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Finely Crafted 3D Electrodes for Dendrite-Free and  
High-Performance Flexible Fiber-Shaped Zn–Co Batteries

Ming Li, Jiashen Meng, Qi Li,* Meng Huang, Xiong Liu, Kwadwo Asare Owusu,  
Ziang Liu, and Liqiang Mai*

Rechargeable aqueous Zn-based batteries, benefiting from their good 
reliability, low cost, high energy/power densities, and ecofriendliness, show 
great potential in energy storage systems. However, the poor cycling perfor-
mance due to the formation of Zn dendrites greatly hinders their practical 
applications. In this work, a trilayer 3D CC-ZnO@C-Zn anode is obtained by 
in situ growing ZIFs (zeolitic-imidazolate frameworks) derived ZnO@C core–
shell nanorods on carbon cloth followed by Zn deposition, which exhibits 
excellent antidendrite performance. Using CC-ZnO@C-Zn as the anode 
and a branch-like Co(CO3)0.5(OH)x·0.11H2O@CoMoO4 (CC-CCH@CMO) 
as the cathode, a Zn–Co battery is rationally designed, displaying excellent 
energy/power densities (235 Wh kg−1, 12.6 kW kg−1) and remarkable cycling 
performance (71.1% after 5000 cycles). Impressively, when using a gel 
electrolyte, a highly customizable, fiber-shaped flexible all-solid-state Zn–Co 
battery is assembled for the first time, which presents a high energy density 
of 4.6 mWh cm−3, peak power density of 0.42 W cm−3, and long durability 
(82% capacity retention after 1600 cycles) as well as excellent flexibility. 
The unique 3D electrode design in this study provides a novel approach 
to achieve high-performance Zn-based batteries, showing promising 
applications in flexible and portable energy-storage systems.
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restrict their wide applications, especially 
for the wearable electronics that may be 
exposed to the skin (such as epidermal 
sensors).[3] Flexible supercapacitors that 
traditionally use aqueous electrolytes have 
been considered as potential alternatives 
to flexible alkali metal ion batteries due to 
the good safety and being cost effective,[4] 
but their relatively low energy densities 
are far from being satisfactory for more 
extensive applications.[5]

Exhilaratingly, Zn-based batteries, due 
to their unique advantages of high output 
voltage, high theoretical capacity of Zn 
(825 mAh g−1), ecofriendliness and low 
cost, are considered as strong candidates 
to solve the dilemma of energy storage 
between alkali metal ion batteries and 
supercapacitors.[6] The aqueous electro-
lytes used can provide higher ionic con-
ductivity and better safety than organic 
electrolytes, therefore resulting in a much 
higher rate performance.[7] However, two 
key issues seriously hinder their wide 
applications. One is the formation and 

growth of Zn dendrites which greatly shorten the cycling 
life of the Zn-based battery (usually less than 500 cycles).[8] 
The other is the use of heavy Zn plate (around 750 mg cm−2) 
as the anode in conventional Zn-based batteries,[9] which 
decreases the energy density and also limits their applica-
tions in flexible energy storage devices. In order to address 
the aforementioned issues, tremendous efforts have been 
devoted to designing flexible Zn-based anodes via strategies 
including nanostructure design and hybrid materials.[10] For 
example, Liu et al.[11] reported a flexible Ni–Zn battery based 
on a hierarchical ZnO/carbon nanofiber anode, and achieved 
good energy/power densities of 323.3 Wh kg−1, 8.66 kW kg−1 
based on active materials. However, the capacity retention of 
≈ 72.9% after 2400 cycles is not satisfactory. Wang et al.[12] 
developed a novel Ni–Zn battery by using La2O3-doped ZnO as 
the anode. Although this doping strategy results in enhanced 
battery performances compared to ZnO anodes, the lack of 
flexibility restricts its further application in the flexible energy 
storage systems. Furthermore, a great deal of the flexible 
batteries with the geometrical restrictions of two dimension 
(2D), are difficult to meet the practical applications for small 
wearable devices. Hence, the search for feasible approaches 
to fabricate cost-effective, dendrite-free, high security, flexible 
Zn-based batteries is highly desired.

Zn–Co Batteries

1. Introduction

With ever-worsening environmental conditions and the 
overwhelming demand for renewable energy, as well as the 
ever-growing pursuit of portable electronics, the flexible and 
wearable energy storage devices with high energy/power den-
sity, long durability, low cost, and good safety are receiving 
increasing attention.[1] In the past decades, considerable efforts 
have been made to the development of flexible alkali metal ion 
batteries (Li+, Na+, K+) due to their high energy densities.[2] 
However, a series of intrinsic issues of alkali metal ion bat-
teries, such as the rising price of lithium/sodium/potassium, 
toxicity and flammability of organic electrolytes, significantly 
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Herein, a new type of Zn-based (Zn–Co) battery was assem-
bled for the first time based on finely crafted 3D flexible elec-
trodes, delivering an ultrastable cycling performance (71.1% after 
5000 cycles) and outstanding energy/power densities of 
235 Wh kg−1 and 12.6 kW kg−1 based on the active materials 
on both electrodes. A trilayer CC-ZnO@C-Zn as the anode was 
obtained by in situ growing ZIF-8 (zeolitic-imidazolate frame-
works) derived ZnO@C core–shell nanorods as the skeleton on 
carbon cloth (CC) followed by Zn deposition, which shows excel-
lent antidendrite performance due to the unique 3D skeleton 
matrix. Hierarchical branch-like Co(CO3)0.5(OH)x·0.11H2O@
CoMoO4 grown on CC (CC-CCH@CMO) was used as the 
cathode, exhibiting a high areal capacity of 0.72 mAh cm−2. Since 
the active materials were grown on soft CC (only 13 mg cm−2) 
and then directly used as 3D binder-free electrodes, it ensures 
the electrode flexibility and also enables the fast electron transfer 
diffusion. Importantly, an all-solid-state flexible fiber-shaped 
Zn–Co battery, using the polyvinyl alcohol (PVA)–KOH gel elec-
trolyte, was constructed for the first time. As a consequence, 
it achieved a considerable capacity of 3 mAh cm−3 with supe-
rior energy/power densities (4.6 mWh cm−3, 0.42 W cm−3) and 
exhibited well-maintained battery performances under various 
bending tests, superior than most of other reported flexible 
energy storage devices. Furthermore, the fiber shape of our 
Zn–Co battery enables it to be easily customized for portable 
electronics. As a demonstration, a flexible device assembled by 
three batteries in series was successfully used to power a series 
of light emitting diodes (LEDs), a smartphone and a bracelet 
digital watch. Hence, this work provides a novel approach to fab-
ricate dendrite-free fiber-shaped Zn–Co battery with high-perfor-
mance and flexibility, which paves the path for the development 
of flexible energy storage devices.

2. Results and Discussion

2.1. Morphology and Structure Characterization

The schematic diagram of the aqueous Zn–Co full battery and 
the redox reactions during charge–discharge processes are 

illustrated in Scheme 1. The integrated trilayer CC-ZnO@C-Zn 
anode was synthesized by a three-step process (Figure S1, Sup-
porting Information). Initially, the ZnO nanorods were in situ 
grown on the flexible carbon cloth by a facile low-temperature 
hydrothermal process to form CC-ZnO. The X-ray diffraction 
(XRD) pattern (Figure S2a, Supporting Information) demon-
strates that the characteristic peaks are well indexed to ZnO 
(JCPDS card No.079-0206) except the ones originating from 
the CC. Next, the ZIF shell was formed on the surface of 
ZnO nanorods via a low-pressure vapor superassembly[13] fol-
lowed by the heat treatment in N2 atmosphere to obtain carbon 
coated CC-ZnO@C skeletons. According to the XRD patterns 
(Figure S2b, Supporting Information) and Fourier transform 
infrared (FT-IR) spectra (Figure S2c, Supporting Informa-
tion), the typical peaks of ZIF shell are clearly distinguished.[14] 
Finally, the finely designed 3D CC-ZnO@C skeleton was sub-
jected to a Zn deposition procedure to obtain the antidendrite 
anode (CC-ZnO@C-Zn). On the other hand, the CC-CCH@
CMO cathode was synthesized by a two-step hydrothermal 
process. As the schematic illustration shows in Figure S3 (Sup-
porting Information), the CCH nanowires were first grown on 
CC directly, and followed by homogeneously growing CoMoO4 
nanosheets on the surface of CCH nanowires to form the 3D 
branch-like nanostructure. The optical photograph of the as-
synthesized electrodes demonstrates an even distribution of the 
electrode materials on CC (Figure S4, Supporting Information).

As shown in Figure 1a–c, ZnO nanorods are coated with 
a rough layer of ZIF-derived carbon with the thickness of 
20–50 nm (Figure 1d and the inset picture) to form the core-
shell structured CC-ZnO@C. The uncoated ZnO nanorods are 
shown in Figure S5a–c (Supporting Information). As displayed 
in Figure 1e, numerous tiny ZnO nanodots are embedded in 
the porous carbon layer. Its lattice spacing of 0.26 nm corre-
sponds well to the (002) plane of ZnO (Figure 1f). The well-
maintained hierarchical structure of the ZIF-derived carbon 
nanotubes (Figure S6, Supporting Information) which were 
obtained by removing the ZnO core with HCl solution indi-
cates the existence of carbon and the strong adhesion of the 
active materials to the CC substrate even without any binder. 
The phase and composition of CC-ZnO@C skeletons were  
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Scheme 1. Schematic illustration of the Zn–Co full battery using the finely crafted 3D CC-ZnO@C-Zn anode and CC-CCH@CMO cathode, together 
with the redox reactions during charge–discharge processes.
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further investigated by X-ray photoelectron spectroscopy (XPS).  
Figure S7a (Supporting Information) reveals the presence 
of Zn, O, N, and C elements, which is consistent with the 
energy-dispersive X-ray spectroscopy (EDS) elemental mapping 
results (Figure S8, Supporting Information). The two peaks 
(Figure S7b, Supporting Information) located at 1021.78 and 
1044.78 eV correspond to Zn 2p3/2 and Zn 2p1/2 respectively, 
which agrees well with the literature reports for ZnO.[15] The 
high-resolution N 1s spectrum (Figure S7c, Supporting Infor-
mation) can be deconvoluted into pyridinic N (398.8 eV), pyr-
rolic N (400.1 eV), and graphitic N (401.6 eV), confirming the 
nitrogen doping in the ZIF-derived carbon shell.[16] Moreover, 
two broad peaks in the Raman spectrum (Figure S9, Sup-
porting Information) located at around 1349 and 1585 cm−1 are 
assigned to the D (disordered carbon) and G (graphitic carbon) 
bands respectively, with the calculated ID/IG values of 1.22 and 
0.91 for the CC-ZnO@C and CC-ZnO samples, further indi-
cating the partly graphitized nature of the carbon shell.[17]

As shown in Figure 1g–i, the branch-like CC-CCH@CMO 
materials which are composed of Co(CO3)0.5(OH)x·0.11H2O 

nanowires (CCH) and CoMoO4 nanosheets were uniformly 
grown on the CC. The CCH nanowires grown on CC were 
shown in Figure S5d–f (Supporting Information). The lat-
tice spacing of 0.23 nm in Figure 1j,k corresponds well to the 
XRD peak of CoMoO4 located at 39° (JCPDS card No.015-0439). 
The characteristic peaks of the XRD pattern for the CC-CCH 
(Figure S10a, Supporting Information) are well indexed to 
Co(CO3)0.5(OH)x·0.11H2O (JCPDS card No.048-0083) with 
the lattice spacing of 0.26 nm well corresponding to its (221) 
plane (Figure 1l and inset). However, the typical peaks of the 
low-crystalline Co(CO3)0.5(OH)x·0.11H2O in the CC-CCH@
CMO sample are not obvious and concealed by the CoMoO4 
patterns (Figure S10b, Supporting Information). In order to 
prove the dual composition, the Co(CO3)0.5(OH)x·0.11H2O was 
transformed to high-crystalline Co3O4 (300 °C in air for 2 h). 
Two groups of characteristic peaks for Co3O4 and CoMoO4 are 
observed in the XRD pattern (Figure S10c, Supporting Informa-
tion) of the obtained sample, indicating two different phases 
existing in this sample. The XPS and the elemental mapping 
images (Figures S10d and S11, Supporting Information) show 
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Figure 1. a–c) SEM, d–f) TEM and HRTEM images of core/shell CC-ZnO@C skeletons with the inset in (d) representing the high-magnification TEM 
image of a selected area. g–i) SEM, j–l) TEM and HRTEM images of branch-like CC-CCH@CMO with the inset in (l) representing the HRTEM image 
of a selected area.
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the presence and even distribution of Co, O, and Mo elements in 
CC-CCH@CMO. In its further XPS analyses, the two peaks of 
the Mo 3d spectrum located at 235.0 and 231.9 eV are consistent 
well with the Mo6+ species, confirming the presence of CoMoO4 
(Figure S10e, Supporting Information).[18] The Co 2p spectrum 
contains two core-level peaks of Co 2p1/2 (795.9 eV) and Co 
2p3/2 (779.5 eV) as well as two small satellite peaks, which can 
be assigned to Co(CO3)0.5(OH)x·0.11H2O and CoMoO4, respec-
tively (Figure S10f, Supporting Information), also proving the 
presence of two mixed phases in CC-CCH@CMO.[19]

2.2. The Electrochemical Properties of the CC-ZnO@C-Zn  
and CC-CCH@CMO Flexible Electrodes

The formation of dendrites on the anode is usually inevitable 
in Zn-based batteries especially with the increased number of 
cycles, owing to the inhomogeneous distribution of current 
and electrode corrosion during the electrochemical reaction.[20] 
Here, in order to demonstrate the role of our well-crafted 
anode in suppressing the dendrite growth, scanning electron 
microscopy (SEM) images of the CC-ZnO@C-Zn anode or the 

Zn plate (both using CC-CCH@CMO as the cathode) after dif-
ferent cycles were investigated. When the Zn plate was used as 
the anode, the SEM images show obvious dendrite formation 
after 1000 cycles at 40 mA cm−2 (Figure 2a). The corresponding 
elemental mappings display an increased O content originating 
from the ZnO formed as the dead Zn during cycling. In con-
trast, the CC-ZnO@C-Zn anode exhibits excellent properties 
in inhibiting the Zn dendrite growth even after 1500 cycles 
(Figure 2b). Furthermore, the XRD pattern of the CC-ZnO@C-
Zn anode after cycling indicates that the peaks are well indexed 
to metal zinc after cycling despite a little Zn(OH)2 appearing. As 
a comparison, the XRD pattern of the Zn plate shows obvious 
peaks of low conductivity ZnO as the dead Zn (due to the irre-
versible reaction Zn(OH)2 → ZnO+H2O) after 1000 cycles. 
This kind of dead Zn greatly shortens the battery life, resulting 
in a low capacity retention of 63.7% (Figure S12, Supporting 
Information). As illustrated in Figure 2e, the Zn plate can 
be corroded during the discharging process (Zn + 4OH− → 
Zn(OH)4

2− + 2e−), which results in the bulges and concaves 
on the surface of Zn plate. Then, the charges would prefer-
entially gather on the bulges, leading to an increased practical 
current density on the bulges and eventually the formation of 
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Figure 2. a) SEM and the corresponding elemental mapping images of the Zn plate during cycling when Zn plate is used as anode in Zn–Co battery. 
b) SEM images of CC-ZnO@C-Zn during cycling in our Zn-Co battery. Ex situ XRD patterns of c) CC-ZnO@C-Zn, and d) Zn plate anode before and after 
cycles. e) Schematic illustration of the dendrite formation mechanism on the Zn plate and the antidendrite mechanism for the CC-ZnO@C-Zn anode.
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dendrites. By contrast, the finely crafted skeleton can effectively 
avoid this kind of situation and inhibit the Zn dendrite forma-
tion by enabling a uniform charge distribution and providing 
fast and effective electron transfer channels (Figure 2e). On the 
other hand, the Zn deposition processes on the CC-ZnO@C 
and on the CC were compared by studying the current–time 
(i–t) curves at a constant cathodic overpotential (η = −0.2 V). 
As shown in Figure S13 (Supporting Information), the 
CC-ZnO@C exhibits a stable current density while the CC 
shows a much increased current density due to the dramatic 
growth of dendrites, further demonstrating the antidendrite 
property of the CC-ZnO@C electrode by allowing uniform 
Zn deposition, which is confirmed by the SEM images.[21] In 
brief, the 3D ZnO@C skeleton matrix plays an important role 
from four aspects: 1) It enables the uniform charge distribu-
tion on the electrode, and avoids charges being concentrated on 
local regions. 2) It provides fast electron transfer channels and 
so increases the effective contact area between the electrode 
and the electrolyte. 3) It allows a uniform Zn deposition by 

anchoring the deposited Zn layer and so effectively avoids the 
shedding of Zn from carbon cloth.[22]

To investigate the electrochemical properties of the finely 
crafted flexible 3D electrodes, the CC-ZnO@C-Zn and 
CC-CCH@CMO electrodes were tested separately in a three-
electrode system. For the CC-ZnO@C-Zn electrode, the cyclic 
voltammetry (CV) curves show a similar shape and an increased 
CV area when the scan rate increases from 10 to 30 mV s−1, with 
a pair of redox peaks (−1.5 V, −1.2 V vs Hg/HgO) observed, corre-
sponding to the reversible Zn2+/Zn redox process (Zn + 4OH− ⇆  
Zn(OH)4

2− + 2e−) (Figure 3a).[23] Its redox potential is obvi-
ously lower than that of other anode materials such as carbon 
(≈−1 V),[24] iron oxide (≈−1.2 V)[25] and Bi (≈−1 V),[26] implying 
that a high output voltage would be expected when used as 
the anode of a full battery. Moreover, the CC-ZnO@C-Zn 
containing 3D skeleton displays a small resistance like the Zn 
plate (Figure S14, Supporting Information). The Tafel curves 
were employed to further study the effect of carbon coating on 
the corrosion behavior (Figure 3b). Apparently, the corrosion 
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Figure 3. a) CV curves of CC-ZnO@C-Zn at different scan rates. b) Tafel plot curves of CC-ZnO@C and CC-ZnO. c) CV and d) charge–discharge 
curves of CC-CCH@CMO. e) Areal capacity values at different current densities of CC-CCH@CMO and CC-CCH. f) A comparison of CV curves for the 
CC-ZnO@C-Zn and the CC-CCH@CMO electrodes at a scan rate of 10 mV s−1.



www.afm-journal.dewww.advancedsciencenews.com

1802016 (6 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

current of CC-ZnO@C decreases and the corrosion poten-
tial exhibits a positive shift (from −1.1 to −1.08 V) compared 
to the CC-ZnO, implying an improved anti-corrosion property 
for the carbon-coated ZnO (CC-ZnO@C). It can be attributed 
to the protective carbon coating which decreases the direct con-
tact of ZnO and electrolyte.[27] For the CC-CCH@CMO elec-
trode, CV curves show two pairs of redox peaks (Figure 3c), 
which can be assigned to the following electrochemical reac-
tions: Co2+ + 3OH− ⇆ CoOOH + H2O + e−; CoOOH + OH− ⇆ 
CoO2 + H2O + e−[28] and also match well with the charge–dis-
charge platforms in Figure 3d. The CC-CCH@CMO electrode  
delivers a high specific areal capacity of 0.72 mAh cm−2 
(260.2 mAh g−1) at a current density of 1 mA cm−2 (0.36 A g−1), 
which is higher than that for most of previously reported 
Co-based materials.[29] Even though at a high current den-
sity of 64 mA cm−2 (23.02 A g−1), the capacity still maintains 
0.42 mAh cm−2 (152.2 mAh g−1), holding a high capacity retention 
of 67.6% (Figure 3e). In contrast, the CC-CCH material exhibits 
much lower specific areal capacities of only 0.21–0.18 mAh cm−2  
at various current densities of 4-32 mA cm−2 (Figure S15a,b, Sup-
porting Information). The increased capacity can be attributed 
to the enhanced conductivity of CC-CCH@CMO (Figure S15c,  
Supporting Information) originating from the finely crafted 
3D heterostructure and the synergetic effect between CCH 
and CMO.[30] Moreover, the CV curves of CC-ZnO@C-Zn and 
CC-CCH@CMO at 10 mV s−1 (Figure 3f) show a large redox 
potential separation (1.85 V) between the anode material and 
the cathode material, indicating a high expected output voltage 
for the Zn–Co battery in this work.

2.3. Electrochemical Properties of Zn–Co Full Battery

On the basis of the excellent electrochemical performance of 
the anode and cathode materials, an aqueous Zn–Co battery 

was assembled using 3D hierarchical CC-ZnO@C-Zn as the 
anode and CC-CCH@CMO as the cathode. In Figure 4a, the CV 
curves show two pairs of redox peaks with a symmetrical shape 
at various scan rates, demonstrating the highly reversible redox 
reaction of the Zn–Co battery in aqueous electrolyte. As depicted 
in Figure 4b, the charge–discharge curves indicate a signifi-
cant high output voltage (1.75 V), which is consistent with our 
expectation. It is higher than the output voltage of other types of  
aqueous batteries, such as Zn–Mn batteries (1.2–1.4 V),[31] 
Ni–Fe batteries (1.1–1.2 V),[32] and Zn ion battery (0.3–0.65 V).[33] 
In particular, the voltage hysteresis between the discharge plat-
form (1.75, 1.45 V) and the charge platform (1.85, 1.55 V) is 
only ≈0.1 V (Figure 4b), indicating fast redox processes. Based 
on the charge–discharge curves, the maximum capacity was 
0.71 mAh cm−2 at 1 mA cm−2. When the current density was 
increased to 40 mA cm−2, a high capacity of 0.48 mAh cm−2 still 
retained. Notably, an ultrafast charge process lasts only 45 s in 
such a situation, much faster than most of ordinary Ni–Zn bat-
teries.[11] In contrast, the Zn–Co battery using CC-CCH as the 
cathode (without CoMoO4) exhibits apparent inferior perfor-
mances (Figure S16a,b, Supporting Information) with a much 
lower maximum capacity of only 0.20 mAh cm−2 at 4 mA cm−2 
compared to the CC-CCH@CMO cathode system.

The long-term cycling performances of the Zn–Co battery 
were investigated at different current densities. Benefiting from 
the antidendrite properties of the 3D hierarchical CC-ZnO@C-
Zn anode, this Zn–Co battery exhibits a very high capacity 
retention of 71.1% over 5000 cycles at 80 mA cm−2 as well as an 
almost 100% Coulombic efficiency (Figure 4c). The charging–
discharging curves show little change during the whole process 
(Figure S17, Supporting Information). The enhanced cycling 
performance is attributed to the 3D skeleton in the anode 
which effectively suppresses the formation of dendrites. In 
detail, 93.3% and 80% of the initial capacity are retained at the 
first 1000 and 3000 cycles, respectively. Even when the current 
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Figure 4. a) CV curves, b) galvanostatic charge–discharge curves and c) long-term cycling performance and corresponding Coulombic efficiency of 
the aqueous Zn–Co battery at a current density of 80 mA cm−2. d) CV curves and e) galvanostatic charge–discharge curves of the all-solid-state Zn–Co 
battery. f) Comparison of the rate performance for the aqueous Zn–Co battery and the all-solid-state Zn–Co battery.
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density is decreased to 40 mA cm−2, a good capacity reten-
tion of 82.5% over 1500 cycles could also be obtained, dem-
onstrating the ultrastable cycling performances (Figure S18,  
Supporting Information) which is consistent with the well- 
maintained morphology after long-term cycling observed in the 
SEM images of Figure 2b. In particular, the 3D skeleton obtained 
by flushing the cycled electrodes several times further shows 
the excellent stability after the cycling process (Figure S19,  
Supporting Information). As a comparison, a Zn–Co battery 
was also assembled using the CC-Zn anode and the CC-CCH@
CMO cathode, which displays an obvious capacity fading after 
500 cycles. This is caused by the loss of Zn from the carbon 
cloth without the anchoring of skeletons (Figure S20 and inset, 
Supporting Information).

An all-solid-state Zn–Co battery was also assembled using the 
same anode and cathode together with the PVA–KOH gel elec-
trolyte. In Figure 4d, the CV curves show the analogous shape 
compared to the Zn–Co battery using the aqueous electrolyte 
at different scan rates but exhibit less obvious redox peaks. The 
charge–discharge plots display two discharge platforms at 1.8 V 
and 1.5 V with a slight voltage increase of ≈0.05 V compared to 
the aqueous Zn–Co battery, which can be attributed to the higher 
electron transfer resistance of the gel electrolyte (Figure S21,  
Supporting Information).[34] Impressively, a high capacity of 
0.70 mAh cm−2 was achieved at 1 mA cm−2, which is almost 

equivalent to the capacity obtained in the aqueous electrolyte 
(Figure 4e). Even at a high current density of 28 mA cm−2, 
the capacity of 0.39 mAh cm−2 still remains. Although at 
higher current densities, the solid-state battery shows slightly 
lower capacities than that of the aqueous battery (≈67.6%), the 
capacity retention is as high as ≈55.7% (all solid state), implying 
the excellent rate performance of the solid-state Zn–Co battery 
(Figure 4f).

2.4. Electrochemical Properties of Fiber-Shaped Zn–Co Battery

In view of the excellent electrochemical performances dem-
onstrated above, an all-solid-state flexible fiber-shaped Zn–Co 
battery was assembled (Figure 5a). The fiber-shaped battery dis-
plays typical CV curves with two pairs of redox peaks at slow 
scan rates but broadened curves with the scan rate increasing 
(Figure 5b). According to the discharge curves (based on the 
whole volume of fiber-shaped battery), the maximum capacity 
is up to 3 mAh cm−3 at 25 mA cm−3 (Figure 5c). The capacity 
retention is 82% after 1600 cycles (Figure 5d) at 250 mA cm−3, 
exhibiting an excellent cycling stability. To further demonstrate 
the flexibility of our fiber-shaped battery, a series of deformation 
tests were carried out at 125 mA cm−3 under various deforma-
tion states (Figure 5e). The discharge curves are highly similar 
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Figure 5. a) Schematics of the all-solid-state fiber-shaped Zn–Co battery. b) CV curves, c) galvanostatic discharge curves, and d) cycling performance 
of the all-solid-state fiber-shaped Zn–Co battery at a current density of 250 mA cm−3. e) Capacity ratios at various deformation states. f) CV curves 
and g,h) galvanostatic discharge curves of in-series and in-parallel batteries. The inset in (g) is the typical voltage output of the two-in-series battery.  
i, j) A series of LEDs and a smartphone were powered by three-in-series battery. k) The digital photos of a single fiber-shaped Zn–Co battery.
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with a minimal capacity variation at different bending degrees 
(Figure S22, Supporting Information). The flexible battery also 
exhibits excellent performances under a number of bending 
tests with a 92.5% capacity retention over 100 times of bending 
(Figure S23, Supporting Information). In particular, bene-
fiting from the unique fiber shape, the flexible battery can be 
arranged to a variety of configurations to meet different needs. 
Therefore, a customizable flexible wire-shaped device with a 
wide voltage window or high capacity can be obtained by sev-
eral batteries in series or in parallel. As shown in Figure 5f,g, a 
wire-based device was achieved by two-series-connected battery 
and displayed a wide voltage window (2–4 V). In like manner, 
three-in-series battery further showed a threefold window  
(2–6 V) and held the high output voltage (Figure S24,  
Supporting Information). Moreover, a wire-based device with 
a twofold capacity was also obtained by two-in-parallel battery 
(Figure 5f,h). Hence, by increasing the number of batteries 
in series or parallel, the voltage window or capacity of flexible 
device can be continuously expanded. As shown in Figure 5i,j, 
a wire-shaped flexible device consisting of three batteries in 
series was used to successfully power a series of LEDs and was 
also capable of charging a smartphone. The fiber-shaped device 
can also be weaved as a bracelet to power a digital watch 
(Figure S25, Supporting Information). The volume of a single 
battery unit was calculated by measuring the length, width and 
thickness with a vernier caliper (Figure 5k). In principle, our 
tailor-made devices with a variety of different capacities and 
voltage windows can be further assembled to power different 
electronics, which indicates the great potential of our fiber-
shaped battery in real applications.

The Zn–Co battery exhibits high energy/power den-
sities of 235 Wh kg−1/12.6 kW kg−1 (aqueous state) and  
221.9 Wh kg−1/10.6 kW kg−1 (solid state) based on the total mass 
of active materials on both electrodes. These values are higher 
than most other previously reported aqueous batteries (Figure 6a  
and Table S1, Supporting Information). Additionally, the max-
imum energy density based on the volume of our fiber-shaped 
Zn–Co battery (2.31 mm × 25.25 mm × 0.73 mm) is further cal-
culated in Figure 6b. The peak energy density of 4.6 mWh cm−3  
together with a maximum power density of 0.42 W cm−3  
are also higher than those in the recent reports on flexible 

energy storage devices (Table S2, Supporting Information), 
implying the excellent electrochemical performances of our 
fiber-shaped battery.

3. Conclusion

In summary, a dendrite-free and long-durability (71.1% after 
5000 cycles) Zn–Co battery with high energy/power densi-
ties (235 Wh kg−1, 12.6 kW kg−1) has been developed. The 3D 
trilayer CC-ZnO@C-Zn anode exhibited excellent antiden-
drite property due to the finely crafted skeleton of core-shell 
CC-ZnO@C nanorod arrays, while the 3D hierarchical branch-
like CC-CCH@CMO cathode contributes to its high capacity. 
Furthermore, a flexible fiber-shaped all-solid-state Zn–Co bat-
tery using the gel electrolyte was assembled for the first time. 
It presents superior performances, including long cycling (82% 
capacity retention after 1600 cycles) and high energy/power 
densities (4.6 mWh cm−3, 0.42 W cm−3). In particular, the fiber 
shape of our Zn–Co battery enables it to be easily customized 
to meet different needs for portable electronics such as a series 
of LEDs, a smartphone and a digital watch. Our work demon-
strates an innovative way to achieve flexible high-performance 
Zn–Co batteries, which show great potentials in the applica-
tions of flexible and portable electronics.

4. Experimental Section
Synthesis of CC-ZnO: Prior to the synthesis procedure, the CC was 

soaked in concentrated nitric acid overnight, then washed with deionized 
water and alcohol several times to remove the residual acid, and finally 
the CC was dried in a vacuum oven at 70 °C. Then, the CC (WOS1002, 
2 cm × 2.5 cm) was dipped into KMnO4 (0.5 m) about 30 min for surface 
treatment and washed with deionized water several times to remove 
the residual KMnO4. The ZnO nanorods were in situ grown on CC by 
a simple hydrothermal process. Briefly, Zn(NO3)2·6H2O (3.12 g), and 
hexamethylenetetramine (1.47 g) were dissolved in deionized water 
(50 mL). The ammonia (5.25 mL) was added to adjust the pH to 
about 11. After magnetic stirring for 30 min, the obtained transparent 
solution was transferred into a Teflon-lined stainless-steel autoclave 
(100 mL) containing the pretreated CC. The autoclave was sealed and 
hydrothermally treated at 90 °C for 24 h to obtain the CC-ZnO. The 

Figure 6. a) Ragone plot of the aqueous Zn–Co full battery and the all-solid-state Zn–Co battery using PVA gel as the electrolyte with the energy density 
calculated based on the mass of active materials on both electrodes. b) Ragone plot of the all-solid-state fiber-shaped Zn–Co battery based on the 
volume of the whole flexible battery.



www.afm-journal.dewww.advancedsciencenews.com

1802016 (9 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2018, 1802016

sample was then taken out and rinsed several times in deionized water 
before being dried in an oven at 70 °C.

Synthesis of the 3D CC-ZnO@C Skeleton: The as-prepared ZnO 
nanorod arrays on CC (2 cm × 2.5 cm), 2-methylimidazole (3 g) 
were placed in a glass dish and heated at 150 °C under low-pressure 
conditions in a vacuum oven (≈100 Pa). After being treated at 650 °C in 
N2 gas for 3 h, the 3D CC-ZnO@C was obtained. The mass loading of 
the 3D skeleton is 5.4 mg cm−2.

Synthesis of the CC-ZnO@C-Zn Anode: A Pt plate and Hg/HgO were 
used as the counter electrode and the reference electrode, respectively. 
The metallic Zn was deposited via the electrodeposition method in the 
electrolyte containing 6 m KOH with 1.5 m ZnO, using CC-ZnO@C as 
the working electrode. The electrodeposition of Zn was easily carried 
out by continuously charging at −1.6 V for 10 min at current density of 
15 mA cm−2 and the trilayer CC-ZnO@C-Zn anode was obtained, the 
mass loading of Zn is 2.2 mg cm−2.

Synthesis of CC-CCH: CoCl2·6H2O (5 mmol), urea (10 mmol), and 
NH4F (4 mmol) were dissolved in deionized water (50 mL) under 
constant magnetic stirring for a few minutes to form a pink solution. 
The solution containing a piece of pretreated CC (drop a few drops of 
alcohol on the CC to improve the hydrophilicity) was then transferred 
to a Teflon-lined stainless-steel autoclave (100 mL). The autoclave was 
sealed and maintained at 120 °C for 12 h and then cooled to room 
temperature. After the sample was taken out, it was rinsed several times 
with deionized water and dried in an oven at 70 °C to obtain CC-CCH. 
The mass loading of the sample is 1 mg cm−2.

Synthesis of CC-CCH@CMO: CoCl2· 6H2O (0.14 g) and 
Na2MoO4·2H2O (0.15 g) were dissolved in deionized water (50 mL) 
under constant magnetic stirring. Then, the solution was transferred into 
a Teflon-lined stainless-steel autoclave (100 mL) already containing the 
as-prepared CC-CCH and maintained at 180 °C for 10 h. After cooling 
to room temperature, the 3D branch-like CC-CCH@CMO was removed 
from the Teflon and dried at 70°C after rinsing with distilled water and 
then cooled to room temperature. The mass loading of the sample is 
2.78 mg cm−2.

Materials Characterization: To observe the morphology, SEM (and 
EDS)/TEM (and HRTEM) were performed with JEOL JSM-7100F 
scanning electron microscope and JEM-2100F/Titan G2 60-300 
transmission electron microscope. X-ray diffractometer characterizations 
were carried out with a D8 Discover X-ray diffractometer with 
nonmonochromated Cu Kα X-ray source (λ = 1.054056 Å). 
Raman spectrum was acquired using a Renishaw INVIA micro-Raman 
spectroscopy system. Fourier transform-infrared (FTIR) transmittance 
spectra were measured using a Nicolet 60-SXB IR spectrometer. XPS 
measurements were performed using a VG MultiLab 2000 instrument. 
The mass of the electrodes was also recorded by an AX/MX/UMX 
Balance (METTLER TOLEDO, maximum = 5.1 g; delta = 0.001 mg).

Electrochemical Characterization: The electrochemical measurements 
were conducted using a CHI 760E Electrochemical Workstation (CH 
Instruments, China) at room temperature. The current–time (i–t) 
curves were undertaken by a three-electrode configuration at a constant 
cathodic overpotential (η = −0.2 V), using a CC or CC-ZnO@C-Zn as the 
working electrode, Hg/HgO as the reference electrode, Pt plate as the 
counter electrode, 6 m KOH with 1.5 m ZnO solution as the electrolyte. 
For three-electrode system tests, CC-ZnO@C-Zn anode or CC-CMO 
cathode were directly used as the working electrode without any metal 
support or current collector. A Pt plate and an Hg/HgO were used as 
the counter electrode and the reference electrode, respectively. 6 m KOH 
with 1.5 m ZnO solution was used as electrolyte. For the assembly of 
the Zn–Co battery, CC-ZnO@C-Zn and CC-CCH@CMO were directly 
used for anode and cathode simultaneously in a two-electrode system. 
The all-solid-state electrolyte (6 m KOH-PVA) was prepared as follows: 
First, 3 g PVA was dissolved in deionized water (30 mL) and stirred at 
85 °C for 3 h until the solution became transparent. Afterward, 6 m KOH 
with 1.5 m ZnO solution (9 mL) was added drop by drop and stirred 
evenly to obtain gel electrolyte, then two electrodes were soaked in 
the gel electrolyte (acts as both the electrolyte and the separator). The 
electrodes were allowed to solidify under ambient conditions for 3 h 

before they were assembled face to face and packaged by heat shrink 
tube. Herein, the PVA–KOH gel was used as electrolyte and separator. 
The specific capacity of the electrode was calculated according to the 
formula: C = It/B, I is discharge current, t is discharge time, and B is area 
of electrode or mass of active materials (based on cathode). The energy 
density (E) and power density (P) of the full battery were calculated 
using the formulas: E = ∫ IV( )d /0 t t At , P = E/t, I is discharge current,  
A is mass of active materials or the whole volume of fiber-shaped device, 
V is discharge voltage and t is discharge time. EIS measurements 
were carried out by applying an AC voltage with 5 mV amplitude in a 
frequency range from 0.01 Hz to 100 kHz at open circuit potential.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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