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ABSTRACT: Converting methanol to high-value formate Coll-O (CoPO) Co'-0 (Fe-CoPO)
through electrochemical methods can significantly reduce the o ; UEED FOETING, Gl o g
energy consumption associated with conventional production ”W "’w
processes. In this study, we directly synthesized iron-doped N

cobalt phosphate (Fe-CoPO) on nickel foam (NF) to achieve Reconfiguration Increased voltage Reconfiguration
excellent activity for the methanol electro-oxidation reaction v

(MOR). Our results demonstrated that Fe-CoPO produced a . s S
current density of 100 mA-cm™ at a significantly low operating ?"’ oy %.0%‘9 -
potential of 1.436 V (vs. reversible hydrogen electrode (RHE)) By OH5755; '

and operated steadily for 16 h at this current density with a oy ™ ¢ g
Faradaic efficiency (FE) of 97%. Furthermore, Fe-CoPO DLT-I3™ CH,OH -
maintained a high FE of 100% even at an extremely high £ e b
current density of 300 mA-cm2 for 8 h. We found that the high <" HEOCH!
MOR activity of Fe-CoPO results from electrochemical D leciciostatioplieection ®
reconstruction to generate the Co**-O bond. The H o C Fe

heterogeneous interface between Fe and Co inhibits the formation of Co*, which significantly enhances the MOR activity.
Thus, this work not only provides insights into the mechanism of MOR over Co-based catalysts but also offers a novel
direction for developing highly active MOR catalysts.

KEYWORDS: cobalt phosphate, methanol electro-oxidation reaction, formate, Fe doping, electrocatalysis

1 Introduction complex catalytic cycle kinetics and overall slow catalytic kinetics
[1, 2]. In recent years, the oxygen evolution reaction (OER) has
been replaced by the methanol electro-oxidation reaction (MOR)
because MOR is thermodynamically more favorable for coupling
with cathodic half-reactions, thereby improving electrical energy
utilization [3-5]. Currently, in conventional industrial production,
formic acid is synthesized through the carbonylation of methanol
using toxic and explosive carbon monoxide to produce methyl
formate, which is subsequently hydrolyzed to formic acid under
high temperature (413 K) and high pressure (4 MPa). In contrast,
obtaining formic acid by MOR overcomes the disadvantages of
high temperature and high pressure required for the industrial
®dAddress correspondence to Toru Murayama, murayama@ production of formic acid [6—8]. Most precious metal catalysts in
cat.hokudai.ac.jp; Mingyue Lin, ms.mingyuelin@ecust.edu.cn current MORSs typically convert methanol to carbon dioxide instead

Hydrogen production via electrocatalytic reduction of abundant
water resources has received much attention in recent years as a
response to climate and environmental change and to address
energy shortages. However, the anodic oxygen precipitation
reaction paired with this cathodic half-reaction in this process
involves multiple intermediate valence change steps, leading to
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of formic acid [9]. Designing non-precious metal electrocatalysts
with high formate selectivity and elucidating their mechanisms in
the MOR is essential for advancing methanol electro-oxidation
technology.

It is widely recognized that transition metal-based materials
primarily act as pre-catalysts in electrocatalytic processes. Under
alkaline conditions, these materials can undergo substantial
structural reconstruction, leading to the generation of new
coordination environments and enhanced catalytic activity [10, 11].
Previous studies have demonstrated that P-substituted CoSe,
undergoes structural transformation in alkaline media, resulting in
the formation of truly active sites [11]. Consequently, the
development of pre-catalysts capable of facilitating such
reconstructions to produce active sites represents an ideal strategy
for catalyst design. For instance, iron and cobalt phosphates
(CoPO) have emerged as a prominent research focus in this field.
Both iron and cobalt exhibit excellent redox properties and high
electrical conductivity [12-15]. When combined into a composite
material, the Fermi energy level difference between the iron and
cobalt components modulates the electron distribution, thereby
enhancing the electron transfer rate, accelerating the formation of
active species, and improving the catalytic activity for the MOR
[16-20]. When used as pre-catalysts for MOR, iron and CoPO
facilitate catalyst reconstruction and the generation of active sites
[20-22]. For example, studies have shown that Co,P undergoes a
complete phase transition to cobalt hydroxide in alkaline
electrolytes, significantly boosting the reaction rate [23].

We synthesized iron-doped CoPO (Fe-CoPO) on a nickel foam
(NF) substrate. Fe-CoPO provides a large current density of
100 mA-cm™ at a remarkably low working potential of 1.436 V.
Furthermore, even under the extremely high current density of
300 mA-cm” for 8 h, the FE remains 100%. Surprisingly, in situ
Raman spectrum investigations show subtle differences in the Co
chemical state between the CoPO and Fe-CoPO. As depicted in
Scheme 1, we observed that the Co**-O bond in CoPO undergoes
electrochemical reconstruction, transforming into the Co*-O bond.
Co* species, widely recognized as catalytically active sites for OER,
competitively occupy surface reactive centers essential for methanol
adsorption and C-H bond activation. This site-competitive
mechanism results in the kinetic suppression of MOR activity.

Therefore, we proposed that Fe doping inhibited the oxidation of
Co™ to Co* and promoted the generation of the Co>”'-O bond,
thus enhancing the MOR activity.

2 Experimental section

2.1 Preparation of catalysts

The Fe-CoPO catalyst was synthesized using a one-pot
hydrothermal method. First, the NF was sonicated in a 1:1 solution
of acetone and hydrochloric acid (1 mol-L") for 5 min, followed by
sonication in deionized water for another 5 min. Next,
Na,HPO,12H,0 (1.07 g) and hexadecyl trimethyl ammonium
bromide (CTAB, 0.364 g) were dissolved in a solution (water
(12 mL) and ethylene glycol (8 mL)) with continuous stirring.
Subsequently, Co(NO;),6H,0O (0.873 g) and Fe(NO;);9H,0
(0.202, 0.606, and 1.212 g) were added to this solution, and the
mixture was stirred for 20 min to obtain a light pink precursor
solution. Then, the mixture solution with pre-cleaned NF was
refrigerated overnight. The mixture was then subjected to
hydrothermal treatment at 160 °C for 10 h. After cooling to room
temperature, the sample was rinsed with deionized water and then
dried overnight in an oven. The amount of doping Fe in the
prepared CoPO was determined to be 1.19 wt.%, 2.44 wt.%, and
557 wt% according to inductively coupled plasma mass
spectrometry (ICP-MS) analysis, respectively, and were named as
Fe-CoPO-L, Fe-CoPO, Fe-CoPO-H, respectively.

CoPO was fabricated using a comparable process applied for the
synthesis of Fe-CoPO, except no Fe source was added.

2.2 Materials characterization

Scanning electron microscopy (SEM, Apreo 2 C) measurement was
utilized to analyze the structures of the catalysts. Energy-dispersive
X-ray spectroscopy (EDS) mapping images were gained on the
ZEISS GeminiSEM 300 instrument. X-ray diffraction (XRD, Rigaku
SmartLab SE) measurement was employed to determine the phase
composition of the catalysts, utilizing a Cu Ko radiation source (A =
1.54 A). X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi)
measurement with an Al Ko excitation source was used to examine
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the chemical states of the elements in the catalyst. The operando
Raman measurements (Renishaw inVia Reflex Raman system)
were conducted using an excitation source of laser wavelength of
532 nm. The in situ experiments were carried out using customized
electrochemical cell (Fig. S1 in the Electronic Supplementary
Material (ESM)). To analyze the products in the electrolyte, 500 uL
of the electrolyte solution was mixed with 100 pL of D,0O
(containing 0.05 wt.% tris(trimethylsilyl)phosphate (TMSP) as an
internal standard) and transferred into a nuclear magnetic
resonance (NMR) tube. The mixture was thoroughly homogenized
prior to analysis. Subsequently, the samples were analyzed using
NMR spectroscopy to determine the overall intensity of the formate
ion signal. The yield of formate generated in the electrolyte was
quantified by calculating the integral ratio of the proton peaks of
formate and the internal standard. The NMR tests were conducted
with an Ascend 600 instrument (Bruker).

3 Results and discussion

3.1 Synthesis and characterization of Fe-CoPO
NF serves as a supportive substrate characterized by high electrical

conductivity and a three-dimensional (3D) microporous structure,
which facilitates the uniform distribution of catalysts [24]. We
deposited Fe-CoPO nanoflower arrays on NF using a one-pot
hydrothermal method (Fig. S2 in the ESM) [25].

The surface morphology of Fe-CoPO was evaluated through
SEM measurement. The SEM images (Figs. 1(a)-1(c)) of Fe-CoPO
reveal that the NF skeleton is enveloped by a uniformly distributed
catalytic material. This uniformly distributed catalytic layer exposes
a greater number of active sites [26-28]. Interestingly, the SEM
images (Figs. S3(a)-S3(d) in the ESM) of undoped versus Fe-doped
CoPO display intricate nanosheet structures, suggesting that Fe
doping contributes to the reorganization of CoPO on the NF
surface, resulting in relatively stable surface composition and
structure. The SEM images of elements (Figs. 1(d)-1(g)) show the
presence of the elements P, Fe, Co, and Ni. The EDS mapping
image is shown in Fig. S4 in the ESM.

We employed Raman spectroscopy to analyze the physical phase
composition of the Fe-CoPO (Fig. S5 in the ESM), which revealed
characteristic peaks corresponding to Co-O bonds and PO,
groups. Due to the influence of the NF substrate, it was difficult to
distinguish the main phase of the material in the XRD pattern of
the whole electrode (Fig. S6 in the ESM). Therefore, we collected
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Figure1 ((a)-(c)) SEM images of the Fe-CoPO. ((d)—(g)) Elemental mappings of P, Fe, Co, and Ni in Fe-CoPO. (h) XRD pattern of Fe-CoPO. (i) XPS spectra of Co 2p
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powders on NF substrates to conduct the XRD measurement. In
the XRD pattern of Fe-CoPO (Fig. 1(h)), we observed the
diffraction peak at 10.4° corresponds to the (020) crystal plane of
Co;(PO,),4H,0 (JCPDS No. 34-0844) exhibiting an orthorhombic
crystal structure.

We analyzed the valence electron interactions of Fe-CoPO and
CoPO surface materials using XPS measurement. As shown in
Fig. 1(i), the Co 2p XPS spectrum of Fe-CoPO had peaks at 781.7
and 798.0 eV, which can be attributed to Co*, which is consistent
with the position of typical Co* peaks in Co;(PO,),4H,0 [29]. A
weak and broad peak at 775.3 and 792.8 eV, which is located in the
same position as the reported cobalt-phosphorus-oxygen bond
(Co-P-0), suggests the possible existence of interfacial interactions
[30, 31]. The peaks corresponding to Co* bonds in Fe-CoPO show
a positive shift in binding energy as compared to CoPO, indicating
the presence of significant electronic interactions between Fe and
CoPO. On the other hand, the Co-P bond in Fe-CoPO exhibits a
negative shift compared to CoPO, indicating that the electron
density of the Co site in Fe-CoPO has increased. The XPS spectrum
of Fe 2p (Fig. S7(a) in the ESM). The peaks at 711.3 eV (Fe*" 2p; ;)
and 713.3 eV (Fe™ 2p;,) were observed. This observation indicates
the coexistence of Fe* and Fe* in Fe-CoPO [32]. In the XPS
spectrum of O 1s (Fig. S7(b) in the ESM), distinct peaks at
531.1 and 532.8 eV correspond to the reverse convolution of PO,
and adsorbed H,0O, respectively [33]. XPS result reveals that the
Co* peak shifts to higher binding energy, while the Co-P peak

redshifts. This observation highlights the synergistic interaction
between Fe and Co, wherein electronic interactions and charge
redistribution promote efficient electron transfer from Fe to Co.

3.2 MOR performance of Fe-CoPO in alkaline medium

The MOR performance of the as-synthesized samples was
investigated using linear sweep voltammetry (LSV) measurement. It
was observed that the Fe:Co ratio in Fe-CoPO significantly
influences its catalytic activity. Notably, Fe-CoPO (Fe = 2.44 wt.%)
exhibited the highest MOR performance (Fig. S8 in the ESM). As
shown in Fig. S9 in the ESM, the addition of methanol to the
alkaline electrolyte significantly reduces the potential required to
achieve a specific current density. This reduction is likely due to the
much lower thermodynamic equilibrium potential for methanol
electro-oxidation compared to that of OER. The LSV curves
(Fig. 2(a)) of Fe-CoPO show a clear oxidation peak, which is due to
the formation of Co™ [5, 34-37]. The LSV curves (Fig. 2(a))
(without iR compensation) show that Fe-CoPO electrochemically
outperforms CoPO. For the CoPO catalyst, the potential required
to achieve a current density of 10 mA-cm™ is 1.382 V (Fig. 2(b)).
Trace Fe doping in CoPO significantly reduces the CoPO potential
from 1.382 to 1.284 V (Fe-CoPQ), a decrease of 98 mV. At
100 mA-cm™ current density, the potential of Fe-CoPO was the
lowest at 1.436 V, much lower than that of CoPO (1.504 V) and NF
(1.597 V). A trace amount of Fe doping (2.44 wt.%) significantly
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Figure2 (a) LSV MOR curves, (b) potential, and (c) Tafel slope of Fe-CoPO, CoPO, and NF in 1 M KOH with 1 M methanol. (d) Comparison of electrocatalytic
performance of different electrocatalysts [7, 35, 38—44]. (e) Nyquist plots and (f) Cy of Fe-CoPO, CoPO, and NF. (g) Stability test of Fe-CoPO at 100 mA-cm™. (h) FE of

formate obtained at different times on Fe-CoPO.
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enhances the electrochemical activity, as evidenced by the reduction
of the overpotential from 1.504 to 1.436 V. This observation further
corroborates the synergistic interaction between Fe and Co, which
effectively facilitates charge transfer kinetics. The Tafel slope
(Fig. 2(c)) of Fe-CoPO was 27.3 mV-dec™, significantly lower than
that of CoPO (35.9 mV-dec™) and NF (39 mV-dec™). This indicates
that the synergistic interaction between Fe and Co enhances the
MOR kinetics and electrocatalytic activity, surpassing the
performance of the best catalyst reported previously (Fig. 2(d)).
Electrochemical impedance spectroscopy (EIS) measurement
further analyzes the charge transfer ability. The EIS plots (Fig. 2(e))
show a lower value of charge-transfer resistance (R, 2.8 Q) for Fe-
CoPO as compared to CoPO (3.26 ), revealing favorable charge
transfer kinetics of the Fe-CoPO electrode. Furthermore, to assess
the catalytic efficiency of the Fe-CoPO electrodes, the
electrochemical double layer capacitance (Cy) in the non-Faradic
region, which is typically used to quantify electrochemical active
surface area (ECSA), was measured (Figs. S10(a)-S10(c) in the
ESM). Fe-CoPO (Fig. 2(f)) has the largest Cy of 442 mF-cm™
compared to other samples, indicating that more reactive sites are
exposed in Fe-CoPO.

Based on these experimental results, the enhancement in MOR
activity is primarily attributed to the synergistic interaction between
Fe and Co, as well as the increased ECSA induced by Fe doping,
which leads to the formation of additional active sites.

Chronopotentiometry (CP) was used to perform the selective
MOR testing on Fe-CoPO. As demonstrated in Fig. 2(g), Fe-CoPO
was operated for at least 16 h at a current density of 100 mA-cm?,
and the oxidation potential of the electrode increased by only
20 mV, indicating excellent long-term stability. The electrolyte was
collected at regular intervals, and the formate FE was measured by
'H-NMR analysis. During methanol electro-oxidation, the FE of
formate was about 100% (Fig. 2(h)). As demonstrated in Fig. S11 in
the ESM, the formate level gradually increased during the reaction
but did not decrease. Fe-CoPO remained stable at high current
densities of 200 and even 300 mA-cm™ (Fig. S12(a) in the ESM).
Notably, the FE of Fe-CoPO formate remained at 100% even at a
high current density of 300 mA-cm™ (Fig. S12(b) in the ESM).

To explore the durability of the morphological structure, we
measured the SEM images of Fe-CoPO after 8 h. SEM images (Figs.
S13(a) and S13(b) in the ESM) revealed that the catalyst surface still
contained a substantial number of nanoflower structures. The
excellent stability of Fe-CoPO is likely attributed to the in situ
growth of the catalytically active phase on a conductive NF
substrate. This configuration facilitates rapid charge transfer
without the need for additional binders, and the strong adhesion
helps prevent catalyst slippage. Confirmation of the high efficiency
and outstanding stability of Fe-CoPO in the production of formate
through methanol electro-oxidation.

3.3 Insights into the mechanism of MOR

XPS measurement was used to analyze changes in the valence states
of elements on the catalyst surface before and after 8 h of the MOR
reaction. The spectrum of Fe 2p of Fe-CoPO before and after the
reaction is shown in Fig. S14 in the ESM. The comparative analysis
of the Ni 2p spectra (Fig. S15 in the ESM) for Fe-CoPO catalysts in
both pre- and post-reaction states showed no significant changes in
the oxidation states of the Ni species. This observation suggests that
Ni species did not participate in the MOR. The Co 2p XPS spectra
(Fig. 3(a)) of Fe-CoPO are moved to smaller values compared to

(B 7~ 2w | Sci@pen
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the sample before MOR, suggesting that Co lost electrons during
the reaction process. Simultaneously, the Co™ content increases in
the post-test Fe-CoPO. Besides, the spectrum of O 1s of Fe-CoPO
after the reaction (Fig. 3(b)) shows that, in addition to the peaks of
hydroxide and adsorbed water, a new peak attributed to metal-
oxygen bonding (Co-O) appeared at 529.3 eV, confirming the
formation of the Co**-O bond following the MOR reaction. This
indicates that Co***-O could be the active site of Fe-CoPO for
MOR. In contrast, the Co 2p and O 1s spectra of CoPO (Figs.
S16(a) and S16(b) in the ESM) revealed a distinct Co* peak at
782.3 eV and Co*-O peak at 529.4 eV after MOR, suggesting a
different oxidation pathway between Fe-CoPO and CoPO [45—-48].

To further elucidate the role of Co valence states in MOR
activity, in situ Raman spectroscopy was performed for Fe-CoPO
and CoPO to gain an in-depth understanding of how Fe doping
promotes MOR. Under open circuit potential (OCP) conditions
(Fig. 3(c)), the Raman scattering modes of the CoPO samples at
437.5, 5044, and 684.8 cm™ are attributed to the E, vibrational
modes of Co*-O, CoOOH, and the A,, symmetric stretching mode
of Co***-0 [49-54]. In operando Raman spectroscopic studies, the
energy band of CoPO at 437 cm™ gradually increases with the
applied potential, indicating an increase in Co*-O content in the
catalyst and a deeper reconstruction [55]. The above results indicate
that CoPO undergoes three reconstruction steps under alkaline
conditions: Co**-O > Co*-O > Co*-0, which is consistent with
the thermodynamic theory of the transition due to the increase in
potential [56]. On the contrary, the Co*-O bond could not be
detected in the Raman spectra of Fe-CoPO (Fig. 3(d)). The
characteristic peaks in the Raman spectra of Fe-CoPO are
somewhat red-shifted concerning CoPO because the radius of Fe
ions is larger than that of Co ions. The characteristic peak of the
Co**-O bond (Aj,) steadily increases as the applied voltage
increases from 1.03 to 1.63 V. CoPO and Fe-CoPO were subjected
to CP tests (Fig. 3(e)) for 12 h. The CP results (Fig. 3(f)) showed
that Fe-CoPO had 100% formate selectivity, whereas the formate
Faradaic efficiency (FE) of CoPO was only 39.7%. In addition, only
the characteristic peaks of formate and methanol were observed in
the "C-NMR analysis of CoPO (Fig. S17 in the ESM), further
confirming the limited conversion of methanol to formate on Co*.
In the MOR process, Co"-O formed by electrochemical
reconstruction of CoPO during the MOR process has been
considered to have excellent OER catalytic activity [57, 58]. Under
alkaline conditions, adjacent OH" attacks the oxygen ligands in
Co"-O to form intramolecular O-O bond, facilitating rapid OER
kinetics [59]. Thus, OER and MOR competition occurred at the
Co"-O, inhibiting MOR. Whereas Co**-O formed by
electrochemical reconstruction of Fe-CoPO facilitated the
formation of formate. The above experimental results demonstrated
that Co>**-O is the catalytically active site for formate in the MOR
process.

In addition, to demonstrate the existence of interaction between
Fe and Co components in Fe-CoPO, in sifu Raman measurements
were performed on Fe-CoPO-L and Fe-CoPO-H. As shown in Fig.
S18(a) in the ESM, the Co*-O bond was also observed for Fe-
CoPO-L, which is similar to CoPO. The Raman spectra of Fe-
CoPO-H (Fig. S18(b) in the ESM) show no Co*-O bond
generation, and the characteristic Raman scattering peak at
685.3 cm™ can be attributed to Co**'-O. However, when the
applied potential was increased from 1.03 to 1.63 V (vs. reversible
hydrogen electrode (RHE)), the strength of the Co***-O peak
gradually decreased with the increase in the applied voltage.
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Therefore, in combination with the above Raman spectroscopic
investigation, Fe doping can inhibit the oxidation of Co*"** to Co*,
thereby inhibiting the competition for OER during the MOR
process. Promote the electrochemical reconstruction of the Co*-O
bond in Fe-CoPO to form the Co***-O bond, thereby enhancing
MOR activity.

Based on the above experimental results, we propose the
existence of a Co*/Co™ cycling pathway for the MOR in Fe-CoPO.
Trace Fe doping modifies the crystal structure of Fe-CoPO,
facilitating its electrochemical reconstruction and the formation of
the Co***-O bond, thereby enhancing formate selectivity [60, 61].
The reaction pathway for MOR on Fe-CoPO is illustrated in Fig. 4.
First, Fe-CoPO undergoes electrochemical reconfiguration at a
certain potential, inducing the formation of the Co*/Co*-O bond
through moderate Fe doping. Co* is oxidized to Co™ at certain
potentials, which is consistent with the Co* to Co* oxidation peaks
observed in the LSV curves [62]. Methanol spontaneously adsorbs
on the Co™ sites (Eq. (1)) [63, 64]. Under alkaline conditions, OH"
in water directly attacks the nucleophilic methanol, thereby
oxidizing it via a direct oxidation pathway [65, 66]. Specifically,
OH- deprotonates the hydrogen atom of CH;OH to produce the
intermediate *CHO (Egs. (2)-(4)), which then reacts with OH in a
nucleophilic oxidation reaction to yield HCOO" (Eq. (5))

Co(1IT) + CH,0H — Co(IIT) — CH,0H (1)
Co(IlT) — CH,OH + OH™ — Co(1Ill) — *CH,0 + H,0 + ¢~ (2)
Co(IlT) —*CH,0+OH™ — Co(IIl) - *CH,0 + H,0+¢~ (3)
Co(IIl) — *CH,0 + OH™ — Co(IlI) — *CHO+ H,0+ ¢~ (4)

Co(IIT) = *CHO 4+ OH™ — Co(IIl) — HCOO™ (5)

During the oxidation of methanol to formate, Co* is
simultaneously reduced back to Co™, establishing a stable Co*/Co™
redox cycle. This cycling mechanism enables the Fe-CoPO catalyst
to sustain its electrocatalytic activity in the MOR, allowing Co ions
to continuously transition between Co* and Co* while facilitating
electron transfer to methanol along the reaction pathway.

4 Conclusion

In summary, we have demonstrated that the Fe-CoPO catalyst
exhibits ~significantly enhanced performance through the
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Figure4 Schematic illustration of the dominant reaction pathway for methanol oxidation to formate over Fe-CoPO.

introduction of Fe ions into CoPO, resulting in exceptional
electrocatalytic activity. The catalyst operated at a minimum
potential of 1.436 V at 100 mA-cm™ and maintained 97% formate
selectivity for 16 h of stable operation at this current density. Even
more encouragingly, the FE of formate remained at 100% for 8 h at
higher current densities (200-300 mA-cm™). Furthermore, the
production and dynamics of active substances on the catalyst
surface were tracked using in situ Raman measurements to gain
insight into the Fe-CoPO surface reconstruction during the MOR
process. We proposed that the introduction of Fe promoted the
electrochemical reconstruction of the Co*-O bond in Fe-CoPO,
leading to the formation of the Co**-O bond. In contrast, the
Co™-0 bond in CoPO was transformed into the Co*—~O bond. The
synergistic interaction between Fe and Co might inhibit Co
peroxidation and minimize Co* generation, allowing for a
reversible redox shift of Co**.

In conclusion, our findings provide valuable insights into the
logical and precise design of effective MOR electrocatalysts based
on transition metal phosphides. Looking ahead, further
investigations into the mechanism of iron-cobalt interactions, as
well as the exploration of alternative transition metal doping
strategies, could facilitate the development of more efficient
catalysts. Additionally, the long-term stability of the Fe-CoPO
catalyst under practical conditions warrants further study.

Electronic Supplementary Material: Supplementary material
(detailed description of experimental procedures, spectroscopic
data (Raman spectra, EDS mapping image, and XPS spectra),
materials characterization data (SEM images ), and electrocatalytic
performances data) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907389.
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