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xygen evolution reaction
mechanism catalyzed by phosphate-substituted
FeCo2O4 nanosheets: proton-coupled electron
transfer assisted adsorbate evolution mechanism
investigated by in situ NAP-XPS†

Nut Thanasuwannakul,a Chueh-Cheng Yang,b Pantita Prapamonton,a

Chia-Hsin Wang,*b Nguyet N. T. Pham *c and Yu-Hsu Chang *a

This study investigates phosphate-substituted FeCo2O4 nanosheets for the oxygen evolution reaction

(OER), emphasizing their enhanced electrochemical performance. The substitution of phosphate anions

disrupts the catalyst's lattice structure, introducing additional defects while enabling an alternative

oxidation pathway. This modification significantly enhances the catalytic performance, yielding a lower

overpotential, reduced charge transfer resistance, increased electrochemically active surface area, higher

double-layer capacitance, and faster catalytic kinetics compared to pristine FeCo2O4. In situ near-

ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) reveals the formation of Co(IV), a key

indicator of catalytic efficiency, and identifies H-phosphate as an intermediate facilitating proton transfer

from Co(OH)2 and CoOOH to phosphate during the reaction. Complementary density functional theory

calculations demonstrate that phosphate functionalization stabilizes critical intermediates (–OH* and –

OOH*) at Fe and Co active sites, reducing activation energy barriers. These findings align with

experimental results and support a proton-coupled electron transfer assisted adsorbate evolution

mechanism for OER on phosphate-substituted FeCo2O4 nanosheets.
1 Introduction

Water electrolysis is a hydrogen production method that
involves two distinct reactions occurring in separate half-cells:
one of the reactions generates hydrogen, and the other gener-
ates oxygen. The oxygen evolution reaction (OER) typically
determines the rate of water electrolysis because the four-
electron transfer mechanism of the OER is slower than the
two-electron transfer mechanism of the hydrogen evolution
reaction (HER).1 Therefore, increasing the reaction rate of the
OER and reducing the overpotential are crucial for increasing
the rate of water electrolysis; these objectives can be achieved by
employing an OER catalyst with high-density active reaction
sites. Spinel oxide (AB2O4), which is characterized by an “A” site
for cations at tetrahedral positions and a “B” site for cations at
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octahedral positions, is particularly relevant in this regard.2

Spinel compounds exhibit strong stability at high anodic
potentials and demonstrate high electrical conductivity in
alkaline solutions. To improve OER performance, the physico-
chemical properties of the catalyst can be ne-tuned by selec-
tively replacing oxygen with different anions, including boron,
nitrogen, or phosphorus.3 Anion substitution offers several
advantages; in particular, it facilitates the modulation of the
oxidation state, electronic conguration, and surface chemistry
of catalysts. These modications can enhance the intrinsic
activity, accelerate charge transfer kinetics, andmitigate surface
degradation mechanisms during the OER.4,5

Research has also revealed that transition metal phosphates,
particularly cobalt phosphates, are suitable catalysts for the
OER.1 Accordingly, phosphorus doping can modify the elec-
tronic band structure of a catalyst, resulting in different energy
levels and electronic behaviours to those of the original band
structure. This may thus lead to enhanced catalytic perfor-
mance.2,3 Phosphorus is a nonmetallic element with notable
catalytic properties owing to its diverse oxidation states and
high electronegativity. Through these characteristics, phos-
phorus used as a dopant or cocatalyst can considerably affect
the surface reactivity of transition metal oxides and the oxida-
tion state of cations.4–8 Moreover, phosphate groups can
J. Mater. Chem. A
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stabilize transition metal intermediates, which contain crucial
active sites for the OER, thereby boosting the overall catalytic
performance.9,10 Phosphate substitution facilitates proton-
coupled electron transfer (PCET), which is a unique mecha-
nism in the OER. This phenomenon occurs through the crea-
tion of more favourable local coordination environments and
the reduction of energy barriers for critical steps of the OER.11–16

Continued research efforts aimed at elucidating the funda-
mental catalytic mechanisms and optimizing the properties of
phosphate-containing materials have paved the way for the
implementation of these materials in OER devices. Density
functional theory (DFT) calculations reveal that in Co3(PO4)2, Co
cations are coordinated with PO4

3− ligands, which increases the
energy barrier for proton hopping. This increase in the energy
barrier hinders PCET, which results in reduced catalytic activity
for the OER. However, in CoHPO4, HPO4

2− ligands, which are
coordinated with cobalt cations, act as effective proton accep-
tors because of their favorable pKa values.17 Compared to SO4

2−,
NO3

−, and CO3
2− anions, phosphate has the higher pKa at pH

14, which promotes the formation of H-phosphate intermedi-
ates and facilitates subsequent proton release. DFT calculations
also indicate that these ligands considerably reduce the energy
barrier for proton hopping, thus enhancing the efficiency15 of
PCET. Furthermore, CoHPO4 stabilizes high-valent Co species,
which are crucial active sites for the OER, thereby further
enhancing catalytic performance.

The present study applied a hydrothermal method to
synthesize phosphate-substituted iron cobaltite (FeCo2O4-Px)
supported on nickel foam (NF) for catalyzing the OER. The
presence of the hydrogen phosphate intermediate, which was
identied through in situ near-ambient-pressure X-ray photo-
electron spectroscopy (NAP-XPS) measurements, considerably
enhanced the OER activity; this result indicates the crucial role
of phosphates in enhancing catalytic performance for the OER.
Overall, the ndings of this study highlight the potential of
using FeCo2O4-Px for developing efficient catalysts with high
activity and stability for the OER, which are essential for
advancing sustainable energy conversion technologies.

2 Experimental
2.1 Materials and methods

Cobalt(II) nitrate hexahydrate (Co(NO3)2$6H2O, $98%), ammo-
nium uoride (NH4F, $98%), and sodium dihydrogen phos-
phate (NaH2PO4, $99%) were procured from Sigma-Aldrich.
Iron(III) nitrate nonahydrate (FeNO3$9H2O, 99%) was sourced
from Showa. Moreover, urea (CO(NH2)2, 99.0–100.5%) was ob-
tained from J.T. Baker. Hydrochloric acid (HCl, $37%) was
acquired from Honeywell. Finally, cyclohexane (ACS grade 99%)
and ammonium persulfate (NH4)2S2O8, 98%) were purchased
from Alfa Aesar. All chemicals were used as obtained without
further purication. NF (for each piece: size = 15 × 15 cm2,
thickness = 1.6 mm, porosity = 70–95%, density = 0.45 g cm−3,
and purity = ∼99.5%; Goodfellow) was meticulously cleaned
using 3 M aqueous HCl solution in an ultrasonic bath for
20 min to remove the native oxide. It was then rinsed with
deionized water to ensure the cleanliness of the NF surface.
J. Mater. Chem. A
Before their use, Fumasep FAA-3-50 anion-exchange
membranes (AEMs; for each piece: size = 10 × 10 cm2 and
thickness = 0.5 mm; The Fuel Cell Store) for in situ ow cells
were activated by being soaked in 1 M KOH at 25 °C for 24 h and
then rinsed with deionized water. Naon 117 membranes (for
each piece: size = 30 × 30 cm2 and thickness = 0.18 mm, The
Fuel Cell Store) for H-cell separators were also subjected to an
activation process. Initially, they were immersed in 0.5 M
aqueous H2SO4 solution at 80 °C for 2 h. Subsequently, the
membranes were rinsed thoroughly with deionized water and
then immersed in 1 M aqueous KOH solution. Monolayer gra-
phene (for each piece: size = 10 × 10 cm2, thickness = 0.35 nm,
and coverage = >95%) was purchased from Graphenea.

Phosphate was substituted into iron cobaltite samples
through hydrothermal reactions. Fe(NO3)3$9H2O (1.25 mmol),
Co(NO3)2$6H2O (2.5 mmol), CO(NH2)2 (12.5 mmol), NH4F (6.25
mmol), and NaH2PO2 at different quantities (0.25, 0.50, and
0.75 mmol) were dissolved in 75 mL of deionized water. The
solution and NF were added to a 100 mL Teon autoclave, aer
which the autoclave was sealed and heated to 150 °C for 8 h at
a rate of 2 °C min−1 in a furnace. Subsequently, the reaction
products were heated to 400 °C at a rate of 2 °Cmin−1 in air, and
FeCo2O4 and FeCo2O4-Px were then obtained (where x = I, II, or
III denotes the use of 0.25, 0.50, or 0.75 mmol of NaH2PO4,
respectively, during synthesis).

2.2 Characterizations

The prepared samples were subjected to X-ray diffraction (XRD)
analysis by using a Bruker D8 Advance diffractometer, which
employs a copper target (Cu Ka1 = 1.5418 Å). The XRD results
were compared with JCPDS Card data by using the JADE 6.0
soware program to determine the crystal phase of the samples.
Second, micro-Raman spectra of the samples were obtained
using an ACRON (UniNanoTech) spectrometer. Finally, the
morphologies of the samples were investigated through eld-
emission scanning electron microscopy (FE-SEM) by using
a Zeiss Ultra Plus microscope. Electrochemical measurements
were performed using a Biologic SP-300 potentiostat. A 1 M
KOH solution was employed as the electrolyte at room
temperature (25 °C). Moreover, an Ag/AgCl electrode saturated
in KCl was used as the reference electrode, and a graphite rod
was used as the counter electrode. The Nernst equation (eqn (1))
was used to transform the potential of the Ag/AgCl reference
electrode to the standard potential relative to a reversible
hydrogen electrode (RHE).

ERHE = EAg/AgCl + 0.2205 V + 0.0592 × pH (1)

ECSA = Cdl/Cs (2)

In this equation, 0.205 V represents the standard potential of
the Ag/AgCl reference electrode. Linear sweep voltammetry
(LSV) was performed over a potential range of 1–2 V versus RHE
at a scanning rate of 5 mV s−1, and the overpotentials were
estimated through LSV without iR compensation. The electro-
chemically active surface area (ECSA) was determined from the
electrochemical double-layer capacitance (Cdl) at the catalyst–
This journal is © The Royal Society of Chemistry 2025
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electrolyte interface by using eqn (2). To determine Cdl, cyclic
voltammetry (CV) was conducted at scan rates of 20, 40, 60, 80,
and 100 mV s−1 within the non-faradaic region. The oxidation
and reduction capacitive currents were measured at the
midpoint of the potential window and then plotted against the
corresponding scan rates to derive the Cdl values. The specic
capacitance (Cs) of the 1M KOH electrolyte was considered to be
0.022 mF cm−2.18,19 Nyquist plots were obtained through elec-
trochemical impedance spectroscopy (EIS) measurements that
were conducted over a frequency range of 10 mHz to 10 kHz
with a signal amplitude of 10 mV. Furthermore, chro-
noamperometry (CA) was conducted at an overpotential of
350 mV for 24 h to determine the stability of the catalyst.

XPS and X-ray absorption spectroscopy (XAS) data were
collected from the ultrahigh-vacuum, and NAP-XPS end station
at the wide-range spherical grating monochromator beamline
(Beamline 24A) of the Taiwan Light Source at the national
synchrotron radiation research center. Six spherical gratings on
this customized beamline produce so X-ray photons with
a beam size of approximately 0.7 × 0.3 mm2 and an energy
range of 15–1600 eV. The detailed experimental design for the in
situ electrochemical measurements is described in ref. 20 and
21. The pass energy was set to 40 eV for Co 2p and P 2p and to
20 eV for O 1s because of the high spectral intensity; the exci-
tation energy (Eexc) was set to 1150 eV throughout the trials.
High-resolution scans were performed in increments of 0.05 eV
with a dwell period of 100 ms, and a Gaussian peak full width at
half maximum of 0.88 eV was observed. Gold foil was used to
calibrate the excitation energy on the basis of the binding
energy of the Au 4f7/2 peak at 84.0 eV. Specs Lab Prodigy so-
ware was utilized for spectral analysis, and Unit 2018 soware
was used for spectral deconvolution during data processing.
Finally, multiplet peak tting was performed on Co, Fe and P
spectra to effectively identify alterations in the chemical struc-
ture of the samples.

To maintain experimental integrity, the pressure in the
adopted NAP-XPS chamber was controlled at 0.3 mbar. During
the measurement process, an electrochemical ow cell was
connected to a potentiostat to provide a given voltage to
a sample. The C 1s spectra obtained from the graphene surface
served as the calibration reference, and the C 1s binding energy
was set to 284.6 eV. The lid housed an assembly of AEMs,
a working electrode, a counter electrode (made of Pt coil), and
a reference electrode (Ag/AgCl in saturated KCl). A graphene
monolayer was used to cap the catalyst supported by an AEM,
and this layer acted as a barrier to prevent water evaporation
into the NAP-XPS chamber, which ensured that near-ambient
pressure was maintained and that sample conductivity
increased, thus preventing the charging effect.20,22
Fig. 1 FE-SEM images of (a and b) FeCo2O4, and (c and d) FeCo2O4-
PIII.
2.3 Computations

DFT calculations were performed using the Vienna Ab initio
Simulation Package;23,24 the calculations were conducted using
the generalized gradient approximation with Perdew–Burke–
Ernzerhof exchange–correlation functionals.25 A cutoff kinetic
energy of 500 eV was selected to determine the electrochemical
This journal is © The Royal Society of Chemistry 2025
thermodynamic framework and reaction scheme in order to
investigate the electrocatalytic activity in the OER. The reaction
barriers and transition states were determined through climb-
ing image-nudged elastic band calculations with six interme-
diate images.26 Dipole correction was applied along the z-
direction in all calculations.27 The Monkhorst–Pack k-points
were set to 3 × 3 × 2 and 6 × 6 × 4 for all calculations.28 The
pristine close-packed cubic Fd�3m [227] structure of bulk
FeCo2O4 spinel catalyst (Fig. S9†) was optimized on the basis of
the Hubbard U potentials for Fe (U= 3.3) and Co (U= 4.5) in the
plane-wave and ultraso pseudopotential frameworks.
3 Results and discussion
3.1 Structural characterizations

The FE-SEM images of FeCo2O4-Px depicted its morphology on
NF. Pristine FeCo2O4 (Fig. 1a and b) had a needle-like structure
that maximized its surface area, thereby enhancing its catalytic
activity. Upon phosphate substitution, noticeable changes
occurred in the morphologies of the prepared catalysts. The
morphologies of FeCo2O4-PI and FeCo2O4-PII are displayed in
Fig. S1a–d of the ESI,† which revealed a transition from a nee-
dle-like structure to a sheet-like structure with increasing
phosphate substitution. The FE-SEM images of FeCo2O4-PIII
(Fig. 1c and d) reveal a well-dened sheet-like array structure.
This morphological evolution highlights the important role of
phosphates in modifying the structure of FeCo2O4. Phosphate-
substituted FeCo2O4 forms a nanosheet-like structure
composed of numerous thin nanosheets, contributing to its
large surface area, which facilitates heterogeneous catalytic
reactions and the ion exchange synthesis process. FeCo2O4 and
FeCo2O4-PIII were subjected to BET surface area measurements.
The results show that the needle-like FeCo2O4 exhibits a higher
surface area of 56.76 m2 g−1, compared to 36.00 m2 g−1 for
FeCo2O4-PIII. This difference in surface area is an important
factor in the subsequent discussion of electrochemical
performance.

The crystal structure and phase composition of the samples
obtained using the hydrothermal method were examined
J. Mater. Chem. A
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through XRD analysis. The XRD patterns of FeCo2O4 and
FeCo2O4-Px are illustrated in Fig. 2a. Because no reference XRD
pattern exists for FeCo2O4, the XRD pattern of Co3O4, which is
the parent Co spinel oxide of FeCo2O4, was used as a reference
to determine the crystal structure of the FeCo2O4 spinel oxide.
The XRD pattern of the FeCo2O4 spinel oxide exhibited a shi to
lower angles; the reason for this shi is that the spinel oxide
results from the substitution of Co2+ with Fe2+ in Co3O4. The
diffraction peaks of pristine FeCo2O4 were observed at 2q values
of 18.93°, 31.16°, 36.75°, 55.48°, 59.916°, and 65.05°, corre-
sponding to the (111), (220), (311), (422), (511), and (440) lattice
planes, respectively (JCPDS 74-1675). Intense peaks were
observed at 2q values of 44.36°, 51.94°, and 76.41° and were
ascribed to NF (JCPDS 04-0850). The replacement of some
oxygen atoms with phosphate species in the FeCo2O4 spinel
oxide reduced the XRD intensity, suggesting that this replace-
ment rendered the FeCo2O4 spinel structure more amorphous.
A trace of CoFe2O4 (JCPDS 22-1086) inverse spinel could be
observed in pristine FeCo2O4.

Four catalysts were characterized by FTIR to identify the
functional groups present. As shown in Fig. S2,† the phosphate
bands corresponding to asymmetric stretching or n3 appear in
the range of 900 to 1200 cm−1.29 As the amount of phosphate
increases, the intensity of the phosphate signals becomes
stronger, while no such signals are observed in FeCo2O4 without
phosphate addition.

The Raman spectra of the samples revealed distinct vibra-
tional characteristics of the spinel structure, which were asso-
ciated with Co3O4. Prominent peaks were observed at 217, 494,
and 542 cm−1 (Fig. 2b) and were attributed to the F2g(1), Eg, and
F2g(2) modes, respectively, which were associated with the
vibrations occurring at the tetrahedral sites within the crystal-
line phase of the cobalt spinel structure.30 The F2g modes were
noted to be engendered by the symmetric stretching and
bending of oxygen anions, whereas the Eg mode was
Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) LSV curves, and (d) EIS
spectra of the prepared samples.

J. Mater. Chem. A
determined to be engendered by the symmetric bending
vibrations around tetrahedrally coordinated cobalt cations.
Another peak was observed at 682 cm−1 and was ascribed to the
A1g mode, which was associated with the vibrations at the
octahedral sites of the Co3O4 structure. This mode involved
symmetric stretching vibrations of oxygen anions around octa-
hedrally coordinated cobalt cations. When the phosphate
species were incorporated into the FeCo2O4 structure, the local
environment and bonding characteristics exhibited notable
changes. The Raman spectra of phosphate-substituted FeCo2O4

exhibited a broad band centered at 590 cm−1, indicating the
formation of an amorphous Co-oxide structure.31 This broad
band suggests a disruption in the crystalline order, which could
lead to a more disordered state than that of well-ordered spinel
structures. Structural defects within catalysts break the atomic
uniformity, giving rise to new active sites with altered chemical
coordination environment and electronic properties. These
changes can optimize the interaction with reaction intermedi-
ates and strengthen the catalyst's inherent reactivity, ultimately
boosting its electrochemical performance.32,33
3.2 Electrochemical measurements

LSV was conducted at a scan rate of 5 mV s−1 over a range of 1–
2 V versus RHE, and the current density was set to 50mA cm−2 to
avoid interference from the native oxide of NF. The LSV
measurements (Fig. 2c) revealed that FeCo2O4 had an over-
potential of 415 mV at 50 mA cm−2 for OER activity. By
comparison, FeCo2O4-PI, FeCo2O4-PII, and FeCo2O4-PIII (i.e., the
phosphate-substituted FeCo2O4 catalysts) exhibited lower over-
potentials of 377, 360, and 350 mV, respectively. The Cdl values
of FeCo2O4, FeCo2O4-PI, FeCo2O4-PII, and FeCo2O4-PIII were
0.96, 2.83, 3.71, and 3.90 mF cm−2, respectively (Fig. S3†). On
the basis of this capacitance value, the ECSAs of FeCo2O4,
FeCo2O4-PI, FeCo2O4-PII, and FeCo2O4-PIII were approximately
43.73, 128.63, 168.63, and 177.27 cm2, respectively (Fig. S3b–e†).
Phosphate substitution caused increases in the ECSA and Cdl

values, which resulted in improved electrocatalytic perfor-
mance. EIS was performed to examine the electron transfer
resistance (Rct) of the prepared catalysts under their over-
potential. Among the four samples, FeCo2O4-PIII exhibited the
lowest Rct value (6.78 U), followed by FeCo2O4-PII (6.84 U),
FeCo2O4-PI (7.82 U), and FeCo2O4 (8.5 U; Fig. 2d).

Furthermore, the constant-phase element values (which
reect material capacitance) of FeCo2O4, FeCo2O4-PI, FeCo2O4-
PII, and FeCo2O4-PIII were 0.97, 0.95, 0.94, and 0.92, respectively.
Tafel plots (Fig. S4a†) indicated that FeCo2O4-PIII had higher
catalytic kinetics (Tafel slope of 252 mV dec−1), followed by
FeCo2O4-PII (268 mV dec−1), FeCo2O4-PI (274 mV dec−1), and
FeCo2O4 (287 mV dec−1). To evaluate the stability of the sample,
CA was performed at an overpotential of 350 mV for 24 h.
FeCo2O4-PIII demonstrated excellent stability, maintaining
a steady current density of 50 mA cm−2 throughout the test
(Fig. S4b†). ICP-MS analysis of the electrolyte aer 24 h of OER
revealed that the concentrations of leached Co and Fe ions were
below the detection limit, further conrming the catalyst's
stability under alkaline and oxidative conditions.
This journal is © The Royal Society of Chemistry 2025
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3.3 Ex situ XPS and XAS measurements

The Co 2p3/2 core-level spectra of FeCo2O4 and FeCo2O4-PIII were
subjected to multiplet peak tting to deconvolute them into
distinct chemical species (Fig. 3a and d). The Co 2p3/2 spectra of
FeCo2O4-PI and FeCo2O4-PII are illustrated in Fig. S5.† These
spectra revealed that the aforementioned catalysts consisted of
Co3O4, Co(OH)2, CoOOH, and cobalt phosphate species.17,34 The
primary peak for Co3O4 was located at 779.32 eV. Moreover,
a Co(OH)2 peak was noted at 780.1 eV, and this peak shied by
0.2 eV aer phosphate substitution. The binding energy of
CoOOH shied from 779.62 to 779.82 eV aer phosphate
substitution, indicating the occurrence of lattice distortion and
changes in the electronic structure. Phosphate substitution
engendered an increase in the quantities of Co(OH)2 and
CoOOH, which are crucial for catalytic activity. The emergence
of cobalt phosphate species highlights the crucial role of
phosphate in altering the chemical structure and potentially
improving the catalytic performance of catalysts. The deconvo-
luted Fe 2p3/2 core-level spectra revealed that the surface of
FeCo2O4 was composed of FeO and Fe2O3 (Fig. 3b and e). The
primary FeO peak was observed at 709 ± 0.1 eV, and the main
Fe2O3 peak was noted at 709.7 ± 0.1 eV34. Aer phosphate
substitution, iron phosphate species were produced, as indi-
cated by the peak at 713.8 eV.35 Furthermore, phosphate
substitution caused an increase in the Fe2+/Fe3+ ratio on the
surface of FeCo2O4-PIII, which led to increased defect formation
within the spinel structure. The deconvoluted O 1s spectra
Fig. 3 Ex situ XPS spectra: (a–c) Co 2p3/2, Fe 2p3/2, and O 1s spectra of Fe
(h–j) Co 2p3/2, O 1s, and P 2p spectra of FeCo2O4-PIII after the OER.

This journal is © The Royal Society of Chemistry 2025
(Fig. 3c and f) contained a metal–oxygen (M–O) lattice peak at
529.2 eV, indicating the presence of lattice oxygen.34 A peak
corresponding to dangling surface oxygen (O2

2−/O−) was
observed at 530.0 eV, and a peak attributable to OH− adsorption
(including M–O–P bonding) was observed at 531.0 eV. More-
over, peaks were observed at 532.0 and 533.4 eV and were
ascribed to surface oxygen species (Osurf) with P–O bonding and
adsorbed water (H2Oads), respectively.17,36–38 An increase in Osurf,
M–O–P bonding, or P–O bonding was accompanied by
a decrease in the M–O lattice. These ndings indicate that the
substitution of lattice oxygen with phosphates in the spinel
structure resulted in the modication of the chemical envi-
ronment; thus, phosphate substitution can enhance OER
performance by altering the surface chemistry of spinel struc-
tures. The P 2p spectra of FeCo2O4-PIII (Fig. 3g), FeCo2O4-PI, and
FeCo2O4-PII (Fig. S5†) contained a phosphate peak at 133.2 ±

0.2 eV.39

XPS was conducted to explore the variation in the surface
composition of FeCo2O4-PIII aer the OER. The Co 2p3/2 core-
level spectrum (Fig. 3h) revealed notable Co species, including
Co3O4, Co(OH)2, CoOOH, and cobalt phosphate species.
Specically, this spectrum indicated that aer the OER, the
oxidation state of cobalt changed from Co2+ to Co3+, and the
quantity of CoOOH increased considerably relative to that of
Co3O4. According to the literature, the formation of metal oxy-
hydroxide is the rate-determining step in the OER.40 The O 1s
spectrum (Fig. 3i) demonstrated that the quantity of adsorbed
Co2O4; (d–g) Co 2p3/2, Fe 2p3/2, O 1s, and P 2p spectra of FeCo2O4-PIII;

J. Mater. Chem. A
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OH− increased aer the OER, which suggests enhanced
adsorption of hydroxide and phosphate species on the catalyst
surface. Furthermore, the P 2p spectrum (Fig. 3j) indicated that
phosphate species were found only aer the OER, with the
formation of hydrogen phosphate not being detected. The
details of the deconvolution and tting parameters of the XPS
spectra are provided in Fig. S6.†

XAS was employed to conrm the changes in the oxidation
state of cobalt aer the OER.41 In the XAS spectra obtained
before the OER (Fig. 4), the Co L3-edge at 779 eV corresponded
to the characteristic photon energy of Co2+ at octahedral sites,
and the peak at approximately 780.5 eV was the characteristic
signal of Co3+. Aer the OER, the peak located at approximately
780.5 eV shied to a higher photon energy, and the Co2+ peak
had a lower intensity. These observations indicate that Co2+ was
converted into Co3+ during the OER, potentially resulting in the
formation of a CoOOH intermediate, which are consistent with
the XPS results. Furthermore, the Fe 2p3/2 and L-edge spectra of
FeCo2O4-PIII (Fig. S7†) exhibit minimal changes before and aer
the OER process, highlighting the more signicant role of
cobalt in the OER activity.
Fig. 5 Deconvolution of the Co 2p3/2 in situ NAP-XPS spectra ob-
tained for FeCo2O4, and FeCo2O4-PIII at the OCP (0.82 V vs. RHE) and
2 V vs. RHE: (a) spectra obtained for FeCo2O4 at the OCP, (b) spectra
obtained for FeCo2O4 at 2 V vs. RHE, (c) spectra obtained for FeCo2O4-
PIII at the OCP, and (d) spectra obtained for FeCo2O4-PIII at 2 V vs. RHE.
Relative contents of different cobalt species in (e) FeCo2O4, and (f)
FeCo2O4-PIII at different potentials.
3.4 In situ NAP-XPS measurements

Crucial reaction pathways are oen triggered by specic inter-
mediates that exist only during the reactions. However,
conventional XPS, which is an ex situ technique that requires
high-vacuum conditions, cannot detect such intermediates. To
overcome this limitation, we employed a ow cell system and an
NAP-XPS end station to examine the real-time variations in
chemical structure and oxidation state during the OER.20,22 This
innovative approach can provide deep insights into the mech-
anisms underlying the OER at varying applied potentials. In situ
NAP-XPS can provide real-time insights into surface chemistry
evolutions, which can enable a thorough understanding of the
reaction pathways and intermediates in the OER; it can also
indicate the catalytic active sites in this reaction. Fig. 5 displays
the Co 2p3/2 in situ NAP-XPS spectra of FeCo2O4 and FeCo2O4-
PIII, which were measured from the open-circuit potential (OCP)
to the potential value corresponding to the OER (2 V vs. RHE).
The Co 2p3/2 spectra obtained at potentials of 1.3 and 1.5 V are
displayed in Fig. S8.† For FeCo2O4 and FeCo2O4-PIII, the main
Co peaks of the spinel structures, namely the Co(OH)2 and
CoOOH peaks, in the in situ XPS spectra were consistent with
Fig. 4 Co L3-edge XAS spectra of (a) FeCo2O4, and (b) FeCo2O4-PIII
before and after the OER.

J. Mater. Chem. A
those in the ex situ XPS spectra. However, the intensity of these
peaks differed considerably between FeCo2O4-PIII and FeCo2O4.
At the OCP, FeCo2O4 and FeCo2O4-PIII included spinel oxide,
Co(OH)2, CoOOH, and cobalt phosphate species, indicating that
cobalt existed in a mixed oxidation state, primarily as Co2+ and
Co3+ (Fig. 5a and c). When a potential of 2 V versus RHE was
applied, Co3+ was oxidized to Co4+, and the main CoO2 peak
appeared at 780.6 eV (Fig. 5b and d). A peak was also observed at
the binding energy of Co4+, and this peak was ascribed to the
oxidation of Co in spinel, Co(OH)2, and CoOOH. This nding
highlights the dynamic nature of cobalt oxidation states under
varying electrochemical conditions, which enhances catalytic
activity for the OER. Moreover, as the potential increased, the
cobalt phosphate peak shied upward by 0.7 eV to 782.1 eV, and
cobalt-protonated phosphate (Hx phosphate) species became
more pronounced, indicating dynamic changes in the catalyst
surface chemistry.17

The deconvolution of the Co 2p3/2 spectra of the catalysts
provided detailed insights regarding the changes in the chem-
ical state of cobalt during the OER. As illustrated in Fig. 5e and f,
the relative percentages of various Co species in pristine
FeCo2O4 and FeCo2O4-PIII changed considerably during the
OER. As the potential was increased from the OCP to 2 V versus
This journal is © The Royal Society of Chemistry 2025
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RHE, the percentage of Co in spinel was reduced from 55% to
13% for FeCo2O4 and from 28% to 13% for FeCo2O4-PIII.
Moreover, both samples exhibited a decrease in Co(OH)2
content as the potential was increased. For example, the
Co(OH)2 content of FeCo2O4-PIII decreased from 47% at the OCP
to 13% at 2 V versus RHE. An increase in the potential resulted
in a considerable increase in the Co–Hx phosphate content,
which reached 29% at 2 V versus RHE. The decrease in the Co
phosphate content and increase in the Co–Hx phosphate
content with an increase in the potential indicated that proton
transfer occurred on phosphate functional groups during the
OER. As displayed in Fig. 5f, when the applied potential was
1.3 V versus RHE, FeCo2O4-PIII exhibited notable CoO2 forma-
tion, with CoO2 formation occurring at a lower energy for
FeCo2O4-PIII than for pristine FeCo2O4. The synergetic effect of
the Co(OH)2 and cobalt phosphate species was noted to play
a critical role in the electrocatalysis of the OER, facilitating the
formation of Co–Hx phosphate, CoOOH, and CoO2 species
through electrochemical processes. At 2 V versus RHE, FeCo2O4-
PIII exhibited a high Co(IV) content level of 23%.

The deconvoluted P 2p in situ NAP-XPS spectra of FeCo2O4-
PIII demonstrated the effect of phosphate substitution during
the electrochemical reactions (Fig. 6). These spectra exhibited
a peak at 133.2 ± 0.2 eV, which was ascribed to the binding
energy of phosphate; this indicates that the phosphate was
substituted on the surface of FeCo2O4. Moreover, the P 2p in situ
NAP-XPS spectra obtained at potentials of 1.3–2.0 V versus RHE
contained a peak at 134.8 eV, which was ascribed to the Hx

phosphate, an intermediate in PCET. When phosphate is
bonded to one or two hydrogen atoms, the binding energy of P
shis to higher values. This observation is consistent with
previous studies and suggests that the phosphate anion
undergoes protonation during the OER process.17,42,43 The
presence of the Hx phosphate indicates the active participation
Fig. 6 Deconvolution of the P 2p in situNAP-XPS spectra obtained for
FeCo2O4-PIII at (a) the OCP (0.82 V vs. RHE), (b) 1.3 V vs. RHE, (c) 1.5 V
vs. RHE, and (d) the potential corresponding to the OER (2 V vs. RHE).

This journal is © The Royal Society of Chemistry 2025
of phosphates in the OER, which can facilitate efficient proton
and electron transfers. This mechanism can result in improved
catalytic activity by facilitating the transformation of interme-
diate species to CoO2 and enhancing electron transport
(through the promotion of PCET). Moreover, the diagram of
phosphoric acid distribution in water suggested that fully
deprotonated PO43− ions were the dominant phosphorous
species at a pH of 14, indicating the presence of the Hx phos-
phate (as observed in XPS), where x = 1. In situ NAP-XPS
measurements revealed distinct shis and intensity changes
in the P 2p spectra, signifying dynamic changes in chemical
states during the OER. Phosphate protonation produces active
sites essential for the adsorption of oxygen species and the
formation of CoO2, which can engender higher active site
density and improved electron transport. Thus, phosphate
introduction and PCET can considerably enhance the catalytic
performance of FeCo2O4-Px catalysts, even when they become
amorphous in nature, as evidenced by the in situ NAP-XPS
results. These ndings provide insights for designing more
efficient electrocatalysts for renewable energy applications.
3.5 DFT calculations

The obtained XPS spectra indicated that transformation
between phosphate and hydrogen phosphate occurred at high
potentials, suggesting that protonation and deprotonation
processes occurred on the surface of the prepared catalysts.
Because of the well-dened protonation states of PO4

3− and
HPO4

2−, the aforementioned processes were noted to be more
controllable and predictable with PO4

3− and HPO4
2− than with

alternatives such as PO3
− and HPO3

2−. Both PO4
3− and HPO4

2−

stabilized Co3+ under oxidative conditions, thereby enhancing
OER performance. The Co 2p3/2 spectra conrmed the increased
formation of Co3+ at higher potentials, with PO4

3− and HPO4
2−

being dominant, stable species in these spectra. Although
HPO4

2− exhibited greater contribution than did PO4
3− at high

potentials (1.5 and 2 V vs. RHE), HPO4
2− was less effective than

PO4
3− in stabilizing Co3+ and avoiding side reactions. Thus,

PO4
3− and HPO4

2− were determined to be more suitable than
PO3

− and HPO3
2− for maintaining the stability and enhancing

the catalytic performance of the FeCo2O4 spinel oxide. DFT
calculations revealed that pristine FeCo2O4 had an energy gap of
2.157 eV and that its d-band center was located at −1.32 eV;
these results are consistent with those of previous studies.44 In
general, a more negative binding energy value for the d-band
center in a material indicates that the material is less active in
catalytic reactions. Thus, the position of the d-band center of
pristine FeCo2O4 suggests that this material is highly reactive.
According to the density of states for phosphate-functionalized
FeCo2O4, phosphate functionalization resulted in the d-band
center shiing toward the Fermi level (−1.05 and −1.21 eV for
functionalization with PO4

3− and HPO4
2−, respectively). A

higher (less negative) binding energy value for the d-band
center aer functionalization could improve catalytic activity
and the interaction between the catalyst and OER intermediates
(such as OH*, O*, and OOH*), thus leading to more efficient
catalysis for the OER. These results indicate that the catalytic
J. Mater. Chem. A
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performance of the FeCo2O4 spinel oxide for the OER was more
effectively enhanced through PO4

3− functionalization than
through HPO4

2− functionalization.
The catalytic cycle of the OER on the exposed surface of

FeCo2O4 spinel involved surface metal sites via adsorbates
(OH*, O*, and OOH*) chemisorption.45–47 To elucidate the
underlying mechanisms, DFT calculations were performed to
determine the Gibbs free energies of the corresponded reac-
tions, including the adsorbate evolution mechanism (AEM) and
lattice oxygen oxidation mechanism (LOM) (Fig. 7). The AEM
primarily involves four coordinated PCET steps at metal sites.
The substitution of the water dissociation equilibrium reaction
[i.e., H2O(l) # H+(aq.) + OH−(aq.)] into the elemental steps can
enable the conversion of results obtained under acidic condi-
tions into corresponding results for basic conditions.48 The
thermodynamics of the OER were evaluated on the basis of the
Gibbs free energy (DG) by using the following expression (eqn
(3)):

DG = DE + DZPE − TDS − neU − kBT ln[H+] (3)

where DZPE and DS are the differences between the zero-point
energies and entropies, respectively, of the reactants and
products. Moreover, n is the transferred charge, and U is the
estimated potential energy. The zero-point energies of all
materials were determined using the approaches proposed by
Nørskov et al., and DS values at a temperature of 25 °C were
determined from thermodynamic tables.48† The reaction ener-
gies of the reactant and product molecules adsorbed on the
catalyst surface were computed using the following expressions
(eqn (4)–(6)):

DEOH* = EOH*_suf − Esuf − (EH2O
− 1

2
EH2

) (4)

DEOOH* = EOOH*_suf − Esuf − (2EH2O
− 3

2
EH2

) (5)

DEO* = EO*_suf − Esuf − (EH2O
− EH2

) (6)

where is the DFT-calculated energy of the isolated FeCo2O4

spinel catalyst; EOH*_suf, EOOH*_suf, and EO*_suf are the DFT-
calculated energies of the OH*, OOH*, and O* adsorbate
molecules adsorbed on the catalyst surface, respectively; and
EH2Oand EH2

are the ground-state energies of H2O and H2

molecules, respectively. Overall, the AER involves three steps:
(a) adsorption of OH* and H2O* on Co and Fe active sites,
Fig. 7 Illustration of the LOM and AEM for FeCo2O4 spinel.

J. Mater. Chem. A
respectively; (b) adsorption of OH* and H2O
* on Fe and Co

active sites, respectively; and (c) adsorption of OH* on Co active
sites, Fe active sites, and two protonated surface lattice oxygen
molecules.

Fig. 8a and b display the Gibbs free energy proles as long as
the intermediate congurations derived for the AEM processes
occurring at Co and Fe active sites on isolated FeCo2O4 (001)
surfaces. These proles indicated that the rate-determining step
Fig. 8 DFT-calculated results for the AEM pathway at U = 0 V: (a)
intermediate configurations and (b) corresponding Gibbs free energy
profiles of pristine FeCo2O4 at Co and Fe active sites; (c) intermediate
configurations and (d) Gibbs free energy profiles of pristine, PO4-
functionalized, and HPO4-functionalized FeCo2O4 (001) at the Co
active site.

This journal is © The Royal Society of Chemistry 2025
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of OOH* formation (A3 / A4), especially, the free energies for
the OOH* formation steps at Fe and Co active sites in pristine
FeCo2O4, were 4.69 and 4.59 eV, respectively. DFT results
suggest that FeCo2O4 is energetical favorable the Co-site-
assisted for the OER mechanism, well agreement with the
previous study.49

Fig. 8c and d reveal detailed insights into the OER in the
AEM pathways and underscores the impact of phosphate
functionalization on the FeCo2O4 at Co-site-assisted catalytic
activity. The congurations illustrate how phosphate groups,
specically PO4 and HPO4, interact with adsorbed intermedi-
ates (OH*, O*, and OOH*) at Co active sites, signicantly
lowering the free energy in all intermediated reaction steps and
enhancing the OER electrocatalytic. The HPO4-functionalized
FeCo2O4 leads the OOH* formation free energy of the AEM
mechanism occur at Co-site assisted at zero potential (A3 tran-
sition state) decrease to 3.14 eV, whereas that of 2.93 eV in PO4-
functionalized FeCo2O4. Thus, the PO4-functionalized FeCo2O4

leads to more favorable reaction kinetics by lowering the overall
energy barrier, which accelerates the reaction rate at Co sites
and promotes a higher catalytic efficiency for the OER.

The AEM processes occurring at Co active sites indicated that
the aforementioned phosphate groups stabilized the OH* and
OOH* intermediates through additional interactions, facili-
tating O2 release and enhancing the OER activity. Co active
sites, particularly under PO4 functionalization, exhibited the
most OER activity enhancement. This nding is consistent with
the experimental results and highlights the effectiveness of
phosphate groups in enhancing the catalytic performance of
FeCo2O4.

The electrochemical measurement results revealed that
compared with pristine FeCo2O4, phosphate-substituted
FeCo2O4 had a higher current density, larger ECSA, higher Cdl

value, lower Tafel slope, and lower charge transfer resistance in
the OER. In this system, phosphate substitution leads to
increased atomic disorder within the catalyst, indicating
a signicant formation of structural defects—an important
factor in enhancing catalytic performance. However, SEM
imaging and BET surface area analysis reveal that the surface
area of the material decreases by approximately 37% aer
Fig. 9 Proposed PCET mechanism for an OER catalyzed using
phosphate-substituted FeCo2O4.

This journal is © The Royal Society of Chemistry 2025
phosphate substitution. Despite this reduction, the electro-
chemical performance improves considerably. This suggests
that, beyond the contribution of defects providing more elec-
trochemically active sites, PCET likely plays a dominant role in
boosting the catalytic activity.

Ex situ XPS conrmed that the phosphate-substituted FeCo2O4

produced more Co(II) and Co(III) species than did the pure
FeCo2O4. Furthermore, in situ NAP-XPS revealed the phase tran-
sition of cobalt-containing species, which led to the increased
formation of Co(IV) and the protonation of phosphate groups,
which served as intermediates in PCET during the OER. The DFT
calculations revealed that functionalization with phosphates
enhanced the stability of two critical intermediates, namely OH*

and OOH*, on Fe and Co sites of FeCo2O4, resulting in reduced
activation energies. On the basis of the experimental and DFT
calculation results, this study proposes a reaction mechanism of
PCET assisted AEM for an OER catalyzed using phosphate-
substituted FeCo2O4, as illustrated in Fig. 9.

4 Conclusions

Over the past two decades, signicant efforts have focused on
developing anodic catalysts for the OER to reduce overpotential,
increase current density, and enhance oxygen evolution from
the electrolyte. Introducing an alternative reaction pathway with
a lower energy barrier could further optimize the efficiency of
the OER. This study prepared and examined the properties of
phosphate-substituted FeCo2O4 catalysts for the OER, providing
valuable insights regarding their catalytic behavior in alkaline
solutions. Notably, this study is the rst to employ in situ NAP-
XPS to investigate the PCET involved in the OER. Comprehen-
sive characterizations were conducted to determine the phase
structure, surface morphology, and elemental composition of
the prepared catalysts. Among these catalysts, FeCo2O4-PIII
exhibited the best performance, with an overpotential of
350 mV at 50 mA cm−2 and a Tafel slope of 201 mV dec−1. These
results can be attributed to FeCo2O4-PIII having the lowest
charge transfer resistance and largest ECSA among the prepared
catalysts. The study also applied in situ NAP-XPS to explore the
real-time chemical state changes occurring during the OER.
FeCo2O4-PIII exhibited a high Co4+ content level of 23% because
of its high content of surface-adsorbed oxygen species. Phos-
phate substitution facilitated PCET by transforming phosphate
species into their protonated derivatives. This transformation
improved the catalytic environment, promoting efficient elec-
tron transfer between reactive intermediates. DFT calculations
indicated that phosphate modication reduced the free energy
of intermediate formation on the catalyst surface, and this
nding was consistent with the electrochemical analysis results.
The study ndings highlight the potential of phosphate-
substituted FeCo2O4 as next-generation catalysts with superior
catalytic activity and stability in the OER, which are essential for
advancing sustainable energy conversion technologies.

Data availability
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