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UV-assisted, template-free electrodeposition of
germanium nanowire cluster arrays from an ionic
liquid for anodes in lithium-ion batteries†

Caixia Chi,ab Jian Hao,ac Xusong Liu,a Xiaoxuan Ma,a Yu Yang,a Xiaoxu Liu,a

Frank Endres,d Jiupeng Zhao *a and Yao Li *e

Germanium has emerged as a promising Li ion battery anode material due to its high theoretical

capacity. The in situ growth of Ge nanowires on current collectors (binder-free electrodes) has attracted

much attention owing to their good electrical contact, excellent strain accommodation ability, promising

material durability and short Li ion diffusion distance. Herein, we report a facile and efficient technique

to synthesize Ge nanowire cluster arrays (Ge NWCAs) on nickel foam through an ultraviolet light (UV)

assisted, template-free electrodeposition process from 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)

imide ([Emim]Tf2N). As a binder-free anode material, a Ge NWCA electrode exhibits a specific capacity of

1612 mA h g�1 and retains 740 mA h g�1 up to 200 cycles at a current rate of 0.2C. The Ge NWCA

electrode affords excellent rate capacity at 0.1C–2C and retains specific capacity as high as 959 mA h g�1

at 2C. Furthermore, the specific capacity well recovers to 998 mA h g�1 when the rate is reduced from

2C to 0.1C. UV assisted ionic liquid electrodeposition might open up a new avenue for the synthesis of

semiconductor nanostructures.

1. Introduction

Germanium (Ge) has received considerable attention for various
applications in the fields of infrared optics,1 photoluminescence,2

solar cells3 and superconductors.4 Germanium has also been in
the spotlight as an anode material for lithium-ion batteries (LIBs)
due to its large theoretical specific capacity (1600 mA h g�1,
corresponding to Li4.4Ge), rapid lithium diffusivity, and excel-
lent electrical conductivity.5,6 Nevertheless, similar to silicon,

Ge suffers of huge volume changes (370%) during the lithium
alloying–dealloying process, finally resulting in pulverization
and exfoliation from the current collector, leading to severe
capacity decay under long-term cycling.6 The synthesis of Ge
nanostructured electrodes, such as nanowires,7 nanotubes,8,9

nanoparticles10 and porous structures,11,12 is regarded as a
promising approach for accommodating these volume changes
and enhancing the cycle stability of germanium.

Various approaches for preparing nanostructured germanium
electrodes have been reported, including chemical vapor
deposition (CVD),13 electrochemical liquid–liquid–solid (ec-LLS)
processes,14 vapor–liquid–solid (VLS) growth,7 electron beam
evaporation,15 radio frequency sputtering,16 the solvothermal
method11 and electrodeposition.17 Among these methods,
electrodeposition has the advantage of excellent electrical contact
between the deposit and substrate. However, Ge is difficult to be
deposited from aqueous solutions due to hydrogen evolution.9

The electrodeposition of germanium from ionic liquids is
rather simple because of the wide electrochemical windows of
ionic liquids. Furthermore synthesis can be done at ambient
temperature and normal pressure. Ge nanowires and nanotubes
have been synthesized via electrodeposition from ionic liquids
using porous polycarbonate membranes as the template.8,9,18

However, the template-assisted method despite its prospects
is rather complicated, the removal of the template after the
electrodeposition process can be quite tricky. In contrast,
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a template-free method would be simple and convenient;
furthermore the integrity and morphology of the deposit would
be maintained during the whole synthesis process. Some papers
on the template-free electrodeposition of metal and alloy nano-
wires in various ionic liquids have been published by the group
of I. W. Sun.19,20 Nevertheless, Ge nanowires have not yet been
directly electrodeposited using a template-free approach from an
ionic liquid. Ultraviolet light (UV) and laser can be used to assist
the electrodeposition and affect the structure and morphology of
the deposit.21,22 Lahiri has shown that by UV assisted electro-
deposition different Ge particle sizes are obtained.21 Nain’s
group has reported that laser assisted electrodeposition can
increase the deposition speed, reduce the internal defects and
improve the crystal quality of the deposited Cu2ZnSnS4 thin
films.22

In the present paper, we present for the first time the
template-free direct electrodeposition of germanium nanowire
cluster arrays (Ge NWCAs) from [Emim]Tf2N with the assistance
of UV light. The Ge NWCA contains a nanowire cluster with much
free space, which is favorable for Li ion insertion/extraction. As
an anode material for LIBs, this Ge NWCA electrode maintains a
high capacity of 740 mA h g�1 at 0.2C for 200 cycles and an
excellent rate capacity of 959 mA h g�1 at 2C. Furthermore, the
specific capacity recovers to 998 mA h g�1 when the rate is
decreased from 2C back to 0.1C. Our investigations on the
morphology of the Ge NWCA after cycling reveal that Ge nano-
wires form a porous, interconnected network that is beneficial
for the capacity retention of the electrode. This study offers a
new approach for the design and fabrication of binder-free
Ge nanostructure anodes without a template.

2. Experimental
2.1. Materials

The ionic liquid, 1-ethyl-3-methylimidazolium bis (trifluoro-
methylsulfonyl)imide ([Emim]Tf2N, 99%), was purchased from
IOLITEC and dried at 100 1C for 24 h under vacuum to reduce
the water content to a few ppm. Germanium tetrachloride
(GeCl4, 99.9999%) purchased from Alfa Aesar was used as a
source for Ge without further purification. The working electrode
was Ni foams on Ni foil, which was cleaned in acetone and
ethanol by sonication prior to deposition. A Pt ring and a Ag wire
were used as a counter and a quasi-reference electrode, respec-
tively. The electrolytic cell was clamped over a Viton O-ring onto
the Ni substrate, thus yielding a geometric surface area of 1.1 cm2.

2.2. Synthesis of the Ge NWCAs and Ge films

All electrochemical experiments were performed employing a
CHI 660E workstation (Shanghai Chenhua Device Company,
China) inside a recirculating Ar glove box with oxygen and water
contents below 2 ppm. The Ge NWCA was electrodeposited at
room temperature from [Emim]Tf2N containing 0.1 M GeCl4

illuminated with a UV lamp. The UV lamp (EA-160 from
Spectronics, America) with an illumination peak at 365 nm
was placed 8 cm above the electrochemical cell to guarantee the

vertical light illumination. The illumination power was about
1.3 W cm�2. The UV irradiation was performed 1 min prior to
cyclic voltammetry (CV) measurements until electrodeposition was
finished. CV curves were recorded with a scan rate of 10 mV s�1

from�2.4 V to 0.01 V relative to the quasi reference electrode. The
deposition of Ge NWCAs on Ni foam was performed using
potentiostatic electrodeposition at �1.85 V. For comparison
reasons, deposition without UV irradiation was performed at
�2.00 V. (The scheme of electrodeposition is shown in Fig. 1).
After deposition, the deposit was immersed into and rinsed
with isopropanol to remove the residual electrolyte.

2.3. Structural characterization

The morphology of the deposits was investigated using a field
emission scanning electron microscope (SEM; SUPRA-55, ZEISS)
operating at 10 kV. A transmission electron microscope (TEM;
JEM-2100F, JEOL) was employed to further investigate the struc-
ture and morphology of the deposits. The compositional analysis
and mapping data were obtained via energy dispersive X-ray
spectroscopy with a scanning TEM (STEM-EDS; JEM-2100F,
JEOL). X-ray photoelectron spectroscopy (XPS) data were
measured on a PHI 5700 ESCA system. The X-Ray Diffraction
(XRD) data were obtained using a X Pert PRO (12KW) with a
Cu Ka radiation source. Raman spectra were recorded using a
micro Raman spectrometer (JY HR-800, JY-Horiba) with 458 nm
radiation.

2.4. Electrochemical measurements

The electrochemical performance was measured by assembling
CR-2032 coin-type half cells under a recirculating Ar glovebox.
The cells were assembled using the Ge NWCAs as a working
electrode, Li metal as a counter/reference electrode, porous poly-
ethene as a separator, and 1 M LiPF6 in a mixture of ethylene
carbonate/dimethyl carbonate (1 : 1 by volume) as an electrolyte.

Fig. 1 Scheme of electrodeposition (a) Ge nanoparticle films synthesized
without UV irradiation. (b) Ge NWCAs synthesized with UV irradiation.
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The measurements were carried out between 0.01 V and 2 V
using a Neware battery tester (Shenzhen, China) at a current
rate of 0.2C.

3. Results and discussion

The UV irradiation effect on the electrolyte on Ni foam sub-
strates was evaluated using cyclic voltammetry (CV). The CVs of
0.1 M GeCl4 in [Emim]Tf2N on the Ni foam substrate in the
absence and presence of UV light are presented in Fig. 2. Two
main reduction peaks can been seen at �1.34 and �1.95 V
without UV illumination, which are attributed to the reduction
of Ge(IV) to Ge(II) and of Ge(II) to Ge, respectively. The reduction
peaks shift when CV is conducted in the presence of 365 nm
UV light. The first reduction peak shifted to �0.87 V, and the
deposition peak of Ge occurs at�1.80 V. The positive shift of the
reduction peak indicates that UV irradiation somehow facilitates
the reduction reactions. These results are in agreement with the
observations previously presented by Lahiri et al.21

The morphology of Ge deposited for 30 min on Ni foam with
UV and without UV irradiation is shown in Fig. 3. It can be seen
that a Ge film composed of numerous particles with the average
size of around 200–400 nm is obtained without UV irradiation
(Fig. 3a and b). When irradiated with UV, a Ge NWCA with a
bunch structure is obtained (Fig. 3c and d). At the bottom the
wires are separated from each other. The tip of the nanowires
sticks together to form shrub-like bunches of the Ge NWCA
with free space not only along the Ge wires but also along Ge
wire clusters. The nanowires exhibit homogenous lengths of
around 500 nm and the same structure was observed all over
the surface of the deposit. Such a unique structure obviously is
favorable for the insertion and extraction of Li ions if used as an
anode for LIBs.6

Fig. S1 (ESI†) shows SEM images of the Ge deposits obtained
at �1.85 V with UV irradiation at different deposition times.
During the increasing deposition time, the formation of Ge
NWCAs was investigated. The nanowire cluster structure of Ge
is not obvious at 10 min. With increasing deposition time, the
length and width of the Ge nanowire cluster increase. At 40 min,
the free space among the Ge nanowires decreases and the cluster
structure is partially destroyed. Deposition weights of Ge deposits

at different deposition times are shown in Table S1 (ESI†). After
the deposition time exceeded 30 min, the weight of germanium
changes very little, which might be caused by decreasing the
concentration of Ge ions in ionic liquids and decreasing the
deposition rate. In a comprehensive consideration, the optimum
deposition time is 30 min.

The temperature curve (Fig. S2, ESI†) and the conductivity
curve of the electrolyte with UV illumination (Fig. S3, ESI†) show
that the property of the electrolyte did not have any change
compared with the normal electrolyte (no UV illumination).
However, the wettability of the electrolyte/electrode enhances
(the contact angle varies from 49 � 0.51 to 38.5 � 0.51 as shown
in Fig. S4, ESI†) after UV irradiation for 1 min, thereby altering
the electrolyte/substrate surface. Therefore, the possible reason
might be that the [Emim]+ cations adsorb on the surface of the
electrode, inhibiting the lateral growth of Ge nuclei and rather
promoting the Ge nanowire growth leading to Ge NWCAs. The
change of wettability of the electrolyte/electrode maybe is an
important factor for the formation of Ge NWCAs. However,
a comprehensive explanation for the UV influence will need
further research, such as AFM and STM studies.

It is worth to be mentioned that Ge nanowires can be
obtained occasionally on substrates like Au and Ni at the corner
of the electrochemical cell even without UV illumination, but not
over the whole of the surface as reported here. Furthermore one
of us (Frank Endres) reported in Phys. Chem. Chem. Phys.23

that Ge grown from GeBr4 in 1-butyl-3-methyl-imidazolium-
hexafluorophosphate ([BMIM]PF6) on Au can be deposited as
nanowires without UV illumination. These results suggest that
the growth of nanowires is influenced by several parameters, and
presumably complicated interfacial processes play an important
role. These results will be the subject of future studies.

In order to further understand the structure and morphology
of the Ge NWCA, transmission electron microscopy (TEM)
measurements were performed. It can be seen in Fig. 4a that

Fig. 2 CV curves of 0.1 M GeCl4 in [Emim]Tf2N on Ni foam in the absence
and presence of UV light at a scan rate of 10 mV s�1.

Fig. 3 Morphology of Ge deposited for 30 min on Ni foam with UV and
without UV irradiation. (a) Low magnification and (b) high magnification
SEM images of Ge particle films deposited without UV irradiation (c) Low
magnification and (d) high magnification SEM images of Ge NWCAs deposited
with UV irradiation.
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amorphous Ge nanowires with lengths of about 500 nm grow
on a dense Ge film (about 150 nm thickness), resulting in free
space among small Ge nanowires. The selected area electron
diffraction (SAED) pattern shown in Fig. 4b confirms the
amorphous structure of Ge NWCAs. The elemental distribution
across the Ge NWCAs was analyzed using STEM-EDS. The
STEM-EDS mapping of the Ge NWCAs is shown in Fig. 4c.
The bright region corresponds to the presence of Ge, indicating
that Ge is distributed uniformly throughout the sample. The
STEM-EDS spectrum of the Ge NWCAs (Fig. 4d) shows a
prominent peak of Ge. Besides, peaks of carbon are also
observed which are due to the residual ionic liquid. The oxygen
peak is due to the exposure of the deposit to air during transfer
to the TEM.

The surface chemical composition of Ge NWCAs was char-
acterized using XPS (Fig. 5). As shown in Fig. 5a, the deposit
mainly contains Ge and small amounts of carbon, oxygen and
fluorine, which is in agreement with the STEM-EDS results.
Fig. 5b shows the detailed XPS spectra of Ge 3d. In the Ge 3d
spectrum, the peaks at 29.3, 30.7 and 31.8 eV can be assigned to
Ge, GeO and GeO2, indicating that germanium has been partly
oxidized under air.

X-ray diffraction patterns of Ge NWCAs on Ni foam and of
pure Ni foam are shown in Fig. 6a. In the XRD pattern of
Ge NWCAs, three strong diffraction peaks occur at 44.41, 51.71
and 76.21, arising from the underlying Ni foam, which can be
indexed to the (111), (200) and (220) planes of cubic Ni,
respectively (JCPDS4-850). Compared to that of the Ni foam, a
broad peak can be observed around 15–351, indicating that the
structure of the Ge NWCAs is amorphous. A Raman spectrum
was acquired to confirm further the crystal phase of the sample.
Fig. 6b shows a Raman peak located at 281.9 cm�1, indicating
the presence of amorphous Ge.24 This result is consistent with
the TEM and XRD results.

To further investigate the advantages of the unique structure
of Ge NWCAs, the electrochemical performance of Ge NWCAs
as anodes for LIBs was evaluated. The electrochemical reaction
of Ge NWCAs was examined using cyclic voltammetry, as

depicted in Fig. 7a. The curve shape of the first cycle differs
from those of the subsequent cycles. During the first discharge
process, an extra weak peak, presumably associated with SEI
formation, at 0.64 V is observed.25,26 A broad peak located at
0.30 V, which is accompanied by a broad peak centered at
0.06 V, is detected. These peaks represent the lithium alloying

Fig. 4 (a) TEM image of a Ge NWCA. (b) The corresponding SAED pattern
of a Ge NWCA. (c) STEM-EDS element mapping profile of Ge. (d) STEM-EDS
spectrum of the compositions in the selected area.

Fig. 5 (a) XPS survey spectrum of Ge NWCA. (b) Detailed XPS spectra of
Ge and Gaussian peak fitting for the Ge 3d structure.

Fig. 6 (a) XRD pattern of Ge NWCA on Ni foam. (b) Raman spectrum of
Ge NWCA on Ni foam.
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reaction to form different LixGe alloys.26,27 Afterward, for the
first charge process, two peaks appear at about 0.45 and 0.95 V
that can be assigned to the phase transition of LixGe to
amorphous Ge.12 In the subsequent cycles, the Li-insertion
peak at 0.30 V is replaced by a broad peak with a low intensity
owing to the lithiation of amorphous Ge.

The cycling stability and rate performance of Ge NWCAs
were examined ranging from 10 mV to 2 V. For comparison,
those of a Ge film were also evaluated with this method. The
results are shown in Fig. 7b–d. The Ge NWCA has an initial
discharge and charge specific capacity values of 1612 and
1042 mA h g�1 (1C = 1600 mA h g�1, load of active materials
is 0.3 mg cm�2) at a rate of 0.2C, as shown in Fig. 7b and c. The
large initial irreversible capacity fading in the first cycle might be
due to irreversible Li insertion, decomposition of the electrolyte
and the formation of a solid electrolyte interface (SEI). However,
the reversible capacity in subsequent cycles is obviously improved,
with an average Columbic efficiency of up to 98.8% for 200 cycles
(Fig. 7b) after the 2nd cycle. The specific capacity of the Ge NWCA
electrode remains at about 740 mA h g�1 up to 200 cycles.
However, the capacity of Ge films (loading active materials is
0.3 mg cm�2) rapidly decays to 560 mA h g�1 after 50 cycles.

A particular advantage is that the Ge NWCA electrode also
affords a superior rate performance, compared to the Ge film.
The Ge NWCA electrode exhibits specific capacities of 1217,
1077, 1007, 986, and 959 mA h g�1, at rates of 0.1C, 0.2C, 0.5C,
1C and 2C, respectively (Fig. 7d). Furthermore, the specific
capacity well recovers to 998 mA h g�1 when the rate is decreased
from 2C back to 0.1C. In contrast, the Ge film electrode shows a
dramatic fade in capacity at low and high specific currents.
Compared with the published reference in Table S2 (ESI†),

the electrochemical performance of Ge NWCAs is among that of
the most active pure Ge nanowire/nanotube anode materials.

In order to confirm the stability of the Ge NWCA electrode
during repeated Li discharge–charge cycling, the morphology of
the Ge NWCAs after cycling was investigated. After the battery
being disassembled, the electrode can be immersed with iso-
propanol and ethanol in sequence to remove the residues such
as the electrolyte for the SEM measurement. Fig. 8 shows the
SEM images of the Ge NWCA electrode after 200 cycles at a rate of
0.2C. The agglomeration of Ge nanowires with their neighbors
leads to their length being more than 1 mm and the emergence of
the interconnected, porous network after repeated Li discharge/
charge. This porous network structure of the Ge ligaments
provides flexible space for the material to expand or self-
adjust, while also allowing fast diffusion of Li ions. Thus, this

Fig. 7 Electrochemical properties of Ge films and Ge NWCA deposited from ionic liquid. (a) CV profiles of Ge NWCA for the initial three cycles.
(b) Charge/discharge capacity and Coulombic efficiency of the Ge film and Ge NWCA over 200 cycles at a rate of 0.2C. (c) Voltage profiles of various
cycles of the Ge NWCA cycle in (b). (d) Rate performance of the Ge film and Ge NWCA at rates of 0.1C–2C and back to 0.1C.

Fig. 8 (a and b) SEM images of the Ge NWCA anodes after 200 cycles at a
rate of 0.2C. (c) Schematic illustrating the architecture change of the Ge
NWCA anode through 200 cycling.
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structure is highly stable and capable of withstanding the
volume expansion.

The excellent electrochemical performance of the Ge NWCA
anode may originate mainly from its unique structure.28–30

First, the Ge NWCA is directly deposited on Ni foam without
binder which thereby enhances the electrical conductivity.
Second, the nanowires lead to shortened electronic and ionic
transport lengths, allowing Li ion fast diffusion. Third, the free
spaces among the Ge nanowire cluster arrays can also provide
enough space for the expansion of Ge during the discharging/
charging process, alleviating the build-up of stress in the
electrode. Furthermore, a porous and interconnected Ge nano-
wire network is formed after repeated lithiation/delithiation
processes.

4. Conclusions

In summary, binder-free Ge nanowire cluster arrays were simply
synthesized via a template-free electrodeposition route from an
ionic liquid with the assistance of UV light at room temperature.
The Ge NWCAs used as the anodes of LIBs can afford excellent
cycling stability and rate capacity compared to the Ge film
electrode. The improved performance of Ge NWCAs is ascribed
to the unique structure of nanowire cluster arrays, which can
buffer the volume changes after repeated lithiation/delithiation
processes.
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