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ABSTRACT
Developing robust, efficient oxygen evolution catalysts is essential to advancing alkaline water electrolysis and sustainable hydro-

gen production. Herein, we present a vacancy-engineered MoO2/Fe3O4-Mel nanorod composite, grown on nickel foam via a one-

step solvothermal strategy. The catalyst possesses abundant oxygen vacancies and strongly coupled MoO2/Fe3O4 heterointerface,

while the nitrogen-rich melamine framework promotes electronic modulation of Fe active centers. During electrochemical acti-

vation, it undergoes surface reconstruction to generate an FeOOH active phase and oxygen vacancies promote interfacial charge

redistribution. These structural and electronic features accelerate charge transfer and facilitate the adsorption and conversion of

oxygenated intermediates during oxygen evolution reaction (OER). As a result, the optimized MoO2/Fe3O4-Mel catalyst delivers

ultra-low overpotential of 217mV at 100mA cm−2, a small Tafel slope of 70mV dec−1, and maintains stable operation for 150 h. In

situ Raman and in situ Fourier transform infrared spectroscopy reveal vacancy-associated surface reconstruction and dynamic

oxygenated intermediate evolution, while tetramethylammonium and pH-dependent studies confirm an adsorbate evolution

mechanism. A two-electrode MoO2/Fe3O4-Mel(+)||Pt/C(−) electrolyzer achieves a low cell voltage of 1.45 V at 100mA cm−2 with

negligible degradation over 100 h. This work highlights the effectiveness of interfacial electronic modulation and oxygen vacancy

engineering for high-performance alkaline OER catalysts.

1 | Introduction

Hydrogen has received substantial attention as a sustainable alter-
native to fossil fuels due to its high energy density and zero carbon
emission [1, 2]. Electrochemical water splitting provides a sustain-
able, environmentally friendly approach to hydrogen generation to
meet rising energy demands and solve environmental concerns
[3, 4]. The hydrogen evolution reaction and oxygen evolution reac-
tion (OER) are the two primary half-reactions in water splitting,
with OER being more kinetically challenging and having a

significant role in renewable energy conversion technologies
[5, 6]. However, its slowmultielectron transfer kinetics, along with
significant overpotentials, reduce overall efficiency, emphasizing
the importance of durable and highly proficient electrocatalysts
[7, 8]. Commercial RuO2- and IrO2-based catalysts exhibit
outstanding intrinsic activity, but their high cost, partial availabil-
ity, and restricted long-term stability in alkaline environments
severely limit their scalability for real-world applications [9, 10].
Therefore, non-noble transition metal-based electrocatalysts have
gained popularity as potential and sustainable alternative.
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Subsequently, non-precious transition metal oxides like iron
oxides (FexOy) particularly offer Fe centers that readily partici-
pate in redox cycling and generate highly active FeOOH species
under alkaline OER conditions [11]. However, the OER activity
of iron oxides (FexOy) is often limited by poor electrical conduc-
tivity, nonideal intermediate adsorption, and unstable surface
reconstruction [12]. Incorporation of secondary metals such as
Mo or nitrogen-rich melamine can improve charge transfer,
structural stability, and a high density of coordination sites for
metal species [13]. The catalytic systems still suffer from non-
ideal adsorption behavior of oxygenated intermediates and lim-
ited accessibility of active sites, affecting the intrinsic activity and
durability [14]. Various strategies, including heteroatom doping,
defect engineering, interface engineering, and morphology regu-
lation, have been employed to enhance the intrinsic activity and
durability of electrocatalysts [15]. Among these methods, oxygen
vacancy engineering is recognised as a promising approach for
improving the activity and durability of non-precious metal cata-
lysts by tuning local electronic structure and adsorption/desorption
energies of major OER intermediates (*OH, *O, and *OOH)
[16, 17]. For example, Hua et al. found that the FeOOH
nanorods@NiOOH nanosheets with interfacial oxygen vacancies
that improved conductivity, controlled Fe-site electronic structures,
and promoted oxygen intermediate adsorption, resulting in
reduced OER overpotentials (261mV at 20mA cm−2) with good
stability [5]. Furthermore, Bhattarai et al. reported FeNi-LDH/
MIL-88A heterocomposites in which oxygen vacancies tune
Fe/Ni active sites, lower O─O bond formation barriers, and pro-
mote intermediate adsorption, achieving 200mA cm−2 at
350mV. Mechanistic studies indicated an AEM-dominated OER
pathway, with oxygen vacancies promoting faster reaction kinetics
[18]. Similarly, Melamine serves as a structural matrix and coordi-
nation platform, enabling efficient Mo incorporation into the
Fe3O4-Mel system, which generates more oxygen vacancies,
modulates the electronic structure, and improves the catalytic
activity of the FeOOH active sites. This synergistic effect improves
electron transfer, charge transport, and adsorption behavior of oxy-
genated intermediates, thereby promoting efficient OER. To date,
the MoO2/Fe3O4-Mel composite has not been reported, and in this
work, we investigate it for the first time as a promising catalyst for
high-performance OER.

Herein, we present a MoO2/Fe3O4-Mel composite precatalyst
with a nanorod-like morphology, in which alkaline electrochem-
ical activation induces in situ surface reconstruction to form an
FeOOH phase. Oxygen vacancies modulate the local electronic
environment of Fe centers and optimize the adsorption and
transformation of oxygenated intermediates, thereby enhancing
OER kinetics. The optimized material, MoO2(0.3)/Fe3O4-Mel(2),
exhibits excellent OER activity with overpotentials of 217 and
259mV to deliver 100 and 300mA cm−2, respectively, and dem-
onstrates outstanding durability of 150 h at 100 mA cm−2.
OperandoRaman and operando Fourier transform infrared (FTIR)
spectroscopy, together with tetramethylammonium (TMA+) and
pH-dependent electrochemical probing, were employed to eluci-
date the dynamic evolution of the composite precatalyst into the
catalytically active FeOOH phase and to establish a clear corre-
lation between oxygen vacancy engineering and catalytic perfor-
mance. A two-electrode system, MoO2/Fe3O4-Mel(+)||Pt/C(−),
yields a low cell voltage of 1.45 V at 100mA cm−2 and has a sta-
bility of 100 h with minimal voltage decay. Rapid OER kinetics

and overall water splitting in alkaline media are collectively facil-
itated by the nanorod-like morphology and melamine-directed
structural features, which improve electron and ion transport.
Moreover, oxygen vacancies further activate FeOOH sites and
enhance adsorption energies of oxygenated intermediates.

2 | Results and Discussion

2.1 | Synthesis and Characterization of
MoO2/Fe3O4-Mel@NF Nanorods

The MoO2/Fe3O4-Mel catalyst was grown on nickel foam (NF)
using a one-step solvothermal approach, as illustrated in Figure 1a.
MoO2 was effectively incorporated into Fe3O4-Mel, resulting in
highly ordered nanorod arrays attached onto the NF substrate.
The formation of MoO2/Fe3O4-Mel nanorods proceeds through
solvothermal nucleation growth process. During synthesis, Fe
and Mo precursor species undergo hydrolysis and interact with
melamine through nitrogen-containing functional groups, pro-
moting nucleation and assembly on the Ni foam substrate.
Under solvothermal conditions, the Fe andMo precursors are con-
verted into Fe3O4 and MoO2, respectively. The subsequent growth
and interfacial coupling of these phases result in the formation of
uniformly distributed MoO2/Fe3O4-Mel nanorods with a strongly
coupled heterointerface [19, 20]. X-ray diffraction (XRD) analysis
reveals that the composite was successfully developed. The diffrac-
tion peaks corresponding to MoO2 (PDF#96-154−8821), Fe3O4

(PDF#96-153-2792), and melamine (CCDC#237082) are closely
matched with the standard reference patterns in the MoO2(0.3)/
Fe3O4-Mel(2) sample (Figure 1b). The characteristic diffraction
peaks at 31°, 32°, and 34° and 47°–49° correspond to Fe3O4,
confirming its successful incorporation into the composite. Mo
integration increases the diffraction strength associated with Mo-
related reflections at roughly 26° and 39°, indicating modest struc-
tural modification of the composite framework (Figure S2) [21].

FTIR spectroscopy was used to investigate surface functional
groups and bonding conditions (Figures 1c and S3). The absorp-
tion spectra at 3350–3450 cm−1 are due to N─H stretching vibra-
tions, indicating the existence of surface amine functionalities
from melamine [22]. The vibrational bands detected in the
1750–1350 cm−1 range correspond to characteristic N─H bending
and C─N stretching modes [23]. Notably, the C─N stretching
vibration shift, together with the appearance of a metal–oxygen
(M–O) vibration near 530 cm−1, indicates notable interactions
between the metal oxide components and the melamine frame-
work [24]. Melamine’s triazine ring breathing mode, typically
located near 810 cm−1, shows a small red shift, indicating metal
coordination while maintaining the structural integrity of the
melamine scaffold [25]. Ultimately, the XRD and FTIR data dem-
onstrate the effective integration of MoO2 and Fe3O4 into the
melamine-based framework while preserving nitrogen-rich coor-
dination conditions favorable to OER catalysis.

Electron paramagnetic resonance (EPR) spectroscopy was applied
to study the defect properties and oxygen vacancy generation.
As demonstrated in Figure 1d, the MoO2/Fe3O4-Mel composite
has a significant signal at g= 2.04, which corresponds to the
oxygen vacancy-associated unpaired electrons. In comparison,
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the Fe3O4-Mel sample shows just a mild and almost insignificant
signal [26]. The enhanced oxygen vacancy concentration after Mo
addition is attributed to strong interfacial interactions between
MoO2 and Fe3O4 generating a heterointerface. Due to difference
in electronic structure and local coordination environment, the
incorporation of Mo induces lattice distortion and charge redistri-
bution within the heterostructure. To maintain local charge
balance and minimize the system energy, oxygen atoms can be
preferentially removed from the lattice, leading to the generation
of additional oxygen vacancies. Furthermore, the strong interfacial
coupling between MoO2 and Fe3O4 may lower the formation
energy of oxygen vacancies, thereby facilitating their formation.
Consequently, the MoO2/Fe3O4-Mel heterostructure exhibits a
strong EPR signal than Fe3O4-Mel, indicating a higher concentra-
tion of oxygen vacancies [27]. These results endorse that Mo inte-
gration efficiently promotes oxygen vacancy development, altering
the local electronic environment of Fe active centers and allowing
for improved adsorption of OER intermediates.

The morphological features of the catalysts were investigated
using scanning electron microscopy (SEM). The Fe3O4-Mel
sample exhibits irregular flower-like structures, but the MoO2/
Fe3O4-Mel composite has consistent nanorod arrays dispersed
throughout the NF surface (Figures 2a,b and S1a–e) [28].
The significant morphological conversion seen following Mo

integration proposes that MoO2 plays an important role in driv-
ing structural progression during solvothermal growth.
Transmission electron microscopy (TEM) supports the produc-
tion of well-defined 1D nanorod structures in MoO2/Fe3O4-
Mel (Figure 2c). The selected area electron diffraction (SAED)
patterns show discrete concentric diffraction rings, which indi-
cate that the composite material is polycrystalline (Figure 2d)
[29]. The indexed diffraction lines correspond to the (224) planes
of Fe3O4 and (212) planes of MoO2, confirming the presence of
both phases in the composite. High-resolution TEM (HRTEM)
images expose clearly determined lattice fringes with interplanar
spacings of 0.108 and 0.163 nm, consistent to the (112) plane of
MoO2 and the (231) plane of Fe3O4, respectively (Figure 2e). The
presence of continuous and well-defined lattice fringes confirms
high crystallinity and demonstrates intimate interfacial coupling
between the multiphase components within the composite
(Figure 2f ) [30]. The significant morphology evolution from
Fe3O4-Mel to MoO2/Fe3O4-Mel indicates that Mo incorporation
has strong effect on crystal growth during the synthesis process.
XRD, SAED, and HRTEM analyses confirm the coexistence of
MoO2 and Fe3O4 within the heterostructure. The morphology
of pristine Fe3O4, comprising small particles, is shown in
Figure S1a. Based on the reported morphology of solvothermally
synthesized MoO2 systems, the observed nanorod architecture is
likely associated with the Mo-containing domains, while the
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FIGURE 1 | (a) Schematic illustration of the synthesis of MoO2/Fe3O4-Mel. (b) XRD pattern of MoO2(0.3)/Fe3O4-Mel(2) and simulated pattern of mela-

mine, MoO2, Fe3O4. (c) FTIR spectra of the melamine, Fe3O4-Mel and MoO2(0.3)/Fe3O4-Mel(2). (d) EPR of the Fe3O4/Mel and MoO2/Fe3O4-Mel.
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uniformly dispersed Fe3O4 nanoparticles contribute to the forma-
tion of a strongly coupled heterointerface [31, 32].

Atomic force microscopy (AFM) analysis of MoO2/Fe3O4-Mel
reveals well-defined nanorod-like structures with an average
thickness of �9.11 nm (Figure 2g,h). These uniformly distributed
nanorods exhibit regular 1D morphology with high aspect ratios,
providing large exposed surface areas and well-defined directional
transport channels within the composite [33]. The hierarchical
nanostructure of the MoO2/Fe3O4-Mel catalyst is further con-
firmed by high-angle annular dark-field scanning transmission
electron microscopy (HAADF–STEM) imaging (Figure 2i). The
complementary energy-dispersive X-ray spectroscopy spectra
(Figure S4) and elemental mapping (Figure 2j–n) show a relatively
uniform distribution of Fe, Mo, O, N, and C throughout the

composite, promoting effective interfacial charge transfer, thereby
enhancing OER catalytic performance.

High-resolution X-ray photoelectron spectroscopy (XPS) was exe-
cuted to study the surface chemical composition, valence states,
and electronic atmospheres of Fe3O4-Mel@NF, MoO2/Fe3O4@
NF and MoO2/Fe3O4-Mel@NF composite. The survey spectrum
(Figure S7) shows the existence of C, O, N, Mo, and Fe elements.
The high-resolution Fe 2p spectrum of MoO2/Fe3O4-Mel
(Figure 3a) composite exhibits discrete Fe 2p3/2 and Fe 2p1/2
peaks, which are accompanied by distinctive satellite character-
istics. Peaks located at 710.2 and 721.0 eV belong to Fe2+,
whereas peaks at 713.2 and 723.5 eV correspond to Fe3+ states,
suggesting the coexistence of mixed-valence iron species within
the composite [34]. Fe-related satellite peaks appear at 716.8 and
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FIGURE 2 | SEM images of (a) Fe3O4-Mel and (b) MoO2/Fe3O4-Mel. (c) TEM image of MoO2/Fe3O4-Mel. (d) SAED pattern. (e) HR-TEM image.

(f ) The lattice fringe profiles of the indicated areas. (g) AFM. (h) Corresponding height profiles from AFM. (i–n) HAADF–STEM image and the cor-

responding elemental mappings of C, N, O, Mo, and Fe for the MoO2/Fe3O4-Mel composite.

4 of 14 ChemSusChem, 2026

 1864564x, 2026, 15, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.70941 by X
iulin Y

ang - South U
niversity O

f Science , W
iley O

nline L
ibrary on [03/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



726.0 eV. Notably, the Fe2+ related peak in the MoO2/Fe3O4-
Mel@NF and MoO2/Fe3O4 are identical and exhibit a positive
shift of �0.18 eV compared with Fe3O4-Mel@NF, suggesting
modulation of the Fe electronic environment induced by Mo
incorporation. Quantitative analysis of Fe species (Figure 3b) fur-
ther reveals significant variation in the Fe2+/ Fe3+ following Mo
integration. The Fe2+ and Fe3+ content of the Fe3O4-Mel/NF
sample are 14.7 and 43 %, respectively, whereas the MoO2/
Fe3O4-Mel@NF composite shows increased Fe2+ content (29.6%)
and slightly elevated Fe3+ content (45 %). The altered Fe oxida-
tion-state distribution suggests that Mo-induced defect formation
facilitates dynamic Fe redox transitions, thereby increasing the
population of electrochemically active Fe3+ sites favorable for
OER catalysis [35].

The high-resolution Mo 3d XPS spectrum of the MoO2/Fe3O4-
Mel and MoO2/Fe3O4 composite (Figures 3c and S6) exhibits
two sets of spin–orbit doublets corresponding to Mo 3d5/2 and
Mo 3d3/2 states, which show a positive shift (∼0.20 eV) whenmel-
amine is incorporated. The peaks located at 232.80 and 235.09 eV
are attributed to Mo6+ species, whereas additional peaks at
231.77 and 234.72 eV correspond to Mo4+ species, indicating par-
tial surface oxidation of Mo species [36]. The coexistence of Mo4+

and Mo6+ confirms the presence of mixed-valence Mo states, sug-
gesting strong electronic interactions and charge redistribution
at the Mo─O─Fe heterointerface, which likely contribute to

catalytic modulation. The shifting of Mo6+ peak after melamine
incorporation indicates strong interaction between Mo and N of
melamine.

Similarly, the O 1s XPS spectrum of the MoO2/Fe3O4-Mel
composite (Figure 3d) can be deconvoluted into three distinct
components. The peak at �530.29 eV corresponds to lattice oxy-
gen associated with Mo─O and Fe─O bonds. The peak near
531.03 eV is attributed to oxygen vacancy-related defects, while
the peak at 532.6 eV corresponds to surface-adsorbed water spe-
cies [35, 37]. These XPS findings are consistent with EPR spec-
troscopy, which exhibits stronger signal for Mo-containing
sample, characteristic of unpaired electrons in oxygen vacancy
defects. The corresponding MoO2/Fe3O4 heterostructure also
has similar peaks and peak position is also same as MoO2/
Fe3O4-Mel. Quantitatively, the O 1s XPS spectra of MoO2/
Fe3O4-Mel and MoO2/Fe3O4 indicate an equal concentration
of oxygen-vacancy peak (∼50.5%) but the quantity of Oads peak
is increased from 16.2% to 20.9% (Figure 3e). This Ov-related peak
is absent in Fe3O4-Mel, which instead exhibits corresponding OH
peaks, indicating that vacancy is induced by MoO2 incorporation
into Fe3O4 environment, forming a heterointerface. This concur-
rent increase in XPS signal and defect-sensitive EPR signal pro-
vides strong evidence that Mo incorporation increases the
concentration of oxygen vacancies in the catalyst. These oxygen
vacancies, combined with Mo─Fe electronic coupling, regulate
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the local electronic environment and facilitate the catalytic
process.

The N 1s spectrum of MoO2/Fe3O4-Mel (Figure 3f ) can be decon-
voluted into four peaks. The peak located at �396.76 eV corre-
sponds to Mo─N coordination, indicating strong interfacial
interactions between Mo species and the melamine matrix
[38]. Peaks centered at 398.52 and 399.80 eV correspond to
C─N and N─H bonding environments, respectively, while the
peak near 400.96 eV is assigned to graphitic or protonated nitro-
gen species that enhance electronic conductivity [39]. The C─N
peak in the MoO2/Fe3O4-Mel exhibits a noticeable binding
energy shift relative to Fe3O4-Mel, further supporting electronic
interactions between Mo species and nitrogen-containing ligands.
In contrast, the Fe3O4-Mel shows only three distinct nitrogen-
related species without observable Mo─N bonding, confirming
that Mo incorporation introduces additional metal-nitrogen coor-
dination that facilitates interfacial electronic exchange [40]. The C 1s
spectrum of MoO2/Fe3O4-Mel (Figure S5) has three major peaks
located at 284.6, 286.5, and 288.5 eV, corresponding to C─C/C═C,
C─/C─N, and C═O bonding configurations, respectively [40].
The nitrogen-rich melamine framework promotes the formation
of a strongly coupled MoO2/Fe3O4 heterointerface during synthesis
and growth. The binding energy shifts observed in the Mo 3d and Fe
2p XPS spectra of the MoO2/Fe3O4-Mel catalyst indicate interfacial
electronic modulation induced by melamine. These results suggest
that melamine serves as an interfacial structural and electronic
modulator in coordination with MoO2/Fe3O4 heterointerface.

The role of oxygen vacancy defects in interfacial electronic
modulation in MoO2/Fe3O4-Mel was investigated by EPR and
comprehensive XPS studies. Both of these techniques confirm
the presence of oxygen vacancy defects in MoO2/Fe3O4-Mel.
Compared with Fe3O4-Mel, the O 1s spectrum of MoO2/
Fe3O4-Mel exhibits shift in the M─O, Ov, and Oads components,
indicating a modified local oxygen environment after hetero-
structure formation. Although the Ov concentration remains
nearly unchanged (50.5 %) compared with MoO2/Fe3O4 in com-
parative XPS analysis, the Mo 3d spectra display a distinct
positive B.E shift (∼0.20 eV), indicating sufficient electron redistri-
bution across Mo─O─Fe interface. This oxygen vacancy environ-
ment also causes increase in Oads peak concentration percentage
with incorporation of melamine (Figure 3e). Consequently, the
electronic modulation of active sites is achieved, accelerating
charge transfer, and promoting the formation of reaction inter-
mediates during the catalytic process.

Zeta potential (ζ) measurements support these findings. The
MoO2/Fe3O4-Mel composite has a much higher negative surface
potential (−45.06 mV) than Fe3O4-Mel (17.63 mV), suggesting
stronger electrostatic attraction toward OH− species and better
electrolyte–catalyst interactions (Figure 3g) [41]. Surface wettabil-
ity analysis using water contact angle measurements (Figure 3h)
demonstrates that the MoO2/Fe3O4-Mel electrode has a very low
contact angle of 6.6°, indicating greater hydrophilicity over Fe3O4-
Mel (14.6°). The improved wettability enhances electrolyte pene-
tration, promotes rapid mass transfer across the electrode–
electrolyte interface, and promotes superior electrochemical
performance [42].

Thermogravimetric analysis and derivative thermogravimetry
(DTG) show significant modifications in the thermal properties
of Fe3O4-Mel and MoO2/Fe3O4-Mel composites (Figure 3i,j). The
removal of physically adsorbed water molecules from the catalyst
surface causes an initial weight loss of roughly 3.70% in Fe3O4-
Mel at temperature approaching 98 °C. This is followed by a sub-
sequent weight loss of 10.2%, centered at �357.6 °C, which
corresponds to organic species degradation and the partial struc-
tural rearrangement of the composite. The successive weight loss
at higher temperatures is predominantly related to degradation
of the melamine framework and eventual collapse of the compos-
ite matrix [43]. In comparison, MoO2/Fe3O4-Mel has signifi-
cantly higher thermal stability. The composite loses less
weight (3.25%) at low-temperature region (�86.6 °C), indicating
less moisture adsorption and improved structural compactness.
This is followed by a modest breakdown event (3.03%) at
300.82 °C, which involves the destruction of residual organic moi-
eties. At around 401.9 °C, there is a major weight loss of 27.8%,
indicating the delayed structural decomposition as compared to
Fe3O4-Mel. More significantly, the main disintegration process
begins at a higher temperature and progressesmore slowly, reflect-
ing the enhanced thermal resistance of the composite [44].

The higher thermal stability of MoO2/Fe3O4-Mel might be attrib-
uted to superior interfacial coupling and electronic interactions
between MoO2, Fe3O4, and the melamine-based nitrogen-rich
framework. Such extensive interfacial integration increases lattice
rigidity and defect stabilization, predominantly oxygen vacancy
retention, which is required for catalytic activity. Catalytically,
improved thermal stability is strongly connected with structural
robustness during electrochemical operation. Under alkaline
OER conditions, Fe-based precatalysts often undergo dynamic
surface reconstruction, resulting in catalytically active FeOOH
phases. The improved structural integrity of MoO2/Fe3O4-Mel
allows for regulated and sustained reconstruction, limiting quick
catalyst degradation or active site loss during long-term operation.
Furthermore, the strong composite framework enables stable elec-
tronic interactions between Mo and Fe centers, which promotes
reversible Fe valence transitions and stabilizes oxygen vacancy
defects during catalytic cycling. This structural durability contrib-
utes to the preservation of active site density and effective charge
transfer pathways under harsh oxidative situations. As a result, the
increased thermal stability of MoO2/Fe3O4-Mel provides signifi-
cant evidence for its improved electrochemical durability and
maintained catalytic effectiveness during long-term OER opera-
tion [45].

2.2 | Electrocatalytic OER Performance

The OER catalytic performance of the synthesized catalysts was
evaluated in 1.0 M KOH using a conventional three-electrode
configuration. All potentials were referenced to the reversible
hydrogen electrode (RHE), and current densities were fully
iR-compensated. Linear sweep voltammetry (LSV) was employed
to systematically assess OER activity in alkaline media (Figure 4a).
The MoO2(0.3)/Fe3O4-Mel(2) catalyst exhibits outstanding electro-
catalytic performance, requiring low overpotentials of 217 and
259mV to achieve current densities of 100 and 300mA cm−2,
respectively, surpassing Fe3O4-Mel, MoO2/Fe3O4, and benchmark
RuO2 under identical conditions (Figure 4b). Optimization studies

6 of 14 ChemSusChem, 2026

 1864564x, 2026, 15, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.70941 by X
iulin Y

ang - South U
niversity O

f Science , W
iley O

nline L
ibrary on [03/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



involving Mo and melamine loading further confirm the superior
catalytic performance of the optimized composition (Figure S8a,b).
Comparative analysis with previously reported OER catalysts dem-
onstrates that the performance of MoO2(0.3)/Fe3O4-Mel(2) ranks
favorably among state-of-the-art catalysts operating under similar
conditions (Figure 4d and Table S1).

Tafel slope analysis derived from polarization curves provides
insight into OER reaction kinetics (Figure 4c). MoO2(0.3)/
Fe3O4-Mel(2) exhibits a low Tafel slope of 70 mV dec−1, which
is significantly smaller than those of Fe3O4-Mel (91 mV dec−1),
MoO2/Fe3O4 (81 mV dec−1), and RuO2 (140 mV dec−1),
indicating accelerated reaction kinetics. The improved kinet-
ics can be attributed to electronic modulation of Fe active
centers induced by Mo incorporation and oxygen vacancy for-
mation, which optimize adsorption energetics of oxygenated
intermediates during the OER process. Mass activity analysis
further highlights the intrinsic catalytic efficiency of the

materials (Figure 4f ). MoO2(0.3)/Fe3O4-Mel(2) delivers the
highest mass activity of 77.33 A g−1, confirming its superior
intrinsic catalytic performance relative to the comparison
catalysts [46].

Cyclic voltammetry was performed to estimate the electrochemi-
cally active surface area (ECSA). As shown in Figure S9a–c and
Figure 4g, MoO2(0.3)/Fe3O4-Mel(2) exhibits the highest double-
layer capacitance (Cdl � 38.83 mF cm−2) among all samples.
The corresponding ECSA value of 970.75 cm2 indicates a high
density of accessible catalytically active sites (Figure 4h). This
enhancement originates from the hierarchical nanorod architec-
ture and strong metal–melamine interfacial interactions, which
promote efficient exposure of active centers and facilitate electro-
lyte accessibility.

Electrochemical impedance spectroscopy (EIS) was employed to
investigate the properties of charge transfer and intrinsic
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electrical conductivity of the catalysts. The Nyquist plots provide
insight into interfacial electron transfer behavior: smaller
semicircle diameters correspond to lower charge–transfer resis-
tance (Rct) and faster electron transport kinetics. As shown in
Figure 4e, MoO2(0.3)/Fe3O4-Mel(2) exhibits the lowest Rct value
(∼0.35Ω), which is significantly smaller than those of MoO2/
Fe3O4 (∼0.53Ω), Fe3O4-Mel (∼0.93Ω), and RuO2 (∼1.35Ω).
The reduced Rct value indicates superior interfacial charge trans-
fer capability, which can be attributed to synergistic Mo─Fe elec-
tronic interactions and oxygen vacancy-induced electronic
delocalization. These features collectively facilitate efficient elec-
tron migration across the catalyst–electrolyte interface and accel-
erate OER kinetics. Long-term electrochemical durability was
evaluated using chronopotentiometric (CP) testing. The
MoO2(0.3)/Fe3O4-Mel(2) catalyst maintains stable operation at a
current density of 100mA cm−2 for 150 h with negligible perfor-
mance degradation (Figure 4i), demonstrating excellent opera-
tional stability under alkaline OER conditions. The outstanding
durability is attributed to the robust composite architecture, strong
interfacial coupling, and vacancy-stabilized active sites, which
enable sustained catalytic reconstruction and prevent structural
degradation during prolonged electrochemical operation.

The OER performance is attributed to the synergistic effect of
oxygen vacancies and interfacial electronic modulation. The oxy-
gen vacancies provide defect sites that facilitate OH− adsorption
and increase the concentration of surface-adsorbed oxygen spe-
cies, while the coupled Mo─O─Fe heterointerface promotes

charge redistribution and accelerates electron transfer kinetics.
The combined effect optimizes the adsorption/desorption of oxy-
genated intermediates, resulting in intrinsic activity of the cata-
lytic sites.

2.3 | Operando Spectroscopic Analysis

The electrochemical redox dynamics of active metal centers drive
active catalyst surface reconstruction during OER, generating
highly active sites that enhance oxygen evolution performance.
To probe these dynamic interfacial processes under operating con-
ditions, in situ EIS was used to monitor charge transfer behavior
and surface activation. With increasing applied potential, a pro-
gressive decrease in phase angle is observed (Figure 5a,b), indicat-
ing accelerated reaction kinetics and enhanced adsorption of
oxygenated intermediates [47]. The complete transition for
MoO2/Fe3O4-Mel is observed at an onset potential of 1.50 V, sig-
nificantly lower (50mV lower) than that of Fe3O4-Mel, for which
the transition is delayed and occurs around 1.55 V, highlighting
the enhanced kinetics of the MoO2/Fe3O4-Mel catalyst. Notably,
MoO2/Fe3O4-Mel exhibits consistently lower phase angles com-
pared to Fe3O4-Mel, suggesting more efficient interfacial charge
transfer and faster surface reconstruction. Additional insights
are obtained from EIS-derived Bode plots (Figure 5c). The promi-
nent features observed in the low-frequency domain (10−2–101 Hz)
are associated with OER-related charge transfer processes,
whereas the peaks in the high-frequency region (102–105 Hz)
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correspond to redox transitions of Fe species. The consistently
reduced phase angles of MoO2/Fe3O4-Mel across these frequency
domains confirm enhanced electron transport efficiency and
reduced interfacial resistance, collectively promoting faster cata-
lytic kinetics and improved OER performance [48, 49]. Overall,
the in situ EIS results demonstrate that Mo incorporation effec-
tively modulates the electronic environment of Fe active centers,
thereby significantly improving catalytic performance by acceler-
ating charge transfer kinetics and improving structural stability
during electrochemical operation.

To further elucidate the dynamic structural evolution of the cat-
alyst, operando Raman spectroscopy was performed across a
potential range from open-circuit potential (OCP) to 0.9 V (vs.
RHE). At low potentials, the catalyst retains its original structural
features, indicating stable coordination environments of Mo─O
and Fe─O bonds prior to OER onset (Figure 5d). Upon increasing
the applied potential, gradual weakening and broadening of
vibrational modes are observed, suggesting lattice distortion
and oxygen rearrangement under anodic polarization. At ele-
vated potentials (after 0.2 V), blue shift occurs and Raman bands
emerge in the 350–550 cm−1 region, corresponding to the Eg

bending and A1g stretching modes of Fe─O vibrations in FeOOH.
These spectral features confirm in situ oxidation of Fe2+ to Fe3+

and dynamic surface reconstruction into catalytically active
FeOOH phases [50, 51]. Additionally, Raman bands observed
in the 750–870 and 930–970 cm−1 regions are attributed to bridg-
ing Mo─O vibrational modes associated with transient MoOx

species generated under alkaline OER conditions [52]. The grad-
ual attenuation of these bands during extended operation sug-
gests partial Mo leaching and progressive surface restructuring
[53, 54]. Importantly, the observed gradual phase evolution,
rather than abrupt structural transformation, indicates that oxy-
gen vacancies play a critical role in lowering the energetic barrier
for Fe─O bond reconstruction and facilitating formation of
highly active FeOOH species [55].

Operando FTIR spectroscopy was conducted to investigate
surface reaction intermediates under OER-relevant potentials
(Figure 5e). At OCP, negligible absorption features are observed,
indicating minimal intermediate adsorption on the catalyst sur-
face. Upon application of anodic potentials within the OER
region, characteristic absorption bands appear in the 1140–
1220 cm−1 range, which are assigned to OOH intermediates
[56, 57]. The progressive emergence and intensification of these
bands indicate efficient formation and conversion of oxygenated
intermediates during OER on the reconstructed catalyst surface.
Notably, the MoO2/Fe3O4-Mel@NF electrode exhibits signifi-
cantly stronger intermediate-related signals, particularly for
OOH species, which is attributed to the high density of oxygen
vacancies, providing electron-rich adsorption sites [58, 59]. These
results demonstrate that oxygen vacancies not only enhance
intermediate adsorption but also facilitate intermediate transfor-
mation by lowering activation barriers.

Based on the combined operando spectroscopic observations, the
OER mechanism on MoO2/Fe3O4-Mel@NF is strongly governed
by oxygen vacancy engineering. Oxygen vacancies act as prefer-
ential adsorption sites for OH− ions, enabling rapid formation of
*OH species while stabilizing the high valence Fe3+ within

FeOOH active phases, thereby accelerating OER reaction kinetics
and improving overall catalytic efficiency (Figure 5f ).

2.4 | Post CP Analyses and Mechanistic
Investigation

SEM images obtained after CP testing (Figure S10) reveal that the
catalyst maintains its original nanorod morphology without
noticeable structural degradation, confirming excellent morpho-
logical stability during prolonged OER operation. XPS analysis
performed after extended CP further provides insights into
dynamic surface reconstruction and defect evolution. The Fe
2p spectrum exhibits a pronounced shift toward higher binding
energies, indicating enrichment of Fe3+ species, which is charac-
teristic of FeOOH formation under OER conditions (Figure 6a)
[60]. Concurrently, the O 1s spectrum shows increased contribu-
tion from defect-related oxygen species, accompanied by a shift
toward lower binding energies (Figure 6c). These signals are typ-
ically associated with oxygen vacancies and surface hydroxyl spe-
cies, which play a critical role in enhancing catalytic activity by
promoting OH− adsorption and facilitating charge transfer across
the electrode–electrolyte interface.

Meanwhile, the Mo 3d spectrum reveals gradual attenuation of
Mo-related signals after CP testing, indicating partial dissolution
or leaching of Mo species during electrochemical operation
(Figure 6b). The N 1s spectrum exhibits moderate signal attenu-
ation, suggesting partial oxidation of the melamine framework
while preserving its structural integrity and electronic modula-
tion capability. The corresponding Mo─N peak disappears after
OER CP based on XPS results. The disappearance of this peak is
attributed to the leaching of Mo species from the catalyst surface
during the OER process. Under the highly oxidative anodic envi-
ronment, Mo-containing surface sites are susceptible to dissolu-
tion, resulting in a significant reduction of surface Mo content, as
evidenced by the post OER XPS analysis. As the Mo─N bond
originates from the coordination between Mo species and nitro-
gen-containing sites, the removal of Mo certainly disrupts this
bonding environment, leading to the disappearance of the corre-
sponding Mo─N signal in the N 1s spectrum, as evidenced in
Figure 6d. The disappearance of Mo─N coordination further sup-
ports Mo leaching during electrochemical activation [61].
Additionally, the C 1s XPS spectrum of MoO2/Fe3O4-Mel before
and after CP (Figure S11) displays a noticeable shift in the main
peak, indicating electronic structure modulation induced by elec-
trochemical reconstruction [62]. The survey XPS spectrum of
MoO2/Fe3O4-Mel@NF after CP (Figure S12) shows significant
variation in elemental peak intensities compared with the pris-
tine catalyst, further confirming surface chemical evolution
during OER operation.

To further elucidate the OER reaction pathway, LSV measure-
ments were conducted at different pH values (12–14) using
MoO2(0.3)/Fe3O4-Mel(2)@NF (Figure 6e). The relationship between
current density and pH reveals weak pH dependence (ρRHE �
0.55), indicating that the OER predominantly follows an adsorbate
evolution mechanism (AEM) (Figure 6f ) [63]. To distinguish
between AEM and lattice oxygen-mediated mechanisms (LOM),
TMA+, which strongly interacts with peroxide (O2

2−) intermedi-
ates characteristic of LOM pathways, was introduced as a chemical
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probe [64]. The presence of TMA+ does not significantly suppress
OER activity, thereby excluding dominant LOM contribution and
supporting an AEM-dominated pathway on the reconstructed
FeOOH surface. Furthermore, comparative LSV measurements
performed in 1M KOH and 1M TMAOH electrolytes
(Figure 6g) reveal nearly identical catalytic activity for
MoO2(0.3)/Fe3O4-Mel(2)@NF. This observation suggests that bulky
TMA+ cations do not significantly influence OH− adsorption or
availability at the catalyst interface [65]. The minimal cation-
dependent variation in activity indicates that surface-bound inter-
mediates primarily govern OER kinetics rather than electrolyte-
specific ion-pairing effects, further supporting the AEM pathway.

Combined operando spectroscopic investigations, post-OER XPS
analyses, and chemical probing collectively confirm that the OER
process on MoO2(0.3)/Fe3O4-Mel(2)@NF proceeds via oxygen
vacancy-modulated surface reconstruction of FeOOH active
phases. Oxygen vacancies serve as preferential adsorption centers
for OH− species, enhance interfacial charge transfer, and stabi-
lize critical oxygenated intermediates (*OH to *O and *OOH),
thereby accelerating O─O bond formation and oxygen evolution
(Figure 6h). It also suggests that FeOOH species generated during
OER reaction are the dominant active phase for OER. Neverthe-
less, the underlying MoO2 and melamine framework remain
crucial for maintaining catalytic performance. MoO2 serves as
a conductive backbone facilitating rapid electron transport and
stabilizing the reconstructed FeOOH layer through interfacial
interactions, while melamine framework provides structural
integrity during long-term operation. In addition, these compo-
nents promote the formation and stabilization of oxygen vacan-
cies, which regulate the electronic structure of FeOOH and

optimize the adsorption of oxygenated intermediates. This syn-
ergistic integration of conductive MoO2 domains, vacancy-rich
domains of Fe3O4, and the melamine framework is the basis
of the high catalytic activity and long-term durability. These find-
ings establish oxygen vacancy-assisted AEM as the dominant
OER pathway for the MoO2(0.3)/Fe3O4-Mel(2)@NF catalyst.

2.5 | Overall Water Splitting

A two-electrode electrolyzer configuration was assembled, as
illustrated in Figure 7a, using MoO2(0.3)/Fe3O4-Mel(2) grown
on Ni foam as the anode and commercial Pt/C as the cathode
to construct an integrated system for evaluating both catalytic
activity and operational stability. This configuration enables effi-
cient oxygen evolution at the anode and hydrogen evolution at
the cathode, thereby facilitating overall water splitting. For com-
parison, a reference electrolyzer consisting of RuO2 as the anode
and Pt/C as the cathode (RuO2

(+)||Pt/C(−)) was tested under iden-
tical conditions. As shown in the LSV curves (Figure 7b), the
MoO2(0.3)/Fe3O4-Mel(2)

(+)||Pt/C(−) electrolyzer achieves a low cell
voltage of 1.45 V at 100mA cm−2, significantly outperforming the
RuO2-based reference system, which requires 1.60 V under the
same operating conditions. Moreover, the MoO2(0.3)/Fe3O4-
Mel(2)-based electrolyzer maintains superior performance across
a wide current density range, requiring only 1.53 and 1.63 V to
achieve 200 and 400 mA cm−2, respectively (Figure 7c). These
results indicate rapid reaction kinetics and reduced energy losses,
particularly under high current density conditions that are rele-
vant to industrial electrolysis applications.

(a) (b) (c) (d)

(e) (f) (g) (h)

FIGURE 6 | Comparison of XPS spectra of (a) Fe 2p for MoO2(0.3)/Fe3O4-Mel(2)@NF before and after CP. (b) Mo 3d XPS spectrum before and after

CP. (c) O 1s XPS spectrum before and after CP. (d) N 1s XPS spectrum before and after CP. (e) pH-dependent OER activity of MoO2(0.3)/Fe3O4-

Mel(2)@NF. (f ) current densities as a function of pH for MoO2(0.3)/Fe3O4-Mel(2)@NF at 0.2 V versus RHE. (g) Comparison of LSV curves for

MoO2(0.3)/Fe3O4-Mel(2)@NF and Fe3O4-Mel2@NF in 1M KOH and 1M TMAOH electrolytes. (h) Schematic illustration of AEM pathway.
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Performance comparison with previously reported catalysts fur-
ther highlights the advantages of the MoO2(0.3)/Fe3O4-Mel(2)

(+)||
Pt/C(−) configuration. As summarized in Figure 7d and Table S2,
the developed electrolyzer demonstrates competitive perfor-
mance among noble metal-free electrocatalysts, particularly at
elevated current densities. In addition to its high catalytic activ-
ity, the assembled electrolyzer exhibits excellent long-term dura-
bility. The system sustains stable operation at 100mA cm−2 for
100 h with negligible voltage decay (Figure 7e), demonstrating
strong electrochemical stability and resistance to degradation
during continuous alkaline water electrolysis. The exceptional
durability can be attributed to the robust composite architecture,
synergistic Mo─Fe electronic interactions, and oxygen vacancy-
stabilized active sites that maintain efficient charge transfer and
structural integrity under prolonged operation. Overall, the
MoO2(0.3)/Fe3O4-Mel(2) catalyst exhibits excellent intrinsic activ-
ity and durability for overall water splitting, effectively lowering
the energy requirement for oxygen evolution and highlighting its
strong potential for practical alkaline electrolysis applications.

3 | Conclusion

In conclusion, we successfully developed a vacancy-engineered
MoO2/Fe3O4-Mel nanorod composite as a highly efficient and
durable precatalyst for alkaline oxygen evolution. The logical
integration of conductive MoO2 domains, Fe-based redox active
centers, and a nitrogen-rich melamine framework results in
strong interfacial coupling, increased oxygen vacancy generation,

and improved electronic modulation of catalytically active sites.
The optimized MoO2(0.3)/Fe3O4-Mel(2) catalyst delivers outstand-
ing OER performance, achieving low overpotentials of 217mV at
100mA cm−2 and 259 mV at 300mA cm−2, along with fast reac-
tion kinetics reflected by a low Tafel slope of 70 mV dec−1 and
superior mass activity of 77.33 A g−1. In situ Raman and
in situ FTIR analyses reveal dynamic surface reconstruction into
FeOOH active phases and confirm that oxygen vacancies facili-
tate OH− adsorption, stabilize reaction intermediates, and accel-
erate electron transfer, encouraging an OER pathway driven by
AEM. The catalyst demonstrates excellent electrochemical stabil-
ity, sustaining stable operation for 150 h at 100 mA cm−2, show-
ing the structural robustness of the composite. Furthermore,
practical water splitting evaluation in a two-electrode electro-
lyzer configuration yields a low cell voltage of 1.45 V at
100mA cm−2 and stable long-term operation, exceeding RuO2

based reference systems. These findings demonstrate that oxygen
vacancy-assisted electronic modulation and controlled precata-
lyst reconstruction serve as effective design approaches for devel-
oping next-generation, noble metal-free electrocatalysts for
efficient, scalable alkaline water electrolysis.

4 | Experimental Section

4.1 | Materials

Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, ≥99%), ethanol
(C2H5OH, 99.7%), sulfuric acid (H2SO4, 37%), and ammonium

(a) (b)

(d) (e)

(c)

FIGURE 7 | Overall water-splitting (OWS) performance of MoO2(0.3)/Fe3O4-Mel(2). (a) Schematic illustration of the overall water-splitting process in a

two-electrode configuration. (b) Polarization (LSV) curves for OWS of theMoO2(0.3)/Fe3O4-Mel(2)
(+)||Pt/C(−) electrolyzer and RuO2

(+)||Pt/C(−) in 1.0MKOH.

(c) Comparison of the cell voltages required to reach different current densities for the MoO2(0.3)/Fe3O4-Mel(2)
(+)||Pt/C(−) and RuO2

(+)||Pt/C(−) electrolyzers.

(d) Comparison of the OWS performance of the MoO2(0.3)/Fe3O4-Mel(2)-based electrolyzer with previously reported water splitting catalysts. (e) Long term

durability evaluation conducted by chronopotentiometry at 100mA cm−2 for 100 h (inset: photograph of the electrolyzer during the stability test).
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heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O, ≥99%) were
procured from Xilong Science Co., Ltd. Melamine (C3N3(NH2)3,
99%) and Ruthenium(III) chloride hydrate (RuCl3·xH2O, 35%–
42%) were supplied by Shanghai Aladdin Chemical Reagent
Co., Ltd., while potassium hydroxide (KOH, 90%) was purchased
from Shanghai Macklin Chemical Reagent Co., Ltd. Commercial
platinum on carbon (Pt/C, 20 wt%) and Nafion solution (5 wt%)
were obtained from Suzhou Sinero Technology Co., Ltd. RuO2

powder was prepared by calcining RuCl3 in air at 400 °C. NF,
used as the current collector, was purchased from Guang
Sheng Jia NewMaterials Co., Ltd.; the NF sheets with a thickness
of 1.6 mm were cut into 2 × 4 cm2 pieces prior to use. Deionized
water was used as solvent and for washing purposes. All reagents
were used directly without purification.

4.2 | Synthesis of Fe3O4-Mel@NF

NF (2 × 4 cm2) was ultrasonically cleaned in 0.5 M H2SO4, etha-
nol, and deionized water, respectively. Each step was carried out
for 15 mins to remove surface impurities and obtain a clean sub-
strate. Then, to synthesize Fe3O4-Mel, Iron(III) nitrate nonahy-
drate (1 mM, Fe(NO3)3·9H2O) and melamine (2 mM) were
dissolved in a mixed solvent of deionized water (25 mL) and eth-
anol (25 mL). The solution was sonicated for 20 min, after which
the homogeneous mixture was transferred into a Teflon-lined
stainless-steel autoclave containing precleaned NF (2 × 4 cm2).
The autoclave was sealed and heated at 180 °C for 8 h. After nat-
urally cooling to room temperature, the NF was thoroughly
rinsed with deionized water and ethanol, then dried at 60 °C.

4.3 | Synthesis of MoO2/Fe3O4-Mel@NF

To synthesize MoO2/Fe3O4-Mel, Iron(III) nitrate nonahydrate
(1 mM, Fe(NO3)3·9H2O) and melamine (2 mM) were dissolved
in a mixed solvent of deionized water (15mL) and ethanol
(15 mL). Separately, ammonium heptamolybdate tetrahydrate
((NH4)6Mo7O24·4H2O, 0.3 mM) was dissolved in 20 mL of deion-
ized water. The two solutions were combined and sonicated for
20 min, after which the homogeneous mixture was transferred
into a Teflon-lined stainless-steel autoclave containing pre-
cleaned NF (2 × 4 cm2). The autoclave was sealed and heated
at 180 °C for 8 h. After naturally cooling to room temperature,
the NF was thoroughly rinsed with deionized water and ethanol,
followed by drying at 60 °C. To investigate the effect of molybdate
concentration, ammonium heptamolybdate tetrahydrate was
varied to 0.1, 0.2, 0.3, and 0.4 mM, while keeping all other param-
eters unchanged. For melamine optimization, its concentration
was adjusted to 1, 2, and 3mM, with the ammonium heptamo-
lybdate concentration fixed at 0.3 mM.

Furthermore, the total amount of Fe(NO3)3⋅9H2O was kept
constant at 1 mmol, while the amount of melamine and
(NH4)6Mo7O24·4H2O was varied proportionally to prepare a
series of samples. All the samples were synthesized using the
same procedure, and the resulting catalysts were labelled as
MoO2(0.1)/Fe3O4-Mel(2), MoO2(0.2)/Fe3O4-Mel(2), MoO2(0.3)/
Fe3O4-Mel(2), MoO2(0.4)/Fe3O4-Mel(2), MoO2(0.3)/Fe3O4-Mel(1),
and MoO2(0.3)/Fe3O4-Mel(3).

4.4 | Synthesis of RuO2@NF and Pt/C@NF
Electrodes

To compare RuO2 and Pt/C catalysts, the coating solution was
prepared separately by dispersing 2mg of RuO2 and 20 wt%
Pt/C each into a mixture of 200 μL deionized water, 200 μL etha-
nol, and 5 μL of a 5 wt% Nafion solution. The resultant mixture
was sonicated for 30 min to produce a homogeneous suspension.
The solution were separately drop-coated onto a spotless NF sub-
strate measuring 1 cm × 1 cm and then dried in air at ambient
conditions.
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