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Design principles for oxygen-reduction activity
on perovskite oxide catalysts for fuel cells and

metal-air batteries

Jin Suntivich’, Hubert A. Gasteiger?'*, Naoaki Yabuuchi?, Haruyuki Nakanishi3, John B. Goodenough*

and Yang Shao-Horn'?*

The prohibitive cost and scarcity of the noble-metal catalysts needed for catalysing the oxygen reduction reaction (ORR)
in fuel cells and metal-air batteries limit the commercialization of these clean-energy technologies. Identifying a catalyst
design principle that links material properties to the catalytic activity can accelerate the search for highly active and
abundant transition-metal-oxide catalysts to replace platinum. Here, we demonstrate that the ORR activity for oxide
catalysts primarily correlates to o*-orbital (e,) occupation and the extent of B-site transition-metal-oxygen covalency,
which serves as a secondary activity descriptor. Our findings reflect the critical influences of the o* orbital and metal-
oxygen covalency on the competition between O, /OH™ displacement and OH™ regeneration on surface transition-metal
ions as the rate-limiting steps of the ORR, and thus highlight the importance of electronic structure in controlling oxide

catalytic activity.

depletion of petroleum resources, developing renewable

energy production and storage technologies represents one
of the major scientific challenges of the twenty-first century. A criti-
cal element in the pursuit of this quest is the discovery of efficient
and cost-effective catalysts for use in electrochemical energy conver-
sion processes’? such as the oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR), both of which are central to the
efficiencies of direct-solar’ and electrolytic water-splitting®®
devices, fuel cells® and metal-air batteries”®. Although Sabatier’s
principle provides a qualitative argument for tuning catalytic
activity by varying the bond strength between the catalyst surface
and the reactant/product (neither too strong nor too weak,
leading to maximum activity at moderate bond strength), it has
no predictive power to find catalysts with enhanced activity.
Recent ab initio® and experimental studies'®!! have identified a
unique catalyst property (‘activity descriptor’) that governs the
strength of the metal-oxygen bond and the ORR activity of plati-
num-based metals in acid (O, + 4H" +4e” — 2H,0).
Controlling the ORR activity descriptor—the d-band centre relative
to the Fermi level*!>—has quantitatively led to the discovery of
promising new platinum-based catalysts for ORR in proton
exchange membrane fuel cells (PEMFCs)!*13,

Alkaline fuel cells and metal-air batteries, which use transition-
metal oxides for catalysing the ORR (O, 4+ 2H,0 +4e~ — 40H ),
offer an alternative solution to PEMFCs. Oxides have shown reason-
ably high activity for the ORR in fuel cells!*!° and the OER in water
electrolysis™! and direct solar water splitting!” at neutral and high
values of pH. However, a lack of fundamental understanding of
the ORR mechanism and the material properties that govern

D riven by growing concerns about global warming and the

catalytic activity hampers the development of highly active oxide
catalysts. In this Article, we report a volcano relationship between
a material property that serves as the activity descriptor and the
intrinsic ORR activity of perovskite-based oxides. Such information
has predictive power and provides insights into the design of new
catalysts with enhanced ORR activity similar to those reported for
platinum-based metals!®113,

We take advantage of the flexibility of the physical-chemical and
catalytic properties of the perovskite family, where A sites with rare-
earth metal ions and B sites with transition-metal ions can allow
partial substitution to form AA'BB'O, (Fig. 1a) to experimentally
examine a large number of oxides (15 total) to establish a catalytic
descriptor for ORR. Matsumoto et al.!®2° and Bockris and
Otagawa®! have reported geometric currents of perovskites in
thick, porous electrodes as a function of potential, but the intrinsic
specific ORR activity (kinetic current densities normalized to cata-
lyst surface area) necessary for ORR mechanistic discussion is not
available. We have recently reported a methodology using a thin-
film rotating-disk electrode with well-defined oxygen transport!®
to allow a precise comparison of the ORR activities of different tran-
sition-metal oxides. This method yields a more accurate determi-
nation of the intrinsic ORR activity than that estimated from the
data reported by Bockris and Otagawa'®, as oxygen mass transport
resistances in thin-film electrodes are much better compensated
than thick electrodes with very high internal surface area. In this
Article, we apply this methodology to assess the ORR activity of
15 perovskite-based oxides with various A-site (La,_,Ca,BO;,
La,, ,BO;, ) and B-site (LaB,_,B.O;) substitutions, which is used
to identify the material properties (descriptors) that govern their
intrinsic ORR activities. Here we use the molecular-orbital approach
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Figure 1| ORR activity of perovskite transition-metal-oxide catalysts. a, ABO; perovskite structure. b, Oxygen reduction activity of LaCuy sMng 505
electrode in O,-saturated 0.1 M KOH at 10 mV s~ scan rate and rotation rates of 100, 400, 900 and 1,600 r.p.m. The Koutecky-Levich analysis (inset) of
the limiting currents (0.4 V) indicates a 4e™ transfer reaction. ¢, Specific activities of LaCuy sMng 505, LaMnO;, LaCoO5 and LaNiO5. The potential at

25 pA cm;x2 is used as a benchmark for comparison (shown as the intersection between the activity and the horizontal grey dashed line). d, Potentials at
25pA cmo_x2 of the perovskite oxides have an M-shaped relationship with d-electron number. Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe,
grey; Co, green; Ni, blue; mixed compounds, purple), where x =0 and 0.5 for Cr, and 0, 0.25 and 0.5 for Fe. Error bars represent standard deviations of at

least three measurements.

to identify descriptors for the ORR activity of oxides, in contrast to
the hypothesis proposed previously by Matsumoto et al.'*-2%, which
is based on the conjecture that the ORR activity of oxide electrodes
can be greatly influenced by the formation and filling of a o* band
between the e, orbital of bulk transition-metal ions and a molecular
orbital of surface oxygen. The application of the molecular-orbital
approach to these perovskites is supported by a large number of
reports that the surface of transition-metal oxides favours electron
localization over the bulk itinerant electron state?>-?%. Herein, we
show that the primary descriptor that governs the ORR activity of
the 15 perovskites examined in this work is the extent of o*-antibond-
ing (e,) orbital filling of surface transition-metal ions. This hypothesis
is further supported by increasing ORR activity with greater
hybridization of the B-O (B-site-metal and oxygen) bond, as
revealed by O K-edge X-ray absorption spectroscopy (XAS) analysis.

ORR activity measurement of perovskites

The ORR currents of a LaCu,sMn,;O; thin-film electrode at
various rotation speeds are shown in Fig. 1b, as an example. The
onset of the ORR occurs at ~0.8 V versus RHE (reversible hydro-
gen electrode), and an oxygen-transport-limited current appears at
potentials below ~0.5 V versus RHE. The slope of the Koutecky-
Levich plot in the mass-transport-limited region (0.4 V versus
RHE, Fig. 1b inset) has a value of ~11mA™'cm? s~ '/?),
which indicates a 4e” reduction of oxygen to water'>?>. The
mass-transport correction to the oxygen diffusion overpotential
was applied to all measurements to obtain the ORR kinetic currents
as outlined in our previous work!®. The surface-area-normalized
kinetic current densities of four representative oxides, termed
specific activity i (ref. 15), are plotted as a function of voltage in
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Fig. lc. Because all 15 oxide catalysts had comparable Tafel
slopes of ~60 mV per decade (Supplementary Fig. S1), the
dashed line in Fig. 1c shows that the intrinsic activity for each cat-
alyst can be assessed by the potential to achieve a given specific
ORR current (25 uA cm_?). For LaCuysMn,;0;, LaMnOs;,
LaCoO; and LaNiO;, this specific activity current can be reached
at potentials of 781(+15), 834(+24), 847(+3) and 908(+8) mV
versus RHE, respectively. A higher potential indicates higher electro-
catalytic activity for a given oxide. It is interesting to note that oxides
such as LaMnO;_, 5 and LaNiO; have intrinsic ORR activity compar-
able to state-of-the-art Pt/C (Supplementary Fig. S2).

ORR activity descriptor identification

To identify an ORR activity descriptor, we begin by examining the
relationship between the 3d-electron number of B-site ions and
ORR activity with the hypothesis that the 3d-electron number,
which represents the antibonding electron occupation of the B-O
bond, can influence B-O, interaction strength!'® (Supplementary
Scheme S1). This hypothesis is supported by the recent observation
that the adsorption energy trend of B-O, can be approximated by
that of B-O (ref. 26). Interestingly, the comparison between the
ORR activity of the perovskites and the d-electron number per B
cation (Fig. 1d) reveals an M-shaped relationship with the
maximum activity attained near d* and &’, which resembles the
trend reported for the oxidation activity of gas-phase CO and
hydrocarbon on perovskites?”-%,

We further show that the intrinsic ORR activity of all the oxides
exhibits a volcano shape as a function of the e,-filling of B ions.
Assuming that the O, molecule probably adsorbs on the surface
B sites end-on (Fig. 2b), the e, orbital directed towards an O,
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Figure 2 | Role of e, electron on ORR activity of perovskite oxides.

a, Potentials at 25 WA cm_? as a function of e, orbital in perovskite-based
oxides. Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe, grey;
Co, green; Ni, blue; mixed compounds, purple), where x =0 and 0.5 for Cr,
and 0, 0.25 and 0.5 for Fe. Error bars represent standard deviations. b, The
shape of the e, electron points directly towards the surface O atom and
plays an important role during 022_/OH_ exchange. O, B and H atoms are
coloured red, blue and green, respectively.

molecule overlaps the O-2p . orbital more strongly than the overlap
between the t,, and O-2p,. orbitals, suggesting that the filling of
e, rather than ,, of the B-ion should more accurately determine
both the energy gained by adsorption/desorption of oxygen on B
ions and the ORR activity if such an adsorption/desorption
process was involved in the rate-limiting step of the ORR. This
conjecture is supported by the correlation between increasing e,
filling and decreasing onset temperature for oxygen release
(measured by O, temperature-programmed desorption), in the
order LaCrO, (eg =0) > LaMnO, (eg = 1)~ LaCoO, (eg ~ 1)~
LaNiO; (e;~1) > LaFeO; (e, =2)*, which is indicative of the
strength of bonding between B-site cations and oxygen. We have
taken into account whether partial substitution on the A or B
sites features charge compensation via oxygen vacancy or changing
of the B-ion valency in the e, calculation of surface B ions, deter-
mined from a combination of literature data, thermogravimetry
and XAS (Supplementary Figs $3,54 and Table S1). Plotting
ORR activity as a function of e filling produces a definitive
volcano plot (Fig. 2a) with a voltage span of 0.25 V, which corre-
sponds to a change of ~4 orders of magnitude in intrinsic ORR
activity (using an ~60 mV/decade Tafel slope.)

Proposed ORR mechanism

We explain the volcano trend in the oxide ORR activity as follows.
Too little e,-filling in La, ,Ca,CrO; (¢3¢ for x =0, t57¢) for x =
0.5) can result in B-O, bonding that is too strong, whereas too
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much e,-filling in La, ,CaFeO, (54e3 for x=0, frye;”° for x=
025, tgeg” for x=0.5) and La, , NiO; ., [(LaNiO;),_,(La,NiO,),,
with (1-x) tggeé +x tggeg] can lead to an O, interaction that is too
weak; neither situation is optimum for ORR activity. On the
other hand, a moderate amount of ¢,-filling (~1) in La, ,Ca,MnO,
(tggeé for x=0, tggeg's for x=0.5), LaCoO, (tgge;) and LaNiO, (tggeé)
yields the highest activity. The striking correlation between eg-filling
and four orders of magnitude of ORR activity suggests that the
e,-filling represents a unifying and primary descriptor for the
ORR activity of these oxides. The importance of e,-filling also
explains the origin of the peaks at high-spin d* and low-spin &’ in
the M plot of ORR activity versus the number of d electrons
(Fig. 1d): both have e,-filling ~ 1. The M shape thus arises from
the spin-state transition on the B ions from high spin (d <6) to
low spin (d > 6).

The importance of a single e, electron for ORR catalysis can be
molecularly explained by the previous proposal that competition
between the O,>"/OH ™ displacement (Step 1) and OH ™ regener-
ation (Step 4) on the surface of transition-metal ions is rate-limiting
for ORR in an alkaline solution®® (Fig. 3). In this scheme, B is a tran-
sition-metal cation with an e, electron ordered into an orbital
directed towards the surface OH ™ ion. As a first order of approxi-
mation, the kinetics of the 0,>"/OH ™ exchange can be rationalized
in terms of the energy gained by breaking the B-OH ™ bond to form
B-0,". The presence of a single e, (Supplementary Scheme S2) rep-
resents a o* electron that can serve to destabilize the B-OH ™ bond
and promote the O,”"/OH ™~ exchange reaction. The displacement
of the OH™ ion that encounters a o* electron in the B-OH™
bond by the O, +e " (or O, 4, ) species removes the highly ener-
getic o* electron from the B-OH™ bond to give a more stable
B-O,  configuration. If the e, electron filling is more than 1 (the
right branch in Fig. 2a), the O,> /OH™ exchange does not gain
sufficient energy during the displacement and the ORR kinetics
can be limited by the rate of the O, /OH exchange (Step 1).
In contrast, if there is less than one e, electron on the B cation
(the left branch in Fig. 2a), the B-O? is not sufficiently destabilized
and the ORR kinetics can instead be limited by the rate of surface
OH™ regeneration (Step 4).

Although our observation of the importance of o*-electron
transfer to O, in ORR activity is in qualitative agreement with the
previous hypothesis of Matsumoto et al.'%2%, our work offers a
quantitative correlation between the e,-filling of surface transition-
metal ions and intrinsic ORR activity of up to four orders of mag-
nitude, and predicts e, ~ 1 to be key for developing the highest
activity. In addition, an important distinction of our analysis is
the assumption of a localized e, electron in an orbital directed

g
towards an O, molecule from the surface B cations instead of

. OH~
OH | 0,+e
m+
0—B=—0
H,O+e” 4 1 OH~
o* 00%
Lime 1y Jire1y+
0—B—0 0—B—0
o \3 OOH 2/ —H,0+e
| e
0—B—0
e OH-

Figure 3 | Proposed ORR mechanism on perovskite oxide catalysts3®. The
ORR proceeds via four steps: 1, surface hydroxide displacement; 2, surface
peroxide formation; 3, surface oxide formation; 4, surface

hydroxide regeneration.
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traditional band theory!'8-2. In the following text, we discuss many
works that have provided evidence in support of this assumption. In
the case of LaNiOj;, which has itinerant bulk o* electrons, the site
symmetry of the bulk rhombohedral structure in LaNiO; does not
permit localization of an e, electron in the bulk; however, the sym-
metry of a surface B site becomes tetragonal, which allows ordering
of a localized e, electron so as to be directed towards the surface
anion species. This phenomenon is also demonstrated in low-temp-
erature LaCoO;, where e, localization gives rise to the ferromagnetic
surface intermediate-spin Co(lll):tggegl, despite the low-spin
Co(HI):tggeg bulk phase®*. A similar argument applies to the metallic
system La,_ Sr. MnOj,, which exhibits a transition with increasing x
from localized e, electrons to a narrow o band on the high-spin Mn
atoms in the bulk?. Here, localization of the surface e_ electrons is
stabilized by a reduction in the number of Mn near-neighbours as
well as by site symmetry.

B-O covalency on ORR activity

To further support that the e,-filling of surface B ions governs ORR
activity, we examined the influence of the covalency of the B-O
bond of the perovskites on the ORR activity. A stronger covalency
of the B-O bond should increase the driving force and thereby
facilitate the O, /OH™ exchange on the surface B ions, which
can be considered as the rate-limiting step of ORR for oxides
(Fig. 3). To quantify the B-O bond covalency of the perovskites,
we performed O K-edge XAS, which revealed excitations from the
O 1s orbital to unoccupied states above the Fermi level from
regions within ~10 nm of the surface (50% of the signal comes
from the top 1 nm; ref. 31). The O K-edge spectra collected from
selected perovskites (Fig. 4a) consist of two major excitations:
O 1s — B 3d - O 2p bands from 527 to 533 eV, and O 1s — La
5d - O 2p bands from 533 to 537 eV (ref. 32). The specificity of
the Is — 2p excitation in the former permits quantification of
the covalency or hybridization (8%) effect of the perovskites in
this study (see Supplementary Methods). We found that the hybrid-
ization generally affects the ORR activity positively (Supplementary
Fig. S5). To probe the effect of hybridization on the ORR activity
without interference from the e,-filling effect, we plotted the influ-
ence of the hybridization parameter on the ORR activity of perovs-
kites at constant e,-filling in Fig. 4b. Increasing hybridization
positively affects ORR activity (Fig. 4b), which is in agreement
with the molecular picture of the proposed ORR mechanism.

Conclusions

This work shows that the design principle for enhancing the ORR
activity of transition-metal-oxide perovskites is an e,-filling having
a value of ~1 for maximum activity, which can be further improved
by increasing the covalency between the metal 3d and oxygen 2p
orbitals. Our findings can be explained by competition between a
rate-limiting O, /OH ™~ exchange (Step 1 in Fig. 3) and the regen-
eration of OH™ on the surface (Step 4 in Fig. 3). This exchange
depends on the energy gained by transferring a single o*-antibond-
ing e, electron of the B-OH ™~ bond to the 0,2~ adsorbates, thereby
stabilizing the displacement. The greater the covalent contribution
to the B-O,?~ bond, the greater the energy realized by the exchange
to stabilize the adsorbate, and therefore the faster ORR kinetics.
This work shows that tuning surface electronic structure features
such as transition-metal eg-filling and covalency is a promising
strategy in developing highly active non-precious-metal-containing
oxide catalysts for oxygen reduction in electrochemical conversion
and storage devices. Considering the synergism between the
OER and the ORR expected from the pioneering ab initio works
of Rossmeisl et al.®®, these descriptors could also influence the
OER activity of oxides, and such a study would test the validity
of the proposed influence of e,-filling of transition-metal ions on
O, electrocatalysis.
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Figure 4 | Role of B-O covalency on the ORR activity of perovskite oxides.
a, O K-edge XAS of LagsCagsFeO3, Lag sCag sCo05 s, LaMnO;, LaCoO5 and
LaNiOs. Pre-edge bands, corresponding to the transition to the Me 3d and O
2p unoccupied bands, are shown with linear backgrounds. b, Potentials at

25 pA cmgx2 as a function of the B-O covalency, which is estimated by the
normalized absorbance (see Supplementary Methods) at e,-filling =1. Error
bars represent standard deviations of at least three measurements.

Methods

Material synthesis. The perovskites samples used in this study were synthesized
using a co-precipitation method. Rare and alkaline earth nitrate and transition-metal
nitrate (both 99.98%, Alfa Aesar) in a 1:1 mole ratio were mixed in Milli-Q water
(18 M{) cm) at a metal concentration of 0.2 M. The solution containing rare and
alkaline earth and transition metals was titrated with 1.2 M tetramethylammonium
hydroxide (100% Alfa Aesar). The precipitate was filtered, collected and dried. The
powder samples were subjected to heat treatment at 1,000 °C under an Ar
atmosphere for the La, ,Ca, MnO; (x =0, 0.5) and La, ;Ca, ;CrO;, LaNi, sMn, ;0
and LaCu, ;Mn, ;05 samples, at 1,000 °C under a dry air atmosphere for LaCrO;,
La,_,Ca,FeO; (x=0, 0.25, 0.5), La,_,.Ca CoO; (x=0, 0.5), La;Ni,O, and
La,Ni;O,, samples, and at 800 °C under an O, atmosphere for the LaNiO; sample.
LaMnOj,_, 5 was prepared from an 800 °C heat treatment of LaMnO; in air. La,NiO,
was synthesized in two steps: heated at 1,000 °C under an air atmosphere and then at
800 °C under an Ar atmosphere. All gases were ultrahigh-grade purity (Airgas). All
samples were characterized by X-ray diffraction to determine phase purity with a
Rigaku high-power rotating anode X-ray powder diffractometer at a scan rate of
0.8° min~'. All X-ray diffraction data and refined lattice parameters are shown in
Supplementary Table S2. All oxides used in this study had a single phase except
LaNiO;, where <2% of NiO was present. Average particle sizes with standard
deviations and estimated surface area values were quantified using a Philips XL30
FEG ESEM (FEI-Philips) and are listed in Supplementary Table S3.

Electrode preparation. Glassy-carbon electrodes (diameter, 5 mm; Pine
Instrument) were polished with 0.05 wm alumina slurry (Buehler) to obtain a mirror
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finish. Perovskite oxides were mixed with acid-treated acetylene black (Chevron) at a
mass ratio of 5:1. Catalyst ink was prepared by mixing perovskite oxides and
acetylene black with tetrahydrofuran (99.9 4 % Sigma-Aldrich) and an appropriate
amount of neutralized Nafion (5% weight, Ion power) as described elsewhere'®. The
electrode had a final composition of 250 pg, ;4. CMyia 50 s cMy and

-2
50 W8Nafion CMgigke

Electrochemical characterization. Electrochemical measurements were conducted
with a rotating-disk electrode (Pine Instrument). All measurements were collected in
a 100 ml solution of 0.1 M KOH, prepared from Milli-Q water (18 MQ) cm) and
KOH pellets (99.99% weight, Sigma-Aldrich), with a VoltaLab PST050 potentiostat.
In this work, error bars represent standard deviations from at least three
independent repeat measurements. Analysis of ORR kinetic currents has been
described in our previous work'®, and specific ORR activity was obtained by
normalizing the kinetic current with the surface area of each oxide estimated from
scanning electron microscopy (SEM) images (Supplementary Table S3). Because the
errors associated with the estimation of surface area (Supplementary Table S3) were
smaller than experimental uncertainty in the intrinsic ORR activity of oxides from
our rotating disk electrode (RDE) measurements (~30 mV standard deviation in
Fig. 2a, translating to a change by a factor of ~3.2 in ORR current density
normalized to the oxide surface when considering a Tafel slope of 60 mV /decade),
the ORR trend and values presented in Fig. 2 were not affected significantly by errors
in the oxide surface area. In addition, Brunauer-Emmett-Teller (BET)
measurements of the surface areas of selected oxides showed reasonable agreement
with those estimated from the SEM images (for example, LaNiO,, 5.6 m® g~ ' from
BET measurements versus 3.5 m” g ' estimated from SEM images). Moreover, it
should be noted that the specific ORR current densities for LaCrO; and LaFeO, were
comparable to the ORR activity of acetylene black (background ORR activity), taking
into account experimental uncertainty'®, so the ORR activity values reported here
can only be regarded as upper limits for these two oxides. Furthermore, the ORR
activity results obtained from thin-film RDE measurements can be well translated to
the actual performance of an air electrode in fuel cells and metal-air batteries, as
shown previously for PEMFCs*.. Finally, preliminary stability testing of the most
active oxide, LaMnOj 4, revealed only very small changes in ORR activity (smaller
than the experimental uncertainty in the RDE measurements shown in Fig. 2a) over
3.5 h of continuous cycling between 0.7 and 1.0 V versus RHE, suggesting that
oxide materials can serve as reasonably stable ORR catalysts in fuel cells and
metal-air batteries.
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