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Perovskite La0.6Sr0.4CoO3-δ was synthesized by the Pechini method at different synthetic conditions and 
examined as a bi-functional catalyst for oxygen reduction reaction (ORR) and oxygen evolution reaction 
(OER). As the calcination temperature increases, the particle size and purity of the La0.6Sr0.4CoO3-δ 
increases, indicating the formation of highly pure La0.6Sr0.4CoO3-δ at higher calcination temperatures. The 10 

specific surface area of the perovskite oxides is increased by ball milling, which shows the improvement 
of the electrocatalytic activity. The electrocatalytic activities of all the prepared La0.6Sr0.4CoO3-δ are much 
better than that of Ketjen black. The catalytic activity of the La0.6Sr0.4CoO3-δ for both ORR and OER was 
systematically studied by combining their structural and electrochemical properties. The La0.6Sr0.4CoO3-δ 
was then employed as an air cathode catalyst in lithium-air battery to investigate the battery performance.  15 

1. Introduction 

Lithium–air battery has a theoretical energy density 10 times 
higher than that of lithium–ion battery. In addition, it has the 
advantages of light weight and low cost because oxygen in air is 
used as active material in air electrode. This has drawn a great 20 

research interest in lithium–air battery technology to be applied in 
large energy storage devices [1–5]. 
In order to commercialize the lithium–air battery, however, there 
are many problems to be technically solved [6, 7]. Particularly, 
since lithium peroxide (Li2O2) produced at the cathode during 25 

discharge process is in solid phase, it could blocks the pores on 
the porous carbon electrode surface and reduce the contact area of 
oxygen and electrolyte, resulting in the degradation of lithium–air 
battery performance [8, 9]. Since the Li2O2 acts as an insulator, 
moreover, the electron transfer is also not easy and high 30 

overpotential will be required to decompose Li2O2 and Li2O into 
O2 and Li on recharging. This high overpotential causes some 
side reactions which accelerate electrolyte decomposition and 
carbon electrode corrosion. It has been also reported that 
irreversible discharge products such as Li2CO3 and LiRCO3 35 

causes the degradation in the cycle life of lithium–air battery [10–
14]. 
There have been wide and intensive researches to overcome these 
problems, and to develop new promising catalysts with high 
reactivity at the air electrode [15, 16]. So far various metals and 40 

metal oxides including Pt have been widely employed as air 
cathode catalyst in fuel cells and metal air batteries [15, 17–32]. 
Recently, perovskite oxides have been investigated as active 
catalyst at air cathodes in lithium-air batteries. The catalytic 
performance of perovskite oxides like CaMnO3 [24], 45 

La0.8Sr0.2BO3 (B=Co, Mn, Fe) [25–27], La2NiO4 [28], 

La0.6Ca0.4Co0.8.Fe0.2O3, La0.6Sr0.4Co0.2Fe0.8O3, 
La0.8Sr0.2Fe0.8Mn0.2O3 [29], Ba0.9Co0.5Fe0.4Nb0.1O3 [30], LaFeO3 
[31] and LaNi1-xMgxO3 [32], and their A- and B- site substituted 
oxides have been examined. Most of the reported works have 50 

been focused on the charge/discharge and cycle performance of 
the lithium-air battery. But a detailed and systematic study for 
electrochemical properties of the materials has not yet been fully 
made to explain the electrocatalytic properties. Among the 
reported perovskite catalysts, furthermore, La0.6Sr0.4CoO3-δ has 55 

been investigated as a promising electrode material in fuel cells 
[33–36], because the La0.6Sr0.4CoO3-δ composition shows higher 
oxide ion conductivity and electronic conductivity compared to 
the other perovskite oxides [37–39]. The La0.6Sr0.4CoO3-δ 
composition has been mainly studied for electrochemical 60 

characteristics for the application as cathode electrode in solid 
state fuel cells to reduce the electrode resistance. As far as we 
have investigated, however, there are no reports on the 
application of La0.6Sr0.4CoO3-δ as air cathode catalyst for lithium-
air batteries though other compositions of LSC have been 65 

reported. Zhao et al.[27] synthesized hierarchical mesoporous 
perovskite La0.5Sr0.5CoO2.91 nanostructures for the application of 
Li-air batteries. They observed that the La0.5Sr0.5CoO2.91 
composition produced better electrochemical properties and cell 
performances, which exhibited ultrahigh discharge capacities 70 

over 11,000 mAh·g –1. 
In this work, we synthesized perovskite La0.6Sr0.4CoO3-δ (LSC) 
which possesses relatively high electron conductivity and ionic 
conductivity using the Pechini method. To decide an optimum 
synthetic condition, the perovskite La0.6Sr0.4CoO3-δ (LSC) was 75 

synthesized at different drying and calcination temperatures. The 
ball milling technique was utilized to increase the specific surface 
area of the oxides. Various physicochemical characterization 
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techniques have been utilized to investigate the crystalline 
structure and morphology of the synthesized perovskite oxides. 
The electrocatalytic properties of thus prepared perovskite 
La0.6Sr0.4CoO3-δ oxides were first examined in O2 saturated KOH 
aqueous solution using various electro–analytic techniques such 5 

as cyclic voltammetry (CV) and linear sweep voltammetry 
(LSV). The CV, ORR and OER studies were also carried out for 
Ketjen black (KB) and Pt/C for comparative analysis with that of 
our prepared La0.6Sr0.4CoO3-δ oxides. The synthesized LSC was 
employed as electrocatalyst in the air cathode of lithium–air 10 

battery and the charge/discharge cyclability was analyzed for the 
test cells. On the basis of the experimental analysis, the catalytic 
activities of the synthesized La0.6Sr0.4CoO3-δ for ORR and OER 
were systematically studied with respect to their structural 
properties. 15 

The main text of the article should appear here. Headings and 
subheadings should be formatted using the relevant button from 
the “Apply Style” dialog box (see the RSC Tools toolbar above). 
 A tab stop has been set in the style to allow for easy indenting 
of text (although the first paragraph and paragraphs that follow 20 

headings should not be indented). 

2. Experimental 

2.1. Synthesis of perovskite La0.6Sr0.4CoO3-δ  

La0.6Sr0.4CoO3-δ has been synthesized by Pechini method which is 
well known for the synthesis of perovskite oxides [40-41]. The 25 

optimum synthetic condition was investigated by varying the 
synthetic conditions. All the chemical precursors 
(La(NO3)3▪6H2O (99.9%, Sigma-Aldrich), Sr(NO3)2 (99%, 
Sigma-Aldrich), and Co(NO3)2▪6H2O (97.7%, Sigma-Aldrich)) 
were chemical grade and used as received without any further 30 

purification. A stoichiometric molar ratio of 0.6:0.4:1.0 of 
La(NO3)3, Sr(NO3)2, and Co(NO3)2 was dissolved in DI water to 
prepare 0.03M of a mixed solution. Citric acid (99.5%, Sigma-
Aldrich) was added in the mixed solution to form a metal 
complex compound. Later ethylene glycol (99%, Sigma-Aldrich) 35 

was added in the mixed solution and stirred at 80°C for 2 hours. 
While stirring, the gel is formed which indicates the formation of 
poly resin and the gel was dried at constant temperatures of 80°C 
and 200°C. Thus formed polymer resin was carbonized at 400°C 
for 1 hour to remove residues such as nitric acid and organic 40 

chemicals. Then the resin was grinded in a crucible to form 
powders. Then the prepared powders were calcined for 4 hours at 
temperature range of 800 ~ 1100°C. Thus prepared LSC were 
further pulverized with a ball miller to investigate size effect of 
the LSC. Throughout this paper, LSC800, LSC900, LSC1000 and 45 

LSC1100 represent the La0.6Sr0.4CoO3-δ synthesized at the 
calcination temperatures of 800, 900, 1000, and 1100°C, 
respectively, while BM LSC900 and BM LSC1000 depict ball 
milled LSC900 and LSC1000, respectively. 
 50 

2.2 Characterizations of La0.6Sr0.4CoO3-δ 

Structural analysis of the synthesized La0.6Sr0.4CoO3-δ was carried 
out with X-ray diffractometer (XRD) using a CuKα (λ=1.54059 
Å) target in the 2θ range of 10~100°. In order to examine particle 
size, distribution, and morphology, field emission scanning 55 

electron microscopy (FESEM) and transmission electron 

microscopy (TEM) were performed. In addition, Brunauer-
Emmett-Teller (BET) technique was used to characterize specific 
surface area, pore size, and pore volume of the LSC.  
Electrocatalytic measurements for oxygen reduction reaction 60 

(ORR) and oxygen evolution reaction (OER) were carried out on 
a computerized potentiostat instrument (model CHI700C) at 
room temperature in a three electrode system using 0.1M KOH as 
electrolyte. For cyclic voltammetry (CV) measurement, a glassy 
carbon disk electrode was employed as the working electrode. 65 

The linear sweep voltammetry (LSV) was recorded with a 
rotating ring glassy carbon disk electrode (RRDE, 5.61mm in 
diameter) as the working electrode, at a scan rate of 5mV s-1, with 
a disk rotation rate of 1600 rpm. 
 70 

2.3. Preparation of electrodes 

The synthesized LSC was used as air cathode catalyst, and KB 
(Ketjen Black, EC600JD) and 30wt% Pt/C (Premetek Co.) were 
also employed for comparison. For CV, ORR and OER studies, 
the synthesized LSC was mixed with carbon powder (Cabot 75 

Vulcan XC-72) in the weight ratio of 3:7 to ensure sufficient 
electronic conductivity. 10mg of as-prepared catalyst was 
dispersed ultrasonically in 150µL of diluted nafion alcohol 
solution (5 wt%) dissolved in isopropyl alcohol (IPA), and about 
13.5µL of the suspension was pipetted onto a glassy carbon 80 

substrate. Pt wire and Hg/HgO were used as the counter and the 
reference electrodes, respectively. Prior to measurement, O2 was 
bubbled directly into the cell for at least one hour. 
For lithium-air battery studies, the air cathodes were prepared by 
mixing as–prepared LSC catalyst and KB conductive carbon in 85 

the ratio of 1:2 with teflonised acetylene black (TAB) binder 
(60%) in isopropyl alchohol (IPA). The mixture was prepared 
into a fine pellet of about 1cm diameter and the pellet was 
pressed on a Ni mesh current collector with a diameter of 1.2cm. 
Thus prepared electrode is then dried in vacuum at 100°C for 12 90 

hours and used as air cathode in Li air battery. Lithium metal foil 
was used as anode and electrolyte used was prepared by 
dissolving 1M LiTFSI in TEGDME. A Swagelok test cell was 
used for the fabrication of lithium-air battery and the cell test was 
carried out under oxygen flow (10cc min-1) at a current density of 95 

0.1mA cm-2 in a cut-off voltage range of 2.0–4.3V. 

 
Fig.1 X-ray diffraction patterns of La0.6Sr0.4CoO3-δ synthesized at different 

drying and calcination temperatures 
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Fig.2 FESEM images of LSC and ball milled LSC 

 

3. Results and Discussion 

3.1 Structural properties of perovskite La0.6Sr0.4CoO3-δ 5 

Figure 1 shows XRD spectra of the perovskite La0.6Sr0.4CoO3-δ 
synthesized as a function of drying and calcination temperatures. 
All the synthesized LSC materials exhibit one main characteristic 
peak at 2θ = 33ᵒ which corresponds to the (110)/ (104) plane of 
LSC. All the peaks observed from the spectra well coincides with 10 

the previously reported XRD spectrum of La0.6Sr0.4CoO3-δ [42], 
indicating the successful synthesis of LSC. For the case of LSC 
oxides which were synthesized at drying temperatures of 80°C 
and 200°C and calcination temperatures of 800 and 900°C, the 
SrCO3 impurity phase is observed [38, 43-45]. But the SrCO3 and 15 

other impurity peaks clearly disappear from the spectra of the 
LSC synthesized at 1000 and 1100°C. It is noteworthy that 
regardless of the drying temperatures when the samples were 
calcined at elevated temperatures up to 1000°C the impurities 
disappeared. Therefore, it can be confirmed that the purity of the 20 

perovskite LSC is mainly influenced by the calcination 
temperature rather than the drying temperature. Consequently the 
LSC oxides synthesized at higher calcination temperatures 
exhibit better crystallinity, while at lower calcination 
temperatures they exhibit poor crystal structure. This has been 25 

observed in previous reports on the synthesis of other perovskites 

[39, 42]. XRD measurements reveal that stable and pure 
perovskite La0.6Sr0.4CoO3-δ structure is formed at up to 1000°C. 
Primary particle size of the as-synthesized perovskite oxides 
LSC800, LSC900, LSC1000 and LSC1100 were calculated using 30 

the Scherrer equation from the XRD spectra at 2θ = 33° which 
corresponds to the main characteristic peak [46, 47]. The primary 
particle sizes of LSC800, LSC900, LSC1000 and LSC1100 are 
found to be 15.7, 18.55, 19.54 and 22.2 nm, respectively. This 
explains that the primary particle size increases with the increase 35 

of calcination temperatures. In general, it has been reported that 
the particle size of chemically synthesized solid particles 
increases as the calcination temperature increases [39, 42]  
Figure 2 shows the FESEM images of the synthesized LSCs. It is  
seen that the primary particles combine to make larger sized 40 

secondary particles. The secondary particle sizes are in the range 
of 60-100 nm, 150–200nm, and 200–450nm for LSC800, 
LSC900, and LSC1000, respectively. For the case of LSC1100, 
however, the primary particles aggregate to form a big sized 
secondary particle. This clearly manifests that the primary 45 

particles with nm sizes aggregate together to form larger sized 
secondary particles and the average size of the secondary 
particles increases with calcination temperatures. In order to 
confirm this behavior, the aggregated secondary particles of 
LSC1000 were investigated with TEM analysis. As shown in 50 

Fig.3, it is clearly manifested that the primary particles get 
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Table 1 Specific surface area of La0.6Sr0.4CoO3-δ; peak potential and peak current from cyclic voltammograms and, onset potential and limiting current 
from oxygen reduction reaction curves for La0.6Sr0.4CoO3-δ perovskite catalysts 

Sample 
Specific Surface 

area (m
2
g-1) 

Peak  
Potential (V) 

Peak 
Current (mA) 

Onset  
Potential (V) 

Limiting  
Current (mA) 

LSC900 1.23 -0.22 0.147 -0.155 0.832 

BM LSC900 3.21 -0.22 0.227 -0.149 0.962 

LSC1000 0.20 -0.22 0.167 -0.143 0.962 

BM LSC1000 2.11 -0.21 0.213 -0.141 0.920 
 

 

 
together to form a secondary particle. Also, the high–resolution 5 

TEM image (inset of Fig. 3) shows that the lattice fringes of each 
particle is 0.28nm which corresponds to (110) plane of XRD.  
In order to see the effect of the surface area on the electrocatalytic 
activity, the ball milling technique was utilized to increase the 
specific surface area of the LSC 900 and LSC 1000. The ball 10 

milling effect and electrochemical study were considered for the 
LSC oxides synthesized at 900 and 1000°C because the SrCO3 

impurity phase was observed at 900°C, while it disappeared at 
1000°C. Fig. 2 shows the FESEM images of LSC900 and 
LSC1000 after ball milling at 200rpm for 5 hours. It can be seen 15 

that both the BM LSC900 and BM LSC1000 show the 
disintegration of the particles, but the degree of the pulverization 
is slightly different for the two perovskite oxides. The particles of 
BM LSC900 are uniformly distributed with the size of ~100nm, 
while BM LSC1000 is disintegrated into smaller particles with 20 

various sizes. This indicates that LSC1000 calcined at higher 
temperature is a little bit harder in structure than LSC900 
calcined at comparatively lower temperature, though the 
crystalline quality of the perovskite oxides was not affected by 
ball milling (Fig. 1).  25 

 

3.2 Electrochemical properties of perovskite La0.6Sr0.4CoO3-δ  

The electrocatalytic activities were studied for the perovskite 
La0.6Sr0.4CoO3-δ oxides synthesized at 900 and 1000°C using 
various electro–analytic techniques such as cyclic voltammetry 30 

(CV) and linear sweep voltammetry (LSV) to compare the LSC 
samples with and without impurities. Figure 4 shows the cyclic 
voltammogram of the perovskite La0.6Sr0.4CoO3-δ measured at a 
scan rate of 50mV s-1 in O2 saturated 0.1M KOH solution. For 
both LSC900 and LSC1000, a peak is observed at almost same 35 

potential from cathodic reduction curves. The cyclic 
voltammogram of LSC1000 was also measured at N2 atmosphere 
under the same experimental conditions. The CV curve of LSC 
1000 under N2 atmosphere exhibits the behavior of double layer 
capacitance without evolution of the peak. This identifies that the 40 

peak observed under O2 atmosphere is due to the oxygen 
reduction reaction at the cathode. The values of peak potential 
and current were deduced from the CV curves in Fig. 4 and listed 
in Table 1. The peak potentials do not show any apparent 
difference for the LSC catalysts synthesized at different 45 

conditions.  But peak current of LSC1000 is higher than that
But peak current of LSC1000 is higher than that of LSC900. In 
order to explain why LSC1000 shows better reaction performance 
than LSC900, the specific surface areas of LSC1000 and LSC900 
were measured using a BET technique. As listed in Table 1, 50 

LSC1000 has the smallest specific surface area of 0.2m2 g-1 which 
is lower than that of LSC900 with 1.23m2 g-1. This is because the 
particle size increases almost twice by agglomeration during 
calcination as the temperature increases. It is interesting to see 
that LSC1000 shows better reaction performance than LSC900 55 

although LSC900 showed higher specific surface area than LSC  
1000. It can be considered that the better reaction performance of 
LSC1000 is due to the better crystallinity and purity (without any 
impurities). It is believed that LSC900 exhibits inferior catalytic 
activity due to the SrCO3 impurity as observed in XRD 60 

spectrums.  
Peak currents of BM LSC1000 and BM LSC900 are higher than 
those of LSC1000 and LSC900. This confirms that among all the 
synthesized LSC, ball milled LSC shows the highest catalytic 
activity for ORR. We also measured the specific surface area of 65 

the ball milled LSC900 and LSC1000. After ball milling, it is 
seen that the specific surface areas of both LSC900 and LSC1000 
increase due to the reduction of the particle size. The specific 
surface area of BM LSC 900 was 3.21 m2 g-1 while that of 
BMLSC 1000 2.11 m2 g-1. This is due to the reduction in particle 70 

size after ball milling as discussed above. The increase in 
catalytic activity of the ball milled LSC catalysts is due to the 
increase in specific surface area after the ball milling, which 
increases the gas-liquid-solid three phase interface necessary for  
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Fig.3 TEM image of LSC1000 

electrochemical reaction. While comparing the catalytic activity 
of BM LSC900 and BM LSC1000 for ORR, however, BM 
LSC900 shows slightly higher peak potential than BM LSC1000. 5 

This might be due to the harder structure of BM LSC1000. As we 
could see from Fig. 4, the particles of BM LSC1000 were not 
uniformly disintegrated after the ball balling, showing slightly 
lower specific surface area as shown Table 1.  
The catalytic activity of the synthesized La0.6Sr0.4CoO3-δ for 10 

ORR was also investigated by measuring linear sweeping 
voltammogram in O2 saturated 0.1M KOH solution at a scan rate 
of 5mV s-1 over an electrode rotation rate of 1600rpm, as shown 
in the left side of Fig. 5. For comparison, ORR activity was also 
measured on KB and Pt/C under the same experimental 15 

conditions. The onset potential and limiting current of the LSC 
catalysts were inferior to that of Pt/C, but much better than KB. 
The onset potential data shows that LSC1000 has lower potential 
for ORR than LSC900 and the ball milling also decreases the 
potential of the perovskite catalyst. Meanwhile, the LSC1000 20 

exhibits higher limiting current of 0.962mA in comparison with 
LSC900 (0.832mA) even though the former showed lower 
specific surface area than the latter. It is considered that the 
SrCO3 impurity [48] present in LSC900 is again the reason for 
these obtained results. In this case, it is considered that the 25 

catalytic activity is more influenced by impurities than by 
specific surface area. After the ball milling, meanwhile, BM 
LSC900 shows lower onset potential and higher limiting current 
than LSC900. This increase in the catalytic activity of BM 
LSC900 can be attributed to the increase in specific surface area 30 

upon ball milling. In the case of LSC1000 the onset potential 
improves after the ball milling, but the limiting current slightly 
deteriorates. From our observations, it seems that the ball milling 
process is beneficial to increase the catalytic activity of the LSC. 
Generally upon ball milling reactive defects might be formed in 35 

large number which could be another reason for the increase in 
catalytic activity of LSC 900 upon ball milling. In catalytic 
reactions, specific surface area and chemical properties of 
catalysts employed are important parameters to decide the 
catalytic activity [38, 44, 48]. In general, the increase of the 40 

specific surface area results in the increase of the catalytic  

 
Fig.4 cyclic voltammogram of La0.6Sr0.4CoO3-δ perovskite catalysts in O2 

saturated 0.1M KOH solution at 50mV s-1 

 45 

Fig.5 Oxygen electrode activities with the oxygen reduction and 
evolution reaction potential windows of the La0.6Sr0.4CoO3-δ perovskite 

catalysts in oxygen-saturated 0.1M KOH solution at 1600 rpm with a scan 
rate of 5mV s-1  

performance, but the concentration of active sites on catalyst 50 

surface is more important in resulting in determining the catalytic 
performance. We believe some more fundamental study such as 
surface state research of the LSC is necessary in future to 
understand this process clearly. 
We also investigated the catalytic activity of the synthesized 55 

perovskite catalysts for OER. The polarization curves were 
measured during the anodic potential scan up to 1.0V vs. Hg/HgO 
in 0.1M KOH solution at a scan rate of 5mV s-1 with rotation rate 
of 1600rpm as shown in the right side of Fig. 5. From the OER 
characteristics, all the synthesized perovskite catalysts exhibit 60 

much better catalytic activity for OER than Pt/C and KB. The 
overall electrochemical reaction of lithium–air battery can be 
expressed as 2(Li+ + e-) + O2 ⇄ Li2O2; during which oxygen 
reduction reaction (ORR) takes place on discharge process 
(forward), followed by the oxygen evolution reaction (OER) on 65 

charging (reverse). Generally the decomposition of solid–state 
discharge products, Li2O2, on charging requires very large 
potentials, which lower a round trip efficiency of the battery [10]. 
Hence it is essential to develop an efficient ORR and OER 
bifunctional electrocatalyst to reduce the overpotential in the 70 

lithium–air batteries. All the La0.6Sr0.4CoO3-δ synthesized in this 

Page 6 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  6 

 
Fig.6 Mass and specific activities of the La0.6Sr0.4CoO3-δ perovskite catalysts obtained at -0.2, -0.25 and -0.3V (vs. Hg/HgO; 0.1M KOH) from ORR data 

experiment shows better catalytic activity for ORR than KB; they  
also exhibit superior catalytic activity for OER than Pt/C and KB. 
This indicates that the perovskite catalysts can be effectively 5 

employed as a cathode catalyst in lithium–air batteries. 
To assess the overall oxygen electrode activity, the potential 
difference between the ORR and the OER curves was calculated 
and the detail is given in Table 2. The potential at which the 
current reaches its half maximum value was selected for the 10 

ORR. Therefore an ORR current of 1mA cm-2 was selected which 
approximates the half–wave potential. Activities for the OER 
were judged by the potential required to oxidize water at 10mA 
cm-2, a convention commonly used in the OER literature [49, 50]. 
In this work, therefore, the potentials of the OER were measured 15 

at 10mA cm-2, which corresponds to the current density of water 
oxidation. Among all the synthesized perovskite oxides, it can be 
seen from the Table 2 that the BM LSC1000 has the least value 
with oxygen electrode activity of 1.08V. This confirms that the 
perovskite oxides show superior catalytic activities for both ORR 20 

and OER.  
 

Table 2 Comparison of overall catalytic activities of La0.6Sr0.4CoO3-δ 
perovskite catalysts 

Sample ORR: E(V) at 
 I = 1 mAcm-2 

OER: E(V) 
at   

I = 10 
mAcm-2 

Oxygen 
electrode 
△ (OER-

ORR):E(V) 

LSC900 -0.211 0.909 1.120 

BM LSC900 -0.196 0.921 1.117 

LSC1000 -0.198 0.920 1.118 

BM 
LSC1000 

-0.187 0.893 1.080 
 

 25 

 
In order to quantitatively evaluate the catalytic activity of the 
perovskite catalysts for ORR, mass activity and specific activity 
were calculated from the ORR curves and are shown in Fig. 6. 
Mass and specific activities were calculated at -0.20, -0.25 and -30 

0.30 V vs. Hg/HgO, respectively. The synthesized LSC1000 
catalyst shows higher catalytic activity than LSC900 and KB. It 
can be clearly seen from Figure 6 that the catalytic activity of the 
LSC catalysts are greatly enhanced after ball milling which is 
attributed to the increase in specific surface area and/or the 35 

formation of reactive defects in the structures. Especially, BM 
LSC1000 shows the highest mass activity and specific activity 
among all other perovskite catalysts. The highest catalytic 
activity of the BM LSC1000 is due to the absence of impurity. 

 40 

Fig.7 The first charge- discharge profiles of LSC catalyzed Li-O2 battery 
in comparison without catalyst  
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Fig. 8 Cycle life efficiency of the lithium-air battery using the La0.6Sr0.4CoO3-δ perovskite catalysts (a) discharge and (b) charge  

 

3.3 Lithium air battery performance of perovskite 
La0.6Sr0.4CoO3-δ  5 

With the ORR and OER activities of the perovskite oxide 
catalysts proven in the LSV experiments and other 
electrochemical characterization, the catalysts were applied to Li  
air battery. The lithium–air battery was constructed using the 
synthesized perovskite catalysts and the charge–discharge 10 

performance of the battery was evaluated with 1M LiTFSI 
(TEGDME) in Swagelok™ type cells. The cells were tested at a 
constant current density of 0.1mA/cm2 in a potential range of 
2.0–4.3V at room temperature and O2 atmosphere. The KB air 
cathode with and without catalyst were tested versus (Li/Li+) 15 

lithium metal anode and their first charge–discharge profiles are 
given in Fig. 7. From this figure, it can be clearly seen that the 
addition of catalysts has increased the capacity of the cells. The 
first discharge curve of LSC 1000 reached a maximum capacity 
of ~4208mAh/g with a flat discharge plateau at 2.75V. The 20 

obtained capacity is higher than that of the Li-O2 cells with LSC 
900 (~3047mAh/g) and without any catalyst (~2706mAh/g). In 
addition, the ball milled samples (BM LSC 900 and 1000) 
considerably improves the capacity, and BM LSC 1000 showed a 
maximum first capacity of 4701mAh/g. On charging a maximum 25 

of 86% capacity retention is achieved with the capacity of 
4000mAh/g. Also, the difference in discharge and charge 
potential or overpotential, ∆V is 1.1V which is very low and 
favourable for the reversibility of the battery. It is clearly seen 
that the addition of BM LSC 1000 has increased the specific 30 

capacity and reduced the over potential of the Li air battery than 
that of other cells with and without any catalysts. This attests to 
the fact that addition of perovskite LSC catalyst has efficiently 
increased the performance of the cell.  
To obtain complete stable cycling without any fade in the 35 

capacity we investigated the cells with a limited depth of 
discharge. Considerable cycling performance can be improved by 
limiting the depth of discharge and charging [51]. The cycle life 

and efficiency of the battery were measured with a limited 
capacity of 500mAh g-1 at 0.1mA cm-2, as given in Fig.8. It can 40 

be seen that discharge and charge capacity of LSC1000 are 
considerably better than those of LSC900. In addition, the ball 
milled samples (BM LSC 900 and 1000) considerably improves 
the cyclability of the battery during cycling, as observed in Fig.8. 
Particularly, the discharge and charge capacities of BM LSC1000 45 

were considerably improved during cycling than other perovskite 
oxides. BM LSC1000 cycling data shows a uniform 
discharge/charge up to 38 cycles without any capacity fade. 
However, after 38 cycles, the charge capacity was gradually 
decreased (shown in Fig. 8(b)). This capacity fade can be 50 

attributed to slow oxidation kinetics of Li2O2 formed upon 
discharge. These observations are consistent with the previous 
studies on lithium air batteries [52–54]. On the other hand, BM 
LSC900 was stable only up to 24 cycles, and the charge capacity 
was gradually reduced after that. One important observation from 55 

the charge/discharge behaviour is the enhanced battery 
performance of all the ball milled samples which is due to 
increased specific surface area and/or the formation of reactive 
defects in structures upon ball milling. High specific surface area 
eventually provides more active sites for the electrochemical 60 

reaction. These results further confirm the electrochemical 
observations in which the BM LSC1000 showed much better 
performance in comparison with BM LSC900, which is attributed 
to the pure phase structure of BM LSC1000. Furthermore, the 
improved cycling performance may be due to the unique 65 

properties of the electrode structure of BM LSC1000 catalyst, 
which facilitate the formation and decomposition of the discharge 
product and thus improve the reversibility of the O2 electrode. 
 

4. Conclusions 70 
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Perovskite La0.6Sr0.4CoO3-δ was synthesized using the Pechini 
method with different drying and calcination temperatures for the 
application as air cathode catalyst in lithium–air batteries. XRD 
spectra showed that regardless of the drying temperatures the 
synthesized LSC oxides at 1000°C exhibited the stable perovskite 5 

structure without the formation of any impurities. From FESEM 
and TEM analyses, it could be observed that the primary particles 
aggregate to form secondary particles resulting in the larger sizes 
of the perovskite LSC oxides. From the electrochemical 
characterizations, the perovskite LSC exhibited better catalytic 10 

performance than conventionally used KB. The catalytic activity 
of LSC1000 was found to be better than that of LSC900. The ball 
milled LSC showed better catalytic performance due to their 
improved surface properties. These promising results suggest that 
the synthesized perovskite LSC can be used as air cathode for the 15 

next generation lithium-air batteries.  
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