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A B S T R A C T

This work explores the exsolution of well-dispersed nanoparticles containing reduced Pt species from 
La0.6Sr0.4Fe0.95Pt0.05O3-δ (LSFPt) as an effective approach to design catalysts for oxygen electrocatalysis. A 10 h 
reduction treatment at 500 ◦C in 5% H2/Ar promotes the exsolution of ~1.2 nm Pt nanoparticles on the surface, 
increasing oxygen deficiency without compromising the perovskite structure. The resulting catalyst exhibits over 
2.5-fold performance improvement for oxygen evolution reaction (OER) and reduction reaction (ORR) in alkaline 
media compared to the as-prepared LSFPt. Specifically, OER potential decreased from 1.61 to 1.58 VRHE, while 
the ORR potential improved from 0.31 to 0.48 VRHE. Electrochemical impedance spectroscopy (EIS), combined 
with distribution of relaxation times (DRT) deconvolution analysis, revealed a notable decrease in medium- 
frequency resistance, indicating enhanced charge transfer at the electrode surface for OER and ORR. Post-mor
tem O K-edge spectra obtained by soft X-ray absorption spectroscopy in total electron yield mode further suggest 
an increased surface restructuring in the reduced LSFPt, attributed to the synergistic presence of surface defects 
and exsolved nanoparticles containing reduced Pt species. This one-step reduction protocol provides a valuable 
methodological insight for designing catalysts for oxygen electrocatalysis by tailoring the surface composition of 
perovskite material aligned with the necessity for bifunctional systems.

1. Introduction

In the current energy scenario, implementing innovative technolo
gies is crucial for the transition towards clean and renewable energy 
sources. Developing efficient energy storage and conversion systems is 
essential to compensate for the intermittent nature of renewable energy 
sources and to facilitate the replacement of fossil fuels. Low-temperature 
alkaline fuel cells and electrolyzers are energy conversion technologies 
capable of converting energy by the reduction/oxidation reaction at the 
electrodes [1,2]. Unified regenerative fuel cells (URFC) integrate both 
fuel cell (gas-to-power) and electrolyzer (power-to-gas) into a single 
device, allowing switching between the two modes as needed [3]. This 
dual functionality offers significant advantages for commercialization 
by enabling a simplified, integrated system. While the cost-saving ben
efits of a URFC are most pronounced in acidic systems (which use 

precious-metal-based catalysts), their value for alkaline systems (which 
use more affordable catalysts) are not eliminated but are instead shifted 
to the system’s simplification and operational levels. A single URFC unit 
dramatically reduces the size, weight, and complexity of the overall 
energy system by combining the functions of an electrolyzer and fuel cell 
into one stack. This is particularly crucial for applications requiring a 
compact space, such as portable power, military equipment, and aero
space. Furthermore, this integrated design reduces the number of 
redundant auxiliary components, including pumps, valves, and control 
systems, which lowers the capital and maintenance costs and decreases 
the number of potential points of failure [4]. One of the major challenges 
in large-scale URFC is developing stable and efficient electrocatalyst 
materials for the oxygen electrode. These materials must simultaneously 
provide catalytically active sites for the oxygen reduction reaction 
(ORR) and for the oxygen evolution reaction (OER), while maintaining 
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stability across a wide potential range. The ORR and the OER are 
kinetically sluggish electrochemical reactions with high overpotentials, 
which significantly affect the performance of the fuel cell and electro
lyzer. [5]. Currently, NiFe (oxy)hydroxides for OER and metal-based 
materials (both noble, such as Pt, and non-precious, such as Ag) for 
ORR are state-of-the-art electrocatalysts for oxygen reaction electrodes 
in alkaline media [6–8]. However, while these electrocatalysts exhibit 
high activity for either ORR or OER, none possess the bifunctionality 
required for both reactions in URFC applications. Therefore, developing 
new classes of electrocatalysts with high activity for both oxygen elec
trochemical reactions remains an open challenge, driving significant 
research efforts.

Transition metal oxides have been extensively studied as bifunc
tional materials with high activity for both OER and ORR [9]. Perovskite 
oxides (ABO3) have attracted significant interest as electrocatalysts due 
to their unique structural and electronic properties [5,10,11]. Their 
application is well established in the development of high-temperature 
reversible solid oxide cells (r-SOCs) [12,13]; however, in recent de
cades, they have also been extensively investigated as oxygen electrodes 
for low-temperature alkaline fuel cells and electrolyzers [14,15]. The 
electrocatalytic activity of perovskites can be easily tuned by changing 
different parameters, such as the number of 3d electrons and spin state in 
the B-site transition metals (TM), covalency of TM 3d-O2p bonds, and 
oxygen vacancy content [16–18]. In this context, the composition of 
both A- and B-sites can be modified to tailor perovskite-based materials 
with specific properties, enabling the development of highly efficient 
and versatile electrocatalysts for both OER and ORR.

Lanthanum iron oxide, LaFeO3, exhibits a perovskite-like structure 
that is widely used in high-temperature solid oxide applications. 
Recently, there have been studies of LaFeO3 also for low-temperature 
applications. Their catalytic activity toward oxygen reactions in alka
line media can be easily enhanced by both A- and B-site modifications. 
For example, the partial substitution of La3+ cations with Sr2+ at the A- 
site has been reported to enhance the activity towards OER due to the 
formation of oxygen vacancies in the structure [19,20]. In addition, the 
partial B-site substitution with different metal cations can improve 
LaFeO3 electrochemical performances by modifying the electronic state 
of the perovskite [21,22]. LaFeO3-based structures can also be success
fully used as support for metal nanoparticles. It has also been reported 
that LaFeO3 perovskites can easily change their structure when treated 
at high temperatures (up to 300 ◦C) and reducing conditions. This heat 
treatment triggers the migration of the B-site metal ions from the bulk to 
the surface, consequently forming a uniform metallic nanoparticles 
layer, in a process called exsolution [23–25]. This method, with respect 
to other impregnation/decoration methods, allows for well-anchored 
nanoparticles within the perovskite substrate with a better control of 
size and shape, leading to improved electrochemical performance 
[26–28]. This method enables the co-existence of exsolved nanoparticles 
on the catalyst surface, which can act as active sites for both oxygen 
reactions, along with a stable perovskite substrate. The use of 
temperature-controlled reduction treatment to trigger metal exsolution 
has been commonly used for high-temperature solid oxide fuel electrode 
applications, and only recently employed to boost the performance of 
oxygen electrodes for low-temperature alkaline applications [29–31]. 
For example, Ni-exsolution from lanthanum-based perovskite was 
proved to be a successful strategy to achieve high OER activity in 
alkaline environments [29,30]. Also, promising bifunctional OER/ORR 
performance has been reported by the formation of exsolved Co-Fe 
bimetallic nanoparticles on a lanthanum ferrite perovskite surface 
[31,32]. These examples suggest a promising strategy for developing 
efficient bifunctional catalysts: doping the B-site of a promising OER 
perovskite catalyst with noble metals (e.g., Pt, Pd, Ru). Despite their high 
costs, noble metals demonstrate high reducibility and an energetically 
favored exsolution process with respect to other metals [23,33]. This 
feature allows the use of a very small amount of metal as a B-site dopant 
with high nanoparticle exsolution rates. Platinum's effectiveness as an 

ORR catalyst is well-established, and the use of exsolved Pt metal 
nanoparticles to promote the catalytic activity toward different fuel 
electrode reactions, such as H2 oxidation and CO2 reduction, has been 
recently assessed in reversible solid oxide cell systems for high- 
temperature applications [34–36]. Recent researches have highlighted 
the efficacy of exsolution of Pt from La-based perovskite structures in 
promoting OER and OER/HER activity in low-temperature alkaline en
vironments [37,38]. Low-level Pt doping (0.5%) in LaAlO3 has been 
shown to trigger the exsolution of ultra-small nanoparticles of 1–2 nm, 
significantly boosting ORR activity and stability in alkaline media [37]. 
Similarly, Pt exsolution from LaCoO3 has been achieved at a low tem
perature of 350 ◦C, enhancing OER performance by optimizing oxygen 
vacancies and promoting synergistic metal-support interactions [38]. 
Despite these advancements, these studies often focus on a single cata
lytic direction or utilize host lattices with limited intrinsic bifunction
ality. Additionally, the investigation of the role of surface modification 
and Pt nanoparticle exsolution via reduction treatment remains a sig
nificant challenge and it is not fully elucidated.

In this work, the exsolution of Pt nanoparticles from La0.6Sr0.4

Fe0.95Pt0.05O3-δ (LSFPt) is evaluated as a promising strategy to improve 
oxygen reactions. Two perovskite samples were investigated: the as- 
prepared LSFPt, and the reduced LSFPt, where Pt was exsolved onto 
the surface via a reduction heat treatment. The high reducibility of Pt 
ions allows the formation of defined Pt nanoparticles on the perovskite 
surface by choosing the proper reduction temperature treatment. At the 
same time, the possibility of having high coverage of metallic nano
particles at less harsh temperature conditions is crucial for enhancing 
the oxygen deficiency on the catalyst surface while preserving the 
perovskite structure. During the reduction treatment, Pt incorporated 
into the perovskite lattice migrates toward the surface, forming nano
particles containing reduced Pt species. This transformation results in a 
catalyst with both oxygen defects and exsolved Pt-based nanoparticles. 
The synergistic effect of the defective surface from the host perovskite 
and the exsolved Pt nanoparticles offers a methodological insight to
wards designing catalysts for oxygen electrocatalysis. The structure and 
morphology of the as-prepared and reduced LSFPt materials were 
characterized using X-ray powder diffraction (XRPD), thermogravi
metric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and 
transmission electron microscopy (TEM). The electrochemical activity 
towards both OER and ORR in alkaline media was evaluated to highlight 
the beneficial effects of the structural modifications induced by the 
reduction treatment. Electrochemical impedance spectroscopy (EIS) and 
distribution of relaxation times (DRT) techniques were implemented to 
gain insights into the oxygen electrocatalysis occurring at the catalyst 
surface with and without the reduction treatment. Finally, ex-situ soft X- 
ray absorption spectroscopy (XAS) in total electron yield (TEY) was 
performed on the samples before and after the electrochemical mea
surements, to evaluate how the OER/ORR activity of the material can be 
triggered by structural modifications induced by the reduction 
treatment.

2. Results and discussion

2.1. As-synthesized properties of as-prepared and reduced LSFPt

Fig. 1a presents the X-ray powder diffraction (XRPD) patterns of the 
as-prepared and reduced LSFPt samples. The as-prepared LSFPt displays 
the characteristic (JCPDS 82-1961) pattern of La0.6Sr0.4FeO3-δ (LSF), 
corresponding to a rhombohedral structure and R-3c space group. The 
absence of additional phases confirms the successful synthesis of the 
perovskite material. The reduction treatment at 500 ◦C does not alter the 
perovskite structure, as no secondary phases are detected in the pattern. 
From Fig. 1b, a shift toward lower angles is revealed. This shift can be 
related to lattice expansion and is the first indication of the successful 
reduction treatment. Previous studies have reported that high- 
temperature reduction treatments induce oxygen release in the LSF- 
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based compounds, leading to the formation of oxygen vacancies and the 
reduction of B-site metal nanoparticles onto the surface [25,39,40]. In 
our case, Pt is expected to exsolve from the bulk and aggregate into 
nanoparticles on the material surface [23,34]. To evaluate the contri
bution of B-site exsolution to the structure, a size-strain plot analysis of 
XRPD spectra was performed and is presented in Fig. S1. The strain, an 
indicator of the stress level in the structure, is lower than that of the as- 
prepared LSFPt, measuring 1.7 × 10⁻2% compared to 2.1 × 10⁻2%. The 
reduced LSFPt material achieved the same strain value as the undoped 
LSF, used as a reference material (Fig. S1). The substitution of Fe3+/ 
Fe4+ ions with larger Pt4+/Pt2+ ions at the B-site has shown an increase 
in lattice distortion, as previously reported [34]. Thus, the reduction in 
bulk strain of LSFPt after treatment in reducing conditions is likely due 

to the depletion of Pt4+/Pt2+ ions in the lattice, resulting from the 
exsolution of Pt from the bulk to the surface of the perovskite, with the 
consequent relaxation of the lattice stress. The surface area of LSFPt 
before and after the reduction treatment was also assessed by BET 
method on the adsorption branch of the N2 adsorption/desorption iso
therms (Fig. S2). The reduced LSFPt sample presents a slightly higher 
surface area compared to the as-prepared one (18.00 ± 0.08 m2/g and 
15.83 ± 0.05 m2/g, respectively), confirming the effective surface 
changes of the perovskite induced by the reduction treatment.

Thermogravimetric (TG) analysis in N2 from 50 ◦C to 500 ◦C was 
used to get insights into the defect formation. Fig. 1c displays similar 
profiles for both samples; at temperatures below 150 ◦C, the weight loss 
is ascribable to the water desorption, and at higher temperatures to the 

Fig. 1. As-synthesized properties of as-prepared and reduced LSFPt. a) XRPD with LSF pattern (JCPDS 82–1961) as reference. b) Enlargement of the most intense 
XRPD peak revealing the shift toward lower angles in the reduced LSFPt. c) TG analysis in N2 atmosphere between 50 ◦C − 500 ◦C with a heating ramp of 5 ◦C⋅min− 1. 
d) O 1 s XPS spectra of as-prepared and reduced LSFPt. e) TEM micrograph of LSFPt after reduction treatment at 500 ◦C under flowing 5% H2/Ar for 10 h. f) Pt 4f XPS 
spectra of as-prepared and reduced LSFPt.
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oxygen desorption from the surface. At 500 ◦C, the final weight loss is 
–1.55% for the as-prepared and –2.08% for the reduced sample, indi
cating an oxygen deficiency after the reduction treatment [34]. This is 
further confirmed by the comparison of TGA analysis carried out in air 
for both materials (see Fig. S3 for details). X-ray photoelectron spec
troscopy (XPS) measurements of the O 1 s region, presented in Fig. 1d, 
reveal differences in oxygen content between the two samples. The as- 
prepared LSFPt sample exhibits three distinct features: the Obulk signal 
at 529.0 eV, corresponding to structural oxygen in the perovskite; the 
Oads signal at 531.6 eV, associated with adsorbed species on the surface; 
and the Owater signal at 533.7 eV, attributed to adsorbed water [19,41]. 
For the reduced LSFPt sample, thermal treatment at 500 ◦C for 10 h 
significantly decreases the surface presence of adsorbed water, effec
tively eliminating the Owater contribution. With the reduction treatment, 
while the Oads peak remains unchanged, the Obulk peak shifts slightly by 
+0.2 eV toward higher binding energy. This shift suggests an increased 
presence of highly oxidative species (O2

2⁻/O⁻), likely due to the forma
tion of oxygen vacancies within the structure, consistent with literature 
on oxygen vacancy formation [42–44]. The reduction treatment led to 
the exsolution of nanoparticles from the surface, as shown in the 
transmission electron microscope (TEM) micrograph in Fig. 1e and 
scanning electron microscope (SEM) micrograph in Fig. S4a. The LSFPt 
sample reduced at 500 ◦C exhibits a uniform distribution of Pt nano
particles on the perovskite surface with an average diameter of 1.2 nm 
(particle size distribution in Fig. S4b). Undoped LSF sample after the 
same reduction treatment (10 h at 500 ◦C), showed the start of the 
surface nucleation step, with the presence of large and isolated Fe 
nanoparticles (scanning electron microscope, SEM, image Fig. S4c) and 
no other smaller nanoparticles features. This contrasts with the 
numerous and uniformly distributed nanoparticles observed on the 

reduced LSFPt perovskite (Fig. 1e). The hydrogen temperature pro
grammed reduction (H2-TPR) plot of the as-prepared LSF and LSFPt 
(Fig. S4d) demonstrates the high reducibility of Pt which shifts the 
surface reduction peak to lower temperatures. This shift indicates that Pt 
exsolution occurs at lower temperatures than Fe in the undoped LSF 
sample. The Pt 4f XPS spectra of as-prepared and reduced samples are 
reported in Fig. 1f. The as-prepared LSFPt exhibits two well-resolved 
peaks corresponding to 4f7/2 (around 74 eV) and 4f5/2 (around 77 eV) 
core levels, indicating the presence of Pt in multiple oxidation states, 
with Pt4+ being the dominant species [34,45]. In the reduced sample, 
new peaks appear at 72.5 eV and 75.5 eV, which are assigned to the 
reduced oxidation state of Pt2+ [46–50]. While metallic Pt0 is not clearly 
identified due to the superposition of peaks from Pt2+ at 72.5 eV and Pt0 

at 71 eV, the data demonstrate that these highly dispersed Pt2+ species 
are the dominant state. The emergence of these reduced Pt signals, 
alongside the morphological changes observed in TEM/SEM (Fig. 1e, 
Fig. S4a), confirms the successful exsolution of Pt species triggered by 
the thermal reduction at 500 ◦C. The reduction treatment does not 
significantly affect the A-site cations (La and Sr) or the Fe valence state, 
as shown in the XPS spectra in Fig. S5. These results confirm the suc
cessful reduction treatment of the perovskite catalyst, with the presence 
of both oxygen defects and nanoparticles of reduced Pt species on the 
catalyst surface, key features for enhanced catalytic functionality. Given 
the presence of reduced Pt species on the surface, it is reasonable to 
expect that the ORR activity of the reduced sample will be lower than 
that of a metallic Pt benchmark catalyst. However, the nanoscale size 
and homogeneous distribution of the exsolved Pt particles are promising 
indicators. To evaluate this effect, the OER and ORR performance of the 
as-synthesized and reduced LSFPt samples were investigated in alkaline 
media.

Fig. 2. Oxygen electrocatalysis performance of the as-prepared and reduced LSFPt. a) OER polarization curves recorded at 10 mV s− 1 in air-saturated 0.1 mol L− 1 

KOH. b) OER potentials at the current density of 10 A g− 1 and 2 A g− 1 extracted from Fig. 2a. c) Nyquist plots collected at 1.6 VRHE with the corresponding equivalent 
circuit fit. d) ORR polarization curves recorded at 5 mV s− 1 in air-saturated 0.1 mol L− 1 KOH. e) ORR potentials at the current density of –0.1 A g− 1 and –1 A g− 1 

extracted from Fig. 2d. f) Nyquist plots collected at 0.4 VRHE with the corresponding equivalent circuit fit.
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2.2. Oxygen electrocatalysis

The OER and ORR catalytic activity in synthetic air-saturated 0.1 mol 
L− 1 KOH was measured for the as-prepared and reduced LSFPt samples, 
and the results are presented in Fig. 2. The electrolyte choice was based 
on maintaining the same electrochemical environment for both oxygen 
reactions. To evaluate the OER catalytic activity, a series of 25 cyclic 
voltammetry (CV) cycles was carried out (Fig. S6a). The data presented 
are representative of different OER measurements carried out on at least 
three independent depositions using three different catalyst inks. The 
corresponding statistics can be found in Fig. S7a-b. The comparison 
between the last anodic scan of the two samples is presented in Fig. 2a. 
The reduced LSFPt material reaches a current density of 17.4 A g− 1 at 
1.6 VRHE, 2.5-fold higher than that of the as-prepared LSFPt (6.9 A g− 1). 
As presented in the histogram in Fig. 2b, the reduced sample presents an 
onset potential (Eonset, potential to achieve 2 A g− 1) of 1.53 VRHE, lower 
than 1.57 VRHE of the as-prepared catalyst. Similarly, the OER potential 
(EOER, potential to reach 10 A g− 1) is lower for the reduced LSFPt with 
respect to the as-prepared LSFPt (1.58 VRHE and 1.61 VRHE, respec
tively). These results demonstrate that the reduction treatment improves 
the OER performance of LSFPt, as evidenced by lower onset and OER 
potentials compared to the as-prepared catalyst. Electrochemical 
impedance spectroscopy (EIS) characterization was carried out at 1.6 
VRHE for both as-prepared and reduced samples (Fig. 2c). In general, the 
EIS spectra are fitted with two elements: one at high frequency related to 
non-faradaic processes at the catalyst surface, and the other at low fre
quency, directly related to the oxygen evolution reaction [51]. An 
Rs(Q1R1)(Q2R2) circuit model was used to fit the Nyquist curves for both 
samples, and the fitting results are listed in Table S1. Looking at the 
Nyquist plot comparison in Fig. 2c, the polarization resistance of the 
reduced LSFPt decreased by 37% compared to the as-prepared sample. 
The higher activity from CV and lower polarization from Nyquist plot 
indicate that the reduced LSFPt catalyzes OER better than the as- 
prepared. This can be associated with the structural changes on the 
surface after the reduction treatment: the presence of surface oxygen 
defects is crucial for the OER activity of perovskite oxides [19,52,53]. In 
addition, the presence of exsolved nanoparticles containing reduced Pt 
species on the surface is also expected to influence the ORR, thus 
enhancing the catalyst’s bifunctionality when compared to the as- 
synthesized LSFPt.

Carbon additives are commonly incorporated during ink preparation 
to enhance conductivity and, consequently, improve the ORR perfor
mance. However, to reliably assess the intrinsic activity toward ORR and 
OER, the same ink composition (without carbon additives) and the same 
electrolyte (air-saturated 0.1 mol L− 1 KOH) were used for both protocol 
measurements. The ORR catalytic activity was assessed using the same 
electrolyte by a series of 5 CV cycles (Fig. S6b). The data presented are 
representative of different ORR measurements carried out on at least 
three independent depositions using three different catalyst inks. The 
related statistical data are provided in Fig. S7c-d. The 5th cathodic scans 
from both samples are presented in Fig. 2d. The activity of the reduced 
LSFPt sample is 2.8-fold higher than the as-prepared one, being –1.4 A 
g− 1 and –0.5 A g− 1 at 0.4 VRHE, respectively. The histogram in Fig. 2e
demonstrates that the reduction treatment leads to an improvement of 
the onset potential (Eonset, potential to reach –0.1 A g− 1) from 0.54 VRHE 
for the as-prepared to 0.66 VRHE for the reduced LSFPt. The ORR po
tential (EORR, potential to reach –1 A g− 1) is also improved from 0.31 
VRHE for the as-prepared to 0.48 VRHE for the reduced LSFPt. These 
improvements highlight the positive effect of the reduction treatment on 
the catalyst's ORR performance. EIS characterization was performed at 
0.4 VRHE, and the resulting Nyquist plots for both catalysts are presented 
in Fig. 2f. Usually, ORR EIS curves are fitted with two elements, one 
associated with the charge transfer process of O2 reduction, and one 
related to the adsorption of oxygen intermediates [54]. However, the 
ORR resistance on both samples is of the order of kΩ, so the second 
element can be neglected, and Nyquist curves were fitted with only one 

element using a Rs(Q1R1) circuit model (Table S2). This relatively high 
resistance for the reduced sample may be partially attributed to the 
presence of Pt2+ species, as revealed by XPS (Fig. 1f), which are 
generally less active than metallic Pt for ORR. This observation cor
roborates with the relatively lower ORR activity compared to metallic 
Pt-based catalysts. Nevertheless, the reduced treatment improves the 
ORR activity, reducing the polarization resistance by 17% compared to 
the as-prepared LSFPt. The increased ORR activity of the perovskite 
sample after the reduction treatment can be attributed to the presence of 
nanoparticles containing reduced Pt species exsolved on the perovskite 
surface, which provide additional active sites for the reaction. To 
qualitatively evaluate the stability of the exsolved nanoparticles after 
OER and ORR measurements, post-mortem SEM analysis was carried out 
and presented in Fig. S8. Although the identification of such small 
nanoparticles is hampered by the presence of residual Nafion and KOH, 
the characteristic surface roughness attributed to the exsolved phase 
remains evident for both as-deposited ink (Fig. S8a) and for the samples 
retrieved after the 25 OER cycles and after the 5 ORR cycles (Fig. S8b-c). 
The observation that the surface morphology remains intact after 
cycling suggests that the socketed nanoparticles are structurally stable, 
highlighting the potential of this exsolution approach for durable 
bifunctional catalysis.

The influence of reduction temperature (500 ◦C vs. 750 ◦C) on ORR 
activity for LSFPt is summarized in Table S3. The LSFPt reduced at 
500 ◦C exhibits superior ORR performance compared to the LSFPt 
reduced at 750 ◦C. Notably, while the higher temperature promotes the 
formation of larger and well-defined Pt nanoparticles on the surface 
[34], the resulting activity declines toward levels observed in the as- 
prepared material. This indicates that the lattice disruption occurring 
at 750 ◦C is detrimental for the overall catalytic process, outweighing 
the benefits of larger metallic surface sites. In contrast, the 500 ◦C 
treatment achieves an ideal balance, successfully exsolving Pt nano
particles while preserving the structural integrity of the perovskite host, 
thereby yielding optimized performance. More information in Fig. S9 a- 
b of the Supporting Information. An evaluation of the role of exsolved Pt 
nanoparticles is provided in Table S3, which compares the ORR metrics 
of undoped LSF and Pt-doped LSFPt after identical reduction treatments 
at 500 ◦C. In summary, the enhanced ORR activity is driven by the 
strong electronic interaction between the exsolved nanoparticles con
taining reduced Pt species and the oxide matrix, the synergy with oxy
gen vacancies, and the preservation of the perovskite host, which 
outweighs the benefits of larger metallic surface sites. The results 
demonstrate that while reduction-induced oxygen vacancies contribute 
to activity, they are insufficient on their own; the presence of surface- 
exsolved Pt nanoparticles is essential for achieving significantly 
enhanced electrocatalytic performance. The SEM images of the two 
reduced catalysts are presented in Fig. S4, and more information is in 
Fig. S9 c-d of the Supporting Information. This result highlights exso
lution as an effective strategy for developing catalysts with a unique 
surface composed of distinct and complementary active sites for both 
OER and ORR. Another descriptor that is commonly used to evaluate the 
electrocatalysts' bifunctionality is the potential difference in the same 
environment between the OER and ORR, ΔE = EOER – EORR [14]. The ΔE 
obtained for the LSFPt sample after the reduction treatment is 1.05 V, 
which is 0.23 V lower than that of the as-prepared sample (ΔE = 1.28 V). 
Overall, while the absolute metrics of the reduced LSFPt do not reach the 
benchmarks of the state-of-the-art Pt/C for ORR and NiFeOx for OER in 
alkaline conditions, the system offers distinct structural advantages. To 
contextualize these results, the reduced LSFPt was compared with a 20 
wt% Pt/C benchmark measured under the same testing conditions. 
While Pt/C typically exhibits a higher ORR onset potential (1.0 VRHE vs. 
0.81 VRHE for LSFPt, Fig. S9e and Table S3), it remains susceptible to 
oxidative carbon corrosion during bifunctional testing. In contrast, the 
LSFPt system utilizes the perovskite lattice as both a stable support and 
an active co-catalyst. This creates a unique, metal-socketed interface 
that circumvents the degradation issues inherent to carbon-supported 
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benchmarks while leveraging metal-support synergy. Ultimately, the 
2.5-fold increase in mass activity observed upon exsolution in LSFPt 
demonstrates the effectiveness of this approach as a tool for activating 
the perovskite surface for bifunctional oxygen catalysis.

2.3. DRT evaluation for OER/ORR overpotential contributions

To gain further insight into the different processes occurring at the 
catalysts during oxygen electrocatalysis, distribution of relaxation times 
(DRT) deconvolution on EIS data was performed for the as-prepared and 
reduced LSFPt perovskites. The DRT analysis is a deconvolution method 
that allows for switching from a ZIm vs. ZRe Nyquist plot to a “γ function” 
vs. “frequency DRT” plot [55]. In this way, no prior knowledge of the 
system is needed, and the analysis provides a distribution function in 
which single impedance contributions can be observed [56]. From DRT 
plots, different information can be extracted: the peak position de
termines the frequency at which the single mechanism step occurs, 
while the total area under the peak is proportional to the polarization 
resistance related to that overpotential contribution. The total polari
zation resistance can be calculated as the sum of the resistances asso
ciated with the different peaks [55–57]. DRT applications to RDE studies 
are still relatively rare; most works focus on the analysis of complete 
cells. In general, in the study of different electrochemical devices, three 
main overpotential contributions are detectable with the use of DRT 
analysis: mass transport (10− 1–101 Hz), charge transport of the elec
trochemical reaction (100–103 Hz) and ion transport phenomena (> 103 

Hz) [58–61]. However, if a simpler three-electrode cell system is 
considered, similar considerations can be made [62,63]. Although a one- 
to-one peak attribution is challenging, a DRT evaluation can be done by 

examining the system at different stages of oxygen reactions. The scope 
of this section is to qualitatively assign peaks at different frequencies to 
different processes, in order to understand which processes can be 
favored by the reduction treatment.

DRT analysis at various OER potentials was conducted on the LSFPt 
reduced sample to assess the evolution of peak positions and their re
sistances under different applied potentials, aiding in their attribution to 
different overpotential contributions. The Nyquist plots are displayed in 
Fig. S10a, while the resulting DRT spectra and histograms with peak 
resistances are presented in Fig. 3a and 3b.

Considering the DRT plot in Fig. 3a, each curve can be divided into 
two regions based on the potential dependence of the peaks. The higher 
frequency peaks with low-dependency from the potential (P1 and P2) 
can be referred to the ionic (OH–) transport in the porous structure of the 
catalyst layer [63–65]. On the other hand, the lower frequency peaks 
(P3, P4, and P5) are highly related to the potential changes: P3 peak 
decreases and merges with the other medium frequencies contributions 
by increasing the applied potential, from 1.58 VRHE on, while P4 de
creases, shifting its characteristic frequency to higher values. These 
lower-frequencies processes can be associated with the OER reaction as a 
combination of charge transfer and production rate of intermediates 
[63,64,66]. Moreover, as shown in the histogram of Fig. 3b, the decrease 
of P4 resistance follows an almost exponential-like trend with increasing 
potential. This behavior is typically attributed to the accelerated charge 
transfer process of adsorbate oxygen species induced at high potentials 
during OER reaction [65,67]. An additional low frequency P5 contri
bution becomes visible up to 1.58 VRHE, likely do to the diffusion of 
produced oxygen species into the perovskite film [58,68]. To study the 
differences in OER regimes between as-prepared and reduced LSFPt, the 

Fig. 3. OER/ORR DRT analysis of LSFPt samples. a) DRT spectra at different OER potentials and b) the related histogram of peak resistances of the reduced LSFPt. 
The green circles at each potential represent the resistance values extrapolated for the P4 process, which follow an exponential-like trend with potentials. c) 
Comparison of DRT spectra at 1.6 VRHE for as-prepared and reduced LSFPt samples. d) DRT spectra at different ORR potentials and e) the related histogram of peak 
resistances of the reduced LSFPt. The green circles at each potential represent the resistance values extrapolated for the P4 process, which follow an exponential-like 
trend with potentials f) Comparison of the DRT spectra at 0.4 VRH for as-prepared and reduced LSFPt samples.
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DRT on Nyquist plot collected at 1.6 VRHE has been compared and is 
presented in Fig. 3c. The high frequency peaks P1 and P2 remain largely 
unchanged between the two samples, suggesting that the reduction 
treatment does not affect ion transport during the electrochemical pro
cess. Whereas a more significant difference is observed in the 100-102 Hz 
frequency range, as better highlighted in Fig. S10b histogram. The most 
resistive OER-related P4 peak exhibits a 67% lower resistance for the 
reduced sample compared to the as-prepared one, with a shift to higher 
frequencies, from 3.05 Hz to 8.56 Hz. This evidence, along with the 
small gas diffusion P5 peak around 1 Hz present only for the reduced 

sample, indicates a faster and less resistive OER process compared to the 
as-prepared one, in agreement with previously reported OER activity.

As in the OER case, a DRT analysis was performed for the reduced 
LSFPt within the ORR potential range. The resulting DRT plot is pre
sented in Fig. 3d, with the corresponding Nyquist plots shown in 
Fig. S10c. Despite the lower intensity, the high frequency peaks P1 and 
P2 appear less affected by changes in applied potential, confirming their 
association with ionic transport. In contrast, P3, P4 and P5 peaks are 
strongly dependent on the changes in the potential, with their intensity 
decreasing as the ORR process improves, as shown in the histogram in 

Fig. 4. Surface sensitive post-mortem soft XAS characterization. a) Fe L3-edge and b) O K-edge XAS spectra of as-prepared and reduced LSFPt powders, along with 
Fe2O3 reference (Fe3+). Comparison of the O K-edge spectra of the bare powder and the OCP sample of c) the as-prepared LSFPt and d) the reduced LSFPt samples. 
Comparison of the O K-edge spectra before and after OER or ORR for e) the as-prepared LSFPt and f) the reduced LSFPt samples. The data in the insets are presented 
after linear background subtraction in the 527–531 eV region.

A.P. Panunzi et al.                                                                                                                                                                                                                              Applied Surface Science 732 (2026) 166536 

7 



Fig. 3e. P3 and P4 can be attributed to ORR charge transfer reaction 
occurring at the catalyst surface, given their net improvement in both 
resistance and kinetics of such process toward lower potential, while the 
lower frequency P5 is likely related to the O2 gas diffusion into the 
perovskite film [58,62,69,70]. To evaluate the ORR process for both 
samples, the DRT plots on Nyquist plots collected at 0.4 VRHE are 
compared in Fig. 3f. In this case, the ion transport peaks at high fre
quencies (P1 and P2) cannot be distinguished due to the higher resistance 
of the charge transfer process peaks. For both samples, the ORR-related 
P4 peak around 100 Hz is identified as a rate-determining step 
(Fig. S10d). The reduced LSFPt displays a 25% reduction in the P4 
process resistance, along with a shift toward higher frequencies 
compared to the as-prepared one, highlighting the enhanced activity of 
the catalyst surface towards ORR after the reduction treatment. In 
conclusion, both the OER and ORR DRT analyses confirm that the sur
face reduction treatment is a successful strategy to improve the kinetics 
of oxygen reactions on the perovskite surface without affecting other 
overpotential contributions during oxygen electrocatalysis.

2.4. Evaluation of surface by soft XAS of the pristine powders and post- 
mortem samples

To illustrate the surface evolution of the as-prepared and reduced 
LSFPt catalysts following OER and ORR, ex-situ soft X-ray absorption 
spectroscopy (sXAS) in total electron yield (TEY) mode was performed 
on the pristine powders as well as before and after electrochemical 
measurements (Fig. 4). Commercial reference material Fe2O3 has been 
used as the standard for Fe3+ oxidation state. As a first step, soft XAS 
analysis was carried out on pristine samples (powder form, before any 
electrochemistry testing) to assess surface changes induced by the 
reduction treatment on LSFPt. The complete Fe L-edge spectra in 
Fig. S11 exhibit similar spectral shapes for both samples, with two L3 
and L2 edges, which further split into t2g and eg bands [20]. Focusing on 
Fe L3-edge spectra in Fig. 4a, the as-prepared sample exhibits a main 
band at 709.9 eV, slightly shifted to higher absorption energies (+0.23 
eV) compared to the Fe3+ reference, along with a broadening of the 
high-energy shoulder. This shift and broadening of the band suggest the 
presence of Fe in a higher oxidation state (Fe4+), which is consistent 
with this type of Sr-doped ferrite perovskites [20,71,72]. In contrast, the 
reduced sample displays a smaller shift relative to the Fe3+ reference 
(+0.11 eV), indicating that the Fe oxidation state at the surface is 
slightly lower on the reduced LSFPt sample because of the reduction 
treatment. Importantly, the perovskite structure remains intact after the 
reduction treatment, as confirmed by XRPD in Fig. 1a [31,32,71]. No 
significant changes of Fe L-edge were observed before and after elec
trochemistry. More information about Fe L-edge spectra can be found in 
Supplementary Information (Fig. S12).

The full O K-edge spectra collected for the LSFPt samples are shown 
in Fig. 4b. With respect to Fe L-edge, O K-edge spectrum has a more 
complex shape, and the band attribution is more challenging. The fea
tures at higher energies (>534 eV) can be related to La4d / O2p and B- 
site 4sp/ O2p electronic states, while the most characteristic region be
tween 526–534 eV depends on the dipole transition from O1s core level 
to O2p states hybridized with B-site metal 3d states [73–75]. The O K- 
edge spectra of LSFPt samples are similar to other LSF-based oxide 
spectra observed by other authors [76,77]. Two main bands can be 
found at low energy: an edge band around 530 eV and a pre-edge band 
around 528 eV, related to t2g↓ unoccupied state and eg↑ partially unoc
cupied state, respectively. Usually, in the perovskite systems the in
tensity of these peaks is proportional to the number of d electrons in the 
orbital and then to the oxidation state of the metal in the B-site [73]. 
Unlike both LSFPt samples, the Fe3+ reference does not exhibit the pre- 
edge at 528 eV. This feature is related to the hole-states induced by the 
Sr-doping in this type of ferrite oxides: the presence of Sr cations at the 
A-site induces the oxidation of Fe from Fe3+ (t2g3 eg2) to Fe4+ (t2g3 eg1), 
changing the electronic configuration [20,78,79]. Focusing on the t2g↓ 

(labeled B in Fig. 4b) and eg↑ (labeled A in Fig. 4b) bands, the intensity of 
both A and B bands decreases after reduction treatment. Moreover, A/B 
area ratio decreases from 0.86 in the as-prepared LSFPt to 0.43 in the 
reduced sample (see Fig. 4b). This reduction in intensity and the lower 
A/B ratio suggest an increased electron density in the B-site eg↑ orbital, 
which can suggest a partial reduction of the metals in the B-site 
[31,80,81], in our case would be Fe and Pt. This effect is likely related to 
the increased oxygen defects, which have been shown to be beneficial 
for the OER/ORR performance.

To get qualitative information about the evolution of the surface 
after electrochemistry measurements, O K-edge was collected before and 
after OER/ORR electrochemical routines. At first, the interaction of the 
samples with the electrolyte was assessed by collecting the O K-edge 
spectra of the drop-casted sample after immersion in 0.1 mol L− 1 of KOH 
electrolyte for 15 min under open circuit potential conditions (labeled as 
OCP). Fig. 4c,d present the comparison between powder and open cir
cuit potential (OCP) spectra for as-prepared and reduced LSFPt, 
respectively. In both cases, the interaction with the electrolyte changes 
the shape of the signal, especially in the high-energy range (>534 eV), 
due to the perovskite interaction with H2O/OH– and Nafion solution 
[82]. Focusing on the low-energy range (<534 eV), the as-prepared and 
the reduced LSFPt have opposite behavior. For the as-prepared, the OCP 
spectrum displays similar intensities for both A and B features at around 
528 and 539 eV, respectively (Fig. 4c), indicating minimal changes in 
the perovskite surface. In contrast, the reduced LSFPt presents signifi
cant changes in both bands (Fig. 4d), suggesting a stronger interaction 
between the defective surface and OH– species from the electrolyte. A 
similar trend has been reported for CoOx/CeO2 and CoOx catalysts, 
where increased in oxygen deficiency of the doped CoOx/CeO2 led to 
more pronounced modifications in the O K-edge and superior catalytic 
performance compared to undoped CoOx [83].

The O K-edge spectra of both LSFPt samples after OER and after ORR 
measurements were also evaluated (Fig. 4e,f). The evolution of the low- 
energy features A and B, along with the A/B area ratios, is compared for 
both samples in Fig. S13. For the as-prepared sample (Fig. 4e), the in
tensity and the shape of the O K-edge bands remain largely unchanged 
with respect to the OCP spectrum. As shown in Fig. S13, the values of 
the A and B peak areas and the A/B area ratio remain stable after the 
oxygen reduction and evolution reactions, as indicated by the almost 
horizontal lines. This suggests that the oxygen environment on the 
surface in the as-prepared sample is mostly preserved after electro
chemical measurements. Additionally, both features show consistent 
trend after OER and after ORR electrochemical routines, as highlighted 
in the enlargement of Fig. 4e. In contrast, the reduced LSFPt exhibits 
more evident spectral changes after oxygen reactions compared to the 
OCP spectrum (Fig. 4f). After OER, the A feature increases in intensity, 
while the B feature decreases, resulting in an overall increase in A/B area 
ratio (Fig. S13). After ORR, both A and B features exhibit a pronounced 
increase in intensity compared to the OCP spectrum. Moreover, a 
distinct spectral feature appears at 531 eV (Fig. 4f). These spectral 
changes suggest that the reduced sample experienced more surface 
modifications than the as-synthesized one, possibly involving changes in 
oxygen coordination and surface adsorption. As suggested by Mueller et. 
al. [74] when evaluating the role of A and B features in a similar type of 
perovskite under operando conditions, the increase in intensity of pre- 
edge feature A could be an indication of the annihilation of the oxy
gen vacancies due to the presence of oxygen adsorbates on the catalyst 
surface, while the change in intensity of feature B is more likely related 
to changes in covalent bonding between B-site metal and oxygen on the 
surface [74]. Although our spectra were collected ex situ, the observed 
changes in the reduced sample may suggest analogous surface modifi
cations, especially considering the presence of oxygen deficiency and 
reduced Pt species on the surface.
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3. Conclusion

In this work, we successfully exsolved nanoparticles containing 
reduced Pt species from La0.6Sr0.4FeO3-δ doped with 5 mol% Pt and 
demonstrated that this in-situ exsolution significantly enhances the ox
ygen electrocatalytic performance of a ferrite perovskite in alkaline 
media. The mild-temperature (500 ◦C) reduction treatment promotes 
the exsolution of reduced Pt-containing nanoparticles onto the perov
skite surface, while generating surface oxygen defects without 
compromising the structural integrity of the perovskite material. This 
dual effect enhances both OER and ORR activity. Structural and 
morphological characterizations reveal a defect-rich surface decorated 
with well-dispersed Pt-containing exsolved nanoparticles approximately 
1.2 nm in size. In the electrochemical evaluations, the reduced LSFPt 
exhibits more than 2.5-fold higher activity compared to the as-prepared 
sample for both the OER and ORR, with a reduction in polarization 
resistance of 37% and 17%, respectively. EIS and DRT deconvolution 
analyses further confirm the positive effect of the reduction treatment, 
revealing decreased resistance in the medium-frequency range associ
ated with charge transfer processes for both reactions. Additionally, a 
qualitative surface sensitive ex-situ XAS analysis at O K-edge suggests 
more surface alterations in the reduced sample than the as-synthesized 
one, likely involving changes in oxygen coordination and adsorption. 
While the reduced LSFPt catalyst’s performance does not meet the 
benchmark of the state-of-the-art materials Pt/C for ORR and NiFeOx for 
OER, it still shows significant enhancement compared to the untreated 
sample. This one-step reduction strategy, which simultaneously in
troduces defects and exsolves ORR-active nanoparticles containing 
reduced Pt species on the catalyst’s surface, provides a valuable meth
odological insight for the community to harness oxygen electrocatalysis 
across a range of perovskite and related OER-active materials.

4. Experimental sections

4.1. Materials synthesis

The synthesis of La0.6Sr0.4Fe0.95Pt0.05O3-δ (LSFPt) was carried out via 
citrate–nitrate solution combustion method, following a procedure 
described in detail elsewhere [34]. In brief, nitrate precursors La 
(NO3)3⋅6H2O (Alfa Aesar©, 99.999%), Sr(NO3)2 (Aldrich®, 99.995%), 
Fe(NO3)3⋅9H2O (Aldrich®, 99.99+%) and H12N6O6Pt (Alfa Aesar©, 
99.995%), were dissolved in distilled water with 1:1 ratio of citric acid 
monohydrate (Aldrich, 99.5%) as fuel and complexing agent. After the 
evaporation of water, the gel was ignited at 350 ◦C, and the obtained 
amorphous ashes were calcined at 750 ◦C, 5 ◦C⋅min− 1 for 6 h to obtain 
the final compound. The temperature-controlled reduction treatment 
was performed by treating the LSFPt powder at 500 ◦C, 5 ◦C⋅min− 1 

under the flux of 5% H2/Ar mixture for 10 h, at a flow rate of 100 
cm3•min− 1.

4.2. Structural and morphological characterizations

X-ray powder diffraction (XRPD) patterns were obtained using a 
Philips X-Pert Pro 500 diffractometer with Cu Kα radiation (λ = 1.54056 
Å) from 20◦ to 90◦ in 2θ with 0.015◦ step size and 10 s time per step. The 
surface area was assessed by Brunauer-Emmett-Teller (BET) method 
with a TriStar II Plus Micromeritics apparatus. Samples were pretreated 
at 350 ◦C under nitrogen flow and the adsorption/desorption isotherms 
were acquired at − 196 ◦C. The BET specific surface area was evaluated 
in the 0.05–0.3p/p0 relative pressure range of the adsorption branch. 
Thermogravimetric (TG) analyses were carried out on 30 mg of sample 
loaded in a Pt crucible under N2 flux using a TG-DSC 1 (Mettler Toledo, 
STAR system). The mass loss was recorded between 50 ◦C and 500 ◦C, 
with a heating ramp of 5 ◦C⋅min− 1. The buoyancy effect was subtracted. 
Hydrogen temperature programmed reduction (H2-TPR) was performed 
with AutoChem 2950 HP Micromeritics automated flow through device 

with a TCD detector. The measurement was performed up to 1000 ◦C, 
flowing 5% H2/Ar gas mixture at 30 cm3•min− 1 during the heating 
process, recording the H2 consumption. CuO (99.99%, Aldrich®) was 
reduced for TCD calibration. The morphological analysis of both as- 
prepared and reduced LSFPt samples was performed using a 200 kV 
Transmission Electron Microscope (TEM ZEISS LIBRA200FE) and a Field 
Emission Scanning Electron Microscope (FE-SEM Leo SUPRATM 35 Carl 
Zeiss SMT).

The XPS spectra were acquired with a VG ESCALAB 220iXL spec
trometer (Thermo Fisher Scientific) with a detection depth of 7–10 nm. 
The instrument was calibrated on a clean silver surface by measuring the 
Ag 3d5/2 peak at a binding energy (BE) of 368.25 eV with a full width at 
half-maximum (FWHM) of 0.78 eV at a pass energy of 30 eV. Focused 
monochromatized Al Kα radiation (1486.6 eV). The beam size was 
~500 μm2. The pressure in the analysis chamber was approximately 
2•10− 9 mbar. All survey spectra were recorded with a dwell time of 10 
ms, using the pass energy of 70 eV in steps of 0.5 eV. The spectra ac
quired in a narrow energy scan were recorded using a pass energy of 20 
eV in steps of 50 meV and a dwell time of 50 ms. The binding energy 
scale was calibrated using the Super-C carbon C1s peak (C–C binding 
energy of 284.8 eV). All intensities are normalized to the signal of C–C at 
284.8 eV. Measurements were performed directly on the powder sam
ples grounded in the agate mortar with 10 wt% of carbon black pearl 
(2000 carbon black, Cabot Corporation).

4.3. Electrochemical measurements

The electrochemical measurements were carried out in a three- 
electrodes electrochemical cell at room temperature, using a rotating 
disk electrode (RDE) to load the catalyst to act as the working electrode. 
The setup is composed of a potentiostat (Biologic, VMP-300) and a 
rotation speed-controlled motor (Pine Instrument Co., AFMSRCE). The 
reference electrode (RE) and counter electrode (CE) were a Hg/HgO 
electrode and a gold mesh, respectively. The electrolyte used was 0.1 
mol L− 1 KOH (pH 13) prepared by dissolving KOH pellets (99.99% 
Sigma Aldrich) in ultrapure water. Prior to the electrochemical mea
surement, to keep the same electrochemical environment for both oxy
gen reactions, the electrolyte was saturated by flowing synthetic air 
(20% O2) for 30 min, and the flow was maintained throughout the ex
periments. The catalyst ink was prepared by adding 5 mg of catalyst in a 
mixed solution of 0.5 mL ultrapure water, 2 mL isopropyl alcohol (IPA), 
and 10 μL Nafion solution (Sigma Aldrich, 5% wt) as a binding agent, 
and sonicating for 30 min. Nafion was used as a dispersant and binding 
agent to ensure strong mechanical attachment of the film to the glassy 
carbon disk. Although Nafion is a proton-conducting ionomer, it is 
widely used in alkaline RDE studies due to its excellent mechanical and 
electrochemical stability. It is important to point out that while the 
negative charge functional groups in Nafion may locally interact with 
hydroxide ions from the electrolyte, these effects do not significantly 
alter the overall pH near the catalyst during the RDE experiment [84]. 
The electrode was prepared by drop casting 10 μL of catalyst ink on the 
surface of polished glassy carbon (GC, 0.196 cm2) in the RDE, with a 
final catalyst mass loading of 0.02 mg. All specified potentials in this 
study were given concerning the reversible hydrogen electrode (RHE) 
scale indicated with the unit VRHE. The potential difference was deter
mined with the calibration of the used reference electrode against a 
polycrystalline platinum disc (0.196 cm2, Pine Research Instrumenta
tion, Durham, NC, USA) immersed in the hydrogen-saturated electro
lyte. The electrochemical protocol for determining the OER activity for 
the synthesized catalysts included cyclic voltammetry (CV) between 1.0 
VRHE to 1.7 VRHE (25 times) at a scan rate of 10 mV s− 1 and rotation at 
900 rpm. For the ORR protocol, CV between 0.0 VRHE to 1.0 VRHE (5 
times) at a scan rate of 5 mV s− 1 and rotation at 1600 rpm. The measured 
ORR current was corrected for capacitive contribution by performing 
the same ORR protocol in Ar-saturated electrolyte. To better evaluate 
the electrocatalytic versatility of the samples towards OER/ORR, the 
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same ink composition was used, avoiding the addition of carbon for ORR 
measurement. To overcome the GC influence, the same support was used 
with the same surface preparation before and after the measurements. 
The ORR activity of GC was measured before every drop cast. The po
tentials were corrected for ohmic drop using electrochemical impedance 
spectroscopy (EIS) analysis, and all measured currents were normalized 
by the mass of the catalyst. EIS was carried out from 1 MHz to 0.1 Hz 
frequency range with an alternating current (AC) signal amplitude of 5 
mV. EIS spectra were acquired at fixed potentials of 1.6 VRHE and 0.4 
VRHE for OER and ORR, respectively. For the reduced sample, the study 
of the evolution of EIS spectra at different potentials was implemented 
for both OER and ORR. For all the EIS measurements, the distribution of 
relaxation times (DRT) method was used for the deconvolution of the 
impedance contribution related to the different reaction processes. DRT 
analysis was carried out using a MATLAB tool developed by Ciucci et al. 
[55].

4.4. Statistical analysis of electrochemical measurements

The data presented in Fig. 2 are representative of multiple electro
chemical measurements performed on at least three independent de
positions from three different catalyst inks. Statistical analysis for both 
oxygen reactions is provided in Fig. S7 in the Supplementary Informa
tion. The current profiles shown in Fig. S7a-c and the potential values at 
different current densities in Fig. S7b-d were calculated as the average 
of three independent measurements, with error bars indicating the 
standard deviations. Both OER and ORR results presented in Fig. 2 are 
consistent with these statistics and fall within the reported error 
margins.

4.5. Soft X-ray adsorption measurements

The ex-situ soft X-ray absorption spectroscopy (XAS) measurements 
were performed in the low-energy branch of the PHOENIX (X07MB) 
beamline at the Swiss Light Source (SLS) at the Paul Scherrer Institute 
(PSI), Switzerland. The spectra were recorded in continuous mode, 
recording the total-electron yield (TEY) every 0.025 eV, at room tem
perature in high vacuum (10− 6 mbar). The scan rate was 80 eV per 3 min 
(26.67 eV min− 1). The detection depth for the TEY measurement is <10 
nm. All spectra were divided by the I0 signal of an Au grid positioned 
between the sample and the X-ray source. The measurements on as- 
prepared and reduced LSFPt samples, along with the commercial 
Fe2O3 used as a reference material, were carried out on the bare powders 
attached to a carbon tape and mounted on a copper holder. The same 
measurements were carried out on the materials before and after elec
trochemistry, on a glassy carbon support. The spectra before electro
chemistry were acquired after immersing the working electrode in 0.1 
mol L− 1 KOH electrolyte and collecting the open circuit potential (OCP) 
for 15 min, samples labeled as “OCP”. The spectra after electrochemistry 
were measured on the samples that underwent the entire OER/ORR 
electrochemical routine outlined previously, samples labeled as “after 
OER” and “after ORR”. The O K-edge and Fe L-edge spectra were 
normalized using distinct methods using ATHENA and Origin, which 
were verified to yield consistent results. For Fe L-edge spectra, 
normalization was performed by first calculating a total background 
from the signal below the edge and subtracting this value for the whole 
spectra, followed by normalizing the entire spectrum to the intensity of 
the most prominent peak. For O K-edge spectra, normalization was 
performed by fitting and subtracting a pre-edge polynomial and then 
normalizing the post-edge by a representative intensity region. Example 
spectra illustrating each normalization are provided in the Supporting 
Information (Fig. S14). To quantify the O K-edge peak areas, a linear 
background was fitted and removed between the two adjacent local 
minima, and the area under the signal was integrated, as described by 
Suntivich et al. [73].
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[48] H. Göksu, K. Cellat, F. Şen, Single-walled carbon nanotube supported PtNi 
nanoparticles (PtNi@ SWCNT) catalyzed oxidation of benzyl alcohols to the 
benzaldehyde derivatives in oxygen atmosphere, Sci. Rep. 10 (2020) 9656.

[49] https://www.xpsfitting.com/2012/01/platinum.html, pp. X-ray Photoelectron 
Spectroscopy (XPS) Reference Pages.

[50] https://xpsdatabase.net/platinum-spectra-pto2, pp. XPS database.
[51] Y. Inoue, Y. Miyahara, K. Miyazaki, C. Lee, R. Sakamoto, T. Abe, Tracking activity 

behavior of oxygen evolution reaction on perovskite oxides in alkaline solution via 
3-dimensional electrochemical impedance spectroscopy, J. Electroanal. Chem. 962 
(2024) 118270.

[52] K. Zhu, F. Shi, X. Zhu, W. Yang, The roles of oxygen vacancies in electrocatalytic 
oxygen evolution reaction, Nano Energy 73 (2020) 104761.

[53] E. Marelli, J. Gazquez, E. Poghosyan, E. Müller, D.J. Gawryluk, E. Pomjakushina, 
D. Sheptyakov, C. Piamonteze, D. Aegerter, T.J. Schmidt, Correlation between 
oxygen vacancies and oxygen evolution reaction activity for a model electrode: 
PrBaCo2O5+ δ, Angew. Chem. Int. Ed. 60 (2021) 14609–14619.

[54] B. Ruiz-Camacho, J.B. Vera, A. Medina-Ramírez, R. Fuentes-Ramírez, G. Carreño- 
Aguilera, EIS analysis of oxygen reduction reaction of Pt supported on different 
substrates, Int. J. Hydrogen Energy 42 (2017) 30364–30373.

[55] T.H. Wan, M. Saccoccio, C. Chen, F. Ciucci, Influence of the discretization methods 
on the distribution of relaxation times deconvolution: implementing radial basis 
functions with DRTtools, Electrochim. Acta 184 (2015) 483–499.

[56] C. Plank, T.G. Bergmann, N. Schlüter, M.A. Danzer, Distribution of relaxation times 
analysis for impedance spectra containing resistive-inductive characteristics: Part I. 
Deconvolution methods, J. Electrochem. Soc. 172 (2025) 060514.

[57] H. Schichlein, A.C. Müller, M. Voigts, A. Krügel, E. Ivers-Tiffée, Deconvolution of 
electrochemical impedance spectra for the identification of electrode reaction 
mechanisms in solid oxide fuel cells, J. Appl. Electrochem. 32 (2002) 875–882.

[58] M. Ranz, B. Grabner, B. Schweighofer, H. Wegleiter, A. Trattner, Dynamics of anion 
exchange membrane electrolysis: unravelling loss mechanisms with 
electrochemical impedance spectroscopy, reference electrodes and distribution of 
relaxation times, J. Power Sources 605 (2024) 234455.

[59] Y. Lu, C.-Z. Zhao, J.-Q. Huang, Q. Zhang, The timescale identification decoupling 
complicated kinetic processes in lithium batteries, Joule 6 (2022) 1172–1198.

[60] P. Jiang, Y. Xu, Z. Gong, B. Ge, L. Ding, C. Huang, X. Qiu, Z. Pei, Entropy-driven 
competitive adsorption sites tailoring unlocks efficient hybrid conversion Zn–air 
batteries, Angew. Chem. (2025) e202504188.

A.P. Panunzi et al.                                                                                                                                                                                                                              Applied Surface Science 732 (2026) 166536 

11 

http://refhub.elsevier.com/S0169-4332(26)00740-3/h0040
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0040
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0040
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0045
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0045
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0045
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0050
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0050
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0055
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0055
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0055
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0060
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0060
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0060
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0065
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0065
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0065
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0070
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0070
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0070
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0075
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0075
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0075
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0080
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0080
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0080
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0085
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0085
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0085
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0090
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0090
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0090
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0090
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0095
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0095
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0095
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0095
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0100
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0100
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0100
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0100
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0105
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0105
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0105
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0105
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0105
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0110
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0110
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0115
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0115
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0120
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0120
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0120
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0120
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0125
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0125
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0130
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0130
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0130
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0135
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0135
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0135
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0135
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0140
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0140
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0140
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0140
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0145
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0145
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0145
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0150
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0150
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0150
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0155
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0155
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0155
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0155
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0160
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0160
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0160
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0160
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0165
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0165
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0170
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0170
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0170
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0175
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0175
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0175
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0175
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0180
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0180
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0180
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0180
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0185
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0185
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0185
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0190
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0190
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0190
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0195
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0195
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0195
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0195
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0200
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0200
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0200
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0200
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0205
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0205
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0205
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0205
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0210
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0210
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0210
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0215
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0215
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0215
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0215
http://refhub.elsevier.com/S0169-4332(26)00740-3/h9000
http://refhub.elsevier.com/S0169-4332(26)00740-3/h9000
http://refhub.elsevier.com/S0169-4332(26)00740-3/h9000
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0225
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0225
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0225
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0225
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0230
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0230
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0230
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0235
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0235
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0235
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0235
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0240
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0240
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0240
https://www.xpsfitting.com/2012/01/platinum.html
https://xpsdatabase.net/platinum-spectra-pto2
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0255
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0255
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0255
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0255
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0260
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0260
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0265
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0265
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0265
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0265
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0270
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0270
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0270
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0275
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0275
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0275
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0280
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0280
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0280
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0285
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0285
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0285
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0290
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0290
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0290
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0290
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0295
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0295
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0300
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0300
http://refhub.elsevier.com/S0169-4332(26)00740-3/h0300


[61] M. Wu, H. Yuan, H. Zhang, C. Wang, X. Wei, J. Zhu, H. Dai, Analysis of kinetics and 
operating condition sensitivity for alkaline water electrolyzer by distribution of 
relaxation times of impedance, J. Power Sources 654 (2025) 237689.

[62] A. Rampf, C. Marchfelder, R. Zeis, Distribution of relaxation times analysis of 
rotating disk electrode impedance spectra, Electrochim. Acta 514 (2025) 145583.

[63] V.S. Kalimuthu, R. Attias, Y. Tsur, Electrochemical impedance spectra of RuO2 
during oxygen evolution reaction studied by the distribution function of relaxation 
times, Electrochem. Commun. 110 (2020) 106641.

[64] A. Alobaid, C. Wang, R.A. Adomaitis, Mechanism and kinetics of HER and OER on 
NiFe LDH films in an alkaline electrolyte, J. Electrochem. Soc. 165 (2018) 
J3395–J3404.

[65] Y. Lu, W. Wang, F. Xie, Investigation of oxygen evolution reaction kinetic process 
and kinetic parameters on iridium electrode by electrochemistry impedance 
spectroscopy analysis, J. Electroanal. Chem. 871 (2020) 114281.

[66] G. Pagano, A.P. Panunzi, S. Del Gobbo, N. Lisi, V. Guglielmotti, E. Di Bartolomeo, 
L. Duranti, Boosting oxygen evolution reaction activity descriptors in LaNiO3 
perovskite oxide via one-pot synthesis for alkaline electrolysis, J. Power Sources 
663 (2026) 238820.

[67] F.R. Costa, D.V. Franco, L.M. Da Silva, Electrochemical impedance spectroscopy 
study of the oxygen evolution reaction on a gas-evolving anode composed of lead 
dioxide microfibers, Electrochim. Acta 90 (2013) 332–343.

[68] A. Kube, W. Strunz, N. Wagner, K.A. Friedrich, Evaluation of electrochemical 
impedance spectra of-batteries (Li-air/Zn-air) for aqueous electrolytes, 
Electrochim. Acta 396 (2021) 139261.

[69] E. Sediva, S. Bonizzoni, T. Caielli, P. Mustarelli, Distribution of relaxation times as 
an accessible method to optimize the electrode structure of anion exchange 
membrane fuel cells, J. Power Sources 558 (2023) 232608.

[70] Q. Meyer, S. Liu, Y. Li, C. Zhao, Operando detection of oxygen reduction reaction 
kinetics of Fe–N–C catalysts in proton exchange membrane fuel cells, J. Power 
Sources 533 (2022) 231058.
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