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Abstract: Exploring low-cost and highly active, cost-effective cocatalysts is of great significance to
improve the hydrogen evolution performance of semiconductor photocatalysts. Herein, a novel
ultrasmall V-doped NiP, nanoparticle, as an efficient cocatalyst, is reported to largely upgrade
the photocatalytic hydrogen evolution reaction (HER) of g-C3Ny nanosheets under visible-light
irradiation. Experimental results demonstrate that V-NiP; cocatalyst can enhance the visible-light
absorption ability, facilitate the separation of photo-generated electron-hole pairs and boost the
transfer ability of electrons of g-C3Ny4. Moreover, the V-NiP; /g-C3Ny hybrid exhibits prominent
photocatalytic HER activity 17 times higher than the pristine g-C3Ny4 counterpart, even outperforming
the 1 wt.% platinum-loaded g-C3Ny. This work displays that noble-metal-free V-NiP, cocatalyst can
serve as a promising and efficient alternative to Pt for high-efficiency photocatalytic H, evolution.

Keywords: g-C3Ny; cocatalyst; V-NiPy; photocatalyst; hydrogen evolution reaction

1. Introduction

The excessive dependence on non-renewable fossil fuels has largely promoted the
research on sustainable clean energy [1-3]. Hydrogen energy is widely regarded as an
ideal green fuel alternative to fossil ones, and thus it is highly urgent and significant to
find an effective, environmentally friendly approach to producing H; [4-7]. Photocatalytic
water splitting holds great promise in terms of clean, large-scale and sustainable hydro-
gen production, whose hydrogen evolution efficiency extremely depends on the catalytic
properties of photocatalysts [8-11]. In order to capture and utilize the visible light that
dominates in the solar energy spectrum, it is quite imperative to explore the highly active
and stable visible-light-driven photocatalysts for hydrogen evolution reaction (HER).

At present, a large number of photocatalysts are applied to hydrogen production from
water under visible light. Graphitic carbon nitride (g-C3Ny), a promising metal-free semi-
conducting polymer, has been given widespread attention in the realm of photocatalytic
water splitting, photodegradation of pollutants and photocatalytic reduction in CO, due
to its advantages of being environmentally benign and low cost, with excellent chemical
stability and a suitable band gap of about 2.7 eV [12-15]. However, the insufficient light
absorption and rapid recombination of photo-generated electron-hole pairs have restricted
the photocatalytic activity of pure g-C3Ny [11,16]. In recent years, researchers have made a
lot of effort to improve the activity of g-C3Ny, such as controlling its structure and morphol-
ogy, coupling with other cocatalysts, and constructing the heterostructure [17-21]. Noble
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metal Pt is a brilliant cocatalyst of g-C3Ny, but its scarce reserves and exorbitant price
greatly hamper its practice applications [22,23]. In order to improve the photocatalytic HER
performance of g-C3N, under visible light, it has been an urgent task to develop cheap,
efficient cocatalysts. It is reported that transition metal phosphide (TMP) catalysts are con-
sidered promising to replace precious metal-based cocatalysts to improve photocatalytic
HER efficiency [24-28]. Thereinto, NiP; possesses the characteristics of good electrical
conductivity, corrosion resistance and stable chemical structure so that it can be applied
as an electrode material for a metal ion battery and electrocatalysis [29-31]. Most recently,
NiP; as a cocatalyst has attracted a lot of attention in relation to photocatalytic hydrogen
evolution. For example, Yan et al. reported a novel NiP,/CusP p-n heterojunction cocata-
lyst for improving the photocatalytic hydrogen evolution of g-C3Ny; this material has good
HER activity but unsatisfactory stability [32]. Yang et al. designed a novel NiP,/g-C3Ny
heterojunction via a homogeneous precipitation method assisted by a thermal phospho-
rization reaction, in which NiP, nanoparticles agglomerated severely, resulting in weak
light absorption [33]. Thus, the incorporation of ultrasmall NiP, nanoparticles into g-C3Ny
for boosted photocatalytic HER performance is worthy of consideration. In addition, metal
(Mn, Cr, V) doping is confirmed to be an effective route to improve the catalytic HER
performance of semiconductors [34-36]. For instance, V-doped MoS; material presented
good HER activity because the V-doping is conducive to optimizing the electronic structure,
increasing the active site, and accelerating the electronic transfer process of the pristine
MoS, [37]. Therefore, it is highly valuable to explore whether V-NiP; can be an effective
cocatalyst of g-C3Ny for photocatalytic HER.

In this work, V-NiP, was reported, for the first time, as a cocatalyst of g-C3Ny, and
the as-synthesized V-NiP;/g-C3N4 material showed prominent photocatalytic HER under
visible light (>420 nm), even outperforming the 1 wt.% Pt-loaded g-C3Njy. Such excellent
photocatalytic activity of V-NiP,/g-C3Ny is mainly attributed to the enhanced absorption
capability of visible light, fast electron transfer rate, and the depressed recombination of
photogenerated electron-hole pairs, as well as abundant catalytic sites over the V-NiP;-
loading g-C3N4 nanosheets.

2. Results and Discussion

The X-ray diffraction (XRD) patterns in Figure 1a are utilized to identify the crystal
structure of pure g-C3Ny and V-NiP,/g-C3Ny. As shown in Figure 1a, for the pure g-
C3Ny, two strong XRD diffraction peaks at 13.1° and 27.8° correspond to the (100) plane of
the in-plane structural packing motif of tristriazine and the (200) plane of the interlayer
stacking with aromatic systems, respectively (PDF#87-1526) [38—40]. In addition, some
obvious diffraction peaks at 28.34°, 32.85°, 36.86°, 40.52, 47.14°, 55.92°, 58.64°, 61.25°,
63.87°,76.08° and 78.43°, which are matched well with the (111), (200), (210), (211), (220),
(311), (222), (320), (321) and (331) planes of NiP;, (JCPDS#21-0590), respectively [41]. The
results indicate that the V-NipP/G-C3Ny composite is successfully prepared through the
phosphating-calcination process. Figure 1b—d and Figure S1 record the surface chemical
states of C, N, V, Ni and P for V-NiP,/g-C3Ny4 by using X-ray photoelectron spectroscopy
(XPS). The C 1s spectra are shown in Figure Sla, three obvious deconvolution peaks at
284.6 eV, 286.02 eV and 288.25 eV can be observed, which correspond to the C-C and
C-NH; group, and the sp?-hybridized N-C=N in the aromatic ring, respectively [42]. The
supreme deconvolution peaks of N 1 s in Figure S1b at 398.2 eV are assigned to the C-N=C
structure from g-C3Ny, the other peaks at 398.2 eV, 398.9 eV, 400.5 eV and 404.1 eV are
attributed to C-N=C, N-(C)3, C-N-H and 7t excitations of the C=N conjugated structures in
g-C3Ny [43]. Figure 1b demonstrates the presence of V, which has two deconvolution peaks
at516.9 eV for the V 2p3/, and 524.4 eV for V 2p; /, ascribed to the V-P bond [44]. As shown
in Figure 1c, two peaks of Ni 2p3,, (856.4 eV) and Ni 2p; /, (874.4 eV) for V-NiP,/g-C3Ny
can be attributed to Ni?*; the peaks at 862.6 eV and 880.6 eV correspond to Ni 2p3,, and Ni
2p1 2, respectively [45], and the Ni-P binding energy is located at 853.7 eV [46]. For the P
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2p XPS spectrum in Figure 1d, the peak appearing at 130 eV is attributed to the Ni-P bond,
while the peak at 133.6 eV is due to the inevitable surface oxidation of P [47].
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Figure 1. (a) XRD patterns of g-C3Ny and V-NiP;/g-C3Ny; The XPS spectra of (b) V 2p. (c) Ni 2p,
and (d) P 2p for V-NiP,/g-C3Ny.

The SEM images in Figure S2a,b show the morphology and microstructure of g-
C3Ny and V-NiP,/g-C3Ny samples. Pure g-C3Ny presents an irregular bulk morphology
stacked by nanosheets in Figure S2a. While V-NiP, /g-C3Njy displays the crossed nanosheet
structure attached with nanoparticles.

We further characterize the microstructure of the V-NiP, /g-C3Ny, as shown in Figure 2.
As shown in Figure 2a, it can be observed that a large number of nanoparticles grow on the
nanosheets. As shown in Figure 2b, we have an in-depth observation of the nanoparticles,
and it can be seen that the obvious lattice spacing of 0.27nm corresponds to the (200)
interplanar spacing of cubic NiP; (PDF#21-0590) [30]. To obtain the size distribution of
the V-NiP; cocatalyst, some more HRTEM images of V-NiP,/g-C3N, photocatalyst were
made (Figure S3), and the size of V-NiP, nanoparticles was not considerably uniform and
was examined to 3-8 nm due to the employed solid calcination method. The elemental
mapping of V-NiP;/g-C3Ny is presented in Figure 2e, and C, N, Ni, V and P elements are
uniformly distributed in the whole photocatalyst, illustrating that the V-Ni, P nanoparticles
are dispersedly loaded on the surface of the g-C3Ny4 nanosheet surface. All these charac-
terizations strongly indicate that the NiV-LDH precursor was successfully converted into
V-NiP, via a phosphorization reaction.
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Figure 2. (a,c) TEM of V-NiP,/g-C3Ny, (b) HRTEM of V-NiP;/g-C3Ny; (d,e) elemental mapping of
C,N, Ni, V, and P, respectively.

In order to determine the photocatalytic hydrogen evolution activity of all samples,
photocatalytic tests were carried out with triethanolamine acid (TEOA) as a sacrificial agent
under a 300 W lamp irradiation for 4 h. As presented in Figure 3a, pure g-C3Ny shows trace
hydrogen evolution amounts due to the fast photogenerated carrier recombination and low-
light absorption capacity [48]. However, V-NiP,/g-C3Ny composites present an obvious
improved HER performance with a hydrogen production rate of 1426.82 umol g1, even
higher than the 1%wt Pt/g-C3Ny (1116 umol g~1). Furthermore, the as-prepared V-NiP,/g-
C3Ny material exhibits much higher than most of the other g-C3Ny-based photocatalysts
(Table S1) [23,26,27,30,36-39]. The excellent catalytic HER activity can be mainly ascribed
to the following three aspects: (i) the facilitated absorption of the visible-light region of
g-C3Ny due to the incorporation of black V-NiP; nanoparticles; (ii) the enhanced electron
transfer rate resulting from the good electrical conductivity of V-NiP,; and (iii) the inhibited
recombination rate of photogenerated electron-hole pairs on the g-C3Ny photocatalyst
because the V-NiP,, as the electron trapping agent, can capture the photo-generated electron
quickly. To evaluate the long-term stability of V-NiP,/g-C3Ny, five cycles of H, production
experiments are shown in Figure 3b, no distinct decrease in the hydrogen evolution amount
is observed, illustrating that V-NiP; /g-C3N4 maintains good stability. In order to verify the
structure’s stability, the microstructure of V-NiP;/g-C3Ny after the test is characterized by
HRTEM and elemental mapping, as shown in Figure S5. It can be seen that the NiP, phase
still exists in the used photocatalysts, and C, N, P, V and Ni elements are distributed in this
material, indicating its structural stability during 20 h photocatalytic HER.

The light capture properties of pure g-C3Ny and V-NiP; /g-C3Ny4 samples were ana-
lyzed by the UV-vis diffuse reflection measurement. In Figure 4a, the pure g-C3Ny has
weak absorption of visible light, but its absorption intensity gradually increases as the
wavelength decreases from visible light to ultraviolet light, and its absorption edge is
around 470 nm. As shown in Figure 54, the calculated pure g-C3Ny4 band gap is ~2.78 eV,
which is consistent with the theoretical value of g-C3Ny. The V-NiP;/g-C3Ny sample
presents a considerably improved absorption in the UV-vis light region compared with
pure g-C3Ny, indicating that V-NiP; is able to help g-C3Ny4 harvest more visible light [49].
As for V-NiP,/g-C3Ny, the corresponding band gap is calculated to be 2.75 eV, as shown
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in Figure 53, and there is no obvious change compared with pure g-C3Ny, implying that
V-NiP, did not dope into the g-C3sNy crystal lattice to change its band gap. This phe-
nomenon indicates that V-NiP; as a g-C3Ny cocatalyst, effectively promotes the visible-light
absorption capacity of the V-NiP,/g-C3Ny4 photocatalyst.
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Figure 3. (a) Photocatalytic H, evolution rate of g-C3Ny, V-NiP,/g-C3Ny and 1%wt Pt/g-C3Ny;
(b) The cycling stability experiments of photocatalytic H, evolution for V-NiP, /g-C3N, under visible
light irradiation for 20 h.
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Figure 4. (a) UV-vis diffuse reflection spectra of pure g-C3Ny and V-NiP;/g-C3Ny; (b) The pho-
toluminescence (PL) spectra of g-C3Ny and V-NiP; /g-C3Ny; (c) Transient photocurrent responses
of g-C3Ny V-NiP;/g-C3Ny; (d) EIS Nyquist plots of g-C3Ny4 and V-NiP, /g-C3Ny in 0.5M NaySOy
solution visible light irradiation.

In order to verify the interfacial charge separation of V-NiP,/g-C3Ny, Figure 4b dis-
plays the photoluminescence spectra of g-C3Ny and V-NiP,/g-C3sNy samples. Under the
examination wavelength of 363 nm, g-C3Ny exhibits an emission peak at 483nm. The
PL intensity of V-NiP,/g-C3Ny is obviously lower than that of pure g-C3Ny. To reveal
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the transfer and separation of the photogenerated electron-hole pairs, the transient pho-
tocurrent density vs. time curves are carried out at the turn on or off the light condition.
Pristine g-C3Ny and V-NiP;/g-C3Ny are coated on FTO glass, respectively, as working
electrodes to dry for 24 h in the air, measured in a mixed solution of 0.5 M Nay;SOj solution
under discontinuous visible-light irradiation. The pure g-C3Ny shows a weak photocurrent
response at each on-off light irradiation compared to V-NiP; /g-C3Ny; the notably increased
photocurrent intensity of the V-NiP,/g-C3Ny4 phenomenon demonstrates that V-NiP; is
effective in preventing the combination of the photogenerated electron-hole pairs, which
is consistent with the prolonged photogenerated charges lifetime. The electrochemical
impedance spectroscopy (EIS) Nyquist plots in Figure 4d show that V-NiP;, /g-C3Ny dis-
plays a much smaller semicircle diameter compared to g-C3Ny, illustrating the smaller
charge transfer resistance, which contributes to the fast transfer of the photo-generated
electron to the surface of V-NiP,/g-C3Ny for the improved HER.

Through discussion and analysis of the above experiment results, a plausible photo-
catalytic mechanism schematic in Figure 5 is carried out to help understand the specific
photocatalytic hydrogen evolution reaction process of the V-NiP, /g-C3N, photocatalyst.
Under visible-light irradiation, the electrons of g-C3Ny on the valence band (VB) absorb
the energy of photons, and then become excited and are transferred to the conduction
band (CB), owing to the metallic character of V-NiP,. The photogenerated electrons are
trapped by the V-NiP; and easily and rapidly migrate to the V-NiP; passing through the
intimate interface, so the combination of photogenerated electron-hole pairs is retarded.
Subsequently, the photo-generated electrons on the surface of V-NiP, combine with H* ions
to form H; molecules and are released from the water. Simultaneously, the photo-generated
holes on the valence band of g-C3Ny will be timely depleted by the TEOA sacrificial reagent.
Therefore, the photocatalytic hydrogen performance is greatly improved with the help of
the V-NiP, cocatalyst.

Figure 5. Photocatalytic mechanism schematic of V-NiP;/g-C3Ny photocatalyst for Hy evolution
under visible-light irradiation.

3. Materials and Methods
3.1. Chemicals and Materials

Melamine was purchased from Tianjin Kermel Chemical Co., Ltd. Nickel (II) chloride
hexahydrate (NiCl,-6H,0), vanadium chloride (III) (VCls, >97%), Urea (CH4N,O, >98%),
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ammonium fluoride (NH4F, >96%) and ethanol absolute (CH;CH,OH, >99.8%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China). Sodium hypophos-
phite (NaH,PO,, >99%) and chloroplatinic acid hexahydrated (H,PtClg-6H,0O, >37%)
were purchased from Aladdin Reagent Co., Ltd., (Shanghai, China). Triethanolamine
(N(CH,CH,0H)3, >98%) was purchased from Tianli Chemical Reagent Co, Ltd., (Tianjin,
China). All chemicals are analytical grade and used without further purification.

3.2. Synthesis of the V-NiP,/g-C3N4 Composite
3.2.1. Synthesis of Bulk g-C3Ny

Bulk g-C3N4 was synthesized by calcining melamine in a muffle furnace with the
temperature kept at 550 °C for 4 h with a heating rate of 5 °C min~!. After cooling down
to room temperature, the yellow product of g-C3N4 was ground into power in an agate
mortar for further use.

3.2.2. Synthesis of the NiV-LDH/g-C3Ny Precursor

The NiV-LDH/g-C3Ny precursor was prepared by a hydrothermal method. Specifi-
cally, 0.475 g of NiCl,-6H,O, 0.063 g of VCl3, 1 g of Urea and 0.24 g of NH4F were put into a
clean beaker with 40 mL of deionized water, then 3 g of g-C3N4 was added into the beaker
and stirred for 30 min. Then, it was transferred into a Teflon-lined Autoclave, maintained
at 120 °C for 16 h. After cooling down to room temperature, the depositions were sepa-
rated and washed with deionized water and absolute ethanol three times, separately. The
obtained products were dried in an oven at 60 °C overnight, following which we obtained
the 7.8%wt NiV-LDH/g-C3Ny precursor.

3.2.3. Synthesis of V-NiP;/g-C3N4 Composite

Firstly, 2 g of NaH,PO, was placed upstream of a big porcelain boat, and 200 mg of
prepared 7.8%wt NiV-LDH/g-C3Ny precursor was put downstream of the big porcelain
boat, then transferred into a tube furnace and calcined in the Ar gas atmosphere at 500 °C
for 2 h with a heating rate of 5 °C min 1.

3.3. Characterizations

The crystal phases of the materials were examined by Rigaku, D/max-2200pc X-
ray diffractometer (XRD) with Cu Ko irradiation at a scanning rate of 8° min~!. The
morphology and microstructures were investigated using field emission scanning electron
microscopy (Hitachi, S4800) and transmission electron microscopy (Tecnai G2 F20S-TWIN),
respectively. The surface elemental composition and chemical state were analyzed by
X-ray photoelectron spectroscopy (XPS) of a Surface Science Instruments Spectrometer with
monochromatic Al Ka source. The Ultraviolet—visible (UV-vis) absorption spectra were
obtained on Cary 5000 UV-vis spectrometer (Agilent). The photoluminescence (PL) spectra
and time-resolved photoluminescence decay spectra were measured on Edinburgh FS5
spectrophotometer.

3.4. Photocatalytic Hydrogen Evolution Measurements

The photocatalytic hydrogen generation performance of the as-prepared V-NiP,/g-
C3Ny was evaluated by an automatic online photocatalytic test system (Labsolar-6A, Beijing
Perfectlight Co., Ltd., Beijing, China). An amount of 50 mg of photocatalyst was firstly
dispersed with strong stirring for 0.5 h in the 80 mL of slurry solution containing 15 mL of
triethanolamine (TEOA, 15 vol%) at room temperature. Before the photocatalytic experi-
ment, the slurry was transferred into a quartz flask and then a continuous magnetic stirrer
was applied. Before light irradiation, the Labsolar-6A reaction system was bubbled with
N to remove the air. Using Agilent gas chromatography (GC-7890B, America) with N as
the carrier gas and TCD (Thermal Conductivity Detector) as the detector.
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3.5. Photoelectrochemical Measurements

Transient photocurrent response and electrochemical impedance spectroscopy (EIS)
measurements were performed on an electrochemical workstation (CHI 660E, Shanghai
Chenhua Instruments, Shanghai, China) using three standard electrodes with Pt wire,
Hg/HgCl, and 0.5 M NaySOy solution as a reference electrode, counter electrode and
electrolyte, respectively. The working electrode was prepared on a clean FTO glass
(2 cm x 2 cm). Specifically, 10 mg of photocatalyst was dispersed in 150 uL of isopropanol
and 10 puL of Nafion solution, followed by sonication for 30 min. Finally, the slurry was
homogenized, coated on FTO glass, and dried naturally for 24 h. The visible-light source
was a 300 W Xe lamp (PLS-SXE 300 D, Beijing Perfect Light Technology Co., Ltd., Beijing,
China) with a UV-cut filter (A > 420 nm).

4. Conclusions

In conclusion, a novel well-defined ultra-small V-NiP, nanoparticle was successfully
developed as an effective cocatalyst of g-C3Ny4 to improve photocatalytic HER activity under
visible-light irradiation (>420 nm). Benefitting from the enhanced visible-light absorption
ability, the separation of photo-generated carriers was facilitated, the recombination of
photogenerated electron-hole pairs was weakened, and the electron transfer ability was
boosted, with the resulting V-NiP, /g-C3Ny hybrid exhibiting prominent photocatalytic
HER activity 17 times higher than the pristine g-C3Ny counterpart, even outperforming the
1 wt.% platinum-loaded g-C3N4. Our work shown here injects new impetus to develop
transition metal phosphides as low-cost and high-performance cocatalysts of g-C3Ny for
efficient photocatalytic HER.
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1s for V-NiP; /g-C3Ny; Figure S2: SEM of (a) g-C3Ny, (b) V-NiP;/g-C3Ny; Figure S3: HRTEM of V-
NiP, /g-C3Ny; Figure S4:The banding energy of pure g-C3N4 and V-NiP, /g-C3Ny; Figure S5: HRTEM
and elemental mapping of V-NiP, /g-C3Ny after test; Table S1: Summary of the Photocatalytic Hp
Evolution on g-C3Ny-Based Photocatalysts.
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