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ABSTRACT Germanium-based materials (Ge and Ge0,) have recently demon- 1200
strated excellent lithium-ion storage ability and are being considered as the most
promising candidates to substitute commercial carbon-based anodes of lithium-ion
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batteries. Nevertheless, practical implementation of Ge-based materials to lithium- é_'.
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ion batteries is greatly hampered by the poor cyclability that resulted from the huge §
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volume variation during lithiation/delithiation processes. Herein, uniform carbon- 0
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encapsulated Ge and GeO, nanowires were synthesized by a one-step controlled 0 100

pyrolysis of organic—inorganic hybrid Ge0,/ethylenediamine (Ge0,/EDA) nanowires
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in H,/Ar and Ar atmospheres, respectively. The as-obtained Ge/C and Ge0,/C nanowires possess well-defined 0D-in-1D morphology and homogeneous carbon

encapsulation, which exhibit excellent Li storage properties induding high specific capacities (approximate 1200 and 1000 mA h g~ at 0.2C for Ge/C and

Ge0,/C, respectively). The Ge/C nanowires, in particular, demonstrate superior rate capability with excellent capacity retention and stability (producing high

stable discharge capacities of about 770 mA h g~ after 500 cycles at 10C), making them promising candidates for future electrodes for high-power Li-ion

batteries. The improved electrochemical performance arises from synergistic effects of 0D-in-1D morphology and uniform carbon coating, which could

effectively accommodate the huge volume change of Ge/Ge0, during cycling and maintain perfect electrical conductivity throughout the electrode.
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he requirements to be met by lithium-
Tion batteries (Li-ion batteries), in terms
of envisaged applications, are enor-
mous, and the increasing demand of power
density, energy density, as well as excellent
cyclability has been stimulating the devel-
opment of new high-performance electrode
materials for Li-ion batteries.' > Although
the performance of Li-ion batteries con-
tinues to improve, their energy density, cycle
life, and rate capability remain insufficient.*
While replacing graphitic carbon with Si, Ge,
or Sn may increase the anode capacity by
about 3-fold, the rapid capacity fading dur-
ing charging/discharging due to huge vo-
lume change has severely hindered their
applicability in practical Li-ion batteries.>'?
As with Si and Sn, Ge is an excellent
candidate anode material for Li-ion batter-
ies®"° due to its high theoretical capacity
(1600 mA h g7, 4.4 Li atoms per Ge atom
theoretically, while 3.75 Li atoms are usually
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observed at room temperature) delivered
by the alloying process, substantial lithium
diffusivity (400 times faster than in Si),
and high electrical conductivity (104 times
higher than Si).""'? However, similar to Si
and Sn, Ge also suffers from large volume
changes during Li alloying/dealloying reac-
tions on prolonged cycling." The increasing
mechanical stress causes electrode pulver-
ization, which leads to fast capacity fading.'*
To buffer such huge volume changes during
Li alloying/dealloying reactions, strategies
for nanostructures of different dimensional-
ities such as nanoparticles, nanowires, nano-
tubes, as well as for nanoporous structures
have been reported.”” 2> Among these
morphologies, nanowires or nanotubes are
considered to be most attractive due to
sufficient electronic conduction of the indi-
vidual wires or tubes, short Li-ion diffusion
distance, and high interfacial contact area
with organic electrolytes as well as easy
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percolation of the nanowires (nanotubes) net-
work.'" 141621 Recently, Ge nanowires,'"’ carbon-
coated Ge nanowires,' and graphene-coated Ge
nanowires®! have been reported as anode materials
for Li-ion batteries, featuring high performances. For
instance, Cui et al. reported that the possibility of
vapor—liquid—solid (VLS) growth using direct chemi-
cal vapor deposition from GeH, decomposition on
current collectors covered with Au catalyst could lead
to Ge nanowires with Au catalyst nanoparticles. The
authors demonstrated a high stable discharge capacity
of 1141 mA h g~' over 20 cycles at a 0.05C rate."’
Cho et al. presented a similar solid—liquid—solid (SLS)
growth using Bi catalyst nanoparticles for Ge nanowires
coated with thin carbon layers, exhibiting a reversible
charge capacity of 963 mA h g~ at 0.5C."* However, all
these reported Ge nanowire-based anode materials are
synthesized with very expensive chemicals such as
GeH, or GeCl,,>'"?! and the finally achieved Ge nano-
wires contain unavoidable metal catalyst nanoparticles
(e.g., Au and Bi),"*"” which will reduce the Li storage
performance of Ge nanowires. Furthermore, such car-
bon postcoated methods (e.g., C;H, or CH, decomposi-
tion on the surface of Ge nanowires) yielded Ge
nanowires with only surface-coated carbon materials,
while the inner Ge nanowire matrix failed to contact
with exterior conductive carbon materials.

Herein, we synthesize fully and homogeneously
carbon-encapsulated Ge and GeO, nanowires by a
one-step controlled pyrolysis of organic—inorganic
hybrid GeO,/ethylenediamine (GeO,/EDA) nano-
wires with self-assembled alternating GeO, and EDA
layers in H,/Ar and Ar atmospheres, respectively. Two
different self-assembled Ge-based anode materials
could be obtained, namely, Ge/C nanowires (carbon-
encapsulated Ge nanowires) and GeO,/C nanowires
(carbon-encapsulated GeO, nanowires). Both types
displayed excellent cycling stability at 0.2C for over
50 cycles, and Ge/C nanowires also exhibited stable
and high capacities at 20C for over 200 cycles.

RESULTS AND DISCUSSION

The organic—inorganic hybrid GeO,/EDA precursor
nanowires with a sub-nanometer periodic structure are
synthesized in high yield via a facile low-temperature
solvothermal method with less expensive GeO, as
reactant. The synthesis of GeO,/EDA nanowires was
carried out by mixing GeO, with Fe,O3 and then
solvothermally treating the mixture in an aqueous
EDA solution at 200 °C for 72 h. The anisotropic growth
of 1D organic—inorganic hybrid GeO,/EDA nanowires
was ascribed to an Fe,0s-assisted self-assembly me-
chanism, in which the H-bonding of (N—H:--0—Ge)
generated by the direct assistance of Fe,Os induces
anisotropic growth of these hybrid nanowires,?* similar
to the solvent coordination molecular template me-
chanism for the growth of 1D metal chalcogenides
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and Mg(OH),> 2% In these organic—inorganic
hybrid nanowires, organic EDA molecules intercalate
into the inorganic GeO, framework to form hybrid
nanowires with a sub-nanometer-scale period. The
inorganic units are connected by EDA via H-bonding
of (N—H---0O—Ge) (Scheme 1). Following a facile
pyrolysis of these organic—inorganic hybrid GeO,/
EDA nanowires in mixed H,/Ar or pure Ar atmospheres,
fully and homogeneously carbon-encapsulated Ge or
GeO, nanowires were finally achieved (Scheme 1).
Unlike the previous reported synthesis of Ge nano-
wire-based anode materials for Li-ion batteries, this
procedure is much more convenient and has the
potential of large-scale manufacturing.

Figure 1a shows a typical scanning electron micro-
scopy (SEM) image of organic—inorganic hybrid
GeO,/EDA precursor-based nanowires, displaying that
the as-obtained precursors possess a uniform, wirelike
morphology with a diameter of 50—100 nm and a
length of several tens of micrometers (Figure ST,
Supporting Information). High-magnification SEM im-
age (inset of Figure 1a) exhibits the rectangular sec-
tion shape of these GeO,/ethylenediamine nanowire
precursors. Correspondingly, the X-ray diffraction
(XRD) pattern displays an intensive diffraction peak at
20 =7.93° (i.e.,d = 1.113 nm, Figure 1b). All diffraction
peaks in Figure 1b are in good agreement with a
previous report on monoclinic GeO,/EDA products.?*
SEMimages and XRD patterns of the samples annealed
at different atmospheres are shown in Figure 1c—f.
After annealing, both GeO,/C (Figure 1¢) and Ge/C
(Figure 1e) nanowires were found to remain invariant,
and also the diameter of these nanowire products
displays only unremarkable changes. When the nano-
wire precursors were annealed in pure Ar atmospheres,
the as-prepared GeO,/C products showed amorphous
structure (Figure 1d), and the conductive carbon com-
ponent in GeO,/C nanowires was converted from
pyrolysis of organic EDA in precursor nanowires.
All the diffraction peaks of Ge/C products (Figure 1f)
calcined in H,/Ar atmosphere can be indexed to the
diamond cubic phase (JCPDS No. 04-0545).

Transmission electron microscopy (TEM) investiga-
tions of these nanowire precursors and products are
shown in Figure 2. The low-magnification TEM image
displayed in Figure 2a shows that organic—inorganic
hybrid GeO,/EDA precursors are single-crystalline 1D
belt-like nanowires (the inset of Figure 2a). The high-
magnification TEM image in Figure 2b exhibits a clear
visible set of periodic black/white fringes, with a period
of approximately 1.10 nm, which is consistent with the
XRD results. The GeO,/EDA nanowires provide a facile
approach to achieve GeO,/C and Ge/C nanowires for
their unique sub-nanometer contact, resulting in an
organic—inorganic hybrid structure. The TEM images
in Figure 2c,e show that they are kept isolated without
agglomeration. However, the periodic structure in
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Scheme 1. Schematic representation of the fabrication of ultra-uniform carbon-encapsulated Ge/C composite nanowires
from organic—inorganic hybrid GeO,/EDA nanowires with self-assembled alternating GeO, and EDA layers.
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Figure 1. SEM images (a,c,e) of different magnifications and XRD patterns (b,d,f) of GeO,/EDA nanowire precursors (a,b),
GeO,/C (c,d), and Ge/C (e,f) nanowires products. The red circle in the inset of (a) shows the rectangular section shape of
GeO,/EDA nanowire precursors.
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Figure 2. TEM images of of GeO,/EDA nanowire precursors (a,b), GeO,/C (c,d), and Ge/C (e,f) nanowires products: (a,c,e) low-
magnification TEM images of GeO,/EDA nanowire precursors (a), GeO,/C (c), and Ge/C (e) nanowires products; (b,d,e) high-
magnification TEM images of the corresponding GeO,/EDA nanowire precursors (b), GeO,/C (d), and Ge/C (f) nanowires
products, which clearly show the multilayer structured of single-crystalline GeO,/EDA nanowire precursors (SAED pattern
shown in the inset of (a)), amorphous GeO,/C, and well-crystallized Ge/C products.

GeO,/EDA nanowire precursors disappears after calci-
nation, as shown in the high-resolution TEM (HRTEM)
images (Figure 2d/f). Instead, an amorphous structure in
the case of GeO, and a crystalline structure in the case of
Ge emerge as displayed by these HRTEM images. Com-
pared with GeO,/C nanowires, Ge/C nanowires exhibit
rougher and more nanoporous surfaces, which may be
ascribed to further volume loss by reduction of GeO, into
Ge by H, during calcination.? The carbon content in the
final Ge/C nanowires is determined as approximately
43% by thermogravimetric analysis (TGA, Figure S2
in Supporting Information). Figure S3 (in Supporting
Information) shows the isothermal curves of both
GeO,/C and Ge/C samples from Brunauer—Emmett—
Teller (BET) analysis, from where the total surface
areas could be determined to be 33 and 223 m%g~’,
respectively, for GeO,/C and Ge/C nanowires.

The Ge/C nanowires with large exposed surface
(Seer = 223 m? g~ ') and homogeneously carbon-
encapsulated characteristics are expected to show
high specific capacities and excellent rate capabilities
as anode materials in Li-ion batteries. This is indeed
confirmed by the experiment. Figure 3a shows a typical
voltage profile versus lithium at a cycling rate of 0.2C
(320 mA g~ ') between 0.01 and 1.5 V. The discharge
and charge capacities of the first cycle were 1748 and
1428 mA h g (the specific capacity calculated in this
paper is based on the mass of pure Ge), respectively,
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corresponding to a Coulombic efficiency of 82%. Com-
pared to previous reports on Ge nanowires (prepared
by a direct VLS growth using GeH,), Ge/C nano-
wires (synthesis by a SLS growth using GeCly), and Ge
nanotubes (prepared form Ge nanowires by a SLS
growth using GeCl,),"""'*?" our Ge/C nanowires show
improved capacities and efficiencies. Figure 3b dis-
plays the cycling performance and Coulombic effi-
ciency of a Ge/C anode at 0.2C rate for 50 cycles in
the voltage range of 0.01 to 1.5 V. After 50 cycles, it can
still deliver a reversible capacity of 1200 mA h g™ ',
reaching 84% of the first charge capacity, whereas
the Coulombic efficiency stays higher than 90%
after two cycles. Discharge/charge curves at different
current densities show that these Ge/C nanohybrid
materials exhibit a fairly good rate capability as anode
materials (Figure 3c). Even at high current density as
high as 20C, this material can still deliver a reversible
discharge capacity of 690 mA h g~ . Figure 3d demon-
strates the remarkable rate capability of Ge/C nanowire
anode, with the charge capacity of 1240, 877, and
792 mA h g_1 at 2C, 5C, and 10C, respectively. As
shown in Figure 3d, these nanohybrid anode materials
display a high steady value of 877 and 792mAh g™ ' at
high rates of 5C and 10C, respectively.

Compared to elemental Ge, the less expensive
germanium oxides could also be considered as anode
materials for Li-ion batteries>* 32 as germanium
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Figure 3. Electrochemical performances of Ge/C composite nanowires with fully and homogeneously carbon encapsulation:
(a) voltage profiles of Ge/C composite nanowires after 1, 10, 20, 30, 40, and 50 cycles between 0.01 and 1.5 V at a charge/
discharge rate of 0.2C; (b) plot of specific capacity and Coulombic efficiency of (a) as a function of cycle number; (c) voltage
profiles of Ge/C composite nanowires at different rates (increased from 0.2C to 20C) between 0.01 and 1.5 V, charge and
discharge rates were the same; (d) plot of specific capacity versus cycle number at different rates.

oxides are irreversibly reduced by Li to form Li,O
(GeOy + 2xLi — Ge + xLi,0) and elemental Ge which
further reversibly alloys with Li (Ge + 4.4Li <> Liy4Ge
theoretically, while 3.75 Li atoms are usually observed
at room temperature).! Based on these two reactions,
GeO and GeO,; have a theoretical reversible capacity
of 1356 and 1100 mA h g™, respectively. Previous
research on germanium oxide anode materials sug-
gested that cycling stability could be improved by
engineering size and morphology.>®*? The cyclic vol-
tammetry curves (Figure S4 in Supporting Information)
of ultra-uniform Ge/C and GeO,/C nanowires have
good reversibility and relatively fast kinetics. The de-
tailed Li-ion storage performances of these GeO,/C
nanowires are shown in Figure 4. Figure 4a depicts
charge/discharge galvanostatic curves of the first,
10th, 20th, 30th, 40th, and 50th cycles at 0.2C, with
first specific charge and discharge capacities of 1113
and 1734 mA h g, respectively. Obviously, these
unreduced GeO,/C nanowires also show high cycling
stabilities for the whole 50 cycles at 0.2C. However,
compared to reduced Ge/C nanowire anodes, GeO,/C
nanowires exhibit a lower stable specific capacity
of 1000 mA h g~ after 50 cycles (vs 1200 mA h g~
for Ge/C nanowires). This should be ascribed to the
lower theoretical reversible capacity of germanium
oxide and lower surface area of GeO,/C nanowires.

LIU ET AL.

Similar to Ge/C, the rate capability at the current
densities of 0.2C to 10C is similarly good (Figure 4c,d).

We also examined the cycling performance of these
Ge/C and GeO,/C nanowires at an extremely high
current density of 20C during 200 cycles. Ge/C and
GeO,/C nanowires have similar morphology and
size, but oxidation affects the electrochemical perfor-
mance of Ge alloy electrodes as oxygen reacts with
lithium, affecting Coulombic efficiency and cycle
performance.'® For Ge/C nanowires, the cycling per-
formance is excellent with a high stable discharge
capacity of about 400 mA h g~' after 200 cycles
(Figure 5a), and the TEM image (Figure S5 in Support-
ing Information) confirms their intact nanowire mor-
phology even after such long cycles. In terms of
reversible capacities, the GeO,/C nanowires show low-
er capacity of 337 mA h g~ after 200 cycles at 20C
(Figure 5b). As far as cycling behavior is concerned,
we also examined the cycling performance of these
Ge/C nanowires at a high current density of 10C for as
many as 500 cycles. Over the whole period, marvelous
cycling performance is exhibited, producing high
stable discharge capacities of about 770 mA h g~
after 500 cycles at 10C (Figure 5c). The rate capability of
these uniform carbon-coated Ge/C nanowires is super-
ior to various Ge-based high rate electrodes reported
recently (Figure 5d), including pure Ge nanowire,'
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Figure 4. Electrochemical performances of ultra-uniform GeO,/C composite nanowires: (a) voltage profiles of GeO,/C
composite nanowires after 1, 10, 20, 30, 40, and 50 cycles between 0.01 and 1.5 V at a charge/discharge rate of 0.2C; (b)
plot of specific capacity and Coulombic efficiency of (a) as a function of cycle number; (c) voltage profiles of GeO,/C composite
nanowires at different rates (increased from 0.2C to 10C) between 0.01 and 1.5 V, charge and discharge rates were the same;
(d) plot of specific capacity versus cycle number at different rates.

Ge/C nanoparticles,'”” Ge/C nanowires,'* Ge nano-
tubes,'® Ge/graphene particles,'® Ge/graphene nano-
wires,” and Ge/Au porous composites.” The long cycle
life with high capacity retention realized in the Ge/C
nanowires seems to be attributable to complete and
homogeneous carbon encapsulation of the entire Ge
nanowire along both the longitudinal and lateral direc-
tions of 1D nanowires to release the mechanical strain
effectively.' The mechanical strain of the Ge nanowires
during charge/discharge processes is effectively sup-
pressed by the exterior and interior carbon layers in the
Ge/C nanowires derived from organic—inorganic hybrid
GeO,/EDA.**73% Moreover, homogeneously encapsu-
lated carbon converted from the pyrolysis of organic
EDA is beneficial for the overall electron communication
during the cycles (Figure 5e). As discussed in the pre-
vious research,*”~*' the nanoporous carbons prepared
from the pyrolysis of polymer and carbohydrates
(in the current work, derived from organic EDA) will
form interconnected nanochannels and electronically
conductive walls, which are characteristically good con-

ducting networks for both Li* and e~ '

METHODS

Ge/C and Ge0,/C Nanowires Synthesis. Organic—inorganic hybrid
GeO,/EDA nanowire precursors were synthesized by a facile and
low-cost solvothermal route. In a typical procedure, 4 g of GeO,

LIU ET AL.

CONCLUSION

In conclusion, a controlled pyrolysis and reduction
strategy is described to prepare Ge/C and GeO,/C
nanowires based on organic—inorganic hybrid GeO,/
EDA nanowires. During calcination in inert and re-
ductive atmospheres, the organic—inorganic hybrid
precursors undergo carbonization and reduction reac-
tions, leading to homogeneously carbon-encapsulated
structures maintaining the original morphology.
The as-obtained Ge/C and GeO,/C nanowires possess
well-defined 0D-in-1D morphology and homogeneous
carbon encapsulation, which exhibit excellent Li
storage properties including high specific capacities
(approximate 1200 and 1000 mA h g~ at 0.2C for
Ge/Cand GeO,/C, respectively). The Ge/C nanowires, in
particular, demonstrate superior rate capability with
excellent capacity retention and stability (producing
high stable discharge capacities of about 770 mAh g™
after 500 cycles at 10C), making them promising
candidates for future electrodes for high-power Li-ion
batteries.

and 1 g of Fe,Os were transferred to a 200 mL Teflon-lined
stainless-steel autoclave filled with 32 mL of H,O and 20 mL of
EDA. After solvothermal treatment at 200 °C for 72 h, the top
floated products were collected, then thoroughly washed with
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comparison of rate capability of various Ge-based high rate electrodes reported recently; (e) schematic representation of the
electrochemical reaction path of Ge/C self-assembled composite nanowires.

ethanol and distilled water three times, and finally dried
at 60 °C under vacuum. The fully and homogeneously carbon-
encapsulated Ge/C and GeO,/C nanowire products were finally
obtained via calcination of these organic—inorganic hybrid
GeO,/EDA nanowire precursors at 650 °C for 6 h under H,
(5%)/Ar and pure Ar atmospheres, respectively. The heating rate
used throughout the experiment was 5 °C per minute, and
the gas was introduced at a flow rate of 90 sccm. The yield of the
Ge/C nanowires obtained via the current method is very high,
about 95%.

Material Characterization. The collected products were char-
acterized by X-ray diffractometry on a Rigaku-DMax 2400
diffractometer equipped with the graphite monochromatized
Cu Ko radiation flux at a scanning rate of 0.02° s~'. Scanning
electron microscopy analysis was carried out using a Zeiss
Gemini DSM 982 scanning electron microscope. The thermo-
gravimetric analysis (TGA) was performed from room tempera-
ture to 900 °C at a ramp rate of 20 °C/min with an air flow
rate of 20 mL/min using Q50 TGA. The structures of the
GeO,/EDA, Ge/C, and GeO,/C nanowires were investigated
by means of transmission electron microscopy (Zeiss EM912
Omega).

Electrochemical Test. The electrochemical performances of the
as-prepared products were measured by using two-electrode
Swagelok-type cells. For the preparation of the working elec-
trode, a mixture of Ge/C or GeO,/C nanowires, carbon black,
and polyvinylidene fluoride in the weight ratio of 85:5:10
was ground in a mortar with N-methy1,2-pyrrolidone as

LIU ET AL.

solvent to make a slurry. For assembling Li-ion batteries, a
Li foil was used as the counter electrode and a solution of 1 M
LiPFs in ethylene carbonate/diethyl carbonate (1:1 in volume)
was used as electrolyte. The charge/discharge curves and
cycling capacity were evaluated by an Arbin MSTAT battery test
system in the cutoff voltages of 0.01 and 1.5 V. Cyclic voltam-
metry was performed using a VoltaLab 80 electrochemical
workstation.
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