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ABSTRACT: From signal transduction of living cells to oxidation and
corrosion of metals, mechanical stress intimately couples with chemical

reactions, regulating these biological and physiochemical processes. The
coupled effect is particularly evident in the electrochemical lithiation/

delithiation cycling of high-capacity electrodes, such as silicon (Si), where on GeNWs

the one hand lithiation-generated stress mediates lithiation kinetics and on
the other the electrochemical reaction rate regulates stress generation and
mechanical failure of the electrodes. Here we report for the first time the
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evidence on the controlled lithiation in germanium nanowires (GeNWs)
through external bending. Contrary to the symmetric core—shell lithiation in
free-standing GeNWs, we show bending the GeNWs breaks the lithiation symmetry, speeding up lithaition at the tensile side
while slowing down at the compressive side of the GeNWs. The bending-induced symmetry breaking of lithiation in GeNWs is
further corroborated by chemomechanical modeling. In the light of the coupled effect between lithiation kinetics and mechanical
stress in the electrochemical cycling, our findings shed light on strain/stress engineering of durable high-rate electrodes and

energy harvesting through mechanical motion.
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Insertion of secondary species into solid electrodes
constitutes the primary energy-storage mechanism for
modern battery systems.'* Understanding the insertion-
induced chemomechanical degradation of the host materials
has become a central focus of the present battery research.>” ">
Much like other physiochemical processes such as oxidation
and corrosion in metals, the electrochemical cycling of
electrodes features intimate coupling between insertion kinetics
and mechanical stress: the insertion of the secondary species
generates localized stress, which in turn mediates electro-
chemical insertion rates.'*~"” This coupled effect is particularly
strong in high-capacity electrodes in which a large amount of
secondary species are inserted and extracted during electro-
chemical cycling. As a well-studied example, crystalline silicon
(c-Si), a negative electrode material with a theoretical capacity
10-fold higher than graphite,"~>° undergoes ~300% volume
expansion and generates large localized tensile stress on its
surface during electrochemical lithiation,” leading to size-
dependent surface fracture.*'* Reciprocally, lithiation induced
mechanical stress causes retardation or even arrest of
lithiation."*'* Understanding the coupled effect is therefore
imperative for capacity retention and cycle life extension of the
high-rate lithium ion batteries (LIBs).

While the coupled effect in the electrochemical cycling of
electrodes has long been recognized, the strong effect of the
electrochemical reaction rate on the degradation of electrode
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materials has only been recently appreciated through the
distinctly different lithiation behaviors of crystalline germanium
(c-Ge) and ¢-Si."* Ge, another Li-alloying negative electrode
material with a high capacity (1384 mAhg™') second only to
$i,”° undergoes ~260% volume increase (i.e., the volume of the
fully lithiated product is ~360% of the original structure) upon
full lithiation."> Both the electron conductivity and the Li
diffusivity in Ge are much higher than those in Si,”"*> rendering
Ge an attractive high-rate electrode material.*~>* Recent in situ
transmission electron microscopy (TEM) studies revealed that
lithiation of both ¢-Si and ¢-Ge proceeds by the motion of an
atomically sharp two-phase interface: the lithiated amorphous
phase progressively consumes the crystalline phase, forming a
core—shell structure.”'>** Differently, the electrochemical
lithiation rate in ¢-Si is crystallographic orientation depend-
ent,”*"** as opposed to the isotropic lithiation in c-Ge,'
despite the similar crystalline structures of these two crystals.
Consequently, ¢-Si undergoes anisotropic swelling, leading to
crack nucleation and growth at well-defined angular sites of the
outer surface of the Si crystals,'”'>'* in distinct contrast to the
isotropic swelling and tough behavior of ¢-Ge throughout the
entire lithiation process.'” The same correlation between
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Figure 1. Morphological evolution of a free-standing GeNW under lithiation. (a) Schematics of the in situ nanobattery setup, consisting of a single
GeNW as the working electrode, bulk Li as the counter electrode, and a native Li,O surface layer on the Li metal as the solid electrolyte. (b) A
pristine c-GeNW with a diameter of S0 nm. (c—e) TEM snapshots showing the uniform lithiation in the radial direction, forming core—shell
structures. (f) Li distribution map obtained by EELS mapping at the region marked by the red rectangle in d; the dark region corresponds to the
crystalline core of the cross section. (g) Time-dependent lithiation thickness of the free-standing c-GeNW, showing lithiation retardation due to the

lithiation-generated stress.

isotropic lithiation and high toughness was recently observed in
amorphous Si,** further demonstrating the critical role of the
lithiation rate anisotropy on the degradation of the electrodes.
The rate-dependent chemomechanical behavior suggests that
controlling the electrochemical reaction rate represents a new
pathway for the design of durable high-capacity LIBs.

Using in situ TEM studies, we demonstrate in this work the
control of the lithiation rate in GeNWs by the external bending.
The GeNWs used in this study were grown using chemical
vapor deposition (CVD), which has been widely used to
fabricate SiNWs. The GeNWs were doped with phosphorus for
enhanced electrical conductivity. The diameter of the GeNWs
ranges from 50 to 220 nm and the length from 2 to 10 ym. The
in situ TEM was carried out based on an open-cell nanobattery
configuration, which consists of a single GeNW as the working
electrode, bulk Li as the counter electrode, and a native Li,O
surface layer grown on the Li metal as the solid electrolyte, as
schematically shown in Figure la. The nanobattery device was
implanted in TEM using a Nanofactory scanning tunneling
microscopy (STM) holder. An overpotential ranging from —0.5
to —2 V was applied to drive the Li ions across the Li,O solid
electrolyte for lithiation. The in situ TEM study enables real-
time imaging of electrochemical reactions in GeNWs.

Figures 1b—e show the TEM images of a free-standing c-
GeNW with an initial diameter of 50 nm at different lithiation
stages. As soon as the Li metal touched the GeNW (Figure 1b),
Li quickly diffused over a long distance along the GeNW
surface within several seconds before bulk lithiation in the radial
direction occurred (see Figure 1c and Movie SI in Supporting
Information), owing to the much higher Li diffusion rate on the
surface than in the bulk of Ge, similar to the lithaition of
Si.”12714333% The GeNW then started to expand (Figure 1d)

radially, indicative of bulk lithiation, forming a structure
consisting of a ¢-Ge core and a lithiated shell of amorphous
Li,Ge (a-Li,Ge). Similar core—shell structures have been
widely observed in lithiated SiNWs and Si nanoparticles
(SiNPs).”8143%33 previous studies revealed that lithiation of c-
Ge proceeds by a two-step phase transformation: (c-Ge — a-
Li,Ge — c-Li;sGe,)."”*® The volume increase of the free-
standing c-GeNW due to lithiation was measured to be ~260%,
which is consistent with previous studies,'” indicating that the
lithiated product was likely to be c-Li;sGe,. These structural
observations are also corroborated by the spatial distribution of
Li probed by the electron energy loss spectroscopy (EELS)
(Figure 1(f)). We noted that lithiation proceeded in an
axisymmetric manner in the radial directions at any axial
positions, in contrast to the orientation dependent lithiation in
¢-Si.723% As a result, the unlithiated core should be of the
circular shape for all of the cross sections. Throughout the
lithiation process, the GeNW remained straight, indicative of
minimal axial stress imposed to the nanowire during the
lithiation process.

We observed that the thickness of the lithiated shell at a
given lithiation time was nearly the same at different axial
positions, further demonstrating a much higher surface
diffusivity of Li than the bulk diffusivity. Thus, the cross
sections of ¢-GeNW at any different axial locations were
lithiated in a similar manner. Figure 1g plots the time-
dependent lithiation thickness at a representative cross section
of the ¢c-GeNW, where the slope of the curve indicates the
lithiation rate. The plot shows that the lithiation started rather
fast (~1.13 nm/s), but gradually slowed down (~0.06 nm/s) as
lithiation proceeded, exhibiting lithiation retardation. Similar
lithaition retardation behavior has been previously observed in
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Figure 2. TEM snapshots showing the symmetry-breaking in lithiation of three representative GeNWs. The GeNWs were pushed against the Li
metal to create bending during the lithiation processes, leading to lithiation asymmetry. The unlithiated crystalline cores in the GeNWs are outlined
by the dashed red lines. Panels A and B: the GeNWs were pushed to the left. Panel C: the GeNW was pushed to the right.

¢-SiNPs and ¢-SiNWs'*'* and has been understood as a result
of suppressed lithiation rate and Li diffusion due to the
lithiation self-generated compressive stress at the reaction front
and in the lithiated shell, respectively.

On the basis of the coupled effect of the mechanical stress
and the electrochemical lithiation rate, an externally applied
load might also mediate the electrochemical lithiation rate in
the same manner as lithiation self-generated stress in the
GeNWs. To see this, the GeNWs were brought into contact
with the Li metal for lithiation. As soon as lithiation started, the
GeNWs were pushed against the Li metal electrode using a
piezoelectric nanomanipulator, as shown in Figure 2. The
pushing force effectively bent the GeNWs while the GeNWs
were being lithiated, generating a complex stress state in the
GeNWs with the mixed components of bending and axial
compression. The stress profile is thus radially nonuniform in
the bent region such that one side of the GeNW undergoes
compression and the other undergoes tension. Owing to the
axial compression, the neutral plane is not the central plane of
the GeNW but shifted to the tensile side. Panel A of Figure 2
(and Movie S2 in Supporting Information) displays an initially
tapered GeNW (Figure 2al) pushed to the left (i.e., the tensile
side is on the left) during lithiation. The diameter of the
uniform portion of the GeNW is ~220 nm. The dark contours
shown in Figures 2al—a2 correspond to the strain induced

diffraction contrast. Lithiation of the bent GeNW also
generated a core—shell structure (Figures 2a2—a4), similar to
the free-standing GeNW, where the red dashed lines mark the
boundaries between the a-Li,Ge shell and the c¢-Ge core.
However, the reaction front propagated asymmetrically on the
tensile and compressive sides, with a noticeably higher lithiation
rate on the tensile side than the compressive side. As a result,
the radially uniform core—shell structure observed in the free-
standing GeNW was broken in the bent GeNW. As lithiation
continued, the constraint to the volume expansion along the
axial direction generated increasingly higher compressive stress,
which, together with the lithiation self-generated compressive
stress at the reaction front, resisted further lithiation. When the
combined compressive stress reached a critical value, lithiation
of the GeNW was completely arrested, leaving an unlithiated
core in the GeNW. This asymmetric lithiation resulted in a
nonuniform core—shell structure, featuring a thicker lithiated
shell (~213 nm) on the tensile side and thinner on the
compressive side (~65 nm) at the bent region, as shown in
Figure 2a4. It should be noted that bending-induced nonuni-
form contact conditions between the GeNW and the Li source
biased the Li diffusion distance from the Li source to the tensile
and compressive sides. However, this small biased distance
should not be responsible for the symmetry-breaking of
lithiation observed in the experiments since surface diffusion
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of Li is much faster, making the time scale associated with the
biased distance negligibly small. We repeated the bending
experiments with other GeNWs, and similar results were
observed, as shown in panels B and C of Figure 2 and the
associated movies (see Movies S3 and S4) in the Supporting
Information. In panel B, the GeNW with a diameter of ~220
nm was pushed to the left, and its lithiation morphology was
similar to the GeNW in panel A. As lithiation came to a
complete stop, the lithiated thicknesses on the tensile and
compressive sides were 200 nm and 98 nm, respectively. In
panel C, the GeNW with a diameter of ~200 nm was pushed to
the right, and correspondingly, lithiation proceeded at a much
higher rate along the right side than the left side of the
nanowire, as shown in Figures 2¢2, c4. At the end of lithiation, a
small unreacted core remained on the left side of the nanowire.
At the snapshot of 84 s, the lithiated thickness on the left side is
90 nm, compared to the 194 nm thickness on the right side.

To further appreciate the stress effects on the lithiation
kinetics, we extracted the time-dependent thickness of the
lithiated shells in the GeNWs. It should be noted that the
lithiation kinetics may depend on the diameter of the GeNWs,
the doping conditions, the extent of pushing, and the applied
overpotential, all of which may vary for different GeNWs,
rendering direct comparisons of the lithiation kinetics infeasible
for different GeNWs. Hence, our analysis below will be focused
on the general trend of the stress effects on the lithiation
kinetics.

Figure 3 plots the time-dependent normalized thickness of
the lithiation shell for the bent GeNWs. The thickness is
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Figure 3. Time-dependent normalized lithiation thickness of the bent
GeNWs (I: the GeNW shown in panel B in Figure 2; II: the GeNW
shown in panel C in Figure 2; and III: the GeNW shown in Movie SS

in the Supporting Information). The thickness is normalized by the
diameter of the corresponding pristine GeNW.

normalized by the diameter of the corresponding pristine
GeNW. For each GeNW, we chose two distinct cross sections
at different axial positions, one located at the highly curved
point and the other at the straight portion (bending free) of the
GeNW, as marked, for instance, in Figures 2b3, b4, respectively.
Owing to the symmetry breaking at the curved segment, we
plot the lithiated thicknesses of the tensile and compressive
sides separately. From all three curves associated with the bent

GeNW, lithiation started with a relatively high speed (>2.5 nm/
s) and slowed down gradually to a rather low speed (<0.1 nm/
s). The initial lithiation rate for the tensile side of the cross
section of the bent point is the highest, manifested by the
steepest slope of the curves. The data points for the straight
point fell between those for the tensile and compressive sides,
indicating an intermediate stress state of this cross section. We
note that the curve for the straight point is closer to that for the
compressive side of the curved cross section, indicating that the
GeNW globally underwent axial compression. Furthermore,
after a fast lithiation regime, the lithiation kinetics curves for all
three cross sections become flat, indicating strong lithiation
retardations. By comparison, lithiation retardation in the bent
GeNW is apparently stronger than that of the free-standing
GeNW since the pushing force also generated considerable
axial compression in the bent GeNW.

For a quantitative understanding of the bending induced
symmetry breaking in the lithiation rate in GeNWs, we extend a
recently developed chemomechanical model to simulate the
lithiation process in the GeNWs.***” In the model, a sharp
reaction front (interfacial domain) with an abrupt change of Li
concentration from 0 (c-Ge) to 1 (c-LijsGe,) is generated by
adopting a concentration dependent Li diffusivity: D = D, [1/
(1 = ¢) — 2ac], where D, is the diffusion constant of Li in Ge
and a is a tunable constant to control the concentration profile
near the reaction front. The model identifies three computa-
tional subdomains: the lithiated shell and unlithiation
crystalline core, separated by the sharp two-phase interfacial
domain. Since GeNWs undergo nearly isotropic lithiation, D,
is set to be orientation-independent within the interfacial
domain. Moreover, Li diffusivity on the surface of GeNWs is set
to be 2 orders of magnitude larger than that in the bulk, which
reflects the much faster surface diffusion than that in the bulk of
GeNWs. To incorporate the stress effects in the lithiation
kinetics, both the reaction rate at the reaction front and the
diffusivity in the lithiated region is set to be stress-dependent,
ie, Doy = De 5T where D is the effective diffusivity, € is
the activation volume of Li diffusion, kyT is the thermal energy,
and p is the hydrostatic pressure that can be obtained from the
trace of the Cauchy stress tensor.

The interfacial domain separates the unlithiated, elastic c-Ge
core and the lithiated c-LijsGe, shell that undergoes large-
plastic deformation. The total strain ¢; in the chemomechanical
model consists of three parts, &; = &} + &} + £}. That is, £ is the
elastic strain, € is the plastic strain, and &j is the lithiation-
induced electrochemical strain given by & = f5;c, where ¢
denotes the local normalized Li concentration with ¢ = 1
representing the Li;sGe, phase, while ¢ = 0 the pure Ge phase,
/3 the expansion coefficient, and J; is the Kronecker delta (51';' =
Lfori=j,and 5;=0 otherwise). We set # = 0.54 in accordance
to the ~260% volume increase in Ge due to lithiation. To
simulate the dynamic evolution of the core—shell structure in
the lithiated GeNWs, the Li diffusion equation is coupled with
the mechanical equilibrium equations within the framework of
elastoplasticity. The Young’s modulus and yield stress are set to
be Li concentration dependent, varying from 130 to 30 GPa
and from 1.0 to 0.2 GPa, respectively.’®* ** The coupled
chemomechanical model is implemented in the finite element
package ABAQUS,*' as detailed in the Supporting Information.

A series of sequential snapshots of the simulated GeNWs
during lithiation under external loading are displayed in Figure
4. Figures 4al—aS show the Li concentration profiles at
different lithiation stages, while Figures 4bl1—bS are the
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Figure 4. 3D chemomechanical modeling of the lithiation kinetics and
stress generation in a GeNW subject to bending. (al—a$) The Li
concentration profiles at different lithiation stages; (b1—bS) the
corresponding hydrostatic stress concentration profiles. The symmetry
breaking in lithiation is clearly shown by both the longitudinal and
cross-sectional views of the Li concentration and stress profiles. (c)
Lithiation kinetics of the simulated GeNW. The lithiation thickness is
normalized by the diameter of the simulated GeNW, and the time is
normalized by the total time for the cross section to be fully lithiated.

corresponding hydrostatic stress profiles, o, = tr(6)/3, where
tr(6) is the trace of the Cauchy stress tensor 6. To better show
the bending induced symmetry breaking in lithiation, the Li
concentration profile and the stress distribution of the cross
section at the point of the largest curvature are also plotted at
different lithiation stages. The numerically predicted morpho-
logical evolution of the GeNW during the lithiation processes
under the externally applied loadis available in the Supporting
Information (Movie S6). To mimic the boundary conditions in
the experiments, a rigid substrate is placed at the tapered end of
the GeNW, and the bottom tip of the GeNW is fully covered
by Lj, i.e., ¢ = 1. Starting from the pristine -GeNW (Figures
4al, bl), axially applied external force bends the GeNW
(Figures 4a2, b2), resulting in tension on the left side and
compression on the right side at the bent region. The top-left
corner is also compressed as a result of the pushing. Figures
4a2—a$S show the dynamic Li transport in the axial and radial
directions of the GeNW, with the red color representing the
nearly fully lithiated phase (c-Li;sGe,) and blue the ¢-Ge phase.
As the Li diffusivity on the surface of the GeNW is much higher
than that in the bulk, the surface of the GeNW acts as a fast Li
transport path. It follows that the Li always covers the surface of
the GeNW first, then flows radially inward, forming a core—

shell structure separated by a sharp interface, marked by the
transition color between red and blue.

Figures 4b2—bS plot the corresponding stress profiles at
different lithiation stages. It should be noted that the resulting
stress profile in the GeNW is a superimposition of the
lithiation-generated stress and that caused by the external
pushing force. Similar to the lithiated free-standing SINWs, the
unlithiated core undergo tension, while the two-phase interface
undergoes compression (see Figures 4b3—b5),°** indicating
that the lithiation-generated stress dominates the stress profiles
of the core-interphase in the GeNW, whereas the applied
bending mostly influences the stress profile of the outer and
inner surface layers at the highly curved regions. As the
hydrostatic compression retards both reaction and diffusion
while hydrostatic tension enhances them, the symmetry of
lithiated pattern observed in bending-free GeNW is broken by
bending, as shown in both the longitudinal review and the
cross-sectional view. Consequently, the lithiation proceeds
appreciably faster on the left side (tension side) than on the
right side (compression side) of the GeNW in both radial and
axial directions. Therefore, an asymmetrical core—shell is
generated, as shown by the Li concentration profile of the
cross section at the bent region in Figure 4. At the end of the
lithiation (Figures 4aS$, bS), the cross section become elliptically
shaped with an unlithiated core being located closer to the
compressive side, further demonstrating the symmetry breaking
in the lithiation process. The lithiation kinetics in the simulated
GeNW is shown in Figure 4c. Compared with Figure 3, these
curves show the same trends: lithiation started with a very high
speed and slowed down gradually, illustrating the consistence
between theoretical and experimental results.

In summary, we investigate the influence of the external
bending on the lithiation kinetics and deformation morphol-
ogies in GeNWs. It was found that free-standing GeNWs
undergo isotropic lithiation. Lithiation self-generated internal
stress due to the incompatible strain at the reaction front causes
lithiation retardation in the free-standing GeNWs, similar to
SiNWs and SiNPs. Bending a GeNW during lithiation breaks
the lithiation symmetry, enhancing the lithiation rate on the
tensile side while suppressing it on the compressive side, both
in the radial and the axial directions. Chemomechanical
modeling corroborates the experimental observations and
suggests the stress dependence of both Li diffusion and
interfacial reaction rate during lithiation.

The external load mediated lithiation kinetics opens new
pathways to improve the performance of electrode materials by
tailoring lithiation rate via strain engineering. As anisotropic
lithiation constitutes the primary origin for the fracture of c-
Si,'? external forces, such as bending, might be applied to
suppress the lithiation anisotropy, therefore mitigating fracture.
Our findings also suggest that pretension may counteract with
the self-generated compressive stress in the electrodes during
lithiation, thereby improving the rate performance of the LIBs.
Moreover, as an electrode is of essentially multicomponents,
local mechanical incompatibility among different components,
particularly due to the large volume expansion of the high-
capacity active materials, generates highly localized compressive
stress that may subsequently result in poor rate performance
and capacity loss of the battery. Therefore, active materials
should be appropriately spaced such that certain extent of free
expansion is permitted to avoid buildup of high compressive
stresses. Furthermore, in the light of bending-induced
symmetry breaking of lithiation and considering a thin-film
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structure with preinserted secondary species(hydrogen, Li, Na,
etc.), bending of the thin film modifies the chemical potentials
of the secondary species, leading to the flux of the inserted
species from the compressive side to the tensile side. The
mechanically controlled flux of the secondary species features a
novel energy harvesting mechanism through mechanical stress.
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In situ TEM lithiation movies and chemomechanical simulation
details. This material is available free of charge via the Internet
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