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ABSTRACT In this work, bimetallic NiCoP nanoparticles (NPs) were firstly
prepared by a solvothermal method using red phosphorus (RP) as P source,
and it was combined with RP nanosheets via a physical grinding process.
Investigation indicates that NiCoP has better charge transfer ability and
faster H, releasing kinetics than the corresponding single metal phosphides
alone. 6 wt% NiCoP/RP exhibits an excellent H evolution activity in 20 vol.%
triethanol-amine/water solution under a 300W Xe-lamp irradiation, and the
corresponding H, production rate is 1535.6 umol-g*-h, which is 7.4, 3.2 and
2.6 times higher than those of pure RP, 6 wt% Co,P/RP and 6 wt% Ni,P/RP,
respectively. In addition, we demonstrate that K,HPO, can further enhance ) :
the H; evolution kinetics by inducing a new H* reduction path, when appropriate K,HPOj, is introduced into the reaction solution. The H, produc-
tion rate of 6 wt% NiCoP/RP is boosted from 1535.6 to 2793.9 umol-g*-h* due to the easier combination between H* and electrons with the
assistance of HPO,%. It is 13.4 times higher than that of pure RP. This work demonstrates that bimetallic phosphides with suitable electrolytes
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can greatly enhance the photocatalytic H, evolution efficiency.
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n INTRODUNTION

As a sustainable and renewable energy carrier, H; is one of the
candidates to replace traditional fossil energy to achieve carbon-
neutrality because of its high calorific value and environmental
friendly features.[*®! About 50 years ago, Fujishima et al. disco-
vered the photocatalytic water splitting over TiO, anode and Pt
cathode under ultraviolet light. Hereafter, photocatalysis has
been considered as a promising strategy to solve energy and en-
vironment-related issues based on the redox reaction induced by
the photo-generated electrons and holes,®! such as CO, reduc-
tion,!®! water splitting,[”? contaminant purification,® N, fixation,®
bacterial inactivation,*% etc. However, photocatalysts with wide
band gap can only be excited by UV light, leading to a lower en-
ergy utilization efficiency,™ such as TiO,,*? znO,*® and
SITiO3.14 Besides, g-C3N,,1*% CdS, 128l ZnSel*"l and so on with nar-
row band gap can only harvest parts of visible light, some of which
also suffer from poor stability and toxicity.l*8l At present, it is urgent
to develop photocatalysts with good stability and nontoxicity, es-
pecially excellent visible light capturing ability.

In 2012, Yu et al. first discovered that red phosphorus (RP) can
achieve photocatalytic H, evolution from water based on the ex-
perimental and theoretical investigations.*¥ What's more, RP can
absorb almost all of the visible light for its suitable band gap (~1.8
eV), and can also achieve overall water splitting for its appropriate
conduction band (CB) and valence band (VB) positions.[?” These
trigger the wide attention to develop RP-based photocatalysis
systems from the researchers. Hereafter, fibrous RP was depo-
sited on the surface of SiO; fibers via a chemical vapor deposition
(CVD) process by Hu et al. It is found that fibrous RP with small
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size demonstrated best H, production activity among the element
photocatalysts, including silicon (Si), boron (B), carbon (C), sulfur
(S) and selenium (Se).?4

Although RP has been widely used in the photocatalytic H, evo-
lution reaction (HER) for its ideal light absorption and suitable
band structures, the practical application of it is severely restricted
by its low surface area and fast charge recombination.??%31 Many
strategies have been employed to address these inherent draw-
backs, such as reducing size,?¥ constructing heterojunctions,?
and loading co-catalyst.”®! Among them, loading noble metal co-
catalysts like Pt,?1 AuP®l and AgP? are a better strategy, but it is
impossible for a large-scale application due to their scarcity.[*%
Therefore, it is highly urgent to explore an inexpensive non-pre-
cious metal cocatalyst with desired activity.!

Transition metal phosphides (TMPs), such as Ni,P,B2 Nij,Ps, %!
Co,P,B4 and CusP,*% have been proved as “Pt like” co-catalysts
in HER.[%831 They can not only accelerate the separation and mi-
gration of charge carries, but also restrict the electron delocaliza-
tion in the metal for protons trapping effect of P atom, thus effec-
tively improving their HER activity.*®-401 Zhang et al. synthesized
Ni>P electrocatalysts in an oil phase via a hot-bubbling method,
which achieved a notable HER activity by decreasing the H, re-
leasing over-potential about 35 mV.*! Zhang et al. demonstrated
that CoP3/Ni,P heterostructure can provide more active centers
based on the DFT calculation. It exhibited an excellent HER and
OER activity in a wide pH range.? Nevertheless, the preparation
of TMPs usually requires toxic phosphorus sources, inert gas pro-
tection and high temperature, which is a headache for the appli-
cation of TMPs.

In this work, a series of NiCoP/RP heterojunctions were prepared
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Figure 1. XRD patterns of samples.

by a physical grinding process. The H, production rate of 6 wt%
NiCoP/RP is 1535.6 pmol-g*-h' in 20 vol.% TEOA aqueous solu-
tion, which can be further boosted to 2793.9 pymol-g*-h' after
adding appropriate K;HPO,. Besides, K;HPO,-assisted H, pro-
duction mechanism over NiCoP/RP heterojunction is investigated
based on the structural characterization and photoelectric analy-
sis.

n RESULTS AND DISCUSSION

Structural Characterization. Figure S2 shows the XRD patterns
of the samples. The diffraction intensity of NiCoP increases obvi-
ously with the increase of the amount of Ni?*, indicating Ni?* can
promote the formation of bimetallic phosphides. The peaks at
40.8°, 44.7°, 47.4° and 54.5° correspond to (111), (201), (210) and
(002) planes of hexagonal phase NiCoP (PDF#71-2336), respec-
tively.[*? It's worth noting that the signal of Niy,Ps at 48.9° appears
(PDF#74-1381) in Ni1_25C00_75P and Ni1,5C00_5P.[44] Thereby, it is
benefit to form Ni1,Ps when the amount of Ni?* is excessive. In this
work, NiCoP with good crystallinity was selected as the co-cata-
lyst of RP for H, production. The signals of both RP and NiCoP
are observed in the XRD pattern of 6% NiCoP/RP in Figure 1a,
indicating they are successfully combined together after the phy-
sical grinding process. For comparison, 6% Ni.P/RP and 6%
Co,P/RP were also prepared. As shown in Figure 1b, the peaks
of Ni.P/RP at 40.8°, 44.6°, 47.3°, 54.2°, 72.7° and 74.3° corre-
spond to (111), (201), (210), (300), (311) and (400) planes of Ni,P
(PDF#03-0953), respectively.s The peaks of Co,P/RP at 40.7°,
43.29° and 52.46° belong to (121), (211) and (002) planes of or-
thorhombic phase Co,P (PDF#32-0306).1¢

The morphology of the samples was firstly observed by scan-
ning electron microscope (SEM). The surface of RP is smooth and
porous in Figure S3(a-b).*1 However, the surface of the sample
becomes rough after introducing NiCoP in Figure S3(c-d). It is
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Figure 3. XPS survey spectra of (a) 6% NiCoP/RP. The high-resolution
XPS spectra of (b-d) Co 2p, Ni 2p and P 2p.

clear that some nanopatrticles are located on the surface of RP. At
the same time, Ni, Co and P can be detected by elemental map-
ping. The atomic ratio of Ni and Co is about 1:1, which is con-
sistent with the stoichiometric ratio of NiCoP. Subsequently, the
microstructures of the samples were further observed by TEM.
Clearly, NiCoP NPs with a particle size of 30-50 nm are loaded on
the two-dimensional honeycomb-like RP surface in Figure 2. The
lattice space of 0.225 nm results from the (111) crystal plane of
NiCoP NPs, implying NiCoP is successfully introduced into the
surface of RP nanosheets.“®!

The N2 adsorption-desorption isotherm plots of the samples is
in Figure S4. The specific surface area (Sger) of 6% NiCoP/RP is
62.66 m?-g%, which is higher than that of RP (32. 80 m?-g) after
physical grinding process, during which the relative compressive
force perpendicular to the surface of RP increases the shear force,
leading to an increased Sget.*® The higher Sger can not only pro-
vide more active sites for the H, production, but also promote the
adsorption and migration of target molecules, which is conducive
to the photocatalytic reaction.054

In order to investigate the surface element composition and
state of the composite, 6% NiCoP/RP was characterized by XPS.
As shown in Figure 3a, besides O 1s, C 1s and P 2p, the signals
of Ni 2p and Co 2p are also observed. The peaks at 778.6 eV
(2psr2) and 798.2 eV (2p1s2) in Figure 3b correspond to the peaks

Figure 2. (a-d) TEM and (e) HRTEM images of 6% NiCoP/RP.
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Figure 4. (a) UV-Vis absorption spectra, (b) I-t curves, (c) EIS and (d) lin-
ear sweep voltammetry curves of the samples.

of Co?*, the signal of 782.2 eV may be related to Co®*, the peak
at 793.4 eV belongs to the P-Co bond in the complex, and the
signals at 786.5 and 803.4 eV are the two satellite peaks of Co
2p.52 The peaks at 853.1 eV (2p12) and 870.3 eV (2pa2) in Figure
3c correspond to Ni?*, and those at 856.5 and 874.2 eV belong to
Ni®* (0<6<2) in NiCoP. The signals at 861.1 and 880.2 eV are the
satellite peaks of Ni 2p.5354 From the P 2p high resolution XPS
spectra in Figure 3d, the signals at 129.6 and 133.3 eV result from
P% and PO,*, respectively. The peak at 130.4 eV of pure RP in
Figure 3d is attributed to P 2p, and that at 134.8 eV belongs to P-
O bond resulting from the oxidization of RP in air, which is the
characteristic peak of P5*.5556] Compared with pure RP, the bind-
ing energy of P element shifts towards lower direction in the com-
plex, indicating the formation of M-P bond (M = Co or Ni), thus
making the P atom partially negatively charged.5557

Photoelectric Performance. The optical absorption of the sam-
ples was revealed by UV-Vis absorption spectra in Figure 4a. The
absorption edge of pure RP is located at 700 nm."® The light
harvest capacity of the composite is obviously enhanced after
loading NiCoP, which can be attributed to the black color of NiCoP
sample.® In addition, the PL intensity of 6% NiCoP/RP is obvi-
ously lower than that of RP in Figure S5, indicating NiCoP can
inhibit electron and hole recombination.“88% The transient photo-
current response of the samples was measured by electrochemi-
cal workstation. As shown in Figure 4b, both samples show quick
photocurrent response when the light source is on and off, and
the photocurrent density of 6% NiCoP/RP is higher than that of
RP, indicating that the introduction of NiCoP improves the sepa-
ration efficiency of electrons and holes."®* Figure 4c shows the
electrochemical impedance spectroscopy (EIS) of the samples.
6% NiCoP/RP has a smaller radius of EIS curve, suggesting
NiCoP can reduce the transfer resistance of charge carriers,
which is conducive to the migration of charge carriers.6263 The
polarization curve measured in 0.5 mol-L* Na,SO, solution in
Figure 4d indicates that NiCoP can also reduce the H; production
overpotential of RP effectively. When the current density is -1
mA-cm, the H; production overpotential (-1.45 V vs. SCE) of 6%
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Figure 5. (a) Photocatalytic H2 production performance of the samples, (b)
the average H2 production rate for 3 h, (c) Hz production rate of different
samples, (d) the effect of K2HPO4 amount on the average Hz production
rate of 6%NiCoP/RP, (e) the cycle Hz production curves and (f) XRD pat-
terns of before and after used of samples.

NiCoP/RP is lower than that of RP (-1.68 V vs. SCE), implying

NiCoP/RP has faster reduction/oxidation surface reaction kine-
tiCS.[43’64]

Hz Production Activity. Figure 5a-b show the H, production
curves of the samples and corresponding H; evolution rate. With
the increase of NiCoP content, the activity of the composite in-
creases significantly. The 6% NiCoP/RP heterojunction has the
best activity with an average H, production rate of 1535.6 ymol-
g*-h?, which is 7.4 times higher than that of pure RP (208.5
umol-g*-ht). However, the activity of the composite decreases
when overloading NiCoP, which may result from the "shielding ef-
fect" caused by excessive NiCoP, leading to a lower light absorp-
tion of RP.I*7] Figure 5¢ shows the activity of different composites
modified by NiP, Co,P and NiCoP, respectively. The H, produc-
tion rates of 6% Ni,P/RP and 6% Co,P/RP are respectively 593.4
and 482.0 ymol-g*-h?, although they are higher than that of pure
RP, but lower than that of 6% NiCoP/RP. This is largely due to the
synergistic effect of nickel and cobalt, making NiCoP have
stronger conductivity than Co,P and Ni,P.[%® In addition, the Gibbs
adsorption energy (AGu-+) of NiCoP for the active species (H*) in
the reaction solution is smaller than that of single metal, which
makes NiCoP more conducive to the formation of H-H bond and
the desorption of H, on the surface. Alshareef et al. have proved
the AGu- on the NiCoP (0001) surface is low based on DFT results.
The d-states of NiCoP are found closer to the Fermi level which
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Figure 6. Schematic illustration of photocatalytic H2 production mechanism
over 6% NiCoP/RP promoted by HPO4%.

points to a lower intermedia adsorption energy, and further en-
hances the catalytic activity of the complex.[545°67 Some works
about NiCoP cocatalyst in the photocatalysis have been summa-
rized in Table S1. Obviously, NiCoP can greatly improve the ac-
tivity of different photocatalysts.

In nature, photosynthesis is accomplished through the coope-
ration of a series of pigment protein complexes embedded in the
cell membrane, during which phospholipid molecules take a lead-
ing role in the electron transfer and synthesis of adenosine tri-
phosphate.[%8! Inspired by the phosphate-involving natural photo-
synthesis, in order to improve the H; production rate of the cata-
lyst, the K;HPO, was applied to simulate the phosphate mole-
cules, as shown in Figure 5d. When the trace amount of K;HPO,
is added to the reaction solution, the activity of 6% NiCoP/RP is
significantly improved. After adding 0.1 mmol K;HPO, in 100 mL
reaction solution, the average H, production rate reaches 2793.9
umol-g*-h, which is 13.4 and 1.8 times higher than those of pure
RP and 6% NiCoP/RP without K;HPQ,, respectively. However,
excessive K;HPO,4 might affect the pH of the solution or the sur-
face active state of the photocatalyst, resulting in a poor activity.
In fact, Ye et al. have discovered that the existence of HPO,> can
improve the activity of g-CsN4 systems. However, there are few
studies on the photocatalytic H, production under this "phosphor-
ylation" environment. It is found that HPO4% can shorten the pro-
ton reduction cycle, and also reduce the oxidation potential of
TEOA, thus accelerating the carrier utilization efficiency in the re-
action. 6!

The stability of the samples was tested via photocatalytic H,
production cycling experiment (See the supporting materials). As
shown in Figure 5e, the activity of 6% NiCoP/RP changes slightly
during the 4 cycles of 12 h. Besides, there is no change about the
crystal structure of the sample after using (Figure 5f), indicating
NiCoP/RP heterojunction has good structural stability during H;
production.

Mechanism Analysis. In order to investigate the H, evolution
mechanism of NiCoP/RP composite sample, the band structure
of RP nanosheets was calculated by Tauc plots and XPS in Figure
S6. According to the above results, the process of photocatalytic
H. production over NiCoP/RP heterojunction is presented in Fig-
ure 6. Under illumination, the electrons in the valence band (VB)
of RP nanosheets transfer to the conduction band (CB).[*l Sub-
sequently, electrons in the CB of RP will quickly migrate to NiCoP
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and participate in the proton reduction reaction, while the holes in
the VB will react with the sacrificial agent efficiently. In addition,
HPO,Z in reaction solution can provide a large amount of H* to
participate in the reaction at the active site to produce H, and
PO,*, and the generated PO4* will combine with H* in water to
form HPO,2 and participate in the H, production again. Therefore,
HPO,% can act as a mediator to promote H, production, resulting
in a new proton reduction pathway, which can further improve the
photocatalytic H, production rate of the NiCoP/RP heterojunction.

n CONCLUSION

NiCoP/RP heterostructure was constructed by a combination of
solvothermal method and physical grinding processes. Bimetallic
NiCoP/RP exhibits higher catalytic H, production activity than sin-
gle metal phosphides Ni>P/RP and Co,P/RP during photocatalytic
H, evolution. NiCoP can not only facilitate carrier migration, but
also reduce the interface impedance and H, production overpo-
tential, resulting in better H, production rate of 1535.6 ymol-g*-h?
over 6% NiCoP/RP, which is 7.4, 3.2 and 2.6 times higher than
that of RP (208.5 umol-g*-ht), 6% Co,P/RP (482.0 umol-g*-h?)
and 6% Ni,P/RP (593.4 umol-g*-h), respectively. In addition, the
H. production rate of 6% NiCoP/RP is further increased to 2793.9
umol-g*-h? after adding K;HPO, for the "phosphorylation” envi-
ronment. It is 1.8 times higher than that of 6% NiCoP/RP without
K2HPO,. This work may provide a new idea for improving the pho-
tocatalytic H, production using bimetallic phosphide cocatalysts
and suitable electrolyte.

n EXPERIMENTAL SECTION

The detailed information about chemicals was added to the sup-
porting materials.

Synthesis of Nanosized RP. Nanosized RP was prepared by a
hydrothermal method using commercial micron RP as the P
sources.l”® The commercial micron RP was ground with water
and filtered through a 120 mesh sieve, and then dried for 12 h.
Subsequently, 3.0 g obtained RP was dispersed in 60 mL of water,
sealed in a 100 mL Teflon-lined autoclave, then heated to 200 °C
and kept for 12 h. Finally, the product was centrifuged, washed for
three times with water after cooling down, and dried in the oven
at 60 °C to obtain nanosized RP.

Synthesis of CozP and Ni2P Nanoparticles. Co.P and NizP NPs
were prepared by a solvothermal method®’l. Firstly, a certain
amount of CoCl,-6H,0 was dissolved in the mixed solvent of 25
mL of water and 25 mL of ethanol. 0.4 g nano RP, 0.10 g cetyl
trimethyl ammonium bromide (CTAB) and 0.10 g sodium dodecyl
benzene sulfonate (SDBS) were added into the above solution.
After stirring for 30 min, they were transferred to a 100 mL Teflon-
lined autoclave, sealed and heated at 200 °C for 10 h. The pro-
ducts were centrifuged, washed and dried to obtain Co,P NPs.
The Ni,P was obtained by similar procedures by using CoCl,-6H,0
instead of NiCl,-6H,0, and the reaction temperature was main-
tained at 180 °C for 12 h.

Synthesis of NiCoP Nanoparticles. NiCoP NPs were prepared
by a solvothermal method, too. First, x mmol NiCl,-6H,0 and (2-
x) mmol CoCl,-6H,0 (x = 0.5, 1, 1.25 and 1.5 mmol, respectively)
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were dissolved in the bi-component solvent of 15 mL of ethylene
glycol and 45 mL of ethanol. Subsequently, 0.78 g RP and 0.10 g
polyvinylpyrrolidone (PVP) were added into the above solution.
After stirring for 30 min, it was transferred into a 100 mL Teflon-
lined autoclave, sealed and heated to 200 °C for 20 h. After cool-
ing naturally, bimetallic NiCoP was obtained after centrifugation,
washing and drying the black precipitate. They are labeled as
Ni0,5C01,5P, Ni1,0C01,0P (NICOP), Ni1,25C00,75P and Ni]_,sCOo,sP, cor-
responding to x = 0.5, 1, 1.25 and 1.5 mmol, respectively.

Preparation of NiCoP/RP Composites. The NiCoP/RP compo-
sites were prepared by a physical grinding process. As shown in
Figure S1, 200.0 mg of nanosized RP and NiCoP NPs (4.0, 8.0,
12.0, 16.0, 20.0, or 24.0 mg) were poured into an agate mortar
containing 60.0 mL of water. After 30 min physical grinding, the
mixture was dried at 60 °C for 12 h, with the product labeled as
x% NiCoP/RP (x is the mass fraction of NiCoP in the composites,
and xis 2, 4, 6, 8, 10 and 12, respectively). Co,P/RP and Ni.P/RP
are obtained using Co2P or Ni.P NPs to replace NiCoP during the
above processes.

Characterization. The photoelectric and photocatalytic experi-
ments and other characterizations are given in the supporting ma-
terials.
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