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a b s t r a c t

To improve the coulombic efficiency of GeO2 electrode, a Cu-containing ternary metal oxide (CuGeO3)
was prepared and the electrochemical behavior of Cu component was studied. The GeO2 electrode shows
a low coulombic efficiency in the first cycle (43%), which is mainly caused by a poor Ge oxidation kinet-
ics (Ge + 2Li2O → GeO2 + 2Li+ + 2e−). The X-ray absorption spectroscopy (XAS) data illustrate that the Cu
component in CuGeO3 is converted to nano-sized metallic Cu in the earlier stage of lithiation but idles
thereafter. In contrast, the Ge component in CuGeO3 behaves like the GeO2 electrode. It is converted to
nano-sized Ge by a conversion reaction and further lithiated by alloying reaction. The de-lithiation pro-
node
etal oxide electrodes
ano-sized metal particles
oulombic efficiency

ceeds in the reverse order. The CuGeO3 electrode shows a much improved coulombic efficiency (74%) in
the first cycle, which is indebted to a facilitated Ge oxidation with a much reduced electrode polariza-
tion. This feature has been explained by the favorable roles provided by the in situ generated nano-sized
metallic Cu particles that make such an intimate contact with the nano-sized Ge and Li2O that they can
catalyze Li2O decomposition and provide an electronic conductive network for Ge oxidation. A similar

ved w
and C
favorable effect was obser
of nano-sized metallic Fe

. Introduction

Recently, metal oxide electrodes such as CoO, NiO, SnO2, and
eO2 have received a much attention since they possess a higher

heoretical capacity than that of graphites [1–5]. Such a high capac-
ty can be assumed since they are lithiated by a conversion-type
eaction with more than one-electron reduction (for instance,
oO + 2Li+ + 2e → Co + Li2O), which is contrasted by the conven-
ional electrodes that are lithiated by less than one-electron
eduction (for instance, graphites). Even higher theoretical capacity
s expected if the metal components are further lithiated by alloying
eaction with Li. For instance, GeO2 is lithiated by a conversion reac-
ion (GeO2 + 4Li+ + 4e → Ge + 2Li2O) and the elemental-state Ge is
urther lithiated by an alloying reaction (Ge + xLi+ + xe → LixGe) [5].

In practice, the metal oxides have not been used as an electrode
or lithium secondary batteries since they have many problems to
e solved [1–6]. They show a large hysteresis between charge and

ischarge voltage. A severe volume change with cycling is another
roblem. Finally, a large irreversible capacity (low coulombic
fficiency) evolved in the first cycle, which is caused by an incom-
lete de-lithiation reaction (oxidation of metallic component/Li2O

∗ Corresponding author. Tel.: +82 2 880 7074; fax: +82 2 872 5755.
E-mail address: seungoh@snu.ac.kr (S.M. Oh).

1 ISE member.

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.03.009
ith the other ternary oxides (FeGeO3 and CoGeO3), wherein the formation
o can be assumed.

© 2009 Elsevier Ltd. All rights reserved.

decomposition, for instance, Co + Li2O → CoO + 2Li+ + 2e), is another
problem. To solve or at least alleviate the irreversibility problem,
broadly two approaches have been made in the literature. The first
approach concerns a minimization of electrochemical Li2O forma-
tion. This idea is based on the fact that the heterogeneous reaction
between metal (for instance, Co) and Li2O particles is intrinsically
slow, such that the Li consumed for Li2O formation is not fully
recovered in the forthcoming de-lithiation process [7–9]. In this
circumstance, the amount of Li remained as Li2O appears as an
irreversible capacity. The typical example of this approach is the
work performed by Nam et al. [8]. They prepared a SnO2 thin-film
electrode, onto which Li metal was deposited. During the next heat-
treatment period, the SnO2 is converted to metallic Sn and Li2O,
such that there is no Li consumption for electrochemical Li2O for-
mation. The second approach is to incorporate an extra metallic
component to facilitate the solid-state reaction between metal and
Li2O [10–13]. For instance, Kang et al. reported that the coulom-
bic efficiency of Co3O4 electrode is greatly increased by adding
metallic Ni by high-energy ball milling [10]. As the roles of this
extra metallic component (Ni), the following has been proposed:
(i) electrocatalyst for Li2O decomposition, (ii) electronic conduc-

tive network formation between metallic Co and Li2O to facilitate
the Co oxidation, and (iii) buffering matrix to minimize the volume
change associated with a lithiation of Co3O4.

This work is an extension of the second approach since we
add an extra metallic component in metal oxide electrode, but the

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:seungoh@snu.ac.kr
dx.doi.org/10.1016/j.electacta.2009.03.009
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ifference to the previous approaches is the in situ generation of
etal particles by cell cycling. As a model compound, we have cho-

en the ternary metal oxides (MGeO3, where M = Cu, Fe and Co) with
he following expectations in mind. First, the extra metal compo-
ents (M) are converted to their elemental state by a conversion
eaction, thereby they can play the roles that have been proposed
n the previous literature. This idea has been developed on the basis
f the fact that the reduction potential of Cu(II), Fe(II) and Co(II) is
igher than that for Ge(IV), such that the metal particles (M) are
enerated before the Ge(IV) reduction and remain in their metallic
tate until the metallic Ge is oxidized [5,14]. Second, the extra metal
omponents (M) are converted to nano-sized particles, which seem
o be very likely since the electrochemical reduction takes place
ithin an MGeO3 particle in an atomic scale. If this is the case, the
ano-sized metal particles can play the proposed roles more effec-
ively than the bulkier metal particles employed in the previous
orks.

. Experimental

.1. Preparation and characterization of materials

A series of crystalline MGeO3 (M = Cu, Fe and Co) powder
0.5–10 �m) was prepared by solid-state reaction with GeO2 pow-
er (99.998%, Aldrich, 0.5–5 �m), CuO (Aldrich, 20–300 nm), Fe2O3
99+%, Aldrich, <5 �m), and CoO (Aldrich, 325 mesh). The corre-
ponding powders were mixed in a stoichiometric ratio and sealed
n a steel bowl. After high-energy ball-milling for 4 h, the mix-
ure was pressed into a pellet under 3000 psi for 10 min, which
as followed by heat-treatment at 1000 ◦C for 12 h in air. For a

ontrol experiment, the CuO/GeO2 sample was prepared by high-
nergy ball-milling of CuO/GeO2 mixture (1:1 atomic ratio). The
-ray diffraction (XRD) data of ternary oxides were indexed with;
uGeO3: JCPDS #01-089-9047, FeGeO3: JCPDS #00-035-1265, and
oGeO3: JCPDS #00-017-0814.

XRD patterns were obtained with a RIGAKU D/MAX-2500-PC
quipped with Cu K� radiation (1.54056 Å). The Ge K-edge and Cu
-edge X-ray absorption spectroscopy (XAS) and extended X-ray
bsorption fine structure (EXAFS) data were obtained at the Pohang
ight Source (PLS) with a ring current of 120–170 mA at 2.5 GeV.
ata were collected in a transmission mode using gas-filled ioniza-
ion chambers (30% nitrogen and 70% argon) as detectors. A Si (1 1 1)
onochromator crystal was used with detuning to 80% in inten-

ity to eliminate the high-order harmonics. Energy calibration for
e K-edge and Cu K-edge was carried out using Ge and Cu powder,

espectively. For the XRD and XAS analysis, the cells were disassem-

ig. 1. The galvanostatic discharge–charge voltage profile recorded with CuGeO3/Li cell
ppeared in (a) are well-matched with the current peaks appeared in (b).
cta 54 (2009) 4371–4377

bled in Ar-filled dry box and the current collector was removed from
the electrode. Disassembled electrode was coated with polyimide
(KAPTON) film to prevent oxidation.

2.2. Electrochemical characterization

The composite electrodes were prepared by spreading a slurry
mixture of metal oxide powder, poly(vinylidene fluoride) (PVdF,
as a polymer binder), and carbon additive (super P, for conductiv-
ity enhancement) (7:1.5:1.5 weight ratio) on a piece of Cu foil. Li
metal foil was used as the counter electrode. The used electrolyte
was 1.0 M LiPF6 dissolved in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1 volume ratio). Electrochemi-
cal tests were performed with a two-electrode 2032-type coin cell
in the potential range of 0.01–3.00 V (vs. Li/Li+) at 25 ◦C. Galvano-
static charge/discharge cycling was made at a current density of
100 mA g−1. Cyclic voltammograms were recorded at a scan rate of
20 �V s−1. In this report, the lithiation was expressed as discharg-
ing, whereas the de-lithiation charging.

3. Results and discussion

3.1. Lithiation/de-lithiation mechanism of CuGeO3 electrode

The first discharge–charge voltage profile of CuGeO3/Li cell
is presented in Fig. 1a. The CuGeO3 electrode is lithiated up to
9.34 Li/Ge and de-lithiated by 6.92 Li/Ge in the first cycle. The
coulombic efficiency is calculated to be 74%. The voltage plateaus
appeared at 1.7 V and near 0.0 V in the lithiation, and those at 0.5 V,
1.2 V and 1.8 V in the de-lithiation are well-matched with the cur-
rent peaks appeared in the cyclic voltammogram (Fig. 1b).

In order to trace the lithiation/de-lithiation pathway for CuGeO3
electrode, the Cu K-edge and Ge K-edge XANES and EXAFS spectra
were obtained (Fig. 2). For a referencing purpose, the spectra for
CuO, Cu, GeO2 and Ge are provided in the inset. As shown in Fig. 2a,
the Cu K-edge XANES spectrum of initial CuGeO3 looks very close
to that for the CuO reference (scan #1), implying that the oxida-
tion state of Cu in CuGeO3 is close to two. When lithiation proceeds
across the voltage plateau appeared at 1.7 V (scan #2–3), the Cu
component is reduced to its metallic state as evidenced by the simi-
larity between the spectrum (scan #3) and that for the Cu reference.

The other spectra (scan #4–6) in Fig. 2a strongly suggest that the
Cu component remains as an elemental state thereafter. The ear-
lier reduction of Cu component in CuGeO3 is further evidenced by
the Cu K-edge EXAFS spectra shown in Fig. 2c, where it is seen that
the intensity of Cu–Cu bond sharply increases in the earlier stage of

in the first cycle (a) and cyclic voltammogram (b). Note that the voltage plateaus
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ig. 2. The X-ray absorption spectra (XAS) obtained with a lithiation of CuGeO3 el
-edge (c), and EXAFS of Ge K-edge (d). The points where the spectra were taken ar

ithiation (1.7 V plateau region, scan #1–3) at the expense of Cu–O
ntensity.

Fig. 2b shows the reduction behavior of Ge component in
uGeO3. The initial CuGeO3 gives a Ge K-edge XANES spectrum
scan #1) that looks close to that of GeO2 reference, indicating
hat the oxidation state of Ge in CuGeO3 is close to four. The GeO2-
ike spectra are still observed at the voltage plateau region (1.7 V),
eflecting that the Ge component is not reduced (scan #1–3) in this
oltage region. The Ge reduction takes place at the later stage of
ithiation as evidenced by the spectra (scan #4–6) that look similar
o that for Ge reference. The EXAFS data (Fig. 2d) further support
he later stage Ge reduction. That is, the Ge–O peak intensity does
ot change at the plateau region (scan #1–3), but rapidly decreases
t the later stage (scan #4–6). One revealing feature here is that
he intensity of Ge–Ge bonding is very weak even if the Ge compo-
ent is reduced to its metallic state (scan #4–6 in Fig. 2d), which is
ontrasted by the relatively strong and invariant peak intensity of
u–Cu bonding (scan #3–6 in Fig. 2c). This explains that the metallic
e generated by the conversion reaction immediately reacts with Li
y alloying reaction to be lithiated Ge (LixGe), whereas the metallic
u remains as a metallic state without any reactions. By summa-
izing the above results, the lithiation mechanism of CuGeO3 is

roposed as follows:

(i) Cu reduction at the plateau region (1.7 V):

CuGeO3 + 2Li+ + 2e− → Cu + Li2O + GeO2
e in the first cycle: XANES of Cu K-edge (a), XANES of Ge K-edge (b), EXAFS of Cu
ated as the numbers in the voltage profile shown in the bottom.

(ii) Ge reduction and alloying reaction at <1.7 V:

GeO2 + 4Li+ + 4e− → Ge + 2Li2O

and

Ge + xLi+ + xe− → LixGe

On the basis of this lithiation pathway, the current peaks located
at 1.7 V and 0.0 V (Fig. 1b) can be assigned to being associated with
the Cu reduction and Ge reduction/alloying, respectively.

The de-lithiation mechanism of CuGeO3 electrode can be
addressed by the XAS data shown in Fig. 3. The Cu K-edge XANES
spectra (Fig. 3a) look very close to that for the Cu reference (inset in
Fig. 2a) regardless of the extent of de-lithiation, indicating that the
Cu component maintains its metallic state in this oxidizing condi-
tion. This feature is further supported by the strong and invariant
Cu–Cu peak in the EXAFS data (Fig. 3c) in the whole period of
de-lithiation. A slight Cu oxidation seems likely at the extremely
positive potential (>2.5 V) as evidenced by the evolution of Cu–O
peak at the final stage of de-lithiation (scan #10 in Fig. 3c). Fig. 3b

presents the Ge K-edge XANES spectra, where it is seen that the
spectra taken in the earlier period of de-lithiation (<1.0 V, scan
#6–7) look like that for Ge reference, but the GeO2-like spectra
gradually develop at the later stage of de-lithiation (>1.0 V). This
illustrates that the de-lithiation proceeds in two steps; de-alloying
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ig. 3. The X-ray absorption spectra (XAS) obtained with a de-lithiation of CuGeO3

-edge (c), and EXAFS of Ge K-edge (d). The points where the spectra were taken ar

nd then Ge oxidation. The later stage Ge oxidation is further sup-
orted by the EXAFS spectra (Fig. 3d), where it is seen that the peak
or Ge–O bond, which is negligible in intensity on the spectra #6–7,
ow becomes more intense on the spectra #8–10. The de-lithiation
echanism of CuGeO3 electrode is summarized as follows:

(i) De-alloying reaction at <1.0 V:

LixGe → Ge + xLi+ + xe−

ii) Ge oxidation at >1.0 V:

Ge + 2Li2O → GeO2 + 2Li+ + 2e−

ccording to this de-lithiation pathway, the current peak at 0.5 V
Fig. 1b) can be assigned to the de-alloying reaction of LixGe, and
hose at 1.2 V and 1.8 V to Ge oxidation.

Fig. 4a and b shows the first discharge–charge voltage profile
aken with the GeO2/Li cell and the cyclic voltammogram, respec-
ively. The GeO2 electrode accepts ca. 8.3 Li/Ge under this cycling
ondition. Assuming that GeO2 is lithiated by a conversion reac-

ion with 4.0 Li/Ge uptake, the extra lithiation capacity (4.3 Li/Ge
ptake) can be ascribed to being originated from Li–Ge alloying
eaction [5]. The observed de-lithiation capacity is much smaller
han the lithiation capacity, such that the coulombic efficiency in
he first cycle amounts to only 43%. Note that this value is far
ode in the first cycle: XANES of Cu K-edge (a), XANES of Ge K-edge (b), EXAFS of Cu
cated as the numbers in the voltage profile shown in the bottom.

smaller than that observed with the Cu-containing CuGeO3 elec-
trode (74%). The reason for why the GeO2 electrode exhibits such a
low coulombic efficiency can be found from the de-lithiation behav-
ior shown in Fig. 4a and b. Two voltage plateaus are observed in the
de-lithiation curve (Fig. 4a), which are closely associated with the
current peaks appeared at 0.45 V and 1.1 V in the cyclic voltam-
mogram (Fig. 4b). On the basis of the de-lithiation behavior of Ge
component in CuGeO3 electrode that has been explained by the XAS
data (Fig. 3b and d), the voltage plateau at 0.45 V can be accounted
for by the de-alloying reaction, while the plateau appeared at 1.1 V
by Ge oxidation. Here, it is noted that the de-lithiation capacity
delivered by Ge oxidation (1.1 V plateau) is much smaller than
that for de-alloying (0.45 V plateau). Moreover, a comparison for
CuGeO3 (Fig. 1a) and GeO2 electrode (Fig. 4a) clearly shows that the
de-lithiation capacity delivered by Ge oxidation at >1.0 V is much
smaller for the GeO2 electrode. From this, we can reach a conclu-
sion that the poor coulombic efficiency observed with the GeO2
electrode is mainly caused by a poor kinetics for Ge oxidation.

Fig. 4c and d displays the first discharge–charge voltage profile
of CuO/Li cell and cyclic voltammogram, respectively. The CuO elec-
trode is lithiated by ca. 3.0 Li/Cu, which is larger than the theoretical
value (2.0 Li/Cu for conversion reaction) [2]. This extra capacity

may be resulted from the reversible formation/decomposition of an
organic layer [15] or the capacitor-like charge storage in the newly
formed Li2O/Cu grain boundaries [16]. The latter possibility is sup-
ported by the sloped voltage profile appeared in the later stage of
lithiation (0.8–0.01 V) and earlier stage of de-lithiation (0.01–2.0 V)
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with GeO2/Li (a) and CuO/Li (c) cells and cyclic voltammograms (b and d).
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Fig. 4. The galvanostatic discharge–charge voltage profile recorded

n Fig. 4c, and the capacitor-like charging current appeared in the
ame voltage region in the cyclic voltammogram (Fig. 4d). The
urrent peak and voltage plateau appeared at 1.3–0.8 V in both fig-
res must be ascribed to the conversion-type lithiation reaction,
hereas those appeared at 2.3–2.7 V in the de-lithiation period to
u oxidation. The Cu oxidation at the extremely positive potential
>2.5 V) has been proposed in the XAS study (Fig. 3c).

.2. The role of nano-dispersed metallic Cu

The discharge/charge voltage curves shown in Figs. 1 and 4
trongly indicate that the voltage profile of CuGeO3 electrode is
combined one of those for CuO and GeO2. That is, the voltage

lateau at 1.7 V in the lithiation curve looks similar to that appeared
n CuO electrode and the other plateau at 0.5–0.0 V to that for GeO2.
his may suggest that the Cu and Ge component in CuGeO3 behave
ndependently to each other. Even this, it is clearly shown above
hat the first coulombic efficiency of Ge component in CuGeO3
s greatly improved by the presence of Cu component, which is

ainly indebted to a significant enlargement of de-lithiation capac-
ty delivered by Ge oxidation. This implies that the in situ generated

etallic Cu plays a favorable role for the Ge oxidation reaction.
Before addressing the role of metallic Cu particles, their size and

ispersion in the electrode layer were examined by post-mortem
RD analysis. Fig. 5 presents the XRD patterns of CuGeO3 electrode

aken along with a cycling. The initial CuGeO3 powder shows a

ighly crystalline orthorhombic lattice, indicating that it is not a
hysical mixture of CuO and GeO2. When the electrode is lithi-
ted up to 300 mAh g−1 (just beyond the plateau region at 1.7 V
n Fig. 1a), however, the electrode gives a featureless XRD pattern.
ny crystalline phases are not detected in the subsequent cycling,

Fig. 5. The ex situ XRD patterns of CuGeO3 electrode obtained in the first cycle. Note
that the broad peak at 30–35◦ comes from polyimide (KAPTON) film. Also note that
the CuGeO3 phase is converted to amorphous or extremely small particles upon
lithiation and any highly crystalline phases are not detected thereafter.
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severe capacity fading by delivering 50% of the initial value within
20 cycles. This unsatisfactory observation is seemingly come from
the intrinsic property of GeO2, which cannot be overcome by the
presence of metallic Cu. That is, one can expect a detachment of

Table 1
The lithiation/de-lithiation capacity and coulombic efficiency in the first cycle.

Lithiation capacity
(mA h g−1)

De-lithiation
capacity (mA h g−1)

Coulombic
efficiency (%)
376 C.H. Kim et al. / Electrochim

eflecting that the intermediate phases generated during cycling
uch as metallic Cu, metallic Ge, lithiated Ge, and GeO2 are amor-
hous or extremely small in particle size. A broad peak locating at
3–45◦ can, however, be recognized in all the data, which seems to
ome from metallic Cu. This is not surprising since a transforma-
ion from crystalline to nano-sized amorphous phases is a common
eature in the metal oxide electrodes that undergo a conversion
eaction [1–4].

As presented in the Section 1, the previous literatures reported
n improvement of coulombic efficiency by incorporating extra
etal particles in metal oxide electrodes (for instance, Ni/Co3O4)

10]. The efficiency improvement has been attributed to a facili-
ation of Co oxidation reaction. In this work, a similar effect has
een obtained by adding a Cu component in the metal oxide
GeO2) as a form of CuGeO3 (Fig. 1a). Intuitively, the facilita-
ion of Ge oxidation (Li2O decomposition) must be resulted from

rate improvement in several processes involved for Ge oxi-
ation (Ge + 2Li2O → GeO2 + 2Li+ + 2e−); Li2O decomposition and
lectron/ion transfer. Several roles for metallic Cu can thus be
ssumed: The metallic Cu particles may act as an electrocatalyst
or Li2O decomposition. Also, they may play as an electron transfer
hannel by making an intimate contact with Ge and Li2O nano-
articles. Finally, they may play as a buffer against volume change
volved with lithiation/de-lithiation of Ge component in CuGeO3.
f this is not the case, ion (Li+ and O2−) transfer between Ge and
i2O particles may be impeded due to extended inter-particle gaps
n the loosened electrode layer.

The above-mentioned assumptions are, however, not easy to be
xperimentally validated as many ingredients are involved with
any interfaces. It is even more difficult to identify which con-

ribution is dominant over the others. Along this line, in this work,
he role of Cu particles has been addressed by estimating the elec-
rode polarization that reflects the sum of ohmic resistance, charge
ransfer resistance and mass transfer resistance for electrode reac-
ions. Fig. 6a provides a typical galvanostatic intermittent titration
echnique (GITT) data that was obtained with the CuGeO3 elec-
rode, wherein the open circles represent the open-circuit voltage
OCV) and the solid line the transient one [17]. The difference
etween two values is the electrode polarization that reflects the

nternal resistance of CuGeO3 electrode [18,19]. Fig. 6b compares
he potential-dependant polarization for three electrodes, which
as traced along with de-lithiation. The electrode polarization is

omparable for three electrodes at <1.0 V, where the de-alloying
eaction takes place. In the Ge oxidation region (>1.0 V), how-
ver, the GeO2 electrode shows the largest polarization but the
uGeO3 electrode the smallest. Clearly, the electrode polarization
hat reflects the Ge oxidation kinetics is greatly reduced by the pres-
nce of metallic Cu in the CuGeO3 electrode. Also shown in Fig. 6b
s the electrode polarization for the CuO/GeO2 mixture electrode,

hich was prepared by ball-milling. This electrode also shows a
educed electrode polarization as compared to the GeO2 electrode,
ut the polarization is still larger than that for CuGeO3. It is not
ifficult to assume that the CuO in CuO/GeO2 electrode is reduced
o metallic Cu and plays the same favorable roles. A slightly larger
olarization for this electrode can be explained by the particle size.
hat is, the particles of CuO and GeO2 are micron-sized in the initial
tate, such that even if nano-sized metallic Cu, Ge and Li2O are gen-
rated by lithiation, the contact area between the ingredients (for
nstance, between Cu and Ge particles) is not large as compared
o that formed in the CuGeO3 electrode, wherein the nano-sized

etallic Cu, Ge and Li2O make an intimate contact to each other

ince they are generated within a single CuGeO3 particle. In the lat-
er circumstance, it is very likely that the nano-sized metallic Cu
lays the above-mentioned roles more effectively.

Table 1 lists the lithiation/de-lithiation capacity and coulom-
ic efficiency in the first cycle. The values listed in the top three
Fig. 6. The GITT profile obtained with CuGeO3/Li cell (a). The transient profile was
obtained at a current density of 100 mA g−1, whereas the open-circuit voltage (OCV)
was obtained after a rest for 10 h. The electrode polarization obtained with the GeO2,
CuO/GeO2, and CuGeO3 electrodes in the de-lithiation period (b).

columns reveal that the coulombic efficiency has an inverse rela-
tion with the electrode polarization (Fig. 6b), reflecting once again
that the Ge oxidation kinetics is the decisive factor in controlling
the coulombic efficiency. Also presented in Table 1 is the coulom-
bic efficiency observed with the other ternary oxides; FeGeO3 and
CoGeO3. They also exhibit a higher coulombic efficiency than that
for GeO2 electrode. In these systems, it is expected that the reduc-
tion of Fe and Co components upon lithiation is advanced before Ge
reduction [14], such that the same roles to the metallic Cu in CuGeO3
electrode can be assumed. Finally, even if the coulombic efficiency
of CuGeO3 electrode is markedly enhanced as compared to that
for GeO2 electrode, its cycle performance is not highly promis-
ing since the capacity steadily decreases. Both electrodes show a
GeO2 2117 908 42.9
CuO/GeO2 1485 949 63.9
CuGeO3 1360 1007 74.0
FeGeO3 1456 1038 71.3
CoGeO3 1334 932 69.9
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aterials from the current collector that is induced by a severe vol-
me change of GeO2 and/or dissolution of materials into electrolyte
5,20].

. Conclusion

In this work, we tried to in situ generate nano-sized metallic
u by reducing a Cu-containing oxide electrode (CuGeO3). It was

ound that the nano-sized metallic Cu particles are indeed gener-
ted and they facilitate the Ge oxidation (Li2O decomposition), such
hat the first coulombic efficiency is greatly improved as compared
o that for the Cu-absent GeO2 electrode. The following points are
ummarized:

(i) Upon lithiation, the Cu component in CuGeO3 is reduced ear-
lier than the Ge component and remains as a metallic state
thereafter. Owing to the presence of metallic Cu in the CuGeO3
electrode, the electrode polarization in the Ge oxidation region
(>1.0 V) is significantly decreased, thereby the de-lithiation
capacity delivered by Ge oxidation is greatly enhanced.

ii) The CuO/GeO2 mixture electrode, wherein the generation of
nano-sized metallic Cu is also assumed, still exhibits a larger
polarization than the CuGeO3 electrode in the Ge oxidation
region. In the latter electrode, Cu particles are generated within
a CuGeO3 grain, such that they make an intimate contact with
the other lithiation products (nano-sized Ge and Li2O par-
ticles). In the mixture electrode, however, the contact area
seems to be smaller since the Cu and Ge particles are gener-
ated separately within a few-micron-sized CuO and GeO2 grain,
respectively. Accordingly, the metallic Cu formed in the CuGeO3

electrode plays the proposed roles (electrocatalyst for Li2O
decomposition, electronic conductive network formation with
Ge and Li2O particles, and buffer against electrode swelling)
more effectively than those formed in the CuO/GeO2 mixture
electrode.
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