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ABSTRACT

The widespread reliance on evaluating electrocatalysts in electrochemical half-cells presents
limitations that hinder a faster transition from academia to industry and can lead to premature
exclusion of promising materials. 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 (LaMnQO3, LaFeO3, and LaCoQO3) for the oxygen evolution reaction under
alkaline conditions, highlighting different behavior across scales. The research demonstrates
how the interplay of materials properties and electrode engineering affects performance under
mild and harsh electrochemical conditions. Electrochemical half-cell testing consistently
identifies LaFeOs 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 confirms the trends observed in electrochemical
half-cell testing, showing that even after prolonged operation, LaFeO3 (2.09 V) and LaMnOj3
(2.16 V) maintain comparable performance and could potentially replace LaCoO3 (2.07 V).
Furthermore, advanced post-mortem techniques provide deeper insight into catalytic activity
and structural changes, which cannot be fully explained without preliminary electrochemical
half-cell testing. By linking fundamental studies to application-relevant testing, this research

provides knowledge and methods for accelerated material and electrode development.
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1. Introduction

Water electrolysis consists of water decomposition into hydrogen and oxygen through an
external energy-driven redox reaction. The oxygen evolution reaction (OER), which occurs 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 [1,2]. In contrast, electrolysis in alkaline conditions can be
performed with various non-noble metal materials with decent stability. Along this line,
perovskite oxide materials (ABO3, 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 [3-6]. For instance, La-based perovskites possess the advantage of structural
flexibility in the A and B positions, which affects conductivity, stability, and defect formation
[7].

In this study, we focus on three La-based perovskites: LaMnQO3, LaFeOs, and LaCoOs; (LMO,
LFO, and LCO). The increase of the Mn*"** ratio in LMO induces more oxygen bonding with
the active Mn*', leading to improved structural stabilization [8,9]. LFO combines good redox
activity with suitable electronic and ionic conductivity [10]. However, LCO offers superior

3+/4+ redOX

intrinsic catalytic activity compared to the other two candidates due to the Co
transitions, which promote the formation of oxygen vacancies in the lattice [7,11]. Although
several OER studies have investigated previously mentioned perovskites [12—15], 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™, with LCO consistently
presented as the best pristine perovskite for OER [12—-14,16]. In these studies, the perovskite
materials were prepared via solution combustion, sol-gel, or co-precipitation synthesis.

However, all of these synthesis methods possess distinct drawbacks, including limitations in

scalability, cost-efficiency, and control over particle phase, size, shape, and elemental



homogeneity, which results in low specific surface areas and hampers catalytic activity [17,18].
To tackle the aforementioned limitations, this work uses materials based on spray-flame
synthesis and presents a direct comparison of La-based perovskite materials. Spray-flame
synthesis has proven to be an efficient approach for the production of high-quality phase-pure
perovskite nanomaterials with high specific surface and uniform primary particle size (x, < 10
nm, derived from N> adsorption measurements), enabling their use in various applications such
as anode materials in OER [19], water remediation [20], and selective CO oxidation [21].

Advancing technology for alkaline water splitting, and in particular for the OER, requires more
than just understanding the intrinsic properties 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 from complex interactions between substrate, ionomer,
and electrocatalyst. Factors such as ink formulation, ink deposition, substrate selection, and
electrocatalyst properties influence adhesion, cohesion, wetting, and overall efficiency [22,23].
This creates a highly complicated system that requires a tailored approach for each
electrocatalyst [19]. Another barrier is the slow transition from lab-scale testing in
electrochemical half-cells (10-100 mA cm™, room temperature) toward industry-relevant
testing using full-cells (> 500 mA c¢cm™2, > 50 °C). This hinders the integration of the
electrocatalysts into real-life systems early on in the 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 [19]. This
comprehensive approach integrates synthesis, advanced ink formulation, electrochemical
testing, and electrode post-mortem analysis, pointing towards pathways for future materials

development.



In this research, we emphasize two key aspects critical for further OER advancement. First, we
highlight the importance of developing high-quality electrocatalysts and electrode engineering,
which may lead to unforeseen performance of OER. Second, we emphasize the need for
materials evaluation across scales to gain a comprehensive understanding of the active
material’s behavior during water electrolysis. By promoting the fast integration of full-cell
testing conditions during the material development, we aim to enhance the insights gained from
half-cell experiments. Hence, we intensively use electrochemical half-cell testing, as it provides
crucial insights into intrinsic material properties that are difficult to obtain from industrial
setups. However, we suggest complementing it with the material’s exposure to testing
conditions that are close to the later application. Bridging this gap can help avoid unjustified or
premature elimination of promising materials after initial lab-scale testing. Additionally,
incorporating post-mortem analysis strengthens the understanding of the mechanistic behavior
of perovskites under harsh electrolyzer conditions, which will pave the way for the efficient

design and engineering of next-generation electrocatalysts.

2. Experimental Section

2.1. Spray-flame synthesized perovskites

Nanomaterials applied for oxidation reaction tests were obtained by spray-flame synthesis. The
setup consists of an in-house developed spray-flame reactor and a standardized SpraySyn
burner [24], which is well described in preceding publications [25,26]. The liquid precursor is
composed of metal acetates — La(CH3CO»)3-1.5 H,O (Alfa Aesar, 99.9 %), Mn(CH3CO)-4
H>O (Sigma-Aldrich, 99 %), Fe(acac); (Sigma-Aldrich, 99 %), and Co(CH3COz)2:4 H>O
(Sigma-Aldrich, reagent grade) — which were dissolved in a mixture (35:65 vol.%) of ethanol
and 2-ethylhexanoic acid. A precursor with a total metal ion concentration of 0.2 mol L™ was

transferred with a constant feed rate of 2 mL min™! to the nozzle of the SpraySyn burner. In the



nozzle, the precursor was brought into contact with the dispersion gas, a stream of mixed gases
(1 standard liter per minute (slm) CHa, 4.8 slm O), and formed a fine spray. To assure the
stability of the flame and to avoid fluctuations in ignition, a premixed methane/oxygen flat
flame (2 slm CHa4, 16 slm O2) on a sintered bronze plate was used. The pilot flame was stabilized
using a sheath gas flow (140 slm compressed air). An additional gas flow (240 slm compressed
air) was used downstream of the flame for quenching and control of the off-gas temperature.
The particles were precipitated on a fiber membrane filter and collected after synthesis was

completed.

2.2. Characterization of perovskite nanopowders

A transmission electron microscopy (TEM) and a high-resolution TEM (HRTEM, JEOL JEM
2200FS) using 120000- and 500000-times magnification, equipped with energy-dispersive X-
ray analysis (EDX) mapping was used to analyze the morphology, particle size, and elemental
distribution. X-ray diffraction (XRD) patterns were recorded in the 20 range from 10° to 90°
(step size of 0.01°) using a Panalytical Empyrean diffractometer with Cu Kq (0.15406 nm)
radiation. Raman spectroscopy measurements were performed using a Renishaw InVia Raman
microscope equipped with 532 nm laser excitation (detection between 900 and 100 cm™). The
X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Versaprobe II, Chanhassen, USA) device
was used to record powders applying an Al K, radiation (hv = 1253.6 eV) with a band-pass
energy of 11.75 eV. As a reference, the XPS spectra were calibrated using the C1s adventitious
carbon C—C binding energy at 284.8 eV. All spectra were analyzed with the CasaXPS 2.3.25
software. Fourier transform infrared spectroscopy (FTIR) measurements were conducted using
a spectrometer (Vertex 80, Bruker) between 4000 and 500 cm. The N, adsorption
measurements were performed using a Nova2000 device (Anton Paar) to determine the specific

surface area of the samples using the Brunauer-Emmett-Teller (BET) method.



2.3. Characterization of dispersions

To ensure the reproducibility of HSP (Hansen solubility parameters, where in the case of
powders the ‘S’ should be rather understood as similarity) values, procedures proposed by Siif3et
al., Bapat et al., and Anwar et al. [27-29] were employed. Dispersion stability measurements
were performed using an analytical centrifuge (AC, LUM GmbH, Berlin, Germany) and were
evaluated using transmission profiles and the AC software (SEPView 6.4.678.6069). The HSP
sphere was determined using HSPiP software (5" Edition 5.4.08). Perovskite nanopowders
were dispersed in different probe liquids with a 0.4 mg mL™! concentration. Dispersions were
prepared by sonication for 3 min using a sonication probe (Branson SFX 550 with a 3 mm
sonication tip, 20% amplitude) in an ice bath. The energy input characteristics during the
sonication process were obtained based on recommendations outlined in the NanoREG D4.12
SOP (supplementary material, Figure S1). Subsequently, 440 pL of the as-prepared dispersion
was transferred into 2 mm AC cells and inserted into the AC. The measurements were carried

out at 2000 rpm, 25 °C, and a wavelength of 410 nm.

2.4. Construction of catalyst electrodes on nickel plates and nickel foam

Inks composed of active materials in a concentration of 1 mg mL™! were deposited onto nickel
plates (purity: 99.2 %, HMW Hauner, 1x1 cm?) and nickel foam (porosity: 95 %, purity 99.9 %,
diameter: 4 cm, Goodfellow) using an ultrasonic spray coating system (Prism™ 400 Ulra-Coat,
USI Ultrasonic Systems Inc.). Before the coating process, the nickel substrates underwent
cleaning using an ultrasonic bath (Elmasonic S, Elma) in Milli-Q water (Millipore purification
system), 1 mol L™! HCI, and acetone. The catalyst ink (40 mg) was prepared by 5 minutes of
sonication (Branson SFX 550 using a 3 mm sonication tip, 20% amplitude) in 40 mL of
water/ethanol mixture (75/25 v%). Subsequently, Sustainion® XA-9 ionomer (5 wt% in ethanol,
Dioxide Materials) was added to the catalyst dispersion (concentration 5 uL of Sustainion® per

mg of catalyst material), followed by further sonication for 5 min in an ice bath. The resulting
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ink was sprayed over a nickel substrate heated to 150 °C in 40 coating runs, with an interval of
5 s between each consecutive spray. The final mass loading of the catalyst on the anode support

was 250 pg cm, determined gravimetrically.

2.5. Flow cell coupled with Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES)
Inks composed of active materials were deposited onto polished nickel plates, polished Nickel
RDE disks (purity: 99.2%, HMW Hauner, 0.5x0.5 cm), and polished glassy-carbon plates
(purity 99.9%, 0.5x0.5 cm) using an ultrasonic spray coating system (Sono-Tek Corporation).
Before the coating process, the nickel substrates underwent cleaning using an ultrasonic bath
(Elamsonic S, Elma) in Milli-Q water (18.2 MQ c¢m), 1 mol L™! HCI, and acetone. Meanwhile,
glassy carbon substrates were cleaned using an ultrasonic bath (Elmasonic S, Elma) in Milli-Q
water (18.2 MQ cm), 2-propanol, and acetone. The catalyst inks (20 mg) were prepared by 3
minutes of sonication (Branson SFX 550 using a 3 mm sonication tip, 20 % amplitude) in 20
mL of water/ethanol mixture (75/25 v%). Subsequently, Sustainion® XA-9 ionomer (5 wt% in
ethanol, Dioxide Materials) was added to the catalyst dispersion (concentration 5 pL of
Sustainion® per mg of catalyst material), followed by further sonication for 3 min in an ice bath.
The resulting ink was sprayed over substrates heated to 150 °C in 160 coating runs, with an
interval of 5 s between each consecutive spray. The final mass loading of the catalyst on the

anode support was 1 mg cm2, determined gravimetrically.



2.6. Characterization of catalyst electrodes

The anodes’ morphology was examined by scanning electron microscope (SEM, Nanoprobe
710, Ulvac-Phi) using an acceleration voltage of 5 kV and EDX (Quantax, Bruker) using an
acceleration voltage of 20 kV. The morphology of the fabricated coatings was additionally
inspected using an atomic force microscope (AFM, 30 x 30 um, Tosca 400, Anton Paar). All
topography measurements were conducted in non-contact mode using an AFM probe
(ARROW-NCR-20) and analyzed with the Tosca Analysis 7.4 software. XRD patterns were
recorded in the 260 range from 15° to 80° (step size of 0.07°, compression cell) and from 20° to
70° (step size of 0.07°, full-cell) using a Rigaku Smartlab diffractometer with Cu K,
(0.15406 nm) radiation in grazing incidence mode (GIXRD). Raman spectroscopy
measurements on electrode surfaces were performed using a Renishaw InVia Raman
microscope equipped with 532 nm laser excitation (between 900 and 100 cm™, 77mW). The
XPS spectra of perovskites coated on nickel foam were recorded using the (ULVAC-PHI
Versaprobe II, Chanhassen, USA) device applying an Al Ka radiation (hv = 1253.6 eV) with a
band-pass energy of 11.75 eV. As a reference, the XPS spectra were calibrated using the Cls
adventitious carbon C—C binding energy at 284.8 eV. Subsequently, the resulting XPS spectra
were analyzed using CasaXPS 2.3.25 software, with fitting carried out using a Shirley-type
background and a Lorentzian lineshape. Contact angle measurements were performed using 1

mol L! purified KOH using a Dataphysics Contact Angle System OCA.



2.7. Electrochemistry

A standard protocol was employed for all electrochemical experiments to enable the comparison
between the various electrocatalytic cells. The 1 mol L' KOH electrolyte was prepared using
Milli-Q water with a resistivity of 18.2 MQ cm and was further purified of metal cations using
a Chelex®100 cation-exchange resin (Sigma Aldrich). All half-cell experiments were
performed in O;-saturated electrolyte at room temperature, while in the zero-gap full-cell,
application-relevant conditions were simulated. All potential values measured in this study were

converted to a reversible hydrogen electrode (RHE) scale using Eq. (1).

Eir(RHE) = Eag/agal + ERg/agal +0.059 - pH — iR (1)

Where E;z (RHE) is the electrode potential compensated for the iR-drop in the RHE scale (V

vs. RHE), Epg/aqci 18 the measured potential versus Ag/AgCl (3.4 mol L' KCl, in V), and

Egg/AgC] is the standard potential of the Ag/AgCl (3.4 mol L™! KCl) reference electrode (0.21

V). The potentials were 85% automatically and 15 % manually iR-corrected using the
uncompensated resistance (R, €2), which was calculated by potentiostatic electrochemical

impedance spectroscopy (PEIS) in the high-frequency range [19].

2.7.1. Scanning droplet cell

The electrochemical measurement of the Ni-plates coated with three different catalysts was
executed using a high-throughput scanning droplet cell (SDC) purchased from Sensolytics
GmBH, coupled with a Metrohm Autolab PGSTAT204 bipotenstiostat/galvanostat. The SDC
electrochemical cell is composed of a three-electrode system, with a Pt coil as the counter
electrode, an Ag/AgCl (3.4 mol L™! KCI) as the reference electrode, and the working electrode

formed upon contact of the SDC PTFE tip with the coated Ni-plate. The SDC cell is coupled to



a force sensor and is mounted on robotic arms for sealing and precise positioning of the cell
over the electrode surface. Fresh electrolyte (Oz-saturated, 1 mol L' purified KOH) was
provided for every measured area via a piston pump connected with PTFE tubes to the SDC
cell. Before each measurement, the opening area of the PTFE tip of the SDC cell was measured
with an optical microscope Di-Li 955 (Distelkamp). At each 1x1 cm? electrode, the
electrochemical activity of the catalyst was measured at 25 individual spots, according to the
following protocol: Initially, the open circuit potential (OCP) was recorded for 60 s. Afterward,
50 cyclic voltammograms were recorded (CV) with 100 mV s™! in a potential range of 0.0 to
1.40 V vs. RHE. Subsequently, a linear sweep voltammogram (LSV) was recorded from 0.0 to
1.8 V vs. RHE with 5 mV s ! with a stop-criterion of 50 pA. Lastly, electrochemical impedance
spectroscopy (EIS) was measured at 0.0 V vs. OCP for 60 s, in a frequency range from 100 kHz
to 1 Hz at 10 step dec!, with a sine wave of 10 mV (RMS) AC amplitude.[19] Statistical
analyses of the current densities and overpotentials between the coated electrodes were
evaluated using an ANOVA test by Past 4.0 software, with a level of significance set at a p-

value (p <0.05).

2.7.2. Rotating Disk Electrode

The RDE experiments were performed with a VSP-3e bipotentiostat (BioLogic, France) and a
RDE rotator (PINE research, model: AFMSRCE, USA). Both polycrystalline nickel electrode
(Ni — Ageo = 0.196 cm?) and glassy carbon (GC — Ageo = 0.196 cm?) electrodes (PINE
research) were used as working electrode (WE), RHE (HydroFlex—Gaskatel) and a glassy
carbon rod (HTW Hochtemperatur-Werkstofte GmbH) and were used as a reference electrode
(RE) and a counter (CE), respectively. Catalyst inks of 5 mg mL™! were drop cast on the fresh
polished electrode surface (using alumina powder following 1.0, 0.3, and 0.05 um grain size)
with a catalyst mass loading of 1 mg cm™. Afterwards, the electrodes were dried at room

temperature for at least 60 min. The electrochemical protocol was based on the work [19]. EIS



spectra were recorded at OCP and 1.60 V vs. RHE applying a 10 mV sinewave from 30 kHz to
1 Hz, 10 step dec™! to determine the uncompensated resistance for both iR-drop correction and
charge transfer resistance, respectively. During the RDE measurement, 85 % iR-drop correction
was applied automatically by the software EC-Lab. The remaining 15 % iR-drop correction was

post-processed in OriginLab 2022.

2.7.3. Compression cell

Electrochemical measurements under a homogeneous potential distribution were performed
using a compression cell [19,30]. A commercial hydrogen electrode (Gaskatel) was used as a
reference electrode. To ensure its potential stability, the reference electrode was tested against
a Hg/HgSO4 (Na2S0s4 sat.) before and after each experiment. Platinum mesh 1 x 3 cm? parallel
to the working electrode as a counter electrode, and the Ni foil coated with the catalysts
electrode used as a working electrode. The electrochemical protocol used was as follows: The
electrode was stabilized by taking 50 CVs with a scan rate of 100 mV s~! from 0.0 to 1.4 V vs.
RHE. LSV at a scan rate of 5 mV s~ was used to evaluate the electrochemical behavior, whereas
chronopotentiometry with a current density of 10 mA c¢cm? was used to investigate the
electrochemical stability. EIS at OCP, from 30 kHz to 1 Hz, was performed and the spectra were
fitted to the appropriate EEC to obtain the uncompensated resistance for iR-drop correction.
Electrochemical and impedance spectra were collected using a computer-controlled VSP-300

potentiostat (BioLogic).

2.7.4. Flow cell coupled with ICP-OES

The electrochemical characterization of the catalyst-coated substrates was performed using a
flow cell combined with an ICP-OES. The ICP flow rate was either 1.5 or 4 mL min'. Standard
solutions for La, Mn, and Co were prepared by diluting the ICP standard (Sigma-Aldrich) using

1 mol L' KOH. A leak-free Ag/AgCl (3.4M KCl) electrode (innovative instruments)) was used



as the reference electrode, and a Pt coil was used as the counter electrode. In the closed-type
flow cell, a polypropylene separator membrane (Celgard 3401) was used. The membrane
separating the working and counter-electrode compartments of the cell, together with the O-
rings, was replaced every few weeks as the polymer stretched to ensure that contamination did
not build up. New membranes were punched out using a 10 mm diameter punch and die. The
cell was periodically disassembled and placed in an acid bath of 2—5 % nitric acid for a few
hours before being thoroughly rinsed with Milli-Q water (18.2 MQ c¢m). Downstream of the
working electrode, PTFE tape was sometimes used to replace Delrin ferrules with similar
results. Parafilm was also found to be very effective as a ferrule material. The counter electrode
was replenished each day of the experiment with 1 mol L' KOH. Otherwise, pH differences
between the counter electrode compartment and the flow compartment could increase due to

CO; absorption from alkaline solutions.

2.7.5. Full-cell testing

The experiments were carried out in a custom-made two-electrode zero-gap cell using a Gamry
Reference 3000 potentiostat equipped with a Booster (Gamry) unit. For the anode side, a
0.40 mm thick PTFE sealing and for the cathode side, a 0.15 mm thick PTFE sealing was used.
The membrane electrode assembly (MEA) applied in the full-cell measurements consisted of
the individual catalyst-coated nickel foams (40 mm diameter, 0.4 mm thickness) as an anode,
and a PiperlON-HCO3 membrane (40 um thickness) conditioned for at least 24 h in 1 mol L™!
KOH as anion exchange membrane and an H23 (Freudenberg) carbon paper coated with
platinum, nominally 40 % on carbon black (2.9 mg cm™2, 1.0 mg Pt cm™) loading, 10 wt%
Sustainion® XA-9 binder, 40 mm diameter, 0.15 mm thickness) applied with an Eclipse Airbush
pistol (Iwata). This placement is crucial for minimizing the contribution of cell resistance
arising from both the electrolyte and the formation of bubbles during oxygen and hydrogen

evolution. The voltage in the electrochemical cell depends on the spacing between the



electrodes, where the gapless system promotes high efficiencies [31,32]. Prior to applying the
platinum to the carbon paper, which was heated to 110 °C on a hotplate, the ink was
ultrasonicated for 10 min (VWR USC-T, ultrasonic frequency approx. 45 kHz) and afterward
further dispersed using a T-25 Ultra-Turrax operating at 13400 rpm for 2 mins. The cathode
consisted of 1.0 mg cm 2 of platinum. The dry weight of the catalyst also included 10 wt%
Sustainion® XA-9 binder (Dioxide Materials), which was added as 5 wt% dispersion in ethanol
to an ink consisting of 6:1 volumes of isopropanol and water. The Ni-foam anodes (porosity:
95%, purity: 99.9%, Goodfellow) were compressed from 1.6 mm thickness to 0.4 mm using a
hydraulic press before coating. For the polarization curve measurements, 20 s long multi-step
chronopotentiometries held at the corresponding current densities were recorded. Before the
12 h chronopotentiometries held at 0.5 A cm 2 were initiated, a 1 h conditioning at the same

current density was performed.

3. Results and discussion

3.1. Catalytic nanopowder characterization

All three perovskite materials were synthesized using spray-flame synthesis with identical
solvents and concentration ratios of the respective precursors. Their structures and compositions
were analyzed using X-ray diffraction (XRD, Figure 1a) and Raman spectroscopy (Figure 1b).
LMO and LFO diffraction peaks can be indexed to the single-phase orthorhombic structure
matching ICSD 51653 and ICSD 7794, respectively [33—-36]. Conversely, the diffraction pattern
of LCO matches the rhombohedral perovskite LaC002.925 structure (ICSD 153993) [15]. 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 [37,38]. 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 MnOs octahedra [39,40]. Likewise, in the LFO, Raman modes at 435 cm™! are related to



oxygen bending vibrations, while stretching Raman modes of FeOs octahedra are observed at
636 cm!. These findings for both materials are consistent with the orthorhombic structural
configuration previously determined through XRD [41-43]. Furthermore, the Raman mode in
LCO at 640 cm™' corresponds to Co—O stretching vibrations, providing additional support for
the rhombohedral arrangement of LCO [44,45].

To investigate the surface properties and valence states of all three perovskite powders, X-ray
photoelectron spectroscopy (XPS) analysis was performed. In all cases, lanthanum
(supplementary material, Figure S2a) 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 [46,47]. The
surface spectra of Mn 2p3,» (supplementary material, Figure S2b) 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 [48]. The two Fe 2ps.» peaks (supplementary material, Figure S2c)
positioned around 710.2 and 711.9 eV indicate the presence of a mixed oxidation state of Fe**
and Fe*”, respectively [49]. The Co 2ps (supplementary material, Figure S2d) spectra are also
fitted with two individual peaks at 779.7 and 781.4 eV, corresponding to the Co** and Co?"
oxidation states [50,51]. The main O 1s XPS spectra for all materials were deconvoluted into
two components (supplementary material, Figure S2e) at around 528.8 and 531.5 eV,
respectively, indicating predominantly lattice oxygen (Oratice) and adsorbed hydroxyl species

(Osurface) on the surface [51,52].
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Figure 1. (a) XRD patterns of spray-flame synthesized LMO (black), LFO (blue), and LCO
(red), with corresponding ICSD references 51653, 7794, and 153993 (grey). (b) Raman spectra

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

The morphological and elemental analysis of spray-flame synthesized perovskite materials was
performed using transmission electron microscopy (TEM) and energy dispersive X-ray
mapping (EDX) (Figure 2a—c, supplementary material, Figure S3a—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, high-resolution TEM (HRTEM) images of LMO and LFO (Figure 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 [20,53]. Moreover, the HRTEM image of LCO (Figure 2f) exhibits crystal lattice
fringes with an interlayer spacing of 0.273 nm, corresponding to (104) rhombohedral planes,
consistent with the XRD and Raman spectroscopy analysis [54,55]. Additionally, the specific
surface area was examined using the BET method. The measured specific surface of LMO,
LFO, and LCO were 105.2, 94.2, and 84.6 m?> g !, with corresponding calculated primary

particle sizes (dp®FT) of 8.7, 9.6, and 10.0 nm, respectively.
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In total, combining all structural and surface characterizations confirmed that all three
nanopowders possess phase-pure perovskite structures with high surface area, which is crucial

for enhancing the accessibility of active sites.

Figure 2. TEM images of LMO, LFO, and LCO nanopowders (a, b, and ¢). HRTEM images of

LMO, LFO, and LCO perovskite materials (d, e, and f).

3.2. Powder wetting, dispersion, and ink characterization

Understanding interactions between nanoparticles, additives, and solvents is important for
efficient electrode fabrication and the successful transition from lab-scale to larger-scale
processes. The key to a smooth transition is the preparation of homogeneous and stable
dispersions from non-toxic, environmentally and economically feasible solvents and
additives/binders. To investigate interactions of LMO, LFO, and LCO nanoparticles with
different solvents or probe liquids (PLs), the method of HSP was utilized, which was adopted

by us to assess particulates [56,57]. 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. [58] was introduced. LMO, LFO, and LCO were initially
dispersed in polar protic, polar aprotic, and moderate polar PLs, including ethanol,
dimethylformamide, tetrahydrofuran, 2-propanol, dimethylsulfoxide, and acetone. The
interactions and stability of perovskite nanoparticles in the PLs were visualized using
transmittograms (supplementary material, Figure S4-S6), which provide the qualitative and
quantitative characteristics of the physical properties of complex colloidal or dispersed systems
[59]. For the calculation of the HSP sphere, the interaction of perovskites with different PLs
were finally categorized on the basis of relative sedimentation times of the settling dispersion
during analytical centrifugation. Using the HSPiP software and the automated addition method
developed by Sii8 et al. and Anwar et al., the ordering of PLs into good and poor was done
(supplementary material, Figure S7) [28,29]. 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 shows good dispersion stability in polar protic
ethanol and polar aprotic dimethylformamide and dimethylsulfoxide, while 2-propanol,
tetrahydrofuran, and acetone were 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 [56,60,61]. These differences are reflected in the elevated op and op
values of LCO compared to LMO and LFO, resulting in a larger radius of the Hansen sphere
(supplementary material, Figure S7, Table S1).

For further understanding of the interaction between perovskites and PLs, Fourier-transform
infrared spectroscopy (FTIR) measurements (supplementary material, Figure S8) of powders
were performed. Vibration modes at 850 cm™! in all three materials are associated with Mn—0,

Fe—0, and Co—O vibrations [62,63]. The presence of vibration modes between 1300 and 1600


https://uniduede-my.sharepoint.com/personal/blaz_toplak_uni-due_de/Documents/PhD/clanek/Nano%20energy/Supplementary_material_comparison_three_perovskites_final.docx?web=1
https://uniduede-my.sharepoint.com/personal/blaz_toplak_uni-due_de/Documents/PhD/clanek/Nano%20energy/Supplementary_material_comparison_three_perovskites_final.docx?web=1
https://uniduede-my.sharepoint.com/personal/blaz_toplak_uni-due_de/Documents/PhD/clanek/Nano%20energy/Supplementary_material_comparison_three_perovskites_final.docx?web=1
https://uniduede-my.sharepoint.com/personal/blaz_toplak_uni-due_de/Documents/PhD/clanek/Nano%20energy/Supplementary_material_comparison_three_perovskites_final.docx?web=1
https://uniduede-my.sharepoint.com/personal/blaz_toplak_uni-due_de/Documents/PhD/clanek/Nano%20energy/Supplementary_material_comparison_three_perovskites_final.docx

cm ! indicates the presence of organic residues on the surface after spray-flame synthesis. The
vibrations in LMO and LFO samples at 1372 and 1479 cm™! are related to the C—H vibration
modes [64,65], while additional vibrations noticed just in LMO at 1420 and 1578 cm™! are
attributed to C—H and C=C bonds [66]. Vibrational modes in LCO appear at 1315, 1420, and
1530 cm™!, corresponding to O—C=0, O—H, and C=C vibrations [64,65]. 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 [64].

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 technological processes, resulting
in a massive demand, which has led to increased prices over the last few years [67,68].
Lowering production costs can be achieved by introducing water into the system [68—73]. 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 [74,75]. Therefore,
stability characterization of the catalysts in ethanol, water, and various mixtures of
water/ethanol (50/50, 75/25, and 90/10 v/v%) was conducted (supplementary material, Figure
S9-S11). Results for all three perovskites show a similar trend of reducing the stability of
dispersions and faster material sedimentation with the increasing concentration of water.
According to the results 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 (Figure 3a—c).

Upon selecting the suitable solvent, inks were formulated by the incorporation of Sustainion®
as a binder. Our previous findings indicate that incorporating fluorine-free Sustainion® in the
electrode preparation of LagsSro.CoO3 and NiFe>O4 nanomaterials significantly improved

electrode durability, enhancing their performance in the OER [19]. As demonstrated in all cases
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(Figure 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 in scale-up reproducible electrode fabrication.
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Figure 3. Transmittograms of LMO, LFO, and LCO dispersions in HoO/EtOH 75/25 v/v% (a,
b, and ¢). Transmittograms of LMO, LFO, and LCO inks with Sustainion® binder in H,O/EtOH
75/25 vIv% (d, e, and f). Darker colors present low transmission and better phase stability over

time.

3.3. Structural characterization of catalyst-coated nickel-substrate anode electrodes

The surface morphology and roughness of the LMO-, LFO-, and LCO-based thin-film
electrodes were assessed using a SEM, EDX, and AFM. The SEM measurements (Figure 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 material, Figure S12-S14), indicating
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good dispersibility in a water/ethanol environment. Furthermore, AFM (Figure 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 155 — 180, 160 — 200, and 180 — 220 nm, respectively. The slight rise in surface
roughness can be attributed to the increased perovskite nanoparticle size from LMO towards
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 towards
LCO (Table 1, supplementary material, Figure S15-S16). It is worth noting that surface
roughness and porosity affect the presence of active sites, mass transport, and catalytic
performance [23,76—78]. Therefore, additional contact angle measurements were performed
(supplementary material, Figure S17), where no significant differences were observed,

underpinning constant wetting properties across all three anode materials.

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

LFO-, and LCO-based electrodes (d-f).
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To summarize, 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 characterization), we can conclude that our methodology
enables fast, reproducible, and scalable electrode manufacturing. The synthesized powders
exhibit similar properties, with a slightly higher surface roughness and porosity of the LCO-
based electrodes. As expected, the combination of comparable synthesis conditions and
electrode engineering enables the generation of anodes for which the OER performance will be
primarily connected 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 affects the OER performance.

Table 1. Powder and electrode parameters relevant for the OER performance

Nanopowder parameters

xpoET / nm 8.7 9.6 10.0

BET /m?* g 105.2 94.2 84.6

XPS / [Osurface /Ohattice] 0.83 0.94 0.90
HSP

8p/8p/61/R / Mpa®? 16.5/10.7/15.0/5.1 16.5/10.7/15.0/5.1 17.1/12.6/14.9/6.6

Electrode parameters

Sq roughness / nm 155 -180 160 - 200 180 — 220
Surface pore 8.6 8.8 10.6
coverage / %

Contact angle / ° 85 89 91




3.4. Electrochemical characterization of catalyst-coated electrodes

3.4.1. Scanning droplet cell tests

The lateral homogeneity of the 1 x 1 cm? nickel (Ni)-plates coated with 250 pg cm2 LMO,
LFO, and LCO with Sustainion® as a binder was assessed by SDC, analysis (supplementary
material, Figure S18). For each coated electrode, the electrocatalytic activity was evaluated
based on 25 measured areas that were analyzed and spaced 1.8 mm apart (supplementary
material, Figure S19, spot area of 0.0021 + 0.0002 cm?). Figure S20 (supplementary material)
presents the average and standard deviation of the LSVs. LFO-based electrodes exhibit the
lowest overpotential value () for OER at 10 mA cm2 (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 homogeneity of the coatings for OER activity is also represented in the activity maps
(supplementary material, Figure S21a—b). The current densities of the 25 individual measured
areas of each coated electrode and 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 cm2) exhibited a superior average current density compared to LCO-based
electrodes (7.4 mA cm™2) and lastly to the LMO-based electrodes (4.9 mA cm?). 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
deviations of 42.1, 25.6, and 16.3 %, respectively. Despite the coated films appearing visually
homogeneous before the SDC measurements (supplementary material, Figure S22), the LMO-
based electrode surface was more damaged after measurements due to the additional force

needed to seal the SDC and prevent electrolyte leakage. This result aligns with previous reports
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indicating that LMO exhibits less efficient activity compared to LCO and LaMnxCoyO3-based
perovskites [79,80].

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. Rotating disc electrode, compression cell, and flow cell coupled with inductively
coupled plasma-optical emission spectrometry (ICP-OES) experiments
In the scaling-up process, 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,
Figure 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 [19].
As highlighted in our previous study, an important consideration is the potential impact of
support-catalyst interactions on the catalyst's performance, which could affect its activity
[81,82]. To investigate this further, we performed electrochemical measurements in the RDE
system using both GC and Ni as support materials, where the induced rotation reduced mass
transport limitations and facilitated oxygen bubble removal [83]. Figure 5a-b presents the
activity of LFO, LCO, and LMO deposited on a GC and Ni electrode support in a conventional
RDE system. The observed trends were similar for both systems, except for the LMO-based

electrode, which showed no electrocatalytic activity when GC was used as the support material.
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In general, the potential values recorded at 10 mA cm™ presented higher overpotentials when
the GC was employed as the support.

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 Figure S24a—c (supplementary material).
The Nyquist plot revealed significant differences in the charge transfer resistance (Rct) based
on the capacitive arc diameter. For instance, the LFO-based electrode exhibited an Ret = 6 Q for
Ni-coated electrodes and 235 Q for GC-coated electrodes. The higher value of R¢t observed for
GC can be attributed to the potential dissolution/deactivation of LMO and inactivity towards
OER.

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 [84].
This second time constant is evident in the Bode plot (supplementary material, Figure S25a—
b,), which shows two peaks at approximately 3000 and 10 Hz. The additional interface may
affect the electrocatalytic activity by introducing electron transfer from the catalyst to the
electrode or by charging the interface through accumulating charge. In contrast, the LFO- and
LMO-based electrodes exhibit a single time constant. Further investigation will be carried out
in a dedicated study for a better understanding.

Additional support for the improved intrinsic properties of the LFO-based electrode in relation
to the OER performance can arise from prior density theory calculations. Tripkovic et al. [85]
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, Figure S26) enables the exposure of the

electrode surface area to the electrolyte under uniform potential distribution across the exposed
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area [30]. During the measurements, the oxygen is not removed and remains in close vicinity
of the electrode [19]. LSV measurements (supplementary material, Figure S27) of
electrocatalysts at 10 mA cm™ 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 electrochemical surface area (ECSA, supplementary
material, Figure S28a—d, Table S2—S3), which is significantly lower compared to LFO- and
LCO-based electrodes (0.30, 0.57, and 0.55 cm?). 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 configuration of the
electrochemical cell, and the second is the activation of the LCO-based electrodes connected to
material segregation [86]. These hypotheses will be evaluated in the following through post-
mortem analysis following long-term stability testing. Subsequent chronopotentiometric
stability (CP) measurements (Figure 5c) were performed at 10 mA cm 2 for 12 h. The same
trend was noted from the LSV across the whole measurement window. During the measurement
period, LFO-, LCO-, and LMO-based electrodes showed a slight increase from their initial
potential 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, Figure S29-S31) exhibits uniform elemental distribution. SEM images
(supplementary material, Figure S32a—c) reveal that all electrodes maintain 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-
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electrochemical testing. The AFM analysis (supplementary material, Figure S32d-f), conducted
after stability testing for 12 h, shows a reduction in the Sq values, while the trend amongst
different materials remains as observed in the case of the pristine electrodes. Among the
electrocatalysts, LMO-based electrodes exhibit the smoothest surface with minimal variations
across the area. The Sq values range between 85 — 95 nm, followed by LFO-based electrodes,
with Sq values between 110 —130 nm. The LCO-based electrodes display the highest Sq values,
ranging from 140 — 180 nm, respectively. Similarly to the SEM, AFM also revealed cracks on
the surface of LCO-based electrodes, which indicates and supports the hypothesis on material-
segregation that was deduced from the crossing of the LSV-curves in Figure S27
(supplementary material). Moreover, grazing-incidence X-ray diffraction (GIXRD) was
employed to investigate the potential changes in the crystal phase after compression cell
measurements (12 h at 10 mA cm2). While GIXRD (Figure S33a—c) 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 structural
modifications in the perovskite phases, potentially limiting the detection of minor phase
transformations.

Overall, structural characterization under laboratory conditions did not reveal significant
changes in the electrode surface morphology and composition. This good structural stability is
crucial before subjecting the materials to harsher conditions, as unstable materials should not
be considered for further testing at application-conditions [19].

Integrating the electrochemical cell with ICP-OES (supplementary material, Figure S34)
enables the direct analysis of reaction products and establishes a link between dissolution
behavior and the electrochemical operation [87]. 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 [88].
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During these measurements, a minor transient of Fe and Mn dissolution (supplementary
material, Figure S35a) is observed, independent of the applied potential. The leaching behavior
of the metal ions is summarized in Figure S35b (supplementary material). During OER
operation, Fe and Mn dissolution is detectable at a current density of 5 and 10 mA cm,
resulting in approximately 0.25 ng s™! cm™ for Fe and 0.68 ng s™! cm™ 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. However, manganese leaching may be
a partial reason for the poor electrochemical performance of LMO-based electrodes, as
discussed previously during RDE measurements. Furthermore, no La or Co dissolutions are
observed during OER operation 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 performance at low current densities. The findings are in good agreement
with the previously used SDC technique. Our results are in sharp contrast with the previously
mentioned studies from the literature that identified LCO powder as the most effective
electrocatalyst. However, perovskites in those studies were obtained from different synthesis
techniques [12—14]. This deviation suggests that the superior performance 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, 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.
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Figure 5. LSV curves of LMO- (black), LFO- (blue), and LCO-based electrodes (red) with
Sustainion® obtained with the RDE (1600 rpm, O»-saturated, purified 1 mol L' KOH) on
glassy-carbon and nickel substrate (a, b). The shift to lower overpotentials is connected to
material conductivity. CP measurements were recorded with the compression cell in a purified,
O;-saturated, 1 mol L' KOH. The solid lines correspond to the mean values, and the shadows

represent their standard deviations (c).

3.4.3. Zero-gap full-cell test

Next, anode-testing based on the coherent workflow transitions to the scalable zero-gap full-
cell setup (supplementary material, Figure S36) with membrane electrode assembly (MEA),
making 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 [19,89].
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Two trends are noticed in the polarization curves. The first one at 0.5 A cm 2 indicates that the
polarization curves (Table 1, supplementary material, Figure S37a—d) mainly follow the trend
noticed with the electrochemical standard laboratory half-cell electrochemical setups. The most
significant difference is detected in polarization curves obtained after 36 h of electrochemical
testing, where the LCO-based electrodes, for the first time, outperform LFO-based electrodes
(supplementary material, Figure S37d). 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 results gained at 10 mA cm 2. Long-term stability CP measurements (Figure 6) were
obtained at a current density of 0.5 A cm 2 for 12 h at room temperature and additionally for
24 h at 60 °C. After exposure for 12 h at room temperature, the cell potential (Ucen) 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 Uce. The most substantial decrease in Ucen is observed with LMO-based
electrodes (0.28 V) compared to the Ucen after testing at room temperature, followed 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 Ucenn 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 Ucenn compared to LFO- and LMO-based electrodes (2.07, 2.09, and 2.16 V).


https://uniduede-my.sharepoint.com/personal/blaz_toplak_uni-due_de/Documents/PhD/clanek/Nano%20energy/Supplementary_material_comparison_three_perovskites_final.docx?web=1
https://uniduede-my.sharepoint.com/personal/blaz_toplak_uni-due_de/Documents/PhD/clanek/Nano%20energy/Supplementary_material_comparison_three_perovskites_final.docx?web=1

This leads to a couple of conclusions. Firstly, all three perovskite electrocatalysts show
promising performance for OER under application-relevant conditions. This includes the LMO-
based electrodes, which would typically be discarded after the lab-testing conditions. Secondly,
after 36 h, all electrocatalysts reach a plateau, indicating a steady state of the system. Thirdly,
the curve-crossing trends observed between LFO- and LCO-based electrodes point towards
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.



Table 2. Electrochemical results on the three perovskites gained by electrochemical half-cell-
testing at 10 mA cm? in purified, Oz-saturated, 1 mol L' KOH and results gained under

application-relevant conditions with the zero-gap full-cell at 0.5 A cm™ in as-prepared 1 mol L~

' KOH at room temperature and 60 °C.

LMO LFO LCO
/' V vs. RHE /' V vs. RHE /'V vs. RHE
SDC /10 mA cm > 1.635 + 0.007 1.541 +0.002 1.560 +0.003
RDE/GC/ 10 mA cm™ / 1.64 1.69
RDE/Ni/ 10 mA cm™ 1.62 1.54 1.57
Compression cell / 10 mA cm ™ 1.731 +0.007 1.54 £0.01 1.566 + 0.004
voltage / V voltage / V voltage / V
Zero-gap full-cell before CP at 2.27+0.05 1.96 £ 0.09 2.14+£0.01
room temperature / 0.5 A cm 2
Zero-gap full-cell after CP at 2.23+£0.04 2.04£0.03 2.15+0.02
room temperature / 0.5 A cm
Zero-gap full-cell before CP at 2.00+0.03 1.86 +0.02 1.94 +0.05
60°C/0.5A cm™
Zero-gap full-cell after CP at 2.08 £0.05 2.018 +£0.002 1.97 £0.05

60 °C/0.5A cm™
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Figure 6. Zero-gap full-cell characterization of LMO- (black), LFO- (blue), and LCO-based

electrodes (red) at room temperature and 60 °C at 0.5 A cm™ in as-prepared 1 mol L' KOH

on Ni foam substrates.

3.5. Post-mortem full-cell analysis

To gain a deeper understanding of 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. These results were compared to pristine electrodes (Pristine) that were not
exposed to electrochemical conditions. This enables us to understand catalytic mechanisms and
provides, together with the electrochemical data, a comprehensive understanding of the

materials’ behavior under real-life operating conditions.



3.5.1. Post-mortem analysis of the thin films by Raman spectroscopy

Raman spectroscopy of all the LMO-based electrodes (Figure 7a—c) reveals two vibrational
modes at 498 and 616 cm™', corresponding to Jahn-Teller distortion in the MnOs octahedra
[39,40]. The full-cell testing at room temperature of the LMO-based electrode exhibits no
significant differences from the pristine-LMO-based electrode before electrochemical testing.
However, an additional Raman mode at 572 cm™' is observed after full-cell testing at 60 °C.
This is attributed to the Mn—O stretching vibration, indicating an increased presence of Mn*"
[90,91]. For LFO-based electrodes, a Raman mode at 642 cm™ is detected in both the pristine-
LFO-based electrode and LFO-based electrode after full-cell testing, corresponding to the FeOs
octahedral stretching vibrations [41,43]. However, after full-cell testing at 60 °C, new Raman
modes appear at 572 and 666 cm !, indicating an increased presence of Fe** due to surface
changes most likely caused by chemical leaching under harsh conditions [92,93]. The leaching
and deposition of iron on the surface align well with the ICP-OES data described above
(electrochemical flow cell coupled with ICP-OES), where traces of iron were detected. On the
other hand, lanthanum showed no dissolution.

These changes were additionally confirmed by EDX mapping of the LFO-based electrode after
full-cell testing at 60 °C (supplementary material, Figure S38, Table S4), which revealed
localized areas of increased iron concentration. In the case of LCO-based electrodes, the
pristine-LCO-based electrode exhibits a Raman mode at 642 cm™!, corresponding to the Co—O
stretching vibrations [44,45]. After electrochemical exposure at 0.5 A cm™2, a significant shift
of 49 cm™! is observed. The peak at 593 cm™! in the LCO-based electrode after full-cell testing
at room temperature and 60 °C is associated with the Co—O vibrations and formation of
amorphous CoOx(OH)y. Additionally, the exposed shoulder is related to the Co—O—Co
vibrations [94]. Moreover, TEM (supplementary material, Figure S39) was used to confirm the
formation of an amorphous structure with a coexistence of crystalline and amorphous phases.

The amorphization and catalytic mechanism were further validated using CV taken from the
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compression cell (supplementary material, Figure S40) [95,96]. Notable changes between the
1t and 10" or 50" cycle suggest that the LCO-based electrode underwent irreversible
conversion from Co(II) to Co(IlI), which can be related to the formation of CoOx(OH)y on the
surface [86,97]. This is in line with findings from Li et al. [98] who demonstrated that the
amorphization process of LCO improves the activity of the electrocatalyst, which may explain
the significantly improved stability of LCO-based electrodes at 0.5 A cm™2 in comparison to
LFO- and LMO-based electrodes. Similar studies by Cai et al. [99] and Indra et al. [100] also
support the observation that amorphous catalysts exhibit superior activity and stability

compared to crystalline structures.
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Figure 7. Raman spectroscopy data of LMO-, LFO-, and LCO-based electrodes (a, b, and c)
before and after electrochemical testing in a zero-gap full-cell. Measurements were performed
on pristine electrodes (magenta) and electrodes after full-cell testing at room temperature

(spent-RT, orange) and 60 °C (spent-60, green).
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3.5.2. Post-mortem XPS analysis of the thin films

XPS analysis of the LMO-based electrodes (Figure 8a-b, supplementary material, Figure S41a)
reveals that the La 3ds/ spectra for the pristine-LMO sample and electrodes after full-cell testing
at room temperature and 60 °C exhibit a multiplet peak split difference of 3.7 eV, characteristic
of La-based perovskites [46,47]. The Mn 2p3/2 spectra after full-cell testing at room temperature
and 60 °C show a shift from 641.6 to 642.1 eV toward higher binding energies. This shift is
associated with an increased presence of Mn*", which aligns well with the Raman data
[101,102]. Additionally, O 1s spectra across all samples indicate a reduction in Oatice and an
increase in surface oxygen species [103]. For the LFO-based electrode, a slight narrowing of
the La 3ds» multiplet distance is detected, decreasing from 3.8 eV in the pristine-LFO sample
to 3.6 eV after full-cell testing at 60 °C (supplementary material, Figure S41b). However, this
value remains near the literature-reported 3.7 eV [46,47]. The Fe 2p3» demonstrates a
significant change in the LFO-based electrode after full-cell testing at 60 °C compared to the
other two LFO samples, as the peak emerges at 713.7 eV, which is associated with the increasing
presence of Fe*" on the surface (Figure 8c) [101,102]. Similar to the case of LMO-based
electrodes, O 1s spectra of LFO-based samples suggest a rise in adsorbed oxygen species and
a decrease in Oraice ON the surface after electrochemical evaluation (Figure 8d). For LCO-based
samples, the La 3ds» multiplet distance (supplementary material, Figure S41c) is reduced from
3.8 to 3.5 eV, indicating the formation of La(OH)s on the electrode surface during OER [96].
This formation on the surface was also observed by Bai et al. [96], who suggested that this is
the main reason for the amorphization of LCO material. The Co 2ps/2 after full-cell testing at
60 °C (Figure 8¢) displays an increase in Co>", as evidenced by a slight shift towards lower
binding energies from 782.2 to 781.7 eV. This confirms the formation of a CoOx(OH)y [96,97].
Meanwhile, O 1s spectra (Figure 8f) indicate an increase of adsorbed oxygen species on the
surface and a decrease of metal oxides originating from the bulk, which is expected during

water electrolysis. In general, XPS and Raman spectroscopy data show excellent agreement and
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correlate very well with the electrochemical data, which makes them ideal complementary

techniques for future post-mortem analysis.
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Figure 8. XPS data of Mn 2p3/2 and O1s on LMO-based electrodes (a, b). XPS data of Fe 2p3»»
and O1s on LFO-based electrodes (c, d). XPS data of Co 2p32 and O1s on LCO-based electrodes
(e, f). Measurements are performed on pristine perovskite electrodes (magenta) and electrodes
after full-cell testing at room temperature (spent-RT, orange) and at 60 °C (spent-60, green). All

materials were exposed to a current density of 0.5 A cm™.

3.5.3. Post-mortem GIXRD analysis of the thin films

Additionally, GIXRD was performed on all three perovskite-based electrodes. As shown in
Figure S42a—c (supplementary material), the nickel substrate dominates the diffraction patterns,
with distinct peaks at 20 = 44.5° and 52.9°. These correspond to the nickel foam and its non-
flat nature. As a result, some of the catalytic material spills around the edges, leading to thinner
material deposits on the surface and exposing more of the nickel substrate. In all cases, a gentle

peak is visible in the area between 20 = 32° and 33°, which is connected to the perovskite
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structure. However, a closer examination reveals that LMO- and LFO-based electrodes after
full-cell testing at room temperature and 60 °C exhibit no structural changes after exposure to
harsh conditions, suggesting that these materials maintain robust structural integrity. However,
in LCO-based electrodes, a peak shift after full-cell testing at 60 °C is detected towards lower
20 values, which indicates the anodes’ deformation in a crystalline structure. This observation
aligns with the findings from Raman and XPS analysis. However, due to intense nickel peaks,
a more detailed determination of the crystalline structure of LCO is not possible. Nonetheless,
this shift indicates the presence of a mixture of phases within the LCO material.

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 electrochemical performance and the observed materials properties. 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 reactivity at high current densities.

4. Conclusions
In this research, we investigated the effects of electrode material engineering on OER
performance and emphasized the importance of the integration of scalable technologies and
application-relevant testing into the material exploration process. 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 on relevant scales that are crucial to alleviating
climate change. Based on our investigation, we can conclude:

e Firstly, perovskite nanopowders synthesized using spray-flame synthesis are highly

crystalline, phase-pure materials with huge specific surface areas above 80 m? g’!. Their



unique intrinsic properties provide a strong foundation for larger-scale catalyst
production.

Secondly, dispersion stability and ink formulation were proven as crucial factors for
efficient and reproducible electrode preparation. All three nanomaterials demonstrate
good dispersibility in ethanol. However, the dispersion stability decreases with
increasing water-content in the continuous phase. Stability problems can be overcome
by the incorporation of Sustainion® XA-9 binder, which significantly improves ink
stability and presents an important step towards a fluorine-free technology (per- and
poly-fluoroalkyl substances — PFAS).

Thirdly, morphological electrode evaluation revealed a correlation between the particle
size after synthesis and the surface roughness of the electrodes, with LCO-based anodes
exhibiting the highest roughness and porosity, which is connected to improved bubble
management and exposure to active sites. Furthermore, coating homogeneity assessed
using SDC shows low standard deviations, no delamination, and better OER
performance of LFO-based anodes compared to the LCO-based material as reported in
the literature [12—14,16].

Fourthly, electrochemical testing, including compression cell and RDE analysis,
supports the SDC results and gives the first indications about the superior
electrochemical performance of LFO- compared to LCO- and LMO-based electrodes.
As the most important, all perovskites presented robust properties under laboratory
testing conditions, which made them suitable candidates for further studies under real-
life conditions in a zero-gap full-cell. Notably, full-cell testing at 60 °C revealed a
change in OER performance due to a significant increase in the potential of the LFO-
based sample, leading to a polarization-curve-crossing with the LCO-based electrode.

Moreover, the LMO-based anode presents enhanced performance at high current



densities compared to 10 mA cm?, indicating its potential as a toxic-metal-free OER
electrocatalyst.

e Finally, we could strengthen the electrochemical observations with post-mortem
analysis using Raman spectroscopy, XPS, and GIXRD, which enables investigations of
materials stability and catalytic mechanisms. Changes in LMO-based anodes were
linked to the increasing presence of Mn**, while LFO degradation correlated with iron
leaching and increased Fe** concentration on the anode surface. In contrast, LCO-based
anodes underwent structural changes connected to amorphization, resulting in enhanced
long-term electrochemical stability.

Altogether, our findings contribute to the systematic exploration of perovskite-based OER
electrocatalysts, where the faster integration of full-cell testing into the materials’ assessment
enhances our understanding of electrocatalyst behavior. We believe that these studies are needed
to holistically understand 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 transitional metals such as iron and manganese. However, as
presented, further development of electrocatalytic material stability and a deeper understanding
of the substrate effect on OER performance are needed to complete the whole picture of the

effective electrode production for alkaline water electrolysis.
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Graphical abstract

The comparison study of lanthanum-based perovskites reveals that it is essential to combine
lab-scale and application-relevant electrochemical analysis. Only in that case it is possible to
get a complete picture of how to develop electrocatalysts further. This systematic assessment
can be achieved by the implementation of a highly structured, coherent workflow that enables

a rapid material evaluation and transition from academic research to industrial development.
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