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Abstract: Improving the activity of catalysts for the oxygen evolution reaction (OER) requires
a detailed understanding of the surface chemistry and structure to deduce structure-function
relationships (descriptors) for fundamental insight. We chose epitaxial (100)-oriented Lag ¢Srg4Mnj_ 503
(LSMO) thin films as a model system with high electrochemical activity comparable to (110)-oriented
IrO; to investigate the effect of Mn off-stoichiometry on both catalytic activity and stability. Extensive
structural characterization was performed by microscopic and spectroscopic methods before and
after electrochemical characterization using rotating ring-disk studies. Stoichiometric LSMO had the
highest activity, while both Mn deficiency and excess reduced the catalytic activity. Furthermore,
all samples preserved the crystal structure up to the very surface. Mn excess improved the long-term
activity, and we hypothesize that excess Mn stabilizes the surface chemistry during catalysis. Our
data show that the defect chemistry should be considered when designing catalysts with enhanced
activity and rugged stability.
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1. Introduction

With the world facing limited supply of fossil fuels, the water splitting reaction poses an
alternative and promising approach towards sustainable energy. The efficiency of the water splitting
reaction is limited by the half reaction of the oxygen evolution reaction (OER) even for the most
active materials due to the sluggish kinetics of the four-step electron/proton transfer reaction [1-4].
Promising candidates for OER catalysts are first-row transition metal oxides [5-10], as they consist
of Earth-abundant elements, such as Mn, Fe, Co and Ni, which can show activities per catalyst area
comparable to state-of-the-art catalysts, such as RuO; and IrO, [11-14]. Among these catalysts are
frequently perovskites with the ABO; structure, which show a broad range of properties that arise
from tuning the valence states of the B-site, B-O bonding length and angle by varying the A-site
doping, thereby also affecting the catalytic activity for the OER. However, the requirement for deriving
design principles for more efficient catalysts is a detailed understanding of the surface chemistry and
structure, including modifications due to possible side reactions, such as corrosion or passivation.

The interplay between structural and electronic properties has gathered broad attention in the
search for simple universal descriptors of catalytic activity [4,6,8,15-19]. Yet, the complex entanglement
of structural and electronic properties represents a key challenge in the experimental deduction of
descriptors and the complex dependency of both the mechanism and active site on structural and
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electronic properties. This can be seen for chemically-similar manganites, such as Prg ¢sCa 33MnO3
(PCMO) with lattice oxygen proposed as the active sites [20,21] and Lag ¢Srg 4MnO3 (LSMO) with Mn
as the active site [9]. These interdependencies complicate the design strategies to tailor the catalytic
activity at the atomic level. Nonetheless, structural approaches have been successful in modifying
the activity, such as variation of the strain in LaCoO3 [22-24] and LaNiO; [25]. Despite the success of
structural approaches tuning the activity, the understanding and detailed control of the active site and
the reaction mechanism involve disentangling the effects of strain on catalytic activity either caused by
misfit strain or caused by the change of the lattice parameter due to preparation-induced point defects.
These intrinsically-different effects cannot be separated out by X-ray diffraction measurements of the
lattice parameter alone, but need careful correlation to the stoichiometric and off-stoichiometric point
defect structure of the samples. The arising impact on the electronic structure will be very different.
Direct experimental access to the defect structure is of particular interest, as it not only affects the
catalytic activity, but has strong implications for the stability of the catalyst.

While the implications of defects for the OER, such as impurities and vacancies on activity and
stability, are frequently discussed [26-31], detailed studies elucidating the interplay have mainly
focused on metals and simple metal oxides so far [32-35]. In our previous work, we proposed LSMO
as the model system for a transition metal oxide with a high degree of structural control [9] allowing
investigating the effects of defects on the stability and activity. By changing the A-site to B-site
ratio resulting in different Min off-stoichiometries of LSMO under the preservation of the epitaxial
LSMO structure, it is possible to further elucidate the influence of the electronic structure on the
activity and the reaction mechanism for a given defect structure. While the effects on the defect
structure and changes in the electronic structure by preparation of off-stoichiometric manganites were
reported [36-38], the effects on the catalytic activity have not been addressed to date. Therefore, LSMO
represents a model system to evaluate the effects of the point defect structure on catalytic activity.

In this study, we prepared Lag ¢Srg4Mn;_5O3 with various off-stoichiometric compositions from
Mn excess (6 > —0.07) to Mn deficiency (6 < 0.04) under the preservation of the LSMO structure. Extensive
characterization involving XRD, AFM and TEM was employed to firstly ensure structural control and
secondly to deduct the influence of the off-stoichiometry on the defect structure. The effects of the
Mn off-stoichiometry on both the activity and the stability in terms of defect structure were studied
using rotating ring-disk electrode (RRDE) measurements in combination with postmortem analysis.
The RRDE setup allows the distinction of the LSMO disk currents corresponding to O, evolution from
possible side reactions [9,39], which provides an in-depth analysis on the electrochemical activity and
stability. The electrochemical activity and stability showed dependence on the defect structure without
affecting the reaction mechanism. Thus, LSMO can serve as the model system to study the effects of
the point defect structure on the activity for more complex oxide catalysts. Furthermore, strategies to
tailor the stability of catalyst can be deduced since the defect structure strongly influences the stability.

2. Results

In the following, the investigations on off-stoichiometric LSMO are connected by thorough
structural characterization (Section 2.1), followed by electrochemical investigations via RRDE
measurements establishing the OER activity (Section 2.2) and the stability under catalytic conditions
involving extensive structural post-mortem characterization (Section 2.3).

2.1. Structural and Electronic Characterization

Epitaxial (100)-oriented Lag¢Srgs4Mnj_5O3 films with different Mn off-stoichiometry were
prepared on (100)-oriented Nb-doped SrTiO3 (STNO) by ion beam sputtering (IBS). Due to different
sputter yields of the used elements, particularly Mn and La/Sr, the off-stoichiometry could be adjusted
by choosing a different deposition position relative to the target, resulting in a variation of Mn content
between +7.2% and —4.1% with respect to the ideal stoichiometry of Lag¢Srg4MnOs. The ratio of Sr
to La for the chosen Mn off-stoichiometries varied less than 1.5%. The ratio of all components was
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determined by energy dispersive X-ray spectroscopy (EDX). The epitaxy of all films is indicated by
out-of-plane X-ray diffraction measurements (Figure 1A) with only the (h00) reflections of the substrate
and LSMO present. Epitaxial growth was confirmed by ¢-scans, rocking curves, detailed 20 scans
and pole figures at the (200) reflex (Figures S1 and S2). The latter exhibit a perfect orientation in-plane
with the substrate respectively, while the ¢-scans show a four-fold symmetry exhibiting equivalent
“cross-directions” of substrate and film. Both together give evidence for the high epitaxy within the
accuracy of the measurement setup. The resemblance of LSMO film and corresponding substrate
rocking curves indicate epitaxy limited by the substrate quality.
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Figure 1. (A) Out-of-plane X-ray diffraction on representative samples of all investigated Lag 4Srp 4Mn;_ 503
off-stoichiometries showing only the (200) Nb-doped SrTiO3 (STNO) substrate and the (200)
LaggSrp4Mn;_ 503 (LSMO) reflex. (B-D) Representative AFM images of (B) a Lag ¢Srg4Mn;_s03
film with Mn excess showing a typical Mn3Oy precipitate, (C) a stoichiometric Lag ¢Srg4MnOj3 film
and (D) a Mn-deficient Lag Srp 4Mn;_ 5 O3 film. Note the height scale in (D) corresponds to the unit
cell step height and is identical for all AFM images. The imaging of the precipitate in (B) requires a
larger height scale (see Figure S3).

While not affecting the epitaxy, the Mn off-stoichiometry influences both the strain state of
the films, as well as the surface morphology. Detailed scans on the (200) reflection (Figure 1A)
show a dependence of the strain state on the Mn off-stoichiometry of the LSMO film and thickness
fringes (Laue-oscillations), whose periods are inversely proportional to the film thickness. The lattice
parameter decreased with increasing Mn content (further discussed below).

In addition to the variation of the lattice parameter, the surface morphology reveals pronounced
effects of Mn excess. All LSMO films deposited at sufficiently high temperatures show an atomically
flat surface as reported previously [9]. Atomic force microscopy (AFM) images (Figures 1B-D and S3)
show terraced surfaces with root-mean square (RMS) of 0.12 & 0.03 nm with only minor differences
with stoichiometry (Table S1). The difference of the terrace width and the unit cell height steps of 0.4 nm
is more than two orders of magnitude; the contribution of the terrace edges to the total surface area is
negligible. The increased roughness for samples with Mn excess is due to the formation of hausmannite,
i.e.,, Mn3Oy4 (Figure 1B), with the surface of the surrounding film being identical to the stoichiometric
and Mn-deficient films. The formation of related MnO or MnO; precipitates was previously reported
for Prg ¢6Cap 33MnOj3 [40] and was predicted by Grundy et al. for Lag Srp4MnOs [41] to occur for Mn
excess of more than 0.4%. The identification of the precipitates in our LSMO films as Mn3O; is based
on EDX and electron energy loss spectroscopy (EELS) analysis (Figures S4 and S5). The density of
precipitates scaled with the Mn excess and was evaluated using scanning electron microscope (SEM)
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images (Figures S6 and S7). However, even for a Mn excess of 7.2%, the estimated contribution of the
surface of the precipitates to the overall surface area was with a maximum of 1.6% negligible.

Furthermore, detailed TEM analysis revealed no grain boundaries or other defects, as can be seen
in Figure 2A, and no differences in the crystal structure of the LSMO film besides the formation of
precipitates, as can be seen in Figure 2B. Based on the models in Refs. [36,37,42], Mn off-stoichiometry
is assumed to be compensated by the generation of point defects, which are either accompanied by
changes in Mn valence and/or the presence of vacancies. The Mn valence can be determined using the
energy difference between the pre-edge of the O K-edge and the onset of the Mn L-edge in EELS [43,44].
This method was used since it does not depend on the intensity of the Mn L-edge or O K-edge in
contrast to other methods [20,38,45-47], which can be corrupted by C surface layers. In LSMO films
with Mn excess at areas far from the Mn3 O, precipitates, the Mn valence appears to remain unchanged
within error compared to the stoichiometric LSMO (Figure S9). For the pristine samples, the observed
decrease in Mn valence towards the surface (Figure 510) can be attributed to preparation-induced
oxygen-deficient regions less than 2 nm or surface damage-related oxygen deficiency due to ion milling
required for the TEM lamella preparation.
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Figure 2. (A) HR-STEM image showing the defect-free film from the STNO substrate to the surface
of Lag ¢Srp4Mn;_50O;3 film with Mn excess; (B) TEM image showing the cross-section of the typical
precipitate on a LagSrg4Mn;_5O3 film with Mn excess; (C) oxygen K-edge electron energy loss
spectroscopy (EELS) comparing a Lag ¢Srg 4Mn;_ O3 film with Mn excess, stoichiometric Lag ¢Srg 4MnO3
film and the STNO substrate; (D) Mn L-edge EELS comparing films of Lag ¢Srg4Mn;_s O3 with Mn
excess and stoichiometric Lag ¢Sry 4MnQOj3. The resolution of the EELS measurements is evaluated in
Figure S8.

While it is challenging to directly relate changes in the electronic structure to the effects of
vacancies, sufficiently high electron doping by oxygen vacancies induces a shift of the onset of the
EELS O K-edge feature [48]. However, no differences in the O K-edge within measurement accuracy
were observed between stoichiometric LSMO and LSMO with Mn excess, as can be seen in Figure 2C.
The dependence of the O K-edge on the local electronic structure is shown by EELS scans across
the interface between STNO substrate and LSMO film (FigureS 2C and S11), where particularly,
the pre-edge changes. Supported by the lack of apparent changes in both O K-edge and Mn L-edge
(Figure 2C,D), no indications could be found for the presence of bulk oxygen vacancies assumed for a
Schottky defect couple (anion and cation vacancies preserving charge neutrality).
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The observed shift of the XRD peak position was used to evaluate the structural effect of Mn
off-stoichiometry and to gain further insight into the present defects. The calculated out-of-plane
lattice parameter decreased continuously with increasing Mn content (Figure 3A). The stoichiometric
lattice parameter did not match the bulk values reported in literature (pseudo cubic lattice
parameter a’ = 3.871 A) [49], but matched the out-of-plane lattice parameter calculated assuming
a tetragonally-strained LSMO film (see Refs. [50,51]) with an identical in-plane lattice parameter of the
substrate (a = 3.905 A) [52] and LSMO film with the preservation of the cell volume and the resulting
out-of-plane lattice parameter of a’’ = 3.833 A. As the strain state of LSMO films and thereby the lattice
parameter depends on the preparation methods and conditions [53,54], the observed trend might be
due to preparation-induced defects. A spatial variation of the preparation-induced defect is reflected
exemplarily by the gradient of incorporated Xe atoms (Figure S12). Since the incorporated Xe atoms
correspond to transferred additional momentum during the growth process, an influence on the defect
formation is conceivable.
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Figure 3. (A) Out-of-plane lattice parameter correlated with the total Mn off-stoichiometry. The lattice
parameter was calculated based on wide angle out-of-plane X-ray diffraction measurements using
a monochromator. The shown trend of the lattice parameter with changing Mn content (black line)
for LaMnOjs is based on Marozau et al. [36]. (B) Bulk conductivity of Lag ¢Srp4Mn;_5Oj3 films with
different Mn off-stoichiometries and identical thickness measured by physical property measurement
system (PPMS). The inset shows the extracted remanent resistance at 4 K correlated with the respective
lattice parameter.

In addition to the influence of the preparation, the trend of the lattice parameter with the Mn
off-stoichiometry is discussed to reflect the defect structure introduced by the Mn off-stoichiometry.
For the closely-related LaMnOs [36,37] and StMnOj3 [38], an increasing lattice parameter with
increasing Mn content was observed and explained by the formation of A-site vacancies for Mn
excess and Mn vacancies for Mn deficiency. Marozau [36] proposed that the formation of A-site
vacancies was accompanied with oxygen vacancies (Schottky defects) for Mn excess that should induce
changes in the EELS structure, as well as result in increasing lattice parameters. The increasing lattice
parameter (Figure 3A) in addition to the lack of evidence for oxygen vacancies in EELS indicate
that the detailed defect structure in our samples might differ from that in the study of Marozau [36].
The implications of the observed defect structure for catalytic activity and stability will be discussed in
Section 3.

To further investigate the influence of Mn off-stoichiometry, temperature-dependent electric
transport measurements were conducted on all samples, which showed nearly identical highly
conductive behavior and only minor differences in resistivity (see Figure 3B). Note that the residual
resistivity at 4 K scaled with the Mn off-stoichiometry. The increased resistivity of the Mn-deficient
LSMO film points to defect scattering and thus to the presence of Mn vacancies. In contrast, the reduced
resistivity both above T, and at low T for the Mn-rich LSMO film indicated changes of the electronic
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structure, such as bandwidth, induced by lattice strain. Therefore, the residual resistivity at 4 K scaled
with the out of plane lattice parameter (inset of Figure 3B), but has a different mechanistic origin.
In summary, despite the Mn excess-induced formation of precipitates, the main fingerprint of Mn
off-stoichiometry in LSMO is a change of the out-of-plane lattice parameter. It reflects a change in
point defect concentration, which is both due to a spatial variation of the stoichiometry superimposed
by the spatial variation of preparation-induced defects as indicated by the gradient in incorporated
Xe. Having established the structural properties and the highly conductive nature of all LSMO
off-stoichiometries, we can evaluate the influence of Mn off-stoichiometry on catalytic activity.

2.2. Electrochemical Characterization

In order to evaluate the effects of the Mn off-stoichiometry on the catalytic activity, all samples
were characterized electrochemically where both the activity and stability were probed by cyclic
voltammetry (CV). With the suitability of LSMO for electrochemical measurements previously
established, CV measurements allowed direct analysis of OER activities [9]. The effect of the Mn
off-stoichiometry on the catalytic activity was studied by linear sweep voltammograms (LSV) extracted
from CV for measurements averaged over all samples of each respective Mn off-stoichiometry
(Figure 4A). The stoichiometric samples are the most active ones, and the activity of LSMO with
Mn deficiency is only marginally smaller considering the error. Samples with Mn excess exhibited
a significantly lower activity, where higher excess further decreased the activity (Figure 513). These
differences are shown both in the overpotential required to reach 100 wA/cm?, and the current
densities at a fixed potential of 1.7 V vs. RHE (reversible hydrogen electrode) in Table 1. In contrast to
electrodeposited films or supported nano-particles reported in literature [2,11,13,39,55], for all samples
investigated here, the geometric surface equals the oxide surface area due to the low surface roughness
(Table S1). Moreover, the observed current densities of 100 pA/cm? at potentials of 1.66 V vs. RHE
for the stoichiometric samples are consistent with our previous findings, further supporting the fairly
high intrinsic activity of stoichiometric (100) LSMO films, which is comparable to, e.g., (110) IrO; films
with an overpotential of 460 mV (1.69 V vs. RHE) at 100 pA/ cm? [12] and to the similar (100)-oriented
Lag gSrgoMnO; with an overpotential of 470 mV (1.70 V vs. RHE) at 100 pA/cm? [56]. However, LSMO
showed lower activity compared to the benchmark catalyst (100) RuO, films with an overpotential of
290 mV (1.52 V vs. RHE) at 100 pA /cm? [12] and LaCoOj; with an overpotential of 360 mV (1.59 V
vs. RHE) at 100 pA /cm? [4] (additional comparison in Table S2). We compared epitaxial thin films
to provide an unbiased comparison of these low surface area materials, which allow fundamental
mechanistic studies of single surface orientations.

Table 1. Catalytic parameters for all investigated samples. Mn off-stoichiometry is based on the Mn
gradient of the total Mn concentration. Note that the amount of Mn dissolved in the LSMO matrix
might differ (Figure S14).

Sample Mn-Off-stoichiometry =~ Overpotential at Jrat1.7 Vs, Tafel Slope Tafel Slope
p (%) 100 pA/cm? (mV) RHE (uA/cm?)  Disk (mV/dec) Ring (mV/dec)

LSM —2 -2.0 434 385 61 62
LSM — 4 —4.1 437 341 58 59
LSM —2 -2.0 431 460 59 62

LSM ~0.0 430 502 60 59

LSM ~0.0 433 588 61 61
LSM +272 +1.6 453 217 63 64
LSM +472 +3.8 449 218 63 63
LSM +7 +7.2 458 162 61 63
LSM +5 +5.4 449 226 57 61
LSM +7 +7.2 458 167 59 62

2 Samples of Ref. [9]. These samples showed no precipitates.
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Figure 4. (A) Linear sweep voltammograms (LSV) of all investigated off-stoichiometries averaged
over the positive scan direction (Table S3). The inset shows the Tafel analysis for the averaged positive
scans for each sample of the respective stoichiometry. The error bars are based on the mean deviation.
(B) LSV measurement in the positive scan direction of a stoichiometric Lag ¢Srg4Mn; O3 film (solid
blue line) and the corresponding ring current (open red circles) obtained by chronoamperometry (CA)
at 0.4 V vs. RHE (reversible hydrogen electrode). The inset shows the Tafel analysis of the Pt ring
(red circles) and the disk LSMO (blue circles) currents as a function of disk voltage obtained from LSV.
All measurements were performed with Ar-purged 0.1 M KOH supporting electrolyte at 10 mV /s and
1600 rpm. The voltage was corrected for electrolyte resistance (47 (2).

For the samples with Mn excess, the contribution of the MnzOy precipitates to the catalytic activity
needs to be considered because Mn3O4 was reported as having a significant activity for the OER with
a 290 mV overpotential at a current density of 0.1 mA/cm?ge, [57]. However, a direct comparison
to the observed highly crystalline precipitates is complicated by the fact that Ref. [57] considers
electrodeposited films with an undefined geometric surface. Nonetheless, a change of activity with
increasing Mn3Oy contribution, as well as the change of the Tafel slope due to the changing mechanism
could be expected. The observed decrease in activity with increasing density of precipitates (Figure 513)
suggests inferior activity of the precipitates as compared to LSMO. Furthermore, no change in Tafel
slope was observed, which indicated that the mechanism of OER on LSMO was not affected by the
precipitates. Note that for LSMO films with Mn excess, but without Mn3O, precipitates, the activity
also was reduced (Figure S13B). This indicates a predominant effect of Mn excess on the LSMO activity
rather than an effect of the precipitates.

The onset of the OER was investigated by RRDE measurements. By rotation of the RRDE, the O,
produced during OER at the disk electrode is transported outwards by forced convection to a Pt ring
electrode. At the Pt ring electrode, the O, is reduced under the mass limiting condition, i.e., the ring
currents depend only on the concentration of O, (see the calibration measurements in Figure S15).
The reduction of species other than O, is possible at 0.4 V vs. RHE at the ring electrode. However,
as discussed for LSMO [9], no indication was found for possible side reactions, such as the formation
of permanganate or peroxide (Figure S16). Thus, it was concluded that the observed ring currents
solely correspond to dissolved oxygen, which allows the correlation of disk currents to ring currents
corresponding to evolved oxygen. For all samples, the observed exponential increase in disk currents
corresponded to an increase in ring currents (exemplarily shown for stoichiometric LSMO in Figure 4B;
all other samples in Figure 517), suggesting that the onset observed for LSMO is in fact the onset
of OER.

Moreover, the ring currents under these conditions can be used for mechanistic insight by the Tafel
analysis as proposed in our previous work. Despite the observed differences in activity for the different
Mn off-stoichiometries, the Tafel analysis for all samples showed Tafel slopes of 60 + 2 mV /dec and
62 + 2 mV/dec for the ring electrodes (Table 1). Identical Tafel slopes at ring and disk electrodes
suggest that neither capacitance nor corrosion affected the disk currents, representing high efficiency
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for the OER. Additionally, the Tafel slope can be theoretically modelled based on a sequence of
elementary reaction steps, having a rate limiting step and pre-equilibria [58-60]. The observed Tafel
slopes fit the theoretical determined slope of 59 mV /dec for the OER at 25 °C, corresponding to an
electrochemical pre-equilibrium followed by a chemical rate-determining step, such as O—O bond
formation. Hence, we conclude the mechanism of the OER was not affected by Mn off-stoichiometry
(further discussed below).

2.3. Stability Characterization

In order to evaluate the effects of the Mn off-stoichiometry on the stability under catalytic
conditions, all samples were characterized using prolonged electrochemical cycling following the
initial characterization. By comparing the overpotential required to obtain a current density of
100 pA /cm? throughout 100 consecutive cycles between 1.1 and 1.75 V vs. RHE (corresponding to a
total measurement time of ~3:40 h), we observed no pronounced activation or decrease in overpotential
(Figure 5). The overpotential of the Mn-deficient sample increased by ~25 mV, while the change in
overpotential for the stoichiometric sample increased only by 10 mV. Notably, the sample with Mn
excess showed an increase in overpotential of less than 2 mV during 100 cycles, leading to the highest
long-term stability, as well as an activity surpassing that of the Mn-deficient samples and approaching
that of the degrading stoichiometric sample. Additional chronoamperometric measurements showed
comparable stability trends (Figure S18). Hence, we conclude that high long-term stability and activity
strongly depend on the Mn off-stoichiometry. In addition to the changes in activity during long-term
measurements, the effect on the reaction mechanism was evaluated by comparing the initial to the
final LSV measurements (Figure S19). The comparison reveals only small changes in the Tafel slope of
less than 8 mV /dec, indicating no significant change in the dominant reaction mechanism, so that the
observed changes can be compared directly. Thereby, we can state that the Mn-deficient samples were
the most unstable ones, and despite the lowest initial overpotential, the activity of the stoichiometric
samples degraded less than that of the Mn-deficient samples, but still noticeably. Moreover, LSMO
with Mn excess has the lowest activity and showed the highest stability to the effect that it surpassed
LSMO with Mn deficiency after ~60 cycles.
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Figure 5. Overpotential required to obtain 100 uA/cm? extracted from the positive scan direction
of 100 consecutive CV measurements. The measurement protocol applied to the samples prior to
extensive CV measurements was identical for all samples. All electrochemical measurements were
performed in Ar-saturated 0.1 M KOH supporting electrolyte and 1600 rpm.

As the electrochemical measurements showed differing long-term behavior, extensive post-mortem
analysis using AFM, XRD, X-ray reflectometry (XRR), scanning electron microscopy (SEM) and
TEM was employed to elucidate the observed behavior. AFM images as exemplarily shown in
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Figure 6A revealed no significant roughening even for the Mn-deficient sample with the most extreme
changes during extensive cycling. Moreover, the surface morphology remained intact during extensive
cycling, preserving the unit cell step height and suggesting the preservation of the crystal structure.
Additionally, only changes of the lattice parameter of less than 0.03% after electrochemical treatment
were measured by XRD. Note that adjustment accuracy can result in differences in the lattice parameter
within the observed range. Furthermore, these subtle changes did not correlate with the Mn content
(Figure S20). The loss of material would be conceivable, e.g., by the formation of the soluble Mn"'O,
according to the Pourbaix diagram [61,62]. However, XRR measurements in Figure 6B did not support
significant structural changes due to corrosion or roughening by showing changes in film thickness of
less than 0.5 nm (with only one exception of a Mn-enriched sample; Table S3) and only small changes
in the high angle part of the diffractogram. The changes in the high angle part can be attributed to
variation in the density and roughness at the surface or the internal interface.
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Figure 6. (A) Representative AFM image of a Mn-deficient sample after extensive cycling. (B) X-ray
reflectometry (XRR) patterns of the same Mn-deficient sample shown in (A). (C,D) Post-mortem
TEM characterization of a stoichiometric LSMO sample after chronoamperometric measurement.
(C) HR-TEM image of the surface of the stoichiometric LSMO sample showing the preservation of the
crystallinity at the interface to the electron-beam-deposited Pt. (D) Correlation between the EELS data
across the interface and the electrochemical treatment for different samples obtained by STEM mode.
The ratio was determined for the concentration normalized to the respective bulk concentration to allow
comparison of relative changes across the interface (for details of the EELS analysis, see Figures S8-511).
The interface to the electron-deposited Pt is indicated by the dashed line at 0 nm.

The absence of significant changes applies to all samples, but as AFM, XRD and XRR are not
sensitive to the changes of the precipitates, statistical analysis of the SEM data was used to evaluate the
role of Mn3 Oy precipitates. Here, the evaluated parameters were the density of precipitates per area and
the mean diameter of the precipitates. Despite the considerable error due to the statistical deviations
over the whole sample area, we note the tendency of decreasing particle densities and increasing
mean diameter shown in Figure S7. The detachment of precipitates can be understood considering the
interface between the precipitates and the LSMO as a possible weak link. By the formation of soluble
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species, the effect of an unstable interface is more pronounced for smaller precipitates with a higher
surface to volume ratio. Thereby, smaller precipitates might detach before big precipitates, leading
to an increase in the mean diameter and decreasing particle densities. Additional indications can be
found in Figure S6B,D, showing remaining holes after electrochemical treatment.

The observed stability of the film was further supported by HR-TEM analysis (Figure 6C) showing
the preservation of the crystal structure up to the very surface and stability down to the atomic scale.
In addition, EELS allows evaluating chemical changes due to electrochemical treatment at the atomic
scale. As reported for nearly stoichiometric LSMO [9], the long time performance under catalytic
conditions at 1.7 V vs. RHE led to enrichment of La within a region of 2 nm, which is close to the
resolution limit of 1.5 nm of the used setup (Figure S8). This enrichment in La can be seen by the increase
in the La to Mn ratio towards the surface (Figure 6D), and presumably, partial dissolution of Mn within
the first unit cells was explained by the defect couple of V}; /D; . The La to Mn ratio determined
by EELS analysis was compared for stoichiometric and samples with Mn excess (Figure 6D). While
the stoichiometric sample showed the same trend as observed by XPS in [9], no enrichment of La was
found for samples with Mn excess after electrochemical treatment. Additionally, no significant change
was found in the bulk stoichiometry after the electrochemical stability measurements (Figure 6D).

To elucidate subtle changes in the electronic structure due to electrochemical treatment, the fine
structure of the Mn L-edge was analyzed. The oxidation of Mn would result in changes in the O
K-edge and the Mn valence accessible by EELS. Direct comparison between both the initial Mn L-edges,
as well as the post-mortem Mn L-edges revealed an increase in Mn valence in the vicinity of the
surface presumably due to healing of oxygen deficiency by the electrochemical treatment. Thereby,
we found indications for subtle changes in the surface chemistry in addition to the exclusion of surface
roughening and the exclusion of significant loss of material. Nevertheless, the Mn off-stoichiometry
affected the stability, as the samples with Mn excess are the most stable samples in terms of activity,
as well as the absence of structural and chemical changes. It appears that the Mn excess poses a
stabilizing mechanism against Mn dissolution (further discussed below).

3. Discussion

In order to disentangle the effects of the Mn off-stoichiometry, one needs to distinguish between
its effect on activity and stability. The initial assumption based on our previous work [9] is that the
activity is expected to depend on the Mn concentration in the near surface region as Mn is considered
to be the active site. The Mn deficiency does influence the activity, which could be understood in terms
of a reduction in the number of active sites. Before considering the effects of Mn excess, it should
be noted that one needs to distinguish between the nominal Mn off-stoichiometry, including the
precipitates and the Mn incorporated in the LSMO film without the precipitates. This distinction is
necessary since the formation of MnzOy precipitates effectively removes excess Mn from the LSMO
film. Furthermore, as Mn excess influences the activity even for negligible densities of precipitates
(Figures S13B and S14C), we conclude that the activity strongly depends on excess Mn dissolved in the
LSMO film.

Next, we correlate the observed effects of the Mn off-stoichiometry on the activity to the observed
structural changes. The structural changes are reflected by a point defect-induced change in the LSMO
out-of-plane lattice parameter (Figure 3A), which decreases with increasing Mn content. Comparing the
lattice parameter to the electrochemical activity in terms of overpotential (Figure 7A), we observe that
the activity scales with the lattice parameter and has a clear overpotential minimum for stoichiometric
LSMO, i.e., in the absence of both Mn defects and vacancies. Here, the highest activity evolves
at an out-of-plane lattice parameter that corresponds to the relaxed out-of-plane lattice parameter
assuming identical in-plane parameters of LSMO film and the substrate, as well as volume preservation.
The correlation to the activity thereby indicates a maximum of the activity at a minimum of structural
distortion, as we have also argued for related perovskites [15]. The effects of strain on the catalytic
activity were reported previously for LaCoOj3, SrCoOs [22,24] and LaNiOj3 [25], where the origin
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of the influence of strain on the activity was explained by strain-induced changes in the electronic
configuration [25] via differences in the charge transfer resistance [22] or the amount of oxygen
vacancies introduced by strain [24]. These examples illustrate the complex interplay and dependencies
of electronic structure on the structural parameters and possible experimental approaches to evaluate
the dependencies.

To understand the implications of structural changes, such as strain, we need to consider the
effects of the Mn off-stoichiometry. The changes of strain alone do not account for the complete effect
of the Mn off-stoichiometry. Comparing the changes in activity resulting from the Mn off-stoichiometry
to the introduced variation of the lattice parameter (caused by variations in film thickness) showed a
dominant effect of the Mn off-stoichiometry (Figure 521). The significance of the impact of the Mn
off-stoichiometry indicates that the role of the Mn off-stoichiometry on the defect structure has to be
elucidated in more detail. Some reports have attributed the change of the lattice parameter to the
characteristics of defect chemistry. As reported for LaMnOj [36,37] and StMnOs [38], a systematic
variation of A-site to Mn ratio resulted in Mn vacancies for Mn-deficient samples and La vacancies for
samples with Mn excess accompanied by the formation of oxygen vacancies and preservation of the
charge neutrality by changing Mn valence states.
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Figure 7. (A) The overpotential to obtain 100 tA/cm? and the Tafel slope determined under identical
conditions (see the Materials and Methods) correlated with the lattice parameter based on the forward
direction of the third initial CV measurement. (B) Relative changes of the overpotential to obtain
100 pA/cm? of the first cycle compared to the 100th cycle with respect to the total Mn off-stoichiometry.
All electrochemical measurements were performed in 0.1 M KOH supporting electrolyte (Ar) and
1600 rpm. The indicated lines are only to guide the eye.

The nature of the defects in the presented samples needs to be evaluated as the trend of the
lattice parameter is opposite the previously reported trends [36-38] (Figure 3A). In order to unravel
the underlying defect chemistry, we consider two scenarios for LSMO with Mn excess: the previously
proposed formation of A-site vacancies coupled to the formation of oxygen vacancies (Scenario A) and
the formation of Mn defects located at the A-site (Scenario B).

In Scenario A, the assumption of Mn excess leads to the formation of Schottky defects, which
would result in an increase in the lattice parameter, as well as indications for oxygen vacancies in the
fine structure of the O K-edge (Figure 2C). Electrochemical treatment might then decrease the number
of oxygen vacancies by electrochemical oxidation. As stated above, we observed a decrease in the
lattice parameter and found no evidence for oxygen vacancies in the bulk. Note that the increase in
valence subsequent to the electrochemical treatment is present for stoichiometric LSMO and LSMO
with Mn excess (Figure S9), presumably due to a small oxygen-deficient region within the outmost
2 nm of the surface. Therefore, we conclude that the formation of Schottky defects for samples with
Mn excess is negligible.

In Scenario B, Mn excess might lead to the formation of substitutional Mn defects at the A-site,
which would result in a reduced lattice parameter as the ion radius of Mn®* (0.58 A) is significantly
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smaller than both La (1.36 A) and Sr (1.44 A) [63] in a simplistic geometric model. Furthermore,
a substitutional Mn defect would result in a small decrease in Mn valence as the charge of 2.6+ at the
A-site needs to be compensated by Mn (Mn?*#** in LSMO), thereby reducing the Mn oxidation state
towards Mn3*. We observed a small, but insignificant decrease in Mn valence between stoichiometric
LSMO and LSMO with Mn excess (Figure S9). The oxidation of Mn following the electrochemical
protocol is not expected, as no oxygen vacancies should be present. However, as the effect is limited to
the very surface, we cannot exclude that surface regions were damaged by film preparation. Mainly
supported by the trend of decreasing lattice constants, we hypothesize that the excess Mn in the LSMO
might be located at the A-site and compensate for the changes in charge. The reduced activity of LSMO
with Mn excess suggests that Mn located at the A-site would not participate as the active site.

For Mn-deficient manganites, the formation of Mn vacancies was previously reported [36,38].
With the assumption of the formation of Mn vacancies for Mn-deficient LSMO, the increase in resistivity
observed in transport measurements (Figure 3B), as well as the differences in activity (Figure 7A) can
be understood. The formation of Mn vacancies will affect the conductivity depending on the Mn-O-Mn
bonds resulting in increasing resistance. Moreover, the formation of Mn vacancies might limit the
activity due to fewer Mn participating as active sites in Mn-deficient LSMO.

In addjition to the effects on the catalytic activity, the defect chemistry will presumably also affect
the chemical stability by facilitating different corrosion pathways. Figure 7B shows the ratio of the
overpotential in Cycle 1-Cycle 100 as a measure of the long-term behavior for the investigated Mn
off-stoichiometries. Here, despite having a limiting effect on the activity, the excess Mn appears
to stabilize the LSMO as the change in overpotential ratio is negligible for LSMO with Mn excess,
but significant for LSMO with Mn deficiency. In our previous work [9], we proposed that the changes
in surface chemistry observed by XPS during the long-term stability measurements are triggered by
the charge imbalance introduced during Sr>* dissolution. This charge imbalance was proposed to lead
to the formation of a Vy;, /D;, defect couple that we monitored here (Figure 6D). The formation of
the Vy;,,/ Dy, defect couple was previously associated with a decrease in activity [9]. Modifying the
generation of this defect couple by Mn off-stoichiometry thus represents a possible pathway for tuning
the long-term activity. The La enrichment measured only in the case of the stoichiometric sample
by chemical analysis with EELS (Figure 6B) supports the assumption of differences in the surface
chemistry stated in Scenario B.

Considering the defect chemistry for LSMO with Mn excess, the effect of Mn off-stoichiometry
on the electrochemical stability can be understood. Under the assumption of the proposed corrosion
pathway, Mn located at the A-site as substitutional defects might hinder the pronounced formation
of the V. /Dy, defect couple. Thereby, the lack of change in surface composition will preserve the
initial Mn excess with its original activity or serve as an internal reservoir replacing the fraction
of dissolved B-site Mn. Therefore, we assume that the preservation of the catalytic activity as can
be seen in Figures 7B and S19A can be obtained by stabilization of the BO3 network. Accordingly,
for Mn-deficient samples, the formation of the Vy; /D;; defect couple might not be hindered, leading
to a more pronounced corrosion compared to stoichiometric LSMO, as even less Mn is available in
the bulk to replace potential vacancies at the surface. Based on these assumptions, the trend of LSMO
with Mn excess being the most stable and Mn-deficient LSMO being the most unstable (Figure 7B) can
be understood.

4. Materials and Methods

Film fabrication: Lag ¢Srg4MnO3 (LSMO) electrodes used for electrochemical and electric measurements
were prepared by ion-beam sputtering (IBS). Round 0.5 wt % Nb-doped SrTiO3 (STNO) and rectangular
undoped SrTiO3; (STO) with (100)-orientation (CrysTec GmbH, Berlin, Germany) were used as
substrates. The stoichiometry of the prepared films depends on the deposition position due to element
specific sputter yield and was determined based on the position where MnO, precipitates begin to
form as described in [40]. The stoichiometry gradients were measured by EDX on samples with a 2-pm
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thickness to avoid superposition of Sr and O X-ray emission lines by contribution of the STO substrate.
The films were deposited at 800 °C or 650 °C in an oxygen atmosphere of 1.7 x 10~* mbar. To reduce
the amount of preparation-induced defects, the prepared films were kept under preparation conditions
for 1 h and carefully cooled down to room temperature, including a resting point of 30 min at 500 °C.
To suppress the formation of MnOy precipitates, reference samples were prepared at a deposition
temperature of 650 °C. These samples were only used for structural analysis. The film thickness of
80 nm was chosen and controlled by X-ray reflectometry (XRR). The assembly of the RRDE electrodes
is described in detail in Ref. [9]. In short, backside contacts for the STNO substrate consisted of 5-nm Ti
and 100-nm Pt layers prepared by IBS at room temperature to ensure a reliable ohmic contact. Carbon
tape and InGa eutectic (Sigma-Aldrich, Munich, Germany, 99.99%) served as the flexible and adjustable
conductive spacer. In the final assembly, only the thin film surface is exposed to the electrolyte after
fixation with chemically-stable, nonconductive epoxy (Omegabond 101).

Electrochemistry: The electrochemical measurements were carried out with two Interface 1000E
(Gamry Instruments Inc., Warminster, PA, USA) in a bipotentiostat setup and an RRDE-3A rotator (ALS
Co. Ltd., Tokyo, Japan). The rotating ring electrode consists of a disk electrode of the assembled LSMO
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 measurements were performed in 0.1 M KOH electrolyte
prepared by diluting KOH stock solution (Sigma Aldrich, Munich, Germany) with deionized water
(MilliQ, >18.2 MQ)). The electrolyte was saturated with Ar gas at least 30 min before measurements and
continuously purged with Ar throughout the measurement. Electrode potentials were converted to the
reversible hydrogen electrode (RHE) scale using ERHE = Eqapplied + Eref- The low solubility of oxygen in
water causes bubble formation at the disk [39], and an accurate determination of the OER overpotential
is further complicated by increasing O, concentration in Ar-saturated electrolytes. For these reasons,
we did not quantitatively analyze oxygen detected by ring electrodes.

Electrochemical protocols: For all samples, an identical measurement protocol was used. The OER
activity was investigated by cycling three times from 1.1 V vs. RHE to 1.75 V vs. RHE with 10 mV /s at
1600 rpm followed by short chronoamperometric (CA) measurements for 60 s at 1.59, 1.615, 1.64, 1.665,
1.69 and 1.715 V vs. RHE separated by 60-s conditioning steps at 1.1 V vs. RHE. The ring electrode was
constantly held at 0.4 V vs. RHE to probe for O, (calibration data shown in Figure S15). As only the
positive going scan direction is shown in Figure 4, the measurements are referred to as linear sweep
voltammograms (LSV). Before each measurement series, electrochemical impedance spectroscopy (EIS)
was conducted with an amplitude of 10 mV at open circuit potential (R = 48 & 5 ). The potentials
were referenced to the reversible hydrogen electrode (RHE) scale in 0.1 M KOH and corrected for the
electrolyte resistance extracted from the high frequency intercept of the real impedance. Subsequently,
the long-term stability was measured by cycling 100 times from 1.1 V vs. RHE to 1.75 V vs. RHE with
10 mV/s at 1600 rpm. For the LSMO with Mn excess and the Mn-deficient LSMO, three samples were
measured, while for the stoichiometric LSMO, two samples were measured. The individual RRDE CV
measurements can be seen in Figure S17, and the averaged values for the initial CVs of the respective
off-stoichiometry can be seen Figure 4A.

Structural characterization: The films were characterized using extensive X-ray diffraction (XRD)
measurements. XRD and XRR measurements were carried out with a Bruker D8 discover system with
a Cu K source. The surface morphology was characterized by atomic force microscopy (AFM) using
a MFP-3D Classic (Asylum Research) in tapping mode. The root mean squared roughness (RMS) was
calculated using the Gwyddion software [64] to quantify surface morphology (Table S1). Additionally,
an effective roughness factor was determined by dividing the three-dimensional surface area by the
projected area [56], where the former was obtained by a triangulation method in Gwyddion [63].
All films had terraced surfaces, which reflect the terrace structure of the substrate surface. Such vicinal
surfaces are generated by small deviations from the ideal low index surface due to imperfect polishing.
In our samples, the deviation from (100) is up to 0.3°, and the terrace width of the LSMO surface and
structure of the terraces slightly varied (Figure S1; more detail in Ref. [9]). Nevertheless, all epitaxial
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LSMO films exhibit a vicinal (100) surface, where the (100) surface facets of the terraces are separated
by unit cell steps. An extensive post-mortem analysis of structural changes was applied to samples
measured directly after completion of the electrochemical measurement.

Electric transport measurements: The in-plane resistivity was measured in a physical property
measurement system (PPMS) using a four-point probe setup on the LSMO films grown on insulating
SrTiO; (STO).

TEM analysis: The TEM analysis was performed on electron transparent lamella cut from different
LSMO samples by focused ion beam (FIB, FEI Nova Nanolab 600, Hillsboro, OR, USA) in a cross-section
geometry. These sections were mounted on a copper grid to allow the careful thinning process using
a precision ion polishing system (PIPS) by low energy Ar ions. In order to minimize redeposition
of the sputtered material, an S-shaped geometry was used allowing ion milling under angles below
30° in-plane and an Ar-beam with 10° and energies between 2 and 0.5 kV to obtain highly crystalline
samples. HR-TEM imaging and EEL spectroscopy were performed with an aberration corrected FEI
Titan electron microscope using 300-keV electrons. The energy dispersive X-ray (EDX) spectroscopy
to map the elemental distribution in the Mn-rich samples was performed in a Philips CM12 electron
microscope (Eindhoven, the Netherlands) with scanning (STEM) capabilities using 120-keV electrons.

5. Conclusions

We prepared LSMO samples with Mn off-stoichiometry between +7.2% and —4.1%. Variation of
the Mn content preserved the LSMO structure, but altered the defect chemistry and the induced strain.
Based on TEM analysis, we identified Mn defects for LSMO with Mn excess and assumed Mn vacancies
for LSMO with Mn deficiency. The high structural control of LSMO allowed extensive electrochemical
analysis using an RRDE setup. The electrochemical evaluation showed a strong impact of the Mn
excess/deficiency on the activity with the highest activity for the stoichiometric samples without
changing the reaction mechanism, as the Tafel slopes remained unchanged for all investigated Mn
off-stoichiometries. In addition to activity, the Mn off-stoichiometry also influenced the electrochemical
stability, despite the absence of corrosion in terms of the change in film thickness or morphology for all
samples. Changes in surface composition were limited to the length scale of a few unit cells depending
on the Mn off-stoichiometry with no measurable changes for LSMO with Mn excess.

The lattice parameter as a proxy of the defect structure correlated with activity, where
stoichiometric LSMO had the highest activity. For Mn-deficient LSMO, the presence of Mn vacancies
is assumed to limit the activity due to the decreasing number of active sites and further destabilizes
the surface chemistry by formation of the V};, /Dj; defect couple. The excess Mn on the other hand
is assumed to form Mn defects located at the A-site. This assumption is supported by the observed
reduction of the lattice parameter with increasing Mn content, as well as from the measured Mn valence
state. These Mn defects would effectively hamper the formation of the Vy,, / D;, defect couple, leading
to improved stability at the cost of slightly reduced activity as compared to stoichiometric LSMO.
Tuning the defect structure to find the optimum in the stabilizing effect of Mn defects and the limitation
of the defects on the activity therefore poses a pathway to tailor both the activity and stability.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/5/139/s1:
Figures 51-521; Tables S51-S3.
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