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H I G H L I G H T S

• Ge composites electrodes have been synthesized by ionic liquid electrodeposition.

• The as-prepared composites anodes are binder free and without conductive agents.

• The as-prepared Ge composites anodes show excellent electrochemical performance.

• The work provides a scientific method to isolate and characterize active materials.
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A B S T R A C T

High-capacity anode materials for lithium ion batteries (LIBs), such as Ge, generally suffer tremendous volume
changes, as a result of the conversion reaction mechanism with Li, severely impede the high rate and cycling
performance toward their practical application. In this article, we demonstrate a general LIBs Ge composites
electrodes fabrication method using electrodeposition from room temperature ionic liquid. Our process is cap-
able of forming composites electrodes with carbon nanotubes (CNTs), reduced graphene oxide (RGO), poly (3,4-
ethylenedioxythiophene) (PEDOT), without the additives and conductive agents. During the electrodeposition
process, Ge nanoparticles are integrated into the substrate network. Benefiting from the porosity, conductive
network and mechanical stability constructed by interpenetrated compound layers, the hybrid system sy-
nergistically enhances the intrinsic properties of each component, yet is robust and flexible. The Ge/CNTs, Ge/
RGO and Ge/PEDOT composites retain capacities of ∼851, 1212, and 1300mAh/g after 200 cycles at 0.1 C.
SEM analysis suggests that Ge/PEDOT composites have flower-like hierarchically porous structure, during cy-
cling this structure transforms into a porous network, which can mitigate the physical strains during the Li
uptake/release process, and increase the interfacial contact area with organic electrolyte. Consequently, the Ge/
PEDOT composites demonstrate greatly enhanced rate capability without obvious capacity fading at high rate of
up to 5 C.

1. Introduction

Lithium ion batteries (LIBs) due to the high energy density, high
power density and long cycle life have been considered as the most
promising electrochemical storage devices for the widespread use in
various electric vehicles, portable electric devices, and large-scale en-
ergy storage systems [1,2]. Silicon (Si) [3,4] and germanium [3,5] (Ge)
have been considered as the most promising anode materials for next

generation LIBs due to their high theoretical capacities. Ge has high
reversible capacity, high electrical conductivity (104 times higher than
in Si), excellent lithium ion diffusivity (400 times higher than Si at
room temperature) [6]. These favorable features make Ge has great
potential in high performance energy storage devices. Meanwhile, the
increased interest in Ge could bring about a decrease in its cost. How-
ever, the large volume change (370%) can result in structural de-
gradation and instability of solid-electrolyte interphase (SEI), leading to
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active materials pulverization and exfoliation from the current collector
and eventually rapid capacity fading.

To date, many efforts have been made to improve the electro-
chemical performance of Ge by designing and fabricating nanos-
tructured Ge (nanotubes [7,8], nanowires [9,10] and porous structures
[11,12]), and Ge composites materials (Ge-C [13], Ge-carbon nano-
tubes [14] or Ge-graphene [15]) to buffer the large volume change.
Some materials which have excellent electrical conductivity, surface
area and flexible mechanical property have been considered as the
highly promising composite candidates, such as carbon nanotube and
graphene. Those carbon-based materials which can act as a stable buffer
matrix, suppressing the volume expansion of the Ge electrode during
the Li alloying/dealloying process and as a conducting medium to im-
prove the electrical conductivity of electrodes to enhance the reversible
specific capacity of Ge electrodes.

Recently, various synthetic methods for Ge composites anode have
been extensively explored, such as solution-based approach [16],
thermal evaporation approach [15], arc-discharge method [17] and
chemical vapor deposition (CVD) [18] and so on. For instance, Bingan
Lu group [19] has synthesized Ge@graphene@TiO2 nanofibers through
electrospinning followed by calcination. Runwei Mo [20] has reported
that three-dimensional (3D) interconnected porous nitrogen-doped
graphene foam with encapsulated Ge quantum dot/nitrogen-doped
graphene yolk-shell nano architecture for high reversible specific ca-
pacity, long cycling capability and ultra-high rate performance. Kaifu
Huo etc. [21] reported a novel peapod-like Ge/N-doped carbon (Ge/
CNx) as high performance anode material for LIBs. Although electro-
chemical performances achieved by these already studied composites
anodes were attractive, most of the preparation routes are too com-
plicated or require high temperature and high vacuum, making the
fabrication process time-consuming and costly. The solution-based
mixing approach is simple and energy-saving. However, Ge nanoma-
terials tend to form either ordered or disordered agglomerates, which
would change into bulk Ge during the volume expansion process in-
duced by the charge-discharge process, resulting in the degradation of
the electrode. Furthermore, most of the Ge-based nanoparticles were
not in situ synthesized on the composites substrate, it is difficult to
provide a high-quality loading or layer coating. The weak adhesion
could easily lead to poor capacity retention and short cycle life.
Therefore, it is of great interest to synthesize Ge composites anode
materials by a green and efficient method at a low temperature and
with a good adhesion.

Electrodeposition, as an alternative process, offers a number of
advantages over the more expensive and complex methods of compo-
sites synthesis. First, it is a low-cost and relatively simple approach.
Second, it is a low-temperature approach, generally performed at
temperatures lower than 80 °C, ionic liquids (ILs) electrodeposition
even at room temperature. Finally, electrodeposition provides better
electrical contact between the active materials and current collector,
aids in improving the capacity and cycling stability of anodes in LIBs.
ILs have wide electrochemical windows, low vapor pressure, high
thermal stability, and show an excellent solubility. The use of ILs is
well-documented in important fields such as synthetic organic chem-
istry [22], separation [23], and electrochemistry [24]. Many nanos-
tructured materials such as platinum [25], metal oxide [26], and iron
[27]nanoparticles have been synthesized in ILs. The wide electro-
chemical windows and thermal stability of the ILs make them very good
solvents for electrodeposition. Our group has extensively studied on the
electrodeposition of Ge from ionic liquids. Such as Ge nanowires [28],
Ge nanotubes [8], 3DOM Ge films [29], 2DOM SixGe1−x films [30]
have been electrodeposited from ILs.

In this paper, we report an energy conservation and simple ap-
proach to synthesize of Ge composites with a large variety of different
compositions (CNTs, RGO, PEDOT) by ionic liquid electrodeposition. A
typical procedure for the synthesis of the Ge composites is shown in
Scheme 1. Initially, the Ni foam (or Cu foil) substrate was coated with

composition (CNTs, RGO, PEDOT) via a simple electrodeposition pro-
cess using the two electrode system. Then Ge nanoparticles were di-
rectly electrodeposition onto the substrate (CNTs, RGO, PEDOT) in the
air and water stable ionic liquids at room temperature. And the Ge
composites anodes (Ge/CNTs, Ge/RGO, Ge/PEDOT) were finally ob-
tained.

The obtained products are directly electrodeposited onto the current
collector or freestanding without the binder and with sufficient adhe-
sion to the current collector, which can be directly used as the elec-
trodes. Using these Ge composites as anode, substrate (CNTs, RGO, and
PEDOT) not only can provide an efficient pathway for electrons, get a
fast electron transfer, but also act as a fantastic elastic buffer, which
could accommodate the volume expansion of Ge. As well as the ionic
liquid electrodeposition process produces better electrical contact be-
tween the active materials and current collector. All the reasons aid in
improving the capacity, cycling stability and rate performance of Ge
composites anodes.

2. Experimental section

2.1. Materials

The ionic liquids 1-ethyl-3-methylimidazolium bis (tri-
fluoromethylsulfonyl) amide ([EMIm]Tf2N, 99%) and 1-butyl-3-me-
thylimidazolium hexa-fluorophosphate ([BMIm]PF6) were purchased
from IOLITEC (Germany) and used after drying under vacuum at 100 °C
for several hours, usually leading to water contents of below 2 ppm.
GeCl4 (99.998%) purchased from Alfa Aesar. Carbon nanotubes (CNTs)
were purchased from Chengdu Organic Chemicals Co. Ltd., Chinese
Academy of Sciences.

2.2. Synthesis of CNTs film

The CNTs were dissolved in a mixed acid of concentrated H2SO4 and
HNO3 (VH2SO4:VHNO3= 3:1) for 3 h to gain pure and functionalized
CNTs. CNTs substrate was gained by electrodeposition under a constant
voltage of 100 V for 2min with a copper foil negative electrode
(cathode) and a Ni foam (anode), at a distance about 1 cm. After de-
position, the deposit was immersed into and rinsed with DI-water and
ethanol to remove the residual electrolyte.

2.3. Synthesis of RGO film

Graphene oxide (GO) was prepared from natural graphite flake by a
modified Hummers method [31]. Reduced graphene oxide (RGO) was
prepared via oxidation-reduction method. The RGO can be easily

Scheme 1. Schematic representation for the fabrication of Ge composites an-
odes (Ge/CNTs, Ge/RGO, Ge/PEDOT).
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deposited on collector by electrodeposition process. Copper foil
(cathode) and Ni foam (anode) were immersed into the RGO suspension
with a distance at 1 cm, DC voltage was controlled at 10 V, and the
deposition time was controlled at 3min. After the deposition, the RGO
film was washed with DI-water and then immersed into a HI (purchased
from Aladdin-reagent Inc.) acid solution in a sealed cuvette that was
placed in a thermostatted oil bath for 50 s to improve the conductivity
of RGO substrate. Afterward, sample was dried at room temperature for
24 h. The RGO film can easily peel off from the Ni foam to gain the
freestanding RGO substrate, as shown in Fig. S1.

2.4. Synthesis of PEDOT film

The poly (3, 4-ethylenedioxythiophene) (PEDOT) substrate were
obtained by electropolymerization using 1-butyl-3-methylimidazolium
hexa-fluorophosphate ([BMIm]PF6) containing 0.1mol/L 3,4-ethyle-
nedioxythiophene (EDOT) on Cu foil. A Pt foil and a Cu foil were used
as a quasi-reference and work electrode, respectively. Using potentio-
static method under a constant voltage of 1.4 V deposited for 50 s. Then
the film was immersed in ethanol to remove the residue monomers.

2.5. Synthesis of Ge/CNTs, Ge/RGO, Ge/PEDOT

The electrochemical experiments for depositing Ge films were per-
formed in an argon-filled glove box with water and oxygen contents of
below 2 ppm (Vigor Glove Box from Suzhou, China). The substrate
(CNTs, RGO, PEDOT) was used as working electrode. An Ag wire and a
Pt ring were used as the quasi-reference and counter electrodes, re-
spectively. 0.1mol/L GeCl4/[EMIm]Tf2N mix solution was used as
electrolyte. The electrochemical measurements were performed using a
VersaStat 2273 (Princeton Applied Research). Cyclic voltammetry (CV)
measurements were performed at a scan rate of 10mV/s at the range of
−2.6–0.1 V vs. the quasi reference electrode at room temperature. A
potentiostatic method was applied, the deposition time was 30min for
CNTs and RGO, and 20min for PEDOT. After the electrochemical ex-
periment, isopropanol (ultra pure) purchased from Alfa Aesar was used
to avoid redundant ionic liquid left on the deposit. Then Ge composites
anodes (Ge/CNTs, Ge/RGO, Ge/PEDOT) were obtained.

2.6. Structural characterizations

The morphological characterization was performed with a Hitachi
S-4800 scanning electron microscope operating at 20 kV. The Raman
spectra were measured on a Renishaw in Via micro-Raman spectro-
scopy system, using the TE air-cooled 576× 400 CCD array in a con-
focal Raman system (wavelength: 633 nm). XRD analysis of the sample
was done by XRD using monochromatic Cu Kα radiation with a D8

Bruker diffractometer. Transmission electron microscopy (TEM) was
performed by FEI Tecnai G2F30 operated at 300 kV.
Thermogravimetric analysis (TGA) curves were obtained in a thermal
analyzer (STA449F3, NETZSCH) in the range of 25–900 °C at a heating
rate of 10 °C/min under an air flow of 60 cm3/min.

2.7. Electrochemical measurements

Electrochemical testing of the Ge composites electrodes was fabri-
cated using 2032 coin-type half cells and prepared in a glove box as
mentioned above. For assembling coin-type half cells, Ge composites
electrodes as the positive electrode, a Li foil was used as the counter
electrode and a solution of 1mol/L LiPF6 in ethylene carbonate (EC)/
dimethyl carbonate (DMC) (1:1 in volume) (Techno Semichem Co.,
Ltd., Seongnam, South Korea) was used as electrolyte. Cyclic voltam-
metry (CV) was performed at the room temperature from 0 to 2.0 V at a
scan rate of 10mV/s. Electrochemical impedance spectroscopy (EIS)
was conducted by the CHI660E electrochemical workstation
(10mHz–105 Hz). The mass loading of the Ge was about 0.3mg/cm2. A
Neware battery test system (Shenzhen, China) was applied for the
battery performance test.

3. Results and discussion

3.1. Structural characterization

A typical Cyclic voltammogram of 0.1 mol/L GeCl4/[EMIm]Tf2N
solution on Ni foam is shown in Fig. S2. The curve reveals the two
primary reduction peaks of Ge at potentials of about −1.3 and −1.8 V
(vs. the Ag quasi-reference electrode), which correspond to the reduc-
tion of Ge(IV) to Ge(II) and to the reduction of Ge(II) to Ge(0), re-
spectively. For this experiment, to ensure Ge deposition, a potentio-
static method is applied, and the deposition potential selected at about
−1.8 V. X-ray diffraction pattern of Ge on Ni foam is shown in Fig. 1a.
In the XRD pattern, three strong diffraction peaks at 44°, 52° and 76°,
which can be indexed to the (1 1 1), (2 0 0) and (2 2 0) planes of cubic
Ni, respectively (JCPDS 04-850) belong to Ni foam. A broad 2θ peak at
∼20–35° is attributed to the amorphous Ge. Fig. 1b shows the TEM
image of Ge film electrodeposited from the ionic liquid. It can be seen
that Ge film is made up of small nanoparticle. The ring pattern of the
selected area electron diffraction (SAED) (inset of Fig. 1b) indicates the
amorphous structure of Ge film.

Fig. 2a shows a SEM image of deposited CNTs film on Ni foam.
Negligible aggregation of CNTs and good homogeneity of the film is
observed. CNTs layer shows loose and haphazard structure which is
randomly oriented growth and covers the surface of the current col-
lector to construct a fast electron transfer framework, offering an

Fig. 1. (a) XRD pattern of Ge film on Ni foam. (b) TEM image and SAED pattern of Ge film deposited from ionic liquid.
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opportunity for alleviating the volume expansion of Ge. Ge particles are
deposited onto the CNTs matrix in the form of both individual particles
(about 20–70 nm in diameter) and clusters of particles (Fig. 2b). Fig. 2c
shows the EDS results of Ge/CNTs composites, Ni, C, Ge element can be
observed. This shows Ge particles have been homogeneously coated
onto the surface of the CNTs. These results can be further confirmed by
Raman spectra (Fig. 2d). The Raman peak located at 298 cm−1 re-
presents the Ge transverse optical (TO) mode, which is indicative of Ge-
Ge vibration. Raman peak located at 1345 and 1598 cm−1 represents D
band is related to the disordered carbon, and G band corresponds to the
sp2 bonded carbon atoms.

The SEM image of the freestanding RGO film reveals a wrinkled
texture that was associated with the presence of flexible and graphene
sheets (Fig. 3a). More morphology information of the freestanding RGO
film is shown in Fig. S3. The unique 3D RGO film structure has good
electronic conduction, and abundant wrinkled as “cavities” to buffer
the volume change of Ge, thus leading to remarkable electrochemical
properties. Ge particles are deposited onto the surface and wrinkled of
RGO film with a highly monodisperse distribution. The Ge particles
have a uniform particle size of about 20 nm and no large Ge agglom-
erates are formed in the composites, as shown in Fig. 3b. Fig. 3c shows
the EDS results of Ge/RGO composites, Ni, C, Ge element can be ob-
served. The Raman spectrum of the Ge/RGO composites is shown as
Fig. 3d. Appearance of the strong Raman peak located at 298 cm−1

confirms the deposition of Ge. Raman peaks for RGO film are the dis-
order-induced D band at 1343 cm−1, the graphitic G band at
1597 cm−1 and the second order 2D band at 2700 cm−1 implying that
the RGO film has many layers. Fig. S4a shows the Raman spectra of
graphite and RGO, there is an increased D/G intensity ratio in RGO film
in comparison with graphite, which suggests the GO is reduced to
graphene during the reduction process. The XRD patterns indicate that
the RGO film is composed of amorphous carbon, and show a board peak
at 20-30° (Fig. S4b). All the results show RGO film has been stacked by
many graphite layers.

Fig. 4a shows the morphology of the PEDOT film, revealing that the

relatively dense film prepared by electropolymerization has uniform
thickness without special morphology. However, when the Ge de-
posited on it, a flower-like hierarchically porous structure Ge/PEDOT
composites has been gained (Fig. 4b). The specific morphology of the
Ge/PEDOT film is shown in Fig. S5, indicating that the as-prepared Ge/
PEDOT composites appear in microsphere with a diameter of about
1 μm (Fig. S5a). In addition, a closer observation of Fig. S5b shows that
some nanoparticles agglomerate to chains content each microsphere.
And the individual microsphere is assembled by Ge nanoclusters with a
diameter of about 500 nm (Fig. S5c). Fig. S5d shows the Ge nanocluster
is assembled by Ge nanoparticles (diameter approximately 100 nm) and
presents a three-dimensional flower-like morphology and a porous
structure. Fig. 4c shows the EDS results of Ge/PEDOT composites, Cu,
O, C, S, and Ge element can be observed. The Raman spectrum has been
used to further investigate the composition (Fig. 4d). The Raman peak
located at 298 cm−1 is attributed to the optical mode of Ge. Raman
peaks belong to PEDOT at 1520, 1438, 1369, 991 and 803 cm−1 are
assigned to asymmetric Cα]Cβ stretching, symmetric Cα]Cβ(eO)
stretching, CαeCα′(inter-ring) stretching, CβeCβ stretching, symmetric
CeSeC deformation, and oxyethylene ring deformation, respectively.
Fig. S6 shows the Raman and IR spectra of the PEDOT film which
gained from ionic liquid electrodeposition. All the results show the film
is constituted by PEDOT. The peaks in both spectra are consistent with
the positions and assignments of the bands for neutral PEDOT pre-
viously published literature [32,33].

TEM images of Ge/CNTs composites and Ge/RGO composites (Fig.
S7a, b) show Ge nanoparticles coated onto the surface of carbon sub-
strate (CNTs and RGO films). And the Ge nanoparticles have a smaller
particle size on the RGO substrate. The Ge nanoparticles agglomerates
into flower-like structure with some porous on the PEDOT substrate, as
shown in Fig. S7c. To confirm the proportion of Ge in the as-prepared
Ge composites, we used TGA in the range of 25–900 °C in an air at-
mosphere. As shown in Fig. S8, the TGA curves of the as-prepare Ge
composites show a reduced region (around 300–600 °C) corresponding
to the thermal decomposition of composites substrate and TGA curve

Fig. 2. (a) SEM image of CNTs film, (b) SEM image of Ge/CNTs composites, (c) EDS result of Ge/CNTs composites, (d) Raman spectrum of Ge/CNTs composites.
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shows distinct weight increase at the temperature of 200 °C, which
corresponds to the oxidation of Ge composites. The mass ratio of Ge in
the Ge/CNTs, Ge/RGO, Ge/PEDOT are calculated to be 46%, 35%, and
45%, respectively.

3.2. Electrochemical performance

Fig. S9 shows deposition weight-time curve of Ge deposits on Ni
foam, with the deposition time increase the weight of Ge increased

Fig. 3. (a) SEM image of RGO film, (b) SEM image of Ge/RGO composites, (c) EDS result of Ge/RGO composites, (d) Raman spectrum of Ge/RGO composites.

Fig. 4. (a) SEM image of PEDOT film, (b) SEM image of Ge/PEDOT composites, (c) EDS results of Ge/PEDOT composites, (d) Raman spectrum of Ge/PEDOT
composites.
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quickly in the first 15min then the growth trend became slowly. After
20min deposition, the weight of Ge nanoparticles maintains at about
0.3 mg. In the half cell test, Ge is used as active materials only, CNTs,
RGO, and PEDOT film is considered as substrate, test current density
calculation according to 1600mA/g.

The cyclic voltammetry curve of Ge/CNTs composites (Fig. 5a) de-
monstrates three peaks at 1.6, 0.3 and 0.06 V in the first reduction
process. The peak at 1.6 V which does not reappear after the first cycle,
it is due to solid-electrolyte interface (SEI) formation [34]. The peak at

0.3 and 0.06 V can be attributed to the progressive lithiation of the
active material to form a series of more Li-rich Li-Ge alloys (Ge→ a-
LixGe→ a-Li15Ge4→ c-Li15Ge4) [35,36]. In the delithium process, the
peaks at 0.5 and 1.3 V is due to the delithiation of the c-Li15Ge4 phase.
After the first cycle, the curves maintain remarkably repeatable shapes,
suggesting the high reversibility of the lithiation-delithiation reaction.

Due to the CNTs networks, large surface area, and abundant pores
for ion diffusion and adsorption, it can offer an opportunity for alle-
viating the volume expansion of Ge. At a current density of 160mA/g

Fig. 5. Electrochemical performance of Ge/CNTs composites: (a) CV curves, at a rate of 10mV/s. (b) Galvanostatic charge-discharge profiles for different cycle at
0.1 C. (c) Rate performance (0.1 C, 0.5 C, 1 C, 2 C, and 5 C). (d) Coulombic efficiency and cycling performance.

Fig. 6. Electrochemical performance of Ge/RGO composites: (a) CV curves, at a rate of 10mV/s. (b) Galvanostatic charge-discharge profiles for different cycle at
0.1 C. (c) Rate performance (0.1 C, 0.5 C, 1 C, 2 C, and 5 C). (d) Coulombic efficiency and cycling performance.
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(0.1C), the Ge/CNTs composites anode shows the first discharge and
charge capacities of 1656 and 1485 mAh/g, respectively, with an initial
Coulombic efficiency of 89%. The high initial Coulombic efficiency
could be attributed to that the CNTs favored the utilization of the active
material of anode. And the TGA date shows Ge/CNTs composites show
the highest Ge content, low carbon content increases the specific ca-
pacity of the composite structures. In addition, low carbon content in-
creases the first cycle Coulombic efficiency, because amorphous carbon
irreversibly reacts with lithium at low potential. The discharge capa-
cities drop to 1456mAh/g in the second cycle (Fig. 5b). With cycling
the capacity retention of sample reaches to 83% between the 50th cycle
to the 200th cycle. The capacity loss during the first cycle is mainly
attributed to the decomposition of electrolytes and the formation of SEI
on the surface of electrode materials. At a current density of 0.1 C, the
reversible capacity of the Ge/CNTs composites is about 1300mAh/g.
The reversible capacity is stabilized at 1200, 1160, and 910mAh/g
upon increasing the discharge/charge current density to 0.5 C, 1 C, and
2 C, respectively. At an ultrahigh current density of 5 C, a large re-
versible capacity of 880mAh/g is obtained (Fig. 5c). The Coulombic
efficiencies after the first few cycles are greater than 95% in Fig. 5d.
And even after 200th cycle the reversible capacity of the Ge/CNTs
composites is up to 851mAh/g.

Fig. 6 shows the electrochemical performance of Ge/RGO compo-
sites. CV curves shown in Fig. 6a, the first cycle is responsible for the
electrode activation process, in this cycle the SEI will be formed. The
lithiation peak at 0.1 V and delithiation peak at 0.5 V correspond to the
phase transition between amorphous LixGe alloys. The curves maintain
similar repeatable shapes with Fig. 5a, suggesting Ge is the main active
materials and this electrochemistry process has a high reversibility.

The Ge/RGO composites exhibits initial discharge capacity of
2212mAh/g and initial charge capacity of 1230mAh/g with
Coulombic efficiency of 55.6% at 0.1 C (Fig. 6b). However, high Cou-
lombic efficiency of over 85% after 2 cycles, and over 97% after 20
cycles are achieved. Upon cycling, a stable specific capacity of
1212mAh/g is obtained over 200 cycles as shown in Fig. 6d. The en-
hanced cycling performance compared with Ge/CNTs composites could
be attributed to the smaller Ge nanoparticle size. Increasing size of the
amorphous particles will decrease the capacity [37]. As shown in
Fig. 6c, the Ge/RGO composites delivers a high capacity of 1650, 1510,
1390, and 1150mAh/g upon increasing the current density to 0.1 C,
0.5 C, 1 C and 2 C, respectively. Although the capacity decreases
slightly with increasing current density, the electrode still retains a
capacity of 540mAh/g at 5 C and recovers a high capacity of
1500mAh/g when the rate comes back to 0.1 C. The enhanced stability
of Ge/RGO composites is attributed to its unique microstructure. Not
only the RGO film offers void space to buffer the volume expansion of
Ge particles during lithium ions insertion/extraction, but also provides
plenty of tunnels allowing the electrolyte to enter into the interior of
composites. Moreover, the RGO film plays a major role in improving the
conductivity of the composites.

The electrochemical reaction of Ge/PEDOT composites was ex-
amined using cyclic voltammetry, as depicted in Fig. 7a. The curves
shape is similar with the CV curves of Ge/CNTs and Ge/RGO compo-
sites. In the lithiation process, the peaks represent the lithium alloying
reaction to form different LixGe alloys, and in the delithiation process
the peaks is due to the delithiation of the LixGe. The first cycle differs
from those of subsequent cycles due to the SEI formation. Noteworthy,
the first cycle peaks are more obvious compared with other composites,
maybe the Ge/PEDOT composites need a longer activation process to
form a stable SEI layer.

Fig. 7b shows the voltage profiles of Ge/PEDOT composites in dif-
ferent cycle at a rate of 0.1 C tested between 0.01 and 2.0 V. The first
discharge and charge capacities are 1931 and 1653mAh/g, respec-
tively. However, it declines along with first 50th cycle, which may be
caused by the fragmentation of the anode in the cycling, and the for-
mation of the SEI layer on the fragmented anode surface during the

lithium insertion process. Fig. 7c shows the rate performance of Ge/
PEDOT composites. An excellent rate capability is obtained, e.g., in-
dicated by capacities of 1800 mAh/g at 0.1 C, 1480mAh/g at 0.5 C,
1220mAh/g at 1 C and 1187mAh/g at 2 C. Note that a reversible ca-
pacity of 1137mAh/g at 5 C, close to that at 1 C, as well as when the
current goes back to 0.1 C at the end of rate performance measure-
ments, the capacities recovers to 1600 mAh/g. For the rate performance
at the high rate, the capacity retention compared with 1 C of Ge/CNTs
is 78% and 76%, the Ge/RGO is 82%, 39%, and the Ge/PEDOT is 97%,
92%, at 2C and 5C, respectively. The results show Ge/PEDOT has an
enhanced performance at high rate. Fig. 7d shows the cycling stability
of Ge/PEDOT composites. The capacity shows a decrease in the initial
cycling at 0.1 C, which could be explained by the further development
of SEI layer and a reaction between the PEDOT film and the electrolyte.
After the 200th cycle, a reversible specific capacity of 1300mAh/g is
obtained with a Coulombic efficiency of nearly 100%. In light of these
results, the enhanced rate performance of the sample can be attributed
to flower-like hierarchically porous structure. The flower-like structure
on the pore surface is advantageous to increase the efficiency of solid/
electrolyte contact. On the other hand, the porous surface leading to
large surface area that is significant for providing rich sites for elec-
trode/electrolyte interface to absorb Li ions and rapid electron transfer.
Compared with the recent literatures list in Table S1 (ESI), the Ge
composites gained from ionic liquid electrodeposition exhibits a mod-
erate cyclic stability and rate performance. However, compared with
layer-layer structure, these Ge composites show an excellent electro-
chemical performance, which indicates ionic liquid electrodeposition
increases the adhesion between the active materials and the current
collector, improving the electrochemical performance of Ge.

To further study the transport kinetics of the electrons and ions
facilitated of the Ge composites, electrochemical impedance spectro-
scopy was carried out on the samples before and after 200 cycles
(Fig. 8). The high-frequency and medium-frequency semicircles reflect
resistances of surface film (Rsf) and charge-transfer (Rct), respectively.
After cycling the circular arc diameter (charge transfer resistance Rct) is
larger than that before cycle, which can be attributed to the gradual
damage of morphological of the Ge composites with cycling. It can be
seen the Ge/CNTs composites (Fig. 8a) has the larger Rct than that of
the Ge/GRO composites (Fig. 8b), indicating the Ge/RGO composites
structure is superior to Ge/CNTs composites in charge transfer. But the
Rct of Ge/CNTs composites is smaller than pure Ge dense film and Ge/
CNTs film on Ni foil, which is gained from ionic liquid electrodeposition
(Fig. S10). By contrast, the CNTs and RGO composites samples exhibit
much lower impedances, indicating much improved charge transfer
kinetics. The results indicate CNTs and RGO film improve the electrical
conductivity of Ge composites, which can greatly enhance the electro-
chemical performance of Ge-based anode materials for high-energy
LIBs.

CV curves and cycling performance results show Ge/PEDOT com-
posites need a longer activation process to get the electrochemical
stable state. After 100th cycle, the electrode exhibits extremely high
performance, the capacity retention from 100th to 200th cycle of the
sample increases to 98%. This suggests that the active material has
formed a very stable structure, capable of withstanding the volume
change without pulverization and without loss of contact from the
current collector. The electrochemical impedance spectroscopy was
carried out on the samples before and after 100th, 200th cycle to in-
vestigate the electronic conductivity. Fig. 9a shows the Ge/PEDOT
composites has the least Rct in all the composites before cycle, in-
dicating flower-like hierarchically porous structure is superior to other
composites (layer-layer structure) in charge transfer. With cycling, the
structure of composites has been damaged gradually, the Rct becomes
larger. But the Rct nearly has no change between the 100th to the 200th
cycle, indicating flower-like hierarchically porous structure reaches a
steady state after 100th cycle (Fig. 9b). This porous structure provides
flexible space for the material to expand or self-adjust, while also
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allowing fast diffusion of Li ion. Thus, the Ge/PEDOT composites anode
exhibits excellent lithium storage ability with attractive capacity, re-
markable rate capability and stable cyclic stability.

The SEM images of all the Ge composites after 200 cycles are shown
in Fig. 10. For Ge/CNTs composites, after cycling many cracks are
formed on the surface of electrode (Fig. 10a). Those cracks will

Fig. 7. Electrochemical performance of Ge/PEDOT composites: (a) CV curves, at a rate of 10mV/s. (b) Galvanostatic charge-discharge profiles for different cycle at
0.1 C. (c) Rate performance (0.1 C, 0.5 C, 1 C, 2 C, and 5 C). (d) Coulombic efficiency and cycling performance.

Fig. 8. Impedance measurements of (a) Ge/CNTs composites, and (b) Ge/RGO composites before cycle and after 200th cycle.

Fig. 9. Impedance spectra of (a) Ge/PEDOT composites before cycle and after the 200th cycle, (b) Ge/PEDOT composites after the100th cycle and after the 200th
cycle.
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decrease the electrical contact between active materials and collector.
These results are accordance with EIS data. To future ensure the mi-
crostructure of electrode after cycle, Fig. 10b shows the high magnifi-
cation SEM images of the Ge/CNTs composites after the 200th cycle,
the CNTs as a bridge connects with each Ge cluster, which not only can
adsorb Li ions increase the electrochemically sides, but also can provide
a higher electrical conductivity. Fig. 10c shows the Ge/RGO composites
undergo morphological changes after 200 cycles, the composites shows
through-thickness cracks of about 1 μm due to the large changes in the
volume of Ge. During the cycling, Ge particles continue to grow and
agglomerate, but due to the excellent conductivity of RGO film, the

structure of composites remains integrated (Fig. 10d). The Ge/CNTs
and Ge/RGO composites exhibit a substantially larger lithium ion sto-
rage capacity and an excellent cycling stability at high current densities.

For Ge/PEDOT composites (Fig. 10e, f), the dramatic structural
evolution of the Ge/PEDOT composites is caused by irreversible li-
thiation processes during cycling. The Ge clusters become much bigger,
with a diameter of 2–4 μm after 200 cycles, indicating a volume ex-
pansion (Fig. 10e). In a closer observation, Fig. 10f shows the Ge
clusters transform into an interconnected, porous network after re-
peated Li insertion and extraction. This structure is highly stable and
capable of withstanding the volume expansion, which is beneficial to

Fig. 10. SEM images of the Ge composites after 200 cycles at a rate of 0.1 C. (a) Ge/CNTs composites at low magnifications, (b) Ge/CNTs composites at high
magnifications, (c) Ge/RGO composites at low magnifications, (d) Ge/RGO composites at high magnifications, (e) Ge/PEDOT composites at low magnifications, (f)
Ge/PEDOT composites at high magnifications.
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help the Ge/PEDOT composites gain excellent capacity stability even
after going through cycles at higher rate.

The improved electrochemistry performance of as-prepared Ge
composites is due to the interaction of the unique microstructure. First,
the nanosized particles provide a higher surface area and shorter
pathways for the lithium reactions. Second, the Ge films electro-
deposited from ionic liquids are made of amorphous Ge, which has
smaller volume expansion. Third, the enhanced adhesion between Ge
and composites substrate can avoid active material shedding. Fourth,
composites substrate acted as a buffer layer to accommodate enormous
volume variations and relieve the large associated stresses owing to
repeated Li alloying/dealloying with Ge, which keeps the germanium
and lithium in close proximity after the discharge cycles. Finally, no
binders or conducting carbon are needed, which add extra weight and
lower the overall specific capacity of the battery.

4. Conclusions

In summary, using high theoretical capacity Ge and excellent elec-
trical conductivity, surface area and flexible mechanical property sub-
strates as building blocks, we developed a facile method to fabricate Ge
composites anode with enhanced electrochemical performance that can
directly be used as electrode in LIBs. Benefiting from several structural
features provided by this carefully designed electrode architecture, in-
cluding porosity, conductive network and mechanical stability offered
by the interpenetrated substrate (CNTs, RGO and PEDOT) layers, the
composites system synergistically enhances the intrinsic properties of
each component. Noteworthy, Ge/PEDOT composite shows the least
resistances of charge-transfer, due to the 3D flower-like porous mor-
phology. The Ge/PEDOT composites demonstrate much enhanced rate
capability, a reversible capacity of 1137mAh/g at 5 C. This kind of
organic and inorganic flower-like hierarchically porous structure and
the effective strategy can be further applied to the high-performance
energy storage devices.

Ionic liquid electrodeposition has been considered as a general,
simple, and effective technique for improving the electrode perfor-
mance of Ge. Ionic liquid electrodeposition without binder and ad-
ditive, can deposit active materials on all conductive substrates, and the
morphology of active materials is depended on process parameters,
which introduce a scientific procedure to isolate and characterize the
active materials. Using this method can easily understand the active
system without the interference of the additives.

Acknowledgements

We thank National Natural Science Foundation of China (No.
51572058, 51174063, 51502057), the Natural Science Foundation of
Heilongjiang Province (E201436), the International Science &
Technology Cooperation Program of China (2013DFR10630,
2015DFE52770), Specialized Research Fund for the Doctoral Program
of Higher Education (SRFDP 20132302110031) and the Fundamental
Research Funds for the Central Universities (No.
HIT.MKSTISP.201628).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.cej.2018.04.007. Photo
of freestanding RGO film; CV curve of 0.1mol/L GeCl4/[EMIm]Tf2N
solution on Ni foam; SEM images, Raman spectrum, and XRD pattern of
RGO films; SEM images, Raman spectrum, and FTIR spectrum of
PEDOT films; TEM images and TGA curves of Ge/CNTs, Ge/RGO, and
Ge/PEDOT composites; Deposition weight-time curve of Ge deposits;
Impedance spectra of Ge/CNTs composites on Ni foam, Ge/CNTs
composites on Ni foil and Ge films on foam Ni; Electrochemical
performance list of Ge composites in recent literatures, as well as

supplemental figures intended to support information presented in the
paper.

References

[1] B. Dunn, H. Kamath, J.M. Tarascon, Electrical energy storage for the grid: a battery
of choices, Science 334 (2011) 928–935.

[2] V. Etacheri, R. Marom, R. Elazari, G. Salitra, D. Aurbach, Challenges in the devel-
opment of advanced Li-ion batteries: a review, Energy Environ. Sci. 4 (2011)
3243–3262.

[3] M.T. McDowell, S.W. Lee, W.D. Nix, Y. Cui, 25th anniversary article: understanding
the lithiation of silicon and other alloying anodes for lithium-ion batteries, Adv.
Mater. 25 (2013) 4966–4984.

[4] Y.L. Wang, T.Y. Wang, P.M. Da, M. Xu, H. Wu, G.F. Zheng, Silicon nanowires for
biosensing, energy storage, and conversion, Adv. Mater. 25 (2013) 5177–5195.

[5] S.C. Jung, Y.K. Han, Lithium intercalation behaviors in Ge and Sn crystalline sur-
faces, Phys. Chem. Chem. Phys. 15 (2013) 13586–13592.

[6] T. Kennedy, E. Mullane, H. Geaney, M. Osiak, C. O'Dwyer, K.M. Ryan, High-per-
formance germanium nanowire-based lithium-ion battery anodes extending over,
cycles through in situ formation of a continuous porous network, Nano Lett. 14
(1000) (2014) 716–723.

[7] 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, U. Paik, Si/Ge double-layered nanotube array as a lithium ion battery
anode, ACS Nano 6 (2012) 303–309.

[8] X.S. Liu, J. Hao, X.X. Liu, C.X. Chi, N. Li, F. Endres, Y. Zhang, Y. Li, J.P. Zhao,
Preparation of Ge nanotube arrays from an ionic liquid for lithium ion battery
anodes with improved cycling stability, Chem. Commun. 51 (2015) 2064–2067.

[9] J. Liu, K.P. Song, C.B. Zhu, C.C. Chen, P.A. van Aken, J. Maier, Y. Yu, Ge/C na-
nowires as high-capacity and long-life anode materials for Li-ion batteries, ACS
Nano 8 (2014) 7051–7059.

[10] F.W. Yuan, H.J. Yang, H.Y. Tuan, Alkanethiol-passivated Ge nanowires as high-
performance anode materials for lithium-ion batteries: the role of chemical surface
functionalization, ACS Nano 6 (2012) 9932–9942.

[11] C.M. Xiao, N. Du, Y.F. Chen, J.X. Yu, W.J. Zhao, D.R. Yang, Ge@C three-dimen-
sional porous particles as high-performance anode materials of lithium-ion bat-
teries, RSC Adv. 5 (2015) 63056–63062.

[12] T. Song, Y. Jeon, M. Samal, H. Han, H. Park, J. Ha, D.K. Yi, J.M. Choi, H. Chang,
Y.M. Choi, U. Paik, A Ge inverse opal with porous walls as an anode for lithium ion
batteries, Energy Environ. Sci. 5 (2012) 9028–9033.

[13] W. Li, J. Zheng, T.K. Chen, T. Wang, X.J. Wang, X.G. Li, One step preparation of a
high performance Ge-C nanocomposite anode for lithium ion batteries by tandem
plasma reactions, Chem. Commun. 50 (2014) 2052–2054.

[14] W. Tang, Y.P. Liu, C.X. Peng, M.Y. Hu, X.C. Deng, M. Lin, J.Z. Hu, K.P. Loh, Probing
lithium germanide phase evolution and structural change in a germanium-in-carbon
nanotube energy storage system, J. Am. Chem. Soc. 137 (2015) 2600–2607.

[15] J.G. Ren, Q.H. Wu, H. Tang, G. Hong, W.J. Zhang, S.T. Lee, Germanium-graphene
composite anode for high-energy lithium batteries with long cycle life, J. Mater.
Chem. A 1 (2013) 1821–1826.

[16] S. Fang, Z.K. Tong, X.G. Zhang, 3D nitrogen-doped carbon foam supported Ge@C
composite as anode for high performance lithium-ion battery, Chem. Eng. J. 322
(2017) 188–195.

[17] C. Wang, J. Ju, Y.Q. Yang, Y.F. Tang, J.H. Lin, Z.J. Shi, R.P.S. Han, F.Q. Huang, In
situ grown graphene-encapsulated germanium nanowires for superior lithium-ion
storage properties, J. Mater. Chem. A 1 (2013) 8897–8902.

[18] C.J. Peng, L. Wang, Q.W. Li, Y.Y. Li, K.F. Huo, P.K. Chu, Ge@CNFs anchored on 3D
graphene foam for binder-free and high-efficiency anodes in Li-ion batteries, Chem.
Electro. Chem. 4 (2017) 1002–1006.

[19] X.Y. Wang, L. Fan, D.C. Gong, J. Zhu, Q.F. Zhang, B.G. Lu, Core-shell Ge@
graphene@TiO2 nanofibers as a high-capacity and cycle-stable anode for lithium
and sodium ion battery, Adv. Funct. Mater. 26 (2016) 1104–1111.

[20] R. Mo, D. Rooney, K. Sun, H.Y. Yang, 3D nitrogen-doped graphene foam with en-
capsulated germanium/nitrogen-doped graphene yolk-shell nanoarchitecture for
high-performance flexible Li-ion battery, Nat. Commun. 8 (2017) 13949.

[21] K.F. Huo, L. Wang, C.J. Peng, X. Peng, Y.Y. Li, Q.W. Li, Z.Z. Jin, P.K. Chu, Crumpled
N-doped carbon nanotubes encapsulated with peapod-like Ge nanoparticles for
high-rate and long-life Li-ion battery anodes, J. Mater. Chem. A 4 (2016)
7585–7590.

[22] Z. Ling, G. Wang, Q. Dong, B. Qian, M. Zhang, C. Li, J. Qiu, An ionic liquid template
approach to graphene–carbon xerogel composites for supercapacitors with en-
hanced performance, J. Mater. Chem. A 2 (2014) 14329–14333.

[23] N.J. Williams, J. Dehaudt, V.S. Bryantsev, H.M. Luo, C.W. Abney, S. Dai, Selective
separation of americium from europium using 2,9-bis(triazine)-1,10-phenan-
throlines in ionic liquids: a new twist on an old story, Chem. Commun. 53 (2017)
2744–2747.

[24] T. Evans, D.M. Piper, S.C. Kim, S.S. Han, V. Bhat, K.H. Oh, S.H. Lee, Ionic liquid
enabled FeS2 for high-energy-density lithium-ion batteries, Adv. Mater. 26 (2014)
7386–7392.

[25] K.S. Kim, D. Demberelnyamba, H. Lee, Size-selective synthesis of gold and platinum
nanoparticles using novel thiol-functionalized ionic liquids, Langmuir 20 (2004)
556–560.

[26] D.S. Jacob, L. Bitton, J. Grinblat, I. Felner, Y. Koltypin, A. Gedanken, Are ionic
liquids really a boon for the synthesis of inorganic materials? A general method for
the fabrication of nanosized metal fluorides, Chem. Mater. 18 (2006) 3162–3168.

J. Hao et al. Chemical Engineering Journal 346 (2018) 427–437

436

http://dx.doi.org/10.1016/j.cej.2018.04.007
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0005
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0005
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0010
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0010
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0010
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0015
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0015
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0015
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0020
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0020
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0025
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0025
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0030
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0030
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0030
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0030
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0035
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0035
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0035
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0035
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0040
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0040
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0040
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0045
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0045
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0045
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0050
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0050
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0050
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0055
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0055
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0055
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0060
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0060
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0060
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0065
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0065
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0065
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0070
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0070
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0070
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0075
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0075
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0075
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0080
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0080
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0080
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0085
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0085
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0085
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0090
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0090
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0090
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0095
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0095
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0095
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0100
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0100
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0100
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0105
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0105
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0105
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0105
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0110
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0110
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0110
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0115
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0115
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0115
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0115
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0120
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0120
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0120
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0125
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0125
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0125
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0130
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0130
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0130


[27] S.S. Mondal, D. Marquardt, C. Janiak, H.J. Holdt, Use of a 4,5-dicyanoimidazolate
anion based ionic liquid for the synthesis of iron and silver nanoparticles, Dalton
Trans. 45 (2016) 5476–5483.

[28] J. Hao, Y. Yang, J.P. Zhao, X.S. Liu, F. Endres, C.X. Chi, B.S. Wang, X.X. Liu, Y. Li,
Ionic liquid electrodeposition of strain-released Germanium nanowires as stable
anodes for lithium ion batteries, Nanoscale 9 (2017) 8481–8488.

[29] X. Liu, J.P. Zhao, J. Hao, B.L. Su, Y. Li, 3D ordered macroporous germanium fab-
ricated by electrodeposition from an ionic liquid and its lithium storage properties,
J. Mater. Chem. A 1 (2013) 15076–15081.

[30] W.H. Xin, J.P. Zhao, D.T. Ge, Y.B. Ding, Y. Li, F. Endres, Two-dimensional SixGe1-x
films with variable composition made via multilayer colloidal template-guided
ionic liquid electrodeposition, Phys. Chem. Chem. Phys. 15 (2013) 2421–2426.

[31] D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z.Z. Sun, A. Slesarev,
L.B. Alemany, W. Lu, J.M. Tour, Improved synthesis of graphene oxide, ACS Nano 4
(2010) 4806–4814.

[32] S. Garreau, G. Louarn, J.P. Buisson, G. Froyer, S. Lefrant, In situ spectro-
electrochemical Raman studies of poly(3,4-ethylenedioxythiophene) (PEODT),

Macromolecules 32 (1999) 6807–6812.
[33] S. Sakamoto, M. Okumura, Z.G. Zhao, Y. Furukawa, Raman spectral changes of

PEDOT-PSS in polymer light-emitting diodes upon operation, Chem. Phys. Lett. 412
(2005) 395–398.

[34] W. He, H.J. Tian, X.L. Wang, F.X. Xin, W.Q. Han, Three-dimensional interconnected
network GeOx/multi-walled CNT composite spheres as high-performance anodes
for lithium ion batteries, J. Mater. Chem. A 3 (2015) 19393–19401.

[35] X.H. Liu, S. Huang, S.T. Picraux, J. Li, T. Zhu, J.Y. Huang, Reversible nanopore
formation in Ge nanowires during lithiation-delithiation cycling: an in situ trans-
mission electron microscopy study, Nano Lett. 11 (2011) 3991–3997.

[36] H. Jung, P.K. Allan, Y.Y. Hu, O.J. Borkiewicz, X.L. Wang, W.Q. Han, L.S. Du,
C.J. Pickard, P.J. Chupas, K.W. Chapman, A.J. Morris, C.P. Grey, Elucidation of the
local and long-range structural changes that occur in germanium anodes in lithium-
ion batteries, Chem. Mater. 27 (2015) 1031–1041.

[37] X.L. Wang, W.Q. Han, H.Y. Chen, J.M. Bai, T.A. Tyson, X.Q. Yu, X.J. Wang,
X.Q. Yang, Amorphous hierarchical porous GeOx as high-capacity anodes for Li ion
batteries with very long cycling life, J. Am. Chem. Soc. 133 (2011) 20692–20695.

J. Hao et al. Chemical Engineering Journal 346 (2018) 427–437

437

http://refhub.elsevier.com/S1385-8947(18)30573-4/h0135
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0135
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0135
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0140
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0140
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0140
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0145
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0145
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0145
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0150
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0150
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0150
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0155
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0155
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0155
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0160
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0160
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0160
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0165
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0165
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0165
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0170
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0170
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0170
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0175
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0175
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0175
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0180
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0180
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0180
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0180
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0185
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0185
http://refhub.elsevier.com/S1385-8947(18)30573-4/h0185

	A general method for high-performance Li-ion battery Ge composites electrodes from ionic liquid electrodeposition without binders or conductive agents: The cases of CNTs, RGO and PEDOT
	Introduction
	Experimental section
	Materials
	Synthesis of CNTs film
	Synthesis of RGO film
	Synthesis of PEDOT film
	Synthesis of Ge/CNTs, Ge/RGO, Ge/PEDOT
	Structural characterizations
	Electrochemical measurements

	Results and discussion
	Structural characterization
	Electrochemical performance

	Conclusions
	Acknowledgements
	Supplementary data
	References




