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Corrosion engineering towards a high-energy Mn
doped Co3O4 nanoflake cathode for rechargeable
Zn-based batteries†

Jianning Zeng,a Xin Shi,b Jinjun He,b Zilong Wang *a and Xihong Lu *cb

Co3O4 for aqueous rechargeable Co–Zn batteries suffers from low

capacity and poor cycling stability. Here, we propose a facile sur-

face corrosion strategy to synthesize Mn-doped Co3O4 (MCO)

nanoflakes. Due to the promoted charge and ion transfer ability

and increased active sites, MCO shows enhanced capacity and

cycling performance.

Due to the inherent virtues of zinc (Zn) anodes and incombus-
tible aqueous electrolytes, aqueous Zn-based batteries are
receiving ever-increasing attention as a safe and economic
alternative to lithium ion batteries and aluminium
batteries.1–4 The theoretical capacity of Zn is very high
(B819 mA h g�1) with a low redox potential (�0.76 and
–1.26 V versus standard hydrogen electrode (SHE) at pH = 7
and 14), which ensures its relative stability in aqueous
solution.5,6 Moreover, its reserves on earth are highly abundant
and cheap for large-scale application.7 Currently, there are two
major barriers for the commercialization of Zn-based batteries.
The first one is their poor cycling life, which originates from
unavoidable dendrite growth of the Zn anode and structural
destruction of cathode materials during the charge–discharge
process.8,9 Considerable attention has been paid to preparing
dendrite-free Zn anodes via interface design and electrolyte
optimization, and significant advances have been gained in
recent years.10–13 The second one is that their energy density is
still unsatisfactory since the capacity of cathode materials (100–
450 mA h g�1) is much smaller than that of the Zn anode.14 The
exploration and design of new materials with high capacity and

excellent stability as a cathode are extremely attractive and
urgent to further boost the energy density of Zn-based batteries.

Among various cathode materials, cobaltosic oxide (Co3O4)
has attracted great interest and has been the most commonly
used cathode material in Zn-based batteries in terms of its high
capacity and redox potential.15,16 When coupled with a Zn
anode in an alkaline electrolyte, the full battery could afford a
remarkable output voltage of B1.7 V, substantially higher than
other Zn-based batteries (B0.8–1.4 V), yielding a larger energy
density.17–19 To date, multifarious Co3O4-based cathodes have
been reported and achieved good electrochemical properties.
For instance, a kind of Co3O4 nanosheet cathode with a specific
capacity of 162 mA h g�1 (1 A g�1) was obtained through an
electrodeposition and annealing method.20 Xu and his co-
workers reported phosphorus-doped Co3O4 with a multidimen-
sional nanostructure via a three-step synthetic process includ-
ing a hydrothermal process and annealing in air and a N2

atmosphere, which exhibited a high capacity of 119.4 mA h g�1

at 1 A g�1.21 A Co3O4 nanowire cathode prepared by a hydro-
thermal and calcination process, delivered a capacity of
173.6 mA h g�1 at 1 A g�1 and 34% capacity is retained at
7.5 A g�1.22 Other methods to synthesize high performance
Co3O4 such as artificial interfacial layers have also been
proposed.23 Although these successes have been made, the
main challenge to utilize these Co3O4-based electrodes for
extensive, practical use is their relatively complicated fabrica-
tion procedures. Additionally, the capacity of the current
Co3O4-based electrodes is still not ideal, especially areal capa-
city. Therefore, searching facile and easily conducted
approaches to massively yield high-areal-capacity cathodes is
highly pursued.24

Herein, a high-energy Mn-doped Co3O4 (denoted as MCO)
nanoflake cathode is synthesized via a facile surface corrosion
method and following calcination process for high perfor-
mance Co–Zn batteries. The introduction of Mn dopants is
achieved by directly immersing Co foam into a potassium
permanganate solution for a short time at room temperature
without any additional energy consumption. Such a corrosion
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engineering strategy significantly simplifies the complicated
processes of commonly used hydrothermal approaches for Mn
doping and facilitates the preparation of MCO. Because of the
increased redox active sites and improved charge and ion
transfer ability after Mn doping, the MCO cathode possesses
a decent areal capacity of 0.68 mA h cm�2 at 2 mA cm�2,
considerably superior to the pristine Co3O4 (CO) nanoflakes on
Co foam (0.02 mA h cm�2). Moreover, this MCO cathode
exhibits good cycling performance with 78.9% capacity reten-
tion after 1000 cycles.

The MCO nanoflake cathode was prepared by a facile two-
step approach including surface corrosion and subsequent air-
annealing (Fig. 1a). Specifically, the commercial Co foam was
directly immersed into a KMnO4 and Na2S2O3 solution at
ambient temperature for 5 min. Upon this process, Co quickly
reacts with MnO4

2� to form Co2+ and Mn4+ (3 Co + 2 MnO4
2� +

8 H2O - 3 Co2+ + 2 Mn4+ + 16 OH�) since the standard
electrode potential of MnO4

2�/Mn4+ (0.62 vs. SHE) is much
higher than that of Co2+/Co (�0.27 vs. SHE), and the Na2S2O3

affords a weak alkaline environment (OH�) via hydrolysis
reaction. Then, the produced Co2+ and Mn4+ further react with
OH� to generate Mn doped Co3O4 nanoflakes on the surface of
Co foam. After annealing at 350 1C for 1 h, the colour of the Co
foam finally becomes black, as shown in the inset of Fig. 1b.
The scanning electron microscopy (SEM) image in Fig. 1b
confirm that uniform MCO nanoflakes with a thickness of
around 40 nm are successfully grown on the substrate surface.
Fig. 1c is the representative transmission electron microscopy
(TEM) image, revealing that abundant pores are distributed
throughout the nanoflake, which is beneficial to mass trans-
port during the electrochemical reaction. The interplanar dis-
tances of 0.24, 0.28 and 0.47 nm are well indexed to (311), (220)
and (111) planes of cubic Co3O4 (JCPDS # 43-1003), indicating
that these nanoflakes are well crystalline. The inset in Fig. 1c is
the selected area electron diffraction (SAED) pattern. These
bright spots arranged in rings further confirm the high crystal-
line nature of the nanoflake. Additionally, as revealed by energy
dispersive spectroscopy (EDS) elemental mapping in Fig. 1d,
Mn, O, Co and S are evenly distributed on the nanoflake. The

corresponding EDS indicates that the Mn content is B16.02%.
Pristine Co3O4 (CO) nanoflakes were also synthesized using the
same method without the addition of KMnO4. These CO nano-
flakes display a similar morphology with the MCO sample but
only contain O, Co and S (Fig. S1 and S2, ESI†). The observa-
tions above prove that Mn elements are successfully introduced
into Co3O4 nanoflakes.

X-ray diffraction (XRD), Raman spectra, and X-ray photo-
electron spectroscopy (XPS) measurements were performed to
characterize the phase and chemical structures of CO and
MCO. As shown in Fig. S3, (ESI†) only three peaks corres-
ponding to the diffractions of Co (JCPDS # 05-0727) can be
observed for both samples due to the strong fluorescence
interference of Co foam that conceals the signal of Co3O4.
The Raman spectra of two samples are presented in Fig. 2a.
The two peaks at about 491 and 648 cm�1 correspond to Eg and
A1g Raman-active modes of Co3O4. After Mn doping, a new peak
corresponding to Mn–O vibration is detected at 527 cm�1. The
comparison of the XPS spectra between the two samples is
shown in Fig. 2b–d and Fig. S4 (ESI†). Two peaks located at
795.1 eV and 779.8 eV can be respectively attributed to Co 2p1/2

and Co 2p3/2 of Co3+ while the peaks at 797.1 eV and 781.7 eV
are ascribed to Co 2p1/2 and Co 2p3/2 of Co2+. The ratio of Co3+/
Co2+ for the CO sample is about 1.07, evidently lower than that
of the MCO sample (1.25). The valence of Mn dopants can be
deduced according to the distance between two peaks in the
Mn 3s XPS spectra. Generally, the +3 and +4 valences of Mn
correspond to the peak spacings of B5.4 eV and �4.7 eV,
respectively. According to Fig. 2c, the valence of doped Mn is
mainly +3 for MCO. The O 1s XPS spectrum can be deconvo-
luted to metal–O (529.8 eV), SO4

2� (530.9 eV) and S2O3
2�

(532.1 eV), which is in good agreement with the S 2p XPS
spectra, where only SO4

2� (169.7 eV) and S2O3
2� (168.5 eV) can

be found (Fig. S4, ESI†). In brief, we have successfully prepared
MCO via a facile two-step method, which holds great potential
in the mass production of Co-based cathode materials.

Fig. 1 (a) Illustration of the synthetic process of MCO foam, (b) SEM image
of MCO, the inset is the optical image of MCO, (c) TEM image of MCO, the
inset is the SAED pattern of the TEM images, and (d) EDS mapping images
for Mn, Co, O and S elements.

Fig. 2 (a) Raman spectra, (b) Co 2p, (c) Mn 3s and (d) O 1s XPS spectra of
the MCO and CO samples.
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The electrochemical performance of two samples was stu-
died by pairing MCO or CO cathodes with a Zn foil anode for
the assembly of Zn//MCO or Zn//CO batteries. Fig. 3a shows the
cyclic voltammetry (CV) curves, in which two pairs of obvious
redox peaks can be observed for the MCO electrode. Specifi-
cally, the two oxidation peaks at 1.45 V and 1.64 V correspond
to Co2+ to Co3+ and Co3+ to Co4+ while the two reduction peaks
at 1.27 V and 1.50 V are attributed to the conversion of Co2+/
Co3+ and Co3+/Co4+. In sharp contrast, the CV response of the
CO counterpart is very weak, indicating its inferior active sites.
The shape of the CV curves of the Zn//MCO batteries at
different scan rates can be well maintained, indicative of its
good reversibility (Fig. S5, ESI†). Galvanostatic charge/
discharge (GCD) curves in Fig. 3b further prove the disparities
of the energy storage performance between both samples. At
the current density of 2 mA cm�2, Zn//MCO batteries possess a
high areal capacity of 0.68 mA h cm�2, significantly larger than
that of Zn//MO batteries (0.02 mA h cm�2). As the current
density increases to 20 mA cm�2, the Zn//MCO batteries can
still maintain a satisfying capacity retention of 43% while the
capacity of Zn//MCO batteries can barely be detected at
14 mA cm�2 (Fig. S6, ESI†). The outstanding energy storage
ability of Zn//MCO is highlighted by the comparison with
recently reported Zn based alkaline batteries, in which Zn//
MCO batteries show substantially superior performance.20,25–31

The energy density and power density of Zn//MCO batteries
(based on the cathode area) is calculated to be 0.612 mWh cm�2

and 18 mW cm�2, which is obviously higher than that of
recently reported cathode materials for alkaline batteries
(Fig. S7, ESI†). More encouragingly, a good cycling stability
with 78.9% capacity retention and 100% coulombic efficiency

(CE) is also obtained for Zn//MCO batteries, signifying that Mn
dopants can remarkably enhance the structure robustness
during repeated charge/discharge processes.

The underlying reasons for the improved electrochemical per-
formance of Zn//MCO batteries were firstly investigated via electro-
chemical impedance spectra (EIS). The EIS data were fitted via the
complex nonlinear least square (CNLS) fitting method based on
Randles equivalent circuit (inset in Fig. 4a), in which Re, Rct, Zw, and
CPE1 refer to equivalent series resistance, faradaic charge-transfer

Fig. 3 (a) CV curves of MCO and CO at 10 mV s�1, (b) GCD curves at 2 mA cm�2, (c) rate performance of the MCO and MO electrodes, (d) comparison of
the areal capacity of MCO with those of recently reported high performance cathodes for Zn-based batteries and (e) capacity retention of the MCO
cathode.

Fig. 4 (a) EIS spectra and (b) contact angle of MCO and MO, (c) UV-vis
absorption spectra collected for the original MB solution (0.5 mg L�1 in
water) and for the MB solutions after reacting with CMO and MO for 12 h,
and (d) ECSA of MCO and CO.

Materials Advances Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 2
:1

5:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00733a


6444 |  Mater. Adv., 2022, 3, 6441–6445 © 2022 The Author(s). Published by the Royal Society of Chemistry

resistance, Warburg impedance, and constant phase element,
respectively. It is known that the semicircle in the high frequency
region is called charge transfer resistance (Rct) representing the
charge transfer ability of the electrode while the Warburg resistance
(Rw) determined by the slope of a straight line in the low frequency
region can reflect the ion diffusion ability of the electrode. Encoura-
gingly, the Rct (4.28) and Rw (9.38) of Zn//MCO batteries are both
lower than that of Zn//MO batteries, indicating the enhanced charge
and ion transfer ability of Zn//MCO batteries (Fig. 4a and Table S1,
ESI†). Considering the same battery configuration of Zn//MCO and
Zn//MO except for the cathode materials, the promoted electroche-
mical performance should be attributed to the significantly boosted
mass transfer ability of the MCO electrode. The enhanced ion
transfer ability can be further confirmed by the contact angle test.
As illustrated in Fig. 4b, the contact angles between the electrode
and electrolyte droplet are 531 and 81 for MCO and MO, indicating
the better hydrophilia of the MCO electrode. Such improved wett-
ability is beneficial to reduce the contact resistance between the
electrode/electrolyte interface and promote the ion transfer ability.
The dye-absorption method was adopted to investigate the surface
area of CO and MCO. Both electrodes were respectively immersed
into 0.5 mg L�1 methylene blue (MB) aqueous solution for 12 h in
the dark. Afterwards, the UV-vis absorption spectra were applied to
analyse these solutions. According to the UV-vis absorption spectra
in Fig. 4c, the MCO sample can adsorb more MB dye molecules over
the CO sample as the characteristic absorption peak intensity of MB
at 665 nm becomes much lower after MCO treatment, confirming
its enlarged ion accessible surface area. The electrochemically active
surface area (ECSA) was calculated to determine the electroactive
sites on the electrode surface (Fig. S8, ESI†). Fig. 4d shows the ECSA
of the MO and CMO electrode according to their CV curves
measured at different scan rates. Compared to the CO electrode
(12.9 mF cm�2), the MCO electrode possesses a higher ECSA
(19.5 mF cm�2), manifesting that extra electrochemically active sites
are introduced to the material surface after Mn doping.

Conclusions

In summary, we have successfully synthesized Mn-doped Co3O4

with enhanced electrochemical performance, and mass-production
ability via facile surface corrosion and air-annealing strategies. The
surface corrosion engineering significantly simplifies the Mn dop-
ing process at room temperature and facilitates the synthesis of
MCO. Benefited from the promoted charge and ion transfer ability
and increased active sites, the MCO electrode delivers significantly
boosted energy storage performance including areal capacity, rate
capability and cycling stability. This work provides valuable infor-
mation for designing high-performance Co3O4-based cathodes for
advanced rechargeable Zn-based batteries.
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