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3D ordered macroporous germanium fabricated by
electrodeposition from an ionic liquid and its lithium
storage properties†

Xin Liu,a Jiupeng Zhao,*b Jian Hao,b Bao-Lian Suc and Yao Li*a

Among the group IVA materials, germanium has a large theoretical specific capacity, good electrical

conductivity and fast lithium ion diffusivity, making it an alternative anode material for Li ion batteries.

Nanostructured electrodes now are the biggest focus to solve the volume expansion problem and to

improve cycling and rate performance. Ionic liquid electrodeposition was used to obtain Ge

nanoparticles at room temperature, and by combining with a “hard” template, 3D macroporous

frameworks have been easily synthesized. 3D ordered macroporous Ge exhibits a reversible capacity of

1024 mA h g�1 and retains a capacity of 844 mA h g�1 after 50 cycles at a rate of 0.2 C.
Introduction

Germanium has gained much attention recently as a promising
anode material for lithium ion batteries owing to its high
specic capacity (1600 mA h g�1, forming the Li22Ge5 alloy1),
excellent lithium ion diffusivity (400 times faster than Si) and
high electrical conductivity (104 times higher than Si2,3).
However, germanium also undergoes a huge volume expansion
during lithium ion intercalation and deintercalation, leading to
rapid capacity fading and a large irreversible capacity. Nano-
structuring has been proved to be an effective approach to
improve the electrochemical performance of materials because
nanostructures can more efficiently relieve internal stresses.
Recently, Ge nanostructured electrodes, such as nano-
particles,4,5 nanowires6,7 nanotubes8,9 and porous structures10–12

have been synthesized. These nanostructures show higher
coulombic efficiency and better cycling performance than their
bulk counterparts.

Three-dimensional ordered macroporous (3DOM) lms in
the form of inverse opals provide several advantages when used
as lithium ion battery electrodes,13–15 including large accessible
surface areas, bicontinuous networks, short diffusion lengths
and fast transportation of the electrolyte inside the porous
structure. Therefore, 3DOM electroactive materials have been
studied as both positive and negative electrodes by several
research groups in recent years.16–19 In most cases, the rate
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capabilities and cycling behavior of the materials have been
improved. For instance, G. A. Ozin’s group synthesized silicon-
based inverse opal lms by a chemical vapour deposition (CVD)
method using silica colloidal crystal templates.20 The resultant
lms showed better battery performance. Unfortunately, GeO2

was inevitably formed from the reaction between Ge and the
SiO2 templates when the CVD method was used at over 300 �C.
Oxides thus resulted in the formation of a lithium inactive Li2O
phase during the rst charge (lithium insertion), leading to a
decrease in coulombic efficiency.6 U. Paik’s group has repor-
ted the fabrication of Ge inverse opal electrodes by CVD using
SiO2 templates, however, the resultant structure consisted of
hollow Ge particles rather than an inverse opal structure due
to a Ge thin lm coating on the silica spheres during vapour
deposition.21

We have previously reported the fabrication of 3DOM Ge by
electrodeposition from ionic liquid at room temperature using
polystyrene (PS) templates on ITO substrates.22 The 3DOM Ge
showed a highly ordered structure and excellent optical prop-
erties. The approach using electrodeposition from ionic liquid
has several advantages. Firstly, polystyrene templates can be
used instead of silica to avoid the oxidation of germanium due
to room temperature processing, in contrast with the CVD
method. Secondly, it is a feasible method for the production of
highly ordered macroporous structures, because it allows for
the complete inlling of the voids from the bottom to the top
layers of the template. Thirdly, nanocrystalline germanium is
formed during electrodeposition, which also contributes to the
excellent electrochemical performance.23 In this paper, highly
ordered 3D macroporous Ge structures were deposited directly
onto copper foil via electrodeposition from an ionic liquid and
used as the electrode for Li ion batteries. The high capacity
and good cycle life of such 3DOM structured Ge could be
attributed to the ordered and very open macroporous structure,
This journal is ª The Royal Society of Chemistry 2013
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which offers highly efficient and fast pathways for electron
transport to enhance the battery performance.

The procedure for the fabrication of 3DOM Ge is shown in
Scheme 1. The preparation is based on lling the interstices of
self-assembled polystyrene (PS) templates by electrodeposition
in an ionic liquid. PS can be easily removed by organic solution
(no more harmful than the HF involved in the etching of SiO2

colloidal crystal templates), and hydrophobic ionic liquid can
overcome the rapid hydrolysis problem of the precursor
GeCl4.22,24
Experimental section

Monodisperse PS spheres with an average diameter of 440 nmand
a relative standard deviation of less than 5% (based on the
diameter) were synthesized using an emulsier-free emulsion
polymerization technique.25 Copper foil covered on clean glass
was used as a substrate for the self-assembly of the PS spheres.
Before use, the copper foil was cleaned with alcohol. Subse-
quently, polystyrene colloidal crystals were grown by using a
controlled vertical drying method. For the vertical self-assembly
process of the PS templates, the glass substrates were placed into
cylindrical vessels containing PS latex with a concentration of 0.2–
0.3 vol%. The vessels were then placed in an incubator at 50 �C to
dry for 3–5 days. The principle has been described in ref. 26.

The ionic liquid 1-ethyl-3-methylimidazolium bis(tri-
uoromethylsulfonyl)amide, ([EMIm]Tf2N, 99%) was purchased
from IOLITEC (Germany) and used aer drying under vacuum
at 100 �C for 24 h, usually leading to a water content of below 2
ppm. GeCl4 (99.998%) was purchased from Alfa Aesar. The
electrochemical experiments were performed in an argon-lled
glove box with a water and oxygen content of below 2 ppm (Vigor
Glove Box from Suzhou, China). The electrochemical cell was
made of Teon and clamped over a Viton O-ring onto the Cu foil
with an area of about 1.5 cm2. During the electrochemical
deposition, substrates with the PS colloidal crystal template on
Scheme 1 Schematic of the synthesis of the 3DOM Ge electrode.

This journal is ª The Royal Society of Chemistry 2013
top were used as a working electrode (WE). A copper wire was in
contact with the substrate to provide a connection to the poten-
tiostat. An Ag wire and a Pt ring were used as the quasi-reference
and counter electrodes, respectively. Aer the electrochemical
experiments, the deposit was rinsed with isopropanol to remove
any remaining ionic liquid le on the deposit. The PS template
was removed with tetrahydrofuran (THF) and the 3DOM germa-
nium was obtained.

Cyclic voltammetry (CV) measurements were performed at a
scan rate of 10 mV s�1 in the range of �2.5 to 2 V vs. the quasi-
reference electrode at 25 �C. The coin-type half cells (2025R
size), were prepared in an argon-lled glove box, contained Ge
and 3DOM Ge electrodes, Li metal, a microporous polyethylene
separator, and an electrolyte solution of 1.1 mol L�1 LiPF6 in
ethylene carbonate–diethyl carbonate (EC–DEC; 1 : 1 vol%). The
cyclic voltammetry performance testing of the 3DOM Ge elec-
trodes was conducted at a rate of 0.1 mV s�1 between 0.02 and
2 V, and the electrochemical impedance spectroscopy (EIS) test
of the electrodes was in the range of 0.01–105 Hz with an AC
amplitude of 5 mV (PARSTAT 2273, AMETCH). The battery
charge–discharge performance test was carried out with a
Neware battery test system (Shenzhen, China).

Morphological characterization was performed with a Hita-
chi S-4800 scanning electron microscope operating at 20 kV.
Transmission electron microscopy (TEM) was performed using
an FEI Tecnai G2F30 operated at 300 kV. Elemental and struc-
tural analyses were also performed by X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. XPS was carried
out on a Perkin-Elmer PHI5700 ESCA system with an Al Ka
source. All binding energies were referred to the C 1s peak at
284.6 eV of surface adventitious carbon. The Raman spectra
were measured using a modied micro Raman confocal spec-
trometer (JY-Horiba, JY HR-800) with a 458 nm Ar+ laser (laser
power, 20 kW cm�2).

Results and discussion

Fig. 1 depicts the cyclic voltammogram of 0.1 mol L�1 GeCl4 in
ionic liquid [EMIm]Tf2N on a copper foil substrate covered with
the PS templates (sphere diameter ¼ 440 nm). [EMIm]Tf2N is
used as the electrolyte due to its wide electrochemical window
Fig. 1 Cyclic voltammogram for the electrodeposition of germanium from the
ionic liquid [EMIm]Tf2N on Cu foil covered with PS templates.

J. Mater. Chem. A, 2013, 1, 15076–15081 | 15077
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(�2.5 to 2.5 V), high conductivity, low viscosity27,28 and good
wettability with PS spheres.22,29 The curve reveals two main
reduction peaks of germanium at potentials of about �1.0 and
�1.5 V (vs. the Ag quasi-reference electrode), which correspond
to the reduction of Ge(IV) to Ge(II), and the reduction of Ge(II) to
Ge(0), respectively. For this experiment, a potentiostatic method
was applied, and the deposition potential was about �1.5 V for
30 minutes.

Fig. 2 presents the morphologies of the dense Ge lms and
3DOM Ge lms directly electrodeposited onto copper foil. The
dense Ge lm is formed by the agglomeration of nanoparticles
and shows a relatively smooth surface with a few small cracks
(Fig. 2a and b). The 3DOM Ge lm has a highly ordered mac-
roporous architecture fabricated by the replication of the PS
assembly template. The wall thickness of 3DOM Ge is about 10
nm, which could provide a short diffusion length for lithium
insertion. The pore diameters are about 420 nm, just slightly
smaller than the size of the PS spheres, indicating that the
macroporous structure is well maintained without a large
amount of shrinkage. The lm thickness is about 1 mm for the
dense Ge lm and 2 mm for 3DOMGe, as shown in Fig. S2 (ESI),†
and the mass loading of the electrodes is about 0.455 mg cm�2.

XPS survey of the 3DOM Ge surface reveals that the sample
contains only Ge, O, and trace amounts of carbon due to surface
contamination. The XPS spectrum of Ge 3d in Fig. 3a indicates
that germanium is partially oxidized during the sample transfer
to the XPS device. The peak at 29.3 eV is the contribution from
Ge, while the peak at 30.8 eV is attributed to GeO. This shows
that nano-sized germanium is easily subject to fast surface
oxidation. A peak related to GeO2, which could potentially
reduce the electrochemical performance of Ge, is not found. To
prevent further oxidation and enhance the conductivity, a layer
of carbon is deposited on the lms aer deposition by an ion-
sputtering method.

Fig. 3b shows the Raman spectrum of the C/3DOM Ge elec-
trode. The two peaks at 1371 and 1593 cm�1 are assigned to D
Fig. 2 SEM images of the dense Ge (a and b) and 3DOM Ge films (c and d)
electrodeposited from ionic liquid on Cu foils.

15078 | J. Mater. Chem. A, 2013, 1, 15076–15081
(disordered) and G (graphene) carbon bands respectively,
indicating the formation of disordered carbon by ion sputter-
ing. The Raman peak located at 298 cm�1 represents the
nanocrystalline Ge transverse optical (TO) mode, while the
small peak at 162 cm�1 represents amorphous germanium.30,31

Also, the XRD pattern for Ge lm shown in Fig. S3† proves that
the Ge electrode is partly nanocrystalline and partly amorphous.
The diameter of nanocrystalline Ge can be roughly calculated

using the equation diameter d ¼ 2p
B
Du

� �
, where B is a constant

of about 2.0 cm�1 nm2, and Du is the peak shi for the nano-
crystals compared to the Raman peak of the corresponding bulk
material. For bulk germanium the Raman peak is at 299.768
cm�1, so the calculated diameter is about 7 nm. Fig. 3c shows the
HR-TEM image of 3DOM Ge electrodeposited from the ionic
liquid. It can be seen that the particle size is about 7–10 nm,
which is consistent with the roughly calculated result based on
the Raman spectroscopic study. The ring pattern of the selected
area electron diffraction (SAED) (inset of Fig. 3c) indicates the
presence of polycrystalline Ge. The lattice fringes of the (311),
(111) and (200) planes correspond to 1.7 Å, 3.3 Å and 2.82 Å,
respectively, shown in Fig. 3d.

Fig. 4a shows the cyclic voltammograms of the 3DOM Ge
electrode over 5 cycles. The shape of the curve corresponding to
the rst cycle differs signicantly from those of subsequent
cycles. Aer the rst cycle, the curves maintain remarkably
repeatable shapes, suggesting the high reversibility of the
lithiation–delithiation reaction. The charge curves associated
with the formation of the Li–Ge alloy start at the potentials of
0.36 and 0.13 V versus Li/Li+ in the cathodic branch, corre-
sponding to the different formation of Li–Ge alloy and the
plateau of Ge voltage proles during the charge process. Upon
discharge, peaks appeared at about 0.42 and 0.89 V. The ionic
conductivity of the electrolyte in the 3DOM Ge electrode was
conrmed by electrochemical impedance spectroscopy (EIS).
Fig. S4† compares the Nyquist plots for the Ge electrode and the
3DOM Ge electrode. Apparently, the 3DOM electrode shows a
much lower charge-transfer resistance, Rct, than that of the Ge
electrode (50 vs. 65 U). This result indicates that the 3DOM
electrode possesses a higher electrical conductivity, which
could result in a better rate capability and higher reversible
capacity in comparison with the dense germanium electrode.
This is because the macroporous structure, with pores of several
hundred nanometers in size, provide many pathways for the
inltration and fast diffusion of the electrolyte.16 Also, the pore
walls with thicknesses of several nanometers to tens of nano-
meters shorten the lithium solid-state diffusion distances. Thus
the structure should certainly reduce the concentration
gradient and improve the rate capabilities of the electrodes.

The electrochemical properties of 3DOM Ge and dense Ge
were evaluated as anode materials. Fig. 4b shows the discharge–
charge voltage prole of the 3DOM germanium electrode cycled
under a current density of 0.2 C over the voltage range 0–2.0 V
vs. Li+/Li. The initial discharge and charge specic capacities
of 3DOM Ge are 1748 and 1024 mA h g�1, respectively, based
on the total mass of germanium. The large initial discharge
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) Ge 3d XPS spectra of 3DOM Ge film electrodeposited from [EMIm]Tf2N; (b) Raman spectrum of the 3DOM Ge film coated with carbon; (c) TEM image and
SAED pattern of 3DOM Ge deposited from ionic liquid; (d) high-resolution TEM of 3DOM Ge coated with carbon.

Fig. 4 Anode performance in half-cells: (a) CV curves of the 3DOM Ge electrode; (b) discharge–charge curves of 3DOM Ge between 0 and 2 V at 0.2 C; (c) cycling
behaviors of the dense Ge and 3DOMGe electrodes; (d) cycling performances of the 3DOM and dense Ge electrodes under different rates (0.15 C, 0.3 C, 0.375 C, 0.75 C,
1.5 C and 2.25 C).
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capacity of the 3DOM Ge electrode could be attributed to the
formation of solid electrolyte interphase (SEI) lms on the
surface of the electrode due to electrolyte decomposition. A
large irreversible capacity loss is observed in the rst cycle, but
for the subsequent cycles the reversibility of the capacity was
signicantly improved, with an average coulombic efficiency up
to 98.5% for 50 cycles aer the second cycle. Even aer 50 cycles
at the rate of 0.2 C (or under a current density of 320 mA g�1),
the 3DOM Ge lm electrode still retains a very high reversible
capacity of 844 mA h g�1, which is much higher than
the theoretical capacity of graphite (375 mA h g�1). Among the
works on Ge-based electrodes, the 3DOMGe in this paper shows
competitive properties for lithium ion storage, which are shown
in detail in Table S1.†

For the dense Ge lm, the initial discharge and charge
specic capacities are 1270 and 790mA h g�1, respectively. Aer
50 cycles, the discharge specic capacity of dense Ge electrode
is reduced to around 611 mA h g�1 (Fig. 4c) with some uctu-
ation. This unstable coulombic efficiency indicates possible
structural changes due to volume expansion in the dense Ge
lm and leads to a large contact area with the Li ions.32 The
discharge capacity of the dense Ge lm aer 50 cycles decreases
more quickly than that of 3DOM Ge lm, and the dense Ge lm
shows a poorer rate performance (Fig. 4d). The 3DOM Ge lm
delivers a capacity about 300 mA g�1 higher than that of the
dense Ge lm at higher current density (0.75 C, 1.5 C and
2.25 C). The porous structure could offer more pathways, resist
volume change upon intercalation–deintercalation better and
release Li ions more easily during the delithiation process. In
addition, the high specic surface area of the 3DOM structured
Ge lm may also contribute.

Fig. 5 shows SEM images of the dense Ge lm (Fig. 5a and b)
and 3DOMGe lm (Fig. 5c and d) aer 50 cycles. The state of the
electrodes shown in Fig. 5 is delithiated without the SEI
Fig. 5 SEM images of the dense Ge films (a and b) and of 3DOM Ge (c and d)
after 50 cycles at a rate of 0.2 C.

15080 | J. Mater. Chem. A, 2013, 1, 15076–15081
removed. Both samples undergo morphological changes. Aer
50 cycles, the dense Ge lm shows through-thickness cracks of
about 5–6 mm (Fig. 5b) due to the large changes in the volume of
Ge, resulting in poor cycle life and pulverization. The dramatic
structural evolution of the dense Ge lm electrode is caused by
irreversible lithiation processes during cycling. The lm does
not clearly show nanoparticles as seen Fig. 2a, corresponding to
the Raman result in Fig. S5.† Aer lithium insertion, crystalline
germanium is transformed to the amorphous from, which is
consistent with the results of previous work.33 The volume
expansion and crack generation do not directly decrease the
overall specic capacity, but it is undoubtedly detrimental for
long-term cycling and rate capacity. Big cracks will eventually
result in the pulverization and peeling of the active material
from the current collector.

For the 3DOMGe lm electrode, the pore size becomesmuch
smaller, with a diameter of 350 nm aer 50 cycles, and the wall
thickness increases to more than 150 nm, indicating a volume
expansion during cycling (Fig. 5c). Without the SEI removed,
the change in pore size is simply due to the accumulation of the
SEI layer, which grew continuously during cycling, evidenced by
the low efficiency. However, there is no evident crack formation
due to the available surrounding free space offered by the
ordered pore structure. The whole 3DOM structure is swollen
with a cluster surface. The 3DOM structured lm transforms
into many clusters with a diameter of 3 mm (Fig. 5d). Clusters
are not so easily peeled off from Cu foil aer cycling as the
dense samples by washing with isopropanol or a few minutes of
ultrasonication, which shows good adhesion and is benecial
for the cycling performance of the 3DOM Ge electrodes.
Conclusions

3D ordered macroporous germanium electrodes were simply
prepared via ionic liquid electrodeposition directly onto copper
foil followed by the PS template etching process. The 3DOM Ge
lm shows signicantly improved cycleability and rate perfor-
mance compared with the nanoparticle Ge lm. 3DOM Ge
exhibits a reversible capacity of 1024 mA h g�1 and retains a
capacity of 844 mA h g�1 aer 50 cycles at the rate of 0.2 C, while
the nano-Ge lm shows only 611 mA h g�1 aer 50 cycles. The
3DOM structure is benecial to buffering the volume expan-
sion, and offers many pathways for electrons and ions. The
3DOM Ge electrode with high irreversible specic capacity is a
very promising material for next-generation lithium ion
batteries.
Acknowledgements

We thank the National Natural Science Foundation of China
(no. 51010005, 90916020, 51174063), the Program for New
Century Excellent Talents in University (NCET-08-0168), Natural
Science Funds for Distinguished Young Scholar of Heilongjiang
Province, and the project of International Cooperation sup-
ported by the Ministry of Science and Technology of China
(2013DFR10630).
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ta12923c


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 H
ar

bi
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

on
 1

8/
04

/2
01

4 
13

:2
2:

32
. 

View Article Online
Notes and references

1 J. Sangster and A. D. Pelton, J. Phase Equilib., 1997, 18, 289–
294.

2 M. H. Kim, Y. J. Kim, J. Y. Kim, Y. K. Lee, J. A. Ascencio and
J. W. Park, Rev. Mex. Fis., 2007, 53, 17–20.

3 S. Yoon, C. M. Park and H. J. Sohn, Electrochem. Solid-State
Lett., 2008, 11, A42–A45.

4 H. Lee, H. Kim, S. G. Doo and J. Cho, J. Electrochem. Soc.,
2007, 154, A343–A346.

5 D. J. Xue, S. Xin, Y. Yan, K. C. Jiang, Y. X. Yin, Y. G. Guo and
L. J. Wan, J. Am. Chem. Soc., 2012, 134, 2512–2515.

6 M. H. Seo, M. Park, K. T. Lee, K. Kim, J. Kim and J. Cho,
Energy Environ. Sci., 2011, 4, 425–428.

7 F. W. Yuan, H. J. Yang and H. Y. Tuan, ACS Nano, 2012, 6,
9932–9942.

8 M. H. Park, Y. Cho, K. Kim, J. Kim, M. L. Liu and J. Cho,
Angew. Chem., Int. Ed., 2011, 50, 9647–9650.

9 T. Song, H. Y. Cheng, H. Choi, J. H. Lee, H. Han, D. H. Lee,
D. S. Yoo, M. S. Kwon, J. M. Choi, S. G. Doo, H. Chang,
J. L. Xiao, Y. G. Huang, W. I. Park, Y. C. Chung, H. Kim,
J. A. Rogers and U. Paik, ACS Nano, 2012, 6, 303–309.

10 L. C. Yang, Q. S. Gao, L. Li, Y. Tang and Y. P. Wu, Electrochem.
Commun., 2010, 12, 418–421.

11 M. H. Park, K. Kim, J. Kim and J. Cho, Adv. Mater., 2010, 22,
415–418.

12 Y. Xiao, M. H. Cao, L. Ren and C. W. Hu, Nanoscale, 2012, 4,
7469–7474.

13 O. D. Velev, T. A. Jede, R. F. Lobo and A. M. Lenhoff, Nature,
1997, 389, 447–448.

14 B. T. Holland, C. F. Blanford and A. Stein, Science, 1998, 281,
538–540.

15 J. E. G. J. Wijnhoven andW. L. Vos, Science, 1998, 281, 802–804.
16 H. W. Yan, S. Sokolov, J. C. Lytle, A. Stein, F. Zhang and

W. H. Smyrl, J. Electrochem. Soc., 2003, 150, A1102–A1107.
This journal is ª The Royal Society of Chemistry 2013
17 K. T. Lee, J. C. Lytle, N. S. Ergang, S. M. Oh and A. Stein, Adv.
Funct. Mater., 2005, 15, 547–556.

18 K. Kanamura, N. Akutagawa and K. Dokko, J. Power Sources,
2005, 146, 86–89.

19 W. J. Cui, H. J. Liu, C. X. Wang and Y. Y. Xia, Electrochem.
Commun., 2008, 10, 1587–1589.

20 A. Esmanski and G. A. Ozin, Adv. Funct. Mater., 2009, 19,
1999–2010.

21 T. Song, Y. Jeon, M. Samal, H. Han, H. Park, J. Ha, D. K. Yi,
J. M. Choi, H. Chang, Y. M. Choi and U. Paik, Energy Environ.
Sci., 2012, 5, 9028–9033.

22 X. D. Meng, R. Al-Salman, J. P. Zhao, N. Borissenko, Y. Li and
F. Endres, Angew. Chem., Int. Ed., 2009, 48, 2703–2707.

23 F. Endres and S. Z. El Abedin, Phys. Chem. Chem. Phys., 2006,
8, 2101–2116.

24 S. Z. El Abedin, M. Polleth, S. A. Meiss, J. Janek and
F. Endres, Green Chem., 2007, 9, 549–553.

25 H. Wang, S. Zhang, M. Z. Wang and X. W. Ge, Chem. Lett.,
2008, 37, 1158–1159.

26 J. P. Zhao, Y. Li, Z. Cao andW. H. Xin, New J. Chem., 2008, 32,
1014–1019.

27 R. Hagiwara and Y. Ito, J. Fluorine Chem., 2000, 105, 221–227.
28 M. C. Buzzeo, R. G. Evans and R. G. Compton,

ChemPhysChem, 2004, 5, 1106–1120.
29 X. Liu, Y. Zhang, D. T. Ge, J. P. Zhao, Y. Li and F. Endres,

Phys. Chem. Chem. Phys., 2012, 14, 5100–5105.
30 G. L. Cui, L. Gu, L. J. Zhi, N. Kaskhedikar, P. A. van Aken,

K. Mullen and J. Maier, Adv. Mater., 2008, 20, 3079–3083.
31 P. Benzi, E. Bottizzo, C. Demaria, G. Infante, G. Iucci and

G. Polzonetti, J. Appl. Phys., 2007, 101, 124906.
32 N. G. Rudawski, B. L. Darby, B. R. Yates, K. S. Jones,

R. G. Elliman and A. A. Volinsky, Appl. Phys. Lett., 2012,
100, 083111.

33 C. K. Chan, X. F. Zhang and Y. Cui, Nano Lett., 2008, 8, 307–
309.
J. Mater. Chem. A, 2013, 1, 15076–15081 | 15081

http://dx.doi.org/10.1039/c3ta12923c

	3D ordered macroporous germanium fabricated by electrodeposition from an ionic liquid and its lithium storage propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ta12923c
	3D ordered macroporous germanium fabricated by electrodeposition from an ionic liquid and its lithium storage propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ta12923c
	3D ordered macroporous germanium fabricated by electrodeposition from an ionic liquid and its lithium storage propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ta12923c
	3D ordered macroporous germanium fabricated by electrodeposition from an ionic liquid and its lithium storage propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ta12923c
	3D ordered macroporous germanium fabricated by electrodeposition from an ionic liquid and its lithium storage propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ta12923c
	3D ordered macroporous germanium fabricated by electrodeposition from an ionic liquid and its lithium storage propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ta12923c


