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ABSTRACT: Decreasing particle size has always been
reported to be an efficient way to improve cyclability of Li-
alloying based LIBs. However, nanoparticles (NPs) tend to
agglomerate and evolve into lumps, which in turn limits the
cycling performance. In this report, we prepared a unique
nanostructure, graphene-coated Ge NPs are highly dispersed
on vertically aligned graphene (Ge@graphene/VAGN), to
avoid particle agglomeration and pulverization. Remarkable
structure stability of the sample leads to excellent cycling
stability. Upon cycling, the anode exhibits a high capacity of 1014 mAh g−1, with nearly no capacity loss in 90 cycles. Rate
performance shows that even at the high current density of 13 A g−1, the anode could still deliver a higher capacity than that of
graphite.
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■ INTRODUCTION

In recent years, germanium (Ge) has attracted much research
interest due to its potential application in next generation
lithium ion batteries (LIBs).1−3 As a typical Li-alloying anode
material, Ge could store 4.4 Li atoms during the Li-alloying
process and deliver a theoretical capacity up to 1623 mAhg−1,
which is 4 times higher than that of the commercial graphite
anode (only 372 mAhg−1).4 Moreover, Ge possesses a relatively
low working potential vs Li/Li+ (∼300 mv); thus, it can be
favorably combined with those high voltage cathode materi-
als.5,6 Therefore, Ge is a promising alternative to graphite to
assemble higher-energy and higher-power density LIBs. Never-
theless, the poor cycling stability has always been the bottleneck
for the practical application of Ge. Upon the lithiated/
delithiated process, Ge suffers drastic volume changes
(370%), which will induce pulverization of the bulk material
and finally leads to isolation between the particle and the
current collector.7−9 Consequently, rapid capacity loss
inevitably occurs.
Decreasing particle size of the bulk Ge electrode has been

found to be an effective approach to alleviate the volume
changes. Various nanosized Ge anodes were reported in
previous studies, such as nanoparticles,10−12 nanowires,13,14

nanotubes,15 and so forth. Nanosized materials, for instance,
nanoparticles, possess a larger surface area and can provide
more active reaction point for Li+. More importantly,
nanoparticles suffer smaller absolute volume changes than
their bulk counterparts do, which could minimize cracking and
pulverization of the anode. However, the naked, densely

distributed nanoparticles tend to aggregate and evolve into
lumps, which not only limits the lithium ion diffusion pathway
but also means the electrode pulverization could reappear.16,17

In some recent studies, carbon-coated nanoparticles have been
prepared to prevent direct contacts of the particle.17−21

Nevertheless, the densely agglomerate nature of NPs still
existed, leading to unsatisfactory cycling performance.
In this report, we prepared highly dispersed Ge NPs under

the aid of in situ grown graphene to tackle the above problem.
As Scheme 1 shows, Ge nanoparticles are wrapped by 2−3
graphene layers and uniformly distributed on both sides of
vertically aligned graphene (VAGN). This hybrid nanostructure
has two superiorities in applying to LIBs. On the one hand,
particle aggregations are eliminated since Ge NPs isolate from
each other. Meanwhile, VAGN sheets are directly grown on
substrate and possess large interspaces between each other,
which can avoid the common drawback of stacking for
conventional graphene.22,23 On the other hand, particle
pulverizations are also alleviated. Graphene layers coated on
Ge NPs can effectively buffer the volume changes and
accommodate the accompanying mechanical stress. With
these structure advantages, improved cycling stability could
be expected. The sample was directly assembled into LIBs
without any binders or conductive materials and exhibited
excellent cycling performances. A stable capacity of 1014 mAh
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g−1 was recorded after 90 cycles, with a capacity retention more
than 97%. Rate performance shows at the high current density
of 13 A g−1, a high capacity of 420 mAh g−1 still maintained.
These results demonstrate that the surface protected, highly
dispersed NPs could effectively improve the cyclability of Ge-
based LIBs, which also provides a solution for other similar Li-
alloying anode such as Si and Sn.

■ EXPERIMENTAL SECTION
The final products, Ge@graphene/VAGN, were reduced from GeO2/
VAGN by H2/CH4 hybrid plasma. The detailed synthesis procedures
are depicted as follows.
VAGN was synthesized in a 2 KW, 2.5 GHz microwave plasma

enhanced chemical vapor deposition (MPECVD) system. A round
copper foil (d = 7 mm, 0.38 mm2) cleaned by ethanol and deionized
water in sequence was used as substrate. Placed into center of the
MPECVD chamber, the substrate was first heated to 380 °C by H2
plasma at a power of 600 W. The pressure and flow rate of hydrogen
was 6 Torr, 30 sccm, respectively. When the system reached the
desired temperature, H2 flow was changed to 20 sccm and a CH4 flow
of 10 sccm was introduced simultaneously. After 2 min deposition, the
plasma was terminated and VAGN was obtained.
GeO2 films were deposited to VAGN by a thermal GeO2/Sn

coevaporation method in a conventional horizontal tube furnace,
which is modified from previous studies.13,24 High purity GeO2
powders (10 mg) (Aladdin, 99.999%) and 40 mg tin powders
(Aladdin, 99.99%) were thoroughly mixed and located at the thermal
center. A piece of VAGN was placed at the low-temperature region to
receive the sediments. The furnace was slowly heated to 700 °C at a
rate of 5 °C/min and then kept for 15 min before cooling. During the
whole process, the chamber pressure was maintained lower than 1
Torr.
In the next step, GeO2 films were reduced to Ge nanoparticles and

coated by graphene layers at the same time. The as-synthesized GeO2/
VAGN was placed in the center of the MPECVD chamber, and the

system was evaporated to 0.5 Torr. After that, the chamber pressure
was raised to 5 Torr by a H2 flow of 30 sccm. Then, the plasma source
was turned on at a power of 500 W and kept for 20 s. Next, H2 flow
was decreased to 20 sccm and a CH4 flow of 10 sccm was introduced.
This hybrid plasma condition was kept for 5 s before cooling down to
the room temperature.

Three kinds of Ge-load samples were synthesized. And it is a
coeffect of the synthesis steps to obtain the different sample. Namely,
the reaction time for GeO2 deposition and reduction are all set
according to the target product. Detailed reaction time could be seen
in Supporting Information Table S1. The control sample, bare Ge NPs
anchored on VAGN (Ge/VAGN), was obtained under the similar
conditions to the 55 wt % sample (same GeO2 deposition time and H2
plasma reduction time), with no introduction of CH4 plasma after the
reduction procedure.

■ CHARACTERIZATION

A Quanta 400F field emission scanning electronic microscopy
(FESEM, 20 kV) and a FEI Tecnai G2 F30 transmission
electron microscopy (TEM, 300 kV) were used to observe the
morphologies of the as-prepared samples. Crystal structure and
chemical composition were characterized by X-ray diffraction
(XRD, D/MAX 2200 VPC) with Cu Kα radiation, Raman
spectroscopy, and energy dispersive spectroscopy (EDS). Mass
of the active materials was accurately weighed by a micro-
balance with readability of 0.1 μg (METTLER-TOLED AG,
XP2U, Switzerland). Results of the mass measurement could be
seen in Supporting Information Table S2.

■ ELECTROCHEMICAL MEASUREMENTS

The as-prepared Ge@graphene/VAGN hybrids were directly
assembled into LIBs for electrochemical tests. A lithium foil was
used as counter electrode and the separator was polypropylene

Scheme 1. Schematic Illustration for the Ge@graphene/VAGN Hybrid Nanostructures and the Electrode Changes upon
Discharge/Charge Process
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membrane. The electrolyte was a solution of 1 M LiPF6 in
mixed solvent of ethylene carbonate (EC) and diethyl
carbonate (DEC) with a mass ratio of 1:1. Cyclic voltammetry
was tested on an Ivium electrochemical workstation wtihin the
voltage window of 0−3 V. Galvanostatic charge/discharge tests
were carried out on a BT-2000 battery tester (Arbin
Instruments, College station, TX) in the voltage range
0.01∼1.5 V.

■ RESULTS AND DISCUSSION
Figure 1a−c displays morphologies of the product from each
synthesis step and the corresponding Raman spectra are shown
in Figure 1d. Figure 1a is the bare VAGN. It can be seen the
flexible graphene sheets arbitrarily interlace with each other.
Cross-section SEM image (Supporting Information Figure S1)
shows the nanosheets have a vertical alignment with respect to
the Cu substrate. The VAGN nanosheets possess ultrathin
thickness and smooth surface. Inset is the TEM image of a
single graphene sheet, which is nearly transparent for electron
beam. Raman spectrum of the bare VAGN (black line) reveals
two sharp peaks at 1330 and 1578 cm−1, corresponding to the
disorder induced D-band and graphitic G-band, respec-
tively.25−27 The intensity ratio of D-band to G-band (ID/IG)
is larger than 1, indicating the defective, low crystallinity nature
of the VAGN.
After deposition, the sample evolved into thicker nanosheets,

however, the vertical morphology was still maintained (Figure
1b). It could be noted that both sides of the graphene were
uniformly covered by sediments. EDS shows the sample
contains Cu, C, Ge, O (Figure S2). In the Raman spectrum
(blue line), besides the D- and G- band, an additional peak at

268 cm−1 appears, which is related to the α-quartz-like
GeO2.

28,29

During the following reduction process, GeO2 layers were
quickly changed into molten state and reduced to Ge droplets
by H2 plasma. Then the neighboring droplets joined with each
other and evolved into Ge NPs. The subsequently introduced
CH4 plasma induced the nucleation and growth of graphene on
the surface of Ge NPs. As Figure 1c shows, the surface of
graphene sheets reappears with nanoparticles uniformly
decorated on it. Synchronously, the sharp Raman peak
corresponding to Ge could be observed at 300 cm−1 (red
line).30

Crystal structure of the final product was further confirmed
by X-ray diffraction (XRD). As Figure 2b shows, the broad peak
at 26° is ascribed to (002) plane of graphene. The peaks of Ge
NPs are located at 27° and 45°, which is consistent with the
cubic Ge phase (JCPDS card no.04-0545).
Three samples with different Ge mass content (45%, 55%,

and 70 wt %) were prepared. Figure 2a shows a clear view of
the 55 wt % sample and the others are shown in Supporting
Information Figure S3. It could be seen graphene sheets are
homogeneously anchored by nanoparticles, and no graphene
stacking or particle aggregation are observed. Based on the in
situ grown VAGN, the hybrid nanosheets tightly contact with
the current collector and align in unified orientation, which
could provide a fast electron transport channel and a smooth
Li+ pathway upon cycling.31 High magnification SEM images
(Figure 2c and d) demonstrate that Ge NPs possess highly
dispersed nature and uniform size distribution. To accurately
determine the size distribution, ∼40 particles were measured
(Supporting Information Figure S4) and the results were listed

Figure 1. Morphologies of the products from each synthesis step. (a) Vertically aligned graphene (VAGN), the inset is TEM image of a single
graphene sheet; (b) GeO2/VAGN, graphene sheets are uniformly wrapped by GeO2 sediments on both sides; (c) Ge@graphene/VAGN, GeO2 was
reduced to Ge by H2/CH4 hybrid plasma; (d) Raman spectra of the three samples.
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in Supporting Information Table S3. According to the statistical
results, average diameter of the NPs is 42 nm.
Figure 2e shows low magnification TEM image of several Ge

NPs and the minimum particle in the picture is 10 nm. The
selected area electron diffraction (SAED) pattern (inset image)

indicates Ge NPs are in single crystalline structure and the
calculating result is consistent with the XRD pattern. The single
crystalline nature of Ge nanoparticle was also evidenced by
high-resolution TEM image (HRTEM, Figure 2g). A lattice
spacing of 0.19 nm was measured, corresponding to the (220)

Figure 2. (a) Panoramic view of the as-prepared Ge@graphene/VAGN; (b) XRD pattern of the sample; (c and d) high magnification SEM images
of the sample, showing monodispersion nature of Ge NPs; (e) TEM image of several Ge NPs, the graphene coatings could be clearly identified, inset
is the SAED pattern; (f) HRTEM image of a single Ge NPs, the graphene layers are calculated to 3; (g) lattice resolved HRTEM image of Ge NPs.
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plane of cubic Ge. It should be noted that in Figure 2e,
graphene layers wrapping on the outermost surface of Ge NPs
are easily identified. In the HRTEM image (Figure 2f), three
dark lines could be seen on the periphery of the particle,
indicating the graphene layer numbers are 3. The spacing
distance between neighboring dark lines was measured to be
0.36 nm. The graphene coating is a favorable factor for
accommodating mechanical strain and facilitating electron
transfer, but the layer numbers should be moderate, since
excessive gaphene layers will block the diffusion of lithium ions.
According to recent study, the critical thickness for Li ions to
diffuse is 6 layers.32

Figure 3a shows the first three cyclic voltammetry (CV)
curves of the Ge@graphene/VAGN electrode in the 0−3 V (vs.
Li/Li+) potential window at a scan rate of 0.2 mV s−1. Upon the
first discharge process, four cathodic peaks were detected. The
peak at 0.67 V is ascribed to the formation of a solid electrolyte
interphase (SEI) layer, since it is absence in the subsequent
cycle.33 The peaks at 0.27 and 0.13 V represent the stepwise
electrochemical reactions of Ge with Li to form LixGe alloy,
which is in consistent with the previous reports.18,34 As for the
0.02 V peak, it comes from the insertion of Li+ into graphene
layers and the corresponding oxidation peak could be discerned
at 0.12 V.30 Besides the 0.12 V peak, a sharp peak at 0.58 V was
also recorded in charge process, which is attributed to the
oxidation of LixGe to Ge. Compared to the first cycle, the
following curves have different shapes and the Li/Ge alloying
peaks are located at 0.5 V, 0.36 V, 0.11 V. After the first cycle,
the cycling curves largely overlap with each other, suggesting
the high reversibility of the electrode reaction.
Galvanostatic discharge/charge tests were carried out to

evaluate cycling performance of the Ge@graphene/VAGN
electrodes. All the specific capacities were calculated based on
the total mass of the electrode materials. Figure 3b shows
voltage profiles of the 55 wt % sample at a current density of

260 mA g−1 within the potential range of 0.01−1.5 V. The
initial discharge and charge capacities are 1840 and 860 mAh
g−1, respectively. The first discharge capacity is much higher
than the theoretical value (1060 mAh g−1, calculated by the
equation: Ctheoretical = CGe × wtGe% + CVAGN × wtVAGN%),
leading to a relatively low initial Coulombic efficiency (ICE).
Capacity loss in the first cycle and the low ICE should be
ascribed to the formation of solid electrolyte interphase (SEI)
films. During the initial discharge process, SEI films formed by
side reaction between the active materials and the electrolyte,
which trapped Li+ inside the anode and caused irreversible
capacity. Additionally, VAGN would contribute more SEI films
due to its large surface area.17,35,36 From the second cycle, Ge@
graphene/VAGN electrode exhibited high stability performance
(Figure 3c) and after a rapid increase in the several initial
cycles, Coulombic efficiency of the electrode stabilized at ∼97%
for up to 90 cylces. The electrode delivered a capacity of 1014
mAh g−1 at the 90th cycle, indicating an excellent capacity
retention of 97% compared with the second (1044 mAh g−1).
For comparison, bare VAGN and Ge/VAGN were also

tested. As shown in Figure 3c, bare VAGN exhibited stable
cycling performance and delivered a capacity of 384 mAh g−1

after 90 cycles. Ge/VAGN electrode could show steady
capacity of 890 mAh g−1 for more than 20 cycles but then
the values gradually decreased. The capacity retention is 81%
after 90 cycles. This comparison result suggests that graphene
coatings play an important role in the cycling stability. Carbon
coatings have been studied as buffer matrix to mitigate volume
changes and most of the reported coatings possess thickness of
2−3 nm.17,19 However, thanks to the excellent mechanical
properties of graphene, it can well accommodate the expansion
strain with 2−3 layers. Same results were also reported on few
layer graphene coated Ge nanowires, indicating graphene is an
ideal surface-protecting material.37

Figure 3. Electrochemical tests of the Ge@graphene/VAGN anode. (a) Cyclic voltammetry (CV) curves of the first three cycles; (b) Voltage
profiles of the 55 wt % Ge content sample at a current density of 260 mA g−1; (c) Cycling performace of the Ge@graphene/VAGN, Ge/VAGN and
bare VAGN anode, all the cell are tested under same current density; (d) Rate performance.
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Rate performance of the Ge@graphene/VAGN electrode is
shown in Figure 3d and the corresponding voltage profiles are
shown in Supporting Information Figure S5. Current density
was gradually increased from 0.22 A g−1 to 0.44, 0.88, 1.8, 3.6,
7.4, and 13 A g−1, and stable rate capacities were recorded.
Notably, the electrode could still deliver a capacity of 420 mAh
g−1 at a high current density of 13 A g−1, which is higher than
that of commercial graphite. Finally, when current density
returned to 220 mA g−1, the capacity could recover to 997 mAh
g−1, suggesting a capacity retention of 94% to the initial value.
Figure 4 shows cycling performances of the 45% and 70 wt %

samples under the same test condition. The former exhibits

excellent cyclability, with nearly no capacity loss in 95 cycles.
Though delivering higher capacity, the 70 wt % sample
exhibited poor cycling stability. Its capacity stabilizes for 20
cycles and then begins to decrease. After 95 cycles, the capacity
retention for 45% and 70 wt % sample is 100%, 84%,
respectively.

To investigate the electrode changes upon cycling test, one
cell at fully delthiated state was disassembled and observed by
SEM and TEM. As Figure 5a shows, the nanosheets still keep
vertical to the substrate and no graphene stacking is found. The
dispersed nature of Ge NPs on VAGN could be seen in Figure
5b and c, indicating no particle aggregations occurred upon the
lithiatin/delithiation process. More than 40 particles were
measured to investigate their diameters after cycling. The
statistical results are shown in Supporting Information Figure
S6 and Table S4. According to the measurement, the average
diameter of the postcycling NPs is 51 nm.
In the HRTEM image (Figure 5d), two changes could be

seen. First, single crystalline Ge nanoparticle changed into
polycrystalline structure. Inset is the two-dimensional fast
Fourier transform (FFT) of the particle, a polycrystalline ring
pattern could be clearly observed. Second, the graphene coating
layer evolved into amorphous nature but still closely wraps the
particle. Therefore, it can be envisaged that the coating layer
expanded/shrank with particle expansion/contraction upon the
cycling and successfully accommodated the particle volume
change.
As a comparison, postcycling image of 70 wt % sample was

also observed (Supporting Information Figure S7). It was
found some particles were detached from the graphene sheets
and aggregated together. That indicates upon cycling process,
the mechanical strain resulted by volume changes exceeded the
binding force between particle and flake. Since larger particles
suffer more mechanical strain compared to smaller ones, they
are easily detached. As we discussed in the introduction part,
the aggregated particle will prolong the charge carrier path,
even lead to insulation between the particle and current
collector, finally cause capacity fading. That should be the
reason why 70 wt % sample delivered poor capacity retention.

Figure 4. Cycling performance of the 45% and 70 wt % Ge content
sample.

Figure 5. Postcycling morphologies of the Ge@graphene/VAGN electrode. (a) Low-magnification SEM image; (b) high-magnification SEM image;
(c) low-magnification TEM image; (d) HRTEM of a particle, inset is the fast Fourier transform.
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■ CONCLUSIONS
In summary, we have prepared a unique hybrid nanostructure,
Ge@graphene/VAGN, to improve the cycling performance of
Ge based anodes. Due to morphology nature of the sample,
such as small particle size, monodispersion and graphene
coatings, particle agglomeration and pulverization were
successfully eliminated. Upon the discharge/charge process,
the Ge@graphene/VAGN exhibits remarkable structure
stability, which leads to the excellent cycling stability of the
anodes. Therefore, our results display a promising approach to
improve cyclability of the Li-alloying electrode materials.
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