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ABSTRACT: The exploitation of low-cost, porous, and ultrathin
2D electrocatalysts in the bifunctional electrocatalysis reaction and
overall water splitting is a meaningful route to renewable energy
technologies. Herein, as efficient bifunctional electrocatalysts
toward the water-splitting process, the desirable cobalt phospho-
sulfide (CoPS) nanosheets stem from Co2+ cross-linking to form
strong coordination bonds with negatively charged oxygen-
containing functional groups on a graphene oxide (GO) sacrificial
template via electrostatic interactions. The prepared CoPS catalyst
exhibits a distinguished electrochemical performance with a low
overpotential (η) of hydrogen evolution reaction (∼52 mV) and
oxygen evolution reaction (∼280.7 mV) at 10 mA cm−2 and better
durability and higher turnover frequencies under alkaline environ-
ments. When it was used as the cathode and anode in alkaline
media, the CoPS required only 1.62 V to achieve a current density of 10 mA cm−2, outperforming most of the low-cost bifunctional
electrocatalysts reported to date. The bond energy of the PS bond not only effectively adsorb protons but also suitably weakens
the adsorption on the Co−Co bridge site, thereby improving the multifunctional electrocatalysis for water splitting. The excellent
performance of porous and ultrathin CoPS nanosheets is conducive to the complete exposure of active sites and facile ion transport
kinetics, and they serve as a promising non-precious-metal-based electrocatalysts for the water-splitting reaction.

KEYWORDS: overall water splitting, bifunctional electrocatalyst, CoPS nanosheets, graphene oxide, sacrificial template

■ INTRODUCTION

Electrocatalytic water splitting possesses an environmentally
benign and effective technology for renewable and clean
energy production to relieve the energy shortage problem and
environmental contamination. It proceeds via two half-cell
reactions: an oxygen evolution reaction (OER) at the anode
and a hydrogen evolution reaction (HER) at the cathode.1 In
the pursuit of inexpensive replacements for commercial
electrocatalysts RuO2/IrO2 (OER) and Pt/C (HER), numer-
ous nonprecious metals and their corresponding compounds as
cost-effective and very efficient catalysts have roused the
interest of researchers. Compared with noble-metal-based
electrocatalysts (such as Pt, Ru, and Ir), non-noble-metal
electrocatalysts exhibit superior electrochemical activities and
stability. Recent research has focused on the development of
cheap and efficient electrocatalysts, such as metal phos-
phides,2,3 metal sulfides,4,5 metal selenides,6 oxides,7 nitrides,8

and so on. Among them, transition-metal phosphosulfides
(MPSs)9,10 represent an emerging electrocatalyst material that
has been extensively investigated owing to its outperformed
catalytic activity in comparison with the corresponding sulfide
and phosphide counterparts. For instance, iron phosphosulfide
nanoparticles on the surface possess higher P/S ratios, and the

P atoms suppress the oxidation of Fe and S atoms on the
surface.11 Cui and coworkers12 reported that a Ni−P−S
coating layer in a 3D graphene cage structure with a large
specific surface area is developed for practical applications in
Li−S batteries. Han13 fabricated the MPS mixed with N-doped
carbon nanotubes possessing noticeable HER activity.
Because cobalt has two oxidation states (Co II and Co III),

the redox potential of Co is near the potential for oxygen
reduction in water (1.23 V vs reversible hydrogen electrode
(RHE)). This has made Co-based electrocatalysts more and
more researched for the OER and HER. As early as the 1960s,
new compounds with a cobaltite structure14 were proposed by
Hulliger. CoAsS is an example of these compounds, which has
the same structure as FeS2. In particular, cobalt phosphosulfide
(CoPS) has the smallest lattice constant (a = 5.422 Å). In
2015, a ternary CoPS with a pyrite-type structure was
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successfully synthesized first with superior catalytic activity for
the HER.15 The structure of CoPS is similar to that of CoS2,
whose lattice constant is slightly smaller than that of CoS2 (a =
5.538 Å). The S− ions of metallic CoS2

16 are partially replaced
by P2− ions, forming the semiconductor CoPS. Because Co3+

mostly exists in CoPS, the adsorption of hydrogen can reduce
Co3+ to Co2+ in the adjacent open P site and then oxidize Co2+

to Co3+ in the electrocatalytic process. The Co octahedron in
CoPS contains a P2− ligand, possessing higher electron-
donating character than that of S−, which is ascribed to the fact
that more thermally neutral hydrogen can be adsorbed at the
active site. Because high concentrations of H+ and OH− do not
coexist in the electrolyte of the water-splitting cell,17 it is
imperative to construct the bifunctional electrocatalysts in the
assembly of the cell and reduce the manufacturing cost
accordingly. Recently, more research on MPS electrocatalysts
for the OER and HER has been on the design, synthesis, and
applications in alkaline electrolytes owing to their metalloid
characteristics and superior electrical conductivity. A reason-
able design of the electron and geometric structure of the
catalyst can realize the rapid transfer and mass transfer of
electrons.
Ultrathin 2D nanosheets with the cooperation of a large

surface area, abundant active edges and rich defects will
substantially promote catalyst performance. Designed on the
basis of the characteristics of mild reaction conditions, well-
defined 2D features, and porous architectures, the template-

directed strategy was chosen to construct a 2D porous
nanostructure by accelerating the lateral size control.18−20

Owing to its negatively charged surface-oxygen-containing
functional groups, graphene oxide (GO) was chosen as
sacrifice template to form unique strong coordination bonds
with cations. MPS nanosheets were also further synthesized by
2D metal oxide nanosheets, demonstrating the large electro-
chemically active surface area and greater number of active
sites. Keeping these in consideration, the rational construction
of 2D ultrathin CoPS nanosheets will have the potential of not
only possessing abundant active sites but also greatly
improving the structural stability of each component, thereby
providing excellent electrocatalytic water splitting efficiency.
Herein the large-size, ultrathin CoPS nanosheets are

synthesized with a GO self-sacrificing template by phospho-
sulphur under the wet-chemical and chemical vapor deposition
method. The CoPS nanosheets exhibit outstanding HER and
OER electrocatalytic activity with extremely low overpotentials
of 52 and 280.7 mV at a current density of 10 mA cm−2 in 1.0
M KOH, respectively, outperforming the CoS2 and CoPS-Cl
counterparts. Moreover, the fabricated CoPS nanosheets are
regarded as bifunctional electrocatalysts for overall water
splitting, which demonstrate an excellent stability with a low
overpotential (∼1.62 V) to the required 10 mA·cm−2.

Figure 1. (I) Schematic illustration for the fabrication process and crystal structure of CoPS and CoS2 catalysts. SEM images of (a) Co(OH)2-GO,
(b) Co3O4, (c) CoPS, (d) CoPS-Cl and (e) CoS2 samples. XRD patterns of (f) GO and Co(OH)2-GO and (h) Co3O4, CoS2, and CoPS samples.
(g) Schematic of cross-linking GO channels and the change in interlayer spacing. Co2+ is a cross-linker. (i) Raman characterization of Co(OH)2-
GO, Co3O4, and CoPS samples.
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■ RESULTS AND DISCUSSION

The schematic illustration for the fabrication process of CoPS
and CoS2 catalysts is shown in Figure 1I. As cross-linkers and
spacers for intercalation GO, the positively charged metal
cations (Co2+) can attract and finally attach on the surface and
interlayers of GO to provide the corresponding hydroxide
Co(OH)x-GO by electrostatic attraction. Before metal ions
adsorb on the surface of GO, it is necessary to reduce the
hydrolysis of the metal ions as much as possible to avoid their
nucleation, but it is required that the speed of the Co(OH)x-
GO hydrolysis is boosted after the adsorption process via
regulation of the pH and temperature. As shown in Figure 1a,
the morphology of Co(OH)2-GO is inherited from that of GO
nanosheets. From the X-ray diffraction (XRD) result in Figure
1f, the peak of Co(OH)2-GO is shifted by 1.1° to a small angle
compared with the peak of GO at 10.76° (corresponding to
the (002) plane). This demonstrates that the layer spacing of
GO template has increased by 0.93 Å along the C axis, as
shown in Figure 1g. Co2+ can absorb negatively charged
oxygen-containing functional groups at the interlayer and
surface of GO nanosheets to form strong coordination bonds
via electrostatic interactions, which should be responsible for
the 1.1° shift. Subsequently, the porous, ultrathin, and large-

size Co(OH)x-GO nanosheets are converted to Co3O4
nanosheets by annealing in air to remove the GO template.
In the synthetic procedure, it is critical to control the balance
between the nucleation and growth of the Co3O4 precursor on
the surface of GO. In Figure 1b, the large, ultrathin porous
nanosheets stacked by nanoparticles of Co3O4 are demon-
strated. It is further confirmed that the morphologies of CoPS
(Figure 1c) and CoS2 (Figure 1e) nanosheets are consistent
with those of the precursor Co3O4 nanosheets. The GO self-
sacrificing template strategy21 mainly involves the uniform
growth of Co3O4 on the surface of GO to form nanosheets;
however, because of the existence of dual templates (GO
template and Cl− template), the CoPS-Cl nanosheets in Figure
1d are covered with octahedral particles (∼100 nm) using the
Co(OH)2-Cl-GO precursor. It can be seen from Figure 1h that
the peaks of Co3O4, CoS2, and CoPS samples are well-indexed
to JCPDS 42-1467, JCPDS 41-1471, and JCPDS 27-0139,
respectively. We can implicitly confirm that the Co3O4, CoS2,
and CoPS samples with higher crystallinity are successful
prepared without other impurity peaks. To further reveal the
structure, we show the Raman characterization in Figure 1i.
The peaks at 373.5, 458.4, 505.2, 663, and 843 cm−1 in the
blue area correspond to A1g

(2), Eg, F2g
(1), A1g

(1), and 2A1g
(2),

respectively. The appearance of these peaks confirms the

Figure 2. Morphology characterization of CoPS samples. (a,b) SEM images. (c−e) AFM image of CoPS sample. (f) EDS. (g) TEM. (h) HRTEM.
(i) SAED. (j−m) Element mapping.
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adsorption of Co(III).22−25 In particular, the band at 373.5
cm−1 is attributed to the stretching vibration of the P−S
bond.26 The characteristic peak at 1556 cm−1 can be assigned
to the presence of an O2 molecule.27 The 1354.7 and 1595.6
cm−1 peaks are the D band and the G band in the Co(OH)2-
GO sample, respectively. The intensity ratio of the D band to
the G band (ID/IG = 0.936) can be used to characterize the
degree of disorder in the crystal. The G band is related to the
stretching vibration of the C atoms in the sp2-hybridized plane,
whereas the D band is generally caused by lattice defects in C
atoms and may also be assigned to the random arrangement of
graphite. Notably, the D peak and G peak disappeared in the
Co3O4 and CoPS samples, demonstrating that the GO
sacrificial template is successfully removed during the
preparation process.
Meanwhile, the morphology of the synthesized CoPS sample

is shown in Figure 2 using the GO self-sacrificing template.
The ultrathin, large-size, and porous nanosheets are covered
with uniform nanoparticles (5−12 nm) in the scanning
electron microscopy (SEM) image (Figure 2a,b). The mapping
of elements and the energy-dispersive X-ray spectroscopy
(EDS) analysis of CoPS holey nanosheets in Figure 2j−m
illustrate the uniform distribution of Co, P, and S. The atomic
ratio of Co, P, and S elements is approximately 5.5:3.4:1.4. In
the transmission electron microscopy (TEM) image in Figure
2g, CoPS nanosheets are still covered with many nanoparticles
(∼8 nm), consistent with the SEM results. The expected
spacings of 0.274 nm for (200) lattice planes are displayed in
the CoPS sample, which is indicative of the perfect
crystallization with a 7−13 nm crystal grain, as shown in the
high-resolution TEM (HRTEM) image (Figure 2h). The
selected area electron diffraction (SAED) pattern of the CoPS
nanosheets in the Figure 2i consists of many diffraction rings
with different radii, corresponding to the (111), (200), (210),
(211), (220), (311), (320), and (321) planes from interior to
exterior, respectively. The corresponding planes are in
agreement with that of JCPDS 27-0139 in the XRD result.
The atomic force microscopy (AFM) images and the height

histograms of the CoPS nanosheets are employed to further
determine the thickness. The corresponding height profiles
(Figure 2d) demonstrate that the average thickness of the
small-sized nanosheets is ∼7.8 nm, well-matching with the
SEM (Figure 2a) and TEM (Figure 2g) images. Notably, there
are many holes (diameter is 5−15 nm) on the ultrathin CoS2
nanosheets, depicted in Figure S1a. The d-spacing value in the
clear lattice fringe of HRTEM (Figure S1b) is 0.28 nm,
corresponding to the (200) plane of the CoS2. It further
illustrates that the porous CoS2 nanosheets consist of
nanoparticles (∼6 nm). All polycrystalline diffraction rings in
SAED can be indexed in terms of the CoS2, which implies that
the CoS2 nanosheets remain well-crystallized. It is critical that
the use of a GO self-sacrificing template for the preparation of
nanomaterials is a facile method to design and construct 2D
porous and ultrathin nanosheets.
Surface analysis of the chemical states of elements in the

composite are carried out on CoS2 and CoPS via X-ray
photoelectron spectroscopy (XPS). The XPS full spectra of
CoS2 and CoPS are shown in Figure 3a. Figure 3b−e shows
the high-resolution XPS spectra of C 1s, Co 2p, S 2p, and P 2p,
respectively. Taking the C peak (284.8 eV) as a benchmark, it
can be seen that the peak of C 1s in the XPS has shifted to low
binding energy by ∼0.3 (CoS2 284.5 eV) and 0.2 eV (CoPS
284.6 eV), respectively. The XPS-induced Auger peak (OKLL)
is located at 976.3 eV.28 The high-resolution XPS spectra of
Co 2p (Figure 3c) show two-part peaks centered around 782
and 797 eV, corresponding to Co 2p1/2 and Co 2p3/2,
respectively.29 The coexistence of Co3+ in the CoS2 catalyst is
observed on the peak at 798.1 eV. Other peaks at 781.3 and
782.9 eV are assigned to +2 state of Co. In addition, the Co
2p3/2 peak in the CoPS sample is deconvolved into two peaks
(782.2 and 779.35 eV), which can be ascribed to Co2+ and
Co3+, respectively.30 Other peaks of Co 2p1/2 are located at
794.33 and 797.8 eV, assigned to the Co2+ and Co3+ states.31

Meanwhile, the S 2p3/2 and S 2p1/2 peaks in S 2p are located at
162.5 and 163.25 eV from CoPS (Figure 3d), respectively,
corresponding to the S2− state. A small peak in CoS2 is

Figure 3. (a) XPS full spectrum. (b−e) High-resolution XPS spectra of C 1s, Co 2p, S 2p, and P 2p of CoS2 and CoPS samples, respectively.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c01929
ACS Appl. Energy Mater. 2021, 4, 10976−10985

10979

https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c01929/suppl_file/ae1c01929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c01929/suppl_file/ae1c01929_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig3&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c01929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


consistent with S2‑2, located at 164.2 eV.32 The P 2p spectrum
is divided into two peaks positioned at 129.5 and 130.41 eV in
Figure 3e, distributed to P 2p3/2 and P 2p1/2 in CoPS.33

Meanwhile, the peak at 134.16 eV corresponds to the P−O
bond.34 An optimized electronic environment with an electron
coupling effect between the Co−S, Co−P, and PS bonds is
expected to improve the intrinsic activity in the OER and
HER.
We measured Co-based electrocatalysts in the three-

electrode system with an electrolyte of 1 M KOH to obtain
the intrinsic activity of electrocatalysis. The Ag/AgCl electrode
was used as a reference electrode, and a graphite rod was used
as counter electrode. Meanwhile, the catalysts were loaded on
Ni foam (1*1 cm) as a working electrode, respectively. The
polarization curves exhibit the normalized current density, j,
versus the voltage, V, for the CoPS, CoS2, and CoPS-Cl
electrodes along with the reference black Ni foam and
commercial 20% Pt/C for comparison. The CoPS nanosheets
show significantly excellent HER performance with a low
overpotential of 52 mV at 10 mA cm−2 (Figure 4a), whereas
black Ni foam, CoPS-Cl, and CoS2 reveal an overpotential of
over 250, 119.57, and 113.49 mV to achieve 10 mA cm−2,
respectively. Despite the fact that the onset potential of
commercial 20% Pt/C is close to zero, its overpotential is still
weaker than that of CoPS at a high current density.
Characterized by η = 186 mV at a current density of 50 mA
cm−2, the CoPS nanosheets behave as an excellent hydrogen
evolution cathode. When the applied potential is higher than
−93.9 mV, the performance of CoPS is much better than 20%
Pt/C in the RHE. Tafel slopes for all catalysts are calculated in
Figure 4c. The following steps are the accepted steps by which
cathodic H2 evolution occurs at various metals, M, involving an
adsorbed H intermediate, M−Hads

+ + → ++ −H O e M MH H O (Volmer step)3 ads 2

followed by either

+ + → ↑ ++ −MH H O e H H O (Heyrovsky step)ads 2 2 2

or

→ + ↑2MH 2M H (Tafel step)ads 2

In general, the Volmer (electrochemical hydrogen adsorp-
tion), Heyrovsky (electrochemical desorption), or Tafel step
(chemical desorption) is the rate-determining step. In an
alkaline solution or for pH values greater than ∼5, H2O itself is
the the proton source, leading to OH− as the conjugate-base
product after electron transfer.35 According to the kinetic
models, the Tafel slopes of the above steps are expected to be
about 120, 40, and 30 mV dec−1, respectively. The Tafel slope
of the CoPS nanosheets is 36.7 mV/dec, which is markedly
smaller than those of CoPS-Cl (41.33 mV/dec) and CoS2
(78.23 mV/dec). Because the Tafel slope of CoPS approaches
40 mV dec−1, the electrocatalytic HER kinetics is decided by
the Volmer−Heyrovsky mechanism.36 The intrinsic activity of
the CoPS nanosheets is further evaluated by the turnover
frequency (TOF). The CoPS sample exhibits the largest value
of TOF of 0.452 and 0.2217 s−1 (at an overpotential of 85 and
52 mV) among the Co-based electrocatalysts, which is much
larger than those of the corresponding CoS2 (0.34 and 0.213
s−1) and CoPS-Cl (0.39 and 0.167 s−1). Furthermore, the η at
10 mA cm−2 against the Tafel slopes of CoPS and previously
reported catalysts is plotted in Figure S3, which indicates that
the as-prepared CoPS exhibits outstanding HER activity. The
results demonstrate that the species of anion and the particle
size of the sample can determine the kinetics of hydrogen
evolution. Compared with metal sulfides, MPSs can improve
the desorption capacity for Hads species of the electrocatalyst.
At the same time, the center of the crystal surface of the MPS
cut off by PS is negatively charged. These sites can
effectively adsorb protons, making them discharge, and
promote the hydrogen absorption reaction.37,38 The bond
energy of the PS bond (335 kJ/mol) is between the P−H
bond (322 kJ/mol) and the S−H bond (363 kJ/mol), which
suitably weakens the adsorption on the Co−Co bridge site,
thereby improving the hydrogen absorption performance.39

The stability is another indispensable indicator of the

Figure 4. (a) Polarization curves for the HER. (b) Overpotential at 10 and 50 mA·cm−2 of the 20% Pt/C, CoPS-Cl, CoS2, and CoPS electrodes
and (c) corresponding Tafel plots. (d) Turnover frequency of the CoPS-Cl, CoS2, and CoPS electrodes. (e) LSV curves of CoPS before and after
3000 CV cycles. (f) Time-dependent chronoamperometry curves at overpotential at 52 mV for 12 h of CoPS sample.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c01929
ACS Appl. Energy Mater. 2021, 4, 10976−10985

10980

https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c01929/suppl_file/ae1c01929_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01929?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c01929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrocatalyst for evaluating the catalytic activity. The linear
sweep voltammetry (LSV) of the CoPS for the HER activity
after 3000 CV cycles has only slight distinction (Figure 4e).
Furthermore, time-dependent chronoamperometry (CP)
curves at η = 52 mV for 12 h of the CoPS sample are
shown in Figure 4f. Obviously, the current density of CoPS
attenuates to only 91.4% relative to the initial test. The XRD
and morphology of CoPS nanosheets after the HER long-term
test (Figure S2a−c) are negligible compared with those of the
initial test, implying its good stability for the HER.
The OER performances of CoPS-Cl, CoS2, CoPS, and IrO2

deposited in Ni foam with similar mass loading levels are
compared (Figure 5a) in 1 M KOH electrolyte. Notably,
investigated as a commercially available catalysts for the OER,
IrO2 exhibits optimal activity with a low overpotential of
219.53 mV to achieve 10 mA cm−2, whereas the black Ni foam
reveals poor catalytic performances. When the current density
increases to 154 mA, the overpotential of CoPS nanosheets is
gradually lower than that of IrO2. Moreover, the CoPS
nanosheets behave as an efficient oxygen evolution cathode,
characterized by an overpotential of 280.7 mV at 10 mA cm−2.
The present overpotential of the CoPS for the OER (Table
S1) is also substantially lower than that recently reported for
non-noble-metal electrocatalysts at 10 mA cm−2. As shown in
Figure 5b, the Tafel plots of the IrO2, CoPS-Cl, CoS2, and
CoPS electrodes are 50.5, 93.8, 100.2, and 87 mV·dec−1,
respectively; however, the TOF of the CoPS is inferior to those
of CoS2 and CoPS-Cl electrodes. When CoPS is used as the
catalyst for the OER after the 3000 CV cycles test, its LSV
curve remains almost unchanged, even in the inset of Figure
5d. In addition, the current density barely decreases (only
7.48%), indicating that the electrode can maintain a steady
activity over a period of 12 h. Notably, the superior durability
of the IrO2 catalyst exhibits severe polarization after 7 h tests in

Figure S4, which was similarly reported in previous
literature.40,41 Compared with the initial CoPS, the morpho-
logical integrity and XRD result confirm the stability of the
CoPS sample after a long-term test of the OER for 12 h in
Figure S2d−f.
The direct change process of Co2+, Co3+, and Co4+ in Co3O4

can be derived from the oxidation peaks in the cyclic
voltammogram (CV) curve, which are recorded in 1 M
KOH with CoPS (Figure S5). Co3+ is often considered as the
active site in the OER process. The redox couples Ia/Ic and
IIa/IIc at ∼0.75 to 1.05 V and 1.06 to 1.27 V can be ascribed
to the transformation between Co(II) and Co(III), respec-
tively. No obvious IIa peak as a CoOOH surface layer in
Co3O4 was spontaneously formed in alkaline electrolyte.42

Another pair of redox peaks, IIIa/IIIc, in the range of ∼1.29 to
1.5 V can be assigned to the Co(III)/Co(IV) redox couple.
The three sets of redox couples are involved as follows43

+ → + ++ − −Ia/Ic, 3Co 8OH Co O 4H O 2e2
3 4 2

+ + → +− −IIa/IIc, Co O OH H O 3CoOOH e3 4 2

+ → + +− −IIIa/IIIc, CoOOH OH CoO H O e2 2

Obviously, the intensity of the IIIa peak represents the
evolution of electrochemical oxygen. At this time, Co(III) of
the surface is oxidized to Co(IV), which demonstrates that
Co(IV) is crucial for the OER.40 To further understand the
influence of the Co(III)/Co(IV) redox couple on the OER, we
illustrate the proposed OER reaction process on the CoPS
surface in the following steps44

+ → +− −M OH MOH e (1)

+ → + +− −MOH OH MO H O e2 (2)

Figure 5. (a) Polarization curves for the OER and (b) corresponding Tafel plots of the IrO2, CoPS-Cl, CoS2, and CoPS electrodes. (c) Turnover
frequency of the CoPS-Cl, CoS2, and CoPS electrodes. (d) Time-dependent chronoamperometry curves at overpotential at 280.71 mV for 12 h and
LSV curves before and after 3000 CV cycles of CoPS sample (insert).
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+ → +− −MO OH MOOH e (3)

+ → + + +− −MOOH OH M O H O e2 2 (4)

In the OER process, the more active Co3+ sites can produce
the adsorption of reactive species (e.g., OH, O, OOH,
etc.).45,46 Thereby, these reduce the OER charge-transfer
resistance. When surface Co3+ is oxidized to Co4+, the
electrophilicity of the intermediate makes the nucleophilic
species OH− react with it, which further accelerates the
formation of A−OOHads. In addition, the IIc peak in Figure S5
obviously shows that CoOOH is reduced to Co(III).47 By the
electron-withdrawing inductive effect, Co4+ can finally
strengthen the deprotonation of A−OOHads to form the
product O2. Thus Co-based materials are considered as
precatalysts for the formation of oxide/hydroxide catalysts,
and M−OOH is supposed as a highly active phase.48

Electrochemical impedance spectroscopy (EIS, Figure S6) is
performed at overpotentials of −0.52 V for the HER and
1.5107 V for the OER in a 1 M KOH solution. The variance in
the charge-transfer resistances (Rct) is derived from the
semicircles in the low range of Nyquist plots.49 CoPS
demonstrates the fastest charge-transfer process during the
water electrolysis of electrocatalysts because of its smallest Rct
(0.08 Ω for the OER and 0.16 Ω for the HER, respectively).
The N2 adsorption−desorption isotherm of the CoPS
nanosheets is observed in Figure S7. It shows the BET specific
surface area of the CoPS nanosheets is 39.57 m2/g. Notably,
the hysteresis loop in the P/P0 is range of 0.55−1.0, which
indicates that typical mesoporous structure.50 The pore
diameters is clearly distributed between 2 and 20 nm is
indicative of electric double layer development and accelerated
ions transfer is shown in the inset of Figure S7. The total pore
volume was 0.022 cm3/g. The high surface area of CoPS
provides a high surface exposure of active sites for the
electrocatalyst. Considering the fact that the double-layer
capacitance (Cdl) is proportional to the electrochemically
active surface area (ECSA), Cdl could be calculated to evaluate
the electrochemical active area. The CV curves of the electrode
are measured at intervals of 0.1 V width in the non-Faraday
region. The Cdl values are calculated via plotting the slope (k)
of Δj = ja − jc at a middle potential (vs RHE) against the
different sweep scan rates (20−200 mV s−1). The Cdl value is
half of the slope of the curve, whereas Cdl = 0.5k. As shown in
Figure S8d, the Cdl value for the CoPS electrode (2.87 mF
cm−2) is 2.7 times higher than those of CoPS-Cl (1.07 mF
cm−2) and CoS2 (1.06 mF cm−2). Improving the efficient mass
diffusion and anion exchangeability, the high Cdl value of CoPS

nanosheets corresponds to the high ECSA, which might be
attributed to its ultrathin and porous morphology. In the
presence of Cl−, CoPS-Cl presents octahedral particles with
large size (>100 nm), and no ultrathin, porous structure
appears. Therefore, both the specific surface area and ECSA of
CoPS-Cl are smaller than those of CoPS, resulting in the
decrease in the catalytic performance. To evaluate the faradic
efficiency of the HER and OER, we collected the H2 and O2
produced during electrolysis at 10 mA cm−2 for 60 min via the
drainage gas collection method. As shown in Figure S9, the
collected H2 and O2 always maintain a 2:1 stoichiometric ratio.
The Faraday efficiencies of CoPS for the OER and HER
processes are close to 98.9 and 97.8%, respectively.
Inspired by the superior catalytic performance of the CoPS

nanosheets on Ni foam for the OER and HER, we assembled
CoPS as the anode and the cathode to simulate real water
electrolysis in alkaline electrolyte, as shown in the inset of
Figure 6c. The electrolyzers with structures of Pt/C//IrO2,
CoPS-Cl//CoPS-Cl, and CoS2//CoS2 were prepared for
comparison, respectively. Figure 6a displays the LSV curves
of all of the electrocatalysts for the OER. The CoPS//CoPS
electrolyzer exhibits the lowest cell voltage of 1.62 V, which is
superior to those of the CoPS-Cl//CoPS-Cl (1.749 V) and
CoS2//CoS2 (1.78 V) electrolyzers. Impressively, CoPS
nanosheets demonstrate a voltage of 1.62 V at a current
density of 10 mA cm−2, which is substantially lower than those
of the CoPS/Al2O3-3||CoPS/Al2O3-3 catalyzer cell (1.75 V)51

and reported electrocatalysts such as CoSe2/CF
52 (1.63 V),

Co0.17Fe0.79P/NC (1.66 V),33 EG/Co0.85Se/NiFe-LDH (1.67
V),53 3DG-Au-Ni3S2 (15c) (1.63 V),54 and CoS-RGO (1.75
V)55 (Figure 6b) and is even close to those of the Pt/C||IrO2
(1.49 V) and TiO2@Co9S8 (1.56 V)56 catalyzer cells.
Furthermore, the long-term stability of the CoPS//CoPS
electrolyzer was evaluated by time-dependent CP curves at an
overpotential of 1.62 V for 12 h, which illustrates that the
relative current of CoPS//CoPS remains 91.36% after 12 h of
continuous electrolysis (Figure 6c). The superior overall water-
splitting performance of CoPS//CoPS is mainly ascribed to
the following advantages: (i) There are generally enhanced
structural stability and catalytic activity ascribed to the synergy
between different components in ternary compounds.57,58 (ii)
The GO self-sacrificing template can improve the ECSA,
further enhancing the number of active sites. Porous and
ultrathin CoPS nanosheets could facilitate the diffusion of ions
and electron transport and suppress the aggregation of active
species during the electrolysis.53,59 Notably, we implicitly
conclude that the GO self-sacrificing template method

Figure 6. (a) Polarization curves of Pt/C//IrO2, CoPS-Cl//CoPS-Cl, CoS2//CoS2, and CoPS//CoPS for overall water splitting obtained in 1 M
KOH solution with a scan rate of 2 mV s−1 at room temperature. (b) Comparison of the cell voltages in 1 M KOH to drive a current density of 10
mA cm−2 for the CoPS with recently reported TM-based bifunctional catalysts. (c) Time-dependent chronoamperometry curves at an overpotential
1.62 V for 12 h of CoPS//CoPS.
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selectively maintains the integrity of morphology to improve
the catalysis performance of water electrolysis.

■ CONCLUSIONS
In summary, porous and ultrathin CoPS nanosheets were
successfully prepared using GO as template via a facile wet-
chemical and chemical vapor deposition process. The prepared
CoPS nanosheets covered with uniform particles (5−12 nm)
achieved outstanding electrocatalytic performance, showing
very low overpotentials of 52 mV for the HER and 280.7 mV
for the OER at a current density of 10 mA cm−2 in 1.0 M
KOH, respectively. Additionally, the CoPS nanosheets
exhibited an ultralow applied 1.62 V at 10 mA cm−2 for
overall water splitting and maintained the distinguished
performance during a long-term stability test. We implicitly
conclude that CoPS ternary compounds with synergistic effects
demonstrate that the PS bond effectively adsorbs protons
and weakens the Co−Co bridge site in the HER. The Co3+

sites could better adsorb reactive species to reduce the OER
charge-transfer resistance, thereby improving the electro-
catalysis performance. Critically, this facile strategy for
preparing 2D porous and ultrathin CoPS nanosheets can
further inspire the design and construction of more efficient
nonprecious catalysts.
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