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ABSTRACT: Germanium (Ge) is a promising anode material for lithium ion batteries due to its high theoretical capacity.
However, its poor cycling stability associated with its large volume changes during discharging and charging processes are urgent
problems to solve. This provides opportunities to engineer materials to overcome these issues. Here, we demonstrated a facile
and scalable method to synthesize Ge nanoparticles/N-doped carbon monolith with a hierarchically porous structure. The
combination of a solvothermal method and annealing treatment results in a well-connected three-dimensional N-doped carbon
network structure consisting of Ge nanoparticles firmly coated by the conducting carbon. Such a hierarchical architecture features
multiple advantages, including a continuous conductive carbon network, binding the Ge nanoparticles with carbon through a
Ge−N chemical bond, and a porous structure for alleviating volume expansion of Ge particles. When serving as an anode for
lithium ion batteries, the as-formed hybrid displays high capacities up to 1240.3 mAh g−1 at 0.1 A g−1 and 813.4 mAh g−1 at 0.5 A
g−1 after 90 cycles, and at the same time, it also exhibits good cycling stability and excellent rate capability.
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1. INTRODUCTION

Lithium ion batteries (LIBs) have intensively gained attention
as energy storage devices for applications such as popular
consumer electronics, electric vehicles (EVs), hybrid electric
vehicles (HEVs), and so on.1−3 Germanium (Ge)-based
materials have been considered as promising anodes in LIBs
to replace the graphite anode because of their appealing
advantages, including high theoretical capacity (about 1600
mAh g−1), excellent lithium conductivity, and high electrical
conductivity.4−6 Nevertheless, the satisfactory performance of
pure Ge material is still hampered by some issues. Ge usually
suffers from severe capacity fading and short cycle life during
discharge/charge process, which mainly arise from its sever
volume change during the insertion and extraction of lithium.
Subsequently, the pulverization of the electrode and the loss of
electrical contact occur during the cycling process, leading to
the poor lithium storage performance.7,8 Therefore, numerous
efforts have been focused on solving these problems, such as
decreasing the crystallite size to the nanoscale, hybrizing with

carbon, alloying with metals, and designing porous struc-
ture.9−14

The carbon materials play a vital role in the material and
scientific fields. On the one hand, they can be used as
electrodes applied in LIBs by the merits of low cost, high
conductivity, and relative safety.15,16 On the other hand, carbon
is considered to be a good matrix to accommodate the volume
change for many metals or metal oxides during the discharge/
charge process in LIBs owing to its favorable flexibility and
conductively.17−19 However, the low theoretical capacity (372
mAh g−1) and the poor rate capability of traditional carbon
have greatly limited its practical application. Thus, many
strategies have been developed to solve these problems. Among
all the methods, doping N and hybrizing with other materials of
higher theoretical capacities are the most popular and effective
approaches. More specifically, the N-doping can generate more
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defects, offering more active sites, and thus enhance the
interaction between the carbon and lithium, benefiting the
lithium diffusion and transfer.20,21 The introducing of materials
of high theoretical capacity can effectively improve the final
lithium storage capacity of the materials. Therefore, combining
the N-doped carbon with materials of high theoretical capacity
will not only increase the lithium storage capacity but also
effectively release the volume expansion of the resultant hybrids
efficiently and then improve the cycling stability.4−6,20−24

In view of the features of Ge- and N-doped carbon in the
field of LIBs, in this work, we designed a feasible method to
fabricate Ge nanoparticles (NPs)/N-doped carbon monolith
with a hierarchically porous structure (named as Ge@C−N).
We introduce a two-step method to realize the ideal structure
with Ge NPs uniformly embedded in a well-connected three-
dimensional N-doped carbon network. The important step of
this method lies in the solvothermal process, which ensures a
homogeneous precursor. The subsequent reducing−annealing
process for the precursor yields the Ge NPs embedded in
nitrogen-doped porous carbon. When serving as an anode for
LIBs, the resultant hybrid exhibits perfect lithium storage
performance in terms of specific capacity, cycling stability, and
rate capability. It can display specific capacities up to 1240.3
mAh g−1 at a current density of 0.1 A g−1 and 813.4 mAh g−1 at
a high current density of 0.5 A g−1 after 90 discharge−charge
cycles. The superior performance may originate mainly from its
hierarchical architecture features, including a continuous
conductive carbon network, binding the Ge NPs with carbon
through Ge−N chemical bond, and a porous structure for
alleviating the volume expansion of Ge particles.

2. EXPERIMENTAL SECTION
Synthesis of Porous Ge@C−N Hybrid. A 1 mmol portion of

ascorbic acid was added into 10 mL of 0.05 M GeCl4 solution and 40
mL of ethanol. After stirring for 20 min, 2 mL of N2H4 was added
dropwise into the as-obtained solution. Subsequently, the prepared
mixture was treated at 120 °C for 24 h by solvothermal reaction. After
cooling to room temperature, the yellow bulk precursor can be
obtained, which was annealed at 600 °C for 2 h under Ar/H2
atmosphere (Ar:H2 = 93%:7%, by volume) with a heating rate of 5
°C min−1 to generate the final typical porous Ge@C−N hybrid. For
comparison, the Ge@C−N hybrids with different carbon contents
were obtained by annealing the same precursor at 500 and 700 °C for
2 h under Ar/H2 atmosphere. The Ge/C sample was formed by
annealing the precursor at 750 °C for 2 h under Ar/H2 atmosphere,
which was synthesized without the addition of N2H4 while the other
conditions were kept similar to those of the typical sample (a
temperature lower than 750 °C cannot obtain the target product). The
bare Ge was fabricated by reducing the commercial GeO2 at 750 °C
for 2 h under Ar/H2 atmosphere.
Characterizations. The composition of the samples was obtained

by powder X-ray diffraction (XRD) using a Bruker D8 X-ray power
diffactometer with a voltage and current of 40 kV and 40 mA,
respectively. Transmission electron microscopy (TEM) (H-8100, 200
kV accelerating voltage) and the field emission scanning electron
microscopy (FE-SEM) (Hitachi S-4800 SEM unit) were used to
investigate the morphology of the samples. The surface composition of
the sample was analyzed by X-ray photoelectron spectra (XPS)
(ESCALAB 250 spectrometer (PerkinElmer)). Raman spectra were
recorded by an Invia Raman spectrometer, using an excitation laser of
633 nm. The carbon and nitrogen contents were determined using the
combustion method by an elemental analyzer (Vario EI). The
Brunauer−Emmett−Teller (BET) surface area of as-formed samples
was measured using a Belsorp-max surface area detecting instrument
by N2 physisorption at 77 K.

Electrochemical Measurements. Electrochemical performance
was evaluated by using coin cells (CR2025) on a multichannel battery
testing system (LAND CT2001A). The active material, acetylene
black, and CMC binder were mixed in a weight ratio of 70:15:15 for
the fabricating of working electrode. The mixture was ground and a
slurry made in a mortar using deionized water as solvent.
Subsequently, the slurry was uniformly pasted on the Cu foil; the
typical electrode was dried at 120 °C for 36 h under vacuum before
being assembled into a coin cell in an argon-filled glovebox. Lithium
foil was used as the counter electrode. The electrolyte was used with 1
M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/
diethyl carbonate (DEC) (1:1:1 by volume). The loading of the active
electrode was 0.91 mg cm−2. Cyclic voltammetry (CV) curves were
recorded using a CHI-760E workstation at a scanning rate of 0.1 mV
s−1. The impendence spectra were obtained by applying a sine wave
with amplitude of 5 mV over the frequency range from 100 kHz to
0.01 Hz.

3. RESULTS AND DISCUSSION
A schematic illustration for the fabrication process of the
porous Ge@C−N hybrid is shown in Figure 1, which involves

dehydration, polymerization, and carbonization of the ascorbic
acid under solvothermal conditions and heat treatment. Briefly,
a white suspension was first obtained by the hydrolysis of
GeCl4 in ethanol solution of ascorbic acid with some content of
N2H4 (80%). Here, it should be noted that the ascorbic acid
was selected as carbon resource; N2H4 with 80% content was
chosen as nitrogen resource and at the same time it can also
promote the hydrolysis of GeCl4. Then, the as-obtained white
suspension was transferred into an 80 mL Teflon-lined
stainless-steel autoclave and treated at 120 °C with
solvothermal reaction. After that an orange, disk-shaped
monolith was observed floating on the surface of the clear
liquid instead of a powder precipitate at the bottom of the
Teflon cup in the usual cases, which will act as a precursor for
the final product. Lastly, this orange monolith was placed in a
porcelain boat and subjected to calcining in a furnace under a
reducing atmosphere. The reduction−carbonization process
leads to the formation of a porous Ge@C−N hybrid. During
this process, the monolith precursor underwent remarkable size
shrinkage owing to the release of some small molecular
byproducts, and its color has also changed to dark gray.
Additionally, it should be noted that by adjusting the annealing
temperature, different carbon contents of hybrids could be
controllably obtained. The mass percentages of carbon and
nitrogen of all the samples revealed by CHN element analysis
are displayed in the left part of Figure 1. It can be clearly seen

Figure 1. Schematic representation of the fabrication process of the
porous Ge@C−N hybrid and carbon and nitrogen contents in the
hybrids obtained at different temperatures.
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that compared to C, the N content decreases more evidently
with the increase of the annealing temperature. The possible
reason may be related to the following several aspects. First,
some of the sp3-hybridized C−N bonds may be replaced by
relatively stable sp2-hybridized C−C bonds at higher temper-
ature due to the higher bonding energy of C−C. On the other
hand, at high temperatures, some instable nitrogen species
could form stable N2 molecules, which immediately get away
from the reaction system without incorporating into the carbon
structure,25−27 and at the same time the high temperatures
generally favor the formation of high crystallinity carbon, which
leads to difficult incorporation of foreign elements into its
structure. Additionally, the carbonization of the organic species
in the precursor and the carbothermal reduction of the Ge−O
by the as-formed carbon became more complete upon the
increasing of the annealing temperature, resulting in the mass
loss of the carbon to some extent. During these processes, the
loss level of N effected by the temperature was higher than that
of C, thus leading to the increased C/N ratio with the
temperature increase.

The crystallographic structure and the composition of the
products were first examined by an X-ray diffraction (XRD)
technique. As shown in Figure S1 (Supporting Information),
the XRD pattern of the precursor shows only two broad
reflections at around 11.7° and 24.7°, and no other diffraction
peaks corresponding to the crystalline phase are observed,
indicating the amorphous structure of the precursor. After heat
treatment at different temperatures in H2/Ar gas, the
amorphous precursor has transformed into crystalline products,
as confirmed by Figure 2a. For each case, all distinct and
intense diffraction peaks match well with a cubic phase Ge
(JCPDS No. 65-0333). The main peaks located at 2θ ≈ 27.3°,
45.3°, 53.7°, 66.0°, and 72.9° can be assigned to (111), (220),
(311), (400), and (331) reflections of cubic Ge, respectively.
Meanwhile, a weak and broad peak between 18° and 32° could
be clearly observed for all the samples (the inset in Figure 2a),
which can be ascribed to the carbon in the hybrids. The sharp
diffraction peaks not only imply the good crystallization of the
samples, but also confirm the increased crystallization with the
temperature increasing. In addition, the calculated grain sizes of

Figure 2. (a) XRD patterns of the resultant Ge@C−N hybrids formed under different temperatures. (Inset) XRD patterns in the angle range of
10°−35°. (b) The Raman spectra of the resultant Ge@C−N hybrids formed under different temperatures along with the Ge/C hybrid.

Figure 3. XPS spectra of the typical Ge@C−N hybrid: (a) the survey spectrum and (b−d) the high-resolution spectra of Ge 3d, C 1s, and N 1s,
respectively.
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Ge according to the Scherrer equation based on the (220) peak
were 28.9 nm for 500 °C, 63.2 nm for 600 °C, and 81.4 nm for
700 °C, and the electrochemical performance of these three
samples will be studied in the following section. Besides, Raman
spectra of all the samples show similar peaks in the range of
150−2000 cm−1. As displayed in Figure 2b, for all the samples,
the peak in the range of 290−305 cm−1 can be assigned to the
optical mode of crystalline germanium. This peak for all the
Ge@C−N hybrids shows a slight shift compared to that of the
Ge/C hybrid, which may result from the interaction between
Ge- and N-doped carbon.28 Additionally, those two peaks
centered at about 1583 and 1352 cm−1 correspond to the G-
and D-bands of carbon, respectively, which are the character-
istic peaks for carbon materials.15−17 Generally, the G-band
corresponds to the Raman-allowed optical mode E2g, which is
related to the vibration in all sp2-band carbon atoms in a two-
dimensional hexagonal lattice, while the D-band is associated
with sp3-hybridized carbon, structural defects, or amorphous
carbon.29,30 According to the literature,31,32 the intensity ratio
of D-band to G-band (ID/IG) in the Raman spectrum could be
used to determine the defect and disorder of the graphitized
structure and the fraction of sp3/sp2-bonded carbon. In our
case, the intensity ratios (ID/IG) in the Ge@C−N hybrids are
1.46 for 500 °C, 1.05 for 600 °C, and 1.02 for 700 °C, all of
which are larger than that in the Ge/C hybrid (0.99),
suggesting the existence of defects after N-doping and the
increasing of graphitization degree with the increase of the
annealing temperature. From the CHN elemental analysis
results (Figure 1), we know that different calcining temper-
atures could lead to different N contents. Generally, the
introduction of heteroatoms would lead to the formation of
defects in the host materials. Therefore, the N-doping in our
work may result in the formation of more defects, which is
considered to provide more reversible sites for Li storage,
contributing to the overall capacity when the product is used as
electrode in LIBs. Furthermore, the G- and D-bands in different
Ge@C−N samples both exhibit an obvious shift compared to
those of the Ge@C, which may be ascribed to the C−C
expansion or contraction and the changes in electronic
structure resulting from different N contents according to the
previous reports.33−35 All of these results indicate the formation
of carbon and successful N-doping, which undoubtedly

enhance the conductivity of the Ge and induce more defects,
enduing the resultant hybrid with excellent electrochemical
performance.
To further determine the composition and chemical state of

the sample, X-ray photoelectron spectroscopy (XPS) measure-
ment was conducted on the sample obtained at 600 °C (we
name this sample as the typical Ge@C−N hybrid in the
following discussion). As shown in the survey XPS spectrum
(Figure 3a), those three obvious signals can be assigned to C
and O elements, while the N and Ge peaks are not distinct,
which may due to these two elements being firmly embedded
in the carbon matrix. However, their high-resolution spectra
confirm the existence of Ge and N in this hybrid. The XPS
spectrum (Figure 3b) for Ge 3d shows a broad peak with
binding energy less than 30 eV, which can be assigned to the
Ge phase. The peak at 32.5 eV can be attributed to the Ge−O
bond, which may result from the local heating effect during the
test process.36 Figure 3c shows the fitted high-resolution
spectra of the C 1s core-level, which display five peaks. The
peak at around 284.5 eV (69.1 atom %) can be assigned to C−
C in the carbon. Other peaks at 285.8 eV (9.9 atom %), 286.4
eV (9.2 atom %), 288.6 eV (7.7 atom %), and 292.3 eV (4.1
atom %) can be attributed to C−N, C−O, CO, and π−π*,
respectively.37 As for the N 1s spectra (Figure 3d), the peaks
located at 399.8 (53.4 at%) and 397.5 eV (46.6 at%)
correspond to the pyrrolic nitrogen and Ge−N bond,
respectively.38,39 Therefore, Raman and XPS both confirmed
the presence of metal−N and C−N bonds, which are believed
to be indispensable for the high electrochemical performance.
The microstructure of the resultant samples was examined by

field-emission scanning microscopy (FE-SEM) and trans-
mission electron microscopy (TEM). From the FE-SEM
images, it can be seen that the precursor is composed of
agglomerates with tens of micrometers (Figure 4a) and the
inset clearly displays the optical photo of the precursor
monolith with diameter of about 1 in., which exhibits well-
defined discal morphology with an orange color. After heat
treatment, the agglomerates are relatively uniform in size. In
addition, the diameter of the NPs increased with the increasing
of the annealing temperature, which will have important effect
on the electrochemical performance. The inset image in Figure
4b reveals that the annealed product still exhibits discal

Figure 4. FE-SEM images of (a) the precursor and (b) the typical Ge@C−N hybrid. The inset ones corresponded to the sample’s optical photos.
(c−e) The TEM images of the typical Ge@C−N hybrid. (f) The HRTEM image and (g) the corresponded SAED pattern of the typical Ge@C−N
hybrid. (h) Nitrogen adsorption−desorption isotherms and the corresponded pore-size distribution of the as-resultant typical Ge@C−N hybrid.
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monolith morphology with diameter smaller than 1 in., which
has a dramatic shrinkage compared to the precursor. Figure
4c−e shows TEM images of the typical Ge@C−N hybrid with
different magnifications. More specifically, the Ge NPs have an
average diameter of ∼60 nm. Since the carbon was formed
synchronously with the Ge NPs, the Ge NPs are in intimate
contact with the conductive carbon matrix at both the
microscopic and molecular level, which is confirmed by the
higher-magnification TEM image (Figure 4e). It can be

observed that the Ge NPs were firmly embedded inside a
uniform carbon matrix. This unique microstructure would be
beneficial for improving the electrochemical performance of the
hybrid. Figure 4f shows the high-resolution TEM (HRTEM)
image of a single Ge particle, and the lattice fringe with an
interplanar distance of 0.20 nm can be attributed to the (220)
plane of Ge. The diffraction rings in the selected area electron
diffraction (SAED, Figure 4g) indicate the polycrystalline
nature of the hybrid. To further examine the porous properties

Figure 5. (a) CV curves of the typical Ge@C−N electrode for the first six cycles. (b) Discharge/charge voltage profiles of the typical Ge@C−N
electrode at 0.1 A g−1 for different cycles.

Figure 6. (a) Cycling performance and the corresponding Coulombic efficiency of the typical Ge@C−N electrode at 0.1 A g−1. The cycling
performance comparison of Ge@C−N hybrids along with the bare Ge at 0.5 A g−1 (b) and at various current densities (c).
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of the typical Ge@C−N hybrid, N2 adsorption/desorption
isotherm measurements were performed, as shown in Figure
4h. A rapid growing of the adsorption capacity at relatively low
pressures (p/p0 < 0.1) and a hysteresis loop at p/p0 in the range
of 0.3−0.9 in the isotherms indicate the presence of mesopores
and micropores in this hybrid.40,41 The corresponding pore size
distribution curve also confirms this kind of hierarchically
porous structure (see the inset in Figure 4h). Such a porous
structure gives rise to a Brunauer−Emmett−Teller (BET)
surface area as high as 268.13 m2 g−1. The high surface area may
provide a large number of active sites for the electrochemical
performance. Furthermore, the pore structure could effectively
reduce the diffusion path of lithium ions and electrons in
electrode material and increase the electrochemical reaction
area, both of which are beneficial for the electrochemical
performance.42,43

In view of the novel structure and the porous feature of the
typical Ge@C−N hybrid, we investigate its electrochemical
performance as an anode in LIBs. Figure 5a displayed the cyclic
voltammetry (CV) curves of the typical Ge@C−N hybrid
obtained with the annealing temperature of 600 °C at a scan
rate of 0.1 mV s−1 in the range of 0.01−1.50 V, which agree
with the previous reports.10,22,44 A small reduction peak at
around 0.3 V in the first cycle could be associated with the
formation of a solid electrolyte interphase (SEI) layer. The
lithiation peaks at around 0.51, 0.36, and 0.13 V along with the
delithiation peaks at about 0.57 V in the different cycles
correspond to the phase transition between Ge and LixGe
alloy.18,44−46 Additionally, it is worth noting that the CV curves
are well-overlapped, implying the good cycling stability of the
Ge@C−N electrode during the discharge/charge process.
Figure 5b shows the discharge−charge voltage profiles cycled
at a current density of 0.1 A g−1 with a cutoff voltage window of
0.01−1.50 V vs Li+/Li. The first lithiation delivers a capacity of
1884.3 mAh g−1 and 57.3% of the inserted Li can be reversibly
delithiated, giving a charge capacity of 1080.4 mAh g−1. The
high capacity loss in the first cycle is also common in other
anode materials, which is mainly caused by the formation of the
SEI layer solid.17,47

Figure 6a shows the cycling performance of the typical Ge@
C−N electrode at 0.1 A g−1 for a potential window of 0.01−
1.50 V. The capacity value was calculated on the basis of the
total mass of N-doped C and Ge. It can be seen that the
electrode exhibits exceptional cycling stability during 90
charge/discharge cycles with slight capacity decay. It can retain
a highly reversible capacity up to 1240.3 mAh g−1 after 90
cycles, with a Coulombic efficiency of 98.6%. Figure 6b
presents the cycling performance of the Ge@C−N hybrids
obtained with different annealing temperatures as well as the
bare Ge and Ge/C at 0.5 A g−1 (the characterization of Ge/C is
shown in Figure S3, Supporting Information). It can be
obviously seen that the typical electrode displays relatively
excellent capacity retention and cycling performance. It can
deliver a lithium storage capacity as high as 813.4 mAh g−1 even
at 0.5 A g−1 after 90 cycles, which exhibits high capacity
retention ratios of about 85.6% and 99.8% compared with the
2nd cycle and the 10th cycle, respectively. This capacity is
significantly higher than that of the bare Ge (235.5 mAh g−1)
and Ge/C hybrid (328.6 mAh g−1) and also higher than those
of the hybrids obtained at 500 and 700 °C (597.1 and 738.8
mAh g−1, respectively). In addition, it can also be observed
from Figure 6b that the sample annealed at 700 °C exhibits
relatively high initial discharge capacity, but its capacity

retention ratios are relatively low. The reason may be related
to its relatively low carbon and nitrogen contents and larger
particle size. From the previous CHN element analysis results,
we know that the contents of C and N in the hybrids both
decrease, but the N content drops more evidently with the
increase of the annealing temperature. The lower C content
inevitably increases the Ge content (with high theoretical
capacity) in the resultant hybrid, which may result in the higher
capacity in the initial cycle; meanwhile, the high temperature
results in the larger size of Ge particles accordingly, which is
not beneficial for alleviating the volume changes during charge/
discharge process, thus leading to poor cycling performance.
Moreover, low N-doping content yields fewer defects in the
carbon layer, which cannot provide more active sites for the
additional Li ion storage. In view of the above aspects, we think
that, for the optimal sample annealed at 600 °C, the C/N ratio
combined with the Ge particle size may achieve the best
balance, which contributes to the final excellent cycling stability
and relatively high capacity. Furthermore, it is well-known that
the rate capability is an important parameter for practical
applications of LIBs, for example, especially for electric vehicles
and power tools. Therefore, we evaluated the rate capability of
the samples under a wide range of current densities (from 0.5
to 3 A g−1). As displayed in Figure 6c, a capacity of 406.6 mAh
g−1 for the typical Ge@C−N hybrid electrode can be obtained
even at a high current density of 3 A g−1. When the rate comes
back to 0.5 A g−1, the capacity of the typical Ge@C−N hybrid
can recover to the value similar to the initial one, indicating its
excellent capacity capability. Additionally, compared with the
bare Ge, Ge/C, the hybrids annealed at 500 and 700 °C, the
typical sample exhibits relatively good cycling stability and rate
capability under the same test conditions.
To obtain more insight into the superior electrochemical

performance of the porous Ge@C−N hybrid, electrochemical
impedance spectroscopy (EIS) measurements were conducted.
Figure 7a,b displays the Nyquist plots for the typical Ge@C−N
hybrid, bare Ge, and Ge/C electrodes after 90 cycles at 0.5 A

Figure 7. (a, b) Electrochemical impedance spectroscopies of the
typical Ge@C−N, bare Ge, and Ge/C electrodes after 90 cycles at 0.5
A g−1 along with the corresponding simulation plots. The inset ones
are the equivalent electrical circuits for fitting. (c) SEM image and (d)
TEM images of the typical Ge@C−N electrode after 90 cycles at 0.5 A
g−1. The inset in part d is the corresponding HRTEM image.
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g−1. The measured EIS spectra are analyzed and fitted, and an
equivalent circuit for this cell is also provided. Generally, the
Nyquist plots consist of a depressed semicircle in the high-
middle frequency regions followed by a sloping straight line in
the low-frequency region. The high-frequency semicircle
corresponds to the electrolyte resistance (Rs), while the
semicircle at high-middle frequencies can be assigned to the
SEI resistance and contact resistance (Rf) and the charge-
transfer impedance on electrode−electrolyte interface (Rct).
The sloped line in the low frequency region can be ascribed to
the typical Warburg impedance (Zw), which is related to the
semi-infinite diffusion of the Li ions in the electrodes. However,
for the Ge@C−N and Ge/C samples (Figure 7b), they display
an obvious difference in the front part of the Warburg diffusion
when compared to the pure Ge (Figure 7a), which can be
assigned to the barrier layer diffusion of the Li ions in the
current electrodes due to the formation of the barrier layers,
and the corresponding impedance is depicted as ZT.

48 It can be
obviously observed that the diameter of the semicircle for the
Ge@C−N electrode is much smaller than that of the bare Ge
and Ge/C after 90 cycles, indicating the lower charge transfer
resistance and an enhanced electric conductivity of the Ge@C−
N hybrid.20,49 This conclusion is also confirmed by the fitted
results based on the equivalent circuit depicted in Figure 7a,b
(insets). The Rct for the Ge@C−N electrode is 23.3 Ω, which is
much smaller than those of the bare Ge (112.2 Ω) and Ge/C
(45.7 Ω). These results indicate that N-doped C endows the
Ge with a higher conductivity, which can enhance the
electrotransport during the electrochemical process.50 In
addition, to provide further insight into the excellent perform-
ance of the Ge@C−N hybrid, a SEM study was used to test the
morphology of the hybrid electrode after 90 cycles at 0.5 A g−1

(Figure 7c). The Ge@C−N electrode almost maintains its
overall morphology. The TEM image along with the HRTEM
image (Figure 7d) indicated that the Ge NPs changed into
ultrafine Ge NPs with a particle size less than 3 nm, which are
homogeneously confined in the carbon matrix. Similar to the
literature,51 the homogeneous distribution of Ge NPs may
make them connect electrochemically with the carbon more
closely, benefiting the charge transfer; meanwhile, the smaller
size of the Ge NPs will partially alleviate the volume change and
significantly reduce the Li+ transport path,52,53 all of which
contributed to the final excellent electrochemical performance.
The lithium storage performance for the as-prepared hybrid

is superior over most of the previous reports, as listed in Table
1. According to these investigations, we believe that the
excellent lithium storage performance of the typical Ge@C−N
hybrid may be attributed to the small size of Ge particles, the
three-dimensional N-doped carbon network, the chemical bond
between Ge and N, and the porous structure. In detail, the
small size of the Ge grains could alleviate the volume
expansion/contraction during the discharge/charge process to
some extent.59 The coating of carbon could also effectively
accommodate the volume change of Ge and limits the
agglomeration of Ge NPs.2 The introduction of N-doped
carbon can provide a continuous pathway for electron transport
and further buffers the volume change of Ge NPs, improving
the elasticity and conductivity of the resultant electrode.
Meanwhile, more Li insertion active sites would be produced,
owing to more defects originating from the N-doping, which
can enhance the lithium storage of the active materials.17,20

Additionally, the Ge−N chemical bond avoids the aggregation
of Ge or LixGey particles during cycling, which is believed to be

beneficial for the excellent electrochemical performance.2

Finally, the porous structure can increase the contact area of
the electrolyte and electrode, reduce the lithium ion diffusion
path, and alleviate the strain induced by the volume change
during the cycling process.22,32,49 All of these aspects contribute
to the high capacity, cycling stability, and rate capability of the
Ge@C−N hybrid.

4. CONCLUSION

In conclusion, we have developed a facile and scalable approach
to prepare Ge@C−N hybrid with a hierarchically porous
structure via a solvothermal treatment followed by an annealing
process. The resultant Ge@C−N hybrid features multiple
advantages, including a continuous electrically conductive
carbon network, binding the Ge nanoparticles with carbon
through a Ge−N chemical bond, and a porous structure for
volume expansion of Ge particles. Compared with the bare Ge,
the typical Ge@C−N hybrid exhibits high capacity, good
cycling stability, and excellent rate capability under the same
test conditions. The unique composition and structure not only
can effectively alleviate the stress and accommodate large
volume changes upon prolonged cycling but also can provide
fast electronic and ionic transfer channels. Besides, the porous
structure can reduce the ion transport length and increase the
contact area of electrode and electrolyte, yielding more Li+

crossing the interface. Moreover, the current fabrication
method is very simple and highly scalable, which can be
extended to other battery electrode material systems.
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annealed at 500 and 700 °C, and the XRD pattern and SEM
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http://pubs.acs.org/

Table 1. Capacity Comparison of Present Work with
Reported Ge-Based Materials

samples

current
density
(mA g−1)

cycle
number

capacity
(mAh g−1) ref

C/Ge composites ca. 506 30 545.1 6
porous C/Ge
nanowire

160 50 789 7

Ge@CNF@C 50 50 553 18
Ge/SCNT 25 40 417 23
Ge-CNFs 243 100 740 24
Ge@C composite 800 100 734 45
3D Ge/GR
composites

160 50 832 50

Ge@GR composites 400 600 675 54
Ge/CNT/Cu foam 150 100 800 55
binder-free Ge-3D
GR

437 100 1140 56

Ge@C composite 100 50 579 57
Ge wires/Ge fibers ca.122 50 1200 58
Ge@C−N 100 (500)a 90 1235.0 (813.4)a this

work
aThe cycles in parentheses in row 2 correspond to the capacity values
in parentheses in row 4.
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