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Abstract − As rechargeable metal-air batteries will be ideal energy storage devices in the future, an active cathode

electrocatalyst is required with bi-functionality on both oxygen reduction reaction (ORR) and oxygen evolution reaction

(OER) during discharge and charge, respectively. Here, a class of perovskite cathode catalyst with a micro-tubular struc-

ture has been developed by controlling bi-functionality from different Ru and Ni dopant ratios. A micro-tubular struc-

ture is achieved by the activated carbon fiber (ACF) templating method, which provides uniform size and shape. At the

perovskite formula of LaCrO3, the dual dopant system is successfully synthesized with a perfect incorporation into the

single perovskite structure. The chemical oxidation states for each Ni and Ru also confirm the partial substitution to B-

site of Cr without any changes in the major perovskite structure. From the electrochemical measurements, the micro-

tubular feature reveals much more efficient catalytic activity on ORR and OER, comparing to the grain catalyst with

same perovskite composition. By changing the Ru and Ni ratio, the LaCr0.8Ru0.1Ni0.1O3 micro-tubular catalyst exhibits

great bi-functionality, especially on ORR, with low metal loading, which is comparable to the commercial catalyst of Pt

and Ir. This advanced catalytic property on the micro-tubular structure and Ru/Ni synergy effect at the perovskite mate-

rial may provide a new direction for the next-generation cathode catalyst in metal-air battery system. 
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1. Introduction

Through the continuous battery development, the battery market

has been wider throughout our society. In recent years, although the

secondary battery, mainly lithium ion battery, has been used as a

main power sources for mobile phone, notebook, and automobile,

new battery systems have been under study due to the limitations of

long-term use and charging depending on locations [1-3]. Among

many, metal-air battery technology is considered as a next-genera-

tion energy supply. The metal-air battery runs by the oxidation reac-

tion at the metal (anode), and by the reduction reaction at the catalyst

material (usually, Pt-Ir/C) using air as a reactant (cathode), which is a

sort of fuel cell system [4-6]. The most common forms are lithium-

air, zinc-air, and aluminum-air, etc., which have different energy

density/voltage and operating conditions [7-12]. Metal-air batteries

do not discharge environmental pollutants and can be constructed to

many types by relatively low cost [13-14]. And the O2 is constantly

supplied from air as an energy source, which provides stable voltage

until the metal is oxidized.

However, some problems are still remained such as battery stabil-

ity and sensitivity to the external environment, limited output charac-

teristics, temperature range, metal corrosion, and electrolyte loss etc.

[15-18]. Particularly, one of the most problems that hinder its further

commercialization into the marketplace is the use of expensive cath-

ode catalysts. The metal-air battery operates in aqueous solutions by

electrochemical reactions of oxygen reduction reaction (ORR) and

oxygen evolution reaction (OER) during discharge and charge,

respectively. However, most of the metal-air batteries suffer from the

sluggish kinetic during the ORR/OER cycling, which causes large

voltage gap during the cycles and poor power capability [19-21].

Noble metal catalysts such as Pt, Pd for ORR and Ir for OER, have

been considered due to the high reactivity, but the high costs and

shortage block their widespread use in large-scale applications [22,23].

Therefore, new approaches such as metal oxides and carbon-based

materials, have been investigated and designed to achieve bi-func-

tionality on ORR/OER with high activity and stability for the use as

a cathode materials in metal-air battery systems. 

Perovskite structured materials, general formula of ABO3, have

been known as a good catalyst in such kind of oxygen involved reac-

tions (ORR/OER) due to its high oxygen ion mobility and chemical/

structural stability [24,25]. Moreover, the cations in A and B can be

selected according to the reaction conditions. Meanwhile, the com-

pound of LaCrO3 has been widely studied as an electrode catalyst

material owing to its chemical and structural stability [26]. Gener-
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ally, the B cation is known to be responsible for the catalytic activity,

where partial substitution provides structural changes in the valence

state and non-stoichiometry-related defects to improve the catalytic

activity and conductivity of the catalyst [27-29]. Therefore, the high

oxygen ion transfer property from the rearrangement of the lattice

structure and the catalytic properties of the dopant can make a synergetic

reaction mechanism of the perovskite catalyst for an efficient ORR/

OER with relatively lower cost. Tailoring the morphology and surface

structure of the perovskite have been received a great interest in the

field of catalysis and electrochemistry [30,31]. Especially, unique

properties of the fibrous perovskites are reported, such as high

geometrical surface area to allow for a high dispersion of the active

phase, high volumetric density, short diffusion distance for better

mass/charge transfer and flexibility with endless geometric forms,

which are effective on various applications in catalysis and even

electrochemistry fields [32-34]. 

In an effort to develop an effective bi-functional electrocatalyst for

rechargeable metal-air battery, we designed micro-tubular perovskite

cathode catalysts based on LaCrO3 with a partial dual substitution in

the lattice. To design a bi-functionality at the perovskite material, Ru

and Ni dopant were applied due to these well-known ORR and OER

activities, respectively. The micro-tubular perovskite materials with

different Ru and Ni compositions were synthesized by the ACF tem-

plate method to produce a micro-tubular feature. The positive effect

on the micro-tubular shape at catalytic reactions was seen from the

ORR and OER activity in comparison with the grain perovskite. By

changing the Ru/Ni ratio, the structural difference of the perovskites

was investigated and their catalytic bi-functional properties toward

ORR and OER were explored in an aqueous alkaline electrolyte.

2. Experimental Section

2-1. Synthesis of perovskite micro-tubular materials

The LaCrO3 based micro-tubular materials were synthesized by

following procedure of the ACF (activated carbon fiber) templating

method from our previous work [31,32]. An aqueous (solution)

impregnation synthesis on ACF were used due to its rapid and convenient

process to produce high surface area oxides. The ACF templates

were treated in acid solutions of H2SO4 (6 M) and HNO3 (6 M) to

remove surface impurities and to functionalize the ACF surface. The

calculated stoichiometric solutions of La(NO3)3·9H2O, Cr(NO3)3·9H2O,

Ni(NO3)3·6H2O, and HN4O10Ru were used in water base. The prepared

ACF was immersed for 24 hours in the solutions of a certain

stoichiometric LaIII, CrIII, NiIII, and RuIII ions to ionically bond the

metal cations to the negatively charged carbon surface. After 24

hours drying, the samples were heat-treated at a mild condition of

1027 K for 6 hours in sufficient air flow for the C content combustion

and formation of crystalline structure at the same time. Finally, the

LaCr1-(x+y)RuxNiyO3 perovskite hollow fibers: (x=0.15, y=0.05),

(x=0.1, y=0.1) and (x=0.05, y=0.15) were obtained with the Ru/Ni

loadings of 10.37/1.14 wt%, 7.79/2.34 wt% and 4.00/3.61 wt%,

respectively. For comparison, LaCr1-(x+y)RuxNiyO3 perovskite grain

with (x=0.05, y=0.15) is prepared by the same procedure by using

AC (activated carbon) template. 

2-2. Characterization

The micro-tubular structure of the prepared samples was observed

by using scanning electron microscope (SEM) operated at 15 kV in

JSM-6701F (JEOL). Moreover, high-resolution transmission elec-

tron microscopy (HR-TEM) images were collected at 200 kV in

JEM-2100F (JEOL). For the perovskite crystal structure analysis, X-

ray diffraction (XRD) was performed by Rigaku Miniflex AD11605

with X-ray diffractometer using Cu Kα radiation (λ = 1.5405 nm) at

30 kV and 30 mA. The X-ray absorption spectroscopy (XAS) spec-

tra were recorded in Pohang Accelerator Laboratory (PAL, South

Korea). The X-ray absorption near edge structure (XANES) data of

Ni L3,2-edge and Ru M3,2-edge were collected at beamline 10D

XAFS (Bending magnet, Phoibos 150). Measurements were made at

room temperature using thin layers of solid powder samples depos-

ited on transparent adhesive tape. For comparison, all the spectra

were calibrated by first measuring the spectrum of NiO and RuO2,

respectively. 

2-3. Electrochemical experiments

To evaluate the electrocatalytic activity, rotating disc electrode

(RDE) experiments were carried out by setting on the Rotate Assem-

bly Instructions (Pine Instruments) with a three-electrode cell system.

A potentiostat (VSP, BioLogic) was used for the electrochemical

measurements. To prepare the catalyst ink, 1 mg conductive carbon

(Vulcan XC72R) + catalyst (carbon: catalyst = 6:4) was dispersed in

1 ml EtOH and 80 ul of Nafion solution (5 wt.% in lower aliphatic

alcohols and water, 1100 EW). The catalyst ink was ultra-sonicated

for 1 hour for homogeneous mixing. The suspension was dropped

onto a glass carbon electrode (ϕ = 5 mm) and dried at room tempera-

ture in ambient air until the catalyst distributed uniformly across the

electrode surface. The electrochemical evaluation of each catalysts

was performed by linear sweep voltammetry (LSV) for the oxygen

reduction reaction (ORR) and oxygen evolution reaction (OER)

measurements. At the electrolyte of 6 mol KOH, Pt wire and Hg/HgO

electrode (1 mol NaOH) were used as the counter and reference elec-

trodes, respectively. Before starting each measurement, the electro-

lyte was bubbled with high-purity O2 for 30 min, and maintained

during the measurement for the O2-saturated condition. LSV curves

for both ORR and OER were collected from -0.25 to 0.95 V vs. Hg/

HgO at the scan rate of 5 mV/s and RDE rotation speed of 1600 rpm.

For comparison, commercial catalyst of 40% Pt-Ir (1:1 atomic ratio)

on Vulcan XC-72 (Premetek Co.) was measured at the same condition. 

3. Results and Discussion 

3-1. Micro-tubular perovskite material

To synthesize micro-tubular perovskites doped with a dual system
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of Ru and Ni, carefully calculated LaIIICrIII1-(x+y)RuIIIxNiIIIy stoichiometric

compositions were loaded on an acid-treated ACF, and then heat-

treated at 1027 K under air flow to combust the carbon content and

synthesize perovskites. From the SEM images in Fig. 1(a)-(d), per-

fect micro-tubular structures were achieved with the perovskite net-

works of LaCr1-(x+y)RuxNiyO3 (x=0.15, y=0.05), (x=0.1, y=0.1) and

(x=0.05, y=0.15). The diameter and length of the micro-tubulars are

obviously uniform with the outer and inner fiber diameters in the

ranges of 0.8~1.4 µm and 1.7~2.1 µm, respectively. The length/

diameter ratio was also over 70, which corresponds well to a fibrous

structure (Fig. 1(a)). This micro-tubular feature was previously reported

to provide large specific surface area and unique pore structure com-

paring to the non-templated and even AC templated perovskites

[32]. In Figure 1(e)-(f), the morphology of the perovskite using AC

template shows random size and shape of their grains. Comparing

the surface structure of the fibrous perovskites, it was interesting that

we could observe a slight difference in the sizes of the perovskite

grains connected to the micro-tubular feature, depending on the Ru

and Ni ratio. The perovskite with higher Ru doping level revealed

rougher surface by less sintering (Fig. 1(b)-(c)) than the Ni-rich per-

ovskites (Fig. 1(d)), confirming a lower sintering effect by the substi-

tution of Ru that might provide more efficient activity. 

Fig. 2 displays the TEM analysis of the prepared perovskite catalysts.

A noticeable micro-tubular structure can be found from the TEM

images (Fig. 2(a),(c),(e)), which are matched with the shape and size

at the SEM images. Furthermore, the dark contrast of the micro

fibers can be recognised with the highly interconnected grains that

has a single perovskite phase. From the magnified area in each

microfiber edges (Fig. 2(b),(d),(f)), highly crystalline structures were

observed with certain interplanar distances. The interplanar distances

varied by 0.276 nm, 0.275 and 0.273 nm for the LaCr1-(x+y)RuxNiyO3

perovskites with (x=0.15, y=0.05), (x=0.1, y=0.1) and (x=0.05,

y=0.15), respectively, depending on the ionic size of the dopant in

the perovskite structure. 

3-2. Structural analysis of the perovskites 

The structural difference of the LaCr1-(x+y)RuxNiyO3 perovskites

with (x=0.15, y=0.05), (x=0.1, y=0.1) and (x=0.05, y=0.15) can be

confirmed by the XRD analysis, which is shown in Fig. 3. Accord-

ing to the results, homogeneous and highly crystalline XRD patterns

were obtained with the main perovskite diffraction peaks. The (hkl)

indices were assigned to (110)/(002), (112)/(020), (202)/(022), (220)/

(004), (114), (024), and (224)/(040), which exactly matched to the

orthorhombic structure of LaCrO3 within the Pbnm space group

Fig. 1. (a) SEM images for the LaCr1-(x+y)RuxNiyO3 perovskite micro-

tubulars: (b) x=0.15, y=0.05, (c) x=0.1, y=0.1 and (d) x=0.05,

y=0.15, and (e-f) LaCr1-(x+y)RuxNiyO3 (x=0.05, y=0.15) grain

perovskite. 

Fig. 2. TEM images for the LaCr1-(x+y)RuxNiyO3 perovskite micro-

tubulars: (a-b) x=0.15, y=0.05, (c-d) x=0.1, y=0.1 and (e-f)

x=0.05, y=0.15.
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reported in powder diffraction file JCPDF 024-1016 [35]. This con-

firms that the Ru and Ni are perfectly incorporated in the lattice

structure without any change in the original perovskite structure.

Another evidence of the full substitutions is the invisible NiO and

RuO2 peaks in each XRD patterns, which confirms also single per-

ovskite phases. However, the doped perovskite structures can be

slightly distorted from the different bonding lengths to the neigh-

bouring oxygen atoms. From the magnified image of the (112)/(020)

reflection at the right-hand side in Fig. 3, the incorporation of Ru and

Ni in the LaCrO3 perovskite structure caused peak displacement to

different angles depending on the size and ratio of the dopants. Also,

different basal spacings are revealed from the d-values of 2.763 Å,

2.761 Å and 2.758 Å for the LaCr1-(x+y)RuxNiyO3 perovskites with

(x=0.15, y=0.05), (x=0.1, y=0.1) and (x=0.05, y=0.15), respectively,

which shows a similar trend with the interplanar distances at the

TEM results (Fig. 2) and our previous work [31]. From these results,

it was obvious that the different crystal ionic radii of RuIII (0.820 Å)

and NiIII (0.700 Å) attributed to this slight change by the partial sub-

stitution with CrIII (0.755 Å) at the B-site. 

To investigate the chemical structure, the chemical oxidation

states of the LaCr1-(x+y)RuxNiyO3 perovskites were also investigated

by the X-ray absorption near edge structure (XANES), as shown in

Fig. 4 and 5. Generally, the oxidation states of elements are deter-

mined by the X-ray photoemission spectroscopy (XPS) that is a sen-

sitive and straightforward technique. However, XPS measurements

suffered from a charging effect, causing shifts by the influence of the

electron energy [36]. In addition, XPS only measures the sample sur-

face in very thin depth. In the case of the XANES analysis, the energy

was defined by incident radiation, which can avoid spectra shift from

the charging effect [37,38]. Therefore, XANES technique can be

more adequate to specify the valence state of Ni and Ru in our study. 

Ni L3,2-edge XANES spectra for the prepared perovskites that was

substituted by Ni with different doping level was shown in Fig. 4,

including NiO as a reference. Comparing both L3 and L2 edges, all

spectra shows the typical peak with some changes in the shape and

position due to the different oxidation states in each structure. From

dipole selection rule, the Ni L3,2-edge XANES spectra explains a

transition from Ni 2p→3d states [37]. Therefore, the total number of

empty 3d states at Ni sites can be directly confirmed by the integrated

intensity of each L3,2-edge peaks. Basically, the NiO reference

represents the Ni ion with a formal valance of Ni2+. As can be seen in

the inset of Fig. 4, the peaks at the L3-edges for the Ni species in the

perovskite structure became much broader and shifted to the higher

energies. And, this trend was more obvious at the perovskites with

higher Ni doping level. Recorded data suggest that the majority of Ni

ions are in Ni3+ state with a slight contribution of Ni2+ or maybe Ni4+.

This confirms a perfect Ni incorporation into the perovskite structure

and we can similarly explain the Ru incorporation by the analysis of

Ru M3,2-edge XANES spectra. 

Fig. 5 displays the Ru M3,2-edge XANES spectra for the perovskites

that was substituted by Ru with different doping level, and RuO2 as a

reference. The absorption of M3-edge is at around 465 eV where the

core electrons at Ru 3p3/2 absorb photons at 460-470 eV [39]. So, the

electron yield signals for our samples indicate the transition from

3p3/2 to 4d for both t2g and eg. Since the M2-edge is smaller due to the

smaller number of j=1/2 states and the transfer from 3p1/2 to 4d is for-

bidden, M3-edge is mainly used to clarify the oxidation states from

the ratio of empty t2g and eg bands. The XANES spectra for RuO2 is

used as a reference with a formal valance of Ru4+. Based on this, we

can see that the Ru species incorporated in the perovskite structure

changed to a higher valance states from the shifts to the higher

energy. Interestingly, the Ru energy levels of the samples with the

higher Ru doping split to two obvious peaks, which implies a mixed

valence of Ru4+ and Ru5+. This feature is from the cubic crystal field

effect due to the edge-sharing RuO6 octahedral configuration

[32,40]. Therefore, it strongly suggests a stabilized local symmetry

Fig. 3. XRD patterns and evolution of phases of the LaCr1-(x+y)Rux-

NiyO3 perovskite micro-tubulars: (x=0.15, y=0.05), (x=0.1, y=0.1)

and (x=0.05, y=0.15), with inset for the magnified XRD pat-

terns.
Fig. 4. The normalized XANES spectra of Ni L3,2-edge of the LaCr1-(x+y)

RuxNiyO3 perovskite micro-tubulars: (x=0.15, y=0.05), (x=0.1,

y=0.1) and (x=0.05, y=0.15), with inset for the magnified XANES

spectra.
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for Ru, nearly regular octahedral symmetry at the orthorhombic lattice,

along with the Ni in the dual doping system in LaCr1-(x+y)RuxNiyO3.

3-3. Electrocatalytic activity of the micro-tubular perovskites

To examine the electrocatalytic capability as a cathode material in

the metal-air battery system, the electrochemical behaviors of the

prepared micro-tubular perovskites towards ORR and OER were

evaluated by LSV using RDE experiments in the half cell set-up. All

samples were mixed with carbon black as a conducting agent and

Nafion as a binder. The mixtures were uniformly coated onto an RDE

electrode for a fine electrochemical measurement in 6 mol KOH

solution using a standard three-electrode system with an Hg/HgO

reference electrode. Meanwhile, due to the RDE tests with 1600 rpm,

the influence of oxygen transport on the evaluation of the catalytic

activities could be negligible. 

Fig. 6 demonstrates a better activity of the micro-tubular perovskite

structure for both ORR and OER comparing to the grain catalyst

when the perovskite compositions were fixed. Focusing on the ORR

region in the polorisation curve, it was clearly seen that the micro-

tubular structure shows almost two time higher current density with

the values of 0.44 and 0.66 mA/cm2 (grain: 0.25 and 0.33 mA/cm2) at

the half-wave and limiting potentials, respectively. A similar trend

was seen for the steeper slope of the micro-tubular perovskite catalyst

at the OER region by even wider difference with the current density

values of 1.11 and 2.65 mA/cm2 (grain: 1.75 and 0.87 mA/cm2) at

the half-wave and limiting potentials, respectively. From these better

bi-functional activity, it is obvious that the micro tubular feature provides

advantages to use as an electrode material due to the large surface-to-

volume ratio and surface areas highly exposed to the surrounding

environment. Furthermore, the fibrous structure can have more

open pores with an increased number of triple phase boundary (TPB)

sites where the catalyst, reactant and conducting material meet

together for an efficient electrochemical reaction [33,34]. Therefore,

these advantages can result in enhanced electrochemical activity, and

maybe even better durability for the metal-air battery system.

To control the bi-functionality of the micro-tubular perovskite

catalysts, the ratios of Ru and Ni were varied at the perovskite formula

of LaCr1-(x+y)RuxNiyO3 with (x=0.15, y=0.05), (x=0.1, y=0.1) and

(x=0.05, y=0.15). The prepared perovskite catalysts were tested for

electrochemical ORR and OER in 1M KOH solutions. On the anodic

branch for OER in Fig. 7, an excellent OER activity was achieved by

the perovskite catalyst that possesses the highest Ni doping level in

the structure. This value is still lower than the commercial catalyst

(40% Pt-Ir), but it can be seen comparable due to the relatively low

Ni loading of 3.61 wt% and total metal (Ru+Ni) loading of 7.61 wt%.

We could see that the current density value for the OER activity

increases in square from 0.19 and 0.82 mA/cm2 to 1.12 and 2.65 mA/

Fig. 5. The normalized XANES spectra of Ru L3,2-edge of the LaCr1-(x+y)
RuxNiyO3 perovskite micro-tubulars: (x=0.15, y=0.05), (x=0.1,

y=0.1) and (x=0.05, y=0.15), with inset for the magnified

XANES spectra.

Fig. 6. ORR and OER polarization curves of the grain and micro-

tubular LaCr1-(x+y)RuxNiyO3 perovskite with (x=0.05, y=0.15) at

the measurement condition of -0.25 to 0.95 V vs. Hg/HgO with

the scan rate of 5 mV/s and RDE rotation speed of 1600 rpm

in the O2-saturated 6 mol KOH. 

Fig. 7. ORR and OER polarization curves of the micro-tubular

LaCr1-(x+y)RuxNiyO3 perovskite: (x=0.15, y=0.05), (x=0.1, y=0.1)

and (x=0.05, y=0.15), at the measurement condition of -0.25

to 0.95 V vs. Hg/HgO with the scan rate of 5 mV/s and RDE

rotation speed of 1600 rpm in the O2-saturated 6 mol KOH.
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cm2 at the half-wave and limiting potentials, respectively, following

the order of Ni3+ proportion that was confirmed in the XANES analysis.

We can say that the OER activity is not only related to the Ni doping

amount due to the preferential electronic structure of Ni for OER but

also the higher valence state of Ni with the oxygen structure at the

perovskite, which can more easily adsorb OH- for an efficient oxygen

evolution. 

In addition to the requirement of high OER activity, catalytic

materials for rechargeable metal-air batteries should be able to effectively

catalyze electrochemical oxygen reduction, which is of particular

importance for improving their reversible efficiency. From the cathodic

region for ORR in Fig. 7, a reasonable result was seen comparing the

opposite Ru/Ni ratio of LaCr1-(x+y)RuxNiyO3 with (x=0.15, y=0.05)

and (x=0.05, y=0.15). As Ru is known as a ORR catalyst, the perovskite

catalyst with more Ru shows higher activity with the current density

values of 0.22 and 0.71 mA/cm2 than the other (0.12 and 0.66 mA/

cm2) at the half-wave and limiting potentials, respectively. As doped

perovskites are generally known to have oxygen defects which

strongly involves in the oxygen related reactions, the higher activity

can be also from the more obvious edge-sharing RuO6 octahedral con-

figuration at the perovskite. Interestingly, the perovskite composition of

LaCr0.8Ru0.1Ni0.1O3 shows the best ORR activity with the current

density values of 0.37 mA/cm2 at the half-wave potential. The limiting

current density of 1.01 mA/cm2 was even higher than the commercial

catalyst (0.87 mA/cm2, Pt+Ir=40 wt%) at a very low Ru (7.79 wt%)

and total metal (Ru+Ni=10.13 wt%) loadings. In this case, we can

assume that there is a Ru and Ni synergy effect on ORR under a

sufficient Ru loading that has mixed valance of RuO6 octahedral

configuration. Moreover, the great limiting current density can be

also from the micro-tubular feature which we discussed before. At

the same time, the LaCr0.8Ru0.1Ni0.1O3 shows also a reasonable OER

activity with the current density values of 0.37 and 1.04 mA/cm2 at

the half-wave and limiting potentials, respectively. Even though the

catalytic activity, especially OER has to be more enhanced, we can

insist that the micro-tubular perovskite catalyst of LaCr0.8Ru0.1Ni0.1O3

has a good bi-functionality on ORR and OER at a low metal loading.

4. Conclusions

Herein, we designed a micro-tubular perovskite catalyst with a

dual dopant system of Ru and Ni to achieve a bi-functionality on

ORR and OER for the metal-air battery applications. The preparation

of unique micro-tubular was introduced by the means of ACF

template, which provides high surface area and open pore structure

in the electrode for efficient mass transfer property. From the

physiochemical characterizations, the formation of a micro-tubular

structure was confirmed. The Ru and Ni dopants were finely

incorporated in the perovskite lattice in any ratios, which was studied

from the crystallography and X-ray spectroscopy analysis. The micro-

tubular perovskite catalyst shows higher activity than the grain due to

its better catalytic availability. We found also that a bi-functionality on

ORR and OER can be tuned by the different Ru and Ni dopant ratio.

The metal alloy synergy effect enhanced the catalytic activity at

certain Ru and Ni composition, which was confirmed from the com-

parable bifunctional activity of the micro-tubular perovskite catalyst

of LaCr0.8Ru0.1Ni0.1O3 to the commercial catalyst at the relatively

lower metal loading. This approach on micro-tubular structure and

bi-functionality control should be applicable not only to metal-air

battery systems but also to many other catalytic and electrochemical

applications. 
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