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ABSTRACT

BN/metal sulfide composite (BN/In,S3) was prepared by a facile in situ one-pot hydrothermal method.
The as-synthesized photocatalyst was characterized by X-ray powder diffraction (XRD), UV-vis diffuse
reflection spectroscopy (DRS), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), N2-sorption analysis, electron spin resonance (ESR), photoluminescence emission spectra (PL) and
X-ray photoelectron spectroscopy (XPS). The results show that compared with single In,Ss, the BN/In,Ss3
photocatalyst exhibits excellent photocatalytic performance for selective oxidation of aromatic alcohols
to aromatic aldehydes under visible light irradiation. The enhanced photocatalytic activity of BN/In,Ss
composite is mainly attributed to the unique physicochemical properties of BN nanosheet, which acts as
a promoter for photoexcited holes transfer, thereby improving the charge separation efficiency and pro-
longing photoexcited electrons lifetime. Effects of the type of aromatic alcohol and the added scavenger on
the photocatalytic efficiency were also investigated. *O, ~ radicals and photogenerated holes play decisive
roles for photocatalytic oxidation of aromatic alcohols to aromatic aldehydes. This approach is versatile
for constructing other high efficiency photocatalysts such as BN/CdS, BN/CdxZn;xS and BN/ZnIn,S,. It
is hoped that this work could provide new insights to construct the BN-based composites for extensive
photocatalytic applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The partial oxidation of aromatic alcohol to corresponding alde-
hyde is a useful and fundamental organic reaction, because such
aromatic aldehydes and their derivatives are important building
blocks for the synthesis of fine chemicals and pharmaceuticals [1].
Traditionally, this reaction system is carried out using dioxygen in
lieu of toxic or corrosive stoichiometric oxidants such as hypochlo-
rite, chromate, and chlorine [2]. However, the methods produce
large amounts of wastes during the reaction process [3]. Therefore,
it is urgent and necessary to develop a cost-efficient and envi-
ronmentally friendly method for selective oxidation of aromatic
alcohol to corresponding aldehydes under mild conditions.

In the past decades, the semiconductor photocatalysis has
attracted scientists’ extensive research interest because it can be
applied to solar energy utilization [4,5], environmental remediation
[6], and selective transformation of organic compounds [7], etc. [8].
Generally, TiO, is considered to be one of the most promising pho-
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tocatalysts because of its high catalytic activity, the physical and
chemical stability, non-toxic and low cost [5]. It has been reported
that TiO, can be used in the degradation of environmental pollu-
tants, hydrogen production via photolysis of water and selective
transformation of organic compounds, especially for the selective
oxidation of alcohols to corresponding aldehydes [9,10]. However,
TiO, only makes use of part of sunlight due to its width of band
gap (3.2 eV). Furthermore, because the valence band (VB) position
of TiO, is about 2.7 eV, the powerful oxidizing capacity of pho-
toexcited holes will weaken its selectivity. For example, Yurdakal
et al. prepared a series of TiO, samples and used them in perform-
ing the partial oxidation of benzyl alcohol to benzaldehyde under
UV-vis light irradiation. The highest selectivity value obtained by
these photocatalysts was about 38.2% [10(a)]. This was because,
besides benzaldehyde, benzoic acid and carbon dioxide were also
indiscriminatingly produced in the process of photocatalytic reac-
tion. Therefore, in order to improve the photocatalytic performance
of TiO, for the selective oxidation of alcohols to aldehydes, the
modification of TiO, through doping noble metals [11] and ions
[12], or coupling with different semiconductors have been exten-
sively investigated [13]. The results showed that the selectivity was
obviously enhanced. At the same time, non-TiO, photocatalysts
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used for the selective oxidation of alcohols to aldehydes were also
investigated, such as CeO, [14], C3N3S3 [15], C3Ny4 [16], CdS [17],
ZnInySy [18], InyS3 [19], etc. [20]. Among these, metal sulfides
attract more attention because of unique photoelectrochemical
properties and high photocatalytic performance [17-20]. For exam-
ple, CdS was used as a photocatalyst for the selectivity of benzyl
alcohol to benzaldehyde, the selectivity was about 90% under vis-
ible light irradiation for 3h [17(b)]. For In,S3 photocatalyst, the
selectivity was 99.8% under visible light illuminated for 4h [19].
Meanwhile, metal sulfides are easily controlled and combined with
other materials for promoting its photocatalytic performance. For
example, Xu’'s group reported that the graphene-supported metal
sulfide (CdS [17], ZnInyS4 [18], and In,S3 [21]) composites were
used for the photocatalytic selective organic synthesis. The result
showed that when CdS was coupled with 5% graphene, the selec-
tivity of the photocatalyst could reach 100% [17(b)] Here, graphene
is used as an electron-transferrer for facilitating the separation of
photoexcited electron-hole pairs and consequently improving its
photocatalytic activities. It is known that when a photocatalyst is
photoexcited, holes accompanying electrons will also be generated.
Therefore, if there is a hole-capturer coupled with metal sulfide
photocatalyst, the photocatalytic activity of metal sulfide would
also be enhanced.

Hexagonal boron nitride (BN) is a kind of metal-free material,
which is similar to layered-structure graphene and has unique
physicochemical properties, such as low density, high stability
and thermal conductivity [22]. More importantly, BN will be elec-
tronegative when the bulk BN was exfoliated into two-demension
(2D) nanosheets [23,24]; the negatively charged BN nanosheets
will attract the photoexcited holes and promote the separation
efficiency of photoexcited electron-hole pairs. Theoretical and
experimental work has confirmed that the negatively charged BN
derives from stable defects associated with nitrogen vacancies (N
edged triangle defects) or carbon impurities [23,24]. Because the
reconstruction of BN by ball milling process has been investigated
by our previous study [23] and no carbon impurities was involved
in the milling process, the negative charge of BN nanosheets is
more likely originated from the nitrogen vacancies formed dur-
ing the process. Therefore, compared with pure metal sulfides,
the BN/metal sulfides composite will enhance the photocatalytic
activity greatly. However, to the best of our knowledge, BN/metal
sulfide formed by metal sulfide coupled with 2D BN nanosheets for
improving the activity of selective oxidation of aromatic alcohols
to corresponding aromatic aldehydes has not been reported up to
now.

In this paper, BN/In,S3 composite was prepared firstly by a
one-step hydrothermal method. The physical, chemical and optical
properties of the resulted samples were thoroughly characterized
with XRD, UV-vis DRS, BET, SEM, TEM, PL, ESR, XPS and so on.
The photocatalytic performance of BN/In,S3 composite was inves-
tigated by determining the conversion and selectivity of benzyl
alcohol to benzaldehyde. The probable reaction mechanism for
selective oxidation of aromatic alcohols to aromatic aldehydes was
proposed. This approach is versatile for the application of other
BN/metal sulfide composites, such as BN/CdS, BN/CdxZn;_xS and
BN/ZnInZS4.

2. Experimental
2.1. Materials

5, 5-dimethyl-1-pyrroline-N-oxide (DMPO) was obtained from
Sigma Co. Negatively charged BN nanosheets were prepared by

ball milling method in our previous paper [23]. Indium chloride
tetrahydrate (InCl3-4H;0), thiacetamide (TAA), hydrochloric acid

(HCI), benzyl alcohol, benzaldehyde and other chemicals used in
the experiments are of analytical reagent grade and were supplied
by Shanghai Chemical Reagent Co. Ltd of China. Deionized water
was used throughout this study.

2.2. Preparation of photocatalysts

BN/In,S3 composite was synthesized by a simple hydrothermal
method. Typically, a certain amount of BN nanosheets were dis-
persed in the deionized water. 1.0 mmol InCl3-4H, 0 was dissolved
in the above BN suspension. And then, 2.5 mmol TAA as the source
of sulfur was added into the above solution. The pH was adjusted to
3 by dropwising HCI by continuous magnetic stirring. The obtained
suspension was transferred into a 100 mL teflon-lined stainless
steel autoclave, and then was heated to 180°C for 24 h. After cool-
ing down to room temperature naturally, the orange products were
collected and washed by deionized water and absolute ethyl alco-
hol for 3 times, respectively. Finally, the obtained products were
dried in air at 60°C.

To illustrate the role of BN nanosheet for improving photo-
catalytic activity in BN/metal sulfide composite, other BN/metal
sulfides (BN/ZnIn,S4, BN/CdxZn;xS and BN/CdS) were also pre-
pared by the above hydrothermal method. Synthesis of BN/ZnIn; Sy,
1 mmol ZnCl, and 2 mmol InCl3-4H,0 were dissolved in 75 mL
of BN suspension and stirred for 60 min, and then 6 mmol TAA
were added into the reaction system and the pH was adjusted
to 2.5 by hydrochloric acid. The mixture was transferred into a
100 mL teflon-lined stainless steel autoclave, and then was heated
to 140 °C for 12 h. Synthesis of BN/CdxZn1_«S, 3 mmol Cd(Ac),-2H,0
and 1 mmol Zn(Ac),-2H,0 were dissolved in 75 mL of BN suspen-
sion and stirred for 60 min, and then 4 mmol thiourea was added
into the reaction system. After 60 min of continuous stirring, the
obtained suspension was transferred into a 100 mL teflon-lined
stainless steel autoclave and maintained at 180°C for 12 h. Syn-
thesis of BN/CdS, 2 mmol Cd(NO3),-4H,0 was dissolved in 75 mL
of BN suspension and stirred for 60 min. Then 4 mmol TAA were
added into the reaction system. After 60 min of continuous stirring,
the obtained suspension was transferred into a 100 mL teflon-lined
stainless steel autoclave, and then was heated to 180 °C for 12 h. For
comparison, the pure In,S3, Znln;S4, CdxZn;_«S and CdS were also
synthesized by the same hydrothermal method except for absence
of BN.

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 crystallite size was cal-
culated by X-ray line broadening analysis using the Scherrer
equation. The accelerating voltage and emission current were
40kV and 40mA, respectively. UV-vis diffuse reflectance spec-
troscopy (DRS) measurements were carried out using a Hitachi
UV-365 spectrophotometer equipped with an integrating sphere
attachment. BaSO4 was used as a reflectance standard. The
microcrystalline structure and surface characteristics of the pho-
tocatalyst were investigated using (JEOL JSM-6610LV) scanning
electron microscope (SEM). Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HR-
TEM) images were performed with a JEOL-2010 transmission
electron microscope, using an accelerating voltage of 200kV. The
Brunauer-Emmett-Teller (BET) surface areas were detected by a
Micromeritics ASAP 2020. Photoluminescence emission spectra
(PL) were recorded on a JASCO FP-6500 type fluorescence spec-
trophotometer with an excitation wavelength of 420 nm. Electron
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spin resonance (ESR) signals of spin-trapped paramagnetic species
with 5, 5-dimethyl-l-pyrroline N-oxide (DMPO) were detected
using a Bruker A300E spectrometer under visible light irradiation
(A>420nm).

The photoelectrochemical experiments were performed in
a three-electrode system (CHI-660D, Chenhua Instruments Co.,
Shanghai, China). A Pt wire and Ag/AgCl were used as counter elec-
trode and reference electrode, respectively. The catalyst powder
was deposited on the fluoride tin oxide (FTO) substrate to serve as
the working electrode. A quartz cell (50 x 50 x 55 mm) filled with
0.1 M Na,S0O4 or 0.1 M KCl electrolyte was used as the reaction sys-
tem. A 300W Xenon lamp (PLS-SXE 300C, Beijing Perfect light)
equipped with a 420 nm cutoff filter (A >420nm) was applied as
a visible light source.

2.4. Evaluation of photocatalytic activity

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 photocatalyst was dis-
persed in the inert solvent of 15 mL benzotrifluoride (BTF). It was
chosen as a solvent due to BTF’s nonreactivity and high solubility
for molecular oxygen [25]. 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 the pressure in
the autoclave. The illumination window on the top of the reactor is
made of high strength quartz glass. Before the reaction, the auto-
clave 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
300G, Beijing Perfect light) with a maximum emission at about
470 nm was used as a visible light source. The wavelength of the vis-
ible light was controlled through a 420 nm cutoff filter (A >420 nm,
Instrument Company of Nantong, China). After the reaction, the
mixture was centrifuged to remove the photocatalyst particles. The
obtained solution was analyzed by a Gas Chromatograph (FuLi-
9790) equipped with a SE-30 capillary column (30m, 0.53 mm,
Lanzhou Atech Technologies Co. Ltd). Conversion of alcohol, yield of
aldehyde, and selectivity for aldehyde were defined as the follows:

Conversion(%) = [w} x 100 (1)
0
C
Yield(%) = —2dehvde . 100 )
Co
Caldehyde

(CO - Calcohol )

where (g is the initial concentration of alcohol; Cyjconot and Cyidenyde
are the concentration of the substrate alcohol and the correspond-
ing aldehyde at a certain time after the photocatalytic reaction,
respectively.

Selectively(%) = [ } x 100 3)

3. Results and discussion
3.1. Characterization of BN/In;S3 composite

3.1.1. XRD analysis

The crystallographic structure and phase composition of BN,
BN/In,S3 and In,S3 are displayed in Fig. 1. The diffraction peaks
of BN can be indexed to hexagonal BN (JCPDS 73-2095). One main
diffraction peak of BN located at 26 values of 26.9° is assigned
to (00 2) crystallographic plane [23]. The as-synthesized BN/In,S3
composites with different weight ratios of BN exhibit similar XRD
patterns to the pure In,Ss. The peaks located at about 14.2, 23.3,
27.4, 28.7, 33.4, 43.6, 47.8, 50.1, 55.9, 56.6, 59.5, 66.8, 69.9 and

BN

y . A

Ph A A 20% BN/In2S3
N A A A._A 10% BN/In2S3
7% BN/In2S3
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Fig. 1. XRD patterns of pure In,Ss, BN, and BN/In,S; composites.

76.9° are distinctly indexed to the (111), (220), (311), (222),
(400),(511),(440),(531),(533),(622),(444),(731),(800)and
(75 1) crystal planes of pure cubic In,S3 phase (JCPDS No.65-0459),
respectively. However, no peaks for BN can be found in the BN/In,S3
composites when the weight ratio of BN is lower than 10%. It may
be due to the low amount of BN in the BN/In,S3 composite, and the
guest BN nanosheet is covered with a large amount of host In,S;3
sample. The peak for BN located at 26.9° can be observed when BN
loading amount is higher than 10%. No other peaks were detected
in the XRD patterns, demonstrating that no new species or impu-
rities were formed in the hydrothermal process. In addition, the
main peaks of BN, BN/In,S3 and In;S3 samples are all very sharp,
indicating good crystallinity. The average crystallite sizes of In,S3
nanoparticles are calculated from the (440) peak of the XRD pat-
terns by the Scherrer formula: D=0.89\/Bcos6, where D, \, B and
0 are the average crystallite size, the Cu Ka wavelength, the half-
width of the main peak and the corresponding diffraction angle,
respectively [21,26]. The average crystallite sizes of In,S3 nanopar-
ticles in the pure In,S3, 3% BN/In,Ss3, 5% BN/In,S3, 7% BN/In,S3, 10%
BN/In,S3 and 20% BN/In,S3 composites are about 19.3, 20.2, 19.3,
20.5,20.8 and 19.9 nm, respectively. It is obvious that their average
crystallite sizes are close to each other, indicating that the presence
of BN does not influence the crystallite structure and size of In,Ss.

3.1.2. UV-vis DRS analysis

UV-vis diffuse reflection spectra are used to detect the opti-
cal properties of the as-synthesized samples. As shown in Fig. 2a,
it is clear that BN shows a low visible light absorption because its
intrinsic absorptionis located at about 210 nm [23]. However, In,S3
exhibits strong absorption in the visible region from 400 to 630 nm,
and BN/In,S3; composites display almost the same optical absorp-
tion as that of In,S3. Moreover, the band gap energy (Eg) of the In,S3
sample is calculated by the following equation: cchv =A(hv-Eg)!/2,
Where «, A, h and v are absorption coefficient, proportionality,
Planck constant and light frequency, respectively [27]. As shown in
Fig. 2b, the band gap of the pure In,S3 is about 1.95 eV. For BN/In,S3
composites with different loading amount of BN, their band gap
energies do not have obvious deviation compared with pure In,S;3
sample, suggesting the optical property of In,S3 is not obviously
changed by addition of BN. It is mainly because hexagonal-BN
nanosheets possess high transmission within visible light region
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Fig. 2. (a) UV-vis diffuse reflectance spectra (DRS) and (b) band gap energies of pure
In,Ss, BN, and BN/In,S; composites.

[22,23]. The results are in accordance with our previous reports
[19,23].

3.1.3. SEM and TEM analysis

In order to investigate the morphology and analyze the effect
of the BN nanosheets on the microscopic structure of the BN/In;,S;3
composites, SEM and TEM analysis were performed. Fig. 3 shows
SEM images of In,S3 and 7% BN/In,Ss. It can be seen that the pure
In,S3 exhibits spherical-like shape (Fig. 3a), which is composed
of a large quantity of aggregated nano-fragments (Fig. 3b). The
thickness of the nano-fragments is less than 10 nm. These nano-
fragments construct the spherical-like surface of In,S3, which is
analogous to the hierarchical structure [21]. When BN nanosheets
were added into the reaction system, as can be seen form Fig. 3c-d,
the morphology of 7% BN/In,S3 has no obvious change. How-
ever, there are some small nano-fragments coupled on the surface
of the bigger nano-fragments, and the thickness of the BN/In,S3
nanosheets (>10nm) is greater than that of In,Ss. These reflect
the good interfacial contact between In,S; nano-fragments and
BN nanosheets. TEM was used to further investigate the micro-
scopic morphology and structure of the sample. It can be seen
that ultrathin BN nanosheets are mono-dispersed with diameter
of 50-150 nm (Fig. 4a). The energy dispersive X-ray spectroscopy
(EDX) (Fig. 4b) reveals that the sample is composed of boron (B) and
nitrogen (N), and carbon (C), oxygen (O) and copper (Cu) come from
the carbon membrane and copper wire mesh. Fig. 4c shows that
In,S3 nano-fragments are uniformly deposited onto the smooth
surfaces of the ultrathin BN nanosheets. Fig. 4d displays the HR-
TEM image of the BN/In,S3 composite. It exhibits distinct lattice
fringes with 0.32 nm, which can be ascribed to the (31 1) crystal-

lographic plane of In,S3. Moreover, the EDX pattern of BN/In,S3
composite indicates that the sample is composed of B, N, In and S
elements (Fig. 4b).

3.1.4. XPS analysis

To study the surface compositions and chemical state of the
as-prepared BN/In,;S3 composites, XPS measurements were car-
ried out. The survey spectrum of BN/In,S3 is shown in Fig. 5a. It
reveals that no peaks of other elements exceptIn,S,B, N, Cand O are
observed. The peaks of C and O probably come from the absorbed
gaseous molecules or the graphite conductive adhesive. High reso-
lution core spectra for In 3d, S 2p are displayed in Fig. 5b and c. The
peaks at the binding energy of 444.6 and 452.1 eV are attributed to
In 3ds); and In 3d3),, while the peaks at 161.4 and 162.6 eV could
be attributed to S 2psj, and S 2p,, transition, respectively [28]. The
In and S spin orbit separations are found to be 7.5 and 1.2 eV, and
the ratios of two peaks are about 2:3 and 1:2. These results indicate
that In and S are present as In3* and $2- in the BN/In,S; compos-
ite. The XPS spectra of B and N are shown in Fig. 5d and e. Their
binding energies are 189.8 and 397.4 eV, respectively. Moreover,
the atomic percents of B and N in the sample are about 24.38% and
24.6%, respectively (it is determined by internal standard method
with the aid of relative sensitivity factors). It is clear that the atomic
number ratio of B and N is about 1:1. XPS spectra of pure In,S3 and
BN for In 3d, S 2p, B 1s, and N 1s are shown in Fig. 5. It is clear that
In 3d and S 2p XPS spectra of pure In,S3 show no obvious change
compared with the XPS spectra of BN/In,S3. The B 1s and N 1s XPS
spectra of pure BN are also similar with that of the BN/In,Ss. It indi-
cates that there is no obvious chemical bond connection between
BN and In;S3.

Based on the results of above characterizations, it is suggested
that BN/In,S3 composites with a good interfacial contacts have
been readily achieved via a one-step hydrothermal method. It is
reasonably speculated that these BN/In,S3 samples will exhibit
excellent applications in photocatalytic selective organic transfor-
mation under mild conditions.

3.1.5. BET analysis

Fig. 6 displays the nitrogen adsorption-desorption isotherms
of pure BN nanosheets, In,S3 and 7% BN/In,S3 composite, respec-
tively. It is clear that these samples show type IV isotherms,
implying the samples have porous structure as a result of the
accumulation of the nanosheets (Fig. 3). The BET surface areas
of BN, In,S3 and 7% BN/In,S3 composite are about 27.2, 28.3 and
27.4m?/g, respectively.

3.2. Evaluation of photocatalytic activities

3.2.1. Selective oxidation of benzyl alcohol to benzaldehyde

The photocatalytic activity of BN/In,S3 composite is initially
tested by selective oxidation of benzyl alcohol to benzaldehyde in
benzotrifluoride under visible light irradiation for 3 h. As shown in
Fig. 7, the conversion of benzyl alcohol increases constantly with
the increase of content of BN; however, when the content of BN is
higher than 7%, the conversion of benzyl alcohol begins to reduce
with the increase of amount of BN. This may be attributed to the
fact that the introduction of excessive BN nanosheets could inhibit
visible light absorption (as shown in Fig. 2a, 7% BN/In,S3 showed
the highest absorption than that of other BN/In,S; in the wave-
length range of 400-600nm) and shield the active sites on the
surface of the spherical-like In,S3 (as shown in Fig. 4c, In,S3 nano-
fragments were uniformly deposited onto the surface of the BN
nanosheets when the amount of BN is 7%). Thus, it can be seen that
the combination of BN with In,;S; has an important influence on
the photocatalytic performance of the samples. The result is simi-
lar to the previous reports that a suitable loading amount is crucial
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Fig. 3. SEM images of (a-b) In,S3 and (c-d) 7% BN/In,Ss.

for optimizing the photoactivity of 2D-2D composites [8(e)-(g)].
When the weight ratio of BN is 7%, the sample exhibits the opti-
mal photocatalytic activity, and the conversion of benzyl alcohol
reaches to 60%. However, the conversion of benzyl alcohol is only
25% when pure In;,S3 is used as a photocatalyst. Additionally, a con-
trol experiment using pure BN as a catalyst exhibits that there is no
visible light activity, and benzaldehyde is not detected in the reac-
tion system. It indicates that the primary photocatalytic ingredient
isIn,S3 in the BN/In,S3 composite. Moreover, photocatalytic activi-
ties of BN/In, S5 composites for selective oxidation of benzyl alcohol
to benzaldehyde are all higher than that of the physical mixture of
BN (7%) and In,S3 (93%). Furthermore, the mixed sample shows
lower photocatalytic activity than that of pure In,Ss. Therefore, it
can be concluded that the improvement of the photocatalytic activ-
ity for BN/In,S3 composites is indeed attributed to the combination
between BN nanosheets and In,Ss.

Furthermore, based on the BET analysis, it is clear that there is
a slight difference of the BET surface areas between these samples
(BET surface area of 7% BN/In,S3 composite is a little lower than
that of In,S3), demonstrating the enhancement of photocatalytic
activity can not be attributed to the BET surface area. Therefore, the
enhanced photocatalytic activity of BN/In,S3 composite can only be
ascribed to the introduction of two-dimensional BN nanosheets.

Fig. 8 shows time-online profile of photocatalytic selective oxi-
dation of benzyl alcohol over In,S3 and 7% BN/In,S3 composite. It
is clear that compared with pure In,S3 sample, the superior photo-
catalytic performance of 7% BN/In,S3 composite is obvious. When

the irradiation time is the same, the conversion of benzyl alcohol
and the yield of benzaldehyde for the 7% BN/In,S3 composite are
higher than those for In,S3 sample. It is proposed that the excel-
lent photocatalytic performance of 7% BN/In,S3 composite may be
attributed to highly efficient separation and transfer of photoex-
cited electron-hole pairs.

3.2.2. Selective oxidation of different aromatic alcohols

Based on the above results, it is clear that the 7% BN/In,S3 com-
posite shows the best photocatalytic activity. Therefore, the 7%
BN/In,S3 composite is chosen as the testing candidate to evalu-
ate the photocatalytic performance for selective oxidation of other
aromatic alcohols. Table 1 shows the photocatalytic performance
of selective oxidation of a range of aromatic alcohols to corre-
sponding aldehydes under visible light irradiation for 3 h. It can
be seen that compared with pure In,S; photocatalyst, the 7%
BN/In,S3 composite exhibits higher photocatalytic activities for
all testing reactions. It means that BN/In,S; composite is able
to perform as an efficient visible-light-driven photocatalyst for
selective oxidation of aromatic alcohols to corresponding alde-
hydes. Furthermore, it is clear that the selectivity of different
aromatic alcohols is not the same. The selectivity decreases as fol-
lows: p-methoxybenzyl alcohol >benzyl alcohol > p-chlorobenzyl
alcohol > p-fluorobenzyl alcohol > p-nitrobenzyl alcohol > cinnamy!l
alcohol. It has been reported that the selectivity is directly pro-
portional to the electronegativity of functional group [19,29]. It is
known that electron donating ability of the functional group is as
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Fig. 4. (a) TEM image of BN nanosheets, (b) EDX patterns of In,S; and 7% BN/In;Ss, (c) TEM and (d) HR-TEM images of 7% BN/In,Ss.

follows: —OCH3 >—H >—Cl>—F>—NO,. Therefore, the selectivity
follows the above order. Moreover, the selectivity of the aromatic
alcohols is relatively high except cinnamyl alcohol. This may be
resulted from -7 conjugated effect, which is caused by the for-
mation of benzene ring and C=C double bond, and then the -1
conjugated effect influences the oxidation process of cinnamyl
alcohol [19]. The above results indicate that the BN/In,S3 composite

Table 1

photocatalyst is an excellent photocatalyst for selective oxidation
of aromatic alcohols to corresponding aldehydes.

3.2.3. Photocatalytic stability of BN/In,S3 composite

In order to evaluate the photocatalytic stability of BN/In,Ss
composite for photocatalytic oxidation of benzyl alcohol to ben-
zaldehyde, the 7% BN/In,S; composite is chosen to test by

Photocatalytic performance for selective oxidation of a range of aromatic alcohols to corresponding aldehydes using pure In,S; and 7% BN/In,S; composite under visible
light irradiation for 3 h (In Table, C, Y and S mean Conversion, Yield and Selectivity, respectively.)

Entry Substrate Product Pure In2S3 7% BN/In2S3
C% Y% S% C% Y% S%
OH o
1 25 24 96 60 59 99
OH o
HyC
2 MO oo 41 40 98 71 71 100
OH o
3 34 31 90 66 63 95
cl Cl
OH o
4 . 25 22 89 46 43 93
F
OH X0
5 18 16 87 27 25 91
O,N O,N
X OH X0
6 20 4 21 26 8 30
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Fig. 6. Nitrogen adsorption-desorption isotherms of (a) BN, (b) In,Ss and (c) 7%
BN/In,S;.
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successive cyclic experiments. As shown in Fig. 9, it is clear that the
conversion and the selectivity have not obvious change after the
catalyst is used for 5 times. It means that the photocatalytic activ-
ity of the sample is stable. Furthermore, from Fig. 10, it is clear that
the used BN/In,S3 has identical XRD pattern with fresh BN/In,S;3
composite. It is demonstrated that the bulk phase composition of
the sample has no obvious change before and after photocatalytic
reactions. Therefore, it is concluded that the BN/In,S3 composite is
astable visible-light-driven photocatalyst for selective oxidation of
aromatic alcohols to corresponding aldehydes in the experimental
condition.
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Fig. 10. XRD patterns of 7% BN/In,S; photocatalyst before and after the photocat-
alytic reactions.
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Fig. 11. Effects of a series of scavengers on the selective oxidation of benzyl alcohol
(The dosage of scavengers = 0.1 mmol/L, [llumination time t=3h). (In Figs, C, Y and
S mean Conversion, Yield and Selectivity, respectively. The black, red and blue bars
represent Conversion, Yield and Selectivity, respectively.) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

3.3. Proposed photocatalytic mechanism

3.3.1. Role of reactive species

As we all know, 0,7, h* and*OH are the major reactive species
for a photocatalytic oxidation reaction [16,18]. In order to investi-
gate the free radicals in the reaction process of selective oxidation of
aromatic alcohols to aromatic aldehydes, a series of control exper-
iments were carried out. In the study, p-benzoquinone (BQ) was
introduced as the quencher of *0,~ [30], isopropyl alcohol (IPA)
was adopted to quench *OH [31], and carbon tetrachloride (CClg)
was added into the reaction system as electrons quencher [32].
As shown in Fig. 11, when BQ is added into the reaction system,
the yield of benzaldehyde is reduced obviously from 59% to 17%.
A similar phenomenon is occurred when CCly is added into the
reaction system for trapping the photogenerated electrons. The
above results indicate that *O,~ is an important active species in
the photocatalytic reaction. Furthermore, the result also shows that
when*0,~ or O, and e~ are eliminated from the reaction system,
BN/In,S3 composite still exhibits a certain amount of photocatalytic
activity. It means that the photogenerated holes also participate
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in the photocatalytic reaction. However, when IPA is added into
reaction system, the yield of benzaldehyde is decreased negligibly.
Therefore, it is concluded that *O,~ radicals and photogenerated
holes play a decisive role in the photocatalytic oxidation of aro-
matic alcohols to aromatic aldehydes, while *OH radicals play a
negligible role.

3.3.2. Validation of the reactive species

In order to determine the existence of the active species *O5~
and*OH, ESR technique was carried out in the reaction process
[33]. The result is shown in Fig. 12. It is clear that the character-
istic peaks of the DMPO-*0,~ adduct are observed for In,S; and
BN/In,S3 composite (Fig. 12a), but not found for DMPO methanol
dispersion contained no photocatalyst (blank test for a reference).
It demonstrates that ®*O,~ radicals are indeed produced on In,S3
and BN/In,S3; composite under visible light irradiation. It is worth
noting that the peaks intensity of the DMPO-*0,~ adduct for 7%
BN/In,S3 composite is higher than that for pure In;S3. That is to say,
the amount of *O, ~ radicals generated on the BN/In,S3; composite is
higher than that of In,S3. The characteristic peaks of the DMPO-*OH
adduct for In;S3 and BN/In,S3 composite could be observed from
Fig. 12b. There are no signals of DMPO-"OH adduct for aqueous
without photocatalyst. It indicates that *OH radicals are gener-
ated on In,S3 and BN/In;S3 composite after visible light irradiation.
However, the peaks intensity is weak and difficult to be determined.

To further determine the*OH and °O,~ radicals gener-
ated in the photocatalytic process, TA-PL (Terephthalic acid-
photoluminescence) [34] and NBT (Nitroblue tetrazolium) [35]
experiments were performed. TA can react with free radical *OH
to produce a highly fluorescence material, 2-hydroxyterephthalic
acid. And its PL intensity is in proportion to the amount of *OH
radicals. Thus, TA can be used for detecting whether *OH is pro-
duced in the reaction process [34]. As shown in Fig. 13a, it is clear
that the amount of *OH produced on the surface of 7% BN/In;,S;3
composite is higher that of In,S3. However, the peak intensities
of 2-hydroxyterephthalic acid formed on the surface of In,S3 and
7% BN/In, S5 are both weak, demonstrating the generated amount
of*OH is little. It is consistent with the above results of DMPO-
*OH measurement and the scavenger experiment. That is why
the conversion of benzyl alcohol is not decreased obviously when
IPA (*OH eliminating agent) was added into the reaction system.
Nitroblue tetrazolium (NBT, 2.5 x 10~> mol/L, exhibiting an absorp-
tion maximum at 259 nm) was used to check whether there is
*0,~ generated in the BN/In,S3 photocatalytic system [35]. From
the Fig. 13b, it can be seen that the UV-vis absorption spectra at
259nm for 7% BN/In,S3 with visible light irradiation and with-
out visible light irradiation are both very low. However, in the
dark condition, the decrease of the peak intension is attributed
to the adsorption of negatively charged BN on the NBT, because
in the aqueous solution NBT is in the form of cation (NBTZ).
In the visible light irradiation condition, the peak at 259 nm is
reduced more than that of in the dark condition. It is confirmed
that *O, ~ radicals are indeed produced on BN/In;,S3 in the reaction
system.

3.3.3. Photoelectrochemical properties

Photoelectrochemical experiments were carried out to explore
the electronic interaction between BN and In,S;. Fig. 14a dis-
plays the transient photocurrent response of pure In,S; and 7%
BN/In,S3 composite under intermittent visible light irradiation. It
is clear that the fast photocurrent response for each switch-on
and switch-off event in both electrodes is observed. Notably, it
can be seen that compared with pure In,Ss, the BN/In,S3 compos-
ite enhances the photocurrent density significantly. Because the
photocurrent is mainly produced by the diffusion of photoexcited
electrons; simultaneously, the photoexcited holes are captured by

hole-accepter in the electrolyte [36]. Therefore, the enhanced pho-
tocurrent density for the 7% BN/In,S3 means that the photoexcitrd
carriers are separated effectively, and photoexcited electro-hole
pairs have a long lifetime compared with pure In,Ss. Electro-
chemical impedance spectroscopy (EIS) was further performed to
investigate the separation efficiency of the photoinduced charge
carriers [37]. As displayed in Fig. 14b, only one arc/semicircle is
observed at high frequency on the EIS spectrum, indicating that
only surface charge-transfer is involved in the photocatalytic reac-
tion system [38]. The smaller arc radius of the EIS Nyquist plot
corresponds to the more effective separation of the photoinduced
electron-hole and the faster interfacial charger transfer to the
electron donor/acceptor. Consequently, compared with the pure
In,S3, the smaller arc radius of 7% BN/In,S3 composite suggests
that the separation efficiency of the photoinduced electron-hole
and the charge transfer over 7% BN/In,S3 composite are supe-
rior to those over the pure In,S3. These photoelectro-chemical
results are in agreement with that of photocatalytic activity
test.

To study the origin of enhanced photoelectrochemical perfor-
mances of the BN/In,S3 composite, open circuit photovoltage decay
(OCPV) tests were carried out (Fig. 14c). OCPV technique can be
served as a powerful tool in studying the lifetime of photoelectrons
and the recombination rate of the photogenerated electron-hole by
turning off light first at a steady state and monitor the photovoltage
(Voc) decay with time [38]. The potential-dependent photoelec-
tron lifetime () can be calculated by the following equation [39]:
7=(kgT/e)(dVoc/dt)~!. In this equation, kg, T, e and t are the Boltz-
mann’s constant (1.3806 x 10~23 J/K), the temperature (298.15K),
the charge of one electron (1.602 x 10~19 C) and time, respectively.
Fig. 14d shows the calculated T as a function of V. It is clear that
BN/In,S3 composite manifests remarkably prolonged electron life-
time in comparison with the pure In,S3, thus contributing to the
significantly enhanced photoelectrochemical and photocatalytic
performances.

3.3.4. Photoluminescence emission spectra

The photoexcited electron-hole lifetime of BN/In,S3 sample is
further confirmed by the photoluminescence (PL) measurement.
It has been well-established that PL technique can be applied to
assess the recombination rate of the photoexcited electron-hole
charge carriers [40]. Generally, a lower PL intensity indicates a
lower recombination rate of the photoexcited electron-hole and
vice versa. Fig. 15 shows the PL spectra of In,S3 and BN/In,S3 com-
posite. It is clear to observe that 7% BN/In,S3 composite displays
a lower PL intensity than that of pure In,Ss, suggesting that the
recombination rate of the photoexcited electron-hole is efficiently
restrained after the combination of In,S3 with BN nanosheets.
The above results are consistent with the photoelectrochemical
analysis and also in accordance with the photocatalytic activity
test.

3.3.5. Reaction mechanisms

According to the above experimental results and analysis, the
reaction mechanism for photocatalytic selective oxidation of aro-
matic alcohols to corresponding aromatic aldehydes over BN/In,S3
composite isillustrated in Fig. 16. When BN/In,S3 composite is irra-
diated by visible light, the photoexcited electrons and holes are
produced in the conduction band and the valence band of In,Ss,
respectively. The photoexcited holes are transferred rapidly due
to the electrostatic attraction between the holes and the nega-
tively charged BN, and then participate in photocatalytic reaction.
More importantly, it is favorable for efficient separation of pho-
toexcited electron-hole pairs and prolonging electrons lifetime.
Subsequently, the photoexcited electrons will be captured by the
dissolved O, to generate *O,~, which directly participate in the
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(b) The absorbance of NBT solution under different conditions.

oxidation reaction. Therefore, the BN/In,S3 composite exhibits the
enhanced photocatalytic activities compared with pure In,Ss.

3.4. Selective oxidation of benzyl alcohol for other BN/metal
sulfide

To illustrate the role of BN nanosheet for improving photocat-
alytic activity in BN/metal sulfide composite, other three BN/metal
sulfide composites (BN/ZnIn,S4, BN/CdxZn;_4S and BN/CdS) were
also investigated. As shown in Fig. 17, XRD analysis revealed
that the as-synthesized metal sulfides are well crystallized. The
as-prepared ZnIn,S4, CdxZn;«S and CdS can be well indexed to
the hexagonal structures of Znln,S4 (JCPDS No. 65-2023) [41],
CdxZnq«S (Cdg.75Zng25S) [42] and CdS (JCPDS No. 41-1049) [43],
respectively. For BN/metal sulfide composites, the XRD patterns
are similar to the corresponding pure-phase metal sulfide, except
one diffraction peak at 26.9°, which can be indexed to the main

characteristic peak of hexagonal-BN. Furthermore, it is clear that
BN/metal sulfide composites exhibit a stronger diffraction peak
at 26.9° than the pure-phase of metal sulfides because two peaks
overlap.

Further investigation was carried out by SEM to reveal the mor-
phology and microscopic structure of these samples. It can be seen
that ZnlIn, S, is consisted of numerous microspheres with diameter
of 1.5-6 wm (Fig. 18a), and the marigold-like spherical structure
is further composed of numerous nanosheets. It is in accordance
with the previous reports. For Cdg75Zng25S sample, the dendrite
structure can be clearly observed from Fig. 18c, which displays a
multilevel generation with a long main trunk of 2-6 pm and short
side branches of 0.3-2 wm. The as-prepared CdS has spherical-like
morphology resulting from the accumulation of small CdS nanopar-
ticles with diameter of 60-200 nm (Fig. 18e). Fig. 18(b, d and f)
exhibit the SEM images of BN/metal sulfide composites. It is clear
that although BN nanosheets are introduced in the samples, the
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morphologies of these metal sulfides have no dramatical change
except some flakes.

The photocatalytic activities of ZnIny;S;, BN/ZnIn,Sy,
Cdg.75Zng25S, BN/ Cdg75Zng25S, CdS and BN/CdAS for selective
oxidation of benzyl alcohol to benzaldehyde are shown in Fig. 19.
It can be seen that compared with pure metal sulfides, the pho-
tocatalytic activities (conversions of benzyl alcohol and yields of
benzaldehyde) of BN/metal sulfides are all remarkably enhanced.
It is demonstrated that an improvement of the photocatalytic
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Fig. 16. Proposed reaction mechanism for photocatalytic selective oxidation of ben-
zyl alcohol over BN/In,S3 composite.

activities should be ascribed to the introduction of negatively
charged 2D BN nanosheets. Therefore, it is concluded that metal
sulfides coupled with BN is a versatile method for improving their
photocatalytic performance.
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Fig. 18. SEM images of (a) ZnIn,S4, (b) BN/ZnIn;,S4, (¢) Cdo.75Zno25S, (d) BN/Cdo75Zng25S, (e) CdS and (f) BN/CdS with corresponding high-magnified images in the inset.
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4. Conclusions

BN/In,S3 composites with different mass ratio were synthesized
by a one-step hydrothermal method. The as-prepared BN/In;,S3
composites can be used for selective oxidation of aromatic alcohols
to aromatic aldehydes under visible light illumination. 7% BN/In;S3
composite displays the highest photocatalytic activity. The signifi-
cantly enhanced photocatalytic activity of BN/In,Ss is attributed to
the introduction of BN nanosheets, which can enhance the separa-
tion and transfer efficiencies of the photogenerated electron-hole
charge carriers. This versatile approach can be applied in synthe-
sis of other BN/metal sulfide (such as CdS, CdxZn;_«S and ZnIn;S4)
composites with high photocatalytic performance.
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