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ABSTRACT: In this work, a highly active H, evolution NiS,
catalyst decorated on graphene (NiS,/G) nanohybrid was
prepared by an in situ chemical deposition method, in which
nickel ion was first adsorbed onto graphene and subsequently
reacted with sulfide ion to yield the NiS,/G nanohybrid. The
NiS,/G catalyst exhibited activity for hydrogen generation 2-
fold higher than that of pristine NiS, under visible light
irradiation. The highest quantum efficiency of 32.5% was
reached at 430 nm when Eosin Y was used as a photo-
sensitizer. In this system, graphene not only provided a large
area and two-dimensional substrate for the confined growth of
NiS, but also greatly enhanced the transfer of photoelectrons
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from excited Eosin Y to the NiS, cocatalyst because of its promotion of charge separation, leading to the great enhancement of

photocatalytic hydrogen evolution.

KEYWORDS: NiS,, graphene, dye, photocatalyst, visible light, hydrogen generation, sensitized

1. INTRODUCTION

The generation of dye-sensitized photocatalytic hydrogen from
water reduction is an important route for making the best use
of solar light to produce clean and storable chemical energy
because these catalysts absorb longer wavelength visible light
that comprises a majority of the solar spectrum.’ ' In this kind
of catalyst, an excellent cocatalyst can work at highly active sites
to reduce the overpotential of hydrogen evolution. Until now,
photocatalysts loaded with noble metal Pt as a cocatalyst
showed the high photocatalytic activity for the generation of
hydrogen from water splitting;'>~'® however, the large-scale use
of a Pt cocatalyst is difficult because of its scarcity.

Therefore, it is very important to develop cheaper systems by
eliminating the use of expensive components, and recent
studies indicate a number of non-noble metal catalysts are
promising as substitutes for the Pt catalyst, including transition
metal oxides,'” transition metal hydroxides,'® and transition
metal sulfides."”™>' Among these noble metal-free catalysts,
nickel sulfide not only was cheap but also could replace Pt in
the Pt/CdS photocatalytic H, generation system.”> Zhang et
al.*? prepared highly active NiS/CdS photocatalytic material by
a hydrothermal method for H, evolution using a lactic acid
sacrificial solution, and the highest quantum efliciency at 420
nm was 51.3%. The NiS cocatalyst also exhibited photocatalytic
H, generation activity higher than those of noble metals in
enhancing the hydrogen evolution activity of the CuGa;S;
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photocatalyst."” However, significantly improving the activity of
the cocatalyst and developing low-cost and robust photo-
catalytic H, production cocatalysts remain challenging.
Recently, graphene has attracted tremendous interest in the
photocatalytic reaction because of its remarkable physical,
chemical, and electrical characteristics and large specific surface
area.”®™** The photoelectrical conversion and photocatalytic
H, generation performance of semiconductors and cocatalysts
(TiO,, ZnO, CdS, CdSe, MoS,, and Pt) could be improved
significantly by loading on the surface of graphene.”*™>* Zhang
et al.*> revealed that the TiO, incorporated with graphene
could induce the generation of hydrogen from water splitting
under ultraviolet light. A BiVO,-decorated graphene nano-
hybrid showed a remarkable enhancement in photoelectro-
chemical water splitting compared with that of pure BiVO,
under visible light irradiation.” Min et al.*® reported a MoS,/
graphene nanohybrid had a H, evolution efficiency higher than
that of MoS, sensitized by xanthene dyes. In these systems,
graphene could induce the transfer of photogenerated electrons
from semiconductors or the excited dye to the cocatalyst via
graphene because of its excellent properties, such as a high
redox potential and excellent electron accepting and trans-
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porting properties. The transfer of photogenerated electrons via
graphene could effectively reduce the carrier recombination rate
and significantly enhance the photocatalytic activity of
hydrogen evolution.”*™>!

In this work, we report the facile preparation of a NiS,-
decorated graphene (NiS,/G) cocatalyst by successive ionic
absorption and reaction and its high activity of hydrogen
generation sensitized by Eosin Y (EY) under visible light
irradiation. Graphene could confine the growth of the NiS,
cocatalyst and produce more active sites and could also act as
an excellent electron conductor to efficiently transfer photo-
generated electrons from the excited dye to catalytic active sites
of NiS,, reducing the carrier recombination rate and improving
the efficiency of photocatalytic hydrogen generation. Results
showed that the photocatalytic hydrogen generation activity of
NiS, was enhanced by a factor of 2.04 after incorporation with
graphene. The highest quantum yield of 32.5% was obtained at
430 nm. The NiS,/G nanohybrid would be a promising
substitute for precious metals in photocatalytic hydrogen
generation systems.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the NiS,/G Nanohybrid and Measure-
ment of Its Photocatalytic H, Evolution Activity and
Apparent Quantum Efficiency (AQE). Graphite oxide (GO)
and aqueous dispersions of graphene (3 mg mL™') were
prepared by a modified Hummers method and the reduction of
graphene oxide with sodium borohydride (NaBH,) according
to refs 37, 40, and 41, and more detailed information was given
in the Supporting Information. The experimental apparatus and
test methods were like those described in our previous study,>”
except for the following modifications. The synthesis of the
NiS,/G nanohybrid and measurement of its photocatalytic H,
evolution activity were performed in a sealed Pyrex flask (150
mL) with a flat window (an efficient irradiation area of 13.2
cm?) and a silicone rubber septum for sampling; 2 mL of these
graphene suspensions (3 mg mL™") was dispersed in 100 mL of
a triethanolamine (TEOA)/H,O solution [10% (v/v)] with
ultrasound treatment for ~10 min, and the calculated amount
of aqueous Ni(NOj;),, aqueous Na,S (1:1 Ni:S molar ratio),
and Eosin Y (EY, 1 X 107 mol L™") were added in the proper
sequence while the sample was being stirred. Each addition was
followed by magnetic stirring for 30 min. NiS, was prepared in
the absence of graphene by the same method. The method and
measurement equipment of hydrogen and AQE were the same
as those described in ref 37. The AQE was calculated with the
following equation.

AQE = [(2 X the number of evolved hydrogen molecules)
/(the number of incident photons)] X 100%

2.2, Electrochemical and Photoelectrochemical Meas-
urements and Characterization. The experimental appara-
tus, electrode preparation methods, and sam]:;le characterization
were the same as those reported previously”’ (see parts 4—6 of
the Supporting Information for more details).

3. RESULTS AND DISCUSSION

The mechanism of formation of the NiS,/G nanohybrid is
illustrated in Scheme 1. The graphene suspension was
ultrasonicated in a TEOA solution to give a homogeneous
graphene dispersion, and then Ni(NO;), and Na,$ solutions
were added successively to the suspension, in which Ni** was
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Scheme 1. Formation of NiS,/G by the in Situ Chemical
Deposition Method
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first adsorbed onto graphene sheets through coulomb forces
because of its negative charge and then reacted with S*~ to form
NiS, nanoparticles, resulting in the NiS,/G nanohybrid. The
morphologies of NiS, and NiS,/G were characterized by
transmission electron microscopy (TEM). As noted in panels A
and B of Figure 1, NiS, nanoparticles tightly adhered to the
surface of graphene with particle sizes of 20—40 nm, while
pristine NiS, had a networklike structure similar to that of
nickel sulfide prepared by Zhang et al.*' These results suggest
that graphene sheets act as a confined substrate to control
nucleation and following the growth of NiS, nanoparticles by
fixing the Ni** position, which led to the different morphology
of NiS, nanoparticles. The high-resolution TEM (HRTEM)
image of NiS,/G shown in Figure 1C reveals that NiS,
nanoparticles on graphene were crystalline. Lattice spacings
of 0.24 and 0.34 nm could be indexed to the (400) and (220)
planes, respectively, of hexagonal Ni;S,, and the interplanar
spacing of 0.41 nm belonged to the (010) plane of hexagonal
Ni,S,.

Figure 2A shows the X-ray diffraction (XRD) patterns of the
NiS,/G nanohybrid and NiS,. The diffraction peaks at 26
values of 21.8° and 44.0° were assigned to the (010) and (020)
planes, respectively, of hexagonal Ni;S, (JCPDS Card No. 73-
0698), while the peak at a 20 value of 31.7° belonged to the
(110) plane of hexagonal Nj;S, and the (311) plane of cubic
Ni;S, (JCPDS Card No. 47-1739). The appearance of cubic
phase Ni;S, in NiS,/G could also be identified by the strong
diffraction peak at a 26 value of 26.1°, which was assigned to
the (220) plane of cubic Ni;S,. These results were consistent
with the HRTEM characterization and indicated the graphene
could facilitate the growth of the (220) planes of Ni,S, because
of the confined function of graphene. In addition, a broad peak
centered at a 20 value of 22.8° belonged to graphene in the
NiS,/G nanohybrid, which confirmed a random packing of
graphene because of the low content of NiS,*” and might
overlap with some diffraction peak of NiS,. These results
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Figure 1. (A) TEM images of NiS,. (B and C) TEM and HRTEM
images, respectively, of the NiS,/G nanohybrid.

indicate that nickel sulfide species for both samples should exist
as mixed phases of hexagonal Ni;S, and cubic Ni;S,.

NiS, and the NiS,/G nanohybrid were further characterized
by X-ray photoelectron spectroscopy (XPS). Figure 2B shows
that both NiS, and NiS,/G consisted of Nj, S, C, and O. XPS
analysis showed the Ni:S molar ratio was 0.97 in NiS,/G and
0.84 in NiS,. The S 2p XPS spectra of NiS,/G in Figure 2C
exhibit the higher binding energies of S 2p (163.2 €V)
compared to that of NiS, (1622 eV),””* and the Ni 2p;),
spectra in Figure 2D show that the binding energies of Ni 2p;,
in NiS,/G occurred at 854.2 eV, which was slightly higher than
that of NiS, (852.9 eV).**™* These results indicate that NiS,
had a strong interaction with graphene in NiS,/G, which was
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from the coelectron cloud formed between NiS, and the
adjacent carbon layer.***” The coelectron cloud between NiS,
and graphene sheets could significantly improve the electronic
conductivity of NiS,/G, which helped the transfer of photo-
generated electrons from graphene to NiS, in the process of
photocatalytic hydrogen generation.*® In Figure 2C, the peak at
approximately 168.1 eV indicates that SO,>~ exists in NiS, and
NiS,/G. These peaks observed at 855.3 and 855.8 eV in Figure
2D indicate that a trace of Ni,O, formed.>® These four peaks at
860.2, 860.0, 878.2, and 877.8 eV were assigned to the satellites
of Ni 2p;/, and Ni 2p, /,, respectively.

Figure 3A shows the generation of photocatalytic H, over
graphene, NiS,, Pt, and NiS,/G cocatalysts when EY was used
as sensitizer under visible light irradiation. As shown in Figure
3A, the introduction of graphene and NiS, was crucial in
enhancing the photocatalytic H, evolution activity. In the
absence of NiS, nanoparticles, only 3.64 pmol of H, was
produced in the EY-graphene system, which indicated that
graphene was a low-H, generation active cocatalyst probably
because it had a high electron affinity and unfavorable
hydrogenated surfaces.”’ > In the EY-NiS, system, the rate
of H, generation was 34.2 ymol h™" in the beginning, reached
the maximum (~109.9 ymol h™") after irradiation for 0.5 h, and
decreased gradually with an increase in irradiation time; 293.5
umol of H, was generated within 5.5 h of irradiation, and the
average rate was ~53.4 ymol h™'. The result also shows that
NiS, was a highly active H, generation cocatalyst in dye-
sensitized photocatalytic hydrogen generation. The NiS,/G
nanohybrid showed photocatalytic activity higher than those of
pristine NiS, and Pt (see experimental details in the Supporting
Information), and the amount of H, evolved was 599.1 ymol in
5.5 h when the mass fraction of NiS, was 46.7% in relation to
graphene, which was 2.04 times higher than that of NiS, under
the same experimental conditions. The photocatalytic H,
evolution activity of NiS,/G with different NiS,:graphene
weight ratios was also investigated. As shown in Figure 3B, the
amount of H, evolved over NiS,/G was increased with an
increase in the NiS,:graphene weight ratio and achieved the
maximum when the NiS :graphene weight ratio was ~46.7%.
Further increases led to a slight reduction in the activity of the
NiS,/G nanohybrid. This might be ascribed to the change in
the morphology of NiS, and the reduction of the graphene
absorption site to EY in NiS,/G by the deposition of excessive
NiS,. When the NiS,:graphene weight ratio was ~77.6%, the
photocatalytic H, evolution activity had slightly increased
compared to a value of 62%.

To investigate the wavelength dependence of photocatalytic
H, evolution, the apparent quantum efficiencies (AQEs) of EY-
NiS,, EY-Pt, and EY-NiS,/G systems were examined over a
wide visible light range of 430—550 nm. As shown in Figure 4A,
the maximal AQE of the EY-Pt system located at 430 nm was
39.7%. The EY-NiS,/G system showed an AQE higher than
that of the EY-NiS, system in the experimental wavelength
range, and the highest AQE of 32.5% was obtained at 430 nm,
which was shorter than the highest absorption wavelength of
EY (518 nm) in the visible light range. This result might be due
to its higher absorption at 430 nm and the higher potential of
photons because the EY-NiS,/G system had an absorbance
higher than that of EY in the short wavelength region (see
Figure S2 of the Supporting Information). Furthermore, the
stability of the EY-NiS, /G system was examined, and the results
are shown in Figure 4B. The amount of H, production in the
second run was around 17% of that of the first run, and that of
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Figure 2. (A) X-ray diffraction patterns of NiS, and the NiS,/G nanohybrid. (B) X-ray photoelectron spectroscopy survey spectra of NiS,, and the
NiS,/G nanohybrid. (C) S 2p and (D) Ni 2p scan spectra of NiS, and the NiS,/G nanohybrid.

the third run reached 33.6% when the fresh EY was
supplemented. A decline in the photocatalytic activity of
NiS,/G was due to decomposition of both the photosensitizer
and the sacrificial donor during photolysis.*® The H, evolution
activity of EY-NiS,/G could be revived to 42.9% by the
concurrent addition of EY and TEOA in the fourth run. The
results show that the NiS,/G cocatlyst was relatively stable
during photocatalytic hydrogen generation.

The proposed mechanism of photocatalytic H, generation in
EY-NiS,/G system is depicted in Scheme 2. A certain amount
of EY might be adsorbed on the surface of graphene in the
NiS,/G nanohybrid because of the noncovalent z—x

2766

interaction of graphene sheets and EY,*® and the adsorbed
EY might gain a photon and produce singlet excited state EY'*
under visible light and subsequently produce a lowest-lying
triplet excited state EY** via an intersystem crossing (ISC).
EY** might be reductively quenched by a sacrificial donor
TEOA to produce EY ' Those EY™* species might
preferentially transfer their electrons to graphene, leading to the
spatial separation of photogenerated charges.>’ ™ These
electrons on the surface of graphene sheets could be transferred
to the suitable Ni 3d and S 3p hybrid orbital of the NiS,
cocatalyst, and the reduced valence state of Ni could facilitate
the proton reduction for H, generation.’" In the absence of
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Figure 3. (A) Time courses of hydrogen evolution over EY-graphene,
EY-NiS,, EY-Pt, and EY-NiS,/G photocatalysts from EY (1.0 X 1073
mol L™")-photosensitized systems in 100 mL of a 10% (v/v) aqueous
TEOA solution (pH 7) under visible light irradiation (4 > 420 nm).
The NiS,:graphene weight ratio is 46.7% in NiS,/G. (B) Comparison
of the photocatalytic activity of NiS,/G with different NiS,:graphene
weight ratios for the H, production photosensitized by EY (1.0 X 1073
mol L™!) in a 10% (v/v) aqueous TEOA solution (pH 7) under visible
light irradiation (4 > 420 nm). The system was irradiated with a 300
W Xe lamp with a cutoff filter of 420 nm. The amount of graphene was
6 mg.

graphene, those highly reductive EY™* species might recombine
rapidly with TEOA" or dye species, leading to the low activity
of photocatalytic H, evolution. Therefore, graphene could
enhance the catalytic H, evolution activity of the NiS,/G
nanohybrid by prolonging the lifetime of photogenerated
electrons and consequently improving the charge separation
efficiency.

To prove the important role of graphene in facilitating the
transfer of photogenerated electrons to improve the NiS,/G
photocatalytic activity, the photoluminescence quenching of EY
in the presence of the NiS,/G nanohybrid and NiS, was further
examined, as shown in Figure SA. The excitation wavelength
was 505 nm. The aqueous EY solution had an intensive
emission peak located at 540 nm caused by its strong
recombination of excited charge pairs by exciting light.>”** As
NiS,/G and NiS, were introduced into the aqueous EY
solution, there was a significant decrease in the peak intensity of
EY emission, and the quenching efficiency of NiS,/G (~67.5%)
was significantly higher than that of NiS, (~14.3%); mean-
while, slight red (~1 nm) and blue (~3 nm) shifts of the
emission peak center were also observed due to the presence of
NiS, and NiS,/G, respectively, which could be mainly ascribed
to the noncovalent 7—x interaction of graphene or NiS, with
EY and the interfacial electron transfer from the attached EY*
to the graphene sheets or NiS,**** In addition, the
fluorescence lifetime of EY in the presence of NiS, or NiS,/
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Figure 4. (A) Apparent quantum efficiencies (AQEs) of H, evolution
for EY (1.0 X 107 mol L™')-photosensitized systems catalyzed by
NiS, (2.8 mg), Pt (2.8 mg), and the NiS,/G nanohybrid (NiS,, 2.8
mg; graphene, 6 mg) in 100 mL of a 10% (v/v) aqueous TEOA
solution under light irradiation with different wavelengths. The system
was irradiated with a 300 W Xe lamp with a cutoff filter of 420 nm and
a bandpass filter. During the AQE tests, the reaction solutions were
irradiated under 4 > 420 nm for 30 min before switching to bandpass
filters for the AQE on the H, production for the subsequent 2 h. (B)
Stability test of H, evolution over the EY (1.0 X 107> mol L7)-
sensitized NiS,/G catalyst (NiS,, 2.8 mg; graphene, 6 mg) in 100 mL
of a 10% (v/v) aqueous TEOA solution under visible light irradiation
(4 = 420 nm). The reaction was continued for 22 h, with evacuation
every 5.5 h: (1) first run, (2) evacuation, (3) addition of EY and
evacuation, and (4) collection of NiS,/G by centrifugation of the
reaction mixture. After being washed thoroughly several times using
DI water, the recycled NiS,/G was mixed with a TEOA solution and
fresh EY and evacuated. The system was irradiated with a 300 W Xe
lamp with an optical cutoff filter of 420 nm.

Scheme 2. Proposed Photocatalytic Mechanism for
Hydrogen Evolution over the EY-NiS,/G Photocatalyst
under Visible Light Irradiation
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G was investigated to probe the excited charge transfer. The
fluorescence lifetimes were obtained by fitting the decay
profiles with one exponential term and two exponential terms,
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Figure S. (A) Photoluminescence quenching (excitation wavelength of
505 nm) of EY (1.0 X 107> mol L™") by NiS, and NiS,/G in a 10% (v/
v) TEOA solution. The weight concentration of NiS, is 0.073 mg
mL™" in EY-NiS,. The weight concentration of NiS,/G is 0.073 mg
mL™" in EY-NiS,/G (NiS,:graphene weight ratio of 46.7%). (B)
Transient photocurrent—time profiles of EY-sensitized NiS, and NiS,/
G coated on ITO glass in a mixed solution of 10% (v/v) TEOA and
Na,SO, (0.1 mol/L) at pH 7 under visible light irradiation (>420
nm).

current relative to that of EY-NiS,/ITO. These results reveal
that the transfer of electrons from EY™* to NiS,/G is fast as well
as that to the interface of ITO glass and NiS,/G due to the
presence of graphene, while the EY™® species formed in the
solution continuously via the reductive quenching of EY** in
the presence of TEOA. Therefore, in the EY-NiS,/G
photocatalytic system, graphene functioned as an excellent
electron acceptor and transporter to efficiently prolong the
lifetime of the photogenerated electon and consequently
enhance the H, generation of the NiS,/G nanohybrid under
visible light.

To provide further evidence that graphene was important for
improving the photocatalytic H, evolution activity of the NiS,/
G nanohybrid, the electrochemical H, generation activities of
NiS,/ITO and NiS,/G/ITO electrodes were investigated by
the linear sweep voltammetry (LSV) technique as shown in
Figure 6. The cathodic current of the bare ITO electrode was
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Figure 6. LSV curves of bare ITO glass and NiS,- and NiS,/G-coated

ITO electrodes in a mixed solution of 10% (v/v) TEOA and 0.1 mol/
L Na,SO, at pH 7. The scan rate was 1 mV s,

respectively. In Table 1, the fluorescence lifetime of EY was
0.311 ns, which changed slightly in the presence of NiS, (0.349

Table 1. Decay Parameters of EY in the Presence of NiS, and
NiS,/G*

average

pre-exponential lifetime (7)

system lifetime (ns) factor A (%) (ns) 7
EY 7 = 0.304 A =50 0.304 0.9969
EY-NiS, 7 = 0.349 A =50 0.349 0.9998
EY-NiS,/G 7, = 0.204, A, =947, 0.752 1.0001

7, = 1.84 A, =53

“The concentrations of dyes and catalysts were 1 X 10™* mol/L and
0.005 mg/mL, respectively. A single-exponential fit was used for EY
and EY-NiS,. A double-exponential fit was used for EY-NiS_/G. The
average lifetime was determined according to the reported method.*.

ns). In the EY-NiS,/G system, the graphene-bound EY and the
unbound form coexisted and the fluorescence lifetime of long
decay components was 1.84 ns.*® These results reveal that the
lifetime of the singlet excited EY'* could be prolonged in EY-
NiS,/G systems. The long lifetime of EY'* could greatly
facilitate the production of EY** via the intersystem crossing
(ISC), which was beneficial for the generation of EY™".
Moreover, the transient photocurrent responses of EY-NiS,/
ITO and EY-NiS,/G/ITO electrodes were investigated and are
shown in Figure SB. In Figure 5B, the EY-NiS,/G/ITO
electrode exhibited a noticeable improvement in its photo-
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still low with an increase in the applied potential. The
enhancement of the cathodic current of the NiS,/ITO
electrode at the same potentials revealed that NiS, was a
remarkable electrocatalyst that could efficiently facilitate the
reduction of proton.56 The cathodic current of NiS,/G/ITO
electrodes was significantly improved beyond —0.7 V, which
indicated that graphene of the NiS,/G nanohybrid could
synergistically promote the reduction of protons to generate
H,.

4. CONCLUSION

In summary, we prepared a highly active H, evolution catalyst
of NiS,-decorated graphene (NiS,/G) nanohybrids by in situ
chemical deposition NiS, on graphene in solution, which was a
simple and scalable process and could easily be adapted for a
large scale. The NiS,/G catalyst exhibited an activity for
hydrogen evolution higher than that of pristine NiS, under
visible light irradiation (4 > 420 nm). The highest quantum
efficiency of 32.5% at 430 nm was reached when the
NiS,:graphene weight ratio was 46.7% in the nanohybrid.
The graphene of the NiS,/G nanohybrid could confine the
growth of the NiS, cocatalyst to expose more active sites and
act as an excellent electron conductor to efficiently transfer
photogenerated electrons from the excited dye to catalytic
active sites of NiS,, thereby reducing the carrier recombination
rate and improving the efficiency of photocatalytic hydrogen
generation. The NiS,/G nanohybrid represents a highly active

dx.doi.org/10.1021/cs5006844 | ACS Catal. 2014, 4, 2763—-2769
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cocatalyst that is a promising substitute for precious metals in
the photocatalytic hydrogen generation system.
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