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Abstract

Developing cost-effective, efficient oxygen evolution reaction (OER) catalysts is critical for
sustainable hydrogen production through water electrolysis. While noble metal-based catalysts

like RuO, and IrO, show high activity, their widespread adoption is limited by cost. Fe-based

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

perovskite oxides present a more abundant alternative but typically exhibit inferior OER
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activities. In this study, we achieved systematic dual-site modulation by incorporating Ba at

(cc)

the A-site and Ni at the B-site of NdFeOs;_;, transforming it into a double perovskite structure.
The resulting NdjsBa; ,Fe; ¢Nig4Og.5 catalyst achieved an overpotential of 320 mV at 10
mA/cm? in 0.1 M KOH, significantly lower than typical Fe-based perovskites and noble metals.
Ab initio simulations revealed that A-site modulation reduces the band gap, which enhances
electronic conductivity. Meanwhile, B-site Ni incorporation strengthens metal-oxygen
covalency and decreases charge-transfer energy. The synergistic effects between enhanced
electronic conductivity and metal-oxygen covalency led to a significantly reduced Tafel slope

of 63.23 mV/dec, compared to 114.85 mV/dec for single-site modified Ndy sBa, ,Fe,O¢.5 and
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15434 mV/dec for unmodified NdFeOs; This work provides a framework oo
for understanding and improving performance in Fe-based perovskite OER catalysts through
dual-site modulation, paving the way for more cost-effective and sustainable water electrolysis

technologies.
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1 Introduction DOI: 10.1039/D5TAO1754H

The global transition to renewable energy necessitates efficient energy conversion and storage
methods. Water electrolysis is a promising approach for converting renewable energy from
solar and wind sources into storable hydrogen fuel [1]. However, the oxygen evolution reaction
(OER) is still a significant bottleneck for this technology. This four-electron transfer process
is inherently sluggish, requiring high activation potentials that limit overall system efficiency
[2]. While noble metal-based catalysts like RuO, and IrO, currently lead the field in OER

performance, their widespread adoption is constrained by prohibitive costs [3].

Transition-metal (TM)-containing perovskite oxides are an alternative to noble metal-based
catalysts as they enable strong electrocatalytic activity through flexible compositional
adjustments [4, 5]. Co-based perovskites, particularly BajsSrysCoggFeq,0s55 have
demonstrated exceptional catalytic performance [4, 6, 7]. However, growing concerns about
Co’s toxicity and increasing demand in battery applications have intensified the search for safer,

more abundant alternatives. Fe-based perovskites present a promising direction, given Fe's

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

natural abundance, cost-effectiveness, and reduced environmental impact. Despite these

advantages, their development as primary catalysts has been hampered by relatively low

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.

activity compared to their Co and Ni-based counterparts [8, 9]. Besides, Fe-based oxides are

(cc)

thermodynamically unstable in alkaline solutions under anodic potentials, resulting in poor
OER stability [8]. Therefore, Fe has primarily been limited to dopant roles in Co or Ni-based

perovskites.

Researchers have pursued various optimization strategies to enhance the OER performance of
Fe-based perovskites. The base compound NdFeO;_5 (NF) exhibits relatively weak catalytic
activity, requiring an overpotential of 420 mV to achieve a current density of 10 mA/cm? in 1

M KOH [10]. Omari et al. [10] demonstrated that introducing A-site deficiency in NF creates
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oxygen vacancies, reducing the required overpotential to 370 mV for NdooFeQs.s., FH&iE;

findings highlight NF's potential for further optimization as an electrochemically active catalyst.

LaFeOs;.;, a material widely investigated for applications in the fields of sensors, photocatalysis,
and solid oxide fuel cells, [11] showed limited OER activity with a 510 mV overpotential at 10
mA/cm? in 0.1 M KOH. She et al. [11] enhanced its catalytic performance through A-site Sr
substitution to make La;,Sr,FeOs; (x=0, 0.2, 0.5, 0.8 and 1). This series of materials
underwent a structural transformation from orthorhombic to cubic at x=0.5, and this
transformation was accompanied by a change in surface oxygen content. Laj,SrysFeO;_s had
an optimal performance at a maximum surface O,2/O" content of 31.3 %, achieving an

overpotential of 370 mV at a current density of 10 mA/cm?.

BaFeOs_; (BF) is not stable at room temperature, leading to the collapse of the cubic structure
[12]. Zhu et al. [13] demonstrated that B-site Zr doping stabilized a cubic phase that promoted
OER activity, achieving a 412 mV overpotential at 10 mA/cm? in 0.1 M KOH. Zhao et al. [14]
leveraged the synergy between the perovskite and graphene support to make graphene-
supported BaggsLagosFeOs.5, which achieved 23 mA/cm? at 0.6 V versus mercury/mercury

oxide electrode.

Furthermore, extensive research focused on Fe-based perovskites. Shang et al. [15] utilized
Lag5SrysFeOs.5 as a foundational material, applying multi-element doping at the A-site to
produce high-entropy Bag,Sry,Lag,Prg,Smg-,FeOs5 and medium-entropy
Bay 35Srg35Lag 1 Pro1Smy FeOs_s for use as cathode materials in SOFCs. Chen et al. [16] doped
Pr into the A-site of Laj sSry sFeO; s, aiming to improve activity and tolerance to CO, in SOFC
cathodes. Inoue et al. [17] incorporated Co as a B-site dopant in both Bag sSrosFeOs.s and
LaFeO; to exploit the synergistic effects of Co and Fe in catalyzing the OER. Omari ef al. [18]

introduced A-site defects into GdFeOs; to enhance its OER catalytic performance. Chu et al.

Page 4 of 25
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[19] doped Pr at the A-site of BijsCag,FeOs_s to boost activity and CO, tolerangg, in SOEC S50

cathodes.

Previous studies have primarily focused on enhancing performance through modifications of
either the A-site or the B-site individually; however, the improvements from these single-site
adjustments have been limited, resulting in suboptimal performance. This situation highlights
the need for a more comprehensive and effective approach to materials optimization. Zhao et
al. [20] addressed this by exploring the potential of simultaneously adjusting both the A-site
and B-site PrCoO3, which appeared to be a more promising strategy than single-site modulation.
They implemented dual-site substitution in PrCoOj; by substituting Sr and Ru at the A and B
sites, respectively. Their experimental results showed that Pr;Sry3;Co;,Ru,O; exhibited
superior catalytic activity compared to both Pry;Sry3Co0O; and PrCoQO;. However, a critical
aspect missing from their analysis is a direct comparison between Prj;Sry3Co;,Ru,O5; and
PrCo;,Ru,O;. This lack of direct comparison means that while the effectiveness of Ru

substitution at the B site is evident, the individual contributions of A-site and B-site

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

modifications remain unclear. Therefore, a comprehensive investigation into the effects of

dual-site substitution is essential to quantify the individual and combined impacts on

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.

performance enhancement and to elucidate the underlying mechanisms.

(cc)

In this study, we selected NF as the base compound due to its capability for compositional
tuning and the specific properties of Nd atoms at the A-site, which allows for the adjustment
of the double perovskite structure. We aimed to investigate dual-site modulation on NF to
overcome the limitations of single-site modulation for OER catalysis. A site substitution of
large diameter Ba in NF allows structure evolution from single perovskite to double perovskite.
Furthermore, substituting low-valence Ni at the B site is expected to optimize the surface

oxygen content and the electronic structure, further benefiting OER activity.
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First-principles calculations validated the effectiveness of dual-site modification ,thrQiighy; 5o
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electronic structure and bonding characteristics analysis. A-site Ba substitution reduced the
band gap, enhancing electronic conductivity, while B-site Ni incorporation strengthened metal-
oxygen covalency and reduced charge-transfer energy, creating optimal pathways for oxygen
evolution. The optimized NdjgBa,Fe; ¢Nip4O6.5 (NBFN) catalyst demonstrated superior
performance with a Tafel slope of 63.23 mV/dec, significantly outperforming both single-site

modified NdygBa; ,;Fe;04.5 (NBF) (114.85 mV/dec) and unmodified NF (154.34 mV/dec).

These findings establish dual-site modulation as an effective method for enhancing double
perovskite catalysts, positioning NBFN among the most efficient Fe-based perovskite OER
catalysts. Our work provides a rational framework for designing high-performance perovskite

catalysts through precise electronic structure engineering.

2  Methods

2.1 Experimental methods

2.1.1 Material synthesis

All the perovskite powders studied in this work were synthesized using the sol-gel method.
Stoichiometric amounts of C4HgO4Ba (99%), Nd(NO3)3;-6H,0 (99.9%), Fe(NO;);-9H,0 (98%),
C4HgO4Ni-4H,0 (99%) were dissolved in deionized water. Ethylenediaminetetraacetic acid
(EDTA) and citric acid (CA) were then added to the solution with a molar ratio to metal ions of
EDTA:CA = 1:1:2, with ammonia added to adjust the pH to 7. The solution was heated and
stirred to form the gel; then, drying at 250 °C led to the formation of the solid precursor. The

precursor was calcined at 1000 °C for 10 hours in air to obtain the perovskite powders.

2.1.2 Preparation of the working electrode

To prepare the working electrode, 10 mg of perovskite powder, 10 mg of XC-72 carbon, and

100 uL 5 wt% of Nafion™ (ALDRICH) solution were added to 1 mL of ethanol. The mixture
6
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was sonicated for 1 hour to form a homogeneous catalyst ink. 5 pL of this ink was depesited; ;o

onto the surface of a polished glassy carbon electrode and allowed to dry at room temperature.

2.1.3 Electrochemical characterization

We conducted electrochemical measurements using a three-electrode system (ALS, RRDE 3A)
comprising a rotating disk electrode (RDE, 4 mm diameter glassy carbon), an Ag/AgCl
reference electrode (KCI saturated), and a graphite counter electrode. All experiments were
performed in oxygen-purged 0.1 M KOH electrolyte using a CHI 900D workstation, with a 30-

minute oxygen purge before testing.

To evaluate catalytic activity, we performed linear sweep voltammetry (LSV) by scanning from
0.2 to 1 V versus Ag/AgCl at 5 mV/s while maintaining the RDE rotation at 1600 rpm. All
LSV curves were IR-corrected to account for solution resistance. Double-layer capacitance
(Cdl) measurements employed cyclic voltammetry within a non-Faradaic window of 0.2-0.3 V
versus Ag/AgCl, using scan rates from 40 to 100 mV/s. We calculated Cdl from the linear

relationship between current density and scan rate at 0.25 V. Catalyst stability was assessed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

through chronopotentiometry at a constant current density of 10 mA/cm?.
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2.1.4 Structural and Spectroscopic Characterization
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We employed multiple analytical techniques to comprehensively characterize the structural,
electronic, and morphological properties of the synthesized materials. Crystal structure analysis
was performed using X-ray diffraction (XRD) on a Philips X'Pert diffractometer with Cu Ka
radiation (A = 1.5406 A) at 40 kV and 40 mA, collecting data across 20 = 10-90° with 0.02°
intervals. Surface chemical states and compositions were investigated using X-ray
photoelectron spectroscopy (XPS) on a PHI 5000 VersaProbe system with an achromatic Mg

Ko X-ray source.
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High-resolution imaging and elemental mapping were conducted using a JEOL JEM, 2000F 5520

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.
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transmission electron microscope (TEM) equipped with energy-dispersive X-ray spectroscopy
(EDS). Surface morphology was examined using a JSM-6390 scanning electron microscope
(SEM). We probed the electronic structure using soft X-ray absorption spectroscopy (sXAS)

at the MCD-A and MCD-B beamlines of the National Synchrotron Radiation Laboratory

(NSRL).
2.2 Computational Methods

We used density functional theory (DFT) to study the electronic structure and catalytic
properties of NBF and NBFN systems. To study the bulk of these materials, we constructed
various 2x2x2 supercells, which were initialized using the supercell program [21]. Following
electrostatic energy minimization of 1568 randomly generated configurations of NBFN, we
selected the ten lowest-energy structures for detailed optimization using the Vienna ab initio
Simulation Package (VASP) [22]. These electronic structure calculations employed the
projector-augmented wave method with spin polarization, utilizing the Perdew-Burke-
Ernzerhof function within the generalized gradient approximation [23]. To represent the
localization of the Fe-3d and Ni-3d electrons, we used the DFT+U approach with U values
of 5.3 eV and 6.2 eV, respectively. The U values were obtained from the Materials Project
[24]. Furthermore, the DFT calculation employed a plane-wave basis energy cutoff of 450 eV
and a 3x3x1 Monkhorst-Pack k-point mesh for Brillouin zone sampling. Structure optimization
utilized the Broyden method with convergence criteria of 0.02 eV/A for forces and 10”5 eV

for energy.

For OER pathway analysis, we constructed symmetric slab models based on experimentally
observed (100) surfaces on NBF and NBFN, incorporating a 15 A vacuum layer along the ¢

direction to prevent periodic image interactions. The energetics of OER intermediates were
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evaluated using the Rossmeisl-Neskov free energy framework [25], with Gibbs free,enrgs ;oo

changes calculated as follows:
AG= AE+AZPE-TAS (1)

where AFE represents the DFT-calculated electronic energy change for each OER elementary
step (change from reactants to products in each step), AZPE accounts for zero-point energy
corrections of adsorbates [25], T denotes temperature, and AS represents entropy changes for

each OER elementary step (change from reactants to products in each step).
3 Results and Discussion
3.1 Electronic Structure and Catalytic Activity Correlation

DFT calculations were used to simulate how dual-site substitution impacts the electronic
structure and catalytic properties. Projected density of states (PDOS) analysis of Fe, Ni, and O
revealed electronic structure evolution across our materials series (Fig. la). Shifting from

single to double perovskite structures can lower the band gap, and substituting with Ni also

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

contributes to this reduction. In turn, a decreased band gap leads to enhanced electronic

conductivity. It is worth mentioning that the pristine NF had a substantial band gap of 2.36 eV,

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.

whereas the A-site modified NBF, B-site modified NFN, and A/B-site co-modified NBFN all

(cc)

exhibited metallic character with a high density of states near the Fermi level. This electronic
structure suggested increased electronic conductivity and improved electrocatalytic

performance [26].

The O 2p band center energy has been used as a descriptor for OER activity in perovskites
[27]. Prior research by Zhao et al. [28] established a direct correlation between the position of
the O 2p band center and catalytic performance; the closer this band center is to the Fermi level,
the higher the OER activity. This occurs because the closer the O 2p band center is to the Fermi

level, the easier it becomes for lattice oxygen to participate in the OER process by undergoing

9
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oxidation. Our calculations show that modifying both A-site and B-site can moyg, the 25500
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band center closer to the Fermi level, with simultaneous modifications at both sites resulting in
a higher O 2p band center compared to modifications at individual sites. The original NF
displayed an O 2p band center of -3.74 eV, while modifications at the A-site raised it to -1.84
eV, and B-site modifications raised it to -2.14 eV. In contrast, simultaneous modifications at
both the A-site and B-site increased the O 2p band center to -1.6 eV, highlighting the synergistic
benefits of dual-site modifications. This indicates that the O 2p band center in NBFN is closest

to the Fermi level, suggesting that NBFN is likely to exhibit superior catalytic performance.

In addition to analyzing the O 2p band center, we examined charge-transfer energy (A) as a
complementary descriptor of OER activity. This parameter, defined as the energy difference
between the O 2p band center and unoccupied transition metal 3d orbital, has also been shown
to correlate with catalytic performance [29]. A lower A facilitates easier electron transfer from
oxygen to the transition metal centers during the OER process, thus enhancing activity. Our
analysis of the Fe 3d-O 2p orbital interactions showed that the original NF had the highest Ag.
o at 4.83 eV. In contrast, A-site adjustment (NBF) reduced Ap.o to 4.48 eV, and B-site
adjustment (NFN) decreased it to 4.76 eV. Notably, simultaneous A/B-site adjustments
resulted in an even lower Ag.o of 4.28 eV, making NBFN the most active catalyst for OER,
which underscores the synergistic effect of A/B-site modifications. Furthermore, the
investigation of Ni 3d-O 2p orbital interactions in NBFN showed a significantly lower charge-
transfer energy (Anio = 2.87 eV), indicating that the Ni sites possess a more favorable
electronic structure for OER in comparison to the Fe sites. For NFN, the Ay;.o (3.36 eV) is also
less than Age.o (4.76 eV), suggesting that the electronic structure of Ni is optimized compared

to that of Fe.

To investigate metal-oxygen bonding in NBFN, we analyzed the integrated projected density
of states (IPDOS) for Fe and Ni d-orbitals. In the spin-up channel (Fig. 1a), Fe d-orbitals

10
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exhibited pronounced PDOS peaks below the Fermi level (0 eV), indicating complete oeliitals 5o
filling. IPDOS analysis confirmed this observation quantitatively (Fig. 1b), with electronic
state density exceeding 0.5 at the Fermi level [30]. In contrast, the spin-down (spin-dw) channel
exhibited Fe d-orbital PDOS peaks above the Fermi level, with IPDOS occupancy below 0.5,
demonstrating the presence of unoccupied states. This electronic configuration, characterized
by five d-electrons in the spin-up channel and none in the spin-down channel, suggested that
the valence state in NBFN is 3+. Conversely, Ni displayed different electronic occupation in
NBFN (Fig. 1b). The Ni d-orbitals showed full occupancy in the spin-up channel, while the
spin-down channel exhibited partial filling, with dy, d,, and dy, orbitals showing occupancy
rates near 1. This electronic distribution, with five d-electrons in the spin-up channel and three

in the spin-down channel, indicated that the valence state of Ni is 2+.

Analysis of TM-O covalency follows the methodology established by Jiang et al. [31], which
quantifies orbital interactions through the energy difference between TM 3d and oxygen 2p

band centers. In NBFN, this analysis revealed distinct bonding characteristics: the Fe-O

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

interaction showed a band center difference of 4.587 eV, while the Ni-O interaction exhibited

a smaller difference of 2.901 eV. The reduced energy separation for Ni-O indicated a stronger

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.

covalent character, enabling more efficient electron transfer between Ni sites and oxygen

(cc)

adsorbates [32]. This enhanced Ni-O covalency identified Ni sites as more active for OER,
which is consistent with our charge transfer energy calculations. These simulations suggested
that by combining double perovskite formation with Ni substitution, we can reduce the band
gap, shift the O 2p band center towards the Fermi energy, enhance metal-oxygen covalency,
and minimize charge transfer energy (Fig. 1c). These electronic structure modifications work

synergistically to enhance catalytic performance.

To understand the mechanistic basis of catalyst performance, we investigated the oxygen
evolution reaction (OER) pathway using the adsorbate evolution mechanism (AEM)

11
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framework for perovskite oxides in alkaline conditions (Fig. 1d and Fig. le). The reacfions; o0

proceeded through four elementary steps, each involving the formation and transformation of
key oxygen-containing intermediates (*O, OH, and OOH, where * represents the active site).
An analysis of all possible reaction pathways across Fe and Ni sites (structures detailed in Fig.
S1 and S2) identified the deprotonation of OH to O as the rate-determining step (RDS) for both
NBF and NBFN catalysts. Notably, the energy barrier for this critical step was lower at the Ni
sites in NBFN (1.01 eV) compared to the Fe sites in NBF (1.10 eV), suggesting optimized
reaction pathways on the Ni sites. This observation regarding optimized reaction pathways on
the Ni sites is consistent with the study of charge transfer energy and TM-O covalency. The
lower RDS energy barrier at Ni sites in NBFN, as predicted by DFT, directly accounts for the

superior OER activity of NBFN compared to NBF.
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Figure 1. Electronic structure and reaction mechanism analysis. (a) Projected density of stateS ;5o
(PDOS) for NF, NBF, NFN, and NBFN, showing O 2p band center and transition metal 3d
band center positions relative to the Fermi level. (b) Integrated PDOS of Fe and Ni d-orbitals
in NBFN demonstrating spin-dependent orbital occupancy. (c¢) Schematic illustration of band
alignment changes due to dual-site modification. (d) Four-step adsorbate evolution mechanism
for OER on perovskite surfaces in alkaline condition. (¢) Free energy diagrams showing

reduced RDS for NBFN (1.01 eV) compared to NBF (1.10 eV).
3.2 Structure and Surface Analysis

The crystal structures of the synthesized perovskite oxides were characterized using X-ray
diffraction (XRD) (Fig. 2a). The analysis revealed distinct crystal structures: NF is
orthorhombic, while NBF is cubic. Upon substituting Ni, the crystal symmetry was preserved,
with NBFN maintaining the cubic structure of NBF, whereas NFN (NdFe( sNij,03.5) retained
the orthorhombic structure of NF. The incorporation of smaller Ni atoms (0.124 nm) in place

of larger Fe atoms (0.126 nm) at the B-site caused the diffraction peaks of NBFN and NFN to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

shift towards higher angles compared to their parent compounds NBF and NF, respectively

(see Fig. S3), indicating lattice shrinkage. Notably, XRD patterns showed no detectable

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.

secondary phases.

(cc)

Rietveld refinement analysis (Fig. 2b) confirmed that NBFN crystallized in the cubic space
group Pm-3m with lattice parameters a=b=c=3.92 A. The XRD pattern is similar to double
perovskite NdBaFe, ,Mn,Os.5 reported by Mao et al. [33]. Scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray (EDX) mapping (Fig. 2¢) revealed uniform
element distribution within individual NBFN particles, suggesting the successful dual-site
substitution and homogeneity of the NBFN catalyst. High-resolution transmission electron

microscopy (HR-TEM, Fig. 2d) showed a crystalline cubic structure with clear lattice fringes,
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with a lattice spacing of 0.398 nm, corresponding to (100) lattice planes from, RigtV&ld;s o
refinement results. The combination of SEM-EDS and ICP results (Fig. S4 and Table S1)
confirmed that the composition of NBFN elements aligned with the intended stoichiometry.
SEM images (Fig. S5) showed that NF had a smaller grain size compared to BF, with NBF and

NBFN having smaller grain size than BF.

(a) NBEN (b) INBFN - 8:$3!EL
. R —— Background
S S R. =8.4%
S L J o b NFN 8 R =7.13%
> > exp .
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Figure 2. (a) X-ray diffraction (XRD) patterns of the synthesized NF, NBF, NFN, and NBFN
perovskite powders. (b) Rietveld refinement of NBFN XRD profile. (¢) Scanning transmission
electron microscopy (STEM) image with corresponding energy-dispersive X-ray (EDX)
elemental mapping of NBFN, showing the elemental distribution. (d) High-resolution

transmission electron microscopy (HR-TEM) image showing the lattice spacing of NBFN.
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We measured surface oxygen vacancies and transition metal valence state ugsing ,Xsta¥fs ;oo
photoelectron spectroscopy (XPS) and soft X-ray absorption spectroscopy (sXAS). Analysis
of the O 1s XPS spectra (Fig. 3a and Table S2) reveals that pristine NF had the highest lattice
oxygen content. In contrast, both A-site modified NBF and B-site modified NFN exhibited
decreased lattice oxygen levels, suggesting that adjustments at both sites promote the creation
of oxygen vacancies. Interestingly, the NBFN with simultaneous A/B-site adjustments
displayed the lowest lattice oxygen content, indicating that this combined modification is more
effective for forming oxygen vacancies than modifications at individual sites. Oxygen
vacancies significantly change how electrocatalysts interact with reactants (both in absorption
and desorption) and also alter the bulk properties like electronic structure and conductivity,

benefiting OER [34].

A detailed analysis of the Fe 2p and Ni 2p XPS spectra (Fig. 3b and Fig. S6, respectively),
along with the corresponding peak deconvolution results (Tables S3), provided insights into

the oxidation states of the transition metals. The Fe ions in NBFN exhibited a valence state of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

+3, while the Ni ions displayed a valence state of +2.36, which aligns broadly with the trends

predicted by our DFT calculations concerning electron occupancy in the Fe and Ni d-orbitals.

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.

It is significant that Ni demonstrated a lower oxidation state compared to Fe, aligning with

(cc)

previous findings [2, 8]. The addition of low valence Ni to Fe-based perovskites encourages
the development of oxygen vacancies, which subsequently reduces the oxidation state of Fe.
This occurrence is illustrated by the shifts from NF to NFN and from NBF to NBFN (Table
S3). Moreover, the presence of Ba has minimal impact on the oxidation states of B-site

transition metals, mainly affecting the control of the crystal structure.

We employed soft X-ray absorption spectroscopy (sXAS) at the Fe and Ni L-edges to measure
the electronic structures of NF, NBF, and NBFN catalysts and to confirm the XPS findings
(Fig. 3c-d). The Fe Ls;-edge sXAS spectra (Fig. 3c) indicate that NBFN exhibited a
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characteristic peak shift toward lower energies compared to NBF, suggesting a redugtion it the 5 o0
valence state of Fe, consistent with the XPS results. The similar peak positions of NF and NBF
suggest that A-site modification had minimal effect on the oxidation state of Fe, which aligns
with the XPS results. Analysis of the Ni L3 edge sXAS spectra (Fig. 3d) revealed a peak shift
toward higher energies for NBFN in comparison to the NiO reference, suggesting that the Ni
in NBFN had a valence state higher than +2. Furthermore, the higher peak intensity of NBFN
compared to NiO at around 856 eV indicates the presence of Ni3+ (Fig. 3d) [35]. This
observation aligns with XPS characterization and provides additional evidence for the mixed-

valence character of Ni in NBFN (Fig. S6).
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Figure 3. (a) O 1s X-ray photoelectron spectroscopy (XPS) spectra of NF, NBE, NFN.&d; 50
NBFN, demonstrating different surface oxygen contents. (b) Fe 2p XPS spectra of NF, NBF,
NFN and NBFN, revealing oxidation states of Fe. (c) Fe L;-edge soft X-ray absorption (sXAS)
spectra of NF, NBF, and NBFN. (d) Ni Ls;-edge sXAS spectra comparing NBFN with reference

NiO, and showing the valence state of Ni.
3.3 Oxygen Evolution Reaction (OER) Performance Evaluation

A systematic comparison of single/dual site modifications (Fig. 4a) revealed clear performance
differences among the catalysts. Using NF as the baseline, we compared NBF (A-site
modification), NFN (B-site modification), and NBFN (dual-site modification). Current
densities at 1.7 V were NF (0.71 mA/cm?), NBF (1.84 mA/cm?, 2.6-fold increase), NFN (4.7
mA/cm?, 6.6-fold increase), and NBFN (20.55 mA/cm?, 28.9-fold increase). Single-site
modulated NBF and NFN showed a slight improvement compared to the unmodified NF, while
dual-site modulated NBFN showed great improvement. The large improvement with NBFN

compared to single-site-modified NBF and NFN demonstrated the synergistic effect of dual-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

site modulation. Furthermore, NBFN had a lower Tafel slope (63.23 mV/dec) compared to NF

(154.34 mV/dec), NBF (114.85 mV/dec), and NFN (82.92 mV/dec), indicating faster reaction

Open Access Article. Published on 04 June 2025. Downloaded on 6/10/2025 7:15:49 PM.

kinetics and a more efficient OER process (Fig. 4b). The experimentally observed lower Tafel

(cc)

slope for NBFN is consistent with the DFT predicted lower RDS energy barrier, suggesting

that the dual-site modulation indeed facilitates faster OER kinetics as theoretically predicted.

We also examined the effects of varying the substitution levels of Ba at the A site and Ni at the
B site. As shown in Figure S7 and S8, changes in A-site Ba concentration did not affect the
double perovskite structure, and all series of double perovskites exhibited higher performance
compared to the single perovskite NF and BF (0.81 mA/cm? at 1.7 V). Additionally, our

analysis of Ni concentration indicated that when the Ni:Fe ratio is greater than 2:8, it results in
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the degradation of both the perovskite structure and catalytic performance,,, We, :als6: 5500
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investigated other potential dopant levels such as Nd,Ba,_Fe; ¢Nip4O¢_5 (Fig. S9) or Nd,Ba,.
Feq,NiggOg.s (Fig. S10) to see if NBFN is the optimized composition. The results show that

there are no double perovskites with higher performance than the NBFN.

The electrochemical active surface area (ECSA) was quantified through double-layer
capacitance (Cdl) analysis (Fig. 4c and Fig. S11) [36]. Compared to the pristine NF, the NBF
and NFN showed modest ECSA enhancements of 1.03 and 1.16 times, respectively. In contrast,
NBFN displayed a substantial 1.74-fold increase in ECSA. The larger ECSA for NBFN
suggested a greater number of electrochemically active sites available for OER, contributing

to its improved performance [37, 38].

We assessed the stability through chronopotentiometry at a constant current density of 10
mA/cm? (Fig. 4e). NF exhibited rapid potential increase after only 500 s at a current density of
10 mA/cm?, which agrees with the argument in Ref [8] about the thermodynamically unstable
characteristics of Fe based oxides in alkaline OER conditions. In contrast, NBF demonstrated
improved stability, functioning effectively for approximately 5 hours before failing, while NFN
operated steadily for about 7.8 hours before ceasing to work. Notably, following an initial
activation period, NBFN maintained a stable operating voltage of 1.55 V for over 20 hours. To
confirm the robustness of NBFN, XRD pattern (Fig. S12) and HR-TEM image (Fig. S13) were
obtained after stability testing, which showed no evidence of phase transformation. The XRD
pattern did not detect any secondary phases, and the HR-TEM image indicated that the lattice
structure remained stable, with no collapse or distortion, thereby demonstrating the robustness
of NBFN. The performance of NBFN was benchmarked against state-of-the-art catalysts,
including both transition metal perovskites and precious metal-based materials [2, 36, 39-46]

(Fig. 4d and Table S4). This comparison showed that the overpotential of NBFN is significantly
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lower than that of other perovskite catalysts and even surpasses the precious metal benchpigtks o0
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Figure 4. Electrochemical performance evaluation of perovskite catalysts. (a) LSV curves
comparing OER activity of NF, NBF, NFN, and NBFN. (b) Tafel plots derived from LSV
curves used to evaluate reaction kinetics. (c) Current density versus scan rate plots to determine

electrochemical double-layer capacitance (Cdl) and ECSA. (d) Overpotential comparison of
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LaCr0,5Feo‘503, Sr2F61.5M00‘506_5, PrBaO.g5CaO‘15FeMnO5+5, PrBaCon5+5, Rqu, II'OQ. (e)
Assessment of the stability of NF, NBF, NFN and NBFN via chronopotentiometry conducted

at 10 mA/cm?.

4 Conclusions

This study demonstrates the effectiveness of dual-site modulation for enhancing OER catalysis
in Fe-based perovskites. By simultaneously incorporating Ba into the A-site and Ni into the B-
site of NdFeOs5_5, we successfully engineered a double perovskite NBFN catalyst that exhibits
remarkable electrochemical performance. The catalyst achieves a low onset potential of 237
mV, maintains stable operation at a 320 mV overpotential (10 mA/cm?) for 20 hours, and
demonstrates rapid kinetics with a Tafel slope of 63.23 mV/dec, outperforming conventional
noble metal catalysts IrO, and RuO,. Mechanistic investigations reveal that this enhanced
performance stems from two complementary effects: (1) A-site Ba incorporation induces a
double perovskite structure with a reduced band gap, improving electronic conductivity, and
(2) B-site Ni substitution optimizes the electronic structure by reducing charge-transfer energy
and strengthening transition metal-oxygen covalency. These findings not only establish dual-
site modulation as a powerful approach for developing high-performance Fe-based catalysts
but also provide fundamental insights into structure-property relationships in perovskite
catalysts. This earth-abundant, high-performance catalyst offers a promising alternative to
noble metal-based catalysts, potentially reducing costs and improving the sustainability of

hydrogen production via water electrolysis.
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