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a b s t r a c t

Cobalt oxide (CoO) thin film was prepared by the calcination of its precursor (Co(OH)2) electrodeposited
in the Co(NO3)2 and NaNO3 aqueous solution. The characteristics of Co(OH)2 and CoO were analyzed by
SEM, FTIR and XRD, respectively. The FTIR analysis revealed that the cobalt hydroxide was of the form
�-Co(OH)2, which could be converted to �-type by immersing in KOH solution. The pure CoO could be
obtained by calcining �-Co(OH)2 at a temperature greater than 500 ◦C in high purity N2 atmosphere.
Increasing the run number for electrodepositing �-Co(OH)2 from 2 to 6, the weight of �-Co(OH)2 and CoO
decreased from 0.913 and 0.700 mg to 0.750 and 0.525 mg due to the decrease in the pH of the electrolyte
eywords:
obalt hydroxide
obalt oxide
hin film
nodic material
ithium battery

with the run number. The grain size of CoO decreased from 12.88 to 6.98 nm by decreasing the pH for
preparing �-type precursor from 3.30–3.14 to 2.82–2.71. The morphologies of CoO and �-type precursor
found from the SEM images were to be nano-fibrillar structures. Using CoO synthesized by calcining �-
Co(OH)2 electrodeposited at pH 3.30–3.14 as the cathode, the maximum discharge capacity of Li/CoO coin
cell was obtained to be 1589.4 mAh g−1. The irreversible discharge capacity of the Li/CoO coin cells at the
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. Introduction

Lithium-ion battery has been considered as a promising power
ource for modern electronics due to its highest energy density
mong commercial rechargeable batteries. The commonly used
nodic material in the lithium-ion battery is a carbonaceous com-
ound because of its low cost and high operational voltage. Though
he capacity can be improved significantly by the development
f highly disordered carbonaceous compounds [1,2], the capac-
ty is still unsatisfied, especially for the thin-film Li-batteries. The
igh specific capacity is obtained upon using metal alloys [3–8]
nd metal oxides [9–12] as the anodic materials of lithium-ion
attery. Using metal alloys as anodic materials, the decrease in
he specific capacity with cycle number due to the pulverization
roblems associated with the large change of volume during the
harge/discharge cycle is still a problem that needs to be solved
3,13]. Metal oxide, such as SnO2, is developed to overcome the
arge volume change between the lithiated and lithium-free host.
he reversible specific capacity of SnO2 with good cycle stability is

ound to be 600 mAh g−1 [9]. However, a large irreversible capacity
n the first cycle due to the formation of Li2O prevents the commer-
ialization of tin oxides [13]. In recent years, Co3O4 [14–18] and
arious vanadates [19–22] are also used as the anodic materials in
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the following activation cycles.
© 2008 Elsevier B.V. All rights reserved.

ithium-ion batteries. The relative higher reversible specific capac-
ties are found in these materials, however, the large irreversible
apacity in the first cycle and fading rate are needed to be improved
or further applications.

Using nano-sized transition metal oxides (MO, where M is Co,
i, Cu or Fe) as anodes of Li batteries, an insertion-extraction
echanism different from that of carbonaceous compounds

r lithium-alloying processes is proposed [14,16,23–27]. The
eversible charge/discharge mechanism of CoO was mentioned to
e the decomposition of CoO to Li2O and Co by the insertion
f Li+ [23,28]. The reversible capacity of CoO is obtained to be
00–800 mAh g−1 at the room temperature [14,23,25]. Using the
omemade CoO powder as the anodic material of lithium-ion bat-
ery, the electrochemical and charge/discharge properties of CoO,
nd the effect of calcination temperature were discussed in our
revious papers [29,30].

Thin-film batteries could potentially be applied to the micro-
lectronic mechanical systems (MEMSs), implantable medical
evices, integrated circuits with self-power sources, smart cards,
nd portable electronic devices [31–33]. The charge/discharge
roperties of miniature Ni-MH batteries prepared by the microfab-
ication technologies based on the ceramic and polypropylene film

ubstrates have been investigated in our previously works [34,35].
ecently, the lithium and lithium-ion micro-batteries fabricated
ith the thin-film technologies are also widely reported in the lit-

ratures [31–33,36–47]. However, thin-film lithium-ion batteries
ased on cobalt oxides as anode are seldom reported [47]. A large

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jsdo@thu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.09.093
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Fig. 1. Effect of electrolysis time on the voltage for electrodeposition of Co(OH)2.
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The cathodic reaction of H2O to produce OH− (Eq. (2)) was gen-
erally replaced by the evolution of H2 (Eq. (3)) for the run number
greater than 2 due to the decrease in pH of the solution (Table 1).
For the run number greater than 2, the uniform Co(OH)2 deposits

Table 1
Effect of the run number on the preparation of Co(OH)2.

Run no. pH Residual Co2+a (%) Weightb (mg)

�-Co(OH)2 CoO

1 5.40–3.30 99.5 – –
2 3.30–3.14 99.0 0.913 0.700
3 3.14–2.94 98.5 0.888 0.675
4 2.94–2.82 98.0 0.800 0.575
5 2.82–2.71 97.5 0.763 0.538
6 2.71–2.66 97.0 0.750 0.525

Working electrode: Cu foil (4 × 4 cm2); counter electrode: Au plate (5 × 5 cm2) × 2;
reference electrode: Ag/AgCl/3 M NaCl aqueous solution; cd = 0.5 mA cm−2; T = 5 ◦C;
electrolysis time = 40 min; electrolyte: 0.175 M Co(NO3)2; 0.075 M NaNO3 aqueous
J.-S. Do, R.-F. Dai / Journal of P

rreversible capacity in the first cycle and a higher fading of capac-
ty are found by using thin-film Co3O4 as the anode of lithium-ion
attery [47]. In our previous investigations [29,30], a relative lower

rreversible discharge capacity is found based on the homemade
oO powder as the anodic material of Li-ion battery in the first cycle,
nd the irreversible discharge capacity can be recovered in the fol-
owing charge/discharge cycles. Hence, it is of interest to prepare
hin CoO film as the anode of thin-film Li-ion battery.

The CoO thin-film is prepared by the calcination of Co(OH)2
recursor synthesized by the electrolytic deposition. The factors
ffecting the properties of Co(OH)2, and the characteristics and the
harge/discharge properties of CoO thin-film are investigated in
his work.

. Experimental

.1. Electrodeposition of Co(OH)2 and preparation of CoO

A Cu 4 × 8 cm2 foil folded to 4 × 4 cm2 was placed in 0.175 M
o(NO3)2 and 0.075 M NaNO3 aqueous-ethyl alcohol (v/v ratio of
) solution as the working electrode for the electrodeposition of
o(OH)2. The edges of the Cu foil were pasted up by some adhe-
ives to obtain the Co(OH)2 deposit on one side of the 4 × 8 cm2 Cu
oil. Two Au plates with the dimension of 5 × 6 cm2 placed on both
ides of the working electrode (Cu foil) were used as the counter
lectrode, and the Ag/AgCl/3 M NaCl aqueous solution was used as
he reference electrode. The Co(OH)2 electrodeposited on Cu foil
ith a constant current controlled by an electrochemical analyzer

CHI 604) was washed with ethyl alcohol and deionized (DI) water
or several times, and then dried at 70 ◦C in vacuum for 24 h. The
btained Co(OH)2/Cu was cut into eight circular pieces with an area
f 1.3 cm2 and calcined in a tubular oven environed with 99.995%
2 for 1 h to prepare CoO/Cu.

.2. Characterization of Co(OH)2 and CoO

The bonding properties of Co(OH)2 were analyzed with a Fourier
ransform Infrared (FTIR) Spectrometer (Shimadzu IR Prestige-21).
he crystallographic information, grain size and surface morpholo-
ies of Co(OH)2/Cu and CoO/Cu were analyzed by X-ray powder
iffraction (XRD, Shimadzu XRD-6000) and SEM (Joel JSM-5400).

.3. Electrochemical and charge/discharge characteristics of CoO

The Li/CoO coin cells were fabricated in a glove-box (VAC MO-
) filled with argon environment described previously [29,30]. The
oin cells were galvanostatically charged and discharged at a suit-
ble C-rate, and the voltage behavior against time was recorded
ver the potential range of 0.02–3.0 V (vs. Li/Li+). The coin cell was
rst discharged from the open circuit voltage (OCV) to 0.02 V, and
hen charged and discharged between 0.02 and 3.0 V in the follow-
ng cycles.

. Results and discussion

.1. Preparation of Co(OH)2/Cu

Using Cu foil as the working electrode for the electrodeposition
f Co(OH)2 at the current density (cd) of 0.5 mA cm−2, the cathodic
otential sharply increased from −1.1 V to −1.3 V in the initial stage

f the first run, and then it decreased slowly to −1.1 V as sown in
ig. 1. The electrochemical reactions on the Cu foil were proposed
o be the reduction of NO3

− [48] and H2O:

O3
− + H2O + 2e− → 2OH− + NO2

− (1)

a

[
r

w

orking electrode: Cu foil (4 × 4 cm2); counter electrode: Au plate (5 × 5 cm2) × 2;
eference electrode: Ag/AgCl/3 M NaCl aqueous solution; cd = 0.5 mA cm−2; T = 5 ◦C;
lectrolyte: 0.175 M Co(NO3)2, 0.075 M NaNO3 aqueous and ethyl alcohol solution
v/v = 1); volume of electrolyte = 250 ml.

H2O + 2e− → H2 + 2OH− (2)

ence the significant increase in the cathodic potential from −1.1
o −1.3 V was mainly caused by establishing the diffusion boundary
ayer on the cathodic surface. The hydroxide ion (OH−) produced
n Eqs. (1) and (2) was deposited with Co2+ in the solution onto
he Cu foil. At the same time, the increase in the concentration of
+ in the solution was due to the anodic oxidation of H2O on the
node, resulting in a decrease in the solution pH from 5.40 to 3.30
n the first run of electrodeposition (Table 1). The increase in the
oncentration of H+ induced the cathodic reduction of H+ on the
athode, resulting in a decrease in the cathodic potential from −1.3
o −1.1 V (Fig. 1).

H+ + 2e− → H2 (3)

In the first run of the electrodeposition of Co(OH)2, a non-
niform film was obtained due to the higher Co(OH)2 deposition
ate caused by the fast OH− generation rate based on Eqs. (1) and
nd ethyl alcohol solution (v/v = 1); volume of electrolyte = 250 ml.
a Residual Co2+ in the solution(%) = ([Co2+]/[Co2+]i) × 100%, where [Co2+] and

Co2+]i were the concentration of Co2+ in the present time and the initial state,
espectively.

b The average weights were measured based on the eight pieces of the samples
ith area of 1.327 cm2.
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ig. 2. FTIR spectra of Co(OH)2 electrosynthesized in pH 3.30–3.14 immersed in
.0 M KOH(aq) with (a) 0; (b) 0.5; (c) 1.0; (d) 1.5; (e) 2.0; (f) 5.0; (g) 10.0; and (h)
5.0 min.

n Cu foil were obtained due to the slower electrodeposition rate
aused by the less OH− generation rate when compared to the
rst run. Furthermore, the pH and the concentration of Co2+ in
he solution decreased with the run number, however, the resid-
al concentration of Co2+ was still 97.0% of the initial value for the
ixth run. Upon increasing the run number from 2 to 6, the weight
f Co(OH)2 deposit decreased from 0.913 to 0.750 mg due to the
lower deposition rate (Table 1).

.1.1. Characterization of Co(OH)2
As indicated in Table 1, the pH of the solution for depositing

o(OH)2 was less than 3.30 for the run number greater than 2.
ence, a part of Co(OH)2 deposit would react with H+ in the solution

o form crystal water according to the following reaction:

o(OH)2 + xH+ → [Co(OH)2−x·(H2O)x]x+ (4)

At the same time NO3
− was inserted into the structure to com-

ensate for the positive charge of the deposit to form �-type
o(OH)2 [49,50]:

Co(OH)2−x·(H2O)x]x+ + xNO3
− → Co(OH)2−x(NO3)x·y(H2O) (5)

When the as-deposited Co(OH)2 was dried at 70 ◦C vacuum oven
nd then analyzed by FTIR, two peaks at 630 and 1384 cm−1 were
ound due to the Co–O and N–O bonds (curve (a) of Fig. 2). The
road feature at 3480 cm−1 was deduced to be the O–H stretching
ith the hydrogen bond. The experimental results revealed that

he electrolytic deposit was due to �-Co(OH)2. The synthesis and

roperties of �-type Co(OH)2 was also reported in the literatures
49,50].

The as-deposited �-Co(OH)2 immersed in 1.0 M KOH aqueous
olution for various time periods were washed with DI water for
everal times, and then dried in a vacuum oven at 70 ◦C for 24 h.

6
C
i
p
e

Sources 189 (2009) 204–210

he products were analyzed using FTIR and the spectra are shown
n Fig. 2(b)–(h). The strength of 1384 cm−1 peak due to the N–O
tretching was found to decrease upon increasing the immersion
ime in 1.0 KOH solution, and disappeared for a time greater than
0 min. On the other hand, the peak strength of 3630 cm−1 due
o the O–H stretching without hydrogen bond increased with the
mmersing time as shown in curves (b)–(h) of Fig. 2. The experimen-
al results indicated that replacing NO3

− in the �-Co(OH)2 by OH−

esulted in a decrease in the peak strength of 1384 and 3480 cm−1

eaks, and increase in the 3630 cm−1 peak strength by increasing
he immersing time. The �-type Co(OH)2 was completely con-
erted to be the �-type for immersion time greater than 10 min.
he amount of NO3

− inserted into the �-Co(OH)2 structure was
ncreased upon decreasing the pH value for electrodeposition, and
hen the time for replacing NO3

− by OH− in the immersion process
lso increased. The time for completely converting �-Co(OH)2 pre-
ared in the pH range of 2.82–2.71 to its �-type was experimentally
ound to be 20 min.

.1.2. Effect of pH
The nano-fibrillar structures were found from the SEM images of

-Co(OH)2 electrosynthesized under various pH values as shown in
ig. 3. The anisotropic growth of the deposit along with one crystal
rientation resulted in the nano-fibrillar structure. The structures
f cobalt hydroxides had been demonstrated by XRD analysis [48],
nd the nanorod structure of cobalt-hydroxide-carbonate was also
eported in the literature [51]. A relative rougher nano-fibrillar
tructure with diameter of 30–40 nm was obtained for �-Co(OH)2
repared at a higher pH (3.30–3.14) (Fig. 3(a)). Upon decreas-

ng the solution pH, the electrodeposition rate of �-Co(OH)2 was
ecreased due to the lower generation rate of OH− from the cath-
de, and resulted in a decrease in the diameter of the nanofiber
Fig. 3(b) and (c)). When �-Co(OH)2 prepared at a pH of 3.30–3.14
nd 2.82–2.71 were immersed in 1.0 M KOH aqueous solution for
0 and 20 min, respectively, to convert �-Co(OH)2 to its � form, a
art of nano-fibrillar structure of �-Co(OH)2 were collapsed due to
he replacement of NO3

− by OH− (Fig. 4).

.2. Preparation and characterization of CoO/Cu

The CoO could be prepared by the calcination of cobalt hydrox-
de in a high purity of N2 atmosphere. However, the NO3

− doping
on present in the �-Co(OH)2 played the role of oxidant to oxidize
oO to Co3O4 at a temperature of 300 ◦C [50]. When the �-Co(OH)2
as calcined in N2 atmosphere at 300 ◦C, the pure Co3O4 phase
as obtained and demonstrated in the XRD spectra (Fig. 5). The

ntercalation ion NO3
− was found to be completely released from �-

o(OH)2 structure for a temperature greater than 350 ◦C [50]. When
he calcination temperature was increased to 400 ◦C, a part of Co3O4
as decomposed to CoO by releasing oxygen, and hence formed

he mixing phases of Co3O4 and CoO as illustrated in the curve
c) of Fig. 5. The pure phase of CoO was obtained at a calcination
emperature greater than 500 ◦C (Fig. 5(d) and (e)).

When the �-Co(OH)2 precursors prepared at various pH were
alcinated in 500 ◦C in 99.995% N2 for 1 h, pure CoO phase was
btained. The CoO phase was confirmed by the XRD spectra (curves
a)–(c) of Fig. 6). The average grain size was calculated based on the
herrer equation at 2� of 36.5 and 42.4◦ corresponding to the crystal
rientation planes of (1 1 1) and (2 0 0), respectively. The grain size
f CoO based on (1 1 1) orientation plane decreased from 12.88 to

.98 nm upon decreasing the pH for preparing its precursor (�-type
o(OH)2) from 3.30–3.14 to 2.82–2.71 (Table 2). The NO3

− inserted
nto the structure of the deposit was increased upon decreasing the
H of solution for preparing �-Co(OH)2, and the amount of oxygen
volved during the decomposition of Co3O4 to CoO in the calcina-
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Fig. 3. SEM images of �-Co(OH)2/Cu prepared at pH of (a) 3.30–3.14; (b) 2.94–2.82;
(c) 2.71–2.66. Working electrode: Cu foil (4 × 4 cm2); counter electrode: Au plate
(5 × 5 cm2) × 2; reference electrode: Ag/AgCl/3 M NaCl aqueous solution; cd = 0.5 mA
cm−2; T = 5 ◦C; electrolyte: 0.175 M Co(NO3)2; 0.075 M NaNO3 aqueous and ethyl
alcohol solution (v/v = 1); volume of electrolyte = 250 ml; electrolysis time = 40 min.

Table 2
Effect of pH for preparing �-Co(OH)2 on the grain size of CoO.

pH for preparing precursor Grain size of CoO (nm)
(1 1 1) (2 0 0)

2.82–2.71 6.98 7.61
2.94–2.81 8.68 7.10
3.30–3.14 12.88 12.18

Conditions for preparing �-Co(OH)2: working electrode: Cu foil (4 × 4 cm2); counter
electrode: Au plate (5 × 5 cm2) × 2; reference electrode: Ag/AgCl/3 M NaCl aque-
ous solution; cd = 0.5 mA cm−2; T = 5 ◦C; electrolyte: 0.175 M Co(NO3)2; 0.075 M
NaNO3 aqueous and ethyl alcohol solution (v/v = 1); volume of electrolyte = 250 ml,
t = 40 min. Conditions for calcining Co(OH)2: T = 500 ◦C; temperature increasing and
decreasing rate = 5 ◦C min−1; t = 1 h; 99.995% N2.

Fig. 4. SEM images of �-Co(OH)2/Cu prepared at pH of (a) 3.30–3.14 and immersed
in 1.0 M KOH(aq) for 10 min; (b) 2.82–2.71 and immersed in 1.0 M KOH(aq) for 20 min.
Working electrode: Cu foil (4 × 4 cm2); counter electrode: Au plate (5 × 5 cm2) × 2;
reference electrode: Ag/AgCl/3 M NaCl aqueous solution; cd = 0.5 mA cm−2; T = 5 ◦C;
electrolyte: 0.175 M Co(NO3)2; 0.075 M NaNO3 aqueous and ethyl alcohol solution
(v/v = 1); volume of electrolyte = 250 ml; electrolysis time = 40 min.

Fig. 5. XRD spectra of cobalt oxides prepared by the calcination of �-Co(OH)2/Cu in
the various temperatures. Conditions for preparing �-Co(OH)2: working electrode:
Cu foil (4 × 4 cm2); counter electrode: Au plate (5 × 5 cm2) × 2; reference electrode:
Ag/AgCl/3 M NaCl aqueous solution; cd = 0.5 mA cm−2; T = 5 ◦C; electrolyte: 0.175 M
Co(NO3)2; 0.075 M NaNO3 aqueous and ethyl alcohol solution (v/v = 1); volume of
electrolyte = 250 ml; pH 3.30–3.14; t = 40 min. Conditions for calcinating �-Co(OH)2:
temperature increasing and decreasing rate = 5 ◦C min−1; t = 1 h; 99.995% N2. (a)
JCPDS data of CoO (�) and Co3O4(�); calcination temperature of (b) 300; (c) 400;
(d) 500; and (e) 600 ◦C.
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Fig. 6. XRD spectra of cobalt oxides prepared by the calcination of �-Co(OH)2/Cu
prepared at pH of (a) 2.82–2.71; (b) 2.94–2.84; (c) 3.30–3.14. Conditions for
preparing �-Co(OH)2: working electrode: Cu foil (4 × 4 cm2); counter electrode:
Au plate (5 × 5 cm2) × 2; reference electrode: Ag/AgCl/3 M NaCl aqueous solution;
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d = 0.5 mA cm−2; T = 5 ◦C; electrolyte: 0.175 M Co(NO3)2; 0.075 M NaNO3 aqueous
nd ethyl alcohol solution (v/v = 1); volume of electrolyte = 250 ml; t = 40 min. Con-
itions for calcining Co(OH)2: T = 500 ◦C; temperature increasing and decreasing
ate = 5 ◦C min−1; t = 1 h; 99.995% N2. (�) JCPDS of CoO.

ions process was increased. Hence the grain size of CoO decreased
ith the pH for preparing the precursor of CoO (�-Co(OH)2).

The nano-fibrillar structure of CoO prepared by the calcination
f �-Co(OH)2 was found from the SEM images in Fig. 7(a)–(c), which
ere similar with its precursors (�-type) as indicated in Fig. 3.

he results revealed that the main structure of �-Co(OH)2 was
ot affected in the calcining procedure. The porosity of the nano-
brillar structure of CoO decreased with the pH of the solution for
reparing �-type precursor.

.3. Charge/discharge characteristics of CoO/Cu

The charge/discharge rate of Li/CoO battery was calculated
ased on the theoretical capacity of CoO multiplied by the actual
eight of CoO thin film on the Cu foil substrate. The theoretical dis-

harge capacity of CoO was obtained to be 715.4 mAh g−1 based on
he following charge/discharge process [23]:

oO + 2Li+ + 2e− � Li2O + Co (6)

Using CoO/Cu prepared at pH of 3.30–3.14 as cathode, the dis-
harge potential of CoO/Li coin cell sharply decreased from the
CV (2.704 V) to 0.86 V at 0.1 C rate which corresponded to the dis-
harge capacity of 200 mAh g−1 (Fig. 8). The discharge mechanism
f CoO/Li in the initial period of first cycle demonstrated by the
xygen K-edge XAS spectra was inferred to the formation of solid
lectrolyte interface on the CoO surface, and the valence of Co was
nchanged [28]. The discharge plateau in the range of 0.86–0.72 V in
he first cycle corresponded with the capacity of 715 mAh g−1. This
as deduced to be the reduction of CoO to Co as indicated in Eq. (6),
hich was accompanied with the decomposition of CoO grain size

rom 12.88 nm (Table 2) to about 1–2 nm [23]. The decrease in dis-
harge potential from 0.72 to 0.02 V corresponding to the capacity
f 433.1 mAh g−1 was attributed to the formation of polymer/gel-

ike film [26,27]. Cobalt was re-oxidized to CoO in the first charge
ycle, but the particle size of CoO was remained in 1–2 nm. The
ischarge plateau for the reduction of CoO (Eq. (6)) was increased
o 2.0–1.0 V in the second discharge cycle. Compared with the first
ischarge cycle, the significant increase in the discharge plateau

c
1
2
d
t

ig. 7. SEM images of CoO/Cu prepared by calcinating �-Co(OH)2 electrodeposited
t pH of (a) 3.30–3.14; (b) 2.92–2.82; (c) 2.82–2.71.

otential was due to the significant decrease in the particle size of
oO. Furthermore, the formation of solid electrolyte interface in the
rst discharge cycle was not found in the second discharge cycle.
he decrease in discharge capacity from 1348.1 to 1089.2 mAh g−1

y increasing the cycle number from 1 to 2 was mainly caused by
he absence of the formation of solid electrolyte interface, and par-
ially caused by the decrease in the reduction of CoO (Eq. (6)) as
hown in Fig. 8.

As shown in Fig. 9, when the precursor of CoO (�-Co(OH)2)
as prepared at pH 3.30–3.14, the discharge capacity of Li/CoO

oin cell increased from 1089.2 mAh g−1 to a maximum value of

589.4 mAh g−1 with the increase in the cycle number from 2 to
5, which was defined as the activation period. As indicated in the
ischarge curve (Fig. 8) with cycle number of 30, the increase in
he discharge capacity as compared with the results in the cycle
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Fig. 8. Charge/discharge curves of Li/CoO coin cell. Conditions for preparing �-
Co(OH)2: cd = 0.5 mA cm−2; pH 3.30–3.14; t = 40 min. Calcination conditions for
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reparing CoO: T = 500 ◦C; t = 1 h; 99.995% N2. Conditions for coin cell: cathode:
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harge/discharge rate = 0.1 C; first discharge cycle: OCV to 0.02 V; other cycles:
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umber of 2 was mainly contributed by increasing the capac-
ty for forming polymer/gel-like film. The discharge capacity of
olymer/gel-like film increased from 418.2 to 752.4 mAh g−1 by

ncreasing the cycle number from 2 to 30 (Fig. 8). The results
ndicated that the irreversible capacity in the first cycle could
e completely recovered in the activation period. The stable dis-

harge capacity could be obtained for the cycle number between
5 and 40. However, the discharge capacity decreased from 1555.1
o 774.7 mAh g−1 with the increase in the cycle number from 40 to
0 (Fig. 9). The decrease in the discharge capacity for the cycle num-
er greater than 40 was found to be caused by the decrease in the

ig. 9. Effect of charge/discharge cycle number on the capacity of Li/CoO coin cell.
onditions for preparing �-Co(OH)2: cd = 0.5 mA cm−2; t = 40 min. Calcination con-
itions for preparing CoO: T = 500 ◦C; t = 1 h; 99.995% N2. Conditions for coin cell:
athode: CoO/Cu; anode: Li foil; 1.0 M LiPF6 in EC-DEC (1:1). Charge/discharge condi-
ions: charge/discharge rate = 0.1 C, first discharge cycle: OCV to 0.02 V; other cycles:
.02–3.0 V; T = 30 ◦C.
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apacity based on the reduction of CoO (Eq. (6)) as indicated in the
ischarge curve with cycle number of 70 in Fig. 8. The results might
e due to the increase in the diffusion resistance of Li+ through the
olymer-gel formed on the surface of the CoO/Co and Li2O cluster.

When the precursor �-Co(OH)2 of CoO were prepared at pH
f 2.92–2.82 and 2.82–2.71, the charge/discharge behaviors of
i/CoO coin cells were similar to that the precursor prepared at
H 3.30–3.14. The activation periods were also found for the pre-
ursor of CoO prepared at pH 2.92–2.82 and 2.82–2.71 (Fig. 9). The
esults in Fig. 9 also revealed that the fading in the discharge capac-
ty with the cycle number for the precursor of CoO prepared at pH
.92–2.82 and 2.82–2.71 was significantly less than that of prepared
t pH 3.30–3.14. As illustrated in Table 1, the weight of �-Co(OH)2
as decreased upon decreasing the pH for preparing �-Co(OH)2,

nd therefore the weight and thickness of the CoO thin film also
ecreased. Therefore, when the pH for preparing the precursor of
oO increased, the increase in the electric resistance of CoO film due
o its poor conductivity resulted in the decrease in the reversible
apacity and the increase in the capacity fading of the Li/CoO coin
ell.

The discharge capacity of Li/CoO coin cell was slightly greater
han that of the charge capacity as shown in Fig. 9. The limiting
apacity electrode of Li/CoO cell investigated of this work was CoO,
.e. the capacity of CoO electrode was significantly less than that
f the Li foil electrode. In the every cycle of charge/discharge pro-
ess, the Li/CoO coin cell was firstly discharged and followed by the
harge process. On the other hand, for the CoO electrode, the charge
rocess was firstly taken place and then followed by the discharge
rocess. Hence the discharge capacity of Li/CoO cell was slightly

arger than the charge capacity.

. Conclusions

The characteristics of CoO thin film and its precursor (Co(OH)2),
hich was electrodeposited on Cu foil by the constant current
ethod at various pH values were analyzed by XRD, FTIR and

EM, respectively. The pH of the solution for electrodepositing
obalt hydroxide decreased from 5.40 to 2.66 by increasing the
un number from 1 to 6. The uniform Co(OH)2 deposits obtained
or the run number greater than 2 were demonstrated to be �-
ype (Co(OH)2−x(NO3

−)x·y(H2O)) by the FTIR spectra. Pure Co3O4,
ixture of Co3O4 and CoO, and pure CoO phases were obtained at

alcining temperatures of 300 ◦C, 400 ◦C and greater than 500 ◦C,
espectively, under a high purity N2 atmosphere. Increasing the
un number for preparing �-Co(OH)2 from 2 to 6, the weight of �-
o(OH)2 and CoO decreased from 0.913 and 0.700 mg to 0.750 and
.525 mg due to the decrease in the pH of electrolyte for electrode-
ositing �-Co(OH)2. The grain size of CoO decreased from 12.88 to
.98 nm with the decrease in the pH for preparing �-Co(OH)2 from
.30–3.14 to 2.82–2.71. The morphology of �-Co(OH)2 changed
lightly in the calcination procedure, and the nano-fibrillar struc-
ure was found for both �-Co(OH)2 and CoO. When CoO prepared
y calcining �-Co(OH)2 electrodeposited at pH 3.30–3.14 was used
s the cathode, the maximum discharge capacity of Li/CoO coin
ell was obtained to be 1589.4 mAh g−1, which was contributed by
he formation of solid electrolyte interface, the reduction of CoO
nd the formation of polymer/gel-like film, respectively. The irre-
ersible discharge capacity of the Li/CoO coin cells at the first cycle
ould be recovered in the following activation cycles.
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