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ARTICLE INFO ABSTRACT
Keywords: The widespread reliance on evaluating electrocatalysts in electrochemical half-cells presents limitations that
Zero-gap full-cell hinder a faster transition from academia to industry and can lead to premature exclusion of promising materials.

Coherent workflow
Spray-flame synthesis
Perovskite material
Oxygen evolution reaction
Alkaline water electrolysis

To address these challenges, it is crucial to implement materials testing in application-relevant setups such as
zero-gap full-cells. This transition can be achieved through implementing coherent workflows combining rapid
evaluation of as-synthesized materials, electrode evaluation at different scales, and post-mortem analysis. This
work presents a comparative study of three spray-flame synthesized lanthanum-based perovskite materials
(LaMnOg3, LaFeOs, and LaCoOs) for the oxygen evolution reaction under alkaline conditions, highlighting
different behavior across scales. The research demonstrates how the interplay of materials properties, electrode
engineering, and metal-support interactions influences performance under mild and harsh electrochemical
conditions. Electrochemical half-cell testing consistently identifies LaFeOg3 as the best oxygen evolution reaction
catalyst across various configurations. This unforeseen behavior necessitates further investigation under
application-relevant conditions. Full-cell testing at 500 mA cm™2 corroborates the trends observed in electro-
chemical half-cell testing, with LaFeO3 and LaMnOg3 exhibiting comparable performance to LaCoOs after pro-
longed operation. Furthermore, a degradation study under 1000 mA cm~2 highlights their potential for
continued catalyst development. Advanced post-mortem techniques provide deeper insight into catalytic activity
and structural changes, linking performance evolution to catalyst-substrate interactions and material-dependent
surface changes under oxidative polarization. By bridging fundamental studies to application-relevant testing,
this research provides knowledge and methods for accelerated material and electrode development.
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Abbreviations

AC Analytical centrifuge

AEM Adsorbate evolution mechanism

AFM Atomic force microscopy

BET Brunauer-Emmett-Teller method

Cal Double-layer capacitance

CE Counter electrode

CP Chronopotentiometry

Ccv Cyclic voltammetry

ECSA Electrochemically active surface area
EDX Energy-dispersive X-ray analysis

EEC Electrical equivalent circuits

EIS Electrochemical impedance spectroscopy
FTIR Fourier transform infrared spectroscopy

GCE Glassy-carbon electrode

GIXRD Grazing incidence mode X-ray diffraction

HRTEM High resolution transmission electron microscopy

HSP Hansen solubility parameter

ICP-OES Inductively coupled plasma optical emission spectroscopy
La-based Lanthanum-based

LCO LaCoO3

LFO LaFeOg3

LMO LaMnOs3

LOM Lattice oxygen mechanism

LSV Linear sweep voltammetry
MOF Metal-organic frameworks
OCP Open circuit potential
OER Oxygen evolution reaction
PL Probe liquid

Pristine Pristine material

PTFE Polytetrafluoroethylene
RDE Rotating disc electrode

RRDE Rotating ring-disk electrode

RE Reference electrode

RHE Reversible hydrogen electrode
RMS Root mean square

SDC Scanning droplet cell

SEM Scanning electron microscope
SFS Spray-flame synthesis

slm Standard liter per minute

SMSI Strong metal-support interaction

Spent-60 Electrode tested for 24 h at 60 °C
Spent-RT Electrode tested for 12 h at room temperature

TEM Transmission electron microscopy
TOF Turnover frequency

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

3D Three-dimensional

1. Introduction

Water electrolysis consists of water decomposition into hydrogen
and oxygen through an external energy-driven redox reaction. The ox-
ygen evolution reaction (OER) at the anode is kinetically sluggish and
represents a major bottleneck in the development of highly efficient
anode electrocatalysts. Noble metals, such as Ir and Ru, exhibit adequate
OER performance in acidic conditions. However, their scarcity, high
cost, and limited stability hinder their practical applications [1-4]. In
contrast, electrolysis in alkaline conditions can be performed with
various non-noble metal materials with decent stability. Among them,
mixed spinel oxides and metal organic frameworks (MOF)-derived
composites have attracted attention due to their tunable composition
and structural versatility [5-7]. Along this line, perovskite oxide mate-
rials (ABOs, where A represents alkaline-earth or rare-earth metals {Ca,
Sr, La} and B represents transition metals {Mn, Fe, Co, and Ni}) have
shown promising results in alkaline OER [4,8-11]. For instance, La-
based perovskites possess the advantage of structural flexibility in the
A and B positions, which affects conductivity, stability, and defect for-
mation [12,13].

In this study, we focus on three La-based perovskites: LaMnOs,
LaFeOs, and LaCoOs5 (LMO, LFO, and LCO). The increase of the Mn**/3+
ratio in LMO induces more oxygen bonding with the active Mn**,
leading to improved structural stabilization [14,15]. LFO combines good
redox activity with suitable electronic and ionic conductivity [16].
However, LCO offers superior intrinsic catalytic activity compared to the
other two candidates due to the Co>*/4* redox transitions, which pro-
mote the formation of oxygen vacancies in the lattice [12,17]. Although
several OER studies have investigated previously mentioned perovskites
[18-21], they have typically only been evaluated at laboratory-scale
conditions using rotating disc electrodes (RDE) or on nickel foam at
low current densities of 10 mA cm™2, with LCO consistently presented as
the best pristine perovskite for OER [18-20,22]. As a result, the sys-
tematic transferability of these activity trends to application-relevant
conditions remains largely unexplored. In these studies, the perovskite
materials were prepared via solution combustion, sol-gel, or co-
precipitation synthesis.

In contrast, this work introduces spray-flame synthesized perov-
skites. Spray-flame synthesis (SFS) has proven to be a highly effective
and innovative approach for producing nanosized lanthanum-based
perovskites [23], offering distinct advantages over traditional methods
such as solid-state synthesis, solution combustion, and sol-gel synthesis
[24,25]. In terms of preparation cost, SFS generally enables faster pro-
cesses with reduced energy consumption [26], thus lowering opera-
tional expenses compared to sol-gel and solution combustion, which
often require longer reaction times and higher post-processing temper-
atures. Solid-state synthesis is not the preferred method because nano-
particles with a high specific surface, which is aimed for in applications
such as catalysis, cannot be obtained. The scalability of SFS is superior,
as it can be continuously operated and readily transferred to large-scale
production [27,28], whereas sol-gel and solution combustion methods
are often batch-based and more challenging to scale up [29]. Although
batches can be scaled up in sol-gel synthesis, maintaining high phase
purity and small particle sizes remains a significant challenge [30].
Furthermore, the use of liquid precursors in SFS enables efficient
molecular-level mixing of metal ions, thereby facilitating precise control
over the particles' composition. Importantly, the use of SFS allows us to
minimize morphological and structural variability between LMO, LFO,
and LCO, thereby decoupling intrinsic material chemistry from extrinsic
synthesis-induced effects.

Advancing technology for alkaline water splitting, and in particular
for the OER, requires more than just understanding the intrinsic prop-
erties of the synthesized materials. It also involves addressing the
associated challenges connected to anode preparation, which arise in the
case of particle-based, coated catalyst layers due to complex interactions
among the substrate, ionomer, and electrocatalyst. Factors such as ink
formulation, ink deposition, substrate selection, and electrocatalyst
properties influence adhesion, cohesion, wetting, and overall efficiency
[31,32]. This creates a highly complicated system that requires a
tailored approach for each electrocatalyst [33]. Another barrier is the
slow transition from lab-scale testing in electrochemical half-cells
(10-100 mA cm’z, room temperature) toward industry-relevant
testing using full-cells (> 500 mA cm’z, > 50 °C) [34]. This hinders
the integration of electrocatalysts into real-life systems early in the
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product and process development due to a limited understanding of the
material's behavior. To overcome these challenges, we previously
developed a highly structured and coherent workflow that enables the
evaluation of electrocatalyst performance (half- and full-cell testing) in
combination with a systematic and trackable material assessment along
the process chain, using scalable technologies [33]. This comprehensive
approach integrates synthesis, advanced ink formulation, electro-
chemical testing, and electrode post-mortem analysis, pointing toward
pathways for future materials development. In addition to meeting
material preparation requirements on a desired scale and with the
desired activity and stability, practical OER catalysts must also meet
industrial criteria, including cost-effectiveness, appropriate selection of
membranes, the use of earth-abundant and low-toxic elements, minimal
environmental impact, and compliance with government policies. While
these factors are crucial for large-scale water electrolysis, they are
beyond the scope of the current study and do not represent a compre-
hensive list of all considerations necessary for real-world implementa-
tion [35-37].

In this research, we emphasize that advancing perovskite-based OER
anodes requires bridging the gap between laboratory-scale screening
and application-relevant operation. While intrinsic electronic structure
and redox properties provide an important baseline, the apparent ac-
tivity and stability of particle-based perovskite electrodes can be
strongly influenced by electrode preparation and by material evolution
under oxidative polarization. Therefore, we combine spray-flame syn-
thesis with controlled electrode fabrication and a coherent evaluation
workflow spanning complementary half-cell configurations and zero-
gap full-cell testing, supported by post-mortem characterization. This
integrated approach enables a systematic comparison of LMO, LFO, and
LCO and establishes a mechanistic framework for understanding how
perovskite composition, catalyst-substrate interactions, and surface
evolution shape OER performance across operating regimes.

2. Experimental section
2.1. Spray-flame synthesized perovskites

LMO, LFO, and LCO nanoparticles were synthesized via spray-flame
synthesis using a SpraySyn-based reactor, following procedures estab-
lished in our previous studies [33,38]. The precursors, solvents, and
binder were obtained from commercial suppliers. A complete list of
chemicals and sources, as well as details of precursor preparation and
reactor conditions, is provided in Section S1.1 (supplementary
material).

2.2. Construction of catalyst-coated electrodes

Catalyst-coated anode electrodes were prepared by ultrasonic spray
coating perovskite-based inks onto nickel substrates (plate and foam).
The final catalyst loading for all electrochemical experiments was
250-260 pg cm 2. Due to system requirements, the mass loading for the
flow cell coupled with inductively coupled plasma optical emission
spectroscopy (ICP-OES) was 1 mg cm 2. The anode electrode fabrication
process is described in detail in Section S1.2 (Supplementary material).

2.3. Characterization of perovskite nanopowders and anode electrodes

Structural characteristics of the synthesized nanoparticles were
assessed using X-ray diffraction (XRD), Raman spectroscopy, trans-
mission electron microscopy (TEM), and a high-resolution TEM
(HRTEM), equipped with energy-dispersive X-ray analysis (EDX) for
elemental mapping. X-ray photoelectron spectroscopy (XPS) was used
for the evaluation of the surface elemental composition. The specific
surface area and porosity of LSCO materials were evaluated by Nj
physisorption measurements using the Brunauer-Emmett-Teller (BET)
method, while surface functional groups were probed by attenuated
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total reflectance Fourier transform infrared spectroscopy (ATR-FTIR).
The stability of the nanoparticle dispersions over time was evaluated
using an analytical centrifuge (LUMiSizer®). Additionally, perovskite-
based electrodes were assessed using a scanning electron microscope
(SEM). The morphology of the fabricated coatings was inspected using
an atomic force microscope (AFM), while XRD patterns were recorded in
grazing incidence mode (GIXRD). Surface wettability was assessed using
contact angle measurements, and coating adhesion strength was eval-
uated using centrifugal detachment. Comprehensive characterization
methods are described in Section S1.3 (Supporting Information).

2.4. Electrochemical measurements

The electrocatalytic OER performance in various electrochemical
half-cells was evaluated in O,-saturated, 1 mol L~' KOH. All measured
potentials were automatically 85% iR,-corrected and referenced to the
reversible hydrogen electrode (RHE) [33]. Electrochemical tests
included electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV), linear sweep voltammetry (LSV), and chronopotentiometry
(CP). The membrane electrode assembly (MEA) used in the full-cell
measurements consisted of catalyst-coated nickel foams on the anodic
side and Pt-coated carbon paper on the cathodic side, with PiperION-
HCO3 serving as the membrane. The detailed experimental procedures
are provided in Section S1.4 (supporting information).

3. Results and discussion
3.1. Catalytic nanopowder characterization

All three perovskite materials were synthesized using SFS with
identical solvents and concentration ratios of the respective precursors.
Their structures and compositions were analyzed using XRD (Fig. 1a)
and Raman spectroscopy (Fig. 1b). LMO and LFO diffraction peaks can
be indexed to the single-phase orthorhombic structure matching ICSD
51653 and ICSD 7794, respectively [39-42]. Conversely, the diffraction
pattern of LCO matches the rhombohedral perovskite LaCoOs 925
structure (ICSD 153993) [21]. The phase compositions of the perovskite
materials were additionally assessed with Raman spectroscopy at room
temperature, which has the advantage of being more sensitive to oxygen
motion and structure distortion [43,44]. The Raman spectra of LMO
reveal two strong vibrational modes at around 495 and 622 cm ™}, which
are attributed to the Jahn-Teller distortion of MnOg octahedra [45,46].
Likewise, in the LFO, Raman modes at 435 cm ™' are related to oxygen
bending vibrations, while stretching Raman modes of FeOg octahedra
are observed at 636 cm~l. These findings for both materials are
consistent with the orthorhombic structural configuration previously
determined through XRD [47-49]. Furthermore, the Raman mode in
LCO at 640 cm™! corresponds to Co-O stretching vibrations, providing
additional support for the rhombohedral arrangement of LCO [50,51].

To investigate the surface properties and valence states of all three
perovskite powders, XPS analysis was performed. In all cases,
lanthanum (supplementary material, Fig. S1a) is present as La>". The La
3ds/, multiplet splitting shows energy differences of 3.7, 3.7, and 3.8 eV
for LMO, LFO, and LCO, respectively. These values are consistent with
those reported in the literature for lanthanum-based perovskites
[52-54]. The surface spectra of Mn 2ps3,5 (supplementary material,
Fig. S1b) deconvoluted by peaks at 641.1 and 642.8 eV, belong to Mn>*
and Mn** species, where manganese is predominantly in the Mn>*
valence state [55,56]. The two Fe 2p3,, peaks (supplementary material,
Fig. S1c) positioned at around 710.2 and 711.9 eV indicate the presence
of a mixed oxidation state of Fe?™ and Fe3", respectively [57]. The Co
2p3/2 (supplementary material, Fig. S1d) spectra are also fitted with two
individual peaks at 779.7 and 781.4 eV, corresponding to the Co>* and
Co>* oxidation states [38,58]. The main O 1s XPS spectra for all mate-
rials were deconvoluted into two components (supplementary material,
Fig. Sle) at approximately 528.8 and 531.5 eV, respectively, indicating
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Fig. 1. (a) XRD patterns of spray-flame synthesized LMO (black), LFO (blue), and LCO (red), with corresponding ICSD references 51,653, 7794, and 153,993 (grey).

(b) Raman spectra of LMO (black), LFO (blue), and LCO (red).

predominantly lattice oxygen (Ojattice) and adsorbed hydroxyl species
(Osurface) ON the surface [38,59,60].

The morphological and elemental analysis of spray-flame synthe-
sized perovskite materials was performed using TEM and EDX (Fig. 2a—c,
supplementary material, Fig. S2a—c). All three materials are confirmed
to be mainly present as quasi-spherical primary nanoparticles with
distinct edges, while the EDX analysis evidences a uniform elemental
distribution in all three perovskites. Furthermore, HRTEM images of
LMO and LFO (Fig. 2d—e) show interplanar spacing of 0.281 nm for
LMO, corresponding to the (011) orthorhombic lattice plane, and 0.285
and 0.395 nm for LFO, matching the (121) and (101) lattice planes,
respectively [61,62]. Moreover, the HRTEM image of LCO (Fig. 2f) ex-
hibits crystal lattice fringes with an interlayer spacing of 0.273 nm,
corresponding to (104) rhombohedral planes, consistent with the XRD
and Raman spectroscopy analysis [63,64]. Additionally, the specific
surface area was examined using the BET method. Moreover, SEM
analysis (supplementary material, Fig. S3) reveals that all three perov-
skites tend to agglomerate due to van der Waals forces, particularly
when analyzed as dry powders. The measured specific surface area of
LMO, LFO, and LCO was 105.2, 94.2, and 84.6 m? g~!, with corre-
sponding calculated primary particle sizes (xBET) of 8.7, 9.6, and 10.0
nm, respectively. In total, utilizing the spray flame at high temperatures

ﬁ

results in improved intrinsic properties and phase-pure perovskite
structures with a high surface area. This is crucial for enhancing the
accessibility of active sites. The process temperature can be influenced
by several parameters, including solvent type, fuel flow, oxygen-to-fuel
ratio, and precursor concentration. Our previous studies have shown
that adding methane to the dispersion gas reduces surface contamina-
tion from residual carbonaceous species. Additionally, precursor con-
centration has a significantly greater influence on particle size and
distribution than other process parameters [65]. However, the use of
high-temperature solvents such as toluene and xylol restricts precursor
selection, as nitrate-based compounds are incompatible.

3.2. Powder wetting, dispersion, and ink characterization

Understanding the interactions between nanoparticles, additives,
and solvents is crucial for achieving uniform electrode fabrication and a
successful transition from lab-scale to larger-scale processes. Moreover,
the ability to control the electrode structure for three perovskite mate-
rials is crucial for enabling direct comparison of the materials in half-
and full-cells. The key to a smooth transition is the preparation of ho-
mogeneous, stable dispersions from non-toxic, environmentally and
economically feasible solvents and additives/binders. To investigate the

/// //0.395 nm

f

Fig. 2. (a-c) TEM images of LMO, LFO, and LCO nanopowders. (d-f) HRTEM images of LMO, LFO, and LCO perovskite materials.
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interactions of LMO, LFO, and LCO nanoparticles with different solvents
or probe liquids (PLs), the method of Hanson Solubility Parameter (HSP)
was employed, which we have previously adopted to assess particulates
[66,67]. Thereby, the selection of PLs plays a crucial role in determining
the surface properties of perovskite nanoparticles. For that reason, a
two-step method developed by Amin et al. [68] was introduced. Each of
the perovskite powders was initially dispersed in polar protic, polar
aprotic, and moderately polar PLs, including ethanol, dimethylforma-
mide, tetrahydrofuran, 2-propanol, dimethyl sulfoxide, and acetone.
The interactions and stability of perovskite nanoparticles in the PLs were
visualized using transmittograms (supplementary material, Fig. S4-S6),
which provide qualitative and quantitative insights into the physical
properties of complex colloidal or dispersed systems [69]. For the
calculation of the HSP sphere, the interaction of perovskites with
different PLs was finally categorized on the basis of relative sedimen-
tation times of the settling dispersion during analytical centrifugation.
Using the HSPiP software and the automated addition method devel-
oped by SiiB et al. [70] and Anwar et al. [71], the ordering of PLs into
good and poor was done (supplementary material, Fig. S7).

Transmittograms reveal similar interactions in LMO and LFO,
resulting in the same PL ranking and HSP. Both materials demonstrate
good dispersibility in polar protic ethanol and 2-propanol, as well as
polar aprotic dimethylformamide. In contrast, moderate polar PLs
tetrahydrofuran, acetone, and polar aprotic dimethylsulfoxide, are
classified as poor. LCO exhibits good dispersion stability in polar protic
ethanol and polar aprotic dimethylformamide and dimethylsulfoxide,
while 2-propanol, tetrahydrofuran, and acetone are classified as poor.
Differences in HSP are explained by distinct crystal structures, which
affect the interactions between the nanoparticle surface and the probe
liquid molecules [66,72,73]. These differences are reflected in the
elevated §p and &p values of LCO compared to LMO and LFO, resulting in
a larger radius of the Hansen sphere (supplementary material, Fig. S7,
Table S1).

For further understanding of the interaction between perovskites and
PLs, Fourier-transform infrared spectroscopy (FTIR) measurements
(supplementary material, Fig. S8) of powders were performed. Vibration

a) 405
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modes at 850 cm ™! in all three materials are associated with Mn-O,
Fe-0, and Co-O vibrations [62,74]. Vibration modes between 1300 and
1600 cm ™! indicate the presence of organic residues on the surface after
SFS. The vibrations in LMO and LFO samples at 1372 and 1479 cm ™! are
related to the C-H vibration modes [75,76], while additional vibrations
only noticed in LMO at 1420 and 1578 cm ™! are attributed to C-H and
C=C bonds [77]. Vibrational modes in LCO appear at 1315, 1420, and
1530 cm ™}, corresponding to O-C=0, O-H, and C=C vibrations [75,76].
Above 3000 cm™, it is noted that LMO and LFO possess a significantly
higher amount of surface O-H groups than the LCO particles, which
correlates perfectly with the HSP data [75].

Based on the HSP, ethanol was found as a suitable continuous phase
for dispersing the three perovskites and was selected as the solvent for
the subsequent ink formulation. However, ethanol is a common solvent
used in various applications and industrial processes, resulting in a
massive demand, which has led to increased prices over the last few
years [78,79]. Lowering production costs can be achieved by intro-
ducing water into the system [79-84]. In contrast to inks solely based on
ethanol, the use of water/alcohol mixtures has been observed to impede
crack formation and the occurrence of film delamination during drying,
mainly stemming from the rapid evaporation of ethanol at elevated
temperatures [85,86]. Therefore, stability characterization of the cata-
lysts in ethanol, water, and various mixtures of water/ethanol (50/50,
75/25, and 90/10 v/v%) was conducted (supplementary material,
Fig. S9-S11). Results for all three perovskites show a similar trend,
where the stability of dispersions decreases and material sedimentation
accelerates with increasing water concentration. According to the re-
sults on dispersion stability, a water/ethanol mixture of 75/25 v/v% is
selected as the continuous phase for further formulations, as it presents a
good compromise between costs and stability (Fig. 3a—c).

Upon selecting a suitable solvent, inks were formulated by the
incorporation of Sustainion® as a binder. Our previous findings indicate
that incorporating fluorine-free Sustainion® instead of the well-
established perfluorinated Nafion® in the electrode preparation of
Lag gSrp.2Co03 and NiFe;O4 nanomaterials significantly improves elec-
trode durability, thereby enhancing their performance in the OER [33].
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Fig. 3. (a-c) Transmittograms of LMO, LFO, and LCO dispersions in HyO/EtOH 75/25 v/v%. (d-f) Transmittograms of LMO, LFO, and LCO inks with Sustainion®
binder in H;O/EtOH 75/25 v/v%. Darker colors present low transmission and better phase stability over time.



B. Toplak et al.

As demonstrated in all cases (Fig. 3d—f), the addition of Sustainion® in
small concentrations improved the ink stability, resulting in decreased
sedimentation over time. Altogether, we believe that this structured
process for ink development and improvement will play an important
role for a reproducible electrode fabrication during scale-up.

3.3. Structural characterization of catalyst-coated nickel-substrate
anodes

The surface morphology and roughness of the LMO-, LFO-, and LCO-
based thin-film electrodes were assessed using SEM, EDX, and AFM. The
SEM measurements (Fig. 4a—c) confirm that all three electrodes exhibit
smooth and slightly porous structures, while EDX analysis indicates
uniform elemental distribution across all electrodes. This includes the
organic component from the Sustainion® binder (supplementary ma-
terial, Fig. S12-S14), indicating good dispersibility in a water/ethanol
environment. Furthermore, AFM (Fig. 4d-f) was employed to analyze
surface characteristics represented by the square mean root roughness
(Sq) values. The Sq values assessed for LMO-, LFO-, and LCO-based
electrodes are situated between the values of 155-180, 160-200, and
180-220 nm, respectively. The slight rise in surface roughness can be
attributed to the increased size of perovskite nanoparticles from LMO
toward LCO, as confirmed by TEM and BET analysis. The increase in
particle size can also explain the increase in pore surface coverage and
average pore size distribution from LMO toward LCO (Table 1, supple-
mentary material, Fig. S15-S16), as evaluated by the procedure devel-
oped by Odungat et al. [87]. It is worth noting that surface roughness
and porosity affect the presence of active sites, mass transport, and
catalytic performance [32,88-90]. Therefore, additional contact angle
measurements were performed (supplementary material, Fig. S17),
where no significant differences were observed, underpinning constant
wetting properties across all three anode materials.

Table 1 presents the most important parameters for OER. Taking into
account the powder synthesis and electrode engineering of our catalysts
(including ink formulation, electrode fabrication, and surface charac-
terization), we can conclude that our methodology enables fast, repro-
ducible, and scalable electrode manufacturing with comparable
characteristics. This enables to connect the OER performance primarily
to intrinsic properties of the active material, rather than to the structure-
driven electrolyte wettability.

The prepared electrodes will be electrochemically evaluated in the
next sections using different electrochemical techniques to investigate
how the combination of intrinsic material and electrode properties
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Table 1
Powder and electrode parameters relevant for the OER performance.

Nanopowder parameters

xp°T (nm) 8.7 9.6 10.0

BET (m? g™!) 105.2 94.2 84.6

XPS (Osurface/Olattice) 0.83 0.94 0.90

HSP

8p/5p/8u/R (Mpa®®) 16.5/10.7/15.0/  16.5/10.7/15.0/  17.1/12.6/14.9/
5.1 5.1 6.6

Electrode parameters

Sq roughness (nm) 155-180 160-200 180-220

Surface pore coverage 8.6 8.8 10.6

(%)
Contact angle (°) 85 89 91

affects the OER performance.

3.4. Electrochemical characterization of catalyst-coated electrodes

3.4.1. Electrochemical testing using scanning droplet cell tests

The lateral homogeneity of the 1 x 1 cm? nickel (Ni) plates coated
with 250 pg cm~2 LMO, LFO, and LCO with Sustainion® as a binder was
assessed by SDC analysis (supplementary material, Fig. S18). For each
coated electrode, the electrocatalytic activity was evaluated based on 25
measured areas that were analyzed and spaced 1.8 mm apart (supple-
mentary material, Fig. S19, spot area of 0.0021 + 0.0002 cm?). Fig. $20
(supplementary material) presents the average and standard deviation
of the LSVs. LFO-based electrodes exhibit the lowest overpotential value
(n) for OER at 10 mA cm~2(1.541 + 0.002 V vs. RHE) of the investigated
catalyst-coated electrodes. At the same current density, the LCO-based
electrodes follow with an inferior activity (1.560 + 0.003 V vs. RHE),
while the lowest activity among the coated electrodes is observed for the
LMO-based electrodes (1.635 + 0.007 V vs. RHE). The differences in
overpotential among the electrodes were statistically significant (p <
0.05).

The role of the homogeneity of the coatings for the OER activity is
also represented in the activity maps (supplementary material,
Fig. S21a-b). The current densities of the 25 individual measured areas
of each coated electrode, along with their relative standard deviation
compared to the average of the sample across the spots, are represented
at a potential of 1.541 V vs. RHE. LFO-based electrodes (8.8 mA cm™?)

Fig. 4. (a-c) SEM images of electrodes made by spray-coating of Sustainion®-containing LMO-, LFO-, and LCO-based inks on nickel substrates. (d-f) AFM topography

images of LMO-, LFO-, and LCO-based electrodes.
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exhibited a superior average current density compared to LCO-based
electrodes (7.4 mA cm_z), and lastly, to the LMO-based electrodes
(4.9 mA cm~2). The homogeneity of the OER activity is also evident in
the standard deviations of +16.4, £11.6, and + 7.6% of LMO-, LFO-,
and LCO-based electrodes, along with their respective maximum de-
viations of 42.1, 25.6, and 16.3%, respectively. Despite the coated films
appearing visually homogeneous before the SDC measurements (sup-
plementary material, Fig. S22), the LMO-based electrode surface was
more damaged after the measurements due to the additional force
needed to seal the SDC and prevent electrolyte leakage. This result aligns
with previous reports indicating that LMO exhibits less activity
compared to LCO and LaMnyCoyO3-based perovskites [91,92].

In brief, the homogeneity of electrochemical activity for OER was
successfully investigated using high-throughput SDC. This automated,
versatile, and efficient technique enables precise screening of electrode
surfaces, thus providing preliminary data to support and accelerate the
development and scaling-up of new electrocatalysts. However, at this
point, the superior performance of the LFO-based electrodes compared
to LCO- and LMO-based electrodes raises additional questions, which are
discussed in the next section.

3.4.2. Electrochemical half-cell testing using a rotating ring-disc electrode, a
compression cell, and a flow cell coupled with ICP-OES

For successful scale-up, accurately determining the electrocatalytic
activity is essential for identifying promising candidates and discarding
materials with insufficient performance. Electrochemical evaluation
typically includes RDE measurements (supplementary material,
Fig. S23), with glassy carbon (GC) being the most commonly used
support material. This is often followed by tests on three-dimensional
(3D) metal-based supports, such as Ni foam [33]. As highlighted in
previous studies, an important consideration is the potential impact of
catalyst-support interactions, which can significantly influence the
catalytic performance [93-95]. Furthermore, in our previous study, we
proved that the enhanced OER activity on Ni-supported catalysts is
associated with the increased contribution of the lattice oxygen mech-
anism (LOM), while the reaction on GC predominantly follows an
adsorbate evolution mechanism (AEM) [95]. To investigate this further,
we performed electrochemical measurements in the rotating ring-disk
electrode (RRDE) system using both GC and Ni as support materials,
where the induced rotation reduced mass transport limitations and
facilitated oxygen bubble removal [96]. Fig. 5a-b presents the activity of
LFO, LCO, and LMO deposited on a GC and Ni electrode support in a
conventional RRDE system. The observed trends were similar for both
systems, except for the LMO-based electrode, which showed no elec-
trocatalytic activity when GC was used as the support material. In
general, the potential values recorded at 10 mA cm™2 showed higher
overpotentials when the GC was employed as the support, indicating less
favorable interfacial charge-transfer kinetics. Our results are further
confirmed by plotting the iR-uncorrected LSVs and by plots of the OER
activity as a function of geometric area, electrochemically active surface
area (ECSA), and mass loading (supplementary material, Fig. $24-S27).

Subsequently, EIS measurements were conducted at a potential of
1.6 V vs. RHE to gain further insight into the electrochemical behavior,
as shown in Fig. S28 (supplementary material). The Nyquist plot
revealed significant differences in the charge-transfer resistance (R¢t)
based on the capacitive arc diameter. For instance, the LFO-based
electrode exhibited R =~ 6 Q for Ni-coated electrodes and 235 Q for
GC-coated electrodes, highlighting the critical role of the Ni support in
facilitating interfacial charge-transfer. The higher R, observed for GC
can be attributed to the absence of complementary catalyst-support
interactions, consistent with the reduced OER activity on this support
material [95].

Notably, for the LCO-based electrode, two distinct capacitive arcs
were observed, indicating two processes with different time constants at
the catalyst layer/electrode interface, due to differences in capacitive
and resistive properties when Ni is used as the support electrode [97].
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Fig. 5. (a, b) LSV curves of LMO- (black), LFO- (blue), and LCO-based elec-
trodes (red) with Sustainion® obtained in a RRDE configuration (1600 rpm, Oa-
saturated, purified 1 mol L™! KOH) on glassy-carbon and nickel substrate. The
shift to lower overpotentials is related to the conductivity of the substrate
materials. CP measurements were recorded with the compression cell in a pu-
rified, Oy-saturated, 1 mol L~! KOH solution. (c) The solid lines represent the
mean values, and the shadows indicate their standard deviations.

This second time constant is evident in the Bode plot (supplementary
material, Fig. S29a-b), which shows two peaks at approximately 3000
and 10 Hz. The additional interface may affect the electrocatalytic ac-
tivity by facilitating electron transfer from the catalyst to the electrode
or by charging the interface through charge accumulation. In contrast,
the LFO- and LMO-based electrodes exhibit a single time constant.

Furthermore, enhanced catalytic activity of LFO-based catalysts in
direct contact with Ni has been reported for methane reforming, where
the improvement was attributed to strong metal-support interactions
(SMSI) that promote Ni-Fe interactions at the catalyst-support interface
[98,99]. Such Ni-Fe interactions are well known to induce synergistic
effects, leading to modified redox properties and faster reaction kinetics
compared to pure Ni or Fe systems, which are also highly active for the
OER [100-102].

Beyond interfacial charge-transfer effects, the superior intrinsic OER
performance of the LFO-based electrode is further supported by prior
density functional theory calculations. Tripkovic et al. [103] correlated
higher overpotential of LCO to changes related to the valence state of the
metal center and differences in the number of hydroxyl species on the
surface. This is experimentally validated with our XPS results, where the
LFO shows the highest hydroxyl group surface coverage ratio (Table 1).

The compression cell (supplementary material, Fig. S30) enables the
exposure of the electrode surface area to the electrolyte under uniform
potential distribution across the exposed area [104]. During measure-
ments, oxygen is not removed and remains in the close vicinity of the
electrode [33]. LSV measurements (supplementary material, Fig. S31) of
electrocatalysts at 10 mA cm ™2 revealed that the LFO-based electrodes
demonstrated the best performance, achieving 1.54 V vs. RHE, closely
followed by the LCO-based electrodes with 1.57 V vs. RHE, aligning well
with the SDC results. In contrast, the LMO-based catalyst performed
significantly worse, with a value of 1.73 V vs. RHE, compared to the
other two materials. This is partially attributed to the ECSA (supple-
mentary material, Fig. S32a-d, Table S2-S3), which is significantly
lower compared to LFO- and LCO-based electrodes (0.30, 0.57, and 0.55
cm?). Due to the porous electrode architecture and the material's
multimetallic nature, accurately quantifying the number of active sites
and, consequently, reliably determining the turnover frequency (TOF) is



B. Toplak et al.

not feasible [105]. Estimating TOF would require several assumptions.
Therefore, ECSA values derived from double-layer capacitance (Cq)
measurements were employed to assess and compare the intrinsic cat-
alytic activity.

After approximately 41 mA cm ™2, a crossover point in the LSV-curves
of the LFO- and LCO-based electrodes is observed. This could be
attributed to two possible scenarios. The first is related to the configu-
ration of the electrochemical cell, and the second is connected to ma-
terial segregation in the LCO-based electrodes [106]. These hypotheses
will be evaluated in the following through post-mortem analysis
following long-term stability testing. Subsequent chronopotentiometric
stability (CP) measurements (Fig. 5¢) were performed at 10 mA cm ™2 for
12 h. The same trend was noted from the LSV across the whole mea-
surement window. During the measurement period, LFO-, LCO-, and
LMO-based electrodes showed a slight increase from their initial po-
tential to 1.56, 1.59, and 1.85 V vs. RHE, respectively. Furthermore, low
standard deviations of LFO- and LCO-based electrodes suggest good
reproducibility of these electrodes under laboratory conditions.

Following the compression cell measurements, post-mortem
morphological and elemental evaluations were conducted using EDX,
SEM, and AFM. The EDX analysis (supplementary material,
Fig. S33-S35) exhibits uniform elemental distribution. SEM images
(supplementary material, Fig. S36a—c) reveal that all electrodes main-
tain a homogeneous coating after their exposure to the electrochemical
treatment, with some randomly allocated agglomerates. However, in the
case of LCO-based electrodes, surface cracks are observed post-
electrochemical testing. The AFM analysis (supplementary material,
Fig. S36d-f), conducted after stability testing for 12 h, shows a reduction
in the Sq values, while the trend among different materials remains as
observed in the case of the pristine electrodes. Among the electro-
catalysts, LMO-based electrodes exhibit the smoothest surface with
minimal variations across the area. The Sq values range between 85 and
95 nm, followed by LFO-based electrodes, with Sq values between 110
and 130 nm. The LCO-based electrodes display the highest Sq values,
ranging from 140 to 180 nm, respectively. Similarly to the SEM, AFM
also revealed cracks on the surface of LCO-based electrodes, indicating
and supporting the hypothesis of material segregation deduced from the
crossing of the LSV curves in Fig. S31 (supplementary material). This
hypothesis was further examined by adhesion testing using the method
of centrifugal detachment (supplementary material, Fig. S37), which
revealed no significant difference between pristine and electrochemi-
cally treated electrodes. This indicates that although surface cracking
occurs, the overall adhesion of the perovskite nanoparticles to the nickel
substrate remains unaffected. Moreover, GIXRD was employed to
investigate the potential changes in the crystal phase after compression
cell measurements (12 h at 10 mA cm™~2). While GIXRD (supplementary
material, Fig. S38) did not reveal any significant phase changes in LMO-,
LFO-, and LCO-based electrodes after electrochemical stress, the strong
diffraction signals from the nickel substrate likely masked subtle struc-
tural modifications in the perovskite phases, potentially limiting the
detection of minor phase transformations.

Finally, the correlation between the methods was evaluated by
plotting the overpotential at 10 mA cm 2 and comparing the results
across the different techniques in Fig. S39 (supplementary material).
There, one can see that the methods are well correlated. The slight
difference observed emerges from the differences in the experimental
setups and mass transport conditions. For instance, SDC operates in a
regime where no significant amount of gas is evolved, as bubble for-
mation would otherwise block the electrodes due to the cell design
[107,108]. In RRDE, electrode preparation was via drop-casting.
Furthermore, it is a hydrodynamic method in which the solution
continuously flows toward the electrode, assisted by electrode rotation,
which facilitates bubble detachment and enhances convective mass
transport [107,109,110]. On the other hand, in the compression cell, the
detachment of the bubbles proceeds by overcoming the adhesive forces
between the bubbles and the electrode surface (buoyancy) [109].
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Furthermore, the compression cell exposed good structural stability of
all La-based electrodes, which is crucial before subjecting the materials
to harsher conditions, as unstable materials should not be considered for
further testing under application conditions [33].

Integrating the electrochemical cell with ICP-OES (supplementary
material, Fig. S40) enables the direct analysis of reaction products and
establishes a link between dissolution behavior and the electrochemical
operation [111]. The configuration plays a vital role in regulating
transport processes, including diffusion, convection, and migration of
reactive products and bubbles away from the electrode. Additionally, it
introduces mechanical stress on the electrode surface, facilitating the
investigation of the electrochemical stability [112].

During these measurements, a minor transient of Fe and Mn disso-
lution (supplementary material, Fig. S41a) is observed, independent of
the applied potential. The leaching behavior of the metal ions is sum-
marized in Fig. S41b (supplementary material). During OER operation,
Fe and Mn dissolution are detectable at a current density of 5 and 10 mA
em ™2, resulting in approximately 0.25 ng s~ ecm 2 for Fe and 0.68 ng
s~! em™2 for Mn. The dissolution rate of Fe increases transiently and
slowly decreases until the end of the hold. The calculated dissolution
should be treated with caution under these operating conditions, as it is
below the nominal detection limit of the online ICP-OES system (limit of
detection for Fe, <10 ppb). However, manganese leaching may be a
partial reason for the poor electrochemical performance of LMO-based
electrodes, as discussed previously during RRDE measurements.
Furthermore, no La or Co dissolutions are observed during OER opera-
tion at steady-state current.

In conclusion, the OER performance of perovskite catalysts was
systematically evaluated using three different complementary lab-scale
electrochemical techniques, providing in-depth insights into their per-
formance at low current densities. The findings are in good agreement
with the previously used SDC technique. Our results are in sharp
contrast to the previously mentioned studies from the literature, which
identified LCO powder as the most effective electrocatalyst. However,
perovskites in those studies were obtained from different synthesis
techniques [18-20]. This deviation suggests that the superior perfor-
mance of the LFO-based electrode may be attributed first to the
distinctive intrinsic properties of the spray-flame synthesized material
that provides only minute amounts of organic residuals at the surface,
and second, to advanced electrode engineering that enables comparable
anodes with only slight variations in the electrode microstructure, which
have not been reported before. Although the LMO-based electrodes
exhibited substantially higher overpotential, making it less promising, it
will still be examined further under application-relevant conditions for a
more comprehensive assessment of its capabilities.

3.4.3. Electrochemical testing using zero-gap full-cell

Next, anode-testing based on the coherent workflow transitions to
the scalable zero-gap full-cell setup (supplementary material, Fig. S42)
with a membrane electrode assembly (MEA), marking a significant step
toward industrial applicability. In our previous study, we highlighted
that polarization curves (equivalent to the LSV curves in the half-cell)
and long-term stabilities at high current densities are key indicators of
whether the combination of catalytic material, binder, and substrate is
suitable for future development toward real-life applications [33,113].
Two trends are noticed in the polarization curves. The first one at 500
mA cm ™2 indicates that the polarization curves (Table 2, supplementary
material, Fig. S43a-d) mainly follow the trend noticed with the elec-
trochemical standard laboratory half-cell electrochemical setups. The
most significant difference is observed in the polarization curves ob-
tained after 36 h of electrochemical testing, where the LCO-based
electrodes, for the first time, outperform the LFO-based electrodes
(supplementary material, Fig. S43d). Second, the polarization curves of
the LMO-based electrodes are much closer to the LCO- and LFO-based
electrodes, indicating that the LMO-based anodes under application-
relevant conditions show enhanced performance compared to the
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Table 2

Electrochemical results on the three perovskites gained by electrochemical half-
cell-testing at 10 mA em 2 in purified, O,-saturated, 1 mol L~! KOH. Results are
obtained using a zero-gap full-cell at 500 mA c¢m 2 in as-prepared 1 mol L™!
KOH at room temperature and 60 °C.

LMO LFO LCO
(Vvs. (Vvs. (Vvs.
RHE) RHE) RHE)
SDC (10 mA cm’z) 1.635 + 1.541 + 1.560 +
0.007 0.002 0.003
RRDE/GC (10 mA cm™2) / 1.64 1.69
RRDE/Ni (10 mA cm™2) 1.62 1.54 1.57
Compression cell (10 mA cm ™) 1.731 + 1.54 + 1.566 +
0.007 0.01 0.004
voltage (V)  voltage (V)  voltage (V)
Zero-gap full-cell before CP at room 2.27 + 1.96 + 2.14 +
temperature (500 mA cm™2) 0.05 0.09 0.01
Zero-gap full-cell after CP at room 2.23 + 2.04 + 215+
temperature (500 mA cm’z) 0.04 0.03 0.02
Zero-gap full-cell before CP at 60 °C 2.00 + 1.86 + 1.94 +
(500 mA cm %) 0.03 0.02 0.05
Zero-gap full-cell after CP at 60 °C (500  2.08 + 2.018 + 1.97 +
mA cm™?) 0.05 0.002 0.05
54 room temperature 60 °C
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Fig. 6. Zero-gap full-cell characterization of LMO- (black), LFO- (blue), and
LCO-based electrodes (red) at room temperature and 60 °C at 500 mA cm 2 in
as-prepared 1 mol L~! KOH on Ni foam substrates.

results gained at 10 mA cm™2. Long-term stability CP measurements
(Fig. 6) were obtained at a current density of 500 mA cm~2for 12 h at
room temperature and additionally for 24 h at 60 °C. After exposure for
12 h at room temperature, the cell potential (Ugp) of LMO- (2.32 V) and
LCO-based electrodes (2.20 V) is relatively stable. In contrast, in the case
of LFO-based electrodes (2.17 V), a significant increase in the potential is
recorded. This further confirms that the overpotential of LMO-based
electrodes during application-relevant conditions is significantly closer
to the other two electrocatalysts than suggested by electrochemical half-
cell testing.

Furthermore, to simulate real-life electrolyzer conditions more
accurately, additional full-cell tests were conducted at 60 °C. In all cases,
the elevated temperature led to a significant improvement in Ucg)y. The
most substantial decrease in U, is observed with LMO-based electrodes
(0.28 V) compared to the U after testing at room temperature, fol-
lowed by LFO- and LCO-based electrodes with 0.24 and 0.22 V,
respectively. Similarly to room temperature measurements, the LFO-
based electrodes again show the highest increase of the Uge; with time
(0.15 V), followed by LMO- (0.12 V) and LCO-based electrodes (0.09 V),
aligning with the trends observed in the polarization curves. After 36 h
exposure, the LCO-based electrodes show lower U compared to LFO-
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and LMO-based electrodes (2.07, 2.09, and 2.16 V, respectively).

This leads to a couple of conclusions. Firstly, close to realistic con-
ditions, all three perovskite electrocatalysts exhibit promising OER
performance, including the LMO-based electrodes, which would typi-
cally be discarded after lab testing. Secondly, after 36 h, all electro-
catalysts reach a plateau, indicating a steady state of the system. Thirdly,
the curve-crossing trends observed between LFO- and LCO-based elec-
trodes point toward material changes that are only evident under harsh
conditions and are unknown to standard laboratory electrochemical
testing. These changes will be investigated in the post-mortem analysis
section.

3.5. OER mechanism pathway

To gain a deeper insight into the performance changes, post-mortem
analysis of the anodes after full-cell testing at room temperature and
60 °C was conducted using Raman spectroscopy, XPS, and GIXRD,
complemented by EDX, SEM, and cyclic voltammetry. The results were
compared to pristine electrodes that were not exposed to electro-
chemical conditions, allowing direct correlation between catalytic per-
formance and structural evolution. Together with the electrochemical
data, this provides a comprehensive understanding of the materials'
behavior under realistic operating conditions.

Raman spectroscopy of LMO-based electrodes (Fig. 7a) reveals two
vibrational modes at 498 and 616 cm ™}, corresponding to Jahn-Teller
distortion in MnOg octahedra [45,46]. After full-cell testing at room
temperature, the spectra remain nearly unchanged compared to the
pristine electrode. However, following the operation at 60 °C, a new
band emerges at 572 cm ™!, assigned to Mn-O stretching vibrations and
increased presence of Mn*t [1 14,115]. XPS confirms these observations,
with the Mn 2p3/» peak shifting toward higher values from 641.6 eV in
the pristine sample to 642.1 eV after 36 h testing (Fig. 8a), being
consistent with Raman spectroscopy observations [116,117]. The O 1s
spectra (Fig. 8b) further reveal a reduction of lattice oxygen and an
increase in surface oxygen species [118], while the La 3ds/, multiplet
splitting (supplementary material, Fig. S44a) remains constant at 3.7 eV
[52,53]. Additionally, GIXRD measurements (supplementary material,
Fig. S45a) reveal no detectable structural degradation, indicating that
the LMO lattice retains long-range order. The mechanistic link to cata-
lytic performance is further clarified by the CV data obtained with the
compression cell (supplementary material, Fig. S46a), which displays
anodic and cathodic peaks at 1.36 and 1.28 V vs. RHE, respectively,
corresponding to the Mn®*/Mn*" and Mn**/Mn3* transitions. The
enrichment of Mn** detected by Raman and XPS aligns directly with
these redox transitions and previous reports [55]. Charge compensation
during Mn>* to Mn** oxidation proceeds via oxygen loss from the MnOg
octahedra, facilitating the generation of reactive oxygen species [9].
Thus, LMO electrodes operate through surface oxidation to Mn** with a
possible participation of lattice oxygen, while retaining bulk structural
stability. These observations indicate a likely contribution of LOM
during Mn oxidation, occurring alongside conventional AEM pathways.

In LFO-based electrodes, Raman spectra (Fig. 7b) exhibit a strong
band at 642 cm’l, corresponding to FeOg stretching vibrations [47,49].
New Raman bands at 504 and 666 cm ™! indicate bulk enrichment with
Fe3* species [119,120]. Furthermore, EDX mapping revealed surface
iron accumulation, which directly correlated with the previously
detected Fe leaching by ICP-OES (supplementary material, Fig. S47,
Table S4). XPS provides complementary evidence, as the La 3ds,»
multiplet splitting decreases slightly from 3.8 to 3.6 eV (supplementary
material, Fig. S44b), but remains close to the literature-reported value of
3.7 eV [52,53]. The Fe 2p3,, region exhibits a new peak at 713.7 eV
(Fig. 8c), indicating the formation of a thin layer of Fe*t [121].
Consistent with this, the O 1s spectra (Fig. 8d) show a reduction in
lattice oxygen and an increase in adsorbed oxygen species. Contact angle
measurements on LFO-based electrodes (supplementary material,
Fig. S48) showed no significant change before and after electrochemical
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operation, indicating that the wettability remained stable and is there-
fore unlikely to influence the OER performance, regardless of the surface
Fe*" enrichment. GIXRD (supplementary material, Fig. S45b) confirms
that these modifications are restricted to the surface, as no bulk struc-
tural changes are observed. CV analysis (supplementary material,
Fig. S46b) reveals an anodic peak at 1.44 V vs. RHE, assigned to the
Fe3t/Fe*" transition [122]. The intensity of this peak increases during
extended cycling, consistent with the detection of Fe** by XPS. How-
ever, the cathodic peaks shift to lower potentials, reflecting sluggish
reduction kinetics from Fe*" to Fe3*. A slow redox transition may limit
the formation of reactive oxygen species on the surface and contributes
to the potential increase observed under long-term, high-current oper-
ation [123]. The combined spectroscopic and electrochemical evidence
demonstrates that surface Fe oxidation, partial dissolution, and slow
redox cycling dictate the moderate activity and limited stability of LFO
electrodes under industry-relevant conditions. The sluggish Fe3*/Fe**
redox kinetics and limited participation of lattice oxygen indicate a
predominant AEM, with a minor contribution from the LOM.

In contrast, LCO-based electrodes undergo more pronounced
restructuring. Raman spectra of the pristine material exhibit a Co-O
stretching mode at 642 cm! [50,51]. After testing at 500 mA cm’z, this
band shifts by 49 cm™! to 593 em ™, indicating partial Co dissolution
and the formation of amorphous CoOx(OH)y (Fig. 7c). TEM imaging
(supplementary material, Fig. S49) further confirms the coexistence of
crystalline and amorphous domains. Consistent with these observations,
XPS supports these findings, showing a decrease in the La 3ds,, multi-
plet splitting from 3.8 to 3.5 eV (supplementary material, Fig. S44c). In
addition, the Co 2ps,2 peak shifts from 782.2 to 781.7 eV (Fig. 8e),
consistent with increased Co®* and CoOx(OH)y formation [124,125],
while an enhancement of surface oxygen species is observed in the O 1s
spectra (Fig. 8f). GIXRD (supplementary material, Fig. S45c¢) indicates
lattice expansion after testing at 60 °C, with diffraction peaks shifting to
lower 20 values. The Rietveld refinement reveals an increase in crys-
tallite size by 2.9 + 1.8 nm and unit cell volume from 341.0 + 1.3 to
365.7 + 1.5 A% (supplementary material, Fig. S51, Table S5). These
results point to preferential dissolution of small crystallites, recrystalli-
zation of La-rich phases, and stabilization of a Co-rich amorphous sur-
face. A more detailed explanation of the amorphization process is
provided in Section S2.1 (supporting information). Additional mecha-
nistic insight is provided by the supplemental CV analysis (supplemen-
tary material, Fig. S46¢c). In the 1% cycle, two anodic peaks appear at
1.33 and 1.39 V vs. RHE, corresponding to the Co>*/Co>* and the Co3*/
Co** transition [126]. With continued cycling, the higher-potential
feature progressively diminishes, and by the Co?*/Co>" transition, by
the 10" and 50 cycles, it reflects irreversible interfacial reconstruction.
Surface modification and reconstruction, driven by the accumulation of
Co®" species during anodic activation, facilitate the generation of
reactive oxygen species at the surface, thereby enhancing OER catalytic
activity and stability [106,125]. This behavior is consistent with Raman,
XPS, and GIXRD data and evidence for the formation of a stable amor-
phous CoOx(OH)y layer. The formation of an amorphous CoOx(OH)y
surface layer and the enhanced abundance of surface oxygen species
indicate a strong LOM contribution in addition to AEM [127].

Surface amorphization of Co-species due to dissolution and partial
crystallization on top of an initially crystalline catalyst was also previ-
ously addressed in the literature [128]. This finding aligns with those of
Li et al. [129], who demonstrated that the amorphization of LCO im-
proves the electrocatalyst's activity. Similar studies by Cai et al. [130]
and Indra et al. [131] also support the observation that amorphous
catalysts exhibit greater stability compared to crystalline structures.

In total, the combined results from post-mortem analyses using
Raman spectroscopy, XPS, and GIXRD, after electrochemical half-cell
and full-cell testing, reveal a direct link between the material's electro-
chemical performance and the observed material properties. Across all
three perovskites, redox activity of the B-site cations and the increased
abundance of surface oxygen species indicate active surface states
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formed under anodic polarization. However, the extent of lattice
involvement differs with B-site transition-metal composition and the
degree of restructuring. LMO shows predominantly surface Mn oxida-
tion while retaining bulk long-range order, suggesting an AEM-
dominated pathway with a minor lattice-oxygen contribution during
oxidation of Mn®* to Mn**. LFO exhibits surface Fe oxidation accom-
panied by partial dissolution and sluggish reduction of Fe*" to Fe3",
consistent with predominantly AEM behavior and limited lattice-oxygen
participation. In contrast, LCO undergoes pronounced restructuring to-
ward an amorphous CoOx(OH)y-rich surface with enhanced surface
oxygen species, indicating a stronger lattice-oxygen contribution in
addition to AEM. Notably, full-cell testing provides insights into the
materials' behavior under realistic operating conditions that are not
accessible through half-cell experiments alone. This integrated approach
underscores the importance of evaluating electrode stability and reac-
tivity at high current densities.

3.6. Stability under industrially relevant conditions

To simulate real operating environments, degradation testing was
performed at 60 °C for 12 h and 100 h under a constant current density
of 1000 mA cm~2. Such conditions closely mimic industrial operations,
where both high current density and elevated temperature significantly
accelerate degradation. The applied protocol, therefore, provides a
stringent benchmark for assessing catalytic stability and long-term
durability.

Over the 12 h measurement window (Fig. 9), LCO-based electrodes
exhibit the best overall performance and stability, followed by LFO- and
LMO-based electrodes. These results closely resemble those observed at
the end of testing at 500 mA cm 2 and are further supported by the EIS
data collected at different current densities (supplementary material,
Fig. S51-S52), consistent with the established literature [132]. In addi-
tion, a 100 h degradation study was performed on LFO-based electrodes
(supplementary material, Fig. S53), which shows that our perovskites
can withstand harsh conditions while maintaining reasonable catalytic
performance. It should be noted that periodic sharp increases in po-
tential are associated with daily electrolyte replenishment, while minor
signal fluctuations may be due to bubble removal or an unoptimized
setup. While these factors represent a current limitation, they simulta-
neously highlight opportunities for further technical optimization and
deeper exploration of perovskite-based materials as potential OER
electrocatalysts in full-cell setups.

Overall, degradation tests at 1000 mA cm ™2 closely followed the
previously gathered results. However, the rapid transition from lab
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Fig. 9. Degradation study in a zero-gap full-cell of LMO- (black), LFO- (blue),
and LCO-based electrodes (red) at 60 °C and 1000 mA cm 2 in as-prepared 1
mol L' KOH on Ni foam substrates.
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testing to industry-relevant scale remains a bottleneck, hindering faster
development. Additionally, our perovskites exhibit superior perfor-
mance compared with previously investigated A- and B-site-substituted
perovskites in the zero-gap AEM configuration [4].

4. Conclusions

In this research, we investigated the effects of electrode material
engineering on OER performance, emphasizing scalable technologies
and application-relevant testing. By incorporating a structured, coherent
workflow, we demonstrated a comprehensive strategy to evaluate La-
based perovskites at different scales. This approach also accelerates
knowledge transfer for the future development of next-generation
electrocatalysts at relevant scales, which are crucial to alleviating
climate change. Based on our investigation, we can conclude:

e Firstly, SFS-synthesized nanopowders possess unique intrinsic
properties, including high crystallinity, phase purity, and large spe-
cific surface areas exceeding 80 m? g !, which make the SFS process
a suitable and scalable route for large-scale catalyst production.
Secondly, optimized ink formulation and controlled structural en-
gineering enabled reproducible electrode fabrication with compa-
rable surface properties, allowing intrinsic material effects to be
reliably assessed, without surface-related effects.

Thirdly, electrochemical half-cell testing highlighted the critical role
of substrate selection. In contrast, a zero-gap full-cell at 60 °C and
500 or 1000 mA cm ™2 revealed the intrinsic catalytic properties of
the materials. While LCO-based electrodes exhibited superior sta-
bility, LMO- and LFO-based electrocatalysts maintained competitive
activity at high current densities, highlighting their potential as
toxic-metal-free OER electrocatalysts.

Fourthly, post-mortem analysis using Raman spectroscopy, XPS,
GIXRD, and cyclic voltammetry linked performance to OER mecha-
nisms. In particular, SMSI between the perovskite catalysts and the
Ni substrate influences interfacial charge-transfer and redox
behavior. The results show that the activity of LMO- and LFO-based
anodes is primarily governed by surface oxidation processes pro-
ceeding mainly via the AEM, with a minor contribution from the
LOM. In contrast, LCO undergoes pronounced surface reconstruction
and amorphization, thereby enabling a greater contribution of LOM
alongside AEM, ultimately leading to superior long-term electro-
chemical stability.

Altogether, our findings contribute to the systematic exploration of
perovskite-based OER electrocatalysts by integrating full-cell testing
into the material assessment process. We believe that these studies are
necessary to gain a holistic understanding of electrocatalysts and enable
bridging the gap between academia and industry. Notably, our results
highlight the potential of gas-phase-synthesized perovskites using non-
toxic, earth-abundant transition metals such as iron and manganese.
However, further improvements in catalytic stability and a deeper un-
derstanding of substrate effects are still required to optimize electrode
design and complete the picture of effective electrode development for
efficient alkaline water electrolysis.
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