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ABSTRACT

Cobalt phosphide (CoP) is considered to be a potential candidate in the field of electrocatalysis due to its low-cost, abundant
resources and high electrochemical stability. However, there is a great space for further improvement of its electrocatalytic
performance since its charge transfer rate and catalytic activity have not reached a satisfactory level. Herein, we design and
fabricate a three dimensional urchins like V-doped CoP with different amounts of V-doping on nickel foam electrode. The V-doped
CoP/NF electrode with optimized amounts of V-doping (10%) exhibits outstanding hydrogen evolution reaction (HER) performance
under universal-pH conditions and preeminent oxygen evolution reaction (OER) performance in alkaline media. Notably, the
assembled water-splitting cell displays a cell voltage of only 1.53 V at 10 mA-cm™ and has excellent durability, much better than
many reported related bifunctional catalysts. The experiment results and theoretical analysis revealed that vanadium atoms replace
cobalt atoms in CoP lattice. Vanadium doping can not only raise the density of electronic states near the Fermi level enhancing the
conductivity of the catalyst, but can also optimize the free energy of hydrogen and oxygen-containing intermediates adsorption
over CoP, thus promoting its catalytic activity. Moreover, the unique nanostructure of the catalyst provides the various shortened
channels for charge transfer and reactant/electrolyte diffusion, which accelerates the electrocatalytic process. Also, the in situ growth
strategy can improve the conductivity and stability of the catalyst.
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as a potential material in the field of electrocatalysis because

1 Introduction of its low-cost, earth abundance and high electrochemical

With the development of fuel vehicles, the climax of building
hydrogen refueling stations is emerging all over the world, so it
is necessary to find a safe and efficient technology to produce
hydrogen [1, 2]. In large-scale hydrogen production, compared
with the traditional coal gasification method and steam-methane
reforming method, electrochemical water-splitting method has
attracted more attention because it is environmental-friendly,
renewable and has convenient preparation process [3, 4]. To
realize high performance electrolytic water-splitting composed of
two half-reactions of hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), Pt and Ru/Ir-based materials
are considered as the state-of-the-art electrocatalysts for HER
and OER, respectively [5]. However, their scarcity and high
cost make them unsuitable for large-scale applications [6-8].
Finding alternative electrocatalyst that are inexpensive with
better stability and high catalytic activity has become an
indispensable topic in the application of extensive electrochemical
water-splitting [9].

In recent years, cobalt phosphide (CoP) has been regarded

stability [10, 11]. However, the electrocatalytic performances of
CoP are still far from satisfying the requirements of practical
application due to its relatively slow charge transfer rate and
low electrochemical activity [12]. Therefore, current studies
mainly focus on how to improve the electrocatalytic performance
of CoP. Based on previous reports, introducing metal element
into CoP is considered to be an effective way to adjust its
electronic structure and optimize its electronic conductivity in
order to improve its electrocatalytic performance [13-16]. For
instance, Al-doped CoP [13] and Mn-doped CoP [14] were
reported, to show attractive electrochemical performance. In
another work reported by Ho et al., Ce-doped CoP as HER
catalyst, exhibited outstanding performance compared to pristine
CoP [15]. Consequently, introducing metal elements into CoP
has been considered as a key factor to boost its electrochemical
water-splitting performance. In particular, vanadium was a
satisfactory candidate due to its low cost, abundant resources
and the closeness of its atomic radius to that of cobalt. Another
efficient way that can be used to enhance the catalytic ability
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of CoP is its nanostructure design [17, 18]. Recently, CoP nano-
needle arrays grown on carbon cloth [19], CoP nanoframes [20],
and hierarchical ultrathin CoP nanosheets [21] were fabricated.
It was proven, that CoP with specific morphology had
improvement in its overall water splitting performance. By
comparison with powder catalytic materials, the direct growth
of catalysts on substrates, can provide more exposed active
sites, reduce contact resistance and promote the stability of
electrodes [22]. For example, Hou and co-workers synthesized
NC-NiCu-NiCuN electrode with a high catalytic activity by
in situ growth strategy [23]. CoP microscale prism-like
superstructure arrays on Ni foam [24] and as-prepared Co/CoP
film on Ni foam [25] as efficient-electrocatalyst manifested robust
catalytic activity. Hence, the in situ growth strategy also helped
to improve the electrochemical performance of CoP.

In this work, we combined the above effective strategies
to prepare a three-dimensional (3D) urchin like V-doped CoP
nanostructure in situ grown on commercially available nickel
foam through a hydrothermal-phosphidation method. When
the optimized amount of doping is 10%, the V-doped CoP/NF
electrode showed excellent catalytic performance toward HER
and OER. From the experiments and theoretical calculations,
the substitution of vanadium for cobalt in CoP had a significant
influence on the catalytic performances of CoP. The density
functional theory (DFT) calculations suggest that vanadium
doping leads to optimal free energies of hydrogen and oxygen-
containing intermediates adsorption. Density of states (DOS)
result demonstrates that V-doping can enhance the conductivity
of CoP during the electrocatalytic process by regulating its surface
electronic state. Moreover, its unique nanostructure provided
various shortened channels for charge transfer and reactant/
electrolyte diffusion, thereby accelerating the electrochemical
reaction process; also the in situ growth strategy facilitated the
intimate contact between the catalytic materials and nickel
foam, thus maximizing the electrical conductivity and stability
of the electrode. Therefore, the as-prepared electrode has a
broad application prospect in the field of electrocatalysis because
of its impressive catalytic performance in water-splitting.

2 Experimental

2.1 Preparation of Ni foam

A piece of Ni foam (1.2 cm x1.2 cm) was soaked in 2.0 mol
HCl for 10 min to remove the NiO on the surface. It was washed
with ethanol and deionized water, respectively, and then dried
at room temperature.

2.2 Synthesis of V-Co(OH)F/NF precursor

In a typical synthesis, 3 mmol Co(NO:s)>-6H.0, 0.3 mmol VCl;,
15 mmol CO(NH:). and 9 mmol of NH.F were added to a
solution of 150 mL deionized water and stirred continuously.
The homogenous mixture and a piece of Ni foam were
transferred to Teflon-lined stainless steel autoclave, which was
then sealed and kept in the oven at 120 °C for 8 h. The autoclave
was cooled down to room temperature and the V-Co(OH)F/NF
was then washed with ethanol and deionized water, respectively,
and dried at room temperature.

2.3 Synthesis of V-doped CoP/NF

The as-prepared precursor V-Co(OH)./NF and NaH,PO,
powder (6 times in mass) was put in two separate positions in
a ceramic boat with NaH,PO; at the upstream side of the tube
furnace. After annealing the sample at 350 °C for 2 h and at
a heating rate of 3 °C-min™" under Ar atmosphere, V-doped
CoP/NF was obtained.
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2.4 Comparison of samples

The corresponding electrodes with different vanadium doping
contents were synthesized, and denoted as CoP/NFE, Vs-doped
CoP/NF and Vis-doped CoP (5, 15 represent the molar percent
of vanadium added to CoP in the starting material).

3 Results and discussion

The synthesis procedure of 3D wurchin like V-doped CoP
nanostructure on nickel foam is shown in Scheme 1. Firstly,
VCo-OH-F/NF precursor with urchin like morphological
features was prepared by hydrothermal method. It was formed
by high density of aligned nanoneedle arrays with length of
about 1 pm, and its uniform size distribution is about
3-5 pum. Then, it was converted into V-doped CoP/NF after a
simple annealing process in the presence of NaH>PO, and its
morphology basically retained the original characters of its
hydroxide counterparts.

The scanning electron microscopy (SEM) technique was em-
ployed to explore the surface morphology and microstructure
of the catalyst. The SEM images of the as-fabricated precursor
(VCo-OH-F/NF) with optimized V-doping amount (10%) are
shown in Fig. SI in the Electronic Supplementary Material
(ESM). Figures 1(a)-1(c) showed SEM images of the V-doped
CoP/NF electrode obtained by phosphating process. It shows
the formation of spherical urchin like nanostructure with
diameter of about 3-5 pm, and is composed of numerous small
nanoneedles radially grown from the center. In Figs. S2-S4 in
the ESM, the V-doping content had no significant influence
on the urchin like nanostructure morphology, but it affected the
average grain size of the catalysts. It can be clearly seen that the
size of urchin-like nanostructure decreased with increase in the

Ni foam

hydrothermal phosphorization

Scheme 1 Schematic illustration of synthetic routes of urchins like V-doped
CoP/NE

Figure 1 (a)-(c) SEM images of V-doped CoP/NE. (d) and (e) TEM
images of V-doped CoP. (f) HR-TEM image of V-doped CoP. (g) TEM
image and element mapping of V, Co and P.
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amount of V doping. It could be that the reduction of the relative
content of cobalt hindered the growth of the nanostructure.
To further understand the microstructural characteristics of
the materials, transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM) were carried out. The TEM
images of the precursor with optimized V-doping amount are
shown in Fig. S5 in the ESM, which coincided with the above
SEM result. As can be seen in Figs. 1(d) and 1(e), the TEM images
further suggested that the urchin like nanostructure contained
numerous tiny nanoneedles with diameter of approximately
30-40 nm, which provided a large contact area with the
electrolyte and shortened ion/electron transport pathways. The
HR-TEM image taken from a V-doped CoP nanoneedle is shown
in Fig. 1(f), and the clearly resolved lattice fringes were calculated
to be roughly 0.279 nm, corresponding to the (002) plane of
spinel structured CoP. Energy dispersive X-ray spectroscopy
(EDX) elemental mapping images (Fig. 1(g)) indicate that
vanadium, cobalt and phosphorus elements are uniformly
distributed, which demonstrated the successful introduction
of V atom into CoP.

The phase composition of the pristine CoP and V-doped
CoP was confirmed by X-ray diffraction (XRD) characterization
(Fig. 2(a)). Without V-doping, all the Bragg peaks observed
corresponded to the hexagonal phase of pristine CoP (JCPDS
card No. 29-0497). The XRD pattern of the as-obtained V-doped
CoP with optimized doping amount (10%) was similar to that
of pristine CoP, and there was no detectable new diffraction
peak. As shown in the inset of Fig. 2(a), the (211) diffraction
angle of V-doped CoP slightly shifted to lower position, which
may result from reduction of lattice parameters caused by
V-doping in CoP. As shown in Fig. S6 in the ESM, when
V-doping amounts increased to 15%, Vis-doped CoP showed
new peak at about 40°, which can be easily indexed to V.P
(JCPDS card No. 65-2394).

X-ray photoelectron spectroscopy (XPS) measurement was
carried out to investigate the detailed elemental compositions
and valence states of V-doped CoP. In Fig. S7 in the ESM, the
characteristic peaks of Co, V and P could be clearly observed,
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and the appearance of O might be due to the partial oxidation
of the sample during the drying step and the post-treatment
process. The high-resolution Co 2p spectrum displayed two
doublets associated with Co 2ps» and Co 2pi.» characteristics,
as well as two shakeup satellite peaks at 786.7 and 803.2 eV,
respectively (Fig. 2(b)). In this context, two peaks located at
778.9 and 793.5 eV corresponded to the Co-P bond [26].
Besides, another two peaks located at 782.1 and 797.9 eV were
on account of the oxidized state of Co from Co-phosphate
[27, 28]. The two peaks of the P 2p spectrum at a binding energy
of 129.7 and 130.3 eV were assigned to the P 2ps» and P 2pi»
regions of the V-doped CoP/NF, respectively, and the peak
at 133.9 eV indicated the formation of oxidized phosphate
on the surface of the nanostructures (Fig. 2(c)), because the
sample came into contact with air during the processing. The
V 2p XPS spectrum of V-doped CoP/NF in Fig. 2(d) can be
decomposed into V 2ps2 and V 2pi at 516.8 and 524.2 eV,
respectively. In particular, the two peaks at the binding energy
of 516.2 and 523.5 were attributed to V**, confirming the
formation of V-P bond. This shows that vanadium element
was successfully introduced into the crystal lattice of CoP. The
two peaks at 517.1 and 524.4 eV were assigned to V** and
another two peaks at 517.9 and 525.3 eV corresponded to V**,
which belonged to V-O bond. The results indicate that V** was
partially oxidized to V** and V** during the synthesis [29]. The
analysis of SEM, TEM images, XRD and XPS spectra confirmed
that the V-doped CoP catalyst was successfully synthesized.
To investigate the effect of vanadium doping content on the
electrocatalytic properties of the catalyst, the HER performance
of V-doped CoP/NF with different vanadium content was
evaluated using a standard three-electrode system in 1 M
KOH at a scan rate of 5 mV-s™ with 90% iR-compensation
(details in the ESM). As we know, doping can tune the free
energy (AGu-) of H adsorption on the surface of catalyst,
which is a key descriptor used to predict the activity of
catalysts. The value of AGu- is strongly decided by the amount
of dopant. A too large or small value of AGw- indicates a very
strong or weak interaction between the active sites and the
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Figure 2 (a) XRD patterns of pristine CoP and V-doped CoP. XPS spectra (b) Co, (c) P, and (d) V of V-doped CoP.
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intermediates, which is not beneficial for the HER [30].
Figure 3(a) showed the HER performance of the electrode
materials with 0%, 5%, 10% and 15% vanadium content,
respectively. When the vanadium content was 10%, the material
had the best HER performance (overpotential of 84.6 mV at
10 mA-cm™), indicating that an appropriate V-doping content
could improve the catalytic performance of the catalyst. An
electrochemical test was carried out under the optimal vanadium
content. Also, VCo-OH-F/NE CoP/NE, Ni foam and Pt/C were
used as control samples. Figure 3(b) display the linear sweep
voltammetry (LSV) curves in 1 M KOH solution. The required
overpotential of V-doped CoP/NF (84.6 mV) was very close
to that of Pt/C (70 mV) at a current density of 10 mA-cm™?,

@,
'TE e CoP
o -50{===Vs-doped CoP
é =V ,-doped CoP
}:_100 =V s-doped CoP
2 _150-
D
=
= =200
5
E
£ 250
Q
=300 T T
-0.6 -05 -04 —0 3 —0 2 —0 1
©) Potential (V vs. RHE)
e VC0-OH-F/NF
3 0-3==CoP/NF
= |e=V-doped CoP/IM) \“\
=4 e Ni foam
é 0.2 e Pt/C -
2 %A“‘ "
E 014 s
<01 P -ae
L \ .dec
e 6 im
A
0.0
L}
0.4 0.8 1.2 1.6 2.0
(e) o Log(j(mA-cm™))
o =—H,S0,
g -50 {==KOH
B —PBS
£ -100
&
Z -150
=
<
< =200+
=
@
£ 250
&}
-300 . T r
-0.3 -0.2 -0.1 0.0
Potential (V vs. RHE)
@ 04
< ——Initial
,g =50 1,000 CV cycles
<
£-100-
N’
=
=—-150+ S
g
=-200 3 ———ime]
*E g—m
£-250+ &
[ —02
5 300 ? “Time(h)ﬁ s 1
-0.2

-0.1
Potential (V vs. RHE)

Nano Res. 2021, 14(11): 4173-4181

outperforming those of VCo-OH-F/NF (173.5 mV), CoP/NF
(141.2 mV) and Ni foam (265 mV). The overpotential of the
catalyst was much better than that of the other Co-based
phosphide catalysts in previous reports (see Table S1 in the
ESM). To gain insight into the catalytic HER behaviour of the
catalyst in terms of the electron/mass transport and reaction
kinetic, the corresponding Tafel slopes were calculated according
to LSV curves. As shown in Fig. 3(c), the V-doped CoP/NF
showed a Tafel-slope of 79.2 mV-dec™, which was smaller than
those of VCo-OH-F/NF, CoP/NF and Ni foam (100.7, 86.4
and 182.9 mV-dec™!, respectively). Besides the HER activity,
stability is another important indicator to evaluate an advanced
electrocatalyst. As shown in Fig. 3(d), the LSV curves after the
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Figure 3 (a) The HER polarization curves of CoP, Vs-doped CoP, Vio-doped CoP, and Vis-doped CoP in 1 M KOH. (b) The HER polarization curves of
VCo-OH-F/NF, CoP/NFE, V-doped CoP/NE Ni foam and Pt/C in 1M KOH and (c) corresponding Tafel plots of VCo-OH-F/NE CoP/NF, V-doped CoP/NF,
Ni foam and Pt/C. (d) HER durability measurement of V-doped CoP/NF and polarization curves of V-doped CoP/NF before and after 1,000 CV cycles. (e) The
HER Polarization curves of V-doped CoP/NF in 0.5 M H»SO4, 1 M KOH and 1 M PBS and (f) corresponding Tafel plots V-doped CoP/NF in 0.5 M H2SO4, 1 M
KOH and 1 M PBS. (g) HER durability measurement of V-doped CoP/NF in 0.5 M H2SO4 and polarization curves of V-doped CoP/NF before and after 1,000 CV
cycles. (h) HER durability measurement of V-doped CoP/NF in 1 M PBS and polarization curves of V-doped CoP/NF before and after 1,000 CV cycles.
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CV experiment exhibited a negligible loss in current density
compared to the initial one. The inset in Fig. 3(d) presented
that it possessed a superior stability with negligible potential
degradation at 10 mA-cm™ for 30 h by chronopotentiometry
(CP) measurements.

Figure 3(e) illustrates the LSV curves of V-doped CoP/NF
in 0.5 M HxSO4, 1 M PBS and 1 M KOH, which was used to
evaluate the HER performance of the materials in a wide pH
range. It can be seen that the V-doped CoP/NF had the best
HER performance under acidic conditions (0.5 M H,SO4). Its
overpotential values were 73 and 133 mV at current density
of 10 and 100 mA-cm™, respectively, and the Tafel slope was
59.3 mV-dec™ (Fig. 3(f)). V-doped CoP/NF showed a long-term
stable performance after 1,000 CV sweeps in 0.5 M H,SO,
(Fig. 3(g)). Furthermore, when a current density of 10 mA-cm™
was applied for 10 h, only a slight increase in the required
overpotential could be observed (Fig. 3(g) inset). In addition,
considering the corrosion of acid solution to the electrode,
an ICP test was carried out to further explore its stability.
The ICP test results (see Table S2 in the ESM) presented that
Ni content of V-doped CoP/NF in H.SOs solution was much
lower than that of pristine NF. This indicates that catalyst
in situ grown uniformly on the surface of NF can effectively
protect the NF from corrosion by H.SOs electrolytes, thus
improving the stability of the electrode. Under neutral pH of
environmental solutions, the overpotentials were 86 and 197 mV
at current density of 10 and 100 mA-cm™, respectively, and the
Tafel slope was 90.9 mV-dec™. In order to test its durability in
1 M PBS, the LSV curve was recorded again after 1,000 cycles.
Compared to the original one, no remarkable difference could
be seen (Fig. 3(h)). Furthermore, when a current density of
10 mA-cm™ was applied for 30 h, only a slight increase in the
required overpotential could be observed (Fig. 3(h) inset). These
above results demonstrated that V-doped CoP/NF electrode had
high catalytic activity and stability in a wide pH range, which
provided a beneficial reference for the practical application of
electrocatalytic materials in the future.

The OER performances of the catalysts were investigated in
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N»-saturated alkaline media (1 M KOH). As shown in Fig. 4(a),
the required overpotential of V-doped CoP/NF was only
265.3 mV at a current density of 20 mA-cm™, which was superior
to that of VCo-OH-F/NF (289.4 mV), CoP/NF (326 mV), Ni
foam (371.4 mV), RuO: (328 mV) as well as many other
Co-based phosphide catalysts (see Table S3 in the ESM). As
shown in Fig. 4(b), the superior OER performance of the
V-doped CoP/NF was also confirmed by its extremely low
Tafel-slope (66.2 mV-dec™) derived from LSVs, which was
much smaller than those of VCo-OH-F/NF (71.1 mV-dec™),
CoP/NF (150.6 mV-dec™), Ni foam (268.5 mV-dec™) and RuO»
(106.2 mV-dec™). In addition, the LSV changes of V-doped
CoP/NF before and after 1,000 sweeps are shown in Fig. 4(c),
and the almost overlapping LSV curves demonstrated the
long-term OER stability of V-doped CoP/NF. This excellent
durability is also supported in the inset of Fig. 4(c), in which
only a trifling increase of potential was observed after 30 h
of continuous OER electrolysis in 1 M KOH. The reason for
the outstanding stability of the electrode can be attributed to
the in situ growth strategy, which provided intimate electrical
contact between the catalytic material and the current collector,
preventing the catalyst from falling off casually. An electro-
chemical impedance spectroscopy (EIS) experiment was
performed to explore the charge transfer properties. Figure 4(d)
demonstrates that the V-doped CoP/NF electrode generated
smaller semicircle radii than VCo-OH-F/NF and CoP/NF
electrodes, indicating its excellent efficient electronic transmission
in the electrocatalytic process. The improved conductivity of
V-doped CoP was explicated as follows: In pristine CoP crystal,
outermost shell electrons of Co and P atoms were constrained
by covalent bonds. Only very few amount of electrons became
free carrier due to thermal excitation at room temperature. In
other word, the conductivity of pristine CoP was poor. After V
doping into CoP, V atoms replaced the position of partial Co
atoms. Since the coordination number of V was larger than
that of Co, the extra free electrons moved directionally under
the applied electric field, contributing to a higher conductivity
than pristine CoP.
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Figure 4 (a) The OER polarization curves of VCo-OH-F/NFE, CoP/NF, V-doped CoP/NF, Ni foam and RuO: in 1M KOH and (b) corresponding Tafel
plots of VCo-OH-F/NE, CoP/NE, V-doped CoP/NE, Ni foam and RuO.. (c) OER durability measurement of V-doped CoP/NF and polarization curves of
V-doped CoP/NF before and after 1,000 CV cycles. (d) Nyquist plots of VCo-OH-F/NF, CoP/NF and V-doped CoP/NFE.
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We can evaluate the intrinsic catalytic activity of the materials
by comparing the calculated value of turnover frequency
(TOF). In the first step, the double-layer capacitance (Ca) is
evaluated by a series of cyclic voltammetry (CV) measurements
at 10 to 60 mV-s™' scan rates. Next, we can calculate the
electrochemical active surface area (ECSA). Finally, the TOF
value is estimated according to the determination of ECSA (The
calculation details are presented in the ESM). As can be seen
in Fig. 5(a) and Fig. S8 in the ESM, Ca of V-doped CoP/NF
(54.7 mF-cm™) was much higher than that of VCo-OH-F/NF

(9.1 mF-cm™), CoP/NF (21 mF-cm™) and Ni foam (1.5 mF-cm™).

In addition, V-doped CoP/NF possessed a great ECSA of
1,367.5 cm?’, which was much larger than that of VCo-OH-F/
NF (525 cm?), CoP/NF (227.5 cm?) and Ni foam (37.5 cm?),
respectively (Fig. 5(b)).

The intrinsic catalytic activities of the V-doped CoP/NF
were determined by TOF value. As shown in Fig. 5(c), the
TOFuzr at 77 = 300 mV of V-doped CoP/NF (2.8 S7') was higher
than that of VCo-OH-F/NF (1.05 S™*), CoP/NF (1.75 S™) and
Ni foam (0.03 S™), respectively. The TOFogr at 7 = 350 mV of
V-doped CoP/NF (1.8 S™') was higher than that of VCo-
OH-F/NF (0.35S™"), CoP/NF (0.28 S™) and Ni foam (0.11 S'),
respectively (Fig. 5(d)). The above results suggest the maximum
exposure level of the effective active sites on the three
dimensional urchins like V-doped CoP/NF electrode was
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beneficial to adsorption and dissociation of water molecules.
It also provided easy contact with the electrolyte, thereby
significantly enhancing the catalytic activity of the catalyst.

In order to assess the promising large-scale application of
the bifunctional V-doped CoP/NF for water splitting, V-doped
CoP/NF was further used as anode and cathode simultaneously
in a cell. Figure 5(e) shows that V-doped CoP/NF//V-doped
CoP/NF displayed a high electrocatalytic activity with a cell
voltage of 1.53 V to reach a current density of 10 mA-cm?,
which is superior to many other reported overall water-
splitting systems (see Table S4 in the ESM); Pt/C//RuQ: also
had a high electrocatalytic activity with a cell voltage of 1.57 V.
This reveals the prominent performances of the catalysts. The
chronopotentiometry test was carried out for 160 h at 10 mA-cm™
for overall water-splitting (Fig. 5(f)). The results show that the
cell maintains a nearly constant potential for a very long time,
indicating that V-doped CoP/NF electrode has an impressive
durability.

In order to explore the underlying reason for the enhanced
electrocatalytic activity of V-doped CoP, DFT calculation
was done to investigate the effect of V-doping. To determine
the V-doping site, three calculated models of V-doped CoP
monolayer were established, which included V substituted Co
sites, V substituted P sites and V doped in hole sites, respectively
(Fig. S9 in the ESM). The corresponding formation energies of
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these cases were 2.03, 2.36, and 8.07 eV, respectively, indicating
that V dopants were liable to substitute the Co sites.

The calculation result was consistent with the experimental
results, demonstrating that V substituted Co sites in CoP lattice.
Figures 6(a) and 6(b) displayed atomic structures of pristine
CoP and V-doped CoP, respectively. Because the HER activity
was affected by the adsorption/desorption energetics of H* on
the electrocatalyst, the adsorption free energy of hydrogen
(AGy-) was used to assess the HER activity [31-33]. Obviously,
after structural optimization, for pristine CoP, H* was pre-
ferentially adsorbed on metal Co, while for V-doped CoP, H*
was preferentially adsorbed on metal V (Figs. S10 and S11 in
the ESM). As can be seen in Fig. 6(c), compared to pristine CoP
(0.73 eV), V-doped CoP possessed a lower AGy+ value (0.29 eV),
which was closer to the optimal AGu- (0 eV). This indicates
that the V-doped CoP had a lower reaction barrier compared
to the pristine CoP. This shows that the V-doping could
improve the HER performance of the catalyst effectively. Next,
we focused on the origin of the high OER activity of the
V-doped CoP. As shown in Fig. 6(d) and Figs. S12 and S13 in
the ESM, the free energy diagrams of the OER processes
consist of typical four elementary steps under alkaline condition
(40H>2H:0 + O + 4e")

(1) HO +*>HO* + e

(2) HO* + HO™ > O* + HO + e~
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(3) O*+ HO" > HOO* + e~

(4) HOO* + HO > * +0, + H,O + e~
Among the four elementary steps, the step showing the largest
free energy difference was the potential determining step (PDS)
during the OER process [34, 35]. Accordingly, the PDS for
V-doped CoP was determined to be the second step (HO* > O%),
and the AG, and corresponding calculated overpotential #
were calculated to be 2.13 and 0.9 V, which were much
smaller than that of pristine CoP (AG: = 2.3 eV, = 1.07 V). The
above calculations demonstrated that V-doping significantly
strengthened the OER activity of CoP. As shown in Figs. 6(e)
and 6(f), the electronic state of V-doped CoP close to the
Fermi level was apparently higher than that of CoP, which
shows that more charge carriers can be introduced via V-doping,
to increase the conductivity of CoP. Especially, the DOS plots
showed that conducting charges were observed on P, Co
and V elements, and the orbital hybridization of three elements
at the Fermi level promoted fast charge transfer during the
electrocatalytic process.

The origin of the excellent performance of the V-doped
CoP/NF electrode can be mainly attributed to the following:

(1) Unique 3D urchins like architecture with high density of
aligned nanoneedle arrays offered abundant exposed catalytic
reaction sites. This enabled the storage of electrolyte, which in
turn facilitated electron/mass transfer during the HER and

Rty
(] ,4, -.\
»Aww,u ‘.! ey
..4_'4‘4 ("0’4' RCHEK DRI

e, ANDIAS 4»@‘4»{7

s"

'n ',w\ 2 4‘ ‘V"\" - '
ZIA DIPPR
\"Avm Wr " ‘ &%

.amuw.w; — S
(©)45
3 4 xn
s 1 OH 3 Gl
4 S 2.2 ; oc
= CoP he . 272 0]
% 0.5{ = V-topea cop T3V % 2 M 2.43eV Orp
3 LLC @ i Ov
: : i 0 olmteeect ®o
w P I P
0.0 Hite” .~ 0 . 0'42, 53& i OH
=2 . .
OH-  OH* o* OOH* o,
© Reaction coordinate f) Reaction coordinate
150 150 .
T D-band-center | ——Total | ~ D-band-center | —Total
1004 X =-1.33 ' . L 1004 x=-136 ) — Co
2 i go 3 100 i —¢
i ! — - .
s S0 L 50 \d
2 0 S o
2 Q
2 5
250 ; % _50
g : z
a-100 ; 9-100
-150 i -150 —
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

Energy (eV)

Energy (eV)

Figure 6 (a) Atomic structures of pristine CoP. (b) Atomic structures of V-doped CoP. (c) Standard free energy diagrams for the HER on pristine CoP
and V-doped CoP. (d) Standard free energy diagrams for the OER on pristine CoP and V-doped CoP and the corresponding primitive steps. DOS (Fermi
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OER activities.

(2) The catalyst had high bonding strength with Ni foam
substrate by in situ growth strategy, which can reduce interface
resistance and enhance electrical conductivity of electrode.

(3) Catalyst in situ grown uniformly on the surface of Ni
foam can effectively protect the Ni foam from corrosion in
solution, thus improving the stability of the electrode.

(4) The V atoms introduced optimized the adsorption free
energy of hydrogen and oxygen-containing intermediates,
which led to the enhanced kinetics for water splitting.

(5) The lower coordinated V sites substantially elevated the
electronic activity, which facilitated the surface electronic
exchange-and-transfer capabilities.

4 Conclusion

In summary, we introduced an effective hydrothermal and
low-temperature phosphidation method to synthesize V-doped
CoP in situ grown on Ni foam electrode with optimized doping
amount, which possessed superior HER and OER performance
(overpotential for HER: 84.6, 73, 86 mV at 10 mA-cm™ in
alkaline, acidic, and neutral electrolytes; overpotential for
OER: 265.3 mV at 20 mA-cm™ in basic media). Compared
with devices based on Pt/C and RuO,, the water-splitting cell
of V-doped CoP/NF exhibited smaller cell voltage of 1.53 V
at 10 mA-cm™. By calculating and comparing the formation
energies of different V-doping models, we firstly determined

that V atoms substitute for Co rather than P in the CoP model.

The DFT results showed that the value of AGy- on the V-doped
CoP is 0.29 eV, smaller than that of pristine CoP (0.73 eV),
and correspondingly, the value of AG for OER on the V-doped
CoP is 2.13 eV, lower than that of pristine CoP (2.3 eV). The
above calculations suggest that V substitution leads to more
optimal free energy of hydrogen and oxygen-containing inter-
mediates adsorption. In addition, the DOS near fermin level
was more intense than that of pristine CoP, which implied an
enhanced charge concentration and electrical conductivity
via V-doping. The unique urchin like nanostructure not only
increased the number of exposed active sites, but also accelerated
the reactants/electrolytes diffusion, thus speeding up the
catalytic reaction process. The intimate contact between the
catalytic materials and substrate derived from in situ growth
strategy further maximize the electrical conductivity and stability
of the electrode. This work afforded a guiding strategy for the
synthesis of an eminent bifunctional electrocatalyst.
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