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ABSTRACT: Perovskites (ABO;) with transition metals in active
B sites are considered alternative catalysts for the water oxidation
to oxygen through the oxygen evolution reaction (OER) and for = ¢*
the oxygen reduction through the oxygen reduction reaction
(ORR) back to water. We have synthesized a double perovskite
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(A,BB’O4) with different cations in A, B, and B’ sites, namely, H,0 >0;
(Lay §Srys) a(Nip sMng s )5(Nig sRug s )5 O (LSNMR), which displays an
0, —H,0

outstanding OER/ORR bifunctional performance. The composition and
structure of the oxide has been determined by powder X-ray diffraction,
powder neutron diffraction, and transmission electron microscopy to be
monoclinic with the space group P2,/n and with cationic ordering
between the ions in the B and B’ sites. X-ray absorption near-edge
spectroscopy suggests that LONMR presents a configuration of ~Ni’**,
~Mn*, and ~Ru*". This bifunctional catalyst is endowed with high ORR and OER activities in alkaline media, with a
remarkable bifunctional index value of ~0.83 V (the difference between the potentials measured at —1 mA cm™” for the ORR
and +10 mA cm™? for the OER). The ORR onset potential (E,,.) of 0.94 V is among the best reported to date in alkaline
media for ORR-active perovskites. The ORR mass activity of LSNMR is 1.1 A g™' at 0.9 V and 7.3 A g' at 0.8 V. Furthermore,
LSNMR is stable in a wide potential window down to 0.05 V. The OER potential to achieve a current density of 10 mA cm™ is
1.66 V. Density functional theory calculations demonstrate that the high ORR/OER activity of LSNMR is related to the
presence of active Mn sites for the ORR- and Ru-active sites for the OER by virtue of the high symmetry of the respective
reaction steps on those sites. In addition, the material is stable to ORR cycling and also considerably stable to OER cycling.

KEYWORDS: regenerative fuel cells, metal—air batteries, bifunctional catalyst, OER, ORR, double perovskite
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B INTRODUCTION

The term bifunctional catalyst applies to catalysts with
measurable activity for the forward and reverse reactions.
More than a mere curiosity, bifunctional catalysts are the holy

reverse mode, the regenerative cell works as an electrolyzer,
wherein electricity is used to split H,O into O, and H, (2H,0
— O, + 2H,). The more demanding reactions in regenerative
fuel cells are the ones involving oxygen, that is, oxygen

grail for certain technological applications. For instance, they
are essential for regenerative fuel cells and metal—air batteries.
A regenerative fuel cell is an electrochemical device that
combines O, and H, to produce H,0 (O, + 2H, — 2H,0)
and generates electricity in the forward operation mode. In the
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reduction [0, + 2H,0 + 4e” — 40H", denoted as oxygen
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reduction reaction (ORR)] and oxygen evolution [4OH™ —
O, + 2H,0 + 4e7, denoted as oxygen evolution reaction
(OER)], in alkaline media. Therefore, regenerative fuel cells
require bifunctional catalysts with low overpotentials and high
catalytic activity and stability for the ORR and OER.'™*

In the case of metal—air batteries, a bifunctional catalyst for
air cathodes would carry out the OER during the battery
charge and the ORR during discharge, avoiding the develop-
ment of cathodes based on two different catalysts, which is a
complex task.”~" Thus, bifunctional catalysts could reduce
costs and enhance the stability of batteries."

Although the ORR and OER involve the same reactants and
products, namely, H,O, H,, and O,, the design of active and
effective bifunctional catalysts is not trivial. Catalysts usually
display considerably large overpotentials for both reactions and
often a given material catalyzes one reaction more efficiently
than the other. It is common that active catalysts for the ORR
are not active for the OER and vice versa. For example, IrO,-
based compounds are the state-of-the-art OER catalysts in acid
media, but they are not active for the ORR.”' Conversely, Pt-
based materials or Fe/N/C are the state-of-the-art materials for
the ORR, but their activity for the OER is low or null."'~"*

Therefore, it is highly desirable yet remarkably challenging
to develop bifunctional catalysts with high activity and stability
for the ORR and OER. A metric for bifunctionality was
proposed by Schuhmann and co-workers,'>'® which we will
refer to here as the bifunctionality index (BI). This index is
defined as the difference between the potentials required to
reach an OER current density of 10 mA cm™ and an ORR
current density of —1 mA cm ™2 Although an ideal ORR—OER
bifunctional catalyst would have a BI of ~0 V, most catalysts
display BIs larger than 1.0 V, and state-of-the-art bifunctional
catalysts have values circa 0.9 V. Binary oxides, except for
MnO,,'” display high BIs. Thus, mixed oxides have been
reported as possible bifunctional candidates, especially in
alkaline media, because their cost is substantially lower than
noble metals and fairly high activities for both reactions have
been measured."*~*° Another definition for BI is the potential
gap between 10 mA cm™” for OER and —3 mA cm ™ for ORR
(which should be a current density close to E,;,, in
perovskites).”'

The bifunctional character of mixed oxides is owed to the
versatile adjustment of the oxidation state of the metal cations
depending on the adsorbed intermediate species. The most
active mixed oxides display perovskite, spinel, or pyrochlore
structures, with the transition metals in the structure
considered to be the active sites. Perovskites including
LaNiO;, La,4Cay4C00;, Lay;¢Cay4MnO;, and
Ba Sty sCoygFey,O; have been reported as active ORR—
OER bifunctional catalysts.””~>* Generally, the active cations
are Ni, Co, Mn, or Ru, at the B sites of ABO; perovskites. In
addition, Co-based spinel oxides are active for both reactions’*
and so are Ru- and Ir-based pyrochlores.”’

In this work, we have synthesized and tested an ORR—OER
bifunctional electrocatalyst with a remarkable BI value of
~0.83. Our approach takes advantage of the flexibility of the
perovskite structure to host cations with different oxidation
states and catalytic characteristics. Following a strategy
previously reported, based on doping ABO; with several
cations in the A and B sublattices,"® our bifunctional catalyst is
based on the double perovskite La,SrysNiMnysRuysOg
(denoted as LSNMR) in which Ni, Mn, and Ru cations
occupy the B positions and La and Sr occupy the A positions.

This bifunctional catalyst presents high ORR and OER
activities in alkaline media. Furthermore, LSNMR is stable at
potentials as low as 0.05 V versus reversible hydrogen
electrode (RHE), at which the stability of most oxides is
usually compromised. Density functional theory (DFT)
calculations show that Mn sites are active for the ORR while
Ru sites are active for the OER.

B EXPERIMENTAL SECTION

Material Synthesis. LSNMR has been prepared by a solid-state
reaction. The starting materials, namely, La,O; (previously heated at
1000 °C), SrCO,, NiO, MnO, and RuO,, are mixed in stoichiometric
proportions, ground, and thermally treated at 900 °C for 12 h in air.
Subsequently, the powders are ground again and heated at 1200 °C in
air for 12 h to obtain the pure double perovskite.

Material Characterization. The phase identification and purity
was determined by powder X-ray diffraction (XRD) in Bragg—
Brentano reflection geometry with Cu Ka radiation (4 = 1.5418 A). A
detailed crystallographic study was performed by powder neutron
diffraction (PND). PND patterns were collected at room temperature
on a D2B diffractometer with 4 = 1.594 A at the Institut Laue—
Langevin (ILL) in Grenoble, France. The PND patterns were
analyzed with the Rietveld method*® using the Fullprof program.”® In
the refinements, the shape of the peaks was simulated by a pseudo-
Voigt function. In the final run, the following parameters were refined:
scale factor, background coefficients, zero-point error, unit cell
parameters, pseudo-Voigt corrected for asymmetry parameters,
positional coordinates, isotropic thermal factors, and relative cationic
occupancy factor.

The specific surface area was determined from N, adsorption—
desorption isotherms recorded at liquid N, temperature with a
Micromeritics ASAP 2000 apparatus. The sample was degassed at 140
°C for 24 h under vacuum. The specific area was calculated by
applying the Brunauer—Emmett—Teller (BET) method within the
relative pressure range P/P, = 0.05—0.30.

The samples for transmission electron microscopy (TEM) were
prepared by grinding the powder in an agate mortar, dispersing it in
ethanol, and depositing it on a holey carbon grid. Selected area
electron diffraction (SAED) patterns from 11 different crystals were
obtained on a Philips CM20 transmission electron microscope
equipped with the Oxford INCA system, and energy-dispersive X-ray
(EDX) spectrometry was performed on those crystals to verify that
the crystals were indeed the indicated phase. The cation composition
of the sample as a whole was verified using EDX measurements on 68
different areas spread over 11 crystals on an FEI Osiris microscope
equipped with a Super-X detector operated at 200 kV, using the L
lines for La, Sr, and Ru and the K line for Ni. High-angle annular dark-
field scanning TEM (HAADF-STEM) images were obtained on a
probe aberration-corrected FEI Titan® 80—300 microscope at 300 kV.
The composition of the sample was supported with EDX analysis
performed with a JEOL JSMSS10 scanning electron microscope,
equipped with the Oxford INCA system. SAED, HAADF-STEM, and
quantitative EDX analysis on the pristine compounds were performed
at the University of Antwerp. High-resolution TEM (HRTEM) and
EDX spectra of the cycled compounds and matching TEM data of the
pristine compound were obtained with a JEOL-2100F microscope
equipped with the Oxford INCA system in the Institute of Catalysis
and Petrochemistry in Madrid, Spain.

X-ray absorption near-edge spectroscopy (XANES) was carried out
simultaneously in both the transmission and fluorescence modes on
powder samples on beam line X-19A at the Brookhaven National
Synchrotron Light Source using a Si(111) double-crystal mono-
chromater.

Electrochemical Measurement. The electrochemical perform-
ance of LSNMR was investigated with an Autolab PGstat 302N
potentiostat/galvanostat. A standard three-electrode glass cell and a
rotating disk electrode (Pine Research Instruments) were used for the
measurements. An Ag/AgCl electrode was used as the reference
electrode, whereas a gold wire was used as the counter electrode.

DOI: 10.1021/acsami.9b02077
ACS Appl. Mater. Interfaces 2019, 11, 21454—21464


http://dx.doi.org/10.1021/acsami.9b02077

ACS Applied Materials & Interfaces

Research Article

Unless otherwise stated, LSNMR was mixed with carbon black to
improve the electrical conductivity. The mixture was placed as an ink
on top of a glassy carbon working electrode. The ink was prepared by
mixing S mg of oxide and 1 mg of carbon black (Vulcan-XC-72R)
dispersed in 0.97 mL of tetrahydrofuran and 0.03 mL of Nafion, with
an Ultrasonic Processor UPSOH (Hielscher). The ink (10 pL) was
dropped onto a glassy carbon electrode with a loading of 0.05 mg.
The geometric area of the electrode was 0.196 cm?.

For the ORR measurements, cyclic voltammograms were collected
between 0.05 and 1.1 V versus RHE in an aqueous solution of 0.1 M
KOH. Blank voltammograms were collected in an Ar-purged
electrolyte in the ORR region (at 50 and 10 mV s™'). Then, the
ORR was assessed in an O,-saturated solution at a rotation rate of
1600 rpm and 10 mV s~L. Faradaic ORR currents (i;) curves were
capacitance-corrected by subtracting the curves obtained in the Ar-
saturated electrolyte. The fraction of H,O, generated during the ORR
was evaluated with a rotating ring disk electrode (RRDE) equipped
with a Pt ring set at 1.2 V. The OER kinetic curves were collected
between 1.2 and 1.7 V versus RHE in the same electrolyte saturated
with O, to ensure the O,/H,0 equilibrium at 1.23 V. The curves
were capacitance-corrected with the average of the anodic and
cathodic curves. The actual production of O, during the OER was
confirmed by following the current generated in the Pt ring RRDE at
0.4 V, the measured current accounts to the reduction of the O,
generated during the OER (note that these experiments were
measured in an Ar-purged electrolyte). OER and ORR currents
were iR-corrected by the formula E — iR yected = Eappliea — iR, Where i
is the current and R is the Ohmic electrolyte resistance (R ~ 45 Q) as
obtained from electrical impedance spectroscopy at open voltage. The
ORR and OER faradaic current densities (j; in mA cmgeo_z) were
calculated by normalizing the current to the geometric area of the
electrode. Intrinsic activity and mass activity (for ORR) calculations
are specified in Section S5 of the Supporting Information.

Computational Modeling. Full details of the DFT calculations
and subsequent computational modeling appear in Section S7 in the
Supporting Information.

B RESULTS AND DISCUSSION

Crystallographic Structure. The composition determined
by EDX on a transmission electron microscope was
Lay 63(5)S10.43(5)Nig.94(6)Mng 45(10)Rug 56(7) O, close to the nom-
inal composition (Supporting Information). XRD data were
used to establish a single phase, confirm the perovskite
structure of LSNMR (Figure S1, Supporting Information), and
determine the position of Ni, Mn, and Ru cations in the B/B’
sublattice. Taking into account that the general formula of
double perovskites is A,BB’Og4 we obtained the formula
(Lay s81o.5)a(Nig sMng )5 (Nig sRug s )5 O

TEM diffraction patterns were collected to study the crystal
structure. Tilt series of different crystallites were taken to
determine cell parameters and space group. Representative
patterns of the main zones from these tilt series are shown in
Figure 1a. All patterns were indexable with cell parameters, a &
b~ \/ 2a,, ¢ & 2a,, and showed reflection conditions hkl, hk0,
and Okl: no conditions, hOl: h + I = 2n, 0kO: k = 2n. The only
space group that corresponds to these reflection conditions is
P2,/n. Further details on space group determination are also
given in Figure S3 in the Supporting Information. The order
on the B/B’ sublattice was confirmed by HAADF-STEM
images (Figure 1b), of which the intensity profile shows a clear
brightness difference between B and B’ columns, indicating a
difference in occupation.

PND was performed for a detailed crystallographic study to
determine the atomic positions, distances and angles, and
occupancies of the atoms and verify the cationic location
obtained by XRD, especially because the Mn neutron
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Figure 1. (a) SAED of LSNMR indexed in a perovskite cell. (b)
HAADF-STEM image of LSNMR along the [010] zone. The rows of
brightest dots are the columns with A cations and O, in between are
rows with weaker dots, which are the B and B’ cation columns. Below
the image is the intensity profile along the indicated row of B/B’
cations. (c) PND Rietveld profiles of LSNMR structure refined with
the P2,/n monoclinic space group. Comparison of the observed
(crosses), calculated (solid line), and difference (bottom) PND
patterns. The green lines indicate the Bragg reflections. (d)
Schematics of LSNMR unit cell with cell parameters a = 5.5458(3)
A, b =55035(3) A, ¢ = 7.7985(4) A, and B = 89.95(1)°. Purple
octahedra represent (Ni/Mn)Og octahedra, green ones represent
(Ni/Ru)Oy, and yellow spheres represent La/Sr atoms in A positions.

scattering length is extremely different from those of Ni and
Ru. We used the structural parameters of La,NiRuOg as the
starting structural model.’® The crystal parameters and atomic
positions obtained after LSNMR structural refinement and the
reliability factors are included in Table S1 (Supporting
Information). The unit cell parameters determined are a =
5.5458(3) A, b = 5.5035(3) A, ¢ = 7.7985(4) A, and B =
89.95(1)°. Oxygen stoichiometry (O1, 02, and O3) was
analyzed by refining the occupancy factors. We did not detect
oxygen vacancies within the standard deviations. In Figure 1c,
we illustrate the good agreement between observed and
calculated PND patterns, and in Figure 1d, we provide a
schematic view of the crystal structure.

The atomic distances corresponding to the BOg and B'Oq
octahedra are shown in Table S2 in the Supporting
Information. The main bond distances are (Ni/Ru—O) =
2.038(2) A and (Ni/Mn—0) = 1.928(2) A, which are larger
for the (Ni/Ru)O4 than the (Ni/Mn)O4 octahedra; as
expected from Shannon’s ionic radii’' of the transition-metal
components: Ni**(VI) = 0.69 A, Mn**(VI) = 0.53 A, and
Ru**(VI) = 0.565 A. (Ni/Ru—0) = 2.038(2) A bond distances
are comparable to BOy distances in La,NiRuO4 ((Ni—O) =
2.023 A and (Ru—0) = 2.026 A).* Similarly, the (Ni/Mn—0)
= 1.928(2) distance in LSNMR is comparable with those in
R,NiMnO4** and La,NiMnOg, where (Ni/Mn—0) = 1.966
A’ The average of the octahedral tilt angles is calculated as P
= (180 — ¢)/2 = 9.9, where ¢ is the mean (B—O—B’) angle.
¥ gives a measure of the degree of distortion of the
perovskites. ¥ in LSNMR is smaller than in La,CoRuOg4 (¥
~ 13.4°)** or La,NiRuOg (P = 13°)* but slightly larger than
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in LaSrMnRuO, (¥ =~ 6.8°).>° This is because Sr** is larger
than La®* and the distortion of the structure is reduced when
Sr is partially introduced in the A sites of the LSNMR
structure.

X-ray Absorption Near-Edge Spectroscopy. XANES is
a useful tool to probe constituent valence states/electronic
configurations in materials where the electronic structure is
being tailored to optimize specific properties.** >’ As LSNMR
contains multiple lattice sites, it provides an excellent
illustration of the utility of XANES for following the charge
state and balance in a complex engineered material. The near-
edge features at the K-edges of 3d transition-metal compounds,
M(3d), are due to transitions from the Is to 4p states
superimposed on an underlying step feature because of the
onset of continuum transitions. Despite potential multiple 4p
features, due to orbital orientations or superimposed 3d
configurations, the systematic chemical edge shift to higher
energy with increasing valence can serve as an indicator of
charge states in M(3d). The spectra for the 3d sites in LSNMR
are compared to the standard spectra shown in Figure 2a,b.
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Figure 2. (a) LSNMR Ni—K main-edge spectra and Ni**O,
La,Ni**VOg, LaStNi**O,, and LaNi**O; standards. (b) LSNMR
Mn—K main-edge spectra and Mn**O, Sr,ReMn**Og, LaMn**O;, and
CaMn** O, standards. (c) Top: Ru-L; spectra for a series of standard
compounds: metallic Ru, Ru** 4d* RuO,, and Sr,Ru0,; and Ru’* 4d*
Sr,YRuOg. Bottom: Ru-L; spectrum of LSNMR superimposed with
La,NiRu**Oy and Sr,YRu’*Og standards. A(tzg) and B(eg) features are
indicated in the figure.

The chemical shift of the Ni—K edge for LSNMR is consistent
with assigning a Ni** configuration. In the Supporting
Information, Figure S4a, the Ni—K pre-edge clearly supports
this Ni** configuration.

In Figure 2b, the Mn K-edge is represented. The peak of
LSNMR is between Mn** and Mn*" standards, particularly
closer to the latter. Previous studies documented a near-linear
shift of the peak in the Mn—K main—ed%e sgectra with doping-
induced increasing formal valence.”®*’ Using a linear
approximation, the position of the LSNMR main-edge peak
is consistent with a formal valence of just under Mn>”*.
Comparison of the LSNMR Mn—K pre-edge to those of
standard compounds (see Figure S4b in the Supporting
Information) also supports a Mn configuration well above
Mn*.

L, ; near edges of M 4d (and 5d) are dominated by intense
“white line” (WL) spectral features because of the transitions
into empty d-final states, which reflect the d-occupancy/
valence state via both the WL spectral distribution and the
chemical shift. In particular, for Ru 4d compounds with
octahedral ligand coordination, the d-orbitals are split into a
lower lying 6-fold-degenerate t,, (A-feature) and excited 4-
fold-degenerate e, states (B-feature, Figure 2c). The A-feature
systematically decreases relative to B, with increasing 4d-count
over the range 4d’—4d* (i.e,, filling the tye states) (Figure SS in
the Supporting Information). For Ru*" 4d* standards, RuO,
and Sr,RuOy, A occurs as an unresolved low-energy shoulder
on the dominant B (Figure 2c). In the double perovskites Ru**
4d* La,NiRuOg4 and Ru** 4d* Sr,YRuOg, the larger ligand field
splitting leads to well-resolved A—B features. The A feature
increases from Ru*" to Ru®', as the ty, hole count increases.
Moreover, the chemical shift of the centrum of the WL to
higher energy in Ru** compared to Ru* is also clear. LSNMR
is superimposed with those of Ru** and Ru®* standards. The
high A feature intensity and chemical shift to higher energy for
LSNMR clearly support ~Ru®*. A small but noticeable shift to
lower energy of LSNMR (relative to Sr,YRu**Og) is worth
noting. The broadening of the WL features in the LSNMR
spectrum is consistent with its multiple atomic site doping.

In summary, analysis of XANES data suggests that LSNMR
presents a configuration of ~Ni**, ~Mn*" (with a quantitative
estimate of Mn>’*), and ~ Ru®" (with the possibility of a
slightly smaller value). We emphasize here that these
configurations coincide with the experimentally obtained
stoichiometries.

Electrochemical Characterization. Figure 3a presents
the current density (j) normalized to the electrode area (0.196
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Figure 3. (a) Bifunctional ORR—OER (blue-black) current density of
LSNMR in 0.1 M KOH. Relative standard deviation = 0.3 mA cm™2
(b) ORR mass activity of LSNMR.

cm?) obtained in potential sweeps between 0.2—1.1 and 1.2—
1.7 V (vs RHE) iR corrected (Figure S6 in the Supporting
Information) in KOH at 10 mV s~ The bifunctional
properties of LSNMR can be observed. LSNMR exhibits
high ORR (blue branch of the curve) and OER activities
(black branch of the curve). LSNMR achieves a remarkably
low bifunctional index of BI = 0.83 V (defined as the potential
gap between jopg = —1 mA cm™2, 0.83 V, and the potential to
achieve a jopg = 10 mA cm™2, 1.66 V). To the best of our
knowledge, this value is among the best reported to date for
perovskites in alkaline media, comparable to 0.83 V reported
for LagsSrg4Coq¢Fey40;/nitrogen-doped carbon nanotubes
(active to ORR).' If we define BI as the potential difference
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Table 1. Activity and Durability of Some of the State-of-the-Art Bifunctional Catalysts Reported in Alkaline Media“

ORR OER
Catalyst V) @ -1 mAcm™? (V) @10 mA cm™>  BI (V) Stability

RuO,’’ ~0.82 ~1.62 ~0.8 charge and discharge performance in Zn—air batteries
with a stable potential retention for200 cycles

Lag 555r0.4C0g.,FeqsO3/N-CNT ' 0.813 1.639 0.826  stable during and 25 h at 0.54 V (=1 mA cm™*) (ORR)
and 40 h at 10 mA cm™ (OER)

La, sSr, sNiy sMn sNiy sRuy s04/C 0.83 V 1.66 0.83 stable to 200 ORR and 100 OER cycles

Lag 55510 4C0p,FeqOs/FeN,—C*7 0.82 1.68 0.86

Lay Sr94C0g,Fe,s03/N-CNT>® 0.72 1.60 0.88  stable during 40 h at 10 mA cm™? (OER) and 25 h at
0.54 V (=1 mA cm™2) (ORR)

Lag;(Bag5Srq5)e3C00sFeq,05_5/C** 0.72 1.6 0.88 stable during 100 cycles of charge—discharge at
Zn—air full-cell

LaNiO,/NC* ~0.88 ~1.78 ~0.9 stable to cyclic voltammetry in the range of 0—1.98 V

Lag3(Bag.sSro.5)07C0gsFeq205_5/C ~0.7 ~1.63 ~0.93  stable to ORR during 30 000 s at 0.345 V under O,

Hierarchical ~0.7 ~1.64 ~0.94  excellent cycle stability during 50 cycles at 0.1 mA cm™>

MesopOrous—macroporous LaO_SSrO_SCoO3,560 in Li—O, battery

Co-doped LaMnO,/N-CNT®' ~0.824 ~1.784 ~0.96

LaNij gFe,,0, 0.694 1.714 1.02 degradation under ORR due to NiO detected on the
surface. Stable to 300 OER cycles

LaTigsFeg3505_5 NP/N-CNR® 0.78 1.81 1.03 stable to charge—discharge curves at 5 A g™*

La 54Srp4Cog,Fe 055 NR/N-rGO®* 0.67 1.72 1.05 10% loss of ORR activity at 0.624 V during 18 000 s

~15% loss of OER activity at 1.824 V during 12 000 s

LagesFeO;_s" 0.58 1.64 1.06

Mesoporous Lag sSrysCoO, g; Nw¢ 0.78 1.84 1.06

Lay¢Sry4Co05_5" 0.755 1.835 1.08 charge—discharge curves on Li—air batteries: stable
during 50 cycles at 0.1 mA cm™

LaMnO, ,, NP%® 0.86 1.95 1.09 10% decrease of activity after 30 h at 0.7 V in O,
(ORR). Stable after 10 OER cycles

Y,(Ru,_.Y,)O,_s/C*’ 0.54 1.64 1.10

LaNij¢sMgy,505% 0.714 1.864 1.15

Lay Sro,Mng ¢Nig ,0;7° 0.71 1.87 1.16 79 cycles of lifespan as cathode in a metal—air battery

LaMnO, NR/C”' 0.705 1.885 118 stable during 44 000 s at 0.635 V under O, (ORR)

20% loss of OER activity at 1.685 V during 44 000 s

BaTiO;_s/C"* 0.72 1.90 1.18 acceptable stability for ORR and OER during 5000 s at
constant potentials of 0.6 and 1.5 V, respectively

1r0,”’ 0.38 1.70 1.32

“BI between —1 and 10 mA cm™2.

between 10 mA cm™ (OER) and —3 mA cm™ (ORR), then
LSNMR-BI is 0.925 V. See Tables 1 and 2 for comparison with
state-of-the-art bifunctional catalysts. For instance, the BI is
lower than ~1 V for BayyCoyFey 4Nby O3, LaMnO;, and
LaNiO3, ™" which is also among the best reported for
perovskites, but surpassed by Nd, ;Ba; CoFeMnQOy_s hybri-
dized with nitrogen-doped reduced graphene oxide (BI =
0.698 V),*  LagsSrysCogsFey,0;/nitrogen-doped carbon
nanotubes (BI = 0.88),"" La,4Sry,Coy,Feo30; (BI = 0.883
V) or LaysSrg4Cog,FesO; with incorporated Fe/N,/C
moieties (BI = 0.91 V).*' It is worth to remark that the low
Bls reported in refs'®”"* are a result of the combined
contribution of the perovskite and Fe/N- and N-doped
carbons, which are very active themselves for the ORR.

As observed in Figure 3a, LSNMR presents an ORR onset
potential E, . of 0.94 V (defined as the potential at which the
current density achieves 0.1 mA cmggy~>), which is analogous
to the most active perovskites reported for ORR to date in
alkaline media, for instance, LaNiO; with 0.95 V, LaMnO,,
with ~0.91 V, or LaCoO; with 0.85 V,**~** and not much
lower than Pt/C (~1.01 V) or Fe/N/C (~1.05 V) in alkaline
media.*”*° Moreover, LSNMR records the ORR activity even
at very low potentials (as low as 0.05 V), which is a remarkable
observation because mixed oxides are usually not stable below
~0.4 V.**>! Therefore, a proper limiting current is attained
with LSNMR. The value of the half-wave potential for
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LSNMR (0.72 V) is worse than the values obtained for non-
noble metal catalysts and platinum in alkaline media (ca. 0.87
and 0.89 V, respectively).”’ Most perovskites are not stable to
low potentials, so it is complicated to achieve limiting current.
Therefore, it has been established for perovskites that E, /, is
the potential at —3 mA cm™ In that case, LSNMR (E,,, =
0.73 V) is superior than Nd; ;Ba; ;CoFeMnO,_s (0.698 V) and
also than Bay Sty sCo,sFeq,0;_5 (0.641 V) and NdBaCo, Oy, s
(0.653 V) perovskites, only lower than LaNiO; perovskite
(~0.78 V).

The ORR kinetic current (i) and the mass activities are
calculated. Figure 3b shows the mass activity of LSNMR with
1.1 Ag"'at09Vand73Ag" at0.8 V. For comparison,
LaNiOj; was reported with a lower mass activity (0.7 A g™') at
0.9 V in the same alkaline conditions.”” Figure S7 in the
Supporting Information shows the RRDE measurement of the
ORR reaction, where only 6% of the product obtained is H,O,.

The specific surface area of the oxide was calculated from
the electrochemical surface area (Section SS, Figure S8 in the
Supporting Information) and from BET (Section S6, Figure
S11 in the Supporting Information). The intrinsic activity
(Figure S9 in the Supporting Information) of LSNMR was
estimated normalizing the obtained current by the BET value
(2 m* g7') and the mass of oxide. From the intrinsic activity,
we get that LSNMR requires a potential of 0.86 V to achieve
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Table 2. Activity and Durability of Some of the State-of-the-Art Bifunctional Catalysts Reported in Alkaline Media“

ORR OER
Catalyst (V) @ -3mA cm™? (V) @ 10 mA cm™
LagsCag,MnO,/AB”> ¥ 0.892 1.564
Nd, sBa, ;CoFeMnOy_s/N-rGO* 0.889 1.587
Lay,Cag;MnO;/AB™ ¥ 0.873 1.593
Ir/C* 0.792 1.561
Lag ¢Cag4MnO;/AB” ¥ 0.85 1.633
LagyCay,;MnO;/AB” ¥ 0.858 1.651
Pt/C* 0.894 1.695
Pd/KB™* 0.84 1.68
Pb,Ru,O¢ /KB 0.81 ~1.65
Bag Sro.sCogsFeq,05_5/NC7° 0.74 1.58
PrBag g5Cag ;sMnFeOs, 5/ CB’’ 0.77 1.64
Lay¢Sro4FeqsC0y,05/KB™ 0.77 1.65
Nd, sBa, ;CoFeMnO,_g*° 0.698 1.589
La, sSr, sNij sMn, sNiy sRuy s04/C 0.73 1.66
MnCoFeO,/N-rGO”® 0.78 1.71
RuO,/C"® 0.68 1.62
La(Cog.ssMng 45095035 0.782 1.742
NR/N-rGO’

LaCoO;/NC* 0.64 1.64
Ru/C* 0.61 1.62
LaN;y,sFeg,50;/C* 0.67 1.68
LaNiO,/NC* 0.64 1.66
LaNiO,; NP/NC?>* 0.64 1.66
MnO,*' 0.73 1.77
LaNiO; NR/rGO** 0.628 1.705
LagSry,MnO; NR/C* 0.669 ~1.76
Co0;0,/Co,Mn0,** 0.68 1.77
MnCoFeO,/C”® 0.59 171
Mn, (Fe, ;0,/C”® 0.66 1.80

BI (V) Stability

0.672  Stable 10 h of charge—discharge at 10 mA cm™in rechargeable
zinc—airbatteries.

0.698  ORR: stable 10 h at —3 mA cm™2 OER: stable 10 h at 5 mA cm™

0.720

0.769

0.783

0.793

0.801

0.837

0.84 ~30% loss of ORR activity after 1500 s at 0.7 V. ~20% loss of OER
activity after 1500 sat 1.5 V

0.84 stable after 1000 ORR cycles and 1000 OER cycles

0.87 loss of 5% activity after 12 h at E,;, (ORR). Stable after 12 h at
5 mA cm™* (OER)

0.883  stable to 2000 charge—discharge cycles at +80 mA cm™
0.891
0.925  stable to 200 ORR and 100 OER cycles

0.93 ORR stability activity decrease of 23.7% after 30 000 s of
continuous operation. Loss of more than 50% OER activity after
200 cycles

0.94

0.960  2.45% h™' degradation rate on ORR at 0.385 V. 0.4 mV h™!
degradation rate on OER at 0.1 mA cm™2

1.00
1.01
1.01
1.02
1.02
1.04
1.077

~1.09  acceptable stability for ORR and OER during 40 000 s at constant
potentials of 1.785 and 0.685 V, respectively

1.09 loss of 6% ORR activity at 0.7 V 10 000 s in O,. Loss of 3.2% of
OER activity after 1000 cycles

1.12
1.14

“BI between —3 and 10 mA cm™. PAll data are reported in alkaline electrolyte, but catalyst loading, rotation speed, scan rate, O, or inert saturated
electrolyte, and electrolyte concentration are not consistent between data. Acetylene black (AB), carbon black (CB), Ketjenblack (KB), reduced
graphene oxide(rGO), N-doped C (NC), nanorods (NR), nanoparticles (NP), nanowires (NW), nanotubes (NT). OER @ —10 mA cm™2.

—0.1 mA cmgyg. % being among the most active perovskites
for the ORR in alkaline media.”

We now turn to the discussion of the OER activity of
LSNMR. Figure 3a shows the OER current densities
normalized by the geometric area. At 1.6 V, LSNMR reaches
a current density of 3.8 mA cmgyq, 2. This value compares well
with the state-of-the-art mixed oxide catalysts such as ca. 3.5
mA cmyy > for SrCoggFey,0; or ca. S mA cmgyy > for
BaNiO,;.””*** On the other hand, the potential where the
OER achieves a current density of 1 mA cm?® is 1.55 V. This
value is similar to that of RuO, and IrO, nanoparticles (ca.
1.55 V) for the same current density in alkaline media,'’ with
the advantage that the amount of critical raw material in
LSNMR is significantly lower than that for Ru and Ir metals
and oxides. The potential to achieve 10 mA cm™ has been
suggested as the figure of merit to evaluate the OER activity of
a catalyst because it is approximately the current density
expected for a 10% efficient solar-to-fuel conversion device.
The LSNMR catalyst records 1.65 V at such current density,
similar or better than the Ni-based catalysts in alkaline
media.”> Another remarkable advantage of LSNMR is its
stability under OER conditions (see below), which is

exceptionally high compared to other Ru-mixed oxides.’® We
performed RRDE measurements with a Pt ring settled at 0.4 V
to confirm the production of O, during the OER; the O,
produced by LENMR was reduced on the Pt ring (Figure S10).

Computational Modeling. To rationalize the high
simultaneous activity of LSNMR for the OER and ORR, we
modeled both reactions by means of DFT calculations; see full
details in Section S7 in the Supporting Information. Briefly, if
one assumes that in alkaline media the 4-electron OER
pathway is** OH™ — *OH — *OOH — O, and that the ORR
proceeds in the opposite direction through the same
intermediates, it is possible to calculate the reaction energies
of each step based on the adsorption energies of the adsorbed
intermediates *O, *OH, and *OOH (see Table S3). In turn,
the overpotential for each electrode reaction (7o and #7org,
see again Table S3) is calculated as the largest uphill step
among those in the respective pathways. When dealing with
numerous different materials, it is possible to use descriptors to
go beyond the separate analysis of data and be able to capture
trends in overpotentials. This is apparent in Figure 4, where
the ORR and OER overpotentials are plotted as a function of a
descriptor called ESSI™ (see Section S7) for the three
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Figure 4. Calculated ORR—OER catalytic activity of various oxides
(color code provided in the figure) as a function of electrochemical
step symmetry index (ESSI) (see also Figure S13). For the OER, the
catalytic activity is the overpotential (17opg), while it is the additive
inverse of the overpotential (—7orz) for the ORR. The vertical
differences between the corresponding points are the BlIs of the
materials (marked with blue arrows for LSNMR with ORR Mn sites
and OER Ru sites). The solid black lines come from ref 85. The gray
area is a confidence interval of ~85%, located approximately +0.3 eV
around those lines, that is, 1.5 times the MAE between actual DFT
predictions and those of ESSIL Inset: Parity plot for DFT-calculated
and experimental BIs, see full details in Section S7. The MAE between
experiments and simulations is only 0.08 V and is represented by the
gray shaded stripe.

transition-metal sites at LSNMR, namely, Mn, Ni, and Ru,
together with other active oxides (see the data sources
provided in Section S7).

In a few words, ESSI measures the energetic deviations of
each material from the ideal catalyst as a result of their
suboptimal adsorption energies. Such deviations are important
as they are ultimately responsible for the overpotential and
make it difficult to optimize electrocatalysts. As shown in
Figure 4, ESSI captures the trends in overpotentials in a nearly
linear fashion. More importantly, we observe that the most
active sites on LSNMR surfaces for the OER are made of Ru,
whereas those of Mn are most active for the ORR. Therefore,
the bifunctionality of LSNMR arises from the interplay
between those two ions. Compared to the other sites at
LSNMR, Mn ORR sites and Ru OER sites are more
symmetric, that is, their ESSI is smaller, which provides
them with low overpotentials. The other combinations of
active sites have larger Bls (see Table S3). Although RuO, is
more active than LSNMR for the OER and Pt/C is more active
for the ORR, the conjunction of both Mn and Ru encapsulated
in LSNMR provides a lower BIL.

The BI calculated for LSNMR is 0.89 V, in good agreement
with the 0.83 V measured experimentally. The other oxides
(and combinations of active sites in LSNMR) considered in
Figure 4 display larger Bls, and we note that experiments and
DEFT are in good agreement in all cases, which is apparent in
the inset of the figure, where a parity plot reveals a mean
absolute error (MAE) between DFT and experiments of only
0.08 V, which gives confidence of the accuracy of the model
and confirms the established notion that DFT is better at
estimatin% differences in properties than properties them-
selves.”™™ AESSI = ESSIopr — ESSIopg is shown (Figure S13
in the Supporting Information) to be a good descriptor for BI,
which suggests that minimizing AESS], that is, increasing the

symmetry of the reaction steps for both the ORR and OER, is
a suitable design principle for bifunctional catalysts.

Stability Measurements. The stability of the catalysts has
been assessed by recording 200 consecutive ORR cycles
between 0.1 and 1.1 V (Figure Sa) and 500 OER cycles

a <" Te=o75v b [—scan1
0.04 E ——scan 2
‘5‘0-2/_ scan 10
5 0] —scan20
Cuoaf—r— <C *®'|—— scan 300
< time /h S scan 400
£ -0.4 = scan 500
= c
c o
o 5 0.4+
5 O
=]
O -0.84 |
——scan 1 /
——scan 20 /4
—— scan 100| 0.04— /j
12 —— scan 200 ~——"
' 0.4 08 12 14 16
E-R/V E-R/V

Figure S. Durability test of LSNMR subjected to (a) up to 200 ORR
cycles between 0.05 and 1 V at 50 mV s™". Inset: Chronoamperom-
etry at 0.75 V during 10 h. (b) Up to 500 OER cycles between 1.2 and
1.7 V at 50 mV s™". The experiments were recorded in 0.1 M KOH.

between 1.2 and 1.7 V (Figure Sb). In Figure Sa, we illustrate
how the ORR activity of LSNMR remains stable during 200
cycles. This result suggests that the compound retains its initial
ORR activity. In addition, the durability of LSNMR at 0.75 V
during 10 h has been assessed (see inset of Figure Sa). To
evaluate the stability of the structure after cycling, we
performed a postmortem analysis of LSNMR. Figures 6 and 7
contain representative TEM images before and after ORR and
OER cycling.

Figure 6a(i—iii) illustrates the perovskite structure of the
initial material (see previous section for the detailed study of
the crystal structure and composition by TEM). The EDX
spectrum is again shown [Figure 6a(iv)] for comparison with
the EDX spectra of the cycled compounds.

Figure 6b(i) shows the TEM image of the sample after 200
ORR cycles. The HRTEM and its fast Fourier transform
(FFT) can be indexed with the same cell parameters as for the
pristine material, which indicates that the perovskite structure
areas around the crystals are the active carbon included in the
ink prepared for the electrochemical measurement (Section S8
in the Supporting Information). An EDX compositional
analysis performed on several particles of the sample indicates
that the crystals maintain the same composition as that of the
initial oxide. This can be seen in the EDX spectrum shown in
Figure 6b(iv), with only very few crystals exhibiting lower
content of Sr and Ru atoms. Note that K appears in the EDX
because of the electrolyte.

Figure 7 illustrates the evolution of the perovskite structure
after 500 OER cycles, during which a decrease of ~30% of the
initial activity is observed. TEM results [Figure 7(i)] reveal the
heterogeneous nature of the used catalyst, with nondegraded
and degraded particles (1 and 2, respectively). A representative
HRTEM image of the nondegraded particles is observed in
Figure 7(iv), where the perovskite structure is preserved (see
also FFT in the inset). EDX analysis of such particles reveals a
slight decrease of Mn and Ru content, although the perovskite
structure is not affected [Figure 7(ii)]. On the other hand, the
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Figure 6. (a) (i) Representative TEM image of a set of particles of the
initial sample. (ii) FFT of one particle along the [021] zone axis of the
perovskite structure. (iii) HRTEM image and (iv) EDX spectrum. (b)
(i) Representative TEM image of a set of particles after 200 ORR
cycles. (ii) FFT of one particle along the [011] zone axis of the
perovskite structure and its corresponding HRTEM image (iii) and
EDX spectrum (iv).

Counts / a.u.
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Figure 7. (i) TEM of two representative particles after S00 OER
cycles. Particle 1 is nondegraded and particle 2 is degraded. (ii) EDX
spectrum of a nondegraded particle. (iii) EDX spectrum of a degraded
particle. (iv) HRTEM and FFT of the nondegraded particle. (v)
HRTEM of the degraded particle.

HRTEM image [Figure 7(v)] of an isolated degraded particle
reveals the presence of an amorphous surface layer (see also
the Supporting Information, Section S8). Sr and Ru are not
observed by EDX in these regions [Figure 7(iii)]. It has been
previously reported for Sr—Ru-based perovskites that, after
OER cycling, Sr** is dissolved in the alkaline electrolyte, and
~Ru’" is oxidized into soluble species, such as RuO,” and its
derivatives.”®”" The presence of these particles over the entire
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material studied by TEM is ca. 1/4 of the total amount of
particles, a finding in line with the 30% loss of OER activity
observed.

The high activity and stability of this oxide for both reactions
can be related to the strong redox character of the three active
cations. Taking into account a formula unit, we have one NiZ*
that can be further oxidized to Ni*, being still stable in the
perovskite. At the same time, 0.5 Mn*" can be reduced to 0.5
Mn*, and 0.5 Ru’" can be reduced to 0.5 Ru*'. These
particular valence states give the material extraordinary activity
and stability to both ORR and OER reactions. In addition, the
spin state is also favorable for both reactions. A global e, filling
of 1 is found in the material because we have Ni**(d®), 0.5
Mn**(d), and 0.5 Ru**(d*). An e, filling has been recurrently
reported as the ideal for perovskite catalysts for both ORR and
OER." In addition to this parameter, one has to consider also
the covalence (hybridization) between 3d/4d orbitals of the
active sites and the 2p orbitals of oxygen, which would
influence the relative position of these bands with respect to
the Fermi level.”' The cations situated in the A sites of the
perovskites, namely, Sr and La in this case, can also have an
influence in the activity and stability of perovskite catalysts. Sr
perovskites can be very active because of their configuration
and structure; however, La samples are less likely to become
amorphous after OER cycling in alkaline media.” Thus, partial
replacement of Sr by La improves the stability of LSNMR.

B CONCLUSIONS

LSNMR displays very high ORR and OER activity and
durability in alkaline electrolytes. This bifunctional ability of
LSNMR accounts to the possibility of accommodating cations
in B positions with catalytic activity for different reactions,
namely, Mn for the ORR and Ru for the OER. In addition, the
stability of the perovskite can be increased by introducing two
cations in the A sites. We demonstrate here that the versatility
of perovskites to incorporate several cations within A and B
sites can be further explored to design superior bifunctional
catalysts.
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S1. X-Ray Powder Diffraction
Figure S1 shows the Rietveld refinement of the structure of La; sSrysNiMnjsRugsO¢
(LSNMR) in P2,/n space group by x-ray diffraction.
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Figure S1. XRD Rietveld profiles of the structure of La; sSrysNiMngsRuys0s, LSNMR, refined with the
P2;/n monoclinic space group. Crosses are the observed pattern, the black full line is the calculated one and
the bottom blue line is the difference between both. The green lines indicate the Bragg reflections of the

selected space group.



S2. Electron Diffraction
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Figure S2. Representative EDX spectrum of LSNMR to illustrate the composition obtained.

Figure S3. Selected Area Electron Diffraction (SAED) of LSNMR indexed in a perovskite cell.



As shown in Figure S3, by tilting around the relevant rows of reflections, the 0kO: k =
2n+1 reflections (indicated by squares) are due to double diffraction, since they disappear
when removing the possible double diffraction paths, while 001: 1 = 2n+1 (indicated by
circles in the top right pattern) are not due to double diffraction. We investigated whether
the [100] patterns could actually be twinned patterns of [100] with Okl: k = 2n and [010]
with hOl: h+1 = 2n, with the Okl: k = 2n+1, 1 = 2n being due to double diffraction only.
This is necessary since this would exactly correspond to Pbnm (or in the conventional
setting for perovskites Pnma with a = \/2ap, b = 2a,, ¢ = \/2ap), which has the same
octahedral tilt pattern as P2,/n but without cation order. The tilt around the Okl: 1 = 2k row
of reflections, shown also in Figure S3 (indicated by circles in the bottom right pattern),
show that these reflections remain present even when all double diffraction paths to these
reflections are eliminated. This proves that these reflections are not due to double
diffraction on top of a twinned pattern, but that there is indeed no reflection condition for
Okl reflections. Therefore, only P2;/n is in agreement with the experimental electron

diffraction results.
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S3. Powder Neutron Diffraction

Table S1.

Atomic parameters after the refinement of the crystallographic

structure of

La, 5SrgsNiMng sRuy 506 from high resolution PND data at T = 295 K. Space group P2,/n. Lattice
parameters: a = 5.5458(3) A, b = 5.5035(3) A, ¢ = 7.7985(4) A, B = 89.95(1)° and V = 238.02(2) A3.

Discrepancy factors: R,=2.38%, Rex,=2.17%, Ryp=3.07% and Rpaee = 5.57%, x> =1.99.

Atom Site X y z foce B(A?)
La/St  4e  00032(8) 0.0213(5) 0251809) 075/025  0.12(4)
Ni/Ru 2a 1/2 0 1/2 0.5/0.5 0.17(5)
NiMn  2b 12 0 0 0505  0.17(5)
o1 de 0.2937(9)  02796(11)  0.0322(9) 1.000 0.01(4)
02 de 0.2429(9)  0.7634(9)  0.0320(8) 1.000 0.01(4)
03 de 20.0690(7)  0.4909(8)  0.261209)  1.000 0.01(4)

Table S2. Atomic distances (A) for Ni/RuO, and Ni/MnOj octahedra and selected bond angles (°) at 295

K.

Description Bond distance
Ni/Ru - 01 (x2) 2.046(5)
Ni/Ru - 02 (x2) 1.995(5)
Ni/Ru - 03 (x2) 2.073(6)
<Ni/Ru- 0> 2.038(2)
Ni/Mn - O1 (x2) 1.934(6)
Ni/Mn - 02 (x2) 1.947(5)
Ni/Mn - O3 (x2) 1.902(6)
<Ni/Mn-0 > 1.928(2)
Description Angle
(Ru/Ni-O1-Mn/Ni)  157.9(2)
(Ru/Ni-O2-Mn/Ni)  164.7(2)
(Ru/Ni-O3-Mn/Ni)  157.6(3)
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S4. X-ray absorption near edge spectroscopy (XANES)

S§4.1. Ni-K and Mn-K pre-edges

The 3d row transition metal pre-edge features are due to quadrupole-allowed transitions
into final d-states or into hybridization-allowed dipole transitions into d/ligand-p states.
Those are shifted below the main edge by the final state d-electron/core-hole Coulomb
interaction. The spectral shape, intensity, and chemical shift of the pre-edge features can
also be used as valence indicators.!-* In the case of the Ni-K pre-edge, doping studies
have shown a systematic increase in pre-edge feature intensity and chemical shift for Ni
valences in the 2+ to 3.3+ range.! In Figure S4a, the Ni-K pre-edge of LSNMR exhibits
a low chemical shift and spectral area (close to La;Ni>*VOg). Thus, both the Ni-K main

edge and pre-edge results support Ni*" configuration in LSNMR.

al NiK / 7 4 b[ MnK /
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Figure S4(a). Ni-K pre-edge spectra for LSNMR and the standard compounds: ~Ni?* standards NiO and
La;NiVOg; and ~Ni** standards LaNiO; and LaSrNiO,. (b) Mn-K pre-edge spectra for LSNMR and the
standard compounds: ~Mn?*, MnO; ~Mn3*, LaMnOs; and ~Mn*", CaMnQs. Note the standard spectra have

been displaced vertically for clarity and nominal pre-edge features are identified.

Figure S4b compares the Mn-K pre-edge of LSNMR to those of standard Mn compounds.
It should be noted that al-a2 features for the Mn*" standard are shifted up in energy
relative to the al’-a2’ features in the Mn’" standard. The al-a2 features for LSNMR are
similar in energy (albeit less intense) to the Mn*" standard. Thus the Mn-K pre-edge

feature structure and intensity only supports a Mn valence well above 3+.

S4.2. 4d-L; edges
Figure S5 shows the systematic M(4d)-L; edge variation with 4d-count for octahedral
ligand coordination. The L, ;-edges of transition metals are dominated by intense “white

line” (WL) spectral features at the edge onsets.’-¢ These WL-features are due to transitions
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into empty d final states and can be used as a probe of the d occupancy through both their
spectral distribution and chemical shift. In the case of 4d transition metal compounds,
with octahedral ligand coordination, the 4d-orbitals are split into a lower lying 6-fold-
degenerate t;, and excited 4-fold-degenerate e, states. To first-order this ligand field
splitting is reflected in a splitting of the 4d-L,3;-edge WL-features in such compounds
into a bimodal A(t,, related)/B(e, related) structure (see the A and B features and Figure
S5). This splitting is illustrated in Figure S5 for the L; edges of 4d-row perovskite related
compounds.’® It should be noted that the intensity of the A(ty, related) feature
systematically decreases, relative to the B(e, related) feature, as the 4d configuration
increases from 4d° to 4d* (i.e. as the t,, hole count decreases from 6 to 2). It is worth
noting that while the ligand field split levels and systematic 4d-occupation trends are
apparent in such compounds, multiplet and spin orbit interaction effects can also be

discerned in 4d-row compounds.’

S R T B e B L
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Figure S5. The M-L; edges of a series of T4g compounds (with octahedral O-ligand symmetry), T4 = Zr,
Nb, Mo, and Ru, with d-occupancies varying from d° to d*. For comparison, the spectra have been
nominally aligned to the A-(t,, related) feature. Note the systematic decrease in the A-feature intensity,

relative to the B-(e, related) feature as the d-count increases (i.e. as the d final state hole count decreases).



The first conclusion of the XANES is that it supports the LSNMR formula with the
nominal formal valences of Ni?*-Mn**-Ru’', with the caveat that integral valence states
in the solid-state environment are a substantial oversimplification. A configuration of the
Ni%* is strongly supported. A configuration of close to Mn*" is evidenced with a
quantitative estimate of Mn37" being motivated by main-edge peak position. A
configuration of close to Ru®* is evidenced, but with the possibility of a somewhat smaller
value based upon the chemical shift.

The main-edge evidence for the more precise estimate of Mn37" does have an empirical
basis and should be noted. In this regard it is worth noting that the weighted average of
the SEM and TEM stoichiometries [Lag go3)Sto.24(3)Nio.s(1yMng 27:3)Rug22(3/0x] would
almost precisely agree with Ni?" - Mn37* - Ru>" if x = 3. In view of the uncertainties, this
stoichiometry/Mn-valence is likely fortuitous, but it emphasizes that the question of a
possible Mn-valence somewhat lower than 4+ in LSNMR must remain open. The
evidence for a Ru-valence slightly less than 5+ is less strong, but should also be

considered an open question.
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S5. Electrochemical Performance

S5. 1. Electrochemical impedance spectroscopy (ELS)
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Figure S6. Nyquist plot of LSNMR from an electrochemical impedance spectroscopy experiment at open

voltage.

S5.2. RRDE measurement to determine the production of H,0; during the ORR.
The ORR can proceed via 4 electrons (O, — H,0) or 2 electrons (O, — H,0,) and the
relative production of H,O, was assessed using a RRDE with a Pt ring at 1.2 V during the
ORR reaction. At 1.2 V, the H,0, eventually formed during the ORR, produces O, at the
Pt ring, giving oxidizing currents. The H,O, fraction formed is calculated from the
formula:

2ig

— (S1)

iD“"ﬁ

XH202 =

where ip is the current obtained at the disk and iy is the current obtained at the Pt ring. N
is the ring’s efficiency, set at 26 %. The number of exchanged electrons is then calculated

from:

%H,0
2 2) (Sz)

ne=4—(50%

The RRDE measurement (Figure S7) shows that 6% of the product obtained during ORR
18 HzOz.
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Figure S7. RRDE ORR measurement with the Pt ring settled at 1.2 V.

S5.3. ECSA

The electrochemically active surface area (ECSA) was calculated by the double-layer
capacitance of LSNMR without active carbon. We performed cyclic voltammograms at
different velocities close to the “open circuit potential” in Ar, where it is suppose that the
measured currents are due to double-layer charging. ECSA was recorded at 200, 100, 50,
20 and 10 mV/s between 0.78 and 0.98 V vs. RHE (Figure S8). The double-layer charging
current would be equal to the product of the scan rate (v) and the double-layer capacitance
(Cq) as i.=vCq. If i, is plotted as a function of v, then the slope will be C4, and ECSA
will be ECSA= Cy/ Cs; where Cg is the specific capacitance of an atomically flat planar
surface of the material per unit area under identical electrolyte conditions. Since this value

is not well established for oxides we used 0.06 mF/cm?, used in several references for

0.1M KOH.” The ECSA obtained was 2 cm?.
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S5.4. Intrinsic Activity
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Figure S8. ECSA calculations of LSNMR.

E/V

Y]
<

[
th
1

oxide

)
ya

g
<
!

—
h
1

1.0 1

0.5 4

0.0

Intrinsic Activity / mAcm’

-0.5 1

-1.0

T ' T | ' T
04 0.8 1.2 1.6

E-iIR/V

Figure S9. ORR and OER Intrinsic Activities of LSNMR.

S5.5. ORR Kinetic current and Mass Activity.

Intrinsic activities (i, in mAcm2.;q.) Were calculated by normalizing i to the actual

specific surface area of the oxide deposited on the electrode with the following equation:
(S3)

where BET 4. 15 the specific surface area of LSNMR, namely 2 m?/g, obtained from the
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ORR kinetic current (i) are calculated from the Koutecky—Levich equation:

iF X iim

i = — (s4)

iF — Lim
where i is the Faradaic current and ij;, is the limiting current. Using the kinetic current

we calculate the mass activity of LSNMR (Figure 3b of the main text):

i
im=— (S5)

Yoxide

.6. RRDE measurement to determine the production of O, during the OER.
We performed RRDE measurement during the OER in an electrolyte free of O,, with the
Pt ring settled at 0.4 V. At this potential the O, produced during the OER reaction will be

reduced on the Pt ring and give a reducing current (see Figure S10).
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Figure S10. RRDE OER measurement with the Pt ring settled at 0.4 V to observe the reduction of the O,
formed during the OER reaction.

S-13



S6. BET Surface Area
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Figure S11: La, 5Sry sNiMng sRu, 50 BET surface area plot.

S7. Computational Details

We performed the DFT calculations with VASP,® with the projector augmented wave
(PAW) approach,’ the GGA-PBE exchange-correlation functional,'® and Dudarev’s
DFT+U formalism!! with U, values of 6.01 eV for Ni, 4.46 for Mn, and 6.70 for Ru ions.
For Ni and Mn the values used are the average of those reported by Ceder and co-
workers!? for various Ni- and Mn-containing compounds. For Ru we used the value
reported by Xu et al.!3

We used 2x2 (001) perovskite slabs to simulate the surfaces (4 atomic layers thick: atoms
in the topmost two layers and the adsorbates were fully relaxed, whereas the bottommost
two were fixed at the equilibrium bulk distances, please refer to Figure S12), which
contained four formula units in each case, with 4x4x1 k-point grids and a plane-wave
cutoff of 450 eV. We added ~15 A of vacuum in the z direction to avoid interactions
between periodically repeated slabs. As shown in previous works, this setup suffices for

the adsorption energies to be converged within 0.05 eV.!4-16
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top view LSNMR components:

front view lateral view

Figure S12. Top, front and side views of the LSNMR slabs under study. The colour code for each

component is provided in the figure.

The calculations were made spin unrestricted in all cases. The relaxations were made with
the conjugate-gradient scheme with k37 = 0.01 eV and Gaussian smearing, taking the
energies extrapolated to 0 K, until the maximal force on the relaxed atoms was 0.05 eV/A.
H,0 and H, were calculated in boxes of 15 A x 15 A x 15 A and a 1x1x1 k-point grid
with k37T = 0.001 eV. The Gibbs energies were approximated as: G = Epgr + ZPE - TS,
where Eppr and ZPE are the DFT-calculated total and zero-point energies respectively,
while 7§ are entropic corrections for fluid-phase species. For H,O(l) and Hy(g) the 7S
corrections are 0.67 and 0.40 at 298.15 K,!7 while the ZPEs for H,O and H, are 0.58 and
0.28 ¢V.!7 The ZPEs for *O, *OH and *OOH are 0.07, 036 and 0.43 eV.

To describe the energetics of (H™+e") in terms of 2H,(g) we used the computational
hydrogen electrode.!® Details on the construction of scaling-relation-based volcano plots
appear  elsewhere.!® We  assume that the OER  mechanism  is

OH™ —*OH —*0 —*OOH — O, . The OER overpotential is calculated as:

Nosz =Max(AG,,AG,,AG,,AG,)/ e~ E° (S6)
where AG, =AG,,, AG,=AG,-AG,,, AG,=AG,,, —AG,, AG,=4E"-AG,,,, and
E’ =123V is the equilibrium potential of the reaction. Note that AGg is the reaction
energy of *+H,0—>*O+2H" +2¢, AGoy is the reaction energy of

*+H,O0—>*OH+H" +e¢, and AGgoy 1s in turn the reaction energy of
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*+2H,0 —*OOH +3H" +3e” . From the acid-based reference of the adsorption energies
to the alkaline one is based on the reaction H,0 - H* + OH ", which has a free energy of

0.83 eV. Note that the use of either scale has no influence on the predicted overpotentials.

The electrochemical-step symmetry index (ESSI) is defined as follows for the OER:2°
ESSI = [lz AG:j—EO (87)
n-;

where AG' are the adsorption energies in AG, to AG, larger than E°=1.23 V. For

instance, the adsorption energies of *O, *OH, and *OOH for Ru sites at LSNMR (Ru @
LSNMR) are 2.27, 0.54, and 3.89 eV, according to Table S3. 0.54, 1.73, 1.62 and

LSNMR

1.03 eV, so that the overpotential is 775, =1.73-123=050V and
ESSIZAM™ =(1.73+1.62)/2-1.23=0.44 V.,
If the ORR is assumed to proceed as: O, - *O0OH — *O —*OH — OH ", one can make an

analogous analysis so as to be able to calculate norr, ESSIorr?? and the bifunctional index

as:
BI = 1oxx + Nore (S8)
Table S3 contains AGo, AGon, AGoon, ESSIogr, ESSIorr, Noer and norg for the different
sites on LSNMR.

Table S3. Adsorption energies (eV) of *O, *OH and *OOH on the different sites of LSNMR, ESSI values
(V) and calculated overpotentials (V) for the OER and the ORR. The values in bold are used to determine
the BI of LSNMR.

description AGy  AGon AGoon ESSIoer Moer  ESSIorr  Morr
Ni@LSNMR 3.71 1.47 4.41 0.62 1.01 -0.62 0.72
Mn@LSNMR 3.12 0.96 4.08 0.93 0.93 -0.31 0.39
Ru@LSNMR 2.27 0.54 3.89 0.44 0.50 -0.44 0.69

In Figure S13 we provide the correlation between AESSI = ESSI and BI for

OER

— ESST

ORR
Ru, Ni and Mn sites at LSNMR, the best combination of those made from Mn sites for
the ORR and Ru sites for the OER, and additional data from the literature for other oxides:
Ru0,,!¢ IrO,,'¢ MnOy, !¢ Co,Oy,!% 2! and Pt(111)/PtO,.1% 22 For Pt(111) we extrapolated
the data in ref.?? from the fully solvated environment to the onset potential conditions
where high adsorbate coverages are expected to weaken the adsorption energies of *O,

*OH and *OOH at least by ~0.4, 0.19 and 0.17 eV. Following the surface Pourbaix
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diagrams, for Co,O, we used the OER data for CoOOH and the ORR data for Co30s.
Likewise, for MnO, we used the OER data for MnO, and the ORR data for Mn,O;. The
mean absolute error (MAE) between the linear fit and the data is only 0.10 V. The
experimental data in the inset of Figure 4 in the main text was taken from this study for
LSNMR and from various references for the other materials (RuO,,?* MnO,,?* Pt/C,?

1r0,,%5 Co,0,2).
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Figure S13. Correlation between AESSI and the DFT-calculated BI for several electrocatalysts in this study

and the literature (see this SI for the data sources).
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S8. Post Mortem TEM Study

S8.1. Postmortem ORR study

Figure S14. a) EDX of the amorphous regions around the perovskite particles. b) TEM of a particle covered
by carbon.

S8.2. Postmortem OER study

Figure S15. a) HR-TEM image of an isolated degraded particle after 500 OER cycles. b) FFT filtered
image of the HR-TEM using only the reflections corresponding to the perovskite, showing that the
periodicity of the structure is maintained in the bulk, and c) filtered image of the HR-TEM with the rest of

reflections, indicating the presences of nanoparticles and high disorder mainly at 5-10 nm in the surface.
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