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ABSTRACT: Rechargeable metal—air batteries have attracted a
great interest in recent years because of their high energy
density. The critical challenges facing these technologies include
the sluggish kinetics of the oxygen reduction—evolution
reactions on a cathode (air electrode). Here, we report doped
lanthanum nickelates (La,NiO,) with a layered perovskite
structure that serve as efficient bifunctional electrocatalysts for
oxygen reduction and evolution in an aqueous alkaline
electrolyte. Rechargeable lithium—air and zinc—air batteries
assembled with these catalysts exhibit remarkably reduced
discharge—charge voltage gaps (improved round-trip efficiency)

as well as high stability during cycling.
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B INTRODUCTION

Rechargeable metal—air batteries based on lithium—oxygen and
zinc—oxygen chemistries have higher theoretical energy density
than state-of-the-art lithium-ion batteries." ™ If successfully
developed, they could enable electric vehicles with driving
ranges similar to those of gasoline-powered vehicles. During
discharge, a metal-air battery generates electricity through an
oxidation reaction of a metal anode (Li or Zn), and a reduction
reaction of oxygen (O,) on a porous cathode. The reverse
reactions occur upon charge. Metal-air batteries under develop-
ment suffer from slow rates of the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER), which results
in large discharge—charge overpotentials (i.e., large voltage gaps
and low round-trip efficiency).””* Thus, reducing the over-
potentials for both ORR and OER via “bifunctional” electro-
catalysts is of great importance for improving round-trip
efficiency and cyclability.

The catalysts that have been typically utilized for ORR and
OER are made up of precious metals, such as Pt and Ir.*~” Their
high cost, however, limits widespread use in large-scale
applications. Significant progress has been made over the years
in the development of cost-effective catalysts based on mixed
transition metal oxides.®™"” Among various types of metal oxides,
perovskites have recently received a lot of attention due to their
high catalytic activity and stability in aqueous alkaline electro-
lytes.">'*~'7 Yang et al.'* synthesized the Srg5CeqsC0O;
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(SCCO) perovskite catalysts loaded with Cu and demonstrated
their bifunctionality in rechargeable Li—air batteries. They
reported a considerable improvement in the round-trip efficiency
of a battery with the SCCO-Cu catalyst compared to that of a
catalyst-free battery. Several studies have also reported bifunc-
tional ORR-OER activity for nanostructured Lag¢Ca,y,Co0O;,"*
LaNiO,,"® and Lay¢Sry,MnO, catalysts,16 suggesting that these
catalysts can enhance the round-trip efficiency of metal-air
batteries. As mentioned above, the investigations into perovskite-
type catalysts for metal-air batteries to date have mainly focused
on “simple” perovskites with the general formula of AMO;,
where A is a rare earth metal and M is a transition metal. A recent
experimental study'” suggested that easily removable oxygen in
the Ruddlesden—Popper-type LaSr;Fe;0,, “layered” perovskite
facilitates the redox reaction of the transition metal, thereby
leading to enhanced ORR and OER activity.

In this work, we report doped lanthanum nickelates
(La,NiO,) with a “layered” perovskite structure that are highly
active for ORR and OER in metal-air batteries. Unlike a simple
perovskite, an A,MO, layered perovskite consists of AMO;
(perovskite) and AO (rock salt) layers alternating in the ¢
direction (Figure 1a)."®' Doping of aliovalent cations onto
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Figure 1. (a) Crystal structure of an La,NiO, layered perovskite. (b) XRD patterns for La,NiO, (LN), La, 4Ca, ;NiO, (LCN-01), La, 4Sro;NiO, (LSN-
01), and La, ;Sry3;NiO, (LSN-03) and (c—e) NPD patterns. The gray symbols in c— e are the observed patterns, and the solid lines represent the
patterns calculated by the Rietveld method. A difference (obsd — calcd) plot is shown beneath.
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Figure 2. Polarization curves of catalyst-free Ketjen Black (KB), La,NiO, (LN), La, yCay;NiO, (LCN-01), La, 4Sr,;NiO, (LSN-01), and La, ;Sr, ;NiO,
(LSN-03) measured for (a) ORR and (b) OER. The RDE measurements were performed in 0.1 M KOH with a scan rate of 10 mV s~ and a rotation rate
of 1200 rpm. Ohmic potential drop was not compensated for in the measurement.

A,MO, controls lattice defects (M** and/or oxygen vacancy)
and thus modifies its catalytic properties. Here, the catalytic
properties of La,NiO, doped with Sr** and Ca®* toward ORR
and OER were investigated in an aqueous alkaline electrolyte,
and the catalysts were then incorporated into the cathodes for
rechargeable Li—air and Zn—air batteries. We demonstrate for
the first time that the doped La,NiO, catalysts exhibit excellent
catalytic performance for both ORR and OER, leading to
improved round-trip efficiency (reduced voltage gap).

B RESULTS AND DISCUSSION

The structural and catalytic properties of A,MO, layered
perovskites can be tailored by doping a wide range of aliovalent
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cations onto the lattice. Taking the ionic radius (r) of La** (r =
0.1216 nm) into account, in this study, we doped La,NiO, with
two different cations that are expected to modify the lattice
structure: (i) Sr** with r = 0.131 nm that is larger than La** and
(i) Ca®>* with r = 0.118 nm that is smaller than La*>*.** The
materials synthesized here are La,NiO, (denoted as LN),
La; 4Cay;NiO, (LCN-01), La,oSry;NiO, (LSN-01), and
La, ,Sr,;NiO, (LSN-03). Figure 1b shows the powder X-ray
diffraction (XRD) patterns of the undoped and doped La,NiO,
catalysts. All of the XRD patterns are consistent with the data for
a K,NiF,-type layered perovskite structure, which confirms that
the partial substitution of Sr** or Ca?* for La** does not destroy
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Figure 3. O 1s XPS spectra of (a) La,NiO, (LN), (b) La, oCa, ;NiO, (LCN-01), (c) La, Sro;NiO, (LSN-01), and (d) La, ;Sr,sNiO, (LSN-03). The
symbols and lines represent the measured and fitted spectra, respectively.

the layered characteristics of La,NiO, perovskites, nor does it
produce any secondary phases.

To gain detailed information on the crystal structures, the
neutron powder diffraction (NPD) patterns of the doped
La,NiO, catalysts were collected and analyzed by the Rietveld
method. For all of the catalysts, a tetragonal symmetry with I4/
mmm space group was considered in which La, Sr, Ca, and O2
atoms are located at 4¢ (0,0,z) sites, Ni at 2a (0,0,0), and O1 at 4¢
(0,1/2,0). As shown in Figure 1c—e, the measured NPD data are
in good agreement with the calculated results. The refined cell
parameters are summarized in Table SI in the Supporting
Information. The following two points should be mentioned
regarding the refined results. First, LSN-01 has a larger ¢
parameter (1.2714 nm) than LCN-01 (1.2676 nm), which results
from the presence of Sr** larger than Ca®". A further increase in
the ¢ parameter was observed for LSN-03. Second, the a
parameter for LSN-03 is smaller than those of LCN-01 and LSN-
01. This indicates an increased oxidation state of Ni in LSN-03,
ie, Ni** (r=0.069 nm) — Ni** (r = 0.060 nm for high spin and r
= 0.056 nm for low spin), as a result of charge compensation for
Sr** doping. The TEM study (see Figure S1 in the Supporting
Information) indicates that spherical particles as large as 60—100
nm were synthesized by the Pechini method. The lattice fringes
with d-spacing values of 0.369 and 0.636 nm correspond to the
(101) and (002) planes, respectively, which is consistent with the
XRD and NPD data. The Brunauer—Emmett—Teller (BET)
surface areas of LCN-01, LSN-01, and LSN-03 were determined
to be 6.3, 3.7, and 4.3 m? g_l, respectively.

The activity of the undoped and doped La,NiO, catalysts for
ORR and OER in an aqueous alkaline solution was evaluated by
rotating disk electrode (RDE) experiments. Figure 2a presents
the polarization (disk current vs potential) curves measured for
ORR in 0.1 M KOH. The catalytic activity judged from the onset
and half-wave potentials increases in the order of LN < LCN-01
< LSN-01 < LSN-03. This indicates that the cation doping
increases the ability to catalyze ORR and that the type and
concentration of the dopant play a critical role in the ORR
activity. Although the catalysis mechanism is not clearly
understood yet, Sr** (larger than Ca** and La®*) seems to
modify the crystal structure (see the NPD result in Table S1 in
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the Supporting Information) in such a way as to enhance the
activity. According to an atomic simulation study by Read et
al,,'"®" Sr** was predicted to be more soluble than Ca?*
(calculated solution energy = ca. —2.75 €V for Sr** vs ca.
—2.50 eV for Ca®"), suggesting that Ni** could be more easily
formed by Sr** doping. The TEM results (see Figure S1 in the
Supporting Information) show no considerable morphological
difference between LCN-01 and LSN-01. Therefore, the higher
catalytic activity of LSN-01 might be attributed to the structural
and electronic properties modified by cation doping rather than
to the morphological difference. Also, higher valence Ni (Ni*")
produced by cation doping is correlated to the activity of
nickelate-based catalysts, namely, the activity increases to some
extent with an increasing Ni oxidation state.'®*' This accords
with our experimental finding that the ORR activity of Sr**-
doped La,NiO, (LSN-03) with an increased Ni oxidation state is
higher than those of LCN-01 and LSN-01. The LSN-03 catalyst
exhibits appreciable ORR activity: the onset and half-wave
potentials for ORR are ca. 0.91 and 0.83 V vs RHE, respectively.

Another important parameter characterizing the catalyst
performance is the number of electrons (1) exchanged during
ORR. There are two pathways for ORR in an alkaline electrolyte:
(i) reduction of O, to OH™ (via four-electron transfer) and (ii)
reduction of O, to HO,™ (via two-electron transfer) followed by
further reduction of HO,™ to OH™ or by desorption of HO,™
into the solution.?” Thus, the four-electron transfer reaction is a
more oxygen-efficient pathway than the two-electron transfer
reaction. The n value for the doped La,NiO, catalysts
determined from the Koutecky—Levich analysis (see Figure S2
in the Supporting Information) varies between 3.6 and 3.9,
whereas n for the catalyst-free KB is about 2.3. This indicates that
ORR on the doped La,NiO, catalysts proceeds mainly by the
four-electron transfer reaction.

The doped La,NiO, catalysts also display considerable activity
toward OER in 0.1 M KOH (Figure 2b). In particular, LSN-03
exhibits higher OER currents over the whole potential range in
comparison with LN, LCN-01 and LSN-01. Previous studies of
OER kinetics on perovskites'*>>** have proposed that the least
energetically favorable (rate-determining) step of OER is surface
OH™ oxidation and that the oxidation states of transition metals
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Figure 4. (a) Polarization curves and (b) cycling performance of the hybrid Li-air batteries assembled with the catalyst-free and La, ,Sr,;NiO, (LSN-
03)-containing cathodes. The Li-air battery consists of a Li metal anode, 1 M LiPF in EC/DMC (1:1), an LTAP solid electrolyte, 1 M LiNO;/0.5 M

LiOH, and a cathode, as shown in the inset of (a).

and chemical properties of the oxide surfaces (e.g, hydroxide
species) have a significant impact on the OER catalysis. The
oxygen evolution on nickelate perovskites could be explained in
terms of the “Bockris reaction path” in which oxygen atoms in the
oxide surface participate directly in OER.>® Generally, lattice
oxygens in nickelate perovskites are loosely bound and hence
OER may take place with the direct participation of surface lattice
oxygens in the form of OH™ ions. The OER rate is governed by
the concentration of hydroxide species that participate in the
formation of the O—O bond in hydroperoxide.'>**~** In this
study, the chemical species present on the undoped and doped
La,NiO, surfaces were probed by X-ray photoelectron spectros-
copy (XPS), and the measured O 1s spectra are presented in
Figure 3. The spectra appear complex, which indicates that more
than one type of oxygen species coexist in the surface layer. As
shown in Figure 3, the observed spectra were successfully
deconvoluted into three component curves (A, B, and C). The
low binding energy peak at 528.0—529.8 eV (A) is ascribed to the
lattice oxygen in the lanthanum and nickel oxides. Given that rare
earth oxides become hygroscopic when exposed to atmospheric
conditions, the additional high binding energy peaks at 528.0—
533.6 eV (B) and 530.2—535.4 eV (C) originate from hydroxide
species and adsorbed water, respectively.'>>%*’

The relative atomic fractions of the three oxygen species (fj,
fp and fc) were determined from the curves A, B, and C, and
then the surface coverage (6) of hydroxide species was calculated
asO=fy/(fs+f5)- Since the amount of adsorbed water on the as-
synthesized sample would depend largely on atmospheric
conditions rather than on materials properties, f was excluded
in the calculation of 0. The @ value was found to increase in the
order of LN (0.79) < LCN-01 (0.87) < LSN-01 (0.89) < LSN-03
(0.93), which agrees with the earlier reports suggesting that
metals in high oxidation states readily form hydroxide species
from water due to an increased ability of the oxide to dissociate
water."**® In this work, a clear relationship between the surface
coverage of OH™ and the OER activity was observed for the
doped La,NiO, catalysts, namely, the higher the surface coverage
of hydroxide species, the higher the OER current. Although
further investigation is still necessary to explain the composi-
tion—activity relationship for layered perovskites, the NPD and
XPS results presented here indicate that the enhanced OER
activity of LSN-03 may be explained by the higher Ni oxidation
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state (Figure 1 and Table S1 in the Supporting Information) as
well as the larger surface hydroxide coverage (Figure 3).

To prove the efficacy of the doped La,NiO, catalysts in metal-
air batteries, the cathode was made using LSN-03, which was
identified as the best-performing catalyst in the RDE experi-
ments, and then it was tested in both Li—air and Zn—air batteries
under realistic operating conditions. A Li—air battery was
constructed with a “hybrid” electrolyte,* ' viz., 1 M LiPFy in
EC/DMC (1:1) on the anode side, 1 M LiNO;/0.5 M LiOH on
the cathode side, and an Liy, ., Ti, ,ALSi,P3 0y, (LTAP) solid
electrolyte between them. The discharging and charging
processes of a hybrid Li—O, battery involve ORR and OER in
the aqueous electrolyte, respectively. Note that the battery
capacity is not governed by cathode activity because the
discharge reaction can continue as long as Li*, O,, and H,0
are available.”*™3! On the other hand, discharge—charge
overpotentials are strongly affected by the ORR-OER kinetics.
Therefore, the electrochemical performance of the cathode in a
hybrid Li—air battery was judged by the criteria of discharge—
charge overpotentials as was done in previously published
studies.” "

Figure 4a gives the polarization (cell voltage vs current) curves
of the hybrid Li—air batteries assembled with the catalyst-free
and LSN-03-containing cathodes. Clearly, the LSN-03 catalyst
reduces the overpotentials for discharge and charge over the
whole current range. The voltage gap of the battery with LSN-03
is as small as 1.16 V at 2.0 mA cm ™2, which is a 550 mV reduction
compared to that of the catalyst-free battery. This translates into
a 10% increase in the round-trip efficiency, demonstrating that
LSN-03 actually functions as an efficient bifunctional catalyst for
hybrid Li-air batteries. To provide experimental evidence to
support that the layered perovskite structure constributes to the
ORR-OER activity, LaNiO; with a simple perovskite stucture
was synthesized and its catalytic properties were studied (see
Figures S3—SS in the Supporting Information). The RDE and
battery test results suggest that high activity of the doped
La,NiO, catalyst originates from the layered perovskite
characteristics as well as the higher Ni oxidation states induced
by cation doping.

In addition, the battery constructed with LSN-03 exhibits a
stable cycling performance for 20 cycles, as shown in Figure 4b.
To understand whether a slight decrease in the discharge voltage

dx.doi.org/10.1021/am403244k | ACS Appl. Mater. Interfaces 2013, 5, 9902—9907
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Figure S. (a) Polarization curves and (b) cycling performance of the Zn-air batteries constructed using the catalyst-free, Pt- and La, ,Sr,;NiO, (LSN-
03)-containing cathodes. The Zn—air battery is composed of a2 Zn metal anode, 6 M KOH, and a cathode, as shown in the inset of (a).

is caused by the catalyst degradation, we disassembled the cycled
cell and then constructed a new battery using the cycled cathode
(i.e., LSN-03-containing cathode taken out of the cycled battery).
As shown in Figure S6a in the Supporting Information, the
performance was completely recovered, that is to say, the newly
assembled battery with the cycled cathode exhibited almost the
same initial discharge—charge profile as that of the previous
battery with the fresh cathode. Furthermore, Figure S6b in the
Supporting Information presents the XRD patterns of the fresh
and cycled cathodes, which confirms that the crystal structure of
LSN-03 remains stable during cycling. We speculate that other
factors are mainly responsible for the observed performance
decay, including the growth of lithium dendrites on the anode,
the degradation of the LTAP solid membrane, and the oxidation
of carbon materials. Further work is currently being conducted to
understand the performance degradation during cycling.

The LSN-03 catalyst was also found to significantly reduce the
discharge—charge overpotentials of Zn-air batteries (Figure Sa).
The electrolyte used was 6 M KOH. When LSN-03 was
employed as a cathode catalyst, the voltage gap (~1.51 V) at 75
mA cm 2 decreased by 380 mV, leading to an approximately 10%
increase in the round-trip efficiency. Remarkably, the voltage
gaps for LSN-03 are smaller than those for Pt/C (~1.62 V),
which is mainly due to a reduced OER overpotential.
Furthermore, high stability was observed for the Zn—air battery
assembled with LSN-03, which is in contrast to the noticeable
performance degradation of the batteries with the catalyst-free
and Pt/C cathodes (Figure 5b).

H CONCLUSION

In summary, La,NiO, layered perovskites doped with Sr** and
Ca®" were synthesized and applied as bifunctional catalysts for
rechargeable metal-air batteries. The catalysts exhibit high
activity toward both oxygen reduction and evolution in an
alkaline aqueous solution. The high bifunctional ORR-OER
activity leads to remarkably reduced discharge—charge over-
potentials (voltage gaps) of Li-air and Zn-air batteries. To the
best of our knowledge, this report is the first to demonstrate that
cation-doped La,NiO, layered perovskites can serve as efficient
bifunctional catalysts for rechargeable metal—air batteries. We
expect that increasing the surface area of doped La,NiO,
catalysts, for instance, by synthesizing nanocrystals on high-
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surface area supports, will further improve electrochemical
performance.
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