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A B S T R A C T

Iron group transition metal phosphides (TMPs, M= Fe, Co, Ni) have been considered as promising noble-metal-
free cocatalysts for the photocatalytic hydrogen (H2) generation. However, the impact on the H2 generation
activity in correlation with the types of metal in TMPs still remains unresolved. In this paper, to investigate the
effect of metal phosphides with different metal on photocatalytic H2 generation, three types of iron group
transition metal phosphides (M2P, M=Fe, Co, and Ni) nanoparticles were used as the cocatalysts of sulfur doped
g-C3N4 (SeCN) for the photocatalytic H2 generation. By comparing three types of M2P/SeCN, the optimum
cocatalyst of Ni2P has ca. 22.7 times that of the pristine SeCN under the same condition. The photoluminescence
(PL) spectra, photoelectrochemical characterization and DFT calculations confirmed the enhanced photo-in-
duced charge transfer and band separation when SeCN was integrated with the Ni2P.

1. Introduction

Transition metal phosphides (TMPs) which are composed of low-
cost and earth-abundant elements, are extensively applied to me-
tallurgy [1], hydrotreating [2,3], pesticides, and gradually used into
electrocatalysis [4], lithium ion batteries [5], photocatalysis [6] in re-
cent years. As early as 2005, Rodriguez and co-workers predicted that
Ni2P could be act as a promising alternative to Pt for using in the hy-
drogen evolution reaction process based on density functional theory
(DFT) calculations [7]. The experiment verified this prediction that
Ni2P was definitely an efficient hydrogen evolution reaction catalyst in
acidic system until 2013 [8]. Until now, there are six transition metals
(Ni, Co, Mo, Fe, Cu and W) that are developed to form TMPs which
could act as efficient electrocatalysts [9]. In photocatalytic water
splitting progress, TMPs have been used as cocatalysts to separate
photo-induced electron-hole pairs and lower the overpotential on the
surface of semiconductors [10].

Among these transition metal phosphides, iron group transition
metal phosphides such as Fe2P, FeP, Co2P, CoP, Ni3P, Ni2P, etc., have
shown excellent photocatalytic H2 generation activity as a cocatalyst
[11–15]. However, most of the researches were focus on single TMPs

hybrid with the suitable semiconductor, such as CoP hybrid with
fluorescein-based dye [16], CdS [17], and g-C3N4 [18] or Ni2P hybrid
with CdS [19], g-C3N4 [20]. Moreover, some reports have related to a
series of TMPs with the same metal. For example, Liu’s group in-
vestigated the difference between Co2P, CoP, and cobalt phosphide
based materials as an efficient electrocatalysts [21]. We also reported
that a series of nickel phosphide with different nickel phosphorus ratio
acts as a cocatalyst combine with g-C3N4 for excellent H2 generation
under visible light [22]. The results demonstrated that the content of
phosphorus atoms in the TMPs play important roles for H2 generation
due to its higher electronegativity which can draw electrons from metal
atoms [22,23]. In addition to this, overpotential, electronic transmis-
sion capacity, stability, and many other factors could impact the H2

generation activity as well, which could be altered by the type of metal
in the TMPs [24].

However, limited research has assessed the impact on the H2 gen-
eration activity in correlation with different types of metal in iron group
TMPs. This may due to, on the one hand, the preparation methods of
TMPs for different metals are generally different which makes the result
lack of comparison [25,26]. On the other hand, how to analyze the
effect of different metals phosphide as a photocatalytic cocatalyst and
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the influence of photocatalytic hydrogen generation still need to be
solved. In this paper, three typical iron group transition metal phos-
phides (M2P), Fe2P, Co2P, and Ni2P with the same metal phosphorus
ratio were prepared by H2 plasma reduction (PR) method under mild
condition. Based on the characterization techniques, all the different
types of M2P exhibit the similar particle size and crystallization. Fur-
thermore, we chose sulfur doped g-C3N4 (SeCN) as a photocatalyst and
decorated it with M2P as a cocatalyst to investigate the photocatalytic
hydrogen generation performance under the visible light irradiation. By
means of first-principles DFT calculations, Ni2P hybrid with SeCN ex-
hibits the most suitable activity due to the suitable H* adsorption and
the lowest overpotential, which lead to the most effective charge se-
paration ability and the highest H2 generation activity under visible
light irradiation.

2. Experimental

2.1. Chemicals

Iron nitrate hexahydrate (Fe(NO3)2∙6H2O), Cobalt nitrate hexahy-
drate (Co(NO3)2∙6H2O), Nickel nitrate hexahydrate (Ni(NO3)2∙6H2O),
Ammonium phosphate ((NH4)2HPO4), urea, thiourea (H2NCSNH2),
N,N-dimethylformamide (DMF), triethanolamine (TEOA) and ethanol
were obtained from Sinopharm Chemical Reagent Co. Ltd. (China).
H2PtCl6⋅6H2O was provided by J&K Company. All chemicals (AR grade)
were of analytical grade and used without further purification. The
water used in this study was deionized and purified through a water
purification system (resistivity: ˜18 MΩ⋅cm).

2.2. Preparation of Fe2P, Co2P, and Ni2P

The oxide precursors with metal/P atomic ratio of 2 were synthe-
sized by co-precipitation from metal nitrate and (NH4)2HPO4, followed
by calcination in air at 773 K for 2 h. The synthesis of M2P was per-
formed in a dielectric barrier discharge (DBD) reactor [27], which was
composed of a quartz tube and two electrodes (Scheme S1). The voltage
of the high-voltage electrode was maintained at around 8, 9, and 7 kV
for 2 h for Fe2P, Co2P, and Ni2P, respectively. The obtained M2P were
passivated with 0.5%O2/He before use. As-prepared Fe2P, Co2P, and
Ni2P are collectively referred to as M2P (M=Fe, Co, and Ni).

2.3. Preparation of S-CN

10 g thiourea was placed into a porcelain crucible with a cover, then
calcined at 793 K for 2 h in air at a ramp rate of 5 K⋅min−1. The ob-
tained solid residue was strongly grinded in the agate mortar to make
sure the formation of fine powder. The yellow outcome was sulfur
doped g-C3N4 and was signed as S-CN [28].

2.4. Preparation of M2P/S-CN

In a typical process, 95mg S-CN was suspended in 20mL DMF and
kept under ultrasound for 30min. Then 5mg of M2P was added into the
suspension liquid under ultrasound for 1 h, then stirred for another
12 h. The resultant was centrifuged, and washed with water, ethanol,
then dried at 323 K. The production was marked as M2P/S-CN and the
loading amount of M2P was 5 wt%.

2.5. Characterization

The crystalline structures of as-prepared samples were characterized
by X-ray diffraction (XRD, Rigaku D/Max 2400 diffractometer with
nickel-filtered Cu-Kα radiation at 40 kV and 100mA). Chemical com-
positions of the samples were examined by X-ray photoelectron spec-
troscopy (Multilab 2000 X-ray photoelectron spectrometer, using an
Mg-Kα source). TEM, HRTEM and scanning TEM (STEM)-EDX

elemental mapping were achieved by a FEI Tecnai G2 F30 transmission
microscope operated at 300 kV. The UV–vis absorption and diffuse re-
flectance spectra were measured by JASCO UV‐550 spectrophotometer.
Elemental analysis was carried out by means of Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES). Total specific surface
area was measured on Tristar II 3020 and calculated according to the
Brumauer–Emmett–Teller (BET) methods. Room temperature photo-
luminescence (PL) spectra were measured with a Hitachi FL-4500
fluorescence spectrometer. Fluorescence decay spectra were gained by
a FluoroMax-4 P spectrophotometer. The photoelectrochemical mea-
surements were recorded on a BAS-100W electrochemical potentiostat
in a three-electrode cell.

2.6. Photocatalytic H2 generation

For a typical photocatalytic H2 generation test, 2 mg of photo-
catalyst was suspended in 5mL of aqueous solution containing 10 vol%
TEOA. Then the sample was sealed and purged with Argon for 30min to
remove air before irradiation. The sample tube was irradiated with a Xe
light source (CEL-PF300-T8, Beijing China Education Au-light Co., Ltd)
with constant magnetic stirring at room temperature. The evolved gases
were analyzed by gas chromatography (Agilent 7890) equipped with a
thermal conductive detector (TCD) and a 5 Å molecular sieve column.
Wavelength dependence of the H2 generation rate was detected by
using an appropriate band pass filter (400, 440, 480, or 520 nm).

3. Results and discussion

The crystalline structure and the purity of as-synthesized M2P were
characterized by XRD (Fig. S1). The diffraction peaks of Fe2P at 40.2°,
44.2°, 47.3°, 52.9°, 54.1°, 54.6°, 73.7°, and 79.1° can be indexed as a
hexagonal Fe2P with the JCPDS card file no. 85-1727. The pattern of
Co2P exhibited diffraction peaks at 40.7°, 41.0°, 42.0°, 43.3°, 44.1°,
48.7°, 50.4°, 51.5°, 52.0°, and 56.2°, to be assigned to an orthorhombic
Co2P (JCPDS 65–2380). For Ni2P, the diffraction peaks present at 40.7°,
44.6°, 47.4°, 54.2°, 55.0°, and 74.8°, which exhibited the similar dif-
fraction peaks of Fe2P, are corresponded to the structure of Ni2P (JCPDS
74–1385). This may due to Ni2P and Fe2P both adopt the same hex-
agonal structure. The above XRD patterns indicated the successful
formation of the desired phase of Fe2P, Co2P, and Ni2P with our syn-
thetic method. The XRD patterns of S-CN and the pristine M2P hybrid
with S-CN were observed to show the formation of M2P/S-CN compo-
site materials, as shown in Fig. 1. The high-angle peak at 27.4° was
detected in pristine S-CN, assigned to an interlayer stacking of con-
jugated aromatics [4]. The hybrid samples exhibit the characteristic
diffraction peaks of both M2P and S-CN, indicating that the structure of
M2P and S-CN both remained after hybridization. The weak diffraction
intensities of M2P phase corresponds to the low weight ratio in the

Fig. 1. XRD patterns of as-prepared S-CN, Fe2P/S-CN, Co2P/S-CN, Ni2P/S-CN,
and corresponding standard PDFs.
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hybrid. In addition, the components of Fe2P, Co2P, and Ni2P were es-
timated by ICP (Table S1). The atomic ratios between Fe2P, Co2P, and
Ni2P are ca. 1.99, 2.02, and 2.00, respectively, which is in accord with
the crystalline structure confirmed by XRD.

The TEM images are collected to characterize the morphologies and
the structures of M2P/S-CN. It is evident from Fig. S2 that as-prepared
S-CN exists an amorphous structure with microscale layers. As present
in Fig. 2a, it is found that Fe2P with particle sizes around 30–50 nm
were firmly anchored on the surface of S-CN to form a semiconductor-
cocatalyst composites. To further accurately identify the crystal struc-
ture of Fe2P on the surface of S-CN, the HRTEM measurements were
performed. The lattice fringes with a d-spacing of 0.224 nm were ob-
served (Fig. 2d), attributed to the (111) plane of hexagonal Fe2P. In
Co2P/S-CN sample (Fig. 2b), small particles with ˜50 nm were observed
and deposited on the surface of S-CN. The crystalline lattice spacing of
0.221 nm can be assigned to the (121) plane of orthorhombic Co2P
(Fig. 2e). In addition, Ni2P/S-CN also shows the similar morphology to
those of Fe2P/S-CN and Co2P/S-CN (Fig. 2c). Their corresponding
HRTEM images are shown in Fig. 2f wherein the fringes with d spacing
of 0.221 nm could be assigned to the (111) plane of Ni2P. Therefore, the
above results confirmed that the M2P nanoparticles were successfully
loaded on the surface of S-CN through an ultrasound assisted method in
three M2P/S-CN.

The energy dispersive X-ray (EDX) results clearly indicated the ex-
istence of C, N, S, P and metal in the selected region (Fig. S3), and no
other element was detected except Cu (copper film). The corresponding
EDX mapping results (Fig. 3) confirm the homogeneous distribution
density of C and N, indicating the sheet-like morphology of S-CN. No
obvious images belonging to sulfur were observed might result from the
low content of sulfur in the as-prepared S-CN. The constituting elements
metal and phosphide was well dispersed, with the same shape, further
suggesting that M2P still exists with the uniform distribution on the
surface of S-CN after hybridization. Table S2 shows the BET of S-CN,
Fe2P/S-CN, Co2P/S-CN, and Ni2P/S-CN and the result indicates that all
the samples exhibit the similar BET surface around 15m2 g−1.

To gain the information regarding the surface chemical composi-
tions and valence state of SeCN, M2P/SeCN and bulk M2P, the XPS
measurements were performed. As shown in Fig. S4, the XPS survey
scan further verify that as-prepared M2P/SeCN mainly consist of C, N,
P, and corresponding metal element. The C 1 s XPS spectrum (Fig. 4a)

proves the existences of the characteristic C-NH2 and C]O species of
SeCN [29], which are located at binding energies of 285.9 and
288.6 eV, respectively. The N 1 s XPS spectrum (Fig. 4b) reveals two
peaks at 399.2 and 401.1 eV, corresponding to the characteristic sp2-
hybridized nitrogen involved in triazine rings (C–N=C) and free
amino groups (C-N-H) from SeCN [30], respectively. After deposited
the M2P on the surface of SeCN, the binding energies of both C 1 s and
N 1 s of M2P/SCN shifted to higher values, demonstrating that the in-
teraction between M2P and SeCN [31]. The S 1 s XPS spectrum (Fig. 4c)
certifies the existence of sulfur element and the weak intensity corre-
sponds to the low content, in accordance with the EDS elemental
mapping.

The local electronic structure of Fe 2p, Co 2p, Ni 2p, and P 2p in
M2P and M2P/S-CN were further measured by XPS. As indicated in
Fig. 5a, the XPS spectra of Fe 2p3/2 in bulk Fe2P and Fe2P/S-CN exists
two peaks at around 706.7 and 710.9 eV to be originated from Feδ+
and Fe2+ demonstrating the presence of Fe2P [32–34]. Fig. 5b shows
two peaks at 778.1 and 781.1 eV to be from elemental Coδ+ and Co2+

in the Co2P cocatalysts [35,36]. For the Ni 2p region (Fig. 5c), two
peaks at 853.3 and 856.2 eV were observed in Ni 2p3/2 window. The
peak at 856.2 eV is attributed to Ni2+ due to surface oxidation in Ni2P.
The prominent peak at 853.3 eV is a little higher than that of metallic Ni
(852.8 eV), indicating a slightly positive charge (Niδ+) in Ni2P [37].
From the P 2p peaks, two typical peaks at 130.1 and 129.4 eV are as-
signed to Pδ− species in metal phosphide [36]. A binding energy of
133.4 eV can be associated with phosphorous in phosphates [38,39].
Compared to pure M2P, the binding energy of both metal 2p and P 2p of
M2P/SCN were slightly shifted to lower values (Fig. S5). It is concluded
that, due to the high work function of M2P, the introduction of M2P into
the surface of S-CN could give rise to a slight charge transfer from S-CN
to M2P [40].

The optical absorption of as-prepared g-C3N4, S-CN and M2P/S-CN
photocatalysts were measured by UV–vis diffuse reflectance spectro-
scopy (Fig. 6). The UV–vis spectra of pristine g-C3N4 and S-CN show the
typical absorption edge at around 440 and 475 nm, respectively, con-
firming sulfur doping extends the absorption to the longer wavelength.
The absorption edge of M2P/S-CN has a slight change after M2P
loading, indicated that M2P was deposited on the surface of S-CN. It is
clear that M2P/S-CN absorb more visible light than pristine S-CN, this
may due to the black colour of M2P. However, the physical properties of

Fig. 2. TEM (a, b, and c) and HRTEM (d, e, and f) images of Fe2P/S-CN (a and d), Co2P/S-CN (b and e), and Ni2P/S-CN (c and f).
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the M2P are similar to metallic nature rather than semiconductor [41],
leading to a similar adsorption edge of M2P/S-CN. This confirmed that
the absorption of metal phosphide is impossible to produce excitation
electron for further H2 generation reaction [15,20], which means the
difference between light absorption of S-CN and M2P/S-CN is not the
key point for the photocatalytic activity.

The performance of M2P/SeCN, SeCN, and Pt/SeCN for photo-
catalytic H2 generation was measured in a TEOA solution under four
different band pass filters at λ=400, 440, 480, or 520 nm, as de-
monstrated in Fig. 7. It can be seen that only a trace of H2 was detected
over bare SeCN after irradiation for 1 h at four wavelengths, suggesting
the ultrafast recombination between photogenerated electron and hole
in pristine SeCN. Notably, the yield of H2 generation significantly in-
creased after SeCN was hybridized with each type of M2P, indicating
that all three types of M2P can be used as a cocatalyst for efficient H2

generation by SeCN. For three as-prepared samples, the photocatalytic
activity of H2 generation decreased dramatically along with the in-
crease of the wavelength, consistent with the UV–vis absorption spec-
trum of the corresponding M2P/SeCN. The results demonstrated that
M2P work as an efficient cocatalyst rather than semiconductor to en-
hance the photocatalytic H2 generation activity. Among three M2P/
SeCN, Ni2P/SeCN showed the highest H2 generation activity of 0.41
μmol⋅ h−1 at λ=400 nm, while Co2P/SeCN had a comparable H2

generation rate of 0.39 μmol⋅ h−1 under the same condition, and Fe2P/
SeCN showed the smallest rate of 0.32 μmol⋅ h−1. The H2 generation
rates of Ni2P/SeCN, Co2P/SeCN, and Fe2P/SeCN are approximately
22.7, 21.4, and 17.9 times higher than that of SeCN, respectively. It is
common knowledge that Pt is the most efficient cocatalyst for the H2

generation activity. Thus, the photocatalytic H2 generation activity of
Pt/SeCN was measured to compare with M2P/SeCN under the same
condition and loading amount. The results show that the M2P/SeCN
exhibits the comparable H2 generation rate with that of Pt/SeCN, de-
monstrating that M2P is a good noble-metal-free cocatalyst when hy-
bridized with SeCN.

Furthermore, the stability and reusability of M2P/S-CN was eval-
uated by the cycling H2 generation under a prolonged visible light ir-
radiation of 9 h. As observed in Fig. S6, three M2P/S-CN showed a
constant H2 production rate during each cycle and a negligible of ac-
tivity loss was detected after three cycles, suggesting that three M2P/S-
CN are highly stable during the photocatalytic H2 generation. In addi-
tion, the H2 generation activity of Pt/S-CN, Fe2P/S-CN, Co2P/S-CN,
Ni2P/S-CN, and Pt/g-C3N4 under visible-light irradiation
(λ > 400 nm) is shown in Fig. S7. Pt/S-CN has the extended absorption
from 400 nm to 475 nm to show a higher photocatalytic activity com-
pared to Pt/g-C3N4 (0.64 vs 0.53 μmol⋅ h−1). The H2 generation activity
of M2P/S-CN is in the order of Ni2P/S-CN, Co2P/S-CN, and Fe2P/S-CN,
to be higher than that of Pt/g-C3N4.

The PL spectra were measured to discuss on the charge separation
performance in the excited semiconductors [36]. Here, the PL spectra of
S-CN and M2P/S-CN were measured to study the key role of M2P in
determining the enhanced photocatalytic activity. As shown in Fig. 8a,
when the excitation wavelength was at 385 nm, a broad emission peak
centered at ca. 460 nm was observed for S-CN and M2P/S-CN. It is
observed that the emission intensity of the pure S-CN is the strongest,
corresponding to the charge recombination in the S-CN. However, after
the M2P loading on the surface of S-CN, the intensity of this emission

Fig. 3. EDX elemental mapping images for Fe2P/S-CN (a), Co2P/S-CN (b), and Ni2P/S-CN (c).

Fig. 4. XPS spectra of C 1 s (a), N 1 s (b), and S 1 s (c) of S-CN, Fe2P/S-CN, Co2P/S-CN, and Ni2P/S-CN.
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peak dropped significantly, suggesting that the efficient inhibition of
photogenerated electron-hole pairs recombination is achieved in M2P/
S-CN. The PL intensities decreased in the order of Ni2P/S-CN > Co2P/
S-CN > Fe2P/S-CN, consistent with that of the photocatalytic H2 gen-
eration activity. Thus, the electron transfer quenching of excited S-CN
by M2P is the key for efficient photocatalytic H2 generation. To un-
derstand the photophysical behaviours of photoexcited charge carriers,
the time-resolved fluorescence decay spectra of the S-CN, Fe2P/S-CN,
Co2P/S-CN, Ni2P/S-CN, and Pt/S-CN were recorded. Fig. 8b shows the
representative time-resolved fluorescence decays curves after pulsed
excitation at λ=420 nm. Fitting the decay spectrum shows three ra-
diative lifetimes are 2.82, 2.45, 2.10, 1.83, and 1.57 ns for S-CN, Fe2P/
S-CN, Pt/S-CN, Co2P/S-CN, and Ni2P/S-CN, respectively, showing that
the lifetime decreases on introducing cocatalysts. This indicates that the
transfer of photoexcited electrons and holes between S-CN and coca-
talysts must exist, which can retard the recombination probability of
electron and hole pairs and thus improve its photoactivity. The de-
creased emission lifetime of M2P/g-C3N4 signifies the rapid interfacial
electron injection from g-C3N4 to M2P, which are in accordance with
the PL quenching measurements.

The efficiency of charge separation and transfer was further verified
by the photocurrent, electrochemical impedance spectroscopy (EIS),
and polarization curves, as shown in Fig. S8. Photocurrent responses are
usually used to evaluate the visible light photoelectrochemical perfor-
mance occurring on the photocatalyst surface [42]. Fig. S8a shows the
several cycles of switch-on/off under visible light irradiation
(λ > 420 nm). In each cycle, the photocurrent intensity showed a
quick increase when the light was switched on and decay to baseline as
soon as turned off. The pristine S-CN exhibits rather low photocurrent
intensity, while those of M2P/S-CN were obviously enhanced under the
same condition. Therefore, it is concluded that M2P/S-CN had lower
recombination rate and a more efficient charge separation and charge
transfer, leading to the efficient photocatalytic H2 generation activities.

The photocurrent intensity decreased in the order of Ni2P/S-

Fig. 5. XPS spectra of Fe 2p (a) of Fe2P and Fe2P/S-CN; Co 2p (b) of Co2P and Co2P/S-CN; and Ni 2p (c) of Ni2P and Ni2P/S-CN.

Fig. 6. UV–vis DRS of g-C3N4, S-CN, Fe2P/S-CN, Co2P/S-CN, and Ni2P/S-CN.

Fig. 7. Photocatalytic H2 generation rates for S-CN, Fe2P/S-CN, Co2P/S-CN,
Ni2P/S-CN, and Pt/S-CN.

Fig. 8. (a) PL spectra of S-CN, Fe2P/S-CN, Co2P/S-CN, and Ni2P/S-CN. (b) Time-resolved fluorescence decay curves (excitation: λ=420 nm) for S-CN, Fe2P/S-CN,
Co2P/S-CN, Ni2P/S-CN and Pt/S-CN.
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CN > Co2P/S-CN > Fe2P/S-CN. EIS Nyquist plots of S-CN and M2P/S-
CN were tested, as another effective measurement to clear the different
property of cocatalysts in charge transfer and separation process (Fig.
S8b). The smallest diameter was observed for Ni2P/S-CN, followed by
Co2P/S-CN, Fe2P/S-CN, and S-CN, suggesting that M2P accelerate re-
markably the charge transfer and separation of S-CN. In other words,
M2P cocatalyst could lead to the accelerated charge transfer resistance
for dominantly improving the H2 generation. Additionally, the polar-
ization curves of S-CN and M2P/S-CN were measured ranging from
−0.4 to −1.2 V versus Ag/AgCl, corresponding to the reduction of
water to H2. As shown in the Fig. S8c, M2P/S-CN shows stronger re-
duction current peak than that of S-CN and in the order of Ni2P/S-
CN > Co2P/S-CN > Fe2P/S-CN. Much more pronounced cathodic
current density and low overpotential over M2P/S-CN demonstrate that
electron migration rate increases to result in the efficient photocatalytic
activity [36]. These results further confirm the enhanced charge
transfer and recombination inhibition over M2P/S-CN.

As mentioned above, Ni2P/S-CN showed the highest photocatalytic
H2 generation activity. To unveil the synergistic nature among these
cocatalysts, DFT calculations were performed to compare the inter-
mediate H* adsorption free energies (ΔGH) of the several models in-
cluding S-CN, Fe2P/S-CN, Co2P/S-CN and Ni2P/S-CN. The computa-
tional details can be obtained in the Supporting Information. The whole
reaction process mainly consists of proton adsorption and reduction on
the catalyst, followed by desorption of the hydrogen molecular. In this
respect, two possible reaction mechanisms are widely accepted, namely
Volmer-Tafel and Volmer-Heyrovsky [43]. Theoretically, for an ideal
catalyst for photocatalytic H2 generation, the absolute value of ΔGH

should be close to 0, which is favorable for the H* adsorption and
subsequent desorption, thus promoting the H2 production [44]. Fig. 9a
shows the H* adsorption free energies on various catalysts. Obviously,
the H* adsorption on pristine S-CN was too strong, implying the low
catalytic activity due to the high overpotential and possible sluggish H2

desorption process. Strikingly, after the deposition of M2P, the over-
potential was distinctly decreased from –0.93 to –0.38, –0.29 and
–0.24 eV for Fe2P/S-CN, Co2P/S-CN and Ni2P/S-CN, respectively.
Therefore, Ni2P/S-CN showed the highest photocatalytic H2 generation
activity among these four models, confirming the experimentally ob-
served H2 generation rates. In addition, to further clarify the promoting
mechanism of Ni2P/S-CN, the charge transfer was explored as shown in
Fig. 9b. The formation of interface induces a vigorous charge transfer
from S-CN to Ni2P, thus increasing the local electron density of Ni2P,
benefiting surface hydrogen generation and catalytic activity [45].
Thus, the overpotential can be effectively tuned through the en-
gineering of M2P cocatalysts, thereby improving the catalytic perfor-
mance of M2P/S-CN.

Base on the above results, a possible photocatalytic mechanism is
depicted in Scheme 1. When M2P/SeCN were irradiated at the effective
wavelength, SeCN absorbs photons to generate electrons and holes,
then the electron could be excited from valence band (VB) of SeCN to

its conduction band (CB). M2P, with their metallic nature, provides no
extra absorption capacity, but serve the role of an electron acceptors to
accept photo-induced electron during the process of photocatalytic re-
action. On the other hand, the oxidation of TEOA, as a sacrificial agent,
could consume the redundant photogenerated holes in the VB of SeCN.
Thus, M2P could suppresses the recombination of electron-hole pairs in
SeCN, lead to the efficient photocatalytic H2 generation.

By comparison of three M2P, Fe2P and Ni2P have the same crystal
structure belonging to hexagonal, whereas Co2P has an orthorhombic
one [46,47]. In contrast, the photocatalytic H2 generation activity of
M2P/S-CN is in the order of Fe2P/S-CN < Co2P/S-CN < Ni2P/S-CN,
suggesting that the crystal structure of M2P is not dominant factor for
the photocatalytic H2 generation activity of M2P/S-CN. The PL spectra,
fluorescence decay and photoelectrochemical characterization suggest
that the high H2 generation activity corresponds to the efficient electron
transfer from S-CN to M2P, and this can be further confirmed by the
highest binding energy for the C and N XPS peaks of Ni2P/S-CN than for
Co2P/S-CN, Fe2P/S-CN, and S-CN, as shown in Fig. 4 [40]. Meanwhile,
the intermediate H* adsorption free energies of M2P/ S-CN, as other
reason is also performed by DFT calculations. In another words, Ni2P/S-
CN with the lowest overpotential exhibits the highest efficiency for
electron transfer from S-CN to Ni2P, suggesting that Ni2P could be
worked as a better H+ acceptor to facilitate the reduction of H+ to H2

[48]. Thus, it can be concluded that Ni2P are working as an efficient
cocatalyst to accept the photo-induced electron in the CB of S-CN,
leading to the reduction of H+ to generate H2.

4. Conclusions

Three types of M2P (M=Fe, Co, and Ni) hybridized on S-CN have
been synthesized via an ultrasound assisted method. Three as-prepared
M2P can serve as an efficient non-noble metal cocatalyst for improving
H2 generation on S-CN. DFT calculations, PL spectra, photocurrent, and
EIS studies revealed that the efficient H2 generation activity mainly
attribute to the lowest overpotential and efficient charge transfer from
photoinduced S-CN to M2P, which suppress the recombination of
electron-hole pairs in S-CN. Among M2P/S-CN, Ni2P/S-CN exhibits the
most efficient electron transfer ability from S-CN to Ni2P, leading the
highest photocatalytic H2 generation activity. It is believed that elec-
tron transfer ability rather than crystal structure is the critical to effect
on the photocatalytic activity. This current work add the importance of
the interfacial charge transfer for three M2P-S-CN photocatalytic ac-
tivity and an opportunity to construct the low-cost, highly efficient
solar energy conversion composites.
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