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R
ecently, Ge has been considered as
a promising anode material in LIB,
offering an alternative to graphite

due to its excellent lithium diffusivity and
high theoretical capacity (approximately
1600 mAh/g), which is second only to Si
(approximately 4200 mAh/g) among all
Li-alloyingmaterials.1�6 However, such high
capacity has never been utilized completely
due to the capacity fading and bad rate
performance resulted from pronounced
volume expansion (>300% volume change
for fully lithiated Ge) and pulverization
problems. On the other hand, enhancing
Liþ and electron transport is another criti-
cal point. All of these difficulties must be
solved, if Ge applied as anode materials
are to meet the increasing claim for high-
performance LIB.7�10 In this situation, available
structural design such as low-dimensional

nanostructures fabrication and rational hy-
brids is very necessary. Recently, an active
anode material in combination with various
forms of carbon has been extensively pur-
sued to improve cyclic stability and rate
performance.11�18 The advantages of
carbon as an additional component in elec-
trodes originate from its ability to help
transport Liþ/electrons and resist massive
volume changes, which provides compen-
sation for pure working materials. In this
manner, a lot of works about Ge microna-
noparticles encapsulated with amorphous
carbon emerge recently, reporting the im-
proved Li-storage performance.19�26 For 1D
core�shell nanostructures, the Ge�C com-
bination has drawn wide attention in
past years even beyond the Li-storage
field, which provides an interesting strategy
contributing to semiconductor field with
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ABSTRACT Despite the high theoretical capacity, pure Ge has

various difficulties such as significant volume expansion and electron

and Liþ transfer problems, when applied as anode materials in

lithium ion battery (LIB), for which the solution would finally rely on

rational design like advanced structures and available hybrid. Here

in this work, we report a one-step synthesis of Ge nanowires-in-

graphite tubes (GNIGTs) with the liquid Ge/C synergetic confined growth method. The structure exhibits impressing LIB behavior in terms of both cyclic

stability and rate performance. We found the semiclosed graphite shell with thickness of∼50 layers experience an interesting splitting process that was

driven by electrolyte diffusion, which occurs before the Ge�Li alloying plateau begins. Two types of different splitting mechanism addressed as

“inside-out”/zipper effect and “outside-in” dominate this process, which are resulted from the SEI layer growing longitudinally along the Ge�graphite

interface and the lateral diffusion of Liþ across the shell, respectively. The former mechanism is the predominant way driving the initial shell to split, which

behaves like a zipper with SEI layer as invisible puller. After repeated Liþ insertion/exaction, the GNIGTs configuration is finally reconstructed by forming Ge

nanowires�thin graphite strip hybrid, both of which are in close contact, resulting in enormous enchantment to the electrons/Liþ transport. These

features make the structures perform well as anode material in LIB. We believe both the progress in 1D assembly and the structure evolution of this

Ge�C composite would contribute to the design of advanced LIB anode materials.
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carbon shell serving as antioxidation layer. Approaches
based on VLS growth and two-step process were
developed to prepare carbon encapsulated Ge nano-
wires. For instance, P. D. Yang et al. have done it by
subjecting Ge nanowires to a thermal treatment in an
organic vapor doped vacuum.27 E. Sutter et al. demon-
strated a route that can encapsulate a ready-made Ge
nanowire with carbon shell through an in situ anneal-
ing process under TEM.28 Recently, another stimulation
of efforts was devoted to the rational combination of
Ge nanowires and carbon layer based on the purpose
of advanced LIB anode materials. Significantly,
Cho et al. reported the Ge nanowires sheathed with
amorphous carbon via a solid�liquid approach and
investigated its behavior as LIB anode material.29

Yu et al. synthesized fully and homogeneously carbon-
encapsulated Ge and GeOx nanowires by a one-step
process. Both of the resulted Ge/C and the GeOx/C
nanowires exhibited improved performance.30 More-
over, Choi et al. endowed Ge nanowires with an
excellent cycle stability and rate performance by grow-
ing a few layers of graphene on the surface with a two-
step procedure.31

Nevertheless, it seems that fabrication of high-
quality Ge�C 1D noncables simply in large amount
still remains a great challenge by now. Novel GIGNTs
configuration as LIB anode has never been investi-
gated before, leaving several interesting points un-
clear. For example, it is usually recognized that the
thick carbon shell in the form of graphite layer would
prevent Liþ from diffusing across the van der Waals
bonded close C�C 2D planes. Additionally, the sharply
adjacent core and shell would fail to resist the internal
expansion, because there is no buffer space between
the active nanowire and the graphite layer. In this
manner, it was thought to be not really a good idea
to encapsulate the nanowire closely with a thick
graphite shell for LIB materials. However, elaborative
investigation aboutwhat has a core�shell experienced
accompanying the electrochemical lithiation is rare
to see. The interaction between a ∼50 layers of
graphite shell and the nanowire core during repeated
intercalation/deintercalation processes remains un-
known, raising the following questions: (1) Do the
graphite layers prevent Liþ from contacting the elec-
trode and how it occurs? (2) If not, how would the shell
evolve against the core expansion? (3) What is the
influence on subsequent cycles, positive or negative?
All of these items deserve to be clarified.
Here in this work, we demonstrate first a novel

strategy to achieve GNIGTs that is based on the fact
that Ge�C is noneutectic in moderate conditions, sug-
gesting the possibility for the heterogeneous and
simultaneous growth of double phases through rational
control. By creating a liquid/solid interface between
Ge and C, we achieved core�shell nanostructures of
GNIGTs via synergetic confined growth in a one-step

CVD (chemical vapor deposition) process using GeO2

and CH4. Interestingly, the prepared GNIGNs delivers
excellent performance both in cycle stability and rate
test when applied as LIB anode material. Systematic
ex situ experiments relying on HRTEM and EELS were
employed to investigate the morphology evolution
along with the alloying expansion. It is found that Liþ

can not only diffuse freely along the interface between
the Ge nanowires and carbon tubes, but penetrate
across the graphite wall laterally through the defect
sites. The lithiation expansion resulted splitting of the
shell would facilitate the reconstruction of new Ge�C
composites. Systematic investigation and analysis was
carried out with appropriate models built to demon-
strate the interesting topics proposed above.

RESULTS AND DISCUSSION

The as-synthesized product is shown in Figure 1, in
which (a) is a scanning electron microscope (SEM)
image and the inset is the corresponding X-ray diffrac-
tion (XRD) pattern that confirms the presence of cubic
Ge (PDF # 65�0333) nanowires. A typical single Ge
nanowire is inserted into a semiclosed graphite
tubes, the open end of which is shown in Figure 1(c).
Figure 1(b) provides a closer view of these nanowires,
in which the distinct contrast difference resulting from
different atomic weights represents the graphite shell
and Ge nanowire core. Figure 1(h) is an SAED (selected
area electron diffraction) pattern corresponding to
Ge components, which is consistent with the phase
established by XRD characterization. Figure 1(f) is
a high resolution transmission electron microscopy
(HRTEM) image of a single nanowire. Each Ge nanowire
core is wrapped by a graphite shell with a thickness of
approximately 20 nm. Further elemental analyses by
EELS (Electron energy loss spectroscopy) mapping and
energy diffraction spectrum (EDS) line scanning as
shown in Figure 1(g,i) prove the existence of a GNIGT
hybrid structure. The Ge cores are often cracked,
resulting in hollow tubes in some of the nanowires
shown in Figure 1(b), which implies the noneutectic
effect at the interface between Ge and C.
The formation of the GNIGTs core�shell nanostruc-

ture in a one-step process originates from synergetic
confined growth at the noneutectic interface, as
illustrated in Figure 2. As the temperature increase,
GeO2 would be reduced to GeO and Ge by H2 at about
700 �C, which result in the evaporation and transport of
Ge source. The transported Ge clusters would absorb
carbon atoms that remain on the surface, forming a
sharp heterogeneous interface due to the Ge�C non-
eutectic effect in a moderate quasi-equilibrium state.
In the following ∼10 min, the temperature would
increase above 1000 �C that was higher than the
melting point of Ge. The Ge�C clusters in the atmo-
sphere would aggregate and form novel configuration
that liquid Ge drops are wrapped by floating C shell, as
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denoted by “I” in Figure 2. the solid�liquid hybrid
serves as dynamic units that allow Ge cores to grow
larger, benefiting from the continuous resource supply,
and allow the shell to become ordered graphite layers
if the C shell is sufficiently thick at the local scale. As
soon as graphite layers form, they act as local barriers
that confine liquid Ge. However, the liquid would
penetrate out through a thinner coating or defect-rich
region due to the asymmetric surficial strain tolerance
and then cause larger gaps, denoted as “II” in Figure 2.
The exposed liquids enhanced the absorption of
additional C and Ge clusters, assembled as extended
quasi-1D core�shell nanostructures and denoted as
step “III”. Repetitions of “II” and “III” finally result in 1D
GNIGTs nanostructures, denoted as “IV”. This non-
eutectic solid/liquid interface-enhanced, synergetic,
and confined model accounts for the semiclosed
nature of CNTs shells as well as the closed end wrap-
ping a knob that is commonly observed in SEM and
TEM images. In Figure 2, SEM images corresponding to
the different growth steps are provided to enhance the
graphic illustration. We determined the growth steps
by preventing the smooth growth process through
lowering the target temperature and reducing the
reaction time. In Figure 2, the open and closed ends
of semiclosed graphite tubes are marked as green and
red arrows, respectively.

This synergetic confined growth is feasible in not
only the Ge�C system but also other metal-C non-
eutectic cases as longas themetal has a suitablemelting
point and thermal transport kinetics. The above param-
eters are required to ensure the coexistence of metallic
clusters CH4-derived C on a long time scale in the
atmosphere. A GeO2 source whose melting point is at
approximately 1115 �C would be largely reduced to
Ge at this temperature by reduced matter. At the
same time, the cracking temperature of CH4 in an H2

environment is approximately 1000 �C. The forming Ge
clusters with a melting point of approximately 938 �C
are not easily pulled away by gas flow but remain in
the atmosphere. Both of the requirements enhance
the above growth mechanism. To confirm our pro-
posal, Cu, with a melting point of 1084 �C, was chosen
to achieve Cu nanowires-in-graphite tubes guided by
the above method after rational design. In this experi-
ment, Cu powder, CH4, and H2 were used as resources
and carrier gas. To create a Cu liquid drop at the same
region on a ceramic chip, the reaction temperaturewas
increased to 1250 �C because of the higher melting
point. The morphological and TEM characterization
of the product are shown in Figure S1 (Supporting
Information), in which electrons energy loss spectrum
(EELS) elemental mapping and HRTEM analysis con-
firm the Cu nanowires-in-graphite tubes configuration.

Figure 1. Morphology, structure and elemental characterization of GNIGTs. (a) The typical low-magnification SEM image of
the sample; the red curve as the inset is the corresponding XRD pattern. (b) A closer view of the core�shell configuration; the
bright and dark cantrast in a 1D structures point to Ge cores and carbon shells. (c) The inset is the open end of the Graphite
tubes in different perspectives. (d) The bright field image of a single unite under TEM. (e,f) The SAED pattern and the HRTEM
image of the nanowire. (g) The low-magnification dark-field TEM image of several nanowires. (h) EELS mapping result of
nanowires shown in (g); the green shell and the red core represent carbon andGe respectively. (i) EDS elemental line scanning
along the yellow path in (h).
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As shown in (a), themorphology is not exactly the same
as that of GNIGT; several 1D structures tend to clump
together in a large Cu sphere, which reflects the
difference in physical features between Ge and Cu,
such as themelting point, the atomic weight, and even
the surficial energy of the liquid drop. These physical
differences result in different transport and liquid
kinetics. The growth of most nanostructures proceeds
to step II and then ceases due to a shortage of Cu
resources. Although a high-quality and uniform 1D
nanostructure was not obtained, the present results
are compliant with the assemblymechanism proposed
in GNIGTs.
In the proposed model, the growth of a high-quality

product relies on the control of CH4 partial pressure. A
synthetic investigation of the relationship between the
proportion of CH4 and the product structures was
performed. In this serial experiment, the initial atmo-
sphere was composed of CH4 and H2, in which the
proportion of CH4 was 10, 20, and 50%, with the other
conditions remaining the same. The morphological
and structural characterizations of the three samples

are presented in Figure S2, in which panels (a), (b), and
(c) correspond to the different CH4 proportions. As
expected, the three conditions result in graphite layers
with different thicknesses. Notably, as the CH4 propor-
tion increases, the diameter of Ge cores become
thinner and the product yield decreased. An excessive
C resource such as a 50% CH4 ratio, which generates
thicker graphite layers, would hinder Ge nanowires
propagated in the lateral direction by influencing the
Ge supply in step I. At the same time, small Ge clusters
wrapped by the C layer would be transported away
without deposition, leaving fewer products than lower
CH4 proportions (e.g., 10%). The Raman spectra of
the three samples are displayed in Figure S2(d), in
which the intensity ratio difference between C and Ge
signals can be distinguished, implying different C shell
thicknesses.
This novel structure would be advantageous over

conventional materials if assembled as an anode
material in an LIB device because the graphite shell
helps to not only dredge the electron-transporting
path but also maintain the integrity of the intact

Figure 2. Illustration of the synergetic-confine-growth of Ge nanowires @ Graphite tubes. (a) The upper section guided by
thin black arrows demonstrates the source transport, as well as the precursor location and the product deposition region on
the ceramic sheet; the down section in dotted square illustrate the self-assembly process of a GNIGT nanostructure. (b) The
morphology of product at step I and II that resulted from the unsmooth growth. (c) The SEM image of the product that
experienced a smooth growth, corresponding to step III and IV.
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one-dimensional (1D) profile against volume expan-
sion during the lithiation process. Herein, the detailed
LIB performance in a half cell was investigated, and
related electrochemical characterizations were per-
formed. The galvanostatic charge/discharge tests used
a current density of 250 mAh/g in the potential range
of 0.005�1.2 V vs Liþ/Li. The specific capacity was
calculated based on the total mass of the Ge nanowire
and graphite tube shell composite. Typical potential-
capacity curves at the 1st, 2nd, 50th, and 100th cycles
are provided in Figure 3(c), from which the GNIGTs
delivers a capacity of 2503, 1396, 1314 and 1241mAh/g,
respectively. The value of 2503 mAh/g that is much
higher than the theoretical capacity of pure Ge
(1600mAh/g) indicates there is high irreversible capac-
ity. As would be shown later, the graphite shell of a
GNIGT would split after the first charging process. SEI
layer would form on the surface of both Ge nanowire
and graphite layer. The dissilient graphite tube would
be further stripped into thinner units due to lithiation
expansion, which results in an extra interface with
the electrolyte. All of these factors are responsible to
the high initial capacity loss and irreversible capacity.
The retention of the charge/discharge curves at the

100th cycle, shown in Figure 3(a), demonstrates the
excellent cyclic stability of the composite as an anode
material. The reversible specific capacity exhibits stable
evolution, which maintains approximately 88.9% of
the second capacity after 100 cycles. The abrupt leap
at the 11th and 14th cycles is attributed to the envi-
ronmental temperature change during the measure-
ment. Under stable test conditions, the coincidence
between charge and corresponding discharge capac-
ity demonstrating a stable Coulombic efficiency of
approximately 99%, indicates the high reversibility of
the anode material.
To further manifest the outstanding performance,

the rate capability was also evaluated by applying
various current densities ranging from 0.25 to 10 A/g,
as shown in Figure 3(b). The GNIGTs anode exhibits
high reversible capacities of approximately 1310, 1240,
1130, 982, 515, and 232 mAh/g at current densities of
0.25, 0.5, 1.25, 2.5, 5, and 10 A/g, respectively, in the
rate-increasing procedure. The capacity at a current
density of 5 A/g is considerably higher than the theo-
retical capacity of commercial graphite anode material
(372 mAh/g). After more than 70 cycles at various
rates, when the current density returned stepwise

Figure 3. LIB cyclic stability test and rate performance of the composite. (a) 100 cycles' capacity measurement; (b) rate
performance test at the rates of 250mA/g to 10A/g; (c) specific capacity�voltage curves of the 1st, 2nd, 50th and 100th cycles.
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to 0.25 A/g, the reversible capacities recovered to
approximately 915, 1185, and 1241 mAh/g at 0.25,
0.5, and 2.5 A/g, respectively, which are close to the
previous values.
Such an impressed performance is inextricably re-

lated to the particular configuration of GNIGTs, which
might be ruled by an advantageous structure evolution
mechanism. In order to shed light on this interesting
topic, systematic experiments and analysis was done
to investigate the morphology evolution of the novel
structure as Liþ insertion/extraction. We highlight the
items like the interaction between the carbon shell and
the Ge nanowire, as well as the resulted consequence
on the cyclicity. Ex situ TEM analysis was employed
frequently to observe the morphology change. It is
found two types of kinetic mechanism refereed as
“outside-in” and “inside-out” dominates the shell split-
ting, as denoted from Figure 4 to Figure 6. For TEM
observation, the first discharge process was halted at
0.35 V, which can expose the kinetic image of the Liþ

insertion path and the preliminary morphology evolu-
tion. Figure 4 exhibits the typical morphology of single
nanowire at this stage that indicates the “inside-out”
splitting mechanism. It is induced by the rapid Liþ

diffusion along the inside walls of CNTs, which begins
at the open end. In fact, this process enhances the
growth of SEI film on the interface of Ge nanowire and

graphite shell as soon as the joint is unzipped, as
shown in Figure 4(a). Both of the Liþ insertion and
the increasing thickness of the film drive the radial
expansion of the core and then impose an external
inside-out force against the inner wall of the CNTs,
which finally resulted in the cleavage of the shell.
Noticeably, this reaction proceeds along the 1D nano-
structure longitudinally until the coaxial shell split com-
pletely. Since the TEM analysis was applied ex situ, it is
worthy to exclude the possibility that the layer formed
due to surficial oxidation of Ge core. We did a couple of
comparative experiments as shown in Figure S4 and
Figure S5, which correspond to the samplewithout any
treatment and after being soaked in diethyl carbonate
for 1week, respectively. These data imply that the layer
can form and be removed without being exposed
to air. The evolution kinetics mentioned above can
be demonstrated further by the evidence shown as
Figure 4(c�e), which presents the closer view corre-
sponding to the regions “I”, “II” and “III” in Figure 4(a),
respectively. From Figure 4(c,d), the thickness of the
interface layer is about 20 nm. Figure 4(b) is the HRTEM
image of themarked area in Figure 4(c), which displays
a single-crystal Ge body. Noticeably, the edge of the Ge
core shown as Figure 4(b) is not as smooth as the initial
Ge nanowires. Both of the facts indicate the Ge part
was etched at the interface and the Ge�Li reaction has

Figure 4. Morphology and structure analysis of an incomplete splitting GNIGT. (a) The single nanowire that was used for
analysis; the insets I and III are SAEDpatterns corresponding to the areasmarked in the image. (b) TheHRTEM imageof the red
circle area in (c), which clearly displays the boundary of Ge core and SEI layer. (c�e) The closer viewof the edge parts of I, II and
III regions; the interface of Ge�C in I/II regions is separated by SEI layer, while there is no obvious change in “III” area.
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not occurred in inner part. Figure 4(d) points to the
reaction front along the nanowire, and Figure 4(e)
displays the area that is intact from Liþ insertion, in
which the carbon shell still keep in close touch with
theGe nanowire. The insets are the SAED (selected area
electron diffraction) patterns corresponding to the
region “I” and “III”, respectively. The pattern corre-
sponding to region “II” is composed of diffraction pots
pointing to both single crystal and polycrystalline.
For the area “III”, only the pattern of Ge crystal was
collected. Here, we attribute the diffraction rings in “I”
to SEI layer observed. The SAED patterns imply the same
image as the TEM analysis shown as Figure 4(c�e), both
of which confirm the Liþ migration along the inner
walls. Several other lowmagnification imagesprovided
in Figure S7 can help to understand this process.
Elemental mapping can display a clearer observation
upon the splitting behavior, as in Figure 5. We chose

another typical unit for the EELS elemental mapping
investigation. Figure 5(a) is the bright field image and
Figure 5(b�d) corresponds to the C, Ge and O map-
ping, respectively. For EELS analysis, the low-loss of Ge
results is considerable in such a thick core�shell con-
figuration, which covers the Li-k edge. This type of
interference makes it hard to map the real Li distribu-
tion in core�shell configuration due to the little con-
tent. Herein, the O mapping was detected to trace the
electrolyte/Liþ diffusion path based on the fact that
there is no oxygen in initial GNIGTs structures and it is
coexisting with Li in electrolyte/SEI layer. The muti-
elements overlap image is shown in Figure 5(e), which
displays a C�O�Ge sandwich structure. Noticeably,
the Ge distribution map covers O rich region as shown
in Figure 5(c,d). This implies the diffusion reaction
occurs between Ge and electrolyte at the interface,
demonstrating the formation of SEI layer here. We also

Figure 5. Elemental analysis of an incomplete splittingGNIGTwith diameter less than 200nmand the proposed shell splitting
model. (a) The bright-field TEM image of the nanowire used for analysis. (b�d) The EELS elementalmappingof C, Ge andO. (e)
The C/Ge/Oelements overlap image. (f) The thickness statistics of C shells that collected among∼200GNIGTsused for LIB test.
(g) The illustration of the proposed inside-out splitting mechanism of a graphite shell. The origin of the splitting can be
demonstrated by interfacial lithiation/expansion and SEI layer forming, both of which together act as invisible puller for the
unzipped effect upon a carbon shell. In this process, SEI layer would form on surface of Ge part as soon as it is in touch with
electrolyte.
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provide another group of EELS mapping data upon a
GNIGT with thicker SEI layer in order to expose a direct
Li distribution, as shown in Figure S6. The Li mapping
displays a similar configuration to O distribution,
although which is not clear enough due to various
negative factors such as thick diameter and influence
of low-loss from Ge element. However, this supple-
ment indicates that it is reasonable to demonstrate
the diffusion of Li in this case. The morphology evolu-
tion and related kinetics can be illustrated by
Figure 5(g). These results demonstrate two facts: (1)
the Liþ/electrolyte diffuse rapidly even along the void-
less interface between the carbon shell and Ge nano-
wires; (2) the splitting of the carbon shell occurs due to
the SEI layer forming, but not the huge expansion as a
result of complete lithiation of Ge core. If we consid-
ered a single unit with a diameter of 120 nmand the SEI
layer of 20 nm, the core would exhibits a volume
expansion of 178% as analyzed in Figure S3, which is

although insufficient to demonstrate the probability of
splitting quantitatively. Additionally, the thickness sta-
tistics was provided as Figure 5(f), which was collected
randomly among more than 200 nanowires. Most of
the graphite shells are measured to have a thickness of
10�20 nm, although some other values are included.
Except the “zipper” cleavage, there is another type of

one we called “outside-in” mechanism. By investigat-
ing the sodiation kinetics of CoS nanowires-in-CNTs
with in situ TEM method, Su et al. observed the rapid
diffusion of Naþ along both the inner wall and the
outer wall of the CNTs shell and found that the
electrolyte may diffuse across several graphite layers
through local defective sites.32 Unlike the case of
surficial transport in the in situ TEM investigation, the
active materials here are always immersed in the
electrolyte. It is obvious that the defective CNTs shell
is much weaker against Liþ insertion in this case than
only relying on surficial Liþ transport. Therefore, it is

Figure 6. Outside-in splitting of the graphite shell. (a,b) Lowmagnification images of the units with local cracked surfacewith
other regions remain intact. (c) The HRTEM image of the yellow circle area in (a), in which the red arrows point to the forming
of defects on surface part of the graphite shell that would finally serve as Liþ transport path. (d) The HRTEM image of splitting
shell corresponding to the area marked using red circle in (a), in which the initial shell was torn into fragments of graphite
sheet that adhering to thebulk. (e) TheHRTEM imageof splitting shell corresponding to the areamarkedusing red circle in (b),
in which the graphite shell was torn in units of several layers. The arrows display the possible penetration paths of Liþ and the
region that electrolyte can reach. (f) The illustration of the outside-in splitting mechanism, originating from the Liþ lateral
penetration effect across the defects points of carbon shell.
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reasonable that many GNIGTs have local cracked shells
as shown in Figure 6(a,b), except for the “unzipped”
ones driven by SEI layer growth. Figure 6(f) illustrates
the cleavagemechanismwith the carbon shell splitting
layer by layer in local area rich of defects. As soon as
the transport paths forms by running through several
layers, Liþwould react with the inner part until the CNT
shell was penetrated completely. Here in Figure 6(a,b),
we picked two unites and present the change, in which
the original shell were torn by the lateral diffusion
of Liþ. Figure 6(c) shows the intact part of the carbon
shell as marked in (a) with yellow circle. Although this
section remains undestroyed, inchoate Liþ diffusion
across the layers has begun at local sites as marked
using red arrows. At these points, the surficial
layer exhibits high density of defects, providing rich
possibilities for Liþ insertion laterally. The red circle
region displayed a splitting surface. Figure 6(d) and (e)
are HRTEM images corresponding to these areas.
Figure 6(d) is the closer view of the area marked in
Figure 6(a) with red circle. As one can see, although half
of the shell has been torn enormously, the other half
still remains intact. In Figure 6(e), the original graphite
shell was lifted in unit of several layers, in which mutiple
paths for Liþ transport forms, that resulted in smooth
Ge�Liþ contact. Noticeably, most of the graphite frag-
ments are still attached to the Ge nanowire core.
Generally speaking, both of the shell splitting rules

may coexist in a single nanowire hybrid. However, the
outside-in cleavage contributes more and works as a

predominant way for Liþ transport during the first
discharge, because it provide a relatively smooth and
inevitable path for Liþ diffusion. Actually, the splitting
graphite shell plays an important part to resist the
following volume expansion induced pulveriza-
tion and detachment of Ge substance, as well as to
enhance the Liþ/electrons migration. Figure 7 displays
the typical TEM analysis of the novel structures after
the first discharge procedure completely. Figure 7(a)
is the low-magnification bright field image, in which
obvious cracked shells and expanded nanowire cores
can be seen, demonstrating the sufficient lithiation
has occurred. We picked a single unit as shown in
Figure 7(b) for SAED and HRTEM characterization.
Figure 7(c) is the image in higher magnification.
Figure S9(a) is the SAED pattern of the region marked
by yellow circles, which was recorded as the reference
to obtain real signal of Ge�Li alloy. Actually, the un-
wanted pattern was attributed to electrolyte derived
compound matrix such as Li2O. Figure S9(b) exhibits
the SAED pattern of the nanowires core that was re-
cognized to be GeLix by excluding the background
signal in (d). Figure 7(c,d) is the higher magnification
characterization of the nanowires surface, in which the
carbon fragments in unit of several layers wrap out
of the nanowire core. These data confirm that the
splitting carbon shells are still in close touch with the
Ge core, although the original tubes have changed
a lot. Figure 7(h) is the HRTEM analysis of the Ge bulk,
in which typical crystal planes have been marked.

Figure 7. Characterization of the anode after the first discharge process. (a) The low magnification image of several
nanowires. (b) The nanowire chosen for analysis. (c) Image in higher magnification. (d,e) The closer view of the shell
morphology after the first discharge which resulted from both of the “inside-out” and “outside-in” splitting mechanism; the
Ge core is still wrappedby splittingGraphite sheet. (f) TheHRTEM image of the nanowire core and typical spacing aremarked.

A
RTIC

LE



SUN ET AL. VOL. 9 ’ NO. 4 ’ 3479–3490 ’ 2015

www.acsnano.org

3488

The formed Ge�C configuration is advantageous defi-
nitely to resist volume change and to build a smooth
Liþ/electrons path during the long-time work.
Moreover, cyclic voltammetry (CV) plots of the de-

vice were provided in Figure S8, which are used to
demonstrate the electrochemistry Li-storage mecha-
nism of the sample. Three cycles were tested at a scan
rate of 0.1 mV/S. For the first cycle, there is a clear peak
at 0.92 V, suggesting SEI film formation on surface
of the graphite shell and part of the Ge nano-
wires. Actually, the SEI layer forms in a wide potential
window because new interface between Ge and C was
created continuously by unzipping the shell, just as
analyzed above. The peaks locate at 0.30, 0.05 V and
the peak near 0 V are related to the Li-alloying that forms
different Ge�Li phases. In the second and the third
cycles, stable Liþ paths have been created. Obvious re-
duction peaks were detected at 0.05, 0.34, and 0.41 V,
while the oxidation reactionswere at 0.42 and 0.63 V. The
curves demonstrated the muti-step lithiation reaction
of Ge substance as reported in other works, in which
several Ge�Li phaseswerementioned.20,31,33 Noticeably,
although a small part of graphite shells are participant in
the Liþ insertion/exaction, we do not intend to trace that
here because it contributes so little to the capacity.

Furthermore, to visualize the finalmorphology of the
novel configuration after long cyclic process, we char-
acterize the anode material after the 100th cycle with
SEM, TEM and elemental mapping methods. Figure
8(a) is the intact GNIGTs 1D nanostructures, while
Figure 8(b) displays the final morphology of the novel
structures after the 100th discharge process. From
Figure 8(b), after the 100th cycle, although the graphite
tubes are unzipped completely, close-contact nano-
wires and micrographite sheet are constructed as new
hybrid type. Graphite tubes derived thinner carbon
sheets are still in good touch with the Ge nanowires,
although the anode has experienced 100 times
charge/discharge. In this new configuration, the form-
ing quasi-2D graphite components are shared by con-
tiguous Ge nanowires, which further preserve the
nanowires from being destructed by lithiation expan-
sion and enhance electrons/Liþ transport. These ana-
lyses demonstrate the origin of the excellent cyclicity
and rate performance of the sample. Also as displayed
in Figure 8(c), there is no serious detachment of active
substance on the Ge nanowires during the long-time
cycles. Alternatively, porous 1D Ge architectures forms
due to the repeated Liþ insertion/extraction, which
result in shorter Liþ transport distance and enormously

Figure 8. Structure evolution illustration and AC impedance investigation. (a) The SEM characterization of the intact anode
material before lithiation reaction. (b) The SEM image of the anode after the 100th cycle; the splitting graphite shell still keeps
in touchwith Ge by forming a reconstructed Ge�C composite. (c) The bright field TEM image of a single unit corresponding to
the sample after the 100th discharge. (d) The dark-field TEM image of several units after 100th discharge. (e-f) The EELS
elemental mapping of Ge and C, respectively. (g) The overlap of Ge and C signals. (h) The AC impedance investigation of the
cell; the red curve corresponds to the new device, and the blue curve is recorded after the rate test. (e) Schematic diagram of
the morphological evolution of the GNGITs, displaying the alloying/dealloying resulted reconstructed effect of the novel
structures.
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increase the contact sites between Ge and electrolyte in
the followingcycles.On theotherhand, several nanowires
shown as Figure 8(d) are analyzed using EELS mapping.
Figure 8(e,f) correspond to the Ge and C distribution and
Figure 8(g) is the Ge/C overlap image, in which the newly
formed Ge�C composite were recorded. Furthermore,
more cases are provided in Figure S7. The entire process
of themorphology evolution is illustrated in Figure 8(i). To
gain additional insight into the cyclic behavior, the elec-
trochemical impedance of the GNIGTs as an anode
electrode was tested, as shown in Figure 8(h), in which
red and blue curves correspond to the data from a new
cell and the device after rate tests, respectively. Although
the blue curve displays relatively larger bulk resistance
and clear double charge-transfer resistance due to struc-
tural evolution during the long charge/discharge process,
both curves indicate excellent charge-transfer and Liþ

diffusion behaviors. These analyses imply that the
novel GNIGTs nanostructures maintain very good elec-
tric contact and smooth Liþ transport features during
the long-time cycle, demonstrating the advantages
when used as anode material in LIB device.

CONCLUSIONS

In this work, by creating a solid/liquid interface
between Ge and C in a CVD system, we achieved a
novel design for GNIGTs in a one-step process via a
simple, self-catalyzed, and synergetic confined growth
method, in which asymmetrical graphite crystallization
and a continuous supply of noneutectic Ge and C in
the atmosphere drive the 1D core�shell configura-
tion. A detailed LIB half-cell device test confirmed the
excellent performance of GNIGTs as an anodematerial.
After 100 cycles, 88.9% of the second specific capacity
remained. A systematic investigation of the morphol-
ogy evolution at different lithiation periods supplies a
clear image of LIB kinetics and demonstrates how a
∼50-layer graphite shell contributes to the capacity
and rate performance. During the repeated cycles, the
graphite shells would split by inside-out and outside-in
mechanism. Repeated cycles finally results in the re-
construction of the core�shell configuration by form-
ing interesting Ge nanowires�graphite nanoribbons
hybrid, which performs well to enhance the electrons/
Liþ transport.

EXPERIMENTAL SECTION
Synthesis of GNIGTs. The fabrication of the product was carried

out in aCVDsystemequippedwith agraphiteheater that hasbeen
demonstrated elsewhere.34,35 The detailed setup and process
of the experiment can be described as follows. After GeO2 powder
(20 mg) was placed on one side, a ceramic chip (160 mm �
15 mm � 1 mm) was pushed into a semiclosed corundum
protected tube, which was then placed in the furnace chamber
withGeO2 at the central regionof theheater. The furnacewas then
heated stepwise to 1200 �C in 60min andheld at that temperature
for 120 min. As soon as the temperature reached 400 �C, CH4

and H2 were introduced into the chamber at flow rates of 10 and
100 sccm, respectively, and the target pressure was 20 kPa until
completion of the reaction process. Finally, the product was found
at the other side of the ceramic chip, as shown in Figure 2.

Cell Assembly and Test. Electrochemical experiments were car-
ried out in a two-electrode electrochemical cell by using lithium
foil as a counter-electrode and the sample as working electrodes.
The working electrodes were prepared by mixing the active
material, carbon black, and polyvinylidene fluoride (PVDF) in a
weight ratio of 7:2:1 in N-methylpyrrolidinone (NMP), which was
coated uniformly on pure copper foil by an automatic thick film
coater (AFA-I). Theweight of the active substance is about 0.5mg.
After drying in a vacuum chamber at 120 �C for 12 h, the foil was
rammedby an electromotive roller (MR-100A) and tailored to the
appropriate size by a coin-type cell microtome (T-06). The final
cell was fabricatedusing a polypropylenemicromembrane as the
separator (Celgard, 2400, USA); 1 M LiPF6 in ethylene carbonate
(EC) and diethyl carbonate (DEC) with a weight ratio of 1:1 served
as the electrolyte. Cyclic voltammetry of the cell was scanned at
0.1 mV/s in the voltage range of 0.001�2.5 V (versus Li/Liþ) on an
Ivium electrochemical workstation. The discharge�charge mea-
surement of the cells was carried out at room temperature using
a multichannel battery tester (Shenzhen Newware Technology
Limited Co., China).
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