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A unique sandwich-structured C/Ge/graphene nanocomposite as an anode
material for high power lithium ion batteries

Abstract

A unique sandwich-structured C/Ge/graphene composite with germanium nanoparticles trapped between
graphene sheets is prepared by a microwave-assisted solvothermal reaction followed by carbon coating
and thermal reduction. The graphene sheets are found to be effective in hindering the growth and
aggregation of Ge02 nanoparticles. More importantly, the graphene sheets, coupled with the carbon
coating, can buffer the volume changes of germanium in electrochemical lithium reactions. The unique
sandwich structure features a highly conductive network of carbon, which can improve both the
conductivity and the structural stability of the electrode material, and exemplifies a promising strategy for
the development of new high performance electrode materials for lithium ion batteries.
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A unique sandwich-structured C/Ge/graphene composite with germanium nanoparticles trapped
between graphene sheets is prepared by a microwave-assisted solvothermal reaction followed by
carbon coating and thermal reduction. The graphene sheets are found to be effective in hindering the

growth and aggregation of GeO, nanoparticles. More importantly, the graphene sheets, coupled with
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the carbon coating, can buffer the volume changes of germanium in electrochemical lithium reactions.

The unique sandwich structure features a highly conductive network of carbon, which can improve both
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Introduction

Recently, the increasing demands on portable and flexible
electronic devices have pushed the development of lithium ion
batteries with high energy density and power density. Among
the electrode materials that have been studied, group IVA
materials including silicon, germanium, and tin have attracted
extensive attention due to their high theoretical lithium-storage
capacities.”> Compared to silicon, germanium has 400 times
faster lithium diffusivity> and 104 times higher electrical
conductivity*® due to its smaller band gap of 0.6 V.° It has been
proved that the high adsorption energy and low diffusion
energy barrier for lithium on the Ge(111) plane could enhance
the electrochemical kinetics and decrease the total energy of the
system.” Therefore, germanium is a promising anode material
for lithium ion batteries. Nevertheless, germanium undergoes
large volume changes and progressive agglomeration during
lithium intercalation/de-intercalation, with a volume expansion
of over 300% (ref. 8 and 9) after the full lithiation process (as
each Ge atom can accommodate 4.4 Li atoms, leading to the
formation of Li,,Ges alloy). The stresses generated in the
process of alloying/de-alloying result in cracking and pulveri-
zation of the germanium electrode, and thus a loss of electrical
contact and a rapid capacity fade upon cycling.*
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the conductivity and the structural stability of the electrode material, and exemplifies a promising
strategy for the development of new high performance electrode materials for lithium ion batteries.

To circumvent the problem, the strategy of using nanosized
structures, nanoparticles,’* nanowires,"”** and nanotubes,”'*
for example, has been applied to reduce the effects of volume
change during charging/discharging in order to improve the
cycling stability of the germanium electrodes."” In addition,
highly porous germanium was fabricated to facilitate lithium
ion diffusion at the interfaces between the electrolyte and the
active materials, and therefore improves the electrochemical
performance."® Moreover, germanium alloys such as vertically
aligned Si/Ge double-layered nanotube arrays’” and Sn,sGe,,@
carbon core-shell nanowires* showed improved cycling stability
due to the reduced maximum hoop strain and lowered activa-
tion energy barrier for lithium ion diffusion. The synthesis of
these composite materials is always complex and laborious,
however, requiring templates and multiple steps.”

Carbon coating is a common strategy for the group IVA based
anode materials to not only suppress the large volume changes
and agglomeration during lithium ion intercalation/de-inter-
calation, but also improve the electrical conductivity of the
electrode.”>* In our previous research work, a facile synthesis
method was reported for fabricating a series of germanium-
based materials, such as Ge/C nanostructures,> GeO,/Ge/C
nanocomposites,” and hollow ellipsoidal Ge@C nano-
structures,® via carbon coating and reduction of the oxide
precursors. More importantly, we found that the particle size of
the germanium oxide precursor significantly affects the cycling
stability and rate capability. With the nanostructured Ge/C
(particles around 30 nm in size),>* the electrode exhibited an
excellent reversible capacity of 480 mA h g~' at a high rate of
40 C, whereas the reference Ge/C (particles about 700 nm
in size) showed poor capacity retention when the rate was
increased to 5 C and above. Therefore, we believe that very fine
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germanium nanoparticles, uniform carbon coating, and less or
no aggregation of these nanoparticles are the key parameters to
achieve germanium-based anodes with excellent electro-
chemical performance.

Furthermore, it has been reported that the agglomeration of
particles results in poor electrochemical performance because
of the increased diffusion length for lithium ions.™* Therefore,
in this work, graphene has been chosen as a matrix to prevent
the growth and aggregation of GeO, particles during micro-
wave-assisted solvothermal synthesis. Furthermore, graphene
has excellent mechanical properties which can buffer the
volume expansion of germanium during lithium ion intercala-
tion/de-intercalation. In addition, graphene provides rapid
access to electrons and allows good transportation of lithium
ions between the active material and the electrolyte.>*! In order
to further improve the cycling stability of the composite elec-
trode, a uniform carbon layer is coated on the surface of the
germanium-graphene hybrid precursor by thermal decompo-
sition of acetylene gas. Further thermal reduction of the
precursors results in the formation of a sandwich structure,
where the germanium particles are located between graphene
sheets and carbon layers with void space surrounding the
germanium particles, which could effectively accommodate the
volume expansion of germanium during lithium intercalation.
The electrochemical performance of this sandwich structured
C/Ge/graphene was evaluated and showed promising results.

Experimental

Graphene oxide (GO) was synthesized from natural graphite
powder by a modified Hummers method.**** (The X-ray
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diffraction (XRD) patterns are shown in Fig. S1 in the ESL¥)
46 mg of the obtained GO was dispersed in 50 mL of anhydrous
ethanol by ultrasonication for 0.5 h. 1.072 g (5 mmol) GeCl, was
added to 5 mL anhydrous ethanol and left to stir for 5 minutes.
Then, the GeCl,-ethanol solution was added to the as-obtained
GO-ethanol solution and left to stir for another 10 minutes.
Finally, 30 mL of the resultant mixed solution was transferred
into a Teflon-lined autoclave and then irradiated with
microwaves at 180 °C for 20 minutes at a fast heating rate of
30 °C min . After the solvothermal reaction, a black powder,
consisting of GeO,/graphene, was collected by centrifugation
and washed with ethanol and de-ionized water several times
before drying it in a vacuum oven at 70 °C overnight. GeO, was
also synthesized using the same procedure without the
addition of GO.

The carbon coating and subsequent reduction processes for
the obtained GeO,/graphene composite were carried out in a
tube furnace under flowing acetylene and hydrogen gases,
respectively. In a typical experiment, GeO,/graphene was placed
in an alumina crucible in the central part of the heating zone.
Vacuum was applied to eliminate air, and the tube was then
filled with pure argon gas. The tube furnace was heated to
650 °C at a speed of 5 °C min ™', and a 10% acetylene gas-argon
gas mixture was passed through at 200 mL min~". After 30
minutes of reaction at 650 °C (see XRD patterns of the resultant
materials at this stage in Fig. S2t), the acetylene-argon mixture
was replaced with 5% hydrogen-argon gas and further reacted
for 2 hours to thoroughly reduce the germanium oxide and
graphene oxide sheets. Finally, the furnace was left to cool down
to room temperature before the samples were removed from the
tube furnace. The carbon coating and reduction processes and a

GeO,/graphene

N

_ C/Ge/GeQ,/graphene

>, C/Ge/graphene

Fig. 1 Schematic illustration of (a) GeO,/graphene, (b) C/Ge/GeO,/graphene, and (c) C/Ge/graphene composites. First, the GeO,/graphene composite was
synthesized by a microwave-assisted solvothermal reaction. Then, a uniform carbon layer was coated on the surface of the precursor to form C/Ge/GeO,/graphene by
the decomposition and partial reduction of acetylene gas. After a reduction treatment by hydrogen gas, a unique structured material consisting of metallic germanium

nanoparticles between graphene sheets and carbon layers was obtained.
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schematic diagram of the sample evolution are presented in
Fig. 1. Samples without graphene (Ge/C) and samples without
carbon coating (Ge/graphene) were also prepared for
comparison.

The crystalline phases of the resulting materials were
analyzed by powder X-ray diffraction (XRD, MMA GBC, Aus-
tralia), which was carried out using Cu Ko radiation (1 =
1.54056 A) from 26 = 10° to 80°. Thermogravimetric analysis
(TGA) was carried out to determine the carbon content
with a TGA/differential scanning calorimetry (DSC) type
instrument (METTLER TOLEDO, Switzerland) at a heating rate
of 10 °C min~' from room temperature to 800 °C in air. The
morphologies and structures of the samples were characterized
using a field-emission scanning electron microscope (SEM,
JSM-7500FA, JEOL, Japan), and transmission electron micro-
scope (TEM) investigations were performed using a JEOL 2011F
analytical electron microscope (JEOL, Japan) operating at
200 keV. X-ray photoelectron spectroscopy (XPS) experiments
were carried out on a VG Scientific ESCALAB 2201XL instrument
using aluminium Ko X-ray radiation during XPS analysis.

To prepare the working electrode for electrochemical testing,
the electrode slurry of C/Ge/graphene was prepared by thor-
oughly mixing the active material, sodium carboxymethyl
cellulose, polyacrylic acid, and acetylene black at a weight ratio
of 80:5:5:10 in de-ionized water. For the Ge/C sample, the
slurry was made at a weight ratio of 62 :5:5:28 in order to
keep the same carbon content as in the C/Ge/graphene elec-
trode. The resultant slurry was then spread onto copper foil
substrates and dried in a vacuum oven at 150 °C for 3 h. The
electrochemical tests were carried out with CR2032 coin type
cells. The cells were constructed with lithium foil as the anode,
the prepared active material on copper as the cathode, micro-
porous polyethylene (Celgard 2400) as the separator, and 1.15 M
LiPFs in a mixture of ethylene carbonate (EC), dimethyl
carbonate (DMC), and diethyl carbonate (DEC) (3:4:3 by
volume) as the electrolyte. The whole assembly process was
carried out in an argon-filled glove box (Mbraun, Unilab, Ger-
many). The charge-discharge cycling was performed within the
voltage range of 0.01-1.5 Vvs. Li*/Li on a battery test instrument
(CT2001A, KINGNUO, China) at ambient temperature. Electro-
chemical impedance spectroscopy (EIS) was conducted by
applying a dc potential equal to the open circuit voltage of the
cell with an amplitude of 5 mV over the frequency range from
100 kHz to 0.01 Hz. The loading amount of active material for
all electrodes was at least 0.9 mg cm™ 2. The specific capacities
were calculated based on the weight of composites, i.e. C/Ge,
C/Ge/graphene or Ge/graphene.

Results and discussion

The distribution of GeO, nanoparticles on the graphene sheets
synthesized using the microwave-assisted solvothermal method
can be observed from the SEM images of the GeO,/graphene
sample (see Fig. S3(a and b)t). The GeO, nanoparticles were
found to be anchored on the graphene sheets and uniformly
distributed. From TEM analysis of GeO,/graphene (shown in
Fig. S3(c and d)f), the observed GeO, nanoparticles are

This journal is © The Royal Society of Chemistry 2013
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composed of clusters of small particles 20-30 nm in size. Higher
magnification images and electron diffraction patterns could
not be obtained from the TEM due to the deformation of GeO,
under focused electron beam irradiation. When GeO, was
synthesized without the presence of graphene, large hexagonal
shaped particles were formed (shown in Fig. S4 and S5t), even
though the synthesis conditions were identical. This indicates
that graphene provides anchoring sites for GeO, and effectively
hinders aggregation and further growth of GeO, nanoparticles.
Fig. 2 shows SEM and TEM images of GeO,/graphene after
carbon coating and thermal reduction treatments (C/Ge/
graphene). The SEM image in Fig. 2(a) shows that the
morphology of the GeO,/graphene precursor is maintained. At
lower resolution, C/Ge/graphene and GeO,/graphene look
identical, while at higher resolution (shown in Fig. S6(a)t), the
germanium particles on the graphene sheets appear to be
porous, which is further confirmed by the TEM image of the
C/Ge/graphene composite that is shown in Fig. 2(b). As can be
seen from Fig. 2(c) and (d), a carbon shell is formed in a shape
similar to that in the GeO, precursor. The particles inside the
shell appeared to have shrunk, however, and voids are observed.
This is due to the reduction of GeO, to elemental germanium,
wherein oxygen is released. In the high-resolution transmission
electron microscope (HRTEM) image shown in Fig. S7,1 the
crystal lattice fringes with a d-spacing of 0.33 nm are charac-
teristic of the (111) lattice planes of the cubic germanium, and
the germanium nanoparticles are sandwiched between gra-
phene sheets and a thin layer of amorphous carbon (3-5 nm).
Furthermore, the morphology of the sample without the carbon
coating (Ge/graphene) was also investigated and is shown in
Fig. S8.1 The germanium particles appear to be attached to the
graphene sheets. When compared to C/Ge/graphene, however,
the individual particle size of Ge/graphene appears to be larger.
This could be due to the role of the carbon coating, which can
prevent aggregation of neighboring particles during the reduc-
tion process.

The crystal structures of the GeO,, GeO,/graphene, Ge/C,
Ge/graphene, and C/Ge/graphene samples were characterized

4 carbon layer |
L7 R4

Fig. 2 C/Ge/graphene composite: (a) SEM image; (b—d) TEM images. (d) An
enlarged image of the circled area in (c). The purple and red arrows in (d) indicate
the germanium nanoparticles and the carbon layer, respectively.
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by X-ray diffraction (XRD), as shown in Fig S9t1 and 3(a). All
the reflection peaks of GeO,/graphene are well indexed to the
hexagonal phase of GeO, (JCPDS card no. 36-1463). After
the reduction treatment, the hexagonal phase is converted to
the diamond cubic phase (Ge) (JCPDS card no. 40-0545). There
are no peaks corresponding to carbon that can be detected
in the pattern, which could be attributed to their overlapping
with the (111) peak of germanium at around 27°. The carbon
content of the GeO,/graphene precursor, C/Ge/graphene, and
Ge/C composites was investigated by thermogravimetric anal-
ysis (TGA), and the calculated values are 19.6 wt%, 10.1 wt%,
and 30.3 wt%, respectively, as shown in Fig. S10.f Raman
spectroscopy (Fig. 3(b)) was applied to analyze the chemical
bonding in the composites due to its high sensitivity to elec-
tronic structure.* For the GeO,/graphene precursor, the band at
445 cm ' corresponds to the symmetric Ge-O-Ge stretching.?*
The peak at 302 cm ' is attributed to the optical mode of
crystalline germanium, which shows a small blue-shift
compared to the reported value of 298 cm™*,**73% indicating the
interaction between germanium and the carbon material.*
Besides, there is a strong D band at 1333 cm ™' related to the
presence of defects, as well as a G band at 1601 cm ™" that is
ascribed to the E,g vibrational mode for the sp> domain.”” There
is a shift of the G peak which can be observed after carbon
coating, from 1598 cm ™" for GeO,/graphene and Ge/graphene
to 1601 cm™ ' for C/Ge/graphene and 1604 cm ' for Ge/C.
Combining this with the blue-shift of Ge-Ge stretching, we
believe that the charge transfer has occurred between

GeO,/graphene |(101)
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(110) (200) 11z 113]
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germanium and the carbon components, including both the
graphene sheets and the carbon layer,""**?* indicating that
the germanium nanoparticles are not just physically connected
to the graphene sheets and carbon layers, but interact with the
carbon network, including both the graphene and the carbon
layer, by the formation of bonds.*®

XPS measurements provide direct information on the
element distribution and chemical composition of the surface
layer of the obtained composites, as shown in Fig. 3(c). For the
GeO,/graphene precursor, the characteristic peak of Ge 3d at
32.6 eV is assigned to the Ge 3d Ge-O bonds. After reduction
treatment, the characteristic peak of zero-valence germanium
appears at a binding energy of 29.5 eV. The C 1s XPS spectrum
of GeO,/graphene (Fig. 3(d)) can be deconvoluted into three
peaks. The main peak at 284.5 eV can be assigned to sp’
hybridized C atoms in graphene, while the higher energy peaks
arise from C-OH at 286.2 eV and C=O0 at 288.6 eV.** These
kinds of oxygen-containing groups could provide suitable
attachment sites for anchoring Ge** ions on graphene sheets.
After carbon coating, the C-OH and C=O peaks fade away,
whereas the C-C bonds become dominant, with a small tail
peak in the higher binding energy region. Peaks also appear at
285.5 and 289.8 eV, which can be attributed to sp* hybridized C
and COOH, respectively. The disappearance of C-OH in the
composite might suggest that the formation of C-O-Ge bonds
originates from substitution of hydrogen by Ge®".*®* The
atomic ratio of germanium to carbon elements can be calcu-
lated through the rough stoichiometry according to the XPS

——GelC
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——Gelgraphene
GeO,
3
s
2
[}
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2
£
Il 12 1 1 L L 1
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Fig. 3 (a) Powder X-ray diffraction patterns of the samples; (b) Raman spectra, with the inset showing an enlargement of the D and G bands; (c) XPS spectra of Ge 3d
element peaks of Ge/C, Ge/graphene, and C/Ge/graphene composites; and (d) curve fittings of C 1s XPS spectra of the GeO,/graphene precursor and C/Ge/graphene

composite.
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spectrum, and the ratios for GeO,/graphene and C/Ge/graphene
are 21.81 mol % and 1.63 mol %, respectively. The low germa-
nium to carbon ratio for C/Ge/graphene can be attributed to the
uniform carbon coating on the surface of the composite that is
created by the thermal carbonization process. Furthermore, the
ratio of the oxidized carbon to the non-oxygenated carbon
decreases from 31.96% for GeO,/graphene to 8.10% for C/Ge/
graphene, indicating that less oxygen-containing groups exist
on the surface of the composite after the carbon coating and
reduction processes.

The electrochemical properties of Ge/C, Ge/graphene, and
C/Ge/graphene composites as potential anode materials for
lithium ion batteries were investigated, and the results are
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shown in Fig. 4. Fig. 4(a) presents the rate capability of the three
composites at different current rates (charging at 0.2-40 C
and discharging at 0.4 C). The current density of 1 C rate is
1600 mA g . The C/Ge/graphene composite showed the best
rate capability. There was a negligible capacity drop when the
charging current was increased from 0.2 C to 5 C. The discharge
capacity was 1015.3 mA h g at the 10" cycle at the rate of
0.2 C,and 1007.6 mA h g " at the 30" cycle at the rate of 5 C. It is
noteworthy that the superior rate capability of the C/Ge/gra-
phene composite is more evident at higher charge-discharge
rates. Even at the high rate of 20 C, the specific capacity remains
746.3 mA h g ', which is still 68% of its capacity at 0.2 C. When
the rate was decreased to 0.2 C, the specific capacity recovered

1 1
0 200 400 600 800 1000 1200 1400 1600

Capacity mA hg")

1
8
Efficiency (%)

—&— Gel/graphene
@ C/Gelgraphene

" L 1 T i
0 20 40 60 80 100 120 140 160

Cycle number

4
Li,Ge

Fig. 4 Comparison of rate capability of Ge/C, Ge/graphene, and C/Ge/graphene composites at different current densities: (a) charging rates from 0.2-40 C, with
discharge at 0.4 C, (b) galvanostatic charge-discharge profiles of the C/Ge/graphene composite at different current densities from 0.2-40 C (corresponding to (a)), (c)
differential capacity plots of C/Ge/graphene at different cycles. (d) Cycling performance and coulombic efficiency of Ge/C, Ge/graphene, and C/Ge/graphene
composites at the charging rate of 1 Cand discharging rate of 0.4 C. (e) Schematic illustration of the mechanically robust and flexible matrix composed of the graphene
sheets and carbon coating during lithiation/de-lithiation of C/Ge/graphene, compared to the peeling off of Li,Ge formed in the Ge/graphene composite after cycling.

This journal is © The Royal Society of Chemistry 2013
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to 1020.6 mA h g ', indicating good reversibility. The differ-
ential capacity plots of the C/Ge/graphene composite at the 2™
and 72" cycles at the 0.2 C rate are shown in Fig. S12.f The
Ge/graphene sample showed poorer capacity retention than the
C/Ge/graphene sample when the rate was increased to 10 C
and above. As for Ge/C, the electrode presented the worst
rate capability compared to C/Ge/graphene. A capacity of
98 mA h g~ was delivered at a current rate of 5 C, with an
extremely low retention of 9.7%.

Fig. 4(b) shows the charge-discharge profiles of the C/Ge/
graphene composite electrode in the 2™, 117, 215 315, 41,
51°, and 61° cycles at different rates. The corresponding
differential plots of C/Ge/graphene at different cycles are shown
in Fig. 4(c). From the discharge curve of the second cycle, the
lithiation peaks appeared at about 0.55, 0.37, and 0.15 V, cor-
responding to the formation of LisGe,, Li;Ge,, Li;sGe,, and
Li»Ges.*** The peak at 15 mV is characteristic of graphene
lithiation.** Fig. 4(d) shows the cycling performance and the
coulombic efficiency of the C/Ge/graphene, Ge/graphene, and
Ge/C composites. The C/Ge/graphene composite exhibits a
discharge capacity of 1578 mA h g~" at the first cycle for a
charging rate of 1 C and a discharging rate of 0.4 C, which is
close to the theoretical capacity of germanium. The high initial
capacity is attributed to the large electrochemically active
surface area of graphene and the carbon layer, and/or the grain
boundary area of germanium nanoparticles.” There is no
significant capacity fade from the second discharge cycle. The
capacity still remains 992.8 mA h g~ ' after 160 cycles, corre-
sponding to 86.4% of the capacity at the second cycle. For the
sample of Ge/graphene, there was an obvious capacity fading
after 90 cycles, and the specific capacity dropped to 643.9 mA h
g " at the 160™ cycle, which is 64% of the capacity at the second
cycle. The electrochemical performance of our C/Ge/graphene is
better than that of the Ge NP/GR nanocomposites reported by
Cheng et al.,” the Ge-RGO hybrids reported by Park et al.,** as
well as the Ge@C/RGO nanocomposite reported by Guo et al."
The inferior electrochemical performance of Ge/graphene
compared to that of C/Ge/graphene can be ascribed to the
detachment of germanium or Li,Ge on the graphene sheets
after prolonged cycling through the charge-discharge
processes. The large volume changes of germanium during
alloying/de-alloying contribute not only to the peeling off of
nanoparticles from the graphene sheets but also towards
pulverization of the electrode (as shown in Fig. 4(e)). The
capacity of Ge/C dropped dramatically with increasing cycle
number, with a value of 44.5 mA h g~* at the 100" cycle. The
poor cycling stability is due to the germanium particles, which
tend to aggregate, and the inherently insufficient carbon layer
cannot maintain integrity during alloying/dealloying as shown
in Fig. S13f, resulting in poor rate capability and cycling
performance.

We believe that the excellent electrochemical performance of
C/Ge/graphene is attributable to the unique sandwich structure.
Firstly, the small size (20-30 nm) and uniform distribution of
germanium nanoparticles between the graphene and the
carbon layer framework promote fast lithium ion diffusion due
to the shortened transport length. Secondly, the electrical
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conductivity of the composite material is enhanced as a result of
the participation of graphene and the additional carbon coating
in forming a conductive network. Thirdly, the high structural
stability of the composite material owing to the synergistic
effects of the graphene sheets and carbon layers which sand-
wich the germanium nanoparticles protects them from peeling
off and further pulverization. This kind of unique structure is
specifically beneficial to the increase of electrochemical
performance of the group IVA materials, which undergo a large
volume change during the alloying/dealloying process, by pre-
venting the direct exposure of the embedded metal nano-
particles to the electrolyte as reported.** Moreover, the voids
that appear around the germanium nanoparticles after reduc-
tion treatment can provide free space for volume expansion.

Conclusions

In summary, a C/Ge/graphene composite was synthesized by a
microwave-assisted solvothermal reaction, and then a carbon
coating layer was introduced on the surface of the germanium
graphene precursor, which was then subjected to a reduction
treatment. The as-obtained composite revealed a uniform
distribution of very fine germanium nanoparticles 20-30 nm in
size between the graphene sheets and the carbon layers. The
unique sandwich structure effectively buffers the volume
changes during lithium ion intercalation/de-intercalation
processes, so that the composite maintains its structural
integrity, as well as ensures favorable transport kinetics for both
lithium ions and electrons. Therefore, C/Ge/graphene compos-
ites exhibit excellent lithium storage performance, with high
reversible capacity, excellent rate capability, and superior
cycling retention.
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