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1. Introduction
Rechargeable lithium-ion batteries are currently the technology
of choice for portable electronic devices [1,2]. As one of the most
important power supplies for micro-systems, thin-film lithium-ion
batteries are of interest for important applications in a variety of
consumer and medical products [3,4]. As one of the most promis-
ing anode materials [5–11] for such batteries, Co3O4, with a high
theoretical capacity of 890 mAh g−1, has been fabricated into thin
films by various deposition methods, which include electrochem-
ical deposition (ECD) [12,13], pulsed laser deposition (PLD) [14],
sol–gel processing [15], electron beam evaporation [16], and radio
frequency (RF) magnetron sputtering [17]. Among these methods,
electrochemical deposition is a very convenient technique that
forms nanostructured thin films with lower cost and higher per-
formance at room temperature. Using electrochemical deposition,
Liu and Yen [13] prepared Co3O4 thin-film electrodes for use in
Li-ion batteries. These delivered an initial discharge capacity of
1930 mAh g−1 and a capacity of 500 mAh g−1 after 50 cycles. The
reason for this high capacity is still not clear and has still to be con-
firmed. Furthermore, there has been no report on controlling the
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in films are electrodeposited by controlling the concentration of Co(NO3)2

ts, and then sintered at 300 ◦C for 3 h. The as-prepared thin films are char-
analysis (TGA), X-ray diffraction (XRD), and scanning electron microscopy

asurements show that the highly porous Co3O4 thin film with the highest
c surface area (68.64 m2 g−1) yields the best electrochemical performance
orous film and with a non-porous film. The highest specific capacity

obtained from the thinnest film with Co3O4 loaded at rate of 0.05 mg cm−2.
ates that electrode morphology is one of the crucial factors that affect the
lectrodes.

© 2008 Elsevier B.V. All rights reserved.

morphology of the Co3O4 thin film prepared by electrochemical
deposition.

In this study, porous Co3O4 nanostructured thin films are pre-
pared by controlling the parameters of electrochemical deposition
on nickel sheets from Co(NO3)2 aqueous solution, that is then fol-
lowed by sintering at 300 ◦C for 3 h. Electrochemical measurements

show that the porous Co3O4 thin film formed from large nanoflakes
gives the best performance, including high capacities and long cycle
life, due to the high porosity and high electrochemically active sur-
face area.

2. Experimental

Co3O4 thin films with different morphologies, namely, a porous
film formed from large nanoflakes (Sample 1) (Fig. 1(a) and (b)),
a porous film formed from small nanoflakes (Sample 2) (Fig. 1(c)
and (d)), and a non-porous film with a smooth surface (Sample
3) (Fig. 1(e) and (f)), were prepared by galvanostatic electrochem-
ical deposition at a current density of 1.0 mA cm−2 in 0.025, 0.1
and 0.0125 M Co(NO3)2, respectively, which was then followed by
a heat-treatment at 300 ◦C for 3 h. Prior to electrodeposition, as
working electrodes, nickel sheets were polished to a smooth sur-
face, using successively finer grades of SiC paper, washed with
distilled water, then ethanol, and finally dried in an air stream.
Platinum foil was used as a counter electrode. The different con-
centrations of Co(NO3)2 solution were used as electrolytes. As
precursors, Co(OH)2 thin films were prepared by means of a gal-
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deposition at a current density of 1 mA cm−2 in 0.025 M (a and b), 0.1 M (c and d), and
s are all 1 �m.

nanoflakes of about 30–40 nm in thickness and less than 1 �m in
length. The thickness of the Sample 2 film is only 1.5 �m, which
indicates a much higher density and less porosity than Sample 1,
due to the similar mass of Co3O4. SEM images of Sample 3 are pre-
sented in Fig. 1(e) and (f). From the former SEM, it can be seen that
Sample 3 has the smoothest surface. The cross-sectional SEM image
(Fig. 1(f)) shows that Sample 3 is of high density with a non-porous
structure.

The thermostability of the product in air was studied by means
of TGA analysis, shown in Fig. 2, and XRD patterns were used to
characterize the intermediate products heated to different temper-
atures, as shown in Fig. 3(A) off and Fig. 3(B) on the substrate.
The TGA results show a two-step weight-loss curve from 30 to
150 ◦C and from 150 to 400 ◦C. Both steps are characterized by
XRD, as shown in Fig. 3(A). From 30 to 150 ◦C, the main weight-loss
Fig. 1. SEM images of as-prepared Co3O4 thin films produced by electrochemical
0.0125 M (e and f) Co(NO3)2, followed by heat-treatment at 300 ◦C for 3 h. Scale bar

vanostatic technique at a current density of 1 mA cm−2 for 10 min.
The possible reactions on the cathode electrode reported previ-
ously [18] are given in Eqs. (1)–(3). The porous Co(OH)2 nanoflake
thin films thus prepared were washed in de-ionized water three
times, allowed to dry in air, and then heat-treated at 300 ◦C in air
for 3 h:

NO3
− + H2O + 2e− = NO2

− + 2OH− (1)

NO3
− + 7H2O + 8e− = NH4

+ + 10OH− (2)

Co2+ + 2OH− = Co(OH)2 (3)

The morphology and microstructure of the as-prepared Co3O4
thin films were characterized by X-ray diffraction (XRD) (GBC
MMA 017), scanning electron microscopy (SEM) (JEOL JEM-3000),
and thermogravimetric analysis (TGA) (TA 2000 Thermoanalyzer).
Electrochemical measurements, which included charge–discharge

test, cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS), were obtained with a Neware battery test system
and a CHI 660b electrochemistry workstation in conjunction with a
three-electrode electrochemical cell. The electrochemical coin cell
(CR 2032) contained samples on a Ni foil as the working electrode,
a lithium foil as counter electrode and reference electrode, porous
polypropylene as the separator, and 1 M LiPF6 in a 50:50 (v/v)
mixture of ethylene carbonate and dimethyl carbonate (MERCK
KgaA, Germany) as the electrolyte. The cells were galvanostati-
cally charged and discharged in the range of 0.01–2.0 V at constant
current densities of 100, 200, and 400 mA g−1.

3. Results and discussion

Fig. 1(a) shows an SEM image of Sample 1, which was formed
from large nanoflakes of about 20–30 nm in thickness and several
micrometers in length, whereas Fig. 1(b) shows a cross-sectional
SEM image of Sample 1. It can be seen that Sample 1 has a total
thickness of around 3 �m and a highly porous structure formed by
nanoflakes which cross and connect with each other. Fig. 1(c) and
(d) displays SEM images of Sample 2, which was formed from small
Fig. 2. TGA curve of as-obtained Co(OH)2 films prepared by electrochemical depo-
sition at heating rate of 5 ◦C min−1 from 30 to 800 ◦C in air.
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Fig. 3. XRD patterns of as-electrodeposited Co(OH)2 films (A) off the substrate: air-dried
substrate: air-dried (a) and heat-treated at 300 ◦C for Sample 1 (b), Sample 2 (c), and Sam

arises from the evaporation of physically adsorbed water, and this
is responsible for the similar XRD patterns (Fig. 3(A)) between the
sample that was only air-dried and the one that was heat-treated
at 150 ◦C, which indicates the same amorphous Co(OH)2 structure.
From 150 ◦C, Co(OH)2 starts to transform into Co3O4. In the temper-
ature range from 150 ◦C to approximately 400 ◦C, the weight-loss
for the whole process is theoretically calculated to be 13.6% from
Eq. (4), in comparison with the experimental value of 19.9%, due to
the evaporation of water which might be inside the pores:

6Co(OH)2 + 2O2 = 2Co3O4 + 6H2O (4)

Fig. 4. Cyclic voltammograms of Sample 1 (a), Sample 2 (b) and Sample
(a) and sintered at 150 ◦C (b), 300 ◦C (c), and 400 ◦C (d) in air for 3 h, and (B) on the
ple 3 (d).

After sintering for 3 h at 300 ◦C, a satisfactory yield of poly-
crystalline Co3O4 is obtained and is indexed as a cubic phase
of Co3O4 (ICDD-JCPDS card no.: 42-1467) with lattice constants
a = b = c = 8.0837 Å, as evidenced from the XRD pattern shown in
Fig. 3(A-c). The similar broad peaks from 20◦ to 35◦ originate from
the glass substrate of the XRD sample holder. Fig. 2(B) shows the
XRD patterns of Co3O4 thin films with different morphologies on
the substrate after sintering for 3 h at 300 ◦C. There are only Co3O4
peaks, excluding the two peaks from the Ni substrate, which shows
that the substrate is not oxidized after sintering. In addition, Sam-

3 (c) at scan rates of 0.1 mV s−1 for first, second and fifth cycles.
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ple 1 exhibits the best crystal structure among the samples, despite
the low intensity and weak crystallinity.

Fig. 4 displays cyclic voltammograms of Samples 1–3 at a scan
rate of 0.1 mV s−1 between 0.0 and 3.0 V. The reactions between
lithium and Co3O4 have been reported previously [7,8] and are
expressed in Eqs. (5)–(7). In the first cycle, a maximum cathodic cur-
rent peak at about 0.6 V and two main anodic peaks at 1.0 and 2.2 V
reveal the different steps of the extraction process. The intensities of
the cathodic peaks decrease in subsequent scanning cycles, due to
the irreversible reaction (5) and the formation of a solid electrolyte
interface (SEI) film. The intensities of the initial cathodic peak are

in an order of ISample 1 > ISample 2 > ISample 3, indicating that the initial
discharge capacities should be in the same order. From the second
to fifth cycle, the intensities of the cathodic peaks (around 0.6 V) of
Sample 1 remain the same, showing the best cycle stability among
the samples. One pair of quasi-reversible redox peaks is observed at
around 0.6 and 1.05 V after the first cycle, so the charge–discharge
range was chosen from 0.01 to 2.0 V for performance testing.

Initial discharge (lithiation):

Co3O4 + 8Li+ + 8e− → 3Co + 4Li2O (5)

Charge (de-lithiation):

Co + Li2O → CoO + 2Li+ + 2e− (6)

Discharge (lithiation):

CoO + 2Li+ + 2e− → Co + Li2O (7)

Typical discharge–charge curves of the Co3O4 thin-film elec-
trodes in Li-ion coin cells are shown in Fig. 5. The main reason for
the existence of the initial irreversible capacity for anode mate-

Fig. 5. Typical charge–discharge curves of Sam
ources 182 (2008) 359–364
Fig. 6. Cycle life of Sample 1 (a), Sample 2 (b) and Sample 3 (c), at current density
of 100 mA g−1.

rials is the formation of a solid electrolyte interface film, which
forms on the surface of the anode material during the first discharge
from 1.2 to 0.2 V [19,20]. As for Co3O4, the irreversible reaction (5)
from Co3O4 to Co metal also contributes to the irreversible capacity
[8,21]. The initial and second discharge capacities for Samples 1, 2
and 3 are 1129 and 812 mAh g−1, 1090 and 770 mAh g−1, and 1079
and 625 mAh g−1, respectively. The retention of capacity for Sam-
ples 1, 2, and 3 is 71.9, 70.6, and 57.9%, respectively. Sample 1 shows
the highest discharge capacities and highest retention of capacity,
in good agreement with the CV tests.

Fig. 6 presents the effect of cycling on the Co3O4 films at a cur-
rent density of 100 mA g−1. After 50 cycles, Sample 1 maintains
406 mAh g−1, which corresponds to about 36% of initial discharge
capacity and about 50% of second discharge capacity, while Samples

ple 1 (a), Sample 2 (b) and Sample 3 (c).
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Table 1
Specific capacities of large nanoflake porous Co3O4 films (Sample 1) with different
masses of Co3O4 obtained by controlling the time of electrochemical deposition with
different charge–discharge rates

Mass of Co3O4

(mg cm−2)
Current density
(mA g−1)

Specific capacity (mAh g−1)

Initial 2nd 10th 20th 50th

0.05 100 1430 863 605 568 513
0.15 100 1291 840 577 542 453
0.31 100 1129 811 540 502 406
0.31 200 931 722 503 465 351
0.31 400 826 664 445 421 318

2 and 3 only yield 218 and 158 mAh g−1, respectively. The capacity
loss (CL) is in the order of CLSample 1 < CLSample 2 < CLSample 3. Thus,
the morphologies affect not only the discharge capacity, but also
the cycleability of Li-ion batteries. Porous and nanostructured films
show the highest capacity and the best cycle life.

By controlling the time of electrochemical deposition (while the
other conditions were the same as for Sample 1), porous Co3O4
nanoflake thin films with different masses of Co3O4 were prepared;
the specific capacities of the different masses of Co3O4 and dif-
ferent charge–discharge rates are summarized in Table 1. It can
be seen that the thinnest film shows the highest specific capacity
and the best cycle life. After 50 cycles, the thin film with a Co3O4
mass of 0.05 mg cm−2 delivers a specific capacity of 513 mAh g−1,
which is similar to the result reported by Liu and Yen [13]. At a
higher current density (400 mA g−1) for both charge and discharge,
the porous Co3O4 nanoflake thin film still yields a higher initial

specific capacity of 826 mAh g−1 and also a relatively higher capac-
ity of 318 mAh g−1 after 50 cycles. These findings demonstrate a
significantly higher rate of charge–discharge performance.

The electrochemically active specific surface area (SE, m2 g−1)
can be calculated from the specific capacitance of the electro-
chemical double layer (Cdm, F g−1), by means of the relationship
SE = Cdm/Cd, where Cd is the capacitance of the electrochemi-
cal double layer, with a constant value of 20 �F cm−2. The value
of Cdm can be obtained from electrochemical impedance spec-
tra at low frequency (0.01 Hz) in accordance with the equation
Cdm = (2�fmZImg)−1, where f (Hz) is the frequency, m (g) is the mass
of the active materials, and ZImg (�) is the imaginary part of the
impedance. The EIS were obtained over a frequency range from
1 MHz to 0.01 Hz at 3.2 V (vs. Li/Li+), because there is no electro-
chemical reaction between lithium and Co3O4 above 3.0 V [13,14].
The Bode plots from the impedance spectra of Samples 1, 2 and 3
are shown in Fig. 7, indicating the relationship between Cdm and f.
From the spectra, it can be seen that the value of Cdm for Sample 1 is
13.7 F g−1, which is the highest among the samples. The calculated
values of SE for Samples 1, 2 and 3 are listed in Table 2. Sample 1
exhibits the highest electrochemically active specific surface area

Fig. 8. SEM images of Co3O4 thin films after charge–discharge over 50 cycles
Fig. 7. Bode plots from impedance spectra of Samples 1, 2 and 3 at 3.2 V (vs. Li/Li+).

Table 2
Electrochemically active specific surface area (SE) calculated from EIS

f (Hz) Cdm (F g−1) SE (m2 g−1)

Sample 1 0.01 13.73 68.64
Sample 2 0.01 8.00 40.01
Sample 3 0.01 2.87 14.37

(68.6 m2 g−1), which is consistent with SEM observations. That is,
the large nanoflakes form the most porous Co3O4 films (Sample

1) which have the highest electrochemically active specific surface
area. This is also the reason why Sample 1 shows the best electro-
chemical performance, including the highest capacity and the best
cycle life.

After 50 charge–discharge cycles, the Co3O4 thin films were
taken out of the coin cell. Fig. 8 gives the SEM images after cycling
for (a) Sample 1, (b) Sample 2 and (c) Sample 3. Compared with
the SEM images shown in Fig. 1, which were taken before cycling,
the morphologies of three samples have all changed. For Sample
1, although some of the large nanoflakes have collapsed, there are
still some smaller nanoflakes which can maintain the porous struc-
ture. Sample 1 exhibits the best cycle life due to benefitting from
the preservation of the porous structure. For Sample 2, the pores
became small, and some pores were even blocked. This is why
the capacities keep falling. For Sample 3, it appears that the elec-
trochemical reaction occurs only on the surface of the electrode,
because there are some small and thin nanoflakes formed on the
surface of electrode compared with the smooth surface shown in
Fig. 1(e). The electrolyte is not able to penetrate the deeper mate-
rials, so the capacity will naturally be the lowest one.

for (a) Sample 1, (b) Sample 2 and (c) Sample 3. Scale bars are all 1 �m.
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4. Conclusions

Porous Co3O4 nanostructured thin films are electrodeposited
by controlling the concentration of Co(NO3)2 aqueous solution on
nickel sheets, and then sintered at 300 ◦C for 3 h. The electrochemi-
cal measurements show that the porous Co3O4 thin film formed
from large nanoflakes has the highest electrochemically active

specific surface area (68.64 m2 g−1) and shows the best electro-
chemical performance, including the highest capacity and longest
cycle life, due to the porous nanostructure, compared with the
other two films, one less porous and the other non-porous. The
pores and nanostructures of Sample 1 show little change after 50
cycles. The highest specific capacity of 513 mAh g−1 after 50 cycles
is obtained from the thinnest film, with Co3O4 loaded at the rate
of 0.05 mg cm−2. This method could also be used to improve the
electrochemical properties of other metal oxides for lithium-ion
batteries.
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