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In this work, we demonstrate a highly enhanced electrocatalytic activity of vanadium-doped CoP (V-CoP),
directly grafted on a vertical graphene/carbon cloth electrode (VG/CC) by a facile electrochemical
deposition method. Impressively, V-CoP/VG/CC exhibited a superior catalytic activity toward the
hydrogen evolution reaction (HER) in alkaline solution. Compared to CoP/VG/CC, V-doping decreased
the overpotential for HER at 10 mA cm™2
outperformed Pt/C beyond 150 mA cm™2. The overpotential for OER at 50 mA cm~2 was merely
314 mV, more than 100 mV lower than that of IrO,. Moreover, our novel catalyst worked as an excellent
bifunctional catalyst with a low cell voltage of 1.69 V to achieve a current density of 50 mA cm™2,
Detailed characterizations revealed that the V-doping in CoP resulted in improved electrical conductivity
and increased active sites. Our findings highlight the significant advantage of V doping on the catalytic
activities of CoP, already boosted by VG. Furthermore, concurrent doping with the electrodeposition of

by more than half to 40 mV. The new catalyst even
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The challenges of increasing energy crisis and environmental
problems have stimulated scientific exploration into water
electrolysis as a sustainable, pure generation of hydrogen to
replace fossil fuels. It is highly desirable to develop cost effi-
cient, active and long-term stable catalysts with low over-
potentials in the hydrogen evolution reaction (HER) and/or
oxygen evolution reaction (OER) for practical applications.
Recently, transition metal phosphides (TMPs) such as NiP,"?
CoP,** FeP,>* and MoP”® have received considerable attention
because of their superior electrocatalytic activities for hydrogen
generation in acidic medium. Later, it turned out that TMPs
were also good for the OER in alkaline solution, making these
materials more interesting.”™ However, the research of
bifunctional catalysts out of TMPs for full water splitting is
hindered, because their HER and OER performances in the
same pH range are still insufficient. Notably most of the non-
noble metal based electrocatalysts for OER are inactive and
unstable in acid, but work effectively in alkaline medium."
Therefore, it is of great significance to improve HER and OER
performances of TMPs in alkaline medium to achieve efficient
overall water splitting.
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catalyst offers a new approach for practical water electrolysis.

Recently, vanadium has been widely used as an excellent
foreign dopant to promote alkaline electrocatalytic activi-
ties.'>™ For instance, Guo et al. synthesized V-doped Ni;S,
nanorod array via hydrothermal method to improve HER and
OER activities and thus achieved an efficient water splitting
performance in 1.0 M KOH." Wen et al. facilitated charge
carrier migration and enhanced the HER activity of Ni,P by
introducing V. V dopants could also accelerate the OER
kinetics of NiFe layered double hydroxides in alkaline
medium."” However, we note that extensive efforts have been
usually taken to introduce V into catalysts, through multi-step
and/or time-consuming processes.

Here, we report a successful integration of V into CoP via
facile electrochemical deposition on a vertical graphene/carbon
cloth electrode (VG/CC). We also show that this facile prepara-
tion method can take full advantage of the doping effect as
revealed in the drastic reduction of overpotential for alkaline
HER. Furthermore, V-CoP/VG/CC can be utilized as a bifunc-
tional catalyst for overall water splitting, requiring a low cell
voltage of 1.69 V to drive a current density of 50 mA cm 2.
Seemingly, the excellent activity comes from the lower charge-
transfer resistance and the larger number of active sites
caused by V-doping. The underlying mechanism is believed to
be a general hetero-atom doping effect as in crystalline systems.

The synthesis process of V-CoP/VG/CC is illustrated in
Fig. 1a, including the growth of VG/CC via PECVD and the facile
electrodeposition of V-CoP on VG/CC. The morphology of V-
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Growth of VG/CC

Fig. 1
CC. EDS elemental mapping images of (d) Co, (e) P, and (f) V.

CoP/VG/CC was investigated by scanning electron microscopy
(SEM). The entire surface of CC (Fig. S1at) was fully covered by
nanoscale VG (Fig. S1bt). The morphology of V-CoP was
strongly dependent on the morphology of the substrate. Under
the same electrodeposition conditions, V-CoP submicron
particles with a diameter around 600-700 nm were observed on
CC (Fig. S1ct) while V-CoP cauliflower-like structures were ob-
tained on VG/CC substrate (Fig. 1b, ¢ and S1df). Besides, the
concentration of V in the electrodeposition solution could make
a difference in the morphology of V-CoP/VG/CC. Fig. S21 shows
the low- and the high-magnification images of V-CoP/VG/CC
prepared with 5 mM and 15 mM VCl;, where rather rounded
microstructures were observed. As we will show later, these
differences in the morphology affect the HER and OER perfor-
mances since the rougher catalytic surface provides the larger
active sites for electrocatalytic reactions.'® The elemental
mapping results in Fig. 1d-f confirmed the distributions of Co,
P, and V elements throughout the V-CoP/VG/CC cauliflower-like
structures. The energy dispersive spectroscopy (EDS) analysis in
Fig. S31 showed the composition ratio of V: Co : P in V-CoP/
VG/CC (for 5 mM vanadium reagent) to be around
0.4 : 9.8 : 10.3, indicating a V-doping dosage of 4%. By changing
the concentration of added VCl; during the electrodeposition
process, the doping ratio can be controlled. X-ray photoelectron
spectroscopy (XPS) spectra in C (1s), Co (2p), P (2p), and V (2p)
regions confirmed the formation of V-CoP on VG/CC as shown
in Fig. S4.7

To evaluate the influence of vanadium dopant on HER
activities of CoP, bare CC, VG/CC, Pt/C, CoP/VG/CC, and V-CoP/
VG/CC were tested in 1.0 M KOH solution. As shown in Fig. 2a,
the Pt/C presented as a representative catalyst for HER with near
zero overpotential while the bare CC and VG/CC showed very
poor HER performances. To approach a current density of 10
mA cm™ >, CC and VG/CC required an overpotential of 305 and
285 mV, respectively. We have shown previously that CoP on VG/
CC was an outstanding catalyst with low overpotentials.*
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(a) Schematic representation of the V-CoP/VG/CC fabrication process. (b) Low- and (c) high-magnification SEM images of V-CoP/VG/

Briefly, the nanoscale rough surface of VG enables rapid
disengagement of gas bubbles, called superaerophobic prop-
erty, in addition to the general benefits of carbon-based mate-
rials, resulting in enhanced catalytic activities.”**> Here, we
found that such enhancement was further amplified by the
addition of V. We observed that the introduction of V into CoP
reduced the overpotential from 93 mV (for CoP/VG/CC) to 40 mV
(for V-CoP/VG/CC) at the current density of 10 mA cm 2. This
HER performance is far better than those of other electro-
catalysts with transition metals as shown in Table S1.T V-CoP/
VG/CC even required smaller overpotentials than Pt/C to
generate high current densities beyond 150 mA ¢cm 2. More-
over, the novel V-CoP/VG/CC catalyst possessed the smallest
Tafel slope value of merely 40 mV dec™', reaching the
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Fig.2 Electrochemical HER activity of V-CoP/VG/CCin 1.0 M KOH (a)
polarization curves of bare CC, VG/CC, CoP/VG/CC,** V-CoP/VG/CC,
and Pt/C electrode. (b) The corresponding Tafel slopes. (c) Nyquist
plots; the inset is a schematic model circuit used for analysis. (d) The
time-dependent current density of V-CoP/VG/CC under 40 mV
during 24 hin 1.0 M KOH.
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theoretical value of Heyrovsky process (Fig. 2b). This indicates
that the HER activity of CoP was greatly improved after V-
doping. The electrochemical impedance spectroscopy (EIS)
measurement was carried out to estimate the charge transfer
resistance of catalysts at the interface of electrode and electro-
lyte. The charge transfer resistance (R.) could be determined
from the diameter of EIS semicircle.” As can be seen in Fig. 2c,
R of V-CoP/VG/CC (1.4 Q) was much smaller than that of CoP/
VG/CC (2.3 Q), indicating that much faster catalytic kinetics was
achieved by V-doping. The stability test of V-CoP/VG/CC was
also conducted under a constant overpotential of 40 mV for 24 h
to evaluate the feasibility of practical applications. Fig. 2d shows
a negligible fluctuation in the current density of 10 mA cm ™2,
indicating V-CoP/VG/CC has an excellent stability in alkaline
medium.

We further investigated the OER catalytic activities of VG/CC,
CC, IrO,, CoP/VG/CC, and V-CoP/VG/CC in 1.0 M KOH solution.
As expected, VG/CC and CC did not display appreciable current
densities below 1.6 V, while IrO, and CoP/VG/CC showed the
same overpotential of 300 mV at 10 mA ¢cm . Clearly, the OER
activity of V-CoP/VG/CC was far superior to those of IrO, and
CoP/VG/CC (Fig. 3a). The anodic peak at around 1.4 V has been
commonly found in the Co-based electrocatalysts®>* and could
be assigned to the oxidation peak of Co. The Tafel slope value of
V-CoP/VG/CC was smaller than those of other catalysts
compared here (Fig. 3b). Furthermore, the EIS measurements
revealed that R . of V-CoP/VG/CC (1.5 Q) was much smaller than
those of CoP/VG/CC (5.6 Q), VG/CC (8.5 Q) and CC (10 Q)
(Fig. 3c), suggesting a faster catalytic kinetic process of V-CoP/
VG/CC. The time-dependent current density, tested at the
overpotential of 314 mV for 24 h, showed that our novel V-CoP/
VG/CC catalyst possessed a long-term stability with merely 6%
loss (Fig. 3d). As V-CoP/VG/CC possessed outstanding HER and
OER activities with low overpotentials, fast catalytic kinetics and
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Fig.3 Electrochemical OER activity of V-CoP/VG/CCin 1.0 M KOH (a)
polarization curves of bare CC, VG/CC, CoP/VG/CC,** V-CoP/VG/CC,
and IrO; electrode. (b) The corresponding Tafel slopes. (c) Nyquist
plots; the inset is a schematic model circuit used for analysis. (d) The
time-dependent current density of V-CoP/VG/CC under 314 mV
during 24 h in 1.0 M KOH.
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durability, bifunctional catalyst performance of V-CoP/VG/CC
was investigated in 1.0 M KOH. When V-CoP/VG/CC catalysts
were used as both cathode and anode in a two-electrode
configuration, a low cell voltage of 1.69 V was demanded to
generate a current density of 50 mA cm > (Fig. 4a). Further-
more, the stability was also outstanding even at this high
current density, maintaining over 90% after 24 h test as shown
in Fig. 4b.

To further understand the enhanced activity of V-CoP/VG/
CC over CoP/VG/CC, double layer capacitance (Cq) was
compared as a measure of effective surface area. Fig. S5a and c7
show the CV curves of CoP/VG/CC and V-CoP/VG/CC at different
scan rates (20-100 mV cm ?), respectively. The hysteresis
increases as the scan rate, and the dependence gives Cg;.
Obviously, the Cq value of V-CoP/VG/CC (95 mF cm ™ *) was
larger than that of CoP/VG/CC (72 mF cm ™ ?) (Fig. S5b and df),
implying more exposed active sites per unit area for V-CoP/VG/
CC. Accordingly, all the characterizations support the positive
influence of vanadium doping on the electrocatalytic activities
of CoP.

The catalytic activity of V-CoP/VG/CC catalyst could be
optimized by varying the applied current density or the amount
of VCl; during the electrodeposition. The electrocatalytic
performances of as-prepared V-CoP/VG/CC (10 mM VCl;) with
different applied current densities of 0.05 A cm™* and 0.1 A
cm 2 were evaluated through HER and OER in 1.0 M KOH, and
the V-CoP/VG/CC - 0.1 A cm™? displayed the better HER and
OER as confirmed in Fig. S6a and b.} Similarly, Fig. S7a and
bt compare the HER and OER performances of V-CoP/VG/CC
with different amounts of vanadium reagents (5, 10, and
15 mM VCl;). The V-CoP/VG/CC with 10 mM VCl; possessed the
best electrocatalytic performance for both HER and OER, as
expected from the rough microstructure (Fig. 1).

It is acknowledged that the H,O adsorption and the H
adsorption/desorption are central processes in the alkaline
HER.*?¢ Chen et al. argued that V-doping could improve the
HER performance of Co,N in alkaline medium as more elec-
trons filled the anti-bonding states and the d-band center was
downshifted from the Fermi level, which in turn weakened the
interaction between the adsorbate and the catalyst surface. In
addition, density functional theory (DFT) calculations showed
that the free energy of adsorbed H (AGy+) was reduced to less
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Fig. 4 (a) Bifunctional water electrolysis tested in 1.0 M KOH.*® (b) The
time-dependent current density of using two V-CoP/VG/CC elec-
trodes at a constant cell voltage of 1.69 V during 24 h in 1.0 M KOH.
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than half after V-doping, providing a reasonable explanation to
elucidate the enhanced alkaline HER.”

Moreover, V-doping could lower the overpotential of Co-
based catalyst toward OER. Liu et al. provided DFT calcula-
tions of V-doped CoOOH model, offering valuable insights for
OER enhancements. Three sites (Co site on pristine COOOH, Co
site on V-doped CoOOH, and V site on V-doped CoOOH) were
considered, and the OER process via intermediate steps was
evaluated. It turned out that the free energy landscape was
affected significantly because of doping, and the Co site adja-
cent to V gave the smallest overpotential at the rate limiting
step.”® Yan et al. also performed similar calculations and ob-
tained the same conclusions, confirming the effect of V to
enhance the OER activity.?®

The above arguments are closely related to our experiments.
First, although DFT calculations were obviously performed for
lattice structures, we expect a similar free energy gain for
amorphous hetero-systems because of the local substitution
effect. Second, for HER, the d-band engineering should be
a general trend because of the smaller electron affinity of V than
that of Co. Finally, as CoP transforms into CoOOOH during the
OER process, the effect of V-doping on OER is equally applicable
in our system.**** Thus, we believe that the doping enhanced
HER and OER should be a general aspect of amorphous V-CoP
as well as crystalline counterpart.

In summary, we have designed a simple electrodeposition
method to synthesize V-CoP/VG/CC cauliflower-like structure as
an active bifunctional catalyst for water splitting in alkaline
solution. The presence of vanadium dopants into CoP reduced
the charge transfer resistance and acquired addition catalytic
active surface sites, which were beneficial for promoting the
electrocatalytic activities. As a result, the as-prepared V-CoP/VG/
CC exhibited improved catalytic activities with overpotentials of
40 mV at 10 mA cm~ > (HER), 314 mV at 50 mA cm > (OER), and
a low cell voltage of 1.69 V (full water splitting) to afford the
current density of 50 mA ecm >, along with an excellent stability
in alkaline condition. Our work demonstrates that the electro-
catalytic activity of earth abundant metal-based catalyst can be
easily accelerated by facile cation-doping and chemically-stable
support of suitable nanostructure.
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