
Orientation-Dependent Oxygen Evolution Activity of Epitaxial
Ruddlesden−Popper Pr0.5Ca1.5MnO4 Thin Films
Fatemeh Ebrahimi, Natalie Ottinger, Alexandr Belenchuk, Oleg Shapoval, Christopher Hausmann,
Qian Ma, Vasily Moshnyaga, and Christian Jooss*

Cite This: J. Phys. Chem. C 2024, 128, 95−103 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Studying the oxygen evolution reaction (OER) on anisotropic perovskite oxides
with different surface orientations improves our understanding of how surface structure, chemistry,
catalytic stability, and activity are related. Here, we present a comparative electrochemical study of
(001)- and (010)-oriented epitaxial thin films of Ruddlesden−Popper (n = 1) Pr0.5Ca1.5MnO4
(RP-PCMO) grown on Nb:SrTiO3 (STNO) substrates of different orientations with using buffer
layers. The results on epitaxial films are compared with those of the RP-PCMO powder. The OER
activity and stability are studied using cyclic voltammetry and rotating ring disk electrodes under
alkaline conditions. In addition, an analysis of their surface structure and chemistry by AFM and
XPS before and after electrochemical measurements was carried out. The RP-PCMO powder
shows high stability during electrochemical cycling. In contrast, the two differently oriented thin
films are both corroding, while the (010)-oriented films reveal a higher activity and stability than
the (001)-oriented ones. The variation in electrochemical activity and stability of the
polycrystalline and single-crystalline RP-PCMO electrodes of different orientations is related to
their different surface chemistry. In particular, it depends on the different Mn/Pr/Ca ratios and their different rates of Ca leaching,
which is governed by the orientation-dependent Ca hydroxide surface concentration.

1. INTRODUCTION
Our society’s increasing energy demand and the global
environmental crisis have stimulated worldwide research
activities on new energy conversion and storage systems. It
was predicted that electrochemical devices such as fuel cells
and rechargeable metal−air batteries can be used for various
applications in the future.1 Oxygen electrocatalysis, including
oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER), has been extensively studied over the past
decades because of its vital role in energy conversion and
storage devices.2 Studies have shown that scaling relationships
can be established between the binding energies of
intermediate species such as HO*, HOO*, and O* (for the
OER) on oxide surfaces.3,4 The scaling relations suggest that
only one free parameter, i.e., the oxygen adsorption energy on
a single metal site, determines the free energy diagram and,
thereby, the activity. The result is a volcano-shaped relation-
ship between the catalytic activity and calculated oxygen
adsorption energy.3 Even though progress is evident in
volcano-like descriptors based on the bulk properties of
materials, the mechanisms are still not very well-understood.5

They depend not only on the intrinsic bulk material properties
but also on the surface orientation and surface chemistry.

Highly stable transition metal oxides (TMO) have been
widely investigated as electrocatalysts for energy conversion
and storage devices.6,7 Among them, perovskite-type ABO3
oxides have been extensively considered since many of them

exhibit good catalytic activity, stability, and structural
flexibility. Various approaches have been utilized to increase
the OER or ORR activities of perovskite materials. These
strategies include A site doping,8,9 B site doping,10 structural
adjustments through extension to double perovskites,11,12 and
alterations in covalence.13 Moreover, the changes in surface
chemistry and termination of perovskites have a significant
impact on the OER activity.14,15 For example, OER can be
tuned by controlling the as-prepared surface termination of
nickelates.16,5 In particular, comparing epitaxial thin films of
different orientations with powders might provide critical new
insights into the effects of surfaces,17 ferroelectric order,18 and
strain19,20 on the OER.

Manganites represent promising materials for electro-
catalytic water oxidation due to the pronounced redox activity
of Mn.21 However, the activity and stability of manganite
perovskites depend strongly on their detailed structure and
doping.22,23 Previous studies revealed that the Ruddlesden−
Popper type of layered perovskite manganite, i.e.,
Pr1−xCa1+xMnO4 at half doping x = 0.5 (RP-PCMO),
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possesses improved stability compared to the three-dimen-
sional Pr1−xCaxMnO3 at x = 0.5.21 This was interpreted as due
to an improved ability to acquire excess oxygen.24 Here, by
performing a comparative study of the OER activity and
stability of RP-PCMO powders and epitaxial films with (010)
and (001) orientations, we demonstrate that huge differences
in the electrochemical performance are related to different
surface chemistry. In particular, using X-ray photoemission
spectroscopy (XPS), we observed a pronounced difference in
the chemical surface composition of the two films and of the
powder that can be correlated to their different initial and later
stage of the OER activities.

2. EXPERIMENTAL METHODS
2.1. Powder Preparation. Appropriate ratios of Pr6O11

(CAS 12037-29-5), CaCO3 (CAS 471-34-1), and Mn2O3
(CAS 1317-34-6) powders (Sigma-Aldrich) were mixed and
thoroughly ground in a planetary ball mill (Retsch). The
powder was annealed twice for 12 h at 900 °C and once for 12
h at 1100 °C (Nabertherm, HTCT 01/16), with intermediate
grindings. Pellets with a diameter of 2.5 cm were uniaxially
cold pressed (Janssen HWP 20) at a pressure of 120 bar for 20
min and sintered for 24 h at 1500 °C. The proof of the phase
purity of Pr0.5Ca1.5MnO4 is presented by the XRD pattern in
Figure S1. The morphology of the pressed pellet is shown in
Figure S2.
2.2. Thin-Film Deposition Technique. Epitaxial thin

films were grown by metalorganic aerosol deposition (MAD)
based on the pyrolysis of aerosols of metalorganic precursors at
the surface of a heated substrate.17 A mixture of acetylacet-
onates of Pr, Ca, and Mn (Sigma-Aldrich) dissolved in

dimethylformamide with controlled molar ratios of the
precursors in the solution was employed for the growth of
single-phase RP-PCMO and CaMnO3 (CMO) films by
controlling the molar ratios of the precursors in the solution.
To obtain the (010)-orientation of RP-PCMO films,
commercial (110)-oriented substrates Nb:SrTiO3 (STNO)
were used. The (001)-oriented RP-PCMO films were grown
on CMO-buffered STNO (100) substrates. The growth at 750
°C with a rate of 0.2 nm/s was established to be optimal for
(010)-oriented RP-PCMO films, but the optimized conditions
for deposition of (001)-oriented RP-PCMO were entirely
different, 920 °C and 0.02 nm/s.
2.3. Thin-Film Structural Characterization. The growth

of phase-pure (010)- and (001)-oriented thin films of around
40 nm thickness on STNO (110) and CMO-buffered STNO
(001), respectively, was confirmed by X-ray diffraction (XRD)
and X-ray reflection (XRR); see Figure S3. The analysis of the
crystallographic structure of epitaxial thin films was performed
by XRD in the Θ−2Θ Bragg−Brentano geometry using a
Bruker D8 Advance diffractometer (Cu Kα radiation). The
thickness of the films was determined from XRR oscillations by
frequency analysis using fast Fourier transformation. The
surface morphology was characterized by atomic force
microscopy (AFM) using an MFP-3D Classic (Asylum
Research) in the tapping mode; see Figure S4.
2.4. Electrochemistry. Electrochemical measurements

were carried out by means of a bipotentiostat setup of
Interface 1000E potentiostats (Gamry Instruments, Inc.,
Warminster, PA, USA), and a rotating ring disk electrode
(RRDE)-3A rotator (ALS Co., Ltd., Tokyo, Japan) was used to
perform electrochemical measurements. For the powder
experiments, we used a glassy carbon (GC) electrode (4 mm

Figure 1. Comparison of oxygen evolution of Ruddlesden−Popper PCMO powder and epitaxial films of different orientations. (a) Second, 10th,
and 60th scans of the CV measurements of powders; (b) (010)-oriented and (001)-oriented thin films; (c) RRDE measurements of the powder
and (d) of the films. In the RRDE measurements, the corresponding ring currents are depicted as open circles. For all RRDE measurements, the
forward direction of the second scan is selected, while the ring potential is 0.4 V vs RHE. All experiments were performed with a 0.1 NaOH argon-
purged electrolyte at 20 mV/s and 1600 rpm. Note that the geometrical disk area is used in the calculation of current density j of the powder
electrode.
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diameter). The electrode was polished to a mirror finish with a
diamond slurry (3 μm) and alumina slurry (1 and 0.3 μm).
Catalyst inks were prepared to a 5 mg/mL catalyst
concentration with the solvent tetrahydrofuran (THF) and 1
mg/mL carbon black, a conductive additive. For preparing the
catalyst layer, the ink of each sample (5 μL) was cast on the
surface of the GC electrode and left to dry in air. The PCMO|
STNO thin-film electrodes were prepared for the RRDE disk
electrode with a diameter of 4 mm and a Pt ring electrode with
an inner diameter of 5 mm and an outer diameter of 7 mm. All
electrochemical reactions were performed in a 0.1 M NaOH
electrolyte. The electrolyte solution was prepared by diluting
NaOH solution (Sigma-Aldrich, Munich, Germany) with
deionized water (Milli-Q, >16.5 MΩ). The electrolyte was
saturated with Ar gas for at least 30 min before measurements
and continuously purged with Ar during the measurements. All
potentials were referenced to the reversible hydrogen electrode
(RHE) scale.
2.5. XPS. A Kratos AXIS Supra, SPECS PHOIBOS 100

hemispherical XPS analyzer with a monochromatic X-ray
source (SPECS FOCUS 500 monochromator, Al Kα radiation,
1486.74 eV) was applied to determine the elemental
composition of the powders as well as of the thin films. The
pass energy was set to 30 eV with a step size of 0.5 eV for
survey and 10 eV with a step size of 0.05 eV for fine spectra. All
scans were performed using large-area spectroscopy in the
hybrid lens mode with the collimation mode slot. The binding
energy scale was corrected by shifting the C 1s main peak
energy to 284.9 eV with the charge neutralizer. CasaXPS
software was used to calculate the atomic percentages of core
levels. The error was given by the standard deviation of the
Lorentzian fit and data from the detailed scans of the analyzed
lines. The relative sensitivity factors (RSFs) were obtained
from the CasaXPS-Supra-Al library. For all elements, except

Mn 2p, a Shirley background was used. A Tougaard
background was selected for the Mn 2p component. All the
XPS investigations of the powders and the thin films were
performed on the prepared electrode before and after 10 and
60 cycles of cyclic voltammetry.

3. RESULTS AND DISCUSSION
3.1. Electrochemical Activity and Stability. The OER

activity of the RP-PCMO thin films and powder electrodes was
characterized using cyclic voltammetry (CV) and rotating ring
disk electrodes (RRDE) in Ar-saturated 0.1 M NaOH solution.
Figure 1a,b shows the selected CV measurements of the
powder as well as the CV of the two differently oriented thin-
film electrodes. Due to the large difference of the surface area
of powder and films, the onset potential and current densities
for OER cannot be compared since we use the geometrical disk
surface for the powder electrode. We observe that the current
density of the (010)-oriented film is more than 100% higher
than that of the (001)-oriented film.

Remarkably, the activity of the powders increased slightly
during the first 10 cycles. After 60 cycles, only a slight drop of
∼5% at 1.75 V vs RHE) was observed. This indicates a
reasonable stability and is in line with the previous study on
RP-PCMO powders with different levels of Ca doping.21 The
stability of the differently oriented films was found to vary
significantly. Whereas the (010)-oriented film shows a slight
increase in a current of 6% from the 10th to 60th cycle at 1.75
V, at a higher potential of 2.2 V, the current, instead, drops by
30%. In contrast, the (001)-oriented film shows a decrease in
current from the 10th cycle to the 60th cycle over the entire
OER potential range. For example, at 2.2 V, the current drops
by 40%. These findings reveal the higher activity and stability
of the (010)-oriented RP-PCMO film.

Figure 2. XPS core-level spectra of (a) Ca 2p, (b) O 1s, (c) Pr 3d, and (d) Mn 2p for the pristine RP-PCMO powders, together with fitted
Lorentzian peaks.
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The RRDE setup was employed to verify the OER activity
by using a platinum ring electrode for the detection of the
oxygen produced by the specimen. Therefore, a potential of 0.4
V vs RHE was applied to the Pt ring electrode, which is
sufficient to drive the oxygen reduction reaction (ORR).
Under these experimental conditions, the produced oxygen is
reduced at the ring electrode under mass-limiting conditions,
so that the ring current depends only on the concentration of
oxygen.25 The coincidence of the onset of exponentially rising
currents on the disk and ring electrodes for all samples in
Figure 1c,d verifies that they originate from the OER. Also, the
RRDE measurements confirmed a higher activity of the (010)-
oriented film compared to that of the (001)-oriented film.
Similar Tafel slopes of around 0.4 V/decade for ring and disk
currents (see Figure S5) suggest that the reaction mechanism
is the same for both film orientations, and undesired side
reactions cannot explain the different disk current densities.
3.2. X-ray Photoelectron Spectroscopy. The technique

of X-ray photoelectron spectroscopy (XPS) was employed to
investigate RP-PCMO powders and films with different
orientations in their pristine state and after electrochemical

cycling. With an energy-dependent escape depth of photo-
electrons of 5−10 nm, it allows the determination of the close-
to-surface chemical composition of all electrodes. This was
carefully carried out in the pristine state after 10 and 60 cycles
(see the experimental section), including the chemical
bonding-induced shifts and oxidation states of the elements.

3.2.1. Ruddlesden−Popper PCMO Powder. In Figure 2,
XPS analysis of the pristine RP-PCMO powders is presented
via detailed scans. Survey scans of the pressed electrode and
pure powder are shown in Figures S6 and S7, respectively.
Figure 2a shows the Ca 2p states that are split into 2p1/2 and
2p3/2 states at binding energies of approximately 350 and 346
eV, respectively, due to spin−orbit interaction. Each of the two
peaks is fitted with two subpeaks. While peak 1 and peak 2 at
345.6 and 349.2 eV, respectively, represent the Ca site in the
lattice perovskite structure, the peak 3 and peak 4 at 346.7 and
350.2 eV, respectively, correspond to the formation of
Ca(OH)2 and/or CaO species at the surface.26 In the
following, we denote these peaks as lattice Ca(L) and
Ca(OH)2 peaks, respectively.

Table 1. Atomic Concentrations of the Close-to-Surface Species of the Pressed Powder Electrode in Atom Percent Obtained
from XPS Detailed Scansa

powder electrode Pr 3d Mn 2p Mn valence Ca 2p Ca(L) Ca(OH)2 O 1s (Ca+Pr)/Mn Ca/Pr

nominal 7.1 14.3 3.5 21.4 21.4 0 57.1 2 3
pristine 13.3 9.8 3.5 7.9 6.0 1.8 69.0 2.2 0.6
10 cycles 14.5 8.1 3.3 8.2 6.7 1.6 69.1 2.8 0.6
60 cycles 5.3 11.9 3.2 6.8 5.2 1.5 76.0 1.0 1.3

aThe error, as obtained from the standard deviation accounts for ±0.5%. Nominal concentrations represent the bulk values.

Figure 3. XPS core-level spectra of a pristine (010)-oriented RP_PCMO film; (a) Ca 2p; peaks 1 and 2 represent the lattice perovskite structure,
and peaks 3 and 4 correspond to the formation of surface Ca(OH)2 and/or CaO; (b) O 1s, (c) Pr 3d, and (d) Mn 2p. The fitted Gaussian peaks
are shown as color-filled curves.
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In Figure 2b, the O 1s spectra of the oxides consist of two
prominent peaks separated by around 3 eV and an additional
small peak at 533.2 eV. The O2− species at the perovskite
lattice sites appears at a binding energy of 528.9 eV.
Furthermore, various weakly bound O− and OH− surface
species are visible at 530.97 eV. The O 1s peak 3 represents
adsorbed H2O molecules.27,28

Pr species can be measured using the Pr 3d states, which are
split into Pr 3d3/2 and Pr 3d5/2 levels due to spin−orbit
coupling, as visible in Figure 2c. Pr 3d5/2 is found to be roughly
at 932.9 eV, and the energy separation between the Pr 3d3/2
and Pr 3d5/2 transitions is around 20 eV with a 3:2 intensity
ratio. A strong shoulder can be seen on the lower sides of the
Pr 3d5/2 and Pr 3d3/2 peaks, corresponding to the so-called
shake-down satellite,15 a collective response of the outer
electron cloud to the formation of core holes. These satellites
are excluded from the calculation of the Pr atomic percentage.

The Mn 2p core-level spectra, together with their fitting
lines, are depicted in Figure 2d. The Mn 2p peak is split owing
to spin−orbit coupling and shows an 11.2 eV energy
separation that is typical for oxides. Each of the 2p1/2 and
2p3/2 states consists of substates, which can be formally
attributed to different valence states, i.e., Mn3+ (peaks 1 and 2)
and Mn4+ (peaks 3 and 4).8

Table 1 shows the atomic concentrations of the close-to-
surface species of the pristine as well as of the cycled powder
electrodes; see Figures S8 and S9 for data on cycled powder.
Despite the high phase purity confirmed by XRD in Figure S1,
the surface concentration of the species strongly deviates from
the nominal bulk values. The pristine as well as the cycled
stages show Pr-rich and Mn-rich, respectively, Ca-depleted

surfaces. During long-term electrochemical cycling, the surface
concentration of Mn increases, whereas that of Pr decreases.
This might explain the measured drop in the Mn valence state,
which is given by the average Mn valence. Furthermore,
cycling is accompanied by an increase in close-to-surface
oxygen, which cannot be explained by a surface hydroxide
since the Ca(OH)2 concentration is small and decreases during
cycling. The drop in the (Ca+Pr)/Mn ratio from slightly above
2 to 1 after 60 cycles indicates a possible formation of a MnOx-
rich surface phase.

The strong drop of the surface Pr concentration and the
formation of a Mn-rich surface phase are in contrast to the 3D
perovskite Pr1−xCaxMnO3 with x = 0.3−0.5, where oxygen
vacancy-induced Mn reduction and leaching are related to the
formation of a PrOx-rich surface phase;23 see also Supporting
Information in ref 29. The formation of a PrOx-rich surface
results in fast deactivation and corrosion of the 3D PCMO. In
contrast, our results indicate that the RP-PCMO powder may
act as a seed for the formation of a rather stable and
catalytically active MnOx-rich surface, which would explain the
high stability of the powder.

3.2.2. Ruddlesden−Popper PCMO Epitaxial Films. Similar
analysis was performed by using X-ray photoelectron core-level
spectroscopy of the two differently oriented RP-PCMO films.
Detailed scans for the pristine films are shown in Figures 3 and
4. For wide scans, see Figures S10 and S11. A closer look at the
Ca peaks of both films shows the contribution of surficial
Ca(OH)2 or CaO, which was also observed in the case of
powders. Moreover, Figures 3a and 4a show that the ratio of
Ca in hydroxide to that in the perovskite lattice is higher in the
(001)-oriented (less active) film than in the (010)-oriented

Figure 4. XPS core-level spectra of a pristine (001)-oriented RP_PCMO film; (a) Ca 2p; peaks 1 and 2 represent the lattice perovskite structure,
and peaks 3 and 4 correspond to the formation of surface Ca (OH)2 and/or CaO; (b) O 1s, (c) Pr 3d, and (d) Mn 2p. The fitted Gaussian peaks
are shown as color-filled curves.
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film. We denote these peaks as lattice Ca(L) and Ca(OH)2
peaks, respectively.

As for the O 1s core level, the contributions of OH and
adsorbed H2O at the surface of both (010)- and (001)-
oriented films can be seen in Figures 3b and 4b. It is observed
that the contribution of OH in the O 1s peak is more
pronounced for the less active (001)-oriented film.

Tables 2 and 3 list the determined values of close-to-surface
concentrations of all species for the two differently oriented
films in the pristine and electrochemically cycled states. The
values are based on fits of the data in the XPS detailed scans in
Figures 3 and 4, as well as Figures S12 and S13 and Tables
S1−S3.

In the pristine states, both films show Ca- and Mn-depleted
surfaces compared to the nominal bulk values. Pr is close to the
expected values, whereas O seems to be enriched. We attribute
this to the absorbed water/hydroxide layer. This is supported

by the presence of a significant Ca(OH)2 contribution of 6.2
at. % for the (010) and 10.0 at. % for the (001) films in the
pristine state. In the O 1s spectra (Figure S13), a large amount
of OH species is observed, which is quantified in Table S1.
This indicates hydroxide concentrations close to the surface of
about 23 and 27 at. % for the (001) and (010) films,
respectively.

Upon electrochemical cycling, both films exhibit the
formation of a Pr-rich surface, whereas Ca depletes, and Mn
remains stable. This trend is more pronounced for (010) than
for (001) films. While the close-to-surface Ca concentration
decreases, the enrichment of Pr gives rise to a rather high and
rather stable (Ca+Pr)/Mn ratio above the nominal bulk value
of 2. The drop of the Mn valence state upon cycling for both
films seems to be in contradiction to the increase of the O.
After subtraction of the OH contribution in Table S1, we find
that for the (001), O(L) drops after 10 cycles and recovers to

Table 2. Close-to-Surface Concentration of the Species in Atom Percent of (010)-Oriented Films Based on XPS Analysisa

(010) film Pr 3d Mn 2p Mn valence Ca 2p Ca(L) Ca(OH)2 O 1s (Ca+Pr)/Mn Ca/Pr

nominal 7.1 14.3 3.5 21.4 21.4 0 57.1 2 3
pristine 7.0 7.4 3.2 17.8 9.3 6.2 67.9 3.4 2.6
10 cycles 11.9 4.7 3.3 8.4 2.9 5.5 74.9 4.3 0.7
60 cycles 18.5 6.3 3.2 4.5 1.6 2.8 70.8 3.7 0.2

aThe error, as obtained from the standard deviation, accounts to ±0.5%. Nominal concentrations represent the bulk values.

Figure 5. XPS core-level spectra of the Ca 2p (a) (010)-oriented film after 10 CV and (b) (010)-oriented film after 60 CV and (c) (001)-oriented
film after 10 CV and (d) (001)-oriented film after 60 CV. The fitted Lorentzian peaks are shown as color-filled curves.
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the original values after 60 cycles. In contrast, for the (010)
film, O(L) increases during cycling, possibly indicating the
formation of a PrOx-rich phase similar to the 3D PCMO films.

AFM investigation of the surfaces before and after 60 cycles
in NaOH did not show significant changes in the morphology
(Figure S4). This indicates that the change in composition
only affects the surface layer and is not related to the more
severe dissolution of the electrode material during cycling. The
slightly increased surface roughness of the (001)-oriented film
compared to that of the (010)-oriented film as a result of the
preparation process is preserved during cycling.

In the following, we provide a closer look at the evolution of
the Ca species for both film orientations upon cycling; see
Figure 5. The strong decrease in the surface Ca concentration
of both films during CV cycling is related to the pronounced
relative changes in the Ca hydroxide/oxide and Ca perovskite
lattice peaks. Remarkably, the (010)-oriented film reveals an
increase in the ratio of Ca hydroxide to the Ca lattice site after
10 cycles compared to the pristine state. This ratio did not
change further after additional cycles. In contrast, the (001)-
oriented film exhibits a strong drop in the Ca hydroxide to Ca
lattice site ratio after 10 cycles and continued after 60 cycles. In
contrast to the pristine state of the (001) film, where the
surface is dominated by Ca hydroxide, the surface is dominated
by the Ca lattice site species after electrochemical cycling.
These findings suggest a different chemical stability of Ca
hydroxide on the two different surfaces. For the (010) film, the
remaining Ca surface concentration after 60 cycles seems to
consist of approximately 63% of the Ca(OH)2 species and only
approximately 37% of the Ca(L) species.

In contrast, for the (001)-oriented film, where the drop in
the overall Ca concentration after 60 cycles is less severe, the
Ca(L) perovskite lattice species becomes dominant at the
surface. The surface concentration of Mn as well as its valence,
which is formally ascribed as a Mn3+ and Mn4+ mixture, did not
show considerable changes upon electrochemical cycling; see
also Figure S12.
3.3. Discussion. Electrochemical investigation combined

with XPS studies of the close-to-surface concentration of Pr,
Mn, Ca, and O species reveals a huge difference between the
surface chemistry of RP-PCMO powder and epitaxial thin films
of initially the same bulk phase, as summarized in Figure 6.
Cyclic voltammetry confirms the reasonable activity and high
stability of the powder electrode of RP-perovskite under
alkaline conditions, which has been also reported in previous
investigations.21 This is in line with the observation that the
XPS spectra of powder electrode samples only showed a
reduction of the Pr concentration, whereas Ca is stable and Mn
is even increased after 60 cycles. Since the (Ca+Pr)/Mn ratio
decreases from 2 to 1 after 60 electrochemical cycles, we
suggest that the RP-PCMO powder surface transforms into a
MnOx-rich surface phase that is located on top of a rather
stable perovskite seed.

In contrast to the powder, both thin-film orientations show a
rapid drop of activity. Simultaneously, the activity and stability
during electrochemical cycling of the (010)-oriented film are
higher than those of the (001)-oriented one. For the OER of
the epitaxial films, the most relevant observation is that the
initial A to B site ratio (Ca+Pr)/Mn is >3, which is much
higher than the stoichiometric value of 2. As visible in Figure
6b,c, the rather low Mn surface concentration remains more or
less stable, but the surface deactivates via the formation of a

PrOx-rich surface, very similar to (001)-oriented 3D PCMO
thin films at the same level of doping.

Interestingly, the close-to-surface concentrations of the less
active (001) film and the more highly active (010) film are
similar in the pristine state. Only, the (001) film, in its pristine
state, shows a higher Ca(OH)2 to Ca(L) ratio and
approximately 1% less Mn. Consequently, the different surface
chemistry in the initial state can only explain why the current
density of the (010)-oriented film is more than 100% higher
than that of the (001)-oriented film if Ca(OH)2 plays an
important role. Indeed, the role of Ca hydroxide species in the
stabilization of active Mn3+ states was discussed for another
layered manganese oxide compound, namely, Ca birnessite.30

However, the valence states of Mn in both epitaxial
orientations are 3.2 (010) and 3.3 (001), respectively, which
are very similar and do not connect to the higher hydroxide
surface concentration at the (010) films.

The strong increase in Pr and drop in Ca species at the
surface during electrochemical cycling are the most prominent
differences between the films and the powder.

As discussed above, the formation of a Pr-rich surface is
known to be the main degradation mechanism of the (001)-
surface of the three-dimensional Pr0.67Ca0.33MnO3 system. In
this system, it is due to a rapid leaching of both Mn (due to
Mn2+ formation) and Ca at the surface.23 In contrast, Mn
reduction and leaching are not observed in the present study
since both the valence and close-to-the-surface concentration
remain stable. The reduction of Mn due to oxygen vacancy
formation, which has been reported for the three-dimensional

Figure 6. Atomic percentages of close-to-surface cations obtained
from Tables 1−3. The changes upon electrochemical cycling are
visible. Pressed powder electrodes (a), (010) (b), and (001) films (c).
Normalization takes into account the cationic species only.
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PCMO, is thus absent in RP-PCMO films, and deactivation
mainly occurs via the loss of surface Ca.

The higher stability of the RP-PCMO powder compared to
the differently oriented RP-PCMO films is thus correlated to
the different Ca(OH)2 concentrations in the pristine state:
Whereas it is 1.8 atom % for the powder (Table 1), it amounts
to 6.2 and 10.0 atom % in the (010)- and (001)-oriented films,
respectively (Tables 2 and 3). Indeed, the reduction of the
(Ca(OH)2) concentration seems a major channel for the loss
of surface Ca, which aligns with existing literature, reporting
the high solubility of calcium hydroxide in sodium hydroxide
(NaOH) electrolytes in a low molar concentration range up to
3.5 M.31 Consequently, the solubility of Ca(OH)2 is a crucial
factor governing the concentration of calcium ions on the
surfaces of the RP-PCMO thin films. The findings further
emphasize the importance of considering the impact of
electrolyte-specific effects on the orientation-dependent surface
chemistry of electrode materials.

4. CONCLUSIONS
Pr0.5Ca1.5MnO4 powder and thin films with two different
orientations were studied concerning electrocatalytic oxygen
evolution. Our results confirm that anisotropy is entangled
with different surface orientations that affect the evolution of
the surface chemistry. The (001)-oriented films shows lower
activity than the (010)-oriented films, while in both films, the
onset of OER is shifted to a slightly higher potential than that
in the powder electrode. The Mn valence, approximated as a
mixture of Mn3+ and Mn4+ species, is observed as unchanged
upon cyclic voltammetry. It is revealed that there is a
contribution of Ca oxide/hydroxide on the surface of films,
which is more pronounced at the surface of the (001)-oriented
film in the pristine state and evolves as the dominant Ca
species at the surface of the (010) film during electrochemical
cycling. In contrast to 3D PCMO, the reduction of Mn due to
oxygen vacancy formation is suppressed in the RP-PCMO
films.
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