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Abstract
Engineering silicon into nanostructures has been a well-adopted strategy to improve the cyclic
performance of silicon as a lithium-ion battery anode. Here, we show that the electrode
performance can be further improved by alloying silicon with germanium. We have evaluated the
electrode performance of Si,Ge,_, nanoparticles (NPs) with different compositions.
Experimentally, Si,Ge,_, NPs with compositions approaching SisoGes, are found to have better
cyclic retention than both Si-rich and Ge-rich NPs. During the charge/discharge process, NP
merging and Si-Ge homogenization are observed. In addition, a distinct morphology difference is
observed after 100 cycles, which is believed to be responsible for the different capacity retention
behavior. The present study on Si,Ge;_, alloy NPs sheds light on the development of Si-based
electrode materials for stable operation in lithium-ion batteries (e.g., through a comprehensive
design of material structure and chemical composition). The investigation of composition-
dependent morphology evolution in the delithiated Li-SiGe ternary alloy also significantly
broadens our understanding of dealloying in complex systems, and it is complementary to the well-
established understanding of dealloying behavior in binary systems (e.g., Au-Ag alloys).

Online supplementary data available from stacks.iop.org/NANO/26/255702/mmedia
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1. Introduction

Silicon, with its high theoretical capacity (3600 mAh g™"), has
emerged as a promising anode candidate for lithium-ion
batteries. However, the intrinsic properties of silicon,
including its large volume change during the lithiation/deli-
thiation cycles, lead to severe electrode pulverization and
capacity loss, and thus have hampered its practical usage [1].
Recently, strategies for engineering silicon into nanos-
tructures have been prevalently adopted, with the goal of
providing additional free space to accommodate volume
expansion [2—4]. In addition, the structural integrity of silicon
during the lithiation step has been intensively investigated
both theoretically and experimentally, and these investiga-
tions could provide guidance for better structural designs that
may lead to further performance improvements. For example,
recent achievements include the successful synthesis of a
variety of nanostructures such as silicon nanowires [5-7],
silicon hollow structures [8—11], and porous silicon [12-16],
which have significantly advanced the cyclic performance of
the silicon anode. In addition, increased fundamental under-
standing of its structural evolution has been achieved by
taking advantage of in situ TEM observation [17-20], which
has disclosed the correlation between structural integrity and
particle size. For instance, silicon NPs smaller than 150 nm
are free to expand without initiating cracks when lithium
atoms are inserted [21].

Apart from adapting the structural design of silicon to
stabilize its cyclic performance, strategies for modifying its
chemical functionality, such as alloying silicon with other
elements, also deserve critical research attention. For exam-
ple, a thin layer of carbon coating on the silicon anode will
considerably suppress the decomposition of electrolytes on
the silicon surface, and therefore will significantly improve
the electrochemical behavior of the silicon anode [22]. Other
silicon-carbon composites such as silicon embedded in a
variety of carbon matrices also demonstrate improved elec-
trode performance. In these composites, the carbon matrix
significantly increased the electrode conductivity and buffered
a large volume change of silicon during lithium ion insertion
and extraction [23-26]. Apart from the carbon additive,
understanding the electrochemical performance of silicon
alloyed with other elements is of great interest and impor-
tance, since adding additional elements will provide addi-
tional degrees of freedom to tune the material properties,
which could be beneficial to the development of an advanced
silicon-based battery anode with high capacity and long cyclic
life. In addition, researching the structural evolution of a
delithiated Li-SiX multicomponent system and examining the
effect of the added components to the resultant morphology
may disclose rich information, because it is much more
complicated than—and complementary to—the well-estab-
lished understanding of dealloying behavior in binary systems
(e.g., Au-Ag alloys [27-29]). This dealloying behavior has
already generated a significant impact on the fabrication of
nanoporous materials for various applications, including cat-
alysis [30, 31], sensing [32], and supercapacitors [33].

The SiGe alloy is one of the most interesting and simple
material systems for lithium-ion battery anodes. The simpli-
city of this prototypical alloy lies in the almost identical
lithiation and delithiation behavior of Li-Si and Li-Ge binary
systems [34-37], which make the SiGe alloy an ideal choice
for identifying the effect of the added components in the
dealloying process. Previous research indicates that a better
rate capability can be reached in multilayered Si-Ge films than
in pure Si [38, 39] due to the high electronic conductivity of
Ge [40]. Studies of Si,Ge;_, alloy thin films also demonstrate
that the capacity retention of the electrode material can be
significantly improved with an increase of the Ge fraction
[41]. While significant progress has been made in the study of
SiGe films for battery applications, little attention has been
given to SiGe NPs, which are of great interest and may dis-
play different battery performance than SiGe thin films due to
their morphology differences.

Here we evaluate the battery performance of Si,Ge,_,
alloy NPs, and we report on the morphology evolution of the
NPs at a delithiated state after the 1st, 5th, and 100th cycles.
Interestingly, NP merging is found at an early stage of
cycling, suggesting the existence of strong collective and
synergetic effects among the NPs during the lithiation/deli-
thation process, which is consistent with a previous report on
the merging of pure Si NPs [42] and the welding of silicon
nanowires [43]. Furthermore, merged NPs are found to con-
tinually evolve into interconnected porous structures after
long lithiation/delithiation cycling, which is absent in pre-
vious in situ TEM studies on silicon NPs [19] and nanowires
[43]. In addition, Si,Ge,_, NPs with compositions close to
SisoGeso are found to be more stable than pure silicon and
other SiGe compositions in repeated cyclic tests, which
implies the correlation between composition and morphology
evolution during cycling.

2. Results and discussion

High vacuum-based deposition techniques such as molecular
beam epitaxy and chemical vapor deposition have been
commonly adopted to engineer atomic fractions of silicon and
germanium as a thin film onto a substrate. Even though these
techniques can finely tune the composition ratio, which is
appropriate for electronic applications, they require high
temperature processes and high vacuum systems with limited
growth rates. While the growth of pristine silicon [44] and
germanium NPs [45] using solution-based chemical approa-
ches with high production yield has previously been reported,
no research has been published on SiGe alloy NPs using
solution methods. In this work, we have chosen to use laser
pyrolysis of the gaseous precursor for SiGe alloy NP synth-
esis [46—48]. A focused laser beam (wavelength 10.6 ym) was
aligned to cross the gas flow line perpendicularly within the
reaction chamber. The gas mixtures were jetted from two
coaxially aligned tubes; reaction gas mixtures flew through
the inner tube and the He gas flew through the outer tube to
confine reaction gases and products. All the gas flows were
regulated by mass flow controllers. SiH4 (99.9999%, Daesung
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Figure 1. Structural characterization of as-synthesized Si,Ge,_, NPs. (a) XRD of various Si,Ge;_, samples indicate their single phases. (b)
TEM and (c) HAADF-STEM images of Si;;Ge,3 NPs at different magnifications. The subtle contrast difference in (d) high-resolution
HAADF-STEM indicates the nonhomogeneity of Si-Ge distribution at an atomic scale. (¢) Elemental distribution of Si (blue) and Ge
(yellow) of the Si77Ge,3 sample. (f) A schematic model illustrates the nonhomogeneity of Si-Ge.

Industrial Gases Co., Ltd) and GeH; (99.999%, 10%
diluted in H,, Voltaix Inc.) gases were used as feed stocks for
Si,Ge;_, NPs, and SF¢ was used as a photosensitizer gas to
promote the dissociation of SiH, and GeH,. The flow of SiH,
was fixed to 25 sccm/min, while the flow of GeH, was varied
to control the composition ratio of Ge within the Si,Ge;_,
alloy NPs. The pressure of the reaction chamber was main-
tained at 400 Torr during the synthesis process. The NPs were
collected at a membrane filter installed in a tightly sealed
collector and transferred to a glove box without exposure to
the air. A typical production yield of SiGe alloy NPs is more
than 3 gh™" using a pilot setup with a 60 W maximum power
CO, laser. The production yield is primarily limited by the
power of the laser beam, which is implicative of possible
scale-up considering the multi-kW CO, lasers that are cur-
rently commercially available. Contact-free synthesis and
continuous process are the outstanding features of the laser
pyrolysis technique, which is taken into account in this study.

As-synthesized Si,Ge;_, (x in the range from 0 to 1.0)
NPs were characterized to be in single phase in the x-ray
diffraction (XRD) pattern (figure 1(a)), and the peak shifts
among different samples illustrate the composition difference,
which was further confirmed through energy dispersive x-ray
analysis (EDX) performed with a transmission electron
microscope (TEM). The atomic concentration in these NPs
was determined to be Si;g0Geg, Si77Gers, SigsGesg, SissGeye,
Sip3Gey7, and SipGeygg, respectively, which correlates with

the molar ratio of the SiH4-to-GeH, gas precursor, as shown
in figure S1 in the Supporting Information. The structures of
all samples with different Si,Ge;_, compositions are quite
similar. The average size of the NPs was determined to be less
than 30 nm, with small differences for all compositions based
on a statistic analysis, using TEM, over 40 NPs for each
sample. The small size of the NPs is also revealed by the
broadening of diffraction peaks and their subtle differences in
the full width at half maximum in XRD. A large view of NP
morphology shown in the SEM images (supporting infor-
mation, figure S2) confirms the uniformity of NP size and the
nonexistence of very large NPs (e.g., larger than 100 nm),
suggesting that NPs can maintain integrity during the charge/
discharge process, and thus it is safe to preclude the NP size
effect to electrode performance.

Here we take the Si;;Ge,; sample as an example, and we
present its typical results. TEM images in figures 1(b) and (c)
show the NP’s morphology at different magnifications. The
NPs are spherical, with a relatively uniform size of approxi-
mately 25 nm in diameter. A highly crystallized structure is
revealed by the lattice fringe shown both in figure 1(c) and in
the atomic resolution image shown in the high-angle annular
dark field scanning TEM (HAADF-STEM) image in
figure 1(d). It is interesting to note the existence of a subtle
contrast difference of the atoms in the HAADF image in
figure 1(d). For example, the bright region at the outer surface
indicates the Ge enrichment, which was further characterized
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Figure 2. Electrochemical performance of Si,Ge;_, NPs as lithium-ion battery anode. (a) Capacity of the cells at different current rates. (b)
Continued cyclic tests up to 100 cycles, which show a dramatic difference in terms of capacity retention. (c) Capacities at the 25th, 50th,
75th, and 100th cycles of Si,Ge,_, were compared at a current rate of 0.8 A g_l. The capacity retention of Si,Ge,_, NPs, defined as the ratio
of capacity at the 100th cycle with respect to the capacity at the 50th cycle, is shown as the square symbol in the figure 2(c).

and clearly visualized in the Si-Ge elemental distribution map
based on the EDX image shown in figure 1(e), since enriched
Ge can be found at the periphery of the NPs. The Ge
enrichment (or segregation) at the NP surface will lower the
surface energy to stabilize the SiGe nanostructure, which has
been demonstrated in the epitaxially grown SiGe alloy [49].
Figure 1(f) presents a schematic atomic model of the SiGe
NP. In the Raman scattering spectra, the coexistence of
Raman shifts of Si-Si, Si-Ge, and Ge-Ge vibrations also
indicate the nonhomogeneous features of the alloy sample at
the atomic scale (supporting information, figure S3).

Coin cells were made to evaluate the electrochemical
properties of the SiGe NPs. Specifically, NPs were mixed
with carbon black and sodium alginate (as a binder) with a
mass ratio of 7:2:1 to form a slurry, which was further coated
on top of copper foils with a doctor’s blade and dried to get
the electrode.

Figure 2(a) shows the specific capacity of cells with
different compositions at different current rates. Except for
the capacity difference in the first several cycles, the fol-
lowing cycles show stable and qualitatively similar capacity
retention behavior at various current rates. However, con-
tinued cyclic tests up to 100 cycles show a dramatic differ-
ence in terms of capacity retention, as presented in figure 2(b).
Figure 2(c) summarizes the electrode capacities for each
Si,Ge;_, composition at different cyclic states. If we define
the capacity retention as the percentage of the capacity at the
100th cycle with respect to the capacity at the 50th cycle, it is
found that the Si,Ge;_, alloy NPs with composition ratios
around 1:1 (Sis4Gey sample) have higher capacity retention
than both Si-rich and Ge-rich alloy NPs.

To reveal the difference, batteries were disassembled and
the NP’s morphology was checked to shed light on the
observed difference in capacity retention for the Si;;Ge,s,
Sis4Geyq, and Siy3Ge;; samples. Figure 3 shows the mor-
phology of the delithiated SiGe sample (Si;;Ge,s, Sis4Geys,
and Siy3Ge;7) after the first and fifth cycles. Note that the
individual NPs are merged together and form large structures
after the first lithiation/delithiation cycle for all three samples

(figures 3(a)—(c)), indicating a strong interparticle interaction
(e.g., atomic diffusion between neighboring NPs). The phe-
nomenon of NP merging is absent in previous reports on the
in situ TEM study of isolated Si NPs or nanowires [18, 50],
suggesting the complicated collective behavior of electrode
materials in a confined environment (e.g., NPs compacted in a
battery case) compared to those in an interaction-free envir-
onment. Figures 3(d)—(f) present the structure of delithiated
NPs after 5 cycles, and no significant morphology change is
observed.

After 100 cycles, all three samples have porous struc-
tures, as indicated in figure 4. It is noticeable that the Si-rich
sample (Si;;Ge,s, figures 4(a)—(d)) and the Ge-rich sample
(Sin3Geyy, figures 2(i)—(1)) are fluffy, show a similar mor-
phology with larger ligaments, and enclose larger void holes
than the SisyGeyq sample (figures 4(e)—(h), with TEM images
found in the supporting information). It is reasonable to relate
the different capacity retention behavior to the structural
differences in the various Si,Ge;_, compositions. We suggest
that the structural evolution from the merged NPs to the
resultant fluffy structure of the Si-rich and Ge-rich samples
exposes more surface area to the electrolytes than the
Sis4Geye sample, resulting in the formation of a larger portion
of the solid electrolyte interface and leading to successive
capacity degradation, as indicated in figure 2.

The composition-dependent morphology evolution in the
delithiated Li-SiGe system is unexpected considering the
similarity of the chemical properties of Si and Ge. To uncover
the underlying physical mechanism, it is interesting to ask
two questions: 1. For certain Si,Ge;_, compositions, how
does the Si-Ge atomic distribution change during the struc-
tural evolution? 2. What is the driving force for the structural
evolution, and why are NPs merged after cycling?
figures 4(d), (h), and (i) illustrate the elemental distribution of
Si and Ge after the 100th cycle. It is found that Si and Ge are
uniformly distributed in the amorphous porous structures in
all three samples, which is different from the initial state,
which features nonhomogeneous Si-Ge distribution. The Si-
Ge homogenization under the dealloying process of Li-SiGe
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Figure 3. Morphology of delithiated (dealloyed) Si,Ge;_, after the 1st and 5th lithiation/delithiation cycles. TEM images of (a)—(d), (b)—(e),
and (c)—(f) show the morphology of Si;;Ge,3, Sis4Geys, and Sip3Ge;; after the 1st and Sth cycle, respectively. It is clear the particles for all
three samples are merged together. Scale bar is 100 nm for all images.

appears as a generic phenomenon in the Si-Ge compositions
we studied. Because the diffusion rates of Si and Ge are
extremely low at room temperature [51], interdiffusion
between Si and Ge is therefore inferred to have minimal effect
on the homogenization. From an ab initio molecular dynamic
simulation illustrated below, extraction of Li from the SiGe
host is found to dramatically accelerate the mixing of Si
and Ge.

The structure of the Li;s(SigsGegs)s crystal shown in
figure 5(a) was constructed to simulate the lithiated Li-SiGe
alloy; a nonuniform Si and Ge distribution was created to
simulate the nonhomogeneity. Ab initio molecular dynamic
(MD) simulations were performed using the Vienna Ab-initio
Simulation Package code [52], and ultrasoft pseudopotentials
were used to model electron—ion interactions. Structure
relaxation was carried out using the generalized gradient
approximation for the exchange-correlation function [53]. The
k-space integration was completed by summing over the
Monkhorst-Pack special points in the Brillouin zone. The
Gaussian method with a smearing width of 0.05eV was used
to determine the Fermi level. The plane wave basis set was
restricted by a cutoff energy of 425eV. A periodic nanocube
containing LiygoSigsGegy atoms was constructed with a vacant
layer of 15 nm in three dimensions to eliminate the interference
from the neighboring mirror structure. 1x 1 x 1 k-point mesh
was used for energy calculations. To simulation the delithiation
(dealloying) process of Li-SiGe, Li atoms were removed from
the outermost layers after every 50 fs MD simulation. The Si-

Ge radial distribution function was calculated during the MD
simulation. Note that this simulated structure (2 nm in dimen-
sion) is smaller than the NPs used in this study in order to make
simulation tractable. The pair distribution function (PDF) of
Si-Ge was calculated to evaluate the intermixing of Si and
Ge (figure 5(b)). As shown in the PDF, the nearest atom-to-
atom distance of Si and Ge is around 5 A at the early stage of
the simulation (0-150fs), corresponding to the distance of
Si and Ge in the lithiated Li;5(Si,Ge;_,)4 structure. As the
delithiation process proceeds, when the frontier of delithiation
comes across the Si-Ge interface, a small peak equivalent to
a bond length of 2.5 A starts to show up (e.g. 250 fs), which is
inferred as the normal bonding length in the SiGe alloy. The
intensity of the peak continues to increase, evincing an inten-
sification of Si-Ge interdiffusion to form a homogeneous alloy.
The images in figure 5(c) display the particle structure at
successive simulation stages, showing the mixing of Si-Ge
during the delithiation process, which eventually results in an
amorphous particle. The observed fast atom relocation is
striking considering the low atomic diffusion rate of Si and Ge.
However, with the aid of delithiation, extraction of Li leaves a
large space between the Si and/or Ge. The instability of Si
and/or Ge atoms staying far away from each other induces a
large diffusion rate. Based on the fast atomic diffusion
observed in simulation, it is reasonable to infer that when
particles contact each other, interparticle diffusion is plausible
and will initiate particle merging, as shown in figure 3 in the
experiments.
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Figure 4. Morphology of delithiated (dealloyed) Si,Ge,_, after the 100th lithiation/delithiation cycle. After the 100th cycle, particles evolve
into loose structures, as shown in the STEM images in (a), (e), and (i). (a) Si;7Ge»3 and (i) Si»3Ge;; are found enclosing larger pores

compared to (e) Sis4Geys. EDX mapping is performed within the dashed square regions in STEM. EDX of (b), (f), (j) Si and (c), (g), (k) Ge,
and (d), (h), (1) a combination of Si and Ge demonstrate that Si and Ge have almost homogeneous distribution after the 100th cycles. Scale

bar is 100 nm for all images.
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Figure 5. Simulated delithiation process of Li-SiGe and calculated energy diagram of Si,Ge,_,. (a) A modeled structure of Li;5(Sip sGeg s)4 to
simulate the lithiated Li-SiGe alloy; a nonuniform Si and Ge distribution was created to simulate the nonhomogeneity. (b) Ge-Si PDF at
different stages of the simulated delithiation process. The appearance and increasing intensity of the peak at 2.5 A indicate the intermixing of
Si and Ge to form a homogenized alloy. (c) Atomic structure and morphology of the particle at different simulation states.

In addition, the mixing entropy that characterizes
the thermodynamic disorder of the materials will increase
during the intermixing of Si-Ge with the incorporation of
Ge, and this is responsible for structural stability. In the case
of Si,Ge;_,, entropy can be calculated as S=-R[xlnx+ (1 -
0)In(1 - x)], where R =8.314 J mol™'K ' is the gas constant.
The entropy reaches its maximum at the composition of
x=0.5 and reaches its minimum at x=0 and x=1.0. We
believe the large entropy of the Si-Ge balanced composition
helps stabilize the structure against repeated cycling. We
suggest that the improved stability of the porous structure
formed in Sis,Gey NPs after several reaction cycles may be
responsible for its good capacity retention. However, other
SiGe compositional NPs are continually both evolving into
even more highly porous structures and exposing new
electrode-electrolyte interfaces, eventually consuming the
active electrode material. Our findings, meanwhile, could be
interpreted in a different way from similar SiGe systems
[41], which report that the capacity retention improves with
an increase of the Ge fraction. However, we suggest that the
morphology of the material (NP versus thin film) also could
influence the electrochemical behavior of the anode
materials.

3. Conclusions

We have successfully synthesized SiGe NPs with adjustable
compositions. We found that Si,Ge;_, NPs close to the
SisoGesy composition have better cyclic performance (better
capacity retention) than both Si-rich and Ge-rich NPs as
anode materials for lithium-ion batteries, which is supported

by their morphology difference as observed through TEM
after 100 cycles. In addition, two interesting features are
disclosed for the first time. NP merging and Si-Ge homo-
genization are observed during repeated charge/discharge
cycles, which are related to the fast atomic rearrangement of
Si-Ge with the aid of lithium atom removal, as elucidated in
both MD simulation and experiments. We note that con-
ventionally, congregation of the particles during cycling will
lower the surface-to-volume ratio, and thus diminish the
specific capacity. However, in the case of the SiGe NPs we
studied in this work, continuous structural evolution into
porous networks leads to large surface area, which will
facilitate the Li* ion transfer from electrolyte to active
material. More importantly, a stable porous structure in an Si-
Ge balanced composition helps it maintain its structural
integrity without being pulverized and losing capacity. We
believe our results will not only shed light on the research on
stable Si-based anode materials, but also initiate research on
dealloying behavior in complex systems, such as the deli-
thiation process in ternary Li-SiGe compounds beyond binary
alloys.
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