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ABSTRACT: A new class of core−corona structured bifunc-
tional catalyst (CCBC) consisting of lanthanum nickelate
centers supporting nitrogen-doped carbon nanotubes
(NCNT) has been developed for rechargeable metal−air
battery application. The nanostructured design of the catalyst
allows the core and corona to catalyze the oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR),
respectively. These materials displayed exemplary OER and
ORR activity through half-cell testing, comparable to state of the
art commercial lanthanum nickelate (LaNiO3) and carbon-
supported platinum (Pt/C), with added bifunctional capabilities
allowing metal−air battery rechargeability. LaNiO3 and Pt/C are
currently the most accepted benchmark electrocatalyst materials
for the OER and ORR, respectively; thus with comparable activity toward both of these reactions, CCBC are presented as a
novel, inexpensive catalyst component for the cathode of rechargeable metal−air batteries. Moreover, after full-range degradation
testing (FDT) CCBC retained excellent activity, retaining 3 and 13 times greater ORR and OER current upon comparison to
state of the art Pt/C. Zinc−air battery performances of CCBC is in good agreement with the half-cell experiments with this
bifunctional electrocatalyst displaying high activity and stability during battery discharge, charge, and cycling processes. Owing to
its outstanding performance toward both the OER and ORR, comparable with the highest performing commercial catalysts to
date for each of the respective reaction, coupled with high stability and rechargeability, CCBC is presented as a novel class of
bifunctional catalyst material that is very applicable to future generation rechargeable metal−air batteries.
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Growing global interest in electric vehicles (EV) requires
smaller and lighter rechargeable batteries to meet the

energy and environmental challenges of the world. Recharge-
able Li ion batteries are traditionally considered the most
promising contenders for EV applications due to their high
cycle capability and energy efficiency.1−5 However, insufficient
storage capacity of lithium ion batteries (100−200 W h kg−1)
limits its long-term application in EVs.6−9 Recently, recharge-
able metal−air batteries such as zinc−air batteries and lithium−
air batteries have attracted much attention as a possible
alternative owing to their extremely high energy density (470
and 1700 W h kg−1, respectively), low cost, and environ-
mentally friendly operation.7,10 Metal−air batteries are
compact, lightweight, and cost-effective because they employ
a lighter cathode operating on environmentally abundant
oxygen from the air during discharge, replacing expensive
chemical constituents used in current rechargeable lithium ion
batteries. Nonetheless, the rechargeable metal−air batteries are
still in their early stages of development due to existing
technical hurdles including poor durability, limited perform-
ance, and high cost.

Inadequate durability and performance of metal−air batteries
are most commonly attributed to limitations stemming from
the existing catalysts utilized for the oxygen reduction reaction
(ORR) and oxygen evolution reactions (OER), limiting the
practical use of these metal−air batteries.11−14 At the current
state of technology, precious metals and alloys, such as Pt, Pt−
Au, and Pt−Pd, have been studied and developed as the best
performance bifunctional catalysts for metal−air batteries.15−23
However, insufficient performance coupled with the limited
availability and high cost of these precious metal-based
bifunctional catalysts limit their long-term practical application
in the metal−air batteries. Therefore, there are no commercially
available bifunctional catalyst materials with practical battery
performance, and thus it is extremely important to develop
inexpensive, corrosion-resistant, and highly active bifunctional
catalysts for both the ORR and OER in metal−air batteries.
Herein, we propose a new class of core−corona bifunctional

catalyst (CCBC), where the design is based upon a highly ORR
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active nitrogen-doped carbon nanotube (NCNTs) corona
component and a highly OER-active lanthanum nickelate
(LaNiO3) derived core component (Figure 1a). LaNiO3 was
selected as the core structure, as it is deemed among the top
performance materials for OER catalysis readily available to
date. Furthermore, not only does the LaNiO3 participate in the
formation of a well-defined OER-active core,24 it also acts as the
support material for the synthesis of NCNTs via a simplistic
chemical vapor deposition (CVD) method. Previously,
perovksite oxides such as La0.6Ca0.4CoO3 and La0.6Sr0.4CoO3
have been used as substrates and catalysts for the synthesis of
undoped carbon nanotube (CNT). The resultant composites
were tested for electrochemical applications. However, the
CNT/perovskite composite showed no decrease in ORR
overpotential, and the study toward catalyst stability was
lacking. In the proposed CCBC structure, the NCNTs serve as
the highly active ORR electrocatalyst component,14,25−28 while
also providing synergistic OER activity. Furthermore, NCNTs
are highly graphitic, resulting in robust operational durability,
and possess exemplary electronic conductivity, resulting in
electron transfer pathways between the CCBC particles.
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) of the uniquely designed
nanostructures confirmed the formation of carbon tubules
(Figure 1b) observed on the surface of CCBC to be NCNTs
with a bamboo-like structure (Figure 1b). High-resolution X-
ray photoelectron spectroscopy (XPS) signals were obtained
for the N 1s spectra which was deconvoluted into four
contributions: the pyridinic, pyrrolic, quaternary, and pyrroli-
done nitrogen groups (Figure S6 and Table S2). These
observed surface nitrogen groups are consistent with previously
reported data for nitrogen-doped carbon materials.25,27,29−39

Based on XPS analysis, the pyridinic and pyrrolic nitrogen
groups were found to be the most dominant surface nitrogen
configurations. These surface nitrogen groups have been
previously directly correlated to ORR activity and are desirable
in high concentrations.26,27 To provide details on the growth of

the NCNT corona structures, the synthesis of CCBC was
interrupted at various stages of growth based on the amount of
NCNT precursor material injected into the CVD system. When
large volumes of precursor solution was injected into the
system, long and dense forestation of NCNT on the surface of
CCBC is evident from the comparison of SEM and TEM (see
Figures S4 and S5). Utilizing smaller precursor volumes
resulted in the formation of relatively shorted, sparse NCNT
coverage (Figures S4 and S5). Optimization of the CCBC
catalyst with respect to the amount of precursor solution
utilized reveals that the most active catalyst, CCBC-2, can be
synthesized using 2 mL of precursor solution (Figure S13).
Thermogravimetric analysis of CCBC-2 indicates that carbon
and metal oxides constitutes 64.2 and 35.8 wt % of the CCBC-2
catalyst, respectively (Figure S7).
Half-cell testing was employed to evaluate the ORR and

OER activities of the CCBC-2. Comparison of ORR and OER
activity was made with commercial Pt/C and LaNiO3,
respectively, as these materials are deemed the highest
performing state of the art catalyst materials toward the
respective reactions.30,40,41 Excellent ORR activity was demon-
strated by the CCBC-2, where the half-wave potential and ORR
current density are very similar to the commercial Pt/C. In
comparison to the LaNiO3, CCBC-2 illustrates 5.8 times higher
ORR current density at −0.5 V and a 200 mV improvement in
half-wave potential. The much higher ORR performance of
CCBC-2 over LaNiO3 suggests that the NCNT corona is
responsible for the excellent ORR activity of CCBC-2. The
number of electrons transfer during ORR is calculated for
CCBC-2 and LaNiO3 using the Koutecky−Levich equation
(Figure S12 and Table S3). The CCBC-2 catalyst demonstrates
a four-electron reduction of oxygen, significantly more efficient
compared to the two-electron reduction determined for
LaNiO3. ORR occurring by a more efficient pathway indicates
the irrefutable impact of the NCNT corona on the overall
activity of the CCBC-2 catalyst. Apart from high ORR activity,
excellent OER activity is considered another vital characteristic

Figure 1. Design and application of the CCBC toward metal−air battery. (a) Schematic of zinc−air battery and the reactions taking places on the
electrodes. The CCBC catalyst is applied onto the positive electrode which catalyzes the ORR and OER reactions. (b) Scanning electron micrograph
and transmission electron micrograph of the CCBC illustrating the NCNT on the surface of the core particle.
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of bifunctional catalyst materials. Despite a much lower overall
composition of the core LaNiO3 material, the initial OER

current density of the CCBC-2 is comparable with LaNiO3 at 1
V vs Ag/AgCl (Figure 2d,e), indicating exemplary OER
kinetics.
While ORR and OER activity are important parameters for

the development of bifunctional catalyst materials, catalyst
stability is also critical for practical applications. To investigate
this, full-range degradation testing (FDT) was performed using
cyclic voltammetry in the range of −1 to 1 V vs Ag/AgCl on
catalyst samples (Figure 2c−e). The commercial Pt/C catalyst
suffered from significant performance degradation after FDT
(Figure 2b,c), whereas CCBC-2 demonstrated excellent
stability exhibiting 3 and 13 times higher ORR and OER
current density, respectively, following FDT. Under the high
potentials incurred during FDT, Pt/C degradation could occur
via particle agglomeration, dissolution, surface oxide formation,
or detachment from the carbon support due to corrosion.
Based on the CV profile of Pt/C, a significant decrease in
capacitive current and the disappearance of hydrogen
adsorption/desorption peaks suggest dramatic changes to the

Figure 2. Half-cell performance of Pt/C, CCBC-2, and LaNiO3 measured by a rotating ring disk electrode system. Polarization curves of Pt/C,
CCBC-2, and LaNiO3 (a) before FDT and (b) after FDT. Cyclic voltammogram and OER performance of (c) Pt/C, (d) CCBC-2, and (e) LaNiO3.
(f) Comparison of the OER activity of Pt/C and the CCBC-2 after FDT.

Table 1. Summary of the Half-Cell Test Results from Pt/C,
CCBC-2, LaNiO3, and NCNTa

before FDT after FDT

JORR/
mA cm−2

JOER/
mA cm−2

JORR/
mA cm−2 JOER/mA cm−2

Pt/C −4.12 20.7 −0.621 1.22
CCBC-2 −3.00 20.5 −1.77 19.6* and 15.8
LaNiO3 −0.520 29.5 −0.180 24.4
NCNT −3.67 8.14 −0.110 0.890*

aJORR and JOER represent the ORR and OER current densities,
respectively. The JORR was measured at −0.3 V, and JOER was measured
at 1 V. Potentials were measured versus a double junction Ag/AgCl
reference electrode. All the ORR and OER performances after the
FDT were measured after 500 cycles, unless indicated by an asterisk, in
which case the measurements were taken after 100 cycles.
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catalyst surface structures, most likely according to the
aforementioned degradation mechanisms. In sharp contrast,
the CCBC-2 is durable under continuous cycling, which is
apparent from the stable CV profile (Figure 2). During battery
charging, the bifunctional catalyst materials will be exposed to
very high electrode potentials during the OER, which is
conducive to surface oxidation and degradation. Thus, retaining
ORR activity after experiencing these elevated potentials is a
significant challenge facing bifunctional catalyst materials,
primarily those composed of carbon. Despite these high
potentials encountered during FDT, CCBC-2 retained its
high activity. This indicates that the oxidation of the NCNT
materials was not prevalent and that the unique core−corona
structure potentially improves the overall stability of the
catalyst. A synergistic effect could exist between the core
material and the NCNT corona of the CCBC-2, where the
enhanced stability of the NCNT corona could be influenced by
the core material assisting in the prevention of carbon
corrosion. This potential interaction is clearly demonstrated
by comparing the catalyst performance loss of pure NCNT and
CCBC-2 following FDT. The ORR and OER current density of

NCNT decreased by 97% and 89%, respectively (Figure S8);
meanwhile, the CCBC-2 catalyst only demonstrated a 25% and
10% decrease in the ORR and OER current density,
respectively. It can be concluded that the observed synergistic
effect and stable catalyst structure arising from the unique
core−corona configuration provides the key for the catalyst’s
exemplary bifunctional activity and stability. To further
illustrate the advantage of the proposed catalyst design, half-
cell performances of carbon (Ketjenblack) supported LaNiO3
and LaNiO3/NCNT catalyst prepared by simple physical
mixing are included in the Supporting Information (Figures
S15, S16, and S18). The CCBC-2 catalyst compares favorably
to the carbon supported LaNiO3 and LaNiO3/NCNT in terms
of bifunctional activity and stability. Combining LaNiO3 and
NCNT into one entitythe CCBCcan increase catalyst
durability as a result of strong physical connections between the
NCNT and core material. In addition, more homogeneous
dispersion of NCNT around the core material and throughout
the entire catalyst sample as well as decreased electrode
inhomogeneity can contribute to the superior performance of
the CCBC catalyst.
Building on the promising half-cell performance, metal−air

battery adopting a zinc electrode was used to evaluate the
catalyst’s performance under realistic operating conditions. In
this study CCBC-2 was compared to the Pt/C and LaNiO3 for
discharge and charge performance, respectively (Figure 3a and
Table 2). The CCBC-2 catalyst demonstrated similar discharge
and charge current compared to Pt/C and LaNiO3, indicating
that its performance is close to the benchmark materials in
ORR and OER. Concurrently, CCBC-2 demonstrated 1.5 times
in charge current compared to Pt/C and 1 time higher
discharge current compared to LaNiO3. These results testify to

Figure 3. Zinc−air battery performance of the Pt/C, CCBC-2, and LaNiO3. (a) Discharge and charge polarization curves of Pt/C, CCBC-2, and
LaNiO3. C−D cycling of (b) Pt/C, (c) CCBC-2, and (d) LaNiO3. One discharge and charge is referred to as one cycle, and the battery was cycled 75
times.

Table 2. Summary of the Battery Test Results from Pt/C,
CCBC-2, and LaNiO3

a

EOCV/V Idischarge/A g−1 Icharge/A g−1

Pt/C 1.48 62.0 13.3
CCBC-2 1.45 60.5 20.2
LaNiO3 1.45 29.4 17.2

aEOCV denotes open-circuit potential. Idischarge and Icharge represent the
mass specific discharge and charge current densities obtained at 0.8
and 2 V, respectively.
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the excellent bifunctional activity of CCBC-2, which is a
powerful advantage with regards to catalyst stability during
battery cycling. The rechargeability of the CCBC-2 catalyst was
evaluated by charge−discharge (C−D) cycling experiments
(Figure 3b−d and Table S4). For an active bifunctional catalyst,
low charge potential (Echarge), high discharge potential
(Edischarge), and minimal fluctuation of these are required for
good rechargeability. After C−D cycling, the Edischarge of CCBC-
2 remained unchanged after 75 cycles. In contrast, Pt/C and
LaNiO3 suffered a 20% and 56% decrease in Edischarge,
respectively. With respect to battery charge, CCBC-2 shows
∼22% lower Echarge compared to Pt/C and LaNiO3 after C−D
cycling. C−D cycling results of carbon supported LaNiO3 and
LaNiO3/NCNT are included in the Supporting Information
(Figures S16 and S18). Conducting C−D cycling of these two
materials results in significant degradation to the battery
performances, which is in sharp contrast to the high stability
observed for the CCBC-2 coated air electrode. The outstanding
cycling performance further emphasizes the great potential of
the CCBC catalyst for rechargeable metal−air battery
application.

In order to understand the high stability of the CCBC
catalyst, electrochemical impedance spectroscopy was per-
formed. The impedance data are fitted using an equivalent
circuit (Figure S14, Supporting Information), and the values of
fitted parameters are reported in Table 3. Nyquist plots (Figure
4) reveal that the charge transfer resistance (Rct) value CCBC-2
is similar to Pt/C and 52% lower compared to LaNiO3. Thus,
the smaller Rct values of CCBC-2 compared with LaNiO3 is a
strong indication of the improvement in ORR kinetics. Similar
impedance study was carried out during battery charging at 2 V.
Fitting of the impedance data by an equivalent circuit is
presented in the Supporting Information (Figure S19). Based
on the analysis, the CCBC-2 catalyst illustrates lowest Rct
followed by LaNiO3. Meanwhile, the Pt/C catalyst displays
nearly 10 times greater Rct value. The trend observed in the
initial values of Rct during battery operation (charge or
discharge) accurately reflects the activity of each catalyst
presented in Figure 3a. After cycling, the value of Rct during
battery discharge increased by approximately 2 and 4 times for
the Pt/C and LaNiO3, respectively. To the contrary, CCBC-2
showed markedly less increase in Rct, which is in agreement
with the C−D cycling performance shown in Figure 3. The
variation in the value of Rct could be a partial reason for the
high stability observed for CCBC-2.
To the best of our knowledge, this report is the first to

illustrate the successful synthesis of a CCBC from NCNT and
LaNiO3 as well as its application in a rechargeable metal−air
battery. Based on physiochemical characterizations, the
formation of a core−corona structure was confirmed. The
CCBC-2 displayed excellent bifunctional activity and stability
compared with Pt/C and LaNiO3 based on the half-cell tests. In
addition, the charge and discharge performance of the CCBC-2
evaluated using a zinc−air battery show great potential
application. Further characterization of the core−corona

Figure 4. Electrochemical impedance spectroscopy of the zinc−air battery before and after cycling. (a) Initial Nyquist plot of Pt/C, CCBC-2, and
LaNiO3. The equivalent circuit is shown. Change in the Nyquist plot as a result of C−D cycling: (b) Pt/C, (c) CCBC-2, and (d) LaNiO3.

Table 3. Summary of the Equivalent Circuit Elements
Resulting from Fitting the Impedance Data of Pt/C, CCBC-
2, and LaNiO3

a

Pt/C CCBC-2 LaNiO3

Rs (Ω) 1.81 1.89 1.81
Rint (Ω) 0.110 0.168 0.242
Rct (Ω) 0.531 0.562 1.17
Qint (S·s

n) 2.11 × 10−4 3.58 × 10−2 1.36 × 10−3

Qdl (S·s
n) 8.57 × 10−2 5.45 × 10−4 2.50 × 10−2

aThe electrochemical impedance spectroscopy was performed at 0.8 V
with 20 mV ac potential from 100 kHz to 0.1 Hz.
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structure and additional electrochemical studies are underway
to understand the physical origin of the catalyst’s high activity
and stability. Based on the promising results obtained in this
study, the proposed core−corona structure concept has been
proven to be outstanding for ORR and OER catalysis and more
specifically for applications in rechargeable zinc−air batteries.
The remarkable potential displayed by this type of CCBC
warrants further study and could facilitate the large-scale
implementation of rechargeable metal−air batteries.
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