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ABSTRACT: Nickel deposited S-doped carbon nitride (Ni—
S:g-C;N,/Ni-SCN) nanosheets have been synthesized using
calcination followed by a sulfidation process. X-ray photo-
electron spectra revealed that the doped S atoms are
successfully introduced into the 301 lattices of the host g-
C;N,. XPS spectra indicated that the deposited Ni species are
chemically bonded onto the host SCN nanosheets through
sulfur bonds. The sunlight-driven photocatalytic hydrogen
production efliciency of the synthesized Ni-SCN nanosheets is
found to be 3628 umol g~' h™', which is around 1.5 folds
higher than that of Pt-SCN that synthesized in the present
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study. The observed efficiency is attributed to the chemical bonding of Ni through S that largely favored the photocatalytic
process in terms of charge-separation as well as self-catalytic reactions. The apparent quantum efficiency of the photocatalyst at
420 nm is estimated to be 17.2%, which is relatively one of the higher values reported in the literature. The photocatalytic
recyclability results showed consistent hydrogen evolution efficiency over 4 cycles (8 h) that revealed the excellent stability of the
photocatalyst. This work has demonstrated that the chemical bonding of cocatalyst onto the host photocatalyst is relatively an
effective strategy as compared to the conventional deposition of cocatalyst by means of electrostatic or van der Waals forces.
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B INTRODUCTION

The increasing depletion of fossil fuels and the crisis for energy
resources and the associated environmental issues have urged
alternative routes toward the development of renewable energy
sources through techniques such as photocatalysis, electro-
catalysts, solar cells, rechargeable metal—air batteries, etc. to be
found."™ Of various techniques, photocatalysis has been
realized to be one of the most promising approaches for the
sustainable energy productions as it effectively converts the
solar energy into chemical energy. Especially, since the last
several decades, the photocatalytic H, evolution reaction
(HER) through water splitting under solar energy has received
tremendous attention because of its potential in concurrently
dealing with the energy crisis and environmental problems.” In
this direction, the noble metal sensitized photocatalysts have
been found to be efficient for such effective water splitting
applications.” However, the practical implementation of such a
photocatalytic system is limited due to the cost of the noble
metals. Therefore, the explorations of noble metal-free
photocatalytic systems have gained significant interest. Among
the various photocatalysts, the metal-free graphitic carbon
nitride (g-C;N,/GCN), a nitrogen-rich carbon, is considered as
a promising candidate for photocatalytic applications,”’thanks
to its promising features that include excellent stability, a
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narrow band gap energy (Eg ~ 27 &V)}? straightforward
preparation, and cost-effectiveness. However, the conventional
bulk g-C;N, exhibits limited photocatalytic activities due to a
faster carrier recombination rate, originated by the weak 7—7
conjugated stacked structure and low specific surface area. It
has been reported that the recent strategies in the design of
effective  GCN-based photocatalysts comprise mainly the
preparation of nanoscale GCN,”™"" bandgap tailoring through
doping,'*~"” molecular-modification, and the combination of
GCN-based semiconductor composites.”'*'” Accordingly, the
current and future developments in the field of g-C;N, involve
increasing their efficiency in terms of quantum efficiency yield
(QEY) and solar-to-hydrogen (STH) conversion.”” To achieve
the former, g-C;N, has been modified for their size and
morphological designs and integrated with various types of
materials to produce g-C;N, hybrids and nanocomposites as to
essentially increase their surface area and reduce the electron—
hole recombination process. Similarly, to achieve the latter, g-
C;N, has been modified for their optical properties through
making their hybrids with visible-light driven semiconductors
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(~600 nm), plasmonic nanomaterials, and doping with metals
and nonmetals to suitably engineer their band gap to absorb
full-sunlight energy (UV—vis—NIR).*

In particular, enormous attention has been devoted to the
fabrication of nanosheets of GCN because of their thin-layered
structure and large specific surface area, which could mainly
overcome the existing limitations such as low surface area and
poor stacking of the polymeric layers of GCN. Therefore, it is
necessary to find appropriate methods for separating those
bundles of layers into thin layers. Niu et al.”' employed a
conventional thermal-exfoliation of dicyandiamide-delivered
bulk GCN to obtain the GCN-nanosheets with a high surface
area of 306 m?/ g. However, the band gap of nanosheets was
increased to 2.97 eV due to a decreased size, and it is known
that the extended band gap energy may decrease the visible
light absorption ability. On the other hand, the tunable band
gap in GCN can be achieved by doping with foreign
elements.””~** Especially, the band gap of the bulk GCN
could be reduced by anion doping via three main strategies: (i)
formation of localized states in the band gap structure, (ii)
elevation of the valence band, and (iii) lowering of the
conduction band.”>*® It is known that the valence band (VB) of
g-C3N, is composed of a N 2p state, while the conduction band
(CB) is composed of the hybridized N 2p and C 2p states.
Therefore, the site-dependent substitution of elements helps
with tuning the VB and CB edge positions. Especially, the
doping of nonmetals such as S increases the visible light
absorption efficiency of g-CsN,, due to the generation of
localized energy levels in the band structure of the system.” In
addition, it is reported that doping of nonmetals with low
electronegativity relatively elevates the VB maximum.””** The
density functional theory (DFT) calculations also revealed that
the band gap energy of g-C;N, can be reduced by doping it
with nonmetals such as S and P.** It is also concluded from the
results that the nonmetal doping facilitates the photocatalytic
activity of g-C;N, by (i) increasing the visible light absorption,
(i) modifying their carrier mobility, and (iii) efficiently
separating the electron—hole pairs in the system.”® In this
context, our strategy is to achieve the tunable band gap energy
through S doping and to increase the surface area through the
separation of the layers.

On the other hand, in the photocatalytic perspective, the
integration of cocatalyst onto the host photocatalysts can
effectively enhance their photocatalytic activities by means of
charge-separation, transportation, and self-catalytic properties.
Conventionally, the cocatalysts are often found to be noble
metals such as Pt, Pd, etc.”>** However, the rarity and cost of
these noble metals limit their practical applications in the scale
up production of such noble-metal deposited photocatalysts.
Therefore, the development of non-noble metal based
cocatalyst with enhanced properties is a great challenge.
Among the known non-noble metal cocatalysts, Ni has been
realized to be one of the stable, active, and cost-effective
cocatalysts toward HER and CO, reduction.””*° In particular,
Ni has been reported as an ideal cocatalyst for sulfur-based
photocatalysts such as CdS, Cd,_,Zn,S, and ZnIn,S,>" —** It is
reported that the deposition of Ni** onto the g-C;N, facilitates
an efficient photochemical 3proton reduction and thereby
enhances the H, production.” This is essentially due to the
trapping of electrons in Ni that effortlessly reduce H" ions into
H, as given in eq 1.3

Ni/2H" + 2¢” > Ni + H, (1)
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However, the key issue in the above process is the conversion
of Ni** ions to Ni’, which considerably reduces the long-term
proton reduction. Motivated by this issue, herein we have
attempted a strategy to deposit Ni onto the g-C;N, through S
bonding and studied for their sunlight-driven photocatalytic
properties toward H, production. This strategy of integrating
the Ni cocatalyst by means of chemical bonding onto the host
g-C3N, nanosheets essentially facilitates a synergistic enhance-
ment in the photocatalyst system as compared to the
conventional cocatalyst integrated photocatalysts through
electrostatic or van der Waals forces.

B EXPERIMENTAL SECTION

Materials. Dicyandiamide, nickel ammonium sulfate, chloroplatinic
acid hexahydrate, H,S gas (5% H,S; 95% Nj,), ethanol, and distilled
water were purchased from the commercial sources and used without
further purification.

Synthesis of S-Doped g-C3N,;. Graphitic carbon nitride was
prepared by slightly modifying the method reported in the literature.>
Briefly, 30 g of dicyandiamide precursor was calcined in a muffle
furnace at 600 °C for 270 min with a heating rate at 2 °C/min. After
cooling to ambient temperature, the as-prepared g-C;N, sample
(denoted as GCN) was washed with distilled water and ethanol several
times and dried at 60 °C overnight. In the next step, the dried sample
was further treated under H,S gas that purged at an optimized flow
rate of 4 L/h at 450 °C for 2 h (the H,S treated g-C;N, is denoted as
SCN). Then, Ni was photodeposited onto the prepared pristine and S-
doped GCN, and further, Pt-deposited carbon nitride samples were
also prepared toward their comparison studies.

Photodeposition of Ni onto SCN. Typically, 50 mg of
photocatalyst was dispersed in 100 mL of aqueous solution of 10%
triethanolamine, which acts as a sacrificial reagent. Then, the mixture
was purged with nitrogen for 30 min to remove dissolved oxygen.
After that, an optimized amount of 2 wt % of Ni precursor was added
to the above dispersion and stirred well for 30 min, and then solution-
dispersion was irradiated with the simulated solar light. The change of
solution color from white to grayish indicated the Ni disposition onto
the samples as shown in Figure S1, given in the Supporting
Information. Finally, the Ni-supported SCN was washed with distilled
water and ethanol before testing photocatalytic activity and further
characterizations. This process was repeated with Pt-precursor as to
prepare the Pt-deposited samples.

Characterizations. Transmission electron microscopy (TEM)
images of the samples were obtained on a JEOL JEM 1230 operated at
120 kV. Powder X-ray diffraction (XRD) patterns of the samples were
obtained on a Bruker SMART APEXII X-ray diffractometer equipped
with a Cu Ka radiation source (1 = 1.5418 A). X-ray photoelectron
spectroscopy (XPS) measurements carried out in an ion-pumped
chamber (evacuated to 107 Torr) of a photoelectron spectrometer
(Kratos Axis-Ultra) equipped with a focused X-ray source (Al Ka, hv =
1486.6 V). The UV—vis absorption spectra were recorded on a Cary
300 Bio UV—vis spectrophotometer. Fourier transform infrared
(FTIR) spectra were measured with an FTS 4S5 infrared spectropho-
tometer with the KBr pellet technique. The photocurrent measure-
ments were carried out in a conventional three electrodes station
(Autolab PGSTAT204).

Photocatalytic Studies. In a typical photocatalytic experiment,
first, an optimized amount of 50 mg of the photocatalyst was dispersed
in a solution containing 90 mL of water and 10 mL of a sacrificial
agent triethanolamine (TEA), which was taken in a reactor cell. Then,
the reactor cell was illuminated using a solar simulator 150 W Xe lamp
for 2 h, and the evolved hydrogen was measured using GC. This
procedure was repeated for four cycles, where the residual hydrogen
was removed by purging the nitrogen gas for 30 min before starting
every new cycle. The amount of H, gas generated was determined
using a gas chromatograph (GC) equipped with a thermal conductivity
detector (TCD) and N, as the carrier gas.
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Figure 1. (A) Photocatalytic hydrogen evolution over various samples under solar light; (B) AQE values of H, production over the Ni-SCN sample
under various monochromatic light irradiations given with respect to its absorption spectrum.
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Figure 2. XPS spectra of (A) C s, (B) N 1s, (C) S 2p, and (D) Ni 2p. Inset figures (a) GCN, (b) SCN, and (c) Ni-SCN.

The apparent quantum efficiency (AQE) of the prepared sample
was calculated according to the following equation;

AQE(%) = [number of reacted electrons or holes]
/[number of incident photons]x 100
= [2 X number of H, molecules evolved]

/[number of incident photons]x 100

Photoelectrochemical Measurements. The working electrodes
were prepared as follows: 5 mg of photocatalysts was dispersed in 2.5
mL of ethanol and 2.5 mL of isopropanol to make the slurry of the
materials. Then, the slurry was coated onto a 1 cm X 1 cm F-doped
Sn0O,-coated (FTO) glass electrode by spin coating technique. Next,
the as-prepared electrodes were dried overnight and calcined at 350 °C
in a nitrogen gas flow. Transient photocurrent response was performed
on an electrochemical workstation (Autolab PGSTAT204) based on a
standard three-electrode system using the as-prepared electrodes as the

4196

working electrodes. A Pt wire and Ag/AgCl was used as the counter
electrode and reference electrode, respectively. The photocurrent was
measured under solar light irradiation (150 W xenon lamp) with 10 s
light on—off cycles. For the electrochemical impedance (Nyquist
plots) measurements, the perturbation-signal was set to be 10 mV and
the frequency range was from 0.1 MHz to 0.1 Hz.

B RESULTS AND DISCUSSION

Figure 1A shows the simulated-sunlight driven photocatalytic
hydrogen production of the Ni and Pt deposited GCN and
SCN samples. The obtained results showed that the Ni-SCN
exhibited the highest hydrogen production efficiency as
compared to Pt-SCN at the same concentration. In contrast,
the Ni-GCN showed decreased photocatalytic efliciency as
compared to Pt-GCN. This observation clearly indicates that
the S doping in g-C;N, readily facilitates the integration of Ni
than that of Pt and the favors enhanced photocatalytic
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reactions. This enhancement could be attributed to integration
mechanics of Ni onto the SCN. In addition to this, the
quantum efficiency (QE) of the Ni-SCN was calculated and
found to be 17.2% at 420 nm (Figure 1B), which is relatively
one of the higher values in the literature as listed in Table S1-
given as the Supporting Information. The calculated AQE
values of Ni-SCN nanosheets at different wavelengths with
respect to their absorption spectrum are shown in Figure 1B.

In order to gain insights into the observed photocatalytic
efficiency, the samples were further analyzed in detail.
Accordingly, the high-resolution XPS spectra of C, N, S, and
Ni in the respective pristine g-C;N,, SCN, and Ni-SCN
samples are obtained and displayed in Figure 2A-D,
respectively. As shown in the C 1s spectra of GCN (Figure
2A), the deconvoluted peak centered at 284.5 and 287.6 eV
could be attributed to sp*>-bonded carbon in C—C and N—C=
N, correspondingly. However, the XPS peak of N—C=N is
found to be a positive shift to higher binding energy at 287.9
and 287.8 eV in SCN and Ni-SCN samples. This may be due to
that factor that, during H,S treatment at high temperature,
some of the C atoms in tri-s-triazine units leached and leading
to carbon vacancies in the SCN, which is also further confirmed
by elemental analysis as provided in Table S2 in the Supporting
Information. Moreover, the observed increase in the intensities
of the C 1s spectra of both SCN and Ni-SCN demonstrated
that C atoms neighboring carbon vacancies are reduced
electron density than those ones on the normal sites,’ leading
to a shifted peak to higher binding energy. The existence of a
hump-like peak at 286.1 and 286.0 eV in XPS spectrum of SCN
and Ni-SCN, respectively, can be assigned to C—O bonding,38
which may be originated from the absorbed oxygen on the
surface.

The XPS spectra of N in pristine g-C;N,, SCN, and Ni-SCN
are shown in Figure 2B. The N 1s spectrum is found to be
similar for all of the samples, except the variation in the profile
of the peaks. The deconvoluted peaks located at ~398.2 eV can
be ascribed to the sp>-bonded nitrogen in C—N=C groups
while the peaks at ~399.5 eV correspond to the nitrogen in the
tertiary group (N-(C);). In addition, the amino-functional
groups with a hydrogen atom C-NH can be attributed to the
weak peaks at ~401.0 eV. The observed peak of S 2p for SCN
at 164.5 eV is due to the lattice S in the host g-C;N, (Figure
3C). Similarly, the peaks located at 162.0 and 163.5 eV
correspond to C—S bonds in SCN. Importantly, these observed
binding energies indicate the —2 oxidation state of S atoms in
SCN. On the other hand, these characteristic peaks are found
to be shifted toward lower binding energy by around 1.0 €V in
the case of Ni-SCN. This essentially indicates that the

Ni/S:g-C N,
3 S:g-CN,
8
2 N\ 9-C.N,
H /\
(bulk g-CN,) |
=} JCPDS #87-1526
=
T T T M T T
10 15 20 30 35 40

25
20 (Deg.)

Figure 3. X-ray diffraction patterns of the synthesized samples.
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interaction of Ni with SCN is not through physisorption, but
it could be due to the chemisorptions, where it reveals that Ni is
chemically bonded onto the SCN rather than the through
electrostatic or van der Waals interactions. Further, the peak
corresponding to the lattice S (164.7 €V) is completely
suppressed as it is largely dominated by Ni through their
chemical bonding with S in the SCN. Moreover, it should be
noted that the S atoms replace the N atoms and make bond
with C atoms in SCN system, while in Ni-SCN, the S atoms
also make bonding with Ni atoms. Therefore, the chemical
environment of the S species is different in the SCN as
compared to their chemical environment in Ni-SCN. These
changes in the chemical environment of S atoms lead to
significant modifications in both the binding energy and profile
of XPS peaks of S species. It is also noteworthy that the
physisorption such as electrostatic interaction will lead to only a
slight shift in the binding energy of the species as the
interaction occurs through the electrical charges, while the
chemisorptions make significant changes in the binding energy
as the species are chemically bonded. Accordingly, during the
photodeposition process, the adsorbed Ni** ions on the SCN
sample readily bind with S*~ species in the host SCN, thereby it
establishes a strong chemical bonding between the deposited
Ni and the host SCN, through the Ni—S—C-N bond formation
in the system.

The XPS spectrum of Ni 2p is displayed in Figure 2D, where
the deconvoluted peak at 852.4 eV indicates the zero oxidation
state (metallic Ni) of Ni, while the other two peaks at 855.3 and
860.8 €V can be assigned to Ni*" that are due to the formation
of Ni—S bonds. Sergey et al.”” reported that the sulfur tends to
donate its electron to the 7—m conjugation system to form p,
and p, orbitals, while in some cases a partial back-donation of
electrons to the S p, orbital also takes place. It is therefore the
metallic nickel with an electron pair occupied in the s orbital
that become electron donors which can easily donate electrons
to S p, orbital to form Ni—S bonds. Such chemical bonding will
essentially lead to an increase in the electron density in S atoms
along with increasing electron density in C atoms, which leads
to a significant shift toward the lower binding energy in the
XPS spectra of Ni-SCN. These results suggest that the Ni is
chemically bonded onto the S doped g-C;N,, which effectively
drives the charge carriers and enhances the photocatalytic
reactions.

Figure 3 shows the XRD pattern of the synthesized pristine
g-C;N,, SCN, and Ni-SCN samples. The obtained XRD
patterns indicate the crystalline phase of g-C;N, without any
secondary or impurity phase (JCPDS no. 87-1526). The two
respective peaks centered at 13.1° (100) and ~27.8° (002) are
attributed to the in-plane structural packing of tri-s-triazine
motifs and repeated interplanar stacking of conjugated aromatic
systems corresponding to the stacking distance of 0.682 and
0.326 nm, respectively.40 The observed slight shift in the XRD
pattern of bare g-C;N, with respect to the standard peaks may
be due to the reduced size (layer thickness) of g-C;N, layers,
while the standard patterns conventionally represent the bulk
materials. Similarly, it should be noted that the profile of the
peak corresponding to the (100) plane is found to be
significantly modified for SCN and Ni-SCN as compared to
GCN, which could be attributed to the reduced length of the
interlayer periodicity and the larger distance between carbon
nitride nanosheets, which occurred possibly due to the lattice-
occupation of S atoms in the host g-C3N,. Similarly, a visible
shift can be observed for SCN and Ni-SCN with respect to
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Figure 4. (A and B) TEM images of SCN and (C and D) TEM images of Ni-SCN.
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Figure 5. (a) Nitrogen adsorption—desorption isotherms at 77 K and (b) pore-size distribution.

GCN, which could be attributed to the doping-induced
modification in the lattices and structure of the g-C;N, layers.

The transmission electron microscopy (TEM) images of
SCN and Ni-SCN, as given in Figure 4A—D, show their typical
2D nanosheet-like structures with a corrugated thickness of
around 30 nm. It can be seen that the surface of SCN is likely
found to be porous with nanosized holes that may be formed
due to the high-temperature formation of SCN at 600 °C. It
should be noted that these nanoholes and distorted atomic
arrangement essentially serve as rich-active sites and may lead
to a significant enhancement in the charge transfer character-
istics of the nanosheets and improvement in their photo-
catalytic activities. Figure 4C,D displays the TEM images of Ni-
SCN, where the average size of the integrated Ni nanoparticles
is measured to be 10 nm, and they are found to be highly
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dispersed on the surface of SCN, which might have possibly
functioned as abundant reduction and self-catalytic sites over
SCN surface.

The CNSH elemental analysis of the SCN sample is given in
Table S2 (in the Supporting Information). The respective
stoichiometric ratio of C/N and sulfur content is determined to
be 0.56 and 0.6 at. %, suggesting that sulfur is successfully
introduced into the host g-C;N,. Also, the off-stoichiometric
C/N ratio suggested a number of carbon vacancies presented in
the sample of SCN. The N, adsorption/desorption isotherm
and pore-size distribution curves of the GCN and SCN are
shown in Figure Sa,b, respectively. From the results, the specific
surface area of GCN is calculated to be 26 m?/g, which is
increased to 85 m?/g for SCN. This could be attributed to (i)
the thermal exfoliation of GCN during H,S treatment, which

DOI: 10.1021/acssuschemeng.7b04598
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Figure 6. (A) UV—visible absorption spectra of GCN, SCN, and Ni-SCN; (B) estimation of band gap energy of GCN, SCN, and Ni-SCN.

reduced the thickness of GCN layers by separating the stacked
layers along with the S doping, and (ii) the porous surface of
SCN. These changes in the size and morphological parameters
eventually resulted to the increased specific surface area of
SCN.

The UV—vis absorption spectra of GCN, SCN, and Ni-SCN
are presented in Figure 6A, and the band gap energies of the
obtained materials were calculated using Tauc plot*"** and
found to be 2.84, 2.81, and 2.79 eV for GCN, SCN, and Ni-
SCN, respectively (Figure 6B). Both GCN and SCN showed a
similar absorption profile with a strong absorption edge around
400 nm along with a slight absorption enhancement for SCN.
By contrast, the absorption curve of Ni-SCN extended up to
800 nm as compared to GCN and SCN. It should be noted that
the S-doping on GCN has not led to any “shift” in the
absorption profile essentially because of the hardly altered band
gap structure of SCN. This may be due to the amalgamated role
of S doping and the carbon vacancy defects along with the
reduced size of SCN layers. In general, while the S doping and
defects tend to reduce the band gap energy of SCN, the
reduced size of SCN layers tends to increase it. Therefore, the
competition between the S doping induced defects and reduced
size of SCN layers resulted to the relatively unmodified optical
properties in SCN. Similarly, the absorption profile of Ni-SCN
is also not largely altered except an extended absorption band
edge in the range from 450 to 800 nm, which could be
attributed to the chemical bonding of Ni onto the host SCN. It
is discussed that the VB and CB of g-C3N, are composed of N
2p states and hybridized N 2p-C 2p states, respectively.
Accordingly, it is found that the doping of S atoms into the N
site slightly modified their optical properties. Under such
circumstances, the Ni, which is chemically bonded through the
S atoms, creates localized electron trapping centers that
influenced the optical properties of the material and led to an
extended absorption up to 800 nm as akin to the plasmon-
sensitized systems.

The FTIR analysis was performed in order to investigate the
chemical bonding in GCN, SCN, and Ni-SCN nanostructures,
and obtained spectra are shown in Figure 7. The FTIR skeletal
structure of g-C3N, is found to be unaltered due to S doping
and Ni integration. However, the intensity of the peaks is
decreased, which essentially represents the influence of S and
Ni over the stretching of C—N bonds. Accordingly, the
observed signals in the range from 1200 to 1650 cm™" could be
assigned to the stretching vibrations of heptazine heterocyclic
ring (C¢N,) units.*”** The peak that appeared at 810 cm™
represents the characteristic breathing vibration of triazine
units, which is due to the condensed-CN heterocycles.”” The
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Figure 7. FTIR spectra of the synthesized materials.

peak at 885 cm™" could be ascribed to the deformation of N—H
bonds.*® A band at 2380 cm™" can be assigned to the adsorbed
CO, on the surface of the samples. The bands in the range
from around 2900 to 3500 cm™" region can be ascribed to the
adsorbed H,O molecules and N—H vibration of the
uncondensed amine groups'” in the compositions. Interest-
ingly, these bands are almost disappeared for Ni-SCN, which
could be due to the S doping as it established a surface chemical
bonding through the Ni—S—C-N formation. Overall, the
absorbed decreased intensity in the FTIR spectrum of Ni-
SCN with respect to GCN and SCN could be attributed to the
S doping, Ni integration, and sized reduction induced changes
in the chemical bonding in the functional groups of the g-C;N,,
structure.

Figure 8A shows the amount of hydrogen generated over the
Ni-SCN system with different Ni concentrations. It should be
noted that the loading of Ni cocatalyst on SCN significantly
enhances the photocatalytic activity toward H, evolution.
Without cocatalyst, only around 50 ymol g~ h™" of hydrogen
was evolved. Interestingly, at 1 wt % Ni-SCN, the production
rate can be drastically increased to 3107 ymol g~' h™". It was
further observed that the increasing amount of Ni to 2 wt % led
to production of the highest yield of 3628 umol g™' h™"' H,
molecules. However, at the higher loading of Ni at 3 wt %, the
H, production efficiency was relatively decreased to 2528 ymol
g~' h™". It may be due to the poor bonding of Ni onto the SCN
and screening behavior of excess Ni on the surface of SCN,
which eventually inhibited the ability of light absorption and
subsequent charge separation and transportations. Also, the
photocatalytic activities of S doped g-C;N, and Pt integrated
SCN with increasing concentrations were also obtained and the
results are shown in Figure S2(a)-(b), respectively, in the
Supporting Information. From the results, it was observed that
the H, production is found to be 1437, 2337, and 1828 pumol
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Figure 9. (A) Photocurrent response and (B) Nyquist plots for electrochemical impedance of SCN and Ni-SCN photocatalyst.

g_1 h™! for 1, 2, and 3 wt % Pt-SCN, respectively. These results
demonstrated that the Ni integration is exceptionally better
than Pt-SCN, which is mainly because of the factor that S
doping sufficiently modifies g-C;N, as to facilitate the chemical
bonding of Ni cocatalyst. Further, the recyclability of Ni-SCN
photocatalyst was also evaluated and it exhibited an enhanced
stability over four cycles (for 8 h) without any significant
decrease in its activity (Figure 8B). Further, as mentioned in
the introduction, Ni** could trap electrons for H, production,
and the conversion from Ni** to Ni’ would result in its
decreased performance. Accordingly, the stability of Ni through
the inhibition of Ni** to Ni’ conversion due to Ni—S bonding is
further verified using XPS technique by recording the Ni
spectrum of recycled Ni-SCN along with its TEM image as
shown in Figure S3(a)-(b) given in the Supporting
Information. It suggests that chemically bonded Ni-SCN
could be a promising photocatalyst for hydrogen evolution
through water splitting process.

As to further validate the observed results, the photocurrent
efficiencies and electrochemical impedance behavior of SCN
and Ni-SCN are studied and the obtained results are displayed
in Figure 9A,B, respectively. The photocurrent response of the
samples was obtained via eight on—off cycles. It is clearly seen
that the photocurrent density of Ni-SCN is increased nearly 5
times as compared to SCN, which demonstrates a significant
improvement in the separation of photogenerated charge
carriers.”” Similarly, it can be observed from the Nyquist plots
(Figure 9B) that the impedance of SCN is much higher than
Ni-SCN, which suggests there is an enhanced charge
transferring ability of Ni-SCN than that of SCN.*® This further
confirms the better charge transfer and decreased recombina-
tion possibilities in Ni-SCN, which is consistent with the
photocurrent response of the sample. These observed enhance-
ments could be attributed to the chemically bonded Ni-
cocatalyst onto SCN that largely facilitates the photocurrent
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and improves the rapid migration of generated charge carriers
to the surface.

Based on the above results, the photocatalytic efficiency of
Ni-SCN can be explained as follows, and the schematic
illustration of the mechanism is given in Figure 10A,B. The
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Figure 10. Illustration of (A) band gap formation and (B)
photocatalytic hydrogen evolution mechanism of Ni-SCN photo-
catalyst under solar light.

mechanism of the observed efficacy could be attributed to two
stages of the process: (i) enhanced charge separation and
transportation and (i) the self-catalytic behavior of chemically
bonded Ni cocatalyst. Accordingly, the former could be
attributed to the chemically bonded Ni—S induced modification
in the band structure of g-Cg,N4,25 where it forms new energy
levels underneath the conduction of band (CB) as the energy
states of S hybridized with C—N states, where it facilitates
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extended visible light absorption and rapid charge separation
and transportations as shown in Figure 10A, which is evidenced
from the XPS results, transient photocurrent response, and
impedance results. Similarly, the latter mechanism, which is the
self-catalytic behavior of the chemically bonded Nij, offers an
excellent proton reduction process as shown in Figure 10B.
Upon the irradiation, the excited electrons are trapped (as
shown in eqs 2 and 3), and they first lead to the formation of an
intermediate HNi-S by absorption-reduction of H" and then
generate H, by the subsequent reduction of H as shown in eqs
4 and 5.7 The possibility of the formation of such type of
HNi-S intermediate has been demonstrated through computa-
tional and experimental studies of hydro-treating processes.’

S:g — C;N, + hv —» ¢ (CB, S:g — C;N,)

+ h'(VB, S:ig — C;N,) 2)
Ni + ¢ (CB, S:;g — C;N,) —» ¢ (Ni) + S:ig — C;N,  (3)
Ni—S+e +H "< HNi—S (4)
HNi—-S+e +H - H,+Ni—§ (s)

Apart from these chemical-structures induced contributions,
the observed features in the physical structures such as the
reduced size and nanoholes (pores) on the surface of Ni-SCN
also facilitated a stronger interaction between the catalyst and
surrounding molecules, which could also be attributed to the
observed enhanced photocatalytic H, generation efficiency of
the chemically bonded Ni-SCN system.

Bl CONCLUSION

In summary, nickel supported S-doped g-C;N, (Ni-SCN)
nanosheets were successfully prepared through calcination of
dicyanamide followed by sulfidation process. The obtained
hydrogen production efficiency of Ni-SCN was found to be
around 72.5, 10.5, and 1.5 folds higher than that of the bare
SCN, Ni-GCN, and Pt-SCN, respectively. The apparent
quantum yield was found to be 17.2% at 420 nm. The
observed enhanced photocatalytic activity of Ni-SCN was
attributed to the extended visible light absorption, high surface
area, and the synergistic effect between the host SCN
photocatalyst and the chemically bonded nickel cocatalyst
through Ni—S—C-N chemical bonds, which enhanced the rapid
charge separation and transportation and self-catalytic behavior
of the Ni cocatalyst. From the obtained results, the chemical
bonding of cocatalyst onto the photocatalyst can be realized as
a promising strategy as compared to the other conventional
deposition strategies, which eventually has the potential to
replace the deposition of noble-metals as cocatalyst toward
enhancing the visible light driven photocatalytic hydrogen
production.
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