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A B S T R A C T

Current research on heterojunctions as catalysts for the oxygen evolution reaction (OER) and hydrogen evolution 
reaction (HER) primarily emphasizes the electron transfer processes at the heterojunction interface. However, 
the regulatory role of doped elements within heterostructures remains inadequately explored, despite its sig
nificant scientific implications for the advancement of efficient catalysts. Inspired by the catalytic superoxide 
dismutation reaction of superoxide dismutase (SOD) observed in nature, this study presents a novel hetero
structural N and S co-doped CoFe2O4/MoC electrocatalyst. The incorporation of N and S induces a distinctive 
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‘electron-dragging’ effect within the CoFe₂O₄/MoC heterostructural system, selectively modulating the reception 
and release of electrons during HER and OER processes, thereby ensuring an optimal electron density at various 
active sites. The designed N, S-CoFe₂O₄/MoC-NS electrocatalyst achieves a total hydrolysis current density of 
100 mA cm− 2 at a potential as low as 1.47 V and maintains stable output for 300 h without degradation. 
Theoretical calculations and in-situ Raman spectroscopy suggest that the formation of the heterostructure and 
the ‘electron-dragging ‘effect are crucial in regulating different active sites, providing new insights into the 
balance between catalyst activity and stability.

1. Introduction

In water electrolysis systems, external current is utilized to overcome 
the energy barriers associated with the hydrogen evolution and oxygen 
evolution reactions (237 kJ mol− 1). However, the current energy con
version efficiency remains limited to 56–73 %. This level of efficiency 
significantly constrains the large-scale application of water electrolysis 
technology. As a fundamental component of this technology, electro
catalysts play a crucial role in enhancing efficiency, reducing energy 
consumption, and enabling low-voltage initiation. Moreover, they are 
essential for ensuring the selectivity, stability, and durability of the re
actions [1,2]. Currently, dominant catalysts primarily rely on precious 
metals such as Pt, Ru, and Ir. However, the limited availability of these 
metals, along with the environmental pollution resulting from their 
extraction, highlights the urgent necessity to develop advanced non- 
precious metal catalysts. This development is crucial for enabling the 
widespread application and sustainable advancement of water elec
trolysis technology [3,4].

In recent years, the development of various catalysts has demon
strated remarkable performance in water splitting. Among these, het
erojunction catalysts exhibit significant potential for application due to 
their ability to integrate the advantages of diverse materials and form 
complex structures, resulting in enhanced stability, selectivity, and cost- 
effective water electrolysis [5–7]. Current research on heterostructural 
electrocatalysts primarily emphasizes electron transfer at the hetero
junction interface. This focus is largely attributed to the rebalancing of 
the Fermi level or work function induced by heterojunction coupling, 
which aligns with the Anderson or Mott-Schottky models [8,9]. Conse
quently, the distinctive properties of heterostructures primarily arise 
from the interactions at the heterojunction interface. These interactions 
include accelerated charge transfer, modulation of the electronic 
structure of active sites, and enhanced stability [10]. For example, Yuan 
et al. constructed a β-Mo2C and α-MoC heterostructure, revealing that 
the strain induced by lattice mismatch enhanced the surface energy, and 
their synergistic effect further facilitated water splitting [11]. Similarly, 
Yu et al. developed a theoretical model of the Fe–Co0.85Se/FeCo LDH 
system, demonstrating electron transfer from FeCo LDH to Fe–Co0.85Se, 
and confirmed the bonding between Fe and Se/O through X-ray 
photoelectron spectroscopy (XPS) and theoretical calculations, thereby 
establishing an “electron transfer bridge” [12]. However, while these 
studies have primarily concentrated on electron transfer at hetero
junction interfaces, the regulatory role of various doped elements in the 
electrocatalytic process has not yet been adequately addressed.

Superoxide dismutase (SOD) catalyzes the dismutation of superoxide 
into O2 and H2O2, a remarkable process that underscores the vital role of 
external electron support and regulation [13]. In this reaction, the 
provision of two protons and an electron from an external reducing 
agent is essential, with metal elements such as Fe, Mn, and CuZn playing 
indispensable roles [14–16]. For instance, in the CuZn-catalyzed su
peroxide dismutation reaction, the “electron-dragging” effect of Zn2+

ions facilitates the reverse transfer of electrons from Cu+ to superoxide, 
ultimately generating Cu2+ and O2 [17]. This regulatory mechanism of 
electron transfer significantly influences both the efficiency and direc
tion of the reaction. Additionally, drawing inspiration from biological 
nitrogen fixation systems, Sun et al. synthesized a MoS2/Mo2C hetero
structure, which facilitates efficient electron transfer from Mo2C to the 

MoS2 interface [18]. These biomimetic reactions not only enhance our 
understanding of electron transfer processes but also provide valuable 
insights and inspiration for the development of efficient electrocatalysts. 
This highlights the significance of external electron support and regu
lation in catalytic reactions.

In this study, we designed and synthesized N,S co-doped CoFe₂O₄/ 
MoC heterojunction catalysts featuring abundant oxygen vacancies 
through a cation exchange method, which significantly enhances their 
electrocatalytic performance. The incorporation of nitrogen and sulfur 
elements facilitated selective electron-dragging regulation during the 
hydrogen evolution reaction (HER) and oxygen evolution reaction 
(OER). Furthermore, the unique coral-like structure provided efficient 
and rapid channels for ion transport. Density functional theory (DFT) 
calculations revealed that the formation of CoFe₂O₄/MoC hetero
junctions substantially increased electron transfer quantities, and its 
optimized electronic structure further enhanced the selective catalytic 
performance for HER and OER compared to single MoC or CoFe₂O₄. 
When the N, S co-doped CoFe₂O₄/MoC (N, S-CFO/MC-NS) catalyst was 
applied to both the cathode and anode of alkaline electrolyzers, efficient 
and stable electrocatalytic performance was achieved. This study not 
only elucidates catalytic behaviors consistent with natural electron- 
dragging mechanisms but also provides novel theoretical and experi
mental perspectives for the design and optimization of high- 
performance electrocatalysts.

2. Experimental section

2.1. Synthesis of N, S-Fe2O3

A 1 cm × 1 cm piece of nickel foam (NF) was subjected to ultrasonic 
cleaning in a 3 M HCl solution for 2 h. The sample was then rinsed 
separately with acetone (C3H6O) and deionized water for 30 min each, 
followed by drying for subsequent use. Next, 2 mmol of Fe(NO3)3⋅9H2O 
and 2 mmol of CH4N2O were dissolved in 35 mL of deionized water and 
stirred until a homogeneous solution was achieved. This solution was 
poured into a 50 mL reaction vessel, into which the pretreated NF was 
placed vertically. The vessel was then maintained at 150 ◦C in an oven 
for 6 h. After the reaction was complete, the sample was rinsed with 
deionized water and dried in a vacuum oven at 60 ◦C. Following the 
drying process, sulfur powder, weighing twice the amount of the loaded 
precursor, was added to the loaded NF and placed in a nitrogen atmo
sphere, maintaining the temperature at 350 ◦C for 2 h. The final product 
obtained was N, S-doped Fe2O3 (N,S-Fe2O3).

2.2. Synthesis of N, S-CoMoO4 (N,S-CMO)

A 1 cm × 1 cm piece of nickel foam (NF) was subjected to ultrasonic 
cleaning in a 3 M HCl solution for 2 h. The sample was then rinsed 
separately with acetone (C3H6O) and deionized water for 30 min each, 
followed by drying for subsequent use. Next, 2 mmol of Co(NO3)2⋅6H2O, 
2 mmol of (NH4)6Mo7O24⋅4H2O, and 2 mmol of CH4N2O were dissolved 
in 35 mL of deionized water and stirred until a homogeneous solution 
was achieved. This solution was poured into a 50 mL reaction vessel, 
into which the pretreated NF was placed vertically. The vessel was then 
maintained at 150 ◦C in an oven for 6 h. Upon completion of the reac
tion, the sample was rinsed with deionized water and dried in a vacuum 
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oven at 60 ◦C. Following the drying process, sulfur powder, weighing 
twice the amount of the loaded precursor, was added to the loaded NF 
and placed in a nitrogen atmosphere, with the temperature maintained 
at 350 ◦C for 2 h. The final product obtained was N,S-CoMoO4 (N,S- 
CMO).

2.3. Synthesis of N, S-CoFe₂O₄/MoC Nanoflakes (N,S-CFO/MC-NS)

A 1 cm × 1 cm piece of nickel foam (NF) was subjected to ultrasonic 
cleaning in a 3 M HCl solution for 2 h. The sample was then rinsed 
separately with acetone (C3H6O) and deionized water for 30 min each, 
followed by drying for subsequent use. Next, 2 mmol of Co(NO3)2⋅6H2O, 
2 mmol of (NH4)6Mo7O24⋅4H2O, and 2 mmol of CH4N2O were dissolved 
in 35 mL of deionized water and stirred until a homogeneous solution 
was achieved. This solution was poured into a 50 mL reaction vessel, 
into which the pretreated NF was placed vertically. The vessel was 
maintained at 150 ◦C in an oven for 6 h. Following the reaction, the 
sample was rinsed with deionized water and dried in a vacuum oven at 
60 ◦C, resulting in the formation of the CMO/NF precursor. Subse
quently, 1.5 mmol of Fe(NO3)3⋅9H2O and 1.5 mmol of CH4N2O were 
dissolved in 20 mL of deionized water and 20 mL of ethanol solution. 
This mixture was then poured into a 50 mL reaction vessel, where the 
loaded CMO/NF precursor was placed vertically. The reaction vessel 
was maintained at 120 ◦C in an oven for 8 h. Upon completion of the 
reaction, the sample was rinsed with deionized water and dried in a 
vacuum oven at 60 ◦C. After drying, sulfur powder, weighing twice the 

amount of the loaded precursor, was added to the loaded NF and placed 
in a nitrogen atmosphere, where the temperature was maintained at 
350 ◦C for 2 h. The final product obtained was N,S-doped CoFe2O4/MoC 
nanoflakes (N,S-CFO/MC-NS).

Additionally, the supporting information provides detailed de
scriptions of the sources and purity of the chemicals used, as well as the 
characterization and measurement methods employed. It also outlines 
the electrochemical testing procedures and the relevant theoretical 
calculation methods utilized in the study.

3. Results and discussion

3.1. Electrocatalyst synthesis and characterizations

Scheme. 1a illustrates the intrinsic mechanisms of the CuZn- 
catalyzed superoxide dismutation reaction and the N,S-CFO/MC-NS 
composite material in the water splitting process. The CuZn catalyst 
facilitates the decomposition of superoxide (O₂− ) into O₂ and H₂O₂ by 
providing active sites. The metallic properties of Cu and Zn enable 
effective adsorption and activation of superoxide, thereby reducing the 
activation energy and enhancing the reaction rate. Concurrently, CuZn 
modulates electron distribution, optimizing electron transfer and further 
improving reaction efficiency. In the N,S-CFO/MC-NS composite cata
lyst, CoFe₂O₄ and MoC play crucial roles in the oxygen evolution and 
hydrogen evolution reactions, respectively. Nitrogen and sulfur doping 
optimize the electronic structure, enhancing the adsorption and 

Scheme 1. a) A schematic diagram illustrating the relationship between the “electron-dragging” effect in the mechanism of superoxide disproportionation by Cu/Zn 
superoxide dismutase (SOD) and the catalytic mechanism of overall water decomposition by N,S-CoFe2O4/MoC-NS is presented. b) Schematic illustration of the 
synthesis scheme of N,S-CoFe2O4/MoC-NS.
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transformation of reaction intermediates while lowering the energy 
barrier. In both catalysts, the modulation of the electronic structure is 
key to enhancing catalytic performance. CuZn optimizes the adsorption 
and conversion of superoxide through metal-metal synergistic effects, 
while the N,S-CFO/MC-NS composite material enhances the adsorption 
and transformation of reaction intermediates by optimizing its elec
tronic structure. Both catalysts refine the reaction process through pre
cise electronic structure regulation. Scheme.1b provides a detailed 
description of the synthesis steps for N, S-CFO/MC-NS, comprising a 
two-step hydrothermal reaction followed by sulfur doping. The prepa
ration of the CMO/NF precursor resulted in the cation exchange of Fe2+

upon completion of the hydrothermal reaction, leading to the formation 
of the N-CMO/MC precursor. Subsequently, low-temperature annealing 
was conducted to obtain N,S-doped CMO/MC-NS while introducing 
oxygen vacancies. During the hydrothermal reaction, urea acted as a 
reducing agent, enhancing the interaction between Fe2+ ions in hy
drated iron(III) nitrate and Co2+ and Mo6+ ions, thereby facilitating the 
formation of the CoFe2O4 and MoC composite. The cation exchange of 
iron was achieved through reduction and coordination reactions, 
ensuring the effective transfer of iron from the nitrate to the newly 
formed structure [19,20].

The morphologies of nickel foam (NF), N,S-doped Fe2O3, N,S-CMO, 
and N,S-CFO/MC-NS were examined using scanning electron micro
scopy (SEM) as illustrated in Fig. 1a-d. The contact angles of each sample 
were also measured, as shown in the inserts of the same figures. The 
results indicated that, in contrast to the nanoflower morphology of N,S- 
Fe2O3, N,S-CMO exhibited a coral-like nanosheet structure. This coral- 
like nanosheet structure was preserved in N,S-CFO/MC synthesized 
via cation exchange reaction, accompanied by a gradual decrease in 
contact angle. This observation suggests that N,S doping and the sub
sequent synthesis steps effectively modified the surface properties of the 
materials, likely significantly influencing their catalytic performance 

and surface hydrophilicity. Furthermore, by analyzing the SEM images 
of N,S-CFO/MC-NS at various magnifications, we found that the layered 
nanosheet structure provided efficient pathways for ion transport during 
the water electrolysis process. This layered structure not only facilitated 
the rapid migration of ions but also enhanced catalytic efficiency by 
increasing the effective reaction area of the catalyst. Additionally, the 
ample space helped mitigate unnecessary collisions caused by volume 
changes during the electrochemical reaction process, thereby reducing 
deformation of the catalyst. These structural characteristics impart sig
nificant flexibility and stability to the catalytic electrode, ensuring more 
durable catalytic performance in practical applications [21,22]. 
Numerous exposed fine nanoparticles were observed on the surface of N, 
S-CFO/MC-NS, which not only increased the catalyst's surface area and 
provided additional active sites but also potentially introduced extra 
charge transfer pathways by forming heterojunction interfaces. This 
phenomenon may lower the energy barriers for both oxygen evolution 
and hydrogen evolution reactions, thereby enhancing catalytic perfor
mance (Fig.S1, Supporting Information).

Further transmission electron microscopy (TEM) analysis confirmed 
the presence of thin carbon layers (Fig. 1e-g). The high-resolution 
transmission electron microscopy (HRTEM) image of N,S-CFO/MC-NS 
revealed lattice fringes corresponding to CoFe2O4 and MoC, with 
interplanar distances of 0.49 nm and 0.27 nm, respectively, which 
correspond to the CoFe2O4 (111) plane and MoC (001) plane (Fig. 1h). 
The slight increase in interplanar spacing may be attributed to the for
mation of oxygen vacancies, leading to the rearrangement of sur
rounding atoms. The absence of oxygen atoms can cause adjacent metal 
ions in the crystal structure to separate due to the lack of oxygen coor
dination, resulting in lattice expansion [23–25]. The light red boundary 
region between CoFe2O4 and MoC illustrated in Fig. 1h clearly indicates 
the formation of a heterogeneous structure. The numerous defects 
observed in the white region suggest a potential presence of oxygen 

Fig. 1. a) SEM image of pure nickel foam. b) SEM image of N,S-Fe2O3. c) SEM image of N,S-CMO. d) SEM image of N,S-CFO/MC-NS. e-g) TEM images of N,S-CFO/ 
MC-NS at different magnifications. h) HRTEM image of N,S-CFO/MC-NS, with the inset showing the selected area electron diffraction pattern. i) Elemental mapping 
of Co, Mo, Fe, N, O, S, and C of N,S-CFO/MC-NS.
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vacancies. Furthermore, the selected area electron diffraction (SAED) 
pattern presented in Fig. 1h confirms that N,S-CFO/MC-NS is well 
crystallized. Atomic force microscopy (AFM) measurements indicate 
that the average thickness of the nanosheets is approximately 7 nm (Fig. 
S2, Supporting Information). Additionally, energy dispersive spectros
copy (EDS) analysis of N,S-CFO/MC-NS reveals a uniform distribution of 
Co, Mo, Fe, N, O, S, and C elements (Fig. 1i).

The presence of crystalline phases during sample preparation was 
confirmed through X-ray diffraction (XRD). The N,S-CFO/MoC-NS 
samples were synthesized using a two-step hydrothermal sulfidation 
method, while N,S-CMO and N,S-Fe2O3 were synthesized using similar 
methodologies (details can be found in the experimental section). In the 
N,S-CFO/MC samples synthesized on a nickel foam (NF) substrate, sig
nificant diffraction peaks corresponding to CoFe2O4 (PDF#03–0864) 
and MoC (PDF#45–1015) were prominently observed, particularly the 

220, 311, and 511 diffraction peaks of CoFe2O4 at 30◦, 35◦, and 57◦, 
respectively (Fig. 2a). A further comparison of the XRD patterns of N,S- 
Fe2O3 revealed characteristic diffraction peaks of NiS (PDF#12–0041) 
on the nickel foam substrate, indicating that the sulfur element primarily 
entered the samples in a doped form during the sulfidation process (Fig. 
S3-a, Supporting Information) [26]. To further confirm the structural 
characteristics of the catalyst, Raman spectroscopy tests were conduct
ed. The results indicated that, compared to N,S-Fe2O3 and N,S-CMO, the 
N,S-CFO/MC exhibited characteristic peaks at 360, 660, and 940 cm− 1, 
corresponding to Co-O-Fe, Fe–Co, and MoC, respectively (Fig.S3-b, 
Supporting Information) [27–29]. X-ray absorption near-edge structure 
(XANES) spectra indicate that the cobalt element in N,S-CFO/MC-NS has 
an absorption edge that is slightly higher than that of N,S-CMO and Co 
(OH)2, but lower than that of Co3O4 (Fig. 2b). This observation suggests 
that, following the cation exchange reaction, the average oxidation state 

Fig. 2. a) XRD results of N,S-CFO/MC-NS and N, S-CMO. b) XANES spectra of the K-edge of Co element in N,S-CFO/MC-NS. c) Fourier transform results of the XANES 
spectra of the K-edge of Co element in N,S-CFO/MC-NS. d) Co 2p XPS spectra of N,S-CFO/MC-NS and N,S-CMO. e) Fe 2p XPS spectra of N,S-CFO/MC-NS and N,S- 
Fe2O3. f) Mo 3d XPS spectra of N,S-CFO/MC-NS and N,S-CMO. g) N 1 s XPS spectra of N,S-CFO/MC-NS, N,S-CMO, and N,S-Fe2O3. h) S 2p XPS spectra of N,S-CFO/ 
MC-NS, N,S-CMO, and N,S-Fe2O3. i) O 1 s XPS spectra of N,S-CFO/MC-NS, N,S-CMO, and N,S-Fe2O3.
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of cobalt in N,S-CFO/MC-NS is approximately Co2+. Furthermore, 
Fourier-transform extended X-ray absorption fine structure (FT-EXAFS) 
spectra were utilized to examine the local electronic structure and co
ordination environment of cobalt in N,S-CFO/MC-NS. As illustrated in 
Fig. 2c, a peak at 1.75 Å corresponds to the Co–O bond in N,S-CFO/MC- 
NS. In comparison, the Co–O bond at 1.50 Å in N,S-CMO suggests that 
the longer Co–O bond in N,S-CFO/MC-NS reflects a modification in the 
coordination environment surrounding cobalt, likely associated with the 
emergence of oxygen vacancies. Additionally, contrasting the Co(OH)- 
O-M(OH) bond at 3.16 Å in N,S-CMO, the Co-O-M bond at 2.74 Å in 
N,S-CFO/MC-NS has undergone a shift, indicating a substantial alter
ation in the local environment around cobalt post-cation exchange. This 
transformation aligns with the typical octahedral coordination observed 
in CoFe2O4 spinel oxide. In the wavelet transform extended X-ray ab
sorption fine structure (WT-EXAFS) spectrum, a peak corresponding to 
cobalt atoms in N,S-CFO/MC-NS is observed at 5.0 Å− 1 (Fig.S4-a, Sup
porting Information), while N, S-CMO and Co foil display peaks at 5.3 
Å− 1 and 6.2 Å− 1, respectively (Fig.S4-bc, Supporting Information). The 
variations in the WT-EXAFS spectra further corroborate the alterations 
in the coordination environment surrounding cobalt following iron 
cation exchange [30–32]. Additionally, electron paramagnetic reso
nance (EPR) spectra reveal that N, S-CFO/MC-NS exhibits a more pro
nounced peak near around 2.0 compared to N,S-CMO, indicating an 
elevated concentration of oxygen vacancies (Fig.S5, Supporting Infor
mation). This observation elucidates how the presence of oxygen va
cancies mitigates lattice strain, resulting in an increase in the lattice 
constant of MoC, which subsequently leads to a shift of the associated 
diffraction peaks to lower angles. Furthermore, Brunauer-Emmett-Teller 
(BET) surface area analysis (Fig.S6, Supporting Information) demon
strates that N,S-CFO/MC has an increase in specific surface area of 
nearly 20 m2 g− 1 compared to N,S-CMO, along with a more varied pore 
size distribution. This finding suggests that the cation exchange reaction 
positively influences the expansion of the surface area and the 
enhancement of defect sites. The increased surface area facilitates the 
dispersion of the heterostructural CFO/MC, thereby improving the uti
lization of active sites and promoting the transport of reactants and 
products during the HER and OER processes [33].

X-ray photoelectron spectroscopy (XPS) analysis further elucidated 
the variations in surface composition and electronic structure of the N,S- 
CFO/MC-NS catalyst. The comprehensive XPS survey spectrum 
distinctly revealed the surface elemental compositions of the N,S-CFO/ 
MC-NS, N,S-CMO, and N,S-Fe₂O₃ catalysts (Fig. S7a).In the Co 2p spec
tral analysis (Fig. 2d), the N,S-CFO/MC-NS catalyst exhibited charac
teristic peaks for Co3+ at 778.8 and 793.6 eV, and for Co2+ at 780.8 and 
796.9 eV, accompanied by lower-energy satellite peaks at 782.8 and 
799.8 eV, respectively. Compared to N,S-CMO, the binding energy of 
Co3+ in the N,S-CFO/MC-NS catalyst shifted to higher energy, indicating 
a reduction in electron density. This shift is beneficial for enhancing the 
catalyst's activity in the OER [34]. Similarly, in the Fe 2p spectrum 
(Fig. 2e), the N,S-CFO/MC-NS catalyst displayed characteristic peaks for 
Fe2+ at 708.9 and 722.7 eV, and for Fe3+ at 712.2 and 725.9 eV. 
Additionally, satellite peaks at 715.4 and 736.1 eV corroborated the 
presence of Fe3+. Relative to N,S-CMO, the binding energy of Fe3+ in the 
N,S-CFO/MC-NS catalyst also exhibited a shift to higher energy, 
potentially linked to enhanced reactivity in the formation and cleavage 
of O–O bonds [35]. In the Mo 3d spectral analysis (Fig. 2f), the N,S- 
CFO/MC-NS catalyst showed characteristic peaks for Mo2+ at 230.6 
and 233.0 eV, peaks at 232.0 and 235.1 eV attributed to Mo6+, and 
peaks for Mo4+ at 231.7 and 288.5 eV. This analysis indicates that the 
Mo4+ signal in the N,S-CFO/MC-NS catalyst shifted to lower energy 
compared to the Mo4+ peak in the N,S-CMO catalyst. This shift may be 
associated with an increase in electron density adjacent to the Mo atoms, 
thereby promoting the catalyst's activity in the HER. In the N 1 s spec
trum (Fig. 2g), peaks at 394.7 eV, 398.1 eV, 398.8 eV, 400.0 eV, and 
405.1 eV correspond to Mo 3p, pyridinic-N, pyrrolic-N, graphitic-N, and 
oxidized-N, respectively. In comparison to N,S-Fe2O3 and N,S-CMO, the 

pyridinic-N in N, S-CFO/MC-NS shifts to a lower binding energy region, 
thereby enhancing the reduction and oxidation capabilities of hydrogen 
and oxygen [36]. In the S 2p spectrum, peaks for S 2p3/2 and S 2p1/2 are 
observed at 162.0 eV and 163.4 eV, respectively, while the Ni-O-S peak 
appears at 168.9 eV. Compared to the N 1 s spectrum, the binding energy 
of S 2p3/2 shifts to a higher energy level, indicating that the sulfur 
element exhibits greater stability during the catalytic process. This sta
bility contributes to the improved long-term durability and stability of 
the catalyst (Fig. 2h) [3]. In the O 1 s spectrum of N, S-CFO/MC-NS, the 
peaks at 530.4 eV (M-O), 531.7 eV (oxygen defect), and 533.2 eV (O–H) 
highlight the significant influence of oxygen defects, which is consistent 
with the EPR test results (Fig. 2i) [37]. Relevant studies have demon
strated that oxygen vacancies play a critical role in both the anode and 
cathode sides of the water splitting reaction. They enhance the elec
tronic transfer capability of the catalytic surface by providing active 
sites for the adsorption and transformation of intermediates, facilitating 
the adsorption and conversion of oxygen intermediates, and thereby 
promoting the water splitting reaction. The four peaks identified in the C 
1 s spectrum, located at 284.1 eV (Mo–C), 284.9 eV (C-C/C=C), 286.1 
eV (C-N/C-S), and 288.6 eV (C=O), underscore the crucial role of C–S 
bonds in mitigating sulfur atom leaching and preventing sulfide disso
lution, thereby ensuring the catalyst's high durability in alkaline elec
trolyte (Fig.S7b) [38].

3.2. Electrocatalytic OER performances

We first evaluated the OER performance of N,S-CFO/MC-NS in an 
alkaline environment. To mitigate the influence of Co2+ on the anodic 
peak, we initially assessed the overpotential from the negative scan. The 
polarization curves presented in Fig. 3a demonstrate that at a current 
density of 100 mA cm− 2, the overall activity of N,S-CFO/MC-NS sur
passes that of N,S-CMO and N,S-Fe2O3, specifically indicating N,S-CFO/ 
MC-NS (160 mV) > N,S-CMO (270 mV) > N,S-Fe2O3 (390 mV). 
Furthermore, at a current density of 300 mA cm− 2, the overpotential of 
N,S-CFO/MC-NS (217 mV) is 150 mV lower than that of N,S-CMO (367 
mV). To validate the true catalytic activity of N,S-CFO/MC-NS, we 
compared the overpotentials obtained from both positive and negative 
scans and found no significant differences (Fig.S8-a, Supporting Infor
mation). Fig. 3b illustrates the Tafel slopes that reflect the reaction ki
netics of the OER. The data indicate that pure NF exhibits a Tafel slope of 
143 mV dec− 1, whereas N,S-Fe₂O₃ and N, S-CMO have Tafel slopes of 97 
mV dec− 1 and 57 mV dec− 1, respectively. In contrast, N, S-CFO/MC-NS 
demonstrates a significantly lower Tafel slope of only 46 mV dec− 1. This 
finding suggests that N,S-CFO/MC-NS predominantly governs the reac
tion rate during the second electron transfer step of the OER (OH− +

OH* → H₂O + O* + e− ). A lower Tafel slope signifies enhanced reaction 
kinetics, indicating that this catalyst exhibits superior catalytic perfor
mance for the OER [39]. Furthermore, the double-layer capacitance 
(Cdl) values were obtained by scanning cyclic voltammetry (CV) curves 
at varying rates within the non-Faradaic region. The results presented in 
Fig. 3c indicate that N, S-CFO/MC-NS (10.4 mF cm− 2) > N, S-CMO (3.8 
mF cm− 2) > N, S-Fe2O3 (2.6 mF cm− 2) > NF (2.1 mF cm− 2). Corre
sponding to the Cdl values, the electrochemical active surface area 
(ECSA) of N,S-CFO/MC-NS is 2.7 times, 4.0 times, and 4.9 times greater 
than that of N,S-CMO, N,S-Fe2O3, and NF, respectively (Fig.S8-b, Sup
porting Information). The LSV curves normalized by ECSA values 
demonstrate that N,S-CFO/MC-NS exhibits the highest catalytic activity, 
suggesting an increase in relevant active sites (Fig.S8-c, Supporting In
formation). The exchange current density (j0) of N,S-CFO/MC-NS is 
25.7 mA cm− 2, which exceeds that of N,S-CMO (18.3 mA cm− 2) by 7.4 
mA cm− 2 (Fig. 3d). Additionally, the Nyquist plot presented in Fig. 3e 
shows that NF (3.62 Ω) > N,S-Fe2O3 (2.39 Ω) > N,S-CMO (0.35 Ω) > N, 
S-CFO/MC-NS (0.25 Ω). At 1.6 V (relative to RHE), the charge transfer 
rate of N,S-CFO/MC-NS reached 42.8 s− 1, surpassing that of NF (1.7 
s− 1), N,S-Fe2O3 (20.1 s− 1), and N,S-CMO (24.8 s− 1) (Fig.S8-d, Sup
porting Information). These data indicate that the formation of the 
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heterostructural CFO/MC and the modulation of its dopant atoms 
significantly enhance catalytic activity [40]. After 5000 CV cycles, we 
observed an enhancement in the catalytic performance of N,S-CFO/MC- 
NS at a current density of 300 mA cm− 2. We propose that the catalyst 
may undergo partial reconstruction, leading to the formation of a new 
active phase (Fig. 3f). Concurrently, N,S-CFO/MC-NS demonstrated 
stable performance for 500 h at the same current density (Fig. 3g). The 
Faradaic efficiency, measured by the drainage method, also approached 
nearly 100 % (Fig.S9, Supporting Information). Contact angle tests 
conducted after the reaction indicated that the material surface had 
become nearly completely hydrophilic (Fig.S10, Supporting Informa
tion). Following the stability tests, we conducted further investigations 
on N, S-CFO/MC-NS. As illustrated in Fig.S11(Supporting Information), 
TEM images suggest that the material likely underwent partial recon
struction after the OER reaction while maintaining the integrity of the 
thin carbon layer. The HRTEM images (Fig.S12, Supporting Informa
tion) show that the lattice fringes in the CFO region measured 0.39 nm 
and 0.47 nm, which may correspond to the CoOOH (110) and FeOOH 
(002) planes, respectively. The heterostructure region was well- 
preserved, with lattice fringes of 0.25 nm and 0.27 nm corresponding 
to the MoC (100) and (001) planes, respectively. Energy-dispersive 

spectroscopy (EDS) analysis (Fig.S13, Supporting Information) 
revealed distinct signals for Co, Mo, Fe, N, O, S, and C, indicating the 
retention of relevant active sites. XPS spectra obtained post-reaction 
provide valuable insights into the changes in the valence states of the 
involved elements. The Co 2p spectrum, as shown in Fig. S14-a (Sup
porting Information), illustrates that the Co3+ peaks at 778.8 eV and 
793.6 eV shifted to higher energy regions following the OER. Similarly, 
the Fe3+ peaks at 712.2 and 725.9 eV also exhibited shifts to higher 
energy regions (Fig.S14-b, Supporting Information). This phenomenon 
may be attributed to the increased oxidation states of Co3+ and Fe3+

during the reaction. Generally, such shifts are associated with an in
crease in charge density or alterations in oxidation states. In contrast, 
the Mo 3d spectrum depicted in Fig. S14-c (Supporting Information) 
indicates that the Mo2+ peaks at 230.6 eV and 233.0 eV shifted to lower 
energy regions, suggesting that Mo underwent reduction or an increase 
in electron density during the OER. This shift may result from the 
interaction of Mo with its surrounding environment, such as oxides in 
alkaline media or other dopant elements, leading to electron redistri
bution. The N and S elements, which modulate the electronic structure, 
also underwent notable changes. In the N 1 s spectrum presented in Fig. 
S14-d (Supporting Information) the Pyridinic-N peak at 397.8 eV shifted 

Fig. 3. OER performances of NF, N, S-Fe2O3, N, S-CMO, and N, S-CFO/MC-NS in 1 M KOH environment. a) LSV curves. b) Tafel plots. c) Calculated Cdl values. d) 
Radar chart of various performances. e) Fitted EIS spectra. f) LSV plots after 5000 CV cycles. g) Stability plot at a current density of 300 mA cm− 2. h) Comparison of 
overpotentials of N, S-CFO/MC-NS and other works.
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to a lower energy, indicating that nitrogen gained electrons during the 
reaction, resulting in an increase in electron density. This increase may 
stem from charge transfer with the surrounding environment or in
teractions with neighboring metal centers, placing nitrogen in a more 
reduced state. In the S 2p spectrum (Fig.S14-e, Supporting Information), 
the S 2p3/2 peak shifted to 162.3 eV, moving to a higher energy region 
post-reaction, which may reflect changes in chemical bonding between 
sulfur and other elements (such as carbon) in the surrounding material. 
Similarly, the C–S bonds in the C 1 s spectrum (Fig.S14-f, Supporting 
Information) remained intact after the reaction, potentially helping to 
prevent the loss or desorption of sulfur under high oxidation conditions 
[41–43]. Furthermore, to highlight the superior OER performance of N, 
S-CFO/MC-NS, we further compared its performance with that of other 
catalysts in Fig. 3h.

3.3. Electrocatalytic HER performances

We assessed the HER performance in a 1 M KOH environment to 
investigate the bifunctional water-splitting capability. The HER polari
zation curves (LSV) presented in Fig. 4a indicate that the overpotentials 
required to achieve a current density of 100 mA cm− 2 were 370 mV for 

NF, 252 mV for N,S-Fe2O3, 142 mV for N,S-CMO, and only 83 mV for N, 
S-CFO/MC-NS. At a current density of 300 mA cm− 2, the overpotential 
for N,S-CMO was 230 mV, while N,S-CFO/MC-NS exhibited the lowest 
overpotential of 142 mV among all the prepared catalysts. The minimal 
difference of only 3 mV between the anodic and cathodic scans of the 
LSV curve at a current density of 300 mA cm− 2 further confirms the 
superior catalytic activity of N,S-CFO/MC-NS (Fig.S15-a, Supporting 
Information). Fig. 4b illustrates the Tafel slopes corresponding to the 
different LSV curves. It is evident that N,S-CFO/MC-NS has a Tafel slope 
of only 24.9 mV dec− 1, in contrast to 101.2 mV dec− 1 for NF, 96.4 mV 
dec− 1 for N,S-Fe2O3, and 74.4 mV dec− 1 for N,S-CMO. This suggests that 
the catalytic behavior of N,S-CFO/MC-NS is primarily governed by the 
Tafel step (i.e., H2 desorption) rather than the Volmer step (i.e., H2O 
dissociation) as the rate-determining step. CV curves scanned at various 
rates within the non-Faradaic region yielded surface charge densities for 
evaluating Cdl. As illustrated in Fig. 4c, the Cdl values for NF, N,S-Fe2O3, 
and N,S-CMO were 3.4, 6.2, and 7.3 mF cm− 2, respectively, while N,S- 
CFO/MC-NS reached 9.2 mF cm− 2. Consequently, the assessment of 
the ECSA indicated that the ECSA of N,S-CFO/MC-NS was 1.25 times 
greater than that of N,S-CMO, suggesting an increased exposure of active 
sites following the cation exchange reaction (Fig.S15-b, Supporting 

Fig. 4. HER performances of NF, N, S-Fe2O3, N, S-CMO, and N, S-CFO/MC-NS in 1 M KOH environment. a) LSV curves. b) Tafel plots. c) Calculated Cdl values. d) 
Radar chart of various performances. e) Fitted EIS spectra. f) LSV plots after 5000 CV cycles. g) Stability plot at a current density of 200 mA cm− 2. h) Comparison of 
overpotentials of N, S-CFO/MC-NS and other works.
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Information). Further normalization of the LSV curves based on ECSA 
demonstrated that the formation of the heterostructure significantly 
enhanced intrinsic catalytic activity (Fig.S15-c, Supporting Informa
tion). Fig. 4d shows that the exchange current density (j0) for N,S-CFO/ 
MC-NS was 3.8 times higher than that of N,S-CMO, underscoring the 
importance of heteroatom modulation in improving the activity of the 
heterostructure. Additionally, the electrochemical impedance spectra 
(Nyquist plots) revealed that the impedance of N,S-CFO/MC-NS was 
only 0.12 Ω, in contrast to 5.32 Ω for NF, 1.09 Ω for N,S-Fe2O3, and 0.46 
Ω for N,S-CMO, further corroborating the enhanced electron transfer 
efficiency of N,S-CFO/MC-NS in HER catalytic behavior (Fig. 4e) [44]. 
By comparing the turnover frequency (TOF) values at an overpotential 
of 200 mV (vs. RHE), we observed that the TOF values for NF, N,S-Fe2O3, 
N,S-CMO, and N,S-CFO/MC-NS were 2.9, 12.7, 14.6, and 35.5 s− 1, 
respectively (Fig.S15-d, Supporting Information). The stability of the 
catalyst underscores the potential of N,S-CFO/MC-NS for practical ap
plications, which we assessed using two methods. Fig. 4f illustrates that 
after 5000 cycles of CV, the LSV curve for N, S-CFO/MC-NS exhibited an 
increase of only 11 mV at a current density of 300 mA cm− 2. Fig. 4g 
demonstrates that N,S-CFO/MC-NS can maintain stable current output 
for up to 500 h at a current density of 200 mA cm− 2.

The Faradaic efficiency, measured via the drainage method, 
approached nearly 100 % (Fig.S16, Supporting Information). Post- 
reaction contact angle measurements indicated that the material sur
face transitioned to a nearly completely hydrophilic state (Fig.S17, 
Supporting Information). Following stability tests, we conducted further 
investigations on N, S-CFO/MC-NS. TEM images presented in Fig.S18 
(Supporting Information) suggest that the catalyst surface may have 
undergone partial reconstruction after the reaction. HRTEM images 
shown in Fig.S19 (Supporting Information) reveal lattice fringe spacings 
of 0.25 nm and 0.18 nm, corresponding to the CoFe2O4 (113) and MoC 
(101) planes, respectively [45]. The EDS spectrum in Fig.S20 (Sup
porting Information) confirmed that the elements Co, Mo, Fe, N, S, and C 
remained uniformly distributed even after the reaction. Notably, the 
presence of sulfur in the EDS spectrum indicates that a thin carbon layer 
may have inhibited the leaching of sulfur atoms, thereby enhancing the 
catalyst's lifespan. Moreover, XPS provided insights into the electron 
transfer between relevant atoms. Following the HER, the Co 2p spectrum 
revealed that the Co3+ peaks at 778.8 and 793.6 eV shifted to lower 
energy regions (Fig.S21-a, Supporting Information). Similarly, the Fe 2p 
spectrum demonstrated a shift of the Fe3+ peaks at 708.9 and 722.7 eV 
to lower energy regions (Fig.S21-b, Supporting Information). These 
shifts of Co3+ and Fe3+ to lower energy levels indicate that both ele
ments may have experienced an increase in charge density or enhanced 
interactions with other elements (e.g., oxygen), resulting in a greater 
number of electrons being drawn toward lower energy states. Interest
ingly, the Mo 3d spectrum in Fig.S21-c (Supporting Information) indi
cated that the Mo2+ peaks at 230.6 and 233.0 eV shifted to higher energy 
regions. This suggests that Mo may have undergone a change in oxida
tion state or a redistribution of electron density during the HER reaction, 
potentially due to interactions with other elements or molecules in the 
alkaline medium. The N 1 s spectrum in Fig.S21-d (Supporting Infor
mation) also exhibited a shift of the pyridinic-N peak at 398.5 eV to a 
higher energy region, implying a change in the electronic structure of 
nitrogen atoms, likely resulting from enhanced interactions with adja
cent carbon or metal atoms, which leads to local changes in electron 
density. Furthermore, the peak in the S 2p3/2 spectrum at 161.8 eV 
shifted to a lower energy region, indicating that sulfur atoms may have 
experienced an increase in electron density during the reaction. This 
could be associated with the partial reduction of sulfur atoms or relax
ation of their electronic environment (Fig.S21-e, Supporting Informa
tion). Additionally, the C–S bond in the C 1 s spectrum remained intact 
following the reaction, suggesting that the C–S bond may play a crucial 
role in preventing the loss of sulfur atoms and ensuring stability (Fig. 
S21-f, Supporting Information) [46,47]. Additionally, we compared the 
performance of N,S-CFO/MC-NS with that of other catalysts, as shown in 

Fig. 4h, underscoring its exceptional HER performance.

3.4. Mechanism investigation

To determine the potential sources of active sites in various reaction 
scenarios of the OER and HER, we investigated the structural evolution 
of the N,S-CFO/MC-NS electrode using in situ Raman spectroscopy in a 
1 M KOH environment at different open circuit voltages. Initially, we 
examined the dynamic changes of N,S-CFO/MC-NS as the anode during 
the OER process. As depicted in Fig. 5a, three distinct signal peaks at 
425 cm− 1, 561 cm− 1, and 950 cm− 1 were observed in the voltage range 
of 1.0 V to 1.5 V, with the peak intensities gradually increasing, indi
cating the formation of CoOOH species. Prior studies have demonstrated 
that when Co sites in CoFe2O4 participate in the OER, the reaction 
pathway tends to favor the adsorbate evolution mechanism (AEM). This 
observation suggests that Co exhibits a strong capacity to adsorb and 
desorb water molecules, which is crucial for enhancing both the effi
ciency and stability of the OER [48]. When N,S-CFO/MC-NS is employed 
as the cathode, we assessed its capacity to adsorb H2O by investigating 
the transition from the non-Faradaic region to the HER region within the 
voltage range of +0.3 V to − 0.2 V (vs. RHE). The in-situ Raman spectra 
presented in Fig. 5b clearly display a significant vibrational peak at 
1635 cm− 1. Within the voltage range of +0.3 V to 0 V, the peak intensity 
progressively increased, indicating a substantial enhancement in H2O 
adsorption on the N,S-CFO/MC-NS electrode surface. This increase in 
adsorption intensity is thought to facilitate the Volmer step by providing 
an adequate supply of hydrogen atoms for subsequent reactions, spe
cifically the Tafel step, thereby enhancing the overall reaction rate and 
catalytic performance. Conversely, in the voltage range of 0 V to − 0.3 V, 
a gradual decline in the vibrational intensity at 1635 cm− 1 was 
observed, suggesting that water molecules may have undergone a 
dissociation process, with some potentially converting into hydrogen 
atoms or hydroxide ions, which leads to the weakening of this vibra
tional mode. This leads to a weakening of this vibrational mode. This 
observation indicates a shift in the chemical environment of the water 
molecules, further corroborating their involvement in the reaction 
mechanism [49].

Density Functional Theory (DFT) calculations were employed to 
further explore the potential for enhanced activity of the hetero
structural CoFe₂O₄/MoC during the OER and HER processes. Initially, 
atomic structure models of CoFe2O4, MoC, and the heterostructural 
CoFe2O4/MoC were established and optimized. (Fig.S22, Supporting 
Information). The work function calculations indicated that the work 
functions for CoFe2O4 and MoC are 4.91 eV and 5.23 eV, respectively 
(Fig.S23, Supporting Information). Notably, the work function of the 
heterostructural CoFe2O4/MoC is 4.76 eV. This lower work function 
suggests that the heterostructure exhibits enhanced electron transfer 
capabilities, facilitating the movement of electrons from the catalyst to 
the reactants during the OER and HER processes, thereby promoting 
these reactions (Fig. 5c). Furthermore, calculations for the CoFe2O4 
structural model revealed an electron transfer number of 7.3 e− , while 
that for MoC was 11.6 e− . In the charge density difference analysis of the 
heterostructural CoFe2O4/MoC, the electron transfer on the CoFe2O4 
side was measured at 7.9 e-, while on the MoC side it was 13.3 e− . These 
results indicate that the formation of the heterostructure involves a 
greater number of electrons in the reactions. The accumulation of charge 
in the yellow region and the depletion of charge in the cyan region 
further illustrate that the heterostructure area establishes pathways for 
rapid electron transport (Fig. 5d). According to the d-band center the
ory, the adsorption of reaction intermediates on the catalyst surface is 
closely related to the electron density near the Fermi level (EF). Fig. 5e 
demonstrates that the heterostructural CoFe2O4/MoC is situated closer 
to EF compared to CoFe2O4 and MoC, thereby enhancing the hetero
structure's capacity to adsorb oxygen intermediates (such as *O and 
*OH) during the OER. Similarly, for the HER, this proximity increases 
the ability of CoFe2O4/MoC to adsorb hydrogen intermediates (such as 
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H*). This enhanced adsorption capacity can facilitate hydrogen gener
ation, thereby improving the efficiency of the HER process. The Gibbs 
free energy analysis provides further insights into the understanding of 
various reaction pathways. As illustrated in Fig. 5f, the hydrogen free 
energy (ΔGH*) value for pure MoC is − 10.98 eV, indicating a very strong 
interaction between H* and the MoC surface. This strong interaction 
may lead to excessive adsorption of reaction intermediates, which could 
hinder hydrogen release and reduce catalytic activity. In contrast, the 
ΔGH* value for the heterostructural CoFe2O4/MoC is − 0.55 eV, which is 
close to the ideal value. This suggests that the adsorption energy of H* 
on this structure is moderate, thereby promoting hydrogen generation 
and release. The OER free energy profiles depicted in Fig. 5g show that 
both CoFe2O4 and the heterostructural CoFe2O4/MoC undergo an 
endothermic (uphill) process during the reaction. Notably, during the 
potential-determining step (PDS) for the generation of O2 from *OOH, 
the energy barrier for CoFe2O4 is − 1.43 eV, while for CoFe2O4/MoC, it is 
4.01 eV, with the overall energy barrier for O2 generation being 4.90 eV. 
This further elucidates that the formation of the heterostructure posi
tively contributes to the OER reaction [50,51].

The analyses reveal a similar “electron-dragging” mechanism 

between heteroatom doping and the superoxide disproportionation re
action catalyzed by CuZn. During the OER, XPS analysis showed that 
Co3+ peaks shifted to higher energy, indicating an increased oxidation 
state of Co. In situ Raman spectroscopy detected CoOOH, implying that 
cobalt oxides or hydroxides act as active catalysts in oxygen evolution. 
The generation of CoOOH indicates that Co serves as an active site, 
interacting with water molecules or OH− ions to facilitate oxygen gen
eration. A similar mechanism is observed in the HER in alkaline envi
ronments. The Volmer reaction occurs first, where H+ ions are adsorbed 
onto the catalyst's active sites, forming adsorbed hydrogen (H₃O+ + * +
e− → H* +H₂O). In situ Raman analysis revealed the adsorption of water 
molecules on the surface of the N,S-doped CoFe₂O₄/MoC electrode, 
while XPS displayed a shift of Mo2+ peaks to lower energy. This shift 
indicates that MoC provides electrons more readily, enhancing H+

reduction to produce H₂. This electron transfer is analogous to the CuZn- 
catalyzed superoxide reduction, where electron density facilitates the 
reduction process. DFT demonstrated that the heterostructural CoFe₂O₄/ 
MoC further promotes electron transfer. The interaction decreases 
electron density on Co within CoFe₂O₄ while increasing it on Mo in MoC, 
thereby enhancing electron mobility. The N,S-doped heterostructural 

Fig. 5. a) In situ Raman spectra of N, S-CFO/MC-NS measured for OER in a 1 M KOH environment. b) In situ Raman spectra of N, S-CFO/MC-NS measured for HER in 
a 1 M KOH environment. c) Calculated work function (φ) of CoFe2O4/MoC. The inset shows the static geometric configuration of CoFe2O4/MoC. d) Charge density 
difference and Bader charge transfer at the interfaces of CoFe2O4, MoC, and CoFe2O4/MoC. The yellow and cyan regions represent charge accumulation and 
depletion, respectively. The golden yellow, dark green, red, light purple, and dark brown represent Fe, Co, O, Mo, and C elements, respectively. e) DOS plots of 
CoFe2O4, MoC, and CoFe2O4/MoC. f) Gibbs free energy diagrams of hydrogen adsorption on MoC and CoFe2O4/MoC. The inset shows the geometric configuration of 
H* adsorbed on the CoFe2O4/MoC structure. g) Gibbs free energy curves of OER at 1.23 V for CoFe2O4 and CoFe2O4/MoC. The inset depicts the geometric con
figurations of *OH, *O, and *OOH adsorbed on the CoFe2O4/MoC structure. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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CoFe₂O₄/MoC plays dual catalytic roles: improving OER via electron 
dragging and enhancing HER efficiency through improved electron 
transfer. These findings underscore the universality and significance of 
the electron-dragging effect in catalysis, where modulation of electron 
density enhances electron mobility and reaction efficiency across 
diverse catalytic systems.

3.5. Overall hydrolysis performances

Given the excellent performance of the N,S-CFO/MC-NS self-sup
porting electrode in both HER and OER, we employed it directly as both 
the anode and cathode in an alkaline water electrolysis cell (Fig. 6a), 
utilizing 1 M KOH as the electrolyte. Fig. 6b presents a comparison of the 
performance between the N,S-CFO/MC-NS (− ) ‖ N,S-CFO/MC-NS (+) 
system and the Pt/C (− ) ‖ RuO2 (+) system. The results indicate that the 
N,S-CFO/MC-NS (− ) ‖ N,S-CFO/MC-NS (+) system requires a voltage of 
1.47 V, while the Pt/C (− ) ‖ RuO2 (+) system necessitates a voltage of 
1.70 V, demonstrating a reduction of 0.23 V to achieve a current density 
of 100 mA cm− 2. Furthermore, to evaluate its overall durability, we 
conducted a long-term output test at a current density of 100 mA cm− 2 

for 300 h, confirming that the N, S-CFO/MC-NS (− ) ‖ N, S-CFO/MC-NS 
(+) system exhibits excellent stability (Fig. 6c). In a similar vein, we 
performed a comparative analysis of the battery voltages evaluated with 
alternative catalysts to underscore the advantages of the N,S-CFO/MC- 
NS (− ) ‖ N,S-CFO/MC-NS (+) system (Fig. 6d).

4. Conclusion

Inspired by the electron-polarizing mechanism observed in nature, 
we have successfully developed N, S-CoFe₂O₄/MoC-NS (N, S-CFO/MC- 

NS) via a cation exchange method, resulting in electrodes that demon
strate high efficiency and stability for both the OER and HER under 
alkaline conditions. In the CoFe₂O₄/MoC heterostructure, the positive 
modulation of N and S doping, along with the presence of oxygen va
cancies, allows it to operate as an OER electrode with an overpotential of 
merely 217 mV at a current density of 300 mA cm− 2, and as an HER 
electrode with an overpotential of 142 mV under identical conditions. 
By assembling a bipolar electrode system (N, S-CFO/MC-NS (− ) ‖ N, S- 
CFO/MC-NS (+)), we achieved a current density of 100 mA cm− 2 with a 
cell voltage of 1.47 V, maintaining stable operation for 300 h. DFT 
calculations indicate that the formation of the heterostructure interface 
promotes electron transfer. Experimental results, along with in situ 
Raman analysis, further confirm the ‘electron-dragging ‘effect of N and S 
elements, selectively enhancing the active sites for both OER and HER 
reactions. This study integrates theoretical and experimental method
ologies to elucidate the microscopic mechanism behind the ‘electron- 
polarizing’ effect, providing significant insights into the development of 
highly efficient and stable alkaline water electrolysis systems.
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