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Nanostructured transition metal oxides are of great interest as a new generation of anode materials for
high energy density lithium-ion batteries. In this work, research has been focused on the nano-sized
(grain size �7 nm) CoO anode material and this material delivers charge capacity of 900 mAh g�1 that
exceeds the theoretical value of 715 mAh g�1. Possible reason for this unaccounted and unexplained
anomalous capacity of the nano-sized CoO material has been suggested by thermogravimetric analysis.
A mechanism for this interesting behavior has been systematically evaluated by using X-ray absorption
spectroscopy. The anomalous capacity is proposed to be associated with the formation of oxygen-rich
CoO material. The results obtained from the nano-sized CoO material have been compared with relatively
larger-sized material (grain size �32 nm).

� 2010 Published by Elsevier B.V.
1. Introduction

Transition metal oxides (TMOs) have been widely investigated
as promising anode materials for lithium-ion batteries since the
discovery of Tarascon and co-workers [1]. They demonstrated that
the electrodes made of TMO nanoparticles could deliver excellent
electrochemical performance, particularly Co-based oxides. The
mechanism of Li storage with these transition metal oxides differs
from the classical Li insertion/deinsertion in graphite anodes or Li-
alloying processes in alloy electrodes. The mechanism involves the
formation and decomposition of Li2O, (for example, CoO + 2L-
i+ + 2e ? Co + Li2O), accompanied by the reduction and oxidation
of metal nanoparticles, respectively. Reactions of this type involve
two electrons and hence deliver a higher capacity compared to
conventional graphite anodes. Higher capacity can be expected
for such reactions if the metal components are further lithiated
by alloying reaction with lithium [2]. Also, the formation and
decomposition reactions are known for their notable SEI layer for-
mations at low potentials [3,4], which results in capacity rise.
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However, these reactions suffer from poor energetic yield owing
to large hysteresis in the charge–discharge curves [5]. Interest-
ingly, it has been reported that this hysteresis decreases as the
electro-negativity of the anion decreases, with the lowest values
for transition metal phosphides. In the present communication,
to our knowledge for the first time, we demonstrate an interesting
observation of anomalously high capacity of nano-sized CoO elec-
trode during lithium insertion/deinsertion reactions.
2. Experimental

Co(OH)2 was prepared by mixing 100 ml of 1.0 M cobalt nitrate
solution (J.T. Baker, Co(NO3)2�6H2O, >99.1%) and 500 ml of 0.4 M
sodium hydroxide solution (Merck, NaOH, >99%) in a flask and stir-
ring for 8 h under nitrogen atmosphere. The obtaining Co(OH)2 was
washed and dried in a vacuum oven at 50 �C for 24 h. Subsequently
cobalt oxides were obtained by heating Co(OH)2 at 200 (CoO-A)
and 900 �C (CoO-B), respectively, for 12 h in N2. X-ray diffraction
analysis was conducted using Cu-Ka (k = 1.5418 Å) radiation in
2h range between 10� and 80�, at a scan rate of 5� min�1. All the
diffraction patterns were identified to be cubic rock salt structure
(JCPDS 78-0431). The average grain size was calculated using the
Scherrer’s formula and the surface area was measured using the
BET surface area analyzer. Thermogravimetric analysis was
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Fig. 2. Charge–discharge curves of CoO-A and CoO-B.
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performed between 30 and 900 �C at a rate of 5 �C min�1 in flowing
nitrogen to determine the oxygen content. The electrochemical
measurements were performed using coin-type cells with lithium
as anode. Working electrode was composed of CoO active material,
carbon black and polyvinylidene fluoride (PVdF) in a weight ratio
of 3:1:1 in N-methyl-2-pyrrolidinone (NMP). A polypropylene film
(Ashahi N910) was used as the separator and the electrolyte was
1.0 M LiPF6 in a 1:1 mixture of ethylene carbonate and diethyl car-
bonate. The cell was assembled in an argon filled glove box with
both moisture and oxygen level below 2 ppm. Galvanostatic
charge/discharge cycle was performed using Maccor battery tester.
X-ray absorption spectroscopy (XAS) experiments were carried out
on the Co and O K-edges at beam line BL-17C in a storage ring of
1.5 GeV at National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. The measurements were carried out
using Si (1 1 1) double crystal monochromator. Detailed XAS
experimental procedure can be found from our previous report [6].
3. Results and discussion

Fig. 1 shows the typical XRD patterns of the different CoO sam-
ples, CoO-A and CoO-B, prepared at different calcination tempera-
tures, 200 �C and 900 �C, respectively, in nitrogen atmosphere. All
the peaks of the two patterns are well indexed as cubic CoO phase
with rock salt structure (JCPDS file No. 78-0431) and with a space
group of Fm3m. However, the intensity of CoO-B is much stronger
than that of CoO-A, indicating the nanocrystalline nature of CoO-A.
In our previous study, we found that an increase in the oxidation
state of the Co leads to amorphous characteristic in the XRD [7].
This indicates a possible higher oxidation state of CoO-A. The aver-
age grain size of CoO-A and CoO-B samples was calculated as 6.59
and 31.5 nm, respectively. The BET surface area of CoO-A and CoO-
B, respectively, was determined as 89.82 and 0.47 m2 g�1.

The initial charge/discharge profiles of CoO-A and CoO-B, re-
corded at a rate of 0.1 C (71.5 mAh g�1, theoretical capacity of
CoO = 715 mAh g�1) between 0.02 and 3.0 V are shown in Fig. 2.
The theoretical capacity of CoO used in this work, was based on
the following conversion reaction

CoOþ 2Liþ þ 2e� ! Li2Oþ Co ð1Þ

Three distinct plateaus are clearly seen in the discharge profiles
(Li insertion) of both CoO-A and CoO-B. The first plateau appearing
at 1.2 V (40 mAh g�1) and 0.8 V (25 mAh g�1) for CoO-A and CoO-B,
respectively, is associated with the lithium storage into CoO. The
second flat plateau located at 1.0 V (820 mAh g�1) and 0.85 V
(490 mAh g�1) for CoO-A and CoO-B, respectively, can be ascribed
to the conversion reaction between CoO and Li (Eq. (1)). The third
plateau (declined line), below 0.5 V, accounts for 414 mAh g�1 for
CoO-A and 360 mAh g�1 for CoO-B, could be attributed to the inter-
action of nano-sized Co particle with the electrolyte for the forma-
tion of solid electrolyte interface (SEI) layer. The charge profiles (Li
deinsertion) of CoO-A and CoO-B consist of two regions. The first
region located between 0.0 and 1.8 V, accounts for the capacity
Fig. 1. XRD patterns of CoO-A and CoO-B.
of 400 mAh g�1 for CoO-A and 300 mAh g�1 for CoO-B, is associated
with the interactions between nano-sized Co and the electrolyte.
The second flat plateau appeared close to 2.0 V, can be attributed
to the oxidation of nano-sized Co particles with Li2O. In this region,
CoO-A and CoO-B delivered the capacity of 500 mAh g�1 and
200 mAh g�1, respectively. Overall, CoO-A and CoO-B delivered ini-
tial discharge capacities of 1274 and 831 mAh g�1, and charge
capacities of 900 and 500 mAh g�1, respectively. It is immediately
apparent that the charge capacity values for CoO-A are signifi-
cantly greater than the theoretically expected capacities for CoO.
Note that the CoO-A show an initial coulombic efficiency of
approximately 71% which is notably higher than that of CoO-B
(60%). The origin of higher capacity and enhanced electrochemical
behavior of CoO-A should essentially be attributed to the smaller
size with larger surface area than CoO-B. Therefore, CoO-A could
provide more reaction sites on the surface and the smaller diame-
ter provides a short diffusion length for Li diffusion, which could
enhance the charge transfer and the electrochemical reactions [8].

Since the capacity obtained for CoO-A sample is 20% higher than
expected theoretical capacity, we hypothesize that the amount of
anomalous capacity could be related to the participation of excess
oxygen in the electrochemical behavior of nano-sized CoO sample.
To check our hypothesis, thermogravimetric (TGA) measurements
were carried out on CoO-A and CoO-B samples (Fig. 3). In Fig. 3,
Fig. 3. TGA curves of CoO-A and CoO-B.



Fig. 4. (a) FT-EXAFS at Co K-edge and (b) XAS spectra at oxygen K-edge of CoO-A and CoO-B.
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the first weight loss at <300 �C, and the second weight loss be-
tween 695 and 826 �C are due to dehydration and decomposition
of excess oxygen on CoO surface, respectively. However the TGA
for micron-sized commercial Co(OH)2 (not shown) only exhibits
weight loss at the temperature range less than 300 �C, indicating
the surface oxygen for micron-sized Co(OH)2 is hardly detected.
From the amount of weight loss, the excess oxygen contents were
calculated as 0.157 mol and 0.029 mol, respectively, for CoO-A and
CoO-B samples. Hence, Eq. (1) can be reasonably modified as

CoOð1þdÞ þ ð2þ dÞLiþ þ 2e� ! ð1þ dÞLi2Oþ Co ð2Þ

Synchrotron radiation-based X-ray absorption spectroscopy
(XAS) measurements were carried out to further understand and
confirm the active participation of oxygen for the anomalous or
surplus capacity delivered by nano-sized CoO samples. XAS mea-
surement has great potential to examine the electronic and local
structure of a specific atom in the electrode materials for use in
lithium-ion batteries [9,10]. Fig. 4a shows the Fourier transforms
of the extended X-ray absorption fine structure (FT-EXAFS) at Co
K-edge for both CoO-A and CoO-B samples. The peak at �1.45 Å
for CoO-A and at �1.6 Å for CoO-B can be attributed to the Co–O
bond in the first coordination shell of Co. The second peak at
�2.5 Å for both samples corresponds to the Co–Co bond, which is
due to the contribution of 12 coordinated Co atoms in the edge
shared CoO6 octahedra. Further, the peaks around 3.9, 4.8 and
5.6 Å can be ascribed to the double scattering of Co–O–Co at the
corner shared octahedra, the single scattering path of Co–Co and
the double scattering of Co–Co–Co, respectively [8]. The EXAFS
data fitting results exhibit a significantly smaller Co–O bond dis-
tance for CoO-A than that of CoO-B while the rest of the bond dis-
tances are almost identical. In addition, the ratio of Co–O to Co–Co
coordination number (CN) for CoO-A (5.0–8.8) and CoO-B (5.4–
11.6) is different. Thus, the oxygen-to-cobalt ratio can be calcu-
lated and it has been found to be 1.12 and 1.02 for CoO-A and
CoO-B, respectively. This result indicates 0.12 mol excess oxygen
which corresponds to 85.8 mAh g�1, slightly lower than the ob-
served capacity (105 mAh g�1) in the discharge plateau at 1.0 V
for CoO-A. The discrepancy may be resulted from the limitation
of the structural model to determine the CN. The X-ray Absorption
Near-Edge Structure (XANES) of CoO-A and CoO-B at O K-edge is
measured in the fluorescence mode and is shown in Fig. 4b. Small
peaks appearing at 527.4 and 528.2 eV in the pre-edge region can
be ascribed to the electronic transition from 1s to 2p orbital. It is
noted that the peak intensity of CoO-A is slightly higher than that
of CoO-B, indicating higher possibility of electronic transition for
CoO-A from 1s to 2p oxygen and/or Co 4sp hybridized orbital. It
also implies less Co–O ratio for CoO-A. In addition, the XANES at
Co K-edge (not shown) indicates the averaged valence state of Co
is higher for CoO-A than for CoO-B, implying the surface Co pos-
sesses higher valence state for CoO-A. The XANES results are in
good agreement with the TGA, EXAFS and electrochemical analysis.

4. Conclusions

In this study, the anomalously high capacity has been investi-
gated in nano-sized CoO anode material. XAS investigations sug-
gests (i) a higher averaged oxidation state of Co atom in CoO-A
sample due to its nano-sized nature, and (ii) excess oxygen content
in CoO-A sample in consistent with TGA analysis. From the above
results, it is reasonable to believe that the excess oxygen plays a
pivotal role in the origin of the anomalously high capacity. The sur-
plus capacity beyond the amount of expected theoretical capacity
can possibly be exploited to develop future lithium-ion batteries
with significantly higher energy density than the current state-
of-the-art batteries.
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