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Transition metal oxides are considered alternative electrocatalysts for ZAB owing to their multiple oxidation states. However, they
have limitations such as low electrical conductivity and the deficiency of reactive sites. In this study, to overcome these
shortcomings and improve electrocatalytic activity, oxygen vacancies and porous architectures were introduced through a
partial reduction process and a porous carbon framework. Open porous carbon microspheres with uniformly loaded NiCo2O4
nanosheets and oxygen vacancies (V-NCO/OPC) displayed enhanced electrocatalytic performance with a low Tafel slope
(68mV dec-1) in the oxygen reduction reaction (ORR) and a low overpotential (402mV) at 10mA cm–2 in the oxygen
evolution reaction (OER). The combined effect of the oxygen vacancies and porous architecture can offer sufficient active sites,
modify the electronic structure of the metal oxide surface, and facilitate mass transport, enhancing the electrocatalytic
properties of V-NCO/OPC. Furthermore, when applied for ZAB, V-NCO/OPC demonstrated better electrochemical
performance including discharge power density (154.9mWcm-2) at the current density of 175.9mA cm-2, low voltage gap
(0.85V) at the initial cycle, and long-term (250 h) cycle stability at the current density of 10mA cm−2 than those of noble-
metal electrocatalysts.

1. Introduction

Rechargeable zinc-air batteries (ZABs) are considered one of
the most sustainable battery technologies owing to their
characteristics such as high theoretical energy density
(1086Whkg−1), low cost, and safe operation [1–4]. Espe-
cially, ZABs are inherently ecofriendly due to their utiliza-
tion of nontoxic zinc as the anode material, their potential
recyclability, and the availability of aqueous electrolytes.
Owing to the sluggish oxygen catalytic kinetics, the catalytic
activity of the cathode material in the oxygen reduction reac-
tion (ORR) and oxygen evolution reaction (OER) plays a
crucial role in the remarkable performance of ZABs [5–8].
Noble metal-based materials such as Pt and IrO2/RuO2 are
well-known catalysts with superior ORR and OER catalytic
activities, respectively [9–11]. However, the conflict between

the increasing energy demand and limited resource supply
caused by the low natural abundance of noble metals limits
the large-scale applications of these materials [12–18]. In
addition, their poor durability, caused by the deformation
of the nanoparticles during the electrochemical process,
brings about the deactivation of the catalyst [19–21]. There-
fore, the development of noble-metal-free bifunctional elec-
trocatalysts possessing high activity and durability at a low
cost is important for achieving extensive practical applica-
tions [22, 23].

Transition metal oxides (TMOs) have attracted consid-
erable interest as bifunctional electrocatalysts owing to their
low cost and multiple oxidation states from their unique
crystal structure [22, 24–26]. However, their deficiency in
reactive sites and intrinsically inferior electrical conductivity
remain challenging [27–30]. Employing oxygen vacancies in
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the transition metal oxide lattice has been reported as an
effective strategy for addressing the issues [31, 32]. Oxygen
vacancies in the lattice of the metal oxide modify the elec-
tronic structure, which not only forms several active sites
for adsorption but also enhances electrical conductivity
[33, 34]. Utilizing a carbon framework with a porous archi-
tecture is another important strategy for boosting the elec-
trocatalytic activity of transition metal oxides [35–38]. Pore
size modulation, including micro-, meso-, and macropores,
can facilitate the electrocatalytic activity by regulating the
crystal size to expose sufficient active sites, promote mass
transport, and facilitate the detachment of the O2 bubble-
blocking surface of the active site [8, 39–41]. Among the var-
ious TMOs, NiCo2O4 (NCO), which is a spinel oxide with
Ni ions occupying octahedral sites in the Co3O4 lattice, has
attracted significant attention as an electrocatalyst owing to
its availability and stability [42–45]. Yuan et al. reported
the superior ORR activity of NCO nanosheets on hollow
mesoporous carbon with oxygen vacancies through an
annealing treatment in a low-oxygen atmosphere [46]. Liu
et al. explored ultrathin NCO nanosheets with oxygen
vacancies as bifunctional zinc-air cathode materials synthe-
sized under different calcination atmospheres [47].

Spray pyrolysis, which is a continuous reaction process
possessing high efficiency, can be considered an effective
synthetic process for porous carbon frameworks [48]. More-
over, the use of an aqueous solution containing various com-
ponents and short-time synthesis for spray pyrolysis are very
powerful factors for ecofriendliness and scalability. Various
removable organic/inorganic materials contained in the
droplets can be used to easily fabricate porous structures
suitable for supporting transition metal compounds after
spray pyrolysis. In this study, NCO with oxygen vacancies
on three-dimensional (3D) open-pore-structured porous
carbon microspheres (V-NCO/OPC) was prepared as a
bifunctional electrocatalyst. The unique porous structure of
the carbon framework provides a high surface area for uni-
form decoration of NCO nanosheets, as well as desired diffu-
sion channels for electrolyte and oxygen. Moreover, with the
accompanying morphological advantages, the oxygen vacan-
cies created in NCO by the cost-effectiveness of the NaBH4
reducing agent with water enhanced the electrocatalytic
activity by changing the valence state and electronic struc-
ture within a short time. Consequently, V-NCO/OPC exhib-
ited outstanding performance in the ORR and OER
processes in alkaline media, as well as low polarization and
long-term cycle stability in ZABs.

2. Experimental

MgO/open-pore-structured carbon composite microspheres
(Mg-OPC) were synthesized by a one-pot spray pyrolysis
process using a carbon source and a pore-forming agent. A
spray solution was prepared by dissolving 0.1M magnesium
nitrate and 4 g of carbon sources composed of dextrin and
polyvinylpyrrolidone (PVP; Mw = 40,000) in a weight ratio
of 1 : 1, followed by dispersing 2 g of 100nm polystyrene
(PS) nanobeads in distilled water (200mL). The colloidal
solution was nebulized into droplets by an ultrasonic spray

generator, and the droplets passed through a reactor main-
tained at 800°C with an N2 gas flow rate of 10 Lmin-1. Based
on the synthesis through spray pyrolysis on a lab scale,
approximately 1.3 g of powder can be obtained from a 1L
precursor solution. After the etching process using HCl solu-
tion to remove MgO particles and the subsequent carboniza-
tion process at 800°C under Ar gas flow for 3 h, 3D open-
pore structured carbon microspheres (denoted as OPC) were
obtained. To decorate NCO on the microspheres, 0.01 g of
nickel acetate, 0.02 g of cobalt acetate, and 0.025 g of hexa-
methylenetetramine (HMTA) were dissolved in 50mL of
ethanol under continuous stirring and 0.02 g of OPC was
added to the homogenous solution. The reaction mixture
was transferred into a Teflon-lined autoclave and was treated
at 110°C for over 16 h. The resultant precipitate was washed
with DI water several times and calcined at 280°C for 2 h in
the air to obtain the NCO nanosheets/OPC (NCO/OPC).
Subsequently, the NCO/OPC was dispersed in a 0.025M
NaBH4 aqueous solution for 45min, resulting in V-NCO/
OPC. For comparison, porous carbon microspheres without
open macropores decorated with NCO nanosheets (denoted
as NCO/PC) were synthesized using an identical procedure
without PS nanobeads. MgO/PC composite microspheres
prepared from the spray solution without PS nanobeads
transformed into porous carbon microspheres (denoted as
PC) without open macropores. Detailed information includ-
ing characterization methods, ORR and OER measurements,
and manufacture and measurement of the ZABs is described
in supporting information.

3. Results and Discussion

A schematic illustration for synthesizing V-NCO/OPC is
shown in Scheme 1. The spray pyrolysis process involves
atomizing a spray solution into droplets using ultrasonic
force, followed by their evaporation and decomposition in
a heated reactor. When a droplet containing dextrin, PVP,
Mg nitrate, and PS nanobeads passes through the reactor,
which is exposed to high temperatures, solvent evaporation
and decomposition for each component occur. This rapid
process ensures the formation of aggregate-free spherical
microspheres from each droplet, with particles spending
only a short time in the reactor furnace. Then, the Mg nitrate
and carbon sources (dextrin and PVP) were converted into
MgO and carbon frameworks, respectively, and the PS nano-
beads were decomposed into gas phases including CO2 and
H2O to create macropores [49]. In this process, MgO nano-
crystals act as inorganic catalysts that convert the carbon
sources into a carbon framework [50]. The existence of
MgO in Mg-OPC was demonstrated by the XRD pattern
in Figure S1. The resultant microspheres were etched using
a dilute HCl solution to eliminate MgO and complete the
carbonization of the carbon framework with further heat
treatment to form the OPC microspheres. NCO nanosheets
were decorated on OPC via a hydrothermal method and
subsequent oxidation. During the hydrothermal process,
the Ni2+ and Co2+ ions, initially absorbed onto the surface
of OPC, underwent a chemical transformation facilitated by
the presence of OH- ions generated through the hydrolysis
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of HMTA. This led to the formation of NiCo2(OH)6 nano-
sheets, and the nanosheets were transformed into NCO
nanosheets during an oxidation process. The overall reac-
tions are conducted by following the chemical equations
[51, 52].

CH2 6N4 + 6H2O➔4NH3 + 6HCHO
NH3 + H2O➔NH4+ + OH−

Ni2+ + 2Co2+ + 6OH−➔NiCo2 OH 6

NiCO2 OH 6 + 1/2O2➔NiCo2O4 + 3H2O

1

Through reaction with NaBH4 solution, oxygen vacan-
cies are introduced into the NCO lattice by the abundant
hydrogen gas generated by NaBH4, which produces V-
NCO/OPC.

The structural difference between OPC and porous car-
bon without open pores (PC) was compared using scanning
electron microscopy (SEM) images in Figure 1. Numerous
macropores generated by the decomposition of PS nano-
beads in Mg-OPC and no visible morphological changes
after etching to remove the MgO crystals in OPC were con-
firmed in Figures 1(a) and 1(b). In contrast, the MgO/PC
composite microspheres exhibited no macropores owing to
the absence of PS nanobeads in the spray solution, and PC
possessed only pores formed by etching MgO (Figures 1(c)
and 1(d)). To further compare the differences between
OPC and PC, their surface areas and pore structures were
analyzed. The isotherms shown in Figure S2(a) exhibit a typ-
ical type IV hysteresis, indicating that the samples had an
abundance of micro/mesopores [53]. The BET surface areas
of OPC and PC were 757.9 and 519.8m2 g-1, respectively.
The open-macroporous structure enhances the surface area
of the OPC. The Barrett-Joyner-Halenda (BJH) pore size
distributions of OPC and PC in Figure S2(b) revealed meso-
pores with a maximum peak of around 4.5 and 4.9 nm,

respectively. The increased specific surface area of OPC with
micro/mesopores can be considered as a more suitable car-
bon framework for not only decorating the NCO component
but also encouraging the mass transfer of oxygen molecules
and the electrolyte.

After the hydrothermal method and oxidation treat-
ment, NCO nanosheets were successfully loaded onto
OPC and PC, as confirmed by the X-ray diffraction (XRD)
patterns shown in Figure S3. The morphologies of NCO/
OPC and NCO/PC were investigated by SEM and transmis-
sion electron microscopy (TEM) in Figure 2 and Figure S4,
respectively. Ultrafine NCO nanosheets were uniformly dec-
orated on the surface of the OPC, and the open pore struc-
ture was maintained after NCO loading in Figures 2(a) and
2(b). However, in the case of NCO/PC, large NCO nano-
sheets were deposited on the surface of the PC (Figures S4(a)
and S4(b)). The presence of macropores prevents the large
growth of NCO nanosheets on the surface and allows
NCO to be uniformly distributed in small sizes. From the
high-resolution TEM (HR-TEM) image of NCO/OPC in
Figure 2(c), the two lattice fringe spacings of 0.21 nm match-
ing the (400) and (040) planes of the cubic structure were
observed, which is in line with the results from the XRD pat-
tern of NCO nanosheets (JCPDS 20-07810). The selected-
area electron diffraction (SAED) pattern in Figure 2(d) also
reveals well-defined diffraction rings in the (511), (400),
(311), and (111) crystal planes of NCO. The uniform distri-
butions of Co, Ni, O, and C on the OPC surface are demon-
strated in the elemental mapping images in Figure 2(c). The
HR-TEM and SAED patterns presented in Figures S4(c)
and S4(d), respectively, demonstrated the successful decora-
tion of PC with the NCO nanosheets.

The changes in the surface area and pore structure after
NCO loading were analyzed using N2 gas adsorption/
desorption isotherms, and the corresponding results are
shown in Figure S5. The hysteresis types of NCO/OPC and
NCO/PC (Figure S5(a)) were identical to those of OPC
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Scheme 1: Formation mechanism of V-NCO/OPC.
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and PC. However, the surface area of NCO/OPC decreased
slightly to 718.5m2 g-1, while that of NCO/PC decreased sig-
nificantly to 353.2m2 g-1. The macropores of NCO/OPC
were not blocked even after the loading of NCO nanosheets,
which also led to the inhibition of crystal growth to form

ultrafine NCO nanosheets. However, the micro/mesopores
of NCO/PC were blocked by large-sized NCO nanosheets
owing to the absence of macropores; therefore, NCO/OPC
exhibited a smaller decrease in surface area than NCO/PC.
The Barrett-Joyner-Halenda (BJH) pore-size distribution in

1 μm

Mg-OPC
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1 μm

OPC

(b)
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(c)
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Figure 1: SEM images of (a) Mg-OPC, (b) OPC, (c) Mg-PC, and (d) PC.
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Figure 2: Morphologies, SAED pattern, and elemental mapping images of NCO/OPC: (a) SEM image, (b) TEM image, (c) HR-TEM image
(insert: fast Fourier transform electron diffraction pattern), (d) SAED pattern, and (e) elemental mapping images.
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Figure S5(b) showed a decrease in the volume fraction of
pores less than 5nm in NCO/OPC and NCO/PC compared
to that in OPC and PC, which suggests the successful loading
of NCO in the carbon framework. To determine the actual
NCO content in the carbon framework, the thermogravimet-
ric analysis (TGA) of NCO/OPC and NCO/PC was per-
formed under an airflow from 25 to 800°C at a heating rate
of 10°Cmin−1, as shown in Figure S6. The initial weight loss
below 150°C corresponded to the evaporation of water mole-
cules that had been adsorbed on each sample. The subse-
quent dramatic drop occurring from 300 to 500°C was
related to the combustion of the carbon framework. The
TGA results confirmed that NCO/OPC and NCO/PC con-
tained the same amount of NiCo2O4 (approximately
23wt.%).

In general, the presence of oxygen vacancies in the lattice
of metal oxide materials enhances their electrocatalytic per-
formance in the ORR and OER. To introduce oxygen vacan-
cies into the NCO/OPC, a partial reduction process using a
NaBH4 solution was conducted. The XRD pattern of V-
NCO/OPC, as shown in Figure S7, exhibited no change in
the crystal structure but showed lower peak intensities,
indicating the creation of oxygen vacancies in the NCO
lattice. The SEM image in Figure 3(a) demonstrated that,
even after the chemical reduction step, the morphology of
the sample was approximately intact without structural
destruction, and the TEM image in Figure 3(b) confirmed
that the shape of the NCO nanosheets was maintained
after the formation of V-NCO. The HR-TEM image in
Figure 3(c) also showed two clear lattice fringes at an angle
of 90°, which suggests that the cubic crystal structure was
well-maintained after the introduction of oxygen vacancies.
The diffraction rings in the SAED pattern were also in
agreement with the crystal planes of NCO in Figure 3(d).
However, unlike the SAED pattern of NCO/OPC, some
diffraction rings of NCO were not observed, which could
be attributed to the decrease in crystallinity caused by the
formation of oxygen vacancies.

To verify the formation of oxygen vacancies in the lattice
of NCO, X-ray photoelectron spectroscopy (XPS) was per-
formed, and all the spectra of NCO/OPC and V-NCO/
OPC were compared. The survey scans of both samples,
shown in Figure 4(a), indicate the presence of elements cor-
responding to NCO and carbon. The Co 2p spectrum
(Figure 4(b)) was divided into four major peaks and two sat-
ellite peaks. Peaks related to Co3+/Co2+ in Co 2p3/2 and Co
2p1/2 were located at 779.7/781.1 eV and 795.1/796.6 eV,
respectively, and two satellite peaks were assigned to 785.8
and 802.3 eV [54]. In the Ni 2p spectrum, peaks correspond-
ing to Ni3+/Ni2+ were observed at 854.1/855.5 and 871.9/
873.1 eV in the Ni 2p3/2 and Ni 2p1/2 orbitals, respectively,
and satellite peaks were displayed at 861.1 and 879.2 eV
(Figure 4(c) [55–57]. Three deconvoluted peaks located at
529.3, 531.6, and 533.4 eV in the O 1s spectrum corre-
sponded to the lattice oxygen atoms, defect sites with oxygen
vacancy, and absorbed water molecules, respectively
(Figure 4(d)) [58]. When comparing all the spectra of each
element between V-NCO/OPC and NCO/OPC, the ratios
of Ni2+/Ni3+ and Co2+/Co3+ increased in V-NCO/OPC com-

pared to those in NCO/OPC, indicating that M3+ ions were
reduced to M2+ ions originating from the introduction of
oxygen vacancies in the NCO lattice [59]. Furthermore, the
O 1s spectrum of V-NCO/OPC exhibited decreased M-O
bonding and an increased number of defect sites with oxy-
gen vacancies compared to those of NCO/OPC, which also
demonstrated the successful introduction of oxygen vacan-
cies in the NCO lattice [60]. UV-vis analysis was conducted
to investigate oxygen vacancies, comparing absorbance
between bare NCO and V-NCO sheets without carbon.
The lower absorbance in V-NCO sheets suggests the pres-
ence of oxygen vacancies affecting its structure and reducing
bandgap energy compared to NCO sheets in Figure S8(a).
Bandgap energies extrapolated from the linear part following
the Tauc plot in Figure S8(b) were determined as 3.2/1.6 eV
for NCO sheets and 2.9/1.4 eV for V-NCO sheets, which is
evidence for the existence of oxygen vacancy in V-NCO
[61]. To further demonstrate the existence of oxygen
vacancies in the NCO lattice, an electron paramagnetic
resonance (EPR) analysis was conducted. The EPR spectra
shown in Figure S9 demonstrated that the signals in both
samples with g = 2 213 could be assigned to paramagnetic
oxygen vacancies. V-NCO/OPC exhibits a higher signal
intensity at g = 2 213 than NCO/OPC, which verifies the
existence of oxygen vacancies in V-NCO/OPC.

To demonstrate the effect of hybridization with an open
porous structure of the carbon framework and oxygen
vacancies in the NCO lattice on electrocatalytic activity, lin-
ear sweep voltammetry (LSV) measurements were carried
out in an O2-saturated alkaline electrolyte (0.1M KOH). In
the ORR LSV curves shown in Figure 5(a), V-NCO/OPC
exhibited a higher onset potential (Eonset = 0 96V) and
half-wave potential (E1/2 = 0 82V) than NCO/OPC (0.94V
(Eonset), 0.81V (E1/2)) and NCO/PC (0.93V (Eonset), 0.77V
(E1/2)). Although the onset and half-wave potential of V-
NCO/OPC were still lower than those of the benchmark
catalyst (Pt/C, 1.0V (Eonset), 0.92V (E1/2)), the limited cur-
rent density of V-NCO/OPC (4.72mAcm-2) was higher
than that of Pt/C (4.57mAcm-2). Moreover, Tafel plots,
which are the criteria for reaction kinetics, showed that V-
NCO/OPC possessed the lowest Tafel slope (68mV dec-1)
compared to NCO/OPC (81mV dec-1), NCO/PC (113mV
dec-1), and Pt/C (99mV dec-1) (Figure 5(b)). The EIS
experiments were carried out to explore catalytic kinetics
(Figure S10). The EIS spectrum under ORR conditions
revealed that the smaller charge transfer resistance (Rct)
observed in V-NCO/OPC and NCO/OPC, compared to
NCO/PC, is attributed to the presence of macropores facil-
itating electrolyte transport. These results indicate the supe-
rior ORR activity and kinetics of V-NCO/OPC compared
with those of the other samples. To further investigate this
synergistic effect, the electrochemical surface area (ECSA)
of each sample was compared using the double-layer capac-
itance (Cdl) values calculated by cyclic voltammetry (CV)
measured in the non-Faraday region at various sweep rates
(Figure S11). Based on the CV data of the prepared sam-
ples, the obtained Cdl value of V-NCO/OPC (21.8mFcm-2)
was higher than those of NCO/OPC (18.1mFcm-2) and
NCO/PC (1.7mFcm-2), which indicates that V-NCO/OPC
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Figure 3: Morphologies and SAED pattern of V-NCO/OPC: (a) SEM image, (b) TEM image, (c) HR-TEM image (insert: fast Fourier
transform electron diffraction pattern), and (d) SAED pattern.
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have numerous adsorption sites compared to other samples.
To calculate the electron transfer number (n) for the ORR,
LSV curves were measured at different rotation speeds from
400 to 2025 rpm, and the Koutecky-Levich (K-L) equation
was applied using the LSV curves. As shown in Figure 5(c),
all n values based on the K-L plots at each potential point
are approximately 4, which is consistent with the four-
electron transfer reactions during the ORR process. In ORR,
since the durability of electrocatalysts is as important as activ-
ity and kinetics, the chronoamperometric responses of V-
NCO/OPC and Pt/C were measured at the half-wave potential
of each sample for 10h. As shown in Figure 5(d), V-NCO/
OPC maintained 73% of its initial current density, whereas
Pt/C maintained only 58% of its initial current density, dem-
onstrating the superior ORR durability of V-NCO/OPC com-
pared to Pt/C. Furthermore, chronoamperometry was used to
analyze the tolerance of methanol on the catalysts by adding
3M methanol solution at 300 s in a 0.1M oxygen-saturated
KOH solution. While the commercial Pt/C catalyst exhibited
a decline in performance due to oxidation with byproducts
upon methanol addition, the V-NCO/OPC catalyst demon-
strated remarkable durability under the same conditions,
maintaining its performance (Figure S12). This result suggests
the superior methanol tolerance property of V-NCO/OPC
compared to Pt/C.

The OER characteristics of V-NCO/OPC, NCO/OPC,
NCO/PC, and RuO2 are shown in Figure 6. The LSV curves
shown in Figure 6(a) revealed that V-NCO/OPC possessed a

lower overpotential (402mV) at 10mAcm-2 than NCO/
OPC (486mV) and NCO/PC (516mV), and higher than
that of RuO2 (360mV). However, in terms of the OER kinet-
ics, the Tafel slope of V-NCO/OPC is 195mV dec-1, which is
lower than those of NCO/OPC (219mV dec-1), NCO/PC
(222mV dec-1), and RuO2 (204mV dec-1), as shown in
Figure 6(b). Moreover, when the charge-transfer resistance
(Rct) was evaluated using electrochemical impedance spec-
troscopy (EIS), V-NCO/OPC exhibited the smallest Rct
among the samples in Figure 6(c). These results indicate that
V-NCO/OPC has better OER activity than the other sam-
ples. The excellent bifunctional electrocatalytic activity of
the V-NCO/OPC was triggered by the synergistic effect
between the suitable pore structure of the carbon framework
and the oxygen vacancies of NCO. The porous structure
(micro/meso/macropores) of OPC can regulate the crystal
growth to expose sufficient active sites, promote mass trans-
port, and facilitate the detachment of the O2 bubble-
blocking surface of the active site. Moreover, oxygen vacan-
cies in the NCO lattice modify the electronic structure of the
NCO surface, which not only forms several active sites for
adsorption but also enhances electrical conductivity.

Based on the superior bifunctional electrocatalytic prop-
erties of V-NCO/OPC, a homemade ZAB cell was assembled
using V-NCO/OPC as an air cathode to demonstrate its
practical application; its electrochemical properties are
shown in Figure 7. A Pt/C+RuO2 mixed electrocatalyst was
used as the benchmark for comparison. The charge-

0.4 0.5 0.6 0.7 0.8 0.9 1.0
-5

-4

-3

-2

-1

0

Cu
rr

en
t d

en
sit

y 
(m

A
 cm

–2
)

Potential (V vs RHE)

NCO/PC
Pt/CNCO/OPC

V-NCO/OPC

(a)

–0.8 –0.4 0.0 0.4

0.8

0.9

1.0

1.1

99

68
81

113Po
te

nt
ia

l (
V

 v
s R

H
E)

Log(|J|/mA cm–2)

Unit: mV dec–1

NCO/PC
Pt/CNCO/OPC

V-NCO/OPC

99

68
81

113Unit: mV dec–1

(b)

0.4 0.5 0.6 0.7 0.8 0.9 1.0
-6

-4

-2

0

Cu
rr

en
t d

en
sit

y 
(m

A
 cm

–2
)

Potential (V vs RHE)

0.08 0.12 0.16

0.2

0.3

0.4

�–1/2 (s1/2 rad–1/2)

j–1
(m

A
–1

cm
2 )

400
625
900

1225
1600
2025

0.35V 
0.40V
0.45V
0.50V
n = 4

0.08 0.12 0.16

0.2

0.3

0.4

�–1/2 (s1/2 rad–1/2)

j–1
(m

A
–1

cm
2 )

400
625
900

1225
1600
2025

0.35V 
0.40V
0.45V
0.50V
n = 4

(c)

0 2 4 6 8 10
0

25

50

75

100

Re
la

tiv
e c

ur
re

nt
 (%

)

Test time (h)
V-NCO/OPC
Pt/C

(d)

Figure 5: ORR characteristics of V-NCO/OPC, NCO/OPC, NCO/PC, and Pt/C: (a) LSV curves, (b) Tafel plots, (c) LSV curves at various
rotating speeds (insert: corresponding K-L plots), and (d) chronoamperometric responses.
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discharge polarization curves in Figure 7(a) revealed that the
V-NCO/OPC electrode possessed a smaller voltage gap with
a higher discharge voltage and lower charge voltage than the
Pt/C+RuO2 electrode, in agreement with the previous ORR
and OER results. Moreover, as shown in Figure 7(b), V-
NCO/OPC showed a peak power density of 154.9mWcm-2

at a current density of 175.9mAcm-2, which was 1.3 times
higher than that of Pt/C+RuO2 (118.3mWcm-2 at a current
density of 123.0mAcm-2). The discharge-specific capacity,
which is calculated based on the weight of the consumed
zinc, is shown in Figure 7(c). At a current density of
10mAcm-2, V-NCO/OPC achieved a specific capacity of
758.8mAhgZn

-1 and a corresponding energy density of
940.9WhkgZn

-1, which is better than Pt/C+RuO2
(699.1mAhgZn

−1 and 894.8WhkgZn
-1). In the rate capabil-

ity shown in Figure 7(d), the discharge voltages of V-NCO/
OPC were 1.31, 1.30, 1.28, 1.27, 1.25, 1,24, 1.23, and 1.22V
at 0.5, 1, 2, 4, 8, 10, and 20mAcm−2, respectively, which
demonstrated superior reaction kinetics of V-NCO/OPC
compared to Pt/C+RuO2 even at high current density with-
out sudden voltage drop for the ZAB system. The durability
of the ZAB cathode was tested using galvanostatic charge

and discharge measurements at 10mAcm−2 with a 20min
period for one cycle (Figure 7(e)). The initial voltage gap
between discharge (1.17V) and charge (2.02V) of V-NCO/
OPC was 0.85V, which altered to 0.95V after 100 h of con-
tinuous cycling. In contrast, the voltage gap of Pt/C+RuO2
was increased from 0.89 to 1.09V at the initial cycle and
after 100 h, respectively. Moreover, V-NCO/OPC exhibited
long-term cycle stability for 250 h with a restricted increased
voltage gap of 1.04V, with 81% efficiency, as illustrated in
Figure 7(f). To investigate the structural and chemical prop-
erties of V-NCO/OPC during the electrocatalytic process, ex
situ SEM and XPS analyses were employed. SEM images of
V-NCO/OPC shown in Figure S13 exhibited that the spher-
ical shape was well-maintained after the discharge and
recharge process, which suggests excellent structural stability.
In the case of the XPS spectra shown in Figure S14, overall
peak shifts from high to low binding energy were observed
in the Ni 2p and Co 2p spectra. In the O 1s spectrum, several
broad peaks corresponding to oxygen vacancies (Vo) and
absorbed water were observed in a pristine state. However,
the peak related to Vo bonding was increased after the
recharge process, and the shape of the overall peaks became
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Figure 7: Continued.
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gradually sharper due to the dominance of Vo. These phe-
nomena are attributed to the formation of carbon oxidation
because of the high charging potential, which is consistent
with results in previous literatures [62–64]. When compar-
ing the ZAB performances of various composite materials
comprised of NCO and carbonaceous materials reported
in previous studies, V-NCO/OPC exhibited superior elec-
trocatalytic properties compared to those of composite
materials reported in the literatures (Table S1). Based on
these results, V-NCO/OPC can be considered a superior
ZAB cathode material compared to noble metal bench-
marks in practical applications, owing to its pore structures,
accelerating mass transfer, and large active sites from oxy-
gen vacancies.

4. Conclusions

In summary, we developed open porous-structured carbon
microspheres with a scaffold design containing micro/meso-
pores using an aerosol-based spray pyrolysis method. By
using MgO and PS nanobeads as pore agents, OPC pos-
sessed micro/mesopores to regulate the crystal size when
NCO nanosheets were loaded, as well as open macropores
to facilitate mass transport and detachment of the O2
bubble-blocking surface of the active site. Using the charac-
teristics of OPC, ultrafine NCO nanosheets were uniformly
decorated via a hydrothermal method and a subsequent oxi-
dation process. The abundant micro/mesopores of OPC not
only enable the uniform decoration of NCO nanosheets dur-
ing the synthesis process but also inhibit their crystal
growth. Moreover, to increase the number of active sites in
the NCO nanosheets, oxygen vacancies were introduced into
the NCO lattice via a partial reduction process using a
NaBH4 solution. Owing to the hybridization effect of each
characteristic, V-NCO/OPC exhibited enhanced ORR and
OER performances compared with noble-metal-based elec-
trocatalysts. This study provides significant ideas for the fab-

rication of an efficient bifunctional oxygen electrocatalyst for
ZAB based on pore design and defect introduction.
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images of V-NCO/OPC: (a) discharge and (b) recharge in
ZABs. Supplementary Figure S14: ex situ XPS spectra of V-
NCO/OPC: (a) Co 2p, (b) Ni 2p, and (c) O 1s. Supplemen-
tary Table S1: Zn-air battery performances of various com-
posite electrocatalysts comprised of transition metal oxide
and carbonaceous materials for air cathode reported in the
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