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ABSTRACT: Flexible electronics is an emerging and
promising technology for next generation of optoelectronic
devices. Herein, hierarchical three-dimensional ZnCo,0,
nanowire arrays/carbon cloth composites were synthesized
as high performance binder-free anodes for Li-ion battery with
the features of high reversible capacity of 1300—1400 mAh g~
and excellent cycling ability even after 160 cycles with a
capacity of 1200 mAh g~'. Highly flexible full batteries were
also fabricated, exhibiting high flexibility, excellent electrical

stability, and superior electrochemical performances.
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lexible/bendable electronics is an emerging and promising
technology for the next generation of optoelectronic
devices in various applications such as rollup displays, smart
electronics, and wearable devices."™® In particular, recent
progress in the study of new inexpensive, flexible, lightweight,
and environmentally friendly energy storage devices has
triggered a gold rush for exploiting their higher perform-
ance.” > Though several kinds of flexible substrates in the
composite electrodes has been reported,” > it is still a great
challenge to fabricate highly flexible energy storage devices with
high mechanical strength and excellent electrical stability.
ZnCo,0, has been considered as an attractive candidate for
substitution of the conventional graphite anode in lithium ion
battery due to its superiorities such as improved reversible
capacities, enhanced cycling stability, and good environmental
benignity.”* >
of ZnCo,0, has been synthesized to be used as anode for Li-
ion battery with good first-cycle reversible capacity. However,

Until now, nanoparticles and porous nanoflakes

the simple structures, poor electric conductivity, and large
volume change of the ZnCo,0, nanostructures during the
electrochemical reaction led to fast capacity decrease. Very
recently, there-dimensional (3D) hierarchical architectures with
large surface areas, better permeabilities, and more active sites
have been reported with potential applications in optoelec-
tronic devices, catalysts, supercapacitors, and lithium ion
batteries.”® *° It is expected that advancements in lithium ion
battery technology can be achieved by combining both flexible
design approach and hierarchical 3D nanostructures in a
complete battery configuration.®”
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In this work, we report the synthesis of unique hierarchical
3D ZnCo,0, nanowire arrays/carbon cloth exhibiting high
capacity, excellent cycling performance, and good rate
capability. By using the hierarchical 3D ZnCo,0, nanowire
arrays/carbon cloth as both a new class of binder-free anode
and the current collectors to replace traditional 2D metal
current collectors such as copper, aluminum, highly flexible
lithium rechargeable batteries with excellent mechanical
strength and superior electrochemical performance were
fabricated, which can be used to control commercial available
LED and displays.

The 3D ZnCo,0O, nanowire arrays with high density could be
easily grown on the carbon cloth by using a facile hydrothermal
route. The mass of the nanowires were determined by cutting
the carbon cloth with grown samples into smaller pieces with
the diameter of 13 mm. Then both the carbon cloth with grown
samples and carbon cloth were weighed with a high-precision
analytical balance (Sartorius, max weight $100 mg, d = 0.001
mg) from which the exact mass of the samples was then
determined. The loading density of the ZnCo,O, active
material is calculated as 0.3—0.6 mg/cm? The growth process
was illustrated in Figure la. The structure of the as-synthesized
hierarchical ZnCo,0, nanowire arrays/carbon cloth was
characterized by the SEM technique, as shown in Figure 1.
Figure 1b clearly displays the well-established texture structure
of the ZnCo,0, nanowire arrays grown on the carbon fiber
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Figure 1. (a) Schematic illustration of the synthesis of flexible 3D
ZnCo,0, nanowire arrays/carbon cloth. Morphology characterization.
(b—e) Typical FESEM images of the ZnCo,0O, nanowire arrays
growing on carbon cloth at different magnifications. (Inset in panel b)
Photographic image of product exhibited very good flexibility and it
can be rolled up periodically with a tweezer. Scale bars, 200 ym (b); 20

pm (c); 5 pm (d); 1 pm (e).

cloth. The final product still keeps the ordered woven structure
of the carbon cloth templates (Supporting Information Figure
S1). The inset in Figure 1b shows a photographic image of the
ZnCo,0,/carbon cloth composite, exhibiting excellent flexi-
bility. It can be readily rolled up periodically with a tweezer,
making it possible for further flexible device applications.
Higher-magnification SEM images shown in Figure lc—e
provide clearer information about the final products. From
Figure lc, we can see that each ZnCo,0, nanowire arrays/

carbon composite fibers has uniform diameter of approximately
20 um. Each composite fiber composed of numerous highly
ordered novel 3D ZnCo,0, arrays with relatively high
nanowire density grown on an individual carbon microfiber,
as can be seen from Figure 1d and Supporting Information
Figure S2. Typical ZnCo,O, nanowires have uniform diameters
of about 80—100 nm and lengths of about 5 ym.

Further information about the ZnCo,0, nanowires was
obtained from transmission electron microscopy (TEM).
Figure 2a shows the low-magnification TEM image, where
nanowires with diameters of about 80—100 nm can be clearly
seen. A higher-magnification TEM image depicted in Figure
2b—d reveals that a typical ZnCo,0, nanowire is actually a
porous nanowire composed of many small nanoparticles
instead of the conventional single-crystalline nanowire. The
HRTEM image shown in Figure 2c reveals two sets of lattice
fringes with interplane spacings of 0.29 and 0.25 nm,
respectively, corresponding to the (220) and (311) planes of
spinel ZnCo,0, phase. The crystallographic structure of the
product was further analyzed by X-ray diffraction (XRD) as
shown in Figure 2e. All the diffraction peaks in this pattern can
be readily indexed as spinel ZnCo,O,, which are consistent
with the values in the standard card (JCPDS Card No. 23-
1390). Besides, the peaks at around 26 and 43° were also
observed, coming from the carbon cloth templates. The crystal
structure of spinel ZnCo,0, is demonstrated in the inset of
Figure 2e. The cubic lattice parameter, space group (Fd3m) is
evaluated by the least-squares fitting of 20 and (hkl). The
triangular pyramids (blue), octahedrons (purple), and small
spheres (red) represent Zn atoms, Co atoms, and O atoms,
respectively. Energy dispersive spectroscopy (EDS) micro-
analysis of the ZnCo,0, nanowires was shown in Figure 2f.
The entire nanostructures were found to consist of only Zn,
Co, and O elements, further indicating the formation of pure
ZnCo,0,. Energy dispersive X-ray spectroscopy mapping
shown in Figure 2g provides clearer information about the
element distribution within the nanowires, which further
confirm the formation of pure ZnCo,O, products.

The electrochemical properties of the as-synthesized
hierarchical ZnCo,0, nanowire arrays/carbon cloth electrodes
were measured by configuring them as the laboratory-based

Intensity (a. u.)

Figure 2. Phase analysis. (a—d) TEM and high-resolution TEM images of hierarchical ZnCo,0, nanowires. (e) XRD pattern of ZnCo,0,/C
composite. The inset of (e) is the crystal structure of cubic spinel ZnCo,0,. (f) The EDS microanalysis on selected areas. (g) SEM image and
corresponding EDX elemental mappings of Zn, Co, and O for the ZnCo,0,, nanowire arrays. Scale bars, 200 nm (a); S0 nm (b); 2 nm (c); S nm

).
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Figure 3. Electrochemical characterizations. (a) Typical voltage versus specific capacity profiles for the first first, second, S0th, and 100th discharge-
and charge-cycle. (b) Long-term cycling of the ZnCo,0,, nanowire arrays/carbon cloth electrode, showing the reversible capacity value of 1200 mAh
g ! after 160 cycles with Coulombic efficiency of 99%. (c) Capacity versus cycle number plot at different charging rates. (d) Coulombic efficiency
versus cycle number at various current rates. (e) Schematic representation and operating principles of rechargeable lithium-ion battery based on

ZnCo,0, nanowire arrays/carbon cloth.
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Figure 4. Schematic illustration for the fabrication of the hierarchical
3D ZnCo,0, nanowire arrays/carbon cloth/liquid electrolyte/LiCoO,
flexible lithium-ion battery. (a) Structure of the flexible Li-ion battery.
(b) Digital images of the fabricated flexible Li-ion battery.

CR2032 coin cell. The ZnCo,0,/carbon cloth as anode was
investigated versus Li metal under galvanostatic cycling
conditions at room temperature at a current rate of 200 mA
g~' in the voltage window of 0.01—3.0 V. Figure 3a shows the
voltage-capacity profiles of the as-prepared ZnCo,O,/carbon
cloth electrodes for the first, second, 50th, and 100th charge/
discharge cycles, respectively. From these curves, it can be seen
that all discharge curves exhibit a distinct plateau between 0.8
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Figure S. Electrochemical characterizations of flexible full ZnCo,0,/
liquid electrolyte/LiCoO, battery. (a) Charge—discharge curves for
first, second, 20th, and 40th cycles. (b) Cycling performance of flexible
full battery up to 40 cycles at current density of 200 mAh g™".

and 1.2 V. It should be noted that the plateau of the second,
S0th, and 100th discharge curves is slightly higher than that of
the first discharge curves, similar to previous reports.”>** The
discharge capacities of the hierarchical electrode in the first,

dx.doi.org/10.1021/nl300794f | Nano Lett. 2012, 12, 3005—-3011
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Figure 6. A flexible full battery based on ZnCo,0,/liquid electrolyte/LiCoO, displays in the practical applications and electronic stability
measurement of the flexible device. (a,b) The optical images show a light-emitting-diode (LED) lighting by a free-bending and bending battery
device. (c,d) The images reveal a mobile phone screen can be switched from the “OFF” state to the “ON” state by a device composed of ZnCo,0,/
liquid electrolyte/LiCoO,. (e) The digital photo of tuning on a mobile phone screen by a foldable battery. (f) The voltage versus specific capacity
profiles of full flexible battery before and after 30, 60, 90, and 120 cycles of bending.

second, S50th, and 100th cycles are calculated to be around
1530, 1420, 1280, and 1278 mAh g~', respectively. The
irreversible capacity loss for the first cycle may be attributed to
the formation of solid electrolyte interphase (SEI) and
reduction of metal oxide to metal with Li,O formation, which
is commonly observed for a variety of electrode materials.
Figure 3b is the discharge/charge capacities versus cycle
number of the ZnCo,0,/carbon cloth at a rate of 200 mA g~".
It clearly reveals that, except for the irreversible specific capacity
for the first discharge (1530 mAh g™'), the following charge—
discharge capacities in the measured range tended to be stable
and the value almost maintains constant in the range of about
1200—1340 mAh g~ with 99% capacity retention from 3 to
160 cycles. It is very common that the specific capacities higher
than the theoretical value were mentioned.'®*® The increasing
specific capacity for ZnCo,0,/carbon cloth electrodes may be
ascribed to the reversible growth of a polymeric gel-like film
resulting from kinetically activated electrolyte degradation.*®~*!
To further address the issue, we checked the electrodes with
TEM technique and the corresponding TEM images were
depicted in Supporting Information Figure S4, revealing a
reversible formation/dissolution of the polymer/gel-like film on
the surface of the active materials during the discharge/charge
processes. Supporting Information Figure S4a shows the
formation of the polymeric gel-like film layer with size of ~8
nm after 50th discharge and it almost disappeared after 50th
charge (Supporting Information Figure S4b). Similar results
were also founded by Tarascon et al et al.***"** No remarkable
decay was found for the ZnCo,0,/carbon cloth electrodes and
the capacity is still about 1200 mAh g~' even after 160 cycles,
indicating very good reversible capacity and cycling stability.
The steady-going reversible capacity of 1200—1340 mAh g™
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obtained here during discharge/charge reactions is as long as
160 cycles at 200 mAh g~', which is much higher and more
stable than the previously reported values for ZnCo,O,
materials.”*>® Besides, the capacity of pure carbon cloth was
also studied for comparison and the result was demonstrated in
Supporting Information Figure S3. It reveals that pure carbon
cloth exhibited quite low capacity, indicating that the capacity
of carbon cloth has almost no effect to the overall capacity of
ZnCo,0, electrodes. In addition, the columbic efliciency
between discharge and charge capacities was also studied and
the value is as high as 99% (3—160 cycles), indicating excellent
electrochemical reversibility during the lithium insertion and
extraction reactions. Considering that no ancillary materials
such as polymer binder and carbon black are used in the
present work, the present hierarchical ZnCo,0,/carbon cloth
are more suitable candidates to be used as electrodes for high
performance lithium-ion batteries.

To further confirm the excellent performance of the as-
synthesized ZnCo,0,/carbon cloth, the electrochemical
properties of the ZnCo,0,/carbon cloth were studied by
charging/discharging at different C rates ranging from 0.2 to S
C (1C = 900 mAh g'), because rate capability is another
important parameter for many practical applications of lithium
ion batteries such as electric vehicles and power tools.*> From
Figure 3c, it can be see that the capacity decreases from 1200,
920, 890, 710, and 605 mAh g_1 with increasing C-rate ranging
from 0.2, 0.5, 1, 2, to 5 C. The capacity is then reversibly back
to 1105 mAh g_l once the charging/discharging rate was set
back to 0.2 C again, revealing that almost 92% of the initial
capacity at 0.2 C was recovered. The corresponding Coulombic
efficiency of the rate capability for the ZnCo,0,/carbon cloth is
plotted in Figure 3d. Although different discharge/charge rates

dx.doi.org/10.1021/nl300794f | Nano Lett. 2012, 12, 3005—-3011
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are gradually applied, the Coulombic efficiency (>98%) is still
highly expected from our samples, which further demonstrates
the excellent battery performance of the ZnCo,0,/carbon cloth
electrode. On the basis of the above results, the excellent
cycling stability, high specific capacity, and outstanding rate
performance of the current hierarchical 3D architecture of
ZnCo,0, nanowire arrays/carbon cloth make it a promising
candidate for the anode material for Li-ion batteries and will be
favorable for immense potential application in electrochemical
energy storage. According to previous reports, the electro-
chemical process of the as-synthesized nanostructures can be
clarified as follows

ZnCo,0, + 8Li" + 8¢~ « Zn + 2Co + 4Li,0 (1)
Zn + Li" + ¢~ < LiZn 2
Zn + Li,0 < ZnO + 2Li*" + 2¢” (3)
2Co + 2Li,0 < 2Co0 + 4Li" + 4e” (4)
2Co0 + gLizo - 3c03o4 + A de

3 3 3 3 )

In order to further explain the electrochemical process, we
investigated the electrode material in the fully Li-inserted state
by using XRD technique and the corresponding XRD pattern is
shown in Supporting Information Figure SS. All the peaks in
the pattern can be indexed to Li,O, Zn, Co, and LiF,
respectively. It should be mentioned that the peaks of LiF come
from the decomposition of the electrolyte (LiPF¢) embedded in
the 3D structure in the air when doing XRD measurement. The
XRD data confirm the above proposed electrochemical process
of the ZnCo,0, based Li-ion batteries.

Figure 3e shows the schematic representation and operating
principles of the rechargeable lithium-ion battery based on the
ZnCo,0, /carbon cloth. The high capacity, excellent cycling
stability, and good rate capability can be attributed to the
unique morphology and structure of the current ZnCo,0,/
carbon cloth electrodes on the following aspects: (1) The
ZnCo,0, nanowire arrays directly grown on the carbon cloth
have an outstanding electronic conductivity because ZnCo,O,
nanowire arrays sticked tightly to the carbon cloth to form very
good adhesion and electrical contact, building up an expressway
for charge transfer. (2) The 3D configuration of the ZnCo,0,/
carbon cloth ensures the loose textures and open spaces
between neighboring nanowire arrays, thus greatly enhancing
the electrolyte/ZnCo,0, contact area, which provide ideal
conditions for facile diffusion of the electrolyte and
accommodation of the strain induced by the volume change
during electrochemical reactions, thus leading to a higher
efficiency of lithiation and delithiation under the electrolyte
penetration. (3) Elastic feature of individual nanowire within
the aligned ZnCo,0O, arrays releases the pressure imposed on
them when assembling into cells, which then prevents the
nanowire arrays from pulverization and fragmentation.44 (4)
The novel 3D array structure shortens the Li* ion diffusion
paths in the nanowires and enhances the rate capability.

The as-grown ZnCo,0,/carbon cloth exhibited high
capacity, excellent cycling stability, and good rate capability.
By using the as-grown ZnCo,0,/carbon cloth as a binder-free
anode, we further demonstrated the fabrication of flexible
lithium ion full battery here. The structure of the fabricated
flexible full battery was demonstrated in Figure 4a, which
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consists of the flexible ZnCo,0,/carbon cloth as anode, flexible
separator, the LiCoO,/Al foil as cathode, LiPF-based electro-
lyte, and flexible plastic shell. Figure 4b displays a photograph
of the final packaged full battery device, which is consistent well
with the schematic in Figure 4a. An inset image shown in
Figure 4b reveals the excellent flexible and ultrathin like a paper
teature of the device.

It is well-known that the capacity of commercial LiCoO,
cathode is 40 mAh, which is much higher than the total capacity
of the as-synthesized ZnCo,0, active materials (about 20—23
mAh). Hence, the final full batteries are anode-limited and the
specific capacity and rate of the batteries referred to the mass of
the negative ZnCo,0, electrodes. Figure Sa presents the
voltage-capacity profiles of as-prepared flexible full battery
device for the first, second, 20th, and 40th charge/discharge
cycles at a current rate of 200 mA g~ in the voltage window of
2.2—3.7 V. The corresponding charge/discharge curves present
two plateaus and the average discharge voltage is 3.4 V, which
reveals the two-stage Li ion insertion/extraction behavior. The
initial irreversible discharge capacity of the hybrid electrodes is
about 1314 mAh g™' and the reversible discharge capacity
remains stable in the following cycling, indicating good
reversibility. Figure Sb shows the cycling performance of
ZnCo,0,/LiCo0O, battery cycled between 2.2 and 3.7 V at a
current density of 200 mAh g~'. It reveals that the reversible
capacity of the flexible device maintains a nearly constant value
of approximately 1300 mAh g~' and still keeps about 96% of
the initial capacity even after 40 cycles, demonstrating the high
charge/discharge capacities and the excellent capacity retention.
In addition, Coulombic efficiency versus cycle number for this
device was also measured and it is sustained at around 97—99%.

To demonstrate its practical applications, the as-fabricated
flexible full battery was used to control a commercial green
LED and a LCD mobile display, even hand-held device, such as
Game Boy Color (see the Video Sl in Supporting
Information), as demonstrated in Figure 6a—e and Supporting
Information S6. They can be easily lightened even when the
battery was bended (Figure 6b,e). The folding endurance is an
important parameter of flexible device. Figure 6f illustrates the
typical voltage profiles of the flexible battery device by bending
it from different directions for hundreds cycles. From the
curves, it can be seen that the discharge capacities of the device
remains almost constant even after 120 cycles of bending,
revealing that the electrical stability of the fabricated flexible full
battery is hardly affected by external bending stress.

In summary, we successfully synthesized hierarchical
ZnCo,0, nanowire arrays/carbon cloth exhibiting high
capacity, excellent cycling stability, and good rate capability.
Using the flexible ZnCo,0, nanowire arrays/carbon cloth as
anode, we fabricated a highly flexible full battery with
outstanding performances in terms of capacity, rate capability,
and cycle-life. It not only ensures high and stable capability to
be operated under fully mechanical bending, but also superior
electrochemical performances over conventional electrode
architectures. Hierarchical 3D ZnCo,0, nanowire arrays/
carbon cloth as a novel class of high-performance flexible
lithium ion batteries make it possible to be directly applied in
various potential applications, such as stretchable/bendable
electronic devices, portable energy storage devices, flexible
powering sustainable vehicles, and photovoltaic devices.

dx.doi.org/10.1021/nl300794f | Nano Lett. 2012, 12, 3005—-3011
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Experimental details of device preparations, structural charac-
terizations, battery assembly, electrochemical measurements,
additional supporting data, and the video about a Game Boy
Color controlled by as-fabricated flexible lithium-ion battery.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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