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1. Introduction

Advanced energy-storage systems are critically important for
meeting the ever-increasing demand for applications from
portable electronics to all-electric vehicles, and recently for ap-
plications in the grid for storing energy from fluctuating re-
newable sources, such as wind or solar energy. Lithium-ion
batteries (LIBs) have received worldwide attention as a top per-
forming energy-storage system. Currently, graphite is being
used as the commercial anode material in LIBs. However,
graphite has a relatively low theoretical capacity of
372 mA h g�1, which significantly limits the fast-growing
demand in energy storage. Other group-IV elements, such as
Si, Ge, and Sn, are being considered as substitutes of graphite
in LIBs because of their much higher theoretical capacities.[1]

Among these candidate anode materials, Si is the most popu-
lar one and has been extensively studied. This is because Si
possesses the highest theoretical capacity, 4200 mA h g�1 for
Li22Si5 at high temperature[2, 3] or 3579 mA h g�1 for Li15Si4 at
room temperature,[4, 5] which is about one order of magnitude
higher than that of the graphite anode material.

Compared to Si, Ge has received much less attention, de-
spite its high volumetric capacity (7366 A h L�1 for Li15Ge4),

second only to silicon (8334 A h L�1 for Li15Si4), as well as its
high gravimetric capacity (1384 mA h g�1 for Li15Ge4).[1, 6] Al-
though Ge is more costly than Si, which could be the main
reason for the lack of attention in the past, Ge has several out-
standing features as a promising high-capacity anode material :
1) High electronic conductivity : since the bandgap of Ge (Eg =

0.66 eV at 300 K) is smaller than that of Si (Eg = 1.12 eV at
300 K),[7] Ge has a much higher intrinsic electronic conductivity
than Si. 2) High lithium (Li) ion diffusivity: the diffusivity of the
Li ion in Ge is about two orders of magnitude larger than that
in Si at room temperature.[8, 9] With these favorable transport
properties, it is expected that Ge will have a better rate capa-
bility than Si. Fast transport of both electrons and Li ions is
highly desired for achieving a high charging/discharging rate
in LIBs.[8] Thus, a battery design that balances optimal energy
and power densities could be achieved through Ge-based LIBs.
With technical improvements to produce Ge, which is abun-
dant in the Earth’s crust, it is anticipated that the price of Ge
could be reduced in the near future. In recent years, there has
been a drastic increase in scientific research on Ge and Ge-
based materials for applications in LIBs.[6, 10–44]

A major drawback of high-capacity electrode materials, such
as Si and Ge, is the huge volume change upon full lithiation/
delithiation (about 281 % for Li15Si4 and 246 % for Li15Ge4),[45]

which could result in pulverization of the electrode and de-
lamination from the current collector, thereby leading to a sig-
nificant capacity loss of the LIBs.[46–49] The large volume change
is also believed to be responsible for damages in the solid
electrolyte interphase (SEI), causing irreversible capacity loss.
The severe mechanical degradation of both the anode and SEI
prevents Si and Ge from commercialization. To address this
issue, various types of nanostructures, such as nanowires,
nanotubes, and nanoparticles, have been studied with encour-
aging improvement in capacity retention compared to their
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bulk counterparts. Such improvement has been attributed to
the facile strain accommodation and the short diffusion path
for electron and Li-ion transport in these nanostructured elec-
trodes.[50–54]

After the seminal work by Chan et al. on Si nanowires as
a novel anode material for LIBs,[47] a follow-up work was report-
ed on Ge nanowires grown via the vapor–liquid–solid (VLS)
method, and an initial discharge capacity of 1141 mA h g�1 was
achieved at a rate of C/20.[10] Recent studies were also per-
formed on other types of Ge nanostructures, such as nano-
tubes,[13] nanoparticles,[14, 15, 40] and thin films.[6, 16] It is notewor-
thy that compared to solid nanowires, hollow nanotubes have
the additional advantages of an even larger surface area to fa-
cilitate Li-ion transport, as well as the bidirectional accommo-
dation (both inward and outward) of volume expansion. For
example, Park et al. prepared ultra-long Ge nanotubes from
core–shell Ge–Sb nanowires using the Kirkendall effect at
700 8C.[13] The Ge nanotubes exhibited an exceptionally high
rate capability, up to 40 C (40 A g�1), while maintaining a rever-
sible capacity larger than 1000 mA h g�1 over 400 cycles. After
400 cycles, porous structures formed in the amorphous Ge
nanotubes.

Besides engineering the geometry of Ge nanostructures, the
alloying/integration of Ge with other elements, such as
Si,[35, 36, 44] Sn,[33] Ti,[38] Cu,[34, 37, 41] and carbon (in forms of gra-
phene,[26–29] carbon nanotubes,[23–25] and other carbon compo-
sites[17–22]), have also been investigated. These studies aimed to
take advantage of each individual alloy constituent, as well as
their collective effects, so as to optimize the anode perfor-
mance. Song et al. developed Si/Ge double-layered nanotube
array electrodes for LIBs and measured a capacity of
1746.1 mA h g�1 in the first discharge and 1544.6 mA h g�1 in
the first charge. This value is larger than the theoretical capaci-
ty for pure Ge.[36] Also, the capacity retention at 3C rate is two
times that reported for analogous homogeneous Si nanotubes.
The high capacity and good rate capability are ascribed to the
combination of Ge and Si to enhance the overall performance.
Xue et al. used hybrid Ge/C core–shell nanoparticles with re-
duced graphene oxide as an anode material for LIBs. Their
measurements showed an average columbic efficiency larger
than 99 % for up to 50 cycles after the second cycle and an en-
hanced capacity of 380 mA h g�1 after 50 cycles under a high
current density of 3600 mA g�1, compared with a capacity of
100 mA h g�1 for Ge/C nanoparticles under the same current
and cycling conditions. The improved cycling performance and
rate capability were attributed to the electronically conductive
and elastic networks of the reduced graphene oxide, as well as
the effective mechanical buffering of the carbon shell.[21] Yu
et al. demonstrated that a 3D bicontinuous Au/amorphous Ge
thin-film electrode fabricated by thermal evaporation can de-
liver a reversible capacity of up to 1200 mA h g�1 and have a ca-
pacity retention of 90 % even after 100 cycles. This improved
performance was attributed to the facile ion/electron transport
in the network structure of the bicontinuous electrode and the
ability of the 3D porous structure to accommodate large
volume changes.[42]

2. In Situ TEM Electrochemistry

Although the battery performance can be significantly im-
proved with nanostructured Ge-based materials, the funda-
mental mechanisms of the reaction, diffusion, microstructure
evolution, and damage accumulation in electrodes during elec-
trochemical cycling cannot be fully understood by ex situ coin
cell testing. Recently, in situ transmission electron microscopy
(TEM) electrochemistry has emerged as a powerful approach
to reveal the dynamic processes of electrochemical reactions
and mechanical degradations in electrodes at the nano-
scale.[45, 55] This novel method is capable of capturing the struc-
tural and phase evolution—as well as the changes in chemical
composition—of nanostructured electrodes with a high resolu-
tion (down to the atomic scale) in real time.[48, 56–76] Details of
the in situ experimental setup can be found in recent re-
views.[45, 55] In this Concept, we highlight the recent study of
lithiation/delithiation behaviors in Ge nanowires and nanopar-
ticles by using the in situ TEM electrochemistry technique.
New phenomena and understanding, including a two-step
phase transformation (c-Ge ! a-LixGe ! c-Li15Ge4), fast lithia-
tion kinetics, isotropic swelling during lithiation, nanoporosity
formation after delithiation, and a tough fracture behavior, are
reviewed to provide mechanistic insights into the electro-
chemo-mechanical processes in Ge electrodes. Finally, open
questions about Ge-based electrodes, as well as prospects for
future research and applications, are discussed.

3. Mechanistic Insights into the Lithiation/
Delithiation of Ge Electrodes

Figures 1 a–e show the typical microstructural evolution in
a crystalline <112>-Ge nanowire during the first lithiation.
The Li ions diffuse both along the surface and into the core
along the radial direction. The resulting core–shell structure,
with negligible tapering, indicates that the transport of Li ions
on the nanowire surface is much faster than that in the bulk. Li
alloys with crystalline Ge (c-Ge) to form amorphous LixGe (a-
LixGe),[39] similar to the electrochemically driven solid-state
amorphization process in Si.[77, 78] Fast surface diffusion and
solid-state amorphization were also observed in Si nano-
wires.[79, 80] The magnified TEM image in Figure 1 i clearly shows
the core–shell structure: an unlithiated c-Ge core is enclosed
by a lithiated a-LixGe shell with clear gray contrast. A thin sur-
face layer of Li2O is formed by lithiation of the surface native
oxide. A lithiated a-LixGe nanowire (Figure 1 d) is quickly crys-
tallized, as evidenced from the crystal contrast shown in Fig-
ure 1 e and the electron diffraction pattern (EDP) in Figure 1 h.
The EDPs shown in Figures 1 f–h verify the two-step phase
transformation: c-Ge ! a-LixGe ! c-Li15Ge4, which is similar to
the first lithiation in crystalline Si.[79] During lithiation, the Li-
rich (i.e. x ~3.75) and Li-poor (e.g. x ~2.5) phases of a-LixGe
could possibly be formed at different lithiation stages or coex-
ist, similar to the lithiation of Si.[81, 82] However, a phase boun-
dary separating the Li-rich and Li-poor phases of LixGe was not
observed by our in situ TEM studies, probably because the
transformation from the Li-poor to Li-rich phase occurred too
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fast. The possible phase transformations have been indicated
with multiple peaks in the cyclic voltammetry data by Bagget-
to and Notten.[6] However, further experiments, such as in situ
TEM quantitative electrochemistry, are required to correlate
the phase changes with the electrochemical signatures. It
should be emphasized that the lithiation of c-Ge is much faster
than that of c-Si.[39, 79] A complete lithiation of c-Ge can be ach-
ieved without either high n-type doping or carbon coating.
Such difference can be correlated to the fast Li transport in Ge,
that is, the Li diffusivity in Ge is about two orders of magni-
tude higher than that in Si, as extrapolated from high-tempera-
ture measurements. On this basis, Ge should be considered as
a favorable candidate of the high-rate anode material in LIBs.

The in situ TEM images in Figure 2 show that the lithiated c-
Li15Ge4 nanowire can be delithiated to amorphous Ge (a-Ge)
with a nanoporous structure. In ex situ coin cell experiments,
a similar porous structure after delithiation was also observed
by Cho et al. for Ge nanotubes[13] and by Yuan et al. for Ge
nanowires.[12] . The formation of nanopores was attributed to
the effective local aggregation of free volumes created during
Li extraction, similar to the formation of porous metals in se-
lective dealloying. However, unlike other types of high-capacity
electrodes suffering from pulverization during cycling,[46, 60] the
delithiated porous Ge nanowires neither fractured nor pulver-
ized. Incidentally, we have recently shown the size-dependent
fracture of lithiated Si nanomaterials and attributed the tough
response of small-sized Si nanoparticles and nanowires to the
small fracture driving force (i.e. strain energy release rate),

which reduces with decreasing sample size. Such an analysis of
the size-dependent fracture driving force should be applicable
to Ge nanomaterials.[80] In addition, the fracture resistance of
lithiated/delithiated Ge might be higher than that of lithiated/
delithiated Si.[40] Further experimental studies of the fracture
properties of lithiated/delithiated Ge nanomaterials should be
conducted.

In addition, Ge nanowires exhibited a remarkably reversible
transformation between c-Li15Ge4 and a-Ge, as revealed by in
situ TEM experiments under multiple cycles (Figure 2). The
porous Ge nanowires after each delithiation formed a network
structure, retaining the integrity of the Ge electrode which is
critical to capacity retention. The porous structure also resulted
in an increase of surface area of the electrode to facilitate Li-
ion diffusion. During cycling, changes in the outer diameter of
the porous Ge nanowire can be reduced, compared to nano-
wires without a porous structure, because the pores can ac-
commodate most of the volume expansion and contraction.
Such an apparent decrease in volume changes can reduce the
damages in SEI covering the outer surface of the Ge nano-
wires. All of these properties promote Ge as a high-rate elec-
trode with less damage accumulation in both the electrode
and SEI. Incidentally, to realize the aforementioned advantages,
the porous structures are often introduced into high-capacity
anode materials during materials synthesis, such as Si,[83, 84]

Ge,[14, 42, 85] and GeOx.
[32]

Another interesting feature associated with porous struc-
tures is the so-called “pore memory effect” during cycling.[39]

Figure 1. Typical morphology and microstructure evolution in a crystalline Ge nanowire during the first lithiation. The nanowire swelled and elongated upon
lithiation (a–d), which converted the crystalline Ge (c-Ge) [electron diffraction pattern (EDP) in panel f] into amorphous LixGe (a-LixGe) (EDP in panel g). Subse-
quently, the a-LixGe alloy transformed into crystalline Li15Ge4 (c-Li15Ge4) (bright TEM image in panel e and EDP in panel h). i) High-magnification TEM image of
a zoom-in area of the nanowire during the first lithiation, showing the intermediate state with c-Ge core wrapped by a-LixGe. The surface Li2O layer is from
the lithiation of a native oxide layer on the Ge nanowire surface. Reprinted with permission from ref. [39] . Copyright 2011, American Chemical Society.
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From the second to fifth cycles (shown in Figure 2), it can be
seen that the nanopores almost retained their sizes and
shapes, and surprisingly reappeared at the same locations
during each delithiation (Figures 2 d, f, and h). The “memory”
of the porous structure in previous cycles is beneficial for the
battery performance because it can minimize the formation of
fresh Ge surfaces exposed to electrolytes, thus reducing the
formation of extra SEI and increasing the columbic efficiency.

Recently, it has been shown from both in situ[48] and ex situ
experiments[86, 87] that the lithiation of c-Si is highly anisotropic,
with the largest and smallest expansion occurring along the
<110> and <111> directions, respectively. However, the lith-
iation of crystalline Ge is almost isotropic, as evidenced by
both the axial elongation and radial swelling in <112>-Ge
nanowires,[39] in contrast with the little axial elongation in
<112>-Si nanowires.[48] In situ electrochemical experiments
under high-resolution TEM imaging have revealed the atomis-
tic origin of the lithiation anisotropy in c-Si. It was found that
Li ions can hardly penetrate the {111} close-packed Si planes,
but can lithiate other crystallographic planes by peeling off the
local, inclined, atomic-scale {111} facets via a ledge flow pro-
cess, as shown in Figures 3 a–b.[88] This orientation dependence
of the atomic-scale lithiation underlies the anisotropic swelling
in c-Si because the slow movement of the reaction front along
the <111> directions in c-Si significantly delays the expansion

along the <111> directions. In contrast, the atomic-scale lith-
iation process of a <111>-Ge nanowire observed from the
[110] zone axis shows a different phenomenon (Figure 3 c from
our ongoing research). It is worth noting that the crystal ge-
ometry of the growth direction as well as the view direction
for c-Ge (Figure 3 c) is the same as that in the lithiation process
of c-Si shown in Figure 3 a. The interface between c-Ge and a-
LixGe is atomically sharp but the peeling-off effect of each
(111) plane was not obvious. This orientation independence of
the atomic-scale lithiation can be correlated to the nearly iso-
tropic expansion in c-Ge during lithiation, and warrants further
study in the future.

Theoretical and computational models have been recently
developed to understand the origin of lithiation anisotropy in
c-Si.[89–94] Based on our early two-phase lithiation model,[48]

Yang et al. performed continuum finite element simulations of
anisotropic swelling in c-Si and showed that lithiation is con-
trolled by the orientation-dependent mobility of the reaction
front.[89] Jung et al. employed first-principles molecular dynam-
ics simulations to show that the interfacial energy for the (110)
interface is the smallest, which correlates to the preferential ex-
pansion along the <110> direction.[90] Chan et al. also con-
ducted first-principles simulations to model the lithiation pro-
cess in c-Si, and showed that the lithiation of a {110} surface is
thermodynamically more favorable than that of other surfa-

Figure 2. Reversible volumetric changes in four sequential lithiation/delithiation cycles. After each lithiation process, the nanowire became thicker and
showed a crystalline contrast (a, c, e, g). After each delithiation process, the nanowire shrunk, became porous, and showed an amorphous contrast (b, d, f, h).
The nanowire was transformed between the c-Li15Ge4 phase (lithiated) and the a-Ge phase (delithiated). The porous structure was only formed at each deli-
thiation stage. Interestingly, the location and distribution of nanopores were almost unchanged. Reprinted with permission from ref. [39] . Copyright 2011,
American Chemical Society.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemElectroChem 2014, 1, 706 – 713 709

CHEMELECTROCHEM
CONCEPTS www.chemelectrochem.org

www.chemelectrochem.org


ces.[91] Recently, Cubuk et al. fur-
ther developed multiscale simu-
lation models to explain the
morphological evolution of c-Si
upon lithiation from a dynamic
point of view.[92] However, there
are less models for Ge. Chan
et al. investigated the onset volt-
age for lithiation of the (100),
(110), and (111) planes in both Si
and Ge single crystals by using
first-principles calculations, cyclic
voltammetry, and Raman spec-
troscopy. It is found that the
onset lithiation voltage of the Si
(110) plane is higher than that of
the (111) and (100) planes, which
is consistent with the experi-
mentally observed preferential
expansion along the <110> di-
rection. In contrast, the onset lithiation voltages are close for
the above three planes in Ge, indicating the orientation inde-
pendence of lithiation in Ge.[94] Understanding the physical
origin of the difference in lithiation between c-Si and c-Ge

from a kinetic perspective at both the continuum and atomic
scales warrants further study.

Another intriguing property of Ge as a promising anode ma-
terial is its tougher response (compared to Si) during lithia-
tion–delithiation cycling. Lithiation of both c-Si and c-Ge usual-
ly involves a two-phase mechanism, where a sharp interface
exists between the crystalline/unlithiated and the amorphous/
lithiated phases (Figure 4).[39, 48, 79, 88] Although it has been
proven that Si nanostructures exhibit a better cyclability and
rate ability compared to their bulk counterparts,[47] there is
a critical size for c-Si nanoparticles above which fracture always
occurs during lithiation.[80] Specifically, individual c-Si nanoparti-
cles with different sizes were lithiated during in situ TEM ex-
periments. It was found that Si nanoparticles suffered fracture
if the particle size was beyond ~150 nm, and fracture initial-
ized from the surface of the particles. The surface fracture has
been attributed to the buildup of a large hoop tension in the
outer surface of the Si nanoparticles during two-phase lithia-
tion. Our in situ TEM observation further showed that surface
cracking mostly occurs where the adjacent {110} facets inter-
sect. Such a fracture site coincides with the local stress concen-
tration caused by the mismatch of large lithiation expansions
normal to the respective {110} facets (Figure 4 g).[80] As shown
in Figures 4 a–c, the lithiation in Si is obviously orientation-de-
pendent, as the inner unlithiated core shows a hexagonal
shape. In contrast, lithiation in Ge (Figures 4 d–f) is nearly ori-
entation-independent, as evidenced by the nearly uniform
thickness of the lithiated shell. The Ge nanoparticles were
tough during the lithiation process without any visible crack-
ing. Our continuum chemo-mechanical model further suggest-

ed that the tough behavior of Ge could be attributed to the
weak anisotropy of lithiation strain at the sharp reaction
front.[40]

Figure 3. Comparison of the atomic-scale lithiation process between crystal-
line Si and crystalline Ge. a) High-resolution TEM image showing the lithia-
tion process in crystalline Si through lateral ledge flow at the amorphous-
crystalline interface (ACI). b) Schematic representation of peeling-off each
layer of the {111} atomic facets in Si. c) High-resolution TEM image showing
the lithiation process in crystalline Ge. Note that the growth direction of the
nanowires and the viewing direction of the electron beam (zone axis) are
the same for Si (a) and Ge (c). The peeling-off process in the lithiation of Ge
is not obvious, indicating that the Li ion can easily penetrate the {111}
planes in Ge, which can result in the almost isotropic lithiation for Ge, in
contrast to the highly anisotropic lithiation for Si. a–b) Reprinted with per-
mission from ref. [88] . Copyright 2012, Nature Publishing Group.

Figure 4. Comparative study of the size-dependent fracture in crystalline Si and the tough behavior in crystalline
Ge during lithiation. The original sizes of both Si and Ge nanoparticles are around 160 nm. a–c) Anisotropic swel-
ling and crack formation in a crystalline Si nanoparticle. The partially lithiated particle showed a hexagon-shaped
unlithiated Si core with {110} facets. d–f) Nearly isotropic swelling without fracture in a crystalline Ge nanoparticle.
g) Schematic showing the development of an intensified hoop tension near the fracture plane (dashed line) due
to the anisotropic expansion in crystalline Si. Reprinted with permission from ref. [40] . Copyright 2013, American
Chemical Society.
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4. Conclusions and Future Research Directions

Building better LIBs is critically important for a number of tech-
nological revolutions that scientists and engineers around the
world are pursuing. Ge-based electrode materials are promis-
ing candidates for the development of high-performance LIBs,
owing to the excellent electronic, ionic, and mechanical prop-
erties of Ge. In addition to its high capacity, Ge has the advan-
tages of fast lithiation kinetics, formation of memory nano-
pores, isotropic expansion, and tough response. These com-
bined properties rarely exist in other material systems. Hence,
Ge should be considered as a very promising anode material
for LIBs. Among a vast list of potentially intriguing directions
for future research, several areas present particularly pressing
needs:

4.1. Lithiation Mechanism in Amorphous Ge

The lithiation of a-Si has been shown to involve a two-step
process : a-Si ! a-LixSi (x~2.5) ! a-LixSi (x~3.75),[81–82] and the
first step occurs through a two-phase mechanism, with a sharp
interface in between the unlithiated and lithiated parts. A nat-
ural question arises: will the lithiation of a-Ge also involve the
two-step and/or two-phase process? Resolving this question
through in situ TEM experiments would provide a fundamental
basis for understanding the microstructure evolution, stress
generation, and mechanical degradation in a-Ge during lithia-
tion.[95] If a sharp interface exists, the novel TEM-based digital
image correlation analysis[81] can be applied to map the distri-
bution of lithiation strain, thereby enabling the determination
of spatial variation of lithium across the interface. It should be
noted that electron diffraction alone might not be sufficient to
identify the phases across the interface, since the diffused
halos from the amorphous phases would be similar and inac-
curate enough to be used for identifying the phases. Quantita-
tive electron energy-loss spectroscopy (EELS) could be em-
ployed to distinguish the phases.[96]

4.2. Origin of Isotropic Lithiation in Crystalline Ge

A nearly isotropic swelling has been observed during lithiation
of c-Ge. However, the atomistic mechanism underlying the iso-
tropic lithiation expansion remains unclear. Ge has the same
crystal structure as Si, but the orientation dependence of the
lithiation expansion is drastically different in both cases. Under-
standing the physical basis of this difference may provide guid-
ance for controlling the directionality of lithiation expansion
through engineering Si and Ge by alloying. To this end, crucial
mechanistic insights could be obtained by in situ TEM imaging
of the atomic-scale processes at the phase boundary during
lithiation of c-Ge.

4.3. Origin of the Tough Behavior of c-Ge

Our TEM studies demonstrated that c-Ge nanoparticles reversi-
bly underwent ~260 % volume change during multiple lithia-
tion/delithiation cycles without fracture for a large range of

sizes from 100 nm to submicrons. While the isotropic expan-
sion could explain the absence of stress concentration at the
intersection sites between adjacent {110} facets,[80] it remains
unclear why the Ge nanoparticles can survive the large, fast
volume expansion without damage and fracture. To address
this issue, the aforementioned phase-transformation pathway
of Ge needs to be mapped out for its close correlation to the
stress generation and evolution. In addition, the mechanical
properties and the fracture resistance of the lithiated Ge prod-
ucts need to be carefully measured and modeled as a function
of the Li concentration, similar to recent works carried out for
Si.[97–99]

4.4. Engineering Ge-Based Electrodes

Given the favorable properties of Ge relative to Si, the perfor-
mance of Ge-based electrodes could be further improved by
coating, processing of Ge-based heterostructures or hybrid
structures, and controlling the porosity during cycling. Coat-
ings, such as Al2O3 and TiO2,[100–102] have been applied on the
electrode materials to improve the battery performance. Re-
cently, we showed that engineering the coating of Ge nano-
wires by a conformal, epitaxial, and ultrathin Si surface layer
can drastically change the lithiation behavior from the domi-
nant radial lithiation (without coating) to the axial lithiation
(with coating).[103] In addition, surface coatings, such as Al2O3

and TiO2, could act as effective protection layers to minimize
the consumption of Li during SEI formation, thus increasing
the columbic efficiency. Controlling the porosity during cycling
is also essential for minimizing the overall volume changes and
stabilizing the SEI during cycling.
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