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� In2S3 microsphere with ECB =
�0.78 eV and EVB = 1.18 eV was
prepared.
� In2S3 has an excellent performance

for the conversion of aromatic
alcohols.
� The conversion is 41.5% and the yield

is 41.4% after being illuminated for
4 h.
� �O�2 and �OH are the important

oxidizing agents in the selective
oxidation process.
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Selective oxidation has become an alternative green way for organics synthesis and environmental reme-
diation. In this paper, selective oxidation of aromatic alcohols to corresponding aromatic aldehydes under
visible light irradiation using In2S3 microsphere as a photocatalyst was investigated. In2S3 microsphere
with a band gap of 1.96 eV was prepared by using InCl3�4H2O and CH3CSNH2 as precursor. The structure
and optical properties of In2S3 photocatalyst were investigated by X-ray powder diffraction, UV–vis dif-
fuse reflectance spectroscopy, scanning electron microscopy, transmission electron microscopy, energy-
dispersive spectroscopy, nitrogen adsorption–desorption and photoluminescence spectra. The results
showed that the In2S3 microsphere has an excellent photocatalytic performance in the conversion of aro-
matic alcohols to corresponding aromatic aldehydes. For selective oxidation of benzyl alcohol, when illu-
mination time is 4 h, the conversion reaches to 41.5%, and the yield is 41.4%. In2S3 microsphere as a
photocatalyst has a good stability when it was used 5 times for selective oxidation of benzyl alcohol.
�O�2 and �OH are the important oxidizing agents in the photocatalytic process. The possible mechanism
for the conversion of aromatic alcohols to corresponding aromatic aldehydes was proposed.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction economy. Because photocatalysis can be applied to waste water
It is known that environmental pollution and energy crisis have
been the crucial problems that influence the progress of world
treatment, environmental modification, producing hydrogen from
water splitting and selective transformation of organics, etc., it
has been attracting much attention in recent years. Among them,
selective oxidation of alcohols to corresponding aldehydes without
further oxidation to carboxylic acids and carbon dioxide has be-
come a research hotspot recently [1–3]. Aromatic aldehydes and
their derivatives are important fine chemical intermediates, which
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have been widely used in the synthesis of spices, alcoholic bever-
age, drugs etc. At present, in order to obtain these aromatic alde-
hydes in the industrial manufacture, the stoichiometric oxidizing
agents, such as KMnO4, MnO2, RuO4, CrO3, ClO� and Br2 are used
in the process of selective oxidation. However, it can produce the
equivalent of metal waste and cause environmental pollution
[4,5]. So, searching for an environmentally friendly way to replace
the conventional methods of selective oxidation is of great signifi-
cance. Therefore, the development of oxygen oxidation technology,
which is helpful for conversion of alcohol to aldehyde, has the vital
significance in environmental protection [6–8].

It has been reported that semiconductor photocatalysts can be
applied in the selective oxidation of –CH2OH to –CHO instead of
CO2 and H2O. Titanium oxide (TiO2) has been acknowledged as
one of the most promising photocatalysts in many fields because
of its low cost, physical and chemical stability, high photocatalytic
activity and easy availability [9,10]. It is known that TiO2 has
strong oxidation ability and cannot make full use of visible light
due to its positive valence band of 2.7 eV and wide energy gap of
3.2 eV (vs. NHE pH 7). It has been proved that TiO2 can oxidize
all organics to carbon dioxide, water and mineral acid, which can-
not achieve the selective oxidation of alcohols to aldehydes under
the presence of UV light and oxygen. Therefore, titanium dioxide
and other broadband materials are not suitable as photocatalysts
for the selective oxidation of organics. In order to improve the
selective oxidation performance, a series of modification of TiO2

have been explored [8,11–14], such as graphene–TiO2 [15],
M/TiO2 (M = Au, Pd, Pt) [16] and so on [17–19]. Furthermore, Zhang
and coworkers have researched the aerobic oxidation of alcohols to
corresponding aldehydes which has high selectivity using a special
coupled system consisting of dye-sensitized TiO2 and TEMPO
(2,2,6,6-tetramethypiperdinyloxyl) under visible light illumination
[8]. At the same time, other composite photocatalysts, such as
Pd@CeO2 [20], Pt@CeO2 [21] and Au/CeO2 [22], have also been re-
ported for the selective oxidation of alcohols to aldehydes or ke-
tones. Although it has made a great progress in conversion and
selectivity, it is still far from what is expected.

The crux of the problem lies in how to design and prepare phot-
ocatalysts with high activity and selective oxidation ability with-
out side effects. Narrow band gap semiconductor photocatalyst
such as In2S3, CdS and AgInS2, which has higher negative conduc-
tion band (CB) position and lower valence band (VB) may be more
appropriate for selective oxidation of alcohol to corresponding
aldehyde. In recent years, narrow band gap semiconductor photo-
catalysts have been reported for the selective oxidation of alcohols
[23,24]. At the same time, in order to increase the quantum effi-
ciency, noble metal deposition, the addition of anion and transition
metal ion, the composition of different semiconductors and surface
photosensitization were widely used for the modification of the
narrow-band photocatalysts [25–27]. It is known that In2S3 with
band gap of 2.0–2.3 eV is a narrow band gap semiconductor, and
the VB and CB are about 1.5 eV and �0.5 � �1.0 eV, respectively
[28]. According to the reported result, it is concluded that In2S3

may be a suitable photocatalyst for the selective oxidation of alco-
hols [29]. However, to the best of our knowledge, there is no report
on the selective oxidation of aromatic alcohols to corresponding
aromatic aldehydes under visible light irradiation.

In the paper, In2S3 microsphere with a band gap of 1.96 eV was
prepared using InCl3�4H2O and CH3CSNH2 as precursors. The struc-
ture and optical properties of In2S3 photocatalyst were investigated
in detail. In2S3 microsphere shows an excellent photocatalytic per-
formance in the conversion of aromatic alcohols to corresponding
aromatic aldehydes. �O�2 and �OH are the important oxidizing
agents in the photocatalytic process. The possible mechanism for
the conversion of aromatic alcohols to corresponding aromatic
aldehydes was proposed.
2. Experimental

2.1. Materials

Indium chloride tetrahydrate (InCl3�4H2O), thiacetamide
(CH3CSNH2), hydrochloric acid (HCl) and other chemicals used in
the experiments are of analytical reagent grade and were supplied
by Shanghai Chemical Reagent Co. Ltd. of China without further
purification. Distilled water was used in the experiments.

2.2. Preparation

In2S3 microspheres were prepared according to the following
procedure. 1.0 mmol InCl3�4H2O was first dissolved in deionized
water in a Teflon liner with 100 ml capacity, the solution pH of in-
dium chloride was regulated to about 1 by dropwising HCl to avoid
indium chloride’s hydrolysis. And then, 2.5 mmol CH3CSNH2 as the
source of sulfur was added into the above solution, the pH was ad-
justed to 3 by adding deionized water under continuous magnetic
stirring. The Teflon liner was transferred into a stainless steel auto-
clave and maintained 160 �C for 24 h. After cooling down to room
temperature naturally, the jacinth products were collected and
washed by deionized water and absolute ethyl alcohol 3 times,
respectively. Finally, the obtained products were dried in air at
60 �C for 2 h [30].

2.3. Characterization

In order to determine the crystal phase composition and the
crystallite size of the photocatalysts, X-ray diffraction (XRD) mea-
surement was carried out at room temperature using a Bruker D8
advance X-ray powder diffractometer with Cu Ka radiation and a
scanning speed of 3�/min. The accelerating voltage and emission
current were 40 kV and 40 mA, respectively. The crystallite size
was calculated by X-ray line broadening analysis using the
Scherrer equation.

UV–vis diffuse reflectance spectroscopy (DRS) measurements
were carried out using a Hitachi UV-365 spectrophotometer
equipped with an integrating sphere attachment. The analysis
range was from 200 to 800 nm, and BaSO4 was used as a reflec-
tance standard.

The microcrystalline structure and surface characteristics of the
photocatalyst were also investigated by using (JEOL JSM-6610LV)
scanning electron microscope (SEM).

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HR-TEM) images were per-
formed with a JEOL-2010 transmission electron microscope, using
an accelerating voltage of 200 kV.

N2 adsorption–desorption isotherms and the Brunauer–Em-
mett–Teller (BET) surface areas were measured at 77.3 K using a
Micromeritics ASAP 3020 system.

Photoluminescence emission spectra (PL) were recorded on a
JASCO FP-6500 type fluorescence spectrophotometer over a wave-
length range of 360–500 nm.

2.4. Photocatalytic activity test

The photocatalytic selective oxidation of aromatic alcohols to
corresponding aromatic aldehydes was performed as follows. A
mixture of alcohol (0.5 mmol) and 80 mg of catalyst was dissolved
in the inert solvent of 15 ml benzotrifluoride (BTF). Because of
BTF’s nonreactivity and high solubility for molecular oxygen, it
was chosen as a solvent [8,15,21,31–33]. The prepared solution
was loaded into a 100 ml of Teflon-lined stainless steel autoclave
with a pressure gage which can be very convenient for monitoring
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the pressure in the autoclave. The illumination window on the top
of the reactor is made of high strength quartz glass. The reaction
apparatus is shown in Fig. 1. Before the reaction, the autoclave
was filled with molecular oxygen at a pressure of 0.1 MPa, and
the suspension was magnetically stirred for 30 min to reach
adsorption–desorption equilibrium. A 300 W Xenon lamp (PLS-
SXE 300C, Beijing Perfect light) with a maximum emission at about
470 nm was used as a visible light source. The wavelength of the
visible light was controlled through a 420 nm cutoff filter
(k > 420 nm, Instrument Company of Nantong, China). The reaction
temperature was controlled at about 70 �C. After the reaction, the
mixture was centrifuged at 4000 rmp for 30 min to remove the cat-
alyst particles. The obtained solution was analyzed by a Gas Chro-
matograph (FuLi-9790) equipped with a SE-30 capillary column
(30 m, 0.53 mm, Lanzhou Atech Technologies Co. Ltd.).

Conversion of alcohol, yield of aldehyde, and selectivity for
aldehyde were defined as the follows:

Conversion ð%Þ ¼ ½ðC0 � CalcoholÞ=C0� � 100 ð1Þ

Yield ð%Þ ¼ Caldehyde=C0 � 100 ð2Þ

Selectively ð%Þ ¼ ½Caldehyde=ðC0 � CalcoholÞ� � 100 ð3Þ

where C0 is the initial concentration of alcohol, and Calcohol and
Caldehyde are the concentration of the substrate alcohol and the cor-
responding aldehyde, respectively, at a certain time after the photo-
catalytic reaction.

3. Results and discussion

3.1. Characterization of In2S3 photocatalyst
3.1.1. XRD analysis
The XRD patterns of fresh In2S3 and used In2S3 microspheres of

5 times are displayed in Fig. 2. It can be seen that the XRD pattern
of the used In2S3 is similar to that of the fresh In2S3, and they show
good crystal structure because both of them are in good agreement
Fig. 1. The apparatus of photocatalytic reaction; (a) apparatus; (b) reactor and (c)
light source.
with the standard XRD pattern of In2S3 (JCPDS No. 65-0459). The
diffraction peaks at 2h values of 14.2�, 23.4�, 27.5�, 28.8�, 33.3�,
36.4�, 41.2�, 43.7�, 47.8�, 50.0�, 53.7�, 56.1�, 56.7�, 59.5�, 65.0�,
66.7�, 70.0�, 76.6� correspond to the (111), (220), (311), (222),
(400), (331),(422),(511), (440), (531),(620),(533), (622),
(444), (642), (731), (800), (751) crystal faces of In2S3, respec-
tively. According to Scherrer formula, the average crystallite sizes
of the fresh and used In2S3 are 20.6 nm and 20.2 nm calculated
from the (440) peak of the XRD pattern.

3.1.2. UV–vis analysis
UV–vis diffuse reflectance spectra are always used to reveal the

optical property of the as-prepared samples. Fig. 3 shows the UV–
vis diffuse reflectance spectra of In2S3 sample. It is clear that the
sample exhibits strong absorption in the visible region from 400
to 630 nm. The result is in accordance with the previous reports
[30,34,35]. For an indirect-gap semiconductor, it is well known
that the equation between the absorption coefficient and band
gap energy can be described as follows: (F(R)E)2 = A(E�Eg) [30],
where F(R), E, A, Eg are diffuse reflection absorption coefficient,
photon energy, proportionality constant, and optical band gap en-
ergy, respectively. From the equation, (F(R)E)2 has a linear relation
with E. We can get the band gap Eg = 1.96 eV of as-prepared In2S3

by extrapolating the linear relation to (F(R)E)2 = 0. Therefore,
In2S3 can absorb large amounts of visible light, and it may be a suit-
able visible-irradiation photocatalyst. The band positions of In2S3

can be calculated by the following empirical formulas [36]:

EVB ¼ X þ 0:5Eg � Ee ð4Þ

ECB ¼ EVB � Eg ð5Þ

where EVB is the valence band potential; ECB is the conduction band
potential; X is the absolute electronegativity of the semiconductor;
Ee is the energy of free electrons on the hydrogen scale (Ee = 4.5 eV).
From the calculation, it is known that the absolute electronegativity
of In2S3 is about 4.7 eV, so the ECB and EVB of In2S3 are �0.78 eV and
1.18 eV, respectively.

3.1.3. SEM, TEM, HRTEM and EDS analyses
The morphology and microstructure of the prepared In2S3 sam-

ple were characterized by SEM. The image is shown in Fig. 4(a). It is
clear that the appearance of the sample displays a ball-like aggre-
gate structure of varying sizes with diameter around 1–3 lm. The
aggregates consist of many small crystal particles. The TEM and
HRTEM analysis has been performed to study the morphologies
of In2S3 sample. Fig. 4(b) shows TEM image of the sample. It can
be seen that the sample shows a loose nanosheets structure. The
triangular and polygonal boundaries of nanosheets interpenetrate
each other to display their very small thickness. A HRTEM image
shown in Fig. 4(c) reveals In2S3 sample’s growth direction. The
crystal lattice diameter of 0.622 nm, 0.311 nm, 0.267 nm corre-
sponds to the (111), (222) and (400) crystallographic planes of
In2S3 microsphere, respectively, which further confirmed the high
crystallinity of the sample. The chemical composition of the sam-
ple can be tested by using energy-dispersive spectroscopy (EDS).
A representative EDS spectrum displayed in Fig. 4(d) reveals that
the In/S atomic percentage ratio equals to the mean value of 2:3,
which is close to the stoichiometry of In2S3 sample.

3.1.4. N2 adsorption–desorption analysis
The nitrogen adsorption–desorption isotherms of In2S3 micro-

sphere are shown in Fig. 5. It is clear that the sample exhibits type
IV isotherms with a typical H3 hysteresis loop characteristic of
mesoporous solids according to the IUPAC classification [37]. Type
IV isotherm is a special type of isotherm which reflects the results



Fig. 2. XRD patterns of the fresh and used In2S3 and standard XRD pattern of In2S3 (JCPDS No. 65-0459).

Fig. 3. UV–vis diffuse reflectance spectra of In2S3 photocatalyst.
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Fig. 4. SEM (a), TEM (b), HRTEM (c), EDS (d) of In2S3 photocatalyst.
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of harmonic type multilayer adsorption evenly on the surface of so-
lid. The type H3 hysteresis loop is observed with aggregates of
plate-like particles giving rise to slit-shaped pores.

The corresponding pore size distribution of In2S3 microsphere is
shown in the inset of Fig. 5. The pore width of In2S3 sample is about
3.7 nm obtained from the desorption branch of the isotherm. The
BET surface area of In2S3 sample is measured to be ca.47.4 m2/g.

3.2. Evaluation of photocatalytic activity

Fig. 6 shows the photocatalytic performance of selective oxida-
tion of a range of alcohols to corresponding aldehydes under visi-
ble light irradiation. It is clear that the conversion of the alcohols
increases constantly with the increase of the reaction time. Simi-
larly, the yield of the corresponding aldehydes also rises with the
extension of irradiation time. For example, for the selective oxida-
tion of benzyl alcohol, when the illumination time is 1, 2 and 4 h,
the conversion is 8.4%, 17.4% and 41.5%, and the yield is 8.4%,
17.4% and 41.4%, respectively. So the selectivity is about 100%.
From Fig. 6, it also can be seen that the selectivity of the reactions
for the alcohols is very high except cinnamyl alcohol. It has been
reported that the selectivity is related to the electronegativity of
functional group [33,38]. In general, the stronger the electronega-
tivity, the easier the oxidation. It is known that the electronic effect
of the functional group is as follows: –OCH3 > –H > –Cl > –F > –NO2,
so the selectivity of the reaction should be as follows: benzyl
alcohol = p-methoxybenzyl alcohol > p-chlorobenzyl alcohol >
p-fluorobenzyl alcohol > p-nitrobenzyl alcohol. In the study, the re-
sults prove the above analysis. However, for allylic alcohol, such as
cinnamyl alcohol (Fig. 6f), the selectivity is relatively low. This may
result from p–p conjugated effect, which is caused by the forma-
tion of benzene ring and C@C double bond, and then the p–p con-
jugated effect influences the oxidation process of cinnamyl alcohol.

In order to investigate the solvent on the effect of selective oxi-
dation of alcohols to corresponding aldehydes, the solvents such as
benzotrifluoride, toluene, aceonitrile and water were selected. The
result is shown in Fig. 7. It is clearly seen that the conversion of
benzyl alcohol to benzaldehyde in BTF solvent is higher than that
in nonfluorinated solvents such as toluene, aceonitrile and water.
When illuminated for 4 h, the selectivity is 99.8% in the BTF solu-
tion, 66.2% in the toluene, 8.1% in the aceonitrile, and 1.1% in the
water solution. It is clear that the selectivity of benzaldehyde de-
creases with the rise of solvent’s polarity (water > aceonitrile > tol-
uene) because of the solubleness of O–O bands in the polar
solution [33,38], and this phenomenon can be attributed to benzo-
trifluoride which can dissolve more oxygen [8,31].

From Fig. 7, it also can be seen that when water was selected as
a solvent, the selectivity and yield are the lowest while the conver-
sion is the highest among the four solvents. It is clear that many
intermediate products will be produced in the reaction process.
The kinds and quantity of the intermediate products are being
investigated in our laboratory.

In addition, some blank tests were conducted in order to detect
whether benzaldehyde is produced when one or two experimental



Fig. 5. N2 adsorption–desorption isotherm and the pore size distribution curves (inset) of In2S3 microsphere.
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conditions have changed. The result shows that no conversion of
benzyl alcohol is detected in the blank experiments performed in
the absence of catalyst and/or visible light, which ensures that
the reaction is a photocatalytic process. Furthermore, the trace
conversion of benzyl alcohol is demonstrated in the controlled
experiment carried out in the presence of nitrogen, revealing that
oxygen is indispensable as primary oxidant during the photocata-
lytic process under such ambient conditions. In other words, the
oxidation reaction of alcohols to corresponding aldehydes pro-
ceeds successfully owing to the participation of catalyst, oxygen,
and the visible light irradiation. It is proved that this is a process
of photocatalytic oxidation with oxygen existence.

The cyclic experiments were carried out under the same condi-
tions using In2S3 microsphere as a photocatalyst in order to deter-
mine the stability of the photocatalyst. The results are shown in
Fig. 8. It is clear that in the 5-cycle experiments, the conversion
of the benzyl alcohol and yield of benzaldehyde do not change
obviously. And the stability of In2S3 microsphere also can be found
from the XRD pattern. It is clear that XRD patterns of the fresh and
used In2S3 samples for 5 times do not have any change (See Fig. 2).
Therefore, it can be concluded that the In2S3 photocatalyst has
good stability in the experimental conditions. It is proposed that
good stability of In2S3 photocatalyst may be attributed to the reac-
tion system composed of organic solvents, which reduces the
photocorrosion to the In2S3 photocatalyst.

3.3. Possible photocatalytic mechanism

3.3.1. Role of the reactive species
It is well known that the �O�2 , h+ and �OH are the primary reac-

tive species for the photocatalytic oxidation. The scavenger study
was carried out in order to discriminate the roles of the reactive
species from each other. The function of these reactive species in
the photocatalytic process based on the change of the catalytic
activity can be realized by adding different scavengers respectively
to eliminate the corresponding reactive species. In this experiment,
p-benzoquinone (BQ) was introduced as the quencher of �O�2 , iso-
propyl alcohol (IPA) was adopted to quench �OH, and oxalic acid
(OA) was added to the reaction system as an h+ quencher [39,40].

The result is shown in Fig. 9. It is clear that when the BQ and IPA
were added into the reaction system, the yield of benzaldehyde is
decreased obviously. Adding BQ, the yield decreases from 41.4% to
18.8%, and adding IPA, the yield decreases from 41.4% to 33.6%.
However, the yield of benzaldehyde was not obviously changed
when OA was added to the reaction system. Furthermore, using tri-
ethanolamine and methanol as the h+ quencher, the result was the
same as that of adding OA. Based on the results, it could be con-
cluded that the �O�2 and �OH, rather than the h+, are the major reac-
tive species in the photocatalytic reaction system.

In order to determine the presence of the �O�2 and �OH in the
reaction system, the following experiments were carried out. The
photoluminescence (PL) technique with terephthalic acid (TA) as
the indicator was used to confirm whether there is the generation
of hydroxyl radicals in the reaction system. TA can react with �OH
to produce 2-hydroxyterephthalic acid (HTA) which has high fluo-
rescence during the photocatalytic process, and the PL peak inten-
sity is in proportion to the amount of �OH radicals formed in the
water. The mechanism is shown in Scheme 1. Experimental proce-
dures were reported in the early reports [41]. The result is shown
in Fig. 10. It is clear that there is an obvious PL signal after 4 h of
visible light irradiation. It proves that �OH is produced in the pho-
tocatalytic oxidation process.



Fig. 6. Photocatalytic performance of selective oxidation of a range of alcohols to corresponding aldehydes using In2S3 photocatalyst under visible light irradiation (a) benzyl
alcohol; (b) p-methoxybenzyl alcohol; (c) p-chlorobenzyl alcohol; (d) p-fluorobenzyl alcohol; (e) p-nitrobenzyl alcohol; (f) cinnamyl alcohol. In figures, C means conversion, Y
means yield and S means selectively.
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Nitroblue tetrazolium (NBT, 2.5 � 10�5 mol/L, exhibiting an
absorption maximum at 259 nm) was used to check whether there
is �O�2 generated from In2S3 photocatalytic system[42,43]. Because
NBT can react with �O�2 , the production of �O�2 can be analyzed by
UV–vis absorption spectra of nitroblue tetrazolium before and after
reaction. From Fig. 11, it is clear that the absorbance decreases
greatly from 1.448 down to 0.336, which demonstrates that the
concentration of NBT in the reaction system was reduced greatly.
Obviously, �O�2 was produced in the photocatalytic oxidation pro-
cess. So it is in agreement with the experimental result of the
reactive species.
It is known that the photocatalytic oxidation and reduction abil-
ities of semiconductors were determined by the potentials of va-
lence and conduction bands. The forbidden band width of In2S3 is
1.96 eV, and the CB and VB potentials of In2S3 are �0.78 eV and
1.18 eV, respectively. The photoexcited electrons in the CB of
In2S3 can reduce O2 to give �O�2 and �HO2, because the CB edge po-
tential of In2S3 (�0.78 eV vs. NHE) is more negative than the stan-
dard redox potentials of EH(O2/�O�2 ) (�0.33 eV vs. NHE) and
EH(O2/�HO2) (�0.05 eV vs. NHE). And the photoexcited holes in
the VB of In2S3 cannot oxidize OH� to give �OH because the VB po-
tential of In2S3 is more negative than the standard redox potential
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Fig. 7. Photocatalytic selective oxidation of benzyl alcohol to benzaldehyde using
In2S3 under the visible light irradiation (k P 420 nm) for 4 h in different solvents.

Fig. 8. Cyclic experiments of In2S3 microsphere photocatalyst.

Fig. 9. Effects of a series of scavengers on the selective oxidation of benzyl alcohol
(The dosage of scavengers = 0.1 mmol/L, illumination time t = 4 h).

Scheme 1. Reaction between terephthalic acid (TA) and �OH.

Fig. 10. Photoluminescence emission spectra of the In2S3 sample.

Fig. 11. The absorbance of nitroblue tetrazolium before visible light irradiation (a)
and after visible light irradiation for 4 h (b).
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of OH�/�OH (EH(OH�/�OH) = 2.4 eV) [44]. However, the result of
�OH experiment shows that the �OH can be produced in the reaction
system of In2S3 photocatalyst. It is suggested that the �OH may be
produced from the �O�2 , which is another source of �OH [44].

e� þ O2 ! �O�2 ð6Þ



Fig. 12. Proposed mechanism of selective oxidation of aromatic alcohols to
corresponding aromatic aldehydes using In2S3 under visible light irradiation.
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�O�2 þ e� þ 2Hþ ! H2O2 ð7Þ

�O�2 þH2O2 ! �OHþ OH� þ O2 ð8Þ

H2O2 ! 2�OH ð9Þ
3.3.2. Reaction mechanisms
On the basis of the above results and analysis, a possible path-

way of selective oxidation of aromatic alcohols to corresponding
aromatic aldehydes using In2S3 catalysts under visible light can
be proposed. Firstly, In2S3 catalysts are excited under visible light
and produce plenty of holes and electrons. The aromatic alcohol
in the solution interacts with holes to form the corresponding rad-
ical cation. The electrons on the conduction band can be captured
by electrophilic O2, generating �O�2 . And then �O�2 oxidizes radical
cation to produce aromatic aldehydes. At this time, aromatic alco-
hols release H+ in the oxidization process, then 2 mol H+ will react
with 1 mol �O�2 and 1 mol electrons to produce 1 mol H2O2 which
decompose 2 mol �OH. Lastly, �O�2 and �OH can oxidize radical cat-
ion to corresponding aromatic aldehydes simultaneously. This
reaction process can be displayed in Fig. 12.

4. Conclusions

In summary, In2S3 microsphere photocatalyst with ECB of
�0.78 eV and EVB of 1.18 eV was prepared by hydrothermal meth-
od. The photocatalyst presents fine conversion and selectivity for
selective oxidation of aromatic alcohols to corresponding aromatic
aldehydes under the visible light irradiation, and it has a good sta-
bility. The conversion of benzyl alcohol reaches to 41.5%, and the
yield of benzaldehyde is 41.4% after being illuminated for 4 h.
When the catalyst, oxygen and the visible light irradiation are
present, the selective oxidation of aromatic alcohols is able to pro-
ceed. �O�2 and �OH are the important oxidizing agents in the reac-
tion system. The selectivity of the reaction is as follows: benzyl
alcohol = p-methoxybenzyl alcohol > p-chlorobenzyl alcohol > p-
fluorobenzyl alcohol > p-nitrobenzyl alcohol.
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