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ABSTRACT 
A novel class of ZnCo2O4-urchins-on-carbon-fibers matrix has been designed, 
characterized, and used to fabricate high-performance energy storage devices. 
We obtained a reversible lithium storage capacity of 1180 mA·h/g even after 100 
cycles, demonstrating the highreversible capacity and excellent cycle life of the
as-prepared samples. Tested as fast-charging batteries, these electrodes exhibited
a considerable capacity of 750 mA·h/g at an exceptionally high rate of 20 C 
(18 A/g), with an excellent cycle life (as long as 100 cycles), which are the best
high-rate results reported at such a high charge/discharge current density
for ZnCo2O4-based anode materials in lithium rechargeable batteries. Such 
attractive properties may be attributed to the unique structure of the binder-free 
ZnCo2O4-urchins-on-carbon-fibers matrix. Full batteries were also developed 
by combining the ZnCo2O4 anodes with commercial LiCoO2 cathodes, which 
showed flexible/wearable and stable features for use as very promising future
energy storage units.  

 
 

1 Introduction 

In recent years, there are growing demands for the 
next-generation lithium-ion batteries (LIBs) with both 
high energy density and high power performance for 
renewable energy storage [1–19]. LIBs power a wide 
range of electronic devices including mobile phones, 
laptop computers, and electric vehicles, etc. To date, 

high-power LIBs have proved to be more suitable 
candidates for potential green applications (hybrid 
electric vehicles (HEVs), plug-in hybrid electric vehicles 
(PHEVs), and stationary energy storage) compared to 
nickel metal hydride, alkaline, and lead–acid batteries 
because of their higher volumetric and gravimetric 
energy density. However, commercially available LIBs 
usually use graphite anodes, which have a quite low 
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theoretical capacity of only 372 mA·h/g and relatively 
poor rate capability [20]. Since the currently LIBs cannot 
satisfy the demands of future high-performance battery 
units, it remains as a significant challenge to achieve 
high-power storage devices with greatly improved 
energy and power densities. 

To meet the requirements of future fast energy 
conversion and consumption devices, one strategy  
is to find alternative anode materials with enhanced 
rate capabilities and better sustainable power delivery 
[21–25]. In particular, ZnCo2O4 is an excellent candidate 
as an anode material due to its high reversible capacity, 
long cycling life, and environmental friendliness 
[26–31]. Various approaches have been developed to 
synthesize ZnCo2O4 nanostructures—including nano-
particles, nanotubes and nanowires—in an effort to 
improve their performance. However, the low con-
ductivity of ZnCo2O4 active materials leads to excess 
performance degradation when charging/discharging 
at high current densities. Hence, there is still room to 
improve the rate capabilities of ZnCo2O4 anodes to 
satisfy the needs of high-power energy storage systems 
with high energy and power densities. 

Herein, we report the fabrication of high-power 
LIBs with self-assembled ZnCo2O4 urchins on carbon 
fibers as the binder-free anodes, which were prepared 
by growing ZnCo2O4 urchins on textured carbon 
fibers. A reversible capacity of as high as 1,180 mA·h/g 
even after 100 cycles was obtained, demonstrating the 
high reversible capacity and excellent cycle life of 
as-prepared anodes. Surprisingly, the as-synthesized 
anode electrode showed an exceptionally high rate of 
20 C (18 A/g) with the high capacity of 750 mA·h/g, 
which is much better than the best value reported  
for ZnCo2O4-based anodes. The as-prepared ZnCo2O4 
urchins-on-carbon-fibers composites were also fabri-
cated into highly flexible and stable full batteries in 
order to demonstrate their practical applications in 
flexible/portable electronics. 

2 Experimental 

2.1 Synthesis of ZnCo2O4 urchins-on-carbon-fibers 
composites 

In a typical process, 0.6 g of zinc nitrate, 1.2 g of cobalt 

nitrate, 0.6 g of urea, and a given amount of distilled 
water were mixed step-by-step under vigorous stirring. 
The mixture became a homogeneous solution with a 
pink color, and then was transferred into a Teflon- 
lined stainless steel autoclave with a volume of 60 mL. 
A piece of cleaned carbon fiber cloth was placed into 
Teflon-lined stainless, and the vessel was heated in 
an electric oven at 200 °C for 12 h. After the autoclave 
was cooled naturally to room temperature, the samples 
were collected and washed for at least three cycles 
using deionized water, and then vacuum dried at 60 °C. 
Afterwards, thermal treatment of the as-synthesized 
samples was performed at 400 °C for 2 h. 

2.2 Characterization of the samples 

X-ray diffraction (XRD, X’ Pert PRO, PANalytical B. V.) 
with radiation from a Cu target (Kα, λ = 0.15406 nm), 
field emission scanning electron microscopy (FESEM, 
JEOL JSM-6700F, 5 kV), and high-resolution transmis-
sion electron microscopy (HRTEM, Tecnai G2 20) were 
employed to characterize the as-fabricated samples. 

2.3 Battery assembly and electrochemical charac-
terization 

Electrochemical experiments were performed using 
CR2032-type coin cells with Celgard 2400 as separator 
and lithium-foil as counter electrode. A piece of 3D self- 
assembled ZnCo2O4 urchins-on-carbon-fibers electrode 
was used directly as the working electrode without 
the addition of any other ancillary materials (binder 
or carbon black). Both the carbon fiber cloth with 
loaded sample and carbon fiber cloth were weighed 
on a high-precision analytical balance (Sartorius, max 
weight 5,100 mg, d = 0.001 mg). The reading difference 
was the exact mass of the sample coated on the 
carbon fibers. The loading density of the ZnCo2O4 
active materials was calculated as 2.2–3.6 mg/cm2. The 
electrolyte was 1 M LiPF6 in a mixture of ethylene 
carbonate (EC) and diethyl carbonate (DEC) (1:1 ratio 
by volume). The cells were assembled in an argon- 
filled glovebox where water and oxygen concentrations 
were limited to below 1 ppm. CR2032-type coin cells 
were tested at various C-rates (1 C corresponding to 
about 900 mA·h/g with respect to the anode mass)  
in the voltage window of 0.01–3.0 V (vs. Li+/Li) on a  
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LAND Battery Testing System. Similarly, fully flexible 
lithium-ion batteries were assembled by sandwiching 
a Celgard 2400 membrane between a ZnCo2O4 urchins- 
on-carbon-fibers anode and a LiCoO2 cathode. The 
mass of the ZnCo2O4 samples was calculated to be 
around 18–20 mg, and the loading density of the 
ZnCo2O4 active materials was 1.6–1.8 mg/cm2. An 
aqueous solution of 1.05 M LiPF6 in ethylene carbonate/ 
diethyl carbonate (DMC) (1:1 ratio by volume) served 
as the electrolyte. The whole assembly was packaged 
in a flexible plastic bag. The electrochemical measure-
ment of these electrodes was performed on the 
LAND Battery Testing System. The electrochemical 
tests were performed between 2.2–3.7 V for complete 
anode-limited flexible Li-ion batteries at 1 C with 
respect to the anode mass on the LAND Battery Testing 
System. 

3 Results and discussion 

3.1 Synthesis and structural characterization 

ZnCo2O4 urchins were grown on textured carbon 
fiber cloth via a conventional hydrothermal approach 
by using 2 mmol of Zn2+ and 4 mmol of Co2+ source 
materials. By putting textured carbon fiber cloth   
into the reaction system, urchin-like ZnCo2O4 arrays, 
composed of radially-aligned nanowires, were found 
deposited on the cloth with very high density (Fig. 1(a)). 
During this process, it should be mentioned that the 
concentration of the source materials plays a key role 
in determining the morphology of the product. Using 
the concentration of Zn2+ as an example, only ZnCo2O4 
urchins were grown under the conditions of Zn2+ source 
materials with concentrations higher than 2 mmol, 
whilst concentrations lower than 2 mmol resulted in 
the formation of aligned ZnCo2O4 nanowire arrays, 
as shown in our previous report [31]. We also found 
that a Zn2+ concentration higher than 2 mmol is not 
good for another reason, since too many urchins 
were grown on carbon fibers at higher concentration. 
Urchins with too high a density resulted in the detach-
ment of the active materials during the subsequent 
electrochemical reaction, leading to a rapid decrease 
of the capacity of the LIBs. It is well known that during 
a hydrothermal process, source materials with higher  

 
Figure 1 (a) Construction process of ZnCo2O4-based electrodes 
by using a hydrothermal method. (b) Photographs of the com-
mercial carbon fibers before and after coating with active materials. 
(c) and (d) The as-synthesized electrodes under bending. 

concentration favor the formation of more seeds in the 
initial state, which act as the deposition sites for the 
subsequent material growth. With prolonging of the 
reaction time, more source species are adsorbed on 
the seeds and the extremely high ion concentrations 
resulted in the formation of urchins instead of nano-
wires due to the surface site limit of the carbon fiber. 
Figure 1(b) shows optical images of the carbon fiber 
cloths before and after ZnCo2O4 growth. The obvious 
color change and the final uniform color of the cloth 
indicate the uniform coating of ZnCo2O4 samples. 
Figures 1(c) and 1(d) show photographic images of a 
bent carbon fiber cloth coated with ZnCo2O4, revealing 
it still keeps a highly flexible/stretchable nature. 

Figure 2(a) shows a SEM image of the as-synthesized 
product, where we can see that the carbon fibers  
with smooth surfaces (Fig. S1 in the Electronic Sup-
plementary Material (ESM)) were uniformly coated 
with high-density samples. The higher magnification 
SEM images depicted in Figs. 2(b) and 2(c) reveal that 
the samples actually have an urchin-like morphology. 
Each urchin has a diameter of approximately 25 μm 
with numerous nanowires growing out radially from 
the center of the urchin. Figure 2(d) is a SEM image of 
a single urchin, where the radially-grown nanowires 
were found to have diameters of about 80–100 nm. 
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Figure 2(e) shows the XRD pattern of the as-synthesized 
product, confirming the formation of pure spinel 
ZnCo2O4 (JCPDS Card No. 23-1390). The crystal struc-
ture of spinel ZnCo2O4 is demonstrated in Fig. 2(f). The 
yellow, purple, and green spheres represent Zn, Co, and 
O atoms, respectively. Further information about the 
ZnCo2O4 urchins was obtained transmission electron 
microscopy (TEM). Figures 2(g) and 2(h) are TEM 
images taken from the as-synthesized ZnCo2O4 urchins, 
where radially grown nanowires can be easily seen 
protruding from the center of an urchin. The higher 
magnification TEM image shown in Fig. 2(i) reveals that 
typical ZnCo2O4 nanowires with diameters of about 
80–100 nm have porous structures and are composed 
of numerous small nanocrystals. Figure 2(j) is a HRTEM 
image taken from a single porous nanowire. The 
clearly resolved lattice fringe spacing was calculated to 
be about 0.23 nm, corresponding to the (311) planes 
of spinel ZnCo2O4. 

3.2 Electrochemical characterization 

To investigate the electrochemical performance of  

the as-synthesized ZnCo2O4 urchins grown on carbon 
fibers, they were configured as CR2032-type coin cells. 
Galvanostatic charge/discharge tests were performed 
to investigate the lithium insertion/extraction behavior. 
Figures 3(a) and 3(b) show the voltage profiles of the 
ZnCo2O4-based electrodes for the 1st, 2nd, 10th, and 
100th charge/discharge cycles in a voltage window  
of 0.01–3.0 V at the rates of 0.2 C and 5 C (1 C = 
900 mA·h/g), respectively. From the voltage profiles, 
it can be seen that all discharge curves exhibit distinct 
plateaus between 1.0 and 1.2 V. The discharge capa-
cities for the first cycle at 0.2 and 5 C are 1,310 and 
1,350 mA·h/g, respectively, higher than the theoretical 
capacity for ZnCo2O4 (900 mA·h/g). According to pre-
vious reports, this can be attributed to the irreversible 
reactions which are commonly observed for such 
anode materials [26, 28, 30–32]. After the 1st cycle, the 
following charge/discharge curves tended to be stable, 
illustrating the electrochemical reactions have gradu-
ally proceeded into the cycle stages [32]. Figure 3(c) 
shows the cycling performance at 0.2 C rate for the  
ZnCo2O4-based electrodes. The curves clearly reveal 

 
Figure 2 (a)–(d) FESEM images, and (e) XRD pattern of the synthesized ZnCo2O4 urchins grown on carbon fibers. (f) Schematic 
illustration of the crystal structure of ZnCo2O4. (g)–(i) TEM images and (j) HRTEM image of the ZnCo2O4 urchins. 
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that the as-synthesized ZnCo2O4-based electrodes 
delivered improved reversible discharge capacity at 
0.2 C and the capacity still remains at 1,180 mA·h/g 
even after 100 cycles, demonstrating the high reversible 
capacity and excellent cycle life. Figure S2 (in the 
ESM) shows the SEM image of the samples cycled at 
0.2 C after 50 cycles. From the image, we can see that 

although some cracks were observed for the electrodes, 
the urchin-like structures were still retained quite well, 
further proving the stability of the electrodes after 
cycling tests. Since the contribution of the carbon fibers 
to the capacity is negligible (Fig. S3 in the ESM), the 
total capacity is primarily attributed to the capacity 
of the loaded active ZnCo2O4 material. In addition,  

 
Figure 3 Discharge/charge profiles of the ZnCo2O4-urchins-on-carbon-fibers electrodes at the current densities of (a) 0.2 °C and (b) 
5 °C. (c) Cycling performance of the electrodes at 0.2 °C over 100 cycles and their corresponding columbic efficiency (CE). (d)
Charge/discharge capacities vs. cycle number for the electrodes at the high rates of 5 °C and 20 °C over 100 cycles. (e) Schematic
illustration of the operating principles of a rechargeable lithium-ion battery based on the ZnCo2O4 electrodes. 
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the columbic efficiency between the discharge and the 
charge capacities of the samples at 0.2 C is higher than 
98%, indicating excellent electrochemical reversibility 
during the lithium insertion and extraction reactions. 

The rate capability of the ZnCo2O4-based electrode 
was further studied by imposing higher discharge rates. 
Figure 3(d) shows the discharge capacities versus cycle 
number at the high rates of 5 C (4.5 A/g) and 20 C 
(18 A/g) in the voltage window of 0.01–3 V. At a rate of 
5 C, the reversible discharge capacity still reached up to 
approximately 900 mA·h/g, which is much larger than 
that of commercially used graphite (372 mA·h/g) even 
at the high current density. Surprisingly, an exceptional 
high specific capacity was obtained for the current 
ZnCo2O4-based electrode even at a high rate of 20 C. 
As shown in Fig. 3(d), a specific capacity of as high as 
750 mA·h/g was obtained at 20 C (18 A/g) over 100 
cycles. The value still retained 83.3% of the theoretical 
capacity for ZnCo2O4 active materials. To date, this  
is the best high-rate result reported under such high 
charge/discharge current densities without the addition 
of any other ancillary materials (carbon black or binder) 
for ZnCo2O4 anode materials in lithium rechargeable 
batteries. This shows that the ZnCo2O4-urchins-on- 
carbon-fibers electrodes are promising candidates for 
various potential applications, such as electric vehicles 
(EV), HEV, and flexible/portable electronic devices. 

3.3 Analysis of electrode-matrix merits 

The operating principles of the ZnCo2O4-urchins-on- 
carbon-fibers electrodes are shown in Fig. 3(e). By 
virtue of their structural features, urchin-like structures 
can yield more “V-type” channels than randomly 
distributed nanowires or aligned nanowire arrays, 
which facilitate ion/electron transport inside active 
materials, diffusion of the electrolyte, and sufficient 
contact area between the electrolyte and the active 
electrodes in a short time for fast energy storage accor-
ding to previous reports [31, 33, 34]. Besides, for the 
current ZnCo2O4-urchins-on-carbon-fibers electrodes, 
ZnCo2O4 urchins were found grown tightly on the 
highly conductive carbon fibers, which are beneficial 
to the insertion/extraction of Li+ because of the very  
good adhesion and electrical contact between them, 

and also shorten the charge transfer pathway and 
lower the exchange resistance for lithium ions between 
active functional materials and electrolyte [32–38], 
thus enhance the rate capability of these electrodes to 
a large extent. All the above effects will undoubtedly 
make it possible to achieve the observed high rate 
capability and excellent cycling stability of the ZnCo2O4 
electrodes with their unique urchin-like architecture. 

3.4 Stability and flexibility measurements 

Recently, flexible electronics has received increasing 
attention because it enables new classes of future app-
lications, such as flexible displays, electronic textiles, 
and many other portable consumer electronic devices. 
Even though current developments in rechargeable 
batteries have moved towards thinner, lighter, and 
cheaper solutions, numerous existing energy-harvesting/ 
storage devices are still too bulky, heavy, and inflexible 
for flexible electronics applications. As we demon-
strated above (Fig. 1), the as-grown ZnCo2O4-urchins- 
on-carbon-fibers have excellent flexibility, which makes 
them suitable candidates for flexible electronics. In this 
part, we demonstrate the fabrication of highly flexible 
full batteries by using the as-grown ZnCo2O4/carbon 
composite electrode as a binder-free anode. Figure S4 
(in the ESM) displays a schematic illustration of the 
assembly of a flexible thin full battery with a thickness 
of about 0.6 mm. The battery consists of LiCoO2/Al 
foil (cathode), separator, liquid electrolyte, ZnCo2O4 
urchins-on-carbon-fibers (anode), and aluminum– 
plastic film. In the full battery, the capacity of the 
commercial LiCoO2 cathode (~40 mA·h) is much higher 
than the total capacity of the ZnCo2O4 active materials 
(about 18 mA·h). This means that the full batteries are 
anode-limited and the specific capacity and rate of 
the batteries refer to the mass of the loaded ZnCo2O4 
electrodes [31, 39, 40]. Figure 4(a) shows the cycling 
performance of the flexible full battery in the voltage 
window 2.2–3.7 V at 0.2 C, showing a reversible 
capacity value of 1,172 mA·h/g after 50 cycles with a 
coulombic efficiency of approximately 99%, further 
confirming the excellent electrochemical performance 
of the as-fabricated ZnCo2O4-urchins-on-carbon-fibers 
electrodes. To further demonstrate the flexibility and  
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stability of the flexible full battery, we checked the 
performance of the flexible device by bending it  
with different bending angles and bending cycles. 
Figures 4(b) and 4(c) show the corresponding results 
after proceeding with 50 cycles as shown in Fig. 4(a). 
From Fig. 4(b), we can see that the reversible capacity 
of the flexible device remains almost when the device 
was bent by 30°, 60°, 90°, 120°, or 180°. Moreover, 
Fig. 4(c) illustrates that the capacity of the devices 
after being bent for different numbers of cycles (50, 
100, 150, 200, and 250 cycles), also remains almost 
constant. These results indicate the high flexibility, 
good folding strength, and electrical stability of the as- 
assembled flexible energy storage devices. Figure 4(d) 
shows the corresponding potential profiles of the full 
battery for its 1st, 2nd, 10th, and 50th galvanostatic 
charge/discharge cycles in the voltage window of 
2.2–3.7 V at the rate of 0.2 C. The initial irreversible 
discharge capacity of the electrodes is about 1,175 
mA·h/g and the reversible discharge capacity remains 
stable in the following cycles, indicating good rever-

sibility and good matching characteristics between the 
anode and cathode electrodes in the complete battery 
system. To further investigate to the rate capability of 
our samples, the various rates were increased from 
0.1 C for 10 cycles, stepwise to 0.2 C for 10 cycles, 2 C 
for 10 cycles, 5 C for 10 cycles, then back to 0.1 C for 
10 cycles; the corresponding specific capacity loss was 
negligible, as shown in Fig. 4(e). Thus, these electrodes 
exhibit a high rate performance in the full batteries 
even at very fast lithium ion insertion–extraction 
speed, which is in agreement with the excellent rate 
results of the above half-cells based on these ZnCo2O4 
electrodes. Self-discharge property is a very important 
parameter for energy storage devices. The self- 
discharge property of the flexible full battery was 
studied and the corresponding result is demonstrated 
in Fig. 4(f), which shows the potential profile of the 
flexible full battery up to 680 h. From the plot, it can be 
seen that the average potential remains almost 2.75 V 
over 680 h, indicating extremely low self-discharging 
rate and steady electrical capability. 

Figure 4 (a) Cycling performance and the corresponding coulombic efficiency; capacity variation as a function of (b) bending angle 
and (c) number of folding cycles; (d) the corresponding voltage profiles; (e) the rate performance at various current densities; (f) 
self-discharging characteristics of as-assembled flexible full battery based on ZnCo2O4 urchins-on-carbon-fibers composite electrodes.
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3.5 Feasibility of devices 

With the features of excellent flexibility, stable and 
ultra-high electrochemical performance, and ultra-thin 
thickness, the as-fabricated energy storage devices 
could, in principle, be integrated with clothes or bags 
for practical flexible/portable potential applications. 
Figure 5(a) shows a photograph of a flexible full battery 
integrated on a T-shirt, which can easily light a com-
mercial light-emitting diode (LED). The performance 
did not show any degradation even when the device 
was transferred onto the curved sleeve of clothes, as 
shown in Fig. 5(b). Similar results were also obtained 
when integrating the flexible full battery into a travel 
bag, as shown in Figs. 5(c) and 5(d). This confirms that 
the flexible battery can be easily integrated to meet the 
increasing requirements of future wearable/portable 
energy storage devices by virtue of its features of space 
saving (ultra-light/ultra-thin properties), maximized 
flexibility (transferability and wearable devices),  
and excellent mechanical stability under bending. 
Figure 5(e) shows four lighting Nixie tubes powered 
by the flexible battery, making up a pattern of “HUST”, 
the logo of Huazhong University of Science and 
Technology. It should be noted that the brightness of 
the Nixie tubes is hardly affected by external bending 
stress, further confirming the good electrical stability 
of the fabricated flexible battery. 

 
Figure 5 (a)–(d) Optical images of a flexible/ultra-thin Li-ion 
battery transferred onto daily clothes and travel bag, showing its 
future wide wearable/portable electronic applications. (e) A 
flexible lithium-ion battery lighting four Nixie tubes, showing the 
logo of “HUST”. 

4 Conclusions 

Advanced rechargeable LIBs have been successfully 
fabricated by using hydrothermally synthesized 

ZnCo2O4-urchins-on-carbon-fibers structures as the 
binder-free anodes. An extremely high capacity of 
750 mA·h/g was obtained at very high charging rate 
of 18,000 mA/g (20 C), which corresponds to 83.3% of 
the theoretical capacity for ZnCo2O4 active materials. 
A highly flexible full battery was also fabricated  
with good electrical stability under fully mechanical 
bending. This can be easily integrated with clothes  
or bags to meet the requirements for daily uses. Our 
strategy here makes it possible to directly assemble 
high-power LIBs by designing new nanostructured 
electrodes. Besides, fully flexible devices also allow the 
material to be directly applied in various fields, such 
as wearable/stretchable electronic devices, high-power 
sustainable vehicles, and next-generation flexible 
energy storage devices. 
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