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A B S T R A C T   

The development of highly active, highly durable, and inexpensive electrode materials for water electrolysis is 
essential for future sustainable energy systems. Herein, we demonstrate heterostructures of metal sulfides 
deposited on Ni foam (NF) through electrodeposition for highly efficient water splitting. Iron-cobalt-nickel 
sulfides deposited on Ni foam (FeCoNiS@NF) exhibit a low overpotential of 302 mV (at 50 mA cm−2) for 
OER, and molybdenum-cobalt-nickel sulfides on Ni foam (MoCoNiS@NF) can provide a current density of 10 mA 
cm−2 at an overpotential of 114 mV for HER in alkaline solution. The lower charge-transfer resistance and Tafel 
slope values for FeCoNiS@NF and MoCoNiS@NF electrodes demonstrate the favorable reaction kinetics toward 
OER and HER, respectively, resulting from their intrinsic catalytic activity, good electrical conductivity, and 
accessible active sites. Furthermore, FeCoNiS@NF as anode and MoCoNiS@NF as cathode require a cell voltage 
of 1.68 V to produce a current density of 10 mA cm−2 with impressive durability under alkaline conditions, 
further proving the advancement and potential of trimetallic sulfides with optimal interfaces in the development 
of cost-effective electrodes for alkaline water splitting.   

1. Introduction 

Green hydrogen has attracted widespread attention thanks to its high 
gravimetric energy density and the potential to deal with environmental 
pollution threats and fossil fuel depletion [1–3]. Electrochemical water 
splitting provides us with a reliable pathway to producing clean 
hydrogen from renewable sources [4–6]. In an alkaline solution, water 
splitting involves a cathodic hydrogen evolution reaction (HER: 2H2O +
2e− → H2 + 2OH−) and an anodic oxygen evolution reaction (OER: 
4OH− → O2 + 2H2O + 4e−) [7]. The theoretical potential of water 
splitting is 1.23 V [7]. However, it usually requires a much higher 
operating cell voltage to achieve the desired current density due to its 
kinetically sluggish process. HER and OER are significantly influenced 
by electrocatalysts. Currently, noble metal materials such as Pt, Ir, and 
Ru-based electrocatalysts are employed as commercial electrodes for 
HER and OER, owing to their excellent electrocatalytic activities [8–10]. 
The excessive price and rare nature of these precious metal-based ma-
terials hamper their application in industrial-scale water electrolysis 

systems. Exploring low-cost, highly active, and durable electrocatalysts 
is demanding and still faces tough challenges. Transition metal-based 
materials present their advantages of high earth abundance and low 
cost, which have been intensely studied as electroactive materials for 
electrochemical applications and could be promising alternative elec-
trocatalysts for HER and OER [11–16]. So far, these nonprecious ma-
terials such as transition-metal hydroxides, oxides, chalcogenides, 
phosphides, and alloys have shown their promising electrocatalytic ac-
tivities toward HER and OER [4,17-20]. In the fabrication of electrodes 
for HER and OER, the typical approach is to make an electrocatalyst 
slurry where the active material, a conductive compound, and a binder 
are mixed in a suitable solvent and then dropped onto the conductive 
substrate. The existence of a binder may cause high resistance for the 
electrode and thus affect its electrochemical activity [21]. It may also 
affect the electrode stability, especially operating at a high current 
density, resulting from the stripping of active materials from the elec-
trode. These challenges inspire more and more researchers to develop 
binder-free electrocatalysts. Enormous efforts have been devoted to 
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growing or depositing active materials on different substrates such as 
copper foil, titanium foil, nickel foam, and carbon cloth/paper by 
several synthetic approaches [22–24]. For instance, Wang et al. syn-
thesized NiCoP@NiMn-based electrocatalysts via a hydrothermal pro-
cess [25]. This electrocatalyst is simultaneously highly active toward 
HER and OER. They concluded some advantages of this electrocatalyst: 
(1) high intrinsic activity; (2) good electrical conductivity; and (3) Ni 
foam with a large surface area for active sites and 3D structure for the 
release of gas bubbles [25]. 

Transition metal sulfides have been widely utilized in alkaline water 
electrolysis systems, thanks to their high electrical conductivity and 
excellent intrinsic activity [26–28]. Several transition metal sulfides 
have been demonstrated as efficient electrocatalysts for OER (e.g., 
CoxSy, NixSy, FexSy, and CuxSy) and HER (e.g., CoxSy, NixSy, WxSy, and 
MoS2) [29–34]. Zheng et al. reported a polyol solution method to pre-
pare nickel sulfide catalysts with different phases and demonstrated that 
Ni3S2 has better water-splitting performance compared with NiS and 
NiS2. They pointed out that the good catalytic activity of Ni3S2 is owing 
to the abundant active centers, high metallic conductivity, and optimal 
Gibbs free energy for catalyst-H* for HER [35]. Binary metal sulfides 
have also been explored for water-splitting reactions in alkaline media 
[33,36]. It was reported that Ni3S2/FeS showed higher HER and OER 
activities than single metal sulfides (Ni3S2 and FeS) [37]. The corre-
sponding DFT calculations revealed that the H+ and OH−adsorption is 
more favorable for Ni3S2/FeS interfaces compared with Ni3S2 and FeS, 
resulting from its lower adsorption energy [37]. This result also indi-
cated that the synergistic effect of different metal sulfides could change 
the intrinsic electronic structures and adsorption energy thus exposing 
more accessible active sites and improving the catalytic activities for 
electrochemical reactions during the water-splitting process. The above 
results imply that the design of multi-transition-metal sulfide electro-
catalysts effectively improves the water-splitting performance of non-
precious electrocatalysts. However, as far as we know, trimetallic 
sulfides in alkaline water splitting for H2 production are relatively less 
studied. Their corresponding working mechanisms are still unclear and 
need further exploration. 

Herein, we report the preparation of heterostructure trimetallic 
sulfides on Ni foam substrates as porous self-supported electrodes for 
OER and HER via an energy-saving electrodeposition process. FeCo-
NiS@NF presents a low overpotential of 302 mV (at 50 mA cm−2) during 
the OER process, and MoCoNiS@NF only requires an overpotential of 
114 mV to achieve a current density of 10 mA cm−2 for HER. The 
desirable OER and HER activities of the trimetallic sulfides result from 
the synergistic effect of heterostructure interfaces of multi-metal sul-
fides, providing high intrinsic catalytic activity and a large amount of 
catalytic active sites. The fast reaction kinetics of trimetallic sulfides 
were confirmed by observing lower charge-transfer resistance and Tafel 
slopes. 

Importantly, we demonstrated an efficient synergistic strategy for 
enhancing OER/HER performances by incorporating Fe/Mo to cobalt- 
nickel sulfides. The FeCoNiS@NF/ MoCoNiS@NF present good water- 
splitting activity and durability, which could be promising electrodes 
to alternative noble metal-based materials for alkaline water electrol-
ysis. This work also provides valuable insights into the working mech-
anisms behind the OER/HER catalytic process based on Tafel slope and 
electrochemical impedance spectroscopy analysis. 

2. Experimental section 

2.1. Chemicals 

Nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O, 97.0%), cobalt nitrate 
hexahydrate (Co(NO3)2⋅6H2O, 98.0%), Iron chloride hexahydrate 
(FeCl3⋅6H2O, 98.0%), sodium molybdate dihydrate (Na2MoO4⋅2H2O, 
99.5%), hydrochloric acid (HCl), thiourea, potassium hydroxide (KOH), 
iridium oxide (IrO2) powder, 20% platinum on graphitized carbon (Pt/ 

C), and ethanol were obtained from Sigma-Aldrich. The above chemicals 
were used without further treatment. 

2.2. Electrocatalyst synthesis 

Metal sulfides deposited on Ni foam electrodes were fabricated by an 
electrodeposition method, which is schematically shown in Figure S1. 
Briefly, Ni foam substrates were pre-treated by ultrasonication in acid (3 
M HCl), deionized (DI) water, and ethanol sequentially to clean the Ni 
foam surface. Then, the treated Ni foam substrates were placed in a 
vacuum oven (60 ◦C) for dying. The electrodeposition was conducted in 
a three-electrode cell using a piece of Ni foam (1 × 1 cm2) as the working 
electrode. A graphite rod and silver/silver chloride (Ag/AgCl) served as 
the counter and reference electrodes, respectively. 1.5 mmol Ni 
(NO3)2⋅6H2O and 0.05 mol thiourea in 50 mL DI water were employed 
as the electrolyte to achieve the NiS@NF self-standing electrode. 
Whereas 0.75 mmol Co(NO3)2⋅6H2O, 0.75 mmol Ni(NO3)2⋅6H2O, and 
0.05 mol thiourea were used to deposit the bimetallic sulfides (CoN-
iS@NF) on the Ni foam substrate. Finally, trimetallic sulfides were 
grown on the Ni foam substrate (FeCoNiS@NF/MoCoNiS@NF) using 
0.5 mmol Co(NO3)2⋅6H2O, 0.5 mmol Ni(NO3)2⋅6H2O, 0.05 mol thiourea 
and 0.5 mmol FeCl3⋅6H2O/Na2MoO4⋅2H2O precursors. The electrode-
position process was performed with a potential of −1.2 V (vs. Ag/AgCl) 
for 900 s in the corresponding electrolyte solution by chro-
noamperometry. After deposition, the as-prepared self-standing elec-
trodes were rinsed several times with DI water and ethanol and then 
dried at 60 ◦C. The mass loadings of the fabricated NiS@NF, CoNiS@NF, 
FeCoNiS@NF, and MoCoNiS@NF were about 4.7 mg cm−2, 4.2 mg 
cm−2, 1.2 mg cm−2, and 4.7 mg cm−2, respectively. 

2.3. Morphological and structural characterization 

The field emission scanning electron microscopy (FESEM, Tescan 
Mira3) and energy dispersive X-ray spectroscopy (EDS) were carried out 
to analyze the morphology and elemental distribution of the synthesized 
catalysts. The structures of materials were further characterized by 
transmission electron microscopy (TEM, ThermoFisher Talos 200X). The 
structure of the prepared electrode materials was identified by powder 
X-ray diffraction (XRD) with a PANalytical Empyrean powder diffrac-
tometer. The compositions of deposited layers on the NF surface were 
characterized by Raman spectroscopy (excitation wavelength: 532 nm). 
X-ray photoelectron spectroscopy (XPS) was carried out using an AXIS 
Supra by Kratos Analytical equipped with an Al anode monochromatic 
X-ray source anode source at 15 kV with a 5.0 × 10–8 Torr vacuum level. 
All the peaks were fitted based on the reference C–C bond at 284.6 eV. 
The specific surface areas of the samples were determined by nitrogen 
adsorption−desorption tests (Micromeritics ASAP 2050) based on the 
Brunauer-Emmett-Teller (BET) theory. 

2.4. Electrochemical measurements 

All electrochemical tests of the electrodes were conducted using an 
electrochemical workstation (CHI 760C) in a three-electrode cell system 
in 1 M KOH solution. The as-fabricated electrodes (1 × 1 cm2) were 
directly employed as the working electrode, while a graphite rod and a 
silver/silver chloride (Ag/ AgCl) were utilized as counter and reference 
electrodes, respectively. The measured potentials were converted to a 
reversible hydrogen electrode (RHE) potential: E (RHE) = E (Ag/AgCl) 
+ 0.059 pH +0.205 V. To reach a stable condition, working electrodes 
were pre-cycled by cyclic voltammetry (CV, 10 mV s − 1). The polari-
zation curves were measured from linear sweep voltammetry (LSV, 5 mV 
s − 1). Electrochemical impedance spectroscopy (EIS) was performed 
with a frequency range from 105 Hz to 0.1 Hz. The electrode durability 
testing was conducted by chronopotentiometry (CP). 
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3. Results and discussion 

3.1. Characterization of electrodeposited self-standing electrodes 

SEM images in Fig. 1 are illustrative of the morphologies of the 
various metal sulfides deposited on Ni foam by an electrodeposition 

process. Clearly, NiS@NF is composed of agglomerative nickel sulfide 
particles and presents a lumpy surface (Fig. 1a). Fig. 1b reveals that 
densely-packed cobalt-nickel sulfide nanoflakes were grown on Ni foam 
surface. It is interesting to note that the nano-architecture of cobalt- 
nickel sulfides changed drastically after the incorporation of Fe 
(Fig. 1c) and Mo (Fig. 1d), revealing that the nucleation and growth 

Fig. 1. SEM images of (a) NiS@NF, (b) CoNiS@NF, (c) FeCoNiS@NF, and (d) MoCoNiS@NF with different magnifications. The elemental mapping images of (e) 
FeCoNiS@NF and (f) MoCoNiS@NF. 

Fig. 2. TEM images and insert SAED patterns of (a) NiS@NF, (b) CoNiS@NF, (c) FeCoNiS@NF, and (d) MoCoNiS@NF; The corresponding elemental mappings of (e- 
i) FeCoNiS@NF and (j-n) MoCoNiS@NF. 
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process is greatly affected by the incorporation of third transition metal 
elements. The corresponding elemental mappings indicate that Fe/Mo, 
Co, Ni, and S atoms are well dispersed throughout the surface of FeCo-
NiS@NF/MoCoNiS@NF electrode (Figs. 1e and 1f), confirming the 
formation of multiple-metal sulfides on Ni foam. 

TEM offers a closer observation of the electrode structures, providing 
information about the nanostructures of the materials [38,39]. As shown 
in Fig. 2a, the microstructure of NiS@NF is constructed by nano-
particles. The SAED pattern of NiS@NF (inset, Fig. 2a) reveals its 
amorphous nature, further supported by XRD results. The crystallinity of 
NiS@NF has been improved by the incorporation of Co (inset, Fig. 2b) 
and Co/Fe metal atoms (inset, Fig. 2c) due to the formation of Co- and 
Fe-based sulfides. While the incorporation of Mo metal atoms does not 
alter the crystallinity of NiS@NF as clearly seen in Fig. 2d (inset) [40]. 
Fig. 2b-d demonstrated the microstructure evolution of nickel sulfides 
after the incorporation of Co, Fe, and Mo. The homogeneous distribution 
of Fe/Mo, Co, Ni, and S atoms in FeCoNiS@NF/MoCoNiS@NF electrode 

was confirmed from SEM-EDS results (Fig. 2e-n). The elemental 
composition of different electrodes is shown in Table S1. These obser-
vations demonstrated the formation of monometallic (Ni), bimetallic 
(Co-Ni), and trimetallic (Fe-Co-Ni and Mo-Co-Ni) sulfides on Ni foam by 
electrodeposition process. The mass loading of each metal sulfide cata-
lyst on Ni foam is less than 5 mg cm−2, which is comparable with the 
self-standing Ni foam-based electrodes for electrochemical applications 
in the literature [41–43]. Ni foam-based electrodes exhibit different 
surface areas possibly depending on the active material structures and 
synthesis methods, which may affect their electrocatalytic activities 
during the electrochemical process [44,45]. The Brunauer–Emmett–-
Teller (BET) test was carried out to study the porous structures of 
different metal sulfides. N2 adsorption-desorption isotherm curves of 
different electrodes are shown in Figure S2. The calculated BET surface 
area of bare NF is 2.45 m2 g−1, which is consistent with the results re-
ported in the literature [46]. All the metal sulfide electrodes have a 
higher BET surface area (3.03 m2 g−1 ~ 6.85 m2 g−1) than bare NF, 

Fig. 3. (a) XRD patterns and (b) Raman spectra of different self-standing electrodes. High-resolution XPS spectrum of (c) Co 2p, (d) Ni 2p, (e) Mo 3d of MoCo-
NiS@NF, and (f) Fe 2p of FeCoNiS@NF. 
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demonstrating an increase in electrode surface area due to the deposi-
tion of metal sulfides on NF. 

XRD patterns of as-fabricated electrodes are presented in Fig. 3a. The 
characteristic Ni foam diffraction peaks were observed in all metal sul-
fide samples. The electrodeposited metal sulfides mono, bimetallic or 
trimetallic sulfides did not show any XRD peaks, probably due to the 
deposition of metal sulfides with amorphous properties. Therefore, 
Raman spectrometry was performed to analyze the structures of the as- 
synthesized metal sulfide materials (Fig. 3b). Raman spectrum of 
NiS@NF showed vibrational modes at 195, 300, and 347 cm−1, which in 
agreement with the literature data corresponded to Ni3S2 [47]. A peak at 
316 cm−1 was found for CoNiS@NF, corresponding to the S atoms to-
ward the tetrahedral site Ni atom (S-Nitetra–S bonds) [48]. CoNiS@NF 
presents a peak at 514 cm−1, indicating the Raman active modes and 
vibrations in ternary nickel cobalt sulfide (NiCo2S4) [48]. A broad peak 
around 1050 cm−1 is identified, which may be introduced by vulcani-
zation [49]. These results indicate the formation of nickel-cobalt sulfides 
in as-synthesized CoNiS@NF by an electrodeposition process. FeCo-
NiS@NF has several minor peaks at 200–600 cm−1, which may be 
attributed to the vibrations of FeS and FeCoS2/ FeNiS2, indicating the 
co-existence of different Fe-contained metal sulfides [50]. For MoCo-
NiS@NF, A peak at ~380 cm−1 may result from the stretching vibration 

of the MoSx [51]. The peak of nickel-cobalt sulfides was also identified in 
MoCoNiS@NF spectra. Besides, the characteristic peak at ~ 933 cm−1 

presents the CoMoS4 Raman vibration [51]. These observations sug-
gested that multilayered Mo-contained metal sulfides were successfully 
deposited on Ni foam in MoCoNiS@NF. 

XPS analysis was conducted to further confirm their structures and 
elemental compositions. The XPS full-scan survey indicates the coexis-
tence of Mo, Co, Ni, and S elements in MoCoNiS@NF. (Figure S3a). 
Fig. 3c-e analyzed the XPS spectra of Co 2p, Ni 2p, and Mo 3d for 
MoCoNiS@NF. The spectra of Co 2p indicate two spectral peaks at 
~780.3 and 796.3 eV with their neighboring shakeup satellite peaks, 
representing Co2+ from the Co 2p3/2 and Co 2p1/2 orbitals (Fig. 3c) [52, 
53]. In the spectra of Ni 2p, the peaks located at 854.0 eV and 870.5 eV 
were identified as Ni2+, and two peaks at 856.7 eV and 874.3 eV 
correspond to Ni3+species in MoCoNiS@NF (Fig. 3d) [36,54,55]. Mo4+, 
Mo5+, and Mo6+species were detected at around 230.5 eV, 231.2 eV, 
and 233.1 eV for Mo 3d5/2 and 233.5 eV, 234.2 eV, and 236.1 eV for Mo 
3d3/2 (Fig. 3e). [56,57] The peaks at 162.6 eV and 164.0 eV of S 2p are 
resulting from S2− and S2

2− ligands in metal sulfides (Figure S3b) [58]. 
For FeCoNiS@NF, the XPS full-scan survey showed the presence of 
different elements in FeCoNiS@NF (Figure S3c). The corresponding 
high-resolution spectra indicated that Co, Ni, and S in FeCoNiS@NF 

Fig. 4. (a) LSV in the oxygen-evolution regime for working electrodes; (b) comparison of overpotentials (after iR-correction) versus different materials for OER; (c) 
Nyquist plots determined at 1.58 V (vs. RHE).; (d) Tafel plots and (e) electrode durability of FeCoNiS@NF at 30 mA cm−2 (without iR-correction). 
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have similar properties as in MoCoNiS@NF (Figure S3d-f). Fig. 3f shows 
several peaks from 700 to 730 eV, which can be assigned to Fe 2p3/2 and 
Fe 2p1/2. The peaks showing at ~707.1 eV, 711.4 eV, and 714.0 eV with 
their shakeup satellite peaks indicated that iron has multiple oxidation 
states including Fe2+ and Fe3+ [59]. These characterization results 
proved that multiple-metal sulfides were successfully synthesized by an 
electrodeposition process, which is well consistent with the EDS and 
Raman observations. 

3.2. Electrocatalytic water splitting 

To evaluate the electrocatalytic performance of the metal sulfides for 
alkaline water-splitting reactions, the electrochemical activities of all 
the fabricated electrodes were examined in 1 M KOH solution. Figure S4 
presents the OER and HER activities of different metal sulfides evaluated 
by LSV. The measured potentials against RHE have been corrected with 
iR-compensation for the OER polarization curves in Fig. 4a. The polar-
ization curve of NiS@NF showed a large oxidation peak at ~1.40 V (vs. 
RHE), resulting from the oxidation of its Ni species. Compared with bare 
Ni foam, NiS@NF showed much better OER electrocatalytic activity, 
requiring an overpotential of 363 mV at 50 mA cm−2. This result sug-
gested that nickel sulfides deposited by the electrodeposition technique 
were active towards OER. The oxidation peaks of Co and Ni species were 
observed at around 1.20 and 1.35 V from the LSV curve of CoNiS@NF. 
The shift of the Ni oxidation peak is probably due to the electronic 
structure and morphology change by introducing Co metal atoms in the 
bimetallic sulfides. Importantly, the designed CoNiS@NF exhibited 
enhanced OER performance at an overpotential of 340 mV at 50 mA 
cm−2, demonstrating that CoNiS@NF has higher OER activity than 
NiS@NF. The enhancement in OER electrocatalytic activity could be 
attributed to the synergistic interface of cobalt-nickel sulfide in CoN-
iS@NF. Furthermore, the vertically oriented nanoflakes morphology 
provides more accessible active sites for interaction with electrolyte 
molecules during the water oxidation reactions. It should be noted here 
that the incorporation of Mo into cobalt-nickel sulfides neither reduces 
nor enhances the OER activity (MoCoNiS@NF), while it increases the 
HER activity in the alkaline medium, indicating the importance of Mo 
incorporation into the cobalt-nickel sulfides. Compared with other self- 
standing electrodes, the electrode based on FeCoNiS@NF possesses the 
best OER electrocatalytic activity with low overpotentials of 302 and 
307 mV at 50 and 100 mA cm−2, respectively (Fig. 4b). The excellent 
OER activity of FeCoNiS@NF could be ascribed to the synergistic 
coupling of multi-transition metals in their heterostructures. Further-
more, this electrode is very beneficial for the OER process because (1) 
the Ni foam substrate offers excellent electrical conductivity for electron 
transport and a large surface area for active materials; (2) the incorpo-
ration of iron into cobalt-nickel sulfides probably lowers the adsorption 
energy; (3) iron-cobalt-nickel sulfides provide abundant active sites for 
expediting the OER process. For comparison, commercial IrO2 coated on 
Ni foam electrode was prepared and recorded its polarization curve in 1 
M KOH for OER (Figure S5a). FeCoNiS@NF presented higher OER 
electrocatalytic activity than IrO2@NF with the same mass loading, 
implying that multi-metal sulfides are competitive in OER and therefore 
it can be considered an efficient anode electrode in a large-scale alkaline 
electrolyzer. We also compared the OER performance of FeCoNiS@NF in 
1 M KOH with other reported electrocatalysts, summarized in Table S2. 
The EIS results for the different electrodes were analyzed with the 
appropriate equivalent circuit as shown in Figure S6. The extracted 
various electrochemical kinetic parameters are presented in Table S3, 
where Rs, Rct, and Rint represent the solution, charge transfer, and 
interfacial resistances, respectively [29]. Whereas CChem and Cdl are the 
interfacial chemical capacitance and double-layer capacitance, respec-
tively [29]. As shown in Fig. 4c, EIS analysis was conducted to study the 
OER kinetics based on the charge-transfer resistance (Rct). Metal sulfides 
deposited on Ni foam have much lower Rct values than bare Ni foam, 
owing to the faster electron transport for oxygen evolution over metal 

sulfides. Compared with other electrodes, FeCoNiS@NF has the lowest 
Rct value, probably due to the formation of iron-cobalt-nickel-sulfide 
heterostructure hybrids with high conductivity and electrochemical 
activity. This unique interface of FeCoNiS@NF could decrease the 
interface resistance and thus enhance OER performance. Fig. 4d presents 
the Tafel slopes of different electrodes, which are obtained from polar-
ization curves. FeCoNiS@NF is found to have a small Tafel slope of 33 
mV dec−1, which is smaller than that of all other metal sulfide samples 
(106 mV dec−1 for NiS@NF, 62 mV dec−1 for CoNiS@NF and 61 mV 
dec−1 for MoCoNiS@NF). The Tafel slope of nickel sulfides was 
remarkably reduced by the incorporation of Co or Co/Fe or Co/Mo metal 
atoms, resulting in a much faster OER kinetics due to the regulation of 
electronic structure and adsorption energy for the oxygen intermediates. 
It is worth mentioning here that FeCoNiS@NF presents a much lower 
Tafel slope than other fabricated electrodes and also lower than recently 
reported efficient OER electrodes based on non-precious catalysts 
[60–62]. It strongly indicated that the energy-efficient electrodeposition 
process reported here is a promising method to produce trimetallic 
sulfides for the outstanding water oxidation reaction. The chro-
noamperometric technique was performed to study the electrocatalytic 
OER durability test of the FeCoNiS@NF. The potential remained con-
stant for 24 h of continuous OER process (at 30 mA cm−2), demon-
strating the superior OER durability of this electrode (Fig. 4e). 

The possible mechanism for OER at the anode in the alkaline medium 
is presented in Fig. 5, which involves several steps. Here, M refers to the 
active sites on the catalyst surface. Generally, M-OH, M-O, and M-OOH 
reaction intermediates are generated during the OER process. Then, 
oxygen could be generated by the direct combination of two MO mol-
ecules or through M-OOH intermediates. It has been reported that the 
adsorption of OH−and intermediates plays an essential role in the OER 
catalytic process of the electrode [63]. It is generally accepted that the 
Tafel slope value for any electrocatalysts/electrodes depends on the 
surface adsorption coverage of the reaction intermediates. Moreover, 
the Tafel slope value can determine the rate-limiting step in the 
multi-step electron transfer reactions on the surface of self-standing 
electrodes. For instance, the electrodes with high or low Tafel slope 
values have a rate-limiting step at the initial or end of OER cycles. The 
observed low change-transfer resistance and Tafel slope value of FeCo-
NiS@NF imply that it has faster reaction kinetics and a higher reaction 
rate of oxygen evolution compared to other electrodes. More impor-
tantly, the calculated Tafel slope value (33 mV dec−1) indicates that the 
OER mechanism on the FeCoNiS@NF electrode surface occurs via 
M-OOH intermediates and predicts the generation of M-OOH 

Fig. 5. OER mechanism in alkaline medium.  
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intermediates as the rate-limiting step on FeCoNiS@NF electrode sur-
face [64]. The excellent OER performance of FeCoNiS@NF might be 
because the adsorption of OH−and intermediates on its surface is more 
favorable than that on other metal sulfide surfaces. Moreover, the 
incorporation of Fe could accelerate the OER process due to the syner-
gistic interaction between different metals and the change in its elec-
tronic structures [63]. 

The HER performance of these self-supported metal sulfide elec-
trodes was also analyzed in 1.0 M KOH solution. The corresponding LSV 
curves of different electrodes present a great difference in HER catalytic 
activities for different electrodes (Fig. 6a). As shown in Fig. 6b, MoCo-
NiS@NF only requires a low overpotential of 114 mV to achieve a cur-
rent density of 10 mA cm−2, revealing its excellent electrocatalytic 
activity for HER compared with different types of electrocatalysts 
(Table S4). The commercial Pt/C coated on Ni foam substrate with the 
same loading was also measured for comparison, which is shown in 
Figure S5b. The EIS analysis of different electrodes is shown in Fig. 6c, 
and the obtained various electrochemical kinetic parameters are pre-
sented in Table S5. Alike to OER, both Rct and Rint values for the metal 
sulfides deposited on NF were much lower than bare NF due to the 
fabricated electrodes having high electrochemically active sites and 

surface areas for the water oxidation reaction. The obtained EIS results 
revealed that a rapid charge transfer process takes place during HER on 
the surface of CoNiS@NF and MoCoNiS@NF electrodes with electrolyte 
solution compared to other fabricated electrodes and bare NF. The Tafel 
plots for HER of different metal sulfide electrodes are presented in 
Fig. 6d. NiS@NF, CoNiS@NF, and FeCoNiS@NF exhibit relatively high 
Tafel slopes of 113, 103, and 114 mV dec−1, respectively, while 
MoCoNiS@NF presents a small Tafel slope of 88 mV dec−1. This 
observation indicates a faster HER reaction kinetics of MoCoNiS@NF 
due to the introduction of HER active Mo atoms in the cobalt-nickel 
sulfides, lowering the adsorption energy of the hydrogen. In the alka-
line electrolyte solution, the HER mechanism possibly involves multiple 
steps as follows: (1) water dissociation and reactant adsorption (Volmer 
reaction: M + H2O + e− → M–H* + OH−), (2) product desorption 
(Heyrovsky reaction: M–H* + H2O + e− → H2 + M + OH−), and/or (3) 
the chemical desorption (Tafel reaction: 2M–H* → H2 + 2 M) [65]. M 
refers to the catalytic active sites and H* is the H atoms adsorbed on an 
electrocatalyst active site. The hydrogen evolution following a 
Volmer-Heyrovsky or Volmer-Tafel process depends on the structures 
and electronic properties of the electrocatalysts/electrodes. Several 
factors may contribute to the good HER activity of MoCoNiS@NF. 

Fig. 6. Comparison of electrocatalytic HER activity of different electrodes. (a) LSV curves of several electrodes at a scan rate of 5 mV/s; (b) comparison of over-
potentials versus different electrodes for HER (after iR-correction); (c) Nyquist plots obtained for various electrodes at a potential of −0.12 V (vs. RHE).; (d) Tafel 
plots of fabricated electrodes and (e) durability test of MoCoNiS@NF (without iR-correction). 
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Firstly, this electrode has high conductivity, enhancing electron transfer 
during the electrochemical reaction, resulting from the high metallic 
conductivity of metal sulfide heterostructures and the electrically 
conductive Ni foam substrate. Secondly, these metal sulfides have high 
intrinsic catalytic activity and offer abundant active sites for HER. 
Furthermore, the incorporation of Mo probably enhances the water 
reduction and reactant adsorption, making the HER process more 
favorable. Finally, the synergistic effect of the Mo, Co, and Ni trimetallic 
sulfides exerts a positive effect on HER activity. It should be noted that 
FeCoNiS@NF has poor HER activity, which is worse than NiS@NF. The 
main reason probably is the high adsorption energy of FeCoNiS@NF for 
water, which is relatively unfavorable for the first step of the HER 
process, which is also confirmed by the observed Tafel slope value. The 
electrochemical HER durability of the MoCoNiS@NF heterostructures 
was also performed by the chronopotentiometry technique. This 
MoCoNiS@NF electrode can maintain a relatively consistent operating 
potential at 10 mA cm−2 for 24 h, demonstrating the acceptable dura-
bility of this electrode for the HER process (Fig. 6e). 

To evaluate the possibility of utilizing these hybrids of self-supported 
trimetallic sulfide electrodes for large-scale hydrogen production in an 
alkaline medium, FeCoNiS@NF as anode and MoCoNiS@NF as cathode 
were utilized to construct a two-electrode system for overall electro-
chemical water electrolysis. Fig. 7a presents the corresponding LSV 
curves of three systems evaluated in 1 M KOH with a scan rate of 5 mV 
s−1. FeCoNiS@NF II MoCoNiS@NF shows much higher electrocatalytic 
activity than bare Ni foam, requiring 1.68 V to deliver a current density 
of 10 mA cm−2. For comparison, IrO2@NF and Pt/C@NF served as the 
anode and cathode under the same conditions, respectively. The long- 
time durability test of FeCoNiS@NF II MoCoNiS@NF for overall water 
electrolysis is performed by applying a continuous current density (10 
mA cm−2), as indicated in Fig. 7b. The generation of O2 and H2 bubbles 
was observed during water splitting (Fig. 7b inset). The voltage of this 
two-electrode system remains stable for at least 24 h of testing. 

Based on the experimental results, this study presents several im-
provements compared with the published work. Firstly, the electro-
chemical activity is a key factor in evaluating an electrocatalyst for 
OER/HER. FeCoNiS@NF and MoCoNiS@NF exhibit high catalytic OER 
and HER performance compared with similar electrocatalysts [14,34,66, 
67]. Secondly, we proved that heterostructure interfaces of metal sul-
fides were largely responsible for the OER and HER activities. These 
findings suggest that metal sulfides with rational design could be 
promising electrocatalysts to alternate noble metal-based electro-
catalysts for overall water splitting. In addition, we provide the EIS 
simulation data of different metal sulfides for OER and HER, which will 
help to understand the working mechanisms behind the electrochemical 
behaviors of the electrocatalysts. Finally, FeCoNiS@NF and MoCo-
NiS@NF as asymmetric electrodes could be assembled into an alkaline 
water electrolysis system, offering another option to develop efficient 

electrolyzers for hydrogen production. 

4. Conclusions 

In this study, we demonstrated monometallic, bimetallic, and tri-
metallic sulfides with varying OER and HER activities. Notably, FeCo-
NiS@NF has the advantage of a low overpotential (302 mV at 50 mA 
cm−2) for OER while MoCoNiS@NF can provide a current density of 10 
mA cm−2 at an overpotential of 114 mV for HER. The outstanding OER 
activity of FeCoNiS@NF and HER activity of MoCoNiS@NF are attrib-
uted to not only the diversity of metal sulfide compositions, electronic 
interaction, and hybrid structures, but also the optimization of charge- 
transfer, catalytic active sites, and synergistically coupling of hetero-
structure interfaces of multi-metal sulfides. In addition, we proved that 
FeCoNiS@NF and MoCoNiS@NF have fast reaction rates toward OER 
and HER, respectively, from EIS and Tafel slope analysis. This work 
provides new perspectives for the future design of self-supported metal 
sulfide electrodes for water-splitting via rational engineering of nano-
structures and interfaces. 
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