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lytic activity of hollow structured
La0.6Sr0.4CoO3�d perovskite spheres in aqueous
media and aprotic Li–O2 batteries†

Palanichamy Sennu,a Vanchiappan Aravindan, b Kee Suk Nahmc

and Yun-Sung Lee*a

Hollow structured La0.6Sr0.4CoO3�d (HS-LSC) perovskite spheres are synthesised via a template assisted

approach and utilized as a bi-functional catalyst in both aqueous and non-aqueous media. Optimization

of the calcination temperature has been performed to yield a single-phase HS-LSC. Rotating ring disk

electrode measurements of HS-LSC in 0.1 M KOH exhibit two-fold higher (apex of limiting current is

4.974 mA cm�2) oxygen evolution reaction (OER) capability than that of the commercial RuO2

(1.84 mA cm�2). The excellent oxygen reduction reaction (ORR) activity and durability up to 5400 s of

HS-LSC also registered as comparable to those of Pt/C. The organic medium OER and ORR activities of the

catalyst were explored from a Li–O2 battery perspective. The HS-LSC catalyst based Li–O2 battery

delivered a deep discharge capacity of �4895 mA h g�1 with high coulombic efficiency (�82%), and rate

capability. Excellent cycling stability is also evidenced for a limited capacity of 500 mA h g�1.

Unprecedentedly, the favourable structural and morphological features facilitate O2 transport, electrolyte

immersion and ion diffusion processes promoting the catalytic reaction kinetics on the electrode.
Introduction

Over the last decade, research activities have accelerated to
develop clean zero-carbon emission energy production from
renewable resources, which effectively reduces both environ-
mental pollution and suppresses the consumption of hydro-
carbon fuel resources. Owing to the increased concern about
the energy demands in large scale systems like electric vehicles
and in grid storage, the lithium–oxygen (Li–O2) battery is
considered as the most efficient and eco-friendly power system
compared to other renewable sources like traditional secondary
batteries (Li-ion, Pb–acid, Ni–Cd & Ni–MH), fuel cells, water
electrolysis and CO2 to fuel conversion.1–5 Furthermore, the
high theoretical specic energy (�11.14 kW h kg�1 excluding
O2), light weight and lower cost are added advantages for such
a fascinating system. The efficiency and durability of the cell is
completely dependent on the fundamental surface electro-
chemistry of the electrodes and the working environment
(aqueous, non-aqueous, hybrid and solid-state electrolytes).2,6–10
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Bruce et al.11 rst demonstrated the enhanced reversible redox
chemistry of a Li–O2 battery in the presence of a MnO2 catalyst
in a carbonate based non-aqueous electrolyte. Later, McCloskey
et al.12 suggested the usage of nanostructured bifunctional
catalysts which certainly minimizes the deep discharge over-
potential and/or the enhancement of electron transportation in
Li2O2. Therefore, utilization of high performance catalysts is
very crucial for the development of the Li–O2 system. Employing
separate catalysts for oxygen evolution/reduction reactions
(OER/ORR) in an O2 electrode is a complex process, it requires
complicated electrode design, and the practical reality is also
not feasible. Hence, the usage of a bi-functional catalyst is
highly desirable. Obviously, the OER/ORR activities in aqueous
and organic media are entirely different, and hence the identi-
cation of suitable bifunctional catalysts is a hot topic of
research in Li–O2 batteries. In some exceptional cases, better
catalytic activity is registered for both mediums.

The ABO3�d type of oxygen decient La1�xSrxCoO3�d perov-
skite exhibits mixed ionic/electronic conductivities and excel-
lent O2 exchange co-efficients, their superior bifunctional
catalytic activities can replace the use of precious metals (Pt/
RuO2, IrO2, etc.) in metal–air batteries and solid oxide fuel cell
applications.13–17 Suntivich et al.18 reported that the OER activity
of perovskites is directly correlated with the transitionmetal ion
eg orbital electron number or oxygen vacancy resulting from the
B-site cation oxidation state. ORR and OER activities of different
perovskite catalysts such as g-C3N4-LaNiO3,19 LaMnO3,20 and
CoSn(OH)6 (ref. 21) have been explored in both aqueous and
J. Mater. Chem. A, 2017, 5, 18029–18037 | 18029
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non-aqueous media. Specically, La0.5Sr0.5CoO2.91 nanowires
showed one order of magnitude higher specic capacity than is
registered for its nanoparticle morphology in organic medium
and similar enhancement is noted in aqueous medium too.22

3DOM LaFeO3 nanostructured catalyst provides 14.3% higher
specic capacity, high round trip efficiency and good rate
capability over the Ketjen black-catalysed cell.23 Thus, compared
with low dimensional materials, the porous catalysts provide
plenty of electrochemically active surface area, a conducting
catalyst/gas diffusion layer, enhanced mass transfer and
a mechanically stable buffer framework for the betterment of
the Li–O2 cell.24,25

In the present work, we synthesised hollow structured
La0.6Sr0.4CoO3�d (HS-LSC) perovskite spheres through
a template (carbon sphere) assisted approach using a reuxing
method and adjusting the nal calcination temperature. This
was then employed as a bifunctional catalyst in a non-aqueous
Li–O2 battery during depth of discharge and capacity limited
cycling (500 mA h g�1). Besides organic solution, we also
attempted to study the catalytic activity (OER and ORR) of HS-
LSC in 0.1 M KOH solution as well. Apparently, rotating ring
disk electrode (RRDE) measurements reveal that the HS-LSC
displayed superior OER and ORR activity over commercial
RuO2 and Pt/C, respectively. Necessary structural and morpho-
logical properties are studied and described in detail.
Experimental section

Perovskite type La0.6Sr0.4CoO3�d hollow spheres were syn-
thesised via a template assisted method. First, carbon nano-
sphere templates were derived from glucose solution using
a hydrothermal process.26 In a typical process, 80 ml of glucose
solution (20 mmol) was transferred to a Teon-lined autoclave
and maintained at 180 �C for 10 h. The resultant black coloured
product was washed several times with water and ethanol
repeatedly, and dried at 60 �C overnight. Secondly, the stoi-
chiometric amount (0.6 : 0.4 : 1 ratio) of La(NO3)3$6H2O,
Sr(NO3)2, Co(NO3)2$6H2O and urea (12 g) were dissolved in
90 ml of water, and a few minutes later 240 mg of dried carbon
nanospheres were dispersed in the above solution. The resul-
tant mixture was reuxed for 5 h at 120 �C, and the resultant
brown coloured intermediate product was harvested and
washed with ethanol. Finally, the dried products were calcined
at different temperatures of 700, 800, 900 and 1000 �C for 5 h in
O2 atmosphere, and the corresponding porous hollow spheres
were labelled as HS-LSC-7, HS-LSC-8, HS-LSC-9 and HS-LSC-10,
respectively.
Physical characterization

A powder X-ray diffractometer (XRD, Rint 1000, Rigaku, Japan)
equipped with CuKa radiation was used to study the structural
properties. BET surface area measurements were conducted
using a Micromeritics ASAP 2010 surface area analyzer. Surface
morphological features of the samples were recorded using
a eld-emission scanning electron microscope (FE-SEM, S4700,
Hitachi, Japan). X-ray photoelectron spectroscopy (XPS) was
18030 | J. Mater. Chem. A, 2017, 5, 18029–18037
performed using a spectrometer (Multilab 2000, UK) with
monochromatic Al Ka radiation (hn ¼ 1486.6 eV).
Electrode preparation and electrochemical characterization

Rotating ring-disk electrode (RRDE). For the ORR and OER
studies, the 3D Co-NC was mixed with carbon powder (Cabot
Vulcan carbon XC-72) at a 30 : 70 wt% to ensure a sufficient
electrical conductivity. Ten milligrams of the above mixture was
dispersed ultrasonically in 150 ml of a diluted Naon alcohol
solution (5 wt%) in isopropyl alcohol (IPA). About 13.5 ml of the
above suspension was drop-cast onto a 5.61 mm-diameter glassy
carbon electrode [the area of the outer Pt ring is 0.2356 cm2

(outer disc: 8.5 mm, inner disc: 6.5 mm)] as an RRDE electrode
(Pine research instrumentation). The Co3O4-NS and a 20 wt% Pt/
C electrode (Premetek Co.) were also studied for comparison.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
were recorded using a computerized potentiostatic instrument
(model CHI700C). This three-electrode setup in a glass cell
consisted of the RRDE as the working electrode, the Pt wire as
the counter electrode, and Hg/HgO (1 M NaOH electrolyte) as
a reference electrode immersed in O2-saturated 0.1 M KOH as an
electrolyte solution at ambient temperature conditions. The
details of the reference electrode calibration are given in the
ESI.† During CV measurements, the scan rate and the disk
rotation speed are xed at about 5 mV s�1 and 1600 rpm,
respectively. Each analysis (ORR, OER and durability test) used
the same mass loading and new electrodes (40 mg cm�2).

Li–O2 battery. For the formulation of the O2 electrode, the
catalyst and KB (1 : 2 ratio) were mixed with a Teonized acet-
ylene black (TAB-2) binder in isopropanol, formed into a pellet,
and then pressed over a Ni mesh current collector. Further-
more, the electrodes were dried under vacuum at 100 �C for 12 h
and subsequently employed as a cathode for the Li–O2 battery.
The catalytic performance of the catalyst was evaluated in
Swagelok™-type Li–O2 cells containing 1 M lithium bis(tri-
uoromethane)sulfonimide (LiTFSI) in a tetraethylene glycol
dimethyl ether (TEGDME) electrolyte, and metallic lithium was
used as the counter electrode. The CV traces were recorded
within the range of 1.5–4.7 V vs. Li using a Won-A-Tech (WBCS
3000, Korea) battery tester. Galvanostatic charge/discharge
cycling of the cells was recorded between 2–4.3 V vs. Li at
different current densities (0.1–0.4 mA cm�2) using a BTS 2004
(Japan) battery tester at room temperature.
Results and discussion

XRD patterns of the HS-LSC treated at different calcination
temperatures are given in Fig. 1 (Fig. S1†). Accordingly, the
collected patterns of HS-LSC can be indexed to the (110), (104),
(024), (214), and (202) reections of rhombohedral La0.6Sr0.4-
CoO3�d (ICDD 00-036-1393).27 A phase pure structure is ob-
tained only for the calcination at 1000 �C (HS-LSC-10). Below
this temperature, secondary phases like (La,Sr)2CoO4 and La2O3

are observed at 2q ¼ �30 and �37�, respectively. Increasing the
temperature from 700 to 1000 �C results in the disappearance of
such secondary phases and leads to the formation of the pure
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD and (b) BET specific surface area with pore size distri-
bution (inset) of hollow sphere La0.6Sr0.4CoO3�d at 1000 �C (HS-LSC-
10).
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phase material.28 Therefore, further studies are conducted on
phase pure HS-LSC-10 only. Fig. 1b, shows the N2 adsorption–
desorption isotherms and pore size distribution of HS-LSC-10.
Typically a type-IV N2 sorption isotherm with H1 hysteresis
loop relatively occurs at high pressure (P/P0 > 0.8) indicating the
mesoporous nature of the HS-LSC-10 prepared. Also, the
average pore diameter of the HS-LSC-10 is estimated to be
�20 nm.

Surface morphology and microstructure of HS-LSCs were
analysed by FE-SEM and HR-TEM, and presented in Fig. 2.
Fig. 2 (a) SEM, (b) TEM, (c) high resolution TEM and (d) selected area di

This journal is © The Royal Society of Chemistry 2017
Apparently, the SEM image of La0.6Sr0.4CoO3�d is of an open
porous hollow sphere morphology which is obtained aer the
successful removal of the core carbon nanospheres. The non-
uniform sized hollow sphere dimensions range from �5 to
8 mm. The crystallinity and porosity of HS-LSC is increased with
temperature (Fig. S2†). Fig. 2b shows the TEM image of HS-LSC-
10 which is composed of nanoparticulates (�50 to 80 nm) with
non-uniform porous morphologies (�40 nm). The HR-TEM
picture reveals the highly crystalline nature of HS-LSC-10. The
d-spacings are found to be �0.266 and �0.378 nm and corre-
spond to the (110) and (012) planes of La0.6Sr0.4CoO3�d,
respectively. In addition, the selected area electron diffraction
(SAED) pattern clearly shows a discontinued diffraction ring
conrming a poly-crystalline nature (Fig. 2d). Furthermore, the
observed rings can readily be indexed with the (312), (214), (024)
and (202) planes of La0.6Sr0.4CoO3�d of rhombohedral phase
and are consistent with the XRD results.

The investigation of the chemical composition and oxidation
states of the elements present in HS-LSC-10 by XPS is shown in
Fig. 3. Fig. 3a shows that the survey spectrum consists of
different elements such as La, Sr, Co, O and C. Fig. 3b shows the
Sr 3d spectrum de-convoluted and positioned at (131.3 � 0.2
and 134.03� 0.2 eV) for 3d5/2 and (133� 0.2 and 135.3� 0.2 eV)
for 3d3/2.29 The lower and higher energy peaks arose from lattice
and surface-bound Sr, respectively. Furthermore, the doublet
separation (1.7 eV) and Sr binding energy in HS-LSC-10 are
similar to those of Sr in SrO. Fig. 3c displays the de-convoluted
La 3d peaks with binding energies of 833.6 and 837.2 eV which
can be assigned to La 3d5/2 and La 3d3/2, respectively.30 The
small variations of the La 3d5/2 peak’s binding energy and the
spin–orbit splitting (�16.7 eV) undoubtedly conrms that the
La ions are in a 3+ state and near the oxygen decient sites.
Fig. 3d shows that the core level Co 2p spectrum contains 2P3/2
and 2p1/2 peaks located at 780 � 0.2 eV and 795 � 0.2 eV,
respectively. The spin–orbit doublet separation (15.1 eV) and
ffraction pattern of hollow sphere La0.6Sr0.4CoO3�d (HS-LSC-10).

J. Mater. Chem. A, 2017, 5, 18029–18037 | 18031
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Fig. 3 X-ray photoelectron spectrum of hollow sphere La0.6Sr0.4-
CoO3�d (HS-LSC-10) (a) survey spectrum, (b) Sr 3d, (c) La 3d, (d) Co 2p,
(e) O 1s and (f) C 1s.
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the intensity ratio (0.5) are characteristic of Co2+ and Co3+

ions.31,32 Fig. 3e and Fig. 3f conrm that the O 1s and C 1s peaks
are located at �531.5 � 0.5 eV and �284 � 0.5 eV with different
functionalities.31
Electrochemical studies

ORR and OER studies in aqueous medium. The electro-
chemical behaviour of the porous hollow sphere (HS-LSC-10)
and nanoparticle LSC-10 (NP-LSC-10) catalysts has been
studied in 0.1 M KOH aqueous electrolyte by the rotating ring-
disk electrode (RRDE) technique, as shown in Fig. 4 and Table
1. The CV traces of the catalysts were recorded between �0.8
and 0.3 V vs. Hg/HgO at a scan rate of 5 mV s�1 and speed of
1600 rpm and are shown in Fig. S3.† A well-dened cathodic
peak is observed at �0.21 and �0.229 V for the HS-LSC-10 and
NP-LSC-10 catalysts in an O2 saturated solution, respectively.
The HS-LSC-10 peak shows a higher cathodic current
(�0.217 mA cm�2) with a greater positive shi than that of NP-
LSC-10. In contrast, when the solution is saturated with N2,
a symmetric curve pattern was observed without any obvious
peaks reecting a double layer behaviour for HS-LSC-10. To gain
more insight into the ORR activity of HS-LSC-10 and NP-LSC-10
from LSV, the catalytic activity of commercial Pt/C was also
recorded between �0.8 and 0.3 V vs. Hg/HgO at a scan rate of
5mV s�1 and speed of 1600 rpm for comparison and is shown in
Fig. 4a. The onset potential of HS-LSC-10 is �0.154 V, which is
shied slightly towards a more positive potential than the
18032 | J. Mater. Chem. A, 2017, 5, 18029–18037
NP-LSC-10 (�0.171 V). On the other hand, the potential of
0.109 V is noted for commercial Pt/C. The observed apex
diffusion current for HS-LSC-10 is �0.65 mA closer to that of
Pt/C and slightly higher than that of the NP-LSC-10 catalyst.
Notably, the excellent ORR catalytic performance results from
the better electronic movements which facilitate efficient OH�

transportation to the HS-LSC-10 active sites.
Tafel slopes offer critical insight into the ORR analysis and

are shown in Fig. 4b, all polarization curves are displayed at the
low over potential regime between �0.4 to 0 V. Notably, there is
a decreasing slope of the curve and an increase in the exchange
current of HS-LSC-10 (88.7 mV dec�1), close to that of
commercial Pt/C, suggesting the benecial electronic and
geometric effects, and the exchange current is superior to that
of NP-LSC-10 (107 mV dec�1) as well. Fig. 4c shows that the
increasing limiting diffusion current depends on the rotation
speed and reveals the good ORR activity of the HS-LSC-10
catalyst. The OER activities of HS-LSC-10 and NP-LSC-10 were
measured between 0.3 to 1 V vs. Hg/HgO at a scan rate of
5 mV s�1 and speed of 1600 rpm along with commercial RuO2

and are shown in Fig. 4d. Anodic LSV measurements clearly
indicate that, with a higher apex diffusion current
(4.974 mA cm�2) and much smaller overpotential of 0.769 V at
the limiting diffusion current range of 1 mA cm�2, the HS-LSC-
10 displayed much better OER activity than the NP-LSC-10 and
the state-of-the-art RuO2 catalyst.

The ORR catalytic pathway and kinetic information for the
HS-LSC-10, NP-LSC-10 and Pt/C catalysts were evaluated from
the RRDE ring and disk currents shown in Fig. 5a. The ring
current decreases signicantly from NP-LSC-10 to HS-LSC-10
showing that the intermediate product formation (H2O2) was
greatly decreased. The amount of peroxide species (OH2

�) and
number of electrons transferred (n) during ORR were calculated
from the following eqn (1) and (2).33,34

% OH2
� ¼ 200

Ir

N

Id þ Ir

N

(1)

n ¼ 4
Id

Id þ Ir

N

(2)

where, Id and Ir are the disk current and ring current, respec-
tively. N is the current collection efficiency in the RRDE (N ¼
0.37). The peroxide yield for HS-LSC-10 is 5–14% within the
potential range of �0.8 to �0.2 V, which is lower than that of
NP-LSC-10 (7–20%) as shown in Fig. 5b. In Fig. 5c, the number
of electrons transferred for HS-LSC-10 is 3.71–3.90, which is
higher than that of NP-LSC-10 (3.6–3.87). This result implies
that oxygen reduction proceeds with a quasi-4 electron pathway
in HS-LSC-10.

For practical applications, catalyst stability is one of the most
important requirements. Thus, the durability of HS-LSC-10 and
Pt/C was assessed by chronoamperometry at 0.6 V vs.Hg/HgO in
O2 saturated 0.1 M KOH with a speed of 1600 rpm over about
5400 s and is shown in Fig. 6. Apparently, no deviation from the
current density of HS-LSC-10 is noted compared to Pt/C. This
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Comparison (a) ORR and (b) OER linear sweep voltammetry at 1600 rpm speed, (c) ORR activity of the HS-LSC-10, and (d) Tafel plots of
NP-LSC-10, HS-LSC-10 and Pt/C catalysts in O2 saturated 0.1 M KOH electrolyte at a scan rate of 5 mV s�1.
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enhanced stability of the HS-LSC-10 catalyst reveals it to be
useful as a potential catalyst for high performance applications
like water splitting.

Li–O2 battery. It is well known that the catalytic activity of
a catalyst in aqueous and organic medium is entirely different,
as is its reaction mechanism. Moreover, a successful catalyst in
the aqueous media will not necessarily exhibit similar charac-
teristics in an organic solution or vice versa. However, in some
exceptional cases, better catalytic activity in both aqueous and
organic media is reported, for example Co3S4 nanosheets,7 g-
C3N4-LaNiO3 particles,19 LaMnO3 nanobers,20 etc. Further
insight into the catalytic activity of HS-LSC-10 was examined in
a Li–O2 battery using the cyclic voltammetry method in the
presence of an oxygen saturated 1 M LiTFSI in TEGDME elec-
trolyte between 1.5 and 4.7 V vs. Li at a scan rate of 0.1 mV s�1

and is given in Fig. 7a. For comparison, NP-LSC-10 was also
tested under the same conditions. A sharp oxygen reduction
peak was observed at �2.55 V vs. Li for both electrodes.
However, the peak current and area underneath the curve for
HS-LSC-10 is much higher than that of NP-LSC-10. This may be
related to the porous hollow structure of HS-LSC-10 with its
Table 1 The cyclic voltammetry, ORR, OER and Tafel slope data for NP

Samples

Cyclic voltammetry ORR

Peak potential (V)
Peak current
(mA cm�2)

Onset potential
(V)

NP LSC-10 �0.229 0.163 �0.170
HS LSC-10 �0.21 0.217 �0.150
Pt/C — — �1.090
RuO2 — — —

This journal is © The Royal Society of Chemistry 2017
larger surface area that facilitates faster electron transfer
through a network of connected catalytic sites and allows better
oxygen diffusion compared to the NP-LSC-10 based cell. During
the subsequent anodic scan, three distinguishable peaks with
considerable peak currents were observed for the HS-LSC-10
electrode whereas the diminished peaks appearing below
�4.2 V vs. Li are featureless. However, a suppressed peak with
large polarization is noted for the case of NP-LSC-10. The
decomposition of discharge products on the HS-LSC-10 elec-
trode at �3.28 and �3.57 V vs. Li is associated with the amor-
phous and crystalline form of Li2O2, respectively. In addition,
the decomposition of the residual lithium carbonates (Li2CO3,
HCO2Li, CH3CO2Li, etc.) or electrolyte started at �4.36 V vs. Li
with a higher current response (0.3 mA) than NP-LSC-10 which
exhibits a weak current (0.174 mA) and is shied towards the
higher potential of �4.45 V vs. Li. Obviously, it is evident that
the efficient catalytic activity with lower polarization of HS-LSC-
10 is registered, which eventually enhances both energy output
and round-trip efficiencies during reduction and oxidation
processes compared to NP LSC-10 in the Li–O2 battery
assembly.35–38
LSC-10, HS LSC-10 and commercial Pt/C, RuO2 catalysts

OER
Tafel slope

Apex current
(mA cm�2)

Apex current
(mA cm�2)

Onset potential
(V) Slope (V dec�1)

0.5977 2.49 0.851 �0.107
0.6487 4.97 0.769 �0.088
0.6457 — �0.068
— 1.84 0.868 —

J. Mater. Chem. A, 2017, 5, 18029–18037 | 18033
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Fig. 5 RRDE measurements of (a) the ring and disk currents, (b) amount of peroxide formation of NP-LSC-10, HS-LSC-10 and Pt/C catalysts at
speed of 1600 rpm in O2 saturated 0.1 M KOH solution and (c) electron transference number.

Fig. 6 ORR chronoamperometric response of HS-LSC-10 and Pt/C in
O2 saturated 0.1 M KOH electrolyte.

Fig. 7 (a) The cyclic voltammogramof Li–O2 battery with HS LSC-10 and
NP LSC-10 catalysts between 1.5 to 4.7 V at a sweep rate of 0.1 mV s�1, (b)
1st cycle depth charge/discharge profile of HS LSC-7, HS LSC-8, HS
LSC-9, HS LSC-10 and NP LSC-10 catalysts between 2 to 4.3 V at
100 mA g�1 current rate.
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O�
2 + e� + Li+ / LiO2 (3)

LiO2 + e� + Li+ / Li2O2 (4)

Li2O2 / Li2�xO2 / 2 � xLi+ + O2 (5)

Fig. 7b shows the rst cycle depth charge–discharge curves of
all HS-LSC catalysts conducted between 2 to 4.3 V vs. Li at
a current density of 0.1 A g�1. Here and in further studies, the
operating voltage of the Li–O2 battery is xed from the above CV
analysis result. Clearly, HS-LSC-10 delivered a very high rst
discharge capacity (�4895 mA h g�1) and coulombic efficiency
(�82%) compared to the other La1�xSrxCoO3�d catalysts (ESI
Table ST1†). The observed capacity is �53% higher than that of
18034 | J. Mater. Chem. A, 2017, 5, 18029–18037
NP-LSC-10. It is worth mentioning that the increasing crystal-
linity of HS-LSC favours the improvement in coulombic effi-
ciency with less over potential (validated at a specic capacity of
1000 mA h g�1).

Fig. 8a shows the galvanostatic charge–discharge prole of
the HS-LSC-10 electrode in the current density range from 0.1 to
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) The rate performance of the Li–O2 cell with HS LSC-10
catalyst at different currents ranging from 100 to 400 mA g�1, (b) the
cycling stability of Li–O2 batteries in a limited capacity range with HS
LSC-7, HS LSC-8, HS LSC-9 and HS LSC-10 catalysts at 100 m g�1

between 2 and 4.3 V.
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0.4 A g�1 and the potential range of 2 to 4.3 V vs. Li. The
discharge capacity and coulombic efficiency are decreased from
4895 to 1065 mA h g�1 and �82 to 47%, respectively, when the
current density is increased from 0.1 to 0.4 A g�1. In addition,
a small downturn in the discharge plateau at higher currents
suggests a good rate capability. The cycleability of all the HS-
LSC based Li–O2 cells was investigated at a controlled/limited
specic capacity of 500 mA h g�1 and a current density of
0.1 mA cm�2 as shown in Fig. 8b and Fig. S4.† The cycling
performance and charge/discharge curves of the cell with the
HS-LSC-10 electrode is much better than that of the other HS-
LSC based cells. The overpotential (between charge and
discharge) of the HS-LSC-7, HS-LSC-8 and HS-LSC-9 based
electrodes was increased with increasing cycle number is
another setback. The drastic polarization of the cell is followed
by a serious cyclic degradation before 30 cycles.

Besides the excellent electro-catalytic activity in aqueous
media, the porous electrode, facilitating both O2 transport and
Li+ diffusion, and the hollow sphere allow more electrolyte
immersion and collection of solid-state discharge products
(Li2O2, Li2CO3). Moreover, the oxygen decient crystal structure
acts as an enhanced bifunctional active catalytic site, leading to
an improvement in the round-trip efficiency and excellent long-
term stability that is cost-effective compared with noble-metal
catalysts.

Conclusion

Perovskite type porous hollow spheres of La0.6Sr0.4CoO3�d (HS-
LSC) were synthesised through a template assisted procedure.
The crystallinity, porosity and structural integrity were
This journal is © The Royal Society of Chemistry 2017
systematically investigated by XRD, SEM and TEM analysis.
RRDE results of HS-LSC as a catalyst in 0.1 KOH show much
improved bifunctional catalytic kinetics as compared with the
particulate morphology and commercial Pt/C and RuO2 cata-
lysts. Furthermore, the non-aqueous Li–O2 battery also showed
a �53% excess specic capacity with higher coulombic effi-
ciency (�82%) than for the particulate morphology. More
importantly, superior rate capabilities and a stable cycling
performance under limited capacity cycling were demonstrated.
The remarkable electrochemical performance of La0.6Sr0.4-
CoO3�d in both aqueous and organic media shows that this
catalyst could be used as a cost effective potential candidate for
fuel cells, water splitting and hybrid/non-hybrid metal–air
batteries.
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