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Introduction

Elucidation of the factors governing the oxygen
evolution reaction in Bag 5Srg 5sCo,Fe; O3z 5
catalysts via operando hard and soft X-ray
absorption spectroscopy+t

Weijie Cao, @ 12 Mukesh Kumar, @ $*2 Neha Thakur, 2 Mitsuhiro Matsumoto, @ °
Yoichiro Tsuji,® Toshiki Watanabe, ®: Toshiyuki Matsunaga,® Yoshiyuki Kuroda, ®c
Shigenori Mitsushima® and Yoshiharu Uchimoto ®:

Bag sSrosCoxFe;Os-5 (BSCF) has garnered considerable attention as a promising catalyst for the alkaline
oxygen evolution reaction (OER). However, the intrinsic roles of Co and Fe at the active sites during the OER
process remain inadequately understood due to the limited studies integrating bulk-sensitive and surface-
sensitive operando techniques. Prior studies on BSCF catalysts have either focused on surface transformations
or employed bulk-sensitive techniques to probe redox dynamics. Our work uniquely integrates both bulk-
sensitive (Co/Fe K-edge XAS) and surface-sensitive (Co/Fe L-edge) operando spectroscopy, which provides
surface-sensitive and 3d orbital-specific information, and O K-edge XAS, which captures the dynamics of
oxygen-containing active species. This comprehensive multi-edge approach directly correlates the bulk redox
behavior with the surface electronic structure. The electrochemical performance is systematically evaluated
for different BagsSrosCoxFe1—xOs-s. Further, intrinsic OER activity was evaluated by eliminating the bubbles’
influence during OER by using the forced flow method. Our combined soft and hard XAS revealed that the
superior OER activity of BagsSrgsCoggFeq203-s (BSCF5582) is attributed to the structural and electronic
features of the electrochemically active layer formed at the interface. Minor Fe doping (x = 0.2) predominantly
occupies octahedral sites, modulating the electronic states of Co. Under increasing potentials, Co®" in
tetrahedral sites (T) transitions to Co®" in octahedral sites (Oy), promoting the formation of the catalytically
active CoOOOH phase. In contrast, BagsSrgsCogoFeqgOs-s (BSCF5528), with higher Fe doping, stabilizes co®t
in Oy, sites without substantial changes in oxidation state, leading to the predominance of FeOOH as the active
phase and diminished catalytic performance. Operando O K-edge XAS results align closely with the observed
behavior of the 3d transition metals, revealing that the formation of reducible Fe**/Co®*-O(H) sites, particularly
pz-O(H) bridges, significantly enhances OER activity. These findings provide a mechanical insight highlighting
the critical role of Fe doping in optimizing the structural and electronic properties of BSCF catalysts to achieve
superior OER performance.

landscape away from reliance on fossil fuels."® Among
various hydrogen production methods, large-scale alkaline
a clean and

Hydrogen energy, widely recognized as
sustainable fuel, is crucial for transitioning the global energy
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water electrolysis has garnered significant attention due to
its environmental compatibility and cost-effectiveness.*”
Within this framework, perovskite oxides, particularly Bay s-
Sro.5CoFe 035 (BSCF), have emerged as highly promising
catalysts for the oxygen evolution reaction (OER) in alkaline
media.*"?

Shao-Horn et al demonstrated a volcano-shaped
relationship between the e, orbital filling of perovskite oxides
and their intrinsic OER activity, establishing BSCF as a
benchmark material due to its optimal e, orbital filling of
approximately 1.2.'>"® Furthermore, studies have revealed
that during OER, dynamic surface reconstruction occurs at

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d5cy00056d&domain=pdf&date_stamp=2025-07-10
http://orcid.org/0000-0003-0033-1857
http://orcid.org/0000-0001-8841-5080
http://orcid.org/0000-0002-1376-1250
http://orcid.org/0000-0003-0748-8355
http://orcid.org/0000-0003-1798-1987
http://orcid.org/0000-0001-6095-0313
http://orcid.org/0000-0002-1491-2647
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy00056d
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY015014

Open Access Article. Published on 16 maggio 2025. Downloaded on 15/06/2026 00:17:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

B-site cations (Co/Fe), facilitated by lattice oxygen evolution
reactions:®"*

2-0
ABOj_s + OH™ — BO(OH) + A*" + (2—)02 +3¢ (1)

These findings underscore the critical role of BSCF's
flexible perovskite structure and high oxygen vacancy content
in achieving superior OER performance. Recent
advancements, including doping strategies and hybrid
material designs, have further optimized BSCF derivatives,
achieving overpotentials as low as 260 mV in 0.1 M KOH

(Table S21).° These achievements demonstrate the
competitiveness of BSCF-based materials.
Despite  extensive studies on BSCF, significant

uncertainties remain regarding the exact structure of the
active Co/FeOOH layer, the potential synergistic effect
between Co and Fe, and the involvement of Co and/or Fe at
active sites in BSCF catalysts with different Co/Fe ratios,"
particularly those with high Fe content, such as Bag Sty s-
Cop.oFe 3035 (BSCF5528). Clarifying this issue is essential
for further improving the activity of this widely researched
BSCF, and for this purpose, there is a strong desire to apply
operando measurement techniques that clarify the active sites
of the catalysts during the reaction.

X-ray absorption spectroscopy (XAS) has been widely used
to investigate the local electronic and geometric structures of
BSCF and to determine the active Co/FeOOH layer based on
oxidation states and coordination environments.*'*"*® While
hard X-ray XAS (e.g., Co/Fe K-edge) provides bulk-sensitive,
average structural information such as oxidation state
transitions and coordination changes,"”*> OER is
predominantly governed by the surface/electronic structure of
the catalyst, surface-sensitive operando analysis methods are
essential to acquire information about the catalyst surface
during OER.

Soft X-ray XAS in total-electron-yield (TEY) mode at the Co/
Fe L-edge, with a probing depth of approximately 5 nm, has
emerged as a powerful tool for providing detailed surface-
sensitive information.>*?* Recent developments in operando
O K-edge TEY-XAS have also enabled in-depth studies of
catalytic interfaces, particularly in Ir-based catalysts under
acidic OER conditions.?**®> However, such techniques remain
underexplored in studying BSCF for alkaline OER. To bridge
this gap, the combination of bulk-sensitive and surface-
sensitive operando techniques and the use of information on
oxygen-containing species, which are crucial for the
elementary reaction processes, and not just information on
3d transition metals, is essential. A comprehensive
understanding of the dynamic structural and electronic
changes that occur in the BSCF catalyst during the OER
process is necessary to resolve the ambiguity, but this has
not been achieved through integrated operations.

In this study, we synthesized four different catalysts:
Bay 5S1(.5C005_5 (BSC), Bay 551y sFeO3-5 (BSF), Bay 55r0.5C00.6-
Fey 055 (BSCF5582), and Ba, 551 5C0¢..Feq 5055

This journal is © The Royal Society of Chemistry 2025
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(BSCF5528). To mitigate the influence of bubbles during
OER activity testing using the three-electrode method, a
new electrochemical measurement technique, the “time-
zero method”, was introduced. This approach allows us to
estimate kinetic currents under conditions of no
supersaturation or bubbles on the catalyst surface.
Additionally, operando Co/Fe K-edge, Co/Fe L-edge, and O
K-edge XAS were employed to investigate the dynamic
changes in the surface structure of BSCF during OER. The
relationship between the Fe content and the dynamic
structural changes of Co and Fe, which promote the
formation of active sites, was clarified, and the formation
of oxygen-containing species corresponding to the dynamic
changes in 3d transition metals was quantitatively clarified
by operando O K-edge measurement. Through this analysis,
we attempted to explain the critical role of minor Fe
doping in optimizing BSCF's surface and
improving OER performance. This is expected to provide a
solid foundation for the advanced design of perovskite-type
OER catalysts.

structure

Experimental

Materials
Barium nitrate (Ba(NOjs),, 99.0%), iron(m) nitrate
nonahydrate (Fe(NO3);-9H,0, 99.0%), cobalt(n) nitrate

hexahydrate (Co(NOs),-6H,0, 99.0%), citric acid (98.0%),
ethylenediaminetetraacetic acid (EDTA, 99.5%), ammonia
solution (NH3-H,O, 28.0%), perchloric acid (HCl, 35.0%),
strontium nitrate (Sr(NOj),, 99.9%), ethanol (99.5%) were
acquired from Fuyjifilm. All chemical purities are reported as
weight percentages (wt%) and used as received without
further purification. The electrolyte was prepared from ultra-
pure water (Milli-Q, 18.2 MQ) and perchloric acid (ultra-pure,
Kanto Chemical Co. Inc.).

Synthesis of Ba, 5Sr, 5Co,Fe;_,03_; (x = 0, 0.2, 0.5, 0.8, 1)

The four catalysts, Ba, 5Sry5CoFe1-,Oz-5 (x = 0, 0.2, 0.8, 1),
were synthesized using an ethylenediaminetetraacetic acid-
citric acid (EDTA-CA) complexation sol-gel method. For
Bay 5Sr05C00 sFe(,03-s as an example, stoichiometric
amounts of 0.26 g Ba(NOj),, 0.21 g Sr(NO;),, 0.46 g
Co(NO;),-6H,0, and 0.16 g Fe(NO;);-9H,0 were dissolved in
20 mL deionized water. 1.17 g EDTA and 1.54 g citric acid
were added sequentially as complexing agents in a mole ratio
1:1:2 for total metal ions: EDTA: citric acid. The pH of the
solution was adjusted to 6-7 using NH;-H,O to ensure
complete complexation. The solution was heated to 90 °C
and stirred continuously until a gel formed. This gel was
dried in a furnace at 250 °C for 5 hours to produce a solid
precursor. The solid precursor was milled and sintered at
1000 °C for 5 hours in an air atmosphere to form the BSCF
powder.

The synthesis of the other catalysts followed the same
procedure as Bag 551 5C0g gFey 055, with the only difference

Catal. Sci. Technol, 2025, 15, 4130-4142 | 4131
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being the molar amounts of and

Fe(NO3)3'9H20 used.

Co(NO;),-6H,0

Characterization

X-ray diffraction (XRD) analyses were performed using a
Rigaku Ultima IV with Cu Ka radiation at a scanning rate of
2° per minute to characterize the crystalline structure of the
samples. Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) were conducted using a
Hitachi S-3400N microscope at an accelerating voltage of 20
kv. For these analyses, a 0.2 mg sample was dispersed in
anhydrous ethanol, dropped onto tape attached to the
sample holder, and allowed to dry before observation. Sample
morphologies examined using a JEM-2200FS
transmission electron microscope (JEOL, Ltd.) at an
accelerating voltage of 200 kV. Surface chemical compositions
were analyzed using X-ray photoelectron spectroscopy (XPS)
on a PHI5000 VersaProbe II, utilizing monochromatic Al Ko
radiation for high precision. Ex situ Fe and Co K-edge XAS
were conducted in transmission mode using a Si (111)
monochromator on BL14B2 at SPring-8, Japan. High-energy-
resolution fluorescence-detected XANES (HERFD-XANES) of
the Fe and Co K-edge were acquired at the BL36XU and
BL39XU at SPring-8, Japan. X-ray emission spectroscopy (XES)
was used to monochromatize the fluorescent X-ray before
acquiring HERFD-XANES signal. Incident X-ray were
generated using a pair of Si (111) monochromators and a
total-reflection Rh mirror (4.5 mrad). For energy alignment,
Co and Fe metal foils were used as references. The first peak
of the first derivative of the foil spectra was assigned to
7708.9 eV (Co K-edge) and 7110.75 eV (Fe K-edge). The
surface area of the nanosized material was calculated using
the Brunauer-Emmett-Teller (BET) method. N, adsorption-
desorption experiments were conducted at 77.00 K using an
ASAP 2020 physisorption analyzer (Micromeritics Instrument
Corporation).

were

RDE measurements

The synthesized Ba, 5SrysCoFe;_Os-5 (x = 0, 0.2, 0.8, 1)
catalysts evaluated for OER activity using
electrochemical measurements in rotating disk electrode
(RDE) mode. Catalyst inks were prepared by dispersing 11.76
mg of catalyst powder in 973 pL of ethanol and 26 pL of 5
wt% Nafion solution (Sigma-Aldrich), followed by sonication
in an ice bath for 20 minutes. A total of 5 uL of the ink was
then dropped onto a polished glassy carbon (GC) electrode
(Hokuto Denko, 5 mm diameter, 0.196 cm?).

OER performance in a 0.1 M KOH solution was assessed
using a standard three-electrode electrochemical cell (Naito
Rika) controlled by an HZ-7000 electrochemistry workstation
(Hokuto Denko Ltd.). The GC cast with the catalyst served as
the working electrode, with Pt mesh as the counter electrode
and a reversible hydrogen electrode (RHE) as the reference
electrode prepared using 5% H, gas. The electrode was
equilibrated for a minimum of 30 minutes with 5% H, prior

were
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to measurement to ensure a stable and reliable reference
potential. A continuous gas flow was maintained during the
electrochemical performance. To calibrate our potential to
the standard 100% RHE scale, the recorded potentials were
corrected by adding 0.0385 V to account for the Nernst
equation, ensuring accurate conversion to the RHE scale.

Cyclic voltammetry (CV) was performed at 50 mV s~ from
1.0 V to 1.6 V vs. RHE for 50 cycles for pre-treatment,
followed by 5 cycles at 10 mV s ' from 0 V to 1.6 V vs. RHE.
This activation cycle is essential for inducing surface
reconstruction and generating the catalytically active phase.®
Linear sweep voltammetry (LSV) was conducted at 10 mV s
from 1.0 V to 1.8 V vs. RHE, with the RDE rotating at 1600
rpm.

Forced-flow cell measurement

The anode catalysts and cathode catalyst used were Ba, 551 5-
Co,Fe;,0;3-5 (x = 0, 0.2, 0.8, 1) and Pt/C (Pt 28.4%, Tanaka
Kikinzoku Kogyo, Japan), respectively. The Pt/C was dispersed
in ethanol uniformly sprayed onto a 1 x 1 cm? carbon paper
(SGL Carbon Japan Ltd.) with a loading amount of
approximately 0.5-0.6 mg cmp, > and served as the cathode
material. The BSCF catalyst ink (ethanol:H,O = 1:2) was
ultrasonically homogenized for less than 5 minutes, then
applied to Zirfon® (Perl UTP 500, Agfa, Belgium) using a
masking tape with five rectangular holes (1 x 8 mm? each),
resulting in an approximate catalyst loading of 1.2 mg cm 2,
and was dried before electrochemical testing.

In the cell setup (Fig. S17), interdigitated and parallel flow
fields were applied to the anode and cathode, respectively.
The membrane pressure was set at 4 MPa, with both the
anode and cathode chambers circulating 7 M KOH solution
at 30 °C. The anode flow rate was 50 mL min ', while the
cathode flow rate was 30 mL min™".

OER performance in 7 M KOH solution was evaluated
using a forced-flow cell controlled by a Bio-Logic MPG-205
electrochemistry workstation. The electrochemical
measurement protocol included pre-treatment with
chronopotentiometry (CP) at 400 mA cm > for 2 hours. The
electrochemical impedance spectroscopy (EIS) with an AC
amplitude of 10 mV and frequencies from 100 kHz to 0.1 Hz
at 1.5 V, 1.6 V, and 1.7 V vs. RHE. Pulsed potential step
measurements were performed with a constant increasing
potential step applied for 10 seconds per 0.01 V from 1.5 V to
1.7 V vs. RHE. Chronoamperometry (CA) intervals of 360 s
were set to remove bubbles generated within the catalyst
layer, applying a lower potential during these intervals to
avoid phase transitions in the catalyst (Fig. S2aft).

Time-zero analysis details are provided in the ESIT (Fig.
S2b).

Operando XAS measurement

Operando soft XAS was conducted at BL27 in SPring-8 using
total electron yield (TEY) mode. The working electrode
material was prepared by spraying the ink onto an anion

This journal is © The Royal Society of Chemistry 2025
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exchange membrane (Sustainion® X37-50 Grade RT),
achieving a catalyst loading of approximately 0.1 mg cm 2.
The flow cell, assembled as shown in the Fig. S3, utilized a
Pt wire wrapped around the RHE as the counter electrode, a
handmade RHE (H, 100% purity) as the reference electrode,
and a glassy carbon with the catalyst membrane as the
working electrode. A high-purity H, gas for RHE was locally
generated via electrolysis using a 9 V battery on the platinum
wire. The electrolyte was 7 M KOH, flowing at 10 mL min "
during the operando soft XAS tests. Monochromatic X-ray
generated using a line-spacing plane grating
monochromator. Electrode polarization ranged from 0.5 V
to 1.9 V vs. RHE in a vacuum environment. XAS signals
recorded after stabilizing each potential for 10
minutes to ensure steady current conditions. Co Ljz-edge
spectra was normalized by dividing the intensity by the
averaged maximum intensities of the A and B peaks. Fe
L;-edge spectra was normalized by dividing the intensity
by the averaged maximum intensities of the D and E
peaks.

Operando hard XAS was performed at BL37 in SPring-8
using partial fluorescence yield (PFY) mode. During the test,
a pair of Si (111) monochromators and a 4 mrad total-
reflection Rh mirror were used to obtain collimated and
monochromatic X-ray. The electrode was polarized from 0.5 V
to 1.9 V vs. RHE in an air atmosphere. The XAS signal was
collected after maintaining polarization at each potential for
10 minutes to achieve stable current conditions.

were

were

Results and discussion

Characterization

Various Fe-doped Ba, 5SrysCo,Fe;—,Os-5 (x = 0, 0.2, 0.8, 1)
catalysts were synthesized using the
ethylenediaminetetraacetic  acid-citric acid (EDTA-CA)
complex sol-gel method. The perovskite oxides have a
general formula ABO;, where the A-site cations (typically Ba**
and Sr*") occupy the corners of the unit cell, and the smaller
B-site cations (Co and Fe) are located at the body center. The
oxygen anions reside at the face centers, forming a three-
dimensional network of corner-sharing BOs octahedra. The
high flexibility of A and B site substitutions facilitates a wide
range of electronic, structural, and catalytic properties. The
XRD patterns of various catalysts are shown in (Fig. 1a). For
Ba, Sty 5FeO;z-s (BSF) the characteristic crystalline long range
order diffraction peaks are observed at approximately at 23°,
32°, 39°, 46°, 52°, 58°, and 68°, corresponding to the (100),
(110), (111), (200), (210), (220), and (300) planes, respectively.
These reflections match well with those of a cubic perovskite
structure (space group Pm3m), in agreement with previously
reported work.>?® As the Co/Fe atomic ratio increases from
BSF to BasSrysCo.Fe;_,Os-5 (x = 0, 0.2, 0.5 and 0.8), the
diffraction peaks are slightly shifted due to the partial
replacement of larger Fe** ions with smaller Co** ions.*’
These changes could alter Co-O and Fe-O bond lengths,
distorting the BOg octahedra (detailed in the following

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) XRD patterns and (b) TEM images of Bag 5SrosCoxFe; xOz_s (x
=0,0.2 05,038, 1).

section). However, it is noteworthy to point out that from BSF
to Bag 5Sry5CoFe; O35 (x = 0, 0.2, 0.5 and 0.8) the cubic
structure remains well maintained. In contrast, Bay St s-
Co0;_5 (BSC), without Fe, exhibits an XRD pattern with a
distinctly different set of peaks that can be indexed to a
hexagonal structure (space group P6s/mmc), indicating a
structural phase transition from cubic to hexagonal
symmetry. This phenomenon has also been confirmed in
previous studies, where increasing the Co content (x = 0.9,
0.95, 1) induces a phase transition (Fig. S4t), attributed to
the additional effects of the A-site Ba/Sr.>*>’

The particle distribution and surface morphology of the
synthesized samples were analyzed using SEM and TEM
(Fig. 1b and S51). The results show that the average particle
size of the four catalysts ranges from 200 nm to 400 nm, with
BSC and BSF having smaller average particle sizes around
200 nm. Fig. S6f presents the EDS spectrum and
corresponding elemental mapping images of as-prepared
BSCF5582. The metal atom ratios in the catalysts are roughly
consistent with the calculated values.

The BET-specific surface areas of the catalysts were
determined from N, adsorption-desorption isotherms (Fig.
S7 and Table S3%). The N, adsorption-desorption isotherms
of all samples exhibit type III characteristics and show a
rapid decrease in N, adsorption with a decrease in pressure.
This suggests weak adsorbent-absorbate interactions could
be due to a less porous structure.>* Compared to pure BSC
(0.73 m* g™) and BSF (0.56 m*> g™'), the BET specific surface
areas of BSCF catalysts are slightly smaller, corresponding to
the larger nanoparticle sizes observed in SEM and TEM
images. Among the BSCF catalysts, BSCF5582 has a BET
surface area of 0.41 m> g™, similar to BSCF5528 (0.49 m* g™)
and BSCF5555 (0.49 m?> g™'). This indicates that the B-site
metal ratio does not significantly affect the BET surface area
of perovskite oxide catalysts.

To evaluate the catalysts' structural characteristics in an
alkaline electrolyte, they were immersed in 0.1 M KOH for
two hours before XAS measurement."”" HERFD-XANES
measurements were performed, offering enhanced spectral
resolution over conventional XANES by selectively detecting
fluorescence from a specific emission line and minimizing
core-hole lifetime broadening effects. This improved
resolution allows detection of subtle energy shifts and fine

Catal Sci. Technol, 2025, 15, 4130-4142 | 4133
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structural features critical for distinguishing small variations
in oxidation states.>'*?

The oxidation states of the B-site metals (Co and Fe) were
quantitatively assigned using the first derivative of the
HERFD-XANES spectra (Fig. 2a, b, and S87). The average bulk
oxidation states were approximately +2.57 for Co and +2.90
for Fe across all samples. The oxidation state of Co followed
the order: BSC > BSCF5528 > BSCF5582, indicating that Fe
doping reduces Co oxidation and increases oxygen vacancy
concentration.'”” However, excessive Fe doping in BSCF5528
leads to further oxidation of Co. In Fig. S9b,f BSCF5582
exhibits the highest pre-edge (1s to 3d) intensity in the Co
K-edge XANES spectra and the lowest oxidation state among
all samples. This is due to the sensitivity of the pre-edge peak
to the metal's oxidation state and coordination symmetry,
with tetrahedral (T,) sites showing more intense pre-edge
features than octahedral (Oy,) sites discussed in detail in the
following paragraph with FT-EXAFS analysis (Fig. S9at).*®

Comparing BSC, it is observed that with a Fe doping of
0.2 (BSCF5582), Co™'(T4) occupancy increases, leading to the
reduction in an average oxidation state of Co as Fe ions
preferentially occupy Oy, sites."* However, when Fe doping is
increased to 0.8 (BSCF5528), there is a noticeable decrease in
the pre-edge region, and the spectral energy shifts positively
due to Fe’" increasingly occupying T, sites, reducing the
presence of Co*'(T4q).** FT-EXAFS analysis validated the
distances and structural deformations within the crystals. As
shown in Fig. 2c and d, the first peak at position A
corresponds to the single-scattering path from metal ions to
the nearest oxygen atoms (Co-O and Fe-O). The second and
third peaks at positions B; (Co-Co(Oy))/B, (Fe-Fe(Oy)) and
C; (Co-Co(T4)/Co-Fe(T4)) represent the scattering from
adjacent metal ions in octahedral or tetrahedral sites,
depending on the initial position of the metal ions.* In the

@3 Fu= ©) @
2 [ -coo,
£ o A

N \ 1\ r
E RANS s Co,0, ,' Voo Fe,0, N . ,’ L}
= 2 oF Ll 5 = \
E 4 YS.,\,,/‘IA‘\/I b k-_," e B x
S| .A = 4 =
z17 0 7710 7720 7730 7740 7750 7750% 1 B,C 5" !
Photon energy / eV = ! l : i :

(b) 5 =wserem = P = [
L I |sscrsss2 1 L |BSCF5582 :
%‘ I - Feoon \ ] 1
@ [ - Fe0, =, | ]
£ \\_ 1 Ly !
= BSCF5528 /) i BSCF5528 !
2 =w__ s 1 1 !
s SEEs | ! |
g 4 ‘ |
Slonsd . | 12 3 4 i 4
7100 7110 7120 7130 7140 7150 7160 R/A RIA

Photon energy / eV
Fig. 2 (a) The normalized Co K-edge HERFD-XANES spectra and (c)

the R-space Fourier-transformed of the Co K-edge EXAFS spectra for
Co30,4, Co(OH),;, CoOOH, BSC, BSCF5528 and BSCF5582. (b) The
normalized Fe K-edge HERFD-XANES spectra and (d) Fourier-
transformed of the Fe K-edge EXAFS spectra for FesO,4, FeOOH, BSF,
BSCF5528 and BSCF5582. Peaks A;/A, correspond to the single-
scattering path from metal ions to the nearest oxygen atoms (Co-O
and Fe-0). The peaks at B; (Co-Co(Oy))/B, (Fe-Fe(Oy)) and C; (Co-
Co(T4)/Co-Fe(Ty)) represent the scattering from adjacent metal ions in
octahedral or tetrahedral sites.
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Co K-edge FT-EXAFS spectra (Fig. 2c), a small amount of Fe
doping (BSCF5582) leads to Co ions preferentially occupying
Tq sites, resulting in higher signal intensity at position C;.
Under heavy doping conditions (BSCF5528), most Co ions
occupy O sites, consistent with XANES observations.
Additionally, since the Co**(0,)-O distance is greater than
the Co®'(Ty)-O distance, the signal at position A; in
BSCF5582 shifts to a shorter scattering path. Further, the Fe
K-edge XANES spectra comparison in Fig. S9ct also revealed
distinct pre-edge features. Peaks around ~7109 eV and
~7110 eV correspond to tetrahedral Fe*'(T,) and octahedral
Fe**(0y), respectively.®® All BSCF samples showed positive
energy shifts compared to Fe;O,, suggesting dominant
Fe*'(0On) coordination in BSCF. Among them, BSCF5582
exhibited stronger pre-edge intensity and a slight positive
energy shift, reinforcing that Fe preferentially occupies Oy
sites, stabilizing Co in T4 coordination and suppressing Co
oxidation.

From the Fe K-edge FT-EXAFS spectra (Fig. 2d), it is
evident that in all catalysts, most Fe ions reside in Oy, sites.
Despite the presence of Fe*'(T;) in BSCF5528, it still
primarily occupies O, positions due to its lower formation
energy, consistent with previous studies.”

O K-edge XAS provides critical insights into the density of
unoccupied states around the Fermi level of transition
metals. As shown in Fig. S10,f the peaks at 529.1 eV and
530.5 eV correspond to the hybridization of O 2p with the
transition metal 3d t,; and e, orbitals, respectively. The lower
intensity at approximately 529.1 eV in the BSCF5528 sample
indicates more occupied states in the e, orbitals, suggesting
a higher spin state because of the heavy Fe doping.>*””

XPS spectra further confirm the surface oxygen states in the
BSCF catalysts. Fig. S111 shows the O 1s XPS spectra of
BSCF5528 and BSCF5582, deconvoluted into three peaks: lattice
oxygen (O°) at 528.6 eV, highly oxidative species (0*7/07) at
529.9 eV, and hydroxyl groups or surface-absorbed oxygen (OH™
or 0,) at 531.2 eV.*® BSCF5582 has a significantly higher O*
content than BSCF5528, enhancing lattice oxygen oxidation
during the OER process.***

Electrochemical measurement

The OER performance of the synthesized catalysts in 0.1 M
KOH solution was evaluated using a standard three-electrode
electrochemical cell. To minimize the adverse effects of
bubble formation and facilitate bubble detachment during
OER, all electrochemical OER measurements were performed
under continuous electrode rotation at 1600 rpm. Fig. 3b
presents the LSV polarization curves for BSC, BSF, BSCF5582,
and BSCF5528. Among these BSCF5582 catalyst demonstrates
a lower overpotential () at each current density compared to
the other catalysts, indicating superior OER electrocatalytic
activity. The Tafel plot in Fig. 3c further reveals that
BSCF5582 has the lowest Tafel slope (111.0 mV dec'),
suggesting faster OER kinetics than other catalysts.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic illustration of the forced-flow cell. (b) LSVs curves
and (c) tafel slope of BSC, BSF, BSCF5582 and BSCF5528 by RDE
method. (d) i-e curves and (e) tafel slope of BSC, BSF, BSCF5582 and
BSCF5528 using the forced-flow cell method and time zero analysis. (f)
ECSA, (g) stability of BSCF5582 with forced flow cell at 100 mA cm 2
for 24 h.

However, persistent bubble adhesion was observed at
higher OER potential despite using electrode rotation.
Oxygen gas evolution leads to the formation of microbubbles
on the electrode surface, which progressively nucleate and
grow into larger bubbles. These gas bubbles can block active
catalytic sites, increase charge transfer resistance, and limit
mass transport by impeding ion diffusion between the
electrode and the electrolyte, which can still affect the
apparent OER activity and hinder the accurate evaluation of
reaction kinetics and intrinsic OER activity. To more precise
OER activity measurement, a new “time-zero method” using
a forced-flow cell was introduced to address limitations of
standard electrochemical cells, allowing for accurate OER
activity measurements by preventing catalyst detachment and
eliminating bubble interference (Fig. 3a).*"*> CA tests using a
forced-flow cell were performed to precondition and activate
the catalysts by maintaining a current density of 400 mA
em™? for two hours with forced flow cell. This process
accelerated the dissolution of surface Ba/Sr and structural
transformation, resulting in the formation of a Co/Fe-rich
surface layer, which lowered the overpotential and enhanced
OER activity (Fig. S12 and S13f). EIS was also conducted
under the operating conditions for OER, with BSCF5582
exhibiting the lowest charge transfer resistance (0.7 Q at 1.7
V vs. RHE), signifying excellent conductivity and rapid charge
transfer rates (Fig. S14+).

CV measurements further confirmed the impact of the Co/
Fe-rich surface on the OER activity of BSCF catalysts. Fig.
S15t1 shows the CV curves for the four catalysts at different
cycle numbers, with BSCF5582 exhibiting significant surface
reconstruction, resulting in increased activity. The redox peak

This journal is © The Royal Society of Chemistry 2025
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observed around 1.4 V vs. RHE is associated with the Co>" to
Co®" transition in Co;0, spinel and the formation of surface
hydroxide Co**~OH,4.**** Compared to BSC, the anodic shift
of BSCF catalysts indicates that Fe doping suppresses Co
oxidation and promotes its transition to hydroxides,
confirming the presence of a Co/Fe-rich surface.""** For the
BSF catalyst, the peak around 1.3 V vs. RHE corresponds to
the Fe*'/Fe’" transition, contributing minimally to OER
activity.*®

Fig. 3d and e present the OER activity for all four BSCF
catalysts measured using the forced-flow cell and time-zero
method, normalized by BET surface area. Within the
potential range of 1.45 V to 1.75 V vs. RHE, BSCF5582
demonstrated the highest current density and the lowest
Tafel slope among the catalysts, consistent with results from
the RDE method. The ECSA provides a good measure of OER
active sites. The OER catalytic activity and ECSA of the BSCF
series catalysts follow the order: BSCF5582 > BSCF5528 >
BSC > BSF, which clearly demonstrates that more active sites
are generated after adding a smaller amount of Fe (Fig. 3f
and S16B¥).

Under accelerated degradation conditions, the OER
durability of BSCF5528 and BSCF5582 was evaluated at 100
mA cm™> over different cycle numbers (Fig. S16). After 600
cycles, BSCF5528 exhibited a significant decrease in OER
activity (~81 mV), while BSCF5582 showed excellent stability
with only a ~58 mvV increase. This superior stability of
BSCF5582 is attributed to the reversible surface
reconstruction between Co/Fe spinel and Co/Fe oxyhydroxide
under accelerated degradation conditions." Further, we have
performed the stability@100 mA cm™ fixed current density
under forced flow cell conditions for 24 h (Fig. 3g). The
catalysts maintained a stable response at higher current
density, demonstrating their good stability.

At the same applied potential, the current densities
measured using the time-zero method were higher for all
four samples compared to those obtained using the RDE
method. This indicates that the time-zero method accurately
assesses the intrinsic OER activity at the initial time of
bubble generation, demonstrating its superiority in
electrochemical measurement. The catalytic OER activity
measured by both the RDE and time-zero methods exhibits a
volcano-type relationship with the Fe doping level (denoted
as 1-X), as illustrated in Fig. S17.f This suggests that slight Fe
doping (1-X = 0.2) enhances OER activity to an optimal level,
beyond which the activity decreases. Thus, varying Fe doping
levels result in different surface structures and electronic
states, affecting the catalytic activity.

Operando Co/Fe K and L-edge XAS measurement

To elucidate the superior performance of BSCF5582 and the
relationship between Fe substitution and OER activity,
operando XAS measurements with a custom-built
electrochemical cell were used, highlighting the essential role
of in situ/operando techniques in identifying actual active
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sites due to changes in the electronic structure of Fe/Co
surface under OER conditions.>**° The CV curves of
BSCF5582 obtained with the operando cell and a three-
electrode RDE setup demonstrate consistent redox potentials
and reliable current-potential relationships, confirming the
operando method's effectiveness (Fig. S187).

The operando Co K-edge spectra of BSCF5582, shown in
Fig. 4a and S19a,} indicate a consistent shift to higher energy
levels with increasing OER potential, suggesting a continuous
increase in the average oxidation state of Co from 0.8 V to 2.0
V vs. RHE (Avarence = 0.13).*° The rapid changes in Co
oxidation states occur around 1.3 V vs. RHE, correlating with
the onset of OER and the surface structural reconstruction.
This oxidation is more pronounced in BSCF5582 than in BSC
(Fig. S20at), correlating with higher OER activity attributed to
minor Fe doping. The pre-edge peaks of BSCF5582 show a
slight decrease, implying a transition of Co ions from Ty to
Oy, sites, further supported by FT-EXAFS spectra in Fig. 4e.
Fig. 4e reveals two overlapping peaks at ~2.8 A and ~3.0 A in
the Co-Co/Fe coordination shells of BSCF5582,
corresponding to Co*'(0,) in Co/Fe oxyhydroxide and
Co*"(T4) in Co/Fe spinel-like structures."’ During anodic
polarization, a transition from Co*'(Ty) to Co>'(0y,) peaks was
observed, indicating the growth of a self-assembled Co
hydroxide layer, forming the actual active surface.® This
conclusion is further supported by the FT-EXAFS fitting
results in Table S5.7 In contrast, BSC showed minimal growth
at the ~2.8 A scattering peak due to side oxide phase
formation, inhibiting surface layer reconstruction (Fig.
$20ct).’” Therefore, minor Fe doping promotes structural
transformation of Co ions, and enhances the OER process
with the formation of the active CoOOOH surface layer.

Operando Fe K-edge measurements on BSCF5582 revealed
a slight positive shift in the XANES energy position during

View Article Online

Catalysis Science & Technology

increasing potential, indicating a minor increase in the
average oxidation state of Fe (Avaence = 0.02) (Fig. 4c and
S19ct). While many studies suggest that Fe enhances the
activity of other transition metals without inherent
changes,'®***” research by Boettcher et al. demonstrated that
Fe can act as an active site in Co(Fe)O,H, catalysts during
OER.*® Therefore, further investigation is required to
understand Fe's role in BSCF catalysts during the OER
process. The FT-EXAFS spectra of BSCF5582 at different
potentials showed a positive shift in the scattering paths at
~1.8 A (Fe-O) and ~2.8 A (Fe-Fe(Op)) at 1.9 V vs. RHE,
indicating an increase in average Fe-O bond length and
structural transformation (Fig. 4f). Studies have shown that
average bond lengths in metal oxides during OER consist of
metal sites coordinated with lattice oxygen (O*7) and
adsorbed OH™ species (M-OH).”*° When Fe participates in
the reaction, it forms Fe—-OH intermediates. Since O>” carries
more negative charge than OH, the Fe-OH bond length is
relatively longer, leading to an increase in the average Fe-O
bond length. Additionally, changes in the position of the Fe-
Fe(Oy) scattering peak were observed by comparing the FT-
EXAFS spectra of FeOOH and Fe;O, (Fig. S21at). At high OER
potentials, Fe undergoes a configuration change, resulting in
the formation of FeOOH active sites. This suggests that while
Fe serves an auxiliary role, it also actively participates in the
reaction. However, due to the dominant role of Co sites, Fe's
contribution is less pronounced at lower OER potentials.

To gain deeper insights into the exceptional OER
performance of BSCF5582, operando soft XAS was conducted
using the surface-sensitive TEY mode, which enabled a
detailed characterization of the catalyst's surface electronic
structure evolution.>**° As shown in Fig. 4b and S22,} the Co
L-edge spectra, dominated by the Co 2p to 3d transition, split
into L; and L, edges due to spin-orbit coupling. The shape
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and normalized intensity of the L; edge depend on the Co
3d-3d interaction and the hybridization of Co 3d orbitals
with O 2p orbitals, reflecting the symmetry and spin state.”®
Compared to the reference CoOOH Lj-edges, the absorption
peaks of BSCF5582 and BSC are attributed to the Co®" states
(Fig. S23af). In Fig. 4b, the decreasing intensity of the low-
spin (LS, tyg €g, S = 0) Co®* peak (781.5 eV) with increasing
potential indicates partial filling of the e, orbitals, associated
with the formation of Co®" in high-spin (HS, tyg: €y, S = 2)
states.’”**" Additionally, the increasing intensity of the
peak at approximately 780.0 eV with increasing potential
confirms the formation of the HS-Co®" (Fig. $24%),”"*° a
change not observed in BSC (Fig. S20bf). It has also been
reported that the peak around 780.0 eV can be attributed to
twofold metal-coordinated oxygen atoms (u,-OH) bridging
pairs of oxygen-coordinated HS-Co** and Co*" ions,*® which
will be further discussed in the operando O K-edge results.
Research suggests that HS-Co®" enhances electron transfer
and facilitates the adsorption of OH and OOH intermediates.
Fe heterojunction doping has been shown to adjust Co
materials to the high-spin state,*>®® thereby contributing to
the superior OER activity of BSCF5582 compared to BSC.

To elucidate the behavior of BSCF5582 under operando
conditions, the peak intensity ratio Iy/I, for Co L-edge spectra
was calculated (Fig. S257). At 0.8 V vs. RHE, BSCF5582
exhibited an Iy/I, value of approximately 1.55, indicating a
low HS-Co®" content. With increasing potential, BSCF5582
showed a notable decrease in Ig/I, (A = 0.20), correlating
with the Co®(T,) to Co**(0y) transition. This rapid high-spin
state increase near the OER potential (~1.3 V vs. RHE) aligns
with the observed operando Co K-edge oxidation state
increase.

The shoulder at ~778 eV in Fig. S23af suggests the
potential formation of Co®', though the primary process
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involves the oxidation of Co®>" to Co®*'. Mechanisms such
dissolution of A-site cations (e.g., Ba, Sr) lattice oxygen loss,
and intermediate species like Co(OH), during OER could
contribute to Co*" formation.®" However, our overall analysis
supports the dominance of Co®" as the primary active species
driving the OER process.

Fig. 4d and S23bf displays the Fe L;,-edge spectra of
BSCF5582 at different potentials. The two split peaks near
~710 eV correspond to the transitions of 2p electrons to 3d
t,, orbitals (~709 eV, D peak) and 3d e, orbitals (~711 eV, E
peak) in an octahedral site.”” The dominance of the E peak
in all spectra, compared to the reference Fe;O, and FeOOH,
indicates the typical Fe®* oxidation state. According to
Cramer's research, an Lz/(L; + L,) value above 0.75 indicates a
high spin state for Fe.*® All calculated Ls/(L; + L) values in
BSCF catalyst exceeding 0.8 suggest that Fe*" is in a high spin
state (tpg: €,:). Although no significant energy shift in the Fe
L-edge was observed, the Iy/I;, peak intensity ratio varied with
different potentials, reflecting the number of holes in the t,,
and e, orbitals.®’ In high spin Fe®’, electrons are
preferentially removed from the e, state during oxidation,
leading to a stronger E peak transition.>* The increasing I/Ip,
ratio with potential indicates minor oxidation of Fe during
OER (Fig. 4d), further confirming that Fe not only aids in
enhancing Co activity but also directly participates in the
reaction.

The exceptional OER activity of BSCF5582 can be
attributed to several key factors related to its structure and
electronic structure: minor Fe doping preferentially occupies
Oy, sites, forming Co**(T4)-O-Fe**(0y), which modulates the
electronic state of Co**(0,).*® As the potential increases,
Co**(T4) transitions to Co’"(0p) with forming CoOOH,
serving as active sites during the OER process. The
formation of HS-Co®>" also promotes OER. Fe in BSCF5582 is
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Fig. 5 Operando XAS for investigating the origin of OER activity of BSCF5528 under application of various potentials from 0.8 V to 1.9 V vs. RHE.
(a) Co K-edge XANES inset showing the enlargement of pre-edge peaks and (b) Co Ls-edge XANES spectra showing low and high spin states. (c)
Fe K-edge XANES and (d) Fe L-edge XANES spectra. (e) Fourier-transformed of the Co K-edge EXAFS spectra shows no significant changes, and (f)
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in a high-spin state and undergoes slight oxidation during
the OER process. Fe supports the catalytic process by
forming FeOOH active sites and enhancing the activity of
Co sites.

Operando XAS analysis on BSCF5528 revealed a distinct
OER reaction mechanism compared to BSCF5582. Operando
Co K-edge and FT-EXAFS analysis indicated that Co in
BSCF5528 did not experience significant changes in oxidation
state or configuration (Fig. 5a, e, S26a and Table S6t). This
stability is due to heavy Fe doping, where Fe*" occupies both
Tq and Oy sites, keeping Co®' primarily in Oy sites.’®
Additionally, the lower electron density of Fe*'(Oy,) in the tyq
orbitals reduces electron-electron repulsion between Fe**(0y,)
and O 2p nu orbitals, lowering the energy level and inhibiting
further oxidation of Co**.** Operando Co Ls-edge results
showed that Co®" in BSCF5528 consistently exhibited a lower
Ig/Iy (=1.03), with the proportion of HS-Co®" increasing from
0.8 to 1.9 V vs. RHE ((A = 0.04)), thus providing more active
sites for OER (Fig. 5b and S27f). Fe serves as a critical
reaction site in BSCF5528. Operando Fe K-edge and L-edge
analysis revealed that Fe** undergoes further oxidation at
high potentials, forming a Fe*" oxidation state as indicated
by standard FeOOH spectra (Fig. 5¢, d, S23b and S26cT).

FT-EXAFS spectra showed that Fe’" also experiences
configuration changes during OER (Fig. 5f), with initial
Fe**(Ty) transitioning to Fe*’(0,) at high potentials,
contributing to FeOOH formation and causing a slight
negative shift in the scattering peak around ~3.0 A (Fig.
S21b¥). Additionally, the Fe-O peak (~1.8 A) shifts positively
at lower potentials (1.2 V vs. RHE), indicating the formation
of Fe-OH intermediates, a phenomenon observed only near
1.9 V vs. RHE in BSCF5582 (Fig. 4f). Thus, Fe in BSCF5528
acts as a significant reaction site, actively participating in the
OER process alongside HS-Co®".

During the OER process in BSCF5528, Co®* remains
primarily in Oy sites without significant oxidation state or
configuration changes due to heavy Fe doping, stabilizing Co*"
in a high-spin state and increasing the number of active sites
as the potential rises. Meanwhile, Fe*" transitions from Ty to
O, sites at high potentials, forming FeOOH and further
oxidizing to Fe**’. These changes enhance electron transfer
and the formation of reactive intermediates, significantly
promoting OER activity. However, BSCF5528 exhibits lower
activity compared to BSCF5582, as Co(Fe)OOH in BSCF5582
generally has higher OER activity than Fe(Co)OOH in
BSCF5528. CoOOH has better electronic conductivity and a
more favorable electronic structure, facilitating the adsorption
and evolution of oxygen intermediates during OER.®
Additionally, although BSCF5528 has more HS-Co®" activity
sites ratio, the overall lower Co content limits the number of
active sites, reducing its effectiveness compared to BSCF5582.

Operando O K-edge XAS measurement

Most OER reaction mechanisms involve the formation of
0O-0 bonds through bulk water nucleophilic attack (BWNA),
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occurring at the terminal or bridging oxygen (marked p-O)
sites.®®®” Arno Bergmann et al. identified a unified chemical
structure where p,-OH bridged Co®"*" ion clusters form on
three-dimensional cross-linked and layered CoO,(OH),
precursors.®® Therefore, operando O K-edge spectroscopy is
essential for understanding the reaction mechanisms,
identifying active sites, and examining the structural
response of the catalyst during the OER process.

Under OER conditions, hybridization between O 2p and
TM 3d orbitals is observed in the pre-edge of the O K-edge
XANES spectra below 534.0 eV (Fig. 6). The experimental O
K-edge XANES spectra of BSCF catalysts, recorded in TEY
mode at different OER potentials, show energy resonance
around 530.5 eV attributed to Fe*'/Co®"-O hybridized states
with oxygen ions three- or fourfold metal-coordinated (blue:
Hs/4-0). The resonance around 531.5 eV corresponds to
protonated, double metal-coordinated oxygen atoms (pink:
u,-OH) bridging oxygen-coordinated high-spin Fe**, Co**, or
Co®" ions, typically found at edges, corners, and metal
vacancies in the Co(Fe)O,(OH), domains.®®*””® The resonance
around 532.5 eV represent a combination of p,-O (resulting
from the deprotonation of p,-OH) and p;-O(H), an
irreversible species formed during OER.*

As the OER potential increases, the peak intensity at 530.5
eV remains relatively unchanged, indicating that these
electrochemically non-reducible Fe**/Co®'-O sites have a
limited contribution to OER activity (Fig. 7a). However, a
slight decrease in peak intensity was observed in BSCF5582
and BSCF5528 (Fig. 6a and b), which is associated with a
reduction in LS-Co**,*® consistent with operando Co L-edge
results. During the formation of O-O bonds and the eventual
generation of molecular oxygen, both terminal oxygen sites
and p,-O(H) ligands are crucial for catalytic activity, enabling
the deprotonation of water molecules during BWNA. As the
potential increases, the peak intensities at 531.5 eV and 533.0
eV increase significantly A simultaneous increase in the HS

+

Co®" signal at the Co Ls-edge peak and the intensities at
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Fig. 6 Operando O K-edge XAS spectra of (a) BSCF5582, (b)
BSCF5528, (c) BSF and (d) BSC. The spectra were recorded using the
TEY detection mode.

Nor
Nor

0.0
528 529 530 531 532
Energy / eV

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy00056d

Open Access Article. Published on 16 maggio 2025. Downloaded on 15/06/2026 00:17:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

reducible
. Fe**/Co**-0
non-reducible
Fe*ICo*-0

b) .

3 (<@~ OER activity @ 1.6 V vs RHE in forced-flow cell
I 1 From 0.510 1.9V va. RHE

“
£
= 160 ©
<
E
140 -
z
120 2
]
3
100 £
2
5
50 3
60

1
850 oecesSB gces?  goF

u.
°
@

=

8

e o o o
S & R &

Growth of Normalized Intensity / a.

" 529 530 531 532 533
Energy / eV

4

Fig. 7 (a) Structure model of Co(Fe)OOH. The Co/Fe atoms, O atoms
and H atoms are shown in green, red and gray. (b) The relationship
between growth of normalized intensity and OER activity in forced-
flow cell. (c) Pre-edge of ex situ O K-edge XAS spectra of CoOOH and
FeOOH, as well as pre-edge of operando O K-edge XAS spectra of
Bag 5SrosCoFe; O3 5 (x =0, 0.2, 0.8,1) at 1.9 V vs. RHE.

531.5 eV and 533.0 eV in the O K-edge during the OER
further confirms that lower Fe doping in BSCF5582 enhances
electron transfer and facilitates the adsorption of OH and
OOH intermediates. This leads to forming more active
CoOOH sites, which is consistent with the Co K-edge results.
In contrast, for higher Fe doping, there is a lesser increase in
the HS Co®" signal and a more pronounced shift in the Fe L-
edge, indicating that FeOOH species act as the active sites in
this case.

Further integrating the peak areas reveals a volcano-
shaped trend from 0.5 V to 1.9 V vs. RHE, consistent with
OER activity trends (Fig. 7b and S287%). Interestingly, although
BSCF5582 exhibits significantly higher catalytic activity than
BSCF5528, their integrated areas are remarkably similar,
primarily due to the formation of p;-O(H). In BSCF5528, the
n3-O(H) peak reflects irreversible oxidation at Fe-rich sites,
reducing catalytic activity by limiting surface dynamics. In
contrast, BSCF5582, with lower Fe content, minimizes p;-O(H)
contributions and promotes Co>*(T4) to Co®*(0y,) transitions,
enhancing OER activity through synergistic Co and Fe
interactions. The reducible Fe**/Co®"-O sites, attributed to p,-
OH bridges, are highly favorable for fast OER process.
Furthermore, O K-edge XANES spectra of the four BSCF
catalysts at 1.9 V vs. RHE demonstrate that Fe doping
effectively adjusts the coordination environment and bonding
state of Co/Fe-O, causing a slight shift in the p,-OH peak
position, which directly influences OER activity (Fig. 7c).

Many research has investigated the reversible structural
transformation between spinel and oxyhydroxide phases in
BSCF catalysts during the OER process.*'’ Chen et al
observed that the ratio of coordination numbers between Oy
and Ty sites increases in the oxidation region and decreases
during reduction. This indicates that Co**(0,) in the
oxyhydroxide phase can revert to either Co>"(T,) (active site)
or Co®*(0y,) (inactive site) in the initial cobalt oxides.** This

This journal is © The Royal Society of Chemistry 2025
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multipath conversion can interfere with the overall activation
process, as the random migration of Co ions may render the
original active sites inactive. Most previous reports have
focused primarily on cobalt (Co) as the active site, with iron
(Fe) playing a role in enhancing the oxygen evolution reaction
(OER) activity of Co. However, the true role of Fe at various
Co-Fe compositions remains elusive. In contrast to previous
studies, the present work utilizes operando Co/Fe K-edge, L-
edge, and O K-edge measurements to gain a deeper
understanding of the catalyst behavior. Our findings reveal
that minor Fe doping significantly suppresses the conversion
of Co®*" to inactive sites, likely due to the geometric
confinement effect of Fe ions. This effect forces the
restoration of Co>" in a tetrahedral (7y) coordination
environment, thus maintaining continuous activation of
these sites. This conclusion is further supported by a
comparison of the O 1s X-ray photoelectron spectroscopy
(XPS) spectra before and after the OER (Fig. S297).

On the other hand, when higher amounts of Fe are
present, Fe occupies the octahedral sites, and during the
OER, FeOOH remains the active site. To the best of our
knowledge, this is the first report to integrate both bulk- and
surface-sensitive operando techniques to clearly specify the
role of Fe in the catalyst. Our operando XAS data reveal that
bulk oxidation state variations (e.g., Co and Fe valence shifts)
are clearly observable across the composition series. Our soft
operando  measurements reveal that surface-specific
transformations dominate catalytic activity, particularly
forming an amorphous, Co/Fe oxyhydroxide-rich layer under
OER conditions. However, the characteristics of the active
surface layer are strongly influenced by the Fe content,
leading to compositional and structural variations in the
reconstructed oxyhydroxide phase that ultimately lead to
different OER activity. While the bulk composition serves as a
critical reservoir, providing the structural integrity and
electronic environment necessary to support surface
transformations, it is ultimately the surface reconstruction
into an OER-active oxyhydroxide phase that dictates the
catalytic performance. Furthermore, the dynamic structural
and electronic changes of the catalysts during the OER were
thoroughly investigated. Besides, we have compared the key
findings of our study with reported literature (Table S2Bf).
We believe that this fundamental understanding will guide
researchers in designing highly active OER catalysts.

Conclusion

The study synthesized and characterized four different Ba, s-
Sro.5Co Fe; O35 (x = 0, 0.2, 0.8, 1) catalysts with varying Fe
doping levels to evaluate their OER performance using RDE
and forced-flow cell techniques. To the best of our
knowledge, this is the first comprehensive study on BSCF-
based perovskites employing operando Co/Fe K-edge, Co/Fe L-
edge, and O K-edge XAS simultaneously to unravel the site-
specific redox evolution and formation of catalytically active
oxygen species under OER conditions. The results
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demonstrate that the outstanding OER performance of BSCF
catalysts, particularly BSCF5582, is primarily due to the
unique interplay of their local and electronic structure Minor
Fe doping preferentially occupies O, sites, influencing the
electronic state of Co®'. As the applied potential increases,
Co>*(T4) transitions to Co*"(0y), forming CoOOH and
creating active sites for the OER process. In contrast,
BSCF5528, with significant Fe doping, stabilizes Co®" in Oy
sites without notable changes in oxidation state, leading to
lower overall activity due to a less favourable electronic
structure and reduced Co content. Fe*" transitions from Ty to
O, sites at high potentials, forming FeOOH and further
oxidizing to Fe®™, acting as a primary reaction site for OER.
Operando O K-edge XAS analysis reveals that the formation of
reducible Fe’'/Co®"-O sites, particularly p,-O(H) bridges
between high-spin Co/Fe ions, significantly enhances OER
electrocatalysis, with Fe doping effectively regulating the
coordination environment and bonding states, thereby
affecting overall activity. Overall, this work establishes the
importance of Fe doping in tuning the redox behavior and
coordination structure of BSCF catalysts, combining the
multiple operando XAS methodology for a mechanistic
understanding of complex perovskite OER systems. Further,
the Fe content plays a crucial role in shaping the properties
of the active surface layer, inducing compositional and
structural modifications in the reconstructed oxyhydroxide
phase, which leads to different OER activity, which is not
thoroughly investigated in prior studies combining various
operando techniques. These findings offer a new framework
for designing advanced electrocatalysts with optimized
transition metal-oxygen interactions.
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