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a  b  s  t  r  a  c  t

Silicon  (Si)  and  germanium  (Ge)  are  both  recognized  as  a promising  anode  material  for  high-energy
lithium-ion  batteries.  Si is abundant  and  best  known  for its  superior  gravimetric  energy  storage  capacity,
while  Ge  exhibits  faster  charge/discharge  rates  and  better  capacity  retention.  Recently,  it  was  discov-
ered  that  Si lithiation  exhibits  strong  orientation  dependence  while  Ge  lithiation  proceeds  isotropically,
although  they  have  the  same  crystalline  structure.  To better  understand  the  underlying  reasons  behind
these  distinctive  differences,  we  examine  and compare  the  lithiation  behaviors  at  the  Li4Si/c-Si(1  1  0)  and
Li4Ge/c-Ge(1  1 0)  model  systems  using  ab  initio  molecular  dynamics  simulations.  In  comparison  to  lithi-
ated  c-Si,  where  a  sharp  amorphous–crystalline  interface  remains  and advances  rather  slowly,  lithiated
c-Ge  tends  to loose  its  crystallinity  rapidly,  resulting  in  a graded  lithiation  front  of fast  propagation  speed.
ithiation
ithium ion battery anode
ensity functional theory

Analysis  of  the  elastic  responses  and  dynamics  of the  host  Si and Ge lattices  clearly  demonstrate  that  from
the beginning  of  the  lithiation  process,  Ge lattice  responds  with  more  significant  weakening  as compared
to  the  rigid  Si  lattice.  Moreover,  the more  flexible  Ge lattice  is  found  to  undergo  facile  atomic  rear-
rangements  during  lithiation,  overshadowing  the original  crystallographic  characteristic.  These  unique
properties  of Ge  thereby  contribute  synergistically  to the  rapid and  isotropic  lithiation.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Driven by the increasing demands for lithium-ion batteries
LIBs) with higher energy/power density, there has been a grow-
ng interest to replace the current graphite anode with alternative

aterials of higher Li storage capacities. Among them, silicon (Si)
as received tremendous attention because it is abundant and has
he highest known theoretical capacity (4200 mAh  g−1 for Li22Si5
s. 372 mAh  g−1 for LiC6) [1,2]. Germanium (Ge), second only to Si,
as a high theoretical capacity of 1624 mAh  g−1 (Li22Ge [3,4]), but
as just begun to draw more research interests, especially in areas
here it exhibits superior properties to Si. These include (i) higher

ntrinsic electrical conductivity [5], (ii) higher room-temperature
i diffusivity, enabling an ultrafast charging rate up to 1000 ◦C [6],
nd (iii) more resistive to surface oxidation than Si [7].
Being in the same column in the periodic table, Si and Ge
oth exist in the tetrahedrally bonded diamond structure with
he lattice parameters differ only by 4%. Both are ‘alloy-type’
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anodes, which form amorphous alloys with Li (a-LixSi/LixGe)
upon room-temperature lithiation accompanied by large struc-
tural/volume changes, leading to early capacity fading [8–11].
Because of these similarities, one might expect Si and Ge to have
very similar lithiation/delithiation behavior, but as highlighted by
in situ characterizations, Si and Ge appear to have distinctively
different responses to electrochemical lithiation/delithiation [12].
For instance, lithiation of crystalline Si (c-Si) exhibits a strong
orientation-dependence (anisotropic), while crystalline Ge (c-Ge)
is lithiated isotropically. Furthermore, in comparison to Si, Ge of
comparable nano-architecture is able to withstand much faster
charging rates with noticeably less crack formation. On  the the-
oretical side, there have been many studies employing density
functional theory (DFT) to examine Li incorporation in c-Si/a-Si
bulks and nanowires [13–23] but a few on Ge [24,25]. Nonetheless,
the fundamental understanding regarding the nature and origin of
their dissimilar responses to lithiation is still limited.

In this paper, on the basis of DFT and ab initio molecular dynam-
ics (AIMD) calculations, we  first examine the structural evolution

at the lithiation fronts in c-Si and c-Ge, and it turns out that the
two systems are easily distinguished from one another in terms of
lithiation mechanism and lithiation propagation speed. To explain
the origin of these differences, we  investigate the elastic responses
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Fig. 1. (a) Structural evolution of the a-Li4Si/Si(1 1 0) interface with annealing time
t  = 0, 1, 4 and 8 ps, corresponding to different stages of lithiation. (b) A close up view
C.-Y. Chou, G.S. Hwang / Applie

f Si and Ge lattices upon lithiation as well as the role of their lattice
ynamics. The fundamental findings may  assist the rational design
f the next-generation high performance Si- and Ge-based anodes.

. Computational methods

Quantum mechanical calculations reported herein were per-
ormed on the basis of density functional theory (DFT) within the
eneralized gradient approximation (GGA-PW91) [26], as imple-
ented in the Vienna Ab-initio Simulation Package (VASP) [27–29].

he projected augmented wave (PAW) method with a plane-wave
asis set was used to describe the interaction between core and
alence electrons. An energy cutoff of 350 eV was  used for geo-
etric optimization of model structures for the a-Li4Si/Si(1 1 0)

nd a-Li4Ge/Ge(1 1 0) interfaces; all atoms were fully relaxed using
he conjugate gradient method till residual forces are smaller than

 × 10−2 eV Å−1. For Brillouin zone sampling, a (2 × 2 × 2) k-point
esh was used in the scheme of Monkhorst-Pack [30]; the k-point
esh size should be sufficient considering the disordered nature of

he interface systems.
The initial structure for the a-Li4Si/Si(1 1 0) interface was pre-

ared by stacking an a-Li4Si bulk model on top of a c-Si supercell in
he [1 1 0] direction. The a-Li4Si model structure consisted of 51 Li
nd 13 Si atoms has dimensions of 10.914 Å × 11.5761 Å × 8.5576 Å,
hich were tailored to match the same dimensions of the c-Si

attice in the x and y directions [see Ref. [15] for detailed compu-
ational methods]. We  used the GGA-optimized lattice constant of
.457 Å for c-Si, and the 96-atom c-Si supercell has dimensions of
0.914 Å × 11.5761 Å × 15.5761 Å. The a-Li4Si/Si(1 1 0) system was
ully relaxed and then annealed at 500 K for 1 ps to allow sufficient
tomic rearrangement, followed by geometry optimization. The a-
i4Ge/Ge(1 1 0) interface was generated following exactly the same
rocedures; the a-Li4Ge model structure consisted of 51 Li and 13
e atoms has dimensions of 12.2529 Å × 11.5532 Å × 7.4895 Å, the
GA-optimized Ge lattice constant is 5.777 Å, and the 96-atom c-
e supercell has dimensions of 12.2529 Å × 11.5532 Å × 23.3557 Å.
o simulate the lithiation processes, ab initio molecular dynamics
AIMD) simulations were performed at 1000 K; a time step of 1 fs
as used while the temperature was controlled via Nose–Hover

hermostat.

. Results and discussion

To examine the anisotropic lithiation behavior of c-Si, the a-
i4Si/Si(1 1 0) interface was constructed and annealed via AIMD;
n annealing temperature of 1000 K was chosen such that the ther-
al  energy is sufficient to agitate atomic movements but far below

he melting point of c-Si. The abrupt a-Li4Si/Si(1 1 0) system can be
 realistic representation of the lithiation front considering the fol-
owing kinetic and energetic points of view. It is now well known
hat upon lithiation, an a-LixSi layer is formed spontaneously at
he surface because Li atoms diffuse preferentially along the sur-
ace, and driven by the concentration gradient and energetically
avorable Li–Si mixing, Li atoms are incorporated into the Si matrix,
orming LixSi alloys [14,18,19,31]. With the rising Li concentration
x), Li diffusivity (DLi) tends to increase by orders of magnitude
14,15,32], suggesting the solid-state amorphization (converting c-
i into a-LixSi alloys) is kinetically feasible at room temperature
nd such process continues till the most stable alloy composition
s reached around x = 4 [15,31]. Given this picture, lithiation of c-Si

ill be controlled by the reaction at the a-Li4Si/c-Si interface. Here,

nly the (1 1 0) crystal orientation is considered since it has been
ound to be the most favorable facet for Si lithiation [17,25].

Fig. 1(a) shows the structural evolution of the a-Li4Si/Si(1 1 0)
nterface with annealing time (t = 0, 4, 8 and 16 ps). During the
of  interfacial Si atoms break off as dimers (SiB SiD). (c) Structural evolution of the
a-Li4Ge/Ge(1 1 0) interface with annealing time t = 0, 4, 8 and 16 ps. (d) Interfacial
Ge  atoms mostly break off as monomers (GeG).

simulation, the amorphous–crystalline interface (ACI) remains
sharp, while Li atoms diffuse into the c-Si region very slowly despite
the high annealing temperature. This clearly demonstrates that the
lithiation process proceeds in a layer-by-layer fashion, leading to
the anisotropic lithiation of c-Si, which is consistent with previous
experimental and theoretical findings [17,23]. As Li atoms diffuse
into the c-Si region, as shown in Fig. 1(b), the interfacial Si atoms dis-
solve into the a-Li4Si region preferentially as dimers (like SiB SiD),
apparently due to the weakening of their back bonds (like SiA SiB
and SiB SiC) as a result of charge transfer from Li atoms [13,15,17].
In addition, only the interface Si layer is highly distorted whereas
the crystallinity in the subinterface layers remains nearly intact,
resulting in the sharp ACI.

Next, we  examined the lithiation behavior of c-Ge; for direct
comparison, the a-Li4Ge/Ge(1 1 0) interface was  constructed and
annealed at the same temperature (1000 K). As shown in Fig. 1(c),
there appears to be distinct differences between the Ge and Si cases.
Compared to the Si case, Li diffusion into the c-Ge region is much
faster while the Ge lattice distortion is farther extended beyond the
interface layer, resulting in the graded/disordered lithiation front.

This suggests that the lithiation of c-Ge may occur isotropically, in
contrast to the anisotropically lithiated c-Si, consistent with previ-
ous experimental observations [12]. In addition, as Li atoms diffuse
into the c-Ge region [Fig. 1(d)], the interfacial Ge atoms break off
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Table  1
(a) Calculated bulk modulus (B) of 64-atom c-Si [c-Ge] upon the incorporation of 0,
4  and 9 Li atoms, together with the corresponding degree of host lattice softening.
(b) The restoring force acting on a selected c-Si (c-Ge) host atom displaced from its
equilibrium position by 0.02 Å in ±x, ±y and ±z directions.

(a) # Li in Si [Ge] B (GPa) Softening (%)

0 88.4 [58.0]
4 87.1 [53.2] 1.5 [8.2]
9  82.1 [46.5] 7.1 [20.0]

(b) Si (5.457 Å) Ge (5.777 Å)[ −0.13 0.00 0.00
] [ −0.10 0.00 0.00
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Fig. 2. AIMD snapshots of a-Li4Si/Si(1 1 0) and a-Li4Ge/Ge(1 1 0) model systems
annealed at 1000 K for 8 ps; the subinterface atom of interest is labeled as ‘SiA’ and
‘GeA’ in red color, and the atoms involved in atomic rearrangement during a time
Force (eV Å−1) 0.00 −0.13 0.00
0.00 0.00 −0.13

0.00 −0.10 0.00
0.00 0.00 −0.10

nd dissolve into the a-Li4Ge region mostly as monomers (like GeG)
nstead of dimers in the Si case. To better understand the underly-
ng reasons behind the abovementioned differences between c-Si
ersus c-Ge lithiation, in the following sessions, we  analyzed (i)
he elastic response and (ii) the dynamic behavior of c-Si and c-Ge
attices upon lithiation.

.1. Effect of host matrix stiffness

It is well understood that upon lithiation, the transferred charge
from Li) fills the antibonding sp3 states of neighboring Si (Ge)
toms and thereby weakens the host network [13,15]. Comparisons
etween Li Si and Li Ge bonding interactions and their impacts on
-LixSi and a-LixGe alloy formation were discussed in our previous
ork [13,15,24,33]. Here, we will focus on assessing the lithiation-

nduced softening in c-Si and c-Ge by comparing the variations in
he bulk modulus (B) of their 64-atom pristine supercells upon
he incorporation of 4 and 9 Li atoms, corresponding to Li con-
entrations around 6 at.% and 12 at.%, respectively. The geometry
nd volume of the supercells were re-optimized after the Li incor-
oration. The B values are determined by fitting the Murnaghan
quation of state [34] to the corresponding energy versus volume
urve.

(V) = E0 +
(

BV

B′

)[
(V0/V)B′

B′ − 1
+ 1

]
− V0B

(B′ − 1)

here E and E0 refer to the total energies of a given pristine and Li-
ncorporated c-Si (c-Ge) supercell at volume V and V0 (equilibrium),
espectively; B′ is the pressure derivative of B.

In our calculations, uniform tensile and compressive strains
ere imposed on the systems to achieve ±10% volume variation.
s summarized in Table 1(a), the calculated B for c-Si (lattice con-
tant a = 5.457 Å) and c-Ge (a = 5.777 Å) are 88.4 GPa and 58.0 GPa,
espectively, in good agreement with the experimental values [35].
s the Li concentration increases to 6 at.% and 12 at.%, B of lithiated
-Si decreases to 87.1 GPa and 82.1 GPa, respectively, showing 1.5%
nd 7.1% softening. The same trend is observed in lithiated c-Ge,
nly the reduction in B is much more pronounced (8.2% and 20%),
hich is reasonable considering that (i) the charge transfer from Li

s farther spread in c-Ge [24], corresponding to the more extended
attice softening and (ii) c-Ge of a lower B is likely to be less resis-
ant to the lithiation-induced distortion. According to our analysis,
f a Si atom (of the stiffer c-Si lattice) was displaced from its equi-
ibrium position by 0.02 Å in ±x, ±y and ±z, the restoring force was
alculated to be −0.13 eV Å−1; however, if the same condition was

pplied to a Ge atom (of the less stiff c-Ge lattice), the restoring
orce was only −0.10 eV Å−1 [Table 1(b)]. Therefore, in comparison
o Si, Ge shows more appreciable lattice softening upon lithiation,
hich in turn facilitates faster Li incorporation and amorphization,

esulting in the rapid isotropic Ge lithiation.
interval of 8 ps are marked as ‘SiB’ and ‘GeB’ in blue color. (For interpretation of the
references to color in this figure legend, the reader is referred to the web  version of
this article.)

3.2. Role of lattice dynamics

Finally, we examined the dynamic behavior of Si and Ge lattices
in the near-interface region as the lithiation front progresses. Fig. 2
shows AIMD snapshots of the a-Li4Si/Si(1 1 0) and a-Li4Ge/Ge(1 10)
systems after 8 annealing at 1000 K. In each system, we  randomly
selected a Si or Ge atom in a subinterface layer (labeled as ‘SiA’ or
‘GeA’ in red color) and tracked its bonded neighbors (marked as ‘SiB’
or ‘GeB’ in blue color). The analysis was repeated a sufficient num-
ber of times so that the illustration shown here is a good statistical
representation. For a time interval of 8 ps, in a-Li4Si/Si(1 1 0), SiA
tends to remain bonded to the same four SiB neighbors, suggesting
that the subinterface c-Si lattice is nearly stationary and barely rear-
ranges its configuration. This matches the layer-by-layer lithiation
mechanism in which only the interface layer is affected by lithi-
ation, yielding the sharp amorphous–crystalline interface (ACI).
Contrarily, GeA in the a-Li4Ge/Ge(1 1 0) system is found to undergo
migration through a series of bond breaking, bond switching, and
new bond forming events. Such facile atomic rearrangements upon
lithiation lead to extended lattice disordering far beyond the lithi-
ated layer. As the result, the lithiation front is graded and advances
isotropically at a much faster rate as compared to the c-Si case. Like-
wise, since Ge can easily undergo atomic rearrangements, we also
anticipate the matrix to be more flexibly adjusted to the large strain
variation during Li insertion/extraction and thereby contribute to
the crack reduction and better cycleability.

4. Summary

DFT and AIMD calculations were performed to understand the
lithiation behaviors in the a-Li4Si/Si(1 1 0) and a-Li4Ge/Ge(1 1 0)
model systems; the (1 1 0) crystal orientation is considered since
it has been found to be the most favorable facet for Si lithiation. In
particular, we  examined the structural evolution at the lithiation
front, and related which to the distinct elastic response and lattice
dynamics pertain to lithiated c-Si and c-Ge. Our  simulations show
that upon lithiation, c-Si exhibits a sharp amorphous–crystalline
interface (ACI), which propagates rather slowly and anisotropi-
cally in a layer-by-layer fashion. The weakened Si Si bonds at
ACI break off mostly as dimers and dissolve into the lithiated a-
Li4Si phase. However, lithiated c-Ge exhibits distinctively different

lithiation features. As Li atoms diffuse into the c-Ge region, the
crystallinity is destroyed rapidly, and the lattice distortion is far-
ther extended beyond the interface layer, resulting in a graded
fast-advancing lithiation front. These suggest the lithiation process
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roceeds isotropically at a much higher speed in c-Ge than c-Si.
n addition, at the lithiation front, Ge atoms are found to mostly
reak off as monomers instead of dimers in the Si case. To better
nderstand the underlying reasons behind these differences, we

nvestigated the elastic responses of the c-Si and c-Ge lattices upon
ithiation as well as the role of their lattice dynamics.

Firstly, we found that in comparison to Si, the Ge lattice is
ore flexible and less resistive to distortion. Upon lithiation, the

i-induced lattice softening is more prominent in Ge. With 4 at.%
nd 9 at.% Li incorporation, the bulk modulus (B) of c-Si is reduced
rom 88.4 GPa by 1.5% and 7.1%, respectively, while more signifi-
ant reductions are predicted for lithiated c-Ge as B decreases from
8.0 GPa by 8.2% and 20%, respectively. Furthermore, we examined
he dynamic behavior of the c-Si and c-Ge lattices upon lithiation.
n comparison to the rather motionless c-Si matrix (each Si atom
s bonded with the same four nearest neighbors during the entire

D duration), the atomic rearrangements in the Ge lattice tend to
xtend far beyond the initial adjacent neighbors through a series of
ond breaking, bond switching, and new bond forming events.

Our results clearly demonstrate that, with a small degree
f Li alloying, the rigid Si lattice responds with less significant
eakening as compared to the Ge lattice, thereby well retains

he crystallographic properties of unlithiated planes, leading to a
harp amorphous–crystalline interface (ACI) and strong orienta-
ion dependence of lithiation. Contrarily, Ge shows pronounced
attice weakening even at low Li concentrations, such that upon
ithiation, the original crystallographic characteristic is overshad-
wed by the sufficiently facile/flexible host atom rearrangements,
hereby resulting in the graded lithiation front, which propagates
sotropically. Likewise, since Ge can easily undergo atomic rear-
angements, the matrix is more flexibly adjusted to the large strain
ariation during Li insertion/extraction, and thereby minimizes
rack formation, leading to improved cycleability. The origin and
xtended impacts of the anisotropic Si vs. isotropic Ge lithiation
re first brought to light in the present work, and we anticipate
he improved understanding on the lithiation dynamics may  con-
ribute to the design/development of the next-generation high
erformance Si- and Ge-based anodes.
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