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ABSTRACT In this paper, we report CoP nanowires sup-
ported on carbon cloth (CC) (CoP/CC) as a bifunctional
electrode for hydrogen evolution reaction (HER) and super-
capacitor. CoP/CC possess an excellent electrocatalytic per-
formance for HER, with a Tafel slope of 56 mV/dec and a low
overpotential of 68 mV to achieve a current density of 10
mA cm−2. Remarkably, the bifunctional CoP/CC used as
electrode for supercapacitor exhibit a higher specific capaci-
tance of 674 F g−1 at a scan rate of 5 mV s−1 and maintains
long-life cycling stability, retaining 86% of the initial capaci-
tance after 10,000 cycles. CoP/CC will be a promising candi-
date as electrode for HER and supercapacitor.

Keywords: cobalt phosphide nanowire, hydrogen evolution re-
action, supercapacitor

INTRODUCTION
Currently, most energy worldwide comes from burning
fossil fuels to produce electrical energy. With the ex-
cessive exploitation of fossil fuel energy, fossil fuels will be
exhausted in the near future. Furthermore, the combus-
tion of fossil fuels has created environmental pollution for
plants, animals and humans [1,2]. In order to solve the
issues of fossil fuel depletion and increasing environ-
mental problems, a rich, environmentally friendly, sus-
tainable and high calorific value energy source is urgently
required [3,4]. Clean energy sources have attracted ex-
tensive attention from many researchers in the past few
years, such as nuclear power [5,6], solar energy [7], wind
energy [8], tidal power [9] and hydrogen [10,11]. Hy-
drogen, as a clean and sustainable energy carrier, is

considered one of the most ideal candidates to replace
fossil fuels in the future [3,12]. Efficient hydrogen pro-
duction is critical for developing hydrogen energy tech-
nology. There are many methods to produce hydrogen,
such as coal gasification, partial oxidation, catalytic steam
reforming, and water electrolysis [3,13]. Water electro-
lysis, which produces hydrogen via electrochemical
splitting of water, has been known as the cleanest hy-
drogen production method. In this method, an advanced
electrocatalyst plays the key role in hydrogen evolution
reaction (HER) [10,14]. Currently, Pt-based metallic
materials are the best catalysts for HER. However, the
high cost and low abundance limits their application [15].
Therefore, the discovery of a non-precious electrocatalyst
with long-life cycling stability, high activity and low cost
for HER is critically important. Recently, transition metal
sulfides (WS2, MoS2, CoS2) [10,16], transition metal hy-
droxides (Ni(OH)2, Co(OH)2) [17,18], and transition
metal phosphides (NixP, CoxP, FexP, Fe-CoP) [19–23]
have been investigated as efficient, low-cost and non-
precious catalysts for HER, displaying high performance.
Consequently, transition metal phosphide materials have
received significant attention as active HER catalysts
[19,24].
In order to use hydrogen energy, it is important to

develop new energy storage devices. Supercapacitors have
been widely promoted as promising candidates for new
energy storage devices owing to their high-energy density,
high-power density, long cycle life, quick charge and
environmental friendliness [25–27]. According to the
supercapacitor charge-storage mechanism, super-
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capacitors can be divided into electrochemical double-
layer capacitors and pseudocapacitors [10]. Transition
metal phosphides, particularly cobalt phosphide and its
derivatives, have been broadly studied as anode materials
for Li-ion batteries, and electrocatalysts for HER, oxygen
evolution reaction, and hydrodesulfurization and hydro-
denitrogenation reactions. Recent reports have indicated
that transition metal phosphides (cobalt, nickel, iron
phosphides) display good performance for HER owing to
their good electrical conductivity [12,20,21]. Electrical
conductivity is also a critical parameter for supercapacitor
anode materials. Therefore, transition metal phosphides
can be used as supercapacitor anode material, which has
not been reported to date.
The performance of supercapacitor and electrocatalysts

for HER has been improved by the development of na-
nomaterials with various nanostructures, such as nano-
wires, nanoparticles, and nanosheets [21,24,28,29].
Furthermore, flexible electrodes will play an important
role for electrocatalysts in flexible water splitting devices
and supercapacitors in flexible electronic devices
[19,24,30]. Herein, we developed a two-step strategy for
synthesizing cobalt phosphide (CoP) nanowires sup-
ported on carbon fiber cloth (CC) (CoP/CC) as electro-
catalyst for HER and electrode material for
supercapacitor. The CoP/CC can be quickly synthesized
and showed excellent electrochemical performance. The
CoP/CC exhibited excellent electrocatalytic performance
for HER, with a Tafel slope of 56 mV/dec and a low
overpotential of 68 mV to achieve a current density of 10
mA cm−2. In addition, the CoP/CC used as electrode for
supercapacitor exhibited a high specific capacitance of
674 F g−1 at a scan rate of 5 mV s−1, and maintained a
long-life cycling stability, retaining 86% of the initial ca-
pacitance after 10,000 cycles.

EXPERIMENTAL SECTION
All reagents of analytical grade were directly used without
further purification. Cobalt (II) nitrate hexahydrate (Co
(NO3)2·6H2O, 98%–102%), urea (CO(NH2)2, 99%), and
sodium hypophosphite (NaH2PO4, 97 wt.%) were pur-
chased from Alfa Aesar. Ammonium fluoride (NH4F,AR,
99%) was purchased from Tianjin Kaitong Chemical
Reagent Co. (China). CC was purchased from Toray In-
dustries. The deionized water used in all the experiments
was purified by a laboratory pure water system (18.25
MΩ cm).
Typically, CC was cleaned successively by acetone,

ethanol, and deionized water for 15 min each. Then, CC
and HNO3 were transferred to a water bath and main-

tained at 30°C for 5 h to remove impurities on the CC
surface. Finally, CC was washed repeatedly with deio-
nized water and then dried in a drying oven at 120°C for
12 h.
The synthetic process for generating CoP nanowires

supported on CC is shown in Fig. 1. Co(OH)F/CC were
first synthesized, and then CoP/CC were fabricated by
phosphorization of Co(OH)F/CC. Firstly, Co(NO3)2·
6H2O(0.1455 g), NH4F (0.0465 g) and CO(NH2)2 (0.15 g)
were dissolved in 10 mL of deionized water by magnetic
stirring for 20 min. A diaphanous pink solution was ob-
tained. A piece of CC (about 1×2 cm2 in size) and the
diaphanous pink solution (10 mL) were transferred into a
specialized and sealed glass tube and heated at 120°C for
3 h with microwave irradiation in a single-mode micro-
wave autoclave (NOVA-II, Preekem of Shanghai, China).
After allowing the microwave autoclave to cool down
slowly at room temperature, the Co(OH)F/CC were re-
moved and washed with deionized water and ethanol,
then dried at 80°C for 12 h in a drying oven. To fabricate
CoP/CC, Co(OH)F/CC and NaH2PO4 were placed at ei-
ther end of a crucible. Then, the crucible end with
NaH2PO4 was placed at the upstream side of the tubular
furnace. The samples were heated at 300°C for 1 h under
an Ar atmosphere, and then naturally cooled to room
temperature under the protection of an Ar atmosphere.
Finally, CoP nanowires supported on CC (CoP/CC) were
obtained.
HER and supercapacitor measurements were per-

formed with CHI-660D electrochemical workstation at
room temperature, using a typical three-electrode cell.
HER activity was evaluated in 0.5 mol L−1 H2SO4. A
graphite rod served as the reference electrode and a sa-
turated calomel electrode (SCE) was used for the counter
electrode. The potential transfer from SCE to reversible
hydrogen electrode (RHE) in 0.5 mol L−1 H2SO4 was

Figure 1 Schematic diagram of the synthesis process of CoP/CC.
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performed by ERHE=0.281+ESCE. Linear sweep voltam-
metry (LSV) was performed at a scan rate of 5 mV s−1.
Cyclic voltammetry (CV) measurements were carried out
at 100 mV s−1. The supercapacitor performance of CoP/
CC was measured by CV, galvanostatic charge-discharge
(GCD) measurements, and electrochemical impedance
spectroscopy (EIS) in 1 mol L−1 KOH solution. A plati-
num foil and Hg/HgO were utilized as the reference and
counter electrodes, respectively. The EIS measurements
were conducted with a voltage amplitude of 5 mV, under
an open-circuit potential, and in a frequency range from
100 kHz to 0.01 Hz. The specific capacitance (C, F g−1)
was calculated according to C I v m u v= d / 2 , where I
is the current density, v is the scan rate, and m is the mass
of active materials.

RESULTS AND DISCUSSION
The X-ray diffraction (XRD) pattern of CoP/CC and CC
is shown in Fig. 2a. CC (black curve) shows two dif-
fraction peaks, at around 25° and 43°, which can also be
observed in the XRD of CoP/CC. The diffraction peaks at
31.6°, 35.3°, 36.3°, 46.2°, 48.1°, 52.3°, 56.4° and 56.8° can
be indexed to diffraction from the (011), (200), (111),
(112), (211), (103), (212), and (301) planes of CoP, re-
spectively, which is consistent with the CoP standard
pattern (JCPDS No. 29-0497). The XRD results are in
agreement with the literature [14,19]. Compared to the
XRD of Co(OH)F/CC (as shown in Fig. S1), Co(OH)F/
CC have been completely transformed into CoP/CC via
phosphorization. To further verify the complete phos-
phorization, the XPS spectrum of CoP/CC is provided in
Fig. S2. Fig. 2b shows the scanning electron microscopy
(SEM) image and corresponding elemental mapping of P,
Co and C in CoP/CC, which indicates that Co and P in

CoP/CC are uniformly distributed throughout the whole
CoP/CC sample. The XRD and elemental mapping results
verify that CoP has been uniformly grown on the CC.
The low-magnification SEM image of CoP/CC is shown

in Fig. 3a. By comparison to the SEM images of CC in Fig.
S3, Fig. 3a indicates that the CoP nanowires have uni-
formly grown on the entire CC surface. The high-mag-
nification SEM images (Fig. 3b, c) reveal that the CoP
nanowires have diameters of about 60 nm, with lengths of
a few micrometers. Fig. 3d, e show the transmission
electron microscopy (TEM) images of the CoP nanowires.
The CoP nanowires have a rough surface with plenty of
pores, which is attributed to gas release and dehydration
during Co(OH)F/CC annealing. The low- and high-
magnification SEM images of Co(OH)F/CC are shown in
Fig. S4, indicating the morphology of the Co(OH)F na-
nowires. It is clear that the nanowire morphology has
changed from solid Co(OH)F to porous CoP in the
phosphorization process. Further different magnification
SEM images of CoP/CC have been presented in Fig. S5,

Figure 2 (a) XRD patterns of CoP/CC and CC; (b) SEM image and
corresponding elemental mapping of CoP/CC.

Figure 3 Characterization of CoP/CC morphology. (a–c) SEM images at different magnifications; (d, e) TEM images at different magnifications; (f)
HRTEM image.
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indicating that plenty of pores appear in the CoP nano-
wires. The large number of pores can promote the ca-
pacitance of the supercapacitor and provide
electrocatalyst active sites for HER. The high-resolution
TEM (HRTEM) image of the CoP nanowires is shown in
Fig. 3f; a lattice fringe with an interplanar spacing of
2.8 Å, corresponding to the (011) plane of CoP nano-
wires, is observed. The CoP/CC can be used as electro-
catalyst for HER and electrode material for
supercapacitor.
The electrocatalytic activity of CoP/CC for HER was

investigated in N2-saturated 0.5 mol L−1 H2SO4 electrolyte
solution, using a standard three-electrode setup. For
comparison, CC and 20 wt.% Pt/C were also examined
under the same conditions. The LSV curves of CoP/CC,
20 wt.% Pt/C and CC are presented in Fig. 4a, at a scan
rate of 5 mV s−1. It can be clearly seen that the 20 wt.% Pt/
C presents excellent HER activity, with a low over-
potential. The LSV curve of the CoP/CC demonstrates a
low overpotential of ~68 mV at a current density of
10 mA cm−2, which compares favorably to most reported
values for CoP and other non-noble metal HER catalysts

in 0.5 mol L−1 H2SO4 [14]. Finally, CC demonstrates poor
HER activity, with an onset overpotential of about 219
mV at a current density of 10 mA cm−2. The Tafel slopes
of CoP/CC, 20 wt.% Pt/C and CC could be obtained from
the LSV curves; the Tafel plots are shown in Fig. 4b. The
Tafel slope of the CC is calculated to be 220 mV/dec,
which is significantly higher than that of CoP/CC and 20
wt.% Pt/C, for which Tafel slopes of 56 and 42 mV/dec,
respectively, were calculated. The CoP/CC exhibit a low
Tafel slope, which is close to that of Pt/C, confirming
their high HER activity. Therefore, the HER activity of
CoP/CC mainly arises from the CoP and not the CC. For
comparison, the LSV curve and Tafel plot of the elec-
trocatalytic activity for HER of the precursor Co(OH)F
are shown in Fig. S6, indicating that the Co(OH)F have a
poor electrocatalytic performance for HER. In order to
investigate the durability of CoP/CC, a CV scan between
0 and −0.38 V vs. RHE at a scan rate of 100 mV s−1 in 0.5
mol L−1 H2SO4, and the time-dependent current density
were measured under a static overpotential of 240 mV.
LSV curves of the initial and the 1000th cycle are shown in
Fig. 4c, indicating that the LSV curve of the 1000th cycle

Figure 4 HER activity for CoP/CC, 20 wt.% Pt/C and CC. (a) LSV curves of CoP/CC, 20 wt.% Pt/C and CC in 0.5 mol L−1 H2SO4 solution; (b) Tafel
plots for CoP/CC, 20 wt.% Pt/C and CC; (c) LSV of CoP/CC, initially and after 1000 cycles; (d) Time-dependent current density for CoP/CC under a
static overpotential of 240 mV.
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exhibits some differences compared to that of the initial
curve. The overpotential of CoP/CC slowly drops from 68
to 124 mV after 1000 cycles, indicating that the electro-
catalytic activity of CoP/CC for HER is slightly lowered.
This may be due to the fact that H2 bubbles retained on
the surface of the CoP/CC also block the active sites
[23,31]. Furthermore, the time-dependent current density
of CoP/CC under a static overpotential of 240 mV for
13 h is shown in Fig. 4d. After 13 h, the current density of
CoP/CC has only reduced a little, indicating the good
stability of CoP/CC as electrocatalyst for HER. The HER
performances of transition metal phosphides are sum-
marized in Table S1. Compared with recent reports, CoP/
CC exhibit excellent HER performance, with a low
overpotential and small Tafel slope. Therefore, CoP/CC
have great potential to be used as electrocatalyst for HER.
Very interestingly, CoP/CC can also be used as elec-

trode material for supercapacitor. To evaluate the su-
percapacitor performance of the as-prepared CoP/CC, the
CoP/CC were tested as a working electrode in 1 mol L−1

KOH. CV scans of CoP/CC as electrode in 1 mol L−1

KOH electrolyte at different scan rates (5–200 mV s−1),
with a potential window from 0 to 0.6 V, are shown in

Fig. 5a. A pair of redox peaks is observed during the
charge and the discharge scans. As the scan rate is in-
creased, the current density increases, and the anodic and
cathodic peaks shift towards lower and higher potential,
respectively. The shape of the redox peaks indicates that
Faradaic reactions of CoP have occurred in the potential
window. It is well known that the specific capacitance
increases with current density, as the specific capacitance
is proportional to the internal area of the CV curve. There
is no obvious change in the CV curves as the scan rate is
increased, which implies that the CoP/CC electrode has
fast charge–discharge performances. The reversible ca-
pacity can be mainly attributed to the reversible reaction
of Co2+/Co3+ and Co3+/Co4+. These results indicate that
CoP/CC as electrode material exhibit high capacitance.
The galvanostatic charge/discharge curves of CoP/CC as
electrode were tested at different current densities, in the
potential range of 0 to 0.6 V (Fig. 5b). It is obvious that
the galvanostatic charge/discharge curves are nonlinear
and asymmetrical. Therefore, CoP/CC as electrode ex-
hibit pseudocapacitive behavior [32]. The specific capa-
citance (F g−1) can be calculated from the CV curve. The
specific capacitance of CoP/CC as a function of the scan

Figure 5 Supercapacitor performance of CoP/CC. (a) CV curves of CoP/CC at different scan rates; (b) Galvanostatic charging/discharging of CoP/
CC at different current densities; (c) Specific capacitance of CoP/CC at different scan rates; (d) Cycling performance of the CoP/CC electrode at a
current density of 10 mA cm−2.
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rate is presented in Fig. 5c. The specific capacitance of
CoP/CC as electrode is 674 F g−1 at a scan rate of 5
mV s−1, which is higher than that of flower-like MoS2/CC
nanosheets (233 F g−1), CoS2/CC nanospheres (266 F g−1),
MoS2/CoS2/CC nanocomposites (406 F g−1) [10] and
MoS2 (112 F g−1) [33]. When the scan rate is increased to
200 mV s−1, the specific capacitance of CoP/CC as elec-
trode is maintained at about 214 F g−1, confirming the
good rate capability of CoP/CC. The cycling stability of
the specific capacitance is one of most important char-
acteristics of supercapacitor electrode materials. The
long-term cycling stability of CoP/CC as electrode was
determined from galvanostatic charging/discharging
curves at a current density of 10 mA cm−2 in 1 mol L−1

KOH electrolyte for 10,000 cycles (as shown in Fig. 5d).
The capacitance retention is 86%, even after 10,000 cycles,
indicating the high cycling stability of CoP/CC. For
comparison, the CV curves and specific capacitance as a
function of scan rate of CC and Co(OH)F/CC are shown
in Figs S7 and S8, respectively. These results indicate that
CoP/CC perform better as electrode material than CC
and Co(OH)F. The high electrical conductivity of CoP
can provide transportation paths for the electrolyte dur-
ing Faradic reactions. The EIS data for CoP/CC, CC, and
Co(OH)F/CC are shown in Fig. S9. The gradual decline
in capacitance is mainly attributed to CoP falling off the
CC. The CoP/CC as electrode have an excellent electro-
chemical performance, as shown in Fig. 5, which de-
monstrates that CoP/CC are a practical electrode material
suitable for potential application in supercapacitor.

CONCLUSIONS
In summary, we have successfully synthesized CoP na-
nowires supported on carbon cloth as a bifunctional
electrode for HER and supercapacitor. The CoP/CC are
quickly fabricated by a two-step procedure, which con-
sists of a hydrothermal method followed by low-tem-
perature phosphorization. These results indicate that
CoP/CC as electrode exhibit excellent electrochemical
performance for HER and supercapacitor. The over-
potential of CoP/CC is 68 mV at a current density of 10
mA cm−2, which compares favorably with that of 20 wt.%
Pt/C. The current density of CoP/CC only slowly de-
creases over 13 h, indicating the good stability of CoP/CC
as electrocatalyst for HER. When CoP/CC are used as
electrode material for supercapacitor, the specific capa-
citance of CoP/CC as electrode is 674 F g−1 at a scan rate
of 5 mV s−1. The high cycling stability of CoP/CC has
been demonstrated; 86% of the initial capacitance is
maintained after 10,000 cycles under a current density of

10 mA cm−2 in 1 mol L−1 KOH electrolyte. These results
indicate the good electrochemical performance of CoP/
CC as electrode for supercapacitor. This work puts for-
ward a new viewpoint; non-noble metal material might be
a promising candidate as electrode for HER and super-
capacitor.
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