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Abstract

ZnGa2O4 crystallites were synthesized via a hydrothermal method in the temperature between 160 1C and 200 1C at the pH of 13.5

using ZnSO4 � 10H2O and Ga2O3 as source materials. The phase and microstructure of the as-prepared ZnGa2O4 crystallites were

characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). It is

found that the nano-spheric ZnGa2O4 crystallites can be synthesized at the temperature of 160 1C, while the assembled three-

dimensional structure of the ZnGa2O4 crystallites can be achieved at 170–200 1C. In addition, the growth mechanisms of nano-spheric

and three-dimensional structure of the ZnGa2O4 crystallites are preliminarily discussed and it is found that the ZnGa2O4 nucleation rate

was controlled by the formation of Ga(OH)4
�. The photocatalytic activity of ZnGa2O4 crystallites was evaluated using Rhodamine B

(RB) as a model pollutant. Results showed that the photocatalytic activity of the ZnGa2O4 crystallites can be significantly decreased and

the areal activity of them are increased by increasing the temperature from 160 1C to 200 1C, which may be caused by the improved

crystallization and a cuboid-like morphology. The best photodegradation efficiency was shown by the sample prepared at 160 1C and

the degradation efficiency of Rhodamine B was 98.4% in 60 min.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnGa2O4 is an important p-type semiconductor material
with extensive application in flat panel display [1], thin film
electroluminescence display [2] and vacuum florescent dis-
play [3]. Furthermore, on account of better chemical stability
over sulfide phosphors, ZnGa2O4 can endure a high electron
beam current [4]. Recently, due to its excellent performance
in water splitting and air-pollution control, ZnGa2O4 has
received considerable attention [5]. Dyes as one of the main
types of pollutants in waste water are emphasized. Because
ZnGa2O4 has hybridized orbitals of Ga4s4p, Zn4s4p and the
wide band gap (4.4 eV), it can promote that the mobility of
photogenerated electrons and the absorption efficiency in
UV lamps are the most available light source for waste water
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purification [6]. Therefore, ZnGa2O4 may be more efficient
in degrading dyes. In a series of earlier works, Hirano [7–9]
drew the conclusion that single-phase ZnGa2O4 particles
were synthesized from a mixed solution of gallium and zinc
salts under hydrothermal conditions at 150–240 1C. But no
result about the photocatalytic activity and the growth
mechanism of ZnGa2O4 was reported. Wei [10] proved that
ZnGa2O4 powder and thin film fabricated by sol–gel process
had better photocatalytic performance in degradation of
methylene blue. Compared to the sol–gel process, the
hydrothermal technique is relatively convenient without later
thermal treatment. Besides, its morphology can be controlled
more easily. However, the Influence of processing parameter
on the morphology and photocatalytic performance of
ZnGa2O4 crystallites using hydrothermal process is rarely
reported.
In the present work, ZnGa2O4 crystallites were synthesized

by hydrothermal method by using gallium oxide (Ga2O3) as
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Fig. 1. XRD patterns of ZnGa2O4 crystallites prepared at different pH

values under the hydrothermal temperature of 170 1C.

Fig. 2. The XRD patterns of the as-prepared ZnGa2O4 crystallites at

different hydrothermal temperatures when the pH value is 13.5.
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gallium source. Rhodamine B(RB) was used as dye aqueous
solution in the degradation test. The influence of hydro-
thermal temperature on the phase, morphology and photo-
catalytic performance of ZnGa2O4 crystallites are particularly
investigated.

2. Experimental

2.1. Preparation of ZnGa2O4 crystallites

A typical synthesis route of ZnGa2O4 crystallites were as
follows: first, 0.288 g ZnSO4 � 10H2O(AR) and 0.187 g
Ga2O3(AR) were dissolved in deionized water and stirred for
10 min to form a suspension. Then 2 mol/L NaOH(AR) was
added to adjust the suspension pH value to 8–14 with
continuous stirring. After 10 min of stirring, the mixture was
poured into a 20 ml Teflon-lined stainless reactor with the
volume filling ration of 67%, heated at 140–200 1C for 4 h,
and then cooled down to room temperature naturally. The
products were washed with deionized water and ethanol 3
times, respectively. Finally, they were dried in the oven at
80 1C for 3 h.

2.2. Characterization

The powder X-ray diffraction patterns of as-prepared
samples were measured using an X-ray diffractometer
(XRD, D/max-2200PC, Rigaku, Japan) with Cu Ka radia-
tion at a scanning rate of 81min�1 in the 2y range from 151
to 701. The surface morphology was observed using a
Scanning Electron Microscopy (SEM, JSM-6390A, JEOL,
Japan). Transmission electron microscopy (TEM, JEM-
3010, JEOL, Japan) was used to provide selected area
electron diffraction (SAED) and high-resolution TEM
(HRTEM) images of the powders. The specific surface area
of the sample was measured using the Brunauer–Emmett–
Teller (BET) method using Surface area and pore size
Analyzer (SA3100, Beckman Coulter, America). Prior to
the measurements, samples were degassed at 200 1C for 2 h.

2.3. Photocatalytic activity test

The photocatalytic degradation tests were carried out in
photoreactor (BL-GHX-V, Shanghai) using 0.02 g ZnGa2O4

particles dispersed in 20 ml RB solution (10 mg/L). Before
the reaction, the photocatalyst was soaked in RB solution
with a dark environment for 30 min to achieve adsorption
equilibrium of RB on the catalyst. The light source was a
300 W mercury lamp and continuous magnetic stirring
should be kept to maintain the suspension of ZnGa2O4

particles in the RB solution. The reaction temperature was
kept at 25 1C. Then 5 mL of the suspension was collected for
every 15 min and centrifuged at 3500 rpm.The clear solution
was separated from the above suspension and the RB
concentration was measured by an Ultraviolet-visible Spec-
trophotometer (UV-2550, Shanghai, China).
3. Results and discussion

3.1. The influence of pH value on the phase of the

crystallites

Fig. 1 shows the XRD patterns of ZnGa2O4 crystallites
prepared at different pH values under the hydrothermal
temperature of 170 1C. The diffraction lines of ZnGa2O4

synthesized at pH of 8.5–13.5 and the peak intensity increase
with the increase of pH value. However, small diffraction
peaks of Ga2O3 can be observed in the pH value of 8.5–12.5,
which indicates high pH value (413.5) is beneficial to
achieve pure monophase of ZnGa2O4 crystallites.

3.2. The influence of temperature on the phase and

microstructure of the crystallites

The XRD patterns of the as-prepared ZnGa2O4 crystal-
lites at different hydrothermal temperatures are shown in
Fig. 2. It can be seen that the samples prepared at the
temperature of 120 1C are composed of Ga2O3 phase, and
when the temperature is 140 1C, ZnGa2O4, ZnO, Ga2O3

phases are detected in the samples. When the hydrothermal



Fig. 3. Effect of hydrothermal treatment temperature on the crystallite size of the ZnGa2O4 synthesized at the pH value of 13.5.
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temperature reaches to 160 1C, monphase of ZnGa2O4

crystallites can be achieved. Moreover, with the continuous
increase of hydrothermal temperature from 170 1C to
200 1C, the increase in peak intensity of ZnGa2O4 phase
is obvious. According to the Scherrer equation [8], the sizes
of the synthesized ZnGa2O4 crystallites are calculated to
find grow larger when increasing hydrothermal tempera-
tures (Fig. 3).

Fig. 4 shows the SEM and TEM images of ZnGa2O4

crystallites obtained at different hydrothermal temperatures
at the pH value of 13.5. As is shown in Fig. 4(a), the
ZnGa2O4 crystallites prepared at 160 1C is made up of nano-
spheric particles with slight agglomeration. Fig. 4(b) and (c)
is the TEM images of ZnGa2O4 crystallites prepared at
160 1C. From Fig. 4(b), it can be clearly found that the
ZnGa2O4 spheric particles are single crystal and the spacing
between adjacent lattice planes is (1 1 1) 0.478 nm (Fig. 4(c)),
with the exposed lattice plane being [1 1 1]. Figs. 4(d), (e) and
(f) show the SEM images of ZnGa2O4 crystallites prepared
at 170 1C, 180 1C and 200 1C, respectively. Fig. 4(d) shows
that the small particles are aggregated to form a cuboid-like
morphology. In Fig. 4(e) and (f), with the increase of
hydrothermal temperature, the bigger size and denser surface
are observed, which may result from the higher pressure of
the environment and higher diffusion rate of the ions [11].
3.3. Formation mechanism of ZnGa2O4 crystallites

From the above XRD, SEM and TEM analyses of
ZnGa2O4 crystallites, it is suggested the possible reactions
may happen, as is shown in Eqs. (1–4).
Zn2þþ4OH�=Zn(OH)4
2� (1)

Ga2O3þ3H2O=Ga(OH)3 (2)

Ga(OH)3þOH�=Ga(OH)4
� (3)

Zn(OH)4
2�
þ2Ga(OH)4

�=ZnGa2O4þ4H2Oþ4OH� (4)

In the synthesis process, Zn2þ ions and Ga2O3 reacted with
OH�, which formed Zn(OH)4

2� and Ga(OH)4
�, respectively.

Then the Zn(OH)4
2� and Ga(OH)4

� formed the ZnGa2O4

nuclei. When the pH value increases, the phase of Ga2O3

reduces and the phase of ZnO cannot be detected. According
to the previous report [7,11,12], Zn(OH)4

2� is thought to be
more easily formed than Ga(OH)4

� at the hydrothermal
temperature from 100 1C to 200 1C. So we can propose that
the OH� ions play very important role in the preparation of
ZnGa2O4 crystallites. The Zn2þ ions react with OH� first,
and then the Ga2O3 react with the remainder of OH� ions.
Therefore, the ZnGa2O4 nucleation rate is controlled by
reaction (3).
As the temperature increases to 170 1C, 180 1C and 200 1C,

the reaction process is similar to that of 160 1C. However, the
morphology of ZnGa2O4 crystallites alters from spheric
particles to a cuboid-like morphology. This may be due to
the quantity of Zn(OH)4

2� and Ga(OH)4
� increasing greatly

with the rise of temperature [8]. Subsequently, ZnGa2O4

particles tend to aggregate to form a cuboid-like morphology
in order to lower the specific surface area [13,14]. For the
morphologies of 170 1C, 180 1C and 200 1C, we think that the
nano-spheric ZnGa2O4 grains have recrystallization and tend
to be denser.



Fig. 4. SEM and TEM images of ZnGa2O4 crystallites obtained at different hydrothermal temperatures with the pH value of 13.5. (a) SEM picture of ZnGa2O4

crystallites obtained at 160 1C, (b) TEM picture of ZnGa2O4 powders obtained at 160 1C. The inset is the SAED pattern form individual ZnGa2O4 spheric

particles: (c) the HRTEM picture of ZnGa2O4 crystallites obtained at 160 1C, (d)–(f) SEM picture of ZnGa2O4 crystallites obtained at 170 1C, 180 1C and 200 1C.
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3.4. Photocatalytic activity of ZnGa2O4 crystallites

The photocatalytic activity of ZnGa2O4 crystallites was
evaluated by measuring the degradation rate of RB under
ultraviolet light irradiation. Fig. 5 shows the degradation
of RB using ZnGa2O4 crystallites prepared at different
hydrothermal temperatures and Ga2O3, ZnO prepared at
hydrothermal temperature of 160 1C was also tested for
comparison. It is found that ZnGa2O4 crystallites prepared
at 160 1C exhibits high photocatalytic performance with
98.4% RB at 60 min, much better than these of Ga2O3,
ZnO, which demonstrates that not the presence of these
phases in the sample synthesized at 160 1C contribute to
degradation of RB. When observing Fig. 5, we can draw a
conclusion that the photocatalytic degradation of RB
follows a pseudo-first-order reaction and its expression
[15] is as follows:

dc

dt
¼�KcC or C tð Þ ¼C0e

�Kct ð1Þ

In C0=Ct

� �
¼Kct ð2Þ
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where Kc is the rate constant.C0 and Ct represent initial
equilibrium concentration of RB and the reaction concen-
tration of RB, respectively.

Then we can get straight lines using regression fitting
techniques, and their slopes correspond to the pseudo-first-
order rate constant (Kc), as shown in Fig. 6. The calculated
Kc, the corresponding pseudo-first-order kinetic equation
and the R2 values are summarized in Table 1. Because of
high value of R2, it demonstrates the pseudo-first-order
kinetic equation fits the photocatalytic degradation of RB
perfectly.
Fig. 5. The photocatalytic degradation curve of the ZnGa2O4 catalysts at

different hydrothermal temperatures and Ga2O3, ZnO catalysts at

hydrothermal temperature of 160 1C.

Fig. 6. Relationship between In(C0/Ct) and UV irradiation time of ZnGa2O
Results show that the pseudo-first-order rate constant
(Kc) decreases with increase in temperature. Obviously, the
photodegradation efficiency of ZnGa2O4 crystallites
decreases with the increase of hydrothermal temperature
from 160 1C to 200 1C, and the best photodegradation
efficiency is found to be on the sample prepared at 160 1C
with the rate constant (Kc) of 0.06885 min�1. Because of
high value of R2, it demonstrates the pseudo-first-order
kinetic equation fit the photocatalytic degradation of RB
perfectly.
As we know, semiconductor nanoparticles have a higher

photocatalytic activity than the bulk materials due to the
high surface area and quantum effects. Moreover, the
micron sized semiconductor grains cannot efficiently trans-
fer the light-generated charge carriers to the surface and
many of them are even lost because of recombination
[16,17]. However, nanoparticles can dramatically avoid
4 at hydrothermal temperature of 160 1C, 170 1C, 180 1C and 200 1C.

Table 1

Parameter and linear kinetic equation of photocatalytic reaction.

Initial

concentration

C0 (mg/L)

Temperature K Pseudo-first-order

kinetic equation

R2

10 160 1C 0.06885 In(C0/

Ct)¼0.06885t�0.5994

0.94903

170 1C 0.06148 In(C0/

Ct)¼0.06148t�0.5636

0.93148

180 1C 0.04769 In(C0/

Ct)¼0.04769t�0.2471

0.95519

200 1C 0.03927 In(C0/

Ct)¼0.03927t�0.0983

0.96162



Table 2

Specific photocatalytic activities of ZnGa2O4 crystallites in degradation of RB.

Temperature (1C) BET (m2 g�1) Conversion rate (mmol g�1 min�1) Areal activity (mmol m�2 min�1� 10�3)

160 24.1 0.169 7.01

170 13.4 0.153 11.42

180 11.2 0.141 12.59

200 8.6 0.136 15.81

Note: conversion rate: n (Rhodamine B) per gram (catalyst) per hour; areal activity: conversion rate per BET.
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those problems and improve the solar energy conversion
efficiency compared to the micron sized grains [18].

The specific activities of ZnGa2O4 crystallites prepared at
different hydrothermal are listed in Table 2. Indeed, the
ZnGa2O4 crystallites prepared at 160 1C exhibit the highest
BET and Conversion rate. From Fig. 4(a) and (b), we know
that the ZnGa2O4 crystallites prepared at 160 1C have nano-
spheric morphology, which answers that they have the best
photocatalytic activity. In the temperature range of 170–
200 1C, from Table 2, the BET increases and the areal
activity decreases, which may be because with the improve-
ment in crystallization and a cuboid-like morphology, the
light-generated charge carriers recombination centers will be
decreased and thus lead to improvement in photocatalytic
activity and decrease in areal activity[19,20]. Therefore, their
photocatalytic activities are ranked as follows: 200 1Co180 1
Co170 1Co160 1C, and the order of areal activity is
inversed.
4. Conclusions

In summary, nano-spheric ZnGa2O4 particles could be
conveniently prepared by hydrothermal method. It was
found that the pH value and hydrothermal temperatures
were the crucial factors determining the preparation of
ZnGa2O4 particles, and their morphologies could be
controlled via adjusting the hydrothermal temperatures.
The growth mechanisms of ZnGa2O4 particles were pro-
posed and it was found that the nuclei reaction rate of
ZnGa2O4 particles was controlled by the formation of
Ga(OH)4

�. From the degradation of RB, we could find
that their photocatalytic activity was in the order of
200 1Co180 1Co170 1Co160 1C, and the order of areal
activity is inversed possibly due to the improvement in
crystallization and a cuboid-like morphology.
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