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Nanosized Zn2SnO4 (ZTO) particles were successfully synthesized by a simple hydrothermal process in

water/ethylene glycol mixed solution using amines (ethylamine, n-butylamine, n-hexylamine, and

n-octylamine) as mineralizer. The products were characterized by X-ray diffractions (XRD), scanning

electron microscopy (SEM), transmission electron microscopy (TEM), and N2 adsorption. The results

indicated that the hydrothermal conditions, such as alkaline concentration (n-butylamine), reaction

temperature, solvent composition, and the kind of amines, had an important influence on the

composition, crystallinity, and morphology of the product. The as-synthesized ZTO samples exhibited

high activities and durabilities for photodegradation of methyl orange and the activities were mainly

affected by the crystallinities of the samples. A hexagonal-shaped ZTO (H-ZTO) sample was prepared in

0.53 M of n-butylamine solution at 180 1C for 20 h and its optical properties were characterized by

UV–Vis diffuse reflectance and Photoluminescence (PL) spectra. Furthermore, the photocatalytic H2

evolution reaction from ethanol aqueous solution over H-ZTO was also investigated.

Crown Copyright & 2008 Published by Elsevier Inc. All rights reserved.
1. Introduction

The ternary semiconductor Zn2SnO4 (ZTO) is known for having
high-electron mobility, high-electrical conductivity, and attractive
optical properties, all of which make it suitable for application as
solar cells [1], gas sensor for detection of humidity and various
combustible gases [2,3], negative electrode material for Li-ion
battery [4,5], and photocatalyst to degrade organic pollutants
[6–8]. In recent years, many methods have been developed
to prepare ZTO, such as thermal evaporation [9,10], high-
temperature calcination [7,11], sol–gel synthesis [12,13], mechan-
ical grinding [14], and hydrothermal reaction [1,5,6,15–17]. Among
these methods, the hydrothermal method has been proved to be a
simple and effective way to prepare well-crystallized and phase-
pure ZTO which is difficult to obtain by high-temperature solid
reactions due to the evaporation of ZnO. However, the hydro-
thermal preparations were generally performed in an aqueous
solution using strong base NaOH as mineralizer [5,6,16,17]. Zeng
et al. had reported that the transformation process of ZTO is:
precursor -ZnSn(OH)6-ZTO [17]. When NaOH was used as the
mineralizer, with the reaction (2Zn2++Sn4++8OH�-Zn2SnO4+
4H2O) proceeding, the solution pH value progressively decreases
008 Published by Elsevier Inc. All
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due to the consumption of OH�. This pH change facilitates the
formation of ZnSn(OH)6, which has been shown to be readily
formed and was stable at low-pH and low-reaction temperature
[16], and consequently hinders the phase transformation of
ZnSn(OH)6 to ZTO. In order to accelerate this transformation to
form pure ZTO the reaction parameters must be optimized, such
as prolonging the reaction time, increasing the reaction tempera-
ture, and the concentration of NaOH [17]. But ZnO is the
thermodynamically stable phase in high concentration of NaOH
[16,17]. However, if weak base was used, such as amines, instead
of NaOH, these two problems could be overcome because the
weak base could continuously supply OH� by hydrolysis during
the reaction and stabilize the solution pH value. Furthermore,
comparing to strong base, the chance to form ZnO in high
concentration of the weak base is rather smaller due to its low-
dissociation capacity.

In the present paper nanosized ZTO was fabricated in water/
ethylene glycol mixed solvent using amines (ethylamine,
n-butylamine, n-hexylamine, and n-octylamine) as an alkaline
mineralizer. The influence of n-butylamine concentration, reac-
tion temperature, solvent composition, and the kind of amine
on the structure, crystallinity, and morphology of the formed
samples was systematically studied. The photocatalytic activities
of as-prepared samples were assessed by photodegradation of
methyl orange (MO) and photocatalytic production H2 from
ethanol aqueous solution because of the interest in using solar
rights reserved.
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energy to degradation pollutants [18] or converting it into
chemical energy [19].
2. Experimental section

2.1. Preparation and characterization of samples

All reagents were of analytical grade without further purifica-
tion. The samples were fabricated via a modified method [1].
In a typical experiment, 1.05 g (7.70 mmol) ZnCl2 and 1.35 g
(3.85 mmol) SnCl4 �5H2O were added to 50 mL water/ethylene
glycol solvent (water/ethylene glycol ¼ 1:1, volume ratio, denoted
as W/EG) under magnetic stirring. Then 25 mL of 1.2 M
n-butylamine aqueous solution was added dropwise to the stirred
solution. The final concentration of n-butylamine in the solution
was 0.4 M. After stirring for 0.5 h, the obtained white slurry was
transferred to a 100 mL autoclave and then maintained at 180 1C
for 20 h. The product formed at the bottom of the autoclave was
centrifuged and rinsed thoroughly with deionized water and
ethanol several times. Finally, the product was dried in air at 60 1C
for 10 h.

Pt modified ZTO was synthesized by photodeposition method
[20]. 0.40 g ZTO was suspended in 140 mL H2O. Then 0.4 mL
H2PtCl6 solution (0.01 g Pt/mL) and 5 mL CH3OH were added to
the solution. Photodeposition was performed for 10 h under
continuous N2 sparging and four 4 W UV-lamps (254 nm, Philips,
TUV 4 W/G4 T5) were used as the light source. After recovering of
powders by centrifuging and rinsing, the sample was dried at
60 1C overnight. The sample color varied from white to dark grey.
The Pt content of the sample was estimated to be 1.0 wt% by the
precursor feeding.

X-ray diffractions (XRD) of the as-prepared samples were
performed on a Bruker D8 Advance X-ray diffractometer with Cu
Ka radiation. Morphologies were characterized by a scanning
electron microscopy (SEM) (Hitachi, S-3000N). Transmission
electron microscopy (TEM) images and high-resolution transmis-
sion electron microscopy (HRTEM) images were obtained by a
JEOL model JEM 2010 EX instrument at the accelerating voltage of
200 kV. The Brunauer–Emmett–Teller (BET) specific surface areas
were measured by N2 adsorption at 77 K on the Micromeritics
ASAP 2020. UV–Vis diffuse reflectance spectrum (UV–Vis DRS)
was recorded on a Varian Cary 500 Scan UV–Vis-NIR spectrometer
with BaSO4 as the background. Photoluminescence (PL) emission
spectrum was recorded with an Edinburgh Analytical Instruments
FL/FSTCSPC920 equipped with a 150 W xenon lamp as the
excitation source at room temperature.
Fig. 1. XRD patterns of the samples synthesized in different concentration of n-

butylamine: (a) 0 M, (b) 0.13 M, (c) 0.27 M, (d) 0.40 M, and (e) 0.53 M (solvent: W/

EG, temperature: 180 1C, time: 20 h).
2.2. Photocatalytic reactions

The photocatalytic activities of ZTO were evaluated by the
degradation of MO solution and photocatalytic production of H2

from aqueous ethanol solution. The activities of commercial
Degussa P25 TiO2 (70% anatase and 30% rutile, with a BET surface
area ca. 50 m2/g), commonly considered as a reference for the
evaluation of photocatalytic activity, were also measured under
the same reaction conditions.

The photodegradation of MO was conducted with a tubular
quartz reactor, surrounded by four 4 W UV-lamps with a
wavelength centered at 254 nm (Philips, TUV 4 W/G4 T5). In a
typical experiment, 50 mg ZTO was added to 200 mL 20 ppm
(mg/L) MO aqueous solution and stirred for 1 h before irradiation
in order to establish an adsorption–desorption equilibrium.
During the experiment a 3 mL solution was withdrawn through
a pipette every 20 min and then centrifuged. The absorbance of
the clear liquor was measured on a Varian UV–Vis spectro-
photometer (Cary-50).

The photocatalytic H2 evolution reaction was performed in a
closed gas circulating system. An inner irradiation type quartz
reaction cell with a 125 W high-pressure Hg lamp (Shanghai
Yaming Lighting Co., Ltd, GGZ125, with a maximum emission at
about 365 nm) was employed. The temperature of the reaction
cell was controlled at about 30 1C by circulating water. In a typical
experiment, 50 mg ZTO was suspended in 200 mL of aqueous
solution containing 5 mL of ethanol. Before the reaction was
initiated, the whole reaction system was evacuated by a mechan-
ical pump and then filled with 101 kPa of high-purity N2

(499.99%). This process was repeated three times in order to
remove the O2 of the system. The evolved H2 was circulated in the
system by a micro diaphragm gas pump (Germany, NMP-830KNE,
KNF Neuberger) and determined every 30 min by an on-line gas
chromatograph (Shanghai Precision Scientific Instrument Co.,
GC112A, TCD, N2 carrier).
3. Results and discussion

3.1. Effect of hydrothermal conditions on ZTO synthesis

3.1.1. Effect of n-butylamine concentration

The effect of n-butylamine concentration on the crystalline
phase of the formed samples was investigated with the reactions
carried out at 180 1C for 20 h. As demonstrated in Fig. 1, when
n-butylamine concentration was below 0.27 M (Fig. 1a–c), all of
the diffraction peaks were attributed to tetragonal-phase SnO2

(JCPDS 77-449) and their crystallinities deteriorated with increas-
ing n-butylamine concentration. No Zn species diffraction peaks
were found in the patterns. When n-butylamine concentration
was beyond 0.40 M, pure-phase ZTO was obtained (Fig. 1d and e)
and the crystallinity was favored at high concentration of 0.53 M
(Fig. 1e). These phenomena had also been observed using NaOH as
the mineralizer [17].

The effect of NaOH concentration on the hydrothermal
synthesis of ZTO has been recently described by Zeng et al. [17].
As n-butylamine is a weak base, it would play the same role as
NaOH in the hydrothermal process. In this work, at the beginning
experiment stage, ZnCl2 and SnCl4 are dissolved and ionized in the
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mixed solvent. When the n-butylamine concentration is low
(p0.27 M), owing to the strong hydrolysis effect of Sn4+, Eq. (1)
occurs and H2SnO3 is produced. H2SnO3 transforms to SnO2

through the following hydrothermal process according to Eq. (2).
The Zn2+ ions are still kept in the solution and wash away after
reaction. But with increasing the n-butylamine concentration,
Eq. (3) dominates the reaction and deteriorates the crystallinity of
SnO2. When n-butylamine comes up to an appropriate concentra-
tion (0.4 M), ZTO can be formed according to Eqs. (4) and (5). This
is mainly due to the fact that the solubility of ZTO is lower than
that of other compounds under the reaction conditions. Further
increasing the n-butylamine concentration to 0.5 M will promote
the growth of ZTO and results in higher crystallinity.

Sn4þ þ 3H2O " H2SnO3 þ 4Hþ (1)

H2SnO3 ! SnO2kþH2O (2)

Sn4þ þ 6OH� ! SnðOHÞ6
2� (3)

Zn2þ þ 4OH� ! ZnðOHÞ4
2� (4)

SnðOHÞ6
2� þ 2ZnðOHÞ4

2� ! Zn2SnO4kþ 4H2Oþ 6OH� (5)

ZnðOHÞ4
2� ! ZnOkþH2Oþ 2OH� (6)

3.1.2. Effect of hydrothermal temperature

Fig. 2 shows the XRD patterns of the samples synthesized at a
temperature between 140 and 200 1C. The dominant phase of the
sample synthesized at 140 1C was hexagonal-phase ZnO (JCPDS
89-1397) (Fig. 2a). Increasing the temperature to 160 1C, a mixture
phase of ZTO and ZnO was formed (Fig. 2b). It was highly probable
that pure ZTO could be obtained at such a temperature by
prolonging the reaction time. The samples obtained at 180 1C
(Fig. 2c) and 200 1C (Fig. 2d) were cubic-phase ZTO and the
crystallinity was significantly improved. All the diffraction peaks
of the ZTO were consistent with the JCPDS (74-2184) data of the
cubic spinel-structured ZTO with a lattice parameter of 8.65 Å.

Reaction temperature is an important thermodynamical factor
for a hydrothermal reaction. As described above, when the
Fig. 2. XRD patterns of the samples synthesized at different temperature: (a)

140 1C, (b) 160 1C, (c) 180 1C, and (d) 200 1C (solvent: W/EG, amine: 0.4 M n-

butylamine, time: 20 h).
n-butylamine concentration reaches 0.4 M, the precursors of ZTO
are in the form of Zn(OH)4

2� and Sn(OH)6
2�. Whether the reaction

of Eq. (5) occurs depends on the hydrothermal temperature. When
the hydrothermal reaction was carried out at 140 1C, this
temperature is insufficient to drive the reaction of Eq. (5), but
enough to drive the reaction of Eq. (6) to form ZnO. A higher
reaction temperature of 160 1C is clearly required to fabricate ZTO.
This temperature is obviously lower than that in literature, where
NaOH was used as mineralizer [5,17].

3.1.3. Effect of solvent composition

In order to reveal the advantage of the mixed solvent, two
comparison experiments were performed in water and ethylene
glycol (EG). When the reaction was conducted in water (Fig. 3a), a
mixture of SnO2 and ZnO was obtained with ZnO as the dominant
phase. While the reaction was performed in EG (Fig. 3c), only
cubic-phase ZnSn(OH)6 (JCPDS 73-2384) was produced. It appears
that, under the present reaction condition, only in W/EG mixed
solvent ZTO can be successfully synthesized (Fig. 3b).

The foregoing discussion indicates that ZnO and SnO2 are
apt to be formed in low temperature and low n-butylamine
concentration, respectively. When water was used as the solvent,
the formation of ZnO and SnO2 suggests that the current
hydrothermal temperature and/or n-butylamine concentration is
not high enough to form ZTO in water. As we known, EG is a
neutral solvent with two �OH bonds and is generally referred to
as a capping material [21]. It could link to the surface of
crystallites via either covalent bonds or dative bonds. When a
certain quantity of EG was introduced into the water solution, two
complexing agents Zn(OH)4

2�(EG)x and Sn(OH)6
2�(EG)y can be

formed [21,22] (the x, y value depending on the concentration of
EG [23]). These two agents adsorb to ZnO nuclei (the main
resultant in water) and thus decrease its surface energy [24],
which facilitates the reaction of Eq. (7) and produces ZTO. When
the reaction performed in EG solution, for the lack of water, Zn2+

and Sn4+ will react with the EG molecules to form two
coordination complexes of Zn2+(EG)x and Sn4+(EG)y. These two
complexes react with OH� (dissociated from the water coming
from SnCl4 �5H2O or impurity water of EG solvent) during the
following hydrothermal process and form ZnSn(OH)6 (Eq. (8)).
ZnSn(OH)6 is a metastable intermediate phase and can be
Fig. 3. XRD patterns of the samples synthesized in different solvent: (a) H2O, (b)

W/EG, and (c) ethylene glycol (temperature: 180 1C, time: 20 h, amine: 0.4 M n-

butylamine).
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stabilized by further capping of EG to form ZnSn(OH)6(EG)z, which
at last retards the transformation of ZnSn(OH)6 to ZTO.

ZnðOHÞ4
2� ðEGÞx þ ZnOþ SnðOHÞ6

2� ðEGÞy

! Zn2SnO4kþ ðxþ yÞ EGþ 4OH� þ 3H2O (7)

Zn2þ ðEGÞx þ Sn4þ ðEGÞy þ 6OH�

! ðxþ yÞ EGþ ZnSnðOHÞ6 ! ZnSnðOHÞ6 ðEGÞz (8)
a

b

c

d

Fig. 4. XRD patterns of the samples synthesized in 0.53 M amines solution: (a)

ZTO-e (ethylamine), (b) ZTO-b (n-butylamine), (c) ZTO-h (n-hexylamine), and (d)

ZTO-o (n-octylamine) (solvent: W/EG, temperature: 180 1C, time: 20 h).

Fig. 5. SEM images of the ZTO synthesized at different kind of amines solutions: (a)
3.1.4. Effect of the kind of amine

Besides n-butylamine, ethylamine, n-hexylamine, and n-
octylamine were also chosen as the mineralizer. Since their pKb

values are almost the same as n-butylamine (pKb ¼ 3.36) [25], the
effect of their concentrations on the product structure should be
similar to that of n-butylamine. Thus, in order to synthesize pure
ZTO, the optimized amine concentration and hydrothermal
temperature were 0.53 M and 180 1C, respectively. The validity of
this reaction conditions was verified by pure ZTO phase shown in
Fig. 4. (The corresponding ZTO samples are denoted as ZTO-e,
ZTO-b, ZTO-h, and ZTO-o, respectively.) With the increase of
the carbon chain length of the amines, the diffraction peaks
intensities of the samples are decreased and the peaks become
more broadened, which means the particle sizes become smaller.
It seems that the crystallinity and particle size of the ZTO are
inhibited by increasing the carbon chain length of the amines. In
the hydrothermal synthesis of TiO2, Ryu et al. also found that the
TiO2 particle size was suppressed by increasing the carbon chain
length of amine [26].
3.2. Morphology of ZTO synthesized in different amines

The morphologies of the ZTO samples synthesized in different
amine solutions were investigated by SEM (Fig. 5) and TEM
(Fig. 6). In ‘‘small’’ amines solutions, such as ethytlamine (Fig. 5a)
and n-butylamine solution (Fig. 5b), the small nanosized ZTO
particles tend to aggregate and grow to larger particles, while in
n-hexylamine (Fig. 5c) and n-octylamine (Fig. 5d) solutions the
particle sizes become smaller and more uniform. These observa-
tions are consistent with the speculation arising from the XRD
patterns in Fig. 4. Interestingly, the ZTO particles obtained in
n-butylamine solution are faceted hexagonal-shape crystal
(denoted as H-ZTO), attached with many small irregular crystal-
lites. After ultrasonic dispersion, the hexagonal structure becomes
ethylamine, (b) and (e) n-butylamine, (c) n-hexylamine, and (d) n-octylamine.
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Fig. 6. TEM images of: (a) H-ZTO and (d) Pt modified H-ZTO; (b) and (c) HRTEM images of H-ZTO.

Fig. 7. Diffuse reflectance adsorption spectra of H-ZTO. The insert showed the

plots of (ahn)2 versus the energy of light hn.
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apparent (Fig. 5e). It is likely that these hexagonal particles are
formed by adsorption of small irregular nanoparticles through the
Ostwald ripening process. TEM image (Fig. 6a) further verifies the
shape and reveals that the edge length of the hexagonal structure
is in the range of 40–70 nm. The size of the attached nanoparticles
is sub-5 nm (Fig. 6a and c). Lattice fringes with a d spacing of
about 0.489 nm, corresponding to the {111} plane of the hexagonal
structure are found in Fig. 6b. Fig. 6d shows the TEM image
of Pt modified hexagonal-shaped ZTO (H-ZTO). But due to the
difficulty of distinguishing the Pt particles from the attached
nano-ZTO particles (sub-5 nm), it is hard to estimate the size and
dispersion of Pt.

3.3. Optical properties of ZTO

The light absorption ability of H-ZTO sample was detected by
UV–Vis DRS, as shown in Fig. 7. The steep shape of the spectra
indicated that the light absorption was not due to the transition
from the impurity level, but due to the band gap transition. The
optical band gap of H-ZTO can be derived using Tauc’s formula
(ahn)1/n

¼ (hn�Eg) [27], where a is the absorption coefficient and
hn is the photon energy. As ZTO is a direct semiconductor, n is
equal to 1/2 [17]. The insert of Fig. 7 shows the plot of (ahn)2

versus hn. Clearly, the as-prepared H-ZTO sample has a band gap
of 3.7 eV, which is a little higher than the reported bulk ZTO value
of 3.6 eV [28]. The increase in the band gap may be originated
from the size quantum effects of the attached nanoparticles
because the size of them is sub-5 nm (indicated by the TEM
image), much smaller than bulk ZTO. A similar observation of
nano-ZTO has been reported by other groups [15,17].
The PL spectrum of H-ZTO was measured at room temperature,
as shown in Fig. 8. When the sample was excited with 280 nm
light, a broad strong green emission with a band centered at
550 nm could be observed. Similar results have been obtained by
other investigators [29,30]. Obviously, this emission peak is not
the band-to-band emission for the band gap of H-ZTO is 3.7 eV. In
the previous investigations of the semiconductor nanomaterials
(such as: ZnO, SnO2), the green emission is often attributed to
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Fig. 8. PL spectra of H-ZTO excited at 280 nm under room temperature.

Fig. 9. Temporal band changes in absorption spectra during the photodegradation

of 200 mL MO solution (20 ppm) in the presence of 50 mg ZTO (synthesized in

0.4 M n-butylamine solution at 180 1C for 20 h). The insert shows the profiles of

cyclic tests of the reaction.

Fig. 10. The decolorization rates of MO over different ZTO samples synthesized in

different amines solutions. Co and C60 min are the equilibrium concentration of MO

before and after UV irradiation for 60 min, respectively.

X. Fu et al. / Journal of Solid State Chemistry 182 (2009) 517–524522
oxygen vacancies [31]. As for the H-ZTO sample, the strong green
emission is probably owing to the similar luminescent center,
which might be formed in the hydrothermal process [32]. In
addition, the H-ZTO nanoparticles with high surface-to-volume
ratio should also favor the existence of large quantities of oxygen
vacancies [30]. These oxygen vacancies induce the formation of
new energy levels in the band gap of H-ZTO. The recombination of
a photo-excited hole with an electron occupying an oxygen
vacancy yields the green emission.

3.4. Photocatalytic activity

3.4.1. Photodegradation of MO

The changes of the absorption peaks during the photodegrada-
tion of MO in the presence of ZTO (synthesized in 0.4 M n-
butylamine solution at 180 1C for 20 h) are displayed in Fig. 9. It is
observed that approximately 0.5% MO was adsorbed by the ZTO
particles after stirring in the dark for 60 min (compare the spectra
of ‘‘20 ppm MO’’ and ‘‘0 min’’ in Fig. 9). This result suggests that
the adsorption of MO onto ZTO is neglectable. After illuminating
with 254 nm UV light for 100 min, no MO was detectable in the
solution. The stability of the activity was evaluated by cyclic
experiments. The reactions were carried out under the same
experiment conditions. After each reaction, 20 mL of 200 ppm MO
aqueous solution was added to the reactor to make up the volume
loss caused by analyzing and regenerate the solution. The
catalysts containing in the former analyzing samples was reused.
The result shown in the insert of Fig. 9 reveals that little
deactivation was observed after four cycles.

The photocatalytic activity of ZTO synthesized in different
amines was compared in Fig. 10 by the degradation of MO. In the
absence of photocatalyst, only 3.4% MO was decomposed after
1 h irradiation, indicating that MO is photo-stable. The activities
of the samples are decreased in the order ZTO-e (95.8%)4ZTO-b
(86.1%)4ZTO-h (84.5%)4ZTO-o (80.3%). The ZTO-e sample
exhibits highest decolorization rate, even better than Degussa
P25 (87.1%).

The BET surface areas of the series of ZTO samples are 63.05
(ZTO-e), 70.73 (ZTO-b), 78.94 (ZTO-h), and 93.22 m2/g (ZTO-o),
respectively. Although the surface areas of the ZTO samples are
enhanced by using long carbon chain amines, the photoactivities
are not improved accordingly. Inversely, the activities are some-
what reduced. Highly crystallized particles had been considered to
favorably decrease the probability of electron–hole recombination
and consequently showed enhanced photoactivity [33,34]. The
decrease of the activities may be also due to the lower crystal-
linities of the ZTO samples, which has been shown in Fig. 4.
3.4.2. Photocatalytic H2 production

Fig. 11 demonstrates the time course of the photocatalytic
H2 production from ethanol solution over P25 and H-ZTO. The
addition of platinum to photocatalyst particles has been shown to
enhance the photocatalytic activity, particularly the activity of
producing hydrogen from H2O [35]. An attempt to improve the
efficiency of H-ZTO was also made by modification with platinum.
It is found that the formation rates of H2 evolution over H-ZTO
(Fig. 11b) and Pt modified H-ZTO (Fig. 11c) are much larger than
that of P25 (Fig. 11a). For naked H-ZTO the hydrogen evolution
rate improved slowly at the first 6 h and then remained constant
of about 0.231 mmol/h. Long time catalytic tests show that no
apparent deactivation occurred over 33 h. The improvement of the
hydrogen evolution rate at the first 6 h can be attributed to the
increasing dispersion of ZTO particles by stirring because there are
many small irregular crystallites attached to the hexagonal-
shaped particles. If a pre-stirred sample was used, the time to
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Fig. 11. Photocatalytic H2 production from ethanol solution (195 mL water, 5 mL

C2H5OH) over 50 mg: (a) P25, (b) H-ZTO, (c) Pt (1 wt%) modified H-ZTO, and (d) the

H-ZTO sample which has been pre-stirred in 195 mL water for 5 h.

Fig. 12. XRD patterns of the H-ZTO: (a) before and (b) after H2 evolution reaction.
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reach the constant H2 evolution rate would be reduced. In order to
validate this claim, a verification experiment is conducted after
the H-ZTO sample has been pre-stirred in 195 mL water for 5 h. As
shown in Fig. 11d, the hydrogen evolution rate increases more
rapidly than the un-pre-stirred sample and only needs 2.5 h to
reach the constant rate of 0.231 mmol/h. In contrast to most
reports, the hydrogen evolution rate of H-ZTO is not improved by
modification with 1 wt% Pt. Inversely, the hydrogen evolution rate
decreases from 0.231 to 0.145 mmol/h. A similar phenomenon has
been observed on ZrO2 by Sayama et al. [36].

Commonly, platinization does not significantly change the
physical properties of the photocatalyst such as surface area,
crystalline phase composition, and particle size [20]. But the
addition of Pt can change the surface properties of semiconductor
by the formation of a Schottky barrier because the work function
of Pt is usually larger than that of semiconductor. The presence of
the Schottky barrier can decrease the recombination of photo-
generated electron–hole pairs, consequently prolonging their
lifetime, and greatly enhancing the photocatalytic activity [37].
For our sample, the XRD and BET data of Pt modified H-ZTO have
no apparent differences compared to H-ZTO. The UV–Vis DRS of
platinized H-ZTO and H-ZTO show no significant differences in the
UV range, but due to its dark grey color, platinized sample shows a
stronger adsorption respect to unmodified sample throughout the
visible range. Therefore the decrease of the hydrogen evolution
rate caused by the changes of these parameters can be ignored.
The work function of ZTO is reported to be as high as 5.3 eV
[38,39], very close to the value of Pt 5.36 eV [40]. This high work
function will unfavor the formation of Schottky barrier. Further-
more, non-ohmic contact has been found between Pt and ZTO
[41]. These two factors suggest that the photoelectrons will be
difficult to migrate from ZTO to Pt. This may be the reason why the
activity of H-ZTO was not improved by loading of Pt.

Fig. 12 shows the XRD patterns of the sample before and
after the H2 evolution reaction. There are no apparent
changes, indicating that the synthesized ZTO is stable in the
present reactions.
4. Conclusions

Nanosized spinel-type ZTO was synthesized by the hydro-
thermal process using amines (ethylamine, n-butylamine,
n-hexylamine, and n-octylamine) and mixed solution (W/EG) as
alkaline mineralizer and reaction solvent, respectively. For
n-butylamine, only the reaction temperature is above 180 1C and
n-butylamine concentration is larger than 0.40 M, pure ZTO could
be synthesized and the crystallinity of the ZTO was enhanced
by hydrothermal treatment at high temperature and high n-
butylamine concentration. The particle sizes and crystallinities of
the ZTO synthesized in different amine solutions were hindered
by increasing the carbon chain length of amines. A H-ZTO sample
was prepared with 0.53 M of n-butylamine solution at 180 1C for
20 h and its band gap was found to be 3.7 eV by estimating from
UV–Vis DRS. The PL spectrum showed that this hexagonal-shaped
sample exhibited a broad strong green emission at 550 nm. The
synthesized ZTO samples showed high activity and durability
for photodegradation of MO and the activity is affected by
the crystallinities of the samples. The H-ZTO showed much
higher activity than P25 for photocatalytic production H2 from
ethanol solution. Modification with 1 wt% Pt did not improve the
sample’s activity.
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