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Performance of carbon-coated nano-ZnO prepared by carbonizing gel
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Abstract: Although carbon coating can improve the cycle life of anode for alkaline Zn batteries, the specific capacity reported is still
lower compared with nanosized ZnO. Herein, carbon-coated nanosized ZnO (nano-ZnO@C) was synthesized by one-step heat
treatment from a gel precursor in N,. Commercial ZnO and homemade ZnO prepared similarly in air atmosphere were studied for
comparison. Structure analysis displayed that both nano-ZnO@C and homemade ZnO had a porous hierarchical agglomerated
architecture produced from primary nanoparticles with a diameter of approximately 100 nm as building blocks. Electrochemical
performance measurements showed that nano-ZnO@C displayed the highest electrochemical activity, the lowest electrode resistance,
the highest discharge capacity (622 mA-h/g), and the best cyclic stability. These properties were due to the combination of nanosized
ZnO and the physical capping of carbon, which maintained the high utilization efficiency of nano-ZnO, and simultaneously

prevented dendrite growth and densification of the anode.
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1 Introduction

Pollution-free electrode materials and electrolytes
have been proposed for next-generation energy-storage
devices [1—4]. With nontoxic metal Zn as anodic material
and alkaline solution as electrolytes, green secondary Zn
batteries have continually been received worldwide
attention. Moreover, metal Zn with advantages of high
specific energy, low equilibrium potential, high specific
power and low-cost makes secondary alkaline Zn
batteries competitive as candidates to lithium ion
battery [5,6]. However, the Zn electrode has problems of
formation of Zn dendrite and shape change which is
mainly rooted in the solubility of ZnO and redistribution
of active substances, resulting in the rapid capacity
fading of secondary alkaline Zn batteries [7,8]. To
improve the battery cycle performance, many efforts
have been made, such as adding additives in
electrolyte [9,10], and surface coating on ZnO
particles [11,12]. Among these methods, surface coating
has attracted researchers’ attention in recent years due to
its better electrochemical performance and stable
discharge capacity.

As an economic and feasible surface coating
technology, carbon coating can provide protection layer
to reduce ZnO dissolution and improve conductivity
to reduce interface impedance [13]. Although previous
works including hydrothermal synthesis [14], ball
milling [15] and chemical polymerization [16], have
remarkably enhanced the cycle performance of anode,
the discharge capacities of ZnO electrodes remain low
(<500 mA-h/g) because commercial ZnO is used as raw
material. Given their size and special morphology,
nanosized ZnO (nano-ZnO) has higher discharge
capacity and electrochemistry activity than commercial
ZnO [17-19]. However, it still has the problem of
dissolution. Previous researches only focused on the
carbon coating or nanoscale separately. Therefore,
considering both of them together is anticipated to
further enhance the performance of Zn anode. On
account of the high surface free energy, nano-ZnO tends
to agglomerate in the preparation process, prone to cause
uneven coating on nano-ZnO subsequently [20,21].

In this work, the carbon-coated nano-ZnO
(nano-ZnO@C) has been synthesized by one-step heat
treatment from a Zn(OH), gel precursor with surface
modifier polyethylene glycol (mean relative molecular

Foundation item: Project (51674301) supported by the National Natural Science Foundation of China
Corresponding author: Zhong-liang TIAN; Tel: +86-13875851590; E-mail: tianzhongliang@csu.edu.cn

DOI: 10.1016/81003-6326(19)65121-6



2152 Ke PENG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 21512159

mass 400) as carbon source to achieve the uniform
distribution of carbon and nano-ZnO. The microstructure
and electrochemical properties of nano-ZnO@C were
investigated.

2 Experimental

2.1 Material synthesis

Nano-ZnO@C was prepared by one-step heat
treatment from a Zn(OH), gel precursor produced by
complexing sol-gel method. Firstly, 2.5 mL of poly-
ethylene glycol (PEG-400, mean relative molecular mass
400, AR) and 3.3 g of zinc acetate (Zn(CH;COO), 2H,0,
AR) were dissolved in 10 mL distilled water respectively
and stirred with a magnetic stirrer to achieve a
transparent solution. An amount of ammonia solution
(25%—28%) was then added dropwise into the mixture to
adjust the pH to ~10, and a milky solution was obtained.
Next, 25 mL of ethanol was dropped into the solution
under stirring, and the mixture was heated to 77 °C. After
4 h of stirring at 77 °C until completion of zinc acetate
hydrolysis, another amount of ammonia solution was
dripped into the solution as complexant until a
transparent sol was obtained. The sol was dried at 80 °C
in vacuum oven overnight. Finally, the dried gel
precursor was calcined at 600°C for 8 h in N,
atmosphere with a heating rate of 5 °C/min to obtain
nano-ZnO@C. Homemade ZnO was prepared with the
same method except that the heat treatment was in air.
The schematic illustration of the synthesis of samples is
shown in Scheme 1. To measure the carbon content of
nano-ZnO@C, a specific mass of sample was heated at
600 °C for 3 h under air atmosphere. After the calcined
samples were weighed out, the contents of carbon in
nano-ZnO@C were calculated to be 6.59 wt.%.

2.2 Material characterization
The crystal structures of as-prepared samples were
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confirmed by powder X-ray diffractometry (XRD,
Rigaku 3014) using Cu K, radiation. The surface
morphology and microstructure of the as-prepared
samples were observed under the scanning electron
microscope (SEM JSM—6360LV, JEOL) and the
transmission electron microscope (TEM, Tecnai G2
20ST).

2.3 Preparation of Zn electrodes

The Zn electrodes were prepared by pasting mushy
anode slurry on a copper mesh substrate (2.0 cm X
2.0 cm in size). The slurry was made by mixing 85%
nano-ZnO@C material, 10% acetylene black and 5%
polytetrafluoroethylene (PTFE, 60 wt.%, in diluted
emulsion) with moderate deionized water thoroughly.
Afterwards, the obtained Zn electrode was dried at 70 °C
in vacuum environment and pressed to a thickness of
0.3 mm with 128 mg active material per electrode. For
comparison, the homemade ZnO electrode and
commercial ZnO (Xilong Chemical Co., Ltd., AR)
electrode were also prepared with similar method.

2.4 Measurement of electrochemical performance

The cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) tests were carried out in a
conventional three-electrode system at room temperature
using Hg/HgO as the reference electrode, a commercial
sintered Ni(OH), electrode as the counter electrode and
as-prepared zinc-pasted electrode as the working
electrode. The electrolyte was 6 mol/LL. KOH solution
saturated with ZnO. CV and EIS were performed on an
electrochemical workstation (Solartron 1470E). The CV
measurement was conducted with a scanning rate of
10 mV/s shifting from —0.9 to —1.65 V. The EIS
measurement was performed in a frequency range
between 0.1 Hz and 10 kHz, and the AC signal amplitude
was 10 mV.
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Scheme 1 Schematic illustration of synthesis of nano-ZnO@C and homemade ZnO
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For galvanostatic charge/discharge cycle test, the
simulated cells were charged at 0.2C for 5.5 h and
discharged at 0.5C down to 1.2 V (cut-off). The cycle
tests were performed on a battery-testing instrument
(CT2001A, LAND) at room temperature. During the
cycling processes, the testing cells were assembled by
placing the commercial sintered Ni(OH), electrodes and
zinc electrodes into a simple organic glass cell container.
The positive electrode was the commercial sintered
Ni(OH), with the capacity of four times as large as that
of the zinc electrode, making full use of the active
material in zinc electrode. The negative electrode was the
zinc-pasted electrode. The electrolyte was a solution of
6 mol/L KOH saturated with ZnO, and a multilayer
polypropylene microporous membrane as the separator.

3 Results and discussion

3.1 Material characterization

Figure 1 shows the XRD patterns of nano-ZnO@C
sample and homemade ZnO sample. All the diffraction
peaks of two samples are in good accordance with
JPCDS card No. 89-1397, suggesting that the
as-prepared samples contain ZnO with a hexagonal
wurtzite structure. The corresponding peak height ratios
and narrow sharp peaks indicate that the crystallinities of
two samples are very high. Compared with that of the
homemade nano-ZnO, the diffraction peak intensity of
nano-ZnO@C is decreased slightly. The reason may be
that carbon is amorphous when the calcination
temperature is below 1000 °C, which results in a
decrease of peak intensity [22]. Accordingly, amorphous
carbon is not detected in the XRD pattern of
nano-ZnO@C [23].
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Fig. 1 XRD patterns of nano-ZnO@C and homemade ZnO

samples
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SEM analyses were conducted at different
resolutions to investigate the morphology features of
nano-ZnO@C and homemade ZnO. As shown in Fig. 2,

the particle morphologies of homemade ZnO (Fig. 2(b))
and nano-ZnO@C (Fig. 2(c)) are totally different from
that of commercial ZnO (Fig. 2(a)). The commercial
ZnO particles present typical hexagonal prismatic shape,
and the grain size distribution is very broad in the range
of 200—800 nm, while the particles of nano-ZnO@C and
homemade ZnO have the shape with an irregular
morphology and show micron size. The size of
homemade ZnO particles is approximately 15 pm,
whereas that of nano-ZnO@C particles is approximately
8 um. The SEM images of two samples with a higher
amplification factor (Figs. 2(d) and (e)) show that both of
them have a porous hierarchical architecture with
primary nanoparticles as building Dblocks. The
attachments of primary particles of homemade ZnO are
compacted, but plenty of pores existed in the secondary
particles. These pores run through the entire body of
agglomerated particle and can provide the pathway for
the diffusion of electrolyte. By contrast, the contact
interface of primary particles in nano-ZnO@C is more
well-defined than that in homemade ZnO. This is due to
the control effect of relative molecule mass during
carbonizing process, which prevents the direct
connection of ZnO nanoparticles [24]. Thus, the large
size of secondary particles of nano-ZnO@C and
homemade ZnO should not worsen the high discharge
capacity of nano-ZnO [25].

TEM observation was conducted to further confirm
the situation of carbon coating over the surface of
nano-ZnO@C. As shown Fig. 3(a), nano-ZnO primary
particles with the size of approximately 100 nm are
connected together by carbon. The carbon has not fully
filled the interstitial region between primary nano-
particles. This feature can also be observed in Fig. 2(e),
which indicates that the carbon in nano-ZnO@C will not
hinder the penetration of electrolyte into the inside of
particles and a high discharge capacity should be allowed
to nano-ZnO@C similar to homemade ZnO. Meanwhile,
the carbon forms successive electronic conductive
networks, which can make the drainage of electron in
ZnO electrode easy. The selected-area electron
diffraction suggests that the carbon (Fig. 3(b)) in
interstitial region is amorphous (inset in Fig. 3(b)). This
result is consistent with the XRD pattern above.

3.2 Electrochemical analysis

To investigate the electrochemical behaviors of
commercial ZnO and as-prepared samples in alkaline
electrolyte, CV tests were performed in 6 mol/L KOH
aqueous solution saturated with ZnO after discharging at
the fifth cycle measurement. As shown in Fig. 4, the
cathode current increasing along with the decrease of
potential corresponds to the reduction of ZnO. The
cathodic peaks of commercial ZnO electrode (curve A),
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Fig. 2 SEM image of commercial ZnO (a), low-resolution (b, ¢) and high-resolution (d, ¢) SEM images of homemade ZnO (b, d) and
nano-ZnO@C (c, ¢) samples
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Fig. 3 TEM images of nano-ZnO@C sample at low-resolution (a) and high-resolution (b) and electron diffraction pattern of carbon
(inset in (b))
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Fig. 4 Cyclic voltammogram curves of commercial ZnO (curve
A), homemade ZnO (curve B) and nano-ZnO@C (curve C)
samples

homemade ZnO (curve B) and nano-ZnO@C (curve C)
appeared at —1.563, —1.572 and —1.555 V, respectively.
Compared with that of electrode A, the cathode peaks of
electrodes B and C show higher cathode current and
larger cathode area. These results indicate that nano-ZnO
has rapid reduction reaction kinetics, and the charging
process is rapid and efficient. When the cathode scan
further proceeds to more negative potential, the current
of electrode C still decreases, whereas the currents of
electrodes A and B increase again and the transformation
point of electrode B is more negative than that of
electrode A. This result can be attributed to the hydrogen
evolution, which remains the primary reaction after the
transformation point [26]. That is, the homemade ZnO
has higher hydrogen evolution overpotential and it is
further enhanced by carbon coating. When the potential
scan is switched to the positive direction, the anode
peaks of electrodes A, B and C appeared at —1.251,
—1.220 and —1.222 V after the cathode current drops to
0 A. When the positive shift of potential continues,
anodic current apparently decreases, which presents the
passivation process of Zn. The anode peaks of electrodes
B and C are also higher and larger than that of
commercial ZnO, and the anode peak of electrode C is
the highest and largest. These results can be attributed to
the high electrochemical activity of nano-ZnO, and
carbon coating further enhancement of
electrochemical performance of nano-ZnO [18]. The
larger the anodic peak area is, the more the discharge
capacity of the anode will possess. Thus, the discharge
capacity of nano-ZnO@C electrode should be further
enhanced. Besides, the higher polarization of electrodes
B and C may be due to the agglomerated structure that
both homemade ZnO and nano-ZnO@C possess.

EIS analyses were performed to investigate the
impedance of different Zn electrodes. Figure 5 shows the
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Fig. 5 Nyquist plots for commercial ZnO, homemade ZnO and
nano-ZnO@C samples

corresponding Nyquist plots and fitting equivalent circuit.
As observed from Fig. 5, each plot is composed of a
capacitive semicircle arc in high frequency and a straight
line in low frequency. The high-frequency semicircle arc
corresponds to the charge-transfer resistance (R.) in
parallel with the double-layer capacitance (CPE), and the
low-frequency straight line corresponds to the Warburg
impedance (Z,,), which represents the diffusion of zincate
in zinc electrode. The equivalent circuit shown in Fig. 5
is used to fit the electrochemistry impedance spectra in
which R is ohmic resistance, involving the resistance of
current collector, electrode material and electrolyte, CPE
represents the constant-phase element related to the
double-layer capacitance, the charge-transfer resistance
R. and Warburg impedance Z, reflect the diffusion
capacity of zincate in zinc electrode. Table 1 lists the
parameters calculated based on impedance diagram
equivalent circuit using different electrodes. The
commercial ZnO shows the maximum charge-transfer
resistance value (3.516 Q-cm?), whereas nano-ZnO@C
shows the minimum charge-transfer resistance value
(2.154 Q-cm®), and the value of homemade ZnO is
in-between (3.371 Q-cm?®). A smaller R usually means
easier electrochemical reaction and faster kinetics
process in charge-transfer process of electrode material.
The less decreased R ; of homemade ZnO compared with
commercial ZnO is due to the high electrochemical
activity of nano-ZnO, and a further decreased R of
nano-ZnO@C should be the reason of carbon layers on
the surface of particles, which enable easier
electrochemical reaction [15]. However, due to the high
specific area and large surface energy of nanosized
particle, nano-ZnO precursor particles tend to
agglomerate during heat treating process. Moreover, the
interfacial resistance would be obviously higher due to
the increased particle/particle boundary [27]. Thus, the
homemade ZnO has the largest R, (0.594 Q-cm?). But the
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ohmic resistance is decreased in nano-ZnO@C. This is
attributed to the conductive network formed by
amorphous carbon, which benefits the flow of charges
within active materials. Both ohmic resistance and
charge-transfer resistance indicate that nano-ZnO@C
electrode should have the least polarization among the
three samples. However, the cyclic voltammetry curves
show that commercial ZnO has the least electrode
polarization and that of nano-ZnO@C decreases just a
little compared with that of homemade ZnO. This is
because the electrolyte has a greater diffusion resistance
into the inside of particles composed of primary ZnO
nanoparticles, which have a low porosity than
commercial ZnO electrode.

Table 1 EIS parameters of zinc electrodes in 6 mol/L KOH
saturated with ZnO

Ohmic resistance, Charge-transfer

Electrode

RJ(Q-cm?) resistance, R/(Q-cm?)
Commercial ZnO 0.296 3.516
Homemade ZnO 0.594 3.371
Nano-ZnO@C 0.233 2.154

Figure 6(a) presents the variations of specific
discharge capacity with cycle number for different zinc
electrodes at 0.2C rate in alkaline electrolyte. As
observed from Fig. 6(a), the commercial ZnO anode has
an initial discharge capacity of 414.5 mA-h/g and its
activated discharge capacity of 541 mA-h/g is at the
fourth cycle, whereas the homemade ZnO anode shows a
higher initial discharge capacity of 567.3 mA-h/g and
requires only two cycles to achieve activation with a
discharge capacity of 604 mA-h/g. This sufficiently
indicates the advantage of nano-ZnO in discharge
capacity compared with commercial ZnO, although the
particles have an agglomerated structure. Previous
studies showed that the passivation of ZnO will occur
when an excessive concentration of hydroxide or salt
achieves in the electrolyte close to the surface of zinc
particle [28]. At the first stage, a porous and white layer
is formed by the saturated zincate, which allows the
electrolyte transmission. When porous layer reaches a
certain thickness, a light gray and dense layer will be
formed upon the interface between the zinc and outer
porous layer [29,30]. It acts as a diffusion barrier to OH~
ion and H,O and the discharge voltage of batteries drops
rapidly. Then, the passivation of zinc electrode occurs.
As illustrated in Fig. 6(b), compared with commercial
Zn0O, nano-ZnO particles have higher capacity under the
same passivation thickness due to their size. The
discharge product in the region marked with red dash
line can be responsible for the additional discharge
capacity of nano-ZnO. For nano-ZnO@C anode, the
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Fig. 6 Variations of specific discharge capacity with cycle
numbers of commercial ZnO, homemade ZnO and nano-
ZnO@C (a), and schematics of discharge capacity difference in
nano-ZnO@C particles and commercial ZnO particles (b)

initial discharge capacity is the lowest and it takes six
cycles to accomplish activation with the highest capacity
of 622 mA-h/g, even higher than that of the homemade
ZnO anode. This result can be explained by the carbon
layer, which coats the nano-ZnO particles and connects
them together. On the one hand, the carbon layer acts as
a barrier layer to the penetration of electrolyte in the
activation process. Thus, the activation process is longer
than that of commercial ZnO. On the other hand, with a
higher electrical conductivity than that of semiconductor
Zn0O, the carbon acts as a conducting medium on the
surface of particles to increase the utilization efficiency
of active materials. Anyway, with the cycle proceeding,
the discharge capacities of homemade ZnO anode and
commercial ZnO anode decay apparently compared with
that of the nano-ZnO@C anode. After the 50th cycling,
the discharge capacity of nano-ZnO@C anode remains
72.4%, whereas the retention rates of discharge capacity
for commercial ZnO and homemade ZnO are at 60.4%
and 39.6%, separately. This result can be traced to the
dissolution of ZnO in electrolyte, which brings
out Zn dendrites and shape change for Zn electrode,
both resulting in an irreversible loss of capacity of
battery [31,32]. Except for the highest discharge capacity
being inherited from nano-ZnO, the nano-ZnO@C anode
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persistently showed an improved cycling ability. Two
effects, capping of carbon and wuniform current
distribution, are responsible to good cycle performance
of nano-ZnO@C material. Spatially physical capping of
carbon protects ZnO particle against the dissolution from
alkali liquor, and the improved current distribution
retards the dendrite growth which is usually facilitated
by high local current. Thus, as an adverse result caused
by shape change and dendrites, the capacity fading is
restricted, and a further enhancement of discharge
capacity with a stable cycle performance can be realized
based on nano-ZnO.

Figure 7 displays the typical charge—discharge
curves of Zn/Ni cells assembled for the three different
anode materials tested at the sixth cycle. As shown in
Fig. 7, the charge voltages of anodes B and C are higher

than that of anode A in the earlier stage of charge process.

This result matches well with the cyclic voltammetry
curves as well as the discharge voltage in the earlier
stage of discharge process. However, the result of AC
impedance spectra shows that the nano-ZnO@C has the
lowest ohmic resistance and charge-transfer resistance,
which indicates that the polarization of nano-ZnO@C
anode should have a lower polarized voltage drop.
The phenomenon may be due to the agglomerated
structures of homemade ZnO and nano-ZnO@C. As the
electrode reaction runs, the bulk solution should meet the
requirements of the consumption of OH ™ ion and H,O on
reaction interface by supplying the reactant to pass
through the interspace in agglomerates. The insufficient
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Fig. 7 Typical charge—discharge curves of commercial ZnO

(curve A), homemade ZnO (curve B) and nano-ZnO@C (curve
C) tested at the 6th cycle

pores in agglomerates make the lacking of OH ion and
H,O for the reaction and lead to a totally high-polarized
voltage drop. Besides, anode C shows a lower charge
voltage plateau and a higher discharge voltage plateau
than anode B. The reason is that the carbon coating can
apparently provide sufficient electrical contact between
particles and reduce the resistance of reaction process.

To investigate the differences of the polarized
variation between homemade ZnO electrode and
nano-ZnO@C electrode, charge—discharge curves at
different cycles were analyzed. As shown in Figs. 8(a)
and (b), with cycle the proceeding, the charge voltage
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Fig. 8 Charge—discharge curves of homemade ZnO (a) and nano-ZnO@C (b) at the 10th, 30th and 50th cycles, and schematic
showing densification of homemade ZnO with porous hierarchical agglomerated structure (c)
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plateaus rise and the discharge voltage plateaus drop
rapidly, which indicate that the polarization of electrode
gradually Meanwhile, as a negative
phenomenon of the polarization in cells, charge voltage
fluctuation derived from the inner short circuit caused by
the dendritic penetration through separator also appeared
at both assembled batteries. Compared with nano-
ZnO@C, the short circuit of battery with homemade
ZnO as anode material occurred at the 10th cycle and
accompanied the subsequent cycles. For nano-ZnO@C,
the tolerance of dendrites was completely increased by
carbon coating. The mechanism description can be
explained by Fig. 8(c). At the first stage, the porous
hierarchical agglomerated structure of homemade ZnO
allows the penetration of electrolyte, and the higher
discharge capacity of nano-ZnO can be provided.
However, the nano-ZnO has great dissolution activity
due to its larger specific surface area, and Zn/ZnO
conversion reaction is a dissolution/redeposition process.
The redisposition makes nanoparticles grow and further
agglomerate together, which is known as densifying.
Densifying reduces the reactive specific area of
homemade ZnO and causes a shrinking porosity, both
increasing the current density of particle surface. Thus,
the polarization increases continually and the dendrites
are inclined to be formed simultaneously. The
consequent capacity fading occurs naturally. Due to the
protection of carbon on the surface of nano-ZnO, the
dissolution of nano-ZnO is slowed down and densifying
and dendrite growth are prevented. The high active
specific surface area and the porosity are maintained [15].
Thus, the cycle life of nano-ZnO@C electrode is
improved.

increases.

4 Conclusions

(1) Nano-ZnO@C and homemade ZnO with porous

hierarchical agglomerated architecture have been
prepared by one-step heat treatment from a gel precursor
separately.

(2) The nano-ZnO@C anode exhibited higher
discharge capacity and more stable cycle performance as
anode material compared with homemade ZnO, which
with a same structure was not suitable for stable cycling
in the secondary Zn/Ni rechargeable battery.

(3) The reason could be the good -electronic
conductivity and surface coating of carbon. Surface
coating of carbon not only further enhanced the high
discharge capacity originated from the nano-ZnO
particles, but also decreased the electrode polarization
and prevented densification and dendrite growth.
Therefore, nano-ZnO@C is a potential anodic material
with high discharge capacity and long service life for the
secondary alkaline Zn batteries.
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