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Developing highly active, non-noble-metal Hz evolution co-catalysts is appealing yet still remains a great
challenge in the promising fields of visible-light-driven photocatalytic solar fuel H2 production. In this
work, high quality hexagonal NisC nanoparticles were facilely fabricated through the low-temperature
thermolysis of nickel acetylacetonate in oleylamine under a nitrogen atmosphere, which were then
coupled with g-CsN4 by the simple grinding method. The photocatalytic performances of g-C3Na/Ni3C
nanoheterojunctions were tested under visible light irradiation using triethanolamine (TEOA) as a hole
scavenger. The optimal Hz-production rate of 15.18 pmol h* over 15 wt % NisC nanoparticles decorated
g-CsN4, corresponding to an apparent quantum yield (AQY) of 0.40% at 420 nm, is approximately 116.7
times higher than that of pure g-CsNs, which is even larger than that of the 0.5 wt% Pt/g-CsN4 sample.
The well resolved density functional theory (DFT) calculation reveals that the “TOP” site of NizC(113)
with the H adsorption energy of -0.97 eV is likely the dominant reaction sites for H2 evolution, rather than
the Hollow and Bridge sites. It was also demonstrated by the polarization curves that the NizC
nanoparticles could act as multi-funcational eletcrocatalysts for improve the kinetics for water oxidation,
the oxidation of TEOA, and hydrogen evolution in both acidic and basic media. Therefore, the loading of
multi-funcational Ni3C cocatalyst nanoparticles onto g-CsN4 can fundamentally promote the rapid
transportation/separation of charge carriers, enhance oxidation kinetics of TEOA, and decrease the
overpotential of Hz-evolution, thus favoring the significantly enhanced photocatalytic activity. It is highly
expected that this work will provide new ideas to develop robust metal carbides as noble-metal-free

cocatalysts for high-efficiency and low-cost g-C3Na-based photocatalytic water splitting.

1. Introduction

To address the serious environmental pollution and the
increasingly intense energy crisis, hydrogen, as a renewable
energy resource, has attracted wide international attention.! 2
Since Fujishima and Honda first demonstrated the concept of
splitting 1972,
semiconductor photocatalysts, such as oxides, 3 nitrides,®

photoelectrochemical ~ water in various
oxynitrides,” sulfides,®!? carbides!® and their composites, have
been developed and applied in the photocatalytic hydrogen
production during the past 40 years.'* Particularly, in 2009,
Wang’s group first reported the photocatlytic H2 evolution over
the metal-free graphic carbon nitride (g-CsN4), a fascinating
polymer semiconductor.'> Since then, the g-C3N4 has become a
shining star semiconductor and attracted tremendous attention in
photocatalysis, due to its easy fabrication, high chemical and
thermal stability, excellent absorption properties, low cost,
environmental harmlessness, a suitable band gap and position.'®
18 However, several grand challenges, such as insufficient surface
area and active sites, moderate oxidation ability, sluggish surface

reaction kinetics and the rapid recombination of the electron-hole
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pairs, significantly lead to the low quantum efficiency of g-
C3N4.'%17 Consequently, over the past eight years, a great deal of
effort has been made to improve the photocatalytic performance
of g-C3Ns by various modification approaches,'® such as
19-22 improving

fabricating micro-/nano-structures,

element doping/copolymer,?
30-33

crystalline/defect engineering,? 24

29

constructing heterojunctions/Z-Scheme, coupling with

nanocarbons,>*3¢ dye sensitization,’” loading cocatalysts***? and
their combinations®.

Among them, one of the most effective strategies is the
loading of Hz-evolution cocatalysts over g-CsN4, which could
improve both the Ha-evolution kinetics and the separation of
charges. Commonly, the noble metals, such as Pt, Ag and Au,
have been extensively demonstrated to be the excellent
cocatalysts for significantly improving the Hz evolution over g-
C3N4. However, the high cost of these noble metals, seriously
restrict their commercial development and application for the g-
C3Na-based photocatalytic H2 evolution. Therefore, to achieve the
robust photocatalytic H2 generation, various noble metal-free H»-
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evolution electrocatalysts (e.g., Ni,* 4> Ni2Ps,* NioP,*7 CoPy,*®
4 CusP, Ni(OH)x,** 3% 51 NiSy,323* CoSx,> MoSx,> 57 WS2%® and
NiOx*°) have been used as cocatalysts to enhance the charge-
carrier separation and the Hz-evolution kinetics on the surface of
g-C3N4. Compared with the most widely used earth-abundant
transition metals, sulfides and oxides, the nonprecious mono- and
bimetallic carbides with high electronic conductivity, coverage-
induced weak hydrogen adsorption and hydrophilic nature,
including WC,%%%2 TizC2 MXene® and Mo2C% 9, have been
relatively seldom applied as the cocatalysts for photocatalytic Ha
evolution, despite these low-cost metal carbides®®®® and their
hybrids with nanocabons®®’! have been employed as promising
electrocatalysts for scalable electrocatalytic H2 production. The
complicated synthetic procedures of these metal carbide
nanomaterials might be the possible main reasons limiting their
wide applications as cocatalysts for enhancing the photocatalytic
Ha evolution over various semiconductors.

Notably, among the metal carbides, the cost effective nickel
carbides have also been demonstrated experimentally to be the
excellent Hz2-evolution electrocatalysts.”>7* For instance, Yang et
al. reported that high-index faceted dendritic NiCo2 nanosheets
have been found to be high performance bifunctional
electrocatalysts for both the HER and OER in basic media.”*
Recently, Fan et al. fabricated Ni3C nanocrystals encased in
graphene nanoribbons,”® and found that the resulting hybrids
exhibit excellent electrocatalytic activity for the HER in acidic
media and ORR in alkaline electrolytes. Similarly, it was also
demonstrated that the Ni3C nanoparticles embedded in a porous
carbon network exhibited superior catalytic activity for
electrocatalytic H production in acidic media.”? Clearly, the NizC
and Ni3C/C hybrids could be utilized as superior electrocatalysts
for the HER in both acidic and basic media, as well as for OER
and ORR in alkaline electrolytes. More importantly, it was
recently found that the high quality Ni3C nanoparticles could be
readily fabricated through the low-temperature thermolysis of a
nickel precursor (i.e., nickel acetylacetonate) in the presence of
organic surfactants (i.e., oleylamine) under inert atmosphere,””’
which offered a large number of new opportunities for their
magnetic and catalytic applications. However, to the best of our
knowledge, there is no report on exploring metallic NizC as a co-
catalyst for improving photocatalytic Ha-evolution activity over
g-C3N4. Thus, these considerations have strongly motivated us to
thoroughly investigate the multi-functional roles of Ni3C
cocatalysts over g-C3Ns in improving the photocatalytic Ha
evolution and deeply reveal their Ha-evolution mechanism.

Herein, we present the first study on the application of
nickel carbide as an earth-abundant cocatalyst to significantly
improve the photocatalytic H2 evolution over g-C3Na. The high
quality NisC nanoparticles were first fabricated through the low-
temperature thermolysis of nickel acetylacetonate in oleylamine
under anitrogen atmosphere. Then, the novel Ni3C/g-C3N4
nanoheterojunctions were successfully synthesized by the simple
grinding method. The fabrication process of the NizC/g-C3N4
Their photocatalytic
ss performance was tested under visible light irradiation using

composites is shown in Scheme 1.

TEOA as a hole scavenger. The maximum Ha-production rate of

S

a

15.18 pmol h, corresponding to an apparent quantum yield
(AQY) of 0.40% at 420 nm, is achieved by loading 15 wt% NizC
nanoparticles on g-C3N4, which is about 116.7 times higher than
that of pure g-C3Ns. The results also show that NizC is better in
enhancing the Hz-evolution rate than the famous noble Pt
cocatalysts. The excellent catalytic activity of NizC/g-C3Na for
both HER and OER has been investigated by the polarization
curves. It is expected that this work will provide new ideas to
exploit metal carbides as noble-metal-free cocatalysts for high-
efficiency and low-cost g-C3;Ns-based photocatalytic water
splitting.

plcination
\
urea calcination / &)
550°C 2h KOS

Scheme 1. Schematic illustration for the formation of NizC/g-
C3Na photocatalysts.

2. Experimental section
2.1. Preparation of photocatalysts
2.1.1 Synthesis of g-C3N4 nanosheets
The pure g-C3Na photocatalyst was prepared by directly
heating urea without any additives. In a typical synthesis, 8 g of
urea was put in a crucible with a cover, and then it was heated at
550 °C for 2 h in a muffle furnace at a heating rate of 4 ° C min"'.
2.1.2 Synthesis of NizC nanoparticles
300 mg of nickel acetate anhydrous and 10 ml of oleylamine

were put in a three-neck round-bottom flask and then stirred
magnetically under a continuous flow of nitrogen. The mixture
was heated and maintained at 250 °C for 2 h. The sample is then
cooled down to room temperature. 50 mL of acetone was put in
three necks round bottom flask and the Ni3C nanoparticles were
precipitated by centrifugation.
2.1.3 Synthesis of Ni3C/g-C3N4

In a typical synthesis procedure, g-C3N4 and NizC nanopowder
were ground together in an agate for 2 h and then the as-prepared
powder was calcined at 200 °C under nitrogen flow for 1 h in a
tubular furnace. The weight ratios of NizC (5 wt%, 10 wt%, 15
wt% and 20 wt%) in the binary Ni3C/g-C3Ns composite
photocatalysts were designated as CNi5, CNil0, CNil5 and
CNi20, respectively.
2.2. Characterization

The X-ray (XRD) patterns were recorded on a MSAL-XD2
diffractometer with Cu Ko radiation. X-ray photoelectron
measured with a VG
ESCALAB250 surface analysis system. The transmission

spectroscopy (XPS) data were

electron microscopy (TEM) images were recorded using a JEOL
JEM-2010 electron microscope. The photoluminescence (PL)
spectra were recorded using a TSC Solutions F96PRO with an
excitation wavelength of 385 nm. The UV—Vis diffuse reflection
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spectra (UV-Vis DRS) were performed with a VARIAN Cary-
5000 UV—vis—NIR spectrophotometer. Fourier transform infrared
(FTIR) spectra were recorded on a Bruker VERTEX 70 FTIR
apparatus. Raman spectra were recorded at room temperature
using a Renishaw InVia micro-Raman spectrometer with laser
excitation at 785 nm. The Brunauer—-Emmett-Teller (BET)
method was used to determine the specific surface area. The pore-
size distributions were derived from the desorption branches of
the the (BJH)
method.The time-resolved decay curves of the as-fabricated

isotherms  using Barrett—Joyner—Halenda
samples were recorded with a FLS920 fluorescence lifetime
spectrophotometer (Edinburgh Instruments, UK) under the
excitation of a hydrogen flash lamp with the wavelength at 325
nm (nF900;Edinburgh Instruments).

2.3. Photocatalytic reaction procedures

Photocatalytic water splitting took place in 100 mL three-neck
flask. A Xe arc lamp (350 W) with a UV cutoff filter (> 420 nm)
was utilized as light source. In a typical experiment, 0.05 g of the
catalyst powder was dispersed in the above reactor containing a
12 mL

tricthanolamine (TEOA) under ultrasound for 30 min. Before

mixed solution of 68 mL distilled water and
photocatalytic experiments, the above reactor was bubbled with
N2 for 30 min in order to ensure that the reaction system is under
anaerobic conditions. 0.4 mL evolved gases was analyzed by a
gas chromatograph (GC-7900, TCD, with Ar as carrier gas) after
1 h of illumination.
2.4 Photoelectrochemical measurement experiments

The working electrodes: 10 mg photocatalyst powder was
dispersed in 4 mL ethanol containing 40 puL 0.25% Nafion
solution under ultrasound for 1 h. Then, 0.5 mL of the solution
dropped homogeneously on a 3 cm x 6 cm FTO glass. The as-
prepared electrodes were calcined at 150 °C for 1 h (N2 carrier
gas). Transient photocurrent experiments and electrochemical
spectra  (EIS) IM6e
electrochemical workstation (Zahner Elektrik, Germany) in a

impedance were measured with
standard three-electrode system using Ag/AgCl (saturated KCl)
as a reference electrode, the as-prepared electrodes as the
working electrodes, and a Pt plate as the counter electrode. A Xe
arc lamp (350 W) with a UV-cutoff filter (» > 420 nm) was
utilized as the light source. NaxSOj4 (0.1 mol/L) aqueous solution
was utilized as the electrolyte.The bias for the photocurrent tests
was 0.05 V.

2.5 Electrocatalytic hydrogen evolution.

The electrocatalytic hydrogen evolution was performed with a
three-electrode cell. Linear sweep voltammetry with a 5 mV/s
scan rate was performed in a 0.5 M H2SOs4 electrolyte solution
using Ag/AgCl (saturated KCl) as a reference electrode and a Pt
plate as the counter electrode. The working electrodes were
fabricated as follows: 6 mg of photocatalyst power was
ultrasonically dispersed in 2 mL of deionized water (for >2 h),
then 3 solution dropped
homogeneously on a glassy carbon electrode. After drying, 3 v L

and pL of the as-prepared
of 0.5% Nafion solution (contain 10 vol % ethanol) was then
deposited on top of the catalyst layer.
2.6 Computational Methods

The CASTEP module of the Materials Studio software
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(Accelrys Inc.) was employed for the quantum chemistry
calculations. During the calculations, self-consistent periodic
DFT was adopted to explore the electronic structure and catalytic
activities on the facets. lonic cores were represented by an
Perdew-Burke-Ernzerhof (PBE)
selected as the Generalized Gradient

ultrasoft  pseudopotential.
approximation was
Approximation (GGA) method to calculate the exchange-
Broyden-Fletcher-Goldfarb-Shanno

(BFGS) scheme was selected as the minimization algorithm.

correlation energy. The
DFT-D correction was used for dispersion corrections. The
energy cutoff is 380 eV and the SCF tolerance is 1.0x10-6
eV/atom. The optimization is completed when the energy,
maximum force, maximum stress and maximum displacement are
smaller than 5.0x10-6 eV/atom, 0.01 eV/A, 0.02 GPa and
5.0x10-4 A, respectively . The Gamma point only were set as k-
points samplings during the calculations because there are no
significant change in the calculated energies for larger k-point
mesh such as 2x2x1, 3x3x1. Furthermore, at least four Ni layers
were selected for reduce dispersive error. The (113) surfaces with
C-terminations was built from the optimized Ni3C (space group
167, a=b=4.553 A, c=12.920 A) with a vacuum region of 15 A.

3 Results and discussion

3.1 The structures and compositions of photocatalysts

X-ray diffraction (XRD) measurements were used to confirm
the phase structures of the as-prepared photocatalysts. Figure 2
shows the XRD patterns of g-C3Ns, Ni3C, CNi5, CNil0, CNil5
and CNi20, respectively. It can be seen from Figure 1A that g-
C3N4 exhibited two main characteristic diffraction peaks at 27.5°
and 13.1°, which is correspondent with the hexagonal phase of
polymeric g-C3N4 (JCPDS #87-1526). The strong peak of g-C3N4
at around 27.5° can be indexed as (002) diffraction planes of g-
C3N4, which reflect the interlayer stacking of the aromatic
system. The weak peak of g-C3N4 at around 13.1° can be indexed
as (110) diffraction planes of g-C3N4, which reflect the in-planar-
s-triazine structural packing motif composed of the tris-s-triazine
units (ca. 0.73 nm). For the pure Ni3C (Figure 1B), six main
peaks centered at 39.5°, 41.9°, 44.9°, 58.6°, 71.2° and 78.2° can
be observed, respectively, corresponding to the (110), (006),
(113), (116), (300) and (119) diffraction peaks of hexagonal NizC
(JCPDS PDF #06-0697).7> Notably, with increasing the loading
amount of NisC in the binary NizC/g-C3N4 samples, the intensity
in the diffraction (110), (006), (113) peak of NisC slightly
increases, while the relative diffraction peak intensity of g-C3Ns
decreases, further confirming that the crystallinity of g-C3N4 in its
crystal structure is markedly inhibited by the loading of NisC on
its surface. Figure 1C shows the Raman spectra of NizC, g-C3N4
and CNil5. The peaks at 726 and 995 cm’! are associated with the
breathing modes of triazine rings. Notably, their Raman intensity
of CNil5 is smaller than that of bare g-CsN4, which may
originate from a charge transfer occurring between Ni3C and g-
C3N4. In addition, the peaks at 598, 1113 and 1565 cm™ of CNil5
are correspondent with the Raman characteristic peaks of NisC.
All above results demonstrate that the NisC nanoparticles are
successfully loaded on the surface of g-CsNs, instead of the
lattice doping of Ni3C into g-CsN4. The FTIR spectra of CNil5

This journal is © The Royal Society of Chemistry [year]
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and g-C3N; in the range of 500 to 3500 cm™! were recorded, as
shown in Figure 1D. It could be observed that the peaks at 1245,
1320, 1403 and 1452 cm™! could be related to the aromatic C-N
stretching, while the peaks at 1572 and 1639 c¢cm! may be
s assigned to the presence of C=N bonds. In addition, the peak
appeared at 808 cm’' originating from condensed CN

heterocycles is observed. The broad peak at 3166 cm’!
corresponds to the stretching vibration modes of the -NH and the
adsorbed H20 molecules. The results suggest that the intensity of

10 g-C3Na gradually decreased with the increase of NizC, but the
crystalline of g-C3N4 is unchanged.
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Figure 1. (A)The power XRD patterns of g-CsN4, CNi5, CNi10,CNi15 and CNi20, (B) The power XRD patterns of NisC. (C) Raman
spectra of NisC, CNil5 and g-C3Na. (D) The FTIR spectra of CNil5 and g-C3Na.
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Figure 2. N2 adsorption—desorption isotherms at 77 K and the

corresponding pore size distribution curves (inset) of CNil5 and
g-C3N4

20  Figure 2 displays the N2 adsorption—desorption isotherms of
the CNil5 and g-C3N4 samples and the corresponding pore size
distributions. As shown in Figure 2, these two adsorption—
desorption isotherms exhibit typical type III profiles with distinct
hysteresis loops of Type H3 according to the International Union

25 of Pure and Applied Chemistry (IUPAC) classification, indicating
the predominant character of these two
photocatalysts. In addition, the pore size distributions of the
CNil5 and g-C3N4 samples (inset in Figure 2) display a wide
range of pore diameter from 3 to 180 nm, suggesting the

30 existence of macropores and mesopores. As shown in Table 1,1
the obtained BET specific surface area, average pore diameter,
and pore volume of g-C3Ns are 80.62 m? g™!, 34.31 nm, and
0.8007 cm® g”!, whereas those of CNil5 are 53.85 m? g1, 28.21

mesoporous
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nm, and 0.4754 c¢cm® g7!, respectively. It can be seen that the

significantly decrease in surface area, pore size, and cumulative

pore volume of CNil5 might be attributed to Ni3C nanoparticles

embedded in the pores. The results suggest that the surface area
s should not be the determining factor for improving the over

photocatalytic H> evolution.

Table 1. Pore structure parameters of the CNil5 and g-C3N4

samples.
Samples SeeT(m?/g) Mean pore Pore volume
diameter (nm) (cm?g™)
g2-C3Ns 80.62 34.31 0.8007
CNil5 53.85 28.21 0.4754

Figure 3. TEM images(A-C), HRTEM image of CNil5(D) and
the corresponding EDX elemental mapping of CNil5(E-H) at the

region shown in (E).
15
The morphology and nanostructures of CNil5 were observed
by TEM and HRTEM measurements, as shown in Figure 3. The
TEM images of CNil5 are displayed in Figure 3A-C, confirming
that the g-C3Ns sample exhibits a 2D nanosheet morphology.
20 Meanwhile, it can be clearly observed that some Ni3C
nanoparticles with diameters about 10-30 nm are uniformly

distributed on the surface of g-CsN4, indicating the successful

@
S

fabrication of g-CsN4/NisC nanoheterojunctions. The high
resolution TEM (HRTEM) images of CNil5 are shown in Figure
2D. Clearly, the obvious interplanard spacings of 0.206 nm could
be observed, which is ascribed to the (113) crystallographic plane
of hexagonal Ni3C nanoparticles.”® Moreover, the TEM and
HRTEM results clearly reveal the intimate interface contacts
between NisC and g-CsN4, which is advantageous for promoting
the charge transfer and increasing the active sites of catalyst, thus
improving the photocatalytic activity. As shown in Figure 3E-H,
the composition of surface layer is observed by the energy-
dispersive X-ray spectroscopy (EDX). The EDX elemental
mapping images of the CNil5 sample further demonstrate the
existence of Ni, C and N elements in the CNil5 sample, which
also suggest that the Ni3C nanoparticles are uniformly loaded on
the surface of g-C3N4. The above results confirm the successful
formation of Ni3C/g-C3N4 binary nanoheterojunctions.

X-ray photoelectron spectroscopy (XPS) was performed to
investigate the surface chemistry and binding status of the CNil5
composites. The bonding configuration and chemical composition
of the CNil5 composites are further measured by XPS. Figure 4A
shows the XPS survey spectrum of the CNil5 composites, which
indicates the existence of Ni, C and N in CNil5 composites, in
good agreement with the above EDX elemental mapping and
the
symmetric peaks at 855.9 and 861.8 eV in the Ni 2p spectrum

XRD measurement. It can be seen from Figure 4B that

associated with Ni 2p3/2 and its satellite peak states of Ni atoms in
NisC, respectively, which is in keeping with the reported values
of Ni3C.” It can be seen from Figure 4C that two peaks at around
288.1 and 284.8eV in the C 1s spectra are ascribed to sp>-bond
carbon groups (N-C=N) in the s-triazine rings and the sp>-bond
carbon groups (C—C) of graphitic carbon, respectively.’® 8! The
peak of N 1s spectra in Figure 4D could be divided into four
peaks with the binding energies of 404.6, 401.2, 399.6 and 398.6
€V.2* 32 The main N 1s peak at 398.6 eV is ascribed to the sp*
hybridized aromatic nitrogen groups bonded with two carbon
atoms (C-N=C), demonstrating the existence of graphite-like g-
C3Na. In addition, the peak at 399.6 eV is related to tertiary
nitrogen (N—(C)3). Furthermore, the peak at 401.2 eV is assigned
to the sp*-hybridized terminal amino functional groups (C—N-H).
The last one at 404.6 eV originates from the m-excitation.?* All
these results fully prove that the Ni3C nanoparticles are coupled

with the surface of g-C3Na.

This journal is © The Royal Society of Chemistry [year]
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Figure 5. UV-vis absorption spectra (A) and Tauc plots of the UV-vis spectra (B) of the as-prepared photocatalysts.

5 3.2The optical properties of photocatalysts

The optical properties of the photocatalysts are investigated
by UV-Vis diffuse reflection spectra (UV—Vis DRS). The UV—vis

proportionality constant, band energy, Planck’ s constant,

diffuse reflectance spectroscopy of photocatalysts is shown in bee

Figure 5A. All composite photocatalysts show the absorption
10 edges at around 460 nm, which is in keeping with the intrinsic
band gap of g-CsN4. The Ni3C nanoparticles are loaded on the

surface of g-C3Na, with no obvious red-shift of the absorption the
edge of g-C3N4 observed, indicating that Ni3C is not incorporated the

into the lattice of g-C3Na. In addition, the band gap (Eg) of the g-
15 C3Ns  semiconductor can be calculated from the following

equation:
a = A(hv—Eg)"*/hv

where a, A, Eg, h and v are the absorption coefficient,

30 A

20 frequency of the incident light, respectively, and »n is 1 for the
direct transition. Therefore, the bandgap energy of g-C3Na has

n calculated by the intercept of the tangents on horizontal axis

in the corresponding Tauc plots of the (ahv)’” versus photon
energy (hv) in Figure 5B, which shows the Eg value of 2.65 eV.
25 Notably, the introduction of Ni3C cocatalysts has no influence on

value of Eg;. However, the visible-light absorption intensity of
Ni3C/g-C3Ns composites obviously increases compared with

that of the pure g-C3Ns4, which is in keeping with the color
changes of the composites, implying the evidently increased

ount of photogenerated electron-hole pairs in the CNil5

photocatalyst, which can therefore greatly improve the

photocatalytic  activity —of the composite  samples.
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Figure 6. (A) Time courses of photocatalytic Hz evolution: (a) g-CsNas, (b) CNi5, (c) CNil5, (d) CNil0, () CNi20 and (f)0.5 wt% Pt/g-
C3Na. (B) The average rate of Hz-evolution of NisC/g-CsN4 composites, g-C3aNa and 0.5 wt% Pt/g-CsNas. (C) Wavelength dependence of

the apparent quantum efficiencies for the CNil5 sample. (D) Cycling tests of photocatalytic H2-production over CNi15.

3.3 The activities and stabilities of photocatalysts

The photocatalytic H2 production of NisC/g-CsN4 composite
photocatalyst was further measured under visible light irradiation
(A > 400nm). From Figure 6A it appears that the Hz-evolution
amount of pure g-C3N4 is quite lower than that of g-CsN4 without
loading the NisC cocatalyst, indicating that the absence of
effective active sites could led to the fast recombination of charge
carriers. The total hydrogen production amounts of all
photocatalysts increase linearly along with increase of time,
which indicate that all of the catalysts exhibit the stable
photocatalytic activity.’®> Meanwhile, the average photocatalytic
Hz-production rate of CNi5, CNi10, CNil5, CNi20 and 0.5 wt%
Pt/g-C3N4 under visible light irradiation are shown in Figure 6B.
As observed in Figure 6B, the average Hz-production rates are
measured to be 0.13, 5.13, 10.05, 15.18, 9.81 and 13.78 pymol h!
for g-CsNa, CNi5, CNi10, CNi15, CNi20 and 0.5 wt% Pt/g-CsNa,
respectively. Clearly, the highest Hz-production rate of 15.18
pumol ht is achieved by loading 15% NisC nanoparticles on g-
C3N4, which is approximately 116.7 times higher than that of pure
g-CsNa. The excess of the NisC nanoparticles can lead to the
obviously decreased H2-production rate, which can be ascribed
to the inevitable mask effects. In addition, the Hz-evolution
activity of CNil5 is also larger than that of 0.5 wt% Pt/g-C3sN4
sample, further indicating that NisC is a better cocatalyst than the
famous noble Pt in enhancing the Hz-evolution rate over g-C3Na.
The Hz generation activity for CNil5 seems to be much higher

than those of our previous works, such 15 wt% WC/g-C3N4 (7.31
pmolh )%, 1.0 wt% Ni(OH)2/g-C3Ns (3.6 umol h™)5!, 1.0
wt%NiS/g-C3Na (9.25 pmolh™)52, wt 0.5%Ni/g-C3Na (5.6 pmolh-
35 1)%2 and 2.0 wt% Ni2Ps/g-C3Na (6.33 umol h™)*, conducted
under the same conditions, indicating that the Ni3C nanoparticles
are promising cocatalysts for photocatlytic H> evolution over g-
C3Na.
To further investigate the activity of NisC/g-CsN4, the
40 wavelength-dependent apparent quantum yields (AQYs) of the
CNil5 sample were measured by using various band-pass filters
under different monochromatic light irradiation. The apparent
quantum yields (AQYs) are displayed in Figure 6C. It can be seen
that the AQY values of CNi15 are 0.48, 0.40, 0.17, 0.12 and 0.10%
a5 at 405, 420, 475, 520 and 550 nm, respectively. Additionally, the
AQY decreases with an increase in the incident light wavelength,
and suggests a closely coincident relationship with the UV-vis
diffuse reflectance spectra (DRS) of pure g-CsNa. This result
fully confirms that the Hz evolution reaction is fundamentally
so achieved by the light absorption of g-CaNas, in which the NisC
nanoparticles only serve as a cocatalyst and electron transfer
mediator to suppress the electron—hole recombination rate and
boost the Hz-evolution activity.
Apart from the high Hz-evolution performance, the recycling
ss performance and durability of a photocatalyst is another
important factor influencing the practical and scalable application.
To measure the stability of the CNil5 samples, the four

This journal is © The Royal Society of Chemistry [year]
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consecutive photocatalytic reactions over CNil5 were carried out
under the same conditions. Figure 6C shows the recycling tests of
CNi15 samples under visible-light irradiation for 12 hours. After
four repeat reaction cycles, the activity loss (almost 23%) of the
s original photocatalytic Hz-production activity could be detected
for the CNil5 composite, which is caused by the slow fall-off of
the NisC cocatalyst from g-CsNa, suggesting that the composite

photocatalyst cannot be easily photocorroded and the relatively
stable photocatalytic activity during the photocatalytic Ho-
10 production process.

3.4. The charge-separation performances
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15 Figure 7 (A) Steady-state photoluminescence spectra of g-C3N4 and the composite photocatalysts. (B) Transient photocurrent responses

of and CNil5 photocatalyst and g-C3Na. (C) Nyquist plots of CNi
prepared photocatalysts.

The charge separation of composite photocatalysts had been
20 investigated by the room-temperature steady-state photo
luminance(PL) spectra analysis. It is universally acknowledged
that the PL technique is used to reveal the separation and
migration processes of the photogenerated charge carriers.’* PL
spectra of g-C3Ns, CNi5, CNil0, CNil5 and CNi20 were shown
25 in Figure 7A. It is observed that g-CsN4, CNi5, CNil0, CNil5
and CNi20 show a similar broad emission peak located at around
460 nm, corresponding to the band—band PL phenomenon of g-
C3N4 under the incident light approximately equal to its band gap
energy. The intensity of the composite photocatalysts are much
30 lower than that of pure g-C3Ns4, which is favorable for the
separation of photoexcited charge carriers, further suggesting that
efficient separation of photoexcited charge carriers is beneficial to
increasing the photoactivities and quantum yield.
The electrochemical impedance spectra (EIS) were used to
ss confirm the charge transfer resistance of the Ni3C/g-C3Na

15 photocatalyst and g-C3Na. (D) The IPCE measurements of the as-

composites. Obviously, it is observed from Figure 7B that the arc
radius in the Nyquist plot of the CNil5 photocatalyst is much
smaller compared with that of g-C3Ns, which indicates that
photoexcited charge carriers are slowly recombined and
a0 effectively separated. Therefore, it is clear that NisC plays
important role in accelerating charge transportion and separation,
which can significantly improve photocatalytic Ha-production
activity. As indicated in Figure 7C, the photocurrent density of
the CNilS photocatalyst is markedly stronger under the same
45 condition than that of pure g-C3N4, in accord with the PL spectra,
which is caused by the fact that photogenerated electrons are
transferred from the conduction band of g-C3Na to NisC
nanoparticles. From the above results, it is demonstrated that
CNil5 as cocatalysts could enhance charge mobility and suppress
so the recombination of photogenerated carriers, thus favoring the
improved photocatalytic H2 evolution activity.
In addition, an incident photon-to-current conversion efficiency
(IPCE) of a given photocatalyst is generally employed to further

8 | Journal Name, [year], [vol], 00-00
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reveal the charge separation and utilization during the The separation of photo-generated charge carriers is confirmed
photocatalysis. Fig. 7D shows the comparison of IPCE spectra of by the fluorescence lifetime measurements, as displayed in Figure
CNil5 and g-C3Na. Notably, the IPCE value of CNil5 is much 8. The intensity-average lifetimes was calculated by the following
higher than that of g-C3Na, especially in the range of 350-550 nm. 15 equation: (t) = ( Aiti>+ Ait1?) / ( Aiti+ Aiti). The results display
s In addition, CNil5 shows a maximum efficiency of 65.8 %, while that the value of g-C3N4nanosheet, g-C3N4/0.5%Pt and CNil5 are
g-C3N4 possesses a maximum [PCE value of 26.2% at 380 nm. In 12.8756, 5.5446 and 3.2603 ns, respectively, which are in good
addition, The IPCE values of CNil5 decrease with increasing the agreement with the Hz-evolution activity. The above results show
incident light wavelength in the range of 380-500 nm, in that the introduction of NisC NPs can enhance the average
agreement with the wavelength-dependent AQY, clearly 2o fluorescence lifetime, which is beneficial for retarding the carrier

10 indicating the excellent dependence relationship between the Ha recombination.
evolution and incident light wavelength. 3.5 Discussion of mechanism
1200
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Figure 8. Time-resolved transient PL decay of CNil5, g-C3N4,/0.5%Pt and g-C3Na.
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a mixed solution of 15% (v/v) TEOA and 0.1 M NaxSOa.

To deeply analyze the underlying photocatalytic Hz-evolution
mechanism, the Hz evolution reaction (HER) and the O:
evolution reaction (OER) polarization curves of different samples
were also performed. Figure 9A shows the HER polarization
curves of NisC, g-C3N4 and CNil5 composite photocatalysts,
which could be employed to study the effects of the NisC
cocatalyst nnaoparticles on the Hz-evolution kinetics over g-
C3N4. The cathodic current ranging from —0.3 to —1.8V vs
Ag/AgCl is dominantly attributed to the electrocatalytic Ha
evolution. Obviously, the pure NizC nanoparticles exhibit much
lower electrocatalytic Hz-evolution overpotentials compared with
CNil5 and g-CsN4, which indicates that NisC as a cocatalyst
plays an important role in increasing active sites and decreasing
the onset potential, thereby improving the kinetics for Ha
evolution.

The OER polarization curves for CNil5, NizC and C3N4 in 0.1
M NaOH solution are shown in Figure 9B, which provide
information as to catalytic activity of water oxidation. The OER
current density of CNil5, NisC and C3Ns at 1.8 V was 0.194,
0.998 and 0.111 mA cm?, respectively. Obviously, NisC
photoanode presents more excellent OER activity than the other
two photoanodes, thereby reducing the interface barrier of

carriers such as photogenerated holes migration. Compared with
the pure g-C3N4 photoanode, CNil5 photoanode shows a much
lower anodic current density under the same conditions,
% indicating that NisC can reduce the over potential of water
oxidation. The Ni3C/g-C3N4 is a potential electrocatalyst for
overall water splitting.
To further prove the practical feasibility of NizC/g-C3N4
catalysts with high efficiency for both HER and the oxidation of
3s TEOA, the polarization curves are carried out in mixed solution
of 0.1 M NazSOs and 10% (v/v) TEOA. Figure 9C shows the
HER polarization curves of NisC, CNil15 and g-CsN4. Compared
with that of g-C3N4, the onset potential of the CNil5 is
significantly lowered, proving that NisC NPs could serve as the
a0 remarkable Hz-evolution active sites with the decreased onset
potential. The TEOA-oxidation performance of NisC, CNil5 and
g-CsN4 are shown in Figure 9D. At a potential of 1.2 V, the
TEOA-oxidation current of NisC, CNil5 and g-C3sN4 are 3.1, 2.4
and 2.0 mA cm, respectively. It can be seen clearly that NisC
45 exhibits the lower onset potential for the oxidation of TEOA than
the CNil5 and g-CsNa. These results further confirm the excellent
catalytic activitie of NizC/g-C3N4 for both HER and the oxidation
of TEOA.
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To further reveal the Hz-evolution activity of NisC cocatalysts,

the well resolved density functional theory (DFT) calculation was
performed. A schematic representation of the local structures of
the (113) surface model of NisC is shown in Figure 10a. Usually,
the surface H adsorption energy at different locations of
cocatalysts is employed as one basic factor to depict the He-
evolution reaction activities. For the “TOP” (Figure 10b),
“Hollow” (Figure 10c), and “Bridge” (Figure 10d) sites of
NisC(113), the H adsorption energies are -0.97, -0.54 and -0.27
eV, respectively. According to the calculated adsorption energy,
one can see that the “TOP” site is more active than “Hollow” and
“Bridge” sites, implying that the “TOP” site of NisC(113) is
likely the dominant reaction sites for Hz evolution. Moreover, the
work function of NisC(113) is calculated to be about 4.85 eV,
which is much higher than the work fucntion of g-CsNas 4.31
eV.8 Considering to the standard hydrogen electrode energy is
4.5 eV, one can see that the photo-generated electrons could be
readily injected into NisC(113) and then achieve the efficient
Fermi-level upshifting and finally drive the Hz evolution
reactions over NisC(113) similar to electrocatalysis.?* The
calculation results further confirm the aforementioned
experimental enhancement in the photocatalytic H2 evolution
over Ni3C/g-C3sN4 photocatalyst under visible-light irradiation.
Based on these above results, the photo-induced charge
transfer mechanism of NisC/g-CsN4 photocatalyst under visible-
light irradiation is proposed, as shown in Scheme 2. It is proposed
that NisC nanoparticles could mainly act as cocatalysts to
significantly improve the photocatalytic Hz-evolution over g-
CsNa. Clearly, under visible-light irradiation, g-C3Na is readily
excited to generate the effective photo-generated electron-hole
pairs due to its suitable band gap of 2.7 eV. Owing to suitable
Fermi level and high electrical conductivity of NisC, the photo-
generated electrons are readily transferred from the conduction
band of g-CsNs to the NisC nanoparticles, thus achieving that the

photocatalytic Hz-evolution activity of g-CsNs is enhanced by
increasing the active sites of NisC cocatalysts. The holes on the
40 VB of g-C3N4 could also migrate to partial NisC cocatalysts, lead
to the enhanced oxidation of “TEOA” at the same time under
visible light irradiation. Therefore, the loading of multi-functional
NisC cocatalysts onto g-CsN4 can promote the steady charge-
carrier separation and decrease the overpotentials of Hz evolution
ssand TEOA oxidation, thus enhancing the photocatalytic Ho-
evolution activity of g-CsN4. At this point, constructing the

85. 86 or the

ultrafine/ultrasmall Ni3C nanoparticles/quantum dots
ultrathin Ni3C nanosheets should be a promising strategy to
further boost the their cocatalyst functions for achieving the much
s0 higher photocatalytic Ha evolution activity, which should be paid

more attention in the future studies.

f - g-C3Ny

Potentia!
v vsglE, pH=7
8

TEOA
Q TEOA*

' L

L

—+ -
Scheme 2. Schematic illustration of the photo-induced charge
separation process in the NisC/g-CsN4 composite photocatalysts.

ss 4 Conclusions

In summary, the novel Ni3C/g-C3N4 nanoheterojunctions were

successfully synthesized through simply loading the high quality
hexagonal Ni3C nanoparticles onto g-C3Nas. The multi-function
roles of Ni3C cocatalyst nanoparticles, including the improved

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 11


https://www.sciencedirect.com/science/article/pii/S1385894716318587#f0035
https://www.sciencedirect.com/science/article/pii/S1385894716318587#f0035
https://www.sciencedirect.com/science/article/pii/S1385894716318587#f0035
https://www.sciencedirect.com/science/article/pii/S1385894716318587#f0035

o

n
S

30

35

40

45

50

55

Journal of Materials Chemistry A

electrocatalytic activity for HER, OER and oxidation of TEOA,
have been thoroughly investigated by the polarization
measurements. The maximum Hz-production rate of 15.18 pmol
h-1, corresponding to an apparent quantum yield (AQY) of 0.40%
at 420 nm, is achieved by loading 15% NisC nanoparticles on g-
C3Ns under visible light irradiation using TEOA as a hole
scavenger. The results demonstrated that is also larger than that of
0.5 wt% Pt/g-CsNa sample. The results show that NisC
nanoparticles are the promising cocatalysts for photocatalytic Hz
evolution over g-CsN4, which are even better than the famous
noble Pt cocatalysts. The well resolved density functional theory
(DFT) calculation reveals that the “TOP” site of NizC(113) with
the H adsorption energy of -0.97 eV is likely the dominant
reaction sites for H2 evolution, rather than the Hollow and Bridge
sites. Therefore, the loading of multi-functional NizC cocatalysts
onto g-C3N4 can not only promote the charge-carrier separation,
but also can simultaneously act as electron- and hole- cocatalysts
to improve the kinetics for H2 generation and oxidation of TEOA
thus
photocatalytic activity. It is highly expected that this work will

and water, fundamentally favoring the enhanced
provide new ideas to fabricate noble-metal-free cocatalyst
modified g-Cs3N4 and durable

photocatalytic water splitting.

photocatalysts for active
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