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As a clean and renewable energy source, the efficient production of hydrogen is crucial for the
development of the hydrogen economy. Water electrolysis is an ideal route for green hydrogen
production; however, the sluggish kinetics of the anodic oxygen evolution reaction (OER) severely limit
the overall efficiency. Although precious metal catalysts exhibit excellent performance, their high cost

and scarcity hinder large-scale applications. Despite the advantages of low cost and high stability that

make CozO4 a promising alternative, its catalytic performance still needs improvement. This study
employed both alkaline chemical precipitation and acidic redox precipitation methods to successfully
synthesize iron-doped cobalt oxide catalysts. Electrochemical measurements demonstrated that iron
doping effectively enhances the oxygen evolution reaction performance of the material. It was further

revealed that the sample prepared via the alkaline chemical precipitation method exhibited superior

activity, requiring an overpotential of only 311 mV to achieve a current density of 10 mA cm

2 and

displaying a Tafel slope of 85 mV dec™ . Through a series of characterizations, it was confirmed that,
compared to the acidic redox precipitation method, the iron-doped cobalt oxide catalyst prepared by

the alkaline chemical precipitation method exhibits superior crystallographic structure. This structure

effectively regulates the d-band center position, bringing it closer to the Fermi level, thereby enhancing
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the adsorption of oxygen-containing intermediates. This adjustment reduces the oxygen evolution

reaction energy barrier and optimizes the reaction pathway. The combined optimization of the
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1 Introduction

At present, the global energy system is accelerating its transition
toward a low-carbon and sustainable development paradigm
centered on renewable energy. Driven by the dual imperatives of
mitigating climate change and ensuring energy security,
renewable energy sources such as solar and wind power have
experienced rapid growth and have become key forces in
promoting the green transformation of energy systems."
Meanwhile, continuous technological breakthroughs in
emerging clean energy carriers, particularly hydrogen energy,
are providing viable pathways for deep decarbonization in hard-
to-abate sectors, including industry and transportation. As an
integral component of clean energy systems, hydrogen energy is
demonstrating considerable development potential. Owing to
its high energy density, high conversion efficiency, and zero
carbon emissions, hydrogen plays an irreplaceable role in
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structure and electronic

structure significantly improves the electrocatalytic

performance of the material and reduces mass transfer resistance during the reaction process.

industrial decarbonization, heavy-duty transportation, and
long-term energy storage, where emission reductions are
particularly challenging.>® With the sustained decline in
renewable energy costs, advances in water electrolysis technol-
ogies have created favorable conditions for the large-scale
production of green hydrogen. Compared with hydrogen
production from fossil fuels, water electrolysis uses water
derived from non-fossil sources as the sole feedstock, producing
only hydrogen and oxygen as products, without generating any
by-products throughout the process.*® In addition, the
hydrogen produced by water electrolysis is characterized by
high purity.® Consequently, among the various hydrogen
production pathways, water electrolysis is regarded as an effi-
cient and sustainable technology for hydrogen generation.
The overall water electrolysis process consists of two half-
reactions: the hydrogen evolution reaction (HER) occurring at
the cathode and the oxygen evolution reaction (OER) taking
place at the anode.”® As a four-electron transfer process, the
OER involves a substantially more complex reaction mechanism
than the two-electron HER and is therefore characterized by
much slower reaction kinetics.” To achieve current densities
and reaction rates comparable to those of the HER, the OER

© 2026 The Author(s). Published by the Royal Society of Chemistry
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typically requires the application of a higher overpotential,
which directly limits the overall efficiency of water electrolysis
for hydrogen production.”*® Although noble-metal-based cata-
lysts can effectively enhance the kinetics of both the HER and
OER, thereby improving energy conversion efficiency, their
large-scale practical application is severely constrained by
resource scarcity, high cost, and stability issues.”** Conse-
quently, current research efforts have increasingly focused on
the development of transition-metal-based electrocatalysts that
combine high activity, high stability, and low cost.'> Among
these, cobalt-based catalysts offer several advantages, including
tunable composition and structure, natural abundance, and
relatively low cost. In particular, owing to their partially filled
d orbitals, which can participate in chemical bonding, cobalt-
based materials exhibit multiple accessible oxidation states
and diverse chemical properties, endowing them with signifi-
cant potential for OER catalysis and attracting widespread
research interest."*® Nevertheless, the intrinsic OER activity of
Co;0, remains far inferior to that of noble-metal oxides. The
incorporation of metal elements such as Li, Ni, and Fe has been
demonstrated to markedly enhance the OER catalytic perfor-
mance of Co0304.7%° Previous studies have shown that the
introduction of Fe into cobalt-based oxide catalysts can effec-
tively modulate their electronic structure, providing appropriate
bonding strengths for oxygen-evolution intermediates and
thereby reducing kinetic barriers associated with the OER.*
Fe’* preferentially substitutes Co®* at the octahedral sites of the
Co3;0, spinel lattice, inducing local lattice distortion and
structural defects and forming Co-O-Fe linkages. These effects
synergistically regulate the electronic structure of Co active
sites, which is beneficial for the adsorption and transformation
of oxygen-containing intermediates during the OER.**** Mean-
while, the observed variations in Fe-O bond lengths and the
reversible evolution of the Fe oxidation state under OER oper-
ating conditions suggest that Fe may not only act as an elec-
tronic modulator but may also directly participate in the
catalytic reaction process.*

In the construction of Fe-doped Coz0, electrocatalytic mate-
rials, precipitation methods represent one of the most commonly
employed synthesis strategies. Among them, alkaline chemical
precipitation and acidic redox precipitation constitute two funda-
mentally distinct precipitation pathways. The former relies on
rapid nucleation and growth induced by OH ™ species, which tends
to generate open and hierarchical morphologies, whereas the latter
is driven by redox-coupled reactions that promote cooperative
precipitation, thereby favoring the formation of precursor struc-
tures with homogeneous compositional distribution and strongly
coupled metal-oxygen frameworks.* Despite their widespread use,
how these two representative precipitation pathways regulate
structural evolution, electronic properties, and the resulting oxygen
evolution reaction (OER) performance in Fe-doped Coz0, systems
remains insufficiently understood, and systematic, direct
comparative studies are still lacking. Given the pronounced
potential of Fe doping in enhancing the catalytic performance of
Co30,, the present study aims to elucidate the effects of different
precipitation pathways on the structural evolution and OER activity
of Fe-doped Co30, by systematically comparing alkaline chemical
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precipitation with acidic redox precipitation. Through a compre-
hensive comparative analysis of the catalysts prepared by these two
methods in terms of their structural characteristics and electro-
catalytic behavior, this work seeks to uncover the intrinsic origins
of Fe-doping-induced enhancement in the OER activity of C030,,
thereby providing experimental evidence and theoretical insights
for the rational design and synthesis of efficient non-noble-metal
OER electrocatalysts.

2 Materials and methods
2.1 Structural characterization of cobalt tetroxide

The X-ray diffraction (XRD) patterns and scanning electron
microscopy (SEM) images of the as-prepared Coz;0O, are pre-
sented in Fig. 1. As shown in Fig. 1a, a series of distinct
diffraction peaks are observed at 26 values of 18.97°, 31.29°,
36.85°, 38.57°, 44.81°, 55.44°, 59.34°, 65.15°, and 77.18°, which
can be indexed to the (111), (220), (311), (222), (400), (422), (511),
(440), and (533) crystallographic planes of cubic spinel Co;0y,,
respectively. These diffraction features are in excellent agree-
ment with the standard Coz;O, pattern (JCPDS no. 42-1467;
space group Fd3m; lattice parameters a = b = ¢ = 8.084 A; o =
B8 = v = 90°), confirming the formation of phase-pure Co;0,.
Furthermore, the SEM images reveal that the sample exhibits
a rod-like morphology, which is constructed from the aggrega-
tion of numerous nanosized primary particles.

To further elucidate the microstructural characteristics of
the as-prepared Coz;0,, Fourier transform infrared (FT-IR)
spectroscopy and Raman spectroscopy were subsequently
employed. As shown in Fig. 1c, the FT-IR spectrum exhibits two
absorption bands located at 661 cm ™" and 562 cm ™!, which can
be assigned to the stretching vibrations of Co**~0 and Co*"-0
bonds, respectively, confirming the presence of a typical spinel
structure. In addition, the Raman spectrum (Fig. 1d) displays
five characteristic peaks at 185, 463, 502, 600, and 668 cm ',
which can be indexed to the F,g', E,, F,g° F,g°, and A,g
vibrational modes of Co;0,, respectively. These results are in
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Fig. 1 (a) XRD pattern of CozOy; (b) SEM image of CozOy; (c) FT-IR
spectrum of CozOy; (d) Raman spectrum of CozO4.
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excellent agreement with the reported Raman features of spinel
Co;0, in the literature.** The combined evidence from FT-IR
and Raman analyses further demonstrates that the success-
fully synthesized sample is phase-pure Coz;0,, rather than
a mixed phase of CoO and C030,.

2.2 Structural characterization of FCO@A

To investigate the influence of the cobalt-to-iron feed ratio on
the structure and performance of FCO@A materials prepared
via the alkaline chemical precipitation method, the Co/Fe ratio
in the precursor solution was systematically adjusted while all
other experimental conditions were kept constant. The result-
ing samples were designated according to their corresponding
cobalt-to-iron ratios as Coz0,4, FCO@A-7, FCO@A-4, FCO@A-3,
FCO@A-2, and FCO@A-1.

Fig. 2a presents the XRD patterns of FCO@A samples
prepared with different amounts of iron precursor. No impurity
phases are detected for any of the samples, indicating that all
products possess a single spinel phase. Compared with pristine
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Co30,, all diffraction peaks of the FCO@A samples exhibit an
overall shift toward lower diffraction angles, suggesting that
Fe’" ions are successfully incorporated into the lattice and
partially substitute for Co**, thereby inducing lattice expan-
sion.” Meanwhile, with increasing Fe content, the diffraction
peak intensity gradually decreases and the full width at half
maximum (FWHM) increases, reflecting enhanced lattice
distortion and structural disorder caused by iron incorporation,
which in turn leads to reduced crystallinity. The FT-IR spectra
shown in Fig. 2b further corroborate these structural changes.
The Co-O vibrational bands associated with tetrahedral and
octahedral sites, located at 661 and 562 cm ™', respectively, shift
toward lower wavenumbers after Fe doping. This behavior can
be attributed to the substitution of Co** by Fe*", which results in
an increase in metal-oxygen bond length or a weakening of
bond strength, thereby altering the lattice vibrational modes.
Collectively, these results confirm that iron has been success-
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(a) XRD patterns of FCO@A samples prepared with different Co/Fe ratios; (b) FT-IR spectra of FCO@A samples with different Co/Fe ratios;

(c) mass percentages and corresponding molar ratios of Co and Fe in FCO@A samples synthesized with different Co/Fe ratios; (c) mass
percentages and corresponding molar ratios of Co and Fe in FCO@A samples synthesized with different Co/Fe ratios; SEM images of FCO@A
samples obtained at different Co/Fe ratios: (d) CozO,4, (e) FCO@A-7, (f) FCO@A-4, (g) FCO@A-3, (h) FCO@A-2, and (i) FCO@A-1.
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The microstructural morphologies of the samples are shown
in Fig. 2d-i. Pristine Co;0, exhibits a well-defined rod-like
morphology, whereas with increasing Fe doping content, the
material undergoes a pronounced morphological trans-
formation. Within the Fe doping range of 0.2-1 mmol, all
samples display a uniform petal-like architecture induced by
the incorporation of iron. These observations indicate that the
introduction of Fe not only modifies the lattice structure but
also significantly influences crystal growth behavior, driving
self-assembly along new directions into more open sheet-like or
flower-like morphologies. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis (Fig. 2c) reveals that
the actual Co/Fe molar ratios of all samples are lower than the
corresponding feed ratios, indicating that cobalt and iron
hydroxides do not co-precipitate in a stoichiometric manner
during the hydrothermal process. Owing to the substantial
difference in the solubility products of cobalt and iron hydrox-
ides, their precipitation kinetics differ, resulting in metal
compositions in the final products that deviate from the initial
design. Overall, the incorporation of iron plays a crucial role in
lattice modulation, vibrational characteristics, and morpho-
logical evolution, thereby establishing a structural foundation
for the subsequent enhancement of catalytic performance.

SEM-EDS and high-resolution transmission electron micros-
copy (HRTEM) analyses were employed to systematically char-
acterize the elemental distribution and microstructural features
of the FCO@A-3 sample. The SEM-EDS elemental mapping
images shown in Fig. 3a reveal the presence of Fe, Co, and O
elements with a homogeneous spatial distribution throughout
the sample. Notably, the signal intensity of Fe is significantly
lower than that of Co and O, providing preliminary evidence for
the successful incorporation of iron into the Co;0, lattice.

Further insight into the microstructural morphology and
lattice structure was obtained from HRTEM analysis (Fig. 3b-e).
The TEM images show that FCO@A-3 is composed of a large
number of randomly aggregated nanoparticles with diameters
of approximately 50-100 nm. Clear lattice fringes with an
interplanar spacing of 0.249 nm are observed in the HRTEM
image, which is slightly larger than that of the corresponding
crystallographic plane in phase-pure Coz0, (0.244 nm). This
lattice expansion can be directly attributed to the substitution of
Co®" by Fe*" ions with a larger ionic radius.?® The corresponding
elemental mapping images further confirm the homogeneous
distribution of Co, Fe, and O at the nanoscale.

Collectively, the above results demonstrate that the
uniformly Fe-doped FCO@A nanomaterials can be successfully
synthesized via the alkaline precipitation method, and that Fe*"*
ions are effectively incorporated into the Co;0, lattice.

2.3 Structural characterization of FCO@B

To investigate the role of the cobalt-to-iron ratio in the formation
of FCO@B materials prepared via the acidic redox precipitation
method, the Co/Fe ratio in the reactants was systematically varied
while all other synthesis parameters were kept constant. The
obtained samples were designated according to their feed Co/Fe
ratios as FCO@B-1, FCO@B-3, and FCO@B-6.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Ipm

O

. (311)
0.249 nm

Fig. 3 (@) SEM image and corresponding elemental mapping of
FCO@A-3; (b—d) TEM and HRTEM images of FCO@A-3; (e) HAADF-
STEM image and corresponding elemental mapping of FCO@A-3.

Fig. 4a presents the XRD patterns of the FCO@B samples
synthesized with different Co/Fe ratios under otherwise identical
experimental conditions. As shown, when the Co/Fe ratios are 3
(FCO@B-3) and 6 (FCO@B-6), the diffraction peak positions of
the products are essentially identical, and no characteristic peaks
corresponding to other cobalt or iron oxide impurity phases are
observed. In contrast, when the Co/Fe ratio decreases to 1
(FCO@B-1), the diffraction peaks of the product can be mainly
indexed to the Fe,O; phase. These results indicate that a low Co/
Fe ratio is unfavorable for cobalt incorporation, leading to
products dominated by Fe,Oz;, whereas increasing the cobalt
content beyond a certain threshold induces a phase trans-
formation to phase-pure Co;0,. FT-IR spectroscopy was further
performed on the above samples, as shown in Fig. 4b. The
samples with Co/Fe ratios of 3 and 6 exhibit characteristic
absorption bands of spinel Co;04 at 567 cm™ ' and 659 cm™ ',
which can be assigned to the vibrational modes of Co®>"-O and
Co*"-0 bonds, respectively. By contrast, the sample with a Co/Fe
ratio of 1 shows pronounced differences in both the positions
and shapes of the absorption bands, indicating a distinct change
in crystal structure. This observation is consistent with the XRD
analysis and further confirms that Fe,O; is the dominant phase
formed under this condition.

The morphologies of the FCO@B samples synthesized at
different Co/Fe ratios (1, 3, and 6) were further examined by

RSC Adv, 2026, 16, 1128411293 | 11287
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(a) XRD patterns of FCO@B samples synthesized with different Co/Fe ratios; (b) FT-IR spectra of FCO@B samples prepared with different

Co/Fe ratios; (c—e) SEM images of FCO@B samples obtained at different Co/Fe ratios: (c) FCO@B-1, (d) FCO@B-3, and (e) FCO@B-6; (f) SEM

image and corresponding elemental mapping of FCO@B-6.

SEM, and the corresponding images are shown in Fig. 4c-e. The
results reveal that all samples exhibit amorphous block-like
morphologies, with no significant variation as a function of
the precursor ratio, indicating that the Co/Fe ratio is not a key
factor governing morphological evolution in this synthesis
system. In addition, energy-dispersive X-ray spectroscopy (EDS)
elemental mapping was conducted for the FCO@B-6 sample, as
shown in Fig. 4f. Fe, Co, and O elements are homogeneously
distributed throughout the sample, and the signal intensity of
Fe is markedly lower than that of Co and O, further confirming
that iron is successfully and uniformly incorporated into the
Co;0, lattice rather than forming a separate phase.

3 Results and discussion

3.1 Electrocatalytic oxygen evolution performance of
FCO@A

Linear sweep voltammetry (LSV) measurements were conducted
to evaluate the OER catalytic performance of different samples
under identical conditions, and the results are clearly presented

11288 | RSC Adv, 2026, 16, 11284-11293

in Fig. 5a. Compared with pristine Co30,, all Fe-doped Co030,
samples exhibit markedly enhanced OER catalytic activity. The
OER polarization curves recorded at a scan rate of 5 mV s~
without iR compensation show that FCO@A-3 delivers the
lowest OER overpotential of 311 mV at a current density of 10
mA cm ™%, which is substantially lower than those of Coz0, (381
mvV), FCO@A-7 (346 mV), FCO@A-4 (336 mV), FCO@A-2 (315
mV), and FCO@A-1 (317 mV). Notably, the OER catalytic activity
initially increases and then decreases with increasing Fe
content, indicating that an appropriate level of Fe doping is
effective in reducing the OER overpotential of Co;0,.

The Tafel slope is a key parameter for evaluating the reaction
kinetics of the electrocatalytic OER and can be directly derived
from the LSV curves. As shown in Fig. 5b, the FCO@A-3 catalyst
exhibits the lowest Tafel slope of 85 mV dec', which is
significantly smaller than that of pristine Co;0, (100 mV dec ™)
and the other Fe-doped samples (FCO@A-7: 103 mV dec '
FCO@A-4: 93 mV dec™!; FCO@A-2: 86 mV dec™'; FCO@A-1:
87 mV dec'). A lower Tafel slope indicates that a smaller
overpotential is required to achieve the same increment in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) LSV curves and (b) corresponding Tafel plots of FCO@A samples with different Co/Fe ratios; (c) electrochemical impedance spec-

troscopy (EIS) Nyquist plots of FCO@A samples with different Co/Fe ratios, with the inset showing the fitted equivalent circuit.

current density, corresponding to faster reaction kinetics. These
results further confirm that FCO@A-3 exhibits the most favor-
able OER kinetics and a more efficient reaction process.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted at an applied potential of 1.55 V, and the
corresponding results are presented in Fig. 5c, with the fitted
parameters of the equivalent circuit summarized in Table 1. The
inset in the figure illustrates the equivalent circuit model
employed, in which R, R., and CPE represent the solution
resistance, charge-transfer resistance, and constant phase
element, respectively. As evidenced by the Nyquist plots, the
FCO@A-3 electrode exhibits the smallest semicircle diameter,
indicating the lowest charge-transfer resistance (R..) among the
samples. The reduced R, value suggests that FCO®@A-3
possesses superior electronic conductivity and faster interfa-
cial reaction kinetics, which is consistent with its outstanding
OER catalytic performance.

3.2 Electrocatalytic oxygen evolution performance of
FCO@B

Fig. 6a shows the OER polarization curves of different FCO@B
samples measured under identical testing conditions. The
results indicate that FCO@B-6 requires an overpotential of
330 mV to reach a current density of 10 mA ecm ™2, which is lower
than those of FCO@B-3 (337 mV) and FCO@B-1 (348 mV),
demonstrating its superior catalytic activity. The corresponding
Tafel slopes are presented in Fig. 6b, where FCO@B-6 exhibits
avalue of 91 mV dec™*, which is also lower than that of FCO@B-
3 (95 mV dec™ ') and FCO@B-1 (98 mV dec™'). A lower Tafel
slope indicates faster reaction kinetics, further confirming the

Table 1 Electrochemical parameters of the equivalent circuit

elements

Catalyst R, (Q) Ret (@) CPE-T CPE-P
C0304 1.527 19.860 0.091914 0.89596
FCO@A-7 1.549 6.238 0.032370 0.72737
FCO@A-4 1.497 3.828 0.035649 0.70363
FCO@A-3 1.486 2.223 0.040972 0.68423
FCO@A-2 1.597 2.299 0.036401 0.68326
FCO@A-1 1.478 2.778 0.027324 0.80810

© 2026 The Author(s). Published by the Royal Society of Chemistry

high efficiency of FCO@B-6 toward the oxygen evolution
reaction.

Electrochemical impedance spectroscopy measurements
were performed on the above samples at an applied potential of
1.55 V, and the corresponding results are shown in Fig. 6¢c. The
impedance data were fitted using an equivalent circuit model,
and the extracted parameters are summarized in Table 2. As can
be seen, the FCO@B-6 sample exhibits a lower electrode resis-
tance, which is consistent with the overpotential results.

3.3 Comparison of electrocatalytic performance

In view of the pronounced differences in OER performance
between the two Fe-doped Cos;O, materials revealed by the
above electrochemical measurements, a systematic comparison
was further conducted between the high-performing samples
FCO®@A-3 and FCO@B-6. As shown in Fig. 7a, the XRD diffrac-
tion peaks of FCO@A-3 synthesized via the alkaline chemical
precipitation method exhibit significantly higher intensities
than those of FCO@B-6 prepared by the acidic redox precipi-
tation method, indicating a more complete crystal structure and
a higher degree of crystallinity. Based on calculations using the
integrated area method, the crystallinity of FCO@A-3 is deter-
mined to be 31.7%, whereas that of FCO@B-6 is only 16.6%,
demonstrating that the former possesses higher crystallinity
and a more ordered crystal structure. A comparison of the
microstructural morphologies of FCO@A-3 and FCO®@B-6
(Fig. 7b and c) further reveals pronounced structural differ-
ences between the two samples. FCO@A-3 exhibits a highly
ordered petal-like architecture, whereas FCO@B-6 predomi-
nantly consists of amorphous block-like aggregates. This
morphological disparity is likely closely related to the regulation
of crystal growth mechanisms by Fe*" doping during synthesis.
Under alkaline chemical precipitation conditions, the incorpo-
ration of Fe*" may alter the surface energies of different crys-
tallographic planes and, in synergy with the selective adsorption
of OH™ on specific facets, induce preferential crystal growth
along certain directions, thereby giving rise to an open petal-
like morphology. Such a structure is favorable for exposing
more active crystal facets, increasing the specific surface area,
and facilitating electrolyte penetration and gas bubble detach-
ment, which collectively optimize the mass transport of reac-
tants and products during the OER process.” By contrast, the

RSC Adv, 2026, 16, 11284-11293 | 11289
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(@) LSV curves and (b) corresponding Tafel plots of FCO@B samples synthesized with different Co/Fe ratios; (c) electrochemical

impedance spectroscopy (EIS) Nyquist plots of FCO@B samples prepared with different Co/Fe ratios, with the inset showing the fitted equivalent

circuit.

Table 2 Electrochemical parameters of the equivalent circuit

elements

Catalyst Rs (Q) Re (Q) CPE-T CPE-P
FCO@B-1 1.912 5.516 0.016317 0.77746
FCO@B-3 1.792 4.005 0.016344 0.81922
FCO®@B-6 1.819 3.306 0.017529 0.77977

acidic redox precipitation environment is unfavorable for
anisotropic crystal growth, leading instead to the formation of
relatively dense amorphous aggregates with limited accessi-
bility of active sites. Consequently, the differences in
morphology and structure jointly regulate the catalytic activity
and reaction kinetics of the materials, further underscoring the
critical role of the synthesis pathway in determining the final
catalytic performance.

The position of the d-band center is commonly used as an
important electronic-structure descriptor to evaluate the inter-
action strength between transition-metal-based catalysts and
oxygen-containing intermediates (HO*, O%* and HOO%*);
however, its influence on catalytic activity should be interpreted
within the framework of the Sabatier principle.*® The valence
band spectra (Fig. 7d) reveal that the d-band center of FCO@A-3
(—2.55 eV) is slightly shifted toward the Fermi level compared
with that of FCO@B-6 (—2.66 eV), indicating that Fe doping
under alkaline precipitation conditions effectively modulates
the electronic structure of Co;0,. This moderate upward shift of
the d-band center is conducive to enhancing the adsorption of
oxygen-containing intermediates, thereby lowering the energy
barriers of the oxygen evolution reaction, facilitating electron
transfer, and promoting rapid charge transport.*“*> Conse-
quently, such electronic-structure regulation is considered
beneficial for optimizing the energy-barrier distribution of
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(a) XRD patterns of FCO@B-6 and FCO@A-3; (b and c) SEM images of (b) FCO@B-6 and (c) FCO@A-3; (d) XPS valence band spectra and (e)

electrochemical impedance spectroscopy (EIS) Nyquist plots of FCO@B-6 and FCO@A-3, with the inset showing the fitted equivalent circuit; (f)
high-resolution O 1s XPS spectra and corresponding peak deconvolution results of FCO@B-6 and FCO@A-3; (g and h) high-resolution XPS

spectra of FCO@A-3 and Coz04: (g) Co 2p and (h) O 1s.
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multiple elementary steps involved in the OER process, thereby
accelerating the overall reaction kinetics. It should be noted,
however, that the d-band center serves only as a descriptive
parameter reflecting trends in electronic-structure modulation,
and its specific impact on OER activity ultimately depends on
the synergistic balance among the adsorption energies of
different oxygenated intermediates along the reaction pathway.
Electrochemical impedance spectroscopy (EIS) results (Fig. 7e)
further support this interpretation: the charge-transfer resis-
tance of FCO@A-3 is only 2.223 Q, which is significantly lower
than that of FCO@B-6 (3.306 Q), indicating more efficient
interfacial charge transport. The O 1s XPS spectra (Fig. 7f) show
that both samples consist of three components, namely lattice
oxygen, defect oxygen, and adsorbed oxygen. Notably, the peak
areas corresponding to O II and O III in FCO®@A-3 are
substantially increased, suggesting a higher abundance of
surface-active oxygen species, including hydroxyl oxygen,
adsorbed oxygen, and oxygen vacancies. Meanwhile, the O I
peak maintains a relatively high intensity, indicating that the
lattice structure remains largely intact. As a result, FCO@A-3
possesses a greater number of active sites and enhanced
surface oxygen reactivity, which is favorable for improving the
intrinsic OER activity.?*?

The Co 2p XPS spectra (Fig. 7g) further reveal the electronic-
structure modulation induced by Fe doping. In FCO@A-3, the
binding energies of the Co 2p;/, and Co 2p;,, main peaks are
consistent with those of Co;0, reported in the literature;***
however, the integrated Co®>"/Co®" ratio is markedly increased,
indicating that the introduction of Fe elevates the average
oxidation state of Co. This variation originates from electronic
redistribution between Co and Fe, wherein electrons are
transferred from Co to Fe, rendering the Co sites more prone to
transformation into the -catalytically more active CoOOH
species during the OER process. A comparison of the O 1s
spectra (Fig. 7h) shows that undoped Co;0, possesses a higher
concentration of oxygen vacancies, suggesting that oxygen
vacancies are not the primary factor responsible for the
enhanced conductivity induced by Fe doping. Overall, FCO@A-3
prepared via the alkaline chemical precipitation method
outperforms FCO@B-6 in terms of d-band center regulation,
charge-transfer capability, surface active oxygen species, and
elevated metal oxidation states, thereby exhibiting superior
intrinsic catalytic activity toward the oxygen evolution reaction.

To further elucidate the origin of the enhanced electro-
chemical activity, N, adsorption-desorption measurements
were conducted for FCO@A-3 and Co30,. As shown in Fig. 8a
and b, both samples exhibit typical type IV isotherms, indi-
cating the presence of mesoporous structures. Notably, FCO@A-
3 possesses a significantly higher BET specific surface area
(34.07 m*> g~ ') and pore volume (0.054 cm® g~ ') than Co;0,
(17.66 m*> g~' and 0.0129 cm® g™, respectively), along with
a larger average pore size (6.79 vs. 5.06 nm). The larger specific
surface area and more open pore architecture are conducive to
exposing a greater number of active sites and enhancing mass
transport efficiency, thereby improving the reaction kinetics of
the oxygen evolution reaction.’” Therefore, from a structural
perspective, FCO@A-3 provides a more favorable catalytic
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Fig. 8 (a) N, adsorption—desorption isotherms of CozO4 and (b)
FCO@A-3 (insets: corresponding pore size distributions); (c) XPS
valence band spectra of Coz0,4 and FCO@A-3, with the calculated d-
band centers in the range of 0-10 eV; (d) electrochemical impedance
spectroscopy (EIS) Nyquist plots of CozO4 and FCO@A-3, with the
inset showing the fitted equivalent circuit.

reaction environment and a higher density of accessible active
sites than undoped C0;0,.

Valence band spectral analysis (Fig. 8c) further indicates that
the d-band center of FCO@A-3 (—2.55 eV) is closer to the Fermi
level than that of Co;0,4 (—2.82 eV), suggesting that Fe doping
enhances the interaction between the material and oxygen-
containing intermediates. This electronic-structure modula-
tion is favorable for lowering the energy barriers of the oxygen
evolution reaction and accelerating electron transfer. Electro-
chemical impedance spectroscopy (EIS) results (Fig. 8d) show
that the charge-transfer resistance of FCO@A-3 is only 2.223 Q,
which is substantially lower than that of Co;O, (19.86 Q),
indicating superior charge-transport and electrical conductivity.
Overall, the synergistic effects of structural optimization and
electronic-structure regulation render FCO@A-3 superior to
Co30, in terms of active-site utilization, interfacial charge
transport, and adsorption of reaction intermediates, thereby
resulting in enhanced intrinsic OER catalytic performance.

4 Conclusions

This study demonstrates that Fe doping is an effective strategy
for enhancing the catalytic activity of Co3;0,4, and that the
alkaline chemical precipitation method represents a key
approach for the fabrication of high-performance Fe-doped
Co30, catalysts. Systematic comparisons reveal that the alka-
line chemical precipitation route offers pronounced advantages
in constructing high-performance catalysts: the resulting
FCO@A-3 sample (overpotential of 311 mV and a Tafel slope of
85 mV dec™ ') exhibits overall superior performance compared
with the corresponding product prepared via the acidic redox
precipitation method. Mechanistic investigations indicate that
the alkaline environment not only enables effective incorpora-
tion of Fe but also synergistically optimizes the microstructural
morphology, mesoporous architecture, and electronic
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properties of the material. These combined effects expose
a greater number of active sites, facilitate mass transport, and
optimize the reaction pathway. Further analysis suggests that,
during the alkaline precipitation process, the introduction of
Fe*" alters the surface energies of different crystallographic
facets and induces preferential crystal growth, leading to the
formation of a more open, petal-like hierarchical structure that
is favorable for electrolyte penetration and rapid gas desorp-
tion. Meanwhile, electronic interactions between Fe and Co
induce a moderate upward shift of the Co d-band center toward
the Fermi level, thereby optimizing the adsorption strength of
oxygen-containing intermediates and lowering the kinetic
energy barriers of the oxygen evolution reaction. Overall, this
work provides clear guidance and important experimental
evidence for the rational design of efficient and cost-effective
transition-metal-oxide OER electrocatalysts.
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