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Abstract Close packed ZnO nanoparticles on carbon
cloth were synthesized by repeating a facile hydrothermal
route in this study. After characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM), the
obtained ZnO cloth was further studied for the applications
in lithium (Li)-ion batteries (LIBs) and dye-sensitized solar
cells (DSSCs). When ZnO cloth annealed at 400°C for 2 h
were used as anodes of LIBs, it exhibited high capacity of
600 mAh/g and outstanding cycling capability without
significant fading after 130 cycles. Moreover, it was also
found that our electrodes displayed good stabilities under
various humidity and temperature. Furthermore, the
obtained composites were calcined at higher temperature
(800°C) to remove carbon and white pure ZnO cloth was
formed. We transferred the as-formed ZnO cloth to
fluorine-doped tin oxide (FTO) substrate to make
DSSCs, exhibiting an improved efficiency of around
0.38% assisted by TiCl4 treatment.

Keywords lithium-ion batteries (LIBs), dye-sensitized
solar cells (DSSCs), ZnO nanoparticles, carbon cloth, facile
hydrothermal route

1 Introduction

Over the past few years, great attentions have been paid to
the high-performance energy-storage and energy-conver-
sion devices because of the growing energy crisis and
environmental problem [1–4]. As an important energy-
storage device, lithium (Li)-ion batteries (LIBs) have
attracted worldwide attentions because they acted as the
main power for various applications ranged from mobile
devices to electric vehicles (EVs)/hybrid electric vehicles

(HEVs) [5–8]. Also, as one promising device for
inexpensive, large-scale solar energy conversion, dye-
sensitized solar cells (DSSCs) have attracted a great deal of
interest, as they offer high energy-conversion efficiencies
at low cost [9–11]. However, for most of the electrodes for
LIBs and DSSC, the existing large part of the electro-active
materials surface which is invalid and blocked from the
contact with the electrolyte would greatly decrease the
conductivity of the electrode, leading to the gradually
performance degradation of LIBs or the low conversion
efficiency of DSSC [12–14]. Besides, rapid electron
transport and shortened ion diffusion path would be
favorable for lithium storage, and rapid electron transport
and increased electron diffusion length would be beneficial
to increasing the DSC dye loading [5,15]. Therefore,
fabricating novel binder-free electrodes with fast electron
transport and shortened ion diffusion path or increased
electron diffusion length are eagerly desired for high-
performance LIBs or DSSC.
It is well-known that the performances of the energy-

storage or energy-conversion devices depend largely on
the structures of the electrodes and the active materials
[16,17]. Among the available active materials, nanostruc-
tured metal oxides have always been regarded as very
appealing candidates for LIBs and DSSC because of wide-
spread availability, intrinsically enhanced safety and low
processing cost [8,18]. Among which, higher theoretical
capacity of 978 mAh/g than graphite (372 mAh/g) and
similar bandgap (3.37 eV) with TiO2 (theoretical capacity
is 335 mAh/g), Zinc oxide (ZnO) has already attracted a
great deal of interest of researchers to study its perfor-
mance in LIBs and DSSC [19–21]. However, as an anode
for LIBs, nanostructured ZnO electrode suffer from the
low electronic conductivity and the loss of electrical
contact arising from the volume expansion during the
charge-discharge process which result in capacity degrada-
tion and poor cycling performance [22,23]. Besides,
nanostructured ZnO-based DSSCs exhibit low cell effi-
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ciencies than TiO2 nanoparticle-based DSSCs, mainly due
to the recombination of injected electrons [24]. Although
many efforts have been made to improve the electro-
chemical performance of the ZnO based energy-storage
and energy-conversion devices, few attempts are suc-
ceeded.
Herein, we successfully fabricated three dimensional

ZnO nanostructures by growing ZnO nanoparticles on
flexible carbon cloth with high conductivity, and it was
directly used as the integrated binder-free electrode for
LIBs, which delivered superior electrochemical properties
including high specific capacity of 600 mAh/g, excellent
stability up to 130 cycles without significant capacity
declining fading compared to previous reported [22,25].
The excellent electrochemical performance can be attrib-
uted to the enhanced electron transport, shortened ion
diffusion path, and the enhanced electro-active surface of
the active materials. Furthermore, the electrochemical
performances of the batteries were also evaluated at
various temperature and humidity stage for their practical
applications. As demonstrated, the battery exhibits insen-
sitive to humidity, but increased capacity with the rise of
temperature and remains excellent stability at each
temperature stage ranged from 20°C to 50°C, while too
high temperature may give rise to the performance
degradation. The ZnO microtubules assembled cloth can
be obtained after the ZnO@carbon (C) cloth was annealed
at 800°C for 5 h, which can be employed as the
photoanode of DSSCs, exhibiting cell efficiencies of
0.31%, and 0.38% after TiCl4 treatment. The results are
superior to many other structural ZnO film because of the
increased electron transport and electron diffusion length
of the ZnO cloth assembled by criss-crossed ZnO
microtubules [11].

2 Experimental materials and methods

2.1 Preparation of ZnO cloth

Flexible ZnO cloth assembled by nanoparticles has been
synthesized in our groups, previously [26]. Here, by
repeating the same process twice, close packed ZnO cloth
was prepared. Then, the obtained ZnO cloth composites
were calcined at different temperatures for possible
applications in LIBs and DSSCs, respectively. Specifically,
the ZnO cloth was annealed at 400°C for 2 h and used as
the anodes of LIBs. And the composites were calcined at
higher temperature (800°C) to remove carbon and then
transferred to fluorine-doped tin oxide (FTO) substrate to
make the DSSCs. It is reasonable because calcining at
800°C to remove carbon is convenient for DSSCs
preparation [11], and annealing at 400°C to keep carbon
cloth can enhance the stability of the specific capacity of
ZnO, as carbon cloth is more stable for LIBs.

2.2 Fabrication of LIBs

The ZnO cloth, used as the working electrodes, was cut
into circular plates (diameter: 8 mm) and placed at the
central of anode consumable. After several drops of
electrolyte consisting of 1 mol/L LiPF6 in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1 by
volume) were added into, the Celgard 2400 was applied as
separator to cut off the direct contact of working electrode
and counter electrode (Li metal foil), followed by counter
electrode, flat gasket and shrapnel stacked in order. The
samples were assembled in an argon-filled glove box with
the CR 2032 coin cells, and the cells were aged for about
20 h to ensure the electrodes and the membrane fully
wetted by the electrolyte.

2.3 Fabrication of DSSCs

The DSSCs device was assembled according to the
following routes. First, the as-synthesized ZnO powder,
ethyl cellulose, ethanol and terpineol with a certain
stoichiometric ratio were grinded to prepare the ZnO
paste in the mortar. After the ZnO paste as binder was
coated onto FTO substrate, a piece of pure ZnO cloth (1 cm
� 1 cm) was transferred onto the paste. Second, the device
was calcined at 500°C for 30 min to remove the organics,
with the heating and cooling at speed of 1°C/min. Finally,
the device was dipped in TiCl4 solution (40 mmol/L) 5
times) for post-treatment at room temperature, then
annealed again in air at 500°C for 30 min and subsequently
sensitized in N719 ethanol solution for 6 h. These dye-
loaded electrodes were assembled into solar cells with Pt-
sputtered FTO counter electrodes and filled with electro-
lyte composed of DMPII (1.0 mol/L), LiI (0.1 mol/L), I2
(0.12 mol/L), and 4-tert-butylpyridine (4-TBP) (0.5 mol/L)
in methoxypropionitrile. The schematic structure of the
device has been given in Fig. 1.

2.4 Characterizations

The composition and morphology of the materials were
characterized by X-ray diffraction (XRD) and field
emission scanning electron microscopy (FE-SEM, 6301).
The discharge-charge cycling performances of the cells

Fig. 1 Schematic structure of ZnO cloth based DSSCs
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were tested on a computer program controlled battery test
instrument (LAND CT2001A). An electrochemical work-
station (CH1706D) is used to collect the cyclic voltam-
metry (CV) curves and electrochemical impedance.
Temperature and humidity programmable chamber (CZ-
A-401) was used in the stability test to control the relative
humidity and temperature. Photocurrent and electroche-
mical impedance measurements were done under AM 1.5
G conditions and with Autolab (AUT84315) respectively,
with automatic data acquisition. Incident photon to current
conversion efficiency (IPCE) was measured by an IPCE
testing system (Newport).

3 Results and discussion

3.1 Morphology and structure characterization of ZnO cloth

X-ray powder diffraction (XRPD) was used to characterize
the composition and structure of the products. Figure 2(a)
shows XRPD patterns of products heat-treated at various
temperatures. The materials collected without annealing
show the peaks of C and ZnO, beyond that organics peaks
can be also detected at 16° and 29.7°. The peaks of
materials calcined at 400°C for 2 h are well matched with
the standard values of ZnO (JCPDS No. 36-1451), except
the information of C and ZnO, no other peaks could be
detected. And we can clearly see from the curves that ZnO
cloth after calcination owns good crystallinity and high
purity compared to the not annealed sample. Furthermore,
there are no peaks of carbon when annealed at 800°C for
5 h, which further demonstrate the carbon cloth substrate
has been successfully removed. The morphology of the
products was studied by using SEM. Figures 2(b) and 2(c)
shows the low-magnification and high-magnification SEM
images of ZnO cloth that calcined at 400°C for 2 h
respectively. It is obvious that the ZnO nanoparticles are
adhesive to each other together to form a compact film with
rough surface after calcining, which can enhance the
electrochemical active-surface and ensure the fast electro-
nic transmission in the active materials, and then improve
the specific capacity and rate capability when used as the
electrode for lithium storage. Figures 2(d) – 2(f) present the
SEM images of ZnO cloth, the hollow tubular structure of
ZnO cloth further showed we have succeeded to remove
the substrate of carbon cloths, the SEM results are matched
with the XRPD patterns.

3.2 ZnO cloth as LIB anode

The electrochemical performances of our ZnO-based coin
cells CR2032 were investigated in the potential range of
0.01–3V. Figure 3(a) shows the CV curves of ZnO cloth
electrodes for the first three discharge-charge cycles at 0.5
mV/s. From the curves, we can clearly see that there is only
one peak at the discharge process in the first cycle, which

corresponds to the reduction of ZnO, the formation of Li-
Zn alloy and solid electrolyte interphase (SEI) layer. Three
oxidation peaks at 0.79, 1.46 and 2.59 Vare observed at the
following charge curve. Two peaks at 0.79 and 1.46 V are
ascribed to the multi-step dealloying process of Li-Zn
alloy, and the last peak (2.59 V) corresponds to conversion
of Zn to ZnO [27,28]. After the first cycle, the second cycle
almost overlaps with the third one, showing high
reversibility of electrode reaction.
The galvanostatic discharge-charge curves were used to

further show the Li-storage performance of the as-prepared
ZnO cloth assembled devices. The results of first three
cycles of the cells at a current density of 200 mA/g and a
voltage between 0.01 and 3 V were depicted in Fig. 3(b).
The first discharge and charge capacity are 1450 and 1067
mAh/g respectively, which are both higher than the
theoretical capacity for ZnO-based anodes (978 mAh/g).
What’s more, in the first discharge (delithiation) process, it
exhibits a distinct and long plateau at 0.5 V, and is followed
by a sloping curve down to the cutoff voltage of 0.01 V,
which may be contributed to the formation of SEI and Li-
Zn alloy reaction [20,21]. Moreover, we can see that the
plateau only appears at the first cycle, because the
reduction of ZnO to form Li2O and Zn is irreversible.

Fig. 2 (a) XRPD patterns of ZnO products at various annealing
temperature; (b) and (c) SEM images of ZnO@C cloth annealed at
400°C for 2 h; (d) and (e) SEM images of ZnO cloth calcined at
800°C for 5 h; (f) ZnO cloth photo
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The discharge capacities of the 2nd and rd cycles are 1050
and 900 mAh/g, respectively. And the corresponding
regions in the charge curves attributed to the lithiation
reaction can be also observed.
Additionally, the as-prepared ZnO cloth based electro-

des exhibit extraordinary cyclability and stability, as
evidenced in Fig. 3(c). It is encouraging to see that the
capacity keeps at about 600 mAh/g without significant
fading from 10 cycles to 130 cycles, the excellent
electrochemical performance can be attributed to the
enhanced electron transport, shortened ion diffusion path,
and the enhanced electro-active surface of the active
materials. Furthermore, the ZnO cloth electrodes have high
coulombic efficiency of nearly 100%, which is better than
that previously reported [20,21,27].
Various discharge-charge rates of these electrodes were

also measured to evaluate their wonderful rate-perfor-
mance, as shown in Fig. 3(d). The average specific
capacities are 824, 600, 510, 300, 420 and 330 mAh/g at
the current densities of 100, 200, 300, 500 and 800 mA/g
respectively, and finally 770 mAh/g corresponds to the low
current density 100 mA/g. Less than 7% capacity is lost
after the different current densities cycled of discharge-

charge process, which indicates the good reversibility of
the integrated electrodes. Though the capacity gradually
lost with the current rate increasing from 200 to 800 mA/g,
at every single current density, the specific capacities keep
excellent stability.
To evaluate the feasibility of these cells, these electrodes

were cycled at the various humidity and temperature.
Figure 4 (a) represents the influence of humidity on the as-
assembled cells. Although humidity is changed from 50%
to 90%, the capacity is still a stable value (around 540
mAh/g) at room temperature, with high coulombic
efficiency (nearly 100%) [29]. We further explored the
affection of temperature on the cells at a constant humidity
of 50%, and the relevant curves are shown in Fig. 4(b).
With temperature range from 0°C to 60°C, it is not

difficult to find that Li-ion storage performs better at high
temperatures than at low ones due to the increased internal
resistance, which leads to the reduced capacity of Li-ion
batteries [30–33]. However, as the temperature was up to
60°C, the capacity has serious decline, which suggests that
though operating a battery at elevated temperatures
momentarily improves performance by lowering the
internal resistance and speeding up the chemical metabo-

Fig. 3 Electrochemical characterization of ZnO-based half cells at the potential range from 0 to 3 V. (a) CV curves at a scan rate of 0.5
mV/s for the initial three cycles; (b) discharge-charge curves at the current density of 200 mA/g; (c) cycling performance at current density
of 200 mA/g; (d) rate capacities at various current densities
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lism, there still has a deadline that cells will be destroyed in
such conditions.
To probe the kinetic properties of the ZnO cloth based

LIBs, we took the electrochemical impedance spectro-
scopy (EIS) measurements, and the results of non-cycled
and 50th cycle are shown in Fig. 5(a). The equivalent
circuit model of the studied system is also shown in
Fig. 5(b) according to the works reported by others [34–
36]. Rs represents the internal resistance of the test battery,
Rf and CPE1 are associated with the resistance and
constant phase element of the SEI film, Rct and CPE2 are
correlated with the charge-transfer resistance and constant
phase. As shown in Fig. 5(a), the first semicircle in the
high-frequency region is correlated to Li-ion diffusion
through the SEI layer, the second semicircle in the middle-
frequency region represents charge-transfer resistances
(Rct), which corresponds to the charge transfer resistance
and interfacial capacitance between the electrode and
electrolyte, and the slopping line in the low-frequency
region is related to solid state diffusion of Li-ion in the bulk
electrode. The fitted impedance parameters are listed in
Table 1. It can be seen that the SEI film resistance Rf and
charge-transfer resistance Rct of the non-cycled are 6.71

and 36.41Ω, which are significantly lower than those of
50th cycle (7.03 and 63.29Ω). From the result, we can
conclude that the inside of cells has been changed after
cycled compared with the non-cycled, the same results
have been reported before [37–39].

3.3 ZnO cloth as the active material of DSSCs electrode

To comprehensively understand the features and applica-
tions of the as-prepared ZnO materials in the field of
energy storage and conversion, further we used ZnO cloth
as electrodes of DSSCs to exploit the property of ZnO
cloth in energy conversion, after we investigated the
performance of ZnO-based lithium-ion battery for energy
storage.
Solar cells with electrodes without and with surface

treatment of TiCl4 were measured under the AM 1.5 solar
simulator with an illumination intensity of 100 mW/cm2.
The photocurrent density-voltage (J-V) characteristics of
DSSCs are presented in Fig. 6(a). The resultant photo-
voltaic parameters are summarized in Table 2, and the
relationship between performance parameters for the solar
cells, such as open-circuit voltage (Voc), short-circuit
current density (Jsc), fill factor (FF), maximal power output
(Pin) and conversion efficiency (η) can be expressed as the
following equation:

ηð%Þ ¼ ðJsc � Voc � FFÞ=Pin � 100:

Fig. 4 Cycle performance of the battery (a) in different relative
humidity (RH) at 20°C with a current density 200 mA/g; (b) in
various temperatures at a constant humidity of 50% under the
current density of 200 mA/g

Fig. 5 (a) Impedance plots of ZnO at different cycling stages;
(b) equivalent circuit model of the studied system. Z′: real part of
impedance; Z′′: image part of impedance; Zw: Warburg impedance
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And all the cell performance parameters could be gained
from the J-V curves. As reported TiCl4 solution surface
treatment is beneficial to increase the amount of adsorbed
dye, enhance electron transport properties and restrain
charge recombination so that it can optimize the cell
performance [40]. The results of Table 2 shows that, in
comparison with the untreated sample, the DSSC after
TiCl4 post-treatment garnered the improvements of 3.03%,

6.38%, 9.62% at Voc, Jsc and FF value respectively. This
directly gives rise to conversion efficiency η enhanced
about 22.58%.
To obtain more information about the performance of

ZnO based DSSCs, IPCE spectra were tested and the
results are shown in Fig. 6(b). It is seen that the TiCl4 post-
treated devices exhibit superior IPCE values compared to
the devices build on the TiCl4 untreated one. The IPCE
value at 530 nm for the post-treated DSSC was 1.2%,
which was higher than the untreated one of 1.06%. As we
know, IPCE is determined by light-harvesting efficiency of
the dye, electron injection efficiency, and charge collection
efficiency, which can be affected by the morphology and
surface area of the photoanode to a certain degree [41,42].
Since TiCl4 treatment can modify the surface of photo-
anode, enhance dye anchoring ability and own much faster
charge transport path, the electron injection efficiency of
TiCl4 post-treated devices were remarkably enhanced
[19,40].
To further clarify the internal resistance and electron

transfer kinetics of DSSCs fabricated with ZnO photo-
anodes. The EIS was measured at Voc under dark. In
general, three semicircles will be found in the Nyquist
plots in DSSCs, while only two cycles were observed
obviously in our experiments due to the poor electrical
contact [41,42]. The semicircles at high and low
frequencies represent the electrochemical reaction resis-
tance at Pt counter electrode and charge transfer resistance
at the ZnO/dye/electrolyte interface respectively. We
define the high frequency region’s resistance as RPt and
the low frequency part is Rct, which have been analyzed by
the equivalent electrical circuit presented in the inset figure
of Fig. 7. And it can be seen that the RPt values of TiCl4
untreated and treated samples are 1890 and 2250Ω
respectively. The CPt value of TiCl4 post-treated cell is
72.1 μF/cm2,which is 10 times more than the Cct value of
untreated one of (7.2 μF/cm2). According to the formula τ =
RC, the TiCl4 post-treated photoanode has a longer
electron lifetime of 162 ms than that of the untreated one
(13.6 ms). The results suggest that the electrons in treated
photoanode can travel a farther distance before being
captured by recombination centers than those untreated
ones.

Table 1 Fitting results of Nyquist plots using the equivalent circuit

sample Rs/Ω Rf/Ω CPE1 Rct/Ω

T P

fresh 0.699 6.71 3.11E – 5 0.719 36.41

after 50 cycles 1.281 7.03 2.44E – 5 0.763 63.29

Fig. 6 (a) Photocurrent-voltage curve of DSSCs based on ZnO
cloth with and without TiCl4 post-treatment under AM 1.5 solar
simulator; (b) IPCE spectra of TiCl4 treated and untreated

Table 2 Photovoltaic parameters of DSSCs made by ZnO cloths electrodes with and without TiCl4 treatment

photoanode Voc/V Jsc/(mA$cm–2) FF/% η/%

untreated 0.66 0.94 0.52 0.31

TiCl4-treated 0.68 1.00 0.57 0.38
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As a consequence, we designed a new photoanode
structure for DSSC, and the device performance can be
further improved because of the increased electron
transport and electron diffusion length of the ZnO cloth
assembled by criss-crossed ZnO microtubules, which was
controlled by the TiCl4 post treatment. So we carve out a
new way to explore the application prospect of ZnO cloth
as DSSC and have seen the silver linings about it for
energy conversion.

4 Conclusions

In summary, ZnO cloth composites were fabricated via a
facile hydrothermal approach. These ZnO cloth matrix can
be directly used as binder-free anodes for LIBs, the as-
assembled devices exhibited high capacity, excellent
stability and long cycling life. After initial 10 cycles, the
stable specific capacity always keep at about 600 mAh/g
over 130 cycles. Besides, we also investigated the
influence of humidity and temperature on these cells,
they are not sensitive to the humidity but temperature can
decide the destiny of capacity. Similarly, considering the
novel approach of removing carbon textiles in this
composite, we obtained unique ZnO cloth as photoelec-
trodes for high-performance DSSC with efficiency (up to
0.38%). The above results suggest that such ZnO cloth
architecture is greatly potential candidate for next genera-
tion high-performance energy-storage and energy-conver-
sion units, which opens up a novel class of ZnO-based
optoelectronic devices.
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