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Efficiency of 3D-Ordered Macroporous La0.6Sr0.4Co0.2Fe0.8O3
as an Electrocatalyst for Aprotic Li-O2 Batteries
Junfang Cheng,[a, b] Yuexing Jiang,[a] Lu Zou,[a] Ming Zhang,[c] Guozhu Zhang,[d] Ziling Wang,[a]

Yizhen Huang,[a] Bo Chi,*[a] Jian Pu,[a] and Li Jian[a]

Li-O2 batteries (LOBs) with an extremely high theoretical energy
density have been reported to be the most promising
candidates for future electric storage systems. Porous catalysts
can be beneficial for LOBs. Herein, 3D-ordered macroporous
La0.6Sr0.4Co0.2Fe0.8O3 perovskite oxides (3D-LSCF) are applied as
cathode catalysts in LOBs. With a high Brunauer-Emmett-Teller
surface area (21.8 m2g� 1) and unique honeycomb-like macro-
porous structure, the 3D-LSCF catalysts possess a much higher
efficiency than La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) nanoparticles. The
unique 3D-ordered macropores play a significant role in the
product deposition as well as oxygen and electrolyte trans-
mission, which are crucial for the discharge-charge processes of
LOBs.

As a possible alternative to state-of-the-art lithium-ion batteries,
LOBs are currently attracted worldwide attention because of
their extremely high theoretical energy density.[1–3] Unfortu-
nately, many unsolved scientific challenges inhibit the practical
applications, such as high overpotential, poor rate capacity and
short cycle life, which are mainly due to the sluggish dynamics
of oxygen reduction reaction (2Li+ +O2+2e� !Li2O2, ORR) and
oxygen evolution reaction (Li2O2!2Li

+ +O2+2e
� , OER).[4]

Therefore, to develop a bi-functional catalyst is highly desirable
to accelerate the development of LOBs. These catalysts mainly

include carbon materials, noble metals, nitrogen-containing
metal compounds and transitional metal oxides.[5] Though
noble metals may possess the highest bi-functional (ORR and
OER) catalytic activities, the expensive prices prevent them from
large-scale applications.[6]

As a member of transitional metal oxides, perovskites oxides
have been reported as efficient catalysts in metal air batteries
for their low price and excellent catalytic activity.[7–9] Besides,
porous catalysts have been demonstrated to be advantageous
in LOBs because of their facile pathway for oxygen and
electrolyte diffusion together with more active sites during the
ORR and OER processes.[10,11] However, the phase formation
temperatures of perovskite oxides are often approaching or
exceeding 800 °C, which could destroy the porous structure and
damage the catalytic activity.[12,13] Therefore, it has great
significance to prepare porous perovskite catalysts at lower
temperature.

Herein, 3D-ordered macroporous La0.6Sr0.4Co0.2Fe0.8O3 (3D-
LSCF) perovskite oxide has been obtained through polystyrene
sphere (PS) template removing method as the substitution of
traditional sol-gel method in our previous work. The prepared
3D-LSCF and traditional LSCF are both applied as cathode
catalysts in LOBs. The performance comparison indicates that
the 3D-ordered macroporous structure is of vital importance for
the performance enhancement of LOBs.

It can be seen that the particles of PSs are very uniform and
the sizes are all around 400 nm (see Figure S1a). After
centrifugation treatment, the monodispersed PSs are close-
packed into colloidal crystal and form orderly arranged
templates (see Figure S1b).

The X-ray diffraction (XRD) patterns of the precursors after
being calcined in three different temperatures are presented in
Figure 1. The peak intensity becomes stronger as the temper-
ature increases. The diffraction peaks of the samples calcined in
600 °C and 650 °C are assigned to orthorhombic perovskite LSCF
(JCPDS 89-1268). The impure phase LaCo0.4Fe0.6O3 appears only
in the temperature of 550 °C. Thus 600 °C can be the suitable
calcination temperature to obtain pure LSCF without other
phases.

The SEM image of the precursor calcined in 600 °C is shown
in Figure 2a. After removing the orderly arranged PS templates,
the positions of PSs form “air spheres” and the residual LSCF
exhibited interconnected inorganic walls in three dimensions.
The pore size of these connected walls is about 300 nm, which
is smaller than that of PSs (400 nm). This is resulted from the
shrink process during the calcination. For comparison, the LSCF
nanoparticles via traditional sol-gel method is also obtained,
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which are shown in Figure 2b. The particle size of LSCF is about
50 nm and there are no connected pores between these
particles. Generally, the open and interconnected 3D-ordered
macroporous structure can exhibit higher specific area and
provide more surface sites. The BET surface area is also obtained
and the values of 3D-LSCF and LSCF are 21.8 m2g� 1 and
10.69 m2g� 1 respectively.

The full discharge-charge performance of LOBs with these
two catalysts is further examined. For comparison, the rate
performance of LOBs with pure SP cathode is also conducted,
as shown in Figure 3. At current density of 400 mAg� 1, the
specific discharge capacity of SP cathode is only 3217 mAhg� 1.
When used LSCF and 3D-LSCF catalysts, the discharge perform-
ances have been increased to 6027 mAhg� 1 and 6693 mAhg� 1.
The detail comparison is presented in Table 1. More obvious
enhancement lies in charge capacity. Without catalyst, the
charge capacity of LOBs is just 1787 mAhg� 1. However, the
charge capacities of LOBs with LSCF-SP cathode and 3D-LSCF/
SP cathode are advanced to 5013 mAhg� 1 and 5807 mAhg� 1.
The charge-discharge voltage difference (ΔV) can be used to
measure the overpotential, which can be dramatically reduced
by the two catalysts especially for 3D-LSCF.

The value of coulombic efficiency is defined by charge
capacity/discharge capacity, as shown in Table 1. The absence
of LSCF and 3D-LSCF catalysts make the coulombic efficiency of
LOBs dramatically raise to 83.17% and 86.76% from 55.55%.

The aggregation of products during the discharge process can
cause high charge voltage and then terminate the charge
process immediately. And this is the reason for the low capacity
and coulombic efficiency of LOBs with pure SP cathode.
However, with the assistance of LSCF catalyst, the morphology
of the discharge products will change into different shape
which will cause lower overpotential. During the following
charge process, LSCF catalyst can also accelerate the decom-
position of products, resulting in lower charge voltage and
higher capacity. Furthermore, 3D-LSCF catalyst with higher BET
surface area and 3D-ordered macroporous structure would
certainly ensure the high availability of catalytic active sites and
thus contribute to much lower overpotential and more obvious
capacity enhancement.[14,15]

Cycle stability is also very crucial to evaluate the perform-
ance of LOBs. At current density of 400 mAg� 1, LOBs with pure
SP cathode can run about 58 cycles (see Figure S2). LOBs show
minimal attenuation at the first 30 cycles and the later
attenuation is attributed to the progressively higher over-
potential.

With the catalytic effect of LSCF, the cycle number of LOBs
has increased to above 150 (Figure 4a). The performance of
LOBs with LSCF-SP cathode is very stable at the beginning
90 cycles. During the following cycles, the products accumu-
lated gradually on the surface of electrode, thus weaken the
cycle performance and the LOBs end up at about the 156th
cycle. The introduction of 3D-LSCF catalyst can further improve

Figure 1. X-ray diffraction patterns of precursors calcined at different
temperatures.

Figure 2. SEM image of a) the 3D-LSCF after calcined in 600 °C and b) the
LSCF prepared by sol-gel method.

Figure 3. Full discharge-charge curves of LOBs with different cathodes at
current density of 400 mAg� 1.

Table 1. Discharge–charge capacities and coulombic efficiencies of LOBs
with different cathodes at current density of 400 mAg� 1.

Cathode Discharge
capacity
[mAhg� 1]

Charge capacity
[mAhg� 1]

Coulombic
efficiency [%]

SP 3217 1787 55.55
LSCF-SP 6027 5013 83.17
3D-LSCF/
SP

6693 5807 86.76

Communications

207ChemistryOpen 2019, 8, 206–209 www.chemistryopen.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Donnerstag, 14.02.2019

1902 / 129798 [S. 207/209] 1

https://doi.org/10.1002/open.201800247


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

the cycle stability. The LOBs with 3D-LSCF/SP cathode can run
for approximately 150 cycles (Figure 4b) without obvious degra-
dation, and then gradually deteriorates as the cycle time
increases. For comparison, herein the cycle performance of
LOBs with some other perovskite catalysts are presented. For
example, with a limited capacity of 500 mAhg� 1, LOBs with
La0.6Sr0.4Co0.9Mn0.1O3, La0.6Sr0.4CoO3–б, La0.8Sr0.2Mn0.6Ni0.4O3 nano-
particles and hierarchical mesoporous/macroporous
La0.5Sr0.5CoO3–б nanotubes catalysts can run 53 cycles at
100 mAg� 1, 51 cycles at 0.1 mAcm� 1, 79 cycles at 200 mAg� 1

and 50 cycles at 0.1 mAcm� 1, respectively. So the cycle stability
of LOBs with 3D-LSCF catalyst is very outstanding among other
perovskite catalysts.[8,16,17]

The overpotential can also be seen from the cycle curves
and show the notable trend of 3D-LSCF/SP<LSCF-SP<SP. For
all cathodes, the discharge plateaus are stable with only one
stair. However, it is worth noting that the charge plateaus
exhibit two stairs for 3D-LSCF/SP cathode at the beginning
cycles while one stair for SP and LSCF-SP cathode during all
cycle times. The two stairs with different ΔV is related with the
unique microstructure of 3D-LSCF catalyst. The honeycomb-like
“air spheres” can provide sufficient void volume for products
deposition and more abundant oxygen and electrolyte trans-
portation paths, resulting in lower charge voltage at the

beginning charge stage. The second stair comes from the later
deposition of products. As the residual products accumulate
cycle by cycle, the charge voltage ascends and then evolves
into one stair in the subsequent cycles. Even the charge voltage
has risen later, it is still lower than LOBs with other two
cathodes. The single charge stair in the full discharge-charge
curves (Figure 3) may be due to the excessive accumulation of
discharge products in the full discharge process. 3D-LSCF with
high BET surface area and unique “air spheres” can provide
more sufficient space for products deposition and more
catalytic active sites, as well as more oxygen and electrolyte
transmission channels to facilitate the formation and decom-
position of products, and then cause lower overpotential,
resulting in better rate performance and cycle stability.[18,19]

Experimental Section
Before preparing 3D-LSCF, the PS templates should be obtained.
The monodispersed polystyrene spheres were synthesized by
emulsion polymerization. Sodium dodecyl sulfate (SDS) and
potassium persulfate (KPS) were dissolved in the mixture solution
of ethanol and water. Then styrene (CP) was added to the solution
before stirring in 65 °C under N2 atmosphere for 6 h. After
centrifugation at 2000 rpm for 20 h, the close-packed PS templates
were obtained after vacuum drying overnight.[20] Stoichiometric
amounts of relevant metal nitrates (La(NO3)2 · 6H2O :Sr(NO3)2 :Co
(NO3)2 · 6H2O :Fe(NO3)3 · 9H2O=6 :4 :2 : 8) were dissolved in an
ethylene glycol (EG) -methanol (30–50 vol%) mixed solvent to form
precursor solution. The prepared PS templates were infiltrated in
the precursor solution for 1 h and then filtrated to remove the
excess solution. After drying in 60 °C for 2 h, the PS templates were
removed in flowing air at 350 °C. Then the obtained samples are
heated in different temperatures to form perovskite phase.[21] The
traditional perovskite La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) nanoparticles were
synthesized by sol-gel method in our previous reports.[22]

The LOBs used Swagelok-type test mold and were assembled layer
by layer with lithium ribbon (China Energy Lithium Co., LTD., ϕ
15.6 mm×0.4 mm) as anode, glass fiber (Whatman) as separator,
1 M lithium trifluoromethanesulfonate (LiTFSI) in dimethylsulfoxide
(DMSO) as electrolyte and the air cathode. All the processes were
conducted in an argon-filled glove box with oxygen and moisture
less than 1 ppm. The air cathode was prepared by screen printing
the mixed slurry (cathode materials) onto the carbon paper (ϕ
15.6 mm×1.7 mm, Tory). The mixed slurry is composed of Super P
(SP), as-prepared catalysts (3D-LSCF or LSCF), polyvinylidene
fluoride (PVDF) (Sigma Aldrich, MW 534,000, 99.9%) binder in a
mass ratio of 60 :30 :10. For comparison, the cathode without
catalyst was also prepared and the mass ratio of SP and PVDF was
90 :10. The electrodes with or without catalyst were labeled as 3D-
LSCF/SP, LSCF-SP and SP cathode. The loading of pure SP electrode
(SP+PVDF) onto the disks was about 2.2�0.2 mg and the loading
of LSCF-SP electrode (SP+LSCF+PVDF) onto the disks was about
3.2�0.2 mg.

The phase structures of catalysts were analyzed by X’Pert PRO X-ray
diffractometer with CuKα radiation. The morphology was inves-
tigated by field emission scanning electron microscopy (FE-SEM,
FEI, Sirion 200). The specific surface area of the oxides was
determined by using the Brunauer-Emmett-Teller (BET) method.
The electrochemical performances of the batteries were evaluated
in a Hantest cycler (Wuhan Hantest Technology Co., Ltd.) at room
temperature and the discharge-charge voltages were recorded
within a potential range of 2.2~4.5 V under O2 atmosphere. Before

Figure 4. Cycle performances of LOBs with a) LSCF-SP and b) 3D-LSCF/SP
cathodes at current density of 400 mAg� 1.
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test, the batteries were rested for 5 h to reach equilibrium of the
oxygen concentrations and moisture of the electrolyte. The rate
and cycle performance were tested at current density of
400 mAg� 1.
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