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Abstract

High-entropy oxide catalysts are promising candidates for overcoming intrinsic activity limitations
in the oxygen evolution reaction (OER), a key bottleneck in electrochemical conversion. Thin-
film model systems provide a controlled platform for uncovering the underlying catalytic mecha-
nisms. Here, we develop and compare four deposition templates for LaNij,Cog,Fep,Mng,Crg,05
model systems: (i) epitaxial films on Nb:SrTiOs, (ii) sacrificial-layer-released films transferred to
platinized Si wafers, (iii) locally epitaxial films grown on oxide nanosheets, and (iv) films directly
grown on platinized Si wafers. These geometries support a wide range of operando techniques
while enabling direct comparison of materials grown under identical pulsed laser deposition
conditions. Using electrochemical measurements and ex-situ characterization, we evaluate crys-
tallinity, stoichiometry, surface morphology, and OER activity across the different templates. The
observed variations highlight the important role of template selection in interpreting catalytic per-
formance. We find that the transferred epitaxial thin film and the film on Nb:SrTiO; are compa-
rable in stoichiometry and electrocatalytic activity, while the epitaxial film has higher crystallinity.
The films on nanosheets and directly grown on Pt have a reduced crystallinity, broader orientation
distribution, different stoichiometry and a lower catalytic activity. Overall, this set of deposition
templates facilitates the integration of well-controlled model systems with operando spectroscopy,
advancing mechanistic insight and guiding the rational design of next-generation high-entropy
OER catalysts.

1. Introduction

The electrochemical splitting of water is widely recognized as a pivotal technology for the global transi-
tion toward sustainable energy systems. However, the overall efficiency of water electrolysis is limited by
the sluggish kinetics of the oxygen evolution reaction (OER), a complex four-electron transfer reaction.
Numerous material systems have been investigated to improve the OER activity, and high-entropy mate-
rials, i.e. single phase materials with five or more different elements on the same crystal lattice site, have
emerged as a promising platform for catalyst optimization. In fact, both metallic high-entropy alloys and
high entropy oxides (HEOs) have demonstrated superior OER activity [1-5]. High-entropy materials
possess a multitude of different active sites in close proximity, so that neighboring sites have been specu-
lated to contribute to forming different reaction intermediates, leading to decreased overpotentials [1].
Despite these advances, conventional powder-based catalyst studies remain limited by heterogeneous
particle sizes, uncontrolled crystallographic orientations, mixed surface terminations, and morphology-
dependent effects. These complexities hinder the establishment of clear structure—property—activity
relationships and mechanistic understanding. While such limitations are common to powder catalysts

© 2026 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematics of HEO thin films on various deposition templates. (A) Nb:SrTiOs , (B) epitaxially grown and transferred
to Si\ SiO; \ TiOx \ Pt. (C) Si\ SiO; \ TiOx \ Pt \ Ca;Nb3Oqg, (D) Si\ SiO> \ TiO \ Pt.

in general, they are particularly pronounced in high-entropy oxides, where compositional complexity
introduces additional variables that are difficult to disentangle.

To overcome these challenges, the field has increasingly turned to epitaxial thin-film model systems
[6-8]. These systems enable precise control of surface orientation, strain, and interfaces, allowing sys-
tematic studies of structure—property—activity relationships. Their value is highlighted by recent studies
showing that oxides undergo complex surface transformations that strongly influence catalytic behavior,
phenomena that are difficult to identify and quantify in powder systems [4, 9-11].

A detailed understanding of these transformations and their impact on OER activity increasingly
relies on advanced platforms for (electronic-)structure characterization and mechanistic studies, includ-
ing operando and in situ approaches. Consequently, the field of electrocatalysis is experiencing a rapid
shift toward operando optical and x-ray-based spectroscopies and spectro-electrochemical microscopy,
supplemented by (usually ex-situ) pump—probe methods and advanced electron microscopies. These
methods provide insights into oxidation states, metal-oxygen hybridization, covalency, defect forma-
tion, surface reconstruction, reaction intermediates, and electrolyte structure during catalytic opera-
tion. Operando approaches include measurements through thin liquid layers, like a meniscus [12-14] or
using microfluidic flow channels [15]. Techniques that probe through the solid, e.g. using (holey) SiN,
membranes to enable x-ray or photoelectron detection [16—19], thereby minimizing x-ray attenuation by
water, are particularly attractive for studying electrochemical interfaces under relevant flow and current
density conditions.

Despite these methodological advances, a critical gap remains: operando and advanced mechanistic
studies of epitaxial (high-entropy) oxide model systems are still scarce. A central limitation is the lack
of versatile, well-controlled thin-film platforms that are simultaneously compatible with epitaxial growth
requirements and with the diverse architectural constraints imposed by advanced spectroscopic, micro-
scopic, and time-resolved techniques. Requirements for conductivity, thickness, substrate transparency,
and geometric configuration differ substantially across techniques, emphasizing the need for versatile yet
well-defined model system platforms.

For growth on x-ray or electron-transparent substrates, which usually prevent epitaxial growth of
the catalyst layer, the use of oxide nanosheet seed layers represents an important step toward operando-
compatible model catalysts [17, 18]. These nanosheets act as epitaxial templates with lateral dimensions
of several micrometers and a thickness of a single unit cell, enabling local epitaxial growth [20]. More
recently, freestanding film transfer techniques have emerged as a promising strategy to move from local
epitaxial growth with grain boundaries to fabrication of single crystalline films on arbitrary substrates.
In this approach, fully epitaxially grown films are released from their growth substrates and transferred
onto new supports with millimeter-scale lateral dimensions [21-25], enabling compatibility with sub-
strates such as holey SiN, membranes. However, this relatively new approach has not yet been widely
applied in electrocatalysis applications. Beyond operando compatibility, such freestanding oxides are also
of interest for accessing new physics and functionality unique to substrate-decoupled oxide membranes
[26—28], which may also open new avenues for tuneable electrocatalysis.

In this work, we address the synthesis and characterization gap of operando-compatible HEO model
systems by developing and comparing LaNig,Cog,Fep,Mng,Crp,05 thin films grown on a set of depo-
sition templates. We investigate four distinct sample geometries (figure 1): (A) epitaxial single-crystalline
HEOs grown on Nb:SrTiOs, (B) epitaxial HEOs transferred via a sacrificial-layer approach, (C) locally
epitaxial HEOs grown on oxide nanosheets, and (D) HEOs directly deposited on Pt. To our knowledge
such a systematic study of deposition templates and the effect of catalytic activity has not been reported

2



10P Publishing

J. Phys. Mater. 9 (2026) 035007 1 C G van den Bosch et al

before. While differences in, for example, crystalline quality are expected depending on the deposition
template, the implications for functionality, such as OER performance, remain to be resolved.

We employ standard Si substrates for simplicity, but our approaches (ii)—(iv) can be directly adapted
to SiN, membranes for x-ray- or electron-transparent architectures. Accordingly, these templates provide
complementary geometries for advanced mechanistic and operando studies with well-defined structural
and interfacial control, and are compatible with a broad range of techniques including environmental
TEM [29, 30], pump—probe spectroscopies [31], and spectro-electrochemical microscopy [32, 33]. By
comparing their electrochemical behavior and ex-situ characterization, including reflective high-energy
electron diffraction (RHEED), x-ray diffraction (XRD), transmission electron microscopy (TEM), atomic
force microscopy (AFM), and x-ray photoelectron spectroscopy (XPS), we establish how template selec-
tion influences the structure and performance of high-entropy oxides grown using an identical pulsed-
laser deposition (PLD) recipe. The systematic differences observed across these geometries underscore
the critical role of substrate and interface effects in HEO thin-film growth and highlight the importance
of deliberate sample design in advanced mechanistic and operando studies.

2. Experimental

2.1. Thin film preparation

LaNig,Cog,Feg,Mng,Crp,05 thin films were deposited on several deposition templates. SrTiO; (001)
and 0.5 wt% Nb:SrTiO3 (001) (10 x 10 mm?, Shinkosha) substrates were etched in buffered hydroflu-
oric acid and subsequently annealed in oxygen at 950 °C for 75 min to obtain step-terraced surfaces
with TiO, termination. Silicon wafers (10 x 10 mm?) were sputter-coated with a 5 nm Ti adhesion layer
and 50 nm Pt and either used directly or after deposition of Ca,Nb3;O;y nanosheets, prepared by the
Langmuir-Blodgett method as described in [34, 35].

Thin film depositions were performed by PLD (TSST B.V., The Netherlands) using a mixed-metal
LaNig,Cog,Fep,Mng,Cro,05 target (prepared following [4]) and a Sr,CaAl,O4 target (Toshima
Manufacturing Co., Ltd). The target—substrate distance was fixed at 50 mm and the laser spot size at
1.8 mm?2. A KrF excimer laser (A = 248 nm) was used for ablation. Deposition conditions are summa-
rized in table 1, for the HEO this is an optimized recipe for growth on single crystalline SrTiO; sub-
strates. The growth was monitored in situ using RHEED with a Staib EK-35-R electron source and KSA
K-30FW detector, controlled using KSA 400 software (k-Space Associates Inc. USA).

For the film transfer (schematic in SI figure S1), as-grown samples were spin-coated with cel-
lulose acetate butyrate (CAB) (5 g CAB, M, ~ 30,000 gmol~!, Sigma Aldrich, dissolved in 100 ml
ethyl acetate). Spin coating was carried out with a ramp rate of 1000 rpms~! to 3000 rpm and hold
at 3000 rpm for 1 min. Samples were baked on a hot plate at 150 °C for 2 min to promote adhesion
and to remove trapped solvents to get a stable uniform film. The film perimeter was cut with an 11P
blade before immersion in water to facilitate water penetration into the sacrificial-layer. After overnight
soaking, the CAB-supported film detached and floated to the surface. It was collected onto an oxygen-
plasma-cleaned Si\ SiO, \ TiOx \131 Pt substrate and baked again at 150 °C for 2 min to ensure adhe-
sion. The CAB layer was removed by dissolution in ethyl acetate overnight. Lastly, the film is rinsed with
isopropanol and blow-dried with nitrogen.

2.2. Physical characterization
XRD was performed using a Panalytical X’Pert PRO MRD (Malvern Panalytical, The Netherlands)
equipped with a CuKa source and a four-bounce Ge(220) hybrid monochromator.

AFM was carried out in tapping mode on a Bruker Dimension ICON using TESPA-V2 probes (7 nm
nominal tip radius) and the data is processed using Gwyddion software [36].

Scanning transmission electron microscopy (STEM) measurements were performed with a Spectra
300 system from Thermo Fisher Scientific on lamellae prepared by FIB with the Thermo Scientific
Helios 5 UX DualBeam. Imaging was performed at room temperature with a high angle annular dark
field detector and a double tilt holder, at 300 kV, the convergence angle was set to 20 or 30 mrad. Lower
convergence angle values are generally known to reduce electron channeling and thus improve the res-
olution in chemical maps. Here, the lower 20 mrad convergence angle was preferred for the energy dis-
persive x-ray (EDX) analysis, performed in order to study the chemical composition of the films, while
still yielding high resolution STEM images. The EDX set-up comprises a segmented Super-X G2 detector
for high solid angle collection of x-rays. The pixel dwell time was kept at only 10-20 ps and the probe
current was about 50—60 pA, in order to prevent or limit the local damage during acquisition. The data
is analyzed using the Velox software.
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Table 1. PLD deposition conditions for Sr,CaAl,O¢ and LaNig ,Cog2Fep,Mng,Crp203 .

Fluence (J cm™2) Temperature (°C) Po, (mbar) Frequency (Hz)
SCAO 1.25 750 0.001 2
HEO 1.9 650 0.01 10

XPS measurements were acquired using a SPECS system at the University of Twente [12], with AlK«
excitation and a 20 eV pass energy. The data is analyzed using the CasaXPS software.

2.3. Electrochemical characterization

Electrocatalytic measurements were conducted in a three-electrode configuration in 0.1 M KOH (Sigma-
Aldrich, 99.99%), saturated with oxygen. Thin-film working electrodes were mounted on a rotating disk
electrode (Pine Research Instrumentation, Inc.) using a custom-made thin-film clamp and Pt sputter-
ing around the sample as described in [11] and rotated at 1600 rpm. A Hg/HgO reference electrode
(CH Instruments, CH152), calibrated against a reversible hydrogen electrode (HydroFlex, USA), and a
Pt counter electrode were employed. Measurements were performed using a BioLogic SP-300 potentio-
stat. The measured cyclic voltamograms are normalized to the geometric surface area of 0.442 cm? and
iR corrected using the R value obtained at the high-frequency intersect of potentiostatic electrochemical
impedance spectroscopy measurements at open circuit potential as described in [37].

3. Results and discussion

3.1. Thin film growth

The films are all grown with the same growth recipe (see Experimental section) with the growth tracked
using RHEED. Figure 2 presents the RHEED diffraction patterns of the substrates and the subsequently
grown layers, along with the corresponding intensity variations observed during growth. In figure 2(A),
the Nb:SrTiO; \ HEO sample shows a RHEED diffraction pattern characteristic of TiO,-terminated
Nb:SrTiO3 [38]. The HEO layer grown on top displays a diffraction pattern with similar in-plane lattice
spacing compared to the Nb:SrTiOs, representative of 2D growth mode. Additional weaker diffraction
spots appear between the main diffraction features, suggesting a surface reconstruction with a periodicity
twice that of the unit cell. The RHEED intensity oscillations confirm a layer-by-layer growth mode, with
a total of 25 oscillations directly corresponding to 25 unit cells (u.c.) of HEO deposited on the substrate.
The growth rate is ~40 pulses/u.c., this value is used as a guideline for the other HEO films, which did
not exhibit RHEED oscillations, as discussed below.

For the SrTiOs \ Sr,CaAl, O \ HEO sample (figure 2(B)), the RHEED diffraction pattern for the
substrate and final HEO layer are almost identical to the Nb:SrTiO; \ HEO sample. The only differ-
ence is that a higher filament current was used during acquisition of the HEO film, resulting in more
pronounced diffraction spots. However, HEO growth on Sr,CaAl,Og does not exhibit RHEED intensity
oscillations, likely due to differences in wetting behavior between HEO on top of Sr,CaAl,Os compared
to HEO on top of Nb:SrTiO; resulting in a different growth mode. The Sr,CaAl,O¢ film itself shows a
RHEED pattern and periodic intensity oscillations indicative of a Sr-deficient Sr,CaAl,O¢ surface [39].
A total of 2500 pulses were used during growth, resulting in an approximately 18 nm thick Sr,CaAl,O¢
film, as confirmed by XRD.

Figure 2(C) shows the RHEED results for HEO grown on Ca,NbsO;y nanosheets. As expected from
the random in-plane orientation of the nanosheets, a clear specular reflection is observed, but no dis-
tinct diffraction spots are visible. Instead, faint Laue rings appear. During HEO deposition, no intensity
oscillations are observed; however, the overall intensity of the specular spot increases. This increase is
likely due to a higher diffraction probability in the HEO thin film, arising from the larger number of
scattering planes compared to the ultrathin nanosheet. The growth mode on an individual nanosheet
cannot be resolved, as RHEED probes a large surface area, averaging over grain boundaries and multiple
nanosheets. After HEO deposition, diffuse 3D diffraction spots appear around the specular spot, which
are typically associated with small crystalline particles on the surface. We tentatively attribute these fea-
tures to a mixed 2D/3D growth mode or to contributions from the regions between nanosheets, where
highly textured growth on the exposed Pt layer is expected.

Finally, for direct growth on Pt (figure 2(D)), the substrate shows a strong specular spot with weaker
3D diffraction spots, indicating textured crystalline Pt acting as a growth template for HEO. While ori-
ented or even epitaxial growth of perovskite oxides on Pt(111) facets has been reported under specific
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Figure 2. The RHEED pattern and intensity oscillations of (A) Nb:SrTiO3 and HEO, (B) SrTiOs, Sr,CaAl;Og and HEO, (C)
Ca;Nb3019 and HEO, (D) Pt and HEO. The white dashed lines represent the in-plane reciprocal space distance of the epitaxially
grown HEO on Nb:SrTiOs. The * in the intensity evolution graph marks the end of the deposition.

conditions [40], we do not expect well-defined epitaxy of the HEO on the sputter-deposited, textured Pt.
Accordingly, the HEO layer shows 3D diffraction spots with a similar pattern as observed for the sam-
ple grown on nanosheets; however, the spots are sharper rather than diffuse, indicative of bigger crys-
talline particles on the surface and a higher coverage of particles with identical orientation. Furthermore,
the white dashed lines, representing the in-plane reciprocal-space distances of the epitaxially grown
(001)-oriented HEO, do not coincide with the diffraction spots of the HEO films grown directly on
Pt. This discrepancy suggests either a different crystallographic plane is exposed or that the film expe-
riences a different strain state, a point to which we will return below. No RHEED intensity oscillations
are observed during the growth of HEO on this substrate, in agreement with a 3D growth mode.

To summarize, the HEO growth is layer-by-layer on the Nb:SrTiO3 substrate while different growth
modes are observed for growth on Sr,CaAl,O¢, Ca;Nb3;Oj¢ and Pt. All diffraction patterns indi-
cate crystalline HEO growth, while the growth on Nb:SrTiO; and Sr,CaAl,Og is 2D, the growth on
Casz3Ow and Pt is 3D.

3.2. Crystal structure
Figure 3(A) and (B) show the XRD patterns and rocking curves of the HEO films grown on the dif-
ferent deposition templates. In all cases, the HEO(002),. reflection (pseudo-cubic notation as the
bulk LaNig,Cog2Feq2Mng,Crp203 has an orthorhombic crystal structure) appears at slightly lower
20 values than the Nb:SrTiO; substrate, indicating an out-of-plane lattice parameter almost identi-
cal to that of SrTiOs, ~ 3.9 A, similar to previous findings [4] and close the bulk lattice parameter of
LaNij,Cog,Feg2Mng,Crp,03 [41]. For the film directly grown on Nb:SrTiO;, pronounced Laue fringes
are observed, indicating excellent crystallinity and smooth interfaces. This is consistent with the narrow
rocking-curve with a FWHM of 0.115°(the substrate FWHM is 0.0062°[42]). The film grown on SrTiO;
with a Sr,CaAl,O¢ sacrificial layer also exhibits clear fringes. In this case, two periodicities are visible:
the broader-spaced fringes () arise from the thinner HEO layer (~ 10 nm), while the finer oscillations
(#) originate from the thicker Sr,CaAl,O¢ layer (~ 18 nm). The layer thicknesses were estimated using a
kinematic XRD simulation (not shown), which reproduces the main features of the data and provides a
reasonable description of the experimental diffraction pattern.

After transfer onto Pt, the XRD pattern shows a well-defined HEO peak with a single set of fringes
and no indication of secondary phases. However, the Si (002) diffraction peak appears, this diffraction
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Figure 3. (A) Out-of-plane XRD patterns of HEO (i) on Nb:SrTiOs, (ii) on SrTiOs \ SCAO (iii) transferred to Si \ SiO, \ TiOy \
Pt, (iv) on Si \ SiO; \ TiO, \ Pt\ Ca;Nb30O1¢ and (v) on Si\ SiO; \ TiO; \ Pt. (B) Rocking curve of the samples, dots are the data
points and dashed line is a fitted Gaussian function. The FWHM values extracted from the fits are listed in the legend.

condition is only met at specific azimuthal angles [43], and is therefore coincidentally satisfied and not
observed in the other samples. The FHWM of the rocking-curve is 1.32°, indicating good but reduced
crystalline order compared to the epitaxial film on Nb:SrTiOs. In contrast, the films directly grown on
Ca;Nb3 049 nanosheets and on Pt exhibit much weaker HEO (002) diffraction peaks indicating a lower
out-of-plane crystallinity, consistent with their broader rocking curves of 4.7°, and 3°, respectively, or a
polycrystalline growth. The sample grown on nanosheets shows a notable (002) peak but no other peaks
are evident in the symmetric wide-angle scan (SI figure S2), consistent with locally epitaxial growth
directed by the nanosheets. However, the reduced intensity suggests that only part of the film is well
oriented, while regions between nanosheets likely grow in a more polycrystalline manner. The growth
in these regions is likely similar to the more polycrystalline/textured growth directly on Pt, where only
weak (002)pc and (110),. peaks appear in the symmetric wide-angle scan (SI figure S2). The appear-
ance of these (001) and (110) orientations corresponds well with previous reports of perovskite oxides
on Pt [40].

For the samples involving PLD growth on Pt and nanosheet-covered Pt, a shift in the Pt(111) peak
can be observed compared to the sample after HEO transfer. This shift is attributed to annealing of the
Pt layer during PLD growth, in agreement with previous reports [44]. In contrast, the transferred HEO
layer was deposited onto as-prepared, sputter-deposited Pt without further annealing.

In figure 4, TEM images of the HEO and its thicknesses on different deposition templates are shown.
On Nb:SrTiOs, perfect epitaxial cube-on-cube growth of the HEO is observed, in agreement with the
XRD results, combined with the absence of extended defects like misfit dislocations in the analyzed
areas, this suggests near-commensurate epitaxial alignment. The measured thickness is 8.5 nm, slightly
below the expected 9.75 nm from RHEED. This discrepancy arises from the TEM lamella being prepared
at the corner of the 10x10 mm sample, due to the known thickness gradient in PLD growth [45].

For the transferred film, we observe a mostly intact, dense perovskite structure, closely resembling
that of the fully epitaxial stack. While most of the HEO has a thickness of 9.4 nm, some ‘pillars’ with
a diameter of ~10 nm reach a thickness of ~14.5 nm; only these pillars appear to be in direct physical
contact with the supporting Pt layer. These thickness variations may originate from structural features
in the Sr,CaAl,O¢ layer or from the dissolution process, but were not further investigated in this work.
Nevertheless, the catalytic top surface remains comparably well-defined and directly comparable to that
of the HEO grown on Nb:SrTiOj;, which is the primary focus of this study.

For the HEO on Ca;Nbs Oy, the perovskite crystal structure can still be identified, confirming
the local epitaxial growth. This was made possible by intentionally preparing the FIB lamella parallel
to a nanosheet edge. The crystallographic orientation is (001) throughout the field of view; however,
slight tilting of the lattice planes is observed between different regions, likely due to the flexibility of
the nanosheets, which conform to the texture of the Pt substrate and induce locally varying growth
directions in the HEO film [46]. The darker contrast between the Pt substrate and the nanosheets is
likely caused by the rough Pt surface morphology, with the comparatively smooth nanosheets bridging
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Figure 4. TEM of HEO (A) on Nb:SrTiOs3, (B) transferred to Pt, (C) on Ca;Nb3Oj9 nanosheets and (D) directly grown on Pt.

adjacent Pt grains. This may result in apparent voids at the interface, although their presence cannot be
confirmed with certainty from these measurements. In contrast, the film directly grown on Pt exhibits
only limited crystalline periodicity, with no atomic-scale resolution, reflecting the more randomly ori-
ented growth of HEO on Pt and the likelihood of multiple grains being imaged throughout the lamella
thickness. Surprisingly, the HEO films on Ca;Nb3O;( and Pt are slightly thicker than the film grown on
Nb:SrTiO; although the same number of pulses was used. This may be attributed to differences in the
growth mode.

These TEM results confirm the XRD analysis: All samples exhibit a perovskite HEO phase with an
out-of-plane lattice parameter close to that of SrTiOs, with highest crystalline quality and well-defined
epitaxy for the film on Nb:SrTiOs, followed by the transferred film. The films grown on Ca,;Nb3Oq
nanosheets and directly on Pt exhibit reduced crystallinity and broader orientation distributions; how-
ever, local epitaxial alignment is preserved on the nanosheets, whereas growth on Pt is predominantly
textured or polycrystalline.

3.3. Surface morphology

Figure 5 presents the AFM images of the as-grown and transferred HEO films. In figure 5(A), the film
grown on Nb:SrTiO; exhibits a smooth and well-defined surface in which the substrate terrace structure
(SI figure S3) remains clearly visible, consistent with the layer-by-layer growth mode and high surface
quality evident in the RHEED patterns. The transferred film (figure 5(B)) shows an increased surface
roughness with distinct particles scattered across the surface. These features likely arise from residual
polymer or other contaminants introduced during the transfer process, since the RHEED patterns before
transfer showed no indication of 3D growth, and no post-transfer annealing was performed to remove
the organic residues. This ensures that the HEO surface remains as comparable as possible between sam-
ples on different deposition templates.

Figure 5(C) shows the morphology of the film grown on Ca;Nb3;O; nanosheets with a coverage of
~90% (figure SI S3). The underlying nanosheet structure remains recognizable: the film appears smooth
at the center of each nanosheet, while increased roughness is observed near nanosheet edges. Larger
particles are also present in the regions between nanosheets, suggesting that areas lacking templating
support exhibit 3D growth as was also observed in the RHEED. Similar large particles are found on the
film deposited directly on Pt (figure 5(D)), consistent with 3D growth observed in the RHEED.
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paliajsuel]
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Figure 5. AFM images of the catalyst surface acquired after growth/transfer (top row) and after electrochemical treatment (bot-
tom row) of (A) HEO on Nb:SrTiOs3, (B) HEO transferred to Pt, (C) HEO on Ca;NbsO1¢ nanosheets (individual nanosheets
remain visible, as indicated by the dashed lines.), (D) HEO directly grown on Pt and (E) Si \ SiO; \ TiOy \ Pt. For each sample,
the images before and after electrochemistry share the same color scale bar, but the scale varies between samples.

Analogous AFM analysis was performed after the electrochemical treatment described in section 3.5.
Post-electrochemistry AFM images (figure 5, bottom row) indicate that the surface morphology is pre-
dominantly preserved, with only a slight increase in particle formation observed for the Ca;Nb; Oy -
based and Pt-based samples. For the Nb:SrTiO; \ HEO sample, slight surface roughening on the step
terraces is observed post-electrochemistry. A similar phenomenon has been reported by Verhage et al
[9], who studied the same HEO composition and likewise observed terrace roughening after electrocat-
alytic treatment. Finally, figure 5(E) presents AFM images of a Si\ SiO, \ TiO, \ Pt thin film, included
as a reference for the template and for comparison with the electrochemical results. In both the pre-
and post-electrochemistry images, the film appears smooth, although a few surface particles emerge after
electrochemistry.

3.4. Elemental composition

Under optimized growth conditions, pulsed laser deposition can enable nearly stoichiometric trans-

fer of material from the target to the deposited film. However, the compositional complexity of the
LaNij,Cog,Fep2Mng,Crp,05 target, combined with template-dependent variations in surface kinet-
ics, necessitates detailed stoichiometric analysis. Figure 6(A) compares the bulk stoichiometry of HEOs
grown on different deposition templates, as determined by EDS (corresponding EDS maps are provided
in SI S4-S7). We recorded two EDS maps per sample: one measurement spot before and one after elec-
trochemistry. While this allows direct comparison between samples and before/after electrochemical
treatment, the information remains highly local. Overall, we observe roughly the expected 1:1 ratio of
the La (50%) and total transition metal concentrations (5% ~10%), but some variations of the indi-
vidual transition metal concentrations become apparent. The HEO grown on Nb:SrTiOs, as well as the
transferred film, exhibit near-equimolar transition metal compositions, similar to previous reports. In
contrast, the HEO films grown on Ca;NbsO,y and directly on Pt show a clear deficiency in Ni and Co.
This may be attributed to diffusion of these typical alloying elements [47] into the Pt or lower effective
sticking coefficient of these elements during deposition on Pt-based templates. Plume-induced nonstoi-
chiometries, for example due to increased scattering, are unlikely, as such effects would also be expected
for films grown on Nb:SrTiO5; and SrTiOs .

In addition to the bulk stoichiometry, the surface stoichiometry was determined by XPS, whose sur-
face sensitivity makes it especially suitable for probing electrocatalytic processes such as the OER. Using
Al Ko excitation, the total probing depth is ~7 nm, with a mean information depth of 2 nm [12]. XPS
spectra of the transition metal 3p, and La 5 score levels were acquired before and after electrochemical
measurements (SI figure S8).

From the XPS compositional analysis based on peak area analysis using relative sensitivity factors
(RSFs) (figure 6(B)), the lanthanum-to-transition-metal ratio is shifted toward La (68%), indicating
a preferential La-terminated surface. Furthermore, variations in the relative transition metal compo-
sition (ranging from 2.5 to 10%) are more pronounced at the surface (XPS) compared to the bulk
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Figure 6. Stoichiometry of the HEOs on different deposition templates. (A) Determined from EDS maps. Error bars represent
estimated EDS fitting and quantification uncertainties as determined in the Velox software. (B) Calculated from the XPS transi-
tion metal 3p peaks and the La 4d peak. Monte Carlo simulations built into CasaXPS were used to estimate the error bars based
on the uncertainties in peak area resulting from random noise in the data. The stoichiometry before and after the electrochem-
istry is shown in darker and lighter colors, respectively.

(EDS). Consistently, both XPS and EDX show deficiency of Ni and Co in the HEO films grown on the
CayNb3 04y nanosheets and directly on Pt, with a more severe deficiency near the surface (XPS). We note
that the absolute compositions obtained from XPS depend on the applied RSF values, derived from the
Scofield database and the instrument transmission function, and may therefore carry minor uncertainties
beyond the reported error bars. However, the observed trends between different samples remain robust.
After the electrochemical treatment described below, only minor changes are observed in the sto-
ichiometry determined by EDS, indicating that the bulk composition is largely unaffected by OER
cycling. In contrast, XPS reveals a pronounced decrease in Cr content during OER treatment across
all samples, while only small changes are observed for the other elements (Ni, Co, Fe, Mn, and La).
Because of the surface-sensitivity of XPS discussed above, this suggests that Cr leaches from the surface
into the electrolyte during electrochemical operation, a phenomenon previously reported for Cr-based
electrocatalysts [9, 48, 49].

3.5. Catalytic activity

The OER performance of the HEO on different deposition templates is measured in a rotating disk elec-
trode set-up, as described in the Experimental section. In figure 7(A), the first and fifth cyclic voltam-
metry (CV) cycles of HEO films on different templates are shown, along with a thin-film Pt reference.
All samples exhibit a substantial OER performance, as we have reported before for the fully epitaxial
film [4], clearly outperforming the Pt reference film. While all films show a decreased current density
with increasing cycle number, clear differences between samples emerge. The transferred HEO film and
the film grown on Nb:SrTiO; display the highest catalytic activity with ~3 mA cm™2 at 1.7 V vs. RHE
in the fifth cycle, on par with our previous report [4]. In contrast, samples grown on nanosheets and
those directly on Pt show lower activity, below ~0.5mA cm~? at the same potential. Interestingly, the
relative performance of the transferred and fully epitaxial films changes between the first and fifth cycle:
while the fully epitaxial film shows slightly higher activity at high potentials in the first cycle, both films
exhibit comparable activity in the fifth cycle. Furthermore, potentiostatic electrochemical impedance
spectroscopy reveals uncompensated resistance of the different samples in a reasonable range. Hence,
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Figure 7. (A) Cyclic voltammetry curves (first and fifth cycles) of the HEO films on the different deposition templates, including
a Pt thin-film reference, shown with a focus on the OER potential region. (B) Cyclic voltammetry in the redox potential region
for cycle 1 prior to OER cycling. (C) Cyclic voltammetry in the redox region for cycle 2 prior to OER cycling and for cycle 1 fol-
lowing OER cycling. A sweeprate of 10 mV s~! is used.

activity differences do not originate from iR correction (SI figure S9). Likewise, double-layer capacitance
measurements before and after OER cycling show no significant changes for any of the HEO samples
(SI figure S10), suggesting that differences in activity cannot be attributed to major changes in electro-
chemically accessible surface area. Given the limited statistics, we therefore consider their activities to be
similar within experimental uncertainty.

The observed electrocatalytic performance correlates with crystallinity, as reflected by the FWHM
of the rocking curves. Films with higher crystalline quality, namely those grown on Nb:SrTiO5; and the
transferred sample, exhibit the highest activity, whereas films with reduced crystallinity show lower activ-
ity. In addition to crystallinity, compositional differences may also play a role for the activity: the more
active samples exhibit near-equimolar transition metal concentrations, while the films on Ca;Nb3;Og
and Pt show reduced Ni and Co contents, especially at the catalytically active surface, which coincides
with their lower activity.

To further assess differences between samples, we compare their behavior in the so-called redox
regime at potentials below the OER onset, where transition metal oxidation and reduction peaks
have been observed before, e.g. the pronounced Ni oxidation and reduction near 1.4 V vs. RHE [10].
Figures 7(B) and (C) display CV scans collected in the so-called redox regime, performed before (solid
line) the OER and after (dashed line) the OER cycling experiment. In figure 7(B), the first cycle reveals a
distinct oxidation peak at approximately 1.2 V vs. RHE for the HEO films, while the broad Pt oxidation
peak emerges at around 1.3 V. No reduction peaks are observed in this potential window. In contrast,
from the second cycle onward before OER, as well as in all subsequent cycles collected after OER cycling
(figure 7(C)), no discernible redox features are observed. Since only a single oxidation peak is present,
this feature is most likely associated with elemental dissolution. XPS reveals a pronounced decrease in Cr
content; therefore, we attribute this oxidation peak to Cr dissolution. However, there is no clear correla-
tion in dissolution peak area from electrocatalysis and Cr loss by XPS, suggesting a complex dissolution
process which will be addressed in future work. Interestingly, Cr dissolution is most pronounced for the
most active samples (NbSTO-grown and transferred) and less pronounced for the less active samples
(deposited on CNO nanosheets and directly grown on Pt). This suggests that Cr leaching may be benefi-
cial for the OER activity of the HEO. However, a full understanding of this trend and its relation to OER
mechanisms would require operando characterization.

Lastly, the transferred film exhibits a higher double-layer capacitance compared to the other sam-
ples. This may be attributed to a larger electrochemically active surface area (ECSA), as microscopy
images (SI figure S11) reveal a rougher surface morphology characterized by wrinkles. Furthermore,
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slight delamination and crack formation are observed after electrocatalysis, which may allow limited elec-
trolyte penetration between the Pt substrate and the transferred film, thereby increasing the ECSA.

To summarize, HEOs grown on Nb:SrTiO5 and the transferred films exhibit the highest catalytic
activity, along with near-equimolar transition metal stoichiometry and superior crystallinity, char-
acterized by a single exposed crystal facet. However, the surface morphology indicates the presence
of residual polymer contamination, which might affect the OER performance. In contrast, samples
deposited directly on Pt and on Ca;NbsO;¢ nanosheets show similar but reduced activity, accompanied
by lower crystallinity. Nevertheless, HEOs grown on nanosheets maintain a preferred orientation and
exhibit a more defined surface morphology, with fewer particles compared to films grown directly on
Pt. Furthermore, XPS and EDS analysis reveal significant Ni and Co deficiencies relative to the nomi-
nal equiatomic composition, which correlates with the reduced catalytic activity observed in these less
crystallinefilms.

4, Conclusion

In this work, we demonstrate the deposition of HEOs on a range of deposition templates. Specifically,
we investigate HEOs grown on Nb:SrTiOs, Ca;Nbs;Ojp nanosheets, and directly on Pt with epitaxi-

ally grown films subsequently transferred to Pt. The resulting crystal quality, stoichiometry, and mor-
phology vary substantially depending on the chosen template. We found that HEO films grown on
Nb:SrTiO; and transferred films have the best crystallinity (highly oriented single phase) and close to
equiatomic stoichiometry, yielding the highest OER performance. In contrast, HEO films grown on
Ca;Nb3O4¢ nanosheets and directly on Pt result in reduced crystalinity, Ni and Co deficiency, and lower
OER performance.

These results highlight that direct comparison of HEO films grown on different templates, even
under identical growth conditions, inevitably yields significant differences in crystallinity, morphol-
ogy, and elemental composition, leading to variations in electrochemical performance. Therefore, for
operando spectroscopic studies and model-system catalyst design, films grown on transferred substrates
and on Nb:SrTiO; currently provide the most comparable platforms with the highest catalytic activ-
ity. However, further investigation is required to better understand and potentially improve the interface
between the transferred films and the Pt back-contact [50]. In particular, a systematic annealing study
could provide insight into the role of post-growth annealing in modifying the interface. Additionally,
annealing may help remove polymer residues observed by AFM, thereby improving film quality. As an
additional pathway towards model systems, growth on Ca,Nb;O;¢ nanosheets may be further improved
by incorporating an additional SrTiOs; buffer layer, which could enhance film quality [51], although
this may simultaneously alter electronic transport properties due to the insulating nature of SrTiO;.
Nevertheless, with a careful buffer layer choice, nanosheet-based approaches offer a viable pathway
toward near-ideal model systems.

More broadly, these findings emphasize that systematic model studies should ideally be conducted
within a single, well-defined deposition template. Switching between different templates introduces addi-
tional variables that significantly impact catalytic behavior, thereby complicating direct comparisons. If
comparison across different growth templates is nevertheless required, for example, to enable operando
spectroscopies or other specialized measurement techniques, then growth recipes must be individually
optimized for each template, this could potentially optimize the crystallinity, stoichiometry and electro-
chemical activity. In such cases, careful ex situ characterization is essential to verify structural, morpho-
logical, and compositional similarity, ensuring that the samples can be used in a truly complementary
manner. Furthermore, these approaches are not limited to HEO catalysts, but are equally applicable to
other perovskite and spinel oxide electrocatalysts.
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