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Development of advanced lithium ion batteries (LIBs) re-
quires new electrode materials with superior energy density,

power density, and cycle stability. Germanium (Ge) is one of the
most promising candidate anode materials with high volumetric
capacity (7366 A h L�1), second only to silicon (8334 A h L�1).1

Although the gravimetric capacity of Ge, 1384 mA h g�1,2,3 is
considerably lower than 3579 mA h g�1 of Si mainly due to the
larger mass density, Ge has certain advantages as an anode
material: (1) The capacity of Ge is significantly higher than the
theoretical capacity of carbonaceous materials (372 mA h g�1)
used in current LIBs. (2) Ge has a higher intrinsic electronic
conductivity due to its smaller band gap of 0.6 eV compared to
Si.4 (3) The diffusivity of Li in Ge is 400 times higher than in Si at
room temperature,5�7 allowing high rate capability demon-
strated up to 1000C (1 C ≈ 1500 mA g�1).5 (4) Unlike Si, Ge
does not form stable oxide on the surface and GeOx is water
soluble.4,5 Despite these merits, Ge has attracted much less
attention than Si, probably due to its higher price, which may
be reduced in the future because Ge is abundant in the Earth’s
crust.5

Herein, we report a detailed study of the lithiation/delithiation
behavior of Ge nanowires (GeNWs) using in situ transmission

electron microscopy (TEM).8�15 For the first time, nanopore
formation and spongelike segment growth during delithiation
were directly recorded in real time. Fast reversible expansion and
contraction of the nanowire during cycling, a “breathing” mode
of electrochemically driven cyclic deformation, were also ob-
served, indicating mechanical robustness and fast kinetics of a Ge
anode in LIBs. Compared to the other materials (Si, Sn, SnO2,
ZnO, carbon nanotubes, etc.) studied with the same experimen-
tal setup,8�15 GeNWs exhibit the highly desirable combination
of high energy density, rate capability, and cycle stability and thus
are promising anodes for advanced LIBs.

The GeNWs were synthesized using a chemical vapor deposi-
tion (CVD)method via the vapor�liquid�solid (VLS)mechan-
ism. In a typical synthesis process, gold (Au, 100 nm in diameter)
colloids were used as catalysts, over which a mixed gas of 300
sccm germane (GeH4, 30% diluted in hydrogen, H2) and 50
sccm phosphine (PH3, 100 ppm in H2) were flowing while the
pressure was kept at 3 Torr. The temperature was first kept at
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ABSTRACT: Retaining the high energy density of rechargeable lithium
ion batteries depends critically on the cycle stability of microstructures
in electrode materials. We report the reversible formation of nanoporosity
in individual germanium nanowires during lithiation�delithiation cycling
by in situ transmission electron microscopy. Upon lithium insertion, the
initial crystalline Ge underwent a two-step phase transformation process:
forming the intermediate amorphous LixGe and final crystalline Li15Ge4
phases. Nanopores developed only during delithiation, involving the
aggregation of vacancies produced by lithium extraction, similar to the formation of porous metals in dealloying. A delithiation front
was observed to separate a dense nanowire segment of crystalline Li15Ge4 with a porous spongelike segment composed of interconnected
ligaments of amorphousGe. This front sweeps along thewire with a logarithmic time law. Intriguingly, the porous nanowires exhibited fast
lithiation/delithiation rates and excellent mechanical robustness, attributed to the high rate of lithium diffusion and the porous network
structure for facile stress relaxation, respectively. These results suggest that Ge, which can develop a reversible nanoporous network
structure, is a promising anode material for lithium ion batteries with superior energy capacity, rate performance, and cycle stability.
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365 �C for 90 s for nucleation, followed by growth at 275 �C for
70 min. All the in situ electrochemical tests were conducted in a
Tecnai F-30 TEM operated at 300 kV with a Nanofactory TEM-
scanning tunneling microscopy (STM) holder. Figure 1 shows a
typical as-grown GeNW with a tapering morphology. The
GeNWs were about 10 μm long (Figure 1a), with significantly
different diameters from the root to the tip, being about 125 and
40 nm, respectively (Figure 1b), due to vapor�solid (VS) radial
growth during the VLS growth process. The electron diffraction
pattern (EDP) and high-resolution TEM image show that the
GeNW was single-crystalline with a 2-nm thick GeOx layer on
the surface (Figure 1c). The growth direction of the GeNWs was
Æ112æ of the diamond structure (Figure 1c). Figure 1d shows a
schematic illustration of the experimental setup of an all solid
nanobattery cell.8,9,15 A piece of fresh Li metal was used as the
reference electrode and lithium source, while a Li2O layer served
as the solid-state electrolyte to allow Li+ transport.8,9,15 This Li2O
layer was naturally grown on the surface of the Li metal during
the sample transfer process from the glovebox to the TEM.
During lithiation, a bias of�2 V was applied to the GeNWs with
respect to the Li metal. Panels e�g of Figure 1 show the
lithiation-induced morphology change of another GeNW, in

which the red arrow marks the lithiation front. The pristine
GeNW was straight (Figure 1e). During lithiation, the nanowire
became thicker and bent as lithium was inserted into it
(Figure 1f). After lithiation, the nanowire was significantly
thickened and elongated (Figure 1g). In contrast to the little
axial elongation in Æ112æ SiNWs,9,10 GeNWs always showed
obvious elongation during lithiation.

Figure 2 shows a close view of the microstructure evolution of
the Ge NWs during lithiation. The single crystalline Ge (c-Ge)
nanowire was gradually converted to an amorphous LixGe
(a-LixGe) nanowire in a core�shell mode when the lithiation
front moved radially from the nanowire surface toward the center
(Figure 2a�d). Meanwhile, the diameter increased from 39 to
67 nm at the marked location. This stage of phase transformation
involved the electrochemically driven solid state amorphization
(ESA), as similarly occurring to the SiNWs.9,10 Subsequently, the
a-LixGe alloy quickly crystallized to a single crystalline nanowire,
and the nanowire diameter further expanded to 83 nm at the
same marked place (Figure 2e). The above sequential phase
transformations of c-Gef a-LixGef c-Li15Ge4 were identified
by the EDPs (Figure 2f�h), consistent with the in situ X-ray
diffraction results from conventional electrochemical tests.2,3,5

Figure 2i shows a magnified TEM image of another GeNW
during the ESA process, which clearly resolves the core�shell
structure: c-Ge in the center, wrapped by thick a-LixGe, Li2O on
the surface with a thickness of ∼5 nm. The Li2O layer was
crystalline, as shown in the EDPs (Figure 2g,h). The lithiation
process of GeNWs shows similar features as the SiNWs in terms
of the phase transformation sequence and the core�shell
structure.9,10 Like Si, Ge also undergoes a two-step lithiation
process: M f a-LixM f c-Li15M4 (M = Si or Ge). The
intermediate amorphous LixM phase has a large solubility range
(Δx) for lithium and at higher x can be structurally and
chemically similar to the final crystallized Li15M4 phases.

9,10,16�20

The similar development of the core�shell structure indicates a
considerably higher rate of surface transport of Li+ ions than bulk
transport in the first lithiation process. However, there are
obvious differences in the morphological changes between
lithiated Si and Ge, as discussed next.

Figure 3 shows the delithiation process of the lithiated
GeNWs. During the delithiation, a bias of +2 V was applied on
the Li15Ge4 NWs with respect to the Li metal. When the lithium
extraction begun, volume shrinkage was instantly seen near the
contact between the nanowire and Li2O (Figure 3a,b and Movie
S2, see Supporting Information). Shortly after that, nanopores
emerged in the shrunken region, and such a nanoporous region
propagated toward the other end at a speed of ∼5 nm/s
(Figure 3c�f), forming a moving “delithiation front”, which
was a visible interface between a remarkable porous region and
the dense Li15Ge4 nanowire. Figure 3g�j and Movie S3
(Supporting Information) show the similar rapid propagation
of a delithiation front along another nanowire. The formation of
the porous structure and delithiation front can be attributed to
the fast rate of the long-range transport of Li+, as well as the fast
local aggregation of lithium extraction-produced vacancies to
form pores, to be further studied by our theoretical modeling.
Since pores nucleated and grew quickly, the nanowire did not
shrink to a solid thinner wire but formed a spongelike network
with many pores.

It is important to note that the delithiated porous nanowire did
not fracture. Moreover, repeated cycles of lithium insertion and
extraction, accompanied with reversible volume changes resembling

Figure 1. Morphology of Ge nanowires (GeNWs) before and after
lithiation. (a�c) Typical microstructure of a pristine GeNW. (a) Low-
magnification TEM image of a tapered GeNW. (b) Magnified images
showing the thick root and thin tip of the GeNW, with diameters of 125
and 40 nm, respectively. (c) High-resolution image showing the GeNW
grown along the [112] direction andwith a 2 nm thick GeOx layer on the
surface. The inset electron diffraction pattern (EDP) indicates that the
GeNW is single crystalline. (d) Schematic illustration of the experi-
mental setup for in situ electrochemical test. An individual GeNW is the
working electrode, Li metal is the reference electrode, and the Li2O layer
on the Li metal is a solid electrolyte. (e-g) Typical morphology change
during lithiation with both radial swelling and axial elongation. The
pristine GeNW was straight (e) and bending deformation occurred
during lithiation (f, g). The red arrows indicate the lithiation fronts.
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the “breathing” behavior, were observed (Figure 4a�h and Movie
S4, see Supporting Information). For the segment in the field of

view with a length of ∼1 μm, each cycle completed within 1 min,
and reversible phase transformation between the c-Li15Ge4 and a-
Ge phases was achieved (Figure 4i�n). This in situmulticycling test
shows an amazingly robust and reversible process of cyclic lithium
insertion and extraction in the GeNWs. Although the conventional
electrochemical characterizations of single GeNWs based on the
current/voltage profiles were not available yet, structural analyses
unambiguously indicated the completely reversible conversions
between Li15Ge4 and Ge, consistent with the high electrochemical
performance of bulk GeNWs grown by the similar CVD method.6

The electrochemical behavior of the GeNWs showed different
characteristics from Si: First, the lithiation-induced swelling in
the cross section of crystalline GeNWswas much less anisotropic
than SiNWs. This suggests that the mobility of the sweeping
lithiation front (i.e., the two-phase interface between the crystal-
line core and amorphous shell) is less sensitive to the interface
orientation, considering that the large lithiation strain is expected
to occur primarily at the sharp two-phase interface and tend to
align locally with the interfacial normal.9,21 These trends are
consistent with the much less anisotropy of the interfacial
reaction rate in Ge than Si in the wet-etching experiments.22,23

Second, an axial delithiation front, characterized by the formation
of nanopores in its wake, was clearly visible in Ge since the first
delithiation cycle. In Si, nanopores were not observed in the first
few delithiation cycles. Nanoporous formation in crystalline Ge
(but not Si) was also observed during room temperature ion
implantation at high fluences after Ge amorphizes due to vacancy
agglomeration.24,25 Third, single crystalline Li15Ge4 nanowire
(Figures 2h and 4n) formed in Ge after lithiation, in contrast to
the polycrystalline Li15Si4 or amorphous LixSi nanowire formed
after lithiation of Si nanowires,9,10 probably due to the much
higher diffusivity of Li in Ge (and LixGe) that facilitates the
atomic rearrangement during crystallization. The intrinsically
excellent electrical conductivity of Ge, fast cycling kinetics, and
reversible porous structures indicate that Ge is an excellent anode

Figure 3. Nanopore formation and evolution during delithiation. (a�f)
Nucleation of nanopores during the initial stage of delithiation: (a) a
lithiated nanowire; (b) the end of the nanowire contacting Li2O/Li
started to shrink due to the Li+ extraction; (c) nanopore emerged in the
shrunk region as Li+ ions were further extracted; (d�f) propagation of
the nanoporous region. (g�j) Extension of the nanoporous region
during delithiation of another nanowire. The blue arrows indicate the
“delithiation fronts”, i.e., the boundaries between the nanoporous
regions and the Li15Ge4 segments (h�j).

Figure 2. Microstructure evolution during lithiation of the GeNW. (a�e) Morphological evolution of a segment of the GeNW. The pristine single
crystalline Ge (c-Ge) nanowire was straight with a diameter of 39 nm at the marked cross section (a). Lithiation begun from the nanowire surface and the
reaction front propagates toward the center (b�d), resulting in a gray contrast due to the formation of amorphous LixGe (a-LixGe). The diameter
increased to 67 nm (d). Finally the nanowire showed a crystalline contrast again and the diameter further increased to 83 nm (e). (f�h) EDPs showing
the sequential phase transformations from c-Ge (f) via a-LixGe (g) to the fully lithiated single crystalline Li15Ge4 (c-Li15Ge4) phases (h). The diffraction
rings in (g) and (h) were from Li2O. (i) High-magnification image showing the intermediate state during lithiation. From the center to the surface, the
layers were a c-Ge core, an a-LixGe shell, and a c-Li2O layer (∼5 nm thick).
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candidate with high energy density, power density, and cycle
stability for lithium ion batteries, as shown in the electrochemical
measurements of Ge electrode-based batteries in earlier
work.2,3,5,6,26�30

Another striking phenomenon seen in the TEM is the so-
called “pore memory effect” (PME) during cycling. The lithiated
c-Li15Ge4 NWs (Figure 4c,e,g) are rather dense with single-
crystal orientation. When they were delithiated, many pores of
nearly the same sizes and shapes (compare panels d, f, and h of
Figure 4) reappeared at the same old locations. This means
“memories” of previous pores must be somehow retained in
the crystalline configurations (Figure 4c,e,g), despite multiple
crystallization�amorphization cycles and large conformation
changes (reversible local strain on the order of 100%). A likely
explanation for PME is that (a) after the pores were first created,
Li diffusion occurred preferentially along free surface of internal
pores (surface diffusion is much faster than bulk diffusion), thus
regions near the pore were first lithiated and delithiated in
subsequent cycles, like the alveoli of a lung, and (b) during

lithiation, the pores were greatly constricted, but never fully
closed, so when delithiation started, the pores could recover their
old tracks. Besides scientific interest, PME should be important
for modeling electrode damage. PME also means that the first
few cycles of an electrode (break-in period) are critically im-
portant for the subsequent behavior of the electrode, since they
establish a long-memory microstructural pattern that persists.

To understand the pore formation mechanism in the first
cycle, a continuum phase field model was developed to simulate
the delithiation-induced microstructure evolution. During de-
lithiation, nanopores form because the electrochemical extrac-
tion of Li produces vacancies that aggregate into clusters, similar
to the formation of porous metals in dealloying.31 This porosity
formation process is an intrinsically multiscale phenomenon,
involving the local selective dealloying of Li, aggregation of
vacancies, and long-range transport of Li. Our phase field
modeling focused on the first two local processes in a represen-
tative volume element (RVE), which was considered as an open
system undergoing the porosity formation driven by Li extraction

Figure 4. Microstructure evolution of a GeNW during cycling. (a�h) Reversible volumetric changes in four sequential lithiation/delithiation cycles.
After each lithiation process, the nanowire was thickened and showed a crystalline contrast (a, c, e, g). After each delithiation process, the nanowire
shrunk, became porous, and exhibited an amorphous contrast (b, d, f, h). The position and distribution of the nanopores were almost unchanged. (i�n)
Close view at the microstructure changes in the lithiation/delithiation cycles. (i�k) High magnification images showing the morphology changes at the
same place of a nanowire. (l�n) EDPs showing reversible phase transformation between the c-Li15Ge4 (lithiated) and a-Ge (delithiated) phases during
cycling.
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(Supporting Information). Specifically, we note that the devel-
opment of a core�shell structure during lithiation suggested the
greater diffusivity of Li on the surface than in the bulk. Thus it is
plausible to suppose the Li atoms leave a local volume through a
fast diffusion path along the surface of percolated pores. The
subsequent local rearrangement of atoms causes aggregation of
vacancies and thus growth of pores. A further increase of pore
sizes occurs by coalescence of small pores, for reducing the total
surface area and thus lowering the surface energy in the system.
This was simulated as a dynamic phase separation process based
on a free energy function with double wells, giving a segregated
mixture of two phases:32 one is the vacancy (forming pores) and
the other is the homogeneous Li�Ge alloy (forming intercon-
nected ligaments). Tomimic Li extraction, the average fraction of
atomic sites occupied by the Li�Ge alloy in the RVE, denoted as
c(t), was assumed to decease with time, and correspondingly that
by vacancies, 1 � c(t), increased oppositely because of the
conservation of atomic sites—this site conservation assumption
is a first-order approximation to capture the dominant delithia-
tion response of porosity formation by neglecting the loss of

atomic sites due to less significant volume reduction as observed
in experiments.

Figure 5 shows the phase field simulation results of nucleation
and growth of nanopores during Li extraction. The simulated
pore morphology is qualitatively consistent with that observed
through in situ TEM experiments. The characteristic length scale
of nanoporosity, i.e., mean pore size, is controlled by the dynamic
interplay between the rate of Li extraction in the RVE and the
rate of pore growth, i.e., phase coarsening. As discussed earlier,
the former rate is presumably governed by Li transport through a
percolating path along the pore surface, and the latter is dictated
by both the effective atomic mobility in the Li�Ge alloy and the
surface energy of nanopores. Numerical studies indicate that
atomic mobilities must decrease drastically with decreasing Li
fraction. In other words, in the late stage of delithiation, it is
necessary to kinetically freeze the porous structure for retaining a
well-connected network of Ge ligaments between large pores.
This slowdown of diffusional flow with decreasing Li concentra-
tion can be physically interpreted as transition from the Li-
mediated to Ge-dominated diffusion. The latter is expected to be

Figure 5. Modeling of porosity formation and the time law of propagation of the nanoporous region during delithiation. (a�d) Phase field simulation
showing the nucleation and growth of nanopores in a representative volume element (RVE) during Li extraction. The grayscale indicates the local
concentration of the Li�Ge alloy c(x,y,t), i.e., fraction of the atomic sites occupied by the Li�Ge alloy; c≈ 1 (black) represents the Li�Ge alloy phase at
the fully lithiated state and c≈ 0 (white) the pore. c(t) is the average fraction of atomic sites occupied by the Li�Ge alloy in the RVE, and it decreases due
to Li extraction from the RVE. Correspondingly, the ratio of Li to Ge in the Li�Ge alloy phase changes with c(t). For example, when c(t) = 1, the Li�Ge
alloy is Li3.75Ge, and when c(t) = 0.21, it is pure Ge. (e) L�t curve (L, length of the porous region; t, time), showing the time law of the delithiation front
sweeping along the nanowire. Some of the corresponding TEM images are shown in Figure 3g�j. The red line is plotted on the basis of logarithmic
fitting, in agreement with the experimental results (black squares).
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slow when the assistance of “lubricating” Li on diffusion is
lacking.33 It has been discussed earlier that the nanoporous
structure provides a mechanically robust network to accommo-
date large strains during repeated lithiation. These modeling
results imply that the nanoporosity control may be achieved
through tuning the atomic mobilities by means of, for example,
doping.10

In addition to gaining insights into nanoporosity formation,
our theoretical analysis of the long-range transport of Li also
provides a physical rationale for the measured logarithmic time
law of motion of the delithiation front (i.e., a sharp interface
separating the dense and porous segments in the wire). Figure 5e
shows the measured L�t data (L being length of the nanoporous
segment and t being time) of the nanowire whose TEM images
have been shown in Figure 3g�j. These data can be well fitted by
a logarithmic relationship of L = A ln(Bt + 1), with the fitting
constants A = 1117 nm and B = 0.1122/s. As discussed earlier, Li
atoms are expected to leave a local volume along a fast diffusion
path on the surface of a percolating pore. For a short porous
segment, L, all the pores can connect through from Li source to
drain. As L gets longer, we lose more percolating paths, and the
number of fast diffusion paths directly connecting source to drain
is expected to fall off as N � e�L/A, where A is the characteristic
end-to-end length of a multiple-connected pore. Thus in this
initial regime of delithiation, dL/dt�N� e�L/A, and integration
of the foregoing relation gives the logarithmic rate equation of
the form L = A ln(Bt + 1). This is similar to an argument of the
blockage of the “leakage spots” previously used for modeling
oxidation.34,35 Compared to the commonly used parabolic time
law,36 the logarithmic relation enables an improved fitting of
experimental data, thereby providing a more physically reason-
able correlation between the time law of delithiation dynamics
with the state-and-rate effect of morphological evolution on the
long-range Li transport.

Our findings provide new insights into the mechano-
electrochemical behavior in the Ge electrodes. Resembling a
reversible sponge, the porous a-Ge nanowire was a three-
dimensional (3D) interconnected network, which showed simi-
lar morphology (pore size and distribution) after each delithia-
tion process (panels b, d, f, and h in Figure 4). Importantly, unlike
Si, cracks were never observed in the lithiation/delithiation
cycles of Ge nanowires. This indicated that the internal amor-
phous Ge network was stable and robust. Instead of dramatic,
overall geometric changes, the volume changes during cycling
were accommodated by porosity changes, i.e., higher porosity
when delithiated. As a result, the nominal diameter change was
not large after the first cycle when the network was formed
(Figure 4). Furthermore, the formation of pores in Ge occurs via
aggregation of the delithiation generated vacancies. It is an
effective mechanism of stress relaxation, requiring the relatively
fast short-range diffusion of vacancies and/or host atoms (Ge)
compared to the large-range transport of Li to its drain. In
contrast, the often observed cracking in Si during delithiation
would require the buildup of high tensile stresses due to the
ineffective stress relaxation (e.g., local trapping of delithiation-
generated vacancies).37 The mechanical robustness of porous Ge
can be understood in the following three aspects: (1) The tiny Ge
ligaments of the 3D network were nanowires with smaller
diameters (on the order of several to 10 nm) than that of the
original nanowire and thus are more favorable for facile stress
release. (2) Within the network of the sponge, material addition
and removal occur locally without large deformation of the

ligaments. (3) High electronic conductivity and Li diffusivity in
Ge allow fast kinetics and avoid composition heterogeneity that
could induce internal stress. Therefore, once the network was
formed, it enabled reversible and fast lithiation/delithiation of
the spongelike nanostructure. In a real lithium ion battery, such
property could be highly beneficial, because the nanoporous
sponge provides continuous electrical conduction and ion trans-
port paths, thus facilitating fast ion transport, facile stress release,
and cycle stability of microstructures. Because the sponge con-
tained plenty of voids, the nominal volume change during
lithiation is not significant, minimizing the mechanical degrada-
tion during cycling. In practice, a Ge anode with preloaded Li can
be used for fabrication of the battery,38 as the porous Ge
produced by prelithiation may exhibit high mechanical stability,
energy density, and rate performance.
Conclusions. In summary, the electrochemical lithiation/

delithiation behavior of individual Ge nanowires was studied
with in situ transmission electron microscopy. The results
confirmed the Li15Ge4 phase as the final lithiated product and
were consistent with recent electrochemical tests on conven-
tional Ge electrodes. After delithiation, the Ge nanowires were
converted to a nanoporous sponge composed of interconnected
ligaments of amorphous Ge. For the first time, nanopore forma-
tion and propagation were observed in real time during delithia-
tion, providing important insight into the mechanism of
microstructural evolution in Ge electrodes. Fast cycling was
demonstrated for the Ge nanowires with reversible porous
structures. These results indicate that Ge is an excellent anode
candidate with high energy density, power density, and mechan-
ical robustness for advanced lithium ion batteries.
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Supporting Movies 

 Three movies are provided, showing the nanopore nucleation, propagation, and multi-cycling 

of GeNWs, respectively. They are available at 

http://alum.mit.edu/www/zhut/GeNW/S2.mov 

http://alum.mit.edu/www/zhut/GeNW/S3.mov 

http://alum.mit.edu/www/zhut/GeNW/S4.mov 

http://alum.mit.edu/www/zhut/GeNW/S2.mov
http://alum.mit.edu/www/zhut/GeNW/S3.mov
http://alum.mit.edu/www/zhut/GeNW/S4.mov
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Phase field modeling of porosity formation 

A continuum phase field model was developed to simulate the delithiation induced porosity 

formation. Such a process is an intrinsically multiscale phenomenon, involving the selective 

dealloying of Li, local aggregation of vacancies, and long-range transport of Li. Our phase field 

modeling focused on the first two processes in a representative volume element (RVE), which 

was considered as an open system undergoing the phase separation driven by Li extraction. More 

specifically, the formation and growth of pores were simulated as a dynamic phase separation 

process based on a free energy function with double wells, giving a segregated mixture of two 

phases: one is the vacancy (forming pores) and the other is the Li-Ge alloy (forming 

interconnected ligaments). To focus on the porosity formation through vacancy aggregation, we 

simplified the model by making the following assumptions. The Li-Ge alloy was always a 

homogenous single phase due to the high diffusivity of Li in Ge. The total volume of the system 

was conserved during Li extraction. That is, the number of atomic sites remained the same, and 

each atomic site had the same fixed atomic volume. After extraction of one Li atom from the 

RVE, the corresponding site was occupied by one vacancy.  

To capture the phase separation, a simple double-well energy function was taken from the 

regular solution model,1 

  )]1()1ln()1(ln[)( ccccccnkTcf −Ω+−−+=  (S1) 

where n  is the number of atoms per unit volume (in 3D simulation) or area (2D), k is 

Boltzmann’s constant, T  is the absolute temperature, and the dimensionless parameter Ω  

controls the shape of double wells, giving the separated two phases when 2>Ω . In Eq. (S1), 

),,( tyxc  is defined as the local vacancy concentration, i.e., fraction of atomic sites occupied by 

the Li-Ge alloy. The limit of 1≈c  represents the local homogenous Li-Ge alloy, and 0≈c  the 

vacancy.  

 The dynamic processes of phase separation and coarsening were simulated by the Cahn-

Hilliard equation1 

  

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∂
∂
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∂
∂ ch

c
f

n
M

t
c 2

0
2

2 2  (S2) 



 4 

where M is the mobility coefficient, n  is the number of atoms per unit volume or area, and 0h  is 

a positive constant representing the phase boundary energy that drives the phase coarsening.  

 To capture the Li extraction from the RVE, the average fraction of atomic sites occupied by 

the Li-Ge alloy, defined as ∫∫=
RVERVE

/)( dVcdVtc , was assumed to decrease with time,  

  r
dt
cd

−=  (S3) 

where r  is the rate constant. Correspondingly, the average fraction of vacancies, )(1 tc− , 

increases oppositely due to the conservation of atomic sites. Notice that with our definition of 

)(tc ,  the ratio of Li to Ge in the Li-Ge alloy varies with )(tc ; for example, when 1)( =tc , the 

Li-Ge alloy is Li3.75Ge; and when 21.0)( =tc , it is pure Ge. Corresponding to Eq. (S3), the local 

value of ),,( tyxc  was assumed to follow a simple rate relation  

  r
c
c

t
c

−=
∂
∂  (S4) 

It can be readily verified that an integration of both sides of Eq. (S4) over the RVE recovers Eq. 

(S3).  

 Numerical simulations of Eq. (S1-S2) were performed by using the algorithm developed by 

Lu and Suo.2 Specifically, one can define a length scale  

  
nkT
hb 0=   (S5) 

which characterizes the width of phase boundary. A diffusion time scale was defined as 

  2
0

)(kTM
h

=τ  (S6) 

Normalizing the spatial coordinates ),( yx  by b and the time t  by τ , Eq. (S1) and (S2) can be 

combined into a dimensionless equation  
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where the over-hat denotes the normalized variable or operator. Similarly, Eq. (S4) can be 

normalized into   

  r
c
c

t
c ˆ
ˆ −=

∂
∂  (S8) 

where τrr =ˆ  is the dimensionless rate constant. 

 The simulations were restricted in a 2D square cell of size LL×  in the real space, with 

periodic boundary conditions imposed. The cell was divided into NN ×  grids, such that the grid 

spacing was NL /=∆ . Equation (S5) was numerically solved by the Fourier transform.2 The 

following parameters were taken, 256=N , b1=∆ , and 4.0ˆ =∆t . Ω  was set to 2.7, so that the 

corresponding )(cf  of Eq. (S1) is a double-well function with two minima at 1.0≈c  and 

9.0≈c , respectively.  

  A staggered relaxation-extraction algorithm was implemented. In every time step, the local 

concentration ),,( tyxc  was first updated on the basis of Eq. (S7), and then rescaled according to 

the finite-difference form of Eq. (S8)  

  






 ∆
−=

c
trcc
ˆˆ

1oldnew  (S9) 

where oldc  and newc  denote the local concentration before and after rescaling, respectively. The 

system evolved by repeating the above two-step operation. Numerical studies indicated that in 

the late stage of delithiation it is necessary to kinetically freeze the porous structure for retaining 

a well-connected network of Ge ligaments between large pores. In other words, reducing c  

caused a decrease of mobility coefficient M , an increase of diffusion time scale τ  (see Eq. (S6)), 

and accordingly an increase of the dimensionless rate constant  r̂  ( τr= ), with r being the 

constant. Figure 5 in the main text shows the distributions of ),,( tyxc , obtained by taking 
410ˆ −=r  when 5.0≥c  and  3105 −×   when 5.0<c . The simulated pore morphology agrees 

qualitatively with experimental observations, while a more systematic numerical study is needed 

in the future. The implications of the effect of atomic mobilities on the control of nanoporosity 

have been discussed in the text. 
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 Finally, we note that the atomic-level mechanism of initial pore formation during selective 

dealloying of Li is not well understood yet; and it is being studied by our ongoing high resolution 

TEM experiments. Here we describe a plausible mechanism, as motivated by the similar 

dealloying phenomenon of formation of nanoporous metals.3 Specifically, the energetic driving 

force on the local atomic rearrangement during Li dealloying can be understood in terms of the 

need to reduce both the under-coordination of metallic Li atoms and the dangling bonds of 

covalent Ge atoms. A plausible pore formation process can start with the dissolution of a single 

lithium atom on the alloy surface, leaving behind a vacancy. The Li atoms coordinating this 

vacancy have fewer near-neighbors than other Li atoms, and are thus more susceptible to 

dissolution. After the Li atoms around the vacancy are removed and before the next groups of Li 

atoms are attacked, the Ge surface atoms diffuse around to minimize the dangling bonds and start 

to agglomerate into island (i.e., surface clusters). In the early stages, these Ge surface clusters are 

Ge-rich at their tops and have alloy composition at their bases. Continuous removal of Li near 

the surface of these bases leads to pit formation and porosity. Such atomic processes required the 

detailed atomistic calculations of energetics of vacancy formation and surface diffusion, beyond 

the scope of this paper. On the other hand, the process of Ge atoms filling vacancies is unlikely 

to dominate since this would lead to blocking of lithium diffusion pathways; more importantly, if 

the vacancy annihilation dominated, it would suppress the formation of pores and cause 

extremely large volume reduction (i.e., ~ -300% volume strain) which has not been observed in 

experiments.   
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