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CuGeO3nanowires coveredwith graphene as anode
materials of lithium ion batteries with enhanced
reversible capacity and cyclic performance†

Songping Wu,*a Rui Wang,a Zhuolin Wanga and Zhiqun Lin*b

A facile one-step route was developed to synthesize crystalline CuGeO3 nanowire/graphene composites

(CGCs). Crystalline CuGeO3 nanowires were tightly covered and anchored by graphene sheets, forming

a layered structure. Subsequently, CGCs were exploited as electrode materials for lithium ion batteries

(LIBs). The reversible formation of Li2O buffer layer and elastic graphene sheets accommodated the

volume change during the charge and discharge processes. CGC containing 37 wt% graphene exhibited

a superior electrochemical performance, that is, a remarkable reversible capacity (1265 mA h g�1 for the

first cycle), an outstanding cyclic performance (853 mA h g�1 after 50 cycles under a current density of

200 mA g�1), a high coulombic efficiency, and an excellent rate capability. Clearly, CGCs may stand out

as a promising anode material for LIBs.
Introduction

Lithium-ion batteries (LIBs) have been widely utilized in
portable electronic devices, power tools and electric vehicles
because of their ability to provide high energy density (150–200
W h kg�1).1,2 However, the theoretical capacity of commercial
anode material (i.e., graphite) is only 372 mA h g�1, thus largely
limits the overall improvement in capacity.3 Recently, signi-
cant research efforts have concentrated on searching alterna-
tives (i.e., Si, Sn and transition metal oxides) to current anode
materials.2,4–6 Among these potential anode materials, elements
in group IVA have garnered much attention due to their excel-
lent theoretical capacity. For example, the theoretical capacities
of Si and Ge are 4200 mA h g�1 and 1600 mA h g�1, respec-
tively.7,8 However, these materials experienced large volume
changes during lithium ion insertion and extraction,3,9 thus
resulting in serious capacity fading. To this end, ternary oxides,
such as Zn2SnO4,10 CaSnO3,11 and Zn2GeO4 nanorods,12 have
emerged as promising anode materials. It has been demon-
strated that the anodes containing pure Zn2GeO4 nanorods
retained a capacity of 616 mA h g�1 aer 100 cycles and
possessed an excellent rate capability.12 These ternary oxides
not only render the formation of the Li2O matrix as a buffering
layer, but also contribute to the overall capacity due to the
gineering, South China University of
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of 400 mA g�1 for 50 cycles. See DOI:
presence of metal elements (Zn, Ca, Sn and Ge). These are the
key attributes of ternary oxides that lead to a dramatically
improved performance. However, it has also been shown that
pristine Zn2GeO4 anode suffered from tremendous capacity
attenuation, that only a capacity of below 290 mA h g�1

remained aer 10 cycles.13 These two contradictory reports
noted above suggested that the performances of pure Zn2GeO4

materials are possibly sensitive to the processing conditions.
CuGeO3 is an inorganic spin-Peierls (SP) material. The use of

cetyl trimethylammonium bromide (CTAB) as a surfactant was
found to change the magnetic properties of CuGeO3 nanobelts
synthesized by hydrothermal reaction.14 It is interesting to note
that CuGeO3 nanorods have a capacity of 690 mA h g�1 at the
50th cycle.15 However, the synthesis of CuGeO3 with well-
dened structures and excellent lithium-storage capacity
remains a great challenge owing to the volume expansion of
CuGeO3. We note that the use of nanowires in LIBs have been
widely recognized as an attractive solution as they can increase
interfacial contact area with electrolytes, and more importantly,
shorten the lithium ion diffusion distance and increase the
electronic pathway.16–18 To date, only a few ternary oxides with
nanowire-like structures have been reported as anode materials
for LIBs.19 Due to its large specic surface area20 and excellent
conductivity21 as a two-dimensional sheet of sp2-hybridized
carbon material,22 rather than carbon, graphene are oen
selected as a matrix to support metal anode materials.

Herein, we report a facile one-step route to synthesize crys-
talline CuGeO3 nanowires/graphene composites (CGCs) as
anodes for high performance lithium ion batteries. CGCs
composed of crystalline CuGeO3 nanowires homogeneously
anchored by conductive graphene sheets was craed by a
simple hydrothermal reaction at 180 �C. Interestingly, the
This journal is © The Royal Society of Chemistry 2014
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graphene sheets acted as spacers for crystalline CuGeO3 nano-
wires, forming obvious layered structures. The layered CGCs
improved the overall conductivity and prevented the CuGeO3

nanowires from agglomeration and restacking simultaneously,
a direct consequence of the efficient combination of the
advantageous characteristics of nanowires and graphene.6 The
graphene sheets offered an increased specic surface area,
improved conductivity, and a shortened pathway for Li+ trans-
port. More importantly, elastic graphene sheets accommodated
the volume change of the anchored CuGeO3 nanowires during
the charge and discharge processes, leading to an excellent
cycling performance. It is worth noting that CGC containing 37
wt% graphene exhibited a remarkable reversible capacity (1265
mA h g�1 for the rst cycle), an outstanding cyclic performance
(853 mA h g�1 aer 50 cycles under a current density of 200 mA
g�1), a high coulombic efficiency (�100%) and an excellent rate
capability, signifying the promising potential of CGCs as anode
materials for LIBs.
Experimental section
Fabrication of CuGeO3/graphene composites (CGCs)

Graphite oxide (GO) was prepared by a modied Hummer's
methods from natural graphite,23 and sonicated in water for 2 h.
Further, 0.1569 g GeO2 ($99.9%, Aladdin, Shanghai, China) was
completely dissolved in 60 mL deionized water by vigorous
stirring,24 then 0.2994 g Cu(CH3COO)2$H2O ($99.9%, Damao,
Tianjin, China) was added into the transparent GeO2 water
solution. Subsequently, the sonicated GO solution was poured
into the above-mentioned solution containing Cu(CH3COO)2
and GeO2 and stirred for 2 h. The mixture was then transferred
to a 100 mL Teon-lined stainless steel autoclave, which was
sealed and placed in a digital-type temperature-controlled oven
(DHG-9035AD, Qixin, Shanghai, China) at 180 �C for 24 h. The
product was ltered and washed with distilled water for several
times. Finally, the black powders were dried at 40 �C overnight
under vacuum to yield CuGeO3/graphene composites (CGCs).
The synthesis of CGCs is illustrated in Scheme 1. Our synthetic
approach is environmentally friendly, dispensing with the need
for the use of CTAB as surfactant,25 which is toxic even at very
low concentration.26 The pure CuGeO3 nanowires and pure
graphene were also synthesized as controls.
Scheme 1 A schematic illustration of the synthesis and the charge/
discharge processes of CGCs.

This journal is © The Royal Society of Chemistry 2014
Electrochemical performance

In order to examine the electrochemical performance of CGCs,
the CR2032-type coin cells were fabricated and evaluated by
galvanostatic cycling conducted on a multi-channel battery
cycler (Neware, BTS2300, Shenzhen, China) from 0.01 V to 3 V at
25 �C. The electrode was prepared as follows: 80 wt% materials
synthesized above were mixed with 10 wt% polyvinyldiuoro-
ethylene (PVDF) and 10 wt% super P carbon black using N-
methyl-2-pyrrolidone (NMP) as solvent to yield the paste, which
was then cast onto a Cu foil. A Li foil was used as the counter
electrode, and a membrane (SK, 12 mm, Korea) was utilized as
the separator. LiPF6 in ethylene carbonate (EC), ethyl methyl
carbonate (EMC), and dimethyl carbonate (DMC)
(EC : EMC : DMC ¼ 1 : 1 : 1 by volume) was used as the elec-
trolyte. Cyclic voltammetry (CV) measurements with the
potential range from 0 to 3 V at a scan rate of 0.5 mV s�1 and
electrochemical impedance spectroscopy (EIS) measurements
in the frequency range from 0.01 Hz to 100 kHz were carried out
on an electrochemical workstation (PGSTAT302N, Metrohm
autolab, Switzerland) at room temperature.
Characterizations

The crystal structures of as-synthesized products were charac-
terized by X-ray diffraction (XRD) (D8 Advance, Bruker, Ger-
many) using Cu Ka (l ¼ 0.15406 nm) radiation with a graphite
monochromator in the 2q range of 10–80�, operated at 30 kV
and 30 mA. In addition, CGCs were also collected from the
current collector, washed with dimethyl carbonate (DMC), and
characterized by XRD to investigate their phase composition
aer the charge/discharge cycles. Thermogravimetric (TGA)
(Q600 SDT, TA INC, American) was used to estimate the gra-
phene content in composites over a temperature range between
25 �C and 600 �C under air at a heating rate of 10 �C min�1. The
morphology and microstructure of the products were evaluated
by SEM (Zeiss, LEO 1530 VP, Germany), TEM and HRTEM on a
JEM-2100HR electron microscope (JEOL, Tokyo, Japan). Raman
measurements were conducted using a micro-Raman spec-
trometer (LabRAM Aramis, HJY, France). To obtain the accurate
elemental compositions and the valence of each individual
element of the products, X-ray photoelectron spectroscopy (XPS)
(Kratos Axis Ultra DLD, Japan) measurements were performed
using Al Ka as the X-ray excitation source.
Results and discussion

Fig. 1a shows the TGA curve of CGC prepared at 180 �C for 24 h.
A small slope with an approximately 2.2 wt% reduction
occurred from 25 �C to 100 �C due to the volatilization of
residual water. The continuous decline between 100 �C and
480 �C can be attributed to the oxidation of graphene.27 When
the temperature rose to 500 �C and beyond, no obvious weight
loss was observed. As CuGeO3 is stable in air at 550 �C, the
content of graphene in CGCs can thus be inferred as 37.0 wt%.28

Such a CuGeO3/graphene containing 37 wt% graphene was
denoted CGC 37 in this work.
Nanoscale, 2014, 6, 8350–8358 | 8351
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Fig. 1 (a) TGA curve of CGC containing 37 wt% graphene (denoted
CGC 37). (b) XRD patterns of pure CuGeO3 (curve 1) and CGC 37 (curve
2), respectively. Raman spectra of (c) pure CuGeO3 and (d) CGC 37.
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The XRD patterns of pure CuGeO3 and CGC 37 prepared at
180 �C for 24 h are shown in Fig. 1b. The pure CuGeO3 nano-
wires possessed the orthorhombic phase (JCPDS le no.32-
0333) according to the diffraction peaks in curve 1. Interest-
ingly, for CGC 37, the characteristic (002) peak of graphene,
which is expected to appear at 2q ¼ 25�, cannot be clearly
observed, possibly due to the absence of signicant layer-to-
layer stacking and the poor crystallization of graphene.27,29

Raman spectra of pure CuGeO3 and CGC 37 are shown in
Fig. 1c and d. All characteristic Raman scattering peaks of
orthorhombic CuGeO3 were clearly evident in both pure
CuGeO3 and CGC 37.30–33 Specically, for pure CuGeO3, eight
peaks can be assigned to the B3g (119.3 cm�1, 719.1 cm�1), B2g

(225.7 cm�1, 438.0 cm�1) and Ag (191.3 cm�1, 335.0 cm�1, 603.8
cm�1, 863.0 cm�1) modes, respectively (Fig. 1c), further
substantiating the existence of orthorhombic CuGeO3 crystals.
It is noteworthy that Raman scattering has also been widely
used to characterize graphitic materials, in particular to deter-
mine ordered and disordered crystalline structures of graphene
nanosheets.34–36 The peaks at 1334.3 cm�1 and 1600.1 cm�1

(Fig. 1d), corresponding to the D and G bands, respectively, were
seen for CGC 37. The fact that the D band is relatively more
intense than the G band suggested a small in-plane crystal size
and the disordered crystalline structure of graphene.37,38

The SEM and TEM images of pure CuGeO3 nanowires and
CGC 37 are shown in Fig. 2. The pure CuGeO3 nanowires are
approximately 300–500 nm in length and 10 nm in diameter
(Fig. 2a). They possessed a smooth surface and semi-circular
closed tips. The lattice fringe of (110) plane with an interplanar
spacing of 0.425 nm was observed (Fig. 2b). SAED (the inset in
Fig. 2a) displayed only one set of rings assigned to CuGeO3

nanowires. The uniform lattice fringe and the corresponding
FFT pattern (the inset in Fig. 2b) of CuGeO3 nanowires
corroborated that each nanocrystal comprised a single crystal-
line domain.39

It is worth noting that in this work, crystalline CuGeO3

nanowires were observed. This is in sharp contrast to the
amorphous outer layer seen in Ge nanowires,40 silicon carbide
nanowires,41 silicon nitride nanowires,42 Zn2GeO4 nanorods,25,43

and Zn2GeO4 nanoribbons.44 The possible reason for yielding
crystalline CuGeO3 nanowires was due to the homogeneous
reaction solution [i.e., transparent Cu(CH3COO)2/GeO2 water
solution, based on the fact that hexagonal GeO2 is somewhat
soluble in water (0.453 g per 100 g of water at 25 �C)], which
prevented heterogeneous nucleation under hydrothermal
conditions.45 The SEM image showed that the CuGeO3 nano-
wires are 10 mm long with a diameter of 50–100 nm. These
crystalline CuGeO3 nanowires are tightly covered and anchored
by highly exible graphene sheets (Fig. 2c), producing a layered
structure clearly evidenced in Fig. 2d (a close-up of Fig. 2c). No
obvious agglomeration was found. The uniform and intimate
contact between the nanowires and the graphene sheets was
further revealed by TEM (Fig. 2e). The uniform lattice spacing
along the nanowire direction was found to be 0.286 nm, cor-
responding to the (001) lattice plane (Fig. 2f and h). The select
area electron diffraction (SAED) pattern showed that CGG 37
nanomaterials displayed two sets of diffraction proles
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) TEM image and (b) HRTEM image of pure CuGeO3 nano-
wires; the SAED pattern of (a) and the corresponding FFT pattern of (b)
are shown as insets in (a) and (b), respectively. (c) SEM image of CGC 37
and (d) the close-up of the black-box region in (c); the upper and lower
layers of curved graphene sheet are labeled as “upper” and “lower” in
(d). (e) low magnification and (f) high magnification TEM images, and
(g) SAED of CGC 37. (h) HRTEM image of the close-up of the white-
box region in (f); the corresponding FFT pattern is shown in the inset.

Fig. 3 XPS spectra of (a) CGC 37; (b) Cu 2p, (c) Ge 3d (O 1s in the inset),
and (d) C 1s (fine XPS spectra).
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(Fig. 2g): one with isolated and disordered dots, representing
graphene sheets and the other with concentric rings, corre-
sponding to CuGeO3 nanocrystals. In this work, instead of
CuGeO3 nanorods with an amorphous outer layer,25 highly
crystalline CuGeO3 nanowire were clearly evident (Fig. 2h).
Altogether, the CuGeO3 nanowires in CGC 37 exhibited single
crystalline nature. The micron-long crystalline CuGeO3 nano-
wires were homogeneously anchored by graphene, which acted
as a spacer to separate the neighboring nanowires. Clearly, the
exible layered structure of two-dimensional graphene sheets
and the strong interaction between CuGeO3 nanowires and
graphene sheets are benecial in preventing the volume of
nanowire CuGeO3 from expansion/contraction and aggregation
during the Li+ charge/discharge processes.46 XPS measurement
was performed over the binding energy of 0–1100 eV (Fig. 3),
suggesting that CGC 37 consisted of Cu, Ge, O and C species
(Fig. 3a). The XPS prole of Cu 2p was very similar to that
previously reported.47 The chemical shis and the existence of
satellite peaks in the Cu 2p3/2 and Cu 2p1/2 spectra (Fig. 3b)
differentiated Cu2+ from Cu+ and Cu0. Specically, two peaks at
944.3 eV and 956.0 eV can be assigned to the satellite peaks of
This journal is © The Royal Society of Chemistry 2014 Nanoscale, 2014, 6, 8350–8358 | 8353
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Fig. 4 (a) Galvanostatic charge/discharge profiles of CGC 37 elec-
trode at the 1st, 2nd and 50th cycles and of pure crystalline CuGeO3

nanowire electrode at the 1st cycle under a current density of 200 mA
g�1; (b) cycling performances of pure crystalline CuGeO3 nanowires,
graphene and CGC 37 electrodes under a current density of 200 mA
g�1 for 50 cycles; (c) cycling performances of CGC 37 electrode at a
current density of 400 mA g�1 for 50 cycles; (d) rate performances of
CGC 37 electrode at different current densities.
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Cu 2p1/2 (936.1 eV) and Cu 2p3/2 (963.8 eV), respectively,48,49

signifying the existence of Cu2+ oxidation state. Although the
peaks at 932.9 eV associated with Cu2O were also observed, the
low peak intensity indicated its small amount.50 The binding
energy of Ge 3d is at 33.3 eV, corresponding to the [GeO3]

2�

(Ge4+) state (Fig. 3c).51,52 The O 1s spectrum is shown as an inset
in Fig. 3c. A strong oxygen 1s peak at 532.8 eV implied the
oxygen existed in the O2� oxidation state.53 Clearly, on the basis
of the composition and valence analysis, the as-prepared CGC
37 was composed of CuGeO3. To conrm the existence of gra-
phene, the ne spectrum of C 1s from CGC 37 was examined
(Fig. 3d). The C 1s spectrum was divided into four peaks. They
are located at 284.78 eV, 286.0 eV, 287.2 eV and 288.9 eV, which
can be assigned to C–C, C–O, C]O and O]C–O groups,
respectively.13,54 Moreover, the peaks related to the oxidized
groups were much weaker as compared to the C–C peak, sug-
gesting that graphene oxide was largely reduced.55 We note that
the XPS results were in good agreement with those obtained by
XRD and Raman scattering. Altogether, the as-synthesized CGC
37 composite comprised both graphene and CuGeO3.

The electrochemical performance of CGCs as electrode
materials for LIBs was evaluated via constant current charge/
discharge cycling (Scheme 1). To highlight the superiority of
CGCs, the electrochemical performances of pure CuGeO3

nanowires and pure graphene under the same electrochemical
conditions were also measured for comparisons. Fig. 4a shows
the charge/discharge proles of pure CuGeO3 nanowires for the
rst cycle and the CGC 37 electrode for the 1st, 2nd, and 50th
cycles. Notably, a plateau was found, that is, 1.79 V for the CGC
37 electrode and 1.83 V for pure CuGeO3 nanowire electrode,
respectively; this can be considered as the intrinsic character-
istic of CuGeO3 electrodes (Cu2+ reduction and formation of
Li2O).15

The rst discharge and charge specic capacities (calculated
by active materials, i.e., CuGeO3, graphene or CGCs) at a current
density of 200 mA g�1 were 1110 mA h g�1 and 632 mA h g�1 for
pure CuGeO3 nanowires, 1818 mA h g�1 and 1028 mA h g�1 for
graphene, and 1767 mA h g�1 and 1265 mA h g�1 for the CGC 37
(Fig. 4b). It is interesting to note that for the CGC 37 electrode,
the coulombic efficiency for the rst cycle was calculated to be
71.6%. The initial capacity loss was caused by incomplete
conversion and the formation of a solid electrolyte interphase
(SEI) layer ascribed to the electrolyte decomposition.56 Although
the initial capacity loss for the CGC 37 electrode was partially
attributed to the increased thickness produced from graphene
sheets, which have large specic surface area, abundant func-
tional groups and vacancies,36 the initial reversible capacity was
largely improved when compared with that of graphene or
CuGeO3 nanowires.

The discharge/charge performances of the CGC 37, pure
CuGeO3 nanowires and graphene at a current density of 200 mA
g�1 for 50 cycles are also shown in Fig. 4b. The reversible
specic capacity of pure CuGeO3 nanowires and graphene were
541 mA h g�1 and 763 mA h g�1, respectively, for the second
cycle. For graphene sheets, novel electronic structures and large
d-spacing of the graphene layers produce large reversible
specic capacity in the initial cycles.57 They suffered from a
8354 | Nanoscale, 2014, 6, 8350–8358 This journal is © The Royal Society of Chemistry 2014
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Fig. 5 EIS spectra of graphene, CGC 29 and CGC 37 electrodes,
respectively, after the first cycle.
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sustained capacity fading in subsequent cycles, maintaining a
specic capacity of 154 mA h g�1 (CuGeO3 nanowires) and 415
mA h g�1 (graphene) aer 50 cycles. In sharp contrast, starting
from the second cycle, the capacity of CGC 37 displayed a slight
decrease and the coulombic efficiency rapidly rose from 92.4%
to 97.9% for the 6th cycle and then remained about 100% in the
following cycles, yielding a reversible specic capacity of 853mA
h g�1 aer 50 cycles. The improved reversible specic capacity
of CGC 37 can be attributed to the layered structure of CuGeO3/
graphene, in which elastic graphene sheets not only served as a
conductive buffer spacer, but also accommodated the volume
change of CuGeO3 nanowires during the Li+ insertion/extrac-
tion processes.

In order to gain further insight into the performance of CGC,
a composite containing 29 wt% graphene (denoted CGC 29) was
also prepared and studied. The discharge/charge performances
of CGC 37 and CGC 29 were evaluated at a higher current
density of 400 mA g�1, as shown in Fig. 4c and S1† (ESI),
respectively. Both CGC electrodes showed excellent cyclic
performances. Specically, CGC 37 and CGC 29 electrodes
retained reversible specic capacity of 448 mA h g�1 and 437mA
h g�1, respectively, aer 50 cycles. The retention capacity of
these two materials did not show an obvious difference, sug-
gesting that the CGC materials have a superior stability on
electrochemical performance. However, some distinctions were
still present, including the rst discharge capacity (1590 mA h
g�1 for CGC 37 (Fig. 4c) and 1394mA h g�1 for CGC 29 (Fig. S1†),
and coulombic efficiency (>98%) for CGC 37 (Fig. 4c), and
approximately 95% for CGC 29 (Fig. S1†). Clearly, the rst
discharge capacity and coulombic efficiency were improved as
the graphene content increased from 29 wt% to 37 wt%. This is
not surprising as the incorporation of more graphene sheets
(i.e., 37 wt% as compared to 29 wt%) provided higher conduc-
tivity (as discussed in the following section) and offered more
protection on the integrity of crystalline CuGeO3 nanowires.

In addition, the rate capabilities of CGC 37 were measured to
further demonstrate the potential of CGC as electrodes for LIBs.
The outstanding rate capabilities were observed (Fig. 4d); it had
a specic capacity of approximately 1000 mA h g�1 at an initial
current density of 100 mA g�1 aer the rst six cycles. In
particular, the specic capacity of CGC 37 still retained 490 mA
h g�1 at an increased current density of 800 mA g�1, which is
much higher than the theoretical capacity of graphite (372 mA h
g�1). Notably, a reversible specic capacity of 822 mA h g�1 was
achieved when the current density returned to 100 mA g�1 aer
charge and discharge at various current densities, implying that
CGCs can be developed as promising anode materials for LIBs.

Fig. 5 compares the electrochemical impedance spectros-
copy (EIS) measurements on graphene, CGC 37 and CGC 29
electrodes aer the rst cycle. Visibly, the charge-transfer
resistance, Rct (reected as the semicircles at the high frequency
range, corresponding to low Z0), decreased with the increasing
amount of graphene. In other words, the conductivity of CGC 37
was relatively close to that of graphene but much higher than
that of CGC 29. The markedly enhanced conductivity of CGC 37
contributed to the improved performance in LIBs.
This journal is © The Royal Society of Chemistry 2014
The poor cycling performance of pure CuGeO3 nanowires
can be ascribed to volume change, aggregation and pulveriza-
tion, which led to structural damage and separation between
the active material and the current collector, ultimately result-
ing in the destruction of electronic conducting network.58 In
striking contrast, CGCs survived the structural disintegration
noted above as the CuGeO3 nanowires were anchored by gra-
phene through the formation of a layered structure. The elastic
graphene sheets separated the CuGeO3 nanowires from one
another, avoided aggregation, improved the exibility of nano-
wires, and enhanced the overall conductivity. Graphene effec-
tively provided a support to render the dispersion of crystalline
CuGeO3 nanowires and at the same time, restrained the volume
change of CGC electrodes during the charge/discharge
processes. The composition of the CGC 37 electrode aer the
rst discharge (to 0.01 V) and the rst charge (to 3 V) was
examined by XRD, corresponding to curves (1) and (2), respec-
tively, in Fig. 6a. The diffraction peaks associated with Li2O, Cu
and Li22Ge5 were identied, and the remaining peaks can be
ascribed to the decomposition of the electrolyte [curve (1)].
When charged to 3 V, the Li22Ge5 and Li2O peaks disappeared
with the emergence of Cu2O, Ge and GeO2 peaks [curve (2)]. To
explore the mechanism of the electrochemical reaction, cyclic
voltammetry (CV) measurements were performed. Fig. 6b
displays the rst three cyclic voltammograms of CGC 37 and
pure CuGeO3 electrodes. The CV curves obtained from the CGC
37 and pure CuGeO3 electrodes were in good accordance with
the previous report.15

On the basis of the XRDs pattern and the Li storage mech-
anisms of CuO, GeO2 and Zn2GeO4,12,59,60 the Li storage mech-
anisms of CuGeO3 in both the CGC 37 and pure CuGeO3

electrodes may be rationalized as below. In the rst stage, Cu2+

in CuGeO3 is rst reduced to CuII1�xCu
I
xO1�x/2 solid solution in

conjunction with the formation of GeO2 as described in eqn (1).
The newly formed GeO2 is reduced to form pure Ge [eqn (3)],
which would then be alloyed with Li+ to yield LiyGe [eqn (4)].

CuGeO3 þ xLiþ þ xe�/CuII
1�xCu

I
xO1�x=2 þGeO2 þ x

2
Li2O (1)
Nanoscale, 2014, 6, 8350–8358 | 8355
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Fig. 6 (a) XRD patterns of the CGC 37 electrode after the first charge
(at 3 V)/discharge (at 0.01 V) cycle. (b) Cyclic voltammograms of CGC
37 electrode and pure crystalline CuGeO3 nanowire electrode at a
scan rate of 0.5 mV s�1 between 0 and 3.0 V.
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CuII
1�xCu

I
xO1�x=2 þ ð2� xÞ Liþþð2� xÞ e�4Cu þ ð1� x

2
ÞLi2O

(2)

GeO2 + 4Li+ + 4e� 4 Ge + 2Li2O (3)

Ge + yLi+ + ye� 4 LiyGe (4)

During the charge process, the LiyGe alloy may be rst
dealloyed, followed by the oxidation of Ge and Cu, as depicted
in eqn (5)–(7).

LiyGe / Ge + yLi+ + ye� (5)

Ge + 2Li2O 4 GeO2 + 4Li+ + 4e� (6)

2Cu + Li2O 4 Cu2O + 2Li+ + 2e� (7)

There are several pairs of peaks observed in the CVs of CGC
37 and pure CuGeO3 electrodes. In the rst cathodic scan of
CGC 37, starting from an open circuit voltage (OCV) of 3.0 V,
three peaks were observed, corresponding to the multistep
reactions. A sharp cathodic peak appeared at approximately
8356 | Nanoscale, 2014, 6, 8350–8358
1.5 V, which is related to the formation of the SEI layer and the
emergence of amorphous Li2O buffer and CuII1�xCu

I
xO1�x/2 solid

solution12,15,61 originated from the decomposition of CuGeO3

[eqn (1)]. This correlated well with the plateau seen in the rst
discharge prole in Fig. 4a. The second peak between 0.5 V to
1.0 V can be attributed to the redox of Cu–CuO and Ge–GeO2

[eqn (2) and (3)].61 The third peak between 0.5 V and 0 V was due
to the formation of LiyGe [eqn (4)] and then integrated between
Li+ and graphene sheets.12,36 During the anodic process, the
broad peak (0.6 V) starting from 0 V corresponded to the deal-
loying reaction of LiyGe, and the peak at 0.23 V was observed for
the CGC 37 electrode but was absent for pure CuGeO3 electrode
due to the extraction of Li+ from graphene.62 The peak at 1.3 V
can be assigned to the reformation of GeO2 and Cu2O [eqn (6)
and (7)]. For CGC 37, the cathodic peaks shi to 1.6 V at the 2nd
cycle. The shi of peaks was due to the absence of multistep
reactions occurring during the initial discharge process.
Meanwhile, the locations of the corresponding anodic peaks
were essentially retained with the enhancement of current
intensities. It is important to note that the amorphous Li2O not
only participated in the reversible reactions to form GeO2 and
Cu2O, reducing the loss of Li+, but also was reformed in the
subsequent reaction, providing a sustainable buffer for pre-
venting the volume change.

In the rst scan of pure CuGeO3 electrode, similar reactions
were produced. Nevertheless, the peak current reduced as the
number of scans increased, indicating that serious capacity
fading occurred during the alloying and dealloying processes.
In stark contrast, the CV proles for the CGC 37 electrode
obtained at different scans nearly overlapped, and the
enhancement was further evidenced in the subsequent anodic
processes (Fig. 6). Most importantly, the improvement of peak
current in the CGC 37 electrode and the near disappearance of
peaks in pure CuGeO3 electrode further elucidated the dramatic
difference in the capacity retention between CGC 37 and pure
CuGeO3.

Intriguingly, the initial reversible specic capacity of CGC 37
electrode (1265 mA h g�1) was larger than that of previously
reported CuGeO3 (927 mA h g�1 for CuGeO3 nanorods15 and
1157 mA h g�1 for CuGeO3 nanowires25). The prominent initial
coulombic efficiency (71.6%) of CGC 37 electrode was also
higher than that of the CuGeO3 nanorods (61.3%)15 or
CuGeO3@reduced graphene oxide (RGO) with amorphous outer
layer (45.5%),25 thereby greatly reducing the use of Li+. We note
that amorphous Zn2GeO4 also possessed a low initial coulombic
efficiency of 34% due to the formation of more irreversible SEI
layer derived from the amorphous structure.60 Obviously, in this
work, highly crystalline CuGeO3 nanowires in CGCs exerted a
tangible inuence on the initial coulombic efficiency. Of
particular interest is that the reversible specic capacity of CGC
37 electrode in the 50th cycle (853 mA h g�1) under 200 mA g�1

was very close to that of CuGeO3@RGO only under 100mA g�1,25

which is advantageous as the batteries are needed to be
employed in the rapid charging situation.

The superior performance of the CGC electrode for LIBs
noted above can be rationalized as follows: (i) Li+ diffusion
heavily depends on the transport length and accessible sites on
This journal is © The Royal Society of Chemistry 2014
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the surface of active materials.63 In this context, highly crystal-
line CuGeO3 nanowires provided a direct pathway for Li+ to
move more freely than the porous CuGeO3 (ref. 15) or CuGeO3

with the presence of amorphous outer layer25 due to much less
interfacial hindrance. (ii) The graphene sheets in the layered
CGCs not only acted as a conductive elastic buffer spacer but
also accommodated the volume change of crystalline CuGeO3,
thus further prevented CuGeO3 nanowires from aggregating,
cracking or crumbling during the Li+ insertion/extraction
processes. Therefore, layered CGCs offered a markedly
improved energy storage capacity, high coulombic efficiency,
and better cycling stability.
Conclusion

A facile one-step strategy for craing layered CGCs composed of
crystalline CuGeO3 nanowires/graphene as anode materials for
LIBs was developed. The crystalline CuGeO3 nanowires in the
layered CGCs were 100–500 nm in diameter and 10 mm in
length, tightly covered and anchored by graphene sheets. The
layered crystalline CuGeO3 nanowires/graphene prevented
CGCs from detaching, CuGeO3 nanowires from aggregation,
and graphene layers from restacking during the charge and
discharge processes. The graphene sheets imparted an
increased specic surface area, improved conductivity, and a
shortened pathway for Li+ transport. The reversible formation of
Li2O buffer layer and elastic graphene sheets restrained the
volume change of CGCs during the charge and discharge
processes. Consequently, the exible CGC containing 37 wt%
graphene exhibited a remarkable electrochemical performance,
including an impressive reversible capacity (1265 mA h g�1 at
the rst cycle), an outstanding cyclic performance (853mA h g�1

aer 50 cycles), a high coulombic efficiency (�100%) and an
excellent rate capability. These advantageous attributes make
CGCs particularly promising as anode materials for LIBs.
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