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Vanadium Nanobelts Coating Nickel Foam 3D Bifunctional 
Electrode with Excellent Catalytic Activity and Stability for Water 
Electrolysis 
Yu Yu,a Pei Li,a Xiaofang Wang,a Wenyu Gao,a Zongxu Shen,a Yanan Zhu,b Shuliang Yang,b Weiguo 
Song,*b and Kejian Ding*a 

Pursuit of highly active, stable and low-cost electrocatalysts for hydrogen evolution reaction (HER) and oxygen evolution 
reaction (OER) is the key point for large-scale water splitting. A vanadium nanobelts coating nickel foam (V/NF) is proposed 
as an excellent 3D bifunctional electrode for water electrolysis here, which exhibits high activities with overpotentials of 
292 and 176 mV at 10 mA cm-2 for OER and HER respectively. When employed as bifunctional electrocatalysts in alkaline 
water electrolyzer, a cell voltage of 1.80 V was required to achieve 20 mA cm-2 with a slight increase during a 24-h 
durability testing. The existence of appropriate amount of nitrogen and oxygen elements in the surface region of 
vanadium nanobelts is regarded to be responsible for the electrocatalytic activity. 

1. Introduction 
As a highly expected substitute for the increasingly depleted 
fossil fuels, the clean, renewable, and abundant hydrogen 
resource has been urging constant endeavors from the 
industry and scientific research field.1,2 Electrochemical water 
splitting has been regarded as the most effective technology to 
produce clean hydrogen fuel using the nearly no-cost water.3,4 
In spite of the theoretical water-splitting voltage of 1.23 V, this 
uphill reaction always requires quite large overpotential in the 
real applications.5 Therefore, developing hydrogen evolution 
reaction (HER) and oxygen evolution reaction (OER) 
electrocatalysts with high efficiency, excellent durability and 
low expense is a top priority. Although the Pt, Ir, Ru precious 
metals and their clathrates/compounds were found as the 
highest active OER and HER catalysts,6-8 their extensive usage 
was under severe restrictions due to their high cost and poor 
stability. Recently, tremendous exploration and development 
on highly efficient electrochemistry catalysts made from earth-
abundant elements was achieved, both for HER 
(chalcogenides,9-21 phosphides,22-28 nitrides,29,30 carbides,31-33 
et al34-36) and OER (oxides,37-40 hybrid oxide,41-45 hydroxides,46-

51 et al52). 
When it comes to the practical electrochemical water 

splitting, HER and OER was reasonably requested to proceed in 
the same medium, to minimize the total overpotentials.53 

Strong acidic or alkaline electrolyte was always used to 
eliminate the potential loss caused by the pH gradient across 
the electrolyzer.54 Most of the reported outstanding HER 
catalysts played well in acidic medium, but may inert or 
unstable toward alkalinity. In like manner, many preeminent 
OER catalysts at high pH may be inactive in acid, even suffer 
from the serious corrosion. A bifunctional catalyst 
synchronously with high efficiency towards both OER and HER 
was urgent to be developed. Comparatively, alkaline water 
splitting has a more favorable prospect, owing to its slighter 
destructive effect to catalysts and the more choices for 
catalysts.5,55 In contrast to the masses of monofunctional 
catalysts, few bifunctional catalysts for both HER and OER (i.e. 
NiFe layered double hydroxide,46 NiSe nanowire,56 NiCo2S4 
nanowire,57 Ni3N,58 Co-P films59) were successfully fabricated. 
Herein, we present a vanadium nanobelts coating NF (V/NF) by 
a facial hydrothermal and subsequent annealing treatment, 
which played as an excellent 3D electrode in the electrolysis of 
water. The V/NF electrode exhibited fairly excellent 
electrocatalytic activity and stability in both of OER and HER 
under the alkaline condition. The overall water-splitting 
voltage at the current density of 20 mA cm-2 in the alkaline 
aqueous solution was required at 1.80 V, and this voltage 
displayed only a little rise of 30 mV during a 24-h durability 
test. 

2. Experimental Section 
2.1 Preparation of 3D vanadium nanobelts/nickel foam electrode 
(V/NF) 

3D V/NF was prepared by a hydrothermal treatment and the 
sequent annealing at ammonia atmosphere. Firstly, a VO2/NF 
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framework was synthesized by a simultaneous hydrothermal 
synthesis and assembly procedure.60 Detailedly, 25 mg V2O5 
nanopowders were dispersed in 50 mL H2O containing 1 mL 
H2O2 and formed an orange suspension by vigorous 
ultrasonication, and then transferred to a 100 mL Teflon-lined 
stainless steel autoclave. Six 1×4 cm2 NF strips or a 24 cm-2 NF 
roll was perpendicularly placed in the suspension, to perform 
hydrothermal process at 180 °C for 1 h. After completion of 
the hydrothermal reaction, the as-prepared VO2/NF was 
washed using deionized water and ethanol several times to 
remove residual ions and unsteadily attached VO2. The dried 
VO2/NF sample was experienced the calcination at 400 °C for 1 
h under NH3 flow, to convert VO2/NF to V/NF. The heating rate 
was 10 °C min-1. 

2.2 Characterization 

SEM images accompanied with EDS results and TEM images 
with the corresponding SAED (selected area electron 
diffraction) pattern were taken by scanning electron 
microscopy (SEM Hitachi-S4800) and transmission electron 
microscopy (TEM JEOL-2100F), respectively. Elements 
distribution mapping was also carried on SEM. XRay diffraction 
(XRD) patterns were recorded on a Rigaku diffractometer 
(Maxima XRD-7000) using Cu Ka irradiation. XPS information 
was obtained on a ESCALab220i-XL photoelectron 
spectroscopy. The mass loading density of V catalyst on NF was 
determinate by dissolving 3 cm2 V/NF by 5 % hydrochloric acid, 
and measuring the solution by inductively coupled plasma 
optical emission spectrometer (Shimadzu ICP-9000). 

2.3 Electrochemical measurements 

All the electrochemical measurements were performed with a 
CHI760 electrochemical workstation (CH Instruments, Inc., 
Shanghai) in 1 M KOH alkaline solution. In the standard three-
electrode system, a Pt net and SCE (saturated calomel 
electrode) were used as the counter electrode and reference 
electrode, respectively. The potential referred in this work was 
all at the reversible hydrogen electrode (RHE) scale, by the 
calibration according to following Equation: E(RHE) = E(SCE) + 
0.245 V + 0.059 × pH. The linear sweep voltammetry (LSV) was 
carried at a scan rate of 2 mV s-1 to guarantee the reaction on 
the electrode to reach steady state. No activation was 
employed before the measurement, and the polarization 
curves with iR- compensation were adopted at 95 % level of 
ohmic potential drop. Electrochemical impedance 
spectroscopy measurements was conducted at - 0.20 and 1.65 
V (vs RHE) for HER and OER respectively. To prepare the 
control sample of Pt-C/NF and IrO2 with the same mass loading 
density as V/NF, quantitative Pt-C or IrO2 was dispersed in 0.1 
wt% Nafion ethanol solution to form an ink, and then 
uniformly dropped on NF followed by a vacuum drying. The 
electrolyte was previously saturated by the corresponding gas. 
The overall electrolysis of water was conducted in a two-
electrode configuration, with a V/NF as both counter and 
reference electrodes and another identical V/NF as working 
electrode, and the voltage for EIS was adopted at 1.80 V. 

3. Introduction 
3.1 Fabrication of the V/NF 3D electrode 

By the hydrothermal treatment of NF in the presence of V2O5 
nanopodwers, the 3D NF was wrapped by a densely covering 
film consisting of masses of VO2 nanobelts, with about 150 nm 
in width and more than several micrometers in length (Figure 
S4). In the optical photograph (Figure S1), it could be seen that 
NF with metallic luster transferred into a dark cyan appearance. 
This VO2 nanobelts coating was reduced to vanadium after the 
annealing under NH3 atmosphere, as the dark cyan precursor 
became black (Figure S1). The XRD patterns of final product 
(Figure 1a) demonstrated the existence of cubic vanadium 
phase (PDF#88-2322) with Fm3m space structure in this V/NF 
3D electrode material. The diffraction peaks at 42.0 ° and 48.8 ° 
were indexed to the (111) and (200) facets of the metal 
vanadium phase, while strong peaks at 44.5, 51.8 and 76.4 ° 
corresponding to (111), (200), and (220) plane of metallic Ni 
phase was ascribed to its preponderant proportion. The peaks 
from other facets of vanadium were imperceptible owing to its 
weak crystallization and little content in the whole composite. 

 

 

Figure 1. (a) XRD pattern, (b) low- and (c) high-resolution SEM 
images of V/NF electrode, (d) low- and (e) high-resolution TEM 
images, and (f) the corresponding SAED pattern of vanadium 
nanobetls. 
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Meanwhile, no signals originating from various vanadium 
oxides, nitride or oxynitride were detected from the expanded 
pattern (Figure S2b), indicating the mostly purity of the film on 
NF. 

We also carried out an observation on the microcosmic 
morphology of V/NF by scanning electron microscopy (SEM). 
The large-scale and low-magnification SEM image (Figure S2a 
and 1b) showed that vanadium film was still fully and 
uniformity covering NF after annealing process. It was agreed 
with the mapping scanning for elements distribution as the 
vanadium elements bestrewed the whole framework of NF in 
Figure S3. Form the high magnification image (Figure 1c), 
vanadium was in maintenance of the nanobelts morphology, 
but displayed some extent of shrinkage due to the release of 
oxygen atoms. The widths of vanadium nanobelts distributed 
around 100 nm. Figure 1d presented the typical transmission 
electron microscopy (TEM) observation of the vanadium 
nanobelts aggregation, in which it could be seen that several 
belts formed a bundle-like structure owing to the phase 
transformation during the ammonia annealing, accompanied 
with the appearance of bumpiness and potholes on the 
surfaces of nanobelts. Even so, the high-resolution TEM image 
taken from an individual bumpy vanadium nanobelt and its 
corresponding selected area electron diffraction (SAED) 
pattern (Figure 1e and f) suggested its single crystal nature. 
The lattice fringes of vanadium (111) and (200) planes with 
interplanar distances of 0.220 and 0.190 nm respectively 
continually emerged in the whole belt, and the SAED pattern 
along with (110) zone axis displayed the spots indexed to {111} 
and {002} family of crystal planes. EDS study (Figure S2c) 
showed that V was one of the main elements in the composite, 
while strong Ni signal and some C were from NF and the 
carbon paste base respectively. It was worth noting that little 
N and O elements were also detected, which was in coincident 
with the results of elements mapping scanning. This implied 
that a small quantity of vanadium oxynitride was likely formed 
on the surface of vanadium nanobelts.61,62 

Further, XPS analysis was employed to thoroughly survey 
the surface physicochemical property of vanadium nanobelts. 
As shown in V 2p spectrum (Figure 2a), by peak fitting, V 
elements were divided into four peaks corresponding to V0 – 
V4+.63-66 Minor zero-valence V was detected while majority 
were partially oxidized to different extents, due to the 
existence of N and O interstitial dopants in the lattice of 
vanadium. It represented that some VNxOy component 
generated in the exterior region of the surface. Likewise, the 
broad V 2p1/2 peak at 519 - 526 eV could be also divided into 
dominated positively valent V and subordinate V0 sub-peaks. 
The O 1s spectrum (Figure 2b) substantiated again the 
existence of O in the surface of vanadium nanobelts, in which 
the oxygen elements was classified into two types of structural 
O with low BE (binding energy) and adsorbed O with high BE. 
For the structural O, the BE of a small fraction at 529.9 eV was 
close to the common value in the vanadium oxide (about 530 
eV), suggesting their bonding with V. Most of structural O 
atoms were covalently attached with N, giving a higher BE as 
531.4 eV. 65,67,68 It was found oxygen species in the molecular,  

 

Figure 2. (a) V 2p, (b) O 1s, and (c) N 1s XPS spectra of 
vanadium nanobelts in V/NF electrode. 

 

atomic or hydroxyl form had considerable affinity to the 
vanadium oxide and oxynitride,63,68 and the oxygen adsorption 
also occurred in our work. The bonding of adsorbed O species 
to the surface was supposed to be favorable to related 
electrochemical reaction in the aqueous medium.61,69 

For N element, it was revealed in N 1s XPS spectrum (Figure 
2c) that, there were also two different chemical binding types 
in VNxOy, detailedly, V-N and V-N-O (396.9 and 399.2 eV 
respectively).62,70 Moreover, the higher-BE nitrogen ingredient 
was undetectable in the vanadium nanobelts, meaning that no 
other highly oxidized N was generated. The atomic 
percentages of V, N, and O elements derived from XPS were 
about 60, 24, and 16 % respectively. The proportions of N and 
O were both higher than the result by EDS (11 % for N and 4 % 
for O). Combining the the fact of the absence of individual 
vanadium oxide and nitride phases in V/NF by XRD 
characterization, it was reasonable to conclude that the N and 
O elements were mostly distributed in the crystal structure of 
metallic vanadium near the surface of vanadium nanobelts. 
The V/NF electrode was dissolved by HCl and measured by ICP-
OES to determinate the mass loading density of vanadium 
nanobelts catalyst on NF, which was calculated as about 0.28 
mg cm-2. 

3.2 Electrocatalytic performance for OER 

To investigate the application in overall water-splitting of the 
V/NF 3D electrode, the OER electrocatalytic activity of V/NF 
was firstly measured in a three-electrode system with the 
saturated calomel electrode (SCE, in saturated NaCl) as 
reference electrode and Pt net as counter electrode. The linear 
sweep voltammetry (LSV) curves from negative to positive 
potential with iR-correction (95%, 0.25 Ω) in 1 M KOH at scan 
rate of 2 mV s-1 was shown in Figure 3a at the reversible 
hydrogen electrode (RHE) scale. For comparisons, OER 
polarization curves with iR-compensation of bare NF and IrO2  

Page 3 of 7 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Nanoscale 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

Figure 3. (a) OER polarization LSV curves and (b) Tafel plots of 
V/NF, IrO2, and bare NF, (d) HER LSV curves and (e) Tafel plots 
of V/NF, Pt-C/NF, and NF. (c, f) Chronopotentiometric curve of 
V/NF at current density of 50 mA cm-2 for OER (c) and 20 mA 
cm-2 for HER without iR-correction. All experiments were 
carried out in 1.0 M KOH, and the LSV scan rates are 2 mV s-1.

 

depositing NF with the same loading as V/NF were also 
measured. The V/NF electrode exhibited much superior 
performance to NF and IrO2/NF. The onset potential of anodic 
reaction for V/NF was greatly more negative than that of NF, 
which was even slightly better than IrO2/NF. An overpotential 
(ηOER) of 292 mV was required to achieve a current density of 
10 mA cm-2, 35 mV and 87 mV prior to IrO2/NF and bare NF 
electrodes respectively. Compared to the previous reported 
OER electrocatalyst with high performance (Table S1),37-41,43-

47,49-51 V/NF showed competitive activity to some cases of the 
known best transitional metal layered double hydroxide46-50 in 
the similar condition. Even before iR-correction, the 
overpotential for 10 mA cm-2 at 308 mV was also a quite low 
value (Figure S5). The superiority of V/NF was also observed in 
the corresponding Tafel plots (Figure 3b), in which V/NF gave a 
Tafel slope of 68 mV dec-1, fantastically smaller than NF (127 
mV dec-1) and closed to IrO2/NF (57 mV dec-1), and the 
exchange current densities (j0) of V/NF calculated by 
extrapolation of the Tafel plots to the J axis were 8.24 × 10-4 
mA cm-2 significantly surpassed j0 of IrO2 (3.03 × 10-4 mA cm-2). 
Electrochemical impedance spectroscopy (EIS) is another 
effective mean to analysize the kinetics of electrode process. 
As shown in Figure S7a, the charge transfer resistance (Rct) 
from the semicircle in the low frequency zone of V/NF at 1.65 
V (vs RHE) was only 1.23 Ω, smaller than that of IrO2/NF (5.85 

Ω), indicating a faster electron transfer and more facile 
electrocatalytic kinetics at the catalyst/electrolyte interface. 

Not merely the activity, long-term running behavior was also 
an important consideration for the practical application. 
Chronopotentiometry measurement was employed to 
estimate the electrochemical stability of V/NF in OER. Figure 
3c showed the chronopotentiometry curves of V/NF 3D 
electrode at the current density of 50 mA cm-2 in 1 M KOH. The 
applied potential was 1.613 V (without iR-correction) at the 
initial stage, and exhibited a slight increase to 1.628 V in a 24-h 
session. Besides, the V/NF electrode after 24-h stability testing 
was again LSV measured (Figure S8), and its original 
polarization curve presented only 7 mV positively shift 
compared to the fresh sample. Furthermore, the Tafel slope 
was even improved to 63 mV dec-1, indicating the outstanding 
durability of V/NF in spite of the accumulation of oxygen in the 
electrolyte solution. 

3.3 Electrocatalytic performance for HER 

For the evaluating of the electrocatalytic HER performance of 
V/NF, the same three electrode system and electrolyte (1 M 
KOH) were adopted in the contrast of Pt-C/NF (20 wt%, with 
the same loading as V/NF) and bare NF, and LSV scan rate was 
also 2 mV s-1 to guarantee the reaction on the electrode to 
reach steady state. It was known that NF was of pretty 
electrocatalytic activity for HER, however like OER, V/NF 
behaved much more excellently than NF (Figure S6 and 3d). 
According to the LSV curves with iR-correction (95%, 0.67 Ω) in 
Figure 3d, the current density on V/NF achieved 10 and 20 mA 
cm-2 at the overpotentials (ηHER) of 176 and 203 mV 
respectively, while that on NF at these two overpotentials 
were only about 1.4 mA cm-2. Although V/NF was revealed to 
be inferior in a subtle extent to Pt-C/NF, which required ηHER of 
only 125 mV for 10 mA cm-2, its electrocatalytic activity for HER 
was better than or comparable to the many previous reported 
high-performance acid-applicable HER electrocatalysts (Table 
S2).9-31,34-36 As shown in the Tafel plots (Figure 3e), the Tafel 
slope of V/NF (82 mV dec-1) was quite analogous to that of Pt-
C/NF (83 mV dec-1). So the excellent HER kinetics was also 
obtained by the deposition vanadium nanobelts film on NF. j0 
of V/NF was calculated to 0.164 mA cm-2 for HER, although 
smaller than that of Pt-C/NF (0.5387 mA cm-2), it was also a 
comparatively large value and extremely bigger than NF. Rct of 
V/NF at - 0.2 V (vs RHE) was estimated at 0.52 Ω (Figure S7a), 
showing some advantage against Pt-C/NF (0.74 Ω), suggesting 
its better kinetics. 

As well the durability of V/NF was proved to be reliable by a 
24-h chronopotentiometry testing at the current density of 20 
mA cm-2 (Figure 3f), in which the required potential was 
slightly shifted from the initial 251 mV (without iR-correction) 
to 258 mV at the end. The outstanding durability of V/NF 
towards HER was confirmed by the LSV measurement of the 
sample after stability testing, as shown in Figure S9, a tiny 
negative shift of only 4 mV was observed, with a little increase 
of Tafel slope to 89 mV dec-1. 

3.4 Overall water-splitting 
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Figure 4 (a) LSV curves for water electrolysis of V/NF, Pt-C, and 
bare NF electrodes at scan rate of 2 mV s-1. (b) 
Chronopotentiometric curve for water electrolysis of V/NF at 
density current of 20 mA cm-2. All experiments were carried 
out in 1.0 M KOH, and the potentials was before the iR-
correction.(c) The theoretical (lines) and measured (symbols) 
amounts of H2 and O2, and their ratios in the overall water-
splitting.

 

As the above series of measurements revealed the high 
activity and stability of V/NF 3D electrode both for OER and 
HER in strongly basic media, electrolysis of water in a two-
electrode configuration using V/NF as both anode and cathode 
was further carried to learn thoroughly about its real 
application. The V/NF based electrolyzer exhibited the close 
performance as the Pt-C/NF electrode, with the demand of a 
1.74 V applying voltage to produce 10 mA cm-2 water-splitting 
current (Figure 4a). It was 210 mV lower and 14 mV higher 
than those of bare NF and Pt-C/NF respectively. However, 
V/NF exceeded Pt-C/NF in the larger current region, where the 
applying voltages for 60 mA cm-2 was asked as 1.91 V, 8 mV 
lower than Pt-C/NF. Meanwhile, Rct of V/NF in the two-
electrode system was investigated at the voltage of 1.80 
(Figure S7b), which was quite small (1.38 Ω) compared to Pt-
C/NF (11.4 Ω), indicating the prevail of V/NF on electrocatalytic 
kinetics over Pt-C/NF.  Although the applied voltage for 10 mA 
cm-2 was higher than the electrocatalysts in other electrolyzers, 
i.e., NiFe layered double hydroxide (1.7 V),46 NiSe nanowire 
(1.63 V),56 NiCo2S4 nanowire (1.68 V),57 Co-P films,59 by taking 
loading mass into consideration (0.28 mg cm-2 in this work, 
almost 10 times more in other works, see Table S3), this V/NF 
3D electrode could be regarded as competitive with others. 
 Like the individual HER and OER, V/NF exhibited robust 
durability for overall water splitting, as the applying voltage for 
20 mA cm-2 underwent a little increase by only 27 mV (Figure 
4b). The vigorous gas evolution on both electrodes was 
measured quantitatively by means of gas chromatography (GC). 
The generated O2 and H2 were maintaining at the ratio of ca. 
2:1, and the amounts of them by both GC detection and 
theoretically calculation were shown in Figure 4c. The 

considerable coincidence of the experimental and theoretically 
values suggested the good bifunctional activities for OER and 
HER, with the Faradic efficiency (FE) of each at nearly 100%. 

The stability of V/NF for HER and OER was found to be quite 
versatile. Specifically, the V/NF electrode not only maintained 
a high efficiency for HER and OER after respective stability test, 
but also was highly electrochemical active for the long-term 
counter reaction. The LSV polarization curve for OER from the 
V/NF electrode after 24-h HER was revealed to be a little 
preponderant to the initial sample, while its Tafel slope was 
improved to 63 mV dec-1 (Figure S8). The HER activity of V/NF 
after 24-h OER was in similar circumstances, as the majority of 
its LSV curve was prior to fresh sample, and the Tafel slope 
was 83 mV dec-1, closed to fresh sample (Figure S9). 

3.5 Analysis of surface characteristic 

The material phase and surface characteristic of V/NF 
electrodes after the 24-h stability testing were investigated. 
The XRD patterns (Figure S10a and S11a) showed that, either 
after OER or HER, the component of the coating on the surface 
of NF was constant of vanadium phase, although both of their 
diffraction intensities were weakened to a certain extent. In 
addition, no other new phases including Ni(OH)2 and NiO were 
found in spite of long-term OER or HER. For V/NF after 24-h 
OER, the V 2p XPS spectrum (Figure S10b) only showed the 
single 2p3/2 and 2p1/2 peaks at 516.4 and 524.0 eV respectively, 
attended by the vanishment of the original peaks. It meant 
that the surface vanadium elements were oxidized further to 
V4+ form V0 - V3+,63-66 which was caused by the diffusion of O 
species into the crystal lattice during the long-term 
electrochemical process in the aqueous media. Considering 
that the N elements was hard to be oxidized to gaseous 
nitrogen oxides (i.e. NO, NO2, etc) or nitrogen molecules to be 
excluded out of the crystal structure, and the N 1s spectrum 
indeed declared the existence of N in the sample after 24-h 
OER, we speculated that with the O element, the oxidized N 
formed oxyacid anions NOx

- containing N=O bond. As depicted 
in Figure S10d, besides N in V-N-O, the peaks at 403.4 and 407 
eV was most likely assigned to nitrite and nitrate ions.71,72 
Simultaneously, the low-BE V-N peak disappeared. The O 1s 
spectrum (Figure S10c) showed that the peak of V-bonding 
structural O was greatly enhanced due to the increase of 
doped O, while a new peak for the double-bonding O in NOx 
emerged.65,67,68. We could draw a conclusion that during the 
OER, except the oxidization of V3+ to V4+, N element was also 
oxidized and partially formed polyoxy group. And the thickness 
of VO(NOx) component (not represent the real stoichiometric 
ratio) with higher crystal structural imperfection increased, 
compared to that of the initial VNxOy. In the HER stability 
testing, although a considerable negative potential was 
applied on V/NF, it was found that plenty of V was still oxidized 
to tetra-valence due to its long-term exposure aqueous 
medium (Figure S11b). Nevertheless, the metallic V could be 
detected. As shown in Figure S11c, the proportion of low-BE 
oxygen bonding with vanadium and constructing NOx in the 
VO(NOx) was observably lower that that after OER. The N 1s 
spectrum (Figure S11d) pointed that, V-N bond was still existed, 
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V-N-O peak enhanced, and V-NOx construction was also 
produced. 

The impurity of the vanadium on the surface was regarded 
to be responsible for the outstanding catalytic activity for the 
electrochemical reactions in the aqueous media. Although the 
reaction mechanism is not clear, the different locations and 
bonging configuration of N and O in the crystal structure of V-
N-O system, as well as the changeable valence of V, may bring 
V/NF the high activity for HER and OER. The possible 
promotion of electrocatalytic activity by Ni species of dopants 
was also excluded, as the the content of Ni element in the V 
nanobelt was about 0.13 %. We studied the water electrolysis 
performance of the VO2/NF precursor, either for HER or OER, 
VO2/NF exhibited poorer activity than V/NF (Figure S13). In the 
overall water-splitting, 1.84 V was required to reach 10 mA cm-

2, which was albeit higher than V/NF but substantially lower 
than bare NF. On the other hand, by prolonging the annealing 
time to 10 h, the metal vanadium on NF would be transformed 
into cubic vanadium nitride (VN) phase (Figure S12). VN/NF 
also presented a distinct inferior for OER to V/NF (Figure S13a). 
For HER, although VN/NF gave larger current densities in the 
lower overpotential region accompanied by capacitance effect, 
its kinetics was much worse than V/NF and VO2/NF (Figure 
S13b). Capacitance effect was also observed in the overall 
water-splitting by VN/NF (Figure S13c), which brought VN/NF a 
closed applied voltage for 10 mA cm-2 compared to V/NF. By 
taking into consideration the difference in the surface areas of 
the three samples, we also take a comparation in the specific 
activity of V/NF, VO2/NF and VN/NF versus their specific 
surface area. As shown in Fig. 13b, d, and e, the specific 
activity of V/NF revealed the superiority than those of VO2/NF 
and VN/NF, in all of HER, OER and overall water splitting. It 
was worth noting that vanadium nitride was also inevitably 
partial oxidized on the surface, so it could be deduced that a 
tiny amount of oxygen elements also existed in the VN crystal 
structure with a smaller proportion (than in V/NF).  

By the comparison of water electrolysis performances 
among V/NF, VO2/NF, and VN/NF, we can concluded that 
oxygen elements in a tiny amount was adequate for the 
efficient electro-catalysis for HER, but a higher proportion was 
demanded for high activity for OER. The introduction of N 
elements was also of great importance, as the inexistence of N 
may significantly reduce the activities for both HER and OER, 
while the luxuriance of N went against the reaction kinetics in 
turn. Despite the existence of heteroatoms in the crystal 
lattice, the V nanobelts still kept metalline. For the metal and 
intermetal with d electrons, a high density of states at the 
Fermi level will bring about high catalytic activity.73 It was 
theoretically and experimentally that, the 2p states of the 
nonmetal atom will participate in the hybridization of bands 
near the Fermi level, resulting in the increase of electron filling 
density and DOS.74 So we speculated that there’s a similar 
effect for the N and O interstitial atoms in the enhancement of 
the electrocatalytic activity of V nanobelts. In turn, if the V 
nanobelts were completely converted into nitride with the 
stoichiometric ratio, the activity dropped insteadly (Figure S13). 
It may correlate with the increase of the covalent fraction of 

the metal-nonmetal boding. The thorough mechanism will be 
explored in the following work. 

Conclusions 
In summary, a nanosized vanadium belts uniformly coating 
nickel foam 3D electrode was facilely synthesized by a 
hydrothermal and subsequent annealing treatment, which 
behaved as an excellent bifunctional electrode in the water 
electrolysis. The V/NF 3D electrode exhibited outstanding 
catalytic activity and durability for both OER and HER in 
strongly alkaline electrolyte, and achieved 20 mA cm-2 at a cell 
voltage of 1.80 V in overall water-splitting with a voltage rise 
of 30 mV after a 24-h continuous test. It was suggested 
reasonable amounts of nitrogen and oxygen elements were 
introduced on the surface of vanadium nanobelts, and the 
oxynitride layer was responsible for the electrocatalytic 
activity. This work not only demonstrated a highly promising 
candidate of electrode materials for scale-up application, but 
also opened up a new perspective extended the strategies for 
the noble-metal-free water electrolysis. 
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