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A study on the charge-discharge mechanism of Co304 as an anode for the Li ion
secondary battery

Abstract
Co304 has shown acceptable electrochemical properties as the anode material of Li secondary batteries.

In detail, its capacity reached about 700 mAh/g, twice as high as graphite, and 93.4% of initial capacity
was retained after 100 cycles. EIS (electrochemical impedance spectroscopy) analyses revealed that
after the 1st cycle, the insertion or extraction of Li ions in Co304 can occur homogeneously and reversibly

(randless-like behavior, homogeneous mixture: Co + Li20 (in the state of Li insertion), Co304 (in the state
of Li extraction)). In fact, the coulombic efficiency of Co304 was almost 100% except for the 1st cycle.
According to P. Poizot's research on several kinds of transition metal oxides, such as Co304, CoO, NiO,
etc., a small Li0 particle size and catalytic activity of the transition metal are expected to decrease the
binding energy of Li20 tremendously. As a result, Li2O should be easy to decompose, and transition metal
oxides should be able to charge or discharge reversibly by formation or decomposition of Li2O. However,

this assumption has never been confirmed by experimental results. In our results, the CV (cyclic
voltammogram) of a Lio0-Co mixture shows much larger oxidation and reduction peaks than that of

Li20. Based on XRD analyses, oxidation and reduction in the CV of Li20O correspond, respectively, to the
decomposition and formation of Li20. So, it can be asserted that Co addition to Li20 facilitates
decomposition and formation processes in Li20 and that the catalytic effect of the transition metal must
be one of the main causes that make Li2O form or decompose repeatedly.
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Abstract

Co304 has shown acceptable electrochemical properties as the anode material of Li secondary batteries. In detail, its capacity reached
about 700 mAh/g, twice as high as graphite, and 93.4% of initial capacily was retained after 100 cycles. EIS (electrochemical impedance
spectroscopy) analyses revealed that afler the Ist cycle, the insertion or extraction of Li ions in Co;04 can occur homogeneously and
reversibly (randless-like behavior, homogeneous mixture: Co+ Lia O (in the state of Li insertion), Co; Oy (in the state of Li extraction)). In fact,
the coulombic efficiency of Cos 0y was almost 100% except for the 1st cycle. Accerding 10 P. Poizot's research on several kinds of transition
metal oxides, such as Ca;Q4, CoQ, NiQ, etc., a small Li;O particle size and catalytic activity of the transition metal are expected to decrease
the binding energy of Lio O tremendousty. As a result, Li;O should be easy to decompose, and transition metal oxides shouid be able to charge
or discharge reversibly by formation or decomposition of Li»Q. However, this assumption has never been cenfirmed by experimental results.,
In our resuits, the CV (cyclic vollammogram) of a Li;O-Co mixture shows much Jarger oxidation and reduction peaks than tha of Li,O.
Based on XRD analyses, oxidation and reduction in the CV of Li, O correspond, respectively, to the decomposition and formation of Li,O.
So, it can be asserted that Co addition to Li,O facilitates decomposition and formation processes in Li;O and that the catalyiic effect of the
transition metal must be ene of the main causes that make Li» O form or decompose repeatedly.
© 2005 Elsevier Lid. All rights reserved.

Keywords: Liion bantery; Ancde; The catatyic effect of Co; Charge~discharge mechanism; Transilion metal oxides

1. Introduction

Lithium ion insertion materials have received considerable
attention because they can be used as an active electrode in
Li ion secondary batteries, which have potential applications
ranging {rom portable electronic devices to electric vehicles.
Negative electrodes in the small commercial rechargeable
lithium-based batteries that are currently available typically
employ solid solutions of lithium in one or another form of
carbon. However, with the growing demand for high capacity
secondary batteries, the low capacity of carbon (theoretical

* Corresponding author. Tel.: +82 428693353; fax: +82 428698910,
E-mail address: dake@Xkaistackr (Y.-M. Kang}.

0013-4686/% - see front matter © 2005 Elsevier Lid. All rights reserved.
doi: 10,1016/ .electacta. 2005.01.012

capacity: 372 mAh/g) has become a limiting factor in wider
apptications [1-3), and high capacity alternatives to carbona-
ceous material have thus been sought for. Several materials,
such as Sn alloys [4,5], Si composites [6], Li metal [7,8], ox-
ides [9-11], and so on, have been testified as high capacity
ancde materials which can substitute for graphite. Because
elements like Sn and Si can ajloy and dealloy with Li re-
versibly and show low operating potential when used as the
clectrode material, they are reasonably adequate as anodes
for Li ion secondary batteries [12}. However, they have been
reported to suffer an enormous volume expansion during Li
ion insertion, which results in their poor cyclic properties
[13]. As the primary method for suppressing this change, it
was proposed that material which could act as a buffer against
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volume expansion should be added [4,14]. In the first attempt,
Sn alioys {SnCu, SnFe, etc.) and SnO were used as anodes
of Li ion batteries to improve the cyclic property of Sn, but
none of them showed any satisfactory cycle life. In order to
overcome the limited cyclic property of §i, Si-C composite
manufactured by CVD (chemical vapor deposition} [15] or
by a ball milling process {16] was tried as the anode ma-
terial. 5+-C composite shows quite a goed cyclic property,
but because the quantity of Si that can react with Li ions in
Si~C composite is much lower than in S$i, its capacity is not
much improved compared to the commercial anode material
(graphite). Li metal also has a very high capacity (3860 and
2060 mAh/cm?®), Because the formation of dendrites on the
surface of Li metal during charging-discharging induces a
drastic degradation of the cyclic property, it is not suitable
for use as an anode material without the development of a
special electrolyte [7].

Since Li ion batteries were generalized as the commercial
rechargeable batiery, LiCoO, [17] has been utilized as the
cathode material and other kinds of transition metal oxides,
such as LiNiQy [18], LiMn2 04 [19] and recently, LiFePOy
[20] were tried as substitutes for LiCoQs, Therefore, transi-
tion metal oxides were just regarded as cathode materials, and
their utility as anode materials was ignored. However, several
researchers found that when Li ions are depleted in transi-
tion metal oxides, they show low potential, which means that
transition metal oxides can be also used as the anode mate-
rial for Li ion batteries. From then on, transition metal oxides
have received much attention not only as cathode materials
but also as anode materials, When transition metal oxides,
such as Co304, Co0, NiQ, Fe0, cic., are used as the anode
material, their charge—discharge mechanism is definitely dif-
ferent from that of transition metal oxides like LiCoQ» and
LiMn2Qy4, which are known as cathode materials. Whatever
transition metal oxides used as cathode materials have for
their structure, they are reported to charge or discharge by Li
ion intercalation or deintercalation, On the other hand, based
on previous research, the formation and decomposition of
LiaO have been presented as the charge—discharge mecha-
nism of transition metal oxides for anodes [11,21]. Although
many researchers, such as J.M. Tarascon have insisted that in
transition metal oxides, Li; O formation or decomposition is
basically reversible, many works attribute large irreversible
capacity of SnQO [22], TCO [4], etc., to Li2O. Among sev-
eral kinds of transition metal oxides, CoQ and Co30Q4 show
good cycle life as well as high capacity. Just like the other
transition metal oxides, CoO {11,21] and Co3z04 [23] seem
to be charged or discharged by formation or decompesition
of Li»Q. However, because LiaO is well known as a stable
material, it would be irreversible as the electrode material in
a charge or discharge process. (For example, the main cause
of farge irreversible capacity in SnQ is due to the formation
of LizO at the 1st charge reaction {4,22].} Poizotetal. [11,21}
surmised that the reversible formation and decomposition of
Li»O on transition metal oxides, such as Co30y4 and CoO re-
sult from the precipitously reduced binding energy of Liz O,

which is due to the small particle size of LioO and the cat-
alytic activity of the transition metal. Though this assumption
has been quoted by other researchers, it has not been proved
by any experimental work. Hence, in this paper, we report
that Co3z04 can be charged or discharged by formation or
decomposition of LioO. Finally, several experimental works
will be given to know why Li2O, that is known as a repre-
sentative irreversible material is able to form and decompose
reversibly.

2. Experimental procedurcs

CoCO3 was used as a precursor in this experiment. The
CoCQO3 was heated at 800 °C for [2h in air, to yield Co ox-
ide. The quantitative composition of Co oxide obtained from
this process was confirmed by the XRD (X-ray diffraction)
pattern.

In order to fabricate Co oxide electrodes, Co oxide pow-
der was mixed with acetylene black as a conductive agent and
polyvinylidene fluoride (PVDF} as a binder in a mass ratio
of 72:20:8. Co oxide and acetylene black powders were first
added to a solution of PVDF in N-methyl-2-pyrrolidinone
(NMP) to make the slurry with appropriate viscosity. Cu mesh
was then used to coat the mixture. After the electrode was
dried at 110°C for Zh in vacuum (10“'3'1b1'['), it was com-
pressed under a pressure of about 180 kg/em?. Coin-type cells
were used for the charging—discharging experiment, and this
experiment was not a fuli cell test but a half cell test. (Differ-
ing from the full cell in which Co304 electrode plays a role
of the negative electrode (anode), Li ion insertion and extrac-
tion in Co3 Q4 are related to the discharge and charge process,
respectively. However, note that the charge and discharge pro-
cess of CoaQy electrodes are named according to the full cell
test where the Co3Oy4 electrode acts as the negative electrode.)
Therefore, coin cells were assembled in an argon filled glove
box, where the counter electrode was Li metal and the elec-
wrolyte was 1 M LiPF; dissolved in a 50/50 vol.% mixture of
ethylene carbonate (EC) and dicthyl carbonate (DEC).

The anode performance of the Coz04 samples was mea-
sured in the range from 0.01 to 3.0V {versus L¥/Li") at 1C
rate. The cycling tests were performed by using Toscat-3000u
batlery tester (Toyo system Corporation}. In order to analyze
the electrochemical impedance response, a Solatron 1255 fre-
quency response analyzer (FRA) was used in conjunction
with the Solatron 1286 electrochemical interface. After the
electrode reached an equilibrium potential, the electrochem-
ical impedance measurements were carried out by applying
an ac voltage of 5mV over the frequency range from § o
100 kHz. To measure the reversibility in formation or decom-
position of Liz O, cyclic voltammograms (CV) were obtained
for L.i20 and the mixture of LizO~Co, which was prepared
by ball milling 1120 (50 uwm) and Co (10 wm) at the ratio of
90 wt. %: 10 wt.%.

XRD examination was performed using monochromatic
Cu Ka radiation to observe the crystallinity of Co oxide as
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Fig. 1. XRD pattern of Co oxide obtained from the solid-staie reaction of
CoCQ03 in air. Co oxide was indexed as CozOs.

well as the change of Liz O during the oxidation or reduction.
After cycling, the cells were carefully opened in a glove box
torecoverthe electrode, and the elecirodes were subsequently
rinsed in DEC to remove the residual LiPFg and finally dried
at 80°C. When the dried electrodes were subjected to TEM
(transmission electron microscopy), the phase transition of
Co304 during cycling was confirmed.

3. Resulis and discussion

3.1, General properties of Co304 as an anode material
and the reason why the charge—discharge mechanism of
transition metal oxides, such as Co; 04 should be
clarified

In the current study, Co oxide was manufactured from the
solid-state reaction of CoCQs in air. The XRD pattern of Co
oxide (Fig. 1) prepared from this reaction shows that this
product corresponds to Co3O4. When Co304 is charged and
discharged between 0.01 and 3.0V, as shown in Fig. 2{a),
Co0304 has enough low potential to be used as an anode
material for Li ion batteries and much higher capacity than
graphite, the commercial anode material. Furthermore, it can
be seen from Fig, 2(b) that except for the istcycle, Co3 04 re-
tains good coulombic efficiency at every cycle, which leads
to an outstanding cycle life, with 93.4% of initial capacity
maintained after 100 cycles. However, in order Lo confirm
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Fig. 2. (a) Charge—discharge curves and (b) cycle life of CoaOy obtained
from the solid-slate reaction al 800 °C.

whether Co304 can be charged and discharged by reversible
formation and decomposition of Li2Q, it should be verified
why the formation and decomposition of Li O are reversible
during the charge and discharge of Coi04. The reason of
large initial irreversible capacity observed in Fig. 2(b) can be
confirmed in our previous paper [24].
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Fig. 3. Nyquist plots of Co304's (a) in the charged state (0.01 V) and (b) in
the discharged state (1.2 V) at the F0th, 50th, and 100th cycle (randless-like
behavior).

3.2, Reversible charge~discharge mechanism of Co304

For elucidating the reason why Li;O can be reversibly
formed or decomposed, above all, EIS analyses were con-
ducted for Coy 04 at the 10th, 50th, and 100th cycle (Fig. 3).
Fig. 3(a) shows that in the Li inserted state (that is to say,
0.01 V) of Coz04 at every cycle, there are two semicircles
related 10 some kind of resistance, In case of oxide materi-
als, the 1st semicircle at higher frequency is related to the
formation of passivation film on the surface and the 2nd
semicircle at lower frequency is related to the Li absorp-
tion/desorption process, that is, charge transfer at interface.

As shown in Fig. 3{a), the 2Znd semicircle (charge-transfer
resistance at the interface) is drastically restrained as the cy-
¢le number increases, and after ali, it disappears at 100th
cycle. This phenomenon is because the interface between
passivation film and material, which is activated by forma-
tion or decomposition of Coz 04 or the mixture of LizO and
Co at the previous cycles, can not obstruct Li ion transfer
any more at 100th cycle [25}. During Li extraction (in other
words, when the potential of electrode changes from 0.01 to
1.2V}, there is just one small semicircle and one Warburg
impedance, Based on Macdonald [25], this phenomenaon is
catled randiess-like behavior and when this phenomenon ce-
curs, whatever the charge-discharge mechanism of the elec-
trode material is, it can be reversibly charged or discharged
in homogeneous phases. Hence, we can think that Co304
is also able to charge or discharge in homogeneous phases.
When SADP's (selected area diffraction patterns} were ob-
tained in the 1.i inserted or Li extracted state at the 100th
cycle, the images are shown in Fig. 4. From Fig. 4(a) and (b),
it can be observed that SADP for as prepared Coz04 shows
the obvious crystalline pattern having [113] as the zone axis,
whereas in the Li inserted state at the 100th cycie, SADP
is made up of several polycrystalline patterns (¥) and hol-
low rings (V). As a result of indexing, it was revealed that
the polycrystalline patterns correspond to Co nano-particles
and the hollow rings occur due to Li»Q amorphous phase,
On the other hand, Fig, 4(c) shows that in the Li extracted
state at the 100th cycle, there are only several conspicuous
polycrystalline patterns (¥), which were found by the sub-
sequent indexing to correspond o Co304. Therefore, it can
be assumed that the homogeneous phases during L inser-
tion are a mixture of Li>O amorphous phases and Co nano-
particles, and during Li extraction, Co oxides can be ex-
pected as the possible homogeneous phases. Based on these
results, the reversible reaction of Co3Q4 can be expressed
by this reaction connected to the formation or decomposition
of LizO.

Liinsertion process :

Co104 + 8L + 8¢~ — 3Co + 4Lix0

Liextraction process :

3Co 4+ 4Lip0 — Co304 + SLIt + 8e™

3.3, The main reason why LizO can be reversibly formed
and decomposed during charging and discharging of

Coz04

In the previcus section, it was shown that although Li-O
is a representative electrochemically irreversible material,
Co30y4 is able to charge and discharge by the formation and
decomposition of LizO. As for the reason why the reversible
formation and decomposition of Li2O are possible during
charging and discharging of Co304, Poizot et al. suggested
that the reversible formation and decomposition of LiaO re-
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Fig. 1. XRD pattern of Co oxide oblained from (he solid-slate reaction of
CoCO0y3 in air. Co oxide was indexed as CozQy.

well as the change of Liz O during the oxidation or reduction.
After cycling, the cells were carefully opened in a glove box
to recover the electrode, and the electrodes were subsequently
rinsed in DEC to remove the residual LiPFg and finally dried
at 80 °C. When the dried electrodes were subjected to TEM
(transmission eleciron microscopy), the phase transition of
Co304 during cycling was confirmed.

3. Results and discussion

3.1. General properties of Co3Q04 as an anode material
and the reason why the charge—discharge mechanism of
transition metal oxides, such as Coz04 should be
clarified

In the current study, Co oxide was manufactured {rom the
solid-state reaction of CaCQO3 in air. The XRD patiern of Co
oxide (Fig. 1) prepared from this reaction shows that this
product cosresponds to CozO4. When Coz 0y is charged and
discharged between 0.01 and 3.0V, as shown in Fig. 2{(a),
Co30s has enough low potential to be vsed as an anode
material for Li ion batteries and much higher capacity than
graphite, the commercial anode material. Furthermore, it can
be seen from Fig. 2(b} that except for the 1st cyele, Co3Og re-
tains good coalombic efficiency at every cycle, which Jeads
to an cutstanding cycle life, with 93.4% of initial capacity
maintzined after 100 cycles. However, in order to confirm
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Fig. 2. {a) Charge—discharge curves and (b) cycle life of CozO4 obtained
from the solid-state reaction at 800°C.

whether Co304 can be charged and discharged by reversible
formation and decomposition of LiyO, it should be verified
why the formation and decomposition of Li»O are reversible
during the charge and discharge of Co304. The reason of
large initial irreversible capacity observed in Fig. 2(b) can be
confirmed in our previous paper [24].
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Fig. 3. Nyguist plots of Co3Q4’s {a) in the charged state (0.01 V) and (b) in
the discharged state (1.2 V} at the 10th, 50th, and 100t cycle (randless-like
behavior),

3.2. Reversible charge-discharge mechanism of Co3Oy

For efucidating the reasen why LizO can be reversibly
formed or decomposed, above all, EIS analyses were con-
ducted for Co304 at the 10th, 50th, and 100th cycle (Fig. 3).
Fig. 3{a) shows that in the Li inserted state (that is to say,
(.01 V) of Coz04 at every cycle, there are two semicircles
related to some kind of resistance. 1n case of oxide materi-
als, the Ist semicircle af higher frequency is related to the
formation of passivation film on the surface and the 2nd
semicircle at lower frequency is related to the Li absorp-
tion/desorption process, that is, charge transfer at interface.

As shown in Fig. 3(a), the 2nd semicircle (charge-transfer
resistance at the interface) is drastically restrained as the cy-
cle number increases, and after all, it disappears at 100th
cycle, This phenomencn is because the interface between
passivation film and material, which is activated by forma-
tion or decomposition of Coz04 or the mixture of LirO and
Co at the previous cycles, can not obstruct Li ion transfer
any more at 100th cycle [25]. During Li extraction (in other
words, when the potential of electrode changes from 0.01 to
1.2 V), there is just one small semicircle and one Warburg
impedance. Based on Macdonald [25], this phencomenon is
called randless-like behavior and when this phenomencn oc-
curs, whatever the charge-discharge mechanism of the elec-
trode material is, it can be reversibly charged or discharged
in hemoegeneous phases. Hence, we can think that Coz Q4
is also able to charge or discharge in homogeneous phases.
When SADP’s {selected area diffraction patterns) were ob-
tained in the Lj inserted or Li extracted state at the 100th
cycle, the images are shown in Fig. 4. From Fig. 4(a) and (b),
it can be observed that SADP for as prepared Co304 shows
the obvious crystalline pattern having [113] as the zone axis,
whereas in the Li inserted state at the 100t cycle, SADP
is made up of several polycrystaliine patterns (¥) and hol-
low rings (V). As a result of indexing, it was revealed that
the polycrystalline patterns correspond to Co nano-particles
and the hollow rings occur due to LizO amorphous phase,
On the other hand, Fig. 4{c) shows that in the Li extracted
state at the 100th cycle, there are only several conspicuous
poiycrystaliine patterns (¥), which were found by the sub-
sequent indexing to correspond to Co3Qy. Therefore, it can
be assumed that the homogeneous phases during Li inser-
tion are a mixture of LipO amorphous phases and Co nano-
particles, and during 1i extraction, Co oxides can be ex-
pected as the possible homogeneous phases. Based on these
results, the reversible reaction of Cosz04 can be expressed
by this reaction connected to the formation or decomposition
of Li»O.

Liinsertion process :

Co104 + 8LiT + 8¢~ — 3Co + 41120

Li extraction process :

300 4+ 4Lia0 — Co304 + 8LIT +8e™

3.3. The main reason why LiyO can be reversibly formed
and decomposed during charging and discharging of

Co304

In the previous section, it was shown that although Li; O
is a representative electrochemically irreversible material,
Co304 is able to charge and discharge by the formation and
decomposition of Li2O. As for the reasen why the reversible
formation and decomposition of LipO are pessible during
charging and discharging of Co304, Poizot et al. suggested
that the reversible formation and decomposition of LiaO re-
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Fig. 4. SADP's (selected area diffraction patterns) for (a) as preparcd CozO4, (b) CeaQy4 in the charged state at the 100th cycle and (¢) Co3 Oy in the discharged

state at the 100th cycle.

sult from the greatly reduced binding energy of LioO, which
is due to the small particle size of Li»O and the catalytic ac-
tivity of transition metal (Co). Actually, it was generalized
that the smaller particle size the material has, the lower melt-
ing point or binding energy it has [26]. Besides, because the
transition metal, such as Co is currently used as the catalyst
for notonly the reduction of Ha or Oz on the surface of single
wall nanotube [271 but also the decomposition of LiaS [21],
which has a similar bond enthalpy o Li; O (bond enthalpy of
LizS: 312.5 kl/mol, bond enthalpy of LizO: 333.5 kl/mol), it
can be envisaged that Co plays a crucial role in the formation
or decomposition of LizO. However, up to now, it has never
been made clear why Liz O can be reversibly formed and de-

composed during charging and discharging of C0304. S0, 10
observe what kind of effect Co has on the reversible decom-
position or formation of LixO, CV (cyclic veltammogram)
graphs were obtained for LizO and a mixture of Liz0-Co
(90 wt.%: 10 wt.%). As shown in Fig. 5(a), the CV plot of
Lio O has several oxidation peaks and reduction peaks, When
Co was added to LiaO, Fig. 5(b) shows that the oxidation
and reduction peaks in the CV of the mixture of 1i;0-Co
have much stronger intensity than those in the CV of Li; 0.
Though, because it had not been elucidated what reaction
is involved with the oxidation or reduction peaks in the CV
of LirQ, XRD analyses were performed at 1.75, 2, 2.25 and
2.5V during the oxidation reaction (Li 1on extraction) as wel]
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Fig. 5. Cyclic voltammograms of (a) Li»O and (b) Co added Li» O. Addition
of Co enlarges the intensities of the oxidation peak and the reduction peak.,

asat2.5, 1.8 and 1.25 V during the reduction reaction (Liicn
insertion). From the XRD pattern in Fig. 6, it can be ob-
served that while Li ions are being extracted, the Li»O peak
continues to decrease. On the other hand, while Li ions are
being inserted, the LizO peak increases. From this result, it
is easily confirmed that the oxidation peak and the reduction
peak in the CV of LipO correspond to LipO decomposition
and formation, respectively. From the difference between the
CV of LipO and that of Li»O~Co mixture in intensity, it can
be inferred that Co has a significant catalytic activity that
tends to activate the formation and decomposition of Li2O.
Thercfore, it can be concluded that when Co3Qy4 is charged
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Fig. 6. XRD patterns for Lio0%s at 1.75, 2, 2.25 and 2.5 V during the oxida-
tion reaction (L3 ion extraction, these figures have black color), and at 2.5,
1.8 and 1.25 V during the reduction reaction (i ion inserlion, these figures
have gray color),

and discharged, the catalytic activity of Co enables an irre-
versible material, LizO, to form and decompose reversibly.

4. Conclusions

Transition metal oxides were initially only regarded as
cathode materials, and their use as the anode material was
ignored. However, since J.M. Tarascon et al. showed that
transition metal oxides, such as Co3Q4, CoQ, etc., are also
very promising as anode materials, there has been more and
more attention paid to them. Among all of these materials,
Co304 shows the high capacity, around 700 mAh/g, twice
as high as the commercial anode material, graphite. More-
over, except for the 1st cycle, Co304 retains good coulombic
efficiency at every cycle, which leads to a good cycle life
(93.4% of initial capacity is maintained after 100 cycles.).
In general, Co304 has been reported to charge or discharge
by the formation or decomposition of LipQ. However, now
that Li;O is known to be an electrochemically irreversible
material, we could wonder whether Co304 really charges or
discharges by the formation or decomposition of LizO and
if the formation or decomposition of Li2 O is the real mech-
anism behind the behavior of Co304, what is the main rea-
son why Li» O forms or decomposes reversibly. EIS analyses
showed that after the 1st cycle, the insertion or extraction of
14 ton in Co304 can occur homogeneously and reversibly
(randless-like behavior). When connecting these EIS analy-
ses with SADP patterns after Li insertion or Li extraction at
the 100th cycle, the results showed that the main homoge-
neous phase during Li jon insertion is a mixture of Co-Lis O,
while Co304 is the main phase during Li ion extraction. It
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sult from the greatly reduced binding energy of Liz O, which
is due to the smali particle size of LioO and the catalytic ac-
tivity of transition metal (Co). Actually, it was generalized
that the smaller particle size the material has, the lower melt-
ing point or binding energy it has [26]. Besides, because the
transition metal, such as Co is currentiy used as the catalyst
for not only the reduction of Hy or O on the surface of single
wail nanotube [27] but also the decomposition of LisS [21],
which has a similar bond enthalpy to Li; O (bond enthalpy of
LisS: 312,53 kJ/mol, bond enthalpy of LizO: 333.5kl/mol), it
can be envisaged that Co piays a crucial role in the formation
or decomposition of LioO. However, up to now, it has never
been made clear why LiaO can be reversibly formed and de-

composed during charging and discharging of Co304. So, to
observe what kind of effect Co has on the reversible decom-
position or formation of LisO, CV (cyclic voltammogram)
graphs were obtained for Li»O and a mixture of Li;O-Co
(90 wt.%: 10 wt.9%). As shown in Fig. 5(a), the CV plot of
LipQ has several oxidation peaks and reduction peaks, When
Co was added to LipO, Fig. 5(b) shows that the oxidation
and reduction peaks in the CV of the mixture of Li;O-Co
have much stronger intensity than those in the CV of LizO.
Though, because it had not been clucidated what reaction
is invoived with the oxidation or reduction peaks in the CV
of LioO, XRD analyses were performed at 1.75, 2, 2.25 and
2.5V during the oxidation reaction {Li ion extraction) as well
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as at 2.5, 1.8 and 1.25 V during the reduction reaction {Liion
insertion). From the XRD pattern in Fig. 6, it can be ob-
served that while Li ions are being extracted, the LiaO peak
continues to decrease. On the other hand, while Li ions are
being inserted, the Li>O peak increases. From this resul, it
is easily confirmed that the oxidation peak and the reduction
peak in the CV of LizO correspond to LizO decomposition
and formation, respectively. From the difference between the
CV of Liz0 and that of LisO-Co mixture in intensity, it can
be inferred that Co has a significant catalytic activity that
tends to activate the formation and decomposition of LiaQ.
Therefore, it can be concluded that when Coz Q4 is charged
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Fig. 6. XRD patterns for LipO's al 1.75, 2, 2.25 and 2.5 V during the oxida-
tion reaction (Li ion extraction, these figures have black color), and at 2.5,
1.8 and .25 V during the reduction reaction (L4 ion insertion, these figures
have gray color).

and discharged, the catalytic activity of Co enables an irre-
versible material, Li; O, to form and decompose reversibly.

4. Conclusions

Transition metal oxides were inifially only regarded as
cathode materiais, and their use as the anode material was
ignored. However, since I.M. Tarascon et al. showed that
transition metal oxides, such as Coz0y4, CoO, etc,, are also
very promising as anode materials, there has been more and
more attention paid to them. Among all of these materials,
Co0304 shows the high capacity, around 700 mAh/g, twice
as high as the commercial anode material, graphite. More-
over, except for the 1st ¢ycle, Co3Qy retains good coulombic
efficiency at every cycle, which leads to a good cycie life
(93.4% of mitial capacity is maintained after 100 cycles.).
In general, Co304 has been reported to charge or discharge
by the formation or decomposition of Li;O. However, now
that 12O is known to be an electrochemically irreversible
material, we could wonder whether Coz Oy really charges or
discharges by the formation or decomposition of LizO and
if the formation or decomposition of Li2O is the real mech-
anism behind the behavior of Co3Q4, what is the main rea-
son why Lis O forms or decomposes reversibly. EIS analyses
showed that after the st cycle, the insertion or extraction of
Li ion in Co30y4 can occur homogenecusly and reversibly
(randless-like behavior). When connecting these EIS analy-
ses with SADP patterns after Li insertion or Li extraction at
the 100th cycle, the results showed that the main homoge-
neous phase during Li ion insertion is a mixture of Co-Liz O,
while Co304 is the main phase during Li ion extraction. It
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was thus confirmed that the formation and decomposition of
LizO is the charge-discharge mechanism of Co304. On the
other hand, the CV of LisO-Co mixture shows much larger
oxidation and reduction peaks than that of Li;O. Based on
XRI> analyses, oxidation and reduction in the CV of Li,O
correspond te decomposition and formation of Li; O, respec-
tively. Hence, Co addition to Li; O facilitates decomposition
and formation of LipO. Finally, these results imply that dur-
ing charging or discharging of Co10s, the catalytic effect of
Co must be one of the main causes that make LinO form or
decompose reversibly.
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was thus confirmed that the formation and decomposition of
1120 is the charge-discharge mechanism of Co304. On the
other hand, the CV of Li»O~Co mixture shows much larger
oxidation and reduction peaks than that of Li;O. Based on
XRD analyses, oxidation and reduction in the CV of Lix O
correspond to decomposition and formation of Lia O, respec-
tively. Hence, Co addition to Lis O facilifates decomposition
and formation of LizO. Finally, these results imply that dur-
ing charging or discharging of Co304, the catalytic effect of
Co must be one of the main causes that make Li2O form or
decompose reversibly.
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