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bstract

The electrochemical and charge/discharge behaviors of cobalt oxide prepared by the calcination of cobalt hydroxide were studied by the cyclic
oltammetry (CV) and galvanostatical charge/discharge methods. The cyclic voltammograms of cobalt oxide containing 20% carbon black were
orrelated well with the results in the charge/discharge behaviors of Li/CoO batteries. A cathodic peak with potential of 0.5 V (versus Li/Li+) in

he first cycle of CV corresponded to the plateau with voltage of 1.0–0.8 V in the first discharge cycle of Li/CoO battery was deduced to be the
eduction and decomposition of CoO particle to be the nano-sized Co and Li2O. Both of the cathodic peak and the discharge plateau voltages were
hifted to higher values in the following cycles due to the reduction of CoO particle from micro to nano-size.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion battery has been considered as a promising
ower source for the modern electronic applications due to its
ighest energy density among commercial rechargeable batter-
es. The high specific capacity is found for using the metal
xides as the anodic materials of lithium ion battery [1–4].
o3O4 [5–9] and various vanadates [10–13] are also used as
nodic materials in the lithium-ion batteries. Though the relative
igher reversible specific capacities are found in these materi-
ls, however, the large irreversible capacity in the first cycle and
ading rate are need to be improved for further applications. A
ew insertion–extraction mechanism different from the carbona-
eous compounds or lithium-alloying processes is proposed by
sing, namely, nano-sized transition-metal oxides (MO, where

is Co, Ni, Cu or Fe) [5,7,14–18]. The reversible capacity
f CoO is obtained to be 600–800 mAh g−1 in the room tem-
erature [5,14,16]. However, CoO studied in the most of the

nvestigations is the commercial products. In general, the elec-
rochemical and charge/discharge characteristics of CoO used
s the anodic material of lithium-ion battery would be affected
y the particle size, morphology and crystallinity of CoO. Using
he CoO synthesized by us as anode material of lithium ion bat-
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ery, the effect of calcination temperature on the characteristics
nd charge/discharge properties of CoO was discussed in our
revious paper [19].

CoO is prepared by the calcination of Co(OH)2 precursor
ynthesized by the chemical precipitation. The electrochemical
ehaviors of CoO electrode was studied by cyclic voltammetry
nd compared with the results in charge/discharge process.

. Experimental

Co(OH)2 prepared by the chemical precipitation method was
alcinated in a tubular oven under 99.995% N2 atmosphere
s described previously [19]. The crystallographic information,
rain size and surface morphologies of the prepared CoO were
nalyzed by X-ray powder diffraction (XRD, Shimadzu XRD-
000) and SEM (Joel JSM-5400), respectively.

The cobalt oxide electrodes were made by scraping and
ressing the paste prepared by mixing PVDF (poly(vinylidene
uoride)), CoO powder and NMP (N-methyl-2-pyrrolidinone)
n Cu foil [19]. The thickness and loading of CoO dried in a vac-
um oven at 120 ◦C for 2 h were measured to be 80–100 �m and
.5–7.0 mg, respectively. The cyclic voltammograms of CoO

lectrode were measured with an electrochemical analyzer (CHI
04) in 1.0 M LiPF6 EC–DEC (ethylene carbonate–diethyl car-
onate, provided by FERRO) (v/v 1:1) electrolyte. Li/CoO coin
ells were fabricated in a glove-box (VAC MO-5) filled with

mailto:jsdo@thu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.04.054
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(OH)2 precursor and (b) CoO calcinated at 200 ◦C for 1.0 h.
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Fig. 2. Charge/discharge curves of Li/CoO (calcinated at 200 ◦C, 20% carbon
black) coin cell. Weight fractions of CoO electrode: CoO (0.6), carbon black
(0.2), PVDF (0.2), anode: Li foil, electrolyte: 1.0 M LiPF6 EC–DEC (v/v 1:1)
solution, room temperature, potential range of charge/discharge: OCV ∼ 0.02 V
(first discharge cycle), 3.0–0.02 V (others), charge/discharge rate = 0.1 C.
Fig. 1. SEM photographs of Co(OH)2 and CoO: (a) Co

rgon environment described previously [19]. The coin cells
ere galvanostatically charged and discharged at a suitable C-

ate.

. Results and discussion

.1. Characteristics of Co(OH)2 and CoO

The XRD pattern of Co(OH)2 precipitate prepared by mixing
he aqueous solutions of Co(NO3)2 and NaOH with the aging
ime over 1 h was compared with the results in the literatures
20,21] to be brucite-like formula (� phase of JCPDS). The
rain size of Co(OH)2 calculated from XRD pattern by using
he Scherrer equation [22] based on 2θ = 37.9◦ was 22.9 nm, the
ET surface area was obtained to be 28.05 m2 g−1. A slice-like

tructure with the particle size of 200 nm was found in the SEM
hotograph of Co(OH)2 (Fig. 1(a)). A slice structure of CoO
alcinated at 200 ◦C for 1 h was obtained as shown in Fig. 1(b)
ith the grain size and the BET surface area of 6.59 nm and
9.83 m2 g−1, respectively [19]. The experimental results indi-
ated that the loss of water from Co(OH)2 to CoO resulted in
ignificant increase in the BET surface area and decrease in the
rain size. In the meanwhile the overall surface morphology of
oO was kept the slice-like structure same as the precursor.

.2. Charge/discharge properties of CoO electrode

The charge/discharge rate (C-rate) of Li/CoO coin cell
as calculated based on the theoretical discharge capacity
f the electroactive material CoO, 715.4 mAh g−1 [14]. The
harge/discharge curves of CoO electrodes containing 20% car-
on black shown in Fig. 2 indicated that the discharge voltage
ecreased sharply from OCV (2.72 V) to the discharge plateau
ocated in the range of 1.0–0.8 V at the first discharge cycle,
nd the discharge plateau voltage increased to 1.0–1.4 V for the
harge/discharge cycle number of 2. The particle size of CoO
alcinated at 200 ◦C in the range of 0.1–0.3 �m (Fig. 1(b)) was

ecomposed to be Co and Li2O with the particle size assumed
o be in the range 1–2 nm as reported earlier during the first dis-
harge cycle [14]. The particle size of CoO reproduced in the
rst charge cycle would be in the similar range of Co and Li2O

Fig. 3. Cyclic voltammograms of CoO (calcinated at 200 ◦C) electrode. Weight
fractions of CoO electrode: CoO (0.6), carbon black (0.2), PVDF (0.2), weight
of CoO = 0.12 mg, anode: Li foil, electrolyte: 1.0 M LiPF6 EC–DEC (v/v 1:1)
solution, room temperature, scan range: OCV → 0.02 V → 3.0 V (first cycle),
3.0–0.02 V (2–10 cycles), scan rate = 1 mV s−1.
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articles formed in the first discharge cycle, i.e. 1–2 nm. There-
ore, comparing with the first discharge cycle, the significant
ncrease in the discharge plateau potential in the second cycle
as deduced to be caused by the significant reduction in the par-
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ig. 4. Cyclic voltammograms of CoO (calcinated at 200 ◦C) electrode at various sc
VDF (0.2), weight of CoO = 0.12 mg, anode: Li foil, electrolyte: 1.0 M LiPF6 EC–D
er Sources 159 (2006) 323–327 325
icle size of CoO. The charge capacity of Li/CoO increased from
71 to 1237 mAh g−1 with increase in the cycle number from 1
o 22 (defined as the activation period), and the charge capac-
ty slightly decreased to 1167.0 mAh g−1 for further increase in

an ranges. Weight fractions of CoO electrode: CoO (0.6), carbon black (0.2),
EC (v/v 1:1) solution, room temperature, scan rate = 1 mV s−1.
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he cycle number to 28. The activation period was deduced as
he cycle number for recovery of the irreversible capacity in the
rst cycle, which was caused by some of the irreversible Li2O
enerated in the first discharge cycle.

The formation of gel-liked polymer (also-called solid-
lectrolyte interface, SEI) contained LiF, Li2CO3 and alkyl-
arbonate lithium salts (ROCO2Li) for the potential less than
he discharge plateau, e.g. 0.7–0.02 V has been reported in the
iteratures [23,24]. Some Li+ were also reduced and stored in
he boundary between Co and Li2O phases for the discharge
otential approached to 0 V (versus Li/Li+), which was extracted
or potential range of 0.02–1.1 V in the following charge cycle
Fig. 2). The similar phenomena were studied and demonstrated
ased on RuO2 as the anodic material of lithium battery [23].
he main reaction in potential range of 1.1–1.9 V for first charge
ycle would be the decomposition of gel-liked polymers. For
lateau potential of 1.9–2.5 V in the first cycle of charge pro-
ess, the reaction was the recombination of Co and Li2O to
roduced CoO and Li+. Furthermore, it was also demonstrated
hat LiCoO2 could be spontaneously formed in molten carbon-
te in the presence of CoO, Li+ and CO3

2− [25,26]. As indicated
n Fig. 2, a small discharge plateau found in the potential range
f 2.7–2.0 V for the cycle number greater than 2 was deduced
o be the intercalation of Li+ into LiCoO2. The extraction of Li+

rom LiCoO2 would occur for the potential greater than 2.5 V
n the charge process (Fig. 2).

.3. The cyclic voltammograms of CoO electrode

The cathodic reduction current in the first cycle scanned from
CV to 0.02 V was sharply increased for the potential less than
.0 V, and the cathodic peak current was obtained at potential of
.5 V (Fig. 3). Two anodic peaks at potentials of 1.5 and 2.4 V
ere found for scanning reversibly at the first cycle of cyclic
oltammetry (CV). Compared with the first cycle, two cathodic
eak voltages were found at 1.2 and 0.8 V, respectively, for the
econd cycle of CV. On the other hand, the anodic peaks changed
lightly for the cycle number greater than 2, and the steady cyclic
oltammograms were obtained for the cycle number greater
han 5.

After CoO electrode was scanned for 10 cycles, CoO elec-
rode was scanned with various scanning ranges as illustrated
n Fig. 4. The voltage was scanned at the first cycle from the
CV (2.75 V) to 0.02 V and then scanned reversely to 1.8 V, the

athodic reduction peak currents at 1.2 and 0.8 V were found to
e 0.4 and 0.85 mA, respectively (Fig. 4(a)). For the second cycle
voltage range of 1.8–0.02 V), the disappearance of the cathodic
eak at 1.2 V and the significant decrease of the cathodic peak
urrent at 0.8 V indicated that the anodic peak corresponded to
he cathodic peak at 0.8 V was deduced to be the peak at volt-
ge of 1.5 V (Fig. 3). The redox pair at cathodic and anodic
eaks of 0.8 and 1.5 V compared with the charge/discharge
urves shown in Fig. 2 was inferred to be the formation and

ecomposition of the gel-liked polymers. The cathodic peak at
.5 V appeared again by increasing the scanning right limit at
he second cycle from 1.8 to 2.2 V (Fig. 4(b)), and the cathodic
eak current increased and gradually merged with the cathodic
er Sources 159 (2006) 323–327

eak at 0.8 V for further increase in the scanning right limits
o 2.5 and 3.0 V (Fig. 4(c) and (d)), respectively. Therefore,
he cathodic peak voltage shifted from 1.5 to 1.2 V with the
ncrease in the scanning right limit, and the cathodic peak at
.2 V was corresponded to the anodic peak voltage of 2.1 V
Fig. 3). The reactions of redox pair for the cathodic and anodic
eak voltages at 1.2 and 2.1 V were corresponded to the redox of
oO.

The unknown cathodic peak at 2.2 V shown in Fig. 4(d) was
tudied by fixing the scanning right limit at 3.0 V and changing
he left limits of 2.0, 1.5 and 1.2 V, respectively (Fig. 4(e)–(g)).
s shown in Fig. 4(e), a redox pair was found for the cathodic

nd anodic peaks at 2.2 and 2.3 V, respectively. For increasing
he left limit to 1.2 V, the anodic peak at 2.1 V (the anodic oxida-
ion of Co) appeared. Due to the small peak current, the anodic
eak at voltage of 2.3 V was then covered by the anodic peak of
.1 V. According to the discussion about the charge/discharge
urves in Fig. 2, the redox pair occurred at 2.2/2.3 V was
educed to be the intercalation and extraction of Li+ into/from
iCoO2.

. Conclusions

The precursor of the CoO (Co(OH)2) prepared with the
hemical precipitation method by mixing Co(NO3)2 and NaOH
queous solutions and aged more than 1 h was identified by XRD
o be the brucite-like phase. A slice-like structure with particle
ize of 200 nm was obtained for Co(OH)2, and the structure and
he particle size changed slightly for calcination at 200 ◦C to
btain CoO. The experimental results indicated that the elec-
rochemical behaviors in the cyclic voltammograms of CoO
lectrode were correlated well with the charge/discharge curves.
he main charge/discharge capacities were contributed from the

edox of CoO and the formation/decomposition of gel-like poly-
ers, respectively. The difference in the charge/discharge curve

nd cyclic voltammogram at the first cycle with the other cycles
as deduced to the change in particle size of the electroactive
aterial CoO.
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