
Hydrothermal Synthesis of Co-MoS2 as a Bifunctional Catalyst for
Overall Water Splitting
Wei Liu,* Linping Fu, Shenshen Yang, Yaozong Lu, Ming Li, Longhua Zhang, and Jiaqi Tang

Cite This: ACS Omega 2025, 10, 15129−15142 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The sluggish kinetics of the oxygen evolution reaction is the main
obstacle to the development of water splitting. MoS2 exhibits excellent activity in
hydrogen evolution reaction (HER). However, the catalytic activity is insufficient
for commercial bifunctional catalysts due to the inadequate oxygen evolution
reaction (OER) catalytic activity. To address the deficiency of the OER active site
of MoS2 and develop a more effective bifunctional catalyst, a one-step
hydrothermal process was employed to synthesize a nonprecious Co−MoS2
catalyst, utilizing sodium molybdate as the molybdenum source, thiourea as the
sulfur source, and cobalt nitrate as the cobalt source, respectively. The
electrocatalytic activity of the sample was tested in an electrolyte solution of
0.1 M KOH and 1 M KOH. The experimental result indicated that the catalytic
activity of the Co−MoS2 catalyst for HER and OER was remarkably enhanced
compared to the pristine MoS2. The overpotential of OER and HER was reduced
by approximately 200 mV and 130 mV in a 0.1 M KOH solution, respectively. Additionally, in the 1 M KOH electrolyte, the
overpotentials of OER and HER were about 312 mV and 297 mV, respectively. Co−MoS2 with the Co(NO3)2 doping of 0.6 g
(0.206 mol %) also exhibited excellent stability in 0.1 M KOH and 1 M KOH electrolytes. When the Co−MoS2 (Co(NO3)2�0.6 g,
0.343 mol %) electrode was used as both anode and cathode for overall water splitting in the 1 M KOH electrolyte, the current
density of 10 mA cm−2 could be achieved with only 1.86 V and with a good stability. This work provides an alternative for
bifunctional catalysts in overall water splitting.

1. INTRODUCTION
Energy and the environment are two key issues for the
sustainable development of human society.1 At present,
traditional fossil fuels are still the main sources of energy
and will eventually be exhausted by continuous consumption.
In addition, the greenhouse gases released during the
combustion of fossil fuels have caused serious environmental
pollution.2−8 Therefore, finding new energy sources to replace
fossil fuels is highly desirable.9,10 In recent decades, various
renewable energy sources have been explored.11−13 Among
these clean energy sources, hydrogen energy has attracted
much attention due to its nontoxic emission and high energy
density.
Water electrolysis technology is an important method for the

production of high-purity hydrogen and a crucial component
of energy systems.14 The water splitting involves two reaction
processes, hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). HER is the reaction of two
electrons while OER requires the transfer of four electrons
to proceed.15,16 So OER has to overcome a higher kinetic
barrier in water splitting.17 A higher overpotential means that
in industrial operation, additional electrical energy is usually
required to overcome the energy barrier, resulting in energy
consumption. Therefore, catalysts are needed to improve the
reaction rate. To date, the most commonly used electrocatalyst

is the precious metal catalyst with scarcity and high cost,
limiting their widespread application in the industry.18

Therefore, most attention is needed to focus on monofunc-
tional catalysts and the majority of the electrocatalysts studied
are only suitable for OER or HER under specific alkaline or
acidic solutions. The bifunctional catalyst exhibits the dual
catalytic ability for both HER and OER in the electrolyzed
water process. This unique characteristic provides significant
advantages to the electrode in improving the efficiency of water
splitting. Therefore, the development of a non-noble metal
bifunctional catalyst with excellent electrocatalytic performance
has become an urgent issue of overall water splitting for
hydrogen production.
Over the decades, researchers have made significant progress

in low-cost electrocatalysts, including oxides,19,20 sulfides,21,22

and phosphides.23,24 Among these materials, molybdenum
sulfides (MoS2) and cobalt sulfides(CoS2) have attracted lots
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of attention due to their lower cost and excellent electro-
catalytic activity.25 These properties make them have great
potential in water splitting. The two-dimensional MoS2 is an
excellent HER catalyst, due to the similarity of the H* to Pt.26
However, MoS2 is a kind of semiconductor with poor electrical
conductivity at room temperature. The number of active sites
on the basal plane is restricted due to S atoms, which are
limited by unsaturated bonds and dangling bonds. In addition,
the reaction energy barrier of the OER is higher, resulting in a
slower reaction rate in water splitting. Nowadays, the
approaches for enhancing the catalytic activity of MoS2 can
be classified into the following categories: (1) exposure of
additional active sites,27,28 (2) composition with a conductive
matrix to enhance conductivity,29,30 (3) improvement of the
catalytic activity of the peripheral active sites.31,32 CoS2 is an
effective electrocatalyst for OER in alkaline solutions. In the
OER process, the excellent electrochemical performance of
CoS2 may be attributed to its sulfur-rich nature, the presence
of bridged S−S, and more active CoS6 octahedral coordination.
All Co2+ in CoS2 are bonding with S2− in the form of CoS6
octahedra. Wang33 et al. found that octahedrally coordinated
Con+(n = 2,3) sites are more active than tetrahedrally
coordinated Co2+ sites. In addition, with the increase of S
atom ratio in cobalt sulfides, the valence state of S will change
from S2− to bridged or terminal S22− ions,34 which will further
improve the electrochemical activity and catalytic efficiency of
cobalt sulfides. On the other hand, the introduction of the Co
element can not only regulate the morphology and structure of
the MoS2 crystal lattice but also improve the conductivity.

35 As
mentioned above, the effective combination of molybdenum
disulfide and cobalt sulfide has the potential to be a valuable
substitute in electrocatalysts. Ganesan36 et al. prepared CoS2−
MoS2 multishelled hollow spheres as an efficient bifunctional
catalyst due to the synergistic effect between CoS2 and MoS2.
It is a challenge to achieve equilibrium between the

adsorption capacity of OH− and H* at the same active site.
Therefore, the most common strategy for effectively
controlling adsorption capacities is to construct dual active
sites.37,38 The incorporation of one catalyst for HER with
another catalyst for OER is an efficient approach to designing
bifunctional catalytic materials. The synergistic effect between
the components enhances the catalytic activity for water
splitting. The CoS2@MoS2 synthesized by Wang39 et al.
exhibited the overpotential reduced by 54 and 46 mV under
acidic and alkaline conditions. Chen40 et al. synthesized a
CoS2−MoS2 heterostructure catalyst with MoS2 nanosheets
vertically anchored on CoS2 microflakes via interfacial
engineering, which not only increased the number of exposed
active sites and structural defects but also provided a
hierarchically porous structure. Relevant pieces of literature
show that the hybrid catalyst contained a more pronounced
high density of terminal sulfur edge than the bulk MoS2.

41

The abundant active sites are attributed to the superior
performance of Co−MoS2. However, further improving the
density of active sites remains a challenge. The number of

active sites is increased frequently through the strategy of
interfacial engineering and morphology regulation. Meanwhile,
the introduced concentration and distribution of the Co
element also should be optimized to develop high-activity
catalysts.
In this work, by an enhanced hydrothermal method,42,43 the

samples of Co−MoS2 with varying morphologies and particle
sizes were synthesized. The introduction of the Co element
results in the formation of additional defects and active centers.
As a result, it exhibited excellent catalysis and stability under
100 h of OER and HER processing, highly beneficial for water
splitting.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Co−MoS2. Sodium molybdate

(Na2MoO4.2H2O, Tianjin Hengxin Chemical Co., Ltd.),
thiourea (H2NCSNH2, Tianjin Hengxin Chemical Co., Ltd.),
and an appropriate quantity of cobalt nitrate (Co-
(NO3)2.6H2O, Shanghai McLean Biochemical Technology
Co., Ltd.) were dissolved in 80 mL of deionized water and
stirred until a uniform solution with purple-red transparency
was formed. Subsequently, the solution was transferred to a
200 mL autoclave with micromagnetic stirring, and the
reaction temperature was set for 8 h. Following the completion
of the reaction, the solution was cooled to room temperature
and then centrifuged by a centrifuge (TG-16, Sichuan Shuke
Instrument Co., Ltd.), alternating with deionized water and
anhydrous ethanol for 4 times. Finally, the residue was dried at
60 °C in a vacuum dryer oven (DHG-9101, Jiangsu Jinyi
Instrument Technology Co., Ltd.) for 12 h. The preparation
process is illustrated in Figure 1.

2.2. Characterization of the Co−MoS2 Composite.
The crystal structure of the samples was determined using X-
ray diffraction (XRD, D8-Advanced, Bruker, Karlsruhe,
Germany), field emission scanning electron microscopy
(FESEM, JSM-IT800, Nippon Electronics, Tokyo, Japan),
and high-resolution transmission electron microscopy
(HRTEM, JEM-F200, JEOL, Tokyo, Japan). The composition
and content of the specimens were determined using an
energy-dispersive spectrometer (EDS, Falcon, EDAX, Pleas-
anton, CA, USA). The BET tests were carried out by the
surface area and pore size distribution analyzer (BELSORP-
max II, Microtrac BEL, Osaka, Japan). Additionally, an X-ray
photoelectron spectrometer (XPS, ESCALAB 250Xi K-Alpha
+, Thermo Fischer Scientific, Waltham, MA, USA) with Al Kα
X-ray source was used to analyze both the elemental
composition and valence states of the specimens.

2.3. Electrochemical Measurements. For preparation of
the catalyst ink, a solution of 3 mg of the sample and 1 mg of
carbon black (C, Shanghai McLean Biochemical Technology
Co., Ltd.) was prepared by dispersing the substances in 980 μL
of a mixed solution composed of deionized water and
isopropanol. Following ultrasonic homogenization, 20 μL of
5 wt % Nafion (5 wt %, DuPont, USA) solution was added,
resulting in the formation of a homogeneous catalyst solution

Figure 1. Schematic showing the synthesis of Co−MoS2.
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through the application of ultrasonication. Twenty μL of the
above catalyst solution was dropped on the glassy carbon
electrode(S = 0.196 cm2) and dried in a natural environment.
All electrochemical measurements are conducted using a

three-electrode system in an electrochemical workstation, the
CHI 660E(Shanghai Chenhua Instrument Co., Ltd.). The
glassy carbon electrode (S = 0.196 cm2) of the drop-coated
sample served as the working electrode, a Hg/HgO electrode
filled with 1 M KOH was used as the reference electrode, and a
Pt sheet with a specification of 10*10*0.2 mm was used as the
counter electrode. The electrolyte was composed of 0.1 M
KOH. The linear sweep voltammetry (LSV)curves of OER and
HER were tested at a scan rate of 5 mV s−1. The measured
potential range of the linear sweep voltammetry for HER was
−1.6∼-0.8 V(vs Hg/HgO), while the range for OER was 0 ∼ 1
V(vs Hg/HgO). The current was geometrically normalized to
the current density, and the measured potential (vs Hg/HgO)
was converted into a reversible hydrogen electrode (vs RHE)
using the Nernst equation

E E 0.0592pH 0.0977Vvs.RHE vs.Hg/HgO= + + (1)

All linear sweep voltammograms (LSVs) have been
amended by iR compensation. The electrochemical surface
area (ECSA) of the catalyst is correlated with the double-layer
capacitance (Cdl), and CV tests were conducted at varying scan
rates (20, 40, 60, 80, and 100 mV s−1). The Cdl is related to the
scan rate, and the slope of this relationship is indicative of the
value of Cdl. The frequency range of electrochemical
impedance spectroscopy (EIS) is 10−1∼106 Hz. The test
voltage is defined as the voltage value situated in proximity to
the inflection point of the LSV curve, with an amplitude of 5
mV s−1. The stability of OER and HER is characterized by the
amperometric curve (i-t), with an overpotential for 100 h.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure, Morphology, and Composi-

tion. Figure 2 displays the FESEM images of Co−MoS2
synthesized with 1g of Na2MoO4, 1.8 g of CH4N2S, and 0.6
g (0.206 mol %) of Co(NO3)2 at different temperatures for 8
h. The reaction temperature has a significant influence on the
chemical reaction and grain growth rate of crystalline materials.
As illustrated in Figure 2a, the sample prepared at 180 °C
exhibits two kinds of distinct morphologies. The polyhedron
has an approximate particle size of 500 nm, while the flower-
like structure is formed by the stacking of sheets with uniform
thickness. Upon increasing the temperature to 200 °C, the
morphology is exhibited as shown in Figure 2b. The sample
exhibits a polyhedron morphology with small sheets of varying
particle sizes. Although showing uniform distribution, the
particle size of the sample increases compared with that in
lower temperatures, accompanied by an increase in the particle
agglomeration. As the temperature further rises to 220 °C, the
particle microphotograph transformed from polyhedron to
nanoflower spheres, stacked by nanosheets, with an approx-
imate diameter of 1 μm. The FESEM images demonstrate that
when the synthesis temperature is insufficient (e.g., 180 °C),
molecules receive inadequate energy, impeding their ability to
attain the energy threshold necessary for the formation of a
crystal nucleus. At lower temperatures, the nucleation driving
force is weak, which hinders the acceleration of the reaction
and diffusion rates. It is difficult to effectively promote the
formation of crystal nuclei and the growth of crystals, resulting
in a slow and incomplete crystallization process, resulting in
two structures of block and fragment. With the rise of
temperature (e.g., 200 °C), the movement ability of the
reactants is enhanced, which is conducive to more uniform
mixing and reaction. However, at this stage, the formation of
MoS2 is limited to the process of formation of CoS2, resulting
in the presentation of flakes. This is confirmed by XRD
patterns (Figure 8), in which all diffraction peaks are indexed

Figure 2. FESEM images of Co−MoS2 at different reaction temperatures(a-180 °C; b-200 °C; c-220 °C).

Figure 3. EDS images of Co−MoS2(220 °C).
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to CoS2 below 200 °C. When the temperature is further
increased (e.g., 220 °C), additional nucleation energy is
provided for the reactants, resulting in the formation of MoS2
with CoS2 as the crystal nucleus. This process generates
particles with a nanoflower structure, which is a typical
morphology of MoS2 particles. The EDS analysis of the red
point in Figure 2c is presented in Figure 3. The elements of the
sample are mainly C, Co, O, S, and Mo, indicating that the Co
element has been successfully doped in the MoS2. As depicted
in Figure S3, the elemental mapping images indicate that Mo,
S, and Co distribute uniformly in the specimen. In addition, as
coated by MoS2, the signal intensity of Co is relatively low.
The electrocatalytic properties of the samples prepared at

180 °C, 200 °C, and 220 °C were tested using a typical three-
electrode apparatus. The LSV curves for OER and HER are
shown in Figure 4. It can be found that the Co−MoS2
specimen prepared at 220 °C shows the best OER electro-
catalytic performance, with the lowest overpotential of 570 mV
at a current density of 10 mA cm−2 (Figure 4a). As the main
factors accounting for the OER performance, the crystallinity
and content of CoS2 have remarkable effects on the OER
performance due to its distinct characteristics. While the
crystallinity of CoS2 is enhanced at higher temperatures, the

overpotential of OER decreases with elevated hydrothermal
temperature. As per HER, it shows the same tendency as the
OER, as illustrated in Figure 4b. At a current density of −10
mA cm−2, the overpotential is 320 mV, considerably lower
than the overpotential of the samples prepared at 200 and 180
°C. As mentioned above, the synthesis temperature is critical
for the OER performance. However, due to limitations of the
micromagnetic stirring autoclave temperature scale, further
exploration at higher temperatures cannot proceed. In
summary, the optimal reaction temperature for the synthesis
of Co−MoS2 in this study is 220 °C.
The influence of different Co(NO3)2 amounts on the

microstructure of Co−MoS2 is also investigated. Figure 5
shows the morphology of the Co−MoS2 samples, varying
addition of Co(NO3)2 with 0g (0.000 mol %), 0.4 g (0.137
mol %), 0.6 g (0.206 mol %), 0.8 g (0.274 mol %), and 1.0 g
(0.343 mol %), respectively. As observed in the FESEM
images, the addition of Co(NO3)2 results in grain refinement
and a more uniform distribution of the particle size. The crystal
nuclei formation of CoS2 is more preferentially formed than
that of MoS2, so the small nuclei of CoS2 emerge in the initial
stage of the reaction; consequently, MoS2 grows on the surface
of CoS2 afterward. The effect of CoS2 on the crystal growth

Figure 4. LSV curves of Co−MoS2 synthesized at different temperatures (a)OER, (b)HER.

Figure 5. FESEM images of MoS2 prepared with the different Co(NO3)2 amounts (a) 0 g (0.000 mol %), (b) 0.4 g (0.137 mol %), (c) 0.6 g (0.206
mol %), (d)0.8 g (0.274 mol %), (e) 1.0 g (0.343 mol %).
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kinetics of MoS2
44 influences the speed and direction of the

latter crystal growth. As a benefit of the small grain size and
uniform distribution of CoS2 nuclei, abundant nuclei are
provided for MoS2 nanosheets to attach and grow, resulting in
a smaller grain size. The refined particles increase the specific
surface area and enhance the catalytic activity of the material.
In addition, doping the Co element also results in a
morphology modification of MoS2. The increasing doping
amount of Co(NO3)2 leading to more sulfur consumption
results in less production of MoS2, which coats the surface of

CoS2 insufficiently. The morphology of MoS2 changes from
the original microflower structure comprising densely stacked
nanosheets to the loose stacked structure. When the 1.0 g
(0.343 mol %) of Co(NO3)2 is doped (Figure 5e), the amount
of MoS2 nanosheet is significantly decreased, covering part of
the polyhedron.
The N2 adsorption of pure MoS2 and Co−MoS2 (Co-

(NO3)2�0.6 g, 0.206 mol %) at 77K was analyzed. The pore
volume and pore composition of the material were analyzed.
As shown in the figure, the N2 adsorption−desorption curves

Figure 6. (a)N2 adsorption−desorption isotherms, (b) pore size distribution of MoS2 and Co−MoS2 (Co(NO3)2�0.6 g, 0.206 mol %).

Figure 7. (a) XPS survey spectra of pristine MoS2 Co−MoS2(Co(NO3)2�0.6 g, 0.206 mol %) and the refined XPS spectra of (b)Mo 3d, (c)S 2p,
(d)C 1s, and (e)Co 2p.
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of the samples are typical type IV adsorption isotherms. From
the pore size distribution map (Figure 6), it can be seen that
the pore size distribution of the synthesized Co−MoS2(Co-
(NO3)2�0.6 g,0.206 mol %) is relatively uniform, concen-
trated at 2 and 6 nm, indicating that it is a mesoporous
material. The BET specific surface area of the material is
8.1061 m2 g−1. Compared with the BET specific surface area of
pristine MoS2 (3.6374 m2 g−1), the introduction of cobalt
element increases the specific surface area. The increase of
specific surface area after the formation of the composite
material may be due to the synergistic effect between cobalt
disulfide and molybdenum disulfide. The formation of cobalt
disulfide may enhance the dispersion of molybdenum disulfide
crystals, so that it exposes more active sites, thereby increasing
the specific surface area.
The chemical composition and surface element valence of

Co−MoS2 were further analyzed by X-ray photoelectron
spectroscopy (XPS). A typical XPS survey spectrum of the
Co−MoS2 (Co(NO3)2�0.6 g, 0.206 mol %) and pristine
MoS2, as illustrated in Figure 7a, reveals the presence of the
elements C, O, S, Co, and Mo. The Mo 3d spectrum is
illustrated in Figure 7b. The peaks at 229.92 and 233.08 eV
correspond to Mo 3d5/2 and Mo 3d3/2 of Mo4+,45,46

respectively. However, the peak at 235.75 eV is attributed to
Mo6+ 3d3/2, indicating part of Mo4+ is oxidized to Mo6+ ions.

45

However, a large peak area indicates that Mo4+ accounts for
the majority of the Mo element. Moreover, there is a S 2s peak
at the low binding energy of 227.15 eV, which can be
attributed to the Mo−S bond and serves as evidence for the
presence of MoS237. Moreover, the peak position of Mo4+ 3d5/2
demonstrates a propensity to shift toward lower binding
energy, thereby indicating that the introduction of Co element
changes the electronic structure of Mo. This is due to the
strong coupling between different components at the interface
that leads to the transfer of electrons from MoS2 to CoS217.
The redistribution of charge resulting from strong electron
interaction has been demonstrated to be advantageous in the
regulation of the chemical environment of metal sites. This
change was usually conducive to the adsorption and desorption
of intermediates on the surface of catalyst.4 The S 2p spectrum
(Figure 7d) displays peaks position at 162.22 and 163.84 eV,
respectively, attributed to MoS226. Additionally, the S−O peak
at 168.42 eV is ascribed to the surface oxidation of the
sample.45 In comparison with pristine MoS2, the peaks position
of S2−2p2/3 in Co−MoS2(Co(NO3)2�0.6 g, 0.206 mol %)
marginally shift toward lower binding energy, indicating a
higher prevalence of S vacancies in Co−MoS2(Co(NO3)2�
0.6 g, 0.206 mol %) compared to pristine MoS2. The C 1s
spectrum is illustrated in Figure 7d. The binding energies at
284.83 and 285.93 eV are assigned to the C−C bond and C−
O bond, respectively, and 288.61 eV is assigned to the C = O
bond.47 The refined XPS spectrum of Co 2p is illustrated in
Figure 7e. The obtained spectrum reveals the presence of
satellite peaks at 785.55 and 803.64 eV48. The characteristic
peaks at 794.18 and 778.91 eV correspond to Co 2p3/2 and Co
2p1/2, which are indexed to the Co4+ of CoS2, respectively.

48−50

The peaks at 782.29 and 798.48 eV are indicative of Co2+ with
oxidation states at the Co 2p3/2 and Co 2p1/2 levels,
respectively.10,51

3.2. Structure and Synthesis Mechanism. The crystal
structures of Co−MoS2 samples prepared at different temper-
atures were determined by XRD (Figure 8). The diffraction
peak of samples synthesized at 180 °C exhibits low intensity,

indicating poor crystallinity of the samples. The diffraction
peaks at 2θ = 27.88°, 32.30°, 36.24°, 39.83°, 46.32°, and
54.94° were detected in all samples, which can be attributed to
the CoS2 (JCPDS 41−1471).52−54 However, diffraction peaks
at 2θ = 33.75° and 58.72° correspond to the (100) and (110)
crystal planes of 2H−MoS2 (JCPDS 37−1492),52−54 respec-
tively. The result is consistent with the FESEM images. When
the reaction temperature rises to 200 °C, the intensity of the
diffraction peaks associated with the CoS2 crystal increases,
while that attributed to the MoS2 crystal is relatively constant.
The results suggest that elevated temperatures promote the
growth of the CoS2 crystal, thereby improving its crystallinity.
As the temperature reaches 220 °C, the (002) crystal plane of
the MoS2 was detected at 14.38°. It was consistent with the
results of the EDS analysis (Figure 3). It is speculated that at
220 °C, Co(NO3)2 initially reacts with CH4N2S to form CoS2,
and subsequently, a reaction occurs between the residual
CH4N2S and Na2MoO4 to produce MoS2. The layered MoS2 is
deposited on the surface of polyhedral CoS2 and forms a
MoS2-coated CoS2 structure.
The microstructure of Co−MoS2 (Co(NO3)2�0.6 g, 0.206

mol %) was further characterized by HRTEM, as illustrated in
Figure 9. The Co−MoS2 catalyst is composed of two kinds of
textures, which is consistent with the morphology of the
sample in FESEM. Figure 9b shows the HRTEM image
(400,000×) of Co−MoS2, indicating the composite has a
densely packed edge. As calculated by software, the (002)
lattice fringe spacing is 0.667 nm, which exceeds the theoretical
lattice spacing of MoS2 (0.615 nm), indicating the Co element
was successfully doped into MoS2. The lattice spacing of CoS2
(0.248 nm) was observed in the HRTEM image (Figure 9c).
As illustrated in Figure 9d, the distribution of the element Mo
in the sample is uniform, as is the enrichment of the element
Co in specific areas, and the cubic morphology of CoS2 can
also be observed. These observations are consistent with our
initial hypotheses formulated. In addition, the crystallization
properties of the CoS2−MoS2 composites have been
investigated using SAED spectra (Figure 9e). The diffraction
rings in Figure 9 (e) are indexed to the (002), (013) crystal
planes of CoS2 and the (002), (011) crystal planes of MoS2,
respectively, indicating that they are polycrystalline.

Figure 8. XRD patterns of Co−MoS2 synthesized at different
temperatures.
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Figure 10 shows the XRD patterns of Co-doped MoS2 with
varying amounts. The XRD pattern of pristine MoS2 exhibits

diffraction peaks at 2θ = 14.38°, 33.51°, 39.4° and 59.38°,
which correspond to the (002), (100), (103), and (110)
(JCPDS 37−1492)52−54 crystal planes of 2H−MoS2, respec-
tively. With the increase of Co(NO3)2 addition amount, the
diffraction peak of the (002) crystal plane exhibits a shift to the
lower degree while the intensity of the peak decreases
compared with pristine MoS2. The position of the peak shift
slightly to a lower angle may be caused by the introducing of
the Co element into the MoS2 matrix. The radius of the Co
atom is smaller than that of the Mo atom, and the substitution
of the Co atom reduces the thickness of the S−Mo−S
structural unit, thus expanding the lattice spacing.55 According
to Bragg’s law (2dsinθ = nλ), enlarged lattice spacing results in
the peak position shift to a lower degree. When the Co(NO3)2
addition is 0.4 g(0.137 mol %), diffraction peaks located at 2θ
= 27.88°, 32.30°, 36.24°, 39.83°, 46.32°, and 54.94°, which
were assigned to the (111), (200), (210), (211), (220), and
(311) crystal planes of CoS2 (JCPDS 41−1471),52−54

respectively, indicated CoS2 was formed during the hydro-
thermal synthesis process of Co−MoS2. However, the weak

intensity of the diffraction peaks suggests poor crystallinity. As
shown in Figure 10, with a higher doping addition of
Co(NO3)2, the intensity of diffraction peaks enhanced,
indicating more CoS2 is formed. According to previous
studies,56,57 the reaction mechanism can be speculated as
follows. Sodium molybdate is initially dissolved in water,
forming molybdate ions (MoO4

2−) (Reaction 2), in which Mo
is in the +6 oxidation state, while cobalt nitrate forms Co2+

(Reaction 3). Subsequently, during the hydrothermal process,
thiourea is dissolved in water to form NH3 and H2S (Reaction
4), which further decomposed to S2− (Reaction 5). Then the
NH3 reacts with Co2+ from the cobalt source, forming a
[Co(NH3)4]2+ complex (Reaction 6). Following, a reaction
between the [Co(NH3)4]2+ complex and S2− produced by
thiourea occurs (Reaction 7) to form CoS2. Finally, the
residual sulfur reacted with MoO4

2− and MoS2 is formed
(Reaction 8). Based on the reaction mechanism above, CoS2 is
preferentially synthesized. In this reaction, CH4N2S acts as
both a reductant and the source of sulfur. The synthesis

mechanism is shown in Figure 11 and the reaction equations
are as follows

Na MoO MoO 2Na2 4 4
2 + +

(2)

Co(NO ) 2NO Co3 2 3
2+ +

(3)

SC(NH ) 2H O 2NH H S CO2 2 2 3 2 2+ + + (4)

Figure 9. (a) HRTEM image of Co−MoS2(Co(NO3)2�0.6 g, 0.206 mol %), (b) TEM and HRTEM image of MoS2 nanosheets, (c) TEM and
HRTEM image of CoS2 , (d) EDS elemental mapping of S, Mo, Co, (e) corresponding SAED pattern of Co−MoS2(Co(NO3)2�0.6 g, 0.206 mol
%).

Figure 10. XRD patterns of Co-doped MoS2 prepared with different
Co(NO3)2 additions.

Figure 11. Synthesis mechanism of Co-doped MoS2.
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H S 2H S2
2++ (5)

Co 4NH Co(NH )2
3 3 4

2+ [ ]+ +
(6)

Co(NH ) 2S 2H CoS 4NH H3 4
2 2

2 3 2[ ] + + + ++ +

(7)

4MoO 9S 24H 4MoS SO 12H O4
2 2

2 4
2

2+ + + ++

(8)

3.3. Bifunctional Catalytic Performance. The HER and
OER performances of as-prepared MoS2 with varying Co-
(NO3)2 additive amounts were tested in 0.1 M KOH. The LSV
curve of the OER performance is presented in Figure 12a. As
the quantity of Co(NO3)2 increased, the overpotential of the
catalyst decreased gradually. The overpotential of samples with
Co addition amounts of 0.4 g (0.137 mol %), 0.6 g (0.206 mol
%), 0.8 g (0.274 mol %), and 1.0 g (0.343 mol %) at 10 mA
cm−2 current density are 620 mV, 570 mV, 470 mV, and 444
mV, respectively. Without the Co element doping, the pristine
MoS2 exhibits a relatively low current density of less than 10
mA cm−2, even at the maximum potential test in this study. In
contrast, the sample with a doping amount of 1.0 g (0.343 mol
%) has a minimum overpotential of 390 mV that attains the
current density of 10 mA cm−2 (Figure 12a). As discussed in
Section 3.1, CoS2 has remarkable OER performance due to its
distinct characteristics. On the other hand, the enhanced
performance can be attributed to the partial Mo atoms
coordinated with the S atom in the interlayer of MoS2 being
replaced by Co atoms. Based on this, S vacancies are further
created to fully expose a large number of residual Mo atoms in
the interlayer, thereby achieving the exposure of all potentially
active sites of MoS255. The Tafel slope is employed to analyze
the OER kinetics of the catalysts (Figure 12b). A smaller Tafel

slope value generally represents superior OER kinetics. The
Tafel slope of the catalyst with the Co(NO3)2 addition of 1.0 g
(0.343 mol %) is 126.07 mV dec−1, which is the smallest
among all samples. With the increase of Co(NO3)2 addition,
the catalytic activity of OER is more favorable. Figure 12c
illustrates the EIS of the OER. The electron transfer efficiency
at the interfaces between the material and electrolyte is
assessed by charge transfer resistance (Rct). Smaller Rct values
represent faster electron transfer, which means better electro-
catalytic reaction kinetics. The Rct value declines with the
increasing doping amount of Co(NO3)2. Among all catalysts,
the Rct value of the sample with the Co(NO3)2 addition of 1.0
g is the lowest, which reflects the best interfacial catalytic
reaction kinetics.
The HER activities of Co−MoS2 and pristine MoS2

counterpart in a 0.1 M KOH electrolyte were also explored
(Figure 12d). Compared with pristine MoS2, the specimens
with cobalt addition all have a lower HER overpotential. The
incorporation of the Co element enhances the conductivity of
the catalyst, which leads to an improvement in the HER
performance.49 The specimen with the Co(NO3)2 doping
amount of 0.6 g (0.206 mol %) exhibits a maximum decrease
of overpotential by 130 mV, from 450 mV to 320 mV.
Additionally, the Tafel slope was found to be the lowest, with a
value of 174.82 mV dec−1(Figure 12e), while the pristine MoS2
exhibited 210.56 mV dec−1. The results demonstrate that the
as-prepared catalyst with Co(NO3)2 addition of 0.6 g (0.206
mol %) has an optimal synergistic effect between CoS2 and
MoS2. The doping of the Co element will affect the state of Mo
atoms, which in turn affects the electrocatalytic performance.
However, the appropriate doping amount of the Co element,
between 0.4 g (0.137 mol %) and 0.6 g (0.206 mol %), can
extremely reduce the electron concentration of the S atom on

Figure 12. Bifunctional catalytic performance of MoS2 prepared with different Co(NO3)2 additions: (a) LSV curve of OER, (b)Tafel plots of OER,
(c) Nyquist plots of OER, (d) LSV curve of HER, (e) Tafel plots of HER, (f) Nyquist plots of HER.
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the surface, thereby enhancing the adsorption of H*. The
catalysts can exhibit the maximum HER catalytic activity when
the Co(NO3)2 addition is within the range above. In contrast,
excessive doping leads to excessive H* adsorption, resulting in
difficulty in the subsequent desorption of H2.

58 The crystal
growth and crystallinity of MoS2 will also be affected, resulting
in a decline in the HER catalytic activity. To further explore
the efficient HER kinetics of the Co−MoS2, EIS analysis was
performed. As illustrated in Figure 12f, it was observed that the
Co−MoS2 catalyst, with the Co(NO3)2 addition amount of 0.6
g (0.206 mol %), exhibited the smallest semicircle diameter
among all the as-prepared samples, indicating that the catalyst
has the smallest charge transfer resistance compared to the
other catalysts.
Figure 13 (a-e) illustrates the CV curves of varying

Co(NO3)2 addition amounts of Co−MoS2. The values of Cdl
were calculated from the CV curves illustrated in Figure 13f.

The sample with a Co(NO3)2 doping amount of 0.6 g (0.206
mol %) exhibited the maximum Cdl, which is superior to those
of other as-prepared catalysts. A higher value of Cdl indicates
that the catalyst possesses a larger ECSA. Also, it indicates that
the active surface area is more exposed and fully utilized for the
reaction.
The turnover frequency (TOF) is an important parameter

for quantitative HER activity and can reflect the intrinsic
activity of the electrocatalysts. The computational formula for
turnover frequency (TOF) is TOF j A C

A
= × ×

* × and based on
previous reports,59−61 where C, j, A, and * represent the
turnover event, the current density at specific overpotential, the
geometric area of the catalyst, and the number of active sites
per unit area. Here, C is 3.12 × 1015 s−1 cm−2 per mA cm−2 for
HER and 1.56 × 1015 s−1 cm−2 per mA cm−2 for OER, and A is
0.196 cm2. For all materials, a reasonable approximation of

Figure 13. (a-e) CV curves of Co−MoS2 prepared with different Co(NO3)2 additions in the non-Faraday capacitance current range. (f) Cdl of
various as-prepared catalysts.

Figure 14. TOF values of MoS2 prepared with different Co(NO3)2 additions: (a) at the overpotential of 270 mV for OER, (b) at the overpotential
of 350 mV for HER.
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surface site density is close to 1015 cm−2. Thus, * is calculated
by N = Cdl/Cs×1015 cm−2.
TOF values can reflect the intrinsic activity of the

electrocatalysts. As shown in Figure 14a, the TOF values
Co−MoS2 (Co(NO3)2�0 g, 0 mol %), Co−MoS2 (Co-
(NO3)2�0.4 g, 0.137 mol %), Co−MoS2 (Co(NO3)2�0.6 g,

0.206 mol %), Co−MoS2 (Co(NO3)2�0.8 g, 0.274 mol %),
and Co−MoS2 (Co(NO3)2�1.0 g, 0.343 mol %) at the
overpotential of 270 mV are 0.0104, 0.0181, 0.0202, 0.0328,
and 0.0287 s−1 in the process of OER, respectively. The TOF
values demonstrate that Co−MoS2 (Co(NO3)2�0.8 g, 0.274
mol %) exhibits the optimal intrinsic catalytic activity for OER.

Figure 15. i-t curves of the Co−MoS2 catalyst in 0.1 M KOH: (a) OER, (b) HER.

Figure 16. Electrocatalytic performance of the Co−MoS2 catalyst in 1 M KOH: (a) LSV curve of OER, (b) i-t curve of OER, (c) LSV curve of
HER, (d) i-t curve of HER.
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Figure 14b illustrates the TOF values of Co−MoS2 (Co-
(NO3)2�0 g, 0 mol %), Co−MoS2 (Co(NO3)2�0.4 g, 0.137
mol %), Co−MoS2 (Co(NO3)2�0.6 g, 0.206 mol %), Co−
MoS2 (Co(NO3)2�0.8 g, 0.274 mol %), and Co−MoS2
(Co(NO3)2�1.0 g, 0.343 mol %) at the overpotential of
350 mV are 0.3804, 1.0809, 1.4602, 1.4832, 1.9197, and 0.5084
s−1, respectively. The TOF values demonstrate that Co−MoS2
(Co(NO3)2�0.8 g, 0.274 mol %) exhibits the optimal intrinsic
catalytic activity for HER. Turnover frequency (TOF) reflects
the number of reactions per unit active site per unit time of the
catalyst. A higher TOF value is indicative of high catalytic
activity, implying that the catalyst can promote the reaction at
an accelerated rate. However, it is imperative to consider
energy consumption as an integral component in the
evaluation of catalyst performance. However, a high TOF
value indicates a rapid reaction rate, if the energy consumption
is excessive, the overall efficiency will be diminished.
The cycle stability of the samples with the Co(NO3)2

addition of 0.6 g (0.206 mol %) was evaluated by i-t
testing(Figure 15) at a constant potential of 0.57 V and
−0.32 V (vs RHE) for OER and HER, respectively. The
current density in Figure 15 exhibits a decreasing tendency, but
it still maintains a relatively high current density after 10 h of
reactions, indicating the Co(NO3)2 doping amount of 0.6 g
(0.206 mol %) possesses feasible stability characteristics in 0.1
M KOH. It is conceivable that the combination of MoS2 and
CoS2 may result in structural alternation and modifications to
the electronic configuration, facilitating electron transfer
between the catalyst surface and the reaction intermediate.
This could potentially enhance the electrocatalytic perform-
ance and stability.
Subsequently, a typical three-electrode system measured the

electrocatalytic performance of Co−MoS2 (Co(NO3)2�0.6 g,
0.206 mol %) in 1 M KOH electrolyte. From the LSV curve
(Figure 16a,c), it can be seen that the overpotential was
significantly improved compared to 0.1 M KOH. At a current
density of 10 mA cm−2, the overpotentials for OER and HER
of Co−MoS2 (Co(NO3)2�0.6 g, 0.206 mol %) are 312 mV
and 297 mV, respectively. In addition, an assessment of the
stability was carried out. It was evaluated by a continuous
constant voltage (i-t) test at 0.31 V vs RHE and −0.30 V vs
RHE, respectively, for OER and HER. According to Figure
16b, and 16d, the current density exhibits a gradually

decreasing tendency. After 100 h of reaction, the current
density of OER and HER remained at 93.75% and 89.12%,
respectively, indicating that Co−MoS2 (Co(NO3)2�0.6 g,
0.206 mol %) displays remarkable durability.
As a water-splitting catalyst with excellent OER and HER

performance, Co−MoS2 (Co(NO3)2�0.6 g, 0.206 mol %)
was used as the electrode of the cathode and anode to
construct an alkaline water-splitting device with 1 M KOH as
the electrolyte. As illustrated in Figure 17a, Co−MoS2
(Co(NO3)2�0.6 g, 0.206 mol %) requires 1.87 V to reach a
current density of 10 mA cm−2 in the reaction of 1 M KOH
electrolyte. The durability of the catalyst was investigated at 10
mA cm−2 in 1 M KOH. It has been demonstrated to operate
stably at a current density of 10 mA·cm−2 for more than 100 h
with a current density decay of 20.89% in a 1.0 M KOH
solution (Figure 17b).
Furthermore, in order to explore the morphological changes

of the catalyst after the stability testing, samples were collected
after OER and HER processes, and FESEM and TEM images
were obtained. The observation of the FESEM and TEM
images reveals that for Co−MoS2 (Co(NO3)2�0.6 g, 0.206
mol %) after 100 h of the OER process, the morphology of the
sample changes from nanoflowers to the coexistence of blocks
and flakes, as illustrated in Figure S4(a). Due to long-term test
conditions, physical reconstruction or aggregation may occur,
resulting in block and sheet structures. The chemical
substances (such as oxygen, etc.) that may exist in the test
environment may react with the sample, resulting in a change
in morphology. This kind of effect may promote the
agglomeration or rearrangement of nanoparticles. Through
the TEM image and elements mapping (Figure S4(b), and
(c)), it can be obtained that after 100 h of OER, CoS2 is
separated from the external MoS2. The exposed CoS2 has
superior OER performance, ensuring relatively good OER
stability during the catalytic process.
Accordingly, Figure S5 illustrates morphological changes of

the catalyst after the HER reaction. As depicted in Figure
S5(a), it reveals that the specimen undergoes a transformation
from its initial nanoflower configuration to a sheet-like stacked
morphology during the HER. The TEM image and elements
mapping (Figure S5(b), (c)) reveal that, despite the alterations
in microscopic morphology, the composition remains MoS2
wrapped on CoS2. The distribution of cobalt elements is

Figure 17. Overall water splitting performance of the Co−MoS2 catalyst: (a) LSV curve in 1 M KOH, (b) i-t curve in 1 M KOH.
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predominantly located within the interior, while the periphery
consists of molybdenum disulfide. Studies have shown that
MoS2 has excellent HER performance, but most of the sites on
its exposed surface are inert. Although the periphery is still
mainly composed of MoS2, its stability decreased by 10.88%,
and relatively high stability is maintained.

4. CONCLUSIONS
In this work, Co-doping into MoS2 bifunctional catalysts for
water splitting was prepared via a one-step hydrothermal
process. The influence of reaction temperature and the
addition of Co(NO3)2 on the structure characteristics and
catalytic activity of MoS2 were investigated. Elevated synthesis
temperature is beneficial to the preparation of samples with
excellent catalytic performance. The Co−MoS2 composite
obtained through a hydrothermal process of 220 °C exhibits a
composite structure with polyhedral CoS2 as the substrate and
MoS2 nanoflower as the coating layer. As the Co(NO3)2
addition amount increased, the peak intensity of the CoS2
phase enhanced while that of MoS2 was decreased. The
introduction of CoS2 led to a remarkable enhancement in the
catalytic activity of OER. At a current density of 10 mA cm−2,
the overpotential decreased with the increasing doping amount
of Co(NO3)2. However, the HER catalytic activity initially
increased followed by a subsequent decline. At the current
density of 10 mA cm−2, the minimum overpotential was
observed to be 320 mV for HER, and the OER was also
extremely reduced when 0.6 g of Co(NO3)2 was added. 312
mV and 297 mV are required to achieve the current density of
10 mA cm−2 in 1 M KOH electrolyte. It was found that a
voltage of 1.869 V was sufficient to reach a current density of
10 mA cm−2 in 1 M KOH. The results of the stability analysis
indicate that the sample exhibits better stability, and this
phenomenon may be attributable to the incorporation of CoS2
and MoS2.
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