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Germanium nanoparticles (Ge-NPs) are combined with carbon nanotubes (CNTs) to fabricate anodes for
Li-ion batteries through the electrodeposition of Ge from ionic liquids on the surface of the CNTs. The
latter are electrophoretically deposited on a copper collector at room temperature without any binders,
with a good electrical contact achieved nonetheless between the active material and the collector. In the
composite, the CNTs readily accommodate the large volume changes of the Ge particles during cycling.
The composite exhibits better reversible lithiation–delithiation behavior, an improved rate performance,
and also has better electrochemical properties than Ge-NPs. The nanocomposite anode developed here
delivers a reversible capacity of 810 mA h/g after 100 cycles at 0.2 C.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Si and Ge based materials due to their high theoretical capacities
of 4200 [1] and 1600 [2] mA h/g, have emerged as alternative highenergy and high-power anode candidates for replacement of currently employed graphite electrodes in advanced Li ion batteries
(LIB). Although Ge has gained increased attention because of its faster
lithium ion diffusivity and higher electrical conductivity [3], it is
subject to large volume expansion, which results in the electrode
materials becoming detached from the current collector, leading to
conductivity losses during cycling [4]. To avoid this problem many
nanoscale materials have been made for example, nanoparticles [5],
nanorods [6] and lines [7], nanosprings [8], nanotubes [9], and
nanostructure arrays [10]. A buffer phase can also be introduced to
cushion the tremendous volume changes. CNTs are particularly
attractive in this context, as their linear structure facilitates electron
migration [11] and they can buffer the volume expansion of active
particles [12]. Indeed, Si [13], Fe2O3 [14], and SnO2 [15] CNTs, and Ge
MWCNTs [16] have been investigated as anode materials. A number
of approaches are possible for the preparation of Ge-based materials,
notably chemical vapor deposition [17], electron beam evaporation
[18], and magnetron sputtering [19]. Although anodes prepared in
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those methods have shown impressive electrochemical performances, the preparation routes mentioned above are too complicated or require too high reaction temperatures. An efﬁcient,
low-temperature, and environmentally friendly synthesis route for
composite anode materials is therefore of substantial interest.

Fig. 1. Cyclic voltammogram for the electrodeposition of Ge on CNTs surface.
Scan rate: 10 mV/s.
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In this study, a Ge-NP/CNTs composite was carefully designed as
an anode material for LIB. The composite electrode was coated with
Ge NPs using ionic liquid electrodeposition, a process that can be
conducted at room temperature [20] and that allows the thickness of
the semiconductor layer to be controlled simply by varying the
current intensity and the duration of the deposition process.

2. Experimental
The ionic liquid 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl) amide, (EmimTf2N, 99%) was purchased from IOLITEC and used after drying under vacuum at 100 1C for 24 h. GeCl4
(99.998%) was purchased from Alfa Aesar. The CNTs were functionalized by dissolution in a mixed acid of concentrated H2SO4 and HNO3
for 3 h. For the formation of CNTs ﬁlms on copper foil, 20 mg of CNTs

51

and 4 mg of Ni(NO3)2  5H2O were added to 50 mL of isopropyl
alcohol. Cathodic electrophoretic deposition of the well-dispersed
CNTs suspension was then performed under a constant voltage of
100 V for 2 min. Electrochemical experiments were performed in an
argon-ﬁlled glove box with water and oxygen contents below 2 ppm
(Vigor Glove Box, Suzhou, China). A three-electrode system was
assembled with a CNTs-covered copper-foil working electrode, a Pt
ring counter electrode, and an Ag quasi-reference electrode. After the
experiments, the deposit was rinsed with isopropanol. Morphological
characterization was performed with a Hitachi S-4800 scanning
electron microscope operating at 20 kV. Raman spectra were measured on a Renishaw inVia micro-Raman spectrometer with the
633 nm laser. The electrochemical properties of the composite
electrodes were tested in 2016 coin-type half-cells prepared in a
glove box as mentioned before. The half-cells were assembled using
a Ge-NP/CNTs cathode, a Li metal-foil anode, separator ﬁlm (Celgard

Fig. 2. SEM images of (a) a CNTs layer and (b) the surface and (c) the cross-section of the Ge-NP/CNTs composite. (d) The HRTEM image of Ge-NP/CNTs composite. (e) Raman
spectrum of the Ge-NP/CNTs composite.
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2400), and a liquid electrolyte (ethylene carbonate and dimethyl
carbonate (1:1 by volume) with 1.0 M LiPF6). The performance
of the battery was evaluated using a Neware battery test system
(Shenzhen, China).

3. Results and discussion
Fig. 1 shows the cyclic voltammogram of 0.1 mol/L GeCl4 in
[EMIm]Tf2N on the surface of CNTs. The curve reveals two main
reduction peaks at about  0.96 and  1.47 V, which correspond to
the reduction of Ge(IV) to Ge(II), and the reduction of Ge(II) to Ge
(0), respectively. For this experiment, the deposition potential was
maintained at about  1.47 V for 30 min. These results are similar to
those reported for Ge deposited on Cu foil [21] and indicate that the
CNTs are of high quality and provide good electrical conductivity.
Fig. 2a shows a scanning electron microscopy (SEM) image of a
CNTs ﬁlm deposited on copper foil. The structure of the CNTs layer
is loose and haphazard, with randomly oriented growth across the
surface of the Cu foil collector. Ge particles are deposited on the
CNTs in the form both of individual particles (about 20–50 nm in
diameter) and clusters, as shown in Fig. 2b. Fig. 2c shows that the
Ge-NP/CNTs composite electrodes are approximately 4 μm thick
and composed of very dense, closely connected multilayers. Fig. 2d
shows a HRTEM image of the Ge-NP/CNTs composite. The Ge

nanoparticles were coated uniformly on the CNTs surface. In
Fig. 2e, the two peaks in the Raman spectra at  1337 and
1591 cm  3 correspond respectively to the disorder induced phonon mode (D-band), and the tangential mode (G-band) of the
CNTs, while a second order 2D band is observed at 2670 cm  6. But
the spectrum of the Ge-NP/CNTs shows additional peaks at 124
and 281 cm  8. The peak located at 281 cm  1, indicative of Ge–Ge
vibrations, arises from nanocrystalline germanium while the one
at 124 cm  1 is assigned to amorphous Ge, the results is as same as
previously published paper [22].
The electrochemical properties of anodes prepared either with
the Ge-NP/CNTs composite, or with Ge-NPs and CNTs separately,
were evaluated for voltages ranging from 10 mV to 2 V at 0.2 C.
Fig. 3a shows that the Ge/CNTs composite has a high speciﬁc
capacity of 1442 mA h/g and 1103 mA h/g in the ﬁrst cycle. However,
the capacity declines during cycling, which may be the result of a
solid electrolyte interface layer forming on the fragmented anode
surface during the lithium insertion process [23]. The composite
electrode achieving a reversible capacity of 810 mA h/g after 100
cycles. Fig. 3b shows that while the CNTs anode remains stable
under cycling, it only delivers a speciﬁc capacity of 300 mA h/g. In
contrast, the speciﬁc capacity of the Ge-NPs anode is high initially
( 1300 mA h/g), but it declines rapidly after 50 cycles. The Coulombic efﬁciency (Fig. 3c) of the Ge/CNTs composite anode is 77% for
the ﬁrst cycle and more than 99% thereafter, demonstrating its

Fig. 3. (a) Charge and discharge voltage proﬁles of Ge-NP/CNTs electrodes (b) Cycling performance of Ge-NP/CNTs, CNTs and Ge-NPs at 0.2 C. (c) Coulombic efﬁciency and
(d) rate capabilities of bare Ge-NPs, and the Ge-NP/CNTs.
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stability under cycling. The capacity of the Ge-NPs anode remains
stable at about 640 mA h/g for the ﬁrst 40 cycles (Fig. 3b), but then
fades gradually down to 190 mA h/g after 100 cycles. The Coulombic
efﬁciency of the Ge anode at the ﬁrst cycle is 58%, and this capacity
fading can be related to the sharp drop in the Coulombic efﬁciency
observed after the 40th cycle. The CNTs electrode exhibits an initial
Coulombic efﬁciency of 70%, and more than 99% until the 100th
cycle. Fig. 3d shows that the speciﬁc capacity of the Ge-NP/CNTs
composite electrode is 1100, 1000, 960, 890, 750, and 410 mA h/g, at
rates of 0.1, 0.2, 0.5, 1, 2, and 5 C, respectively. Furthermore, the
capacity recovers to 950 mA h/g when the rate is reduced back to
0.1 C. This rate performance is far superior to that obtained with the
bare Ge-NP electrode. The excellent capability of the Ge-NP/CNTs
composite is the result of several factors. First, the nanoparticles
provide a higher surface area and shorter pathways for the Li
reactions. Second, the interconnected CNTs form an electronic network that could accelerate the Li reactions. In addition, the unique
nanostructure keeps the Ge and Li in close proximity after the
discharge cycles, thereby facilitating the formation of the Li–Ge alloy.
It is clear that the presence of CNTs plays an important role in
improving the energy density and the overall electrochemical
performance of the electrode.
4. Conclusions
Nanostructured Ge-NP/CNTs composite electrodes were prepared in a simple fashion, through the ionic liquid electrodeposition of Ge directly onto copper foil electrophoretically coated with
CNTs. The Ge-NP/CNTs composite has an initial discharge capacity
of 1442 mA h/g and retains a capacity of 810 mA h/g after 100
cycles at 0.2 C, with a Coulombic efﬁciency in excess of 99%. The
Ge-NP/CNTs structure is beneﬁcial not only in terms of cushioning
the tremendous volume expansion of Ge under cycling, but also
affords fast electron transfer and an enhanced energy density. This
composite is a promising anode material for future high-energy
lithium ion batteries.

53

Acknowledgements
We thank National Natural Science Foundation of China (No.
51010005, 91216123, 51174063, 21103036), Natural Science Funds
for Distinguished Young Scholar of Heilongjiang Province, The
Natural Science Foundation of Heilongjiang Province (E201436)
and the International Science & Technology Cooperation Program
of China (2013DFR10630).

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

Obrovac M, Christensen L. Electrochem Solid-State Lett 2004;7:A93–6.
Sangster J, Pelton A. J Phase Equilib 1997;18:289–94.
Yoon S, Park C-M, Sohn H-J. Electrochem Solid-State Lett 2008;11:A42–5.
Cui G, Gu L, Kaskhedikar N, van Aken PA, Maier J. Electrochim Acta
2010;55:985–8.
Cui Z-M, Jiang L-Y, Song W-G, Guo Y-G. Chem Mater 2009;21:1162–6.
Xiao X, Yang L, Zhao H, Hu Z, Li Y. Nano Res 2012;5:27–32.
Chan CK, Zhang XF, Cui Y. Nano Lett 2008;8:307–9.
Wu X-L, Liu Q, Guo Y-G, Song W-G. Electrochem Commun 2009;11:1468–71.
Park M-H, Kim MG, Joo J, Kim K, Kim J, Ahn S, et al. Nano Lett 2009;9:3844–7.
Song T, Xia J, Lee J-H, Lee DH, Kwon M-S, Choi J-M, et al. Nano Lett
2010;10:1710–6.
Landi BJ, Ganter MJ, Cress CD, DiLeo RA, Raffaelle RP. Energy Environ Sci
2009;2:638.
Zhang C, Pang S, Kong Q, Liu Z, Hu H, Jiang W, et al. RSC Adv 2013;3:1336.
Wang W, Kumta PN. ACS Nano 2010;4:2233–41.
Chen SQ, Bao P, Wan GX. Nano Energy 2013;2:425–34.
Song HW, Li N, Cui H, Wang CX. Electrochim Acta 2014;120:46–51.
Hwang IS, Kim JC, Seo SD, Lee S, Lee JH, Kim DW. Chem Commun
2012;48:7061–3.
Tang S-H, Chang EY, Hudait M, Maa J-S, Liu C-W, Luo G-L, et al. Appl Phys Lett
2011;98:161905.
Rudawski NG, Darby BL, Yates BR, Jones K, Elliman R, Volinsky A. Appl Phys
Lett 2012;100:083111.
Laforge B, Levan-Jodin L, Salot R, Billard A. J Electrochem Soc 2008;155:
A181–A188.
Endres F, El Abedin SZ. Phys Chem Chem Phys 2006;8:2101–16.
Liu X, Zhao JP, Hao J, Su BL, Li Y. J Mater Chem A 2013;1:15076–81.
Lahiri A, Willert A, El Abedin SZ, Endres F. Electrochim Acta 2014;121:154–8.
Ng SH, Wang J, Wexler D, Konstantinov K, Guo ZP, Liu HK. Angew Chem Int Ed
2006;45:6896–9.

