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A B S T R A C T   

The surface admittances calculated from electrochemical impedance spectra are used to analyze the surface 
states of X-MoS2 (X=Fe, Co, Ni) prepared on graphite felt. Because of the semiconducting properties of Fe-MoS2 
at the electrolyte-semiconductor interface, the bifunctional catalytic properties in the hydrogen/oxidation evo
lution reactions (HER/OER) are enhanced as a result of better surface adsorption/desorption and slow-changing 
surface conductance. The surface morphology and electric field between the semiconductor and electrolyte are 
important parameters affecting the surface properties in HER/OER.   

1. Introduction 

Water electrolysis is one of the promising methods to produce 
hydrogen using renewable energy sources such as photovoltaics and 
wind [1–5]. In the water splitting device, the hydrogen evolution reac
tion (HER) and oxygen evolution reaction (OER) take place on the two 
electrodes in an electrolyte. Four electron transfer steps are involved in 
OER but only two steps occur in HER. For this reason, OER is generally 
the more sluggish reaction and current research on water electrolysis 
mainly focuses on the development of high performance, low cost, high 
natural abundance, environmentally friendly, and stable catalysts in the 
attempt to replace expensive and scarce precious metals such as Pt and 
Pd for HER as well as RuO2 and IrO2 for OER [1,6]. In addition, there 
have been a lot of research activities on the design and construction of 
bifunctional electrocatalysts for both HER and OER in the same elec
trolyte in order to simplify the hardware and reduce the cost [7–9]. 

Layered transition-metal dichalcogenides (TMDs) which provide 
ample paths for carrier transport and more specific surface area than the 
bulk counterparts have been explored as bifunctional electrocatalysts for 
overall water splitting [2–4]. MoS2 is a member of the TMDs family 
exhibiting promising catalytic activity in HER [6] but not OER in spite of 

the favorable band alignment in which the valence band edge of 
monolayer MoS2 is more positive than the oxidation potential of water. 
Based on DFT calculation, the poor catalytic OER activity can be 
ascribed to weak binding between the two key reaction intermediates 
(hydroxyl and hydroperoxyl) and MoS2 [10]. Theorical and experi
mental studies have shown that 3d-transition metals co-doped with six 
oxygen atoms of MoS2 (3d-TMO6@MoS2, TM = Fe, Mn and Co) have 
improved OER activity [11]. The hexagonally coordinated transition 
metals provide the active sites and adsorption-responsive orbitals to 
enhance adsorption of oxidative intermediates and improve the OER 
catalytic activity. Further oxidation of Mo edges activates the surface 
sites resulting in overpotentials comparable to those of the basal surface 
and S-covered Zig-zig edges [12]. Nanostructured MoS2 such as nano
sheets and quantum dots [13,14] exhibit superior OER activity as a 
result of exposed MoS2 basal planes and edge sites on the surface. 
Therefore, heterostructures formed by MoS2 together with TMSs and 
carbonaceous materials are promising OER electrochemical catalysts 
[15–21]. For example, Pesci and coworkers [17] have observed 
approximately 1 order of magnitude improvement in the oxygen evo
lution efficiency from MoS2/WS2 on account of better electron-hole 
separation at the interface of the two materials. Li et al. [19] have 
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synthesized a MoS2 compound (MoS2/RGO) on reduced graphene 
(RGO) by a simple solvothermal method showing an overpotential of 
100 mV and Tafel slope of 41 mV dec− 1 in HER and OER. Fe-doped 
NiS/MoS2 [22] has been shown to have abundant interfacial active 
sites for H- and HO-chemisorption and is a good bifunctional electro
catalyst for HER/OER in 1.0 mol L− 1 KOH. 

Even though it is well known that the surface properties are crucial to 
the catalytic activity, more fundamental knowledge and understanding 
are required in order to bring TMS-based catalysts to fruition for com
mercial electrochemical water splitting. In this respect, electrochemical 
impedance spectroscopy (EIS) can provide clues about the surface pro
cesses [23–29]. EIS data acquired at different temperature and poten
tials reflect the surface properties and EIS is a valuable tool to analyze 
the electrolyte-semiconductor and electrolyte-oxide-semiconductor in
terfaces which may have similar properties as the metal-semiconductor 
and metal-oxide-semiconductor structures [30]. In this work, a simple 
one-step hydrothermal method is adopted to prepare transition-metal 
doped MoS2 on conductive graphite felt. Electrochemical methods, 
especially electrochemical impedance spectroscopy, are performed 
systematically to analyze the effects of different dopants on the catalytic 
performance of doped MoS2. 

2. Experimental details 

2.1. Materials 

Sodium molybdate dihydrate (Na2MoO4⋅2H2O), thiourea (CSN2H4), 
ferric nitrate hexahydrate (Fe(NO3)3⋅6H2O), cobaltous nitrate hexahy
drate (Co(NO3)2⋅6H2O), nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O), 
concentrated nitric acid (HNO3, 69%), potassium hydroxide (KOH, 
>85%), and ethanol (C2H6O, 99.5%) were purchased from Sinopharm 
Chemical Reagent Co. Ltd. The chemicals were analytical grade and used 
without purification. The aqueous solutions were prepared with ultra
pure water (18.2 MΩ cm). 

2.2. Synthesis of X-MoS2@graphite felt (X = Fe, Co, Ni) 

The graphite felt (GF) was pretreated using an acid-oxidation method 
to remove impurities and oil stain. Typically, the 2 cm×4 cm graphite 
felt was soaked in HNO3 for one hour at room temperature, washed with 
deionized water and ethanol successively several times, and vacuum- 
dried at 60 ◦C for 8 h. 

The metal doped MoS2 samples were prepared by a one-step hy
drothermal method. 1.0 mmol Na2MoO4⋅2H2O, 4.0 mmol CSN2H4, 0.1 
mmol Fe(NO3)3⋅9H2O (or Co(NO3)2⋅6H2O and/or Ni(NO3)2⋅6H2O) were 
dispersed into 20 mL of deionized water and stirred at room tempera
ture. The solution was transferred to a 25 mL Teflon-lined autoclave 
containing the pretreated graphite felt (GF) and heated to 180 ◦C for 18 
h. After cooling to room temperature, the product was washed with 
deionized water and ethanol for several times and dried at 60 ◦C for 8 h 
to obtain the transition-metal-doped MoS2 samples designated as Fe- 
MoS2@GF, Co-MoS2@GF, and Ni-MoS2@GF. For comparison, 
MoS2@GF was prepared by the same procedures but without addition of 
transition metals. 

2.3. Materials and electrochemical characterization 

The morphology and composition of the samples were characterized 
by field-emission scanning electron microscopy (FE-SEM, Hitachi S- 
4800, Japan) and energy-dispersive X-ray spectroscopy (EDS). The 
surface chemical composition was determined by X-ray photoelectron 
spectroscopy (XPS) with Al Kα irradiation. Transmission electron mi
croscopy (TEM) was conducted to examine the fine structure and Raman 
scattering was performed to analyze the vibrational modes using a 514 
nm laser. 

The electrochemical analysis was carried out using the three- 

electrode system with 1 mol L− 1 KOH (Bio-Logic VMP3). The Hg/ 
Hg2Cl2 (in saturated KCl) and graphite rod (diameter ~ 0.5 cm) were the 
reference and counter electrodes, respectively. Cyclic voltammetry (CV) 
was performed in the potential range between -1.1 and 0.8 V versus SCE 
at scanning rates between 10 and 100 mV s− 1. Linear sweep voltam
metry (LSV) was conducted at a scanning rate of 5 mV s− 1 to assess the 
HER and OER activity. The reversible hydrogen electrode (RHE) was 
evaluated according to the following equation: 

ERHE = E0 + 0.059pH + E(SCE) (1)  

where, E0 is 0.2412 V, pH = 13.6 for 1.0 mol L− 1 KOH, and E(SCE) is the 
working voltage (V). The reaction kinetics was evaluated according to 
the Tafel slope derived from the Tafel plot using the following equation: 

η = blog|j| + a (2)  

where, b, η, j, and a are the Tafel slope (mV-dec− 1), overpotential (mV), 
current density (mA-cm− 2), and overpotential (V) at 1 mA cm− 2, 
respectively. The electrochemically active area (ECSA) was determined 
from the electrochemical double layer capacitance (Cdl) according to the 
following equation: 

ECSA =
Cdl

Cs
(3)  

where, Cs is the specific capacitance of an atomically smooth surface 
taken as 40 μF cm− 2 in 1 mol L− 1 KOH [31] and Cdl was obtained from 
the △j versus V plot derived from multiple CV scans in a specific voltage 
range. To calculate the surface admittance, electrochemical impedance 
spectroscopy (EIS) was performed in the frequency range from 10 mHz 
to 100 kHz along with an alternating current (AC) bias of 10 mV at the 
open-circuit potential (OCP) or changing potentials from -1.1 to 0.8 V vs. 
SCE. All the measurements were performed at room temperature (25 ◦C) 
and the results were normalized to the footprint area. 

3. Results and discussion 

The basic properties of graphite felts (GF) are described in the sup
porting information. The graphite felt comprises graphite wires with a 
diameter of about 8 µm and length of several mm as revealed by SEM in 
Supplementary Fig. S1a (inset). The graphite wires are composed of C 
and O and a small amount of N as shown in the XPS spectrum in Sup
plementary Fig. S1a. The ratio of carbon to oxygen is about 4.24. There 
are defects in the graphite felt as indicated by the significant D-band in 
the Raman scattering spectra and the intensity ratio of the defect to 
graphite bands (ID/IG) is 0.89 (Supplementary Fig. S1b). 

3.1. Structure of X-MoS2@GF (X = Fe, Co, Ni) 

Fig. 1 depicts the surface morphologies of MoS2@GF (1a and 1b), Fe- 
MoS2@GF (1c and 1d), Co-MoS2@GF (1e and 1f), and Ni-MoS2@GF (1g 
and 1h) and the EDS spectra are shown in Supplementary Fig. S2. 
MoS2@GF consists of a small number of nanoparticles on graphite felt 
showing a small Mo/S ratio (Supplementary Fig. S2a). The aggregated 
MoS2 particles are distributed irregularly (Fig. 1a) on the compact 
structure (Fig 1b). Fe-MoS2@GF shows nanoparticles with a diameter of 
about 400 nm uniformly distributed on the graphite felt (Fig. 1c). The 
nanoparticles form a layered structure with holes on the rough surface 
(Fig. 1d). After doping with Fe, The Mo/S ratio increases (Supplemen
tary Fig. S2a). Co-MoS2@GF shows some spherical structures (Fig. 1e) 
and agglomeration of the spherical structures produces a compact sur
face structure (Fig. 1f). Introduction of Co also affects the Mo/S ratio 
with increasing Mo concentration (Supplementary Fig. S2a). The Ni 
dopant combines with MoS2 to form a large number of nanoparticles 
that cover almost the entire graphite felt (Fig. 1g) and the coverage on 
GF and compact structure are confirmed by Fig. 1h. EDS further in
dicates high surface coverage of Ni-MoS2@GF as reflected by the large 

H. Shi et al.                                                                                                                                                                                                                                      



Electrochimica Acta 439 (2023) 141596

3

Ni, Mo and S peaks and small amounts of C and O (Supplementary 
Fig. S2a). 

The XPS spectra in Fig. 2a reveal C, N and O peaks at 285 eV, 400 eV, 
and 530 eV, respectively [32], which introduced by the graphite felt and 
adsorption during the hydrothermal process. Mo and S are detected from 

all the samples and Fe, Co and Ni are observed from Fe-MoS2@GF, 
Co-MoS2@GF and Ni-MoS2@GF, respectively. Fig. 2b shows two peaks 
at 711.4 eV and 725.6 eV for Fe 2p1/2 and Fe 2p3/2, respectively, proving 
that Fe exists in Fe-MoS2@GF as Fe3+ [33]. In addition, owing to the 
variable valence states of iron, charge transfer and transition between O 

Fig. 1. SEM images of (a, b) MoS2@GF, (c, d) Fe-MoS2@GF, (e, f) Co-MoS2@GF, and (g, h) Ni-MoS2@GF. The white scale bars in the left and right images are 10 μm 
and 100 nm, respectively. 
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2p or S 2p, and Fe 3d form iron oxide or sulfide, peaks of iron compounds 
are observed at 714.8 eV, 728.8 eV, and 734.2 eV, respectively. Simi
larly, the peaks at 781.2 and 798.2 eV in the XPS spectrum of Co 2p 
(Fig. 2c) and 854.4 and 874.6 eV in the XPS spectrum of Ni 2p (Fig. 2d) 
are attributed to Co 2p1/2, Co 2p3/2, Ni 2p1/2, and Ni 2p3/2, respectively 
[34], confirming the presence of Co3+ and Ni3+. The weaker peaks stem 
from oxide or sulfide impurities of cobalt and nickel. Their exact 
elemental contents could also be obtained from XPS data, which listed in 
Supplementary Table S1. It shows the small constituents of Mo (1.19 at 
%) and S (0.86 at%) elements in MoS2@GF, comparing to the high ratio 
of C element (73.1 at%). After doping with Fe element (12.08 at %), the 
constituents of Mo (20.11 at%) and S (2.46 at%) elements increase in 
Fe-MoS2@GF. For Ni-MoS2@GF, it also indicates the high surface 
coverage of Ni-MoS2 corresponding to the high ratio of Ni element 
(48.36 at%) and low ratio of C element (9.98 at%). 

Fig. 2e shows the Raman scattering spectra of MoS2@GF, Fe- 
MoS2@GF, Co-MoS2@GF, and Ni-MoS2@GF. The peaks at 380 and 404 
cm− 1 corresponding to the in-plane E1

2g and out-of-plane A1g modes of 
2H-phase MoS2 [35,36] and the three peaks at 146.7, 282 and 338.6 
cm− 1 are the J1, J2, and J3 modes of 1T-phase MoS2. The Raman spectra 
of Fe-MoS2@GF show that 2H-phase MoS2 is mainly responsible for the 
intense out-of-plane A1g and in-plane E1

2g modes. For Co-MoS2@GF, the 
1T-phase MoS2 is the main constituent because that the intensive J1 and 
J2 vibration modes, which would equal to that of the A1g vibration mode 
[37]. The other samples show the mixed structure of 1T-phase and 
2H-phase MoS2 as reflected by almost the same intensity of the J1, J2, 
and J3 vibration modes in conjunction with the E1

2g and A1g vibration 
modes. Raman bands locate at 112 and 197 cm− 1 (marked as D1 and D2) 
are attributed to the lattice-distorted MoS2 structure [22], which could 
also be identified by TEM image. With regard to the metal doped MoS2, 
the properties of the semiconductor-electrolyte interface and 
metallic-electrolyte interface must be explored due to the metallic 
properties 1T-phase MoS2 and semiconducting properties 2H-phase 
MoS2 [37]. 

TEM is performed on Fe-MoS2@GF and Fig. 2f discloses nanospheres 
with a diameter of about 400 nm and no clearly aggregate is formed 

throughout the Fe-MoS2@GF (Fig. 2g). The layered structure consists of 
layers of MoS2 nanoflakes (Fig. 2h). The lattice spacing is 0.27 nm which 
corresponds to the (100) plane of MoS2 [38]. The inset shows the inverse 
fast Fourier transform (IFFT) pattern revealing defects and 
lattice-distorted in Fe-MoS2@GF. 

3.2. Electrocatalytic activities of X-MoS2@GF (X = Fe, Co, Ni) 

Fig. 3 shows the hydrogen and oxidation evolution data of X- 
MoS2@GF (X = Fe, Co, Ni) in 1.0 mol L− 1 KOH. Linear sweep voltam
metry (Fig. 3a) shows that the overpotential of Fe-MoS2@GF is 71.3 
(119.8) mV for a current density 10 (20) mA cm− 2. The overpotentials of 
Co-MoS2@GF and Ni-MoS2@GF are 83.6 and 104.5 mV for a current 
density 10 mA cm− 2 and 139.6 and 163.6 mV for a current density 20 
mA cm− 2, which are much lower than those of the pristine MoS2@GF 
(291.9 and 317.8 mV for current density 10 and 20 mA cm− 2, respec
tively). Fig. 3b discloses that the overpotential of Fe-MoS2@GF is the 
lowest for both 10 and 20 mA cm− 2, which is comparable with the 
representative reported MoS2-based catalysts for HER in 1.0 mol L− 1 

KOH solution (Supplementary Table S2). 
The Tafel slopes obtained by linear sweep voltammetry are analyzed 

to elucidate the HER/OER mechanisms and limiting steps. Fig. 3c shows 
that the Tafel slope of Fe-MoS2@GF is the smallest (61.6 mV dec− 1) 
compared to Co-MoS2@GF (89.5 mV dec− 1) and Ni-MoS2@GF (107.1 
mV dec− 1), while all of them are less than that of the pristine MoS2@GF 
(128.1 mV dec− 1). The results indicate that the Volmer–Heyrovsky step 
is the main reaction process on Fe-MoS2@GF [39]. To evaluate the 
electrochemical active area (ECSA), cyclic voltammograms are obtained 
in the narrow potential range between 0.1 and 0.3 V versus RHE at 
scanning rates from 10 to 100 mV s− 1 (Supplementary Fig. S3). Fig. 3d 
shows the current density verse scan rate curves to calculate electro
chemical active area (ECSA) according to the double-layer capacitance 
(Cdl). The Cdl values of MoS2@GF, Fe-MoS2@GF, Co-MoS2@GF, 
Ni-MoS2@GF and GF are 2.31, 6.26, 3.14, 2.93, and 2.23 mF cm− 2 

respectively and the ECSA values are 57.75, 156.5, 78.5 and 73.25, and 
55.75 cm2 respectively. 

The OER activity is evaluated in 1.0 mol L− 1 KOH and Fig. 3e shows 
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overpotentials of 363.1, 221.82, 289.96, 354.27, and 581.3 mV for a 
current density 10 mA cm− 2 for MoS2@GF, Fe-MoS2@GF, Co- 
MoS2@GF, Ni-MoS2@GF, and GF, which is comparable with the repre
sentative reported MoS2-based catalysts for OER in 1.0 mol L− 1 KOH 
solution (Supplementary Table S3). At a current density 20 mA cm− 2, 

the overpotentials increase to 467.4, 300.1, 383.2, 432.4, and 658.3 mV, 
respectively. Fig. 3f shows that the overpotential of Fe-MoS2@GF is the 
lowest for 10 and 20 mA cm− 2. The Tafel slopes of MoS2@GF, Fe- 
MoS2@GF, Co-MoS2@GF Ni-MoS2@GF and GF are calculated to be 
177.64, 107.08, 133.13, 139.67 mV, and 253.27 mV dec− 1, respectively 

Fig. 3. Electrocatalytic characteristics of MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni) in 1 mol L− 1 KOH: (1) HER characteristics: (a) HER LSV curves, (b) Over
potentials at current densities of 10 and 20 mA cm− 2, (c) Tafel plots, and (d) Current-potential curves at different sweeping rates; (2) OER characteristics: (e) OER 
LSV curves, (f) Overpotentials at current densities of 10 and 20 mA cm− 2, (g) Tafel plots, and (h) Current-potential curves at different sweeping rates. 
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(Fig. 3g) and Fe-MoS2@GF shows the smallest Tafel slope value. Ac
cording to the cyclic voltammograms are obtained in the narrow po
tential range between 1.1 and 1.3 V versus RHE at scanning rates from 
10 to 100 mV s− 1 (Supplementary Fig. S4), Fig. 3h shows the current 
density verse scan rate curves to calculate electrochemical active area 
(ECSA) according to the double-layer capacitance (Cdl). It shows that the 
Cdl values of MoS2@GF, Fe-MoS2@GF, Co-MoS2@GF Ni-MoS2@GF, and 
GF are 6.42, 9.37, 7.62 7.23, and 2.98 mF cm− 2 respectively. The cor
responding ECSA values are calculated to be 160.5, 234.25, 190.5, 
180.75, and 74.5 cm2, respectively. Owing to a larger active area, the 
oxygen evolution reaction is enhanced and the results corroborate that 
doping with transition metals especially Fe improves the OER activity of 
MoS2. The Tafel slope shows that rate determining step in OER on Fe- 
MoS2@GF is the third step of OH− adsorption [7]. After proton and 
electron transfer, the metal oxide adsorbs OH and converts into metal 
ions and OOH (Such as M-OOH), and then couples with OH− at the 
active site to lose an electron and produce oxygen. 

3.3. Electrochemical characteristics 

Fig. 4a shows the cyclic voltammograms (CV) of X-MoS2 (X = Fe, Co, 
Ni) in the potential range from -1.1 to 0.7 V vs. SCE at a scanning rate of 
100 mV s− 1 in 1.0 mol L− 1 KOH. The CV curve of GF is also shown for 
comparison. The CV curve of GF shows a square shape in the broad 
potential range. As the potentials shift to more negative values than -1.1 
V vs. SCE, the current density increases steadily due to hydrogen 
adsorption on GF similar to the electrochemical adsorption on activated 
carbon [40]. OER occurs at a positive potential of more than 0.7 V. The 
CV curve of MoS2@GF shows a clear redox process indicated by the 
oxidation peak at -0.1 V and reduction peak at -0.5 V. After coating of 
MoS2, OER occurs at a small potential of about 0.6 V, while HER is not 
affected and overlapped with the GF electrode. After doping Fe into 
MoS2, the HER potential shifts to about -1.0 V vs. SCE at the low part of 
Fig. 4a and a larger current density appears at about 0.5 V corresponding 
to OER. 

Cyclic voltammogram (CV) curves are collected at different scanning 
rates from 10 to 100 mV s− 1 from graphite felt (Fig. 4b), MoS2@GF 
(Fig. 4c), and Fe-MoS2@GF (Fig. 4d). As shown in Fig. 4b, the CV curves 
of GF show a square shape and the current density increases with 
sweeping rates in the broad potential region from -0.4 to 0.6 V corre
sponding to adsorption of the electrical double layer. Below -0.5 V, the 
current density increases with scanning rates on account of hydrogen 
adsorption/desorption on the electrode surface [40]. The anodic 
(cathodic) peaks of MoS2@GF (Fig. 4c) shift to the higher (lower) po
tentials with increasing scanning rates and the currents densities of the 
anodic and cathodic peaks increase continuously. As for Fe-MoS2@GF 
(Fig. 4d), the current densities of the anodic peaks increase continuously 
with scanning rates and the anodic peaks stay at almost the same po
tential. The cathodic peaks shift to the lower potentials with scanning 
rates and the currents densities are almost keep constant, especially at 
large sweeping rates. 

The current densities and potentials of the redox peaks versus 
scanning rates are shown in Fig. 4e and f, respectively. The potentials of 
MoS2@GF shift to positive or negative values with increasing scanning 
rates and the current densities increase with slope rates of about 0.61 
and 0.51 for oxidation and reduction. The potential shift with sweeping 
rates for anodic and cathodic peak indicates a quasi-reversible redox 
reaction on MoS2@GF in KOH [41]. The potentials of the anodic peaks of 
Fe-MoS2@GF are almost constant (-0.18 V vs. SCE) and the current 
densities increase with a slope rate of 0.86. The increasing current 
densities are related to the surface redox process attributed to surface 
adsorption. With regard to the cathodic peaks, the potentials shift from 
-0.4 to -0.53 V continuously with sweeping rate (almost overlapping that 
of MoS2@GF). The current densities increase slowly as the scanning 
rates are increased from 10 to 40 mV s− 1 and then stabilize (~0.3 mA 
cm− 2) at large sweeping rates (50 to 100 mV s− 1). 

The changes in the potentials and current densities are related to the 
semiconducting properties of Fe-MoS2@GF which comprises 2H-phase 
MoS2. A reference potential -0.3 V Vs. SCE is selected corresponding 
to the meditate value of fast-changing characteristic frequency and 
surface conductance (see the discussion of surface admittance). At a high 
potential (oxidized state), n-type MoS2 remains in the depletion state 
and the surface field (directed to the electrolyte) enables easier 
adsorption of negative species such as OH− . The increasing current 
densities with scanning rates are associated with the high concentration 
of OH− in the solution [6,30,42]. At a small potential (reduced state), 
n-type MoS2 stays at the accumulation state and the surface electric field 
(directed to the MoS2 electrode) facilitates adsorption of positive species 
such as H3O+ on the electrode surface. The almost constant current 
density with increasing sweeping rate even at a large potential change 
stems from the small concentration H+. 

After doping with Co and Ni, metallic properties of MoS2 are 
observed from X-MoS2@GF (X = Co, Ni) and clear redox peaks appear in 
the potential range between 0.2 and 0.7 V, as shown in Fig. 4a. The CV 
curves obtained at the different sweeping rates are presented in Sup
plementary Fig. S5. The quasi-reversed electrochemical process can be 
inferred from the redox peaks in the CV curves (large potential differ
ence between redox peaks) [41]. The oxidation (reduction) peak of 
Co-MoS2@GF at 0.3 (0.18) V vs. SCE corresponds to the electrochemical 
process between Co2+ and Co3+ [43] and the oxidation (reduction) peak 
of Ni-MoS2@GF at 0.65 (0.4) V vs. SCE represents the electrochemical 
process between Ni2+ and Ni3+ [44]. The results indicate that the 
valence changes affect the surface properties and subsequently the OER 
and HER performance. 

3.4. . Electrochemical impedance spectroscopy 

Surface oxidation frequently occurs on semiconductors during im
mersion in a liquid electrolyte and the oxidation products affect the 
energy and concentration of surface states in electrochemical processes 
[23]. In order to better understand the kinetics and charge transfer 
during HER/OER in 1.0 mol L− 1 KOH, electrochemical impedance 
spectra (EIS) are collected at the open-circuit potential (OCP) and 
Nyquist plots are shown in Fig. 5a and b. Two semicircles in the fre
quency range from 0.01 to 10,000 Hz appear from MoS2@GF and 
X-MoS2@GF (X = Co, Ni), the equivalent circuit is exhibited in Fig. 5a 
inset. In the equivalent circuit, the constant phase element (CPE) com
ponents are introduced to represent the distribution effects [45] of the 
three-dimensional (3D) network of GF, and CPE1 and CPE2 represent the 
pseudo-capacitances of the space charge layer and double-layer capac
itor corresponding to adsorption, respectively. RS stands for the series 
resistance, and R1 and R2 are the shunt resistance of the space charge 
layer and charge transfer resistance in the adsorption process. The 
agreement between the experimental data (dots) and fitted data (solid) 
corroborates the validity of the equivalent circuit in the high frequency 
range from 105 to 0.1 Hz. When the frequencies are less than 0.1 Hz, the 
electrochemical properties are determined by ion diffusion in the solu
tion [45], as also shown the Bode plots of MoS2@GF and X-MoS2@GF (X 
= Fe, Co, Ni) at OCP (Supplementary Fig. S6). The different frequency 
regions correspond to different electrochemical processes including 
those at the semiconductor-insulator interface composed of the space 
charge capacitance CSC (represented by CPE1) as well as the shunt 
resistance of the space charge layer R1 in the high frequency region 
according to the fast-relaxing element. The capacitance includes the 
double layer capacitance CDL (represented by CPE2) and charge transfer 
resistance of the adsorption process R2 between the semiconductor and 
electrolyte in the medium frequencies and diffusion process associated 
with ions in the solution at low frequencies. The low-frequency response 
is not analyzed here. In order to study the high-frequency properties, the 
knee frequency fN is introduced to distributed the two semicircles, as 
shown in Fig. 5b. The frequency region higher than fN corresponds to the 
space charge layer effect and the lower frequency region represents the 
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adsorption of the electrical double layer. The knee frequency fN is 1963 
Hz for Fe-MoS2@GF, which lower than that of MoS2@GF (2905 Hz). The 
highest knee frequency for Co-MoS2@GF (4306 Hz) would be attributed 
to the metallic properties 1T-phase MoS2 structure. The lowest knee 
frequency is shown for Ni-MoS2@GF (1323 Hz) arises from the almost 
full coverage Ni-MoS2 on the graphite felt surface. 

Table 1 shows that the series resistances RS are the larger values for 
Fe-MoS2@GF (9.64 Ω cm2) and MoS2@GF (11.49 Ω cm2) as a conse
quence of the semiconducting properties 2H-phase MoS2. Due to the 
metallic properties 1T-phase for Co-MoS2@GF, the smallest series 
resistance value (5.37 Ω cm2) and shunt resistance R1 value (2.3 Ω cm2) 
are shown. The small resistances RS and R2 of Ni-MoS2@GF (6.43 and 
625 Ω cm2) is ascribed to large surface coverage of graphite felt and 
easier adsorption. The fitted constant phase element indicates that the 
space charge layer effect is consistent due to the nearly unity index n of 
the constant phase element [45]. In the space charge layer, the indexes 
n1 of the constant phase elements are 0.85, 0.87, 0.89, and 0.86 for 
MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni), respectively. In the 
adsorption process on the electrical double layer, the indexes n2 of the 
constant phase elements are almost 0.5 for X-MoS2@GF (X = Fe, Co, Ni). 

If impedance Z subtracts the frequency independence series resis
tance RS [24]: 

Z′

= Z − RS (4)  

and the resulting admittance can be calculated: 

Y =
1
Z ′ =

1
R1

+ ω2 CDL2

1 + ω2τ2
2
+ Jω

(

CSC +
CDL

1 + ω22
2

)

(5)  

where, ω = 2πf is the angle frequency, τ2 = CDLR2 is the relaxation time 
of the adsorption process. In this case, the contribution of the parallel RC 
element can be derived by the surface admittance Y. At a given reference 
potential such as OCP, the surface admittance Y can be determined from 
the measured impedance data, and the surface admittance comprising 
the real part Y’ identifies the surface electrical conductance and the 
imaginary part Y’’ reflects the characteristic frequency [23,24,28]. 

Y ′

=
1
R1

+ ω2 CDL2

1 + ω2τ2
2

(6)  

Y ′′ = ω
(

CSC +
CDL

1 + ω22
2

)

(7) 

Fig. 5 shows the surface admittance of Y’ (Fig. 5c) and Y’’ (Fig. 5d) as 
a function of frequencies for MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni) 
in 1 mol L− 1 KOH. There is a platform (peak) in the real (imaginary) part 
of surface admittance in the frequency range between 10 and 1000 Hz. 
Below this frequency range, the real part of surface admittance de
creases quickly because the shunt resistance R1 transfers the current at 
low frequencies. Above the frequency range, the space charge capaci
tance CSC is the main parameter corresponding to the increasing imag
inary part of surface admittance. The platform (peak) in the middle 
frequency region is consistent with the frequency of the electrical double 
layer related to electrochemical adsorption/desorption as shown by the 
impedance data (Fig. 5b). The judgement of adsorption/desorption 
process would be confirmed by the surface admittance data of graphite 
felt (GF) without MoS2 (Supplementary Figs. S7 and S8). At OCP, the 
weak platform (peak) appears at about 100–1000 Hz for the real 
(imaginary) part of the surface admittance (Supplementary Fig. S7) due 
to the weak adsorption process of GF electrode. For different operation 
potentials (Supplementary Fig. S8), only in the potential range between 

Fig. 5. (a) Impedance Nyquist plots of MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni) in 1 mol L− 1 KOH at the open circuit potential and (b) high frequency region. 
Inset shows Equivalent circuit. Experimental (dots) and fitted (solid) data. Related surface admittance: (c) Real part and (d) Imaginary part. 

Table 1 
Fitted EIS data for MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni) in 1.0 mol L− 1 

KOH at the open circuit potential (OCP).  

Catalysts RS R1 (n1) R2 (n2) GRE FC Nit 

MoS2@GF 11.49 4.0 
(0.85) 

703 
(0.64) 

6.3 ×
10− 2 

603.0 2.02 ×
1012 

Fe- 
MoS2@GF 

9.64 6.6 
(0.87) 

3472 
(0.50) 

6.5 ×
10− 2 

185.5 2.45 ×
1012 

Co- 
MoS2@GF 

5.37 2.3 
(0.89) 

3921 
(0.54) 

1.3 ×
10− 1 

893.7 5.09 ×
1011 

Ni- 
MoS2@GF 

6.43 5.0 
(0.86) 

625 
(0.50) 

1.0 ×
10− 1 

84.5 2.21 ×
1013 

RS, R1, R2: Resistance values (Ω-cm2), n1 (n2): Index of constant phase element, 
GRE: surface conductance (Ω-cm2)− 1, FC: Characteristic frequency (Hz), Nit: 
surface states (cm− 2). 
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-0.2 V and 0.2 V vs. SCE, the weak platforms (peaks) appear during the 
frequency region 100–1000 Hz for the real (imaginary) parts of the 
surface admittance. 

The surface conductance can be determined from the real part of the 
admittance and the frequency of the peak in the imaginary part is related 
to the characteristic frequency corresponding to the maximum changing 
rate of surface conductance. The characteristic frequency can be un
derstood as the energy loss associated with the RC circuit and the loss 
will be maximum when the applied frequency reaches resonance [23]. 
The capacitance Ci and number of interface states (Ci/e) can be obtained 
by RiCi = τi and ωτi = 1 [23,24], and the related numbers are also shown 

in Table 1. The surface conductance (platform values) and characteristic 
frequencies change after incorporation of Fe, Co and Ni into MoS2. 
Fe-MoS2@GF shows a lower surface conductance (6.5×10− 2 (Ω cm2)− 1), 
lower characteristic frequency (185. 5 Hz), and higher surface state 
(2.45×1012 cm− 2). The surface conductance of Co-MoS2@GF increases 
to 1.3×10− 1 (Ω cm2)− 1 compared to MoS2@GF (6.3×10− 2 (Ω cm2)− 1) 
and Fe-MoS2@GF, and show a low surface state 5.09×1011 cm− 2 cor
responding to the high characteristic frequency 893.7 Hz. Owing to the 
large coating ratio of Ni-MoS2@GF, the electrocatalytic properties are 
not better despite high surface admittance (1.0×10− 1 (Ω cm2)− 1) and 
surface states (2.21×1013 cm− 2). It indicates that the surface state of 

Fig. 6. Surface admittances at the different potentials: (a, b) MoS2@GF, (c, d) Fe-MoS2@GF, (e, f) Co-MoS2@GF, and (g, h) Ni-MoS2@GF; (i) characteristic fre
quencies and (j) Surface conductivities. 
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metal-doped MoS2 is an important parameter in the electrocatalytic 
process. The regular nanostructure of Fe-MoS2 and semiconducting 
properties render it easier to form the tri-phase interface for improved 
bifunctional electrocatalytic properties [46]. 

In order to investigate the adsorption/desorption processes on the 
electrode surface at different potentials, the real and imaginary parts of 
the surface admittance are shown in Fig. 6 for MoS2@GF (6a and 6b), Fe- 
MoS2@GF (6c and 6d), Co-MoS2@GF (6e and 6f), and Ni-MoS2@GF (6g 
and 6h). The admittance plateau of MoS2@GF appears from the fre
quency range of 10 to 300 Hz, the surface conductance decreases as the 
potential changes from -1.0 V to 0.4 V (Fig. 6a), and the corresponding 
characteristic frequencies shift to higher values (Fig. 6b). After Fe 
doping, the surface conductance decreases steadily in the frequency 
range from 10 to 500 Hz when the operating potential increases from 
-1.0 V to 0.6 V (Fig. 6c). With increasing potentials, the characteristic 
frequencies shift to high values (from 100 to 400 Hz) in the imaginary 
part of the surface admittance (Fig. 6d). After incorporation of Co, the 
plateau appears in the frequency range from 10 to 300 Hz and the sur
face conductance decreases steadily when the operation potential goes 
up from -1.0 V to 0.0 V (Fig. 6e). With increasing potentials, the char
acteristic frequencies shift from 400 Hz to 1000 Hz for the imaginary 
part of the surface admittance (Fig. 6f). When the potential increases 
from 0.2 to 0.6 V, the plateau of surface conductance and characteristic 
frequencies shift to low frequencies. The characteristic frequencies shift 
to 10 Hz at 0.2 V, 8 Hz at 0.4 V and 5 Hz at 0.6 V. The changes of surface 
conductance and characteristic frequency are related to the surface 
electrochemical process on Co-MoS2@GF, as shown by the redox peaks 
in the CV curve (high potential in Fig. 4a). For Ni-doped MoS2, the 
plateau appears at frequencies between 10 and 100 Hz and the surface 
conductance decreases steadily when the operating potential increases 
from -1.0 V to 0.6 V (Fig. 6g). The characteristic frequencies shift from 
40 Hz to 100 Hz in the imaginary part of the surface admittance 
(Fig. 6h). At a potential higher than 0.6 V, the plateau of the surface 
conductance and the characteristic frequencies shift to low frequencies, 
0.3 Hz at 0.7 V and 0.7 Hz at 0.8 V. The change of surface conductance is 
associated with the surface electrochemical process of Ni-MoS2@GF as 
shown by the redox peaks in the CV curves (Fig. 4a). 

In order to analyze the change of the surface admittance with po
tentials quantitatively, the characteristic frequency and surface 
conductance are summarized in Fig. 6i and j, respectively. The charac
teristic frequencies increase with potentials, and the large frequency 
increasing appear during the potential region between -0.6 and 0 V vs. 
SCE (dashed lines in Fig. 6i). The medium frequency (-0.3 V vs. SCE) 
would be selected to distributed two parts of the potential region cor
responding to the different surface process, as discussed in CV curves. 
The characteristic frequency of Fe-MoS2@GF increases by almost 3.3 
times from 120 to 400 Hz when the operating potential increases from 
-0.6 to 0 V, corresponding to large changing of surface states for 
adsorption/desorption process. The characteristic frequencies of 
MoS2@GF and Co-MoS2@GF increase by 2 times (from 338 to 680 Hz) 
and 2.2 times (from 430 to 960 Hz), respectively. Ni-MoS2@GF shows 
the low characteristic frequencies and increase from 52 to 105 Hz (2 
times) when the operating potential goes up from -0.6 to 0 V. 

The surface conductance decreases linearly with potentials from -0.8 
to 0.4 V vs. SCE, as shown in Fig. 6j. Fe-MoS2@GF shows the smallest 
decreasing rate of 2.25×10− 4 in comparison with MoS2@GF 
(2.5×10− 4). Co-MoS2@GF shows a largest decreasing rate of 0.034. It 
indicates that bifunctional electrocatalytic properties would determine 
by surface adsorption/desorption process and the changing of surface 
conductance with potential. For semiconductor properties of Fe- 
MoS2@GF, it shows the large quantity of surface adsorption/desorption 
and slow-changing surface conductance, and excellent bifunctional 
electrocatalytic properties are achieved. The fast-changing surface 
conductance and small adsorption/ desorption quantity would be 
related to the metallic properties of Fe-MoS2@GF. Large adsorption/ 
desorption quantity (2.21×1013 cm− 2) and fast-changing rate of surface 

admittance (0.013) are observed from Ni-MoS2@GF. However, the 
performance in bifunctional electrocatalysis stems from the inefficient 
tri-phase interface of Ni-MoS2@GF due to the large surface coverage of 
Ni-MoS2 on graphite felt. 

4. Conclusion 

A one-step hydrothermal method is adopted to prepare transition- 
metal-doped MoS2 on conductive graphite felt. Electrochemical assess
ment and surface admittance analysis based on electrochemical 
impedance spectroscopy are carried out to investigate the surface states 
of X-MoS2 (X = Fe, Co, Ni). Owing to the semiconducting properties of 
Fe-MoS2, surface adsorption/desorption, as well as slow-changing sur
face conductance with operating potentials, excellent bifunctional 
electrocatalytic properties are achieved. The electrochemical properties 
can be explained based on the surface electric field between the semi
conductor and electrolyte at different potentials. The results indicate 
that the surface morphology and electric field are crucial to the char
acteristics and stability of the bifunctional electrode in HER/OER. 
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Figure S1. (a) XPS spectrum and (b) Raman scattering spectrum of graphite felt.  

Inset in (a) shows the SEM image. 
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Figure S2. EDS spectra of MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni). 

 

Table S1 Element ration (at%) of X-MoS2 (X = Fe, Co, Ni) based on XPS data. 

 
 C O Mo S Metal 
MoS2@GF 73.15 24.80 1.19 0.86    
Fe-MoS2@GF 44.08 21.25 20.11  2.46  12.08  
Co-MoS2@GF 42.91 24.09 10.83 0.45 21.72  
Ni-MoS2@GF 9.98 25.84 15.26 0.56 48.36 
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Figure S3. Cyclic voltammograms of MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni) 

in 1.0 mol-L-1 KOH solution in the narrow potential range between 0.1 and 0.3 V 

versus RHE at scanning rates from 10 to 100 mV s−1.  
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Figure S4. Cyclic voltammograms of MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni) 

in 1.0 mol-L-1 KOH solution in the narrow potential range from 1.1 to 1.3 V versus 

RHE at scanning rates from 10 to 100 mV s−1.  
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Table S2. Collected data for HER in 1 mol-L-1 KOH. 
 

Catalyst Overpotential (mV) 
(at 10 mV cm-2) 

Tafel Slope 
(mV dec-1) 

Reference 

MoS2@GF 291.9 89.54 This Work 
Fe-MoS2@GF 71.3 61.55 This Work 
Co-MoS2@GF 83.6 107.07 This Work 
Ni-MoS2@GF 104.5 128.05 This Work 
Co-doped MoS2 90 50 1 
FeS2-MoS2 136 82 2 
Ni-doped MoS2 98 60 3 
1T/2H MoS2 234 46 4 
MoS2/CNT 290 47 5 
MoS2/RGO 145 41 6 
MoS2/GF 100 39 7 
MoS2/Co9S8/Ni3S2/Ni 113 85 8 
Ni-doped 1T MoS2 112 48 9 
Covalent Cobalt doped 
MoS2 

132 52 10 

 
 
Table S3. Collected data for OER in 1 mol-L-1 KOH. 
  

Catalyst Overpotential(mV) 
(10 mA cm-2) 

Tafel Slope 
(mV dec-1) 

Reference 

MoS2@GF 363.12 177.64 This Work 
Fe-MoS2@GF 221.82 107.08 This Work 
Co-MoS2@GF 289.96 133.13 This Work 
Ni-MoS2@GF 354.27 139.67 This Work 
Co-doped MoS2 190 64 11 
Ni-doped MoS2 320 88 12 
Fe-Doped MoS2 230 79 13 
MoS2@CoNC 257 52 14 
1T-MoS2/CNT 280 N/A 15 
Pd@1T-MoS2 200 N/A 16 
Ni-MoS2-RGO 349 122 17 
RGO/MoS2/Pd 245 42 18 
Ni-doped 1T MoS2 224 54 9 
Covalent Cobalt 
doped MoS2 

350 85 10 
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Figure S5. Cyclic voltammograms acquired at scanning rates from 10 to 100 mV-s-1 

from (a) Co-MoS2@GF and (b) Ni-MoS2@GF in 1.0 mol-L-1 KOH.  

 

  

a 

b 



10 
 

 

-2 -1 0 1 2 3 4 5
0

1

2

3

 

M
o

d
u

lu
s
 (

L
o

g
 |
Z

| 
W

 c
m

2
)

Frequency (Logf Hz)

 MoS2/GF

 Fe-MoS2/GF

 Co-MoS2/GF

 Ni-MoS2/GF

 

-2 -1 0 1 2 3 4 5

-80

-60

-40

-20

0

 

P
h

a
s
e

 a
n

g
le

 (
d

e
g

re
e

)

Frequency (Logf Hz)

 MoS2/GF

 Fe-MoS2/GF

 Co-MoS2/GF

 Ni-MoS2/GF

 

 

Figure S6. Bode plots of MoS2@GF and X-MoS2@GF (X = Fe, Co, Ni) in 1.0 

mol-L-1 KOH at the open circuit potential. (a) modulus |Z| and (b) phase angle. 

Experimental (dots) and fitted (solid) data.  
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Figure S7. Surface admittance of graphite felt at the open circuit potential in 1.0 

mol-L-1 KOH solution: (a) Real part and (b) Imaginary part.  
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Figure S8. Surface admittance of graphite felt at different potentials in 1.0 mol-L-1 

KOH: (a) Real part and (b) Imaginary part.  
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