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ABSTRACT

Manganese and cobalt perovskite oxides are among the most active precious metal-free
electrocatalysts for the oxygen reduction reaction (ORR) and the oxygen evolution reaction
(OER), respectively. Herein, we question the role of the cationic composition and charge state
in manganite, cobaltite and mixed Mn/Co perovskites on the mechanism of oxygen
electrocatalysis for ORR and OER. We synthesize in molten salts a range of perovskite
nanoparticles active in ORR (single B-site (LaMn)1yO3 and (Lao.7Sr0.3Mn)14,03), in OER
(single B-site Lao.67S10.33C003-5) and in both ORR and OER (mixed B-site (LaMno.6C00.4)1-yO3).
By using operando X-ray Absorption Spectroscopy coupled to ex situ Electron Energy Loss
Spectroscopy, we show that Mn and Co in single B-site perovskites undergo changes in
oxidation states at the steady-state during electrocatalysis, while their oxidation states remain
unchanged in the mixed Mn/Co perovskite during OER and ORR. We relate these distinct
behaviors to modifications of the rate-determining steps of both the OER and ORR
electrocatalytic cycles, triggered by an increased covalency of B-O bonds in the mixed
perovskites. These results highlight how simple cationic substitutions, accompanied by a

control of cationic vacancies, offer a pathway to tune oxygen electrocatalysis.
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INTRODUCTION

Storing electrical energy is one of the scientific challenges in the transition from fossil fuels to
clean and sustainable energy. Electrical energy can be stored into chemical bonds, by
electrochemically splitting water to form dihydrogen and dioxygen gases. Most energy losses
in low-temperature electrolyzers are due to slow kinetics of the oxygen evolution reaction
(OER). Similar losses occur also in fuel cells that consume dihydrogen, due to the poor kinetics
of the oxygen reduction reaction (ORR). The need to design active and cost-effective catalysts
for OER and/or ORR is therefore providing a strong impetus to the understanding of the
mechanisms of oxygen electrocatalysis. '

ABOs perovskite oxides, made of alkaline or rare-earth ions in the A-site and of first
row transition metal (TM) cations in the B-site, are efficient OER and/or ORR electrocatalysts
in alkaline solution. Some of them exhibit activities rivalling IrO2 benchmarks.> OER and ORR
on perovskite oxides can occur through the adsorbate evolution mechanism (AEM),*® where

the metal cations are the active sites,®”

or through the lattice oxygen mechanism (LOM)
involving anionic redox processes on two neighbouring sites.®!? In the frame of AEM, the
control of the OER/ORR electrocatalytic activity is usually correlated to the impact of the e
orbitals occupancy and of the covalency of B-O bonds on the kinetics of the rate-determining
step.* ! Likewise, the B-O covalency can also strongly influence the OER kinetics for
perovskites operating through LOM.?

A number of substituted perovskites have been designed according to these principles,
in order to tune the eg occupancy and the B-O covalency, by substituting the A-site or B-site
cations and by incorporating oxygen vacancies.* %!!"14 Especially, mixed Mn/Co B-sites lead
to OER/ORR bifunctional electrocatalysts.> More fundamentally, incorporating Mn on the B

site of LaCoOs reduces the average number of orbital-filling electrons and raises the O 2p band

closer to the Fermi level, which favours OER kinetics. However, the role of each transition



metal cation in such bimetallic B-site perovskites during OER and ORR electrocatalysis is still
to be elucidated. Especially, to what extent the interplay between these cations can change the
OER and ORR kinetics? This question is of utmost importance, as it would bring a more
predictive approach for the choice of transition metals and of the overall composition of
perovskite oxides towards efficient bi-functional electrocatalysts.

We report here the molten salts synthesis of manganese/cobalt perovskite nanoparticles
with various compositions. Their high surface-to-volume ratio makes the use of X-ray
absorption spectroscopy (XAS) relevant to extract information on the surface states. We then
probe their electronic structure with operando XAS at the Mn and Co K-edges during OER and
ORR electrocatalysis. The analysis of the resting state during electrocatalysis highlights
reversible oxidation state changes on the B-site for perovskites built on solely Mn or Co cations.
On the other side, mixed manganese/cobalt materials do not show such changes despite similar
electrocatalysis. These distinct behaviours point towards different kinetics of oxygen
electrocatalysis mechanisms depending on the nature and composition of the B-sites in

perovskite electrocatalysts.

RESULTS AND DISCUSSION

Synthesis and characterization of Mn and Co perovskite nanoparticles

The La(Mn,Co)Os:5 perovskite nanocrystals (LMCO) were synthesized by adjusting a
procedure previously reported for manganite perovskites that relies on molten salts synthesis.!>"17
Briefly, the synthesis consists in reacting metal nitrate salts in adequate ratios into molten
potassium nitrate for 1 h at 600 °C (see details in experimental section). Wavelength-dispersive
X-ray fluorescence (WDXRF) indicates Co/Mn ratios of 0.34 and 0.49 at. for LMCQO30 and
LMCO40, respectively, and a La/(Mn+Co) ratio of 1.1 at. for both samples, which indicates an

La excess of ~10% at. compared to the ideal perovskite composition (Table S-1). Reference



samples LaMn™Os5 (LMO, Figures S-1 and S-2), Lao.7Sr0.3MnO3:5 (LSMO, Figures S-2 and
S-3), Lao.758r025C003-5 (LSCO, Figures S-4 and S-5) and StMn"*03.5 (SMO) with similar
particle size were synthesized by adjusting the procedure described above (see SI). LaCo™03.5
(LCO) was obtained through a solid-state reaction (SI).

Transmission electron microscopy (TEM) (Figure 1a-b) reveals two populations of
objects: nanoparticles with an average diameter of ca. 30 nm (Figure S-6) and nanowires of
diameter ca. 40 nm and lengths ranging from 100 to 300 nm (Figure 1c¢). Scanning transmission
electron microscopy (STEM) elemental mapping coupled to X-ray energy dispersive (EDX)
analysis (Figure 1c-f) evidences the homogeneous distribution of La, Mn and Co within the
nanoparticles, while only La is detected in the nanowires. X-ray powder diffraction (XRD)
reveals that the powder consists in the perovskite phase as major component, with lanthanum
trihydroxide as a side-product (Figure 1g). The content of La(OH)s is evaluated to ~10 wt.%
according to Rietveld refinement of the powder XRD patterns (Figure S-7), in acceptable
agreement with WDXRF data (Table S-1). Rietveld refinement also indicated no noticeable
amounts of crystalline cobalt spinel (Figure S-7, Table S-1). The nanowires are therefore
attributed to La(OH)s while the 30 nm nanoparticles correspond to the perovskite phase
(Figure S-8). Note that La(OH)s has little activity in ORR'® and OER, ' and it is scarce enough

to qualitatively assess the electrocatalytic properties of perovskite nanoparticles.
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Figure 1. TEM images of (a) LMCO30 and (b) LMCO40, corresponding to LaMno.7C00.303
+3and LaMno.6Co0.40345, respectively. (c) STEM and corresponding (d) La, (e) Mn, and (f)
Co STEM-EDX maps of the LMCO30 sample. (g) Powder XRD patterns of the LMCO30
and LMCO40 samples. The patterns are indexed versus the LaMnOs+s structure (black)
and La(OH)s (red) references (see Materials and Methods section).

The oxidation states of Mn and Co were evaluated on the pristine powders by recording
the Mn and Co K-edge X-ray absorption near-edge structure (XANES) spectra (Figure 2a-b).
As A-site La*" is substituted by Sr** from LMO to LSMO and SMO, a shift of the Mn K-
edge toward higher energy is observed (Figure 2a), indicating an increase in the
average Mn oxidation state, as expected from charge balance. We observe the same trend
when substituting Mn by Co from LMO to LMCO30 and LMCOQO40. Linear combination
fitting analysis (LCF) of LSMO, LMCO30 and LMCO40 with LMO and SMO as
references (Figure S-9) enables estimating the Mn oxidation state to 3.4+0.1 in LSMO,
close to the expected value of 3.3 according to the composition evaluated by WDXRF.
Following the same analysis procedure, the Mn oxidation state is determined to be 3.6+0.1
and 3.5+0.2 in LMCO30 and LMCO40, respectively. The Co K-edge (Figure 2b) of
LSCO is shifted to higher energy compared to LaCo*"Oss (LCO), in agreement with
charge balance, thus indicating an average Co oxidation between +3 and +4. A strong shift
to lower energies, between Co** and Co®" K-edges, is observed from LCO to LMCO40

and LMCO30. A linear interpolation from the absorption
6



edge positions of Co(OH)2 (Co*") and LCO (Co*") yields a Co oxidation state in LMICO30 and
LMCO40 at ca. 2.6. This trend is consistent with the concomitant increase in the average Mn
oxidation state (Figure 2a) from LMO to LMCO30 and LMCO40 samples. Such electronic

compensation between two coexisting transition metals has been observed in several manganite

cobaltite oxides.?*2*

Q
N
o

—LMO Mn K
1 =—S8SMO
—LSMO
—LMCO30 A
LMCO40

-
(6]
1

Normalized xp (E)
o 5

0.0 === Odso 6551 6552 6553 6554
6540 6560 6580 6600
Energy (eV)
b 20
——Co(OH), CO K
]—1Lco

LSCO
——LMCO30
1 LMCO40 f\\

’ 05 //
00_@4_?4__‘/’ , 04

. : . : . 771|9 7720 7|721 7722 : 7723
7700 7710 7720 7730 7740 7750
Energy (eV)

N
(6]
1

Normalized xu (E)
. //”
(
/

o
(&)
1

Figure 2. (a) Mn K-edge XANES spectra of powders: LMO, LSMO, LMCO030, LMCQ040.

The references for SMO is reported from Celorrio et al (CC-BY 4.0).% (b) Co-K-edge XANES

spectra of powders: LCO, LSCO, LMCO30, LMCO040 and Co(OH),. The inserts magnify
the half-edge jump regions.



Because ORR and OER electrocatalytic properties of perovskites are
strongly dependent on the stoichiometry, especially cationic*® and anionic vacancies,”’ we
performed Energy Electron Loss Spectroscopy (EELS) and Energy Dispersive X-ray
spectroscopy (EDX) to evaluate the precise composition of single particles. By doing so, we
could directly correlate transition metal oxidation states with the cationic composition and
then address the question of non-stoichiometry in single particles. As for XANES,
manganese and cobalt oxidation states were calculated by interpolating the M-La23 signal
from calibration curves previously recorded (Figure 3 and Figure S-10)**?°. The average
oxidation states obtained from EELS for Mn and Co and for all assessed materials are
consistent with those resulting from the XANES study (Table S-2). By combining XANES,
EELS, EDX and WDXREF data, the compositions of LMCO30 and LMCQ40 are estimated

as (LaMn"3%.75C0"2%.25)0.0403 and (LaMn"*0.67C0">%033)0.0803 respectively.

According to the cationic compositions measured, some samples present an excess
of Mn** or of Mn*" compared to the ideal perovskite stoichiometry. The former must
be compensated by oxygen vacancies. The latter must account for cationic vacancies,
since manganese and cobalt perovskites cannot accommodate oxygen over-stoichiometry
through interstitial sites.?’3%37 With these considerations in mind, and using the oxidation
state values obtained from XANES and EELS, we could evaluate the most likely
compositions of the pristine samples (Table S-3 and Table 1). Accordingly, LSCO
exhibits some anionic vacancies, LSMO and LMCOQO40 hold cationic vacancies, but the
mixed B-site perovskite LMCO40 stands out with the highest amount of cationic vacancies.
Sun et al. have suggested that the Co-rich perovskite LaMno3Co0.703.5 is prone to
oxygen vacancies,® like cobalt perovskites. In the Mn-rich sample reported herein, the
expected behaviour may be closer to manganese perovskites, which can accommodate

oxygen vacancies and cationic vacancies. The



charge compensation mechanism for cationic vacancies observed herein for the mixed Mn/Co

B-site perovskite relies only on changes of oxidation states for the B-site cations. This strongly

differs from the Co/Fe B-site perovskites, which were suggested to compensate cationic

vacancies by oxygen vacancies.?¢

Table 1. Chemical compositions of pristine samples LMO, LSMO, LSCO and LMCO40 and
their evolution during ORR and OER estimated from operando XANES.

Pristine OoCVv ORR OER
LMO LaMnOs3 LaMnO29 LaMnO2.7 LaMnO2.95
LSMO | (Lao.7Sr0.3Mn)0.9sO3 | (La0.7Sr0.3Mn)o.9sO3 | Lao.7Sro.3Mn0O2.75 -
LSCO Lao.75S810.25C002.98 | Lao.75S10.25C002.93 | Lao.758r0.25C002.83 | Lao.75S10.25C002.98
LMCO40 (LaMn™**3.67C0"2%0.33)0.9303
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Figure 3. (a) Low and (b) high magnification HAADF-STEM images of LMCO40. (c, d)
Corresponding EELS sum spectrum, (¢) Mn and (f) Co oxidation state measured along the
dashed line in (b).




OER and ORR electrocatalytic properties of perovskite nanoparticles

The electrocatalytic properties of the synthesized perovskites have been evaluated for the OER
and the ORR in an Oz-saturated 0.1 M KOH electrolyte with a rotating disk 3-electrode setup
(Figure 4 and S-11). The currents were normalized versus the specific surface area of each
electrode material measured by N2 sorption analysed by the BET method (Table S-4). ORR
potentials are 0.71, 0.64 and 0.63 V/RHE at 50 pA-cm?oxidce for LMO, LMCO30 and
LMCO40, respectively, in agreement with previous reports on manganite perovskites.*® OER
potentials are ca. 1.75 V/RHE at 50 pA-cm™oxide for LMO, LMCO30 and LMCO40. The
ORR activity of LSMO has been reported elsewhere.!” The OER activity of LSCO (Figure S-
11a) is in the same order of magnitude as previously reported.>®> While the OER activity is
barely modified by the incorporation of cobalt, the ORR activity follows the trend LMO >
LMCO40 > LMCO30 below 0.6 V/RHE. These data suggest that Co substitution does not
significantly modify OER properties but slightly impedes the ORR. CVs normalized versus the
electrochemical surface area (ECSA) show a similar trend for the mixed B-site perovskite
(Figure S-11b). In order to probe the role of B-site cationic substitution in manganites, we have
monitored chemical and structural changes of the nanomaterials during electrocatalysis by

using operando X-ray absorption spectroscopy (XAS) at the Mn and Co K-edges.
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Figure 4. Cyclic voltammograms of LMO (LaMnOs), LMCO30 (LaMno.7C00303-5) and
LMCO40 (LaMno.67C003303-5) samples in an Oz-saturated 0.1 M KOH electrolyte using a
rotating disk electrode (1600 rpm) at 10 mV-s™!. Electrocatalyst loading: 30 pg-cmaisk.

Structural stability of perovskite nanoparticles under electrocatalytic conditions

For all samples studied under electrocatalytic conditions, the intensity of the XAS signal
was kept constant (Figure S-12) before and after the experiment, which rules out any
leaching of transition metal cations. According to TEM (Figure S-13), the LSCO and
LMCO40 samples recovered from the electrodes after 200 cyclic voltammograms showed
no noticeable surface restructuration, whether amorphization or transformation into
metal oxyhydroxides, in agreement with our previous observations for LSMO.!” The
apparent absence of amorphization is consistent with previous reports'>#%#! for perovskites
of compositions similar to those we studied (LMO, LSMO, LSCO for Sr/(La+Sr) <0.4 at.).
Indeed, surface restructuration is linked to the ability of lattice oxygen anions to undergo

1240 and anionic redox reactivity.!>*? This reactivity is favored

exchange with the electrolyte
when the O p-band is close to the Fermi level. In the perovskites considered herein, the O p-
band is sufficiently far from the Fermi level'>*! to hinder surface reconstruction during

electrocatalysis. We also perform our operando investigations at moderate current

densities, which again hinders such evolution."”

Operando X-ray absorption spectroscopy of single metal B-site perovskite
electrocatalysts The results of each operando XAS experiment are shown for LMO and
LSCO in Figures 5a-b and S5c-d, respectively (corresponding XANES are displayed in
Figures S-14 and S-15). Oxidation states retrieved from these measurements are also
summed up in Table S-5. Each figure exhibits two panels: the first panel (Figures Sa
and ¢) shows the electrochemical potential at which the electrode is set, together with the
oxidation state of the studied transition metal determined by linear interpolation from the

absorption edge energy at half-edge jump of



reference samples as described above. The second panel (Figures Sb and d) displays difference
XANES spectra obtained for each potential step after subtracting the spectra recorded at open
circuit voltage (OCV, Figure S-16). The differential spectrum of the first OCV is therefore

mathematically null.
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Figure 5. Operando XAS study of (a and b) LMO and (c and d) LSCO during OER and ORR
electrocatalysis. (a and ¢) Time evolution of the oxidation state (red) at different potentials
(blue). The period when the potential is not defined (a) corresponds to the dry electrode. The
oxidation state is calculated by linear interpolation from the absorption edge positions of
pristine LMO and SMO for Mn, and Co(OH)2 and LCO for Co. (b and d): XANES spectra at
these potentials, from which the first OCV spectrum is subtracted. The dashed vertical line is
the half-edge jump energy of the first OCV spectrum.

A control cyclic voltammogram (CV) (Figure S-17) shows that the electrochemical
response of LMO inside the XAS operando cell is comparable to the one recorded with the
rotating disk electrode (Figure 4) but with lower current, which is ascribed to the absence of
convection near the electrode inside the operando cell. Bubbles forming at the surface of the
working electrode (not shown) further demonstrate the occurrence of OER in the XAS
operando cell. In order to probe the evolution of the Mn electronic states, we monitored the Mn

K-edge over time and in the different electrode states, namely dry state, immersed in the
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electrolyte, under ORR and OER conditions (Figure Sa-b and Table S-6). For LMO
(Figure 5a), the starting Mn oxidation state is below 3, thus below the value of the pristine
powder. This suggests reduction during the ink processing and dispersion in ethanol. Then, the
oxidation state further decreases overtime in the dry state, down to below 2.8. This phenomenon
is attributed to reduction under the beam in the presence of carbon when the material is not
cooled down in the electrolyte.** Under increasingly reducing conditions (0.6, 0.4 and 0.2
V/RHE), the differential spectra exhibit a rising peak near the K-edge at 6550 eV compared to
the reference open circuit voltage (OCV, 0.9 V/RHE) state. This peak indicates a decrease of
the edge energy by 1 eV, thus a reduction of manganese under ORR conditions, down to a Mn
oxidation state of ca. 2.5 at 0.4 V/RHE, under ORR conditions. The differential peak remains
identical after the potential is set back to the OCV. Then, when the electrode is maintained at
the OCV, the Mn oxidation state rises up to its original value of 2.9. Therefore, the Mn reduction
under ORR conditions is reversible. When increasing the potential from the OCV to 1.4 and
then 1.8 V/RHE, the aforementioned differential peak disappears and a small dip appears at
6555 eV, indicating an oxidation of manganese, up to an oxidation state of 3.2 from 1.4 V/RHE
and beyond. Finally, the electrode was brought back to the OCV. The flat differential spectrum
indicates that the electrode material recovered its initial state and that its oxidation under OER
is reversible. The Fourier Transform (FT) of the Extended X-ray Absorption Fine Structure
(EXAFS) at the Mn K-edge (Figure S-18) shows a first peak at 1.42 A ascribed to the first Mn-
O distance. The magnitude of this peak is correlated to the number of oxygen anions in the Mn
coordination sphere. It increases during OER and decreases during ORR, which indicates filling
of oxygen vacancies in OER conditions and the creation of oxygen vacancies in ORR
conditions.

The evolution of LSMO under electrocatalytic conditions (Figures S-19 to S-23,

Tables S-7 and S-8) is similar to the one observed for LMO, but with higher Mn oxidation
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state due to Sr** doping. When the potential is reduced to 0.2 V/RHE, the Mn average oxidation
state decreases from 3.3 to 2.7, indicating the formation of Mn?" under ORR reduction in a
perovskite that is initially composed of mixed valence Mn*"#*. A similar observation was made
for an electrodeposited §-K:MnO2,-zH20 electrode.**

We then studied the Co electronic state in LSCO during ORR and OER by monitoring
the cobalt K-edge XANES as a function of time (Figure Sb and Table S-9) at different
electrochemical potentials. By increasing the potential from OCV (1.0 V/RHE) to OER
conditions (1.8 V/RHE), the Co average oxidation state increases from 3.1 to 3.2. When
decreasing the potential down to ORR conditions (0.4 V/RHE), the differential spectrum
displays an intense peak at the Co K-edge at 7720 eV, a small peak at 7730 eV and a large
bump at 7770 eV, with a decrease of the Co oxidation state from 3.2 to 2.9.["?! Co is also bound
to less oxygen anions during ORR than during OER according to the FT-EXAFS (Figure S-
24), in agreement with the evolution of the Mn coordination described above for LMO and
LSMO. When the electrode is brought back to the OCV, the Co average oxidation state
recovers its initial value of 3.1 at the OCV. The differential spectrum also shows a decrease in
the intensity of the peak at 7720 eV, but a remaining peak at 7730 eV. Therefore, although
changes in the oxidation state of Co during OER and ORR appear reversible, some structural
changes under ORR conditions remain after operation. Overall, cobalt in LSCO follows the
same trend as manganese in LMO and LSMO: the transition metal oxidizes during OER and
reduces during ORR. These changes are quasi-reversible, since bringing back the electrode
materials from ORR conditions to the OCV is not sufficient to fully recover the initial state

within 1 h.

Operando X-ray absorption spectroscopy of mixed metal B-site perovskite electrocatalysts
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We then assessed the evolution during electrocatalysis of the redox states for the mixed Mn and
Co perovskite with the largest Co content, LMCQO40 (Figures S-25 to S-30 and Table S-10),
as it exhibits higher activity than LMCO30. Manganese and cobalt K-edge spectra were
recorded successively at each potential step. XANES spectra were collected and averaged for
20 and 40 min at the Mn (Figure 6a-b) and Co (Figure 6c-d) K-edges, respectively, in order
to reach a sufficient signal-to-noise ratio for each metal despite their different contents. The Mn
and Co oxidation states measured operando are ca. +3.4 and +2.6, respectively. They are higher
and lower, respectively, than those of their single metal counterparts (see Figure 7 and Table
S-5). For each element, no modification in the overall shape of the spectra nor in the edge
energies is observed after 1 hour at a constant potential, whether under ORR or OER conditions.
Contrary to single B-site perovskite detailed above, no significant change of the Mn and Co
coordination spheres is observed by EXAFS from OER to ORR conditions (Figures S-29 and
S-30). This indicates that no change of oxidation state or of local structure occur for both the
manganese and cobalt cations. This behaviour is in sharp contrast with the clear changes of

oxidation states observed for the single B-site perovskites LMO, LSMO and LSCO.
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Figure 6. Evolution of XANES spectra and oxidation state of (a and b) Mn and (¢ and d) Co
of LMCO40 from operando XAS during OER/ORR electrocatalysis. (a and c) Time
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evolution of the oxidation state at different potentials. The period when the potential is not
defined corresponds to the dry electrode. The oxidation state is calculated by linear interpolation
from the absorption edge positions of pristine LMO and SMO for Mn, and Co(OH)2 and LCO
for Co. (b and d) XANES spectra of LMCQO40 at these potentials, from which the first OCV
spectrum (0.9 V/RHE) is subtracted. The dashed vertical line is the half-edge jump energy of
the first OCV spectrum.
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Figure 7. Operando evolution of the manganese (red) and cobalt (blue) oxidation states in
perovskites under ORR and OER conditions.

We evaluated the evolution of the anionic compositions of the samples probed operando
from the average Mn and Co oxidation states, with the assumptions made above for the pristine
samples (Table 1). The compositions are steady when the electrodes are immersed in the basic
electrolyte (OCV conditions). During electrocatalysis, some samples exhibit significant
composition deviations from the pristine states, but they are maintained in the stable
stoichiometry range of manganese and cobalt perovskites,?’*°37 thus supporting the stability of
these materials under ORR and OER conditions. LMO, LSMO and LSCO are reduced under
ORR conditions, which is compensated by the creation of oxygen vacancies. These
transformations are reversible and the materials recover compositions close to the initial ones
under oxidative OER conditions (LSMO is inactive in OER and has not been evaluated in these
conditions). The mixed B-site perovskite LMCQO40 stands out from the other samples, as we
do not observe any significant change in the composition during electrocatalysis, as mentioned

above for the Mn and Co oxidation states.
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The mixed B-site perovskite exhibits a deviation of Mn and Co oxidation states
compared to single B-site perovskites. Mn?* forms operando under ORR conditions in LMO
and LSMO (average oxidation states below +3, Figure 7 and Table S-5). Likewise, Co*" is
detected operando under OER conditions (average oxidation states above +3, Figure 7). On
the opposite, Mn?" and Co*" are not observed in LMICO40, which contains under all conditions
mixed valences Mn*"*" and Co?"**. Hence, an electron transfer occurs from Mn?" to Co*" in
the mixed perovskite. Although Mn and Co species are usually considered as active sites of
ORR and OER celectrocatalysts,** respectively, one may notice that Mn>" and Mn*" encountered

in LMCO40 are proposed to be intermediates in the water oxidation reaction for several OER-

45,46 1 47

active manganese oxides™ " as well as in the Oxygen Evolving Complex of Photosystem I

Conversely, Co?" present in LMCO40 has been proposed as an ORR active species.®s
Therefore, Mn and Co cations may act together as active sites in LMCO40 for both ORR and
OER.

The behaviour we observe during electrocatalysis can be discussed in the mechanistic
frame of OER/ORR on perovskites.!*!* LSCO (St/(La+Sr) < 0.4 at.) has been shown to perform
alkaline OER through the AEM.5*'% For perovskites that do not undergo surface
amorphization, OER (and ORR) following the AEM are usually considered to occur through
four coupled proton-electron transfers.!>!* In this mechanism, the rate-determining step (RDS)
is often the formation of a B™(OOH) intermediate from B™"D*(0%) ' (step 2 on Figure 8a)
or its deprotonation to form a B™"D*(0,%) species (step 3 on Figure 8a). Operando XAS shows
that the OER resting state for LSCO corresponds to an accumulation of B species with
increased oxidation state. This might indicate either that the formation of the O-O bond (step
2) is the RDS, or that it is a pre-equilibrium exists between B™DV*(0%*) and B™(OOH),

displaced towards B™"!(O%). In this case, step 3 would then be the RDS. Although the latter

case has been proposed for cobalt oxyhydroxide operating through the LOM,** to our
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knowledge there has been no evidence of a pre-equilibrium for perovskites operating through
the AEM mechanism.®*"** Considering the O-O bond formation (step 2) as the RDS is also
consistent with most mechanistic proposals.'*!* A similar reasoning can be made for LMO
during OER.

Under ORR conditions, the RDS is expected to be the protonation and reduction of
B (0%) species (step IV Figure 8b), or the binding of Oz and release of OH™ concomitant
with an increase of the B oxidation state (step I Figure 8b).'* Operando XAS data collected
during ORR on all single B-site perovskites studied herein (LMO, LSMO and LSCO) show
reduced B-site cations in the resting state as compared to their initial states. Although we cannot
exclude the occurrence of a pre-equilibrium, we note that this possibility has not been proposed

41114 and that the displacement of a surface hydroxide

in previous mechanistic ORR proposals,
group by Oz (step I Figure 8b) is the most common RDS for ORR on perovskite oxides,* in
agreement with our data. For both OER and ORR, our data for single B-site perovskites are

then consistent with RDSs corresponding to the reaction of B(0O*) or B(OH") moieties to form

peroxo species.
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Figure 8. (a, b) Classical four-steps AEM mechanism of proton-coupled electron transfer for
(a) the OER and (b) the ORR. (c, d) Possible LOM mechanism based on an anionic redox
process for (¢) the OER and (d) the ORR. Green circles in (a) and (b) highlight the rate-
determining steps (RDS) for single B-site perovskites. Orange circles show the plausible RDS
for the mixed B-site perovskite LCMO40. Dashed boxes highlight the major species at the
steady state detected by operando XAS.

The mixed B-site perovskite LMCQO40 exhibits a behaviour opposite to single B-site
compounds, as the oxidation state of the B-site cations is unchanged in the resting state. To
understand this drastic difference, we further examine the impact of the ex sifu and operando
chemical compositions of the perovskites on the nature of the B-O bonds. The covalency of the
B-O bond in manganese perovskites is increased by substituting the B-site cation with a more
electronegative metal, such as cobalt, and by increasing the manganese oxidation state.®!!:1
The B-O covalency is also enhanced by incorporating cationic vacancies.® We note that under
OER operating conditions, LMCO40 exhibits the highest Mn oxidation state and the highest

amount of cationic vacancies (Table 1) among the studied compounds. Hence, the electronic

state and composition of the mixed Mn/Co perovskite enhance the B-O covalency. This increase
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of covalency has been shown*® to increase the rate of both OER and ORR, especially the steps
involved in the formation of peroxo species, which we identified above as plausible OER/ORR
RDSs for the single B-site perovskites. We can then assume that due to increased covalency,
these steps could be fast enough on the mixed B-site perovskite to trigger a change in the RDSs.

Increasing the covalency of the B-O bond facilitates the deprotonation of the hydroxo
or peroxo ligands, which makes the existence of pre-equilibra for steps 1 and 3 (Figure 8a) of
the OER AEM cycle even less likely than for the single B-site perovskites.

Again with the assumption that there is no pre-equilibrium for OER on perovskite
surfaces operating through the AEM mechanism,®*!*° the identification by XAS of unchanged
oxidation state suggests that steps 1 or 3 (Figure 8a) would be the OER RDS. With a similar
reasoning, the opposite reactions (steps II and IV, Figure 8b) then become possible ORR
RDSs. Given that the same steps are not RDS for OER and ORR, either hydroxyl
deprotonation and protonation of the peroxo group are the OER and ORR RDSs,
respectively, or OOH deprotonation (step 3, Figure 8a) and hydroxyl regeneration (step IV,
Figure 8b) are the OER and ORR RDSs, respectively. The second hypothesis corresponds to
a more frequent case for perovskites (Figure 8a-b).’ It is also consistent with the lower
impact of the increased B-O covalency on the deprotonation of OOH ligands as compared
to OH ligands. Hence, for the mixed perovskite, we identify the OOH deprotonation (step
3) and the hydroxyl regeneration (step IV) as the most plausible RDSs for OER and ORR,
respectively.

Noteworthy, an increase of the B-O covalency can also trigger a switch of
the ORR/OER mechanism, from cation-based AEM (Figure 8a-b) to anion-based
LOM (Figure 8c-d).*!'! Indeed, while AEM occurs when the oxygen p band is lower in
energy than the metal d band, favoring the metal cation as adsorption center, LOM can
occur when the oxygen p band comes closer to or overlaps with the metal d band.
In this energetic configuration, some O 2p electrons are transferred to the metal d
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processes occur on the anionic sublattice.®!!* According to the absence of change of the
oxidation states of B cations at the OER/ORR steady-states, the LOM RDSs for the mixed B-
site perovskite would be hydroxyl deprotonation (step 1, Figure 8c) or hydroxyl uptake (step
4, Figure 8c) for OER and O-O splitting (step III, Figure 8d) or hydroxyl regeneration (step
IV, opposite to step 1 in OER, Figure 8d) for ORR. As the same step would not be RDS for
the two opposite reactions OER and ORR, then the LOM RDSs would be probably hydroxyl
uptake for OER (step 4, Figure 8c) and O-O splitting for ORR (step III, Figure 8d). This
discussion relates to the catalytic cycle commonly proposed for LOM on perovskites where no
pre-equilibrium is considered,*!* but mechanisms involving a pre-equilibrium have been
unambiguously identified for OER involving lattice oxygen on cobalt oxyhydroxides.**
Accordingly, that more complex catalytic cycles should probably be considered as well for
perovskites, which is out of the scope of this study. While the present data do not allow
distinguishing between AEM and LOM, we note that LOM is usually observed for materials
exhibiting significant amounts of oxygen vacancies, which are not observed for the mixed B-
site perovskite examined here. However, LOM usually occurs together with AEM at a varying
extent.'* Hence, we do not discard the occurrence of both mechanisms in the mixed B-site

perovskite, although our data indicate changes in the rate-determining steps between single and

mixed B-site perovskites during OER and ORR.

CONCLUSION

By synthesizing single and mixed B-site perovskite nanoparticles, we have designed
bifunctional electrocatalysts for alkaline water oxidation and oxygen reduction. We have
combined advanced electron energy loss spectroscopy coupled to transmission electron
microscopy with ex situ and operando X-ray absorption spectroscopy (XAS) in order to provide

detailed insights into the perovskite composition and the evolution of the electronic states of
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manganese and cobalt cations in the perovskite B-site. Probing the resting state during
electrocatalysis by operando XAS enabled to propose rate-determining steps for water
oxidation and oxygen reduction reactions. For single B-site manganite and cobaltite
perovskites, these steps agree with the classical coupled proton-electron transfer mechanism
where the B-site cations are the active sites. On the opposite, the absence of change of oxidation
state in the resting state for a mixed Mn/Co B-site perovskite indicates a modification of the
rate-determining step. We relate this behaviour to an increase of the B-O covalency through the
formation of the cationic vacancies upon partial cationic substitution. Therefore, our work
shows how the interplay between cationic substitutions, electron transfer between transition
metals and the formation of cationic vacancies, can be adjusted to modify the kinetics of oxygen

electrocatalysis.

MATERIALS AND METHODS
The synthesis of strontium doped lanthanum manganite (LSMO) was performed according to

a procedure reported previously.!?

Synthesis of manganite cobaltite LMCO40

The manganite perovskites were synthesized from the nitrate precursors La(NO3)3-6H20
(Sigma-Aldrich, > 99 %, 8.1 mmol), Mn(NO3)2:4H20 (Aldrich, 98 %, 5.6 mmol),
Co(NOs3)2:6H20 (Alfa Aesar, > 98 %, 2.7 mmol) and KNOs3 (Sigma-Aldrich, > 99%, 80 mmol).

The powder mixtures were coarsely grinded with a few drops of ethanol in a ball miller (20 Hz,
2 min) and dried in a vacuum oven (60 °C) for at least 24 hours. For each sample, 2.5 g of the
corresponding powder was put into an alumina crucible and placed for one hour in a muffle

furnace under air and preheated at 600 °C. The crucible was then removed from the hot oven

22



and cooled down at room temperature, under air. The recovered black solid was dispersed in
deionized water (c.a. 60 mL). The dispersion was centrifuged (20 000 rpm for 20 min) then the
transparent supernatant was removed. The remaining black solid was redispersed in deionized
water and washed by ten centrifugation-redispersion cycles until the supernatant conductance
reached a value of 20 pS cm!. The powders were finally dried under vacuum at 60 °C

overnight.

Synthesis of cobaltite LSCO

The cobaltite perovskites were synthesized from the nitrate precursors La(NO3)3-6H20
(Sigma-Aldrich, > 99 %, 4.7 mmol), St(NOs3)2 (Aldrich, 99 %, 2.4 mmol), Co(N®-6H20
(Alfa Aesar, > 98 %, 6.9 mmol) and NaNO2 (Sigma-Aldrich, > 99%, 471 mmol). The solid
mixture was coarsely grinded with a ball miller (20 Hz, 2 min) and dried in a vacuum oven
(60 °C) for 3 hours and grinded again with a mortar. It was then dried again in the vacuum
oven for more than 24 hours to avoid extra-hydration of precursors. 2.5 g of the powder
was put into an alumina crucible and placed in a muffle furnace under air and preheated at
700 °C for one hour. The crucible was then removed from the oven and cooled down at
room temperature. The recovered black solid was dissolved in deionized water (c.a. 100 mL).
The dispersion was centrifuged (20 000 rpm) then the transparent supernatant was removed.
The remaining black powder was redispersed in deionized water, washed and dried as the

manganese perovskites described above.

Synthesis of cobaltite LCO
The cobaltite perovskite LCO was obtained by solid state synthesis. La203 (6 mmol) and

C0304 (4.1 mmol) previously dried were grounded and heated at 1100 C for 24 h.

X-ray diffraction
23



Powder X-ray diffraction (XRD) was performed on a Bruker D8 advance diffractometer
equipped with a Cu Ko source (Kai= 1.5406 A, Koo= 1.5443 A) in reflection mode, with an
accelerating voltage of 40 kV and a current of 40 mA. The PDF reference cards for
La0.67S10.33Mn0O3, Lao.67Sr0.33C003 and La(OH)3 were 04-014-4312, 04-014-1579 and 04-005-

8587 respectively. The ICSD reference card for LaMnOs3 is 1542145.

Overall compositions
The atomic composition was measured by wavelength-dispersive X-ray fluorescence

(WDXREF) on pelletized powders with a Bruker S8 Tiger spectrometer equipped with a Rh tube.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed on a FEI Spirit 2 apparatus operating
at 120 kV. Qualitative STEM-EDX elemental mapping was performed on a JEOL JEM 2100
Plus LaBes working at an accelerating voltage of 200 kV. The powders were deposited on
carbon-coated copper grids by drop casting an ethanolic suspension of the particles.

Scanning transmission electron microscopy-Energy Electron Loss Spectroscopy
(EELS) was performed in a probe spherical aberration corrected microscope JEOL JSM-
ARM200F (Cold Emission Gun) operating at 120 kV. High angle-annular dark field (HAADF)
images were acquired at 68-280 mrad inner and outer collection semi-angles. EELS
experiments were acquired using a GIF-QuantumER with a collection and covergence
semiangle of 18 mrad and 20.3 mrad, respectively. Dual EELS function of the GIF-QuantumER
spectrometer was used to record simultaneously zero-loss peak and core region in order to
minimize the uncertainty on the energy shift. EEL spectrums were acquired by using spectrum

line mode, with 0.25 and 0.1 eV energy dispersion per channel, an acquisition time of 0.5 s over
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an average total number of 100 to 150 points per particle, in a total of 20 particles per
composition, and pixel size of 2 A. Principal component analysis was performed on EELS data
set to de-noise the spectra by using the MSA (multivariate statistical analysis) plugins for the
GatanDMS analysis toolbox°'.

Transition metal oxidation states have been analyzed from electron loss near energy
edge structure (ELNES) of Mn L23 and Co-L23 edges. Numerical values were estimated by M-
L2 interpolation in the fitting curves reported by M. Varela et al.?® and Z. L. Wang et al.?’,
respectively and error bars by repeating L3 calculation, modifying integrate window position
+ 1 pixel.

Quantitative EDX was performed in a JEOL-JEM GRAND ARM 300cF microscope
(Cold Emission Gun) equipped with SDD CENTURIO spectrometer, operated at 120 kV. The

experimental error of this technique is in the order of 1 at.%.

Ex situ electrochemical measurements

A composite ink was prepared from the electrocatalyst (10 mg), activated acetylene black (Alfa
Aesar, 99.9 %, 10 mg) and absolute ethanol (VWR, 10 mL). It was sonicated for 2 hours and
Nafion dispersed in ethanol (Sigma Aldrich, 5 % dispersion, 435 uL) was added. The
suspension was sonicated again for 30 min. The electrochemical experiments were carried out

less than 12 hours after starting the preparation of the ink.

The rotating disk electrode (RDE, Bio-logic) glassy carbon substrate (g = 3 mm) was

previously polished consecutively on a 1 um paper (Buehler TexMet C, 5 min) and a 0.05 um
paper (Buehler ChemoMet, 5 min). 2 uL of the ink was then dropped on the substrate. The
deposit was dried for 30 min in air. A few microliter of electrolyte was then dropped on the
substrate to wet the electrode. After 30 min, the substrate was connected to the RDE. The 0.1 M

KOH (Alfa Aesar, 85 %) electrolyte was prepared the day of the electrochemical experiments.
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The electrochemical measurements were carried out in a plastic beaker to prevent any glass
dissolution from a glass beaker in the alkaline electrolyte. The electrolyte was saturated with
dioxygen by bubbling for 30 min before the beginning of the experiment and all along the
measurement during both OER and ORR experiments. The reference electrode was a saturated
Ag/AgCl electrode (E°= 0.197 V/SHE). The counter electrode was a platinum wire separated
from the electrolyte with a frit. The working electrode was on RDE (Bio-logic) equipped with
nanoparticle ink-coated glassy carbon substrate tip. The cyclic voltammograms were recorded
at a sweep rate of 10 mV-s' over 5 cycles with the RDE rotating at 1600 rpm. For the
OER/ORR experiments (LMO, LSCO and LMCO samples), the cyclic voltammograms were

recorded from the OCV to 1.8 V/RHE, then 0.4 V/RHE, then back to OCV.

XAS setup

XAS spectra were recorded on the SAMBA beamline at the SOLEIL synchrotron (Si(220)

monochromator, AE/E = 6 x 10~ Canberra Ge 35-pixel fluorescence detector) and on the B18

beamline at the DIAMOND synchrotron (Si(111) monochromator, AE/E=1.4 x 10 4

elements Si drift fluorescence detector). The Co K-edge spectra were collected between 7510
and 8560 eV in a step mode with a scan rate of 3.5 eV.s™! and an integration time of 0.07 s per
point for a recording time between 6 and 7 min. The Mn K-edge spectra were collected between
6340 and 7390 €V in a step mode with a scan rate of 3.5 eV-s™! with an integration time of 0.07
s per point for a recording time of 5 min per scan. The XAS spectra were recorded in
fluorescence mode and normalized by a Io measured before the sample. The operando

132 The reference was a

electrochemical cell was similar to the one described by Lassalle et a
saturated calomel electrode (0.244 V/NHE). The counter electrode was a platinum wire in a frit.

The working electrode was a glassy carbon plate covered with an electrocatalyst ink (ca. 20

pL-cm™? and 20 pg of catalyst per cm™, geometric active surface of ca. 1 cm™). The plate was
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glued on a hole on the side of the cell delimiting the geometric active surface so that one side
was in contact with the electrolyte, and the other side was directly exposed to the incident X-
rays. In this configuration, X-rays are only absorbed by the components of the working
electrode, namely the glassy carbon plate whose thickness is 60 um and the electrocatalyst ink.
The vertical position of the working electrode allows oxygen bubbles that are formed during
OER to escape to the surface of the aqueous electrolyte, and thus refresh the species near the
electrocatalysts. The cell is large enough to add an oxygen bubbling inlet for ORR/OER
experiments.

Operando XAS measurements

All operando XAS experiments were preceded by a control cyclic voltammogram. The control
CVs and the potential steps are summarized in the supplementary information. For the study of
LMCO40, more scans were recorded at a given potential to account for the lower amount of

Co with respect to Mn.

SUPPORTING INFORMATION. Compositional, structural and morphological
characterization of the different samples (Tables S-1 to S-4, Figures S-1 to S-10),
electrochemical characterization performed ex situ (Figure S-10) and in situ coupled to post-

OER analysis (Tables S-5 to S-10, Figures S-12 to S-30).
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Materials characterization

Table S-1. Composition of the samples LMCO30 and LMCO40 determined by WDXRF and
by Rietveld refinement of powder XRD patterns.

Sample Co/Mn La/(Mn+Co) La(OH)s/perovskite La(OH)s/perovskite
(WDXRF (WDXRF (WDXRF (Rietveld
at. ratio) at. ratio) wt. ratio) wt. ratio)
LMCO30 0.34 1.1 10 17
LMCO40 0.49 1.1 11 20
LaMnO,

Intensity (a.u.)

10 20 30 40 50 60 70 80
26 (Cu Ka. )

Figure S-1. Powder XRD pattern of the LMO sample.
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Figure S-2. TEM images of (a) LMO and (b) LSMO and their (c and d) respective
diameter distribution (numbers between brackets are the number of particles counted).
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Figure S-3. Powder XRD pattern of the LSMO sample.
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Figure S-4. Powder XRD pattern of the LSCO sample.
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Figure S-5. TEM imége of the LSCO sample.
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Figure S-6. Diameter distribution of (a) LMCO30 and (b) LMCO40.

S-4



22000

18000 |-

S 8 8 88 Poramn

LMCO30

10000 -

T

Intensity (arb. units)

2000 |-

23000

19000 |-
15000 =
11000 |-

7000 -

Intensity (arb. units)

3000 -

Figure S-7. Rietveld refinement of the powder XRD patterns of LMCO30 and LMCO40
samples. The patterns were refined using the Rietveld method as implemented in the DDM,
Derivative Difference Minimization program (Rppm = 8.05% and 8.36% for LMCO30 and
LMCO40, respectively),[1] by using as initial parameters the reference PDF+4 cards 04-023-
5052 (SG R-3C) and 00-036-1481 for the perovskite and La(OH)s phases, respectively. The
refined lattice parameters of the perovskites are a =b=15.5180(6) A, ¢ = 13.396(3) A and
a=b=55167(7) A, ¢ = 13.409(3) A, for LMCO30 and LMCO40, respectively, in full
agreement with the expected perovskite structure. The weight ratio La(OH)s/perovskite
evaluated from the Rietveld analysis is 17 and 20 wt. ratio (Table S-1). These values are
slightly higher than those expected from elemental WDXRF analysis (Table S-1). This
discrepancy is attributed to the uncertainties in the evaluation of compositions from XRD and
WDXRF, which amount to few percents for each technique. We note that this do not rule out
the possible presence of amorphous Mn and Co-rich phases, although such components could
not be detected by TEM and the in sifu behaviour we observed by XAS, with constant Mn/Co
oxidation state during electrocatalysis, cannot be ascribed to such phases, which on the opposite
undergo changes of redox states during electrocatalysis.[2] Likewise, Co304 was implemented
in the Rietveld analysis, but no corresponding peak could be detected and the fit was not
improved by adding this third phase, so that we discard the presence of the spinel at amounts
above the detection threshold of powder XRD.
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5

Figure S-8. HRTEM image of LMCO40, showihg the ingle crystal character of a

nanoparticle.
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Figure S-9. XANES linear combination fitting (LCF) of (a) LSMO, (b) LMCO30 and (c)
LMCO40. The reference XAS spectrum of SMO is taken from Celorrio et al.*
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Figure S-10. STEM study of (a-d) LMCO30 and (e-g) LMO. HAADF-STEM images of (a)
LMCO30 and (e) LMO. The dashed lines are those used for recorded the corresponding EELS
sum spectra (b, f). (c,g) Mn and (d) Co oxidation states evaluated along the analysis lines shown

in (b,f).
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Table S-1. Oxidation state of transition metals in perovskites calculated by XANES and STEM-
EELS and chemical composition determined by STEM-EDX. STEM-EELS and STEM-EDX
measurements were performed on single particles to ensure the homogeneity of the
compositions.

XANES EELS EDX
Sample Mn Co Mn Co La Sr Mn Co
LMO 3.0 N/A N/A N/A

LSMO [34+0.1 | N/A |3.6+0.1 | N/A 37.0 | 16.0 | 46.9
LSCO N/A 3.2 N/A N/A
LMCO30 | 3.6+0.2 2.6 3.7¢0.2 | 2.6+0.3 | 50.2 36.6 | 12.85
LMCO40 | 3.5+0.2 2.6 3.740.2 | 2.840.1 | 48.9 34.8 | 16.21

Table S-3. Anionic (x) and cationic (y) stoichiometries for LMO, LSMO, LSCO and
LMCO40 in the pristine state and in ORR and OER conditions, considering cationic (x=3-9,
ABOs.5) or anionic ((AB),O3) lattices fully occupied, respectively. The highlighted cells
correspond to the most likely compositions, reported in Table 1 of the main text.

Pristine oCv ORR OER

ABO, | (AB),0s | ABO; | (AB),0: | ABO, | (AB),0s | ABO; | (AB),03

Sample X Y X Y X Y X Y

LMO 3.00 1.00 2.90 1.00 2.70 1.11 2.95 1.02

LSMO 3.05 0.98 3.00 0.98 2.75 1.09

LSCO 2.98 1.01 2.93 1.03 2.83 1.49 2.98 1.01

LMCO40 | 3.16 0.95 3.12 0.95 3.12 0.96 3.12 0.96
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Figure S-11. (a) Ex situ cyclic voltammogram of LSCO in an O:-saturated 0.1 M KOH
electrolyte using a rotating disk electrode (1600 rpm) at 10 mV-s!. Electrocatalyst loading: 30

T ¥ T
0.8 1.2

1.6

E - iR/ RHE (V)

pg-cmZgisk. The current has been normalized versus the BET surface area. (b) Ex situ cyclic

voltammograms of mixed B-site perovskites LMCQO30 and LMCQO40 normalized versus the
measured electrochemical surface area (ECSA = 106 and 59 cm?oxide/cm*rpE for LMCO30
and LMCO40, respectively, by assuming a specific capacitance of 40 pF cm?oxide 2) recorded
at the same loading, rotation speed and with the same electrolyte. For the measurements in this
last graph, an additional step has been added to prepare the ink before deposition: after mixing
the components, the ink has been roll milled overnight at 60 rpm in a vial filled with zirconium

beads (diameter 2 mm, mass ratio catalyst/zirconium = 0.02 %)).

Table S-4. BET specific surface area of the pristine samples.

LMO

LMCO30

LMCO040

LSMO

LSCO

BET surface area (m? g) 35

35

35

35

16
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Table S-5. Oxidation states interpolated from the edge energies measured operando at half-

edge jump of the Mn and Co K-edges in LMO, LSMO, LSCO and LMCO0O40 in ORR and
OER conditions.

Pristine ocv ORR (0.4 OER (1.8
pH=13 V/RHE) V/RHE)
Sample Mn Co Mn Co Mn Co Mn Co
LMO 3.0 N/A 2.8 N/A 24 N/A 2.9 N/A
LSMO 34 N/A 3.3 N/A 2.8 N/A - N/A
LSCO N/A 3.2 N/A 3.1 N/A 2.9 N/A 3.2
LMCO40 3.5 2.6 34 2.6 34 2.6 3.4 2.6
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Figure S-12. Non-normalized operando X ANES spectra of (a) LMO (Mn-K), (b) LSMO (Mn-
K), (c) LSCO (Co-K) and (d) LMCO40 (Mn-K in red and (Co-K in green) during ORR and
OER experiments. The dissolution of Mn and Co are investigated by measuring the intensity of
the XAS edge before normalization, as it is directly correlated to the concentration of the excited
element. The monitored edge height is calculated as the difference between the intensity before
the edge (ca. 6500 and 7700 eV for Mn and Co respectively) and after the edge (ca. 6800 or
7800 eV for Mn and Co respectively). In figure S-11, the edge intensity is given as percentage
of the intensity of the first XAS measured in the electrolyte, ie. the first OCV.
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Figure S-13. HRTEM images of LSCO and LMCO40 samples after 260

CVs between 0.4 and
1.7 Vvs RHE in a 01 M KOH aqueous electrolyte.
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Figure S-14. Operando XANES spectra of LMO during ORR and OER experiment. Dry
electrode is in black. Successive potentials are applied: 1.0 (dark blue), 0.4 (red), 1.0 (blue), 1.8
(green) and 1.0 V/RHE (cyan). In the frame is a zoom at the half-jump area.
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Figure S-15. Operando XANES spectra of LSCO during ORR and OER experiment. Dry

electrode is in black. Successive potentials are applied: 1.0, 1.8, 0.4 and 1.0 V/RHE. In the
frame is a zoom at the half-jump area.
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Figure S-16 Operando XANES (a) at the Mn K-edge of LMO, LSMO and LMCO040 and
(b) at the Co K-edge of LSCO and LMCO040 at the open circuit voltage.
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Figure S-17. Control cyclic voltammogram of LMO in an Oz-saturated KOH 0.1 M electrolyte

during the operando experiment. Scan rate: 100 mV-s™'.

Table S-6. Operando study of LMO. Potential of each steps and the number of scans acquired.

No potential was applied during the steps in blue.

Potential
(V/RHE) Dry | OCV 0.8 0.6 0.4 0.2 0.9 1.4 | 1.8 | 0.9
Scans 16 16 9 16 16 16 16 8 8 8

LMO Mn K-edge S—
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=14
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Figure S-18. FT-EXAFS at the Mn K-edge of LMO during OER (1.8 V/RHE) and ORR

(0.4 V/RHE).
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Figure S-19. Control cyclic voltammograms of LSMO in Oz-saturated KOH 0.1 M solution
during the operando experiment. Scan rate: 100 mV-s’!
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Figure S-20. Chronoamperogram of LSMO in an Oz-saturated KOH 0.1 M solution during the
operando experiment.
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Figure S-21. Operando XANES spectra of LSMO during ORR and OER experiment. Dry

electrode is in black. Successive potentials are applied: 1.0, 0.4, 1.0 V/RHE. In the frame is a
zoom at the half-jump area.

Table S-7. Operando study of LSMO. Potential of each steps and the number of scans acquired.
No potential was applied during the steps in blue.

Potential
(V/RHE) Dry 0]6)% 0.8 1.0 0.6 1.0 04 1.0 1 02 | 1.0
Scans 3 3 3 3 3 3 3 3 3 3
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Figure S-22. Evolution of the XANES spectra and oxidation state of LSMO during operando
XAS ORR experiment. Left: Time evolution of the oxidation state of Mn (red) at different
potentials (blue). The oxidation state is calculated by linear interpolation from the absorption
edge positions of pristine LMO and SMO. Right: XANES spectra of LSMO at these potentials,
from which the first OCV spectrum (0.9 V/RHE) is subtracted. The red vertical line is the half-
edge jump energy of the first OC spectrum.
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Figure S-23. FT-EXAFS at the Mn K-edge of LSMO during OER (1.8 V/RHE) and ORR

(0.4 V/RHE).

Table S-8. LSMO during operando XAS ORR experiment. Oxidation state of Mn at different
otentials calculated by LCF from with the reference spectra of LMO and SMO.

Potential (V
/REE) Dry | 1.0 | 08 | 1.0 | 06 | 1.0 | 04 | 1.0 | 02 | 1.0
Mn ‘;‘;‘tl:t“’“ 3.08 | 336 | 332 | 333 | 3.18 | 3.33 | 3.00 | 3.27 | 3.00 | 3.24
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Table S-9. Operando study of LSCO. Potential of each steps and the number of scans acquired.
Potential (V/RHE) | Dry | OC 1.8 1.0 1.8 0.4 1.0

Scans 13 12 12 9 6 12 12
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Figure S-24. FT-EXAFS at the Co K-edge of LSCO during OER (1.8 V/RHE) and ORR
(0.4 V/RHE).
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Figure S-25. Control cyclic voltammograms of LMCO40 in Oz-saturated KOH 0.1 M solution
during the operando experiment. Scan rate: 100 mV-s™!
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Figure S-26. Chronoamperogram of LMCO40 in an Oz-saturated KOH 0.1 M solution during
the operando experiment.

Table S-10. Operando study of LMCQO40. Potential of each steps and the number of scans

acquired.

V/RHE |Dry [Dry |OC |OC | 1.8 | 1.8 {10 ] 10 ]04 |04 | 1.0 | 1.0

K-Edge | Mn | Co | Mn | Co [Mn | Co | Mn | Co | Mn | Co | Mn | Co
Scans 2 4 3 6 3 6 3 6 3 6 3 6
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Figure S-27. Operando XANES spectra of LMCO40 during OER and ORR experiment on
Mn K-edge. Dry electrode is in black. Successive potentials are applied: 1.0, 1.8, 1.0, 0.4 and
1.0 V/RHE (cyan). In the frame is a zoom at the half-jump area.



2.0

E vs. RHE

-
(3]
1

Normalized xp (E)
<

0.0 o= O 9 7720 T2 7722 7123
. S IO A P
7700 7740 7760 7780
Energy (eV)

Figure S-28. Operando XANES spectra of LMCO40 during OER and ORR experiment on Co
K-edge. Dry electrode is in black. Successive potentials are applied: 1.0, 1.8, 0.4 and
1.0 V/RHE. In the frame is a zoom at the half-jump area.
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Figure S-29. FT-EXAFS at the Mn K-edge of LMCO40 during OER (1.8 V/RHE) and
ORR (0.4 V/RHE).
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Figure S-30. FT-EXAFS at the Co K-edge of LMCO40 during OER (1.8 V/RHE) and
ORR (0.4 V/RHE).
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