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ABSTRACT: Design and exploitation of efficient visible light
photocatalytic systems for water splitting and degradation of organic
dyes are of huge interest in the fields of energy conversion and
environmental protection. Herein, two-dimensional Caln,S,/g-CsN,
heterojunction nanocomposites with intimate interfacial contact have
been synthesized by a facile two-step method. Compared with pristine
g-C;N, and Caln,S,, the Caln,S,/g-C3N, heterojunction nano-
composites exhibited significantly enhanced H, evolution and photo-
catalytic degradation of methyl orange (MO) activities under visible
light irradiation. The optimal Caln,S,/g-C;N, nanocomposite shows a
H, evolution rate of 102 ymol g~' h™!, which is more than 3 times that
of pristine Caln,S,. The mechanisms for improving the photocatalytic
performance of the Caln,S,/g-C;N, nanocomposites were proposed by
using the photoluminescence measurement and electrochemical
analyses. It was demonstrated that the enhanced photocatalytic performance of Caln,S,/g-C;N, heterojunction nanocomposites
mainly stems from the enhanced charge separation efficiency. In addition, a plausible mechanism for the degradation of MO dye
over Caln,S,/g-C;N, nanocomposites is also elucidated using active species scavenger’s studies.
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1. INTRODUCTION

Since the photocatalytic system of water splitting on TiO,
electrodes was discovered by Fujishima and Honda in 1972,
photocatalytic H, evolution and degradation of organic
pollutants using semiconductors has become the most attractive
and sustainable strategy to solve the global energy crisis and
environmental pollution.”™ In order to make full use of
sunlight, especially the visible-light which accounts for more
than 40% of the incoming solar energy, extensive efforts have
been undertaken to develop visible-light driven photocatalysts
and composite photocatalytic systems. Up to now, a large
number of visible-light responsive photocatalytic materials have
been developed.é_10 However, the insufficient stability and low
efficiency still render the overall process impractical. Thus,
exploitation of visible-light-driven photocatalysts with high

various methods have been developed, including morphology
control, doping and coupling with metal, nonmetal, carbon
dots, and graphene.'’*° Besides these, cooperating with other
semiconductor photocatalysts to form the heterojunction is an
effective way to promote the separation of the photogenerated
electron—hole pairs.n'22 Li et al. constructed efficient BiVO,/g-
C;N, heterojunction nanocomposites with enhanced photo-
catalytic activity for degradation of MO, and they considered
that the suitable energy band alignments could benefit the
charge separation.”® Fu et al. synthesized the CdS/g-C;N,
composite by an “in situ” precipitation-deposition method. The
as-prepared composite showed exceptional photocatalytic
activity owing to the existence of organic—inorganic hetero-
junctions.”* Our group has recently developed a p-n
heterojunction photocatalyst which was constructed by BiOI

efficiency is still a great challenge.

Graphitic carbon nitride (g-C;N,), especially the two-
dimensional g-C;N, nanosheets, due to their large surface
area, narrow band gap, fast charge transfer rate, and excellent
stability, has recently been regarded as a promising visible-light-
responsive candidate for water splitting and organic degrada-
tion."'~'* However, g-C;N, materials that are low efficiency
caused by the fast charge recombination for practical use of g-
C;N, have not yet been realized.'>'° To overcome the inherent
problems and improve the photocatalytic activity of g-C3N,,

-4 ACS Publications  © 2015 American Chemical Society

and g-C;N,. The enhanced visible-light photocatalytic activity
could be attributed to the strong absorption in visible region
and high charge separation efficiency which was ascribed to the
heterojunction formed between BiOI and g-C;N,.*> However,
the two-dimensional g-C;N,-based heterojunctions with
enhanced photocatalytic activities of both water splitting and
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Figure 1. (a) XRD patterns of g-C;N,, 30% Caln,S,/g-C;N,, and Caln,S, heterojunction nanocomposite, (b) survey XPS spectra of g-C;N,
(insert), 30% Caln,S,/g-C;N, and Caln,S, heterojunction nanocomposite, (c, d) high resolution spectra of S and In for Caln,S, and 30% Caln,S,/
g-C;N, heterojunction nanocomposite, (e, f) high resolution spectra of N and C for g-C;N, and 30% Caln,S,/g-C;N, heterojunction

nanocomposite.

photocatalytic degradation of organic dyes have been rarely
reported.

In this work, as a typical ternary metal sulfide, cubic Caln,S,
material has been employed to construct a two-dimensional
heterojunction photocatalyst with g-C;N, due to its suitable
band gap, good activity, and excellent stability.”**” The formed
two-dimensional heterostructure of the nanocomposite photo-
catalyst could not only enhance the interfacial contact area
between Caln,S, and g-C;N, but also facilitate separation of
charge carriers. As such, the Caln,S,/g-C;N, heterojunction
nanocomposites exhibited enhanced H, evolution and photo-
catalytic degradation of MO activities under visible-light
irradiation in comparison to pristine g-C3N, and Caln,S,.
The possible relative electron transfer models and photo-
catalytic mechanisms for cocatalyst induced H, production and
dye degradation mechanisms have been investigated. This work
may provide useful insights to design and prepare two-
dimensional heterojunction photocatalysts with enhanced
photocatalytic activity.

2. EXPERIMENTAL SECTION

2.1. Preparation of Photocatalysts. g-C;N, nanosheets were
prepared according to the previously reported method.”® In a typical
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procedure for the synthesis of the Caln,S,/g-C;N, heterojunction
nanocomposite, 0.2 g of g-C;N, powders and 0.0354 g of Ca(NO;),
4H,0 were dissolved in 80 mL of deionized water; after ultra-
sonication for 40 min, 0.1146 g of In(NO;); and 0.09 g of C,H;NS
were added into the solution under stirring. After having been stirring
for 1 h, the obtained mixture was transferred to a 50 mL Teflon-lined
stainless steel autoclave, which was heated to 120 °C and maintained
for 24 h. After cooling, the as-prepared product (denoted as 30%
Caln,S,/g-C;N,) was collected by centrifugation, washed with distilled
water and absolute ethanol, and dried at 60 °C overnight. By changing
the addition amount of Ca(NO,),-4H,0, In(NO,),, and C,H;NS,
20% Caln,S,/g-C3Ny, 40% Caln,S,/g-C3N,, and 50% Caln,S,/g-C;N,
nanocomposites were obtained.

2.2. Characterization. The phase purity and crystal structure of
the obtained photocatalysts were tested by X-ray diffraction (XRD,
Bruker D8 Advance X-ray diffractometer) with Cu—Ka radiation (4 =
1.5406 A). Infrared spectra were obtained on KBr pellets on a Nicolet
NEXUS470 FTIR in the range of 4000—500 cm™'. Transmission
electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) were recorded on a Tecnai G2 F30 S-TWIN
(Philips) operating at 300 kV. Surface analysis of the photocatalysts
was examined by X-ray photoelectron spectroscopy (XPS) using a
ESCA PHIS00 spectrometer. The surface areas of the photocatalysts
were measured by a TriStar II 3020-BET/BJH Surface Area. UV—vis
diffuse reflectance spectra (DRS) were performed on a Shimadzu UV-
2401 spectrophotometer equipped with a spherical diffuse reflectance
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Figure 2. FT-IR spectra of g-C;N,, 30% Caln,S,/g-C;N,, and Caln,S, heterojunction nanocomposites (a) and the magnified curves in the range of

1180 cm™ to 1720 cm™ in FT-IR spectra (b).

accessory. The photoluminescence (PL) spectra of the photocatalyst
were obtained by a Varian Cary Eclipse spectrometer with an
excitation wavelength of 325 nm. The electron spin resonance (ESR)
signals of spin-trapped radicals were conducted on a Bruker model
ESR JES-FA200 spectrometer using spin-trap reagent DMPO in water
and methanol, respectively.

2.3. Photocatalytic Hydrogen Evolution. Prior to H, evolution,
1.0 wt % Pt-dispersed photocatalysts were fabricated by an in situ
photodeposition method using hexachloroplatinic acid (H,PtClg) as a
precursor under 300 W xenon lamp irradiation for 1 h. The
photocatalytic hydrogen evolution experiments were performed in a
100 mL Pyrex flask connected to a closed gas circulation and
evacuation system. Four low power UV-LEDs (3 W, 420 nm)
(Shenzhen LAMPLIC Science Co. Ltd. China), employed as light
sources to induce the photocatalytic reaction, were positioned ca. 1 cm
away from the flask in four different directions. The focused intensity
and areas on the flask for each UV-LED was ca. 80.0 mWecm™ and 1
cm?, respectively. Typically, 0.05 g of photocatalyst was dispersed by a
magnetic stirrer in 80 mL of aqueous solution containing 0.5 M Na,$
and 0.5 M Na,SO;. Prior to irradiation, the suspension of the
photocatalyst was dispersed by an ultrasonic bath for 5 min and then
bubbled with nitrogen for 20 min to completely remove the dissolved
oxygen and create an anaerobic condition. A 0.4 mL gas was
intermittently sampled through the septum, and the amount of H, was
determined by gas chromatography (GC-14C, Shimadzu, Japan, TCD,
with nitrogen as a carrier gas and 5 A molecular sieve column).

2.4. Photocatalytic Degradation of MO. The photocatalytic
activities of the g-C3N,/ZnlIn,S, photocatalysts were tested in the
degradation reaction of MO aqueous solution (10 mg/L) under
irradiation of a 500 W tungsten light lamp. For a typical photocatalytic
degradation experiment, 50 mg of photocatalyst powder was added
into 100 mL of the above MO solution in a quartz tube. Prior to
irradiation, the suspensions were magnetically stirred in dark for 30
min to ensure the establishment of an adsorption/desorption
equilibrium. The above suspensions were kept under constant air-
equilibrated conditions before and during the irradiation. At given time
intervals, about 4 mL of aliquots was sampled and centrifuged to
remove the particles. The filtrates were analyzed by a Shimadzu UV-
2450 spectrophotometer, and the characteristic absorption peak of
MO at 462 nm was used to determine the extent of its degradation.

2.5. Photoelectrochemical Measurement. To investigate the
photoelectrochemical properties of as-prepared photocatalysts, the
modified electrodes were prepared as follows: 4 mg of the as-prepared
photocatalyst (g-C;N,, Caln,S,, and 30% Caln,S,/g-C;N,, respec-
tively) was suspended in 1 mL of ethanol and 20 uL of 5 wt % Nafion
solution to produce a slurry, which 30 uL of the resulting colloidal
dispersion then getting dropped onto a piece of FTO slice with a fixed
area of 1 cm® All the photoelectrochemical measurements were
measured on an electrochemical analyzer in a standard three-electrode
system using the prepared samples as the working electrode, a Pt wire
as the counter electrode, and Ag/AgCl as a reference electrode. A 500
W Xe arc lamp served as a light source. The photocurrent was
performed in 0.2 M Na,SO, aqueous solution.
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3. RESULTS AND DISCUSSION

The crystal structure and phase composition of g-C;N,, 30%
Caln,S,/g-C;N,, and Caln,S, were characterized by XRD. As
shown in Figure la, the XRD pattern of g-C3N, exhibits two
distinct diffraction peaks at 13.2° and 27.5°, corresponding to
(002) and (100) diffraction planes of graphitic carbon nitride,
respectively. Pure and well-crystallized cubic phase Caln,S, was
confirmed by XRD pattern of the Caln,S, sample, of which all
the diffraction peaks can be indexed to cubic phase Caln,S,
(JCPDS#16-0341). After Caln,S, composing with g-C;N,, due
to the close peak position of Caln,S, and g-C;N, at 27.5° the
XRD pattern of the heterojunction nanocomposite is similar as
the pure Caln,S,. However, when tuning the proportion of
Caln,S,, the peak intensities of XRD patterns change greatly
(Figure S1), which reveals the existence of both Caln,S, and g-
C;N,.

The chemical states of different elements of g-C;N,, the 30%
Caln,S,/g-C;N, heterojunction nanocomposite, and Caln,S,
were investigated by XPS. The survey scans spectrum indicates
the presence of Ca, In, S in Caln,S,, Ca, In, S, C, and N in the
30% Caln,S,/g-C;N, nanocomposite, and C, N in g-C3N,,
respectively (Figure 1b). High resolution S 2p spectra of the
30% Caln,S,/g-C3N, shows two peaks at 161.2 and 162.3 eV,
corresponding to the S 2p;/, and S 2p, 5, respectively (Figure
1¢).*** As shown in Figure 1d, the peaks at the binding
energies of 444.6 and 454.2 eV are attributed to the In 3ds,,
and In 3d,),, respectively.”®”” The N Is peak for the 30%
Caln,S,/g-C;N, can be deconvoluted into three peaks with
binding energy at 398.9, 399.8, and 401.0 eV (Figure le and
Figure S2). The peak at 398.9 eV is assigned to sp*-hybridized
N (C=N-C), and the other two peaks at 399.8 and 401.0 eV
are ascribed to tertiary N (N—(C);) and amino functional
groups having a H atom (C—N—H).””*" Meanwhile, the C 1s
was also examined (Figure 1f). The binding energies of 284.9
and 288.4 eV of C 1s for the 30% Caln,S,/g-C;N, can be
assigned to adventitious carbon on the surface of the sample
and C—N—C coordination.>* Thus, these results could confirm
the existence of graphite-like carbon nitride in the composite. It
is worth noting that both the peaks of S 2p and In 3d for the
30% Caln,S,/g-C;N, shift toward lower binding energies, while
N 1s and C 1s (mainly the peak of C—N—C coordination) shift
toward higher binding energies relative to Caln,S, and g-C;N,.
These shifts might result from a partial electron transfer from
the electron-rich structure of g-C;N, to Caln,S,,”” and this
would increase the electron density of Caln,S,, leading to
reduction of the binding energies of S 2p and In 3d. On the
other hand, the electron density of g-C;N, could be decreased,
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leading to the enhancement of binding energies of N 1s and C
Is. These results indicate a strong electronic interaction
between Caln,S, and g-C;N,,** and this is beneficial to the
transfer of photoinduced charges during the photocatalytic
process.

The composition and structure of the Caln,S,/g-C3N,
heterojunction nanocomposites were further confirmed by
FT-IR spectra. As shown in Figure 2a, g-C;N, is indicated by
several characteristic absorptions at wavenumbers of 1640,
1568, 1407, 1323, and 1258 cm™>. For g-C;N,, the peak at 1640
cm™? is attributable to C=N stretching vibration. Additionally,
the peaks at 1568, 1407, 1323, and 1258 cm™ could
correspond to aromatic C—N stretching.**** When the
heterojunction formed between Caln,S, and g-C;N,, it can
be concerned clearly a red shift of the peak at 1640 cm™ and a
blue shift of the peaks at 1407, 1323, and 1258 cm™ from the
FT-IR curve of the 30% Caln,S,/g-C;N, heterojunction
nanocomposite. We proposed a possible explanation to this
phenomenon. When the heterojunction was formed, due to a
partial electron transfer from g-C;N, to Caln,S,, the
dispersibility of electron of g-C;N, could be enhanced, and
then the conjugated effect of g-C;N, will be improved. As a
result, the vibration intensity of C=N will be reduced, and the
peak which generated by C=N stretching vibration will shift to
lower wavenumber. On the other hand, the vibration intensity
of C—N will be enhanced, and the peak which generated by C—
N stretching vibration will shift to higher wavenumber. The IR
spectra for 20%, 40%, and 50% Caln,S,/g-CsN, heterojunction
nanocomposites show the similar results as the 30% Caln,S,/g-
C;N, (Figure S3). On the basis of the above XPS as well as FT-
IR results, it can be assumed that there is strong interfacial
interaction between the g-C;N, and Caln,S,, which could
facilitate the transfer of photoinduced charge and consequently
improve the photocatalytic activity of Caln,S,/g-C;N, nano-
composites.

In order to confirm the detail morphology of the Caln,S,/g-
C;N, heterojunction nanocomposites, TEM and STEM-EDS
mapping have been introduced. As shown in Figure 3a, the g-
C;N, exhibits thin and irregular nanosheet structure with
wrinkles, in agreement with the typical structural characteristic
of graphite-like carbon nitride. In Figure 3b, the TEM image
shows the as-prepared Caln,S, is an irregular nanoplate with a
diameter of around 20 nm. Figure 3c and 3d show the typical
structure of the 30% Caln,S,/g-C;N, nanocomposite. The
Caln,S, nanoplates anchor dispersedly across the g-C;N,
nanosheets, which form a two-dimensional heterostructure
with intimate interfacial contact. It is worth mentioning that the
two-dimentional structure could effectively improve the specific
surface area (Figure S4), which is beneficial to the phtocatalytic
activity by providing abundant reactive sites to trap charge
carriers and adsorb reactant species.””*” The selected region
marked by the red lines in Figure 3¢ is magnified to examine
the detailed structure of the 30% Caln,S,/g-C;N, nano-
composite (Figure 3d). As shown in Figure 3e, the clear lattice
fringes with a d-spacing of 0.278 nm, corresponding to the
(400) planes of cubic phase Caln,$S,, indicating the nanoplates
are Caln,S, with the two-dimensional structure. The
morphology of the 30% Caln,S,/g-C;N, nanocomposite was
further confirmed by the HAADF-STEM image (Figure 3f).
The elemental mappings (Figure 3g) reveal that Ca, In, S, C,
and N elements coexistently distributed in the 30% Caln,S,/g-
C;N, nanocomposite, and the Caln,S, dispersed on the surface
of g-C;N, also can be confirmed by the signals intensity of

Figure 3. TEM images of (a) g-C;N,, (b) Caln,S,, (¢, d) the 30%
Caln,S,/g-C;N, heterojunction nanocomposite, the HRTEM image of
the 30% Caln,S,/g-C;N, heterojunction nanocomposite (e), HAADF-
STEM-EDS mapping (f) and the spatially resolved Ca, In, S, C, and N
elements of the 30% Caln,S,/g-C;N, heterojunction nanocomposite

()

different elements. With increasing the content of Caln,S,, the
nanoplates in the two-dimensional heterojunction nano-
composites increased correspondingly, which is shown in
Figure SS.

The optical properties of the Caln,S,/g-C;N, heterojunction
nanocomposites were evaluated by UV—vis diffusive absorption
spectroscopy. Figure 4a shows the ultraviolet—visible diffusive
absorption spectra of Caln,S,, g-C;N, and Caln,S,/g-C;N,
heterojunction nanocomposites with different contents of
Caln,S,. It can be seen that Caln,S, and g-C;N, can absorb
visible-light with wavelengths about 618 and 437 nm, and the
band gaps which estimated from the UV—vis spectra are around
2.01 and 2.83 eV (by the equation: 4 = 1240/Eg), respectively,
which is in good agreement with the previous results.'"*® The
absorption spectra of Caln,S,/g-C3N, heterojunction nano-
composites exhibit the combination of both spectra which
contributes from Caln,S, and g-C;N,. Besides, the absorption
peak slight red-shifts with increasing intensities when the
content of Caln,S, is increased from 20% to 50%. As a result,
this enhanced visible light adsorption in the Caln,S,/g-C;N,
could generate more photoinduced charge carriers, which
would contribute to the enhanced photocatalystic activity. The
valence bands (VB) of both Caln,S, and g-C;N, are measured
by XPS valence spectra, as shown in Figure 4b. It could be
clearly observed that the position of the VB edge of Caln,S,
and g-C;N, are located at 1.03 and 1.71 eV, respectively, which
are consistent with the previous reports.””** Combined with
the calculated band gaps, the conduction band (CB) edge of
Caln,S, and g-C;N, are estimated at —0.98 eV and —1.12 eV,
respectively.

Figure Sa shows the photocatalytic H, production activity of
g-C;N,, Caln,S,, and Caln,S,/g-C;N, heterojunction nano-
composites with different contents of Caln,S, from an aqueous
solution containing 0.5 M Na,S and 0.5 M Na,SO; under UV
light irradiation (triggered by 12 W UV-LED:s light). It can be
seen that the H, evolution is negligible over the pristine g-
C;N,, which is consistent with the previous report,””*’ and the

DOI: 10.1021/acsami.5b05118
ACS Appl. Mater. Interfaces 2015, 7, 19234—19242


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05118/suppl_file/am5b05118_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05118/suppl_file/am5b05118_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05118/suppl_file/am5b05118_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05118

ACS Applied Materials & Interfaces

Research Article

Caln S,
a 2% Calns/gcN, | D| Calng,
30% Caln,S /g-C)N,
e 40% Caln,S /g-C\N,
; 50% Caln,S /g-C\N, 2
] g
H z
= g
2 & | gCN
= = 34
< =
T T T T T T T T T T
200 300 400 500 600 700 800 10 8 6 4 2 0

Wavelength (nm)

Binding Energy (eV)

Figure 4. (a) Ultraviolet—visible diffusive absorption spectra the photocatalysts and (b) valence band spectra of Caln,S, and g-C;N,.
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rate of H, evolution over the pristine Caln,S, is 30 gmol g~*
h™'. When forming the Caln,S,/g-C;N, heterojunction, the
photocatalytic H, production activity was remarkably enhanced
(except the S0% Caln,S,/g-C;N, sample). In particular, the
30% Caln,S,/g-C;N, heterojunction nanocomposite shows the
maximum H, evolution rate of 102 gmol g~' h™", which is more
than three times that of pristine Caln,S, with a large BET
surface area (Figure S4). However, the excess Caln,S, (50 wt %
in the composite) decreased the H, evolution rate. This
phenomenon can be explained as follows: (1) at a very high
content of Caln,S,, the Caln,S, will be more apt to self-
aggregation, the existence of Caln,S,/g-C;N, heterojunction
will be decreased, which leads to a lower H, evolution rate than
other heterojunction photocatalysts; (2) owing to the same
dosage used in the photocatalytic test of different photo-
catalysts, the actual amount of Caln,S, in the 50% Caln,S,/g-
C;N, heterojunction nanocomposite is less than the pure
Caln,S,, resulting in the lower H, evolution rate than pristine

Caln,S,. Therefore, a suitable content of Caln,S, is crucial for
optimizing the photocatalytic activity of Caln,S,/g-C;N,
nanocomposites.

To further investigate the photocatalytic activity of the as-
prepared Caln,S,/g-CsN, nanocomposites, photocatalytic
degradation of MO under visible light irradiation has been
carried out in this study. In general, the tendency of
photocatalytic degradation efficiency is similar to the tendency
of the H, production rate over the different photocatalysts. As
shown in Figure 5b, the degradation rate of MO over the g-
C;N, and Caln,S, only reaches 10% and 65% under visible
light irradiation for 120 min. In contrast, the Caln,S,/g-C;N,
heterojunction nanocomposites exhibit significantly enhanced
photocatalytic activity in the degradation of MO, except for the
50% Caln,S,/g-C;N, sample. The highest activity is obtained
for the 30% Caln,S,/g-C;N, heterojunction nanocomposite,
over which more than 90% of MO was degraded after 120 min.
The 50% Caln,S,/g-C;N, heterojunction nanocomposite
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Figure 7. (a) Photoluminescence (PL) spectra of g-C;N, and Caln,S,/g-C;N, heterojunction nanocomposites with different contents of Caln,S,
and (b) transient photocurrent responses of the g-C;N,, Caln,S,, and 30% Caln,S,/g-C;N, heterojunction nanocomposite.

exhibits the lowest photocatalytic activity among the hetero-
junction nanocomposites, and only ~60% of MO can be
removed.

The catalyst lifetime is of great importance besides the
photocatalytic performance. The photostability of Caln,S,/g-
C;N, heterojunction nanocomposites were investigated by
recycling the 30% Caln,S,/g-C;N, sample under the same
conditions as the first test. As shown in Figure 6a and Figure
6b, after three and five recycles, both the H, evolution rate and
the activity of photocatalytic degradation of MO did not show a
significant decrease, and the phase of the photocatalyst used
also has almost no change, as shown in Figure S6. These results
indicate that the as-prepared Caln,S,/g-C;N, heterojunctions
have relatively high stabilities during photocatalytic H,
production and degradation of MO.

In order to investigate the photocatalytic mechanism, PL
spectroscopy measurements to analyze the charge recombina-
tion for g-C;N,, Caln,S,, and Caln,S,/g-CsN, heterojunction
nanocomposites with different contents of Caln,S, were
investigated. As shown in Figure 7a, the pure g-C;N, exhibits
a strong emission in the range of 430—500 nm, which
corresponds to the band gap carrier recombination.*”*> When
the Caln,S, was added, the PL emission intensity decreases
markedly, which suggests that the photoinduced charge could
be efficiently separated when the heterojunction was formed
between g-C;N, and Caln,S,, and this further confirmed the
photocatalytic mechanism proposed. The 30% Caln,S,/g-C;N,
shows the lowest PL emission intensity, consistent with the
photocatalytic performance of this sample.

The improved carrier separation efficiency of the Caln,S,/g-
C;N, nanocomposite was further confirmed by the transient
photocurrent responses of g-C3N,, Caln,S,, and 30% Caln,S,/
g-C;N,. Figure 7b shows a comparison of the photocurrent—
time (I-t) curves for these samples with typical on—off cycles of
intermittent visible light irradiation. Notably, the photocurrent
value of 30% Caln,S,/g-C;N, is several times higher than
pristine g-C;N, and Caln,S,, which can be ascribed to the
existence of two-dimensional interfaces between Caln,S, and g-
C;N,, where photogenerated electrons and holes could be
efficiently separated in space and the photoinduced carrier
recombination will be reduced. As a result, the 30% Caln,S,/g-
C;N, sample shows an enhanced photocurrent. The improved
transfer efliciency of charge carriers could lead to the enhanced
photocatalytic activity of Caln,S,/g-C;N, nanocomposites.

To investigate the reaction mechanism in depth, the active
species formed during the reaction process are identified by a
hole and free radical trapping experiment over the 30%
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Caln,S,/g-C;N, sample. The tert-butanol (+-BuOH), ammo-
nium oxalate (AO), and 1,4-benzoquinone (BQ) were used to
detect the hydroxyl radical (éOH) scavenger, the hole (h*)
scavenger, and superoxide (O,°”), respectively. As shown in
Figure 8, the photocatalytic activity of 30% Caln,S,/g-C;N,

1.0

0.2

0.0-
No quencher t-BuOH

AO BQ N, purging
Figure 8. Controlled experiments of photocatalytic degradation of
MO over the 30% Caln,S,/g-C;N, with the addition of different

radical scavengers.

decreases slightly by the addition of the hydroxyl radical but
reduces greatly with the addition of hole scavengers and
superoxide radical scavengers. Furthermore, a controlled
experiment in a N, atmosphere indicates that the degradation
ratio of MO is decreased, implying that the O, primarily acted
as efficient electron traps, leading to the generation of O,".
These results clearly evidenced that photogenerated h™ and
O,° are the main oxidative species for the degradation of MO
in the photocatalytic system.

To further detect reactive oxygen species formed over 30%
Caln,S,/g-C;N, during the degradation process, the electron
spin resonance (ESR) spin-trap technique was used. As
presented in Figure 9a, the ESR signals intensities of the 30%
Caln,S,/g-C;N, sample under visible light irradiation is almost
the same as in the dark case, suggesting that there is no ¢OH
generated in this system and it was not the main reactive
species. However, the characteristic peaks of DMPO—0,°” can
be clearly detected in the methanol dispersion of 30% Caln,S,/
g-C;N, under visible light irradiation (Figure 9b). Therefore, it
is well recognized that O, can be produced and plays an
important role in the degradation process of MO.

On the basis of the above results, an illustration of possible
interface electron transfer behavior and the corresponding
photocatalytic H, production mechanism were demonstrated
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and shown in Figure 10a. Under visible light illumination, the
photogenerated electrons and holes were excited from the VB

V/NHE c] (@) (b)

% l
1 hh _C
FIa

i e CB h' h'
2 Ih) D
Caln,S, Caln,S,

g-C3Ny g-C3N,

Figure 10. Schematic illustrations of the possible charge transfer for
(a) H, production and (b) photocatalytic degradation of MO under
visible light irradiation.

and CB of g-C;N, and then transfer to the VB and CB of
Caln,S,, respectively. Due to the high Fermi level of metallic
noble metal Pt,*’ it can serve as a photoexcited electron
acceptor, which could induce the photoexcited electrons fast
transfer to the loaded Pt cocatalyst to generate H,."*™** Our
observation is similar to the result by Guo and co-workers, who
demonstrated that ZnFe,0,/g-C3N, with type I band align-
ment shows the enhanced photoinduced electrons and holes
separation efficiency and enhanced photocatalytic H, gener-
ation activity."’ In the case of the photocatalytic degradation of
MO, we also proposed a possible mechanism based on the
above results, as illustrated in Figure 10b. The MO molecules
absorbed on the surface of the Caln,S,/g-CsN, photocatalyst
were preferentially attacked by h" and then transformed to
degradation products via the direct hole oxidation pathway. On
the other hand, the CB electrons (e”) accumulated on the
surface of Caln,S, are scavenged by oxygen on the surface of
the catalyst to generate superoxide radicals (O,*”), which could
also react with MO molecules.

4. CONCLUSIONS

In summary, two-dimensional Caln,S,/g-C;N, heterojunction
nanocomposites with enhanced H, evolution and photo-
catalytic degradation organic molecules activities under visible
light irradiation have been demonstrated. The Caln,S,
nanoplates anchor dispersedly across the g-C;N, nanosheets
and form a two-dimensional heterostructure with intimate
interfacial contact. It was demonstrated that this two-dimen-
sional interfacial structure could effectively improve the
photocatalytic activities by promoting the charge separation.
The Pt cocatalyst induced H, production mechanism was
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proposed. In addition, the results of the free radical trapping
experiment and ESR analysis indicates that the photogenerated
h* and O,"” are the main oxidative species for the degradation
of MO. This study can provide experimental insight into design
and the mechanism study of the two-dimensional hetero-
structure photocatalysts with enhanced photocatalytic activity.
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