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Introduction

Thanks to the efforts of Tarascon and co-workers, nanosized
transition-metal oxides have been widely studied in recent
years in search of new anode materials for Li ion batter-
ies.[1,2] This group investigated a variety of transition-metal
oxides MxOy, such as NiO,[1] Fe2O3,

[3,4] CoO,[5] CuO,[6–8]

Cu2O,[9] and Co3O4,
[10,11] as anode materials and proposed a

new mechanism of lithium interaction that is different from
the classical Li insertion/deinsertion or Li-alloying process.
This mechanism involves the reversible formation and de-
composition of Li2O, accompanied by the reduction and oxi-
dation of metal oxides. Among them, cobalt oxides (CoOx)
demonstrate the best electrochemical properties as lithium
storage materials in Li ion cells. Nevertheless, because their
initial coulombic efficiency (usually below 70%) is too low

for them to be utilized as practical anode materials for Li
ion batteries, they have not yet been commercialized. It is
commonly recognized that the formation of the solid–elec-
trolyte interface (SEI) and the incomplete decomposition of
Li2O during the first charge process may be the main reason
for the low initial coulombic efficiency.[12,13]

In our study of thin-film electrodes prepared by electro-
static spray deposition (ESD),[14–17] we recently found that
the coulombic efficiency can be increased to 87% by intro-
ducing Li2O to CoO to form a carbon-free composite-oxide
anode.[18] Li2O plays a threefold role: as a prohibitor of CoO
particle growth during synthesis, as an oxidizer for the con-
version of Co2+ into Co3+ , and as a structural buffer. Fur-
thermore, the film texture is very important: a highly porous
reticular film is better than a dense film. The substrate used
in that study was highly porous nickel foam. On the other
hand, such a reticular texture can also be obtained on a
dense substrate by ESD.[15–17] Dense copper foil is in fact the
most widely used current collector of negative electrodes in
commercialized lithium ion batteries. Herein, therefore, we
investigate the effect of the substrate as well as its electro-
chemical behavior on electrochemical performance at an
elevated temperature. We found that thin films on dense
copper substrate also showed rather good electrochemical
performance, especially at 70 8C.
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Results and discussion

Structural Analyses of CoO/Li2O Thin Films

The XRD patterns of the deposited films on Cu foil or
nickel foam are the same as those reported in refer-
ence [18], which can be indexed by the diffraction of CoO
and Li2O. Thus, under the specific ESD conditions, that is,
under ambient atmosphere and at 235 8C, the cobalt compo-
nent formed in the film was present in the form of CoO. No-
tably, only Co3O4 powder instead of CoO was obtained
when cobalt acetate was decomposed in air at 235 8C. The
difference in the decomposition product is probably due to
the presence of butyl carbitol solvent in the case of ESD. In
fact, when cobalt acetate was dissolved in butyl carbitol, the
precursor solution turned dark green (instead of pink for
Co2+ ions). This color change may imply a certain complex-
ation reaction between Co2+ and butyl carbitol, and, accord-
ingly, the low valence state (+2) was easily preserved in the
deposited films. Of course, further investigation is needed to
confirm this postulation.

Figure 1a and b shows the scanning electron micrographs
of two deposited films on Ni foam and Cu foil, respectively.
Both of them are reticular structures with 3D cross-linked
pores with a mean pore size of 10–15 mm. Clearly, the film
on the Ni foam is more porous and has a higher specific sur-
face area than that on copper foil. The SEM image at a
higher magnification (Figure 1c) shows that the reticular
structure is composed of nearly monodispersed spheres with
an average size of about 400 nm. This reticular morphology
is characteristic of ESD films.[15–20] Smyrl and co-workers
demonstrated that materials with a porous structure are ex-
cellent candidates for the design of high-performance batter-
ies.[21, 22] Hence, these reticular films are very advantageous
as electrode materials owing to their very high specific sur-
face area and good mechanical strength. Herein, all the
films of different Li/Co ratios on different substrates were
made with this reticular morphology.

Electrochemical Properties of CoO/Li2O Electrodes

As shown in our previous paper,[18] the CoO/Li2O (1:1) elec-
trode on nickel foam substrate exhibits outstanding charge–
discharge behavior. Figure 2a shows the voltage profiles of
the CoO/Li2O (1:1) electrode on Cu foil at a constant
charge–discharge rate of 0.2 C over a voltage range of 0.01–
3.0 V. The charge–discharge curves are typical for a metal-
oxide electrode with a distinct long plateau below 1 V fol-
lowed by an inclined portion down to the cutoff voltage of
0.01 V in the first discharge process. According to Tarascon
and co-workers,[23] the voltage plateau at 0.7 V is related the
CoO!Co conversion process, whereas the sloping portion

Abstract in Chinese:

Figure 1. Scanning electron microscopy (SEM) images of the surface of a
Li2O/CoO (Li/Co=1:1) composite thin film on a) nickel substrate and b)
and c) Cu foil. All films were deposited at 235 8C in air.
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down to 0.01 V is associated with the formation of predomi-
nantly a gel-like film and, in a very small fraction, an SEI
layer on the particle surface. Furthermore, Co nanoparticles
were formed during the discharge step; the other product of
this conversion is Li2O, that is, CoO+2Li!Co+Li2O.

The discharge curves for subsequent cycles were lifted
from the 0.7-V plateau of the first cycle to an inclined “pla-

teau” at around 1.0 V, and the CoO!Co conversion
became more and more inconspicuous with cycling. Mean-
while, the sloping portion down to 0.01 V, which is attribut-
ed to the formation of a gel-like film, became longer with
cycle number.

On the charge curves of these composite films (Figure 2a
herein and Figure 3a in reference [18]), there are two pla-
teaus, one from 1.0 to 2.0 V and the other from 2.0 V to
2.5 V. As Tarascon and co-workers indicated that the gel-
like film disappears when the voltage is higher than 2.0 V,[23]

the capacity associated with the charge process from 0.01 to
2.0 V can be ascribed to the gradual dissolution of the gel-
like film and the partial conversion process Co!CoO. For
the part above 2.0 V, the capacity should mainly correspond
to the Co!CoO process. Besides, there is a clear increase
in the slope of the charge curves above 2.5 V. The capacity
associated with this voltage range can be at least partially at-
tributed to the transition from Co2+ to Co3+ , because Co3O4

was detected after long-time cycling.[18] This transition can
only occur in the presence of pre-added Li2O, that is,
3CoO+Li2O!Co3O4+2Li. We believe that further oxida-
tion to Co2O3 should also be possible by a similar mecha-
nism.

It was observed that both CoO/Li2O (1:1) thin-film elec-
trodes have rather high initial coulombic efficiencies. The
film on Cu foil (Figure 2a) had an initial coulombic efficien-
cy of 81.9%, which is a little lower than the 83.6% for the
film on Ni foam.[18] Because an electrode with higher specif-
ic surface area is more accessible to the electrolyte mole-
cules,[24] the use of the film on Ni foam as the electrode en-
hances the contact between electrolyte molecules and the
electrode. Dou and co-workers[10,12] demonstrated that Ni
addition can facilitate Li2O decomposition, which is the re-
verse of the CoO!Co conversion, because of the catalytic
activity of Ni. Similarly, this mechanism is probably respon-
sible for the higher initial coulombic efficiency of thin films
on Ni foam compared with that on dense Cu foil. This rela-
tionship also holds for films of other compositions or Li/Co
ratios (Figure 2b), although maximum efficiency is attained
at Li/Co=1:1 for both series of films. Therefore, the sub-
strate made from Ni plays an important role in reducing the
initial irreversible capacity of the thin-film electrodes.

We previously reported that dense Li2O-free thin films on
Ni foam and Cu foil substrates show first-capacity losses of
31.4% and 38.2%, respectively,[18] which are much greater
than the 16.4% and 18.1% for the CoO/Li2O (1:1) thin
films here (Figure 2b). This result suggests that irrespective
of the type of substrate and thin-film morphology, the exis-
tence of pre-added Li2O in deposited films may restrain the
conversion-produced Li2O from entering the irreversible
SEI film during the first discharge process and thus increase
the initial coulombic efficiency. The cycling performances of
the CoO/Li2O (1:1) electrodes on the two different sub-
strates are compared in Figure 2c. It is obvious that the
sample prepared on Ni foam performs better than that on
Cu foil in that the former has a higher reversible capacity
(877 mAhg�1) and lower first-cycle irreversible capacity

Figure 2. Electrochemical properties of the composite CoO/Li2O (Li/
Co=1:1) films. a) Voltage profiles for CoO/Li2O thin-film electrodes on
Cu foil. The cycle numbers are indicated in the graph. b) Initial coulom-
bic efficiency of the thin-film electrodes as a function of the Li/Co molar
ratio. c) Capacity–cycle number relationship of the Li2O/CoO thin-film
electrodes/Li cells. The cells were cycled between 0.01 and 3.0 V at 0.2 C.
*=Ni foam, *=Cu foil.
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(148 mAhg�1) upon extended cycling (100 cycles). The
better performance of thin films on Ni foam is attributed to
the following. First, Ni foam has a porous structure that is
beneficial for the electrolyte to soak into active particles.
This character ensures both electronic and ionic conductivity
during the charge–discharge processes. Second, as men-
tioned above, the Ni substrate may catalyze the Li2O de-
composition during the first charge process.[10, 12] Another
beneficial factor could be the coarseness of the surface,
which strengthens the adhesion between the layer and cur-
rent collector and maintains the structural integrity of the
electrode during cycling.

To gain further understanding of the influence of the sub-
strate, the impedance spectra of the CoO/Li2O (1:1)/Li cells
on Cu foil and Ni substrate at different cycle numbers were
recorded (Figure 3). They were all obtained in a fully dis-

charged state at an open-circuit voltage of 0.01 V. The impe-
dance spectra of the cells are typical for the ESD-derived
film electrode, showing only one clear semicircle[25] in the in-
termediate-frequency range together with a small overlap-
ping arc in the high-frequency end. It is clear that the impe-
dance of the cell with the CoO/Li2O (1:1) electrode on
nickel foam is significantly less than that on Cu foil, which
can be attributed to a larger contact area in the former case.
This relationship can explain the higher capacity measured
for the electrode on Ni foam (Figure 2c). Also, the cell re-
sistance gradually decreased with an increase in cycle
number, which is presumably due to a decrease in particle
size with cycling.

Effect of the Molar Ratio of Li to Co

Figure 4 shows the evolution of the reversible capacity of
thin-film electrodes on Cu foil and Ni foam with five differ-
ent Li/Co ratios. The tested cells were all cycled at 0.2 C.
The two series on different substrates displayed a similar re-
lationship with the Li/Co ratio, although the electrodes on

Ni foam exhibited a slightly higher capacity. Irrespective of
the substrate, the capacity increased with an increase in the
Li/Co ratio; when the ratio reached 1:1, the capacity was at
a maximum of 850 mAhg�1 for the film on Ni foam and
750 mAhg�1 for the film on Cu foil. When the Li/Co ratio
was increased further, a fast capacity fading was clearly ob-
served. As discussed before, the discharge of metal-oxide
electrodes towards lithium involves two distinct processes:
the conversion between CoO and Co and the formation of a
gel-like film on the surface.[9] The first process induces a
volume variation. The second forms a gel-like film that can
restrain the nano-Co particles from aggregating and relieve
volumetric variation. In the Li2O/CoO composite electrodes,
Li2O may act as a volume buffer because it is dispersed uni-
formly in the deposited films. During the conversion process,
the volume change can be effectively absorbed by the Li2O
matrix, preventing the crumbling of the electrode and re-
taining good cyclability. Morimoto et al. obtained similar re-
sults with mechanically milled SnO/B2O3/P2O5 composites
with and without Li2O.[26] Additionally, the Li2O-loaded
electrode increases the interface between the particles and
thus more gel-like films are formed during the discharge
process.[27] As a result, the discharge capacity increases with
increasing Li2O content. However, when the Li2O loading
reaches a certain limit in the deposited electrodes, the poor
electronic conductivity of Li2O may obstruct the contact be-
tween neighboring active particles and induce a loss of elec-
trical contact between them, resulting in rapid capacity
fading.

With the optimized composition, that is, Li/Co=1:1, the
rate capability of the cells on Ni foam and on Cu foil sub-
strates was evaluated. Figure 5 shows the specific capacity of
CoO/Li2O (1:1)/Li cells as a function of charging rate. The
capacity decreased with an increase in charging rate for all
the samples, suggesting that the polarization due to the elec-
trical resistance of the electrode increases with an increase
in charging rate. Furthermore, at the same charging rate, the
electrode on Ni foam has the higher capacity. Therefore, the
increase in surface area of active materials promotes an
electrochemical lithium reaction with the composite active

Figure 3. AC impedance spectra of the CoO/Li2O (Li/Co=1:1)/Li cell at
different cycles. The cells were discharged to 0.01 V at a discharge rate of
0.2 C. The cycle numbers are indicated in the graph. The substrates were
Ni foam (*) and Cu foil (*).

Figure 4. Reversible capacity of CoO/Li2O thin-film electrodes as a func-
tion of Li/Co molar ratio. The cells were cycled between 0.01 and 3.0 V
at 0.2 C. The substrates were Ni foam (*) and Cu foil (*).
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layer, probably due to a suppression of the polarization per
unit surface area.

Effect of the Temperature

To investigate the influence of temperature on cycling per-
formance, Li2O/CoO composite films with the optimal com-
position Li/Co=1:1 on Ni foam and Cu foil were chosen.
All cells were cycled at a rate of 1 C between 0.01 and 3.0 V
at 25 and 70 8C. The cycling performances of the composite
thin-film electrodes are shown in Figure 6 and were all ex-
cellent. The capacity of the thin-film electrodes on Ni foam
was substantially higher than those on Cu foil, especially at
high temperature (70 8C). All electrodes exhibited increased
capacity upon cycling, which is a direct result of the decom-
position of the electrolyte driven by the transition-metal
nanoparticles.[27] The capacities at 70 8C were all larger than
the theoretical value (715 mAhg�1). More specifically, as
shown in the voltage profiles of cells cycled at 70 8C
(Figure 7), the sample on Ni foam (Figure 7a) increased its
capacity from 814 (2nd) to 1266 mAhg�1 (100th) at 70 8C,
which is a corresponding capacity increase of 0.56% per
cycle. The sample on Cu foil (Figure 7b) gave a slightly
lower capacity, offering 806 (2nd) to 1018 mAhg�1 (100th).

The discharge curves of both electrodes at 70 8C
(Figure 7) have a shorter plateau but longer sloping part, in
contrast to the room-temperature curves (Figure 2a). This
implies that the formation of the gel-like film is dominant
over the CoO!Co conversion at higher temperature. This
is in agreement with the opinion of Tarascon and co-workers
that the formation of the gel-like film is governed by kinet-
ics and is naturally more significant at higher tempera-
tures.[27] During the first discharge, the Co nanoparticles
form first, then the gel-like film (shell) envelopes the Co
metal (core). The gel-like film contains, among others, or-
ganic oligomer chains of poly(ethylene oxide)
((CH2CH2O)n ; n�9) with H, CH3, or C2H5 as terminal
groups. Inorganic components such as Li2CO3, ROCO2Li,
and RCO2Li are also present.[28] The organic components
contribute to reversible capacity, whereas the inorganic com-
ponents are irreversible. In a comparison of the electrodes
on the two types of substrates, the samples on Ni foam
showed better performance. We believe that the Ni sub-
strate cooperates with Co to catalyze the decomposition of
the electrolyte, resulting in the formation of more gel-like
films, thus leading to more “extra capacity”.

Finally, the capacity of the CoO/Li2O films did not rise
forever but reached a maximum after hundreds of cycles.

Figure 5. Rate capability of CoO/Li2O (Li/Co=1:1)/Li cells. The cells
were cycled between 0.01 and 3 V. The substrates were Ni foam (*) and
Cu foil (*).

Figure 6. Capacity–cycle number relationship of Li2O/CoO (Li/Co=1:1)/
Li cells at 25 and 70 8C. *=Ni foam, *=Cu foil.

Figure 7. Voltage profiles for CoO/Li2O (Li/Co=1:1)/Li cells cycled at
1 C and 70 8C. The substrates were a) Ni foam and b) Cu foil. The cycle
numbers are indicated in the graphs.
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Typically, the maximum capacity appeared after about 300
cycles at 25 8C and 150 cycles at 70 8C. Besides, as already in-
dicated in our previous paper,[18] the nickel foam substrate
may contribute to about 10% of the total capacity owing to
partial surface oxidation. This contribution to capacity was
subtracted in the data presented above. A similar compara-
tive study suggests that the Cu foil substrate does not partic-
ipate in the electrochemical reactions and hence does not
contribute to the capacity.

Conclusions

We have succeeded in fabricating highly porous reticular
Li2O/CoO composite thin films not only on dense substrate
(Cu foil) but also on porous substrate (Ni foam). The thin-
film electrodes present excellent reversible capacity despite
the absence of carbon. The molar ratio of Li to Co plays a
crucial role on the electrochemical performance of the thin-
film electrodes. The Li2O component disperses uniformly in
the CoO bulk and acts as a buffer to decrease volume
change during cycling. The addition of Li2O also helps to
improve the initial coulombic efficiency. It was found that
the optimal Li/Co molar ratio for the best electrochemical
performance is 1:1. Transition-metal-oxide electrodes form a
gel-like film on their surface during cycling. The higher dis-
charge capacity of thin-film electrodes on Ni foam suggests
that the amount of gel-like film is affected by the nature
and specific surface area of the current collector. The Ni
substrate plays a double role: it catalyzes the Li2O decom-
position during the first charge process and improves the ini-
tial coulombic efficiency, and it cooperates with the nano-
Co to catalyze the formation of the gel-like film during cy-
cling. Ni foam, with its porous structure and coarse surface
texture, has proved to be a good candidate for current col-
lectors.

Experimental Section

The films of CoO/Li2O were prepared by ESD. Details about the experi-
mental procedure are described in previous papers.[14,15] A distance of 2–
3 cm was kept between the needle and the substrate. The applied voltage
was 11–13 kV. Lithium acetate dihydrate (0.0255 g, 0.25 mmol; 99%) and
cobalt acetate tetrahydrate (0.6226 g, 0.25 mmol; 99%) were dissolved in
pure butyl carbitol (CH3 ACHTUNGTRENNUNG(CH2)3OCH2OCH2CH2OH; 50 mL) for film dep-
osition. To investigate the effect of the molar ratio of Li to Co in solu-
tion, we prepared five precursor solutions with Li/Co molar ratios of 1:4,
1:2, 1:1, 2:1, and 4:1, with the Co concentration kept constant at 0.005m.
The precursor solution was pumped through the metal capillary nozzle at
a rate of about 4 mLh�1. The nickel foam (0.2 mm in thickness, 14 mm in
diameter) or Cu foil substrate (0.1 mm in thickness, 14 mm in diameter)
were heated at 235 8C. The deposition lasted 90 min, and the mass of the
deposited layer was controlled at about 2 mgcm�2. Film deposition took
place under ambient atmosphere.

The thin films were characterized by SEM (HITACHI X-650) and XRD
(Philips X’Pert PRO SUPER with CuKa1 radiation, l=1.541 L ), and the
thin-film electrodes were assembled into coin-type cells (2032) with a Li
electrode and LB 302 electrolyte (1m LiPF6 in ethylene carbonate and di-
ethyl carbonate (EC/DEC=1:1 v/v)) in an argon-filled glove box
(MBraun Labmaster 130). Electrochemical measurements were carried

out with a battery test system (NEWARE BTS-610). They were cycled at
a c rate of 0.1–5 C in the voltage range between 3.0 and 0.01 V. The im-
pedance spectra of the cells were recorded with a CHI 604B Electro-
chemical Workstation in the frequency range of 0.01–100 kHz.
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