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a b s t r a c t

Three-dimensional Li2O–NiO–CoO composite thin-film electrodes deposited on stainless steel substrates
were synthesized by the electrostatic spray deposition (ESD) technique at 240 and 295 ◦C. The morphology
of the composite was investigated by scanning electron microscopy. X-ray diffraction indicated that the as-
deposited films are composites of Li2O, NiO and CoO. The effects of the solvent used to dissolve the starting
materials on the morphology and electrochemical performance of the thin-film electrodes were also
eywords:
i2O–NiO–CoO composite
hin-film
etwork structure
ate capability
ithium-ion batteries

investigated. It was found that the as-deposited thin-film electrodes exhibited a high reversible capacity
(>800 mAh g−1 when cycled between 0.01 and 3 V at a cycling rate of 0.5 C), good capacity retention,
and outstanding rate capability. The superior electrochemical performance may have resulted from the
combination of the very porous structure and the three-dimensional network of the as-deposited thin-
film electrodes, which contributed to a high surface area, favoured lithium-ion diffusion, and formed a
stable integral structure. The thin-film electrodes could be promising anodes for use in high power and
high energy density lithium-ion batteries.
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. Introduction

Lithium-ion batteries are widely applied as the power source of
hoice for mobile devices and are required for applications in hybrid
lectric vehicles [1]. Anode materials currently used or under inves-
igation include various kinds of carbon, novel alloys, transition

etal oxides, nitrides, etc. [2–8]. It is essential to improve the rate
apability (ability to deliver capacity at high current rates) and
yclic behavior of anode materials to meet the constantly increas-
ng demand for high performance lithium-ion batteries. Transition

etal oxides, such as CoO, NiO, Co3O4, and CuO), which exhibit
eversible capacities about three times larger than those of graphite
t a relatively low potential, are the most appealing and competitive
aterials for lithium-ion batteries [9]. However, the disadvantages
f their high initial capacity loss and poor cycling performance
estrict their application as anode materials for lithium-ion batter-
es [10]. To improve electrode capacity, cycling performance, and
ate capability, some studies have proposed the synthesis of mate-
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ials with a three-dimensional network structure that have high
urface area and good ionic conductivity, as well as being free of
inder and inert conductive agents [11–13].

Electrostatic spray deposition (ESD) is a unique method to cre-
te dense or porous films [11]. It has been used for the preparation
f particles of metal oxides since the middle of the 1990s. It was
eported that the morphology of the deposited layer can be influ-
nced by the physical and chemical processes involved in the ESD
14–16]. Such processes include spray formation; droplet trans-
ort, evaporation, and disruption; preferential landing of droplets;
ischarge, droplet spreading, penetration of droplet solution, and
rying; surface diffusion; and reactions [17]. Some unique films,
uch as with a reticular porous [11] structure, and nanofibers [18]
an be obtained by the ESD method. It was found that thin-films
f some synthesized compounds with these unique morphologies
isplayed significantly better electrochemical performance. The
tructures of as-prepared thin-films, and hence their electrochem-
cal properties, can be easily controlled by varying the deposition
onditions [19].
Recently, binary Ni–Co oxides have been developed as
lternative electrode materials for supercapacitors, and their elec-
rochemical properties in terms of the oxygen evolution reaction
OER) have also been widely studied in an alkaline medium [20].
ynergistic electrocatalytic behavior has been found and depends

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zguo@uow.edu.au
dx.doi.org/10.1016/j.jpowsour.2008.10.107
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Fig. 1. XRD patterns of composite using ethanol/butyl carbitol (top) and glyc-
erol/butyl carbitol (bottom) as solvent.
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Fig. 2. SEM images of Li2O–NiO–CoO composite thin-film anode: (a and b) using glyc
urces 189 (2009) 566–570 567

n the composition of the oxides [21]. However, only a few studies
ave been reported on their electrochemical properties as anode
aterials for lithium-ion batteries.
In this study, Li2O–NiO–CoO composite thin-films with a porous

etwork structure were synthesized by the ESD technique. Li2O was
ntroduced here to suppress aggregation of the active materials [19].
he effects on the morphology and electrochemical performance
f the as-prepared thin-films due to the solvent used for dissolving
he starting materials were investigated. The initial capacity of the
hin-films from the ethanol/butyl carbitol solution can be up to
288 mAh g−1, and the reversible capacity, was above 900 mAh g−1

fter 25 cycles, after cycling between 0.01 and 3 V at a cycling rate of
.5 C. The thin-films showed excellent capacity retention and rate
apability.

. Experimental

Preparation of precursor solutions: lithium acetate dihydrate
Sigma, Australia) was used as the lithium source. Nickel acetate
etrahydrate (Aldrich, Australia) and cobalt acetate tetrahydrate
Sigma–Aldrich, Australia) were used as the sources of nickel and
obalt. These materials were dissolved in a solvent composed of
thanol anhydrite (15 vol.%; Ajax Finechem), or glycerol (15 vol.%;
ldrich, Australia), combined with diethylene glycol butyl ether

85 vol.%; Dow Chemical Company) under stirring. The concentra-
ions of Ni2+ and Co2+ were 0.005 mol L−1. The concentration of Li+

as 0.01 mol L−1.
The equipment for the ESD has been described in many previous

orks [8]. The films were deposited on stainless steel substrates,
hich were heated to 240 ◦C for ethanol/butyl carbitol and 295 ◦C

or glycerol/butyl carbitol, respectively. The precursor solution was
umped at the speed of 2 mL h−1 through a metal needle. A distance
f 3.5 cm was maintained between the needle and the substrate.
n 18 kV dc voltage was applied between the tip of the needle

nd the substrate to generate the spray of the precursor solution
nder ambient atmosphere. The weights of films were from 0.1 to
.0 mg. The weight of the film depended on the duration of spray.
he area of the thin-films is 0.8 cm2, which is controlled by putting
stainless steel sheet with a hole of 0.8 cm2 on top of the substrate.

erol/butyl carbitol as solvent; (c and d) using ethanol/butyl carbitol as solvent.
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SEM (Fig. 5), and it was found that the three-dimensional net-
work structures were maintained for both thin-film electrodes.
However, by comparison with those SEM images before cycling,
little cracks can be found on the films, some texture structures
68 P. Zhang et al. / Journal of Po

The morphology of the deposited films was investigated by scan-
ing electron microscopy (SEM) (JEOL JSM-6460). X-ray diffraction
XRD) analysis was conducted on a Philips 1730 X-ray diffractome-
er using Cu K� radiation (� = 1.54056 Å) with a 2� range from 10◦

o 80◦.
The electrochemical behavior of the test materials was exam-

ned via CR2032 coin cells with a lithium metal counter electrode.
elgard 2700 membrane separator and an electrolyte of 1 M LiPF6,
issolved in a mixture of ethyl carbonate (EC) and dimethyl car-
onate (DMC) (1:1 in weight ratio), were also used in the cells in
his experiment. The cells were assembled in an argon-filled glove
ox (Mbraun, Unilab, Germany). Charge-discharge measurements
ere carried out at ambient temperature on a multi-channel bat-

ery cycler with a voltage cut-off of 0.01/3.0 V versus Li/Li+.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the as-deposited
i2O–NiO–CoO thin-film electrodes, which could be identified as
CoO.5NiO. The two diffraction patterns exhibit very broadened
iffraction peaks, indicating that the thin-films are nanocrystalline
r amorphous, which is an expected result from the low deposi-
ion temperatures (240 ◦C for ethanol/butyl carbitol and 295 ◦C for
lycerol/butyl carbitol solution, respectively).

Fig. 2 shows SEM images of the Li2O–NiO–CoO thin-film elec-
rodes synthesized from glycerol/butyl carbitol (Fig. 2(a and b))
nd ethanol/butyl carbitol solution (Fig. 2(c and d)), respectively.
hin-films from glycerol/butyl carbitol solution show a three-
imensional network structure with uniformly monodispersed
ound pores. The size of the pores is in the range of 2–3 �m. From
he SEM image at higher magnification, it can be observed that
he “grids” consist of sub-walls, which are approximately 200 nm
n thickness, and sub-holes, which are around one micrometer in
iameter. For the thin-films from ethanol/butyl carbitol solution,
he film texture is significantly different. A three-dimensional net-
ork structure with belt-like crossovers was formed. The holes

re not uniform, and the belts are less than one micrometer in
hickness. The combination of the very porous structure and the
hree-dimensional network structure of both thin-film electrodes
ould deliver a high surface area, favour ion diffusion during the

eaction with lithium, and form a stable integral structure, which
ould deliver high capacity, good capacity retention, and excellent
ate capability, as demonstrated by the discharge/charge results
elow.

The voltage profiles of the electrochemical cells containing
i2O–NiO–CoO/Li are shown in Fig. 3. The first discharge delivered
specific capacity of 1070 and 1288 mAh g−1, respectively, for the

hin-films from glycerol/butyl carbitol and ethanol/butyl carbitol
olutions. Both values are significantly higher than the theoreti-
al capacity, if only the 3CoO·5NiO component is active. The extra
apacity is likely related to the reversible formation and decom-
osition of a polymeric gel-like film formed on the surface of the
oO–NiO during discharge/charge cycling [22,23]. The existence
f the Li2O component in the thin-film electrodes may prohibit
he growth of both CoO and NiO [19], thus creating a high surface
rea for the active materials, which contributes to the high specific
apacities of the thin-film electrodes. The discharge capacity of the
omposite thin-film electrodes at a 0.5 C cycling rate exhibits no
bvious capacity drop during the first 25 discharge/charge cycles,
lthough there is capacity fluctuation (Fig. 4), which may be caused

y the testing instruments. In contrast to what has been observed
n other work [12,19], there is also no obvious capacity increase
uring discharge/charge cycling. The thin-films from ethanol/butyl
arbitol solution show a higher specific capacity compared to those
eposited from glycerol/butyl carbitol. The morphology of the thin-

F
b
c

ig. 3. Discharge/charge curves of the Li2O–NiO–CoO composite thin-film elec-
rodes cycled between 0.01 and 3 V versus Li+/Li at a cycling rate of 0.5 C: (a) using
lycerol/butyl carbitol as solvent; (b) using ethanol/butyl carbitol as solvent.

lms after 25 discharge/charge cycles was also investigated using
ig. 4. Cycling behavior of the Li2O–NiO–CoO composite thin-film electrodes cycled
etween 0.01 and 3 V versus Li+/Li at a cycling rate of 0.5 C: (©) using glycerol/butyl
arbitol as solvent; (�) using ethanol/butyl carbitol as solvent.
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ig. 5. SEM images of Li2O–NiO–CoO composite thin-film anode after 25 discharge/ch
arbitol as solvent.

n the grids disappear, and the grids become smoother. These
henomena may be the reason for the different electrochemical
ehavior when compared to the published results from Chen’s
roup [12,19].

Fig. 6 shows the reversible capacity of the Li2O–NiO–CoO com-
osite thin-film electrodes as a function of the cycling rate (0.1–5 C).
oth thin-film electrodes also show excellent rate capability. The
pecific capacity reached 482 and 612 mAh g−1 for the thin-film
lectrodes from glycerol/butyl carbitol and ethanol/butyl carbitol
olutions, respectively, when discharged/charged at a 5 C rate
Fig. 5). The difference in the rate capabilities for the two kinds

f thin-film electrodes originates from the difference in their mor-
hology, which induces different surface area and impedance [19].
he high capacity, the good cycling performance, and the excellent
ate capability indicates that these thin-film electrodes are promis-

ig. 6. The reversible capacity of the Li2O–NiO–CoO composite thin-film electrodes
s a function of the cycling rate (0.1–5 C): (�) thin-film using glycerol/butyl carbitol
s solvent; (©) thin-film using ethanol/butyl carbitol as solvent.
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ycles: (a and b) using glycerol/butyl carbitol as solvent; (c and d) using ethanol/butyl

ng candidate anodes for lithium-ion batteries for high-power
pplications such as electric vehicles or hybrid electric vehicles.

. Conclusion

Herein, we report a feasible synthesis of thin-film electrodes
ith three-dimensional network structures by a convenient ESD
ethod. SEM measurements showed that porous network struc-

ures with different film textures could be obtained by using
ifferent solvents. The as-deposited thin-film electrodes show a
igh reversible capacity, good capacity retention, and outstand-

ng rate capability. The specific capacity reached 612 mAh g−1 for
he thin-film electrodes from ethanol/butyl carbitol solution when
ischarged/charged at a 5 C rate.
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