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ABSTRACT Mechanical degradation of the electrode materials during electrochemical

cyding remains a serious issue that critically limits the capacity retention and cyclability of

rechargeable lithium-ion batteries. Here we report the highly reversible expansion and Liation Fragile}

contraction of germanium nanoparticles under lithiation delithiation cycling with in situ

transmission electron microscopy (TEM). During multiple cycles to the full capacity, the
260%
volume changes, in contrast to the size-dependent fracture of silicon nanoparticles upon

germanium nanoparticles remained robust without any visible cracking despite

A L ——— . thiat
the first lithiation. The comparative in situ TEM study of fragile silicon nanoparticles e Tough

suggests that the tough behavior of germanium nanoparticles can be attributed to the
weak anisotropy of the lithiation strain at the reaction front. The tough germanium

nanoparticles offer substantial potential for the development of durable, high-capacity,
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and high-rate anodes for advanced lithium-ion batteries.

KEYWORDS: lithium-ion battery - fracture - anisotropic lithiation strain - in situ transmission electron microscopy

he development of advanced lithium-
Tion batteries requires new electrode
materials with superior energy density,
power density, and cyclability.” 3 Mechan-
ical degradation of the electrode materials
during electrochemical cycling remains a
serious issue® '* that critically limits the
cycle life of lithium-ion batteries. Silicon (Si)
is being considered as the next-generation
anode material due to its high lithium (Li)
capacity (3579 mAhg '),'* more than an
order of magnitude higher than the carbo-
naceous materials (372 mAhg ') currently
used in Li-ion batteries. However, during
electrochemical lithiation, Si electrodes un-
dergo large and anisotropic expansion up to
280%, leading to fracture and capacity loss
even in the first cycle. '* Germanium (Ge),
agroup IV element as carbon and Si, has thus
far received less attention. Several unique
characteristics position Ge as a promising
anode material. It possesses a high capacity
(1384 mAhg ')."> Both the electronic con-
ductivity of Ge and the Li diffusivity within Ge
are much higher than those in Si,'®"” thereby
enabling the high-rate performance of Ge
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electrodes. Despite these favorable proper-
ties and recent experiments showing the
high performance of Ge-based anodes,'® %'
the capacity retention and cyclability of Ge
electrodes, which are major concerns for
high-capacity anodes, remain unclear.

Here we report the highly reversible ex-
pansion and contraction of germanium nano-
particles (GeNPs) under electrochemical cy-
cling using in situ transmission electron
microscopy (TEM). Our results revealed
that during multiple lithiation delithiation
cycles GeNPs of a large size range (from
100 nm to submicrometer) remained robust
without any visible cracking despite  260%
volume changes. This is in stark contrast to
the size-dependent fracture of silicon nano-
particles (SiNPs) upon the first lithiation.”
We further conducted the in situ TEM study,
supported by the chemomechanical mod-
eling, to reveal the strong crystallographic
orientation effect on fracture in fragile
SiNPs. On this basis, we attribute the tough
behavior of GeNPs to the weak anisotropy
of the lithiation strain at the reaction
front (i.e., the phase boundary between
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Figure 1. Morphological evolution and phase transformation in a c-GeNP during lithiation. (a) Pristine c-GeNP with a diameter
of 620 nm. (b) EDP indicates that the GeNP is single-crystalline. (c) Schematic illustration of the in situ nanobattery setup,
consisting of a single GeNP as the working electrode, bulk Li metal as the counter electrode, and a naturally grown Li,O
surface layer as the solid electrolyte. (d f) TEM snapshots showing the morphological evolution and uniform volume
expansion of the GeNP upon lithiation. (d) Pristine GeNP was brought into contact with the Li,O/Li electrode. (e) Lithiation-
induced crystal-to-amorphous phase transformation, forming the structure with a crystalline core and an amorphous shell.
The amorphous crystalline interface is marked by the red dashed circle. (f) c-Li,sGe, phase formed after full lithiation to

a-Li;sGey, as indicated by the EDP shown in (g).

the amorphous shell and crystalline core), which cor-
relates with its nearly crystallographic orientation-
independent mobility.*?> 2> The lithiation isotropy
mitigates the buildup of high, non-uniform stresses,
presenting a novel mechanism of averting the fracture
in high-capacity electrodes.

RESULTS AND DISCUSSION

GeNPs were prepared by grinding a Ge wafer for
30 min. The ground Ge powders were then dispersed
in ethanol solution, followed by ultrasonic treatment.
A tip-flattened Pt rod was dipped into the solution.
GeNPs were attached onto the end of the Pt rod.
Figure 1a shows a typical pristine GeNP with a diameter
of 620 nm. The electron diffraction pattern (EDP)
in Figure 1b indicates that the as-prepared GeNP
was single-crystalline, denoted as c-GeNP. To study
the lithiation delithiation cycling behavior of GeNPs,
an electrochemical device suited for in situ TEM experi-
ment was constructed, as schematically shown in
Figure 1c. The device consisted of three essential
components: a single GeNP as the working electrode
sitting on a Pt rod, a small piece of bulk Li metal as
the counter electrode, and a native Li,O surface layer
on the Li metal as the solid electrolyte. All of the
electrochemical tests were conducted in a Tecnai
F-30 HRTEM with a Nanofactory TEM scanning tunnel-
ing microscopy (STM) holder. The in situ TEM study
enables the real-time imaging of electrochemical
reactions in GeNPs during the lithiation delithiation
cycling.6'22’26 29
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Figure 1d f shows the morphological evolution
and phase transformation of an individual c-GeNP.
To initiate the lithiation, a bias potential of 2 V was
applied to the c-GeNP with respect to a Li metal
electrode. The entire surface of the GeNP was quickly
covered by Li ions, due to their much higher diffusion
rate on the surface than in the bulk of Ge, similar to Si.”
At 106 s (Figure 1d), the GeNP began to expand,
indicative of the start of bulk lithiation. As the lithiation
proceeded (see Figure 1e), Li flowed nearly uniformly
from the surface to the center of the GeNP along the
radial direction, forming the structure with a core of
¢-Ge and a lithiated shell of amorphous Li,Ge (a-Li,Ge).
The similar core shell mode of lithiation was also
observed in crystalline Si nanowires (c-SiNWs)®2% and
Si nanoparticles (c-SiNPs).” Figure 1e shows that the
lithiated GeNP expanded in a nearly isotropic manner
to 830 nm. The isotropy of lithiation can be clearly
seen from the approximately uniform thickness of the
amorphous shell, where the core shell interface is
marked by the red dashed circle. At 632 s, the
GeNP was fully lithiated (Figure 1f) and its diameter
increased to 946 nm, which corresponds to  260%
volume increase, consistent with the 280% volume
increase of the fully lithiated SiNPs (a-Li;sSis).”>°
The lithiated GeNP consisted of the a-Li;sGe, phase,
which was subsequently crystallized to c-LisGey, "2
as identified by the EDP in Figure 1g. The crystalliza-
tion of a-Li,Ge to c-Li;sGe; was a simultaneous
process for the whole nanoparticle without any phase
boundary observed, which is similar to the congruent
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Figure 2. Multicycling of a single c-GeNP. (a) Pristine GeNP
with a nearly spherical shape is 160 nm in diameter. (b) EDP
of the pristine GeNP indicates that the nanoparticle is
single-crystalline. (c,d) First lithiation delithiation cycle.
A bias of 1V was applied in the lithiation process. The
diameter increased to 247 nm with a-Li,Ge formed. Then,
a bias of 1 V was applied to initiate delithiation. The a-Ge
phase formed, and the diameter decreased to 160 nm after
full delithiation. (e j) Second, third, and fourth lithiation
delithiation cycles showing the same behavior as the first
cycle, demonstrating the cyclability of the GeNP. (k,l) Fifth
lithiation and crystallization. The a-Li,Ge phase formed and
then crystallized to c-Li sGe,.

crystallization of a-Li,Si.3? The two-step phase trans-
formation of c-Ge — a-Li,Ge — c-Li;5Ge, is consistent
with the previous study of lithiation in c-GeNWs.??
However, the lithiated GeNP did not fracture even
though its initial size was considerably large, in con-
trast to the ¢-SiNPs that typically fracture into pieces
upon lithiation provided that the initial diameter ex-
ceeds 150 nm.

We next examine the cycling behavior of GeNPs. A
c-GeNP with a nearly spherical shape and initial di-
ameter of 160 nm was selected, as shown in Figure 2a.
The corresponding EDP is given in Figure 2b, confirm-
ing its single-crystalline phase. A bias of 1 V was
applied to this GeNP. After 54 s, the c-GeNP was fully
lithiated to a-Li;sGe, (Figure 2c) and its diameter
increased to 247 nm, correspondingto  260% volume
increase. Then the potential was reversed to 1V
before crystallization occurred. The spherical a-Li,Ge
NP shrunk instantly in a uniform manner and was fully
delithiated to its original size of 160 nm (Figure 2d),
which suggested that the Li ions had been comple-
tely extracted from the a-Li;sGe, NP. The fully de-
lithiated phase was identified as a-Ge, as examined
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in detail later. After the first cycle, repeated lithiation
delithiation between a-Ge and a-Li,Ge was con-
ducted by periodically reversing the applied potential,
as shown in Figure 2e k and the videos in the Sup-
porting Information. It is noted that once the GeNP was
fully lithiated to a-Li;sGey, the applied potential should
be reversed immediately before a-Li,sGe, crystallized.
Such immediate potential reversal was crucial in order
to further delithiate the a-Li,Ge NP. In contrast, the
applied potential was intentionally held for a relatively
long time during the lithiation stage at the fifth cycle
(Figure 2I), so as for a-Li,Ge to crystallize to c-Li;sGey.
After crystallization, the c-Li;sGe, phase could no
longer be delithiated even with a higher reverse
potential ( 2 V). The inability of delithiation was
manifested by the nearly constant volume before
and after the reverse potential was applied, indicating
a high affinity of Li with Ge in the c-Li;sGe, phase.

To demonstrate the controlled formation of various
crystalline and amorphous phases during lithiation
delithiation cycling, we conducted a separate test for
a c-GeNP with an initial diameter of 160 nm, as shown
in Figure 3a. The pristine GeNP was single-crystalline,
as shown by the EDP in Figure 3b. A bias of 1V was
applied to the c-GeNP with respect to the Li metal
electrode. After 155 s, the c-GeNP was partially lithiated
and the amorphous a-Li,Ge phase formed (Figure 3c)
in the lithiated shell. The corresponding EDP of a-Li,Ge
is shown in Figure 3d, consistent with the EDP pre-
viously observed in lithiated GeNWs. Before a-Li,Ge
crystallized, the potential was reversed to 1 V. The
extraction of Li ions from the a-Li,Ge phase resulted
in the formation of the a-Ge phase (Figure 3e), as
confirmed by the EDP in Figure 3f. During the second
cycle, a-GeNP was initially lithiated to a-Li,Ge, then
crystallized to c-Li;sGe, (Figure 3g with the corre-
sponding EDP in Figure 3h) under a prolonged holding
of the applied voltage.

The above experiments demonstrated that, despite
the large volume changes during electrochemical
cycling, the GeNPs appeared to be unexpectedly
tough, in contrast to the fragility (i.e., ease of fracture)
of SiNPs.”3 This motivated a comparative study of the
lithiation behaviors of Si and Ge, which differ in several
key aspects. First, the lithiation-induced swelling in
c-GeNPs was nearly isotropic, in contrast to the strong
anisotropic swelling in ¢-SiNPs and c¢-SiNWs.5728
Recent studies showed that the apparent swelling
behavior in ¢-Si and c-Ge, both of which undergo the
two-phase lithiation, is critically governed by the reac-
tion (including rate and expansion) at the two-phase
boundary, that is, the sharp interface between the
crystalline core and amorphous shell.'*3* The isotropic
swelling in lithiated GeNPs suggests that the Li Ge
reaction rate at the lithiation reaction front is insensi-
tive to the crystallographic orientation of the phase
boundary in GeNPs. In Figure 4, we compare the typical
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Delithiate

Figure 3. Identification of various crystalline or amorphous phases formed during lithiation delithiation cycling. (a) Pristine
GeNP. (b) EDP showing that the pristine GeNP is single-crystalline. (c) Lithiated GeNP. (d) EDP showing that the amorphous
lithiated phase is a-Li,Ge. (e) Fully delithiated GeNP. (f) EDP showing that the fully delithiated phase is a-Ge. (g) Fully lithiated
GeNP. (h) EDP showing that the crystalline lithiated phase is c-Li;sGe,.
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Figure 4. Lithiation-induced anisotropic swelling and fracture in a c-SiNP versus the isotropic swelling without fracture in a
c-GeNP. The original sizes of both Si and Ge NPs are about 160 nm. (a) Partially lithiated SiNP showing the hexagon-shaped c-Si
core with the {110} facets. (b,c) Fracture occurred in a late stage of lithiation. The well-defined fracture sites are indicated by
green circles. (d,e) Partially lithiated GeNP showing the rounded c-Ge core. (f) Full lithiation without fracture of a GeNP. (g)
Development of an intensified hoop tension near the fracture plane (indicated by the pink dashed line). When the anisotropic
expansion occurs independently on each of {110} facets, a gap will form between the neighboring domains (black blocks)
in the lithiated shell. To maintain the material coherency (by closing the gap), intensified hoop tension develops near the

neighboring domains.

core shell structures in a partially lithiated SiNP (a) and
GeNP (d). The original sizes of both NPs are around
160 nm. In the SiNP, the inner unlithiated core exhibits
a hexagonal shape with {110} facets, which arises
owing to the fastest lithiation rate of the {110} plane®®
in ¢-Si. The thickness of the lithiated shell is apparently
orientation-dependent, further evidencing the strong
anisotropy in swelling during lithiation. In contrast,
lithiation in the GeNP is nearly orientation-independent,
as manifested by the rounded core and the uniform
thickness of the lithiated shell. The difference in the
orientation dependence of lithiation in Si and Ge has a
significant impact on their fracture behaviors, which will

LIANG ET AL.

be further discussed next. Incidentally, the nearly iso-
tropic lithiation in Ge is consistent with the much less
anisotropic wet-etching rate in Ge than in Si.23%*

The most striking difference between SiNPs and
GeNPs is their fracture behavior and cyclability. Our
in situ TEM experiments have previously shown that
the fracture of c-SiNPs is size-dependent; namely,
above a threshold size of 150 nm in diameter, surface
cracks nucleated and propagated in ¢-SiNPs upon the
first lithiation.” In contrast, all of the GeNPs investigated
in this work were tough without any visible crack-like
defects formed even during multiple lithiation
delithiation cycles. The fracture-free and electrochemically
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cyclable features promise the GeNP as a robust, high-
capacity anode material.

The tough behavior of the GeNPs is unexpected
and ascribed to the isotropic nature of lithiation, as
corroborated by our in situ TEM experiments and
chemomechanical modeling. To appreciate the signif-
icance of such isotropy, it is essential to understand
why the large ¢-SiNPs undergoing anisotropic swelling
are fragile and why the c-GeNPs (with a wide size range
of 100 nm to submicrometer) undergoing isotropic
swelling are not. To address this question in a clear and
complete manner, it is necessary to review the key
understandings of fracture in lithiated nanoparticles
and nanowires that have been recently advanced by
our team and other groups. First, despite the compres-
sive stress generated near the lithiation reaction front,
the large lithiation-induced expansion occurring at the
curved reaction front pushes out the material behind it,
giving rise to a large hoop tension in the surface layer
that drives the formation and propagation of surface
cracks.® ® Second, when the particle size is small
enough to be comparable to the surface flaw size,
the driving force of surface cracking (i.e., strain energy
release rate) becomes dependent on the particle
size.” Such a size-scaling explains the existence of the
critical particle size above which fracture occurs upon
lithiation.

While both the surface cracking and the size depen-
dence of fracture have been rationalized, the effects
of isotropic versus anisotropic lithiation on fracture
are not accounted for in the aforementioned fracture
analyses.® ° Here, we show that the lithiation isotropy
turns out to be critical to the tough behavior of c-Ge,
as opposed to the fragility of ¢-Si. In this regard, a key
observation from the in situ TEM experiments of lithia-
tion in ¢-SiNPs is the symmetry breaking of fracture in
the circumferential direction. That is, fracture usually
occurs on the well-defined angular site (indicated
by green circles in Figure 4a c¢), which is located on
one of the diameter planes (dashed line in Figure 4g)
that passes through the opposite vertices of the hexa-
gon-shaped c¢-Si core. Such well-defined fracture
planes have also been reported in a recent experiment
for c-SiNWs,® showing the fracture sites consistent with
our observations. This characteristic fracture mode
implies the existence of intensified hoop tension in
these planes that likely originates from the aniso-
tropic lithiation strain, as schematically illustrated in
Figure 4g. At the respective {110} facets of the reac-
tion front, the anisotropic lithiation strain could be
dominated by the large expansion normal to the
facets, resulting in a gap between the neighboring
domains that are assumed to be lithiated indepen-
dently. To maintain material coherency (i.e., deforma-
tion compatibility), the large hoop tension arises near
the interface plane of the neighboring domains in
order to close the gap.
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Figure 5. Chemomechanical modeling of the core shell
structure and stress generation in the cross section of a
lithiated nanowire, showing the effect of the anisotropy of
lithiation strain: (a,b) ;1= 5,=0.4;(cd) ;;=0.7and 5, =
0.2. (a,c) Li concentration normalized by the maximum of
Li;5Si4, ¢. (b,d) Hoop stress normalized by Young's modulus,

. A strong anisotropy of the lithiation strain can cause
the intensified local hoop tension in the fracture plane
observed in the TEM image in Figure 4.

To further appreciate the symmetry breaking of
fracture in the circumferential direction as dictated by
the anisotropy of lithiation strain, we invoke a recently
developed continuum chemomechanical model”** to
simulate the concurrent processes of phase transforma-
tion and stress evolution during lithiation of a c-Si
nanowire. The use of the nanowire geometry simplifies
the analysis, while capturing the essential physics. In the
model, a sharp reaction front with an abrupt change
of the normalized Li concentration from zero (c-Si) to
one (a-Li;sSis) is prescribed to move in the 110
direction.”** The total strain ; consists of three parts,

i= 5 5 5.Thatis, jisthe chemical strain given
by j = jc (where c denotes the local normalized Li
concentration and ; the expansion coefficient), § is
the elastic strain, and } is the plastic strain. Here, the
diagonal components of ;are allowed to take different
values in the local coordinate system where the x;
axis is aligned with the 110 direction (normal to the
reaction front) and the x, axis is along the transverse
direction of 112 . The assignment of anisotropic  in
our continuum model physically reflects the anisotropy
of the lithiation strain that occurs at the sharp reaction
front of {110} facets and computationally mediates
the anisotropy of the total strain  as dictated by the
requirement of deformation compatibility. In Figure 5,
we show the simulated Li distribution ¢ (giving the
core shell structure with {110} facets) and the asso-
ciated hoop stress  under two different assumptions
for ; and accordingly different chemical strains of
one is isotropic (with 17 = ,, = 0.4), and the other is
anisotropic (with ;;=0.7and ,,=0.2), and both give
the same volumeincrease of 100%. In the former case
(Figure 5b), the hoop tension s almost uniform along
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the circumferential direction, which indicates that frac-
ture, if occurred, would be possible at any surface
location. Contrarily, non-uniform hoop tension devel-
ops in the latter case (Figure 5d), with intensified
near the fracture planes observed in the experiments.
Note that the above volume increase of 100%
is smaller than that in the fully lithiated c-Si, but
it facilitates numerical stability, while capturing the
physical effect of anisotropic lithiation strain.

The highly anisotropic lithiation strain in ¢-Si is
correlated with the orientation-dependent lithiation
rate at the reaction front. While it has been unambigu-
ously shown that lithiation of the {110} facet in ¢-Si
involves the step-by-step ledge flow on the inclined,
close-packed {111} Iayers,25 it remains unclear as to
what the exact local atomic arrangement of the Li,Si
product is on the Si{110} facet. The atomistic origin of
anisotropic lithiation strain thus warrants further study
in the future. At the continuum level, the lithiation
strain should be generally larger in the normal direc-
tion than the tangential direction at the reaction front,
owing to the constraint of the unlithiated core. How-
ever, considering the strong orientation dependence
of the reaction rate in ¢-Si, it is conceivable that a strong
anisotropy in the lithiation strain could possibly develop
at the reaction front. On the other hand, given the
orientation independence of the lithiation rate in c-Ge,
the lithiation strain is expected to be more isotropic in
c-Ge than in ¢-Si. As a result, the smaller anisotropy of
the lithiation strain can effectively suppress the build-
up of the high, non-uniform stress, giving rise to the
tough response during the first lithiation of ¢-Ge and
subsequent cycling of a-Ge, as well.

CONCLUSION

The electrochemical lithiation delithiation behavior
of individual GeNPs was studied with in situ transmis-
sion electron microscopy. The results confirmed that
the lithiation of GeNPs involves a two-step phase
transformation: a-Ge — a-Li,Ge — c-Li;5Ge,, with a
total volume expansion of 260%, consistent with

METHODS

In our in situ TEM experiments, the GeNPs (or SiNPs) were
used as the working electrode; the Li metal on a tungsten
(W) probe was the counter electrode, and a native lithium
oxide (Li,O) layer acted as a solid-state electrolyte (Figure 1c).
The Li,O/Li electrode was driven by a piezo-positioner
(Nanofactory, TEM STM holder) to contact the GeNPs (or
SiNPs), and then a bias of 2 V ( 1 V) was applied to the Pt
rod with respect to the W rod to initiate and sustain the lithiation
(delithiation).
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previous electrochemical tests. Fast multicycling of
the GeNPs between the ag-Ge and a-Li,Ge phases was
demonstrated, with highly reversible expansion and
contraction. In particular, our experiments demon-
strated that the GeNPs with a wide size range (from
100 nm to submicrometers) remained robust without
fracture in multiple cycles, in distinct contrast to the
size-dependent fracture of SiNPs upon the first lithia-
tion. Through a comparative study with fragile SiNPs,
we conclude that the anisotropy of the lithiation strain
causes the non-uniform stress in the hoop direction in
lithiated SiNPs, leading to fracture in the well-defined
planes. In the absence of such lithiation anisotropy,
the c-GeNPs experience uniform hoop tension in the
surface layer without the localized high stress and
therefore remain robust throughout multicycling.

Our study of the anisotropic lithiation strain and
fracture sheds new light onto the mitigation of electro-
chemically induced mechanical degradation in high-
capacity electrode materials. Going beyond the crystal-
line Ge and Si and amorphous Ge studied herein, it can
be reasoned that amorphous SiNPs or SiNWs should
also remain robust upon lithiation because of their
lack of crystallography-related anisotropy in the lithia-
tion strain. Interestingly, this prediction is consistent
with a recent experimental observation of cycling of
amorphous SiNPs without fracture3® Eliminating the
anisotropy of the lithiation strain by amorphization®®
thus presents a novel pathway to mitigate the mechan-
ical degradation in high-capacity electrode materials. In
addition, we note that a lithiation delithiation cycle is
completed in a few minutes in our experiments, which
is much faster than the typical charging discharging
rate for conventional battery cells. Nevertheless, the
effect of the cycling rate on fracture warrants systematic
study in the future. Finally, we stress that, while the
intrinsic tough behavior of GeNPs facilitates the elec-
trode integrity, maintaining a stable solid electrolyte
interphase (SEl) during large-strain electrochemical
cycling remains an outstanding challenge in the appli-
cation of high-capacity anodes for Li-ion batteries.
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