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Introduction

High surface area mixed lanthanum nickelate/
ferrates (LaNi,_,Fe,Oz) via modified carbon
templating coated on nickel in alkaline OER

Nikolas Mao Kubo, ()@ Harol Moreno Fernandez, ¢

Leila Novalic,® Martin Rabe, 22 € Jan P. Hofmann

® |lias Efthimiopoulos,
® and Regina Palkovits (2 ¥4
Perovskites have been proven as a highly versatile, tailorable material class, encompassing well-
established, highly active oxygen evolution reaction (OER) electrocatalysts based on earth-abundant
transition metals. Facile synthesis methods yielding large specific surface areas (SSA) for enhanced catalyst
utilization and testing in industrially relevant conditions are crucial for accelerating the large-scale
application of alkaline OER, which is regarded as a bottleneck for electrocatalytic water splitting. The
synthesis of such perovskites with high SSAs, however, remains challenging. Here, a modified carbon
templating method, where metal nitrates are impregnated into activated carbon and subsequently
precipitated with an additional KOH impregnation step, is applied to synthesize a solid solution series of
lanthanum nickelate/ferrate LaNi;_,Fe,Os perovskite phases. These materials are tested in the alkaline
OER as catalyst coatings applied on Ni metal substrates. XRD analysis confirms the formation of perovs-
kites as primary phases, with SEM, elemental analysis, XPS, and Raman spectroscopy substantiating the
material characterization. SSAs determined by N, physisorption outperform those prepared by compar-
ably facile syntheses. SEM images reveal a less dense coating of LaFeOsz than LaNiOz on Ni substrates,
positively affecting the OER activity of higher Fe-content catalysts. The stability of the perovskite-coated
electrodes is assessed by XPS and Raman spectroscopy before and after chronopotentiometry, recorded
for 24 hours.

Water splitting can be conducted at high temperatures in
solid oxide electrolysis cells using steam or at near-ambient

In the transition away from fossil fuel dependency, hydrogen
plays a pivotal role as a chemical energy carrier, offering a
solution to the intermittency of renewable energy sources and
enabling applications as a chemical feedstock in a potential
hydrogen economy.'”” When powered by renewable energy, the
electrolysis of water (electrochemical water splitting, eqn (1))
enables an emission-free and sustainable generation of
hydrogen.” "

2H,0 — 2H, + O, (1)
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temperatures in acidic or alkaline aqueous systems with
proton exchange membrane (PEM) cells or alkaline water elec-
trolyzers (AWE)."'™"® Generally, water splitting involves two
half-cell reactions where hydrogen is obtained in the reduction
of water at the cathode (hydrogen evolution reaction) while the
oxidation towards oxygen (oxygen evolution reaction, OER)
occurs at the anode. As resistances need to be overcome and
both half-cell reactions require overpotentials to occur, higher
potentials than that of the equilibrium potential of 1.23 V
need to be applied in praxis. Here, the OER contributes the
largest share to the total overpotential due to its sluggish kine-
tics resulting from the thermodynamically challenging four-
electron transfer and the oxygen-oxygen bond formation.'>™"®
Hence, the OER poses a bottleneck to the overall water-split-
ting technology and is shown in eqn (2) for alkaline media
with hydroxyl anions as the main charge carrier.

40H™ — O, + 2H,0 + 4e~ (2)

Although noble-metal-based catalysts such as iridium and
ruthenium oxides are highly active and now well-established
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OER electrocatalysts in PEM cells due to their high activity, the
use of precious metals hinders large-scale applications owing
to their scarcity.'®?* This has driven the search towards OER
electrocatalysts based on earth-abundant transition metals.
In particular, nickel-, cobalt, and iron-based materials
have emerged as highly active electrocatalysts in alkaline
media.***°

Among various oxide phases, these metal-based catalysts
can adopt, due to the alkaline conditions, the perovskite struc-
ture offers wide compositional variability, stability, and finely
tunable properties.>’® The general perovskite oxide compo-
sition is ABOj3, with A being the larger cation coordinated by
12 oxygen atoms and B being the smaller cation located in
corner-sharing oxygen-octahedra. Among the unmixed, first-
row transition-metal-based perovskites, LaNiO; was shown to
be one of the most active phases. On the other hand, LaFeO;
is reported to exhibit lower activity.*'* LaNiO; has been
extensively studied by Matsumoto et al. in pelletized form,>’
by the group of Singh, both coated on Pt foil*® and Ni
supports,®”*® and by the group of da Silva Pereira coated on Ni
foam.?*"*! Furthermore, it is well-reported that the presence of
Fe enhances the activity of Ni-based OER electrocatalysts.*>™*>
As mixing different cations on either A- or B-site allows for
tuning the perovskite properties, it can be reasonably expected
that mixing Fe into the B-site of LaNiO; should exert an acti-
vating effect on its ability to catalyze the OER. While LaNiOj; is
a metallic conductor*®*” and LaFeO; exhibits semiconducting
properties,*® Chiba et al. found a conductivity maximum for
LaNi;_,Fe,O; (0 < x < 1) perovskite phases at about x = 0.4.*°
Despite the limited literature on these mixed compositions,
some studies, such as those by Zhang et al.,*® Gozzo et al.,”
Bak et al.,”® Yu et al.,”® and Wang et al.,>* report improved OER
activity for Fe incorporation levels around or below x = 0.5,
whereas others, like Hardin et al.>® and Fu et al.,*® found no
improvement or slight declines. On the other hand, Adolphsen
et al®” noted increased chemical stability with Fe incorpor-
ation, despite unchanged activity.

Despite the interest in perovskites and their potential as
electrocatalysts in the OER, their synthesis remains challen-
ging, especially when aiming for enhanced specific surface
areas (SSA). Accordingly, simple and cost-effective synthesis
methods are crucial for facilitating the large-scale adoption of
OER electrocatalysts. High-surface-area materials increase cata-
lyst utilization and electrode-electrolyte contact. Generally, two
distinct methods are reported among the few studies on
achieving perovskites with high SSAs, with one posing a more
extensive method but yielding the highest reported SSAs, and
the other being less extensive but yielding lower SSAs in com-
parison. The first method is nanocasting, where ordered meso-
porous carbons or silica, such as SBA-15, are applied as hard
templates. Here, depending on the calcination temperature
and choice of template, various studies report SSAs, deter-
mined from N, physisorption following the Brunauer—
Emmett-Teller method (Sggr), of around 34-130 m” g™' for
LaFe0;3,°* % around 120 m”> g™' for LaMnO;,*® around
97 m? g* for LaCo0Q;,** and <50 m” g™* for LaFe;_,C0,0;.%>

Nanoscale

View Article Online

Nanoscale

The other method involves organic acid-assisted calcination,
with studies reporting Sy values in the range of 4-25 m* g™*
for LaNiO;,** <1-36 m”* ¢g”* for LaM;_,Cu,O; (M = Mn, Co),**
and 5-35 m® g" for LaggSro,MO;3_s (M = Mn, Co).*> Other
methods reported for achieving high Sggr values include
freeze-drying, reaching about 12 m® g~' for NdCe0s,%® poly-
ethylene glycol complexing, reaching 4-59 m”> g ' for
LaMnO;,%” and acid etching as post-treatment, achieving
16-126 m”> g~! for LaMnO;.s.°® Two studies, reporting the
application of high Sggr perovskites in the alkaline OER,
include syntheses via a co-precipitation, with 12-33 m?> g™* for
Lny 5Sry5C005_s (Ln = Pr, Nd, Sm, Gd),*® and de-alloying of
arc-melted Al-based alloys, reaching 12 m”> g™ " for LaNiO; and
8-20 m? g~* for other LaMO; phases (M = Co, Mn, Cr).”® To
the best of our knowledge, however, no study employs a facile
synthesis yielding perovskite phases based on earth-abundant
metals with high SSAs for the application in alkaline OER.

In an earlier work,”" we reported the application of a syn-
thesis protocol based on the carbon templating route as
described by Schwickardi et al.”? to synthesize LaNi,_,Fe,O;
phases. In the original carbon templating approach, activated
carbon was impregnated with an aqueous metal salt precursor
solution and then heated in air, simultaneously enabling the
calcination of the metal salts to oxides and the removal of the
template via combustion. However, the direct application of
this protocol did not yield the desired LaNiO; perovskite
phase. To address this, we present a modified synthesis proto-
col here. Following the initial metal salt impregnation and
drying steps, the precursor-loaded carbon is additionally
impregnated with KOH solution, promoting in situ precipi-
tation of metal hydroxides within the porous carbon matrix.
Upon thermal treatment, this single-step heating process
achieves both the combustion of the carbon template and the
conversion of metal hydroxides into the target oxide phases.

Using this refined method, we aimed to synthesize a solid
solution series of five lanthanum nickelate/ferrate perovskites
with the composition LaNi;_,Fe,O3; (x = 0.0, 0.25, 0.5, 0.75,
and 1.0), which exhibits high SSAs for optimized catalyst utiliz-
ation for application in the alkaline OER. The resulting
materials were comprehensively characterized by powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and Raman spectroscopy.
Specific surface areas of the powder materials were determined
from N,-physisorption. The elemental composition was
obtained from inductively coupled plasma optical emission
spectroscopy (ICP-OES). While OER electrocatalysts are com-
monly applied on highly polished, OER-passive substrates as
good testing practice,'®**7* different studies hint towards
potentially adverse effects and artefacts of such testing
methods.””7® As such LaNi,_,Fe,O; phases have been studied
in the OER,>*™ the focus of this study lies in application-
oriented electrode testing to facilitate the large-scale deploy-
ment of water electrolysis. Therefore, the electrocatalytic per-
formance of these materials in the OER is evaluated as integral
electrodes consisting of ink coatings on industrially relevant
nickel substrates, as commonly used in AWE."*7”

This journal is © The Royal Society of Chemistry 2026
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Experimental

Catalyst preparation

Nickel foil (Alfa Aesar, 0.5 mm thickness, annealed, 99.5%), Ni
(NO3),-6H,O (Merck, EMSURE ACS), La(NO;);-6H,0 (Sigma-
Aldrich, 99.99%), Fe(NO3);-9H,0 (Sigma-Aldrich, >98%), acti-
vated carbon (NORIT CN1, Thermo Scientific), terpineol
(Sigma-Aldrich, mixture of isomers), and KOH (Chemsolute,
>85%) were used as obtained without further purification.
Aqueous solutions are prepared with ultra-pure water (Milli-Q).
3400 pL of mixed cation solution was prepared by mixing
1800 pL of aqueous 3 M La(NOs); solution with a total of
1800 pL B-site cation solution, composed of different volumes
of aqueous 3 M Ni(NO;3), and 3 M Fe(NO;); solution corres-
ponding to the desired Ni/Fe-ratio in the final product. 2.66 g
of activated carbon was impregnated with the aqueous mixed
cation solution using a pipette. After drying in a desiccator,
the carbon was impregnated with 2550 pL of aqueous 6 M
KOH solution. After subsequent drying, the impregnated
carbon was heated in stagnant air with the following tempera-
ture profile: 2 h at 200 °C (5 °C min™" ramp), 2 h at 400 °C
(1 °C min™" ramp), and 4 h at 700 °C (3 °C min~"' ramp). The
resulting powder was washed with deionized (DI) water via
centrifugation until the supernatant exhibited a neutral pH
value. After thorough drying, the resulting powders were
ground in an agate mortar.

Catalyst characterization

XRD. The obtained powdered products were measured in a
range of 26 = 10°-90° in 0.02° steps with Cu K, radiation using
a Bruker D2 PHASER XE-T benchtop powder XRD analyzer.
Diffraction peak assignment was performed with VESTA
version 3.5.8.7%

SEM images. Electron micrographs were recorded with a
COXEM EM30-AXN tabletop SEM from gold-sputtered powder
samples using an acceleration voltage of 15 kV in secondary
electron detection mode.

N, physisorption. After degassing the powder samples at
150 °C for at least 3 h (Flovac degasser), N, physisorption iso-
therms were measured from the powders at —196 °C using a
3P Instruments Quadrasorb SI unit and evaluated using the
QuadraWin software. Sgpr was determined using the
Brunauer-Emmett-Teller (BET) method.

ICP-OES. The elemental composition was determined using
a SPECTRO Analytical Instruments Spectroblue ICP spectro-
meter from the products, which were dissolved in concentrated
HCI overnight.

XPS. The pristine powder and the catalyst coated before and
after CP were investigated using a Thermo Fisher Escalab 250
spectrometer implemented at the DAISY-SOL cluster tool. It is
equipped with an Al K, X-ray source (monochromatic Thermo
Fisher XR6, /v = 1486.74 eV). Survey and high-resolution spectra
were measured in fixed analyzer transmission mode with a pass
energy of 50 eV (step size of 0.5 eV) for the survey and 20 eV (step
size of 0.05 eV) for the core levels. The system was calibrated to
0.00 eV binding energy of the Fermi level of sputter-cleaned Ag, as

This journal is © The Royal Society of Chemistry 2026
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well as to the emission lines of Au 4f;, at 83.98 eV, Ag 3ds, at
368.26 eV, and Cu 2p;, at 932.67 eV binding energy with devi-
ations <0.1 eV. The data analysis was performed with CasaXPS,
version 2.3.22.”° The core-level spectra were fitted with a Shirley
background and peaks of GL(30) line shape. Intensity calculations
were done based on relative sensitivity factors published by
Scofield.®® Charge compensation during measurements was
achieved using a flood gun, with the voltage carefully adjusted
until differential charging effects were corrected. Energy cali-
bration was performed with reference to the C 1s and O 1s peaks.

Raman. The ex situ Raman spectra were collected with a
LabRAM Raman microscope system (Horiba Jobin Yvon
France), using a x50 objective lens, a 600 | mm™" grating, and
a charge-coupled device (CCD) detector. Measurements were
performed with a 1 = 633 nm helium-neon laser. The incident
laser power was about 1 mW focused on a 10 um? sample area,
with 3 x 90 s accumulation time and a spectral resolution of

about 2 cm ™.

Electrode preparation & measurement

Catalyst inks were prepared by dispersing 200 g L™ catalyst
powder in terpineol using an IKA T 10 basic ULTRA-TURRAX
homogenizer intermittently for about 3 min, subsequent
sonication for 15 min, and vortexing. 1 x 3 cm* Ni-sheets were
uniaxially polished with SiC-paper (P600 grit, Starcke) in the
lengthwise direction and cleaned with DI water and absolute
ethanol. Catalyst-coated electrodes were prepared by applying
5 pL of ink to a 1 cm” area at the end of the Ni sheet via drop-
casting, amounting to a catalyst coating density of 1 mg cm™>.
The coated Ni sheets were heated in stagnant air for 1 h at
400 °C (10 °C min~" ramp) to remove the terpineol and enhance
the mechanical binding of the powder on the Ni substrate. To
ensure electrochemical activity only from the coated area, the
whole electrode, aside from a few millimeter-wide contacting
area at the top (both sides) and the coated area at the bottom,
as well as the backside, was insulated with an acrylic spray (Jelt
Tropicoat). These electrodes were applied as working electrode
(WE) in a three-electrode setup with a 1 x 5 cm” glassy carbon
(Hochtemperatur Werkstoffe) sheet as counter electrode (CE) at
a distance of 15 mm from the WE and a Hg/HgO (1 M KOH,
ALS RE-61AP) as reference electrode (RE) in between. All electro-
chemical measurements were carried out at room temperature
with 1 M KOH as electrolyte and recorded with Metrohm
Autolab PGSTAT204 potentiostats/galvanostats.

Electrochemical evaluation

All applied or recorded potentials (Eps.) were iR drop-cor-
rected and referenced to the reversible hydrogen electrode
(RHE) by adding the constant potential of the Hg/HgO
(1 M KOH) RE at 0.925 V vs. RHE measured against a hydrogen
RE (gaskatel Hydroflex) following eqn (3). Here, Egyg is the
potential referenced against the RHE, i is the current, and R,
is the uncompensated resistance determined via electro-
chemical impedance spectroscopy (EIS).

ERHE = Epstat +0.925V — X Ru (3)
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For electrochemical evaluation of the samples, the electro-
des were initially conditioned by 30 consecutive cyclic voltam-
mograms (CVs) from 0.085 to 1.085 V vs. Hg/HgO (1 M KOH) at
a scan rate of 100 mV s~ ",

Electrochemical activity. For the evaluation of the activity of
the coated electrodes, the second forward scan out of two con-
secutive CVs recorded in a potential window of 0.085 to
1.085 V vs. Hg/HgO (1 M KOH) at a scan rate of 5 mV s~ was
assessed.

EIS measurements. Impedance spectra were recorded at a
potential of 0.685 V vs. Hg/HgO with a root mean square per-
turbation potential amplitude of 10 mV applied for 10 frequen-
cies per decade between 100 kHz and 0.1 Hz. The values of R,
were determined from these measurements.

Chronopotentiometry. For prolonged electrolysis tests, the
electrodes were prepared with an additional heating step to
further improve catalyst adhesion. After heating in stagnant air
at 400 °C, the electrodes were additionally tempered for 3 h at
700 °C (10 K min~") in a N, atmosphere. Initial conditioning
was performed with 30 consecutive CVs from -0.515 to
0.285 V vs. Hg/HgO (1 M KOH) at a scan rate of 100 mV s~ "
and five CVs from 0.085 to 1.085 V vs. Hg/HgO (1 M KOH) with
a 5 mV s~ scan rate. For galvanostatic chronopotentiometry
(CP), a constant current density of 10 mA cm™ was applied.
Every 4 h, the current was stopped by 30 s of rest (open circuit
potential measurement) and one CV from —0.915 to 0.685 V vs.
Hg/HgO (1 M KOH) at 100 mV s~ ', This was repeated six times
in total, amounting to a total time of 24 hours of CP.

Results and discussion

Catalyst characterization

Table 1 lists the abbreviations used for all LaNi;_,Fe,O;
samples in the following paragraphs. The corresponding XRD
patterns of all samples prepared via carbon templating are
shown in Fig. 1a. Generally, all samples exhibit the perovskite
structure as the primary phase, as they show very similar pat-
terns to the reference XRDs of LaNiO; below and LaFeO;
above, rendered from the inorganic crystal structure database
(ICSD).*" In detail, the XRD diffractogram of LN shows Bragg
reflections at 26 = 23.1°, 40.6°, 47.2°, and 58.7°, which corres-

Table 1 Abbreviations, elemental composition, and specific surface
area (Sget) of all prepared LaNi;_,Fe, O3 samples

Target La:Ni: Estimated SBET
Abbrev. composition Fe-ratio” composition” (m*>¢g™)
LN LaNiO; 0.9:1.0:0.0 LaNigogFe( 0,05 69.2
LNF31 LaNij ;5Fep 505 3.9:3.2:0.9 LaNig,6Fe0 2403 43.2
LNF22 LaNi, sFeq 503 4.0:2.1:1.8 LaNigs4Feq460; 61.4
LNF13 LaNij ,sFe; 7505 4.1:1.1:2.8 LaNig,gFe, 7,03 61.6
LF LaFeO; 1.1:0.0:0.9 LaFeO; 35.8

“As determined by ICP-OES. ”Estimated from ICP-OES-determined
elemental composition based on the limiting cation species, assuming
stoichiometric parity between A- and B-site cations.
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LaFeO,

Intensity (a.u.)

20 40 60 80 32 34
20 (°) 26 ()

Fig.1 (a) X-ray diffractograms (XRD) of all LaNi;_,Fe,Os samples,
including reference diffractograms of LaNiO3 (ICSD-93919) and LaFeOs
(ICSD-28255). Observable secondary phases are marked with 4 for NiO
(ICSD-9866) and with ¢ for La(OH)s (ICSD-31584). (b) Magnified view of
the area between 20 = 31° and 34°.

pond mostly to the (012), (202), (024), and (300) planes of the
rhombohedral LaNiO; phase (R3¢, ICSD-93919 ®%). Similarly,
the most intense reflections of the LF sample at 26 = 22.6°,
32.2°, 46.1°, and 57.4° are assigned to the (002), (020/112),
(004/220), and (024/132) planes of the orthorhombic LaFeOj;
phase (Pbnm, 1CSD-28255 **). These reflections can also be
found in the LNF31, LNF22, and LNF13 samples.

Fig. 1b, which provides a close-up view of the most intense
Bragg reflection for each sample, reveals that the main XRD
feature of the LN sample at 20 = 32.7° is shifted slightly to
lower 26 values compared to the reference LaNiO; (110) plane
at 20 = 32.8°, indicating a slightly enlarged interplanar dis-
tance for LN. One possible explanation accounting for the
slight downshift of the LN reflection towards lower 26 values
might be a minor presence of Fe, as the estimated phase com-
position of the LN sample is LaNij ogFeg 0,03. The complete
metal ratios present in all samples and their estimated perovs-
kite compositions determined from the elemental analysis via
ICP-OES can be found in Table 1. Assuming complete inte-
gration into the perovskite phase, such Fe incorporation would
result in enlarged interplanar distances, as the Fe-O distance
is larger than the Ni-O distance in the perovskite
structure.’>®3 However, as the influence of the minor Fe
impurity is expected to be rather negligible, another expla-
nation could be the presence of La-richer Ruddelsden-Popper
(RP) perovskite phases with the composition La,;Ni,Os;,+1

This journal is © The Royal Society of Chemistry 2026
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(n=1, 2, 3, o). For these phases, the most intense reflection
shifts from LaNiO; (n = o) with decreasing n towards lower
20 values.®® Eg, an orthorhombic LayNizO,, (Cmca,
ICSD-96720,%> n = 3) exhibits its most intense reflection at 20 =
32.2° (171). Due to this proximity of the reflections, the overlay
of XRD patterns, resulting from the presence of any RP phase
along with LaNiO;, would be expected to shift the most
intense reflection in LN towards lower 26 values.

Generally, a consecutive downshift of the main Bragg reflec-
tion with higher Fe content from LN to the LF sample can be
observed (Fig. 1b), indicating the successful synthesis of the
LaNi,_,Fe,O3; perovskite solid-solution series with both Ni and
Fe on the B-site.

However, all samples show additional reflections corres-
ponding to secondary phases present. Such features can be
found for LN at 26 = 37.2°, 43.3°, and 62.9°, corresponding to
the (111), (200), and (220) planes of a cubic NiO phase (Fm3m,
ICSD-9866 °). For LNF31, only a very weak reflection at 26 =
43.3° of the NiO (200) plane is visible. On the other hand,
LNF22, LNF13, and LF show reflections at 26 = 15.7°, 27.3°,
28.0°, and 48.7° that can be attributed to the (100), (110),
(101), and (300) planes of a hexagonal La(OH); phase (P6;/m,
ICSD-31584 7). As detected by ICP-OES and listed in Table 1,
the metal ratios correlate well with these secondary phases. LN
and LNF13 feature an excess of Ni, which results in the for-
mation of NiO after calcination. Likewise, LNF22, LNF13, and
LF feature an excess of La, apparently resulting in the for-
mation of La(OH);. One possible explanation for the detected
metal ratios deviating from the desired ones could lie in the
calcination and combustion of the impregnated carbon.
Schwickardi et al. report a catalyzed combustion of carbon in
the presence of metal species.”” Furthermore, the well-
researched combustion of soot is reported to be catalyzed to
varying degrees by different metal-oxide species. Among the
three metals involved in this study, Fe exhibits the highest
ratio, followed by La, and the lowest catalytic soot combustion
activity is found for Ni.*®® Thus, it could be expected that
metals with higher catalytic rates get dragged out more during
the carbon combustion step in the oven, leaving less Fe than
La and less La than Ni in the samples, resulting in the for-
mation of NiO and La(OH); excess phases. Nonetheless, the
XRD and ICP-OES results indicate that the perovskite synthesis
procedure was successful overall, as indicated by the compar-
ably low presence of secondary phases and the closely match-
ing sample stoichiometries.

The impregnation synthesis method was chosen to produce
particles with high surface areas, thereby allowing for an
increased catalyst utilization through an enlarged electrode-
electrolyte interface. N, physisorption should allow for a
precise determination of the specific surface areas Spgr of
powders and is applied here for all samples. The values listed
in Table 1 indeed show high Sggr values for all perovskite com-
positions, spanning from 35.8 m* g~ for LF to 69.2 m* g~ for
LN, which ranges above the typically reported Sggr values for
high SSA-perovskites prepared by comparably facile syntheses

such as organic acid-assisted calcination or co-

This journal is © The Royal Society of Chemistry 2026
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precipitation.®> ®>®® However, a nearly twofold spread appears
unexpected for materials of similar molecular weights syn-
thesized by the same method. Furthermore, the Sppr values
lack a clear trend. A determination of the residual carbon
content in the samples amounts to below 1 wt%, indicating
mostly a successful combustion of the templating carbon.
However, as the activated carbon exhibits a large specific
surface area, even such small amounts left in the sample will
strongly influence the surface areas of the samples determined
by N, physisorption and, thus, explain the wide spread of the
Sger values. The complete N, physisorption isotherms can be
found in Fig. S1.

Scanning electron micrographs (SEM) were then recorded
to visually assess the effect of the synthesis method on the
surface structure. Exemplarily, the SEM images of LN (Fig. 2a
and b) and LF (Fig. 2c and d) are shown, with further SEM
images for all samples depicted in Fig. S2-S6. Here, the par-
ticles appear without regular or uniform shape and exhibit a
wide size distribution, ranging from the nm scale to more
than 100 pm for larger agglomerates. Furthermore, the par-
ticles appear very rugged and flaky, exhibiting surface features
over many orders of magnitude. Such intense surface rough-
ness can, in turn, account for the relatively high Sger values,
conforming to the main objective of the activated carbon
templating method.

The X-ray photoelectron spectra (XPS) recorded from the
powder samples are shown in Fig. 3. It is well-established that
the La 3d;/, peak overlaps with the Ni 2p;/, peak, complicating

Fig. 2 Scanning electron micrographs of (a) and (b) LaNiO3 as well as
(c) and (d) LaFeOs. Scale bars: (a) and (c) 100 ym, (b) and (d) 10 pm.
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Fig. 3 XPS binding energies of La 3d and Ni 2p core-level spectra of all
powder LaNi;_,Fe,Oz samples. The La 3ds,, area shows three peaks
corresponding to La(OH)s; and the 3ds,, core level and satellite of the
oxidic La(in) species (La** ox.) in the perovskites.

spectral interpretation.”® The most intense Ni 2p;/, signal is
typically accompanied by a satellite feature located approxi-
mately 6-7 eV higher in binding energy.’"°> Notably, this satel-
lite component coincides with the plasmon loss feature of the
La 3dj,, core level, further contributing to the overlap.”® Thus,
accurate analysis of the Ni 2p3/, core-level spectra is not feas-
ible without concurrently considering the La 3d3/, region. The
intrinsic complexity of the La 3d;/, spectral structure signifi-
cantly complicates deconvolution and precise profiling of the
Ni 2p;/, signal.

Nonetheless, the XPS binding energy of the La 3ds/, core
level at approximately 833.5 eV, along with its multiplet split-
ting or charge transfer band near 837.7 eV, is consistent with
the presence of La(m) species in the perovskite phase. An
additional La 3ds, peak at 834.7 eV can be attributed to La
(OH);, which aligns with previously reported data.’*> Unlike
the XRD results, however, the XPS data reveal the presence of
La(OH); in every sample, suggesting the formation of surface-
level La(OH); in each case. Due to the overlap of Ni 2p;/, and
La 3dj/, signals, a clear distinction between Ni(u) and Ni(m)
species is not possible. However, the Ni 2p,,, core level at
873 eV confirms the presence of Ni(u) species. While XRD
analysis shows NiO as a secondary phase in LN and LNF31,
the weak Ni 2p,,, signal observed in LNF22 suggests the pres-
ence of surface-level Ni(OH), in the Ni-rich samples.

Additionally, Fig. S7 shows the Ni 3p and Fe 3p core-level
spectra in the 45-80 eV region, revealing a clear trend of
decreasing Ni 3p and increasing Fe 3p signal intensity with
increasing Fe content. The relative amounts of Ni and Fe
(Table S1), calculated from the integrated Ni 3p and Fe peak
areas and corrected by the appropriate relative sensitivity
factors (RSFs), show higher Ni contents than those determined
by ICP-OES. This discrepancy might indicate surface Fe
depletion. However, considering the relatively low signal inten-
sity, the resulting uncertainty in the Ni/Fe ratios, and the
overall different sensitivity of each method, the XPS-derived
Ni/Fe contents are roughly consistent with the ICP-OES-deter-
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mined bulk compositions (Table 1). The Ni 3p spectra indicate
a dominant Ni(u) contribution, while the expected shifts
toward higher binding energy associated with Ni(m) are not
clearly resolved. Given the extent of differential charging and
signal noise, fitting the Ni 3p peaks was avoided to prevent
introducing arbitrary interpretations. Although bulk LaNiO;
nominally is expected to contain Ni(m), surface states may
deviate significantly from this stoichiometry. Furthermore, the
presence of RP phases, as indicated by XRD analysis, would
also contribute to a small portion of Ni(u) present in the bulk
material.

The Raman measurements of the powder samples yielded
only weak responses. Therefore, the LaNi,_,Fe,O; perovskite
phases are characterized by Raman spectra recorded from coat-
ings on Ni substrates, as shown in Fig. 4. For the LF sample,
the collected Raman signal is consistent with literature results
on LaFeO;.°® On the other hand, LN shows a relatively weak
and broad feature at about 410 cm™", assignable to the stron-
gest Raman feature of LaNiO;.”” Possible reasons for the weak
Raman signal might involve the metallic nature of LN, as well
as small crystallite sizes, which contribute to its broader XRD
reflections.

Overall, the Raman response intensity of the LaNi;_,Fe, O3
solid solution series remains weak, with additional features
appearing for different samples. In particular, LNF31 exhibits
two broad Raman bands at about 400 and 560 cm ™", attributed
to Ni-O and Fe-O stretching vibrations. Increasing the Fe
content further to LNF22 results in an additional peak at
470 ecm™', while another feature appears at 650 cm™ ' in
LNF13, consistent with a gradual replacement of Ni with Fe in
the perovskite lattice. Notably, no La(OH);-related Raman
vibrations were observed in any sample,”® indicating overall
concentrations below the Raman spectroscopic resolution.
Furthermore, no Raman signal is expected for NiO. However,
defective NiO, or Ni(OH), might yield a Raman band close to
450 ecm™1,%? which would strongly overlap with the recorded
LaNi,_,Fe,O; Raman signals.

_ 650 LF
=]
S 470 LNF13
>
D 400
8 560 LNF22
£
410
LNF31
. . . . . LN
200 400 600 800 1000

Raman shift (cm ™)

Fig. 4 Raman spectra for all LaNi,_,Fe,Os samples coated on Ni sub-
strates recorded at 1 = 633 nm and a temperature of 300 K.
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Evaluation of the electrochemical performance

The perovskite powder samples were coated as inks onto Ni
substrates to evaluate the OER performance in 1 M KOH elec-
trolyte. The electrode surface was conditioned with 30 consecu-
tive CVs from 1.0 to 2.0 V vs. the reversible hydrogen electrode
(RHE). To determine the electrochemical OER activity, two CVs
in the same potential window before iR drop-correction, reach-
ing into the OER overpotential region, were then recorded,
with the second forward scan considered. One representative
scan from triplicate measurements for each sample is shown
in Fig. 5. At low potentials, only very low currents are detected
for all samples, and thus, no chemical reaction occurs. For
such potential sweeps, the electrochemical activity can be
directly linked to the current. Hence, higher current densities
(j) at lower potentials equal higher activity. Therefore, the
absence of current at applied potentials significantly above
1.23 V correlates with the high activation barrier of the OER.
The inset of Fig. 5 shows small oxidation peaks at about
1.37 V vs. RHE for all samples, which can be attributed to the
oxidation of Ni(u) to Ni(m) species,*>'°>**" with similar behav-
ior reported for LaNiO; coated on different Ni substrates by
the groups of Singh®”*® and da Silva Pereira.>*™*' It can be
expected that the B-site cations in these La*'Ni;_>'Fe,>* 05>~
phases are already in the oxidation state of +3. Thus, a
Ni(u)/Ni(m)-oxidation peak should, in principle, not arise from
the Ni in the perovskite structure, aside from small amounts
of Ni(u)-containing secondary phases present in LN and
LNF31. Further possibilities for the presence of this oxidation
couple could be oxygen deficiency in the perovskite phase, as
reported by Matsumoto et al.,*® which requires Ni(u) species
present for electrical neutrality, or RP phases with lower n
values, which also contain Ni(u) species. However, the inten-
sity of this oxidation peak does not correlate with the Ni
content in the catalyst coatings, especially since the Ni-free

250 + 1
200 - 1
g e LN
g 150r e LNF31
< e | NF22
E 100+ 1 e LNF13
- o LF
50+ .
0 J
1.2 14 1.6 1.8
E (V) vs. RHE
Fig. 5 iR drop-corrected forward scans of cyclic voltammograms of all

perovskite-coated Ni-electrodes measured in 1 M KOH at a scan rate of
5 mV s7* against a Hg/HgO (1 M KOH) reference electrode and glassy
carbon counter electrode. One representative CV forward from three
electrodes per composition. Inset with magnification in the area of 1.3
and 1.5 V vs. RHE shows oxidation peaks.
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LF-coated sample shows one of the largest peak areas.
Therefore, it is plausible that the Ni-substrate itself and not
the perovskite might cause the oxidation peak evidenced in
the CV. While the coatings appear visibly dense, it is expected
that the electrolyte comes in contact with the Ni-substrate at
possible coating imperfections at the edges, as well as pene-
trating the coating between its constituent particles. The
smaller peak area of LN in comparison to the other samples
could, therefore, be accounted for by a denser coating layer,
leaving less direct contact between the electrolyte and the
Ni-substrate. Indeed, SEM images of the coated electrodes (as
shown in Fig. S8 and S9 for LN and LF) reveal a notable
difference in the surface structure. While LN exhibits a much
denser surface with only a few pores and cracks, the surface of
the LF-coated electrode does not appear as homogeneous, with
individual particles clumped together, thereby allowing for
many pores and gaps in between.

At about 1.5 V vs. RHE, the increase in current density indi-
cates the onset of the OER, with LNF31, LNF22, LNF13, and LF
showing lower onset potentials than LN. As all samples exhibit
high perovskite phase purity, the electrocatalysis of the OER
can be assumed to follow the OER mechanisms discussed in
the literature as reported elsewhere.””*#1°>71% Generally, the
mechanisms on perovskites mainly evolve around the d orbi-
tals of the B cation, following the conventional adsorbate evol-
ution mechanism (AEM), or for higher B-O covalency, follow-
ing the lattice oxygen mechanism (LOM).?%1°°

Upon further potential increase, all samples exhibit
different rates of current density rise. In this representative
measurement, the highest current density is reached for
LNF31 at 265 mA cm 2. Almost equal current densities of
about 222 mA cm™2 are found for LF, LNF22, and LNF31, but
at increasing potentials in that order. As prior to iR-correction,
the same potentials were applied, the difference in potentials
at the maximum currents mainly derives from the difference
in uncompensated resistances. LN exhibits the lowest
maximum current of about 176 mA cm™ at the highest overpo-
tentials. Interestingly, the least active sample LN exhibits the
smallest Ni(u)/Ni(m) oxidation peak area, suggesting a signifi-
cant influence of the coating porosity and, thus, accessibility
of the electrolyte to the Ni substrate on the activity. The order
of these peak sizes is roughly reflected in the activities.

A key benchmarking value commonly used to quantify and
compare the activity of OER-electrocatalysts is the overpoten-
tial #, which is defined as the additional potential required to
reach a specific current density relative to the OER equilibrium
potential of 1.23 V vs. RHE. The overpotentials necessary to
reach a current density of 10 mA cm™ for all samples are
shown in Fig. 6, with the mean and error values determined
from triplicate measurements. Here, the significantly lower
activity of LN compared to all other samples is clearly evi-
denced by its visibly higher overpotential of 398 + 20 mV,
which is about 60 mV higher than that of LNF31, with the
second-highest overpotential. LNF31, LNF22, and LNF13
exhibit very similar overpotentials of 340 + 8, 334 + 10, and
335 + 8 mV, respectively. Additionally, LF, as the most active
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Fig. 6 Overpotentials 110 of all samples determined at a current density
of 10 mA cm~2 during CV forward scans recorded with 5 mV s, aver-
aged over three measured electrodes per composition.

sample with an overpotential of 330 + 11 mV, does not reach
significantly lower overpotentials compared to the other Fe-
containing samples. Hence, the Ni/Fe ratio only marginally
influences the OER activity of the tested LaNi;_,Fe, Oz perovs-
kite phases.

An increase in activity with the introduction of Fe to Ni-
based OER electrocatalysts, and thus, an activity increase from
LN to LNF31, is expected from literature reports.’®>> These
studies find different optimal Fe-contents on the B-site of
LaNi,_,Fe,O; phases, but all concur on values below x = 0.5.
Similarly, optima of Fe contents in NiFe oxyhydroxide OER
electrocatalysts were found between 10 and 50% with only
minimal activity difference within this range.'®® Therefore, the
similar activity of LNF31 and LNF22 can also be expected.
However, the higher electrocatalytic OER activity for samples
with Fe-content above x = 0.5 is most surprising, as different
reports state a lower activity for LaFeO; compared to
LaNiO;,>'*'% and thus, LF would be presumed to exhibit a
higher overpotential than LN.

While not offering an extensive explanation, the aforemen-
tioned difference in coating density, illustrated by the differ-
ently sized Ni(u)/Ni(m) oxidation peaks and substantiated by
the SEM images of the coated electrodes (Fig. S8 and S9),
could influence the current density, as only the geometric area
of the electrode is accounted for. These coating differences
indicate a significantly larger surface area for catalysts with
high Fe contents, which could compensate for their expected
intrinsically lower OER activity. Nonetheless, it should also be
considered here that LNF22 and LNF13 feature significantly
smaller oxidation peaks but exhibit similar activity compared
to LF. Furthermore, these overpotentials do not correlate line-
arly with the corresponding integrated Ni(u)/Ni(um) oxidation
peak areas marked in Fig. S10a, as shown in Fig. S10b.
Therefore, the coating density does not fully explain the trend
in activity shown in Fig. 6.

Furthermore, the significantly lower activity of LN com-
pared to all other samples might result from the suspected
presence of RP phases in LN, as described in the respective
XRD analysis. Studies by Yu et al., Cao et al., and Choi et al.
concurrently report decreasing alkaline OER activity with
decreasing 7 in the La,;;Ni,O3,.; RP phases.'®” 1% Thus, the
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presence of any RP phase in LN would be expected to lower
the OER activity of LN. Additional electrochemical characteriz-
ation is provided by the Tafel plots presented in Fig. S11, from
which the Tafel slopes were calculated, as listed in Table S2.
Here, all samples exhibit rather similar values, which roughly
correspond to a literature reported value for LaNiO;.** These
Tafel slopes indicate similar kinetic behavior between the
different samples. Thus, the observed activity differences most
likely result from different limitations throughout the porous
catalyst coating and on the oxidised substrates surface.''""*
Furthermore, electrochemical impedance spectroscopy (EIS)
measurements can be found in the Nyquist plots depicted in
Fig. S12. Here, the impedance spectra were recorded in the
same measurement as the CVs shown in Fig. 3 and reflect a
similar trend in charge transfer resistances estimated from the
width of the half-circle-like course in the Nyquist plot.
Electrochemical stability. For prolonged electrolysis at a con-
stant current, the coated electrodes were additionally tempered
in a pure N, atmosphere for 3 h at 700 °C to increase the
mechanical adhesion of catalyst particles, as the coating
method is not optimized for longer durations of electrolysis.
Thus, detachment of the catalyst is occasionally observed after
prolonged contact with the electrolyte while stirring.
Furthermore, the electrolysis was paused every four hours to
remove gas bubbles that could potentially block the electrode.
The course of the galvanostatic chronopotentiometry (CP) at
an applied current density of 10 mA cm™? in 1 M KOH at room
temperature for all samples during 24 h is shown in Fig. 7.
Initially, all samples require a higher starting potential to
reach 10 mA cm™2 than the overpotential 77,0 shown in Fig. 6.
This most likely results from the additional tempering step,
which could partially lead to electrode passivation, as well as
from compaction of the coating layer through sintering, which
in turn would decrease the active surface area. Fig. S13 shows
SEM images of the coatings of LN and LF after this additional
sintering step. While LN does not exhibit any observable

1.75 T . : .
e |N
e | NF31
e |NF22
w 1.70f ¢ LNF13 ]
I °
x
%)
>
> 1.65 .
w
1.60 :
15 20 25
Time (h)

Fig. 7 Galvanostatic chronopotentiometry at 10 mA cm™2 interrupted
every 4 h. Jumps in potential can be attributed to detachment of gas
bubbles and refilling of ultra-pure water to compensate for the decrease
in electrolyte volume through electrolysis and condensation.
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changes, the surface of the LF-coated samples shows signifi-
cant changes, as it reveals a denser surface with less dis-
tinguishable individual particles compared to the LF coating
before N, tempering. Interestingly, all samples exhibit a
decrease in potential and, thus, activation to varying degrees
in the first hour, followed by an increase in potential, which
equals deactivation in the subsequent hours. After each inter-
ruption, the samples show activation again, albeit much less
pronounced than in the first hour, followed by stronger de-
activation. During the first eight hours, the potentials of all
samples reach higher values than at the beginning. Thereafter,
however, most samples appear to stabilize, exhibiting a con-
stant cycle of deactivation for four hours and an equal degree
of regained activity after CP interruption, demonstrating the
almost complete reversibility of the deactivation occurring
during the four-hour CP interval.

Each sample, however, shows a different course of CP.
While LNF13 starts at the highest potential of about 1.67 V vs.
RHE and remains the least active sample within the first eight
hours, it is the only sample that exhibits a lower potential
right after the second interruption compared to the minimum
in the first four-hour period. Furthermore, LNF13 does not
exhibit a pronounced overall deactivation but rather a high
constancy, as the degree of deactivation remains largely con-
stant after the initial four hours. The second-highest starting
potential of about 1.64 V vs. RHE is found for LF and LNF22,
which is higher than that of LN. This could be explained by
the stronger coating sintering effect observed for the samples
containing high Fe contents, as shown in Fig. S14. LF shows a
strong deactivation with the first interruption, not restoring
but further deactivating the electrode. On the other hand, the
deactivation of LNF22 is less intense and, like LNF13, shows a
high constancy with almost no increase in deactivation after
four hours. While the lowest initial starting potentials of 1.63
and 1.62 V vs. RHE are found for LN and LNF31, respectively,
LN exhibits the highest amount of relative deactivation as it
reaches high potentials similar to LF and LNF13 during the
CP, and also features low constancy as it is the only sample
with further potential increase after 8 h. During the CP
measurement, LNF31 appears to be the most active and stable
sample, with only a little increase in potential.

At the end of the 24 h, LN, LNF13, and LF exhibit the
highest potential of about 1.68 V vs. RHE and, thus, show the
lowest activity during this duration of electrolysis. The more
active and stable samples, LNF22 and LNF31, reach lower
potentials of 1.66 and 1.65 V vs. RHE after 24 h. Interestingly,
this OER activity trend after 24 h of CP at 10 mA cm™? is much
closer to the expected trend reported in the literature.
Specifically, LNF31 and LNF22 exhibit a significantly increased
OER activity compared to LN upon the introduction of Fe con-
tents of x < 0.5, whereas a decreased activity for Fe contents
above x > 0.5 (LNF13 and LF) compared to LNF31 and LNF22
is observed. However, the potentials of LF remain equal and
do not surpass LN, in contrast to literature reports.

XPS analyses were performed on the coated electrodes
before and after 24 h of CP. Representative data in Fig. 8 show
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Fig. 8 XPS binding energies of La 3d and Ni 2p core-level spectra of LN
and LF as powder and as catalyst coating on Ni substrate before and
after galvanostatic chronopotentiometry at 10 mA cm™ for 24 hin 1 M
KOH electrolyte.

the Ni 2p and La 3d core-level spectra of LN and LF compared
to their respective powder XPS. LN does not exhibit significant
spectral changes following the coating process or CP, indicat-
ing chemical stability. In contrast, LF displays a weak Ni 2p;,
peak after CP, suggesting the presence of Ni(u) species in the
Ni-free LF-coated sample. The complete comparison of Ni 2p
and La 3p core-level spectra before and after CP, shown in
Fig. S13, reveals only minor differences across all samples,
supporting the chemical stability of the perovskite coatings
during CP. The chemical and structural stability of the perovs-
kite samples is further supported by a comparison of the
Raman spectra before and after CP, as shown in Fig. S15, with
observable signal reduction most likely induced by mechanical
loss of catalyst particles. The Ni 3p and Fe 3p core-level spectra
of all samples before and after CP are shown in Fig. S16. The
Ni and Fe fractions calculated from the integrated peak areas,
listed in Table S3, confirm that the compositions remain
largely unchanged following the coating process—though the
relatively low signal intensities lead to large margins of error.
However, the Ni 3p and Fe 3p core-level spectra recorded
after CP reveal significant amounts of Ni in the Fe-rich LNF13
and LF samples, as listed in Table S3. Representative SEM
images of the LN- and LF-coated electrodes recorded after 24 h
of CP (Fig. S17) depict many holes in the catalyst coating,
measuring about tens of micrometers. These holes contain little
to no catalyst inside, revealing the bare Ni substrate below. Such
holes could be attributed to a mechanical loss of catalyst
material during 24 h of CP under constant stirring, with oxygen
gas evolving in the pre-existing cracks and openings in the
coating layer, potentially detaching loosely bound catalyst par-
ticles. This loss of catalyst material also explains the overall
observed deactivation of all samples during 24 h of CP, under-
lining the importance of resilient coating methods. The high Ni
contents detected by XPS analysis after CP most likely result
from the previously covered, and thus undetectable, Ni substrate
in the holes. This effect is more pronounced for samples with
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higher Fe contents, especially LNF13 and LF. Also, the electro-
lyte-accessible surface of the Ni substrate has most likely oxi-
dized through the tempering steps and the CP, accounting for
the observable Ni 2p,/, peak for the LF sample after CP.

Conclusions

A solid solution series of LaNi;_,Fe,O; perovskite phases was
prepared by a modified carbon templating method, where acti-
vated carbon is impregnated with metal nitrate precursors,
which are precipitated by a second impregnation step with
KOH. Subsequent heating enables the removal of the template
through combustion and calcination towards the desired
phases, as confirmed by XRD analysis, and substantiated by XPS
and Raman spectroscopy. SEM images and N, physisorption
attest to high surface areas, which are equal to or higher than
commonly reported for similarly facile syntheses. In contrast to
literature-reported trends, high Fe content catalysts exhibit
higher OER activity in 1 M KOH electrolyte, potentially due to
less dense and more porous coatings, as exemplified by coated
LaFeOs;. Chronopotentiometry for 24 h at 10 mA cm™> displays
different degrees of deactivation for all samples, which most
likely could be attributed to catalyst coating detachment, as XPS
comparison of the coated samples before and after CP indicates
chemical stability of the perovskite phases. In conclusion, this
work provides a foundation for further investigation of lantha-
num nickelate/ferrates coated on nickel substrates as anodes in
large-scale alkaline water electrolysis applications.
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