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N-doped carbon-coated Co;0, nanosheet array/
carbon cloth for stable rechargeable Zn-air batteries

Qi Liu, Lei Wang*, Xu Liu, Peng Yu, Chungui Tian and Honggang Fu’

ABSTRACT
precious compounds as the air cathodes of Zn-air batteries has

Although the application of various non-

been explored, the construction of highly efficient self-
supported Co-based electrodes remains challenging and
highly desired given their outstanding electrocatalytic activity
and cost-effectiveness. Herein, we fabricated a three-dimen-
sional (3D) self-supported electrode based on N-doped,
carbon-coated Co;0, nanosheets grown on a carbon cloth
(i.e., NC-Co0;0,/CC) through the electrochemical deposition
and carbonization. When used as a binder-free electrode for
oxygen evolution reaction (OER), the NC-Co;0,/CC electrode
demonstrated excellent electrocatalytic activity with an over-
potential of 210 mV at 10 mA cm > and a Tafel slope of
79.6 mV dec .
delivered a small charge/discharge voltage gap (0.87 V at
10 mA cm ) and exhibited high durability without degrada-
tion after 93 cycles at the large current density of 25 mA cm™.

In the Zn-air battery test, the electrode

The durability of our electrode was superior to that of a
commercial Pt/C+RuO, catalyst. The excellent performance of
NC-Co0;0,/CC could be attributed to the presence of 3D
structures that promoted electron/ion transfer. By the absence
of a binder, the carbon coating improved electron conductivity
and promoted electrochemical stability. Moreover, N doping
could be used to adjust the C electron structure and accelerate
electron transfer. The present study provides a facile and
effective route for the synthesis of various self-supported
electrodes that fulfill the requirements of different energy
storage and conversion devices.

Keywords: N-doped carbon, Co;0, nanosheet, self-supported
electrode, oxygen evolution reaction, Zn-air batteries

INTRODUCTION

Energy demand has grown as living standards of humans
continue to improve [1-3]. The use of traditional fossil
fuels with low energy efficiency has resulted in a series of

problems, such as global warming and environmental
pollution [4,5]. Thus, unremitting efforts have been
attempted to the development of new types of high-
performance energy storage and conversion devices that
are based on clean, energy-intensive, and sustainable
sources instead of conventional fossil fuels [6-8].
Rechargeable Zn-air batteries stand out among novel
storage and conversion devices because of their high
theoretical energy density of 1,084 W hkg ', low cost,
fine safety, and environmental friendliness [9-11]. The
performance of air cathodes during charging, however, is
degraded due to the high charging overpotential of Zn-air
batteries that results from the sluggish kinetics of oxygen
evolution reaction (OER) [12-14]. Precious metal-based
catalysts, such as IrO, and RuO, are regarded as state-of-
the-art OER electrocatalysts with high activity, but they
are generally plagued with high cost, limited reserves, and
poor durability [15,16]. Therefore, the development of
high-efficiency OER catalysts with accelerated kinetic
processes and superior durability from inexpensive and
abundant earth elements has become the top priority of
researchers, aiming to boost the overall performance of
Zn-air batteries [17-19].

Currently, first-row transition metal compounds, such
as Fe, Co, Ni, and Mn oxides [20-22]; (oxy)hydroxides
[23,24]; phosphides [25]; sulfides [26-30]; and nitrides
[31,32] are extensively studied as non-precious OER
catalysts to replace the expensive IrO, and RuO, [33,34].
Co,0, is a highly promising candidate as an OER catalyst
because of its excellent electrocatalytic activity. Moreover,
it can be easily handled [35]. Nanostructures with various
morphologies, including nanosheets, nanofibers, nano-
wires, and nanoparticles, have been employed as OER
catalysts. Three-dimensional (3D) nanostructures are
highly favored because of their structural advantages
[36-38]. Catalyst stability could also be improved through
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the introduction of carbon nanostructures [39]. Nano-
structure-based catalysts are fabricated as films and
pasted on the surfaces of electrodes with a binder to
block the transfer and diffusion of electrons, electrolytes,
and gas by increasing the resistance and plugging active
sites [40,41]. Alternatively, self-supported conductive
substrates can be used to solve the above problems
successfully [42]. Electrochemical processes could be
stabilized by the strong synergistic interactions between
the active materials and conductive substrates of Co;0,
nanostructures grown in situ.

In this study, 3D N-doped carbon-coated Co;0,
nanosheets grown in situ on carbon cloth (NC-Co;0,/
CC) was constructed through a simple strategy that
combined electrochemical deposition and carbonization.
This 3D structure is designated as NC-Co;0,/CC
chemically. During synthesis, Co(OH), nanosheets were
first grown on the CC in cobalt salt aqueous solution via
electrodeposition and then converted to Co;0, na-
nosheets through calcination. Then, NC-Co,;0,/CC was
formed by uniformly coating Co;O, nanosheets with N-
doped carbon derived from dicyandiamide. When used as
a binder-free electrode for OER, the optimized NC-
Co0;0,/CC-600 exhibited an overpotential of 210 mV at a
current density of 10mA cm ° and a Tafel slope of
79.6 mV dec ' in 1.0 mol L ' O,-saturated KOH electro-
lyte. The assembled rechargeable Zn-air battery with NC-
Co0;0,/CC-600 air cathode showed small charge/dis-
charge voltage gap and excellent durability even under
large current density. The durability of the Zn-air battery
with NC-Co0;0,/CC-600 was superior to that of the
commercial Pt/C+RuO, electrode. Our study offers an
effective strategy for the design of high-performance air-
cathode catalysts for rechargeable Zn-air batteries.

EXPERIMENTAL SECTION

Synthesis

CC substrates were first boiled in acetone for 20 min and
then immersed for 30 min in 1.0 mol L' HCI aqueous
solution under sonication. The as-treated CC substrates
were collected after washing with deionized water and
drying at 60°C in a vacuum oven overnight. The 3D
Co(OH),/CC composite was synthesized using a common
electrodeposition strategy, wherein 0.1 mol L' Co(NO;),
was used as the electrolyte. The as-treated CC (2 cmx
2 cm), a saturated calomel electrode (SCE), and a Pt plate
with a size of 1 cm’ were used as the working electrode,
reference electrode, and counter electrode, respectively.
Electrodeposition was performed for different durations
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at 1.0 V; samples that were subjected to 600, 900, and
1,200 s of electrodeposition were designated as Co(OH),/
CC-600, Co(OH),/CC-900, and Co(OH),/CC-1200, re-
spectively. The synthetic Co(OH),/CC composite was
calcined in a muffle furnace at 400°C for 2 h at a heating
rate of 2°C min ' to obtain Co0,0,/CC composites. The
carbon resource solution was prepared by dissolving 1.5 g
of dicyandiamide in 70 mL of deionized water. The
Co0;0,/CC composite was then immersed for 24 h in the
carbon resource solution. Subsequently, the dicyandia-
mide-coated Co;0,/CC composite was dried for 12 h in a
vacuum oven at 80°C. After 2 h of carbonization in a N,
tube furnace at 550°C and the heating rate of 5°C min
the corresponding NC-Co;0,/CC-600, NC-Co,0,/CC-
900, and NC-Co0;0,/CC-1200 composites were obtained.

Characterizations

Scanning electron microscopy (SEM) images were
obtained with a Hitachi S-4800 instrument operating at
5 kV. Transmission electron microscopy (TEM) imaging
was performed on a JEM-2100 electron microscope
(JEOL) with an acceleration voltage of 200 kV. X-ray
diffraction (XRD) patterns were collected on a Rigaku D/
max-IIIB diffractometer, using Cu Ka radiation (A =
1.5406 A) with an acceleration voltage of 40 kV and
applied current of 20 mA. Raman spectra were obtained
on a Jobin Yvon HR800 micro-Raman spectrometer at
457.9 nm. X-ray photoelectron spectroscopy (XPS) was
conducted with a Mg Ka achromatic X-ray source.

Electrochemical tests

OER tests were performed with a standard three-
electrode system on a CHI660 electrochemical work-
station at 25°C. The synthetic self-supported composite, a
Pt foil and the SCE were used as the working electrode,
the counter electrode, and the reference electrode,
respectively. Linear scan voltammetry (LSV) curves were
acquired in an O,-saturated 1.0 mol L' KOH electrolyte
with a scanning speed of 5mV s . In all measurements,
the SCE reference electrode was calibrated in 1.0 mol L'
KOH electrolyte with reversible hydrogen electrode
(RHE) in accordance with the formula E(RHE)=E(SCE)+
1.059 V. All LSV curves were treated by iR correction.
The endogenously manufactured Zn-air battery was
assembled as follows: the synthetic self-supported
composite was used as an air cathode, a polished zinc
plate was used as the anode, and 6.0 mol L' KOH+
0.2mol L™ Zn(CH;CO0), were used as the electrolyte.
The gas diffusion area was 1 cm’ to allow ambient O,
come in contact with the catalyst active sites. All the
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Figure 1 (a) XRD patterns of Co(OH),/CC and NC-Co;0,/CC-600. (b) Raman spectra of of Co;0,/CC-600 and NC-Co;0,-600.

batteries were tested in the atmospheric environment
using LAND CT2001A multichannel battery test system.
The charge-discharge cycle comprised a 30 min discharge
followed by a 30 min charge.

RESULTS AND DISCUSSION

Morphological and structural characterization

The synthesis of NC-Co;0,/CC is shown in Scheme 1.
First, Co(OH), nanosheets grown on CC were synthe-
sized through electrochemical deposition in Co(NO;),
solutions. Then, the Co(OH), phase was converted to
Co;0, after calcination in air, immersed in diamine
solution, immersed in dicyandiamide solution, and then
carbonized to yield the NC-Co;0,/CC composite.
Approximately 2.7 mgcm® NC-Co;0, was loaded on
NC-Co0;0,/CC-600. The crystal phase of the synthetic
composite was first assessed on the basis of XRD patterns.
As shown in Fig. la, the spectra of the Co(OH),/CC
sample showed distinct diffraction peaks at 20 = 19.1°,
37.9°, 51.3° 57.9°, and 61.5° that correspond to the (001),
(101), (102), (110), and (111) planes of B-Co(OH),
(PDF#30-0443), respectively. The diffraction peaks at 20
= 19.0°, 31.3°, 36.9° 44.8°, 59.4° and 65.3° in the spectra
of the NC-Co;0,/CC-600 sample were attributed to the
(111), (220), (311), (400), (511) and (440) planes of the
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face-centered cubic spinel, i.e., Co;0, (PDF#43-1003),
respectively [43]. The crystalline phases of the NC-
Co0;0,/CC-900 and NC-Co0;0,/CC-1200 composites were
similar to those of NC-Co;0,/CC-600 (Fig. S1). Raman
spectroscopy is a useful technology for investigating the
graphization degree of carbon nanostructures. As shown
in Fig. 1b, the G-band peak at 1,594 cm ' was attributed
to the in-plane bond-stretching motion of sp’ carbon
atoms. The D-band peak at 1,348 cm ! originated from
the structural defects of sp’ carbon atoms. The G-band
and D-band (I¢/Ip) intensity ratio of NC-Co;0,/CC-600
was higher than that of Co0;0,/CC-600. This result
indicates that NC-Co;0,/CC-600 has high graphitization
degree and could provide numerous active sites [44].
The morphology and nanostructures of the starting
materials, intermediate structures, and final electrodes
were characterized in detail through SEM and TEM.
Fig. S2a, b show that the blank CC contained a smooth
surface. The Co(OH), nanosheet array had uniformly and
vertically grown on the CC substrate after electrochemical
deposition (Fig. 2a—c). This growth pattern could result in
the construction of a 3D network. After calcination and
carbonization, the structures of Co;0,/CC (Fig. 2d) and
NC-Co,;0,/CC-600 (Fig. 2e, f) became similar to those of
Co(OH),. These structures can favor electron transport
and enhance electrochemical performance. When the
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Figure 2 SEM images of (a-c) Co(OH),/CC, (d) Co;0,/CC, (e, f) NC-
Co;0,/CC-600; (g, h) TEM and (i) HRTEM images of NC-Co;0,/CC-
600 (inset is the corresponding FT).

duration of electrochemical deposition increased from
600 s to 900 s, most of the Co;0, nanosheets in the NC-
C0;0,/CC-900 on the surface of CC substrate became
flattened (Fig. S2¢, d). After 1,200 s, the morphology of
the NC-Co;0,/CC-1200 sample became irregular
(Fig. S2e, f)). As shown in Fig. S3a, Co,;0,/CC-600
exhibited a hexagonal lamellar structure with a diameter
of approximately 250-260 nm. The high-resolution TEM
(HRTEM) image presented in Fig. S3b shows a set of clear
lattice fringe with a spacing of 0.233 nm that corre-
sponded to the (222) plane of Co;0,. Fig. 2g shows that
NC-Co;0,/CC exhibited a hexagonal lamellar structure
with a diameter of approximately 300-310 nm, and the
hexagonal lamella had a thin film structure on the edge
(Fig. 2h). The group of lattice fringes with a spacing of
0.202 nm shown in Fig. 2i was ascribed to the (400) faces
of Co;0, (Fig. 2i). The corresponding Fourier transform
(FT) image in the inset of Fig. 2i further confirmed the
existence of (400) planes in the lattice fringes. In addition,
the Co;0, nanosheet was coated with an amorphous
carbon layer that could improve electron transfer and
promote OER performance.

XPS analysis was performed to further confirm the
chemical composition and valence state of the synthetic
samples. As shown in Fig. S4, the wide XPS survey spectra
indicates the presence of elemental Co, O, N, and C in
NC-Co;0,/CC, whereas the elemental Co, O, and C
existed in Co;0,/CC. The content of N in NC-Co,0,/CC
is about 1.9 at.% derived from dicyandiamide. The high-
resolution XPS spectrum of Co 2p for NC-Co,0,/CC-600
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is shown in Fig. 3a. The two peaks centered at 780.3 and
795.5eV corresponded to Co 2ps;, and Co 2p,,,
respectively. Co 2ps, could be further divided into two
peaks at 780.5 and 779.4 eV that respectively corre-
sponded to Co’* and Co”". Meanwhile, Co 2p,,, could be
divided into two peaks at 795.0 and 796.8 ¢V that
originated from Co’* and Co’', respectively. Co™" and
Co™" existed in the catalyst. The peak at 784.9 eV was
attributed to Co—N, bonds. Meanwhile, the two satellite
peaks (sat.) at 789.4 and 804.1 eV had a combined energy
difference of 14.7 eV. Moreover, the high Co™"/Co’" ratio
of NC-Co,0,/CC-600 indicates that Co’" content could
be attributed to the doping of elemental N, which is
beneficial for catalytic water cracking and improving
OER performance [45]. The C 1s spectrum provided in
Fig. 3b could be divided into C-C (284.6eV), C-N
(285.8 eV), C=0 (288.3 eV), and n—n (291.7 eV) peaks
[46]. The existence of the C—N bond indicates that the N
atoms had been doped into the carbon network and
demonstrates the formation of N-doped amorphous
carbon. The XPS spectrum of N 1s in Fig. 3c can be
deconvoluted into two characteristic peaks: Co—N at
399.4 eV and graphitic N at 401.1 eV. The interactions of
Co-N stablize compound electronic structure, and increase
Co’* content [47]. The O 1s spectrum in Fig. 3d shows
that the two peaks at 530.0 and 531.1 eV were attributable
to Co-O and oxygen vacancies, respectively. The
existence of oxygen vacancies benefits oxygen adsorption
and stabilizes oxygen absorbates. These effects increase
the OER rate. The high-resolution XPS spectra of Co 2p
and O Is for NC-Co0;0,/CC-900 and NC-Co;0,/CC-
1200 are shown in Fig. $5. The Co’*/Co’" ratios of NC-
Co0;0,/CC-900 and NC-Co;0,/CC-1200 were 2.4 and
1.4, respectively, and were lower than that of NC-Co;0,/
CC-600 (2.6). Moreover, the mass content of oxygen
vacancies of NC-Co;0,/CC-600, NC-Co;0,/CC-900,
and NC-Co;0,/CC-1200 were approximately 10.4%,
9.5%, and 7.4%, respectively. These results demonstrate
that the oxygen vacancy contents and Co’*/Co’" ratios of
the samples decreased with the increase in electrodeposi-
tion duration as illustrated by the XPS spectra shown in
Fig. S5a and c. In other words, the oxygen vacancy
contents and Co’*/Co’" ratios of the samples could be
controlled by changing the electrodeposition time.

Electrocatalytic activity for OER and ORR

The OER performance of NC-Co;0,/CC-600 was first
estimated in O,-saturated 1.0 mol L' KOH electrolyte
with a conventional three-electrode system. RuO, on CC
(RuO,/CC, RuO, loading of 2.7 mgcm °), Co;0,/CC-
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Figure 3 High-resolution XPS spectra of (a) Co 2p, (b) C 1s, (c) N Is and (d) O 1s for NC-Co;0,/CC-600.
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Figure 4 OER electrochemical performances: (a) LSV curves at a scan rate of 5 mV s "and (b) the corresponding Tafel plots of Co;0,/CC-600, NC-
Co0;0,/CC-600, NC-Co;0,/CC-900, NC-Co;0,/CC-1200 and RuO,/CC catalysts.

600, NC-Co0,0,/CC-600, NC-Co,0,/CC-900, NC-
Co0;0,/CC-1200 were also tested for comparison. The
LSV curves of all samples are summarized in Fig. 4a. NC-
Co0,0,/CC-600 exhibited the best OER performance and
only required an overpotential of 210 mV to drive a
current density of 10 mA cm . Conversely, Co;0,/CC-
600, NC-Co;0,/CC-900, NC-Co,0,/CC-1200, and
RuO,/CC required overpotentials of 298, 334, 350, and
376 mV, respectively, to achieve the same current density.
The reaction kinetics of OER on these catalysts were
further inferred from the Tafel slope, which could be
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fitted to n = a+blogj, where b is the Tafel slope and j is the
corresponding current density. As shown in Fig. 4b, the
Tafel slope of NC-Co;0,/CC-600 (79.6 mV dec’") was
considerably lower than that of Co;0,/CC-600
(252.6 mV dec '), NC-C0,0,/CC-900 (229.8 mV dec ),
NC-Co0,0,/CC-1200 (207.6 mV dec '), and RuO,/CC
(127.2 mV dec ). These results reflect the fast reaction
kinetics of the OER on NC-Co;0,/CC-600. The excellent
OER catalytic activity of NC-Co;0,/CC-600 was
attributed to its special 3D structures, which were

composed of nanosheets that provided additional

May 2019 | Vol.62 No.5
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Figure 5 (a) Scheme of the rechargeable Zn-air battery. (b) Battery voltage and power density of rechargeable Zn-air batteries with NC-Co,0,/CC-
600 and mixture of Pt/C+RuO, as air-cathodes in 6.0 mol L' KOH containing 0.2 mol L™ Zn(Ac), solution. (c) Open circuit voltage of the
rechargeable Zn-air batteries with NC-Co,0,/CC-600 as air-cathodes. (d) Galvanostatic discharge-charge cycling curves at 10 mA cm > of re-
chargeable Zn-air batteries with the NC-Co,0,/CC-600, Co;0,/CC-600 and the mixture of Pt/C+RuO, as air-cathodes, respectively. (e) Photograph of
a red LED indicator powered by three rechargeable Zn-air batteries with the NC-Co;0,/CC-600 as air-cathode in series.

reaction active sites and promoted electron/ion transfer.
These effects enhanced the OER rate.

The LSV curves of the samples toward ORR acquired in
0.1 mol L' KOH are shown in Fig. S6. The onset (E, )
and half-wave (E,;,) potentials are important criteria for
evaluation of ORR performance. NC-Co;0,/CC-600
exhibited higher E,.. and half-wave (E,;,) potentials
than the NC-Co;0,/CC-900 and NC-Co;0,/CC-1200
catalysts. The E_, and E,;, potentials of NC-Co0;0,/CC-
600 were comparable with those of a commercial 20%
Pt/C catalyst. The superior electrochemical performance
of NC-Co0;0,/CC-600 could be attributed to its moderate
Co;0, content, oxygen vacancy, and Co™*/Co™" ratios.

Zn-air battery performance

To evaluate the practicability of NC-Co,0,/CC-600, an
endogenous rechargeable Zn-air battery was assembled
with 6.0 mol L ' KOH containing 0.2 mol L' Zn(Ac), as
an electrolyte, a polished Zn plate as an anode, and NC-
Co0;0,/CC-600 as an air cathode (Fig. 5a). For
comparison, a commercial mixed catalyst of 20% Pt/C
+Ru0O, (mass ratio of 1:1) and Co;0,/CC-600 were used
as air cathodes in rechargeable Zn-air batteries and tested
under the same conditions. As shown in Fig. 5b, the
power density delivered by the NC-Co;0,/CC-600-
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enabled battery (129.08 mW cm ) was higher than that
delivered by the commercial 20% Pt/C+RuO,-enabled
battery (104.86 mV cm ). The open-circuit voltage of the
NC-Co;0,/CC-600 enabled battery was 1.399 V as tested
by a multimeter (Fig. 5¢). A long-cycle charge-discharge
experiment was conducted at the current density of
10 mA cm  to evaluate the performance and stability of
the Zn-air battery used in the experiment. Each cycle was
discharged for 30 min and then charged for 30 min. As
shown in Fig. 5d, the initial discharge and charge voltages
of the NC-Co;0,/CC-600-enabled battery were 1.10 and
1.97 V, respectively. The voltage gap between the
discharging and charging of the NC-Co,;0,/CC-600-
based battery was 0.87 V, which was significantly lower
than that of the Co;0,/CC-600- and Pt/C+RuO,-based
battery. The stable voltage gap demonstrated by the NC-
Co;0,/CC-600-based battery over 106 cycles suggests that
NC-Co;0,/CC-600 has excellent stability. The superior
activity, stability, and voltage gaps of the other two kinds
of NC-Co0;0,/CC-600 over those of Co;0,/CC-600
demonstrate that electrochemical performance could be
improved by the N-doped carbon coating on Co;0,.
Furthermore, the fine stability exhibited by the NC-
Co;0,/CC-600-based battery at a large current density of
25mA cm ~ over 93 cycles (voltage difference is 1.12'V,
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Fig. §7) indicates its potential applications in high-power
supply systems. Given the exceptional charge-discharge
performance and long-cycle stability of the NC-Co,0,/
CC-600-enabled Zn-air battery, its potential in practice
should be explored. As shown in Fig. 5e, three Zn-air
batteries in series could provide power to a red LED
viewing screen (2.7 V) for at least 24 h of illumination.
This result suggests that the present NC-Co;0,/CC-600
is a productive air cathode material for rechargeable Zn-
air batteries. The special structure of the self-supported
electrode provides the followed advantages: (i) the 3D
structures increase the surface area and facilitate diffusion
and transfer of electrolyte ions and electrons; (ii) the
introduction of the N atom adjusts the structure of the C
electron and accelerates the transfer of electrons; (iii) the
carbon coating could improve the electrochemical
stability and enhanced catalytic activity resulting from
the absence of a binder.

CONCLUSIONS

A 3D NC-Co;0,/CC electrode composed of N-doped
carbon-coated Co;0O, nanosheets grown on CC was
successfully fabricated via a facile and effective strategy.
When used as a binder-free self-supported electrode, the
NC-Co;0,/CC electrode required an overpotential of
210 mV to achieve the current density of 10 mA cm * and
a Tafel slope of 79.6 mV dec . The Zn-air battery test
showed that the NC-Co;0,/CC electrode had a smaller
charge/discharge voltage gap and better durability than a
commerical Pt/C+RuQ, electrode mixture. The high
catalytic performance of the NC-Co;0,/CC electrode
could be attributed to the synergistic effect of the 3D
structures, N-doped carbon coating, and Co;0, na-
nosheets on catalytic activity. This study would stimulate
the research on the use of self-supported materials with
various components and nanostructures as metal-air
batteries.
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