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ABSTRACT: Advanced morphology of intertwined core−
corona structured bifunctional catalyst (IT-CCBC) is intro-
duced where perovskite lanthanum nickel oxide nanoparticles
(LaNiO3 NP) are encapsulated by high surface area network of
nitrogen-doped carbon nanotubes (NCNT) to produce highly
active and durable bifunctional catalyst for rechargeable
metal−air battery applications. The unique composite
morphology of IT-CCBC not only enhances the charge
transport property by providing rapid electron-conduction
pathway but also facilitates in diffusion of hydroxyl and oxygen
reactants through the highly porous framework. Confirmed by
electrochemical half-cell testing, IT-CCBC in fact exhibits very strong synergy between LaNiO3 NP and NCNT demonstrating
bifunctionality with significantly improved catalytic activities of oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER). Furthermore, when compared to the state-of-art catalysts, IT-CCBC outperforms Pt/C and Ir/C in terms of ORR and
OER, respectively, and shows improved electrochemical stability compared to them after cycle degradation testing. The
practicality of the catalyst is corroborated by testing in a realistic rechargeable zinc−air battery utilizing atmospheric air in
ambient conditions, where IT-CCBC demonstrates superior charge and discharge voltages and long-term cycle stability with
virtually no battery voltage fading. These improved electrochemical properties of the catalyst are attributed to the nanosized
dimensions of LaNiO3 NP controlled by simple hydrothermal technique, which enables prolific growth of and encapsulation by
highly porous NCNT network. The excellent electrochemical results presented in this study highlight IT-CCBC as highly
efficient and commercially viable bifunctional catalyst for rechargeable metal−air battery applications.

KEYWORDS: lanthanum nickel oxide, perovskite, nitrogen doped carbon nanotubes, core−corona, bifunctional,
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■ INTRODUCTION

The nonrenewable natural sources of energy eventually face
depletion due to limited reserves and our continued depend-
ence on them.1 In addition, the burning of fossil fuels increases
the carbon dioxide emissions, which leads to severe global
environmental concerns. To address the issues associated with
heavily dependent usage of the natural energy sources, recent
efforts in research have been focused on the development of
alternative energy sources. One particular area of highly
interesting and promising research is the investigation of
reversible electrochemical energy conversion systems such as
rechargeable battery technologies. To date, lithium-ion batteries
are considered to be the most developed rechargeable battery
system, demonstrating excellent Coulombic efficiency and cycle
stability. However, relatively low energy density of lithium-ion
batteries is one critical shortcoming of the technology, which
makes it difficult to fulfill the ultimate requirements of highly
energy-intensive applications such as electric vehicles (EV).2−4

Alternatively, metal−air batteries such as zinc−air and lithium−

air batteries are considered as one of the most promising
rechargeable energy conversion and storage systems due to
their extremely high theoretical energy densities.4 In particular,
zinc−air batteries, which consist of nonflammable and
nonexplosive materials, are very attractive for applications
such as EVs where safe operation is the top priority.5−7 In
addition, the high energy density of metal−air batteries can
significantly extend the “drivable” range of the current lithium-
ion based EVs. In spite of these promising features, metal−air
batteries face some technical challenges, which must be
addressed to make them commercially viable as the next
generation energy system.4,5,8 For instance, the operation of
rechargeable metal−air batteries is dependent on the oxygen
reduction reaction (ORR) and the oxygen evolution reaction
(OER), which correspond to discharge and charge processes,
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respectively.9,10 However, high overpotentials are associated
ORR and OER due to the sluggish reaction kinetics, which
lowers energy efficiency, thereby limiting the use of current
metal−air batteries. The metal−air battery systems then require
electrocatalysts in the air electrode to efficiently expedite the
kinetics of the oxygen reactions to progress them at
commercially practical rates.
Currently, precious metal-based catalysts such as platinum

and iridium supported on carbon are known to be the most
efficient at catalyzing the oxygen electrochemical reactions.11−14

However, they are not only too costly for applications in a wide
range of commercial products but also exhibit limited
rechargeability due to various degradation mechanisms such
as particle agglomeration, detachment, and poisoning.15 To
address these challenges, affordable and highly durable
bifunctional catalysts have been developed to improve the
charge/discharge performance and lifetime of metal−air
batteries. For example, nonprecious transition metal oxides
and their composites with graphitic carbon materials have been
extensively demonstrated in the literature to show excellent
catalytic activities.3,16−18 Perovskite oxides, in particular, are
known to be very promising for efficient bifunctional oxygen
electrocatalysis due to their good cation ordering, which
enhances the mobility of oxygen ions for improved catalytic
activity.19−21 In addition to the composition and crystal
structure, morphology can also be tailored to further improve
the catalyst electrochemical activity. One effective approach is
to reduce the physical dimensions of the catalyst to obtain high
surface area nanostructures with increased number of active
sites, and another is to combine with high surface area carbon
materials to enhance the electrically conductive pathway during
the electrochemical reaction.
In this work, we introduce a composite consisting of

lanthanum nickel oxide nanoparticles (LaNiO3 NP) and
nitrogen-doped carbon nanotubes (NCNT) as highly active
and durable bifunctional catalyst for rechargeable zinc−air
batteries. This composite has a unique morphology where
LaNiO3 NP are encapsulated by highly porous and intertwined
network of NCNT resulting in a core−corona structure. The
catalyst is bifunctionally active toward both ORR and OER and
demonstrates synergy between the two components resulting in
superior overall performance. The OER activity of the

composite mainly stems from the size-controlled perovskite
LaNiO3 NP prepared by a simple hydrothermal method, while
the ORR activity arises from NCNT grown by injection
chemical vapor deposition (CVD). The unique composite
morphology is a result of prolific growth of intertwined NCNT
knitting the clusters of LaNiO3 NP, creating an intimate contact
between the two components to create a highly active
electrocatalyst with enhanced electrochemical durability and
synergistic effect. In fact, our previously reported composite
created without morphological control resulted in a nonuni-
form NCNT growth over irregular surfaces of macrosized
LaNiO3 particles with significantly less interparticle interaction
and limited electrocatalytic activity.15 In contrast, current study
presents highly tailored composite structure with nanosized
perovskite nanoparticles to promote much favorable NCNT
growth directly on and around LaNiO3 NP. The electro-
chemical enhancements for the oxygen reactions obtained by
the composite catalyst is thus due to carefully engineered
morphology, which results in improved diffusion of reactants
and charge transfer of active species through the intimate
interparticle interactions of LaNiO3 NP and NCNT.

■ EXPERIMENTAL SECTION
As illustrated in Figure 1a, perovskite LaNiO3 NP were synthesized by
simple hydrothermal technique. First, 1.0 mM of lanthanum nitrate
hexahydrate (La(NO3)3·6H2O, Aldrich) and 1.0 mM nickel nitrate
hexahydrate (Ni(NO3)2·6H2O, Aldrich) were dissolved in 35 mL of
distilled deionized (DDI) water. The pH of the solution was adjusted
to 13 by adding 6.0 M potassium hydroxide (KOH, Aldrich). Then,
the solution was transferred to a Teflon-lined container of an
autoclave. The autoclave was placed in a preheated oven at 220 °C and
left at rest for 48 h. The resulting product from the autoclave was
washed with DDI water and ethanol and collected by filtration
followed by drying at 60 °C overnight. The product was ground and
calcined in air at 800 °C for 3 h. Finally, the heat-treated product was
ground again to obtain LaNiO3 NP.

Next, as illustrated in Figure 1b, IT-CCBC was prepared by growing
NCNT on LaNiO3 NP via injection CVD. First, 20 mg of LaNiO3 NP
was dispersed in the solution of 0.5 wt % ferrocene (C10H10Fe,
Aldrich) in ethanol by sonication. Then, the mixture was cast on the
inside wall of a small quartz tube (18 mm O.D., 100 mm length),
which was placed inside a horizontal tube furnace. As NCNT injection
precursor solution, 2.5 wt % ferrocene in ethylenediamine (EDA)
(C2H8N2, Aldrich) was prepared, and 2 mL of it was loaded into a

Figure 1. Schematic illustrations of (a) hydrothermal synthesis of LaNiO3 NP and (b) injection CVD preparation of IT-CCBC.
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syringe. The precursor solution was then injected into the horizontal
tube furnace with the discharge rate of 0.05 mL min−1 at 700 °C in Ar
flow of 100 sccm. After injection, the furnace was cooled to room
temperature, and IT-CCBC was collected as the final product.
For chemical and physical characterizations of IT-CCBC, the

following methods were used in the study. Scanning electron
microscopy (SEM) (LEO FESEM 1530) and transmission electron
microscopy (TEM) (JEOL 2010F) were employed to observe the
morphology and structure of LaNiO3 NP, NCNT, and IT-CCBC. X-
ray diffraction (XRD) (Brunker AXS D8 Advance) and X-ray
photoelectron spectroscopy (XPS) (Thermal Scientific K-Alpha XPS
spectrometer) were conducted to characterize crystalline phase and
size of LaNiO3 NP and to analyze the atomic composition of the
elements in IT-CCBC, respectively. N2 adsorption−desorption
isotherms were obtained by Brunauer−Emmett−Teller (BET)
method (Folio Micromeritics ASAP2020) to determine active surface
area, pore volume, and size distribution of LaNiO3 NP, NCNT, and
IT-CCBC.
The electrocatalytic activity and durability of IT-CCBC were

evaluated by rotating disc electrode (RDE) voltammetry using a
potentiostat (CH Instrument 760D) and a rotation speed controller
(Pine Instrument Co., AFMSRCE). The catalyst ink was prepared
with a concentration of 4 mg mL−1 in ethanol-diluted Nafion solution
and coated onto a glassy carbon disk electrode (5 mm OD) with IT-
CCBC loading of 1.22 mg cm−2 as the working electrode. As
comparisons, LaNiO3 NP (mixed with Vulcan Carbon in 3:7 mass
ratio), NCNT, 20 wt % platinum on carbon (Pt/C), and 20 wt %
iridium on carbon (Ir/C) catalysts were prepared as working
electrodes using the same process as that for IT-CCBC. As counter
and reference electrodes, a platinum wire and saturated calomel
electrode (SCE) were used, respectively, and 0.1 M KOH was used as
the electrolyte. For the examination of the ORR activity, linear sweep
voltammetry (LSV) was conducted using RDE at a scan rate of 10 mV
s−1 in O2-saturated electrolyte. Cyclic voltammetry (CV) was used to

investigate the OER activity and durability in N2-saturated electrolyte
at a scan rate of 50 mV s−1. The measured currents for ORR and OER
were normalized by the area of the glassy carbon disk electrode, and
the potentials were converted to reversible hydrogen electrode (RHE).

For the investigation of performance of IT-CCBC in a realistic
metal−air battery, in-house designed zinc−air battery was prepared
and tested using a multichannel potentiostat (Princeton Applied
Research, VersaSTAT MC). A polished zinc plate as an anode,
catalyst-coated gas diffusion layer (GDL) (Ion Power Inc., SGL
Carbon 10 BB, 2.5 cm by 2.5 cm) as a cathode, and microporous
membrane (25 μm polypropylene membrane, Celgard 5550) as a
separator were used. 6.0 M KOH was used as the electrolyte. The
catalyst layer coated on the GDL was prepared as follows. First, 9.4 mg
of catalyst was dispersed in 1 mL of isopropanol and sonicated for 30
min, followed by addition of 67 μL of 5 wt % Nafion solution
(LIQUion solution, Ion Power Inc.) to prepare a catalyst ink. The
catalyst ink was then sprayed onto the GDL with a conventional
airbrush. After spraying, the GDL was dried at 60 °C for 1 h. The
catalyst loading was determined by the difference in the weight of the
GDL before and after spraying. The actual area with loading of ca. 0.78
mg cm−2 of the cathode exposed to the electrolyte and air was 2.84
cm2. As controls, commercial 20 wt % Pt/C and Ir/C catalysts with the
same loading were prepared using the same method as IT-CCBC.

For rechargeable single-cell zinc−air battery testing, the charge and
discharge profiles were obtained by the galvanodynamic method
scaling the current from 0 to 200 mA at a rate of 5 mA s−1. The pulse
charge/discharge (C/D) cycling was tested by the recurrent galvanic
pulse method using an applied current of 50 mA with each cycle
consisting of 5 min of discharge followed by 5 min of charge. The
extended cycling was conducted similar to the pulse C/D but with
each cycle consisting of 2 h of discharge followed by 2 h of charge.
Electrochemical impedance spectroscopy (EIS) was conducted by
operating the battery at constant cell potential of 0.8 V and alternating

Figure 2. SEM images of LaNiO3 NP (a) before and (b) after calcination. (insets) Magnified images. (c) XRD patterns of LaNiO3 NP before and
after calcination.
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current (AC) amplitude of 20 mV with its frequency ranging from 100
kHz to 0.1 Hz.

■ RESULTS AND DISCUSSION

The morphology and crystal phase of LaNiO3 NP after the
hydrothermal synthesis were investigated by SEM and XRD
analyses. Nanostructures with characteristic rodlike morphol-
ogy are revealed by SEM, as shown in Figure 2a, and are
confirmed by XRD to be composed of La(OH)2, Ni(OH)2, and
NiOOH metal hydroxide species as shown in Figure 2c,
consistent with results reported in the literature.22−24 After
calcination in air at 800 °C, nanorods are slightly increased in
size ranging from 100 to 200 nm as shown in Figure 2b,
however, still maintaining its nanoscale dimensions for
enhanced surface area. The particle size expansion is most
likely due to the agglomeration during the calcination carried
out at an elevated temperature. The conversion of the
nanostructures from metal hydroxide species into perovskite
phase LaNiO3 with a trace amount of NiO after calcination is
confirmed by XRD, consistent with previously published
results.15 The injection CVD technique is then used to grow

NCNT directly onto LaNiO3 NP. Prolific growth and excellent
coverage of NCNT encapsulating LaNiO3 NP within its highly
porous and intertwined network is revealed by SEM as shown
in Figure 3a. The thermal gravimetric analysis (Supporting
Information, Figure S2) revealed that IT-CCBC actually
consists of 72% NCNT, which is significantly higher than
that of our previously reported LaNiO3/NCNT composite
(64.2%).15 This significant increase in the amount of NCNT is
in accordance with the idea that high surface area nanosized
metal oxide particles promote much favorable growth of
NCNT by providing more growth sites. The morphology of IT-
CCBC is further characterized by TEM as shown in Figure 3b,
which clearly shows LaNiO3 NP clusters completely encapsu-
lated by the network of NCNT. As a comparison, NCNT is
grown without the presence of LaNiO3 NP, which clearly
shows a typical bamboolike tubular structure (Supporting
Information, Figure S1).25 Next, the BET analysis was
conducted to obtain N2 adsorption−desorption isotherms as
shown in Figure 3c, where IT-CCBC shows significantly higher
surface area of 56.9 m2 g−1 compared to LaNiO3 NP due to
excellent coverage of the nanoparticles by high surface area

Figure 3. (a) SEM and (b) TEM images of IT-CCBC. (inset) Magnified image of the composite. (c) N2 adsorption−desorption isotherms obtained
at 77 K. (d) Pore size distribution obtained by BJH method of IT-CCBC, LaNiO3 NP, and NCNT. (e) Full XPS spectrum of IT-CCBC. (f)
Deconvoluted high-resolution N 1s XPS spectrum of IT-CCBC.
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NCNT. Furthermore, the Barrett−Joyner−Halenda (BJH)
method revealed the pore volume of IT-CCBC to be the
largest, as shown in Figure 3d, which is likely due to the unique
composite morphology created by the encapsulation of
nanoparticle clusters by intertwined NCNT network resulting
in a highly porous structure. The elemental composition of IT-
CCBC is analyzed by XPS as shown in Figure 3e, where peaks
that correspond to LaNiO3 and NCNT are clearly observed.
The main peak of C 1s located at 284.1 eV is attributed to the
sp2 configuration of the conjugated graphitic carbon making up
the walls of NCNT.26 Furthermore, a strong N 1s peak found
at 398.1 eV confirms successful incorporation of nitrogen
species in NCNT. The peaks that correspond to LaNiO3 NP
(i.e., La 3d and Ni 2p) show relatively lower intensities, which
is most likely due to very well-covered metal oxide nano-
particles by the NCNT network as consistently observed in the
above SEM and TEM images. The N 1s peak is deconvoluted
as shown in Figure 3f to further elucidate the existence of
various nitrogen species in NCNT. Among the four nitrogen
species found (pyridinic, pyrrolic, quaternary, and pyrrolidone),
pyridinic and pyrrolic nitrogen configurations in NCNT are
known to contribute to the ORR activity, which is very
attractive for combining with OER active perovskite metal
oxide to create highly efficient bifunctional catalysts.27−30

The half-cell testing is conducted to evaluate the electro-
chemical bifunctional activity of IT-CCBC toward both ORR
and OER. The measured ORR currents were corrected by
subtracting the background current obtained by carrying out
the same measurement in a N2-saturated electrolyte. The ORR
polarization curves resulting from the cathodic linear sweep
voltammetry at the rotation rate of 900 rpm is shown in Figure
4a. The ORR currents of IT-CCBC show significant improve-
ments over LaNiO3 NP in terms of onset, half-wave potentials,
and limiting current density. These enhancements in the ORR
activity are attributed to the addition of NCNT with
heterogeneous nitrogen species, which creates catalytic ORR
active sites.10,25,31 In addition, the fact that IT-CCBC exhibits
half-wave potential superior even to that of NCNT is a clear
indication that the synergistic effect is obtained by combining
LaNiO3 NP with NCNT. The excellent activity is likely
attributed to the improved charge transport by the composite
and faster diffusion of active species due to the high surface
area, both of which in turn enhance the ORR kinetics. The
degree of the ORR activity of IT-CCBC in terms of the number
of electrons transferred during the reaction is analyzed by using
Koutechy−́Levich (K−L) plot obtained with the RDE
measurements at various rotation speeds (Supporting Informa-
tion, Figure S3a). The linear fitting of i−1 versus ω−0.5 K−L plot
allows the determination of the number of electrons (n)
involved during the ORR,32,33 where n is found to be 4.0, 3.9,
and 4.0 at selected potentials of 0.70, 0.60, and 0.50 V (vs
RHE), respectively (Supporting Information, Figure S3b). This
is indicative of the ORR occurring with a swift kinetics by the
pseudo four-electron reduction pathway (i.e., O2 + 2H2O + 4e−

→ 4OH−), instead of the two-electron reaction, which
produces undesirable oxygen species. While ORR governs the
discharge process of a metal−air battery, OER is responsible for
the charge process, which is critical for rechargeable
applications. The enhanced OER catalytic activity of IT-
CCBC is observed by superior OER currents compared to
those of LaNiO3 NP and NCNT as shown in Figure 4b.
Between the potential range of 1.2 and 1.6 V (vs RHE), the
relatively low current peaks are ascribed to the characteristic

electrochemical reactions of Ni,15 while the current generated
after 1.6 V is due to the OER. Similar to ORR, IT-CCBC is
observed to exhibit synergy toward OER, clearly evident from
the highest current obtained at 2.0 V compared to both LaNiO3
NP and NCNT. The significant improvement in OER is also
attributed to the facilitated charge transfer by the conductive
pathway created by the NCNT network, as well as the highly
porous morphology of IT-CCBC enabling better diffusion of
active species such as the evolved O2 during the electrochemical
reaction. The catalytic activity of IT-CCBC as a practically
viable catalyst is demonstrated by its comparable half-wave
potential and current density to those of commercial state-of-
art Pt/C catalyst as shown in Figure 5a. In terms of OER
activity, however, the commercial state-of-art Ir/C catalyst is
slightly better performing than IT-CCBC in terms of onset
potential and OER current density as shown in Figure 5b. The
merit of IT-CCBC is compensated by significantly lower price
of nonprecious elements used to produce the catalyst, in
addition to the fact that IT-CCBC is bifunctionally active
toward both ORR and OER, whereas the precious Pt/C and Ir/
C catalysts are not only very expensive but also only
unifunctionally active toward either ORR (Pt/C) or OER
(Ir/C). The cost effectiveness and synergistically bifunctional
activity of IT-CCBC is further highlighted by its electro-
chemical durability, which makes it highly suited for
implementations in commercial rechargeable metal−air bat-
teries. The electrochemical durability of the catalyst is

Figure 4. (a) ORR and (b) OER polarization curves obtained at
rotation speed of 900 rpm with 10 mV s−1 and 50 mV s−1 scan rates,
respectively, of IT-CCBC, LaNiO3 NP, and NCNT.
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investigated by analyzing the entire working range of a
rechargeable metal−air battery, where a wide potential window
of 0.0 to 2.0 V was used to obtain CV curves before and after
full-range degradation testing (FDT). IT-CCBC demonstrates
excellent cycle stability as observed in Figure 6a by negligible
current density fading before and after cycling, retaining most
of its OER activity even after 500 cycles. On the other hand,
Pt/C exhibits only 200 cycles before the measured current
drops significantly, as shown in Figure 6b, due to its poor
electrochemical stability. The limited electrochemical durability
of Pt/C is likely due to the corrosion of the carbon support, as
well as platinum dissolution, and separation from the support
then agglomeration during the OER occurring at the higher
potential regime.15 For these reasons, the current density
resulting from Pt/C is likely a mix of the OER current, and the
current generated by various degradation mechanisms. Ir/C
demonstrates less severe current density fading compared to
Pt/C, as shown in Figure 6c, but still resulted in significant
performance drop even after 200 cycles. The full-range cycle
stability testing thus confirms excellent durability of IT-CCBC,
which is attributed to the unique morphology of LaNiO3 NP
clusters and NCNT strongly coupled by the intertwined
network.
The catalytic performance of IT-CCBC as bifunctional

electrocatalyst is further highlighted by testing in a rechargeable

single-cell zinc−air battery prototype (Supporting Information,
Figure S4). The battery is operated in ambient condition using
atmospheric air, unlike other research groups that use purged
oxygen as the source of fuel to demonstrate realistic and
practical operation. A zinc plate and catalyst-coated GDL are
employed as anode and air cathode, respectively, and 6.0 M
KOH is used as electrolyte based on our previous report.29

Figure 7a shows the galvanodynamic behaviors of IT-CCBC,
Pt/C, and Ir/C during both battery charge and discharge.
During discharge, the polarization behavior of IT-CCBC is
similar to that of Ir/C in the low-current range, while it is
similar to that of Pt/C in the high-current range. During charge,
IT-CCBC greatly outperforms Pt/C with much-reduced
battery voltage, demonstrating very similar results compared

Figure 5. (a) ORR polarization curves of IT-CCBC and Pt/C and (b)
OER polarization curves of IT-CCBC and Ir/C obtained at rotation
speed of 900 rpm.

Figure 6. Cyclic voltammograms obtained before and after FDT of (a)
IT-CCBC, (b) Pt/C, and (c) Ir/C obtained at rotation speed of 900
rpm in N2-saturated electrolyte.
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to those of Ir/C. The excellent single-cell zinc−air battery
performance demonstrated by IT-CCBC here clearly shows its
cost competitiveness over precious metal-based commercial
catalysts. In addition to the galvanodynamic behavior, EIS is
used to further examine the resistances associated with the
zinc−air battery operation as shown by the Nyquist plot in
Figure 7b with the equivalent circuit. The Nyquist plot consists
of two semicircles that are modeled by an equivalent circuit
with five elements Rs, Qint, Rini, Qdl, and Rct consistent with
previous reports on metal−air batteries.34,35 Rs and Rini
represent electrolyte and contact resistance, and solid−liquid

electrolyte interface resistance, respectively. Qint and Qdl are
characteristic of the capacitance at the interface of electrode and
the electrolyte in the battery, respectively. Rct represents the
charge-transfer resistance of the air cathode during the
electrochemical reactions, which is directly related to the
degree of the catalytic activity of the catalyst. On the basis of
the equivalent circuit, the values of the elements are determined
and shown in Supporting Information, Table S1, where very
comparable charge-transfer resistances of 0.50 and 0.46 ohms
are observed with IT-CCBC and Pt/C, respectively, consistent
with the galvanodynamic discharge performance. Ir/C demon-
strates the highest charge-transfer resistance, which is not
favorable for the battery discharge process. The cycle stability of
the battery is assessed by conducting the galvanostatic C/D
cycling by applying a fixed current of 50 mA with each cycle
being 4 h (2 h of discharge followed by 2 h of charge) as shown
in Figure 7c. IT-CCBC shows excellent cycle stability with
virtually no voltage fading for both discharge and charge
profiles even after 40 h of continuous operation. In contrast, the
commercial Pt/C and Ir/C catalysts demonstrated limited cycle
stability of less than 15 and 20 h of operation, respectively,
resulting in significant charge and discharge voltage fading.
Additionally, the promising charge/discharge performance and
cycle stability obtained by using IT-CCBC is very respectable
compared to other rechargeable zinc−air battery performance
reported in the literature (Supporting Information, Table S2).
Lastly, IT-CCBC, compared to our previously reported core−
corona bifunctional catalyst (CCBC), shows significantly
improved ORR and OER properties tested in half-cell as well
as zinc−air battery performance as summarized in Table 1. The
half-cell ORR and OER current densities of IT-CCBC are
much superior for both before and after 500 cycles of FDT
durability testing, which is indicative of enhanced electro-
catalytic activity and electrochemical stability. The zinc−air
battery testing shows significantly better charge and discharge
battery potentials with IT-CCBC, which leads to greater
efficiency. These advancements in electrochemical performance
are attributed to the advanced intertwined morphology of
NCNT encapsulating LaNiO3 NP cluster, which in turn creates
strong interactions between NCNT and LaNiO3 NP for
improved charge transfer during the oxygen reactions.

■ CONCLUSION
In this study, we introduce a bifunctional composite catalyst IT-
CCBC highly active and durable toward both oxygen reduction
and evolution reactions for rechargeable metal−air battery
applications. The catalyst has a unique morphology consisting
of size-controlled perovskite LaNiO3 NP encapsulated by
highly porous intertwined NCNT network with superior
surface area and pore volume. The ORR and OER activities

Figure 7. (a) Galvanodynamic charge/discharge profiles. (b) Nyquist
plots. (inset) Equivalent circuit. (c) Galvanostatic charge/discharge
cycling of IT-CCBC, Pt/C, and Ir/C obtained by utilizing realistic
rechargeable zinc−air battery.

Table 1. Summary of Half-Cell and Rechargeable Zinc−Air Battery Testing Results of IT-CCBC and Previously Reported
CCBC

half-cell testing zinc−air battery

before FDT after FDT (500 cycles) (C/D cycle)

JORR,
a mA cm−2 JOER,

a mA cm−2 JORR,
a mA cm−2 JOER,

a mA cm−2 Vdischarge,
b V Vcharge,

b V

IT-CCBC 3.27 27.0 2.38 24.9 1.02 2.17
CCBC 2.83 19.7 1.34 15.4 0.94 2.35

aJORR and JOER represent ORR and OER current densities measured at 0.7 V (vs RHE) and 1.95 V (vs RHE), respectively. bVdischarge and Vcharge
represent the minimum and maximum voltage at 75th cycle during pulse C/D cycle testing using the rechargeable zinc−air battery prototype. The
values for CCBC are obtained from the previous report.15
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are mainly attributed to NCNT and LaNiO3 NP, respectively;
however as a composite, IT-CCBC exhibits excellent synergistic
catalytic effect. In fact, the composite outperforms the state-of-
art commercial Pt/C catalyst in terms of both ORR and OER
activities as well as electrochemical durability. The practicality
of the catalyst is further highlighted by excellent charge/
discharge performances and cyclability in a realistic recharge-
able zinc−air battery utilizing atmospheric air in ambient
conditions. These half-cell testing and practical rechargeable
zinc−air battery measurements are indicative of excellent
synergistic activity and durability of IT-CCBC, which is
attributed to small particle sizes of LaNiO3 NP providing
enhanced growth sites for prolific growth of intertwined
NCNT. This composite with strong interparticle interaction
leads to rapid charge transfer and diffusion of reactants during
the electrochemical oxygen reactions. This work is a direct
demonstration of advancement in bifunctional catalyst develop-
ment, which utilizes highly engineered composite morphology
design to enhance catalytic activity and durability for
commercialization of high-performance rechargeable metal−
air batteries.
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