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Though transition metal phosphides (TMPs) have been applied as an efficient and cost-effective catalyst for
hydrogen evolution reaction (HER), their large-scale application is still restrained by their lack of activity
and durability. In this work, a novel vanadium doped nickel cobalt phosphide catalyst supported on carbon
cloth (V-NiCoP/CC) is fabricated by a facile hydrothermal and phosphate method. Remarkably, V-NiCoP/CC

only need the overpotential of 52 mV to drive 10 mA cm ™2 in 1 M KOH solution, which is superior to many
state-of-art transition monometallic phosphides electrocatalysts. Meanwhile, V-NiCoP/CC exhibits a low tafel
slope of 51.2 mV dec' and superior stability in 2000 CV cycles and 40 h of long-term stability test.
Furthermore, this work verifies that doping heteroatom provides new opportunities to enhance the HER per-
formance of transition bimetallic phosphides with effect on their morphology and electrochemical properties.

1. Introduction

With the huge consumption of traditional fossil fuel and unrecover-
able pollution, the development and utilization of more new energy
sources have attracted worldwide attention. Hydrogen, as a kind of
efficient, clean and pollution-free new energy, is considered as the
most likely alternative to conventional fossil fuels, and has great abil-
ity to solve the problem of energy crisis [1-3]. Among the existing
hydrogen production technologies, electrocatalytic water splitting,
which consists of cathode hydrogen evolution reaction (HER) and
anode oxygen evolution reaction (OER), is a clean and sustainable
effective strategy [4-6]. Although electrolysis of water for hydrogen
production requires a large overpotential to overcome the slow kinetic
and takes a small share in industrial production, it has obvious advan-
tages due to its relatively simple equipment, only consumption of
water and electricity, and no CO, generation [7-9]. Hence, it is extre-
mely urgent to exploit the efficient and stable electrocatalysts to
improve the performance of HER for mass production [10]. Although
Pt based catalysts are considered as the most efficient catalysts toward
HER, the scarcity and high price of Pt limit its large-scale application
[11-13]. Transition metals (TMs), as an important member of these
nonprecious metal catalysts, are regarded as promising substitutes
for noble metals. Therefore, non-noble metal electrocatalysts as Pt-
based catalysts substitutes have been widely studied [14,15]. In recent
years, massive efforts have been committed to designing cost-efficient
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and earth abundant noble-metal-based electrocatalysts alternatives to
improve the efficiency of electrocatalysis, such as sulfides [16], sele-
nides [17], phosphides [18] and carbides [19].

Among of these, transition mental phosphides (TMPs), for instance,
Ni,P [20], CoP [21], CoP, [22], and MoP [23] have recently been
researched in the search for alternative transition metal compounds
that can achieve the performance of Pt-based catalysts owing to their
low cost and high intrinsic activity [24,25]. Bimetallic phosphide exhi-
bit better catalytic performance than monometallic phosphides due to
the alteration of electronic structure [26-28]. Similarly, heteroatom-
doping can further improve performance by changing the state of
charge [29-31]. Vanadium, as the earth-abundant and efficient men-
tal, which can tune the electronic properties [32] and enhance the con-
ductivity of the materials [33], has proved to be an excellent dopant in
electrochemical catalysts. For example, Wang's team has successfully
incorporated vanadium into Co(OH), and formed a CoV-layered dou-
ble-layer hydroxide (LDH), which yielded excellent performance in
electrolysis of water for hydrogen production [34]. The excellent cat-
alytic activity of CoV-LDH is attributed to its enhancement of catalyst
conductivity, acceleration of electron transfers and enrichment of elec-
trochemical active centers, which indicates that vanadium will be a
good foreign dopant. Chen's team successfully prepared Ru-doped 3D
flower-like bimetallic phosphide catalyst for overall water splitting,
demonstrating excellent performance [35]. The design and prepara-
tion of bimetallic phosphide can coordinate different metal ions and
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change the electronic structure of the catalysts, so as to improve the
catalytic performance, indicating that NiCoP bimetallic phosphide
has better electrocatalytic activity than its relevant single metal
phosphide.

Based on the above discussion, we herein bring forward a scheme
that vanadium doped in the nanoneedles of nickel and cobalt phos-
phide compounds synthesized through a hydrothermal-phosphoriza-
tion method. The hydrothermal phosphating method can be used to
synthesize the electrocatalyst with high activity and good stability
on a large scale. The effect of V doping was analyzed by morphology
characterization and electrochemical performance test, and it was con-
firmed that the introduction of V indeed increased the exposure of the
active surface and improved the electrical conductivity. In addition,
the effects of different molar amount of V additive (0, 5%, 10%,
15%) on its morphology and properties were also studied. When the
addition amount of V is 10%, V-NiCoP/CC only need the overpotential
of 52 mV to obtain the current of 10 mA-cm ™2 in 1 M KOH solution.
What’s more, V-NiCoP/CC demonstrates excellent stability, essentially
the same after 2000 CV cycles, and the current density remains basi-
cally unchanged for as long as 40 h. Therefore, this kind of V-
NiCoP/CC electrode material has great potential as a high-perfor-
mance hydrogen production device.

2. Experiments
2.1. Materials

All chemicals include Nickel nitrate hexahydrate (Ni(NO3),-6H,0,
Shanghai McLean Biochemical Co., Ltd), cobalt nitrate hexahydrate
(CO(NO3),-6H,0, Shanghai McLean Biochemical Co., Ltd), vanadium
Chloride (III) (VCl3, Shanghai San'an Chemical Technology Co., Ltd),
Urea (CH4N,0, Shanghai Aladdin Biochemical Technology Co., Ltd)
and sodium hypophosphite (NaH,PO,, Shanghai Aladdin Biochemical
Technology Co., Ltd) and carbon cloth (CC, WOS1009, China Power
Technology Co., Ltd). Except for the carbon cloth, all materials were
used without further treatment.

3. Preparation of V-NiCoP/CC

The substrate CC (1 X 4 cm?) was treated with concentrated nitric
acid at 90°C for 2 h, then cleaned sequentially in ethanol and deionized
water for 20 min. The preparation of V-NiCoP/CC nanoneedle arrays
on the CC is a simple hydrothermal process and phosphating treat-
ment. In a typical synthesis, 1 mmol of (Ni(NO3)»-6H>0), 1 mmol of
(Co(NO3),-6H,0), 0.2 mmol of VCl;, and 10 mmol CO(NH,), were dis-
solved in 30 mL of deionized water under vigorous stirring. After-
wards, the treated CC was immersed into the solution and
transferred into Teflon-lined stainless steel autoclave, and then reacted
at 120°C for 6 h in an electric oven. After cooling to room temperature,
the CC with the active materials was taken out and washed by deion-
ized water, and then dried at 60°C for a whole night. To obtain V-
NiCoP/CC, the precursor and 0.5 g NaH,PO, were put into a tube fur-
nace, and then annealed at 350°C for 2 h with a heating rate of 5°C
min~! in an Ar atmosphere. The V,-NiCoP/CC (x represents different
vanadium doping levels, x = 0, 0.05, 0.15) were also prepared with
the same method. What's more, the V 10-Ni,Co,.,/CC (y represents
the molar ration of Ni and Co in the as-prepared materials, y = 0,
0.5, 1.0, 1.5, 2.0) were also prepared.

4. Material characterization

The X-ray diffraction (XRD, Bruker AXS GmbH, Germany) test was
conducted at an angle range of 10-90° with a working voltage of 40 kV.
The morphology and chemical element composition of the catalyst
were characterized by scanning electron microscopy (SEM, JSM-
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6700, JEOL, Japan) and energy dispersive X-ray spectrometry (EDX),
respectively. The crystal structures were observed by transmission
electron microscopy (TEM, JSM-2100, JEOL, Japan). X-ray photoelec-
tron spectroscopy (XPS) was conducted on a Kratos Axis Ultra DLD
with an Al (mono) K source (1486.6 eV).

5. Electrochemical measurements

All the electrochemical tests were performed in a three electron
electrochemical cell using the CHI 660D electrochemical workstation
(CH Instruments, Inc., Shanghai). The prepared samples, Hg/HgCl
electrode, and a graphite rod were used as the working electrode, ref-
erence electrode, and counter electrode, respectively. Linear sweep
voltammograms (LSVs) were tested at 1 mV s~ ! and the saturated
calomel electrode (SCE) was calibrated with respect to reversible
hydrogen electrode (RHE) (Egyg = Escg + 0.244 + 0.0592 X pH).
The tafel slope was acquired by fitting the polarization with the Tafel
equation (n = b log |j| + a, where n is overpotential, j is current den-
sity and b is tafel slope). Cyclic voltammograms (CV) were recorded to
obtain electrochemical surface areas (ECSA) at different scan rates
from 10 mV s~ ! to 100 mV s~ . The roughness factor (Rf) was calcu-
lated by taking the estimated ECSA and dividing by the geometric area
of the electrode. Electrochemical impedance spectra (EIS) were mea-
sured over the frequency range from 100 kHz to 0.01 Hz.

6. Results and discussion

The preparation process of the V-NiCoP/CC is described in Fig. 1.
The vanadium doped nickel cobalt precursor was grown on carbon
cloth by one-step hydrothermal, and then calcined at 350 ‘C with
the NaHPO, as P source. As shown in scanning electron microscopy
(SEM) of Fig. Sla-b, nickel cobalt phosphide nanoneedles are uni-
formly and densely grown on carbon cloth. The acupuncture-shaped
structure provides a larger specific surface area for water contacting
and hydrogen atom absorption, theoretically providing more active
sites for HER. As shown in Fig. 2 a-b, the images maintain the same
nanoneedles structure with V dopant, indicating that vanadium didn’t
cause a fundamental change in morphology. Meanwhile, compare with
the precursor of Ni and Co compounds (Fig. S2a-b and Fig. S3a-b),
phosphating also didn’t change the morphology. However, the size
of the V-NiCoP is slightly larger than that of pure NiCoP, which indi-
cates that the introduce of V effectively regulate the morphology of
NiCoP. Moreover, different V doping amounts (Fig. S4a-b) also showed
a denser morphology and the ultra-fine nanoneedles of small size can
release more active sites for HER process [36-38]. For further analyze
the structure of V-NiCoP/CC, high-resolution transmission electron
microscope (HRTEM) was used to explore the nanostructure and ele-
mentary composition. As shown in Fig. 2c-d, the interlayer spacing
of 0.251, 0.193 and 0.227 nm are attributed to the (201), (200)
and (111) planes of NiCoP crystals, respectively. In order to further
investigate the distribution of elements on the V-NiCoP/CC, Fig. 2e-i
display the corresponding energy dispersive X-ray (EDX) elemental
mapping images of Ni, Co, V, P for the V-NiCoP/CC, in which that
Ni, Co, V, P is completely distributed on V-NiCoP/CC and further
prove that V is successfully introduced in NiCoP/CC. In addition, as
EDX spectrum of V-NiCoP/CC shown in Fig. S5, it displays the relative
content of the elements. And the weight ratio of Ni: Co: V: P elements
is about 0.24: 0.26: 0.04: 0.46 in Table S1, where the ratio of Ni and
Co is also close to the feed ratio. In addition, other vanadium doping
amounts are also listed in Table S1.

X-ray diffraction (XRD) was further applied to explore the crystal
phase and composition after the addition of vanadium. The diffraction
peaks at 41.0°, 44.9° and 47.6° correspond to the (111), (201) and
(210) planes of NiCoP crystals, respectively (Fig. 3a). The peaks basi-
cally correspond to JCPDS no.71-2336, indicating that no new phase
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Fig. 1. Schematic illustration of the process of V-NiCoP/CC.
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Fig.2. SEM images of V-NiCoP/CC at (a) 20 k magnifications. (b) 10 k magnifications. (c and d) HRTEM images of V-NiCoP/CC. (e-h) EDX elemental mapping of

V-NiCoP/CC.

produced after the introduction of vanadium. In addition, Fig. S6
shows the XRD results of different vanadium doping levels (0, 5%,
10% and 15%). This confirms the successful incorporation of vana-
dium and absence of vanadium compounds. Based on XRD results,
the elemental composition of NiCoP/CC and V-NiCoP/CC were studied
with X-ray photoelectron spectroscopy (XPS). Fig. 3b shows the survey

XPS diffraction pattern of NiCoP/CC and V-NiCoP/CC, and they have
the same pattern, except for a weak peak attributed to the V 2p, which
indicates the presence of vanadium. In addition, C and O in the peak
spectrum were caused by material pollution and surface oxidation
[39]. Taking pure NiCoP/CC as a contrast, from the high resolution
spectrum of Ni 2p (Fig. 3c), the peaks at 856.8 eV and 853.2 eV corre-
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Fig.3. (a) XRD patterns of NiCoP/CC and V-NiCoP/CC. XPS spectra of V-NiCoP/CC in the (b) survey, (c) Ni 2p, (d) Co 2p, (e) V 2p and (f) P 2p.

spond to Ni 2p3,5 in V-NiCoP/CC [36,40], and their electronic inten-
sity is slightly lower than that of pure NiCoP/CC. Similar to the Ni ele-
ment, as shown in Fig. 3d, the Co 2p3,5 spectrum of V-NiCoP/CC can
be divided into Co?* (781.6 eV) and Co®* (778.9 eV) with a satellite
peak (785.9 eV) [41,42]. The binding energies (BEs) at 797.9 eV and
803.7 eV are assigned to Co 2p;,» and satellite peaks, respectively.
Overall, the BEs of Ni 2p and Co 2p in V-NiCoP/CC are slightly lower
than pure NiCoP/CC, implying Ni and Co have partial negative
charges. This result indicates that the electronic density is increased
after V dopant and therefore improve the HER performance of electro-
catalysis [43]. In the V 2p region, as shown in Fig. 3e, it is evident that
belongs to V 2p3,, at the peak of 516.7 eV and V 2p;,, at 531.8 eV

[37,44], which results from surface oxidation owing to exposure in
air [45] and the formation of V-P bond [46]. In addition, the binding
bond between P and metal (Fig. 3f) is observed in the 129.1 eV peak in
the P 2p region [47], and 134.0 eV of the peak comes from the phos-
phorus oxide formed on the surface of the material or surface oxida-
tion [48,49]. Meanwhile, compared with pure NiCoP, the peaks for
Ni, Co and P in V-NiCoP shift to lower BEs, indicating that the addition
of vanadium increased the electron density of NiCoP and there is a
strong electron interaction between Ni, Co and V in the V-NiCoP sys-
tem. Through the above discussion, it can be seen that V element is
successfully doped into NiCoP/CC without a mixture of NiCoP and
V-based phosphides.
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Finally, the HER activity of different catalysts was tested by a typ-
ical three-electrode system in 1 M KOH with Hg/HgCl electrode as ref-
erence electrode, a graphite rod as the counter electrode and the
sample as the working electrode. The results show that the polariza-
tion curves of V 9;-NiyCo,.,P/CC (y = 0, 0.5, 1, 1.5, 2) in Fig. 4a. Dif-
ferent ratios of Ni and Co show great difference, where Vq ;-NiCoP/
CC exhibits the best performance. It only requires an overpotential
of 52 mV to drive a current density of 10 mA cm ™2, which is superior
to V0A01-Ni2P/CC (88 mV), VOAOI-Ni1A5COOA5P/CC (71 mV), V0A01-Ni05-
Co,5P/CC (75 mV) and Vj o;-Co,P/CC (84 mV). In addition, the tafel
slope is also an important index to measure the kinetics of HER. V 1-
NiCoP/CC shows a smaller tafel slope of 51.2 mV dec? than Vg o1-
Ni,P/CC (86.0 mV dec™), Vg 01-Ni; 5C00sP/CC (67 mV dec™), Vo o1-
Nig.5Co1 sP/CC (61 mv dec?) and Vg 1-Co,P/CC (61.9 mv dec™). This
further confirms that the ratio of Ni and Co can affect the process of
HER and the increased kinetic activity may be attributable to the small
charge transfer resistance. In order to further explain whether the
increase in activity is related to the charge transfer resistance (R, cur-
vature of capacitor semicircle), an electrochemical impedance spec-
troscopy (EIS) test was carried out. As shown in Fig. 4c, V0.01-
NiCoP/CC shows a smaller resistance value, compared with other
ratios of Ni and Co. Besides, considering that the HER process may
be affected by different active surface areas, we tested the cyclic
voltammetry (CV) under different sweep rates to obtain the value of
the double-layer capacitance (Cq) to calculate the electrochemical
active surface area (ECSA). According to the calculation (ECSA = Cq*-
S/Cs, Cq1 is the double-layer capacitance, S is the geometric area of the
electrode and C; is the capacitance of the sample), ECSA and Cq4, are
positively correlated, that is, a larger C4 means a larger ECSA
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[50-52]. For our estimates of ECSA, we use general specific capaci-
tances of C; = 0.040 mF cm ™2 in 1 M KOH [53]. As shown in
Fig. S7, 10 mV s™! to 100 mV s~ ! of CV curves were tested for cata-
lysts with different ratios of Ni and Co. The calculated results in
Fig. 4d show that Vg ;-NiCoP/CC display a Cgq value of 64.2 mF
em™~ 2, which is much larger than that of Vg ;-Ni;P/CC (35.5 mF
em™3), Vg ,01-Niy 5C00sP/CC (52.7 mF cm™2), Vg -NigsCos sP/CC
(56.8 mF cm ™~ 2) and Vg ;-Co,P/CC (42.1 mF cm™2). From the above
discussion, Vg 91-NiCoP/CC shows better HER property compared with
other Ni and Co ratios. Therefore, in the optimal ratio of Ni and Co, we
focus on seeking and analyzing an optimal result by changing the dop-
ing amount of vanadium.

Different amounts of vanadium (0, 5%, 10% and 15%) doped in
NiCoP/CC were tested in Fig. 5a, in which Vg ;-NiCoP/CC showed
the best HER performance. Therefore, unless otherwise noted, the fol-
lowing analysis is Vj 91-NiCoP/CC. As expected, Pt/C possesses the
highest HER electrocatalytic performance, especially at high current
densities. Compared to other different doping levels, when the current
density of 10 mA c¢m ™2 is reached, V-NiCoP/CC only needs the ultra-
low overpotential of 52 mV, even the same as Pt/C catalyst. It is a sig-
nificant improvement over pure NiCoP/CC (80 mV), V o5-NiCoP/CC
(66 mV), and Vj15-NiCoP/CC (64 mV). In addition, the comparison
of HER performance between V-NiCoP/CC and other catalysts were
shown in the followed Table S2. In addition to these, V-NiCoP/CC
shows a smaller Tafel slope of 51.2 mV dec” than pure NiCoP/CC
(71 mV dec®), Vg,05-NiCoP/CC (64.8 mV dec?), and V, 15-NiCoP/CC
(59.74 mv dec). Additionally, tafel slope of Pt/C is 35.9 mV dec.
This also proves that V doping improves HER dynamics and acceler-
ates electron transfer.
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Fig. 4. The electrocatalytic measures of V0.01-NiyCo2-yP/CC (y = 0, 0.5, 1, 1.5,2) in 1 M KOH. (a-d) LSV polarization curves, Tafel plots, Nyquist plots and the

Cdl measurements.
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constant current density of 10 mA cm ™2 for 40 h in 1 M KOH.

In order to further reveal the improved HER performance of V-
NiCoP/CC, EIS analysis was performed on different doping amounts.
From the Nyquist curves shown in Fig. 5¢, with the same experimental
conditions, it can be seen that all electrode resistances are small and
similar. The low resistance values reflect fast reaction rates. Among
of these, V-NiCoP/CC shows a smaller resistance value, indicating that
the electron transport rate is improved and the reaction kinetics of
HER is much faster after V doping. Besides, the exposure of more elec-
trochemically active sites may be another reason to enhance the per-
formance of HER. As shown in Fig. $8, 10 mV s~ ! to 100 mV s~ ! of
CV curves were tested for catalysts with different doping amounts.
The calculated results show that V-NiCoP/CC showed a Cg value of
64.2 mF cm™ 2, which is much larger than that of pure NiCoP/CC
(23.7mF cm™2). It is also better than Vg os-NiCoP/CC (39.9 mF

cm ™ 2) and Vg 15-NiCoP/CC (61.1 mF cm ™~ 2), which demonstrates that
V-doped catalyst exposes more active sites. Furthermore, the rough-
ness factor (Rf) was shown in Table S3, which also indicates a greater
promotion for HER with V dopant.

Stability is also an important index for hydrogen evolution, espe-
cially in practical application. Therefore, the sample was first tested
by LSV with a sweep rate of 1 mV s~ !, and the overpotential of the cur-
rent density at 10 mA cm™? could be seen through the polarization
curve. As shown in Fig. 5e, after 2000 CV cycles, the polarization curve
of V-NiCoP/CC is almost the same as the initial one. Then, a long-term
stability test was carried out by chronopotentiometry. Impressively,
the current density remains basically unchanged for as long as 40 h,
which indicates that the V-NiCoP/CC electrode material has a good
stability. What’s more, after I-T test, SEM images of sample is basically
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similar to the original one (Fig. S9). Comparison of spectra of material
before and after 40 h-long HER indirectly reveals that Ni, Co and V
have partial negative charges with the decrease of BEs (Fig. S10a-c).
The increase of binding energy of P indirectly indicates that partial
oxidation occurs in HER process (Fig. S10d) and the corresponding
peak at 129.9 eV can be attributed to the phosphide signal [54]. More-
over, TEM images of V-NiCoP/CC were recovered after 40 h-long elec-
trocatalytic HER in Fig. S11. The lattice fringe spacing was essentially
unchanged, indicating that the oxidation was not obvious during the
HER. In addition, Fig. S12 displays the corresponding energy disper-
sive X-ray (EDX) elemental mapping images of Ni, Co, V, P for the
V-NiCoP/CC after I-T test, in which the weight ratio of Ni: Co: V: P ele-
ments is about 0.39: 0.36: 0.02: 0.23 in Table S1, where the ratio of Ni
and Co is basically unchanged. In brief, through 2000 CV cycles and
40 h of long-term stability test, it is proved that V-NiCoP/CC retains
the original crystal morphology and have good material stability. In
addition, the V-NiCoP/CC electrode shows about an 81% faradaic effi-
ciency over a period of 18 min of electrolysis at a current density of
about 236 mA cm ™2 in 1 M KOH (Fig. S13), indicating the existence
of efficient electron transfer during hydrogen production.

7. Conclusion

In conclusion, we have successfully synthesized vanadium doped
nickel cobalt phosphide catalyst supported on carbon cloth by a facile
hydrothermal and phosphorization method. On account of the strategy
of heteroatom, acupuncture-shaped structure and the synergistic of
transition bimetallic phosphide, more active sites are exposed and
the electron transport rate is accelerated. The as-obtained V-NiCoP/
CC exhibits an excellent HER activity with ultra-low 179 of 52 mV
and a low tafel slope of 51.2 mV dec in 1 M KOH solution. In terms
of durability, V-NiCoP/CC shows a good stability after 2000 CV cycles
and 40 h of long-term stability test, which will provide a feasible alter-
native to the noble metal catalyst solution. Furthermore, this work will
broaden our horizons that we use a heteroatom doping technique to
achieve electrochemical performance improvements in transition
bimetallic or polymetallic phosphide catalysts.
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