1). For the 

formation of ZnO microflowers with petals of hexagonal pyramids, the polar (0001) and 

six {10−11} surfaces make up hexagonal pyramids. The bases of hexagonal pyramids 

consist of end surfaces of O terminated (000−1) and side surfaces of O terminated 

(10−11), which are all polar surfaces. For wurtzite ZnO crystal, the O terminated (000−1) 

polar surfaces are generally thought to be inert comparing with the Zn terminated (0001) 

polar surfaces. During crystalline growth, the polar surfaces with the lowest energy 

(atoms/ions prefer to reside on the lowest energy level) are the most rapid growth and 

will be faded away. Thus, growth of the hexagonal pyramids is along the [0001] direction 

or Zn polarized direction. Possibly, surface energies of polar surfaces are raised up or 

passivated by oppositely charged ions. At high pH value, a strong electrostatic interaction 

between the ions and polar surfaces is created, leading to the increase of surface energies 
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of the (0001) and (10−11) polar surfaces in comparison with those of other crystalline 

surfaces. Thus, growth rates of these polar surfaces are slow down and the polar surfaces 

appear as external surfaces on sharp tips of the hexagonal prisms with pyramid tips [28, 

36-41]. 

 

 
Fig. 3.9 Decolorization efficiency of RhB by (a) hexagonal prisms and (b) hexagonal 

pyramids of flower-like ZnO microstructures. 

 

ZnO powders were dispersed in an analytical grade ethanol for optical studying. 

Optical properties of the as-synthesized products were investigated through UV-visible 

absorption at room temperature as shown in Fig. 3.8. Their absorption spectra are broad 

over the range of 300–500 nm for flower-like ZnO microstructures of hexagonal prisms 

with planar tips and strong absorption band in the range of 350–550 nm for flower-like 

ZnO microstructures of hexagonal pyramids. They are excitonic characters with the 

absorption peaks at 397 nm with calculated band-gap of 3.12 eV for hexagonal prisms, 

and 384 nm with calculated band-gap of 3.23 eV for hexagonal pyramids, attributed to 
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band edge absorption of the wurtzite hexagonal pure ZnO products [35, 36, 42]. These 

calculated band gaps were a little difference from that of their bulk with Eg = 3.37 eV 

[43].  

In this research, the photocatalytic degradation efficiency of 75 ml of 2.5 mg/l 

RhB solutions was used to evaluate the photocatalytic activities under UV radiation of Hg 

lamp. Fig. 3.9 shows the decolorization efficiency of two ZnO microstructures under UV 

illumination for 140 min. They show that ZnO microstrures were able to decolorize RhB 

to about 55 % within 18 min. When the time was lengthened to 140 min, the 

decolorization efficiency of RhB by hexagonal pyramids of flower-like ZnO was 87 % 

and by hexagonal prisms of flower-like ZnO was 77 %. These results show that the 

hexagonal pyramids of flower-like ZnO exhibited the highest photocatalytic efficiency 

which might be attributed to the unique structure to absorb large fraction of UV light. 

Contrarily, the hexagonal prisms of flower-like ZnO with relatively less surface area 

could decrease the UV light utilization rate and reduce the photocatalytic activity, 

resulting in lowering the decolorization efficiency of RhB. These imply that the 

photocatalysis is highly dependent on UV light radiation. When photon energy of the 

light source is greater than or equal to the band gap of ZnO, the photocatalysis will be 

activated. ZnO microstructures generate electron–hole pairs at the tail states of 

conduction and valence bands. The photogenerated electrons diffused to the adsorbed 

RhB molecules on the photocatalytic surfaces. The excited electrons from the 

photocatalytic conduction bands entered into the molecular structure of RhB and 

disrupted its conjugated system, leading to the complete degradation of RhB. Holes in the 

valence bands reacted with water to generate OH• and could be used for oxidation of the 

organic dye [44–46].  

ZnO + hν   → ZnO (eCB
− + hVB

+)   (4) 

H2O + hVB
+   → H+ + OH•   (5) 

dye + OH•  → oxidation products   (6) 

Reaction rate of photo-degradation of RhB by ZnO under UV-visible light was 

calculated using the normalized concentration. The ln Co/C vs reaction time was plotted 

and apparent rate constant (ka) values were determined from their slopes. The linearity of 

the plots with correlation coefficient R2 → 1 suggests that the decolorization reaction of 
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RhB follows pseudo-first-order kinetics [43, 45, 47]. The reaction rate constants of RhB 

degradation of hexagonal prisms and hexagonal pyramids of flower-like ZnO 

microstructures are 5.44 x 10−3 and 8.68 x 10−3 min−1, respectively. Clearly, hexagonal 

pyramids of the flower-like ZnO microstructure is the most appropriate for using as a 

potential photocatalyst under UV light irradiation. 

 

3.4 Conclusions 

In summary, hexagonal prisms and hexagonal pyramids of flower-like ZnO 

microstructures were successfully synthesized by a microwave-assisted radiation process. 

The phase, molecular vibration, morphology and optical properties of the as-synthesized 

ZnO products were characterized by XRD, Raman spectrosocpy, FTIR, EM and UV-

visible spectroscopy. In this research, the as-synthesized products were pure wurtzite 

hexagonal ZnO structure: hexagonal prisms of flower shape at the pH of 9 and hexagonal 

pyramids of flower shape at the pH of 13. The products show absorption peaks at 397 nm 

(3.12 eV) for hexagonal prism ZnO microstructure and 384 nm (3.23) eV for hexagonal 

pyramid ZnO microstructure, which were almost consistent with that of their bulk. In this 

research, hexagonal pyramid flower-like ZnO exhibited the best photocatalytic activity 

for photodegradation of RhB with the reaction rate constant of 8.68 x 10−3 min−1. 
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