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a b s t r a c t

The bifunctional electrocatalyst has an important influence on the power output and cycle life of
rechargeable zinc-air batteries. Cobalt oxides, especially Co3O4, have attracted much attention due to
their high catalytic activity for oxygen evolution reaction (OER). It is difficult to improve the catalytic
activity of oxygen reduction reaction (ORR) for rechargeable zinc-air batteries. In this paper, Co3O4

containing rich oxygen vacancies is prepared by in-situ growth on the nickel foam, and the carbon
coating treatment on the surface increases the conductivity and stability of Co3O4, which prolongs its
cycle life. The results show that moderate oxygen vacancies can achieve the best catalytic performance.
The peak power density of zinc-air battery assembled by this air electrode can reach 54.5 mW cm�2,
which is 51.4% higher than that of the untreated Co3O4 catalyst. The cycle life of the battery can reach 716
cycles (358 h), prolonging about 250 h compared with Co3O4 without carbon coating treatment. It is
proved that the improved Co3O4 can increase the power output and cycle life of the rechargeable zinc-air
battery, which helps to expand the application range of cheap Co3O4 catalyst, and provides an effective
and economic solution to obtain excellent electrocatalysts for metal-air batteries.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of industry, energy consumption is
increasing. Coal, oil, natural gas, and other fossil energy still occupy
the mainstream of energy consumption [1]. However, the reserves
of fossil energy are limited, and it is difficult to maintain the high-
speed growth of consumption demand for a long time. In addition,
the exhaust emissions of using fossil energy have a harmful impact
on the environment and human body containing with toxic and
harmful gases, greenhouse gases andmicro nano particles [2]. With
the increase of fossil energy consumption and the increasing
serious environmental pollution problems, cheaper and
ive Safety and Energy, Tsing-
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environmentally friendly energy storage and conversion technol-
ogies, are paid more and more attention, such as lithium-ion bat-
teries [3e5], fuel cells [6e8], solar cells [9,10], supercapacitors
[11,12], metal-air batteries [13,14], and so on.

The theoretical specific energy of zinc-air battery is
1350 Wh$kg�1, while the theoretical specific energy of lithium-ion
battery is 265 Wh$kg�1 [15]. Therefore, zinc-air batteries have the
potential to solve the problem of insufficient specific energy of
lithium ion battery. The resources of zinc are rich and the mining
and refining industry of zinc is relatively mature, which have more
advantages than the expensive lithium metal [16]. Moreover, the
anode, cathode and electrolyte of zinc-air batteries are stored
separately and modularized to facilitate long-term storage. Zinc-air
batteries have become a potential energy storage technology due to
its high theoretical specific energy, simple structure, safety and
environmental protection [17e19]. At present, the main problems
of zinc-air batteries are low actual power density and short cycle
life [20,21], which are closely related to the bifunctional electro-
catalysts of rechargeable zinc-air batteries. Although the actual
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power density of zinc-air battery is higher than that of vanadium-
air flow battery and lithium-air battery, the current progress is
difficult to meet the needs of industrialization [22]. The imbalance
of hydrophilicity and hydrophobicity of air cathode, the generation
of by-products and bubble growth of zinc anode, the evaporation
and decomposition of electrolyte and other problems will result in
lower actual power density of zinc-air battery [23]. But most
importantly, the low catalytic activity and instability of oxygen
catalyst are the main reasons for the low actual power density of
zinc-air batteries, which hinder its commercialization and practical
application.

Oxygen is always involved in the reaction on the air electrode in
zinc-air batteries. During the discharge process, ORR occurs at the
air electrode, and OER occurs during the charging process [24,25].
For the electrocatalysts, zinc-air primary battery and zinc-air me-
chanically rechargeable battery only require a good ORR catalytic
activity, while the rechargeable zinc-air battery requires both OER
and ORR bifunctional catalytic activity. Pt/C, a commonly used
noble metal catalyst, has a high catalytic activity for ORR [26e28],
but its reaction power for catalytic OER is poor. Generally speaking,
the OER activity of noble metal oxides (RuO2 and IrO2) is better
[29,30]. Although the noble metal catalyst has high catalytic ac-
tivity, the cycle stability is not ideal and the price is quite expensive,
which makes it difficult to reduce the cost of zinc-air batteries [31].
Researchers believe that transition metal based electrocatalysts are
expected to replace noble metal catalysts. Among them, various
manganese based catalysts (a-MnO2 [32], b-MnO2 [33], MnOOH
[34]) can show excellent ORR catalytic activity, but they are not
enough to meet the requirements of rechargeable zinc-air batteries
due to its relatively poor OER activity and charge-discharge cycle
stability [35,36].

Cobalt based electrocatalyst has become a research hotspot
because of its strong OER catalytic activity. More and more re-
searches have tried to apply cobalt based electrocatalyst to zinc-air
batteries [37e39]. Co3O4 is widely concerned which is a kind of
cobalt oxides. The main focus is to improve its electrocatalytic ac-
tivity for ORR [40,41]. There are three methods reported in the
literature: increasing the specific surface area of Co3O4, com-
pounding it with materials with high oxygen reduction activity and
enhancing the intrinsic catalytic activity of Co3O4. Park et al. [42]
prepared 3D honeycomb mesoporous cobalt oxide (3DOM Co3O4)
by template methods. Because of its porous and strong structure,
3DOM Co3O4 is superior to Co3O4 bulk and greatly enlarges the
surface area of the catalyst, thus increasing the number of active
centers. The larger exposure area usually provides more active sites
for ORR and OER to improve the electrocatalytic performance. Due
to the limited ORR catalytic activity of Co3O4, the scheme of
increasing reaction interface through porous structure has a limi-
tation on the performance improvement. Hence, it is a simple so-
lution to combine Co3O4 with doped carbon materials [43],
manganese oxides [44] and other high efficiency ORR catalysts.
Guan et al. [45] embedded the irregular hollow Co3O4 nanospheres
into the N-doped carbon nanowall array (NCeCo3O4). Owing to the
change of the electronic structure caused by the doping atoms in
the carbon materials and the synergistic effect produced by the
combination with Co3O4, an open circuit potential of 1.44 V and a
capacity of 387.2 mAh$g�1 (based on the total mass of zinc and
catalyst) for zinc-air batteries were achieved. However, such com-
posite materials are usually in powder form and need to be con-
nected to the collector by adhesive. In the process of multiple
charge and discharge cycles, the continuous corrosion and erosion
of the electrolyte on the adhesive can cause the catalyst to fall off
gradually, which will adversely affect the durability of rechargeable
zinc-air batteries [46].

Recently, the new idea to enhance the intrinsic oxygen
2

reduction catalytic activity of Co3O4 nanomaterials based on in-situ
growth in the collector. Yu et al. [47] prepared nitrogen doped
Co3O4 nanowires by heat treatment in NH3 atmosphere. Compared
with the original Co3O4 electrode, all N-doped Co3O4 electrodes
increased the ORR onset potential from 0.83 V to 0.94 V, which
confirmed that the introduction of nitrogen into Co3O4 can signif-
icantly improve the catalytic activity. Ma et al. [48] obtained Co3O4
nanowires rich in oxygen vacancies by argon plasma treatment.
Due to the regulation of oxygen vacancy on Co2þ and Co3þ valence
state, the oxygen reduction peak potential increased from 0.69 V to
0.81 V, and the slope of Tafel curve decreased from 220 mV$dec�1

to 58 mV$dec�1, which proved that oxygen vacancy could enhance
the intrinsic catalytic activity of Co3O4. However, the energy con-
sumption from low valence Co to active intermediate is higher than
that from high valence Co [49]. Excessive plasma treatment in-
creases the oxygen vacancy and low valence Co, and increases the
required energy consumption, which leads to the reduction of re-
action kinetics. Therefore, it is necessary to further study the effect
of oxygen vacancy on the ORR catalytic performance of Co3O4. In
addition, the long-term cycling stability of rechargeable zinc-air
batteries is also challenged by directly exposing oxygen
vacancies-rich materials to the alkaline electrolyte.

In this paper, carbon-coated oxygen vacancies-rich Co3O4 as
efficient bifunctional electrocatalysts for rechargeable zinc-air
batteries. Co3O4 treated by Ar plasma has a lot of oxygen va-
cancies, showing a higher catalytic activity for oxygen reduction
than untreated Co3O4. The onset potential and Tafel slope of the
optimized carbon-coated oxygen vacancies-rich Co3O4 electrode
are 0.963 V and 129 mV$dec�1, and the Tafel slope is much lower
than those of carbon-coated Co3O4 (271 mV$dec�1) and Co3O4
under other treatment conditions. The peak power density of zinc-
air batteries assembled with the new catalyst increased from
36.0 mW cm�2 to 54.5 mW cm�2. Because the new catalyst was
directly grown on the collector and the carbon coating protected
the oxygen vacancies, the zinc-air battery showed an ultra-long
charge and discharge cycle life of 358 h.
2. Experimental

2.1. Preparation of Co3O4/Ni Foam

Co3O4/Ni Foam was prepared by hydrothermal method as pre-
viously reported [50]. A typical synthesized procedure is shown in
Fig. 1a. Firstly, the cobalt precursor array was prepared. Cut the
nickel foam with a size of F 19:5, dip in 3.0 mol L�1 HCl solution,
ultrasonic treatment 10 min to remove the surface oxide layer, then
take it out and wash it with deionized water for three times, dry
and reserve. 2 mmol Co(NO3)2$6H2O, 8 mmol NH4F, 10 mmol
CO(NH2)2 were weighed and dissolved in 40 mL deionized water
for standby. The pretreated nickel foamwas placed in the bottom of
the inner cavity of the PTFE liner of a 50 mL high pressure water
reaction kettle and poured into the preconfigured solution. The
reactor was tightened and placed in a constant temperature box
(Shanghai Yiheng Scientific Instrument Co., Ltd., DZF-6051), kept at
120 �C for 6 h, and then cooled naturally to room temperature. The
obtained products were washed by deionized water for several
times and then dried naturally. The product was cobalt precursor
nano array grown on nickel foam (labeled Co(OH)F/Ni Foam). The
Co(OH)F/Ni Foam was placed in a high-temperature chamber
furnace (Shanghai Sager Furnace Co., Ltd., SG-QF) and heated to
350 �C at 5 �C$min�1 heating rate in air and maintained at 2 h. The
product of Co3O4 nano array was grown on foam nickel (labeled
Co3O4/Ni Foam) after the natural cooling of the furnace. The loading
capacity of Co3O4 is about 0.2 mg cm�2. All chemical reagents are of



Fig. 1. Schematic illustration of synthesized procedure of (a) Co3O4/Ni Foam and (b) Co3O4-x@C/Ni Foam.
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analytical purity.
2.2. Preparation of Co3O4-x@C/Ni Foam

A typical synthesized procedure is shown in Fig. 1b. The Co3O4/
Ni Foam is placed in the plasma photolithography chamber (DRY-
TEK LLC. MS-5). Under the atmosphere of 320 SCCM argon and 20
SCCM oxygen, the plasma is processed at 1 min, 3 min and 5 min
respectively under 500 W power. After the treatment is finished,
the product is Co3O4 nanoarrays enriched with oxygen vacancies
naturally grown on nickel foam, labeled as Co3O4-x/Ni Foam
(1 min), Co3O4-x/Ni Foam (3 min), Co3O4-x/Ni Foam (5 min),
respectively。

The sample was immersed in a 0.04 mol L�1 glucose solution for
24 h then took out and placed in a high temperature chamber
furnace (Shanghai Sager Furnace Co., Ltd., SG-QF). The temperature
was heated to 450 �C at the heating rate of 5 �C$min�1 in argon
atmosphere and maintained at 2 h. After the natural cooling of the
furnace, the carbon-coated oxygen vacancies-rich Co3O4 nanoarray
was grown on nickel foam, labeled as Co3O4-x@C/Ni Foam (1 min),
Co3O4-x@C/Ni Foam (3 min), Co3O4-x@C/Ni Foam (5 min),
respectively.
2.3. Preparation of air electrodes

According to the method as previously reported [51], Co3O4/Ni
Foam or Co3O4-x@C/Ni Foam sheet was treated by hydrophobic
treatment. In brief, the sheet is completely immersed in PTFE
emulsion (5 wt%, Shanghai Hesen Electric Co., Ltd) for 1 min and
then placed in the air at 60 �C for 20 min. After soaking and drying,
the sheet should be placed in air atmosphere, heated to 300 �C for
1 h at a heating rate of 5 �C$min�1, and then cooled naturally with
the furnace for standby. The content of PTFE was 0.2 mg cm�2. The
treated Co3O4/Ni Foam or Co3O4-x@C/Ni Foam sheet was over-
lapped with commercial hydrophobic diffusion layer, and air elec-
trode was obtained by hot pressing (Shenzhen Xotech Technology
Co., Ltd., TH-XC605-HC200) three times under certain conditions
(hot pressing surface temperature 80 �C, hot pressing pressure
0.5 MPa). The thickness of air electrode is 0.3 mm.
3

2.4. Materials characterization

The composition analysis of the composite was carried out in an
X-ray diffractometer (Bruker, D8) operating at 40 keV using a Cu-Ka
source. The microstructure was observed by scanning electron
microscope (SEM, Carl Zeiss AG Merlin) at 5 kV. Energy dispersive
X-ray spectroscopy (EDS) was used to analyze the types and con-
tents in the micro region of the materials at an accelerating voltage
of 15 kV. The geometrical properties of the materials were
measured by X-ray photoelectron spectroscopy (XPS) data at 350W
using physical electronic PHI 5600 multi technology system. The
hydrophobicity of different electrode surfaces was characterized by
contact angle measurement system (DataPhysics, OCA25). The EPR
spectra were obtained using a CIQTEK EPR-100 spectrometer at
120 K.
2.5. Electrochemical performance test

5 mg catalyst, 1 mL ethanol and 10 mL Nafion solution (5 wt%)
were mixed, and the mixturewas ultrasonic treated for 30 min 8 mL
mixed liquid was absorbed with a micropipette and dropped in the
area of F 5 mm in the center of the disc electrode, so that the
droplets evenly covered the glassy carbon on the electrode surface.
When the catalyst was slowly dried at room temperature for 24 h,
the catalyst on the surface of glassy carbon was uniformly loaded
without any abnormal phenomena such as coffee ring and falling
off. At this time, the catalyst loading was 0.2 mg cm�2, which could
be used for further experiments.

According to the method reported in the literature [52], the OER
and ORR properties of the catalyst were measured by typical three
electrode system on the electrochemical workstation (Princeton
Applied Research, VersaSTAT 3F). The electrolyte of electrode sys-
tem is 0.1 mol L�1 KOH solution. Ag/AgCl electrode fill with 10%
KNO3 and Pt wire were used as reference electrode and counter
electrode respectively. The catalyst coated on glass carbon elec-
trode (5 mm in diameter) was selected as the working electrode.

Firstly, KOH solution saturated with nitrogen was used as elec-
trolyte to activate the catalyst on the electrode surface. In the
typical scheme, cyclic voltammetry (CV) scanning is carried out
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continuously for 15 cycles between �0.147 Ve1.197 V (vs. RHE),
which makes the CV curves of the last three cycles obviously
coincide. Five CV tests were carried out between 1.097 Ve1.797 V
(vs. RHE) and �0.147 Ve1.197 V (vs. RHE). The last set of data was
used as the background current of OER and ORR. During the whole
process, nitrogen continuously flows into the reaction tank to keep
the nitrogen saturated.

Next, the electrolyte was replaced with an oxygen saturated
KOH solution. Electrochemical impedance spectroscopy (EIS) was
used to measure the working electrode in the low anodic polari-
zation overpotential region. The frequency range and amplitude of
EIS are 0.01e100 000 Hz and 5.0 mV, respectively. Five groups of CV
curves were obtained at different scanning rates (50 mV s�1,
100 mV s�1, 150 mV s�1, 200 mV s�1, 250 mV s�1) in the voltage
range of 0.927 Ve1.017 V (vs. RHE). The electrochemical active
surface area (ECSA) was determined by the dependence of current
and scanning rate in the CV curve. According to the same method,
the volt ampere characteristics of OER and ORR were recorded, and
the LSV curve was obtained by averaging the CV curve data. The
OER results were corrected by 90% iR at 10 mV s�1. Five groups of
ORR curves were obtained at different glassy carbon electrode
rotate speeds (2500 rpm, 1600 rpm, 900 rpm, 625 rpm and
400 rpm). The electron transfer number was determined by the
dependence of current and electrode rotate speed in the curves. In
the whole experiment, oxygen saturation was maintained by
continuously injecting oxygen into the electrolyte.

Finally, all potentials in operation were converted into potential
versus reversible hydrogen electrode (RHE): ERHE ¼ EAg/
AgClþ0.199 þ 0.0591 � pH. The electron transfer number of oxygen
molecule in ORR process is calculated. The Tafel slopes of OER and
ORR are calculated according to the low overpotential cross section
of LSV curves.

2.6. Assembly and test of zinc-air batteries

The prepared air electrode was used as positive electrode, zinc
foil (0.2 mm) after acid treatment was used as negative electrode,
and 6 mol L�1 KOH þ 0.02 mol L�1 ZnO solution was used as
electrolyte. The geometric area of positive electrode exposed to air
is about 1 cm2, which is the same as that of zinc foil and catalyst
Fig. 2. SEM images of (a) Co3O4, (b) Co3O4-x and (c) Co3O4-x@C. (d) X-ray diffraction imag
distribution images of Co3O4-x@C/Ni Foam. (f) TEM image and high-resolution TEM image
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layer exposed to the electrolyte. The measurement was carried out
in ambient air using the same electrochemical workstation (Ver-
saSTAT 3F, Princeton Applied Research) as the three electrode
system. The Galvano dynamic discharge voltage profiles of the
battery were measured at a voltage step of 10 mV s�1 from open
circuit voltage to 0.4 V. The cycling stability was tested at
10 mA cm�2 with a fixed time interval (15 min for discharge fol-
lowed by 15 min for charge).

3. Results and discussion

3.1. Morphology, crystal structure and chemical composition

The morphology of Co3O4, Co3O4-x and Co3O4-x@C were
observed by scanning electron microscopy. The Co3O4 nanoarrays
are uniformly distributed on the nickel foam substrate and consist
of dense arranged nanowires. The length of each nanowire is more
than 1 mmand thewidth is about 20e100 nm, as shown in Fig. 2a. It
is worth noting that the surface of Co3O4 nanowires is smooth,
which shows the integrity of the material growth in hydrothermal
reaction. After argon plasma treatment, the shape and size of the
nanowires did not change, but obvious irregular spots and pits can
be observed on the surface (Fig. 2b). This is caused by the oxygen
vacancy on the surface of Co3O4-x due to the impact damage of
argon plasma. After soaking in glucose solution and calcining, the
surface of nanowires is covered with a rough carbon film, and the
thickness of nanowires increased significantly (Fig. 2c). In order to
further confirm the formation of Co3O4, XRD was used to analyze
the crystal structure of the Co3O4 before and after growing on the
nickel foam. Nickel foam shows only two peaks representing nickel,
indicating that the collector cleaned by hydrochloric acid and
deionized water is not obviously oxidized and doesn’t contain a
large number of other impurities. As shown in Fig. 2d, at 22.1�,
36.3�, 42.8�, 65.3� and 69.7� correspond to (111), (220), (311), (511)
and (440) of Co3O4 (JCPDS 42e1467). It is noteworthy that the
reflection peak of nickel at 52.0� and 60.9� has a similar height to
the characteristic peak of Co3O4, indicating that Co3O4 nanowires
are well covered on the nickel foam substrate. At the same time,
EDS results (Fig. 2e) show uniform distribution of Ni, Co and O,
which clearly shows that Co3O4 nanoarrays adhere uniformly to the
es of nickel foam and Co3O4/Ni Foam. (e) X-ray energy spectrum analysis of element
(internal image) of the Co3O4-x@C.
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whole collector. Fig. 2f shows a TEM images of single Co3O4-x@C
nanowires containing porous carbon particles. The porous struc-
ture can expand the surface area and improve the interaction of
electrolyte-electrode interface [53]. The lattice fringes of nano-
crystals are further illustrated in high resolution TEM images
(Fig. 2f). The crystal plane spacing of 0.47 nm corresponds to the
(111) plane of Co3O4 crystal.

In order to prove the effect of oxygen vacancy on the valence
state of Co, the chemical state of Co on the electrode surface is
analyzed by EPR and XPS. EPR results (Figure.S1) showed the
generation of vacancies after plasma treatment, which was similar
to previous reports [54,55]. Fig. 3 shows the Co 2p electronic region
of XPS spectrum. The spectrum mainly contains two peaks, each of
which can be fitted with two valence Co peaks. The peaks at
781.3 eV and 796.4 eV are attributed to Co2þ, and the peaks at
794.9 eV and 779.7 eV are related to Co3þ [56]. Finally, according to
the area of the fitting peaks, the ratios of the two valence states of
Co3O4 after different time argon plasma treatment are calculated
respectively. The results are summarized in Table.S1. The ratio of
bivalent and trivalent cobalt of Co3O4 without argon plasma
treatment (Fig. 3a) is 1.00, which is very close to the theoretical
value. With the increase of plasma treatment time (1 min, 3 min,
5 min), the proportion of bivalent cobalt increased (55.1%, 58.0%,
61.7%), while the proportion of trivalent cobalt decreased (44.9%,
42.0%, 38.3%), indicating that the oxygen vacancy increaseswith the
increase of plasma treatment time. In order to keep the charge
balance of the material, the valence state of transition metal
element Co changes. These plasma induced defects can adjust the
local electronic environment and surface properties [57,58], and
generate more active centers, which makes Co3O4-x riched in de-
fects have high catalytic performance.
Fig. 3. XPS spectra of materials at different plasma time. (a) Co3O4/Ni Foam, (b) Co3O
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3.2. Electrochemical performance

In order to evaluate the effect of different oxygen vacancies, the
untreated catalyst Co3O4@C and argon plasma treated materials
Co3O4-x@C (1 min), Co3O4-x@C (3 min), Co3O4-x@C (5 min) are
measured by rotating disc electrode method (RDE) in 0.1 mol L�1

KOH.
The last cycle of CV is taken as the stable result, and the average

of the upper and lower curves is taken as the equivalent linear
voltammetric sweep curve (LSV). Fig. 4a shows the LSV curves of
various catalysts at a scanning rate of 10 mV s�1 and a speed of
1600 rpm. Co3O4-x@C (3 min) shows the most positive onset po-
tential of 0.963 V (vs. RHE), which is 199 mV, 155 mV and 139 mV
higher than that of Co3O4@C, Co3O4-x@C (1 min) and Co3O4-x@C
(5 min) which show 0.764 V (vs. RHE), 0.808 V (vs. RHE), 0.808 V
(vs. RHE) and 0.824 V (vs. RHE). At the same time, The half wave
potential of Co3O4-x@C (3 min) is 0.671 V (vs. RHE), and the limiting
current density of oxygen reduction is 4.84 mA cm�2, which are
also significantly higher than those of other catalysts (Table.S2),
indicating that moderate oxygen vacancy can significantly improve
the catalytic activity of ORR. In terms of the Tafel slope of different
materials (Fig. 4b), the Tafel slope decreases significantly after
effective plasma treatment. The lowest Tafel slope is 129 mV$dec�1

of Co3O4-x@C (3min), showing the fastest ORR kinetics [59]. Further
RDE measurements to evaluate the polarization curves at different
speeds (400e2500 rpm) is shown in Fig. 4c. The Koutecky-Levich
(K-L) curve shows linearity at different potentials with the same
slope (Fig. 4d). The electron transfer number at 0.50e0.53 V (vs.
RHE) is 3.95e4.01, which is clearly proved a fast and effective ORR
way of Co3O4-x@C (3 min) is through the four electron transfer
pathway [60]. Moreover, for Co3O4@C, Co3O4-x@C (1 min) and
Co3O4-x@C (5 min) the same tests are done (Figure. S2). At all
rotating speeds, there is no plateau in the curve, which clearly
4-x/Ni Foam (1 min), (c) Co3O4-x/Ni Foam (3 min), (d) Co3O4-x/Ni Foam (5 min).



Fig. 4. (a) ORR polarization curves of different electrocatalysts at 1600 rpm speed of RDE and (b) The corresponding ORR Tafel curves. (c) ORR polarization curves of Co3O4-x (3 min)
at different speed of RDE and (d) The corresponding KouteckyeLevich plots at 0.50e0.53 V.
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shows that the introduction of oxygen vacancies improves the
catalytic activity of Co3O4, and the amount of oxygen vacancies
needs to be controlled in a moderate range. As a bifunctional
electrocatalyst, efficient OER catalytic activity is needed in the
process of battery charging. The LSV curves of different catalysts are
compared in the voltage range of OER reaction voltage (Figure.S3).
The results reveal that the effect of oxygen vacancies on OER ac-
tivity is not obvious, and Co3O4-x@C (3 min) shows a small advan-
tage of OER reaction kinetics.

The characteristics of electrochemical double-layer capacitance
(Fig. 5) and AC impedance (Figure.S4) of catalyst materials are also
tested and analyzed. Although the surface area measured by the
double-layer capacitance (Cdl) method is uncertain because it is
impossible to distinguish between double-layer charging and the
adsorption of charged materials [61,62], it is still a reference surface
diagnosis tool [52]. The results by clearly show that the Cdl
(12.5 mF cm�2) of Co3O4-x@C (3 min) is much higher than that of
Co3O4 @C, Co3O4-x@C (1 min), Co3O4-x@C (5 min) which are
9.2 mF cm�2, 8.7 mF cm�2, 9.7 mF cm�2, respectively (Fig. 5 and
Table.S3). The specific calculation and fitting process is shown in
Figure.S5. It is strongly proved that higher density of active sites can
be produced in the electrocatalyst, which is very beneficial to
improve the electrocatalytic activity. In addition, the EIS reveals
Co3O4-x@C (3 min) has better ion and charge transport ability than
other materials.

In general, the effect of Ar plasma treatment on the catalytic
activity of OER and ORR is different. Because Co3þ and p-type Co2þ

in cobalt based materials are excellent OER active sites [63] and the
difference of catalytic activity between these two active sites is
small, the OER catalytic activity of Co3O4 is high. The introduction of
oxygen vacancies has no significant effect on OER. The intrinsic ORR
6

activity of Co3O4 is very poor. A large number of oxygen vacancies
expose more active site, and the coated porous carbon materials
enhance the conductivity of nanoarrays so that the improvement of
ORR kinetics is more significant [64]. However, excessive oxygen
vacancies can increase the low valence Co, and the energy con-
sumption from the low valence Co to the active intermediate is
higher than that from the high valence state, which increase the
required energy consumption [24]. What’s more, the structural
distortion caused by excessive defects can make the ORR kinetics
slow down.

3.3. Performance of zinc air battery

To prove the electrochemical performance of Co3O4-x@C (3 min)
in real environment, a rechargeable zinc-air battery (Fig. 6a) is
fabricated and its electrochemical performance was evaluated.
Previous reports [65,66] showed the electrochemical performance
of zinc air battery in oxygen is higher than that in air. The use of
oxygen requires additional auxiliary equipment, which will bring
additional power consumption and cost to the battery system.
Therefore, the results of zinc air battery in the atmosphere were
presented to demonstrate the electrochemical performance of the
high efficiency catalyst.

The hydrophobic nickel foam collector with catalyst is treated to
make the two surfaces have different hydrophobicity (Figure.S6).
One surface has high hydrophobicity, which is used as the air side of
the air electrode, and the other high hydrophilic surface is soaked in
the electrolyte. The electrolyte inlet and outlet are designed in the
battery, and the electrolyte is replaced every 24 h. On the one hand,
the bubbles generated in the process of charging can be expelled
from the battery to prevent the bubbles from accumulating on the



Fig. 5. CV curves and the corresponding specific capacitance of materials at different plasma time. (a) Co3O4@C, (b) Co3O4-x@C (1 min), (c) Co3O4-x@C (3 min), (d) Co3O4-x@C (5 min).
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surface of the electrode, which can hinder its contact with the
electrolyte and reduce the effective reaction area. On the other
hand, ZnO deposited in the electrolyte can be filtered out to prevent
it from blocking the electrolyte space in the battery.

PTFE is loaded on the Co3O4-x@C/Ni foam (3 min) and Co3O4@C/
Ni foam sheets to build the triple-phase boundaries and zinc-air
batteries are assembled. Fig. 6b shows the discharge voltage and
power density curves. Generally, the open circuit voltage (OCV) of
zinc-air battery is about 1.40 V. If the OCV is too high, it may be due
to the strong hydrophilicity of air electrode, and the battery system
reflects the characteristics of zinc-air/zinc-cobalt oxide hybrid
battery. In the actual test, the OCV of the catalyst was 1.38 V, which
was slightly higher than the initial value Co3O4@C (1.37 V), all of
which are typical OCV of zinc-air battery, indicating that the hy-
drophobic material load of air electrode belongs tomoderate range.
Due to the poor ORR catalytic activity of Co3O4, the discharge per-
formance of the rechargeable zinc-air battery should be evaluated
firstly. At the same current density, the discharge voltage plateau of
Co3O4-x@C (3 min) is higher than that of Co3O4@C, which brings
more power output. For the electrocatalyst Co3O4-x@C (3 min), a
maximum power density of 54.5 mW cm�2 is delivered when the
current density reaches 83.5 mA cm�2, which is 51.4% higher than
that of the electrocatalyst without oxygen vacancies (Co3O4@C). It is
caused by the improved conductivity and more active sites due to
oxygen vacancies.

The stability of zinc-air battery is studied by discharge charging
test at the current density of 10mA cm�2, and the results are shown
in Fig. 6c. In the initial 10 cycles for Co3O4-x@C (3 min), the average
voltages of discharge and charge are 1.19 V and 2.06 V, and the
charge-discharge voltage gap is 0.87 V. After 360 cycles, the battery
continues to work over 180 h. At this time, the average discharge
voltage and the average charge voltage is separately 1.13 V and
7

1.99 V, and the charge-discharge voltage gap is 0.86 V. Comparing
to the initial state, the discharge voltage has a downward trend, but
the charge-discharge voltage gap do not change significantly. After
700 cycles, the average discharge voltage and the average charge
voltage is separately 1.14 V and 1.99 V, and the charge-discharge
voltage gap is 0.85 V. During the 700 cycles, there is a downward
trend in the discharge curve, but after replacing the electrolyte, the
discharge voltage can return to the initial state. It proves that the
electrocatalyst Co3O4-x@C (3 min) shows significant durability so
that the charge-discharge voltage gap is kept below 0.90 V. After
running for 358 h, the discharge voltage of the zinc-air battery
begins to drop rapidly until the battery is completely disabled. The
voltage of charge and discharge in different cycling time for both
Co3O4-x (3 min) and Co3O4-x@C (3 min) are shown in Table.S4. The
charge voltage of Co3O4-x@C (3 min) is slightly higher than that of
Co3O4-x (3 min), which is because the coated carbon keeps active
sites away from directly contacting with the electrolyte. It is worth
noting that, the discharge voltage of Co3O4-x@C (3 min) is much
higher than that of Co3O4-x due to a large number of active sites
released by oxygen vacancies. Hence, the assembled zinc-air bat-
teries show a completely different trend of charge-discharge
voltage gap. For the electrocatalyst without carbon coated Co3O4-

x (3 min), the average charge-discharge voltage gap is 0.84 V at
the current density of 10 mA cm�2 in the first 10 h. However, due to
the lack of protection with carbon layer, the discharge voltage de-
creases rapidly. The charge-discharge voltage gap increases to
0.97 V after 60 h and 1.08 V after 120 h. It shows that the coated
carbon layer is important to improve the cycling stability of oxygen
vacancies-rich electrocatalysts, and proves that the optimized
catalyst makes Co3O4 more suitable for rechargeable zinc-air
batteries.

It is worth noting that the curve at the end of the cycle test



Fig. 6. The electrochemical performance of zinc-air batteries in ambient air. (a) Schematic illustration of rechargeable zinceair battery. (b) VeI curves and the output power density
of zinc-air batteries with Co3O4@C/Ni Foam and Co3O4-x@C/Ni Foam (3 min). (c) Discharge�charge voltage profile of the Zinc�air battery with Co3O4-x@C/Ni Foam (3 min), the cycle
numbers reached 716 cycles (at 10 mA cm�2, 30 min per cycle). (d) Voltage profiles of the 1st, 2nd, 100th, 300th, and 700th cycle. (e) Energy efficiency throughout the cycling test.
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reflects the characteristics of zinc-air and zinc-Co3O4 hybrid battery
[48]. As clearly indicated in Fig. 6d, the flat plateau at the voltage of
1.19 V and 2.02 V are shown in the first charging and discharging
process respectively. This represents the typical OER and ORR
process of zinc air battery. In the 100th cycle, there are totally four
flat voltage plateaus during charging and discharging. This reveals
that the evolution and reduction of Co3O4 appear in the process of
charging and discharging respectively, indicating the gradual for-
mation of hybrid batteries [51]. During 720 cycles, the energy
8

efficiency of the battery is maintained in the high range of 60.7%e
84.8%, which is attributed to the hybrid characteristics (Fig. 6e).

After the cycle test, the mass of air electrode is measured and
found no obvious change. Moreover, when compared with the
catalyst Co3O4-x (3 min) without carbon coating treatment, it is
found that the charge-discharge cycle time of Co3O4-x (3 min) is
greatly increased, which indicates the high stability of carbon-
coated oxygen vacancies-rich crystal structure. The peak power
density and charge-discharge cycle life are significantly increased



D. Chen, L. Pan, P. Pei et al. Energy 224 (2021) 120142
when compared with the data of the same type catalyst in some
reports (Table.S5). Hence, the electrode grown on nickel foamwith
carbon-coated oxygen vacancies-rich Co3O4 nanoarrays is a prom-
ising air electrode for high performance rechargeable zinc-air
batteries.

4. Conclusions

In this work, we used hydrothermal, argon plasma and immer-
sion calcination methods to grow carbon-coated oxygen vacancies-
rich Co3O4 nanoarrays on the nickel foam. SEM and TEM analysis
showed that the plasma treatment introduced a large number of
oxygen vacancies on the surface of Co3O4 nanoarrays, which
endowed more active centers, and improved the performance of
oxygen reduction reaction. The concentration of oxygen vacancies
and edge can be controlled by the plasma treatment time, and the
balance between the density of active centers and the energy
consumption can be achieved with a moderate amount of va-
cancies, which canmaximize the catalytic activity. The results show
that the open circuit voltage of rechargeable zinc-air battery was
1.38 V and the peak power density is 54.5 mW cm�2. Due to the
conductivity and structural protection of carbon coating, the zinc-
air battery can be charged and discharged continuously for 716
cycles (358 h) at a current density of 10 mA cm�2, which signifi-
cantly broaden the cycle life. This discovery will help to expand the
application range of cheap Co3O4 catalyst and provide an effective
and economic way to obtain excellent electrocatalysts for metal-air
batteries.
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