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Abstract
The development of low-cost, highly active, and robust electrocatalysts for catalyzing the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) holds a pivotal role in electrocatalytic water splitting. Herein, a two-step method was presented
to synthesize CoS2/CoP heterostructures grown on carbon cloth (CoS2/CoP/CC). The precursor Co(OH)F/CC synthesized
through the hydrothermal process can be successfully converted into CoS2/CoP/CC catalyst via gas-phase phosphorization
and sulfurization. The as-obtained CoS2/CoP/CC exhibited promising performances for HER and OER with low overpotentials
of 90 and 334 mVat a current density of 10 mA cm−2 in 1.0 M KOH, respectively. The improved electrocatalytic performance of
the CoS2/CoP/CC can be attributed to the strong electron interactions and synergistic efforts between CoS2 and CoP, abundant
active sites of the heterostructures, and enhanced smaller charge-transfer resistance.

Keywords CoS2/CoP . Electrocatalysis . Hydrogen evolution reaction .Materials chemistry

Introduction

Due to the increasing demand for energy and the rise of con-
cern about the environment, much more attention has been
focused on developing a green renewable energy resource
[1]. Hydrogen (H2), as a clean energy carrier with high energy
density, is one of the promising substitutions for fossil fuel that
has the potential to alleviate the global energy crisis [2, 3]. It
can be conveniently achieved from electroreduction of water
(2H2O→ 2H2 + O2). However, water electrolysis requires
highly active and robust catalysts to reduce the excess poten-
tial (also known as overpotential, η) so as to diminish energy
consumption [4]. The Pt can be regarded as the best

electrocatalyst for hydrogen evolution reaction (HER) and
RuO2 is considered as the best oxygen evolution reaction
(OER) catalysts, which are both restricted by their scarcities
and high costs for large-scale applications [5–7].

Recently, earth-abundant non-noble metal compounds
have emerged as novel electrocatalysts to accelerate water
splitting. Transition metal sulfides [8, 9], selenides [10, 11],
carbides [12], oxides [13, 14], hydroxides [15], and perovskite
oxides [16] are potential low-cost alternatives to precious met-
al in electrolyzing water efficiently. Among various kinds of
catalysts, transition metal dichalcogenides (TMDs), such as
CoS2 [17], MoS2 [18], Ni3S2 [19], and WS2 [20], have been
extensively demonstrated as alternative electrocatalysts for
hydrogen production owing to their high catalytic activity,
low cost, and easy preparation. TMDs can be classified into
two categories. One is the well-known two-dimensional (2D)
layered metal dichalcogenide materials (e.g., MoS2 andWS2),
which have a drawback of their relatively poor electrical con-
ductivity [21]. The other is non-layered metal dichalcogenides
(e.g., CoS2 and NiS2), owning cubic pyrite-type or orthorhom-
bic marcasite-type structures [22–24], which possess an evi-
dent advantage over 2D layered TMDs owing to their intrinsic
metallic and conductive properties. In particular, cobalt-based
dichalcogenides have been proved as high-efficiency
electrocatalysts due to their low-energy barrier for the adsorp-
tion of hydrogen atoms on cobalt atoms [25–27]. Transition
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metal phosphides (TMPs), generally considered as efficient
catalysts for hydrodesulfurization (HDS) reactions [28, 29],
which reacts relying on the reversible binding of catalysts
and hydrogen (similarly to the process hydrogen produced
in the HER). Actually, many of TMPs have been demonstrat-
ed to have the prominent catalytic performance for the HER,
such as CoP [30–32], MoP [33], NiP [34], and FeP [35].
Nevertheless, the catalytic activity of the above catalysts still
lower than those of Pt-based catalysts restricted by the reac-
tivity and density of active sites. Thus, various methods have
been employed to improve catalytic performance of
electrocatalysts, mainly the structural adjustment and surface
modification of catalysts, including creating porous structure
[36], constructing active site-rich nanosheets [37], and doping
heteroatoms [38]. In addition, the hybrid materials with two or
more components via chemical combination or interface en-
gineering can often be found to have better catalytic perfor-
mance than any one of them. For example, Hou et al. prepared
oxygenated-CoS2-MoS2 heteronanosheets grown on carbon
fiber cloth through the hydrothermal process and found that
the exposed heterointerfaces, the abundant active sites, and the
interface synergistic effect of the heterostructures play crucial
roles in increasing HER and OER activity [39]. There are
many electrocatalysts of mixed transition metal compounds
demonstrated to have superior catalytic performance, such as
CoS2/WS2 [40], Ni2P/CoP [41], CoP/CeO2 [42], CoS2/TiO2

[43], MoS2/NiS/MoO3 [44], MoS2/Ni3S2 [45], and NiS2/
MoS2 [46]. Furthermore, carbon cloth (CC), a three-
dimensional conductive substrate, could not only offer strong
adhesion and reduced interfacial impedance to promote the
electrochemical activity of catalysts, but also provide flexible
substrates on which catalysts grown as flexible electrodes,
which are important for the development of portable hydrogen
devices.

On the basis of the analysis above, it can thus be concluded
that engineering novel heterostructures is a sure way to raise
the catalysts activity. Meanwhile, Co-based phosphides and
sulfides have been proved highly active and earth-abundant
catalysts for the HER and OER. Herein, we report a two-step
method for the fabrication of CoS2/CoP heterostructure an-
chored on carbon cloth (denoted as CoS2/CoP/CC). In com-
parison to CoS2/CC and CoP/CC, the as-prepared CoS2/CoP/
CC presented lower overpotentials of 90 mV and 334 mV to
reach 10mA cm−2 in 1MKOH electrolyte media for the HER
and OER, respectively.

The two-step approach for the preparation of CoS2/CC is
depicted in Scheme 1. First, Co(OH)F nanoclusters were uni-
formly distributed in CC fibers after the hydrothermal reaction
at 120 °C. The second step through a solid-/gas-phase reaction
in high temperature is to introduce P and S to synthesize CoS2/
CoP/CC composite. After the phosphorization and
sulfurization, the CoS2 and CoP are integrated into thin layers
which are considered as heterointerfaces. In addition, the

heterogeneous interfaces of CoS2/CoP layers can provide syn-
ergetic effects of these two compounds to boost electrochem-
ical activity, which can further enrich active edge sites and
structural defects to contribute to higher catalytic perfor-
mance, compared to the single component (CoS2 and CoP).
Furthermore, the nanoclusters inside of CoS2/CoP with a rel-
atively high conductivity which can serve as the electron
Bhighway^ to guarantee the fast ion/electron transfer between
the CoS2/CoP and the CC. Certainly, there are numerous
nanoclusters attaching to the carbon fibers, making more
abundant CoS2/CoP catalysts grown on a single fiber. And
the porosity of the nanoclusters could also expose more active
sites, allowing electrolyte to diffuse easily into all the pores to
facilitate reactants reacting with these abundant active sites
[47]. Besides, carbon cloth as a three-dimensional substrate
is capable to get the generated bubbles evolving and releasing
more easily.

Experimental Section

Materials

Cobalt nitrate hexahydrate (AR 99%) was purchased from
Shanghai Macklin Biochemical Co., Ltd. Ammonium fluo-
ride (ACS 98%) and sodium hypophosphite (AR 99.0%) were
both obtained fromAladdin Industrial Corporation (Shanghai,
China). Urea was purchased from Wuxi Zhanwang Chemical
Reagent Co., Ltd. Sulfur sublimed (chemically pure) was ob-
tained from Tianjin Kermel Chemical Reagent Co., Ltd. The
carbon cloth (WOS1002) was purchased from CeTech Co.,
Ltd.

Material Synthesis

In the first step, the Co(OH)F/CC was prepared through a
hydrothermal process similar to the means reported in the
literature [47]. Briefly, 3 mmol cobalt nitrate, 8 mmol urea,
and 15 mmol ammonium fluoride were dissolved in 30 mL
deionized water under steady stirring for 30 min. Then, the
above solution was transferred into a Teflon-lined stainless-
steel autoclave (50 mL), and a piece of cleaned CC (2 cm ×
2 cm) was immersed in the solution. Afterwards, the autoclave
was sealed and placed in an electric ovenmaintained at 120 °C
for 6 h. Thereafter, the Co(OH)F/CC was obtained and rinsed
with deionized water and then dried at 60 °C.

In the second step, the CoS2/CoP/CC was fabricated via
chemical vapor deposition (CVD) method. The prepared
Co(OH)F/CC was placed in a ceramic boat and put at the
center of the tube furnace. In addition, the sodium
hypophosphite (0.5 g) was put next to the Co(OH)F/CC at
the upstream side of the furnace, while sublimed sulfur pow-
ders (0.25 g) were put into a heating zone at upstream side out
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of the furnace. Before the heating program started, argon gas
was flowed through the tube under 150 sccm for 30 min to
remove residual oxygen. Subsequently, the Co(OH)F/CC was
annealed at 350 °C for 1 h under 150 sccm Ar gas flow at a
heating speed of 5 °C min−1 to obtain CoP/CC. Then, the
temperature of the furnace was raised to 550 °C; meanwhile,
the heating zone (S powders) reached 150 °C rapidly and both
retained 3 h in Ar atmosphere. After the phosphorization and
sulfurization, the CoS2/CoP/CC was fabricated completely
without any further operation. As the contrast, the CoP/CC
and CoS2/CC are obtained just through only one process of
phosphorization or sulfurization under the same conditions.

Characterization

X-ray diffraction (XRD) patterns of the samples were record-
ed with an X-ray diffractometer (Bruker AXS D8
DISCOVER) by Cu Kα radiation (λ = 1.5406 Ǻ) at room
temperature. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed on an X-ray photoelectron spec-
trometer (Kratos Axis Ultra DLD) by using monochromatic
Al Kα radiation as the exciting source (1486.6 eV) which was
operated at 15 kVand 10 mA. The morphologies of the sam-
ples were captured by using JSM-2100 transmission electron
microscope (JEOL, Japan) with an acceleration voltage of
200 kV and JSM-6700 field-emission scanning electron mi-
croscope (JEOL, Japan) with an acceleration voltage of 3 kV.

Electrochemical Characterization

All electrochemical performance tests were carried out with a
standard three-electrode system using a CHI660E electro-
chemical workstation (Shanghai Chenhua), taking the as-
fabricated catalyst as the working electrode, a graphite rod
as the counter electrode, a saturated calomel electrode
(SCE), as the reference electrode. For the HER performance,
linear sweep voltammetry (LSV) was conducted with a scan

rate of 1 mV/s in alkaline medium. In 1.0 M KOH, E(RHE) =
E(SCE) + 1.068. All electrochemical measurement of cata-
lysts was tested at 25 °C.

Results and Discussion

Field-emission scanning electron microscopy (FESEM) im-
ages in Fig. S1 revealed that the Co(OH)F small flowers com-
prised of nanoclusters with an average thickness of about
300 nm were uniformly covered on CC substrate. After
reacting with PH3, there is no significant change in morphol-
ogy of CoP/CC (Fig. S2), but its surface became rather rough-
er than that of the precursor Co(OH)F/CC nanoclusters.
Figure 1 a depicts the corresponding low-magnification
SEM image of prepared CoS2/CoP/CC with clear carbon fi-
bers grown dense nanoclusters which covered by thin CoS2/
CoP coating. After the subsequent sulfurization process, the
nanoflowers exhibit distinct rough surface (Fig. 1b).
Obviously, it can be observed that the nanoclusters were cov-
ered by some thin layers and became a little thicker, the pe-
r ipher ies of which were mult i layered CoS2/CoP
heterostructure layers with high-density active sites. As a con-
trast, the SEM image of CoS2/CC in Fig. S3 shows that there
is no nanoclusters found in CoS2/CC and its morphology is
quite different from that of CoP/CC. In conclusion, the CoS2/
CoP/CC hybrid exhibited a hierarchical structure attributed to
the different experimental treatment. First, the hydrothermal
treatment generated the nanoclusters of Co(OH)F fully an-
chored on carbon cloth fibers. Then, the phosphorization pro-
cess produced CoP grown on nanoclusters without much dif-
ference in morphology compared to the precursor Co(OH)F.
Through the sulfurization, the reactant CoP/Co(OH)F con-
verted into CoS2/CoP hybrid with a rougher surface of
nanoclusters and finally, the hierarchical structure of CC-
CoP/CoS2 came into being. A further detailed inspection of
the surface structures and crystalline orientation of the as-

Scheme 1 Schematic illustration
of the fabrication of CoS2/CoP/
CC heterostructure composites
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prepared samples was obtained by TEM characterization
(Fig. 1c, d). From the HRTEM image (Fig. 1d), various lat-
tices could be clearly seen with diverse fringe spacings, which
are indexed to CoS2 and CoP, respectively. The lattice distance
of 0.277 nm corresponds to the (200) crystal plane of CoS2,
while 0.283 and 0.247 nm are attributed to the (011) and (111)
crystal planes of CoP. Furthermore, STEM and energy-
dispersive X-ray (EDX) elemental mapping show the homo-
geneous distribution of Co, P, and S elements over the marked
detection range on a single nanocluster (Fig. 1e), which offers
the coexistence possibility of CoS2 and CoP on the product.

The crystal structures of the as-fabricated CoS2/CoP/
CC composite, single-component CoS2/CC, and CoP/CC
were characterized by the XRD technique. Figure S4 re-
veals that Co(OH)F/CC was obtained through the hydro-
thermal process [47] (JCPDS no. 74-2075). As a contrast,
after the treatment of phosphorization or sulfurization, the
XRD patterns (Fig. 2a) of the as-obtained products indi-
cate that all diffraction peaks, which can be indexed to
CoS2 (JCPDS no. 41-1471) and CoP (JCPDS no. 29-
0497), respectively, suggesting successful conversion of
Co(OH)F into CoS2 or CoP. Additionally, while the pre-
cursor Co(OH)F/CC was treated by phosphorization and
sulfurization successively, the corresponding XRD pattern
in Fig. 3 a confirms the coexistence of CoS2 and CoP. The
peaks at 2θ = 31.60° and 48.13° are assigned to (011) and
(211) plane of CoP, while the peaks marked with green
triangles are consistent with CoS2, indicating the forma-
tion of the CoS2-CoP hybrid in comparison to the XRD
pattern of single-phase CoS2 and CoP. All XRD charac-
terizations are in agreement with the analysis of TEM
images for the CoS2/CoP/CC.

Furthermore, X-ray photoelectron spectroscopy (XPS)
characterization was employed to investigate the surface
chemical states and composition of the catalysts. As shown
in the corresponding Co 2p spectrum (Fig. 2b), two distinct
peaks located at binding energies of 779.2 and 781.7 eV are
both assigned to Co 2p3/2 orbital, while the other two peaks at
794.1 and 798.3 eVare attributable to the Co 2p1/2 core levels
of Co2+ species [48–50]. The remaining two peaks observed at
787.5 and 803.8 eV are identified as satellite peaks [51].
Multiple peaks exist due to the existence of different Co spe-
cies in the composite. It can be observed in Fig. 2 b that the
peaks of Co 2p3/2 (781.7 eV) and Co 2p1/2 (798.3 eV) in CoS2/
CoP exhibit a positive shift compared to that of CoP and a
negative shift compared to that of CoS2. The shift of peaks due
to the interfacial charge redistribution between CoS2 and CoP,
indicating the electronic structure of CoS2/CoP/CC has
changed. Different electronic structure of the catalysts may
result in a significant change in catalytic properties.
Therefore, the charge redistribution of the CoS2/CoP/CC hy-
brid would be an essential factor for the enhanced catalytic
activity. The presence of S in the CoS2/CoP/CC composite can
further be confirmed by the high-resolution S 2p spectrum
(Fig. 2c), which could be deconvoluted into doublet peaks at
163.7 and 162.6 eV, referring to S 2p1/2 and S 2p3/2 of the
divalent sulfide ions (S2−), respectively [52]. Another S 2p
peak can be divided into 169.6 and 168.6 eV, which are prob-
ably ascribed to C-SOx-C groups [50]. High-resolution XPS
results of the P 2p region are presented in Fig. 2 d, in which
there are three decomposed components located at 129.4,
130.2, and 134.1 eV, reflecting the binding energies of the P
2p3/2, P 2p1/2 in CoP, and oxidized P species, respectively [42,
48].

Fig. 1 a, b Low- and high-
magnification SEM image of
CoS2/CoP/CC. c TEM image of
CoS2/CoP nanocluster. d High-
resolution TEM image of CoS2/
CoP nanocluster. e STEM-EDX
elemental mapping of the CoS2/
CoP nanocluster representing the
homogeneous distribution of Co,
P, and S elements over the marked
detection range on a single
nanocluster
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To assess the electrocatalytic activities of the prepared
CoS2/CoP/CC catalysts, the HER performances were carried
out in 1 M KOH solution with a three-electrode system. For
comparison, catalytic activities of CoP/CC, CoS2/CC,
Co(OH)F/CC, and Pt/C were also tested. As depicted in
Fig. 3 a, it can be seen obviously that Pt/C catalyst exhibits
the most outstanding HER activity with an overpotential of
51 mV at 10 mA cm−2 and Co(OH)F/CC shows a poor per-
formance with an onset overpotential of ~ 295 mV. Besides,
the CoP/CC and CoS2/CC reach a current density of
10 mA cm−2 at overpotentials of 129 and 184 mV, respective-
ly. Compared with CoP/CC and CoS2/CC, the CoS2/CoP/CC
exhibits a much lower overpotential, that is, only 90 mV at
10 mA cm−2. Moreover, the CoS2/CoP/CC has a much larger
current density than CoS2/CC and CoP/CC at all potentials for
the HER depicted in Fig. 3 a, revealing the CoS2/CoP/CC has
the optimal catalytic activity among all three catalysts for the
HER.

Moreover, the Tafel slope is a significant indicator to get
a deeper understanding of HER catalytic mechanism and
HER kinetics of different catalysts. The Tafel slope is de-
rived from the Tafel equation: η = a + blog│j│; where b is
the Tafel slope and is determined by electrode material,
temperature, and property of electrolyte. In alkaline

medium, CoS2/CoP/CC electrode delivers a low Tafel
slope (b) of 91.2 mV dec−1 (Fig. 3b), which is smaller than
that of CoP/CC electrode (113.1 mV dec−1) and CoS2/CC
electrode (134.7 mV dec−1), indicating faster kinetics and a
higher rate of hydrogen generation with applied
overpotential. The low Tafel slope plainly declares that
the CoS2/CoP/CC electrocatalysts delivered a faster HER
than other catalyst. The Tafel plot is a critical indicator to
determine the kinetics and mechanism of HER for the cat-
alyst. Catalysts are involved with several pathways
through a complete HER process in an alkaline electrolyte.
First, H2O molecules are attached to the surface of the
catalyst getting electronic to generate Hads. This pathway
would be followed by the direct bonding of two Hads to
produce a H2 molecule or by the reaction of Hads with
another H2O molecules and electrons to release hydrogen.
The former we called Volmer-Tafel pathway (Eq. 1), the
latter we called Volmer-Heyrovsky pathway (Eq. 2). In this
paper, the Tafel slope for the CoS2/CoP/CC catalyst is
91.2 mV dec−1 lied in the range of 40–120 mV dec−1, dem-
onstrating CoS2/CoP/CC catalyst proceeds via the Volmer-
Heyrovsky pathway while the Heyrovsky reaction (Hads +
e− + H2O → OH− + H2) is the rate-determining step in the
whole HER process [53, 54].

Fig. 2 aXRD patterns of CoS2/CC, CoP/CC, and CoS2/CoP/CC. bHigh-resolution XPS spectra of Co 2p of CoS2/CoP/CC, CoS2, and CoP. c–dHigh-
resolution XPS spectra of S 2p and P 2p in CoS2/CoP/CC
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H2Oþ e−→Hads þ OH− Volmer
Hads þ Hads→H2 Tafel

ð1Þ

H2Oþ e−→Hads þ OH− Volmer
Hads þ H2Oþ e−→H2 þ OH− Heyrovsky

ð2Þ

Furthermore, electrochemical impedance spectroscopy
(EIS) analyses were conducted to measure the electron- and
charge-transfer ability in the HER process. And an equivalent
electrical circuit presented in the inset of Fig. 3 c was used to
describe the HER kinetic processes of the catalysts. In the
equivalent circuit, Rs denotes the electrolyte resistance, while
Rct is referred to the charge-transfer resistance which usually
assesses the HER kinetic processes at the electrode/electrolyte
interface. The Nyquist plots (Fig. 3c) demonstrated that CoS2/
CoP/CC has a smaller charge-transfer resistance (6.247 Ω)
compared to CoP/CC (8.086 Ω), CoS2/CC (18.58 Ω), indicat-
ing CoS2/CoP/CC has a higher conductivity with a faster elec-
trochemical reaction rate. This result is consistent with the
small Tafel slope of CoS2/CoP/CC. Electrochemical stability
is another important indicator to measure the quality of cata-
lysts. The long-term stability of CoS2/CoP/CC was examined
by constant voltage chronoamperometry in alkaline solution,
and it tested over 24 h with higher stability without a distinct

decline of current density except for a small initial drop
(Fig. 3d). We further tested the durability of CoS2/CoP/CC.
After 5000 cycles of continuous CV scanning at a scan of
2 mV s−1 in 1 M KOH solution, the polarization curve of
CoS2/CoP/CC is similar to the initial one with a negligible
loss of current density confirmed that it has satisfactory dura-
bility (Fig. S5). Figure S6 exhibits the amount of H2 released
over CoS2/CoP/CC in 1 M KOH for 60 min, and the catalyst
afforded a stable H2 evolution rate of 6.0 mmol h−1. Note that
the measured value matched well with the theoretical H2

amount, indicating CoS2/CoP/CC presents a ~ 100% faradaic
efficiency for the HER while the side reactions are negligible.

The electrocatalytic activity of CoS2/CoP/CC for the OER
was further evaluated systematically using the typical three-
electrode system in alkaline electrolyte, with CoS2/CC and
CoP/CC under the same condition for comparison. As
depicted in Fig. 4 a, CoS2/CoP/CC with prominent OER ac-
tivity exhibited a low overpotential of 334 mV to deliver a
current density of 10 mA cm−2. This value is less than those of
CoS2/CC (374 mA at 10 mA cm−2) and CoP/CC (401 mA at
10 mA cm−2), strongly confirming the great enhancement of
OER performance achieved with the CoS2/CoP/CC compos-
ite, whichmay be chiefly attributed to the synergistic effects of
CoS2/CoP heterostructures.

Fig. 3 a Polarization curves of CoS2/CoP/CC, CoP/CC, CoS2/CC,
Co(OH)F/CC, and Pt/C for HER. b Polarization curve-derived Tafel plots
of the corresponding electrocatalysts. c Nyquist plot of various catalysts

at − 0.2 V vs RHE in 1 MKOH. d Chronopotentiometry measurement of
CoS2/CoP/CC for HER at a constant potential of − 0.1 V vs RHE
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Moreover, to evaluate the OER kinetics, Tafel plots
were further obtained in an alkaline electrolyte (Fig. 4b).
The CoS2/CoP/CC electrode delivers a relatively low
Tafel slope of 105.7 mV dec−1, which is small than those
o f CoS 2 /CC ( 109 . 4 mV de c − 1 ) a n d CoP /CC
(130.5 mV dec−1), demonstrating favorable kinetics for
OER on CoS2/CoP/CC catalyst. In the alkaline medium,
the following four reaction steps were generally proposed
as the mechanism for the OER process [55]: M + OH−→
M-OHads* + e− (R1); M-OHads*→M-OHads (R2); M-
OHads + OH−→M-Oads + H2O + e− (R3); M-Oads→M+
1/2O2 (R4). When the Tafel slope is ca. 120, 60, 40, or
30, the rate-determining step of the OER correspond to
the pathway of R1, R2, R3, or R4, respectively. The Tafel
s l o p e o f CoS 2 /CoP /CC wa s me a s u r e d t o b e
105.7 mV dec−1, indicating the rate-determining step at
this catalyst is R2.

Similarly, to the HER, the charge-transfer resistance (Rct) of
CoS2/CoP/CC during the OER showing a much smaller semi-
circle depicted in the Nyquist plots (Fig. 4c), indicating its
higher electron transfer properties compared with CoS2/CC
and CoP/CC. Notably, the long-term stability under OER con-
dition is an important indicator for evaluating the performance
of electrocatalysts. The durability of the CoS2/CoP/CC

catalyst was examined by a 24-h chronoamperometric test,
which proved to be highly stable with ∼ 85% retention of
initial current density (Fig. 4d).

The high catalytic activity of CoS2/CoP/CC for the HER
and OER may be attributed to the following points: (a) the
drastic electron interactions and synergistic effects of CoS2/
CoP heterointerfaces can raise the catalyst activity; (b) the CC
as the substrate cannot only improve the conductivity of the
hybrid materials, but also provide the porous structures and
open space between nanoclusters will accelerate the diffusion
of active reactants and reaction products; (c) the 3D configu-
ration of nanoclusters with rough textures and increased sur-
face area could expose more active sites and could serve as the
electron Bhighway^ to improve charge-transfer efficiency.

Conclusion

In summary, a novel flexible CoS2/CoP/CC cathode was de-
signed and fabricated. Vertically aligned CoS2/CoP
heteronanoclusters anchored on flexible and conductive car-
bon cloth have been prepared by a simple two-step method.
The CoS2/CoP/CC served as an outstanding binder-free cath-
ode electrode for the HER and OER exhibiting low

Fig. 4 a Polarization curves of CoS2/CoP/CC, CoP/CC, andCoS2/CC for
OER. b Polarization curve-derived Tafel plots of the corresponding
electrocatalysts. c Nyquist plot of various catalysts at 1.50 V vs RHE in

1 M KOH. d Chronopotentiometry measurement of CoS2/CoP/CC for
OER at a constant potential of 1.55 V vs RHE
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overpotentials and excellent durability. The improved electro-
chemical activity could be attributed to strong electron inter-
actions and synergistic efforts between CoS2 and CoP, abun-
dant active sites of the heterostructures, and enhanced smaller
charge-transfer resistance. This work represents a simple and
feasible method to design and explore effective non-noble
metal hybrid materials as efficient catalysts for the practical
application in renewable energy conversion and storage.

Funding information This study was supported by the Natural Science
Foundation of Zhejiang Province (Grant No. LQ16E020005).

References

1. W. Liu, E. Hu, H. Jiang, Y. Xiang, Z. Weng, M. Li, A highly active
and stable hydrogen evolution catalyst based on pyrite-structured
cobalt phosphosulfide. Nat. Commun. 7, 10771 (2016)

2. J.A. Turner, A realizable renewable energy future. Science. 285,
687–689 (1999)

3. K. Mazloomi, C. Gomes, Hydrogen as an energy carrier: prospects
and challenges. Renew. Sust. Energ. Rev. 16, 3024–3033 (2012)

4. R.F.D. Souza, J.C. Padilha, R.S. Gonçalves, M.O.D. Souza, J.
Rault-Berthelot, Electrochemical hydrogen production from water
electrolysis using ionic liquid as electrolytes: towards the best de-
vice. J. Power Sources 164, 792–798 (2007)

5. J. Greeley, T.F. Jaramillo, J. Bonde, I.B. Chorkendorff, J.K.
Nørskov, Computational high-throughput screening of electrocata-
lytic materials for hydrogen evolution. Nat. Mater. 5, 909–913
(2006)

6. C.C. Mccrory, S. Jung, J.C. Peters, T.F. Jaramillo, Benchmarking
heterogeneous electrocatalysts for the oxygen evolution reaction. J.
Am. Chem. Soc. 135, 16977–16987 (2013)

7. I.E. Stephens, I. Chorkendorff, Minimizing the use of platinum in
hydrogen-evolving electrodes. Angew. Chem. Int. Ed. 50, 1476–
1477 (2011)

8. S. Huang, Y. Meng, S. He, A. Goswami, Q. Wu, J. Li, N-, O-, and
S-tridoped carbon-encapsulated Co9S8 nanomaterials: efficient bi-
functional electrocatalysts for overall water splitting. Adv. Funct.
Mater. 27, 1606585 (2017)

9. Y. Tan, P. Liu, L. Chen, W. Cong, Y. Ito, J. Han, Monolayer MoS2
films supported by 3D nanoporous metals for high-efficiency elec-
trocatalytic hydrogen production. Adv. Mater. 26, 8023–8028
(2014)

10. L. Fang, W. Li, Y. Guan, Y. Feng, H. Zhang, S. Wang, Water
splitting: tuning unique peapod-like Co(SxSe1-x)2 nanoparticles
for efficient overall water splitting. Adv. Funct. Mater. 27,
1701008 (2017)

11. R. Xu, R. Wu, Y. Shi, J. Zhang, B. Zhang, Ni3Se2 nanoforest/Ni
foam as a hydrophilic, metallic, and self-supported bifunctional
electrocatalyst for both H2 and O2 generations. Nano Energy 24,
103–110 (2016)

12. J.S. Li, Y.Wang, C.H. Liu, S.L. Li, Y.G.Wang, L.Z. Dong, Coupled
molybdenum carbide and reduced graphene oxide electrocatalysts
for efficient hydrogen evolution. Nat. Commun. 7, 11204 (2016)

13. G. Zhang, J. Yang, H. Wang, H. Chen, J. Yang, F. Pan, Co3O4-δ

quantum dots as a highly efficient oxygen evolution reaction cata-
lyst for water splitting. ACS. Appl. Mater. Inter. 9, 16159–16167
(2017)

14. L.C. Seitz, D. Nordlund, A. Gallo, T.F. Jaramillo, Tuning compo-
sition and activity of cobalt titanium oxide catalysts for the oxygen
evolution reaction. Electrochim. Acta 193, 240–245 (2016)

15. H. Liang, F. Meng, M. Cabán-Acevedo, L. Li, A. Forticaux, L. Xiu,
Hydrothermal continuous flow synthesis and exfoliation of NiCo
layered double hydroxide nanosheets for enhanced oxygen evolu-
tion catalysis. Nano Lett. 15, 1421–1427 (2015)

16. A. Grimaud, K.J. May, C.E. Carlton, Y.L. Lee, M. Risch, W.T.
Hong, Double perovskites as a family of highly active catalysts
for oxygen evolution in alkaline solution. Nat. Commun. 4, 2439
(2012)

17. M.S. Faber, R. Dziedzic, M.A. Lukowski, N.S. Kaiser, Q. Ding, S.
Jin, High-performance electrocatalysis using metallic cobalt pyrite
(CoS2) micro- and nanostructures. J. Am. Chem. Soc. 136, 10053–
10061 (2014)

18. J.D. Benck, T.R. Hellstern, J. Kibsgaard, P. Chakthranont, T.F.
Jaramillo, Catalyzing the hydrogen evolution reaction (HER) with
molybdenum sulfide nanomaterials. ACS Catal. 4, 3957–3971
(2016)

19. L.L. Feng, G. Yu, Y.Wu, G.D. Li, H. Li, Y. Sun, High-index faceted
Ni3S2 nanosheet arrays as highly active and ultrastable
electrocatalysts for water splitting. J. Am. Chem. Soc. 137,
14023–14026 (2015)

20. J. Duan, S. Chen, B.A. Chambers, G.G. Andersson, S.Z. Qiao, 3D
WS2 nanolayers@heteroatom-doped graphene films as hydrogen
evolution catalyst electrodes. Adv. Mater. 27, 4234–4241 (2015)

21. Y. Yu, S.Y. Huang, Y. Li, S.N. Steinmann, W. Yang, L. Cao, Layer-
dependent electrocatalysis of MoS2 for hydrogen evolution. Nano
Lett. 14, 553–558 (2013)

22. M.S. Faber, M.A. Lukowski, Q. Ding, N.S. Kaiser, S. Jin, Earth-
abundant metal pyrites (FeS2, CoS2, NiS2,and their alloys) for high-
ly efficient hydrogen evolution and polysulfide reduction
electrocatalysis. J. Phys. Chem. C. Nanomater. Interfaces 118,
21347–21356 (2014)

23. X.Y. Yu, L. Yu, X.W. Lou, Metal sulfide hollow nanostructures for
electrochemical energy storage. Adv. Energy Mater. 6, 1501333
(2016)

24. J.S. Chen, J. Ren, M. Shalom, T. Fellinger, M. Antonietti, Stainless
steel mesh-supported NiS nanosheet array as highly efficient cata-
lyst for oxygen evolution reaction. ACS Appl. Mater. Interfaces 8,
5509–5516 (2016)

25. C.H. Lin, C.L. Chen, J.H. Wang, Mechanistic studies of water–gas-
shift reaction on transition metals. J. Phys. Chem. C 115, 18582–
18588 (2011)

26. Y. Zheng, Y. Jiao, M. Jaroniec, S.Z. Qiao, Advancing the electro-
chemistry of the hydrogen-evolution reaction through combining
experiment and theory. Angew. Chem. Int. Ed. 54, 52–65 (2015)

27. B. You, N. Jiang, Y. Sun, Morphology-activity correlation in hy-
drogen evolution catalyzed by cobalt sulfides. Inorg. Chem. Front.
3, 279–285 (2016)

28. P. Liu, J.A. Rodriguez, T. Asakura, J. Gomes, K. Nakamura,
Desulfurization reactions onNi2P(001) andα-Mo2C(001) surfaces:
complex role of P and C sites. J. Phys. Chem. B 109, 4575–4583
(2005)

29. S.T. Oyama, T. Gott, H. Zhao, Y.K. Lee, Transitionmetal phosphide
hydroprocessing catalysts: a review. Catal. Today 143, 94–107
(2009)

30. H. Yang, Y. Zhang, F. Hu, Q. Wang, Urchin-like CoP nanocrystals
as hydrogen evolution reaction and oxygen reduction reaction dual-
electrocatalyst with superior stability. Nano Lett. 15, 7616–7620
(2015)

31. D. Zhou, L. He, W. Zhu, X. Hou, K. Wang, G. Du, Interconnected
urchin-like cobalt phosphide microspheres film for highly efficient
electrochemical hydrogen evolution in both acidic and basic media.
J. Mater. Chem. A 4, 10114–10117 (2016)

32. J. Wang, W. Cui, Q. Liu, Z. Xing, A.M. Asiri, X. Sun, Recent
progress in cobalt-based heterogeneous catalysts for electrochemi-
cal water splitting. Adv. Mater. 28, 215–230 (2016)

Electrocatalysis



33. P. Xiao, M.A. Sk, L. Thia, X. Ge, R.J. Lim, J.Y. Wang,
Molybdenum phosphide as an efficient electrocatalyst for the hy-
drogen evolution reaction. Energy Environ. Sci. 7, 2624–2629
(2014)

34. E.J. Popczun, J.R. Mckone, C.G. Read, A.J. Biacchi, A.M.
Wiltrout, N.S. Lewis, Nanostructured nickel phosphide as an
electrocatalyst for the hydrogen evolution reaction. J. Am. Chem.
Soc. 135, 9267–9270 (2013)

35. P. Jiang, Q. Liu, Y. Liang, J. Tian, A.M. Asiri, X. Sun, A cost-
effective 3D hydrogen evolution cathode with high catalytic activ-
ity: FeP nanowire array as the active phase. Angew. Chem. Int. Ed.
126, 13069–13073 (2015)

36. J. Kibsgaard, Z. Chen, B.N. Reinecke, T.F. Jaramillo, Engineering
the surface structure of MoS2 to preferentially expose active edge
sites for electrocatalysis. Nat. Mater. 11, 963–969 (2012)

37. A. Ambrosi, Z. Sofer, M. Pumera, Lithium intercalation compound
dramatically influences the electrochemical properties of exfoliated
MoS2. Small. 11, 605–612 (2015)

38. Z. Lu, H. Zhang, W. Zhu, X. Yu, Y. Kuang, Z. Chang, X. Lei, X.
Sun, In situ fabrication of porous MoS2 thin-films as high-
performance catalysts for electrochemical hydrogen evolution.
Chem. Commun. 49, 7516–7518 (2013)

39. J. Hou, B. Zhang, Z. Li, S. Cao, Y. Sun, Y. Wu, Vertically aligned
oxygenated–CoS2–MoS2 heteronanosheet architecture from
polyoxometalate for efficient and stable overall water splitting.
ACS Catal. 8, 4612–4621 (2018)

40. X. Zhou, X. Yang, H. Li, M.N. Hedhili, K.W. Huang, L.J. Li,
Symmetric synergy of hybrid CoS2–WS2 electrocatalysts for the
hydrogen evolution reaction. J. Mater. Chem. A 5, 15552–15558
(2017)

41. A.L. Wang, J. Lin, H. Xu, Y.X. Tong, G.R. Li, Ni2P–CoP hybrid
nanosheet arrays supported on carbon cloth as an efficient flexible
cathode for hydrogen evolution. J.Mater. Chem. A 4, 16992–16999
(2016)

42. R. Zhang, X. Ren, S. Hao, R. Ge, Z. Liu, A.M. Asiri, Selective
phosphidation: an effective strategy toward CoP/CeO2 interface
engineering for superior alkaline hydrogen evolution
electrocatalysis. J. Mater. Chem. A 6, 1985–1990 (2018)

43. P. Ganesan, A. Sivanantham, S. Shanmugam, CoS2-TiO2 hybrid
nanostructures: efficient and durable bifunctional electrocatalysts
for alkaline electrolyte membrane water electrolyzers. J. Mater.
Chem. A 6, 1075–1085 (2018)

44. C. Wang, B. Tian, W. Mei, J. Wang, Revelation of its excellent
intrinsic activity of MoS2|NiS|MoO3 nanowire for hydrogen evolu-
tion reaction in alkaline medium. ACS. Appl. Mater. Interfaces 9,
7084–7090 (2017)

45. Y. Yang, K. Zhang, H. Lin, X. li, H.C. Chan, MoS2-Ni3S2
heteronanorods as efficient and stable bifunctional electrocatalysts
for overall water splitting. ACS Catal. 7, 2357–2366 (2017)

46. T. An, Y. Wang, J. Tang, W. Wei, X. Cui, A.M. Alenizi, Interlaced
NiS2–MoS2 nanoflake-nanowires as efficient hydrogen evolution
electrocatalysts in basic solutions. J. Mater. Chem. A 4, 13439–
13443 (2016)

47. J. Tian, Q. Liu, A.M. Asiri, X. Sun, Self-supported nanoporous
cobalt phosphide nanowire arrays: an efficient 3D hydrogen-
evolving cathode over the wide range of pH 0-14. J. Am. Chem.
Soc. 136, 7587–7590 (2014)

48. M. Li, X. Liu, Y. Xiong, X. Bo, Y. Zhang, C. Han, Facile synthesis
of various highly dispersive CoP nanocrystal embedded carbon
matrices as efficient electrocatalysts for the hydrogen evolution
reaction. J. Mater. Chem. A 3, 4255–4265 (2015)

49. W. Li, S. Zhang, Q. Fan, F. Zhang, S. Xu, Hierarchically scaffolded
CoP/CoP2 nanoparticles: controllable synthesis and their applica-
tion as a well-matched bifunctional electrocatalyst for overall water
splitting. Nanoscale. 9, 5677–5685 (2017)

50. F. Han, T. Lv, B. Sun,W. Tang, C. Zhang, X. Li, In situ formation of
ultrafine CoS2 nanoparticles uniformly encapsulated in N/S-doped
carbon polyhedron for advanced sodium-ion batteries. RSCAdv. 7,
30699–30706 (2017)

51. W. Zhao, X. Lu, M. Selvaraj, W. Wei, Z. Jiang, N. Ullah, MXP(M =
Co/Ni)@carbon core-shell nanoparticles embedded in 3D cross-
linked graphene aerogel derived from seaweed biomass for hydro-
gen evolution reaction. Nanoscale. 10, 9698–9706 (2018)

52. S. Wan, Y. Liu, G.D. Li, X. Li, D. Wang, X. Zou, Well-dispersed
CoS2 nano-octahedra grown on a carbon fibre network as efficient
electrocatalysts for hydrogen evolution reaction. Catal. Sci.
Technol. 6, 4545–4553 (2016)

53. T. Wang, L. Wu, X. Xu, An efficient Co3S4/CoP hybrid catalyst for
electrocatalytic hydrogen evolution. Sci. Rep. 7, 11891 (2017)

54. J. Duan, S. Chen, M. Jaroniec, Porous C3N4 nanolayers@N-
graphene films as catalyst electrodes for highly efficient hydrogen
evolution. ACS Nano 9, 931–940 (2015)

55. Y. Tong, X. Yu, G. Shi, Cobalt disulfide/graphite foam composite
films as self-standing electrocatalytic electrodes for overall water
splitting. Phys. Chem. Chem. Phys. 19, 4821–4826 (2017)

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Electrocatalysis


	A Highly Active and Robust CoP/CoS2-Based Electrocatalyst Toward Overall Water Splitting
	Abstract
	Introduction
	Experimental Section
	Materials
	Material Synthesis
	Characterization
	Electrochemical Characterization

	Results and Discussion
	Conclusion
	References


