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ABSTRACT The development of effective and low-cost cat-
alysts for overall water splitting is essential for clean produc-
tion of hydrogen from water. In this paper, we report the
synthesis of cobalt-vanadium (Co-V) bimetal-based catalysts
for the effective water splitting. The Co,V,0,-xH,0O nanoplates
containing both Co and V elements were selected as the pre-
cursors. After the calcination under NH, atmosphere, the
Co,VO, and Co/VN could be obtained just by tuning the
calcination temperature. Electrochemical tests indicated that
the Co-V bimetal-based materials could be used as active hy-
drogen evolution reaction (HER) and oxygen evolution reac-
tion (OER) catalyst by regulating their structure. The Co/VN
showed good performance for HER with the onset potential of
68 mV and can achieve a current density of 10 mA cm™ at an
overpotential of 92 mV. Meanwhile, the Co,VO, exhibited the
obvious OER performance with overpotential of 300 mV to
achieve a current density of 10 mA cm™. When the Co,VO,
and Co/VN were used as the anode and cathode in a two-
electrode system, respectively, the cell needed a voltage of
1.65V to achieve 10 mA cm™ together with good stability.
This work would be indicative to constructing Co-V bimetal-
based catalysts for the catalytic application.
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INTRODUCTION

Economic development results in the increased demand
for the production and storage of clean energy. Hydro-
gen, with zero CO, emission in use, has attracted in-
tensive attention as clean energy resources [1]. Today,
most H, is produced from fossil resources through a
steam reforming process, which consumes the fossil fuels
accompanied by the emission of CO, [2,3]. The electro-
catalytic water splitting has been considered as a pro-
mising approach for sustainable hydrogen production
from clean and abundant water with zero carbon emis-

sion [4]. The theoretical cell voltage for water splitting is
1.23 V at 298 K (AE’,,,05=1.23 V) [5,6]. However, a large
overpotential is required to overcome the kinetic barrier
induced by the high activation energy, and thus to form
the reaction intermediates in the system, whatever for an
anodic oxygen evolution reaction (OER) and a cathodic
hydrogen evolution reaction (HER) [7]. For the practical
water spitting, the effective catalysts are needed to de-
crease the overpotential of the reaction, thus making the
process more energy-efficient [8-10]. In this regard, the
state-of-the art precious metals (Pt, IrO,, RuO,) for OER
and HER have suffered from the high price and lack of
reserves, thus limiting their applications for the overall
water splitting [11-13].

The materials based on early and late transition metals
(ETMs and LTMs) are promising for HER and OER
[14,15], such as the transition metals sulfides [16,17],
phosphides [18-22], selenide [23], nitride [24-26] and
carbides [27] for HER, and oxides (Ni oxides [28,29] and
Co oxides [30-32]) for OER. The cobalt (Co), as a typical
LTM, is promising in HER due to its relatively low cost
and the activity for the reduction of H" [33]. Generally,
single Co metals have shown poor activity and stability
for HER. To achieve improved performance, the Co-
based hybrids need to be constructed. For example, Co-
doped carbon flakes [34], Co-doped MoO, nanowires
[35], Co doped CNTs [36] and TiO,-Co NTs [37] have
been used as good catalysts for HER. On the other hand,
the vanadium (V), as a typical ETM, has been intensively
studied in catalytic and energy fields. The VN and VC are
demonstrated to be useful for HER [38], while VOOH are
active for OER [39]. The good conductivity and stability
of VN are also favorable for its application either as
catalyst or as support. It is shown that the combination of
oxides with V and Co can result in OER active catalysts
[40-42]. Also, the effective combination of early and late
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TMs is useful for designing the advanced materials [43-
45]. It is possible and promising to develop a simple and
effective way to construct the Co-V based catalyst for
HER and OER.

Here, we reported the rational combination of V and Co
toward the effective electrocatalysts. By simply tuning the
synthetic parameters, the active OER and HER catalysts
based on Co-V bimetals can be obtained. The Co,V,0,
xH,0 nanoplates containing both Co and V elements were
selected as a precursor. After the calcination under NH;
atmosphere, the Co,VO, and Co/VN can be selectively
obtained just by tuning the calcination temperature.
Electrochemical tests indicate that the Co-V bimetal-
based materials are active catalysts for HER and OER.
Specifically, the Co/VN from the calcination at 500°C
showed good performance for HER with the onset po-
tential of 68 mV and can achieve a current density of
10 mA cm ™’ at an overpotential of 92 mV. Meanwhile, the
Co,VO, from calcination at 400°C can be used as active
OER catalyst with overpotential of 300 mV to achieve a
current density of 10 mA cm™. When the Co,VO, and
Co/VN were used as the cathode and anode in a two-
electrode system, respectively, the cell needs a voltage of
1.65 V to achieve 10 mA cm ™ together with good stability.

EXPERIMENT SECTION

Materials and chemicals

Ammonium vanadate (NH,VO,), cobalt chloride hex-
ahydrate (CoCl,-6H,0) and hexamethynetetramine
(C¢H|,N,, HMT) were all purchased from Aladdin Che-
mical Reagent Co. Ltd. All of the reagents were of ana-
lytical grade and used without any further purification.
Deionized water was used throughout the experiments.

Synthesis of Co,V,0,-xH,0 nanoplates

The Co,V,0,xH,0 precursor was synthesized according
to a previous method with some modifications. In detail,
0.94 g of NH,VO,, 0.38 g of CoCl,-6H,0 were dissolved
in mixed solvent of 140 mL deionized water and 20 mL
ethylene glycol at 80°C under vigorous stirring to form a
clear solution. Then, 2.8 g of C,H,,N, was added into the
above solution. After stirring continually for 4 h, the so-
lids were collected by centrifugation, rinsed with distilled
water and ethanol for several times, and finally dried
overnight in oven.

Synthesis of Co-V bimetal-based nanoplates

The Co/VN nanosheets were prepared by calcinating the
Co,V,0,-xH,0 precursor under NH, at 500°C for 3h in a
tube furnace. By varying the calcination temperature, the
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products with different components were prepared. Ty-
pically, the Co,VO, and Co,V/VN were prepared by
calcinating the precursor at 400°C and 600°C, respectively
(see Table S1).

Materials characterization

The X-ray powder diffraction (XRD) patterns were col-
lected on Bruker D8 Focus (Cu Ka radiation, 1=1.5406 A)
with an accelerating voltage of 40 kV. Transmission
electron microscopy (TEM, JEM-2100, 200kV) and
scanning electron microscopy (SEM, Hitachi S-4800,
5 kV) were used to characterize the morphology and size
of the samples. X-ray photoelectron spectroscopy (XPS)
test was performed on VG ESCALAB MK II using an
MgKa (1253.6 eV) achromatic X-ray radiation. The spe-
cific surface area of the samples was tested on a Micro-
meritics Tristar II and calculated by the Brunauer-
Emmett-Teller (BET) method.

Electrode preparation and electrochemical measurements
The catalyst ink was typically made by dispersing 5 mg of
the catalyst and 0.5mg carbon black in 1 mL water/
ethanol mixture (v/v=1:1). The carbon black was added to
increase electrical conductivity of the catalyst. After
adding 20 pL of 5 wt.% of Nafion solution and ultra-
sonication, an aliquot of 10 uL was pipetted onto the
work electrode (0.07065 cm’ in area). Electrochemical
tests were performed on a BAS100B electrochemical
workstation. The OER and HER tests were carried out
using a three-electrode configuration composed of a re-
ference electrode (saturated calomel electrode, SCE), an
auxiliary electrode (graphite rod) and the working elec-
trode (glassy carbon electrode, GCE). The overall water
splitting was conducted across the two electrodes. The
Co,VO, and Co/VN catalysts were drop-casted onto a Ni
foam (1 cmx1 cm) and used as the anode and cathode,
respectively. All the potentials were referenced to re-
versible hydrogen electrode (RHE) according to the
equation: Epyp=FEc;+0.242 V+0.059pH. Polarization data
was collected in 1 mol L™ KOH (pH 13.8) with the scan
rate of 5mV s~ on GCE under 1600 rpm. The electro-
chemically active surface area (ECSA) of the catalysts
modified electrodes were calculated using the double-
layer capacitor based on the reported electrochemical
method. Electrochemical impedance spectroscopy (EIS)
was measured at the open-circuit voltage from 100 kHz to
0.1 Hz with a 5mV AC dither. The cyclic voltammo-
grams (CVs) were tested with different rates from 40 to
140 mV s~". Long-term stability tests were carried out at
100 mV s™". The pH of the solution was measured before
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and after testing, and no obvious change was observed.
All the potentials in the polarization curves and Tafel
plots were internal resistance (iR) compensated. The data
for the two electrode systems were recorded without iR
compensation. All of the tests were performed at room
temperature.

Determination of TOF value
The active surface redox sites of the materials were de-
termined by integrating the oxidation peak without the
capacitive current. Further, the active area (S) divided by
the scanning rate gives the integrated charge of the peak
Qs [46]:

S

T 0.02(Vis) W

O
To calculate the turnover frequency (TOF), we used the
following formula:

TOF = J(ﬁ ()

nQS

RESULTS AND DISCUSSION

Material preparation and characterizations

Scheme 1 presents the preparation procedure of the Co-V
bimetal-based catalyst. The Co,V,0,xH,0 precursor
nanoplates are produced by a low-temperature solution-
phase method. During the calcination under NH; atmo-
sphere, the Co,V,0,.xH,O precursor underwent a series
of transformation. At lower temperature (400°C), the v
in Co,V,0,-xH,0 are partially reduced to V*', and thus
the Co,VO, could be obtained. With the increase of the
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Scheme 1 Schematic illustration for the formation of Co-V bimetal-
based catalysts.
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calcination temperature to 500°C, the V was further re-
duced and combined with N to from the VN accom-
panied by the reduction of Co’* to Co metal, resulting in
the formation of Co/VN hybrid. Both Co and V are from
the single source of Co,V,0,xH,0 precursor, thus the
intimate contact of Co and VN can be realized. The tight
bonding of Co with VN is favorable to preventing the Co
particles from aggregation, thus producing a large num-
ber of stable and exposed active sites.

The first step in the synthesis of Co-V bimetal-based
catalyst is the preparation of the Co,V,0,-xH,O precursor
with uniform size and morphology. The precursor was
characterized by XRD, SEM and TEM methods. The XRD
pattern of Co,V,0,xH,0O is shown in Fig. 1a. The peaks
match well with the XRD result of Co,V,0,xH,O re-
ported previously [47]. The morphology and size of the
precursor were studied by SEM and TEM. From the SEM
image (Fig. 1b), we can see the hexagonal plates with
uniform size and regular morphology. The Co,V,0,- xH,O
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Figure 1 (a) XRD pattern; (b) SEM image; (c-f) TEM images of the
Co,V,0,-xH,0 precursor nanoplates. The inset in (f) is the HRTEM
image of the selected area.
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nanoplates have smooth surface with a thickness about
200 nm. The low-magnification TEM images (Fig. 1c, d)
further indicate the formation of the quasi-hexagonal
plates. Several vertical plates can be distinctly observed in
Fig. 1c. We can estimate the thickness of the plates to be
about 200 nm. The plates have smooth surface, consistent
with the result of SEM. The high-resolution TEM
(HRTEM) image (Fig. 1f) shows the fringe spacing of
0.52 nm, which is corresponded to the previous reports
about Co,V,0,-xH,0 [47,48]. The above tests demon-
strated the successful preparation of the Co,V,0,-xH,0
precursor with uniform size and morphology.

The Co,V,0,.xH,0 precursor was calcinated under
NH, atmosphere to produce Co-V bimetal-based elec-
trocatalysts. Fig. 2a shows the XRD patterns of Co/VN
sample from the calcination at 500°C. The diffraction
patterns corresponding to VN (JCPDS No.25-1252) and
metallic Co (JCPDS No.15-0806) can be observed, im-
plying the formation of Co/VN. It is shown that the
formation of the V-N bond at 500°C is easier than the
Co-N bond. At the lower temperature, the metallic Co is
preferentially formed by reducing the corresponding
oxides with ammonia [49]. So, by controlling the syn-
thetic parameters, we can prepare the composites of Co
combined with VN. After nitridation, the nanosheets
morphology is well retained as shown in the SEM image
(Fig. 2b). However, the surface becomes rough with many
nanoparticles embedded in the sheets, different with the
smooth surface of Co,V,0,-xH,0 precursor. The Co na-
noparticles are segregated on the nanosheets surface.
Also, the pore can be observed on the nanosheets. The
existence of pores can provide fast transportation paths
for the electrolytes, which is favorable to improving the
catalytic performance. The TEM images can give further
information about the micro-structure of Co/VN. The
low-magnified TEM image in Fig. 2¢ indicates the uni-
form plate-like structure. Many small particles can be
observed on porous plate-like substrate, obviously dif-
ferent with original Co,V,0,xH,0 precursor. The
HRTEM image shows the lattice fringe spacing of
0.238 nm, corresponding to (111) crystal plane of VN
(JCPDS No.25-1252) and lattice fringe of 0.208 nm as-
sociated with the (111) crystal plane of metallic Co
(JCPDS No.15-0806) in the areas of two neighboring
particles (Fig. 2f). The above results confirm the forma-
tion of Co/VN composite with intimate interface contact,
which can be ascribed to the fact that both Co and V are
from the single source of Co,V,0,-xH,O precursor.

XPS was conducted to determine the elements in Co/
VN and their corresponding valence. As shown in Fig. 3a,
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Figure 2 (a) XRD pattern; (b) SEM image; (c-f) TEM images of Co/VN.
The inset in (f) is an HRTEM image.

the survey spectrum shows the presence of Co 2p, V 2p,
O 1s, C 1s and N 1s peaks. The Co 2ps;, XPS (Fig. 3b) can
be attributed to metallic Co, cobalt oxides (Co** and Co™)
and satellite signals. The high-resolution V 2p;, peak
(Fig. 3¢) can be fitted with three peaks located at 514.07,
515.3 and 516.7 eV, corresponding to V-N, V-O-N and
V-0, respectively [49,50]. The oxygen-containing species
(V-0O, V-O-N) should stem from the slight surface
oxidation of VN. The presence of Co’* and Co’* are due
to the slight surface oxidation of Co particles [49]. Fig. 3d
displays high-resolution N 1s XPS spectra, in which the
peak at 396.4 eV is the typical characteristic of metal ni-
trides [51], while the other at 397-402 eV can be assigned
to the N bonding to the oxide. The results suggest that Co
nanoparticles are embedded in the porous VN na-
nosheets.

The Co-V bimetallic samples were synthesized by ni-
triding the Co,V,0,xH,0 under NH; atmosphere. The
NHj; can act as reducing agent and nitridation agent, and
the ability can be largely affected by the calcination
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Figure 3 (a) The XPS survey spectrum; (b—d) high resolution spectra of Co 2p, V 2p and N 1s of Co/VN hybrid.

temperature. In order to explore the influence of tem-
perature, the precursor was calcinated at 400°C and 600°
C, besides the 500°C. The peaks in the precursor cannot
be observed after the calcination at 400°C. In this case, all
the peaks can be indexed to the standard patterns of
Co,VO, (JCPDS No.73-1633) (Fig. Sla). The results in-
dicate that V** in precursor is reduced to V** in Co,VO,
and the NH; plays the role as reducing agent at lower
temperature. The increase in temperature will result in
enhanced ability of NH; as nitridation agent, leading to
the formation of Co/VN composites at 500°C. Further
elevating the temperature to 600°C, the precursor is
completely transformed into composites composed of
Co;V (JCPDS No.65-7040) and VN (JCPDS No.65-9409),
as demonstrated by XRD (Fig. S1b). From the SEM image
(Fig. S2), we can observe the nanoplates composed of
numerous small subunits with the accumulated pore.
From Fig. S3, it can be seen that the Co,V/VN sample
remains hexagonal plate-like structure composed of the
nanoparticles. The surface of the plate is rougher with the
larger particle size than that of Co/VN and Co,VO,. The
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increase in size should be ascribed to the high calcination
temperature. The temperature-dependent experiments
indicate that Co-V bimetal-based nanoplates with ad-
justed components can be selectively prepared by simply
tuning the calcination parameters of Co,V,0,-xH,0 pre-
cursor.

The tuning of components can be further supported by
XPS test. Fig. S4 shows the XPS spectra of the Co,VO,.
The survey spectrum shows the presence of Co 2p, V 2p
and O 1Is in the sample (Fig. S4a). The high resolution
peak of Co 2p (Fig. S4b) can be fitted to Co’" (781.06 and
796.9 eV) [52,53]. In addition, two peaks located at 516.7
and 524.02 eV can be observed in the V 2p;, region,
attributed to V** (Fig. S4c) [52]. The broad peak of O 1s
(Fig. S4d) can be fitted by three peaks at binding energies
of 531.8, 530.74 and 530.06 eV. The stronger peak located
at 530.06 eV can be referred to the lattice oxygen in the
metal oxide (Oy), and the other peaks at approximately
530.74 and 531.8 eV suggests the presence of hydroxyl
species (Oy) and adsorbed water on the surface (O,). For
Co,V/VN, the survey spectrum also shows the presence of
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Co 2p, V 2p, O 1s and N 1s (Fig. S5a). The Co 2p;, XPS
(Fig. S5b) can be divided into four peaks at 782.0, 780.2,
778.2 and 786.9 eV, attributed to Co™*, Co™, alloy Co and
satellite signals. The Co’" and Co™ are from the slight
surface oxidation of alloy in air [49]. The V 2p,, peak
(Fig. S5¢) can be fitted with four peaks at 513.4, 514.1,
515.3, and 517.2 eV, corresponding to alloy V, V-N, V-
O-N and V-O, respectively. The alloy V has higher
binding energy than the V° (512.3 eV) [51], maybe due to
the electron transfer between V and Co in the alloys
[54,55]. Fig. S5d displays the N 1s XPS spectrum, the
presence of N with dominant N-V bond can be observed,
in which the peak at 396.4 eV is characteristic of metal
nitrides, while the peak located at around 398 eV is as-
signed to the nitrogen bonding to the oxide.

Electrochemical performance for HER

The HER activity was evaluated using a three-electrode
cell in 1 mol L™ KOH. Before the test, the SCE was ca-
librated referenced to RHE. All the potentials in the po-
larization curves and Tafel plots are iR compensated.
Besides, the polarization curves without iR compensation
are shown in Fig. S6. The polarization curves of Co,VO,,
Co/VN, Co;V/VN and commercial Pt/C are displayed in
Fig. 4a, and the corresponding data are listed in Table S2.
We can see that the Pt/C shows the expected good activity
with onset potential about 0 mV. Also, all Co-V bimetal
samples show the obvious HER activity. Among them, the
Co/VN shows a small onset potential of 62 mV (vs. RHE,
all the potentials are referenced to RHE in this work). At a
current density of 10 mA cm™, Co/VN gives an over-
potential of only 92 mV, which is much lower than that of
common HER electrocatalysts, such as Co-N-MoO,
(258 mV) [35], VS/NiS/NF (233 mV) [44], VC-NS
(98 mV) [38], CoS,/MoS,/RGO (160 mV) [56] and Mo,C/
MoO, (315mV) [57]. For Co,VO, and Co;V/VN, the
overpotentials required to reach the current density of
10 mA cm ™~ are about 205 and 136 mV, being worse than
that of Co/VN. The HER kinetics of the catalysts is in-
vestigated based on Tafel slopes, which are determined
from the Tafel plots in the linear portions. The Tafel plots
can be fitted with the Tafel equation (y=bxlogj+a, where j
is the current density, b is the Tafel slope) as shown in
Fig. 4b. Tafel slopes are about 68.68, 52.49, and
56.56 mV dec”' for Co,VO,, Co/VN and Co,V/VN, re-
spectively. The Tafel slopes suggest that HER on Co-V
bimetal-based catalyst undergoes Volmer-Heyrovsky
mechanism, for which the reaction rate is determined by
the electrodesorption step (H,O discharge and desorption
of H from the catalyst surface) [58]. The Co/VN shows
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the lowest Tafel slope values, implying its favorable ki-
netics for HER. We further measured the double layer
capacitance (Cy) by using a CV method to estimate the
ECSA (Fig. S7). It is shown that the Co/VN shows the Cy
of 31.2 mF cm™?, higher than Co,VO, (22.1 mF cm™) and
Co;V/VN (27.8 mF cm ™) as depicted in Fig. 4c. The high
ECSA further suggests the good performance of Co/VN.
The different activity of Co-V catalysts should be related
to their structure. The oxides usually have good activity
for OER due to their favorable kinetics for the reduction
of OH". Thus, the Co,VO, has shown relatively high
onset potentials for HER. The Co is active catalyst for
HER. The combination of the small size of Co and sui-
table conductivity of VN leads to the good activity of Co/
VN. The Co;V/VN has shown worse activity than Co/VN
due to the large particle size in the plates. The specific
surface area and pore-size distribution of the nanosheets
are shown in Fig. S8a. The analysis indicates that the Co/
VN nanosheets show a larger surface area of 33.8 m’ g™
than the Co,VO, (29.2m’g) and Co;V/VN (12.0
m’g™") sample. At the same time, the dominating BJH
pore-size is about 29.4 nm for Co/VN, greater than that
of the Co,VO, sample (5.2 nm), and less than that of the
Co,;V/VN sample (72.6 nm) (Fig. S8b). The large surface
area and well defined pore structure allow the inner active
sites of the catalyst to be easily contacted with the elec-
trolyte, which is highly desirable for electrochemical re-
action. Since a large number of Co nanoparticles are
embedded in the highly conductive VN layer, the elec-
trons can be easily transported in the reaction, thus de-
creasing the contact resistance. The charge transfer
resistance of the Co/VN was determined by EIS. The
Nyquist plot of Co/VN (Fig. S9) shows a small charge
transfer resistance (R,,), indicating high conductivity and
fast proton discharge kinetics of the Co/VN electro-
catalyst. The durability of the Co/VN electrocatalyst was
tested by CV at a scanning rate of 10 mV s™'. The po-
larization curves show a little shift in the overpotential for
a current density of 10 mA cm™ in the initial 5000 CV
scans. The inset in Fig. 4d shows the time dependence of
the current density for Co/VN at an overpotential of
92 mV, also suggesting its good stability in long-term
electrochemical test.

Electrochemical performance for OER

As shown above, the Co-V bimetal-based catalyst can act
as active HER catalyst. It is shown that the materials
containing Co and/or V (typically the oxides) are po-
tential catalysts for OER [33]. We then studied the OER
performance of the samples in 1 mol L™ KOH. As shown
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Figure 4 (a) Linear sweep voltammetry (LSV) curves for Co,VO,, Co/VN, Co,V/VN and commercial Pt/C with iR compensation; (b) Tafel plots for
Co,VO,, Co/VN, Co;V/VN and Pt/C; (c) the capacitive current at 0.15V of Co,VO,, Co/VN and Co;V/VN; (d) polarization data for the Co/VN
sample initially and after 5000 CV. The inset in (d) is the dependence of the current density for Co/VN at overpotential of 92 mV for 20 h.

in Fig. 5 and Fig. S10, all samples show the obvious ac-
tivity for OER (Table S3). The Co,VO, nanosheets exhibit
good OER catalytic activity, which may be related to its
characteristics as bimetal oxides. The slight surface oxi-
dation of Co/VN and Co,V/VN can also render the ac-
tivity of the catalyst for OER [59]. Specifically, the
overpotentials required to reach the current density of
10 mA cm™ are 300 mV for Co,VO,, lower than 312 and
324 mV for Co/VN and Co;V/VN (Fig. 5a). The value is
also lower than those of Co;V,04 (359 mV) [40], FeNi-
Co0O, (350 mV) [60] and MnO,/NiCo0,0, NF (340 mV)
[61]. We can find that the RuO, shows the overpotential
about 375 mV to reach a current density of 10 mA cm ™.
The Tafel slopes are found to be close to each other
(65.32, 69.02, and 68.68 mV dec”' for Co,VO,, Co/VN
and Co,;V/VN, respectively), suggesting the similar OER
kinetics (Fig. 5b). We thus measured the C, for the
samples (Fig. S11). The ECSA of Co,VO, sheets is 40.7
mF cm™, much larger than the Co/VN (20.3 mF cm )

86 © Science China Press and Springer-Verlag GmbH Germany 2017

and Co,V/VN (15.5 mF cm™) (Fig. 5¢). Turnover fre-
quency (TOF) is another parameter to evaluate the ac-
tivity of catalysts. The TOF values calculated at 370 mV
are 1.09, 0.69 and 0.47 s for Co,VO,, Co/VN and Co,V/
VN, respectively (Fig. S12, Table S4). The high TOF value
of Co,VO, implies its better activity than the other two
samples. Besides the high activity, the Co,VO, also shows
good durability as confirmed by the continuous CV and
the chronoamperometry measurements (Fig. 5d). The
electrode exhibits stable performance with a little loss
after 5000 CV cycles and can maintain a current density
of 20 mA cm™* with minimal change of overpotential
upon a 12 h operation. The enhanced OER activities of
Co,VO, may be related to its characteristics as bimetal
oxides, high surface active sites and plentiful pores.

The performance for overall water splitting

Considering the good catalytic ability and stability of
Co,VO, and Co/VN for the OER and HER, a two-elec-
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Figure 6 (a) LSV curves of the Co,VO,||Co/VN water splitting system in 1 mol L™ KOH. The inset in (a) is a photograph of the two electrode device.
(b) Chronoamperometry of water electrolysis using the Co,VO,||Co/VN two electrode water splitting system at 1.653 V.

trode system was assembled by using Co,VO, as anode  cell can achieve a current density of 10 mA cm™ at the
and Co/VN as cathode in 1.0 mol L™ KOH for overall  cell voltage of 1.65 V. In addition, the Co,VO,||Co/VN
water splitting (Co,VO,||Co/VN). Fig. 6a shows that the  system also shows good durability upon long-term op-
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