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Introduction

Currently, natural sources of fuel such as coal and oil are driv-
ing the industrial growth and development of sustainable
economy of the world. Owing to extensive use of limited sup-
plies, natural resources will eventually face depletion.[1] More-
over, burning fossil fuels increases the concentration of carbon
dioxide gas in the atmosphere, which raises severe environ-
mental concerns globally. The development of alternative
energy sources has been actively undertaken to address the
issues of continued demands for nonrenewable energy sources
and to overcome the environmental challenges associated
with burning of natural deposits. As such, research interest in
the investigation of reversible energy conversion systems such
as rechargeable batteries has increased. At present, lithium (Li)-
ion batteries are considered the most developed rechargeable
technology. However, Li-ion batteries struggle to meet the re-
quirements for high-end markets such as electric vehicles
owing to limited energy density.[2] Alternatively, Li–air batteries
are recognized to be the most promising energy-conversion

systems for rechargeable applications, as they retain a consider-
ably high theoretical energy density (3582 Wh kg¢1),[2] which is
particularly attractive for applications with high energy de-
mands.[3, 4] In spite of these promising features, Li–air batteries
face technical and economic challenges that must be ad-
dressed to promote them as commercially viable technologies
for future energy systems.[2, 3, 5] Above all, battery performance
largely depends on the activities of the oxygen reduction reac-
tion (ORR) and the oxygen evolution reaction (OER) of the
cathode during discharge and charge, respectively.[6, 7] Howev-
er, the undesirable overpotential caused by sluggish reaction
kinetics associated with the ORR and OER greatly limit the cur-
rent performance of metal–air batteries, which must be im-
proved by efficiently catalyzing the reactions.

To date, the most effective electrocatalysts are carbon-sup-
ported precious metal catalysts, such as platinum (Pt) and iridi-
um (Ir).[8–12] However, their undesirable price and inferior long-
term stability in the operating potential range hinder them
from commercialization.[13, 14] Furthermore, they lack the ability
to sufficiently catalyze both the ORR and OER together, which
is vitally important for the development of rechargeable sys-
tems. Thus, affordable, active, and stable bifunctional catalyst
must be developed to significantly improve battery per-
formance and the viable lifetime for wide commercialization.
As an alternative to these precious metal catalysts, metal
oxides and their composites with graphitic carbon materials
have attracted much interest.[15–18] Particularly, metal oxides
and heteroatom-doped reduced graphene oxide (RGO) or
carbon nanotube (CNT) hybrid catalysts have demonstrated at-
tractive performances as efficient bifunctional catalysts towards
both the ORR and OER as a result of their synergistic combina-
tion of activity.[15, 17, 19] Our group previously proposed a novel
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strategy to prepare directly grown nitrogen-doped carbon
nanotubes (NCNTs) on a metal oxide bifunctional catalyst by
using a perovskite oxide of LaNiO3 as a core material.[13] The
catalyst exhibited impressive performance for a Zn–air battery;
however, the synthetic procedure was still complicated and
the catalytic activities demonstrated limited synergetic effects
of the metal oxide and the NCNTs owing to the intrinsic activi-
ty of the core material and its morphology.

In this work, we introduce a facile one-pot synthesis of per-
ovskite oxide phase La0.5Sr0.5Co0.8Fe0.2O3 nanoparticle (LSCF-NP)
based NCNT composite (op-LN) for a highly active and durable
bifunctional catalyst utilizing perovskite oxide of LSCF-NP as
a core material, as a previous reports introduced that Sr
doping and Fe doping in the perovskite oxide structure could
enhance catalytic activity.[20, 21] During the solution-based syn-
thesis, LSCF-NP precursors are calcined at 700 8C, then NCNT is
directly grown on the surface of LSCF-NP through injection
chemical vapor deposition (CVD) to form NCNT-wrapped metal
oxide composite by a fast and simple method. The composite
demonstrates enhanced ORR and OER catalytic activities in al-
kaline medium, and this attests to their excellent combination
through the attainment of synergistic performance, even
though the composite was prepared by a fast and simple
method. It is speculated that the element composition and
morphology of the core metal oxide are responsible for the en-
hancement of the catalytic activity of the composite, outper-
forming those of our previous work.[13] In addition to the per-
formance, this work also emphasizes that this novel methodol-
ogy offers an engineering benefit of a facile process to prepare
the effective bifunctional catalyst. Lastly, the developed cata-
lyst was applied to a Li–air battery to examine its performance
in a practical battery application. The performance of the cath-
ode catalyst in the battery delivered consistent results in
a half-cell investigation in alkaline medium. All of this evidence
provided proof that the developed composite catalyst and the
synthetic method are promising for the preparation of a bifunc-
tional catalyst for Li–air battery applications.

Experimental Section

The one-pot synthesis of a La0.5Sr0.5Co0.8Fe0.2 nanoparticle (LSCF-
NP)-based NCNT composite (op-LN) was developed by combining
simple calcination and injection chemical vapor deposition (CVD),
as described in Figure 1. First, a precursor solution for LSCF-NP was
prepared by completely dissolving La(NO3)3·6 H2O, Sr(NO3)2,
Co(NO3)2·6 H2O, and Fe(NO3)3·9 H2O in H2O and C2H5OH in a 1:1
mass ratio along with 16.7 wt % poly(vinyl pyrrolidone) (PVP). The
solution (1.5 mL) was spread onto the interior of a small quartz
tube, and the tube was put into a bigger and longer quartz tube
that was then placed in the center of a horizontal tube furnace.
The calcination was conducted at 700 8C with a ramping rate of
1 8C min¢1. After calcination for 3 h, Ar gas was purged into the
long tube, whereas 2.5 wt % ferrocene (C10H10Fe)-dissolved ethyle-
nediamine (C2H8N2) solution was loaded into a syringe for NCNT
synthesis. The solution (2.0 mL) was injected at 0.05 mL min¢1

under Ar protection at 100 sccm. After the injection, the furnace
was cooled down to room temperature, which was followed by
collecting the final op-LN product. To obtain only LSCF-NP, the in-
jection steps were omitted. After 3 h at 700 8C, the furnace was

cooled down to room temperature and LSCF-NP powder was col-
lected and ground.

For chemical and physical characterization of op-LN and LSCF-NP,
the following tools were utilized in this study. Scanning electron
microscopy (SEM, LEO FESEM 1530) and transmission electron mi-
croscopy (TEM, JEOL 2010F) were employed to observe the mor-
phology and structure. X-ray diffraction (XRD) and X-ray photoelec-
tron spectroscopy (XPS, Thermal Scientific Ka XPS spectrometer)
were conducted for characterization of the crystalline phase and
for atomic compositional analysis, respectively. Thermal gravimetric
analysis (TGA) was performed to obtain the ratio of metal oxide
and carbon nanotube in the op-LN composite.

The electrocatalytic activity and durability were evaluated by rotat-
ing disc electrode (RDE) measurements by using a potentiostat (CH
Instrument 760D) and a rotation speed controller (Pine Instrument
Co., AFMSRCE). The catalyst inks were prepared with 4 mg mL¢1 of
the catalyst concentration in ethanol-diluted Nafion solution and
were coated on a glassy carbon disk electrode (5 mm OD) with
20 mL of the ink (loading 0.41 mg cm¢2) for the working electrode.
To investigate the electrochemical performance of op-LN relative
to that of other materials, LSCF-NP (mixed with Vulcan Carbon
with 3:7 mass ratios), NCNT, commercial 28.8 wt % Pt/C catalyst
(TKK), and 20 wt % Ir/C (Premetek Co.) were examined by the same
process. A platinum (Pt) wire and a saturated calomel electrode
(SCE) were utilized as counter and reference electrodes, respective-
ly, and 0.1 m KOH was used as the electrolyte. Linear sweep vol-
tammetry (LSV) was applied for examination of the ORR activity in
RDE measurements at a scan rate of 10 mV s¢1 in O2-saturated elec-
trolyte and N2-saturated electrolyte to remove double-layer capaci-
tance. Cyclic voltammetry (CV) was used to investigate the OER ac-
tivity and durability in O2-saturated 0.1 m KOH at a scan rate of
10 mV s¢1 and in N2-saturated 0.1 m KOH at a scan rate of
50 mV s¢1, respectively.

For the investigation of the performance of the catalysts in a practi-
cal metal–air battery, an in-house-designed Li–air battery was pre-
pared and tested by using a battery cycler (Newware). A lithium
sheet as the anode, a catalyst-coated gas diffusion layer (Ion Power
Inc. , SGL Carbon 10 BB, 2.5 cm by 2.5 cm) sheet as the cathode,
and a LISICON membrane (Ohara Corp.) as the separator were
used. The catalyst layer on the gas diffusion layer was prepared as
follows. First, the catalyst (9.4 mg) was dispersed in isopropanol
(1 mL), and the mixture was sonicated for 30 min, which was fol-
lowed by the addition of 5 wt % Nafion solution (67 mL) to prepare
a catalyst ink. The catalyst ink was coated onto the gas diffusion
layer with a conventional airbrush. After spraying, the gas diffusion
electrode was dried at 80 8C for 12 h. The catalyst loading was de-
termined by the difference in the weight of the gas diffusion layer
before and after spraying. The actual area with a loading of ap-
proximately 0.73 mg cm¢2 of the cathode exposed to the electro-
lyte and air was 1.27 cm2. The electrolytes used in the Li–air battery
were 1 m LiNO3/0.5 m LIOH to the cathode side and 1 m LiPF6 in
ethylene carbonate (EC)/dimethyl carbonate (DMC) with a 1:1
volume ratio to the anode side.

Results and Discussion

As described in Figure 1, the one-pot-synthesized LSCF-NP-
based NCNT composite (op-LN) catalyst was prepared through
simple calcination of a precursor solution for LSCF-NP, followed
by the injection CVD process at the same temperature for
NCNT. This methodology provided the merit of reducing the
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number of preparation steps and the time required to prepare
the metal oxide and CNT hybrid materials. The progress of the
reaction was stopped prior to the injection CVD to confirm the
perovskite oxide of LSCF-NP. It was found that the perovskite
oxide LSCF-NP could be prepared by simple calcination by
using poly(vinyl pyrrolidone) (PVP) and a nitrate-based metal
precursor dissolved in water and ethanol solution. The mor-
phology and crystallite phase of the product, after the calcina-
tion of the PVP-containing precursor solution at 700 8C for 3 h,
were examined by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and X-ray diffraction (XRD),
as shown in Figure 2. The SEM image (Figure 2 a) shows nano-
sized particles standing together, but they are not as vivid as
in the TEM image (Figure 2 b), by which the nanosized LSCF
particles are clearly identified. TEM confirmed the agglomera-
tion of the particles as well as the pore structures. The magni-
fied image in Figure 2 c describes the pores within the parti-
cles. It is assumed that the pores were generated by PVP in
the precursor solution during the high-temperature calcination.

The XRD pattern in Figure 2 d reveals that a pure per-
ovskite phase of LSCF-NP was obtained, consistent
with the pattern reported in the literature.[20, 21] The
crystal phase in the XRD pattern is also supported by
the selected area electron diffraction (SAED) pattern
(Figure 2 c, inset) obtained from the TEM image. On
the basis of the main peak of the (110) plane in the
XRD pattern, the crystallite size was calculated to be
11.1 nm by using the Scherrer equation [Eq. (1)]:[21, 22]

D ¼ 0:9l

B  cosq
ð1Þ

in which D is the crystallite size, l is the wavelength
of the X-ray source, B is the peak width at the half-
maximum intensity, and q is the diffraction angle.
Furthermore, elemental analysis was performed
through energy-dispersive X-ray spectroscopy (EDS)

analysis from TEM, which resulted in color-mapping images of
each chemical element in Figure 3. The EDS element images
testify that homogeneously dispersed chemical elements of
LSCF composition are observed in the porous morphology.

The electrocatalytic activity of LSCF-NP for the ORR (O2 +

2 H2O + 4 e¢!4 OH¢) and OER (4 OH¢!O2 + 2 H2O + 4 e¢) was
evaluated in 0.1 m KOH electrolyte with a rotating disk elec-
trode (RDE) setup by electrochemical methods. Prior to the
actual ORR measurements, linear sweep voltammetry (LSV) in
the 0.1 to ¢1.0 V (vs. SCE) potential range in N2-saturated 0.1 m
KOH electrolyte was conducted as a background test to correct
the ORR current by subtracting the background current. All
current densities presented in this work are normalized by the
glassy carbon surface area of the RDE. Figure 4 a shows the re-
sults of cathodic LSV of LSCF-NP/Vulcan carbon (VC) and VC
alone at a rotation speed of 900 rpm in O2-saturated 0.1 m
KOH at a scan rate of 10 mV s¢1. LSCF-NP exhibits superior ORR
performance in terms of half-wave potential and limiting cur-
rent density at 0.6 V and shows an improvement by 30 mV and
1.8 mA cm¢2 compared to VC alone, respectively. In addition to
the ORR activity, Figure 4 b illustrates the OER activity of LSCF-
NP/VC at a rotation speed of 900 rpm in O2-saturated 0.1 m
KOH at a scan rate of 10 mV s¢1 in the 0 to 1.0 V potential

Figure 1. Schematic illustration of the facile one-pot synthesis of op-LN.

Figure 2. (a) SEM, (b) TEM, and (c) magnified TEM images of LSCF-NP (inset:
SAED pattern). (d) XRD pattern of LSCF-NP.

Figure 3. Elemental mapping of LSCF-NP by EDS obtained by TEM analysis.
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range. It shows dramatic improvement in terms of maximum
current by 17.5 mA cm¢2 as well as an early potential at
1.0 mA cm¢2 by 60 mV relative to that of VC. The electrochemi-
cal results in the half-cell testing are summarized in Table 1.
Although LSCF-NP alone demonstrates a certain degree of ORR
and OER catalytic activity, the electrochemical results indicate
that LSCF-NP does not seem sufficient to be a good bifunc-
tional catalyst for the ORR and OER, as the ORR activity is still
much inferior to that of the Pt/C catalyst (Figure S1 a, Support-
ing Information). However, it is worth noting that the OER per-
formance distinctively outperforms that of the Pt/C catalyst
(Figure S1 b), which indicates that LSCF-NP is more oriented
toward the OER.

To create an effective composite as a bifunctional catalyst,
a facile one-pot synthetic method combining simple calcina-
tion for LSCF-NP and injection CVD by using ethylenediamine
(EDA) for the NCNTs was utilized, as described in Figure 1.
During the LSCF-NP synthesis, the metal precursor solution for
LSCF-NP was spread in a small quartz tube, which was placed
into a big quartz tube for the NCNT synthesis. Once the tem-
perature reached 700 8C and was maintained for 3 h, the injec-
tion CVD proceeded to initiate growth of NCNTs on the metal
oxide. After preparation of the composite, NCNT was formed
on the metal oxide as a corona structure, which improved the
ORR performance while maintaining the OER activity of the
metal oxide. The prolific growth and excellent coverage of
NCNTs around the metal oxide core can be observed by SEM
(Figure 5 a, b). The morphology confirmed by TEM (Figure 5 c)
clearly shows that the composite of the core metal oxide is
well surrounded by NCNTs, most likely as a result of a strong

interaction between the core metal oxide and the NCNTs.[13]

The magnified TEM image focused on the NCNTs in Figure 5 d
evidently illustrates the typical bamboo-like structure of the
NCNTs, which agrees with the morphology of NCNTs.[23–25] XPS
analysis was utilized to investigate the composition of the
composite and to confirm the heterogeneous nitrogen doping
and its configuration in the NCNTs. The full XPS survey in Fig-
ure 6 a shows the main peak of C 1s at 284.5 eV, which exactly

corresponds to the sp2 configuration of the conjugated honey-
comb lattice of graphitic carbon.[26] Another strong peak of
N 1s at approximately 400.0 eV is observed, which confirms the
incorporation of nitrogen species in the carbon nanotube, and
only tiny traces of peaks for La 3d, Sr 3d, Co 2p, and Fe 2p are
detected. This corroborates the early microscopic analyses that
the metal oxide is well covered by NCNTs. The high-resolution
spectrum of the N 1s peak shown in Figure 6 b provides clear
evidence of nitrogen atoms in the NCNTs, which indicates the
existence of nitrogen species predominantly in the pyridinic
form and three other configurations of pyrrolic, quaternary,
and oxidized pyridinic nitrogen species. These nitrogen config-
urations in the graphitic layer, which make up the walls of the

Figure 4. (a) ORR and (b) OER polarization curves of LSCF-NP/VC and VC ob-
tained at a rotation speed of 900 rpm with a scan rate of 10 mV s¢1 in O2-sa-
turated 0.1 m KOH solution.

Table 1. Summary of comparison of the half-cell testing results of LSCF-
NP/VC and VC.

Catalyst ORR OER
Ehw

[a]

[V]
jlim

[b]

[mA cm¢2]
E@1.0 mA cm¢2

[V]
jmax

[c]

[mA cm¢2]

LSCF-NP/VC ¢0.34 ¢3.57 0.60 29.1
VC ¢0.37 ¢1.77 0.66 11.6

[a] Half-wave potential. [b] Limiting current density. [c] Maximum current
density.

Figure 5. (a, b) SEM and (c, d) TEM images of op-LN.

Figure 6. (a) Full XPS spectrum of op-LN and (b) deconvoluted high-resolu-
tion N 1s XPS spectrum of NCNT.
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NCNTs, have been numerously reported to directly contribute
to the ORR activity.[7, 25, 27–29] Additionally, TGA (Figure S2) was
conducted to investigate the mass ratio of the metal oxide
and NCNTs, and it showed that the composite consisted of
78 % NCNTs and 32 % metal oxide, which supports the hypoth-
esis that the nanocore particles provide sufficient sites for the
NCNTs to grow.

After chemical and physical characterization of the op-LN
composite, the electrochemical catalytic activities of the com-
posite catalyst for the ORR and OER were evaluated to prove
the hypothesis of the study by using half-cell testing with
a RDE in 0.1 m KOH solution. As electrochemical results are
shown for LSCF-NP, the measured reaction currents for the
ORR were corrected by subtracting the background current
obtained by performing the same measurement in N2-saturat-
ed 0.1 m KOH solution, and the measured currents for the ORR
and OER are normalized by the glassy carbon surface area of
the RDE. Figure 7 a shows the results of LSV for op-LN com-
pared to those for LSCF-NP and NCNT at a rotation speed of
900 rpm in O2-saturated 0.1 m KOH for the ORR. The ORR result
for op-LN shows significant improvement in terms of all rele-
vant electrochemical catalytic features such as the onset and
the half-wave potential and the limiting current density relative
to the same parameters for LSCF-NP. This is attributed to incor-
poration of NCNT into LSCF-NP, which plays a significant role
in enhancing the catalysis for the ORR of the composite as
a result of the heterogeneous nitrogen atoms doped in the
graphitic layer of NCNT acting as the ORR catalytic active
sites.[7, 23, 30] In addition, op-LN exhibits superior ORR per-
formance in terms of half-wave potential ; it shows an improve-
ment of 34 mV relative to that of NCNT alone. The degree of

ORR activity of op-LN in terms of the number of electrons
transferred was analyzed by a Koutecky–Levich plot obtained
by RDE measurements at various rotation speeds (Figure 7 b)
as described in the Supporting Information. Linear fitting of
the Koutecky–Levich plots of the current J¢1versus w¢0.5 (J is
the current density and w the electrode rotation speed) was
used to determine the number of electrons (n) involved in the
ORR at a given potential, as shown in Figure 7 c.[31, 32] The
number of electrons was calculated to be approximately n =

3.8–3.9 at the four potentials of ¢0.40, ¢0.45, ¢0.50, and
0.55 V (vs. SCE). This result indicates that the ORR occurs with
swift kinetics through a pseudo-four-electron reduction path-
way obeying the reaction equation of O2 + 2 H2O + 4 e¢!
4 OH¢ . The catalytic activity of the composite for the OER was
evaluated by CV in the voltage range of 0 to 1.0 V (vs. SCE) in
O2-saturated 0.1 m KOH solution. Whereas the ORR is related to
the discharge process in a metal–air battery, the OER is related
to the charge process, which is critical in achieving rechargea-
bility of metal–air batteries. The enhanced catalytic activity of
the composite for the OER was also observed by an increase in
the OER currents relative to those for LSCF-NP and NCNT, as
shown in Figure 7 d. op-LN showed OER performance that was
enhanced by 27 % and current densities that were 71 % higher
at 1.0 V than the same values for LSCF-NP and NCNT, respec-
tively. It is speculated that the significant OER improvement is
due to facilitated charge transfer by the conductive pathway
provided by NCNT and is also due to the fact that the interac-
tion between the metal core and the directly synthesized
NCNT enhances the catalytic activity through a synergistic
effect, on the basis of the results from the electrochemical in-
vestigation. This interaction is most presumably the key factor
for the synergistic effect demonstrated by op-LN, which will be
confirmed by a more in-depth study in the near future. More-
over, op-LN is compared to state-of-the-art Pt/C and Ir/C cata-
lysts in terms of bifunctional catalytic activity for practical ap-
plications. Figure 8 a, b show that precious-metal-free op-LN
demonstrates ORR and OER polarization curves that are com-
parable to those of the commercial Pt/C and Ir/C catalysts, re-
spectively, and this demonstrates its potential as a highly cost-
effective replacement for precious-metal-based catalysts in real
applications. These electrochemical results for op-LN, NCNT, Pt/
C, and Ir/C obtained by half-cell testing are summarized in
Table 2. In addition, a long-term durability test of the catalyst
was performed during the OER testing to assess the commer-
cial viability of op-LN as an effective electrode material for re-
chargeable metal–air batteries. Figure 9 a, b shows the CV
curves of op-LN and Ir/C obtained at a scan rate of 50 mV s¢1

in the OER potential range of 0 to 1.0 V in N2-saturatated 0.1 m
KOH electrolyte before and after 500 cycles. This high positive
potential range was employed to simulate the severe condi-
tions of battery operation to realistically examine catalyst dura-
bility over a short period of time. After 500 OER cycles, the cur-
rent density at 1.0 V for op-LN was measured to be higher
than that of Ir/C and the difference in the potentials at
1.0 mA cm¢2 became smaller, as shown in Figure 9 c, d, which is
indicative of the electrochemically robust design of op-LN.
Similarly, the OER durability testing of the Pt/C catalyst was

Figure 7. ORR polarization curves of (a) op-LN, LSCF-NP/VC, and NCNT ob-
tained at a rotation speed of 900 rpm; (b) op-LN obtained at various rotation
speeds; (c) Koutecky–Levich plot of op-LN at potentials of ¢0.40, ¢0.45,
¢0.50, and ¢0.55 V (vs. SCE); and (d) OER polarization curves of op-LN,
LSCF-NP/VC, and NCNT obtained at a rotation speed of 900 rpm with a scan
rate of 10 mV s¢1 in O2-saturated 0.1 m KOH solution.

ChemSusChem 2015, 8, 1058 – 1065 www.chemsuschem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1062

Full Papers

http://www.chemsuschem.org


conducted, and retention of the ORR activity was evaluated
(Figure S3). As expected, the initial OER current of Pt/C was sig-
nificantly lower than that of op-LN, and it eventually became
negligible only after 300 OER cycles owing to its poor durabili-

ty. Consequently, retention of the ORR activity after cycling
demonstrates severe deterioration relative to op-LN after
500 cycles. In terms of half-wave potential and ORR current
density, op-LN surpassed Pt/C by a 120 mV positive shift half-
wave potential and by a current density of 0.91 mA cm¢2 at
0.6 V, even though the two showed comparable initial per-
formance. This is clear confirmation that the long-term bifunc-
tional stability of op-LN is greatly enhanced relative to that of
both Pt/C and Ir/C, most likely because of the strongly coupled
metal oxide core and NCNT as well as interparticle interactions
made possible through the NCNT network.

To corroborate the excellent electrochemical properties of
op-LN, an in-house-fabricated rechargeable Li–air battery was
utilized to test the single-cell performance of op-LN as a bifunc-
tional catalyst in an air cathode. The rechargeable Li–air bat-

tery was composed of a Li metal sheet as the anode
and a catalyst-coated gas diffusion layer (GDL) as
the cathode, as described in Figure 10. In addition,
two different types of electrolytes were utilized:
a carbonate-based aprotic solution in the anode side
and a LiOH-based aqueous solution in the cathode
side, separated by a Li-ion conducting LISICON
membrane. Figure 11 a shows the discharge and
charge curves obtained at various current densities
by using op-LN. The highly stable profiles obtained
from the applied current densities of 0.2 to
2 mA cm¢2 confirm that the developed catalyst
works as an effective bifunctional catalyst in a re-
chargeable Li–air battery. At the applied current den-
sity of 0.5 mA cm¢2, the operating voltage remained
stable at 2.92 and 3.87 V vs. Li/Li+ for discharge and
charge, respectively. Compared to the performance
of the LSCF-NP and NCNT catalysts in the same Li–
air battery setup, the op-LN composite catalyst
shows significantly improved bifunctional catalytic
activity, which is highlighted by much lower overpo-
tentials for both the discharge and charge, as shown
in Figure 11 b. The voltage difference between the
discharge and charge processes of op-LN is 61 and

Figure 8. (a) ORR and (b) OER polarization curves of Pt/C and Ir/C, respective-
ly, obtained at a rotation speed of 900 rpm with a scan rate of 10 mV s¢1 in
O2-saturated 0.1 m KOH solution.

Table 2. Summary of comparison of the half-cell testing results of op-LN,
NCNT, Pt/C, and Ir/C catalysts.

Catalyst ORR OER
Ehw

[a]

[V]
jlim

[b]

[mA cm¢2]
E@1.0 mA cm¢2

[V]
jmax

[c]

[mA cm¢2]

op-LN ¢0.16 ¢3.70 0.58 37.3
NCNT ¢0.19 ¢3.68 0.65 21.7
Pt/C (ORR)
Ir/C (OER)

¢0.14 ¢3.82 0.50 40.1

[a] Half-wave potential. [b] Limiting current density. [c] Maximum current
density.

Figure 9. Cyclic voltammograms of the initial catalyst and after 500 cycles for (a) op-LN
and (b) Ir/C between 0 and 1.0 V (vs. SCE) obtained at a rotation speed of 900 rpm with
a scan rate of 50 mV s¢1 in N2-saturated 0.1 m KOH. (c) OER polarization curves of op-LN
and Ir/C after 500 cycles, and (d) summary of the potentials at 1.0 mA cm¢2 and current
densities at 1.0 V of op-LN and Ir/C before and after OER cycling.

Figure 10. Schematic design of the practical rechargeable Li–air battery.
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63 mV lower than that of LSCF-NP and NCNT, respectively. Fur-
thermore, to evaluate the rechargeability of op-LN, discharge
and charge cycling tests were performed with two different
time intervals, as shown in Figure 11 c, d. The cycle per-
formance of each cycle, which lasted for 10 min at an applied
current density of 0.5 mA cm¢2, demonstrates stable discharge
and charge voltage profiles over 80 cycles. The end voltages of
discharge and charge after 100 cycles are 2.86 and 3.91 V, re-
spectively, which are very similar to the first cycle voltages of
2.90 and 3.84 V (Figure 11 c). In addition, high energy cycle sta-
bility was tested by each cycle lasting 2 h at an applied current
density of 0.3 mA cm¢2, as shown in Figure 11 d. The voltage
differences between the discharge and charge processes be-
tween the 1st and 15th cycles are only 0.09 and 0.14 V, respec-
tively. These results obtained by testing in a practical recharge-
able Li–air battery are very well in accordance with the data
presented in the half-cell testing, which again confirm the ex-
cellent bifunctional catalytic activity of op-LN developed in this
study. This also highlights the advantages of the facile synthet-
ic method utilized in this study as highly practical and effective
for controlling composition and morphology.

Conclusions

In this study, a facile one-pot synthetic method was used to
prepare a La0.5Sr0.5Co0.8Fe0.2O3 (LSCF)-based nitrogen-doped
carbon nanotube (NCNT) composite catalyst as a bifunctional

electrode material in a Li–air
battery. The method combines
simple calcination synthesis for
LSCF nanoparticles (NPs) and in-
jection chemical vapor deposi-
tion for the NCNTs. Electron mi-
croscopy images revealed the
effectiveness of the novel mor-
phology of the composite to-
wards bifunctionality during the
oxygen reactions. According to
half-cell testing, the incorpora-
tion of NCNTs into LSCF-NP not
only dramatically enhanced the
oxygen reduction reaction (ORR)
performance but also played
a key role in improving the
oxygen evolution reaction (OER)
activity through a synergistic
effect. As a result, the catalytic
activities towards the ORR and
OER are comparable to those of
state-of-the-art Pt/C and Ir/C, re-
spectively. In addition, the op-
LN composite catalyst presents
superior electrochemical durabil-
ity. It is speculated that the com-
position of the core material
and the corona-structured
NCNTs on the metal oxide pro-

vide outstanding catalytic activities for both the ORR and OER.
To demonstrate its practicality for metal–air battery applica-
tions, the catalyst was tested as a cathode material in a realistic
Li–air battery prototype. Its performance shows that the cata-
lyst exhibits excellent bifunctional activity with stable dis-
charge and charge voltages at various applied current densi-
ties in addition to cycle stability for 2 h at 0.3 mA cm¢2. This
work directly demonstrates advancements in the development
of one-pot synthesis and the coupling of effective morphology
of the metal oxide core with NCNTs as a bifunctional catalyst
in alkaline electrolytes. With a facile synthesis technique and
excellent electrochemical results, this approach to produce bi-
functional catalysts will likely be an up-and-coming strategy
for metal–air batteries, including Li–air batteries.

Keywords: electrochemistry · energy conversion · lithium–air
batteries · oxygen evolution reaction · oxygen reduction
reaction
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