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ABSTRACT: Minimizing the charge transfer barrier to realize
fast spatial separation of photoexcited electron—hole pairs is of
crucial importance for strongly enhancing the photocatalytic H,
generation activity of photocatalysts. Herein, we propose an
electron transfer strategy by reasonable design and fabrication of
high-density NiSx quantum dots (QDs) as a highly efficient
cocatalyst on the surface of Cd4Zn,,S/rGO nanosheet
composites. Under visible-light irradiation, the formation of a
two-dimensional (2D) Cd,Zn,,S/rGO nanohybrid system with
2 wt % NiSx loading gave a prominent apparent quantum
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efficiency (QE) of 20.88% (435 nm) and H, evolution rate of 7.84 mmol g~' h™', which is 1.4 times higher than that of Pt/
CdysZn,,S/rGO. It is believe that the introduced rGO nanosheets and NiSx QDs obviously improved the interfacial conductivity
and altered the spatial distribution of electrons in this nanoarchitecture. Thus, the synergistic effects of interfacial junctions result
in a regulated electron transportation pathway along the basal planes and ultrafast transfer and spatial separation of photoexcited
carriers, which are responsible for the enhanced photocatalytic performance. This work gives a facile and effective strategy to
understand and realize rationally designed advanced photocatalysts for high-efficiency, stable, and cost-efficient solar hydrogen

evolution applications.
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1. INTRODUCTION

Direct solar water splitting for hydrogen production over an
efficient photocatalyst is one of the most important pathways to
generate clean, renewable, and carbon-neutral alternative H,
fuel on a large scale.”* To date, extensive studies on
semiconductor photocatalysts have found that an appropriate
cocatalyst, especially noble metals such as Pt, Ru, and Pd, can
assist in significantly improving photocatalytic H, evolution
from water splitting, because these aforementioned cocatalysts
not only promote the interfacial charge transfer and separation
but also can serve as highly surface reactive sites to reduce the
activation energy or the overpotential of the H, evolution
reaction.”™® However, the higher cost and the low photo-
chemical conversion efficiency of these noble-metal cocatalysts
remain the main shortcomings that limit the practical
implementation of photocatalytic H, evolution. To address
these bottleneck issues, the exploitation of cost-effective and
robust cocatalysts with high photocatalytic activity and stability
has become the most efficient strategy to enhance the
photocatalytic activity of H, generation. Among these
alternative cocatalysts, transition-metal chalcogenides, such as
MoS,,” "% Ws,,"' 7" NiS,'* §b,S;,"° W,Mo,_.S,,'® and
CoS,'”'® are believed to be promising substitutes for traditional
Pt-group metals due to their low cost, long-term chemical
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stability, ultrahigh charge carrier mobility, and high efficiency.
In particular, the development of NiSx cocatalysts that can be
used for a cost-effective and high-efficiency H, evolution system
is significantly favored, due to their low cost and earth-
abundant elements. Most importantly, NiSx displays the lowest
activation energy in forming a Ni—H bond with the surface-
adsorbed H,0 during proton reduction in comparison with
other non-noble-metal species.'” This behavior will facilitate
the adsorption—reduction—desorption process of hydrogen,
thus dramatically enhancing the photocatalytic H, evolution
reaction.”

In recent years, more and more endeavors have been devoted
to the synthesis of highly active graphene-based photocatalysts
decorated by cost-effective cocatalyst quantum dots (QDs),
owing to their advantageous optical and electronic proper-
ties.”””" As it is well-known that graphene oxide (GO) has
some intrinsic advantages, such as excellent conductivity, good
flexibility, ultrahigh electron mobility, and large specific surface
area,”> ™ it can serve as an unconventional soft material for the
epitaxial growth of hybrid nanostructures through incorpo-
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ration of diversified semiconductors. In this regard, a
Cd,Zn,_,S ternary chalcogenide solid solution, as an n-type
narrow-band-gap semiconductor with good photocatalytic
performance and stability, can act as a favorable candidate for
building nanohgrbrid nanostructures on an ultrathin graphene
nanosheet.”*™>® Most importantly, this kind of material
possesses a tunable band gap position just by adjusting the
component ratio of cadmium to zinc. However, even with so
many structural and performance advantages, both the
quantum efliciency and the solar energy conversion efficiency
of either the pure Cd,Zn;_,S solid solution substance or the
binary graphene-based nanocomposite are still very low for
practical applications because of the sluggish transfer of
photoinduced charge carrier and external energy loss during
long-distance transportation between the separated photo-
absorbers and reactive site centers.”” >* Therefore, there is a
great amount of room for further improvement of its
photocatalytic efficiency by shortening the distance of charge
migration as well as fast spatial separation of the photoexcited
electron—hole pairs. Previous studies have revealed that the
decoration of quantum-sized cocatalysts onto the aforemen-
tioned graphene-based nanohybrids is of great importance in
their complex surface electron distribution,®"** which is
considered to be one of the most efficient strategies to not
only greatly improve the separation and migration of the charge
carriers but also increase the surface H,-evolution active sites,
thus significantly boosting the photocatalytic activity of the
novel visible-light-driven photocatalytic H, evolution sys-
tem, 3536

Motivated by the above consideration, in this work we report
a rational design and self-assembly synthesis of mesoporous
CdysZny,S nanospheres with precise interfacial boundary
homogeneously in-plane epitaxial growth on a reduced
graphene oxide (rGO) surface, accompanying the uniform
dispersion of NiSx QDs on the surfaces of both CdygZn,,S and
rGO by a facile hydrothermal method. Our strategy for
preparing the NiSx/Cd;gZn,,S/rGO nanocomposite synerg-
istically extends the light absorption and modulates the surface
electron spatial distribution characteristics when the photo-
catalytic H, production is performed. Therefore, this unconven-
tional nanohybrid system shows a remarkable apparent QE of
20.88% (43S nm) and the high reaction rate of 7.84 mmol g~
h™". In addition, given their specific structural features,
preeminent photocatalytic activity and stability, and promising
applications, a firm correlation between the accelerated charge
transfer dynamics and unique structural properties was
evidenced by tangible experimental proof. This work could
inspire ongoing interest in an in-depth understanding of the
mechanism of spatial charge separation within 2D composite
structures decorated by a new generation of cocatalysts and
thus in the design of highly efficient, steady, and cost-effective
solar energy conversion nanomaterials.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Aqueous Dispersion of
Graphene Oxide (GO) Nanosheets. All chemicals were of
analytical grade and were used without further purification.
Graphite oxide was first prepared from natural flake graphite
powder via a modified Hummer method.”” Then, the obtained
graphite oxide powder was exfoliated to GO nanosheets by an
ultrasonic exfoliation method. Typically, 60 mg of graphite
oxide powder and 20 mL of deionized water were placed in a
50 mL reagent tube. The graphite oxide suspension was
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ultrasonicated for 6 h in an ice bath by an Ultrasonic Cell
Disruption System (JBS00) with an output power of 520 W.
Afterward, the resulting GO nanosheet dispersion (3 mg mL™")
was settled for further use.

2.2. Synthesis of the NiSx/Cd,gZn,,S/rGO Nanosheet
Composites. NiSx/Cd,sZn,,S-tGO nanosheet composites
were fabricated through a facile one-pot hydrothermal method.
In a typical synthesis, S mL of a 3 mg mL™' GO nanosheet
dispersion was dispersed in S0 mL of deionized water by
ultrasonication for S min. Subsequently, 0.06 g of Zn(NO;),-
6H,0, 0.18 g of CdCl,2.5H,0, 0.01 g of Ni(NO,),-6H,0, and
0.2 g of glucose were added into 50 mL deionized water with
magnetic stirring for 6 h. Then 0.54 g of L-cysteine was added
into the above solution in turn with vigorous stirring for 1 h,
and this mixture was then transferred into a 100 mL Teflon-
lined stainless-steel autoclave and heated in an electric oven at
160 °C for 2 h. After the reaction mixture was cooled to room
temperature, the resulting dark green product was centrifuged,
washed several times with deionized water and absolute alcohol,
and finally dried under vacuum at 60 °C for 12 h. For
comparison, the binary Cd,¢Zn,,S/rGO nanosheet composite
was also prepared following the same procedure as that for
NiSx/Cd,¢Zn,,S/rGO nanocomposite in the absence of nickel
compounds. In addition, the aforementioned procedures were
used for the preparation of the pristine NiSx and Cd,gZn,,S
nanostructures without the addition of GO, respectively.

2.3. Characterization. The crystal phase of the samples
was analyzed by an X-ray diffractometer (XRD; Shimadzu, Lab
X XRD-6100) with Cu Ka radiation (1 = 1.5418 A). The
morphologies, microstructures and elemental compositions of
the samples were investigated by using a scanning electron
microscope (FE-SEM, FEI Quanta F250, 200 kV) and a
transmission electron microscope (TEM; JEOL, JEM-2100)
equipped with an energy dispersive spectrometer (EDS). The
N, adsorption and desorption isotherms were measured on a
BET analyzer (BELSORP-Max, MicrotracBEL), and the
specific surface area and pore size distribution were tested by
the Brunauer—Emmett—Teller (BET) and Barrett—Joyner—
Halenda (BJH) methods. The UV—vis diffuse reflection spectra
were recorded on a UV-2600 UV—vis spectrophotometer
(Shimadzu, Japan). The steady-state photoluminescence (PL)
spectra and the time-resolved fluorescence decay spectra were
surveyed by a steady-state/transient fluorescence spectrometer
(Edinburgh Instruments, FLS980) with excitation and emission
wavelengths at 325 and 470 nm at room temperature,
respectively. Fourier transform infrared spectra (FT-IR) were
recorded on a Nicolet iSSO spectrophotometer (Thermo-
Fisher), and the Raman spectra were collected on a laser
Raman spectrometer (HORIBA, LabRAM HR Evolution) with
an excitation wavelength of 633 nm.

2.4. Photocatalytic H, Evolution. Visible-light-driven
photocatalytic hydrogen evolution reactions were performed
in a gas-closed system with a side irradiation Pyrex reaction cell
at room temperature, which has an effective irradiation area of
12.56 cm?. Briefly, 0.05 g of the photocatalyst was dispersed in
50 mL of deionized water that contained 5 mL of lactic acid as
an electron donor. Then the solution was degassed with N, for
S min to drive away the O, in the solution. A 300 W xenon
lamp (HSX-F/UV300, NBeT) equipped with a UV-cutoff filter
was used as the visible light source (4 >420 nm). The H,
production was evaluated by a gas chromatograph (SP-21004,
BFRL, Beijing; a thermal conductive detector equipped with a
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Scheme 1. Illustration of the Synthesis of NiSx/Cd,¢Zn,,S/rGO Nanosheet Composites by the Hydrothermal Reduction
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Figure 1. (a) XRD patterns and (b) Raman spectra of the as-fabricated samples excited at 633 nm.

3.5 m long molecular sieve S A packed column with nitrogen as
carrier gas) at regular intervals.

The apparent quantum efficiency (QE) was calculated under
similar photocatalytic H, evolution reaction conditions. A
xenon lamp (300 W, HSX-F/UV300, NBeT) equipped with a
band-pass filter at different light wavelengths was used as a
monochromatic light source. The light intensity was measured
using a radiant power energy meter (FZ-A, Beijing Normal
University Optical Instrument) with a calculated value of 5.5
mW cm ™ The average hydrogen evolution rate was measured
after irradiation for S h. The apparent QE was calculated with
the equation’®

ber of ted elect
numoer orreactea electrons XlOO%

QE (%) =

number of incident photons

_2X number of evolved H, molecules

X 100%
number of incident photons

2.5. Photoelectrochemical Measurements and Char-
acterization. The transient photocurrent responses of the as-
prepared photocatalysts were measured in a three-electrode cell
by using an electrochemical station (CHI 660D, Chenhua,
Shanghai, People’s Republic of China). In a typical three-
electrode system, a Pt wire and Ag/AgCl (immersed in the
saturated KCI solution) were selected as the counter electrode
and the reference electrode, respectively. During photocurrent
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measurements, a glassy-carbon electrode (effective area 0.071
cm®) coated with photocatalyst was employed as the working
electrode, which was immersed in Na,SO, aqueous electrolyte
solution (1 moL L7') at a static potential of 0.3 V and
irradiated by visible light at regular intervals.

3. RESULTS AND DISCUSSION

The typical synthesis of the CdysZny,S/rGO nanocomposite
decorated by NiSx quantum dots (QDs) is illustrated in
Scheme 1. First, a modified Hummer method was employed to
prepare the graphite oxide powder. To obtain monolayer or
few-layer GO nanosheets with a large specific surface area, the
graphite oxide precursor was treated via a liquid exfoliation
process. Then, the positively charged metal ions including Ni**
ions, Cd** ions, and Zn>* ions were tightly adsorbed on the
negatively charged surface of GO nanosheets due to electro-
static interactions.””” During the hydrothermal procedure, a
zero-dimensional (0D) Cd,gZn,,S solid solution was generated
and anchored homogeneously in situ on the rGO surface in the
presence of the sulfur precursor L-cysteine. Meanwhile,
numerous NiSx QDs cocatalysts were evenly distributed on
the as-formed Cd;sZny,S/rGO nanosheet composite. It is
worth noting that both L-cysteine and glucose act as reducing
agents, resulting in the sufficient reduction of GO through a
hydrothermal reduction strategy. For the sake of comparison, a
control experiment was carried out and an NiSx/Cd,Zn,,S/
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Figure 2. SEM images of (a, b) CNZ-1, (¢, d) CNZ-2, and (e, f) CNZ-3 nanocomposites.

rGO nanosheet composite without using glucose (2 wt % NiSx,
denoted NZ) was synthesized. Additionally, a series of NiSx/
CdygZn,y,S/rGO nanosheet composites with different mass
percentages of NiSx were prepared to investigate the influence
of different amounts of cocatalyst NiSx on photocatalytic
performance. The resultant samples are labeled CZ (0 wt %
NiSx), CNZ-1 (1 wt % NiSx), CNZ2 (2 wt % NiSx), and
CNZ-3 (5 wt % NiSx), respectively. The overall synthetic
strategy is elucidated in detail in the Experimental Section.
The formation of NiSx/CdygZn,,S/rGO nanosheet compo-
sites is evidenced by the data of X-ray diffraction (XRD)
patterns and Raman spectra. As shown in Figure la, two
characteristic peaks at 64.4 and 77.3° in the curve of the NiSx/
rGO nanocomposite can be assigned to the (533) and (137)
crystal planes of cubic NiyS, (JCPDS No. 43-1469),
respectively, while the other characteristic peaks were well-
matched to the orthorhombic phase Ni,S; (JCPDS Nos. 24-
1021 and 14-0364). The XRD patterns of CNZ-1 and CNZ-2
nanocomposites are both similar to that of pure CdysZn,,S,
and all of the diffraction peaks can be well indexed to the
hexagonal phase CdysZny,S (JCPDS No. 49-1302). Mean-
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while, no diffraction peak corresponding to NiSx can be
observed due to the low amount and highly selective dispersion
of the loaded NiSx. When the weight ratio of NiSx was
increased to 5 wt %, the main peak at 28.4° corresponding to
the (101) plane of the orthorhombic phase Ni,S; in the CNZ-3
sample is overlapped with the diffraction peak of Cd,sZn,,S.
However, a remarkable diffraction peak located at 77.3° can be
ascribed to the (137) plane of cubic Ni;S,, indicating that the
NiSx cocatalyst materials mainly include the cubic phase Ni;S,
and orthorhombic phase Ni;S4 It should be noted that no
obvious diffraction peaks for either GO or rGO can be
observed in XRD patterns of the as-fabricated samples, owing
to the sufficient reduction of GO to rGO during the
hydrothermal process and the relatively low diffraction intensity
of rGO.™

Nonetheless, the reduction process of GO in the nano-
composite can be confirmed by the Fourier transform infrared
(FTIR) spectra. As illustrated in Figure S1, only one
characteristic peak with very low intensity at 1581.05 cm™
can be observed over CZ, NZ, and the NiSx/Cd,¢Zn,,S/rGO
nanosheet composites, which can be well indexed to the C=0
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Figure 3. (3, b) TEM images and (c) the corresponding EDX spectrum of CNZ-2 nanocomposite. The inset of (b) gives the selected area electron

diffraction (SAED) pattern.

group. In spite of this, most characteristic peaks related to the
other oxygen-containing functional groups in the original GO
vanished,”® indicating that the hydrothermal treatment in the
presence of the reducing agents L-cysteine and glucose led to
the formation of rGO with a high reduction degree.
Furthermore, Figure 1b displays a comparison of the Raman
spectra of the original GO, NZ, and CNZ-2 nanocomposites.
Two distinct peaks at around 1335.84 and 1588.56 cm™" are in
good agreement with the D and G bands of graphene,
respectively. The only difference is that the intensity ratio of the
D band to the G band (Ip/I;) for the CNZ-2 nanocomposite is
1.80, which is 1.2 and 1.8 times higher, respectively than those
of the NZ nanocomposite and the original GO nanosheets.*"**
This behavior reveals that it is not possible to obtain the highly
reduced rGO nanosheets if we only choose L-cysteine as the
reducing agent during the hydrothermal reduction process. As
is well-known, a highly reduced rGO nanosheet with low
carbon defect densities always plays a key role in improving the
photocatalytic performance of the graphene-base nanocompo-
sites.** As is demonstrated in Figure S2, the NZ nano-
composite synthesized without the addition of glucose shows
an obviously decreased photocatalytic activity and the amount
of H, production reaches 7.28 mmol g™ after S h of reaction,
which is much lower than those of the CNZ-2 nanocomposite
(39.20 mmol g™') and the pristine CdysZn,,S (23.55 mmol
g™') under the same condition. The results of control
experiments indicate that the highly reduced rGO nanosheet
with low carbon defect densities and high electronic
conductivity in the nanocomposites can act as an excellent
electron reservoir and mediator to regulate the electronic
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properties and facilitate the electron interface migration.
Finally, this behavior is beneficial in suppressing the
recombination of the photogenerated charge carriers and
prolonging the lifetime of the nanocomposite, thus significantly
promoting the photocatalytic performance of H, generation.
The morphology and microstructure of the NiSx/
CdygZny,S/rGO nanosheet composites were investigated by
field-emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM), respectively. As
displayed in the SEM images from Figure S3ab, the as-
prepared graphite oxide slabs obtained by the modified
Hummer method demonstrate the characteristic layered bulk
structure instead of nanosheets. Further observation from
Figure S3c,d reveals that abundant 2D GO nanosheets with a
smooth flat surface were obtained after successive ultrasonic
exfoliation. A TEM image (Figure S3e) of GO nanosheets
further discloses the wrinkle-free surface of the obtained
monolayer or few-layer GO nanosheets with a large aspect
ratio. Obviously, these versatile and flexible GO nanosheets
with a large specific surface area, high electron mobility, and
numerous oxygen-containing functional groups provide an ideal
conductive platform for semiconductor loading and charge
carrier migration. As is shown in Figure 2c, when the content of
NiSx is 2 wt %, plenty of small NiSx/Cd,sZn,,S grains were
uniformly anchored on the corrugated rGO nanosheet surface
without any obvious aggregation after hydrothermal treatment.
An enlarged SEM image (Figure 2d) demonstrates that most of
the NiSx/CdygZn,,S grains have a roughly spherical structure
with a diameter distribution ranging from 33 to 60 nm, which
show obvious differences relative to the pristine NiSx
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Figure 4. SEM image (a) and TEM images (g, h) of CNZ-2 nanocomposite and the corresponding EDX elemental mapping images of S (b), Zn (c),
C (d), Ni (e), and Cd (f) in the selected area of the SEM image (a).
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nanoflakes (Figure S4a,b) and CdygZng,S microspheres
(Figure S4c,d). Interestingly, a decrease (Figure 2ab; 1 wt %
NiSx) or increase (Figure 2e,f; S wt % NiSx) in the amount of
nickel sulfide has no influence on the morphology of the
resultant NiSx/CdgZn,,S/rGO nanocomposites.

In addition, TEM images in Figure 3a,b further verify the in
situ planar growth of NiSx/Cd;sZn,,S nanospheres on the
rGO networks. Clearly, these small-sized nanospheres are
distributed homogeneously on the smooth surface of rGO,
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resulting in a strong interaction between rGO nanosheets and
NiSx/CdygZn,,S nanospheres. It should be noted that the
construction of intimate interfacial junctions will greatly
facilitate interfacial charge transfer and migration, which is
conducive to reduce the recombination efficiency of photo-
generated electrons and holes, thus improving the photo-
catalytic performance for hydrogen production. As manifested
in the inset of Figure 3b, a set of bright spots accompanied by a
series of diffraction rings in the selected area electron diffraction
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Figure 6. Wavelength dependence of the apparent quantum efficiencies for (a) the pure CdygZn,,S, (b) CZ, and (c) CNZ-2 nanocomposite.

(SAED) pattern suggest the existence of few-layer rGO and the
polycrystalline nature of the NiSx/Cd,4Zn;,S/rGO nanosheet
composites.44 The coexistence of C, Ni, Cd, Zn, and S elements
in the CNZ-2 sample was proved by energy dispersive
spectroscopy (EDX) (Figure 3c), implying the formation of
the NiSx/Cd,4Zn,,S/rGO nanocomposite.

Moreover, the chemical composition of the constructed
NiSx/Cd;sZn;,S/rGO nanosheet composites was further
detected by elemental mapping using EDX. As intuitively
elucidated in Figure 4b—f, S, Zn, C, Ni, and Cd elements are
uniformly distributed on the whole surface of rGO substrates.
The result is consistent with the above SEM and TEM analyses.
As is evident from the high-resolution transmission electron
microscopy (HRTEM) images of the CNZ-2 nanocomposite,
self-assembled NiSx/Cd,3Zn,,S nanospheres are tightly
assembled on the rGO surface with noticeable grain
boundaries, forming an intimate interfacial contact with
graphene (Figure 4g). Meanwhile, the lattice spacing of 0.358
nm is indexed to the (100) crystal plane of hexagonal
Cdy3Zny,S (JCPDS No. 49-1302), while the other two lattice
fringe spacings of 0.314 and 0.335 nm are in good agreement
with the (101) plane of Ni,S; QDs (JCPDS No. 24-1021) and
the (022) plane of Ni;S, QDs (JCPDS No. 43-1469),
respectively. Additionally, few-layer rGO nanosheets can be
clearly observed by an HRTEM image (Figure 4h), which
possess a thickness of less than 0.83 nm.* In addition, the gaps
generated between adjacent nanoparticles also supply a direct
substrate to the host NiSx QDs. The approximate sizes of the
NiSx QDs embedded within rGO are 1.8—2.4 nm. The
observed lattice spacing in the inset of Figure 4h is 0.335 nm,
corresponding to (022) plane of NiyS, QDs. It is notable that
the surface of the Cd,4Zn,,S was partially covered by moderate
NiSx species, and the introduced accommodation sites are
beneficial in the direct transfer of photoinduced electrons from
CdysZn,,S to noble-metal-free cocatalyst NiSx QDs. Moreover,
numerous monodispersed NiSx QDs are spatially confined in
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the graphene substrates, which undoubtedly provide sufficient
catalytically active sites for efficient charge separation and fast
charge transport via the close interfacial junction of
CdyZny,S/rGO/NiSx in the hybrid.””*® This behavior is
beneficial for enhancing their photocatalytic activities along
with giving excellent stability.

The significant enhancement in the photochemical con-
version efficiency over NiSx/Cdy¢Zn,,S/rGO composites was
determined distinctly and directly by visible-light-driven
photocatalytic H, generation tests. As illustrated in Figure Sa,
the pristine NiSx nanoflakes show negligible H, evolution
under S h of visible-light irradiation (4 >420 nm) using 10 vol
% lactic acid as a sacrificial reagent, further supporting its role as
a cocatalyst rather than as the main photocatalyst. Meanwhile,
the pristine CdygZny,S microspheres show a considerable
photocatalytic activity of 23.55 mmol g' under the same
conditions. Nevertheless, on introduction of the rGO nano-
sheets in the photocatalytic system, the amount of H, evolution
over Cdy3Zn,,S/rGO (12 wt % rGO; denoted CZ) nanosheet
composite drops below 15.27 mmol g™/, due to its “shielding
effect” for hampering the light absorption.””** It is amazing
that, after 2 wt % of cocatalyst NiSx QDs is loaded, the
photocatalytic activity of the CNZ-2 nanocomposite with 12 wt
% rGO increases sharply to 39.20 mmol g™', which is much
higher than that of the CdysZn,,S/rGO nanosheet composite
decorated by 3 wt % of the noble metal Pt (12 wt % rGO;
denoted CZ/Pt; 29.18 mmol g™'). As presented in Figure Sb,
on a further decrease or increase in the loading of the non-
noble-metal cocatalyst NiSx QDs, the photocatalytic H,
evolution activity of NiSx/Cd,gZn;,S/rGO composites is
significantly changed. The corresponding amounts of H,
evolution are 21.28 and 29.76 mmol g~' for CNZ-1 and
CNZ-3 nanocomposites, respectively.

To investigate how the rGO nanosheets influence the
photocatalytic activity of the nanocomposite for hydrogen
evolution, we further evaluated the visible-light photocatalytic

DOI: 10.1021/acscatal.7b04228
ACS Catal. 2018, 8, 1532—-1545


http://dx.doi.org/10.1021/acscatal.7b04228

ACS Catalysis

Research Article

(a)
-~ —a—CNZ-2
'QJJ —e=CZ
o
= —a—CdosZno2S
2
5 A
£ A
2 " /‘/‘ o
4
8
o
[
t
i
< B . : : :
0.0 02 04 0.6 0.8 1.0

Relative pressure P/Po

(b) 0.012 17—
P —a—CNZ-2
0.0091 . h“\‘ ——CZ
\ —n—Cdo.8Zno2S
= 0.006 »\
£
S
£ 0003 |\
< 1
el 'Il-._._. A — ok ——_
0.000 .
i
0 5 10 15 20 25
p/nm

Figure 7. (a) N, adsorption—desorption isotherms and (b) corresponding pore-size distribution curves of the pristine Cd,3Zn,,S and CdysZn,,S/

rGO and CNZ-2 nanocomposites.

H, evolution activities (4 >420 nm) of the resultant NiSx/
Cdy5Zn,,S/rGO nanosheet composites with different amounts
of rGO. As is shown in Figure S, the rate of H, evolution over
the CNZ-2 nanocomposite increases initially and then reaches a
maximum when the amount of the rGO is about 12 wt %. It is
found that the rate of H, evolution over NiSx/Cd,3Zn,,S/rGO
nanosheet composites with 8 wt % rGO (denoted GZ-1) was
measured to be 2.27 mmol g~' h™' under visible light
irradiation for S5 h, which is much lower than that of the
CNZ-2 nanocomposite (7.84 mmol g~' h™"). This behavior can
be attributed to the fact that a lower rGO loading amount leads
to the aggregation of NiSx/CdgZn,,S particles on the surface
of rGO nanosheets (Figure SSa,b), and the large particle size
significantly reduces the interface contact efliciency between
NiSx/CdygZn,,S and rGO nanosheets, thus deteriorating the
photocatalytic properties of the GZ-1 nanocomposites. A
further increase in the amount of rGO leads to a decrease in the
H, evolution rate, and the rate of H, evolution over NiSx/
CdygZny,S/rGO nanosheet composites with 16 wt % rGO
(denoted GZ-3) was measured to be 1.28 mmol g~' h™", due to
the shielding effect of the excessive loading of rGO nanosheets
(Figure S5¢,d).""~>" This indicates that an appropriate rGO
loading amount is capable of assisting in the photoinduced
electron and hole separation at the cocatalyst/semiconductor
interface, which is another key factor in achieving optimized
photocatalytic activity of NiSx/CdygZny,S/rGO nanosheet
composites.

In addition to its remarkable photocatalytic activity, the
constructed CdygZn,,S/rGO nanosheet composites decorated
with 2 wt % of cocatalyst NiSx QDs also exhibit high stability.
As shown in Figure 5d, no noticeable decrease in H, evolution
rate can be observed even after 25 h of irradiation, confirming
that NiSx QDs can serve as some of the best non-noble-metal
cocatalysts for photocatalytic H, generation. We can see that
the optimized CNZ-2 nanocomposite showed no apparent
alterations in morphology and components (Figure S6) or in
the crystal structure (Figure S7) under the same reaction
conditions for five successive cycling tests in comparison with
that before the photocatalytic reaction, which is in keeping with
its repeated high activity for H, production.

We further measured the apparent quantum efficiencies
(QEs) of the pure CdygZny,S, CZ, and CNZ-2 nano-
composites at different incident light wavelengths by using
various band-pass filters under the same reaction conditions. As
can be seen clearly from Figure 6, the trends in the wavelength
dependence of the apparent QEs for all samples are similar,
which closely followed those of the absorbance measured by
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UV—vis diffuse reflectance spectra (DRS). In addition, the
apparent QE decreases markedly with an increase in wave-
length, and the corresponding parameters are summarized in
Table S1. Obviously, all the samples displayed extremely low
apparent QEs of no more than 4.2% at 700 nm. However, the
apparent QEs of photocatalytic H, evolution over the pure
CdygZny,S were estimated to be as high as 11.15% and 10.70%
at 365 and 43S nm, respectively, which are higher than those of
the CZ nanocomposite. Although the introduced rGO
nanosheet cannot serve as an excellent cocatalyst or photo-
catalyst, it is beneficial in the enhancement of light absorption.
Notably, after introduction of an appropriate amount of
cocatalyst NiSx QDs (2 wt %), the CNZ-2 nanocomposite
shows the highest apparent QE among these samples and the
calculated values rise to 22.40% and 20.88% at 365 and 435 nm,
respectively, indicating that the in situ deposited NiSx QDs are
superior non-noble-metal cocatalysts for photocatalytic hydro-
gen evolution.

There are many factors that may affect the photocatalytic
activity of the as-obtained photocatalysts. It is well-known that
a high specific surface area may be beneficial for increasing
surface active sites and facilitating mass transfer, thus
promoting the photocatalytic activity.”” However, for the
ternary NiSx/Cd,sZn,,S/rGO nanosheet composite system,
this is not the case. The textural properties of the prepared
samples were measured by N, adsorption—desorption iso-
therms. As shown in Figure 7a, three tested samples exhibit
typical type IV isotherm patterns with small type H3 hysteresis
loops according to the IUPAC classification, indicating the
presence of slit-shaped mesopores in these nanostructures.' >
Moreover, Figure 7b shows the pore size distributions of all
these samples, and the average pore diameters are less than 15
nm, which further verifies the existence of a well-defined
mesoporous structure. The textural parameters of the three
photocatalysts are presented in Table S2. Clearly, the special
BET surface areas of both the Cdy4Zn,,S bulk counterpart and
binary Cd,sZn,,S/rGO nanohybrids are estimated to be 23.76
and 25.32 m* g7/, respectively, which are higher than that of
CNZ-2 nanocomposite (18.93 m* g™'). It can be speculated
that the numerous NiSx QDs hybridized in situ with
CdysZny,S and graphene lead to the jamming of partial
mesopores in the CNZ-2 nanocomposite and thus its special
surface areas are reduced. However, the introduced NiSx QDs
cocatalysts can serve as effective regulators of the electron and
alternative reaction sites to improve the charge separation and
surface catalytic reactions, resulting in higher photocatalytic
activity."* This phenomenon also suggests that the remarkable
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Figure 8. (a) UV—vis DRS spectra of all samples. (b) Tauc plots of the as-obtained samples. (c) Transient photocurrent responses. (d)

Photoluminescent spectra of various photocatalysts excited at 325 nm.

photocatalytic activity enhancement of the NiSx/CdygZn,,S/
rGO nanosheet composite is not determined by changes in the
specific surface area.

Furthermore, the high density of NiSx QDs cocatalysts
introduced during the hydrothermal treatment also significantly
alters the optical properties and electrochemical behaviors of
the samples, thus directly affecting their photocatalytic activity.
A comparison of the UV—vis DRS spectra in Figure 8a shows
that all of the samples have an enhanced absorption in both
UV- and visible-light regions as expected. The absorption edge
of pure CdysZny,S is up to 511 nm, corresponding to a band
gap energy of 2.3 eV when (ahv)® is used for Tauc plots
(Figure 8b).>** Noticeably, a distinctly enhanced absorption
can be observed in the visible-light region from 500 to 800 nm
after introducction of rGO and NiSx cocatalyst into the
CdysZny,S structure. Importantly, such a light absorption edge
gradually increases with an increase in the content of NiSx
cocatalyst. In comparison to the CdygZn,,S bulk counterpart,
the absorption edges of CNZ-1, CNZ-2, and CNZ-3 nano-
composites are located at around 610, 651, and 700 nm,
respectively, implying that the loaded NiSx cocatalysts
simultaneously play an additional role in increasing the
visible-light absorption of the resultant photocatalysts, which
contributes to the enhancement of visible-light photocatalytic
H, evolution activity. It is noteworthy that the absorption edges
of the NiSx/Cd,sZn,,S/rGO nanosheet composites exhibit
slight blue shifts in comparison with that of the binary
CdysZn,,S/rGO nanocomposite (732 nm), which may be
ascribed to the quantum confinement effect of NiSx QDs.*”
Accordingly, the CdygZny,S/rGO nanosheet composite
decorated by 2 wt % of NiSx QDs still possesses the highest
photocatalytic activities for hydrogen production, in spite of the
fact that its light absorption wavelength is not the largest. This
behavior indicates that a cocatalyst with an optimal loading
amount can avoid agglomeration and reduce the “shielding
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effect”, thus favoring the incident light absorption and
generation of photoinduced charge carriers inside the internal
light-harvesting center.”*’ Moreover, an optimal NiSx QDs
cocatalyst with smaller size and highly dispersed characteristic
deposited in situ on the surface of semiconductors results in
high interfacial contact efficiency in NiSx/rGO/CdygZn,,S,
which facilitates efficient interfacial charge transfer from the
semiconductors to the cocatalysts and gives the highest activity
for the visible-light-driven photocatalytic H, evolution reac-
tion.”

In addition, the efficient separation and transfer of electron—
hole pairs in NiSx/CdygZn,,S/rGO nanosheet composites are
also evidenced by transient photocurrent measurements and
photoluminescence (PL) spectra. As elucidated in Figure 8¢, it
is obvious that the CdygZn,,S/rGO nanocomposite exhibits an
apparently boosted photocurrent density (4.3 yA cm™2) in
comparison to the pristine CdysZng,S (3.2 pA cm™),
indicating that the presence of graphene is beneficial to the
interfacial charge separation and transfer. As expected, after the
introduction of NiSx QDs, the as-prepared NiSx/Cd,¢Zn,S/
rGO nanosheet composites exhibit higher photocurrent density
in comparison to those of the pure NiSx sample and the binary
CdygZny,S/rGO nanocomposite. In particular, the CNZ-2
nanocomposite displays the highest photocurrent response with
a maximum value of 39.1 4A cm™? in all samples. It is believed
that the synergistic effects, including the introduction of rGO
nanosheets and NiSx QDs cocatalyst as well as the stronger
interfacial interaction among NiSx, rGO, and CdygZn,,S,
promote the efficient interfacial transportation and separation
of photogenerated electron—hole pairs, thus resulting in
significantly improved photocatalytic H, production activ-
ity, 143655

In order to further deeply understand the important role of
NiSx QDs cocatalysts in facilitating the transfer and separation
of photogenerated charge carriers to improve the photocatalysis
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Table 1. Radiative Fluorescence Lifetimes and Relative Percentages of the Photoinduced Charge Carriers in the Various

Photocatalysts

sample 7,/ns A,/% 7,/ns
CdysZno,S 0.5024 65.75 3.4949
CZ 0.4342 82.47 2.8202
CZ/Pt 0.3604 81.41 1.7399
NiSx 0.3396 76.01 1.8099
CNZ-1 0.4895 63.92 2.9397
CNZ-2 0.4728 13.04 3.0854
CNZ-3 0.4470 35.00 2.9491

A,/% 75/ns A;/% av lifetime 7/ns

32.58 19.7550 1.67 5.9274

16.10 58.9221 1.43 30.8710

14.97 4.3940 3.62 1.7643

18.16 4.5880 5.83 2.2358
6.80 1448.57 29.28 1446.823
1.71 1816.813 85.25 1816.679
4.14 1690.997 60.86 1690.54

efficiency of the as-prepared NiSx/Cd,gZn;,S/rGO nano-
composites, the photoluminescence (PL) spectra have been
used as an additionally straightforward strategy.*’ As shown in
Figure 8d, the PL spectra of all the samples demonstrate that
strong PL emission peaks are centered at 473 nm. In addition,
the PL emission intensity of the CZ nanocomposite is
comparable to that of the pure CdygZn,,S, indicating that
the presence of extra rGO nanosheets does not effectively
improve the separation of photogenerated electron—hole pairs
in the CdsZn,,S/rGO nanocomposites in comparison with
pure CdygZny,S. When NiSx was introduced into the
CdyZn,,S/rGO system, the PL emission intensities decreased
dramatically. The CNZ-2 nanocomposite demonstrates the
lowest emission peak intensity with respect to the other
samples, including the CZ/Pt hybrid photocatalyst, suggesting
the highest separation efficiency of photoinduced charge
carriers. This is attributed to the fast interfacial electron
transfer from the light-trapping center CdygZny,S to the
surface reaction site NiSx QDs through the rGO networks
when the amount of the loading of NiSx reaches an optimum
(about 2 wt %).*® It is notable that the PL spectra analyses are
also consistent with the transient photocurrent measurements,
as mentioned above.

The improved efficiency in the transfer of charge carriers was
further investigated by time-resolved fluorescence decay spectra
with an emission wavelength of 470 nm. As displayed in Figure
9a, the spectra of the as-synthesized photocatalysts are well fit
to a triexponential decay model. The decay parameters
obtained from time-resolved fluorescence decay curves are
summarized in Table 1. It can be seen that the triexponential
fitted decay curves of all the samples can be characterized by a
fast decay component with amplitudes A, and A, and lifetimes
7, and 7,, respectively, related to the fast recombination of
excitons, and a relatively long-lasting decay component with
amplitude A; and lifetime 7;. Of note, the average lifetime 7 for
the as-prepared samples is calculated by the formula 7 = (A,7,”
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+ A + Ayr?) /(A + Ayt + Asy). % As displayed in Table
1, the pristine NiSx and CZ/Pt nanocomposite show a very fast
relaxation. The PL lifetimes of these two samples are very short,
no more than 3 ns, indicating an ultrafast recombination of the
photogenerated charge carriers. In addition, the pure
CdysZny,S and CZ nanocomposite exhibit prolonged PL
decay lifetimes (for CdygZng,S, T = $.9274 ns; for CZ
nanocomposite, 7 = 30.8710 ns). Both the short lifetime (7,
and 7,) and the long lifetime (7;) of the charge carriers for the
two aforementioned samples have increased slightly in
comparison to those of the pristine NiSx and CZ/Pt
nanocomposite. Most interestingly, we found that the
introduction of NiSx leads to a significant improvement in
the PL decay lifetime in the as-prepared NiSx/Cd,gZn,,S/rGO
nanocomposite. For CNZ-1, CNZ-2, and CNZ-3 nano-
composites, in the first several nanoseconds rapid recombina-
tion of the photoinduced charge carriers occurs in CdygZn,,S,
resulting in a fast PL decay (7; and 7,). However, their PL
decay associated with the long-lasting decay component (A,
and 7;) is markedly different, depending on the amount of the
loading of NiSx. The differences in the samples with regard to
the PL decay behavior can be clearly seen from a partial
enlargement of the time-resolved fluorescence decay spectra
(Figure 9b). Obviously, the long-lasting decay components (A,
= 85.25% and 7; = 1816.813 ns) for the CNZ-2 nanocomposite
are much larger than those of the CNZ-1 (A; = 29.28% and 7,
= 1448.57 ns) and CNZ-3 nanocomposites (A; = 60.86% and
73 = 1690.997 ns), respectively. The long-lifetime (73) process
is much slower than the short-lifetime (z; and 7,) process and
accounts for a large fraction of the PL decay lifetime. As a
result, the CNZ-2 nanocomposite displays the maximum PL
decay lifetime (7 = 1816.679 ns) of all the samples. This result
indicates that the presence of an appropriate amount of NiSx
cocatalyst and rGO nanosheet “bridge” can significantly
facilitate the spatial separation and migration of interfacial
photogenerated electron—hole pairs, resulting in a markedly
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Figure 10. (a) SEM, (b) TEM, and (c—f) HRTEM images of CNZ-2 nanocomposite with simultaneously photodeposited MnOx and Pt
nanoparticles. The contents of deposited MnOx and Pt are 8 and 3 wt %, respectively.

prolonged radiative lifetime of charge carriers, thus effectively
improving the photocatalytic H, evolution performance.

We sought to clarify how the interfacial charge carriers
transfer and separate between the different interfaces of the as-
prepared NiSx/Cd,sZn,,S/rGO nanosheet composites during
the photocatalytic hydrogen production process. To this end,
simultaneous photo-oxidation deposition of MnOx nano-
particles and photoreduction deposition of Pt nanoparticles
was performed.””*® As can be seen from the SEM image
(Figure 10a) and TEM image (Figure 10b) of CNZ-2
nanocomposite with simultaneously photodeposited MnOx
and Pt nanoparticles, there are no apparent changes in the
surface morphologies in comparison to the original CNZ-2
nanocomposite mentioned above. However, the HRTEM
results clearly confirm the successful loading of the metallic
Pt nanoparticles and MnOx components onto the NiSx/
CdysZn,,S/rGO nanosheet composites. As presented in Figure
10c and Figure S8a,b, the surfaces of NiSx/Cd,sZn,,S
nanospheres located on the rGO nanosheets have been covered
with a layer of relatively dense substances. Obviously, the
obtained “island-like” nanocomposites demonstrate an ex-
tended diameter ranging from 72 to 104 nm in comparison
with that of the original NiSx/CdygZny,S nanospheres
presented in Figure 3b. HRTEM images (Figure 10d and
Figure S8d) clearly show that the MnOx nanoparticles are
solely photo-oxidation deposited on the CdjsZn,,S surfaces.
Meanwhile, the heterointerface near the boundary of
CdygZny,S nanospheres displayed two lattice fringes with
interplanar distances of 0.358 and 0.207 nm, corresponding to
the (100) plane of CdygZny,S and (202) plane of MnO,,
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respectively. Further observation reveals that the smaller sized
Pt nanoparticles have been successfully photoreduced and
randomly distributed on the surfaces of both NiSx/Cd,¢Zn,,S
nanospheres (Figure 10e and Figure S8c,d) and NiSx/rGO
substrate (Figure 10f and Figure S8e,f) with a diameter of less
than 2 nm. The lattice fringes with spacings of 0.335 and 0.227
nm can be assigned to the (022) and (111) planes of Ni;S, and
Pt, respectively. More importantly, the EDX spectrum (Figure
S9a) and the XRD patterns (Figure S9b) further confirm that
the CNZ-2 nanocomposite after simultaneous photodepositing
of MnOx and Pt nanoparticles contains the obvious signals of
C, O, Nij, Zn, Pt, Mn, Cd, and S elements. The photodeposited
MnOx species consist of orthorhombic MnO,, Mn,0O;, and
tetragonal Mn;O,. All of the above characterization results
evidence that the photo-oxidation deposition of MnOx
nanoparticles selectively took place only on the positively
charged surfaces of CdygZn;,S solid solution nanospheres,
while photoreduction deposition of Pt nanoparticles occurred
simultaneously on the negatively charged surface of NiSx/
CdygZny,S nanospheres and NiSx/rGO substrate. This
behavior indicates that rGO nanosheets are extremely
important 2D conducting substrates, which can accelerate the
interfacial electron transfer from CdygZn,,S to NiSx QDs
cocatalysts via the rGO network,””*" thus contributing to the
enhancement in the efficiency of the visible-light-driven
photocatalytic H, generation reaction.

On the basis of the aforementioned characterization analyses
and experimental results, a convincing mechanism illustrating
the surprisingly high photocatalytic H, production activity of
the NiSx/Cd,sZn,,S/rGO nanocomposites (2 wt %) is given
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in Scheme 2. Under visible-light irradiation, the uncovered solid
solution surface can effectively adsorb visible light, due to its

Scheme 2. Illustration of the Possible Charge Transfer and
Cocatalytic Mechanism of H, Generation in the NiSx/
Cdy4Zn,,S/rGO Composite system
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outstanding visible-light response ability. In addition, the
photogenerated electrons are excited from the valence band
of CdygZn,,S solid solution nanospheres to its conduction
band. As mentioned, two distinctive growth pathways of NiSx
QDs will cause the diverse surface electron redistribution in the
NiSx/CdysZn,,S/rGO composite system. For route I, the
eutectic clusters consisting of a part of the NiSx QDs and
CdygZny,S nanocrystals were self-assembled into mesoporous
NiSx/Cd,sZn,,S nanospheres, which anchored in situ on the
rGO nanosheets. Notably, this mesoporous nanoarchitecture is
beneficial for solution infiltration and adsorption.’’ The
intimate contacts between the two nearest neighboring NiSx
QDs and Cd,Zny,S nanocrystals shorten the path of electron
transfer and lead to the directly photogenerated electron
transfer from CdygZn,,S to the cocatalyst NiSx QDs,
accompanying the elimination of photogenerated holes by
lactic acid scavengers. Therefore, through tuning the loading
amount of cocatalyst NiSx QDs on the surface of CdjsZn,,S
solid solution, one can achieve desirable results for enlarging
the light-harvesting efficiency, suppressing the rapid recombi-
nation of photoexcited electrons and holes during long-distance
transportation between the separated photoabsorbers and
reaction centers,” thus optimizing the photocatalytic H,
evolution activities. For route II, the in-plane heterostructure
of NiSx/rGO and Cdj3Zn;,S/rGO nanohybrids favors the
photocatalytic hydrogen evolution reaction. It is evident that
the quantum-sized NiSx can be easily and uniformly anchored
on the surface of rGO nanosheets. One important advantage of
this construction is that the individual NiSx QDs not only can
provide more exposed active sites for hydrogen evolution
reaction but also can be combined readily with surface-
adsorbed H,0 to form Ni—H bonds during proton reduction.'”
Although the introduced rGO substrates and NiSx QDs do not
contribute to the generation of photoinduced carriers, the 2D
rGO nanosheets with excellent electrical conductivity can serve
as huge reservoirs of electrons for facilitating fast charge
transfer.*” Therefore, a large portion of photoinduced electrons
will rapidly shuttle from CdjgZn,,S nanocrystals to the surface
of isolated catalytically active sites of NiSx QDs through the
“bridge” of rGO nanosheets, due to its zero energy gap.“’62
Then the enriched electrons on H,O-bonded NiSx QDs will
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react with adsorbed H' ions to generate H, at lower
overpotential, which further imposes a pronounced synergetic
enhancement effect on the photocatalytic activity and stability
of the NiSx/Cd;sZn,,S/rGO nanohybrid system. In this
interpretation, the combined effects of the introduction of
moderate rGO nanosheets and the optimization of NiSx QDs
loading in this unique nanoarchitecture are indeed crucially
important for surface electronic structure modification and
ultrafast spatial transfer and separation of interfacial photo-
generated electron—hole pairs, which remarkably improve the
efficiency of solar light utilization and water splitting for H,
generation.

4. CONCLUSIONS

In summary, we have successfully synthesized a novel NiSx/
CdysZn,,S/rGO nanohybrid by a facile hydrothermal strategy.
The well-defined Cd,4Zn,,S solid solution nanospheres were
in-plane epitaxially grown on the rGO nanosheet surfaces,
accompanied by the in situ deposition of NiSx QDs on the
surfaces of both Cd,¢Zn;,S and rGO. The introduction of a
conductive rGO substrate provides a universal interface
engineering strategy for the construction of an interfacial
connection of the heterostructure. More importantly, the
incorporation of high-density noble-metal-free NiSx cocatalysts
(2 wt %) not only increases the exposure of active sites but also
significantly alters the surface electron distribution. The
synergistic effects not only improve light-harvesting ability
but also benefit the rapid spatial transfer and separation of
interfacial photogenerated electron—hole pairs, resulting in
remarkable H, production with a rate of 7.84 mmol g~' h™' and
an apparent QE of 20.88% (435 nm) under visible-light
irradiation. The new electron transfer mechanism derived from
the multiple coupling manners of NiSx QDs provides a new
scenario for cocatalyst design, which is able to replace noble
metals in practical applications of solar water splitting for H,
evolution.
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