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Highly Efficient Visible-Light-Driven Photocatalytic
Hydrogen Production Using Robust Noble-Metal-Free
Zn, 5Cd, sS@Graphene Composites Decorated with MoS,

Nanosheets
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Solar water splitting using semiconductor photocatalysts is considered to

be one of the economical and significant techniques for hydrogen evolution.
In this study, graphene-Zn,Cd,_,S (ZCS) heterojunction is fabricated by
hydrothermal method followed by simple photodeposition of ultrathin few
layers of molybdenum sulfide (MoS,) nanosheets. The results show that
compared with pristine ZCS and 1 wt% graphene mixed ZCS photocatalysts,
the 1 wt% graphene and 1 wt% MoS, photodeposited ZCS composited
sample shows 39.5 mmol h' g™! hydrogen production activity, which is

6.9 and 1.9 times significantly higher, respectively, with an apparent quantum
yield of 53% at 420 nm visible light is recorded. The improved photocatalytic
activity can be attributed to the formation of heterostructure interface

1. Introduction

The depletion of fossil fuels and drastically
increase in global demand for renewable
energy has stimulated intense research
on sustainable energy conversion, storage,
and solar water splitting.! Meanwhile, the
production of hydrogen and oxygen from
water and semiconductor catalysts is con-
sidered as a promising means of utilizing
solar energy. The main aspect of water
splitting is the fabrication of photocatalysts
that are stable, cheap, and responsive to
visible light, and have high quantum effi-

between p-type MoS, nanosheets with n-type ZCS host, which allows for
the faster transfer of the photogenerated electrons and thus significantly

promotes the separation of photogenerated charge carriers.
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ciency.? In this regard, considerable efforts
have been devoted to investigating suitable
semiconductor-based photocatalysts and
their composites with excellent photocata-
lytic hydrogen evolution.’! Although the
past couple of decades have witnessed
outstanding progress in the efficiency and stability of the cata-
lysts, fundamental issues from the material's perspective are
still lingering.™ Among various photocatalysts, zinc cadmium
metal sulfide (ZCS), as an n-type band-gap semiconductor, has
been proven to be a general photocatalyst for solar H, produc-
tion.>”7] This is because the band gap of nonstoichiometric
Zn,Cd,_,S (ZCS) can be tuned to =2.4 eV, which can be easily
excited under visible-light irradiation.®] Nevertheless, the pris-
tine ZCS catalyst suffers greatly from the high recombination
rate of photoexcited charge carriers as well as low photocatalytic
activity and stability.*! The valence band (VB) of ZCS consists
of S?~ with a small electronegativity, so the photogenerated holes
on the VB are responsible to be self-oxidation other than oxi-
dizing water molecules, resulting in photocorrosion.Zl Hereof,
a series of strategies are developed to improve the photocatalytic
performance of ZCS, such as doping with metal or nonmetal
elements, copolymerization, nanostructuring, constructing dif-
ferent hybrid heterojunctions or composites with other semicon-
ductors or metal-organic frameworks.3-* However, achieving
efficient and durable charge separation on ZCS-based catalysts
is still a significant challenge.

2D carbon-based materials like graphene, graphene oxide
(GO), carbon nitride, and holey graphene have emerged as
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new photocatalytic materials due to their excellent electronic,
optical, physicochemical, and surface properties.?) Among
these numerous carbon-based earth-abundant materials, gra-
phene with unique 2D honeycomb structure, superior mechan-
ical and electrical properties, specific #-conjugation structure,
large specific surface area, and high conductivity offers a good
opportunity to fabricate graphene-metal sulfide composites
as photocatalysts for water splitting.3?l Although considerable
progress has been made to enhance the photocatalytic activity
of graphene-ZCS, most of these efforts still need noble metals
co-catalysts to enhance H, production.’3l Therefore, it is very
essential to develop nonexpensive earth-abundant co-catalysts
clustered graphene-ZCS based photocatalysts without noble
metal loading.

Molybdenum sulfide (MoS,) as a p-type semiconductor with
a layered structure and comprising inexpensive and earth-abun-
dant elements has gained a lot of interest recently due to its
unique optoelectronic properties and potential applications in
water splitting.>¥ MoS, has also been reported as an efficient
co-catalyst on a variety of semiconductor photocatalysts.l>36l
For instance, Wong et al. found that 3 wt% loading MoS, as
a co-catalyst onto ZCS via a photoassisted deposition approach
using (NH,),MoS, as a precursor showed 0.42 mmol h™! g7! of
H, generation, which is 210 times faster H, evolution rate on
visible-light illumination compared with that obtained for pris-
tine Zny,Cdy¢S photocatalyst (0.002 mmol h? g™}). They pro-
posed that the in situ photodeposited few-layered MoS, onto
the Zn,,Cd, S surface played a key role in improving the pho-
tocatalytic activity, thus forming a thin-layered heterogeneous
nanojunction.””? Similarly, Tu et al. prepared a ZnysCdgsS
solid solution through the hydrothermal method subsequently
loading a suitable amount of MoS, nanosheets to enhance
the photoactivity. The maximum H,-production activity of
12.30 mmol h™! g was obtained under visible-light irradia-
tion from an aqueous solution of lactic acid.?®¥ But, the method
they had adopted suffered from stability and only a moderate
increase to good H, evolution. Furthermore, most of the ZCS
solid solutions clustered with co-catalysts show unsatisfying
catalytic activity in water splitting for H, evolution under visible
light or either co-doped with noble metals.?** Despite some
of the noble metal doped ZCS catalysts exhibited high photocat-
alytic activity, they did not show satisfactory recycling stability,
thus restricting their potential application.*>#?] Therefore, the
development of p-graphene-n (p-g-n) heterojunction with sig-
nificantly enhanced catalytic activity and long-term durability
is highly desirable. Although, such heterojunction was ini-
tially designed by Guo et al. where both RGO and MoS, were
instantaneously reduced under UV light irradiation resulting in
numerous defects in ZCS and RGO interfaces that moderate
improved photocatalytic activity involving lactic acid as a sacrifi-
cial reagent.”’] But, in the above-mentioned case, H, evolution
under visible light was not very convincing. However, to our
knowledge, there is no research on CZS hollow nanosphere's
solid-solution photocatalyst coupled with p-g-n heterojunction
displaying improved H, production. Hence, there is substan-
tial scope for further organized research on budget-friendly
ZCS based p-g-n system to boost the overall visible-light-driven
water splitting with better durability and improved photocata-
lytic H, evolution reaction.

Adv. Mater. Interfaces 2020, 7, 2000010

2000010 (2 of 13)

INTERFACES

www.advmatinterfaces.de

In the present work, two-step preparation methods were
employed to fabricate in situ photodeposition of few-layer
MoS, nanosheets over the graphene—ZCS photocatalysts using
(NH,);MoS, aqueous solution as a precursor. The as-prepared
p-gn heterojunction catalysts show significantly enhanced
photocatalytic activity for hydrogen evolution in the presence of
Na,S and Na,SOj; sacrificial reagents under visible-light irradia-
tion. The improved photocatalytic activity can be attributed to
the intimate interfacial close contact between p-type MoS, and
graphene nanosheets with n-type ZCS heterostructures, which
can facilitate the effective transfer and separation of the photo-
induced charge carriers. The presence of MoS, nanosheets in
graphene-ZCS heterojunction extends its visible-light response
to longer wavelength and also reduces the photocorrosion of
the ZCS catalyst. The resulting noble metal-free MoS, coupled
graphene-ZCS heterojunction shows higher photocatalytic
activity than pure ZCS and graphene-ZCS prepared under the
same experimental condition. Furthermore, the hydrogen pro-
duction rate of 1 wt% platinum doped graphene-ZCS is rela-
tively lower than our optimized catalyst, that is 1 wt% graphene
and 1 wt% MoS, photodeposited ZCS composited sample (IM-
ZCSG1), indicating our IM-ZCSG1 is an effective noble metal-
free catalyst. The as-prepared in situ photodeposited MoS,
over graphene—ZCS composites is relatively stable even after
five consecutive repetitive cycles with remarkable enhanced
Hj-production activity. The present work demonstrates that
coupling few layers of MoS, over graphene with ZCS hollow
nanospheres is an efficient way to promote catalytic activity,
which may be useful in the design of other visible-light respon-
sive photocatalysts.

2. Results and Discussion

ZCS hollow nanospheres were prepared by a simple hydro-
thermal method using zinc and cadmium acetate along with
thiourea. Further, we prepared graphene—ZCS heterojunction
at the third step. Finally, MoS; nanosheets were photodeposited
onto the surface of the graphene-ZCS nanoheterojunctioned
sample that was achieved at the fourth step (Scheme 1). The
detailed synthetic procedures are described in the Experimental
Section.

X-ray diffraction (XRD) was utilized to obtain information
about the phase purity of the synthesized materials. As shown
in Figure S1f (Supporting Information) the diffraction peaks,
corresponding to graphene-ZCS, with different graphene con-
tent significantly left-shift compared to the standard diffraction
of ZnS and CdS demonstrating that the obtained heterojunc-
tions are not a mixture of ZnS and CdS, but ZCS solid solution.
The diffraction pattern of ZCS sample shows typical hexagonal
wurtzite and cubic structures with several prominent peaks,
which are indexed to (100), (002), (101), (110), (103), (112), and
(202) planes of ZCS wurtzite phase, while the crystal planes
(111), (200), and (311) correspond to ZCS cubic phase. No dif-
fraction peaks of impurities can be observed, which indicates
the high phase purity of the as-prepared samples. The corre-
sponding ZCS's diffraction peaks in graphene-ZCS samples
correspond to ZCS, and are sharp and intense, signifying
that the phase of ZCS is not significantly changed even after

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWIWIOD BA 11810 3|l dde ay) Aq pauenob ae sapile VO ‘88N JO Sa|nJ 10} AfeldTaulUQ AB|IM UO (SUONIPUCD-pUe-SWe)LI00 A3 | 1M Ale.q jpulUo//Sdny) SUORIPUOD pue swie 1 8y} 88S *[£202/0T/60] Uo Areigiauliuo A lim ‘Ariqi Asienun BuedueH Aq 0T000020Z ILUPe/Z00T OT/I0P/W0d A8 | AReiq 1 puljuo//:sdny wouy papeojumod ‘ZT ‘0202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

H,0  H0 ™
/ﬁ\ ™ PRSP TN Ry
al N ‘9. 09 @ - » ¢
He” o7 o7 o Hydrothermal @) o & Hydrothermal é‘.*’ , Q.- .- - ' :
+ Synthesis . .... Reduction of GO ’1 k.‘.‘K. ‘,‘-" Photodeposition of 2
0 e &® Y 3o J‘; _— i“
zi * 2H,0 .‘ ’.I
He 07 OT 150 °C/5h .. . 180°C/3h ¥ &\11 P I ihi l Few layered MoS, ‘
; 1 Y
ﬁ ZCS nanospheres ZCS-RGO ZCS-RGO-MoS,
c @
HNT N, & Mos,
Step | Step Il Step 11l Step IV

Scheme 1. Schematic illustration of the deposition of few layered MoS, nanosheets over graphene—ZCS hollow nanospheres. Step I: Mixing of starting
reagents. Step Il: Formation of ZCS nanospheres using hydrothermal method at 150 °C/5 h. Step IIl: Hydrothermal reduction of graphene over ZCS
nanospheres at 180 °C/3 h. Step IV: Photodeposition of MoS, nanosheets over ZCS—RGO composites.

the introduction of different amount of graphene nanosheets.
No characteristic diffraction peaks of graphene and MoS,
can be observed in the diffraction patterns of the as-prepared
MoS,—graphene-Zn,;CdysS (XM-ZCSG1) samples because
of their slow amount and relatively low diffraction intensity
(see Figure 1). Note that, similar synthesis procedures were
employed in previous studies to fabricate CdS nanostructures
co-doped with different amounts of MoS, suggesting no dif-
fraction peaks could be observed due to the low content and
high dispensability of MoS, nanosheets.*8] However, graphene
and MoS, were easily observed through high-resolution trans-
mission electron microscopy (HRTEM), scanning transmis-
sion electron microscopy (STEM) mapping, X-ray photoelectron
spectroscopy (XPS) analysis, and Raman spectroscopy.

The nitrogen adsorption—desorption isotherms and the
corresponding pore-size distribution curves (inset) for the
ZCS, ZCSG1, and 1M-ZCSG1 samples are shown in Figure
S27 (Supporting Information). The ZCSG1 and 1IM-ZCSG1
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Figure 1. XRD pattern of ZCS and XM-ZCSG1 heterojunctions with
different weight percent of MoS, nanosheets.
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samples have similar isotherms and pore-size distributions
of type IV (Brunauer-Deming—Deming-Teller classification)
isotherms with an H3 hysteresis loop, signifying the pres-
ence of slit-like pores.*”) At low relative pressures (below 0.2),
the isotherms exhibit a relatively high absorption, suggesting
the presence of several micropores. Besides, the high adsorp-
tion in the relatively high-pressure range (approaching 1.0)
indicates the presence of large mesopores and macropores.>"
The bi-model pore-size distribution curves are calculated from
the desorption branch of the nitrogen isotherms based on the
Barrett-Joyner—Halenda (BJH) method. The bi-model pores
are attributed due to intra-aggregated pores formed by gra-
phene and large inter-aggregated pores formed within the ZCS
nanospheres decorated over the graphene nanosheets. The cor-
responding pore-size distribution (inset) indicates a wide dis-
tribution ranging from 2 to over 100 nm with peak pore diam-
eters at 3.5 and 88.5 nm, respectively. It is presumed that the
porous structures of these composite materials are extremely
useful in photocatalysts as they provide efficient transport path-
ways of reactant molecules and products.’!! The Brunauer—
Emmett-Teller (BET) surface areas, pore volumes, and average
pore diameter of as-prepared composite samples are listed in
Table S17 (Supporting Information).

The morphologies of ZCS and IM-ZCSG1 samples were ana-
lyzed by field emission scanning electron microscopy (FESEM)
to evaluate the structure of ZCS and the influence of graphene
and MoS; nanosheets on the morphology of ZCS nanospheres.
The FESEM micrograph in Figure 2a shows monodispersed
ZCS nanospheres with an average diameter of =100-120 nm
with their external rough surface composed of loosely arranged
interconnected tiny primary nanoparticles (10-20 nm in size)
(see Figure 2a, inset) within the nanospheres. In contrast,
Figure 2b (IM-ZCSG1 sample) shows uniformly decorated
ZCS nanospheres on the exfoliated near-transparent gra-
phene sheets, indicating that graphene may act as a host to
hold ZCS nanospheres. Suspended graphene sheets can be
distinguished by the observation of blurry contrast as marked
by arrows. Besides, it has been reported previously that nano-
particles may interact with graphene sheets through physicab-
sorption, electrostatic binding, and charge transfer interaction,
thus enhanced the charge separation and higher photocatalytic
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Figure 2. a) FESEM images of ZCS hollow nanospheres; the inset shows
a high magnification image, indicating a ZCS nanospheres surface con-
sisting of many nanoparticles b) FESEM image of IM-ZCSG1 sample.

efficiency.? Furthermore, it is significant to mention, no spe-
cific morphology of MoS, could be resolved in the FESEM
image indicating a few layers of MoS, nanosheets grown in
the composite sample. It is believed that the few-layered MoS,
nanosheets grown by the simple photodeposition could not be
distinguished in the FESEM image.l*¥! The energy-dispersive
X-ray spectroscopy (EDS) spectrum of the 1IM-ZCSG1 sample
in Figure S37 (Supporting Information) clearly illustrates that
the chemical composition consists of Zn, Cd, S, C, and Mo ele-
ments. The Al peak originates from the sample analysis grid.
The above EDS results further confirm the presence of MoS,
nanosheets and phase purity of as-prepared composite catalysts.
Atomic force microscopy (AFM) characterization was carried
out on a IM-ZCSG1 sample and is shown in Figure S4} (Sup-
porting Information) where graphene nanosheets with lateral
size of several micrometers were
observed surrounded by ZCS
nanospheres. The corresponding
height profile of a graphene
nanosheet shows a thickness of
4 nm. This result directly indi-
cates ultrathin graphene acts as
a template for anchoring ZCS
nanospheres.

The detailed morphologies
and components of as-prepared
samples were investigated by
transmission electron microscopy
(TEM). Figure S51 (Supporting
Information) shows a typical ZCS
nanosphere, from the image it
would be seen that the strong
contrast between the dark edge
and pale center suggests hollow
nature of as-prepared ZCS nano-
spheres. Figure 3a shows uni-
form ZCS hollow spheres with a
diameter range of 100-130 nm.
Further, ZCS nanospheres are
adhered over the nearly trans-
parent exfoliated graphene flakes.
Interestingly, the outer surface
of ZCS nanospheres consisted of
small pores with a size of several
nanometers; such pores make
ZCS highly permeable for effi-
cient mass transport. The porous
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structure of ZCS is consistent with the result of N2 sorption
measurement (Figure S27, Supporting Information), in which
a peak centered at 3 nm is observed. Due to the lower disper-
sion and intergrowth over graphene and ZCS as well as low
contrast, photodeposited few-layered MoS, nanosheets could
not be distinguished in the low magnification TEM image.
The photocatalytic activity of hollow ZCS composites is pre-
sumed to be much better than that of ZCS particles. Besides,
the interior structure of ZCS hollow nanospheres could allow
multiple reflections of visible light within the interior cavities
and benefit electrons and holes transportation and separation.
Figure 3b shows the HRTEM image of 1IM-ZCSG]1, in which
three types of intimately contacted lattice fringes were observed,
confirming heterojunction formation between ZCS, graphene,
and MoS,. Besides, the enlarged HRTEM images in Figure 3b
with number 1 and 2 represent lattice fringes of ZCS and MoS,,
respectively. The well-developed lattice fringes of 0.32 nm are
assigned to the interplanar distance of (002) crystallographic
planes in hexagonal ZCS, while the lattice spacing of 0.62 nm
corresponds to the (002) plane of hexagonal MoS, nanosheets.
Furthermore, the smooth graphene layer conforms to a highly
conductive layer over the surface of ZCS and MoS, nanosheets.
It can be noted that the (002) plane of MoS, comprises few
layers of MoS, nanosheets illustrating the in situ photodepo-
sition of MoS, over the graphene nanosheets. Furthermore,
the above high magnification HRTEM results manifest the
intimate contact is formed between ZCS, graphene, and MoS,

ZCS hollownanospheres
%

Figure 3. a) TEM and b) HRTEM images where 1 and 2 show lattice fringes of ZCS and MoS,, respectively.
c) The selected area for STEM element mappings, d—h) for elements Zn, Cd, Mo, S, and C, respectively, of
as-prepared 1TM-ZCSGT1 heterojunctions.
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Figure 4. a) Typical XPS survey spectra, b) high-resolution XPS spectra of Zn 2p region, c) Cd 3d region, d) Mo 3d region, €) S 2p region, and f) C s
region in IM-ZCSG1 sample. g) Raman spectra of ZCS, ZCSG1, and TM-ZCSG1 samples. h) Selected area enlarged view of IM-ZCSG1 sample showing

MoS, presence.

favoring the electron transfer from ZCS to graphene to MoS,.
Figure 3c shows the high-angle annular dark-field STEM image
of a typical IM-ZCSG1 sample along with the element map-
ping. It is observed that Zn, Cd, and S are uniformly distributed
with strong intensity, suggesting ZCS as the main component.
The signal of Mo element is somewhat weak yet it is still evenly
distributed within the IM-ZCSG1 samples indicating successful
photodeposition of MoS, over ZCS and graphene. Furthermore,
it is interesting to observe a very thin layer of light contrast sub-
stance wrapped over the ZCS nanospheres. This thin substance
is not found in the bright-field TEM image, which presumably
might be due to its poor contrast, signifying the amorphous
structure. The elemental mapping shows that this thin wrapped
substance mainly consists of carbon element over the graphene
and ZCS nanospheres (Figure 3c). These results justify the pro-
posed schematic fabrication process (Scheme 1) and confirm
premediated ZCS-graphene-MoS, heterostructures, which is
consistent with XRD and FESEM results.

XPS analysis was carried out to further investigate the ele-
mental composition and electronic states of elements in the

Adv. Mater. Interfaces 2020, 7, 2000010 2000010

as-synthesized sample. As depicted in Figure 4a, the survey
spectrum of the 1IM-ZCSG1 sample indicates the presence of
Zn, Cd, Mo, S, C, and O elements, signifying high purity of
the prepared sample. The sharp XPS peaks at binding ener-
gies of 1022 (Zn 2p), 405.6 (Cd 3d), 162.8 (S 2p), 228.8 (Mo 3d),
285 (C 1s), and 532 eV (O 1s) were observed. The O peak can
be attributed to the absorption of oxygen on the surface of the
sample because of their exposure to the atmosphere. Besides,
the XPS spectrum of the IM-ZCSG1 sample was similar and
consistent with the typical ZCS and MoS,; spectrum reported in
the literature.’®°34 The high-resolution core spectrum of Zn
2p (Figure 4b) illustrates two strong symmetrical spin—orbital
peaks at 1022.5 and 1045.6 eV, assigned to Zn 2ps;; and Zn 2p,,
respectively, allocated to Zn?*, which is consistent with the pre-
vious results.>~>7] Figure 4c displays two strong peaks at 405.4
and 412.1 eV attributed to binding energies of Cd 3ds,; and Cd
3ds),, respectively, corresponding to Cd** state.*®38] The high-
resolution XPS spectrum in Figure 4d shows the binding ener-
gies of the Mo 3ds/; and Mo 3d;), peaks at 228.9 and 232.1 eV,
respectively, which are typical values for Mo*" conforming to

(5 of13) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Comparison of the photocatalytic hydrogen production activity of a) ZCS samples with different graphene wt%. b) Graphene-ZCS samples
with different MoS, wt% along with Pt doped and MoS, bulk mixed samples.

MoS, photodeposition over the surface of the graphene-ZCS
composite.'®3¥] The characteristic peak for S 2s electrons with
the peak at 226.2 eV corresponds to S?~ signifying the forma-
tion of MoS, nanostructure. The broad asymmetric curve of S
2p can be deconvoluted into two peaks with binding energies of
161.9 and 162.8 eV, corresponding to S 2p;;, and S 2p;,, respec-
tively (see Figure 4e). The XPS spectrum of C 1s (Figure 4f) can
be fitted with four smaller peaks located at 284.8, 285.7, 2878,
and 289.1 eV, which can be assigned to sp? bonded carbon
(C—=0), carbonyl (C=0), and carboxyl (O—C=O0) functional
groups. Interestingly, the peak at 289.1 eV related to O—C=0
has almost disappeared, and the peaks corresponding to C—O
and C=0 have much lower intensities than those observed in
graphene oxide in previous literature.’>> This result indicates
that the percentage of oxygen-containing functional groups has
significantly decreased, and thus, the graphene oxide has been
effectively reduced into reduced graphene oxide.l%%%

Raman spectroscopy is one of the prominent tools for ana-
lyzing the structural bonding, crystallinity, and associated
defect levels in materials. The Raman spectra of ZCS, ZCSG1,
and IM-ZCSG1 photocatalysts are shown in Figure 4g. The
Raman spectrum of pristine ZCS phase showed the most
intense band at 308 cm™ and less intense band at 610 cm™! that
are assigned to the longitudinal optical phonon (1LO and 2LO),
respectively.®t62 The Raman spectrum of the ZCSG1 sample
displays two prominent peaks of graphene at around 1582 and
1352 cm™, which correspond to the well-documented G and D
bands, respectively, suggesting that the structure of graphene
is maintained in the composites.®¥l The G band corresponds
to the first-order scattering of the E,, mode observed for sp”
carbon domains, and the D band is associated with structural
defects from disordered carbon.*® The Raman spectrum of
reduced graphene oxide is displayed in Figure S67 (Supporting
Information). While in the 1IM-ZCSG1 sample, MoS, consists
of a major band located at 405 cm™ corresponding to the A,
mode (see Figure 4h). The A, corresponds to the vibrations
(out-of-plane) of sulfur atoms in opposite directions.l*! Besides,
the G band is slightly redshifted to a higher band (1596 cm™),
indicating the reduction of GO. Besides, the clear redshift
toward the high frequency of G band in comparison with
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pristine ZCS and ZCSG1 samples might be due to the spatial
confinement of the phonon modes between O-Cd-S and O-Zn-S
after combining with graphene and MoS,.! The presence of
hydroxyl functional groups on graphene acts as the heteroge-
neous nucleation sites to anchor ZCS nanospheres and growth
of a few layers MoS, on the surface of graphene sheets. %]

The UV-vis diffused reflectance spectra at ZCS, ZCSG1,
and 1IM-ZCSG1 samples are shown in Figure S7t (Supporting
Information). ZCS nanosphere sample has an adsorption
edge at 521 nm and the band gap is estimated to be 2.38 eV by
extrapolating the linear plot region of the absorbance squared
versus energy, which is in good agreement with the previous
reports.[°©®] Compared with the pure ZCS, the graphene and
MoS,; clustered ZCS composites exhibited redshift absorbance
edges and extended the absorbance to the visible-light region
(530-800 nm) due to the presence of graphene in ZCS, which
could efficiently enhance the visible-light harvesting capacity.[*"!
The band-gap energy of the as-prepared ZCS, ZCSGI, and
1M-ZCSG1 nanocomposites has been estimated from the Kum-
belka—Munk function versus the photon energy. The estimated
band-gap energy of as-prepared ZCS, ZCSG1, and 1G-ZCSG1
samples is 2.38, 2.35, and 2.32 eV, respectively. Furthermore,
it is worth to mention that carbon atoms in graphene were
not incorporated into the ZCS crystal structure and graphene
only acts as a substrate for holding ZCS nanospheres.®®! The
color of the MoS, clustered ZCS-graphene nanosheet photo-
catalysts changes from bright yellow to yellow-green to black
after in situ photodeposition of MoS, on the surface of ZCS-
graphene. These results are consistent with the UV-vis results,
which further indicates the strongest visible-light absorbance of
1G-ZCSG1.

The photocatalytic activities of the as-prepared graphene—
ZCS composites were evaluated under visible-light irradiation
(A =2 420 nm) for their H,-production activities in an aqueous
solution of Na,S and Na,SO; as sacrificial agents. As shown
in Figure 5a, photocatalytic activities were conformed for all
graphene-ZCS samples. The pristine ZCS shows 5.7 mmol
h g H,-evolution activity, which is low due to the rapid
recombination of photogenerated charge carriers. Meanwhile,
the hydrogen evolution activity noticeably increased with the
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increasing concentration of the graphene amount in the ZCS
hollow nanospheres. Notably, the highest H,-production rate of
20.1 mmol h™! g7! was achieved by doping 1 wt% of graphene
content. This value is over 3.5 times higher than that of ZCS.
When the graphene content is higher than 1 wt%, it leads to
a reduction in the H,-production rate. In particular, when the
graphene content is 5 wt% the H,-production rate decreased
drastically to 14.3 mmol h™! g% It is clear that loading more gra-
phene above 1 wt% along with ZCS nanospheres will degrade
the photocatalytic H,-production activity. Hence, the optimum
graphene content has a significant influence on the photocata-
lytic activity of the ZCS hollow nanospheres.[®”]

The photocatalytic H,-production activity of different
amounts of MoS, coupled photocatalysts is illustrated in
Figure 5b. The amount of MoS, loading was varied from 0 to
5 wt% and it is interesting to know that with increasing MoS,
loading up to an optimum level of 1 wt% the H, production
increased and gradually decreased at higher loading content.
Under optimized condition (1 wt%), the rate of H, production
was 39.5 mmol h™! g1, which is 6.9 and 1.9 times significantly
higher than the pristine ZCS and ZCSG1, respectively, with an
apparent quantum yield (AQY) of 53% at 420 nm visible light.
These results illustrate that the active sites of the ultrathin
MoS; nanosheets and superior electrical conductivity of RGO
composited ZCS lead to effective separation of the photo-
generated charge carriers and thus improve the H-production
activity. A further increase in the loading of MoS, nanosheets
above the optimum level (i.e., >1 wt%) results in the decrease
of the H, evolution rate. This is because excessive MoS, may
shield ZCSG samples from light harvesting and acts as the
recombination center for photogenerated electrons and holes.
Besides, it should be noted that the photocatalytic H,-pro-
duction activity of the IM-ZCSG1 sample is higher than that
of 1.0 wt% Pt deposited ZCS (28.6 mmol h™! g!), suggesting
our well-designed few-layered MoS,-decorated graphene-ZCS
heterojunction can replace transitional noble metal doped cata-
lysts with better performance and lower cost. Further, we made
a comprehensive comparison of photocatalytic H,-evolution
activities of our optimized 1IM-ZCSG1 sample with those of
representative ZCS based heterojunction composites reported
by other researchers, which is presented in Figure 6 and
Table S21 (Supporting Information). It is significant to note
that ultrathin MoS, modified ZCSG composites always exhibit
better activity as compared to bulk MoS, modified physical
mixed ZCS sample, demonstrating the significant advantages
of the photodeposition approach of ultrathin MoS, nanolayers
that provide a large number of exposed active sites. Further,
it can be seen that our in situ photodeposition of MoS, over
graphene-ZCS heterojunction composite samples exhibits
higher H, evolution activities in comparison with most of the
recently reported ZCS-based photocatalysts.l**38>2#] Guo et al.
had proposed such p-g-n system in which ZCS nanorods were
fabricated by the solvothermal method and subsequently incor-
porated with MoS, and RGO via dual reduction reaction under
UV light.™ Their proposed p-gn system showed relatively
lower photocatalytic H,-production activity than our results.
In addition to the above-published work, the biomolecule-
assisted synthesized p-n-g hollow spheres showed very low
hydrogen evolution; this might probably due to the defects
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induced during the one-pot hydrothermal reaction. It is a
well-known fact that the architectural design of photocatalytic
systems plays a significant influencing aspect in light har-
vesting and charge separation. In our system, the hollow ZCS
nanospheres with hydrothermally reduced 2D graphene and
UV-light-reduced MoS, nanosheets possess a series of unusual
properties, such as efficient light harvesting, immense photo-
induced charge separation, outstanding antireflection effect,
and high specific surface area. Further, it could be described
that the activity of S atoms in the MoS, molecule is different
with respect to their preparation condition and type of semi-
conductor. Usually, p-type MoS, with poor electrical conduc-
tivity shows no hydrogen evolution reaction activity. However,
the nanosized few-layer p-type MoS, with more exposed edges
and unsaturated active S atoms could exhibit a good cocatalytic
activity for hydrogen evolution reaction. Graphene with good
2D layered structure and high conductivity could greatly match
with layered MoS, as co-catalyst and rapidly separate and fast
transfer photogenerated charge carriers, and thus contribute to
the photocatalytic activity of the 1IM-ZCSGI1 system.

In addition to the photocatalytic hydrogen evolution, another
important issue for the practical application of photocatalysts
is their stability. The crystal structure and the photocatalytic
stabilities were investigated by XRD measurement and the
recycling hydrogen evolution reactions, respectively. As shown
in Figure S8at (Supporting Information), there is no obvious
difference in the XRD patterns of 1IM-ZCSG1 before and after
five photoreactions. Figure S8b{ (Supporting Information) dis-
plays the Hj-production curve in cycling photocatalytic runs.
After a five-time cycling test, the photocatalytic H,-production
activity of IM-ZCSG1 hollow nanospheres sample showed a
little decreased activity. This might be due to the tiny particles
of MoS, nanolayers that might break away from the ZCSG1
catalyst during the long time cycling test; thus, the photocata-
lytic H,-production activity shows a slight decrease. Moreover,
after five cycles of the photocatalytic water splitting reaction
no detectable amount of Cd** was observed in the sacrificial
solution. These results demonstrate that IM-ZCSG1 hollow
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Figure 6. Comparison of the photocatalytic hydrogen production activity
of IM-ZCSG1 sample along with previously reported ZCS-based catalysts.
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Figure 7. Mott—Schottky plots of a) ZCS and b) MoS, in 0.5 m Na,SO, aqueous solution.

nanospheres photocatalyst is relatively stable with remarkable
enhanced H,-production activity.

Furthermore, the Mott-Schottky (M-S) analysis was
employed to determine both donor density and semiconductor
type at semiconductor/liquid interface. It is well known that the
type of semiconductor can be determined from the slope of the
M-S plot."?! The positive slope of M-S plot in Figure 7a clearly
indicates the n-type semiconductor properties of ZCS with
electrons as the majority charge carriers. On the contrary, the
M-S curve of MoS,, shown in Figure 7b, has a negative slope,
confirming that it is a p-type semiconductor with low charge
carrier density.”!! The estimated conduction band (Ecg) values
of ZCS and MoS, samples were —0.32 V and 0.81 V versus satu-
rated calomel electrode, respectively, which implies that the CB
edge potential at normal hydrogen electrode of ZCS is more
negative than that of MoS,. Further, by considering UV-vis dif-
fuse reflectance spectra (DRS) absorption results, the valence
band potential (Eyg) of ZCS and MoS, is calculated using the
Eyp = Ecp + E, equation.”>”3] From the DRS results the Eyg is
calculated to be 2.04 and 1.4 V, respectively. Further the value of
the E, for ZCS and MoS, is determined to be 2.36 and 2.21 eV,
respectively.

The band structure alignment and the resulting charge
separation of the ZCS and RGO/MoS, composite are shown
in Scheme 2. The Fermi levels of the p-type MoS, and n-type
MoS, semiconductors align at equilibrium to form p-n junc-
tion, and the internal electric field across the interface is pro-
duced. Under visible-light illumination both semiconductors
could be excited and produce photogenerated electrons and
holes. Before connection p-type MoS, and n-type ZCS semi-
conductors normally have different positions of Fermi levels.
After connection, because of higher Fermi level of ZCS a read-
justment of the Fermi level takes place, and the CB bottom of
MoS, becomes higher than that of ZCS. Under visible-light
illumination, the electrons in VB of MoS, will be excited to
CB, leaving holes in VB. The photogenerated electrons on
MoS, transfer easily to RGO and ZCS because of lower CB
position than that of MoS,. Thus, the electron-hole pair sep-
aration is greatly improved by the development of p-n junc-
tion and resulting in enhanced hydrogen evolution. Besides,
some of the photogenerated electrons of the ZCS and the elec-
trons that migrated from the MoS, nanosheets to ZCS could
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be attracted by highly conducting graphene nanosheets and
thus reduce the charge recombination by forming numerous
p-g-n junctions to further enhance the charge separation. The
photogenerated holes accumulated at the MoS, can be con-
sumed by the Na,S-Na,SOj; sacrificial reagent solution, thus
enhancing H, generation.

A series of photoluminescence (PL) experiments were
conducted to understand photogenerated electron-hole pair
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Scheme 2. Schematic illustration of the charge-transfer process for
photocatalytic H, evolution in TM-ZCSG1 nanoheterojunctions.
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Figure 8. a) Static photoluminescence curves (Ex = 390 nm). b) Photoluminescence decay curves. c) Transient photocurrent. d) Electrochemical

impedance spectroscopy of as-prepared ZCS, ZCSG1, and 1M-ZCSG1.

separation and electron transfer performance between ZCS,
ZCSG1, and 1M-ZCSG1 samples. It is well known that the
intensity of PL spectra depends upon the recombination rate
of photogenerated excitons. Furthermore, it has been observed
that the higher the recombination rate of electron/hole pairs,
the higher the PL emission.”*7%l The result in Figure 8a indi-
cates that the ZCS sample shows strong emission peaks in
the range of 430-500 nm and a weak emission at 524 nm. The
emission peak at 500 nm is due to the recombination of elec-
trons from the energy level of sulfur vacancies of metal chalco-
genides, which is consistent with the previous reports.””] The
weak emission of cadmium sulfide luminescence is observed
at 524 nm."® Tt is observed that the sharpness of the peak falls
with the loading of MoS, over the ZCSG1 sample suggesting
that the addition of MoS, nanosheets significantly inhibits the
recombination of electron-hole pairs and enhances the pho-
tocatalytic activity. Time-resolved photoluminescence spec-
troscopic analysis was performed to further get an insight
into the charge-transfer process between ZCS, ZCSG1, and
1IM-ZCSG1 hollow nanostructures. The samples were excited
at a wavelength at 375 nm and the emission obtained at
500 nm is shown in Figure 8b. PL decay profiles are fitted with
biexponential function to calculate the exciton lifetime, (7).
As compared with the ZCS sample, the shorter lifetime and
longer lifetime of 1G-ZCSG1 decreased from 0.39 to 0.15 ns
and from 8.43 to 5.27 ns. The shorter lifetime is due to the
decay from free exciton states while the longer lifetime is from
the bound exciton states.”?81 The decreased lifetime indicates
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more nonradiative transitions existing in 1IM-ZCSG1, which is
induced by the easier exciton transfer from MoS, to surface
due to the shorter pathway caused by uniform dispersion over
ZCS—graphene hollow nanospheres. These results clearly illus-
trate that the shorter emission lifetime and smaller interfacial
electron-transfer resistance are achieved in the 1M-ZCSG1
nanocomposite sample, which is beneficial for enhanced
photocatalytic H,-evolution activity.[#2#3]

The transient photocurrent result of as-prepared ZCS,
ZCSG1, and 1IM-ZCSG1 samples was recorded via several
on—off cycles at the periodic 400 nm LED-light irradiation at a
bias potential of 0.5 V. The photocurrent-time (I-t) curves of
the above-mentioned samples are illustrated in Figure 8c. As
shown, the ZCS sample demonstrates a clear photocurrent
response and their value rapidly increased as soon as the light
turned on, and the value decreased to zero when the light
turned off. This result also indicates that the photogenerated
electrons and holes are efficiently transferred at the sample/
electrode interface to produce photocurrent under visible-
light illumination.® It can be seen that pure ZCS exhibits
low photocurrent density, which can be attributed to the fast
recombination of photogenerated electrons and holes. Notably,
IM-ZCSG1 samples show the highest photocurrent inten-
sity among the three samples. This observation indicates that
p-g-n hierarchical heterostructures allow more efficient separa-
tion of photogenerated electron—hole pairs as compared to the
ZCS and ZCSG1 samples. Therefore, it can be concluded that
the higher photocurrent intensity indicates a higher efficiency
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in the separation of the photoexcited electron-hole pairs and
enhanced diffusion of the charges, which are favorable for the
enhanced photocatalytic activity.

Electrochemical impedance spectroscopy (EIS) experiments
were performed to understand the charge-transfer kinetics pro-
cess occurring in the three-electrode system. The semicircle in
the plot is attributed to the charge-transfer resistance R, in par-
allel with the double-layer capacitance, and the EIS Nyquist plot
can be simulated by an electrical equivalent circuit model.l®]
In the model R; is the total ohmic resistance of the electrolyte
solution.l® Figure 8d displays the EIS Nyquist plots of ZCS,
ZCSG1, and IM-ZCSG1 heterojunctions. The 1IM-ZCSG1 nano-
structure exhibits the smallest semicircle among the three sam-
ples, indicating the lowest charge transfer resistance, and thus
facilitates higher separation and transfer rate of electron-hole
pairs.#-#1 This result is consistent with the transient photo-
current responses and PL results confirming the IM-ZCSG1
sample as the optimum sample for photocatalytic hydrogen
evolution.

According to the above photocatalytic experimental results,
it could be concluded that the enhanced Hj-evolution of
1M-ZCSG1 nanocomposite sample can be attributed to the
collective outcome of several factors. First, ZCS with hollow
nanostructure could assist in the easy transportation of reac-
tants and products on the photocatalyst surfaces and result in
easy chemical reactions.?! Second, the hollow nanospheres
assembled by tiny particles on the surfaces could allow mul-
tiple reflections of light, thus enhancing light harvesting and
increasing the photogenerated charge carriers.’! Third, the
uniformly decorated ZCS nanospheres on the graphene sheets,
with close contact between graphene and MoS, sheets, could
promote the efficient charge transfer between graphene/MoS,
and ZCS. Finally, the heterojunctions between p-type MoS,
nanosheets and n-type ZCS hollow nanospheres could effec-
tively separate photogenerated electrons and holes and enhance
the H,-production activity.

3. Conclusions

In summary, few layers of MoS, nanosheets were success-
fully incorporated onto graphene composited ZCS hollow
nanospheres via hydrothermal method followed by in situ
photodeposition. The MoS, nanosheets are deposited on the
surface of ZCS hollow nanospheres with graphene sheets to
form intimate contact interfaces. The highest H,-production
rate of 39.5 mmol h™' g™! was achieved by depositing 1 wt % of
MoS,; over the IM-ZCSG1 sample, which is 6.9 and 1.9 times
significantly higher than the pristine ZCS and 1 wt % graphene
composited ZCS samples, respectively, with an AQY of 53%
at 420 nm visible light. The as-prepared 1IM-ZCSG1 hollow
nanospheres photocatalyst is relatively stable with remarkable
enhanced Hj,-production activity. The possible mechanism
for significantly enhanced hydrogen evolution is proposed
to explain observed H, evolution activity enhancement in the
MoS, coupled graphene composited ZCS sample, which was
further confirmed by photoluminescence and time-resolved
photoluminescence characterizations. The enhanced perfor-
mance of H, evolution in the IM-ZCSG1 sample is attributed
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to the 2D structure of MoS, and graphene, allowing efficient
transfer of the photoexcited electron to the reactant. The
interface between ZCS, 2D graphene, and MoS, nanosheets,
forming p-g-n heterojunction, enables fast electron transfer
from the conduction band of ZCS to the graphene and MoS,
nanosheets, further suppressing the electron-hole recombina-
tion that was confirmed by electrochemical impedance spec-
troscopy. The current study sheds new light on advancing the
higher performance and noble-metal-free photocatalysts for
H, production under visible-light irradiation by combining 2D
materials with traditional nanophotocatalysts.

4. Experimental Section

Preparation of ZngsCdysS Nanospheres: All the chemical reagents
used in this study were of analytical grade (purchased from Shanghai
Chemical Reagent Co., China) and used as received. Distilled water was
used in all experiments. In a typical synthesis, zinc acetate (1.8 mmol)
and cadmium acetate (1.8 mmol) were dissolved in 120 mL distilled
water with magnetic stirring at room temperature for 30 min to obtain
a uniform solution. After that, thiourea (90 mmol) was added to the
solution, which was stirred for another 30 min and then transferred
to a 180 mL Teflon-lined stainless steel autoclave. The autoclave
was maintained at 150 °C for 5 h for the hydrothermal reaction. After
the mixture was cooled naturally to room temperature, the yellow
precipitates were centrifuged, washed with ethanol and distilled water
five times, rinsed with carbon disulfide, and then dried in an oven at
60 °C for 8 h.

Synthesis of Graphene—Zn, sCdysS Nanoheterojunction: GO  was
synthesized from natural graphite powder (>99.8%, Alfa Aesar) via
a modified Hummer's method. Graphene-ZCS nanospheres were
prepared by a simple hydrothermal method using ethanol-water as a
solvent. In a typical synthesis, a certain amount of GO was dispersed
in a mixed solution of distilled water (20 mL) and ethanol (10 mL)
by ultrasonic treatment for 1 h, and then 0.2 g of as-prepared ZCS
nanospheres was added to the obtained GO solution and stirred for
another 1 h to obtain a homogeneous suspension. The resultant mixture
was transferred into a 50 mL Teflon-lined stainless autoclave and heated
at 180 °C for 3 h under autogenously pressure to simultaneously achieve
the reduction of GO and the deposition of ZCS catalyst on the graphene
substrate. After the reaction, the reacted mixture was collected, washed
with distilled water and ethanol, and then dried in an oven at 80 °C
for 8 h. To investigate the effect of graphene on the photocatalytic
hydrogen evolution under visible light, the weight percentage of
graphene to ZngsCdgsS catalyst was varied from 0.4 to 5 (0.4, 0.8, 1.0,
3.0, and 5.0 wt%), and the corresponding samples were labeled as
graphene—Zng sCdg sS (ZCSGX) where X = 0.4, 0.8, 1.0, 3.0, and 5.0 wt%,
respectively.

Synthesis of XM-ZCSG1 Nanoheterojunction: MoS, was synthesized
according to the previous literature.’”] In situ photodeposition of
MoS, was carried out at room temperature in a closed system. Briefly,
80 mL aqueous solution of Na,S (0.35 m) and Na,SO; (0.25 ™) in a
gas-tight closed three-neck Pyrex flask was well degassed by nitrogen
gas for T h to remove dissolved oxygen. 10 mg of graphene-ZCS
nanospheres and a predetermined volume of (NH4),MoS, precursor
solution were added. Before illumination, the reaction mixture was
vigorously stirred and further degassed by nitrogen gas for 30 min. The
reaction mixture was then irradiated by a 300 W Xe lamp for 1 h. The
resulting precipitate was collected, washed thoroughly with distilled
water followed by washing in ethanol, and then dried in an oven at
80 °C for 8 h. To further investigate the effect of the content of the
MoS, co-catalyst on the photocatalytic hydrogen evolution activity of
graphene—ZCS nanospheres, a series of composites were prepared by
varying the amount of MoS, loading and the corresponding samples
were labeled as XM-ZCSG1 where X =0.2, 0.5, 1.0, 2.0, and 5.0 wt%. For
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comparison, platinum was deposited onto the ZCSG1 sample through
the photodeposition method. The typical preparation condition was as
follows: 0.2 g of ZCSG1 sample was dispersed in a 50 mL of water and
1wt % of H,PtCls.6H,0 was dropped under stirring for 30 min. Then,
the above suspension was stirred and irradiated by a 300 W Xe lamp.
After irradiation for 30 min, the sample was washed with distilled
water and collected by centrifugation and dried at 80 °C overnight.
The obtained sample was denoted as Pt-ZCSG1. Furthermore, 1 wt %
of commercial bulk MoS, power (Aladdin Reagent Company) was
composited with the ZCSG1 sample and the corresponding sample
was denoted as BMZ.

Characterization: The powder XRD patterns of as-prepared samples
were obtained on an X-ray diffractometer (type HZG41B-PC) using
monochromatized Cu Ker (0.15418 nm) at a scan rate (26) of 0.05° s7.
The accelerating voltage and applied current were 40 kV and 80 mA,
respectively. FESEM (ZEISS, Gemini SEM 450 Germany) images were
recorded at an accelerating voltage of 5 kV and equipped with EDS.
TEM and HRTEM analyses were conducted using Tecnai G2 20 U-Twin
electron microscope operating at 200 kV. The BET specific surface
area (Sggr) of the powders was analyzed by nitrogen adsorption in a
Micromeritics ASAP 2020 nitrogen adsorption apparatus (USA). All
the as-prepared samples were degassed at 180 °C before nitrogen
adsorption measurements. The BET surface area was determined by
a multipoint BET method using the adsorption data in the relative
pressure (P/P;) range of 0.05-0.3. A desorption isotherm was used to
determine the pore-size distribution via the BJH method, assuming
a cylindrical pore model.’% The nitrogen adsorption volume at the
relative pressure (P/Py) of 0.994 was used to determine the pore
volume and average pore size. AFM images were obtained using
(Asylum Research, MFP-3D Stand-Alone). The surface morphology of
the sample was acquired in tapping mode. The samples were prepared
by dropping the reaction solution onto a silicon wafer substrate
followed by drying at room temperature. Raman spectra were recorded
at room temperature with a micro-Raman spectrometer (Horiba
Scientific) in the backscattering geometry with a 512 nm and Ar* laser
as an excitation source. The XPS measurement was performed in an
ultrahigh vacuum VG ESCALAB 210 electron spectrometer using Mg
Ker (1253.6 eV) radiation source (operating at 200 W) of a twin anode
in the constant analyzer energy mode with a pass energy of 30 eV.
All the binding energies were referenced to the adventitious C Ts line
at 284.8 eV as the internal standard. UV-vis absorbance spectra of
composite powders were obtained for the dry-pressed disk samples
with a UV-vis spectrophotometer (UV-2550, Shimadzu, Japan) using
BaSO, as a standard. The photoluminescence emission lifetimes of
the samples were obtained by time-resolved transient PL spectroscopy
(FLS920 Edinburgh Instrument, UK).

Photocatalytic Hydrogen Production: The photocatalytic hydrogen
production experiments were performed in 100 mL Pyrex flask at
ambient temperature and atmospheric pressure, and openings of the
flask were sealed with a silicone rubber septum. A 300 W Xe arc lamp
through a UV-cutoff filter (<420 nm) positioned 5 c¢cm in front of the
photocatalytic reactor was used as a visible-light source (22 cm far
away from the photocatalytic reactor). The focused intensity on the
flask measured by a visible-light radiometer (Model: FZ-A, China) was
=150 mW cm2 in the wavelength range of 420-1000 nm. In typical
photocatalytic experiments, 10 mg of catalyst was suspended in 80 mL
mixed aqueous solution containing 0.35 M Na,S and 0.25 m Na,SO;s.
Before irradiation, the suspensions were bubbled by nitrogen for 30 min
to remove the dissolved oxygen and to ensure that the reaction system
was under anaerobic conditions. A continuous magnetic stirrer was
applied at the bottom of the reactor to keep the photocatalyst particles
in a suspension state during the whole experiment. 0.4 mL of gas was
intermittently sampled through the septum, and hydrogen concentration
was analyzed by gas chromatography (GC-14C, Shimadzu, Japan, TCD,
nitrogen as a carrier gas and 5 A molecular sieve column). All glassware
was carefully rinsed with distilled water before use. The AQY was also
measured under the same photocatalytic reaction conditions except that
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the light source was different. Four LEDs (3 W, 420 nm, Shenzhen LAM-
PLIC Science Co. Ltd., China), positioned 1 cm away from the reactor
in four different directions, were used as light sources to trigger the
photocatalytic reaction. The focused intensity and areas on the flask
for each were =6.0 mW cm™ and 1 cm?, respectively. The AQY was
calculated according to Equation (1)

o1 number of reacted electrons
AQY[%] = number of incident photons 00

_ number of evolved H, molecules x 2
B number of incident photons

U]
%100

Photoelectrochemical Measurements: Photocurrents were measured
by an electrochemical analyzer (CHI660C Instruments, CHI, China) in
a standard three-electrode system using the prepared samples as the
working electrodes with an active area of =0.5 cm?, a Pt wire as the
counter electrode, and Ag/AgCl (saturates KCI) as a reference electrode.
Four LEDs (3 W, 420 nm, Shenzhen LAM-PLIC Science Co. Ltd., China),
positioned 1cm away from the reactor, were used as visible-light sources.
The photoanode was kept at a 15 cm distance from the light source. The
integrated visible-light intensity measured with a visible-light radiometer
(FZ-A) was 20 mW cm=2 A 0.5 m Na,SO, aqueous solution was used
as the electrolyte. Working electrodes were prepared as follows: 0.05 g
of photocatalyst (samples ZCS, ZCSG1, and TM-ZCSGT) was ground
with 0.02 g of polyethylene glycol (molecular weight: 20 000) and 0.5 mL
of ethanol to make a slurry. The slurry was then coated onto a 2 cm X
1.2 cm F-doped SnO,; coated glass (FTO glass) electrode by the doctor
blade technique. Next, these electrodes were dried in a tubular furnace in
a nitrogen atmosphere at 500 °C for 30 min. All investigated electrodes
had a similar film thickness of 10-11 um. The band structures of ZCS
and MoS, catalysts were measured in 0.5 m Na,SO, aqueous solution
at 1000 Hz frequency on an electrochemical workstation (CHI660C
Instrument).
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