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This paper aims to investigate the mechanism of stress mitigation in micrometer (m) sized Selenium (Se)-doped Germanium
(Ge) electrode, which includes a self-forming inactive Li-Ge-Se network enveloping multiple nanometer-sized crystalline Ge (c-Ge)
particles. Considering the electrode system contains multiply active particles, models based on single-particle are unable to fully
understand elusive underpinning mechanism. Hence, a phase-field model is employed to investigate the effect of the Li-Ge-Se
network on the particle-particle interaction, and the stress variation of the electrode upon lithiation. The amorphous Li-Ge-Se
network provides an effective Li diffusion path for inter-particle diffusion, reducing stress difference between the surfaces of
neighboring particles. Furthermore, the constraint between the adjacent particles induces a higher compressive stress at the reaction
front impeding the mobile Li insertion during lithiation. Though small c-Ge nano-particle in the Geg 9Seq | microparticle is lithiated
quickly, the compressive stress is generated at its center for stress equilibrim causing more retardation effect. Meanwhile, the size
difference between adjacent particles increases the principle and shear stresses in the inactive Li-Ge-Se, which could potentially lead
to mechanical failure and debonding of the amorphous network. We believe that the results of this investigation can shed some light

on the optimization design of electrodes.
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Li-ion batteries (LIBs) have become the major power source for
portable devices and electric vehicles in recent decades. Innovation
in LIBs technology is driven by the imperative demand for high-
storage capacity, light weighting, and affordability.'”” The use of
alloy-type anode materials is an attractive option due to their much
higher storage capacity compared to graphite (372 mAh/g). An ex-
ample is the broadly studied Si-based materials with low voltage
and the high volumetric capacity (4200 mAh/g for Li;5Siy).>>%10 In
recent years, Ge-based anode materials have received lots of atten-
tion from academic and industrial entities due to their higher elec-
trical conductivity compared to Si-based anode materials.!"!? Be-
sides, Ge-based anode materials show better mechanical performance
than Si-based ones. Chan et al. investigated onset voltage for lithia-
tion of the (100), (110), and (111) planes in both Si and Ge single
crystal via combination of first principles calculations, electrochem-
ical experiments, and Raman spectroscopy. Their results indicated
that lithiation of Ge is independent of orientation, unlike Si.'* Liang
et al. concluded based on in situ TEM study that the weak anisotropy
of the lithiation strain at the reaction front contributes to mechani-
cally robust behavior of Ge nanoparticles.'* They observed fracture
free for particles with a large initial diameter, i.e., 620 nm, after
multiple cycles.'* The isotropic nature of lithiation contributes to
this resistance to fracture,'* compared to highly anisotropic lithiation
found in ¢-Si electrodes.'® Vlassak et al. found out Ge electrodes are
more resilient to fracture than their Si counterparts via performing
in-situ measurements of the stresses, stiffness, and fracture energy of
a-Li,Ge thin-film electrodes during electrochemical cycling.'® How-
ever, as an alloy-type material, Ge can undergo a high volume ex-
pansion (261%) during lithiation.'” A major impediment to the use of
alloy-type anode materials is the mechanical degradation (i.e., surface
failure) of the electrodes in LIBs because of large swelling and shrink-
age during charging/discharging cycles.'?! Mukherjee et al. de-
ployed computational methods to study mechanical-electrochemical
interaction in silicon-type high-capacity electrodes, and concluded
that the majority of the microcracks evolve at or near the parti-
cle surface due to high volume expansion induced tension during
lithiation.?>~>*

One of the proposed solutions to avoid mechanical degrada-
tion is the use of nano-structured alloy-type anode materials, which
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alleviates the electrode particle fracture because of the facile strain
accommodation and short diffusion path for electron and Li-ion trans-
port in the nanostructured electrodes.>>>° However, site reaction dur-
ing over-charging or fast-charging may lead to inhomogeneous Li
dendritic growth on the electrode surface, which could cause a short
circuit in the LIBs.® Also, an increase in the surface area of the
material from the use of smaller particle size results in a large irre-
versible capacity loss because of the formation of solid electrolyte
interphase (SEI).3! Furthermore, nano-structured particles have low
tap density and lead to lower energy density anodes, making scale up
difficult.?

To improve the electrochemical performance of alloy-type LIBs,
several design strategies have been applied to mitigate the chemo-
mechanical degradation of the electrode materials. Surface coating is
one of those strategies.>3>~3 Such a coating layer acts as a multi-
functional layer, suppressing the volumetric change upon lithiation
therefore preventing cracking and pulverization of electrode materi-
als. However the layer also impacts the chemical reaction kinetics and
diffusion rate in the lithiated region by tuning the stress distribution
inside the electrode.” If the layer increases compressive mean stress at
reaction front, the compressive mean stress will contribute a negative
driving force for lithiation, thus, slowing down further lithiation.33
The stress induced self-limiting lithiation, or stress retardation effect,
has been demonstrated by recent in-situ TEM studies: the migra-
tion of the reaction front in Si and Ge slowed down considerably as
lithiation proceeded.***" On the other hand, common surface coating
methods such as alloying with metallic oxide are often time consum-
ing or cost-intensive.>*> Recently, Mullins’s group*'~** proposed a
self-forming active/inactive phase design of a micrometer (j.m)-sized
Se-doped Ge particles, where a network of active Ge inclusions amidst
an amorphous Se-containing inactive phase is automatically formed
during the initial lithiation cycle as shown in Fig. 1. Preliminary stud-
ies have shown that micrometer (jum)-sized Se-doped Ge particles
vastly outperform un-doped Ge particles of similar size,® without
surface fracture nor severe capacity fade for hundreds of cycles,>**
as compared in Figs. la—1c (pure c-Ge microparticles after charg-
ing/discharging) and Figs. 1d-1f (GegpoSeq; -based microparticles
after charging/discharging). We investigated the effect of stress on
the lithiation kinetics as shown in our previous work that the stress
retardation effect is much less with a soft coating layer than with the
hypothetical hard coating layer.* Therefore, for optimizing design of
GepoSep -based LIBs, the fundamental understanding of the role of
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Figure 1. (a) TEM of cycled pure Ge particles from the pure Ge-based electrode. (b) The particle appears torn and fracture at the edges, (c) Nanometer-sized pores
are observed throughout the interior of a micrometer-sized particle. (d) HR-TEM of an electrode particle from the Geg 9Seq | -based electrode. (e) Within the particle,
there is no pore or cavity. (f) Higher magnification of a Gep9Seq; particle reviles several crystallite Ge regions (1 to 8) surrounded by an amorphous Li-Ge-Se
inactive phase. (g) Schematic showing the micrometer-sized Se-doped Ge particles form a network of active Ge inclusions amidst an amorphous Se-containing

inactive Li-Ge-Se phase, inspired by the experimental observations in (e)-(f).

the inactive phase in the stress mitigation of active electrode particles
is necessary.

It had been widely accepted that the lithiation-induced stress plays
an important role in the electrochemical processes.*6472148-58 Thys,
numerous numerical models, i.e., chemo-mechanical models, have
been developed to investigate how the lithiation-induced stresses
change the kinetics of Li diffusion and interface reactions.?!*-8
These chemo-mechanical models often treated the lithiation-induced
stress as a diffusion-induced stress by considering Li diffusion in a
solid-state electrode that results in the change of composition from
its stoichiometric state. If the Li distribution is non-uniform, devia-
tion from stoichiometry often causes a volume change which gener-
ates stresses.”® The resulting stresses modulate the lithiation kinet-
ics in lithiated electrodes.*®%%¢! Therefore, by developing a reaction-
diffusion phase field model coupled with elasto-plastic deformation,
a previous investigation of GeygSe(  -based electrode particles fo-
cusing on a single and isolated nanometer-sized electrode particle
(c-Ge) enveloped by Li-Ge-Se coating has been conducted.* The soft
Li—Ge-Se coating is found to reduce the compressive mean stress
at the reaction front, thus alleviating the stress retardation effect on
the lithiation kinetics. However, these results based on a single, iso-
lated particle with idealized structure can only partially reveal the
physical underpinnings of previously unexplained favorable chemical
reaction, diffusion and fracture behavior of Se-doped Ge electrodes.
Since the electrodes can be treated as a composite including active
materials (usually consisted of multiple active particles, i.e., Si, Ge

or graphite) and a conductive coating layer (i.e., Li-Ge-Se network
in our study),®? the electromechanical properties of the coating layer
can greatly impact on the general performance of electrodes. Fur-
ther, the particle-particle interaction can play an important role on
regulating active particles’” morphology and stress evolution during
lithiation. Hence, studies based on single-particle are unable to fully
understand elusive underpinning mechanism. Several research groups
show that the maximum value of lithiation-induced stresses in the
realistic particle is much higher than the prediction from the isolated,
idealized models.*%* Concluding from previous chemomechanical
simulations of electrode with multi-particles (i) The microstructure of
electrode particles strongly impacts the stress generation (i.e., pres-
sure from neighboring lithiated particles), Li diffusion/concentration
(i.e., alow Li influx may result in diffusion-controlled lithiation), and
mechanical failure. (ii) In a multi-particle system, the value of result-
ing stresses can be significantly higher than the one in single isolated
particles. (iii) The mechanical properties of conductive coating layer,
particularly the yield stress and elastic modulus, play important roles
in determining the average stresses developed in the electrodes.*%
Hence, in order to understand the chemo-mechanical behaviors of
GepoSep based electrodes, it is necessary to study stress evolution
and phase morphology among nanosized Ge particles enveloped by
Li-Ge-Se network.

In this paper, we aim to investigate stress mitigation in the
micrometer-sized GepgSey; electrode particle via the effect of
c-Ge nanometer-sized sub-particle interaction in a network of
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Li-Ge-Se. Here, we construct the 2D model inspired by experimental
observations, as the network of inactive Li-Ge-Se phase enveloping
nanometer-sized c-Ge particles,>*? as shown in Fig. 1g. Then, we em-
ploy a reaction-diffusion phase-field model* coupling elasto-plastic
deformation to investigate the stress field evolution and the mechan-
ical interaction in regulating the Li distribution and stress retardation
of lithiation kinetics. First, we investigate particle-particle interac-
tions by exploring the concurrent evolution of phases, morphologies
and stress between two GegoSey -based particles with unequal size.
Second, we study phase evolution and stress mitigation under the in-
fluence of Li-Ge-Se network in an image-based model by including
many particles of randomly distributed sizes.

Modeling

Problem description.—Fig. 1 compares transmission electron mi-
croscopy (TEM) images of a pure Ge based electrode and a Gey 9Se ; -
based electrode particles after 80 cycles of variable C-rate testing.*’
Fig. 1a reveals the micrometer (jum)-sized pure Ge particles. On fur-
ther magnification, Fig. 1b reveals fracture and torn structure at the
edges of a Ge particle caused by large deformation and anisotropic vol-
ume change during charging/discharging cycles. Also, the nano-pores
that form in the Ge particle (Fig. 1c) indicates the large irreversible
plastic deformation undergone by pure Ge electrode during cycling.
Fig. 1d reveals the micrometer (jm)-sized GeyoSe;-based parti-
cles. On further magnification, the HR-TEM image, Fig. le, shows a
fracture-free structure of a cycled GejoSe; particle. Fig. 1f reveals
10nm clusters of nanometer-sized c¢-Ge particles (numbered 1 to 8)
enveloped by amorphous Li-Ge-Se network. The amorphous Li-Ge-
Se network brings the superior electrochemical performance of the
GegoSep; electrode in cycling stability and capacity over un-doped
Ge particles.*> However, the formation mechanism is not our focus
in this study, rather, the tempo-spatial morphology, phase change be-
tween neighboring particles, and stress evolution of the c-Ge particles
surrounded by the Li-Ge-Se network are our main concerns. For sim-
plicity, we illustrate the mechanism by taking the lithiation of two
spherical c-Ge particle with different radii as schematically shown in
Fig. 1g.

Unlike the pure c-Ge particles, Se-doped Ge particles are en-
veloped by a self-forming inactive Li-Ge-Se network with high Li
capacity and diffusivity, which does not participate in chemical re-
action. Hereby, we define two states of Li atom to describe the Li
diffusion and chemical reaction, as mobile Li and immobilized Li, re-
spectively (see details in Phase-field model section). Meanwhile, the
lithiation arises from three kinetic processes in series that are (i) the
redox reaction (a charge transfer reaction) at the electrolyte/Li-Ge-
Se interface, (ii) the diffusion of the mobile Li through the Li—Ge—Se
layer and the a-Li,(Ge phase, and (iii) the chemical reaction (a bulk re-
action) at the a-Liy,Ge/c-Ge interface where the mobile Li is changed
to the immobilized status (See details in Appendix and Figure A2).
Therefore, the local distribution of mobile Li concentration determines
the lithiation reaction kinetic (reaction- or diffusion-controlled), as we
have discussed in the previous work.* The inactive Li-Ge-Se network
as a high conductive surface film has a high Li atom diffusivity, which
can transport a large amount of mobile Li to the nanometer sized sub-
particles during lithiation. For the c-Ge nanometer sized sub-particles
located close to the outer surface of GeyoSe, -based particles (elec-
trode/electrolyte interface) may have sufficient mobile Li during lithi-
ation, the reaction-control kinetic will dominate the lithiation reaction.
However, for the c-Ge clusters located away from the outer surface,
the lithiation kinetic can be diffusion-control once the local distribu-
tion of mobile Li is not enough. Such difference in lithiation kinetics
can directly lead to inhomogeneous lithiation, and, therefore, dramat-
ical stress variations, which thereby results in the loss of electrical
contact and limits the life cycle of LIBs. On the other hand, when
the sizes are unequal between adjacent enveloped c-Ge particles, the
geometrical effects play important role leading to different lithiation
levels and lithiation-induced stress. The influence of such difference
can be reflected on the Li distribution near adjacent particles (i.e.,

lower Li distribution). Hence, in addition to the pervious investigation
on an isolated c-Ge enveloped by Li-Ge-Se layer, it is important to
study the role of the inactive Li-Ge-Se network in the evolution of
phase, morphology and stress in the active/inactive phase electrode
particles during the lithiation process in three aspects: 1) Comparison
of electrochemical performance of contact particles verse enveloped
particle; 2) The influence of size difference on particle-particle inter-
action; 3) Image based cluster of c-Ge particle interaction for a more
practical investigation.

Stress equilibrium.—The local stress relaxation is much faster
than the long-range Li diffusion and chemical reaction, thus, the stress
equilibrium for all material points holds at any time, i.e.

V.o =0onV [1]

Further, regarding the mechanics boundary conditions, we assume
the outer surface of the inactive coating layer I'f, . _g, is traction free

-n-6=0 onl{ ¢ s [2]

where n is the outward normal at the outer surface I'f, ;. s.. The
stress is a function of the deformation gradient F, that is defined as
F = F°F*, F* = F°F”, where F° means the chemically-induced de-
formation gradient for the compositional inhomogeneity, F? is the
plastic deformation gradient, and F¢ is the elastic deformation gradi-
ent. An accumulation of an inelastic deformation F* followed by an
elastic deformation F¢ can be used to describe the total deformation.
We name the state after inelastic deformation F* as the intermediate
state.

Phase-field model.—Coupled with elasto-plastic deformation, the
phase-field model (PFM) integrating chemical reaction, Li diffusion,
and interfacial effects has been developed in previous work, and was
applied to capture the reaction and/or diffusion lithiation kinetics.*’ In
brevity, based on the bulk chemical reaction, xoLi+-c-Ge — a-LiyGe,
at the a-LiyoGe/c-Ge phase boundary within the electrode, is specif-
ically considered as a phase transformation with an abundant avail-
ability of c-Ge. As the number of moles of Li in the alloyed a-Li, Ge
phase and we use xp = 3.75 in this study based on the published experi-
mental results.*” To simulate the concurrent Li diffusion and chemical
reaction, two phase-field parameters will be defined corresponding to
the states of Li during the lithiation process: 1) we define the mobile Li
(as unreacted Li atoms) distribution in the phases via the normalized
concentration field (molar fraction), cy;. 2) a continuous phase-field
variable, &, is introduced to describe the immobilized Li state (reacted
Li), and applied to separate a-LiyoGe and c-Ge during the phase trans-
formation. Besides, the lithiation-induced chemical deformation is
isotropic resulting from both the Li diffusion and the reversible chem-
ical reaction. Thus, with above parameters, the chemically-induced
deformation gradient F¢ can be expressed as, F* = f; € I +B, ci;
I, in which, B, and B, are the expansion coefficients corresponding
to the deformation donated by the immobilized and the mobile Li,
respectively, and I is the identity tensor.

With the above two phase-field parameters, we define the total free
energy functional of the heterogeneous material expressed as*>¢7-63

_ _ ke (VE)
G = fdv = Jfen (€8) + funovite (cLi) + >
14 5 14
@ +f (FLE, cu)] v 3]

where the terms KE(VZ)Z /2 and k.(Vcy;)?/2 are the gradient energy
densities associated with the interfacial energy. f.,(€) corresponds to
the local chemical free energy density, reads f.,(§) = g(&) + h(E)n,
where the constant term 1 = —0.5eV in the assumption represents a
driving force combining the electrostatic effect and the standard poten-
tial difference between reactants and products (AW = W ;6. — Wge)s
in which the entropic driving force over the mobile Li is negligi-
ble. g(§) = WE2(1 —£)” is a double-well function describing the
two equilibrium states separating the reactant (§¢ = () and resultant
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(¢ = 1) phases mathematically and W/16 is the artificial energy bar-
rier height. h(§) = £3(65% — 15& 4 10) is an interpolating function
corresponding to the state of charge which is interpolated between the
c-Ge, (as h(0) = 0) and a-LizGe (as h(1) = 1) phases.®7! Here,
neither the double-well energy function nor the energy barrier car-
ries any physical significance. They are introduced, in conjunction
with the gradient energy k:(VE)?/2, just to form interface between
the unreacted and resultant phases. Meanwhile, W and «; determine a
scale length, as ,/k:/ W, which characteristic thickness of the phase
boundary. i.e. reaction front. However, in this work, we only apply
a particular choice for both W and kz, due to the lack of the direct
measurement for the actual thickness of the reaction front. Once the
thickness of reaction front is measured from experiments, it can be
directly applied to the future simulation.

Jfmobite(cLi) is the free energy density of the mobile Li interacting
with host matrices. f;(F, &, c1;) is the elastic energy density induced
by the inhomogeneous lithiation defined in the Lagrangian description
(initial configuration). (See details in Appendix).

The phase-field evolves driving by

9k 3G

5= Mg = M (E @R On+ Ve ) 4]

where M is a function controlling the rate of chemical reaction. We
assume that M; is proportional to the concentration of the mobile Li,
expressed as Mz = L, c.;, of which L, is the non-negative constant.”?
It is noted that at the stress-free state with n is unchanged, a higher
mobile Li concentration, c¢;;, increases the rate of chemical reaction,
whereas a lower c;; indicates a slower lithiation process. The stress
driving force, ui corresponding to the resulting stresses caused by the
immobilized Li. (see details in Appendix).
The mobile Li diffusion in the host matrices is driven by

dcy
at

0%
— V. (=DVey) — 055 5
( Li CLI) T []

%_ % responses to the accumulation/consuming
Xmax Ot

of the mobile Li due to lithiation reaction. D{T is the effective diffu-
sion coefficient: 1) Dﬁfif = Dh‘Geh(E) + DpF(1 — h(§)), in the ac-
tive lithiated Ge material (D[i% and DS are the mobile Li dif-
fusion coefficients in the lithiated Ge and unlithiated Ge respec-
tively); 2) Dfff = DU in the inactive Li-Ge-Se layer. (see details
in Appendix). We had validated our model in our previous work*
that the present PFM can reproduce the reaction-diffusion kinet-

where the last term

ics and the stress evolutions were well calibrated with experimental
observations.

Parameters

COMSOL (version 5.2), a commercial software package was used
to solve the PFM coupled with the constitutive equations for elasto-
plastic deformation, using a FEM-based numerical scheme. The FEM-
based approach can more efficiently integrate the phase-field and me-
chanics equations than the commonly used spectral method. Espe-
cially, under various initial and boundary conditions, it is suitable to
solve the problems with elasto-plastic deformation and finite-sized
geometry of an arbitrary shape.

The unlithiated Ge is considered as the pure Ge modeled as an
isotropic and elastic material, with Young’s modulus of 130 GPa and
Poisson’s ratio of 0.26.”>> An isotropic elasto-plastic model with a
linear hardening law is adopted to describe the constitutive behavior of
amorphous Li-Ge-Se and Li,,Ge phase upon lithiation. Currently, the
elastic properties for both amorphous phases are unavailable, so the
properties of a very similar alloy material (i.e. Li-Se-Ga) are adopted
with the Young’s modulus and Poisson’s ration varying from 16 GPa
to 24 GPa and from 0.24 to 0.26,” respectively. The elastic properties
across the diffuse Ge/LiyxoGe interface vary linearly between the pure
Ge and LiyGe’s depending on the Li concentration. However, the
materials properties of amorphous Li-Ge-Se and LiyGe in the plastic
region are unavailable. Hereby, we use typical values for the yield
strength 0,0 = 1.2 GPa, and the hardening modulus H = 2.0 GPa,
which provide a reasonable fit to recent experiments.*?

The diffusion expansion coefficient and the reaction expansion co-
efficient are p; = p, = 0.5326, both of which yield an experimentally
observed volume increase of 261% in the fully lithiated phase. And
the Li diffusion coefficients in pure Ge particle, D{¥, is obtained by
the empirical equation as following:*>7®77 DS = D, exp[—Q/RT]
where Dy = 2.5 x 107 m?.s7! is the constant prefactor and
Q = 11800 cal-mol~! is the activation energy. Thus, we have
D ~ 5.9 x 1077m? - s~!, which is well consistent with the ex-
perimentally measured one by the potentiostatic intermittent titration
technique (PITT) reported in Ref. 42.

In the present PFM, all the equations are solved in a dimensionless
form. Both moduli and stresses are normalized by E, = 1 GPa that
has been estimated as follows. The initial radius of nanometer-sized
Ge particle is A; = 20 nm and A; = 10 nm for large and small
particles respectively, and the thickness of Li-Ge-Se layer is given as
0.2A, based on the experimental observation. The length parameters
are normalized by A, = 10 nm, yielding a normalized radius of unity.
Besides, the characteristic time step At for lithiation evolution is taken

Table I. Phase-field simulation parameters and their normalized values.

Real value Normalized value
Parameter Symbol Value Symbol Value
Reaction constant. Ly 5% 1072 57! Ly=Lyx A 0.1
Gradient energy coeff. K 5% 10°7-m™! kK =xK/(Ey x Aod) 0.0001
Barrier height w 16 x10787.m™3 W = W/E, 16
Particle Radius (large) Al 20 nm A=A/Ay 2.0
Particle Radius (small) Ag 10 nm A=A/Ay 1.0
Time step At 0.002 s AT = At/ Ary 0.001
Elastic Modulus of Ge EGe 130 GPa EGe = Ege/Eo 130
Elastic Modulus of LiyyGe Evige 30 GPa ELiGe = ELice/Eo 30
Elastic Modulus of Li-Ge-Se Evise 16~24 GPa Erise = ELise /Eo 16~24
Diffusion coeff. of Ge DEe 59 x 10717 m?.s7! DE® = DE® x Aty x Ag~2 0.03
Diffusion coeff. of LixoGe DfiGe 85x 1075 m?.s7! DHGe = DHEe x Ary x Ag™? 0.425
Diffusion coeff. of Li-Ge-Se DFLise 8.5 x 10714 m?.s7! DHSe = pLiSe x Aty x Ag~2 4.25
Yield Strength 030 1.2 GPa Gy =oy0/Eo 1.2
Strain Hardness H 2 GPa H=H/E, 2
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Figure 2. The variations of the lithiation-induced surface compressive mean stress, oy, in large and small particles with respect to lithiation time for (a) contact

structure and (b) connective structure, respectively.

as 0.002 s. The physical parameters and their normalized value are
summarized in Table I. Notice that the constant L, and the electrostatic
driving force (n = —0.5 eV) are kept fixed in this study.

Results and Discussion

Comparison between network structure and hypothetical contact
structure of Li-Ge-Se phase.—Some researches focused on as an ac-
tive particle enveloped by a protective and inactive binder to prevent
mechanical degradation of active phase.”®’® However, the network
structure of inactive phase can be more effective in protecting particles
from fracture and degradations. In this section, we make a comparison
between a hypothetical contact structure and the network structure of
Li-Ge-Se layer. In the contact structure configuration, each c-Ge parti-
cle is coated with a layer of Li-Ge-Se. Initial, the particles are isolated,
and contact is made due to swelling from lithiation (shown in Fig. 2a).
The network structure refers to the configuration of c-Ge particles are
evenly enveloped with a Li-Ge-Se phase (Fig. 2b). For the boundary
conditions, two phase-field order parameters are defined accordingly
as two boundary conditions to solve two partial differential Equations:
ey = 6g on FfifGe—Se’ which FﬁifGe—Se is the outer surface of the
inactive Li-Ge-Se coating layer. 2) € = 1 and ¢;; < 0.15 on Fée,
which I'Z,, corresponds to the interface between the active Ge particle
and the inactive Li-Ge-Se coating layer. Further, for other mechan-
ics boundary conditions, we assume the outer surface of the inactive
coating network or layer I'f, . _s. is traction free, i.e., —n-o = 0
on T, . . accounting for the role of Li-Ge-Se coating network
or layer in buffering volumetric expansion, where n is the outward
normal at the outer surface T'{, ¢, ..

In experimental observations, the mobile Li was observed to
quickly cover the outer surface of the Li-Ge-Se coating layer due
to the high Li diffusivity in the liquid electrolyte.?!-3%3! Hereby, we
prescribe three Dirichlet boundary conditions: i) a saturated normal-
ized mobile Li concentration of ¢, = 1, corresponding to enough
Li on the Li-Ge-Se outer surface throughout the lithiation process is
assumed,; ii) a Li-rich phase of £ = 1, which indicates the lithiation
reaction starts from the interface between the active Ge particle and
the inactive Li-Ge-Se coating layer to the inside of Ge particle is pre-
scribed; iii) the maximum or saturated concentration of the mobile Li
on the boundary between the electrode and the Li-Ge-Se layer due
to the capability of carrying Li atoms of lithiated Ge: ¢;; < 0.15 or
i =0.15.9

Fig. 2 shows the variation of surface mean stress at adjacent sur-
faces in both particles with respect to lithiation time for the contact

structure and the network structure (given in Figs. 2a-2b, respec-
tively). In Fig. 2a, after 25s of lithiation, the mean stress difference
between the adjacent surfaces in both particles increases over time.
However, in the network structure (shown in Fig. 2b), the stress differ-
ence between the adjacent surfaces in both particles increases from 10s
to 80s during lithiation but decreases as lithiation proceeds, reaching
an equilibrium state at 220s. The comparison reveals that the Li-Ge-
Se network can provide even stress distribution near adjacent surfaces
between neighboring particles.

The Li-Ge-Se network with the high Li diffusivity provides more
diffusion paths for inter-particle diffusion than the hypothetical con-
tact structure, which brings even stress distribution between the ad-
jacent surfaces of neighboring particles upon lithiation. In general,
the inter-particle diffusion happens when a chemical potential dif-
ference, given as Ap, = |t — S|, induced by the different stress
levels at adjacent surfaces is greater than zero. A, drives the inter-
particle diffusion, pushing the mobile Li from the large particle to
the smaller one near the contact region. Consequently, the mobile Li
concentration, cy;, in the large particle is diluted, generating a local
negative driving force which drives the delithiation in the large par-
ticle but leads to instantaneous lithiation in the smaller one. As the
inter-particle diffusion continues, it impacts the stress variation in both
particles until the two particles reach an isopotential, i.e. A, = 0
(inter-particle diffusion stops), the lithiation resumes as a-Liy Ge
phase grows, resulting in Ap, > 0, which drives the inter-particle
diffusion.%

In this study, however, the direct observation of lithia-
tion/delithation is impossible due to the mesh density, time steps and
computational cost. Instead, we use (see Fig. 3) the reaction driving
force, 0€/0t, at different times to show the inter-particle diffusion.
In Fig. 3, the white arrow indicates the direction of reaction driving
force, when it points inward it indicates a positive driving force and
a tendency for lithiation. Conversely, pointing outward, it indicates a
negative driving force and a tendency for delithiation. The size of each
arrow indicates the magnitude of the reaction driving force. In Fig. 3a,
large negative driving force is prevalent in the large particle showing
a tendency of delithiation, corresponding to Fig. 2b, that during the
initial stage of lithiation a higher compressive stress builds-up at the
surface of the large particle. At the same moment, the smaller particle
is dominated by positive driving force, as the inward pointing arrows
indicate (Fig. 3a). As lithiation proceeds, (see Figs. 3b—3d) the mag-
nitude of the driving force decreases as the compressive stresses on
both particles surface equilibrates. The random distribution of arrows’
direction is noticeable in Fig. 3 due to the mesh density and mobile
Li diffusion causing uneven lithiation in the model. Therefore, when
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(a) 40s (b) 1205

Delithiation

(© 160 s (d) 200 s

‘

Figure 3. Comparison of the magnitude and direction of the reaction driving
force at different time: (a) r = 40 s, (b) 120s, (c) 200s, and (d) 240s. The white
arrow represents the direction and its size corresponds to the magnitude of the
reaction driving force.

neighboring particles are in different sizes, the network structure of
Li-Ge-Se can evenly redistribute the compressive stress at adjacent
surfaces of neighboring particles.

Particle-particle interaction between two neighboring nanometer
sized particles.—Previous works usually assume®” that, regardless of
the electrode particle’s position, each particle has been evenly merged
in the electrolyte, so that the lithiation of each particle is simultane-
ous. However, due to finite Li diffusivity in the Li-Ge-Se network,
the nanometer sized sub-particles near the outer surface of microm-
eter sized electrode particle start lithiation earlier than those located
far away from the outer surface. Fig. 4 shows the TEM image of
a GegoSe -based electrode during lithiation. The mobile Li diffu-
sion process that occurs in the amorphous Li-Ge-Se network can be
expressed as: (1) redox reaction (a charge transfer reaction) at the
electrolyte/Li-Ge-Se interface, (2) diffusion of mobile Li through the
Li-Ge-Se layer. Hence, inspired by the actual lithiation process, we
change the mobile Li influx boundary condition from the outer surface
of the Li-Ge-Se to the small particle simulating the Li diffusion inside
of the network, assuming the large particle to be located in the interior
of the Ge cluster. When a mobile Li atom entering the outer surface,
it has to travel along the Li-Ge-Se network to reach each particle.
Fig. 4b shows the axisymmetric finite element model for the particles.
R., Ry and T, are the radius of particles in contact direction, the radius
of particles in free direction, and thickness of the inactive Li-Ge-Se
layer, respectively. The red arrows indicate the mobile Li influx, where
cLi = ¢,. Notice that rest of the boundary conditions applied in this
case are the same as in Section Comparison between network structure
and hypothetical contact structure of Li-Ge-Se phase.

Fig. 5a shows the variation of the mean stress, o, (normalized
by the Young’s modulus of pure Ge), between two particles at dif-
ferent lithiation times (18s, 120s and 240s). Notice that we show the
stress evolution align with the representative lithiation depths, which
is specified by the position of reaction front in the reference config-

uration. Hence, the deformation due to lithiation is neglected in the
plots. The mechanical confinement in contact direction results in a
higher compressive mean stress at the reaction front in both particles
along the R, direction than the one along R;. The lithiation thickness
of each particle has been normalized by the radius of large particle
(a’f for the large particle and a7 for the smaller particle, respectively)
for comparison.

For the large particle, Fig. 5b compares the radial distributions of
mean stress along the free direction, R}, and along the direction of

R'. The compressive mean stress at reaction front along the contact
direction is higher than along the free direction due to inter-particle
contact. Similarly, we obtain the radial distribution of mean stress
in the small particle as shown in Fig. 5c, in which a higher com-
pression at the reaction front is observed along the contact direction
than the free direction. Reason being that, at the same time, the small
particle has a higher percentage of lithiated phase than the large par-
ticle. Also, the lithiation kinetic in the small particle is completely
reaction-control as shown in Fig. 6a, which results in a faster lithi-
ation and a shorter relaxation time for dissipation of compressive
stress. Meanwhile, during lithiation in the large particle, the lithiation
kinetic is both reaction and diffusion control. In the earlier stage, the
lithiation kinetic is reaction-controlled but then transits to diffusion-
controlled as the phase boundary moves deeper. This transition slows
down the lithiation process resulting in a longer relaxation time for
the dissipation of accumulated stress. Notice that the compressive
mean stress can lead to a negative driving force for the chemical
reaction.

Furthermore, we compare the mobile Li distribution in two cases:
1) with the stress effect and 2) without any stress effect. Given in
Figs. 6a—0b, the stress retardation effect leads to slower phase evolu-
tion near adjacent surface of both particles (consistent with the mean
stress distribution in Fig. 5).

To exam the stress retardation effect due to the mechanical con-
finement of the particles by the Li-Ge-Se coating, we check the total
Li profile for both particles. Although the particles do not make direct
contact because of the Li-Ge-Se buffer, the large compressive stress
generated by the contact effect of both particle (see Fig. 5a) plays
an important role in the Li profiles when the stress effect is consid-
ered (as shown in Fig. 6a). Fig. 6¢ and Fig. 6e shows the Li profiles
along the contact radial direction at different lithiation times (120s
and 240s). The solid and dash lines represent the Li profiles when
the stress effect on Li diffusion is ignored and when it is accounted
for, respectively. In both plots, with the mechanical confinement from
the Li-Ge-Se phase, the Li insertion into the particles is suppressed
due to the compressive stress. As lithiation proceeds, the suppressed
effect is more obvious, especially in the smaller particle as shown in

(b)

Li influx

Figure 4. (a) Schematic shows the diffusion process of mobile Li in Li-Ge-Se
network, (i) redox reaction (a charge transfer reaction) at the electrolyte/Li—
Ge-Se interface (ii) diffusion of mobile Li through the inactive Li-Ge—Se and
a-LixoGe phase. (b)Schematic drawing of aggregating anode aligning in one-
dimension and the axisymmetric finite element model for the network structure
particles. R., Ry and T are the radius of particles in contact direction, the radius
of particles in free direction, and thickness of inactive Li-Ge-Se, respectively.
The red arrows indicate the Li influx.
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Figure 5. (a) Contour plots showing the distribution of mean stress (o) normalized by the Young’s modulus of pure Ge (Eg.) at different lithiation times: t =
18s, 120s and 240s. (b) Comparison of radial distribution of the mean stress (o) at different lithiation times: r = 18s, 120s and 240s along the free radius (R?)

and along the contact radius (Ri) for the large particle. (c) Comparison of radial distribution of the mean stress (oy,) at different lithiation times: # = 18s, 120s and
240s along the free radius (R}) and along the contact radius (RY) for the smaller particle.

Fig. 6e. At 240s, the smaller particle is almost fully lithiated, but me-
chanical confinement attributed by the Li-Ge-Se layer causes a 20%
less utilization. Fig. 6d and Fig. 6f compare the Li distribution along
the free and contact radial direction for both particles. The contact
effect from both particles results in large compressive stress at the re-
action front, which can cause a large stress retardation effect. It means
that the capacity is more affected in the smaller particle than the lager
one.

Particle-particle interaction in micrometer sized Gey9Sey; elec-
trode particle—One micrometer sized Gej ¢Sey | -based electrode par-
ticle usually contains multiple nanometer sized sub-particles (c-Ge).
Due to the size difference and the finite Li diffusivity in Li-Ge-Se, the
interaction among these nanometer sized particles can cause debond-
ing or fracture failure in Li-Ge-Se network upon lithiation. Though
the fracture may be eliminated at the surface of active nanometer sized
c-Ge sub-particles, the debonding or fracture of protective Li-Ge-Se
phase can still cause problems, i.e., reduced diffuse path leading to
uneven lithiation. Therefore, in this section, we use an image-based
model to investigation particle-particle interaction in micrometer-
sized GeggSey; electrode particle.

As shown in Fig. 7a, the experimental TEM image tells no fracture
in Geg9Sep -based electrode particles before lithiation. However, after
80 cycles of charging/discharging, we can see that the fracture failure
of Li-Ge-Se network (marked with yellow arrows) located between
adjacent micrometer-sized particles (see Fig. 7b). Also, the fracture

can be found inside of the micrometer -sized particle by amplifying
the chosen region of the electrode (see Fig. 7¢). By further amplifying
the selected region in Fig. 7c, we obtain the HR-TEM image of the
active material, c-Ge particle, surrounded by an amorphous Li-Ge-Se
phase (see Fig. 7d). From this, we constructed a corresponding 2D
model, as given in Fig. 7e, the c-Ge particles (blue) are buffered by the
Li-Ge-Se network (Green) as shown in Fig. 7f. The radii of the c-Ge
particles are varied from 5 nm to 30 nm. The boundary conditions
are given as following: c; = 6& = lon I’ glecm)de, where Fgleclrode is
the outer surface of the particle cluster. £ = 1 andcy; < 0.150n l"ée,
which I'Z, corresponds to the interface between the active Ge particle
and the inactive Li-Ge-Se coating layer.

Figs. 8a—8b show the snapshots of two order parameters, the phase-
field variable (§) and the normalized mobile Li concentration (cy;) at
different lithiation times (¢t = 3.6s, 40s, 160s, 360s). As expected,
the different degrees of Li,yGe phase evolution in the particles are
controlled by particle size and the mobile Li atom diffusion path. The
small particles are lithiated faster than the large ones because of the
smaller the radius of the particle provides the shorter the diffusion path.
In each particle, the LixyGe phase evolution is inhomogeneous during
the lithiation process, i.e., in the largest particle in Fig. 8a. This is be-
cause of the diffusion of the mobile Li atom in the Li-Ge-Se network.
In Fig. 8b, at the early stage of lithiation, in the entire particle cluster,
the mobile Li influx is not evenly distributed nor saturated in the Li-
Ge-Se network. For example, at lithiation time ¢ = 3.6s, the particles
that is near the outer surface of the electrode starts lithiating, whereas
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Figure 6. (a) The mobile Li distribution at different lithiation time as r = 18s, 120s and 240s in the case without stress effect. (b) The mobile Li distribution at
different lithiation time as = 18s, 120s and 240s in the case without stress effect. (c-f) Stress retardation due to the mechanical confinement of the Li-Ge-Se coating
and particles contact. (c) Comparison of radial distribution of total Li along the free radius due to the stress effect in the particle of large size. (d) Comparison of
total Li profiles along two radii (free radius and contact radius) of different orientations of the particle of large size. () Comparison of radial distribution of total
Li along the free radius due to the stress effect in the particle of small size. (f) Comparison of total Li profiles along two radii (free radius and contact radius) of

different orientations of the particle of small size.

the particles inside of the electrode remain in pristine state. As Fig. 8b
shows, it takes about 40s for the Li-Ge-Se network to reach a saturated
and evenly distributed state of the mobile Li. Before that, the mobile
Li distribution in the Li-Ge-Se layer is inhomogeneous, causing an
inhomogeneous lithiation of the particles, and, therefore, resulting in
uneven mean stress distribution in the radial direction in each parti-
cle, given in Fig. 8c. Also, the mechanical constraint of the Li-Ge-Se
network results in a high compressive mean stress at the center of the
particles that are fully lithiated. This is because, the volume expansion
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of the particles leads to tensile stress at the surface of the particle dur-
ing the final stage of lithiation. To balance the particles’ surface tensile
stress, a high compressive stress at the center of particle and a tensile
stress in the Li-Ge-Se network are required. However, the large parti-
cles continue swelling, hence increase the tensile stress in the Li-Ge-Se
network. Therefore, the tension is balanced by the large compressive
stress inside the lithiated particles. This compressive mean stress im-
pedes Li insertion into the particles, reducing the electrode effective
capacity.
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Figure 7. (a) Experimental SEM image of Se-doped Ge (Gep9Sep 1) electrode particles before cycling. (b) SEM image of the of GeggSep.; electrode particles
after cycling. (c-e) HR-TEM images of the active material, Ge particle (crystal zone), surrounded by amorphous Li-Ge—Se phase (light region). (f) Schematic
diagram of the representative element of a Geg9Sep | electrode particle. c-Ge (blue) and network of Li-Ge-Se phase (green).
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Figure 8. Evolution of (a) the phase-field £ (b) the normalized mobile Li concentration cy; and (c) the mean stress distribution at different lithiation times r =
3.6s, 40s, 160s, 360s.
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Figure 9. Comparison of total Li distribution in (a) the particle “1” at different lithiation time, as (b) r = 120's, (c) 240 s, and (d) 360 s.

For further analysis of self-limiting phenomena caused by the lithi-
ation induced stress, we choose particle “1” for illustration, identified
in Fig. 9a. The particle is located between a larger particle (right)
and a smaller one (left). The green solid line represents the axis of
the chosen particle, the other solid lines represent the Li distribution
without stress effect, and the dash line accounts for the stress effect.
Figs. 9b—9d shows the uneven lithiation in the chosen particle “1”, at
time (b) t = 120s, (c) t = 240s and (d) t = 360s, respectively. The Li
distribution across the diameter of the particle is axisymmetric, corre-
sponding to a faster lithiation at the right side of the particle (as also
shown Fig. 8b). When the stress effect is considered, a large compres-
sive mean stress concentrates at the center of the particle, impeding Li
insertion into the particle. For example, at t = 360 s, when the stress
effect is ignored, the particle is saturated with Li (blue solid line),
but by considering the stress effect, the Li concentration at the center
of the particle is much lower (blue dash line). Third, more lithiation
retardation is experienced at the right side of particle “1” when the
stress effect is considered, as shown in Figs. 9b—9d. The right side
of the particle has lower Li concentration than the left side. This is
because the large particle at the right side of “1” exerts more stress
at that region than the stress exerted on “1” by the smaller particle at
the left. This result indicates that smaller particles are more affected
by adjacent particles resulting in the generation of large compressive
stress in the center during lithiation.

Avoiding structure disintegration, i.e., the fracture in the Li-Ge-Se
phase and interfacial debonding between the active c-Ge particle and
the Li-Ge-Se network is very important in the optimization of the
electrochemical performance of electrodes. We analysis the stresses

in the structure to understand the failure risk. Figs. 10a and 10b show
the maximum tensile stress and shear stress in the Li-Ge-Se network,
respectively. The maximum normal stress is located at the region
surrounding the active particles, especially at the outer surface of the
electrode. The maximum shear stresses are between the neighboring
particles, especially between the large and small particles. It shows
that a large size difference between adjacent particles generates higher
shear stress. The normal stress could result in irreversible morphology
changes or fracture of the Li-Ge-Se network, which could reduce the
mobile Li transportation path for the particle leading to an uneven
lithiation and capacity loss. The shear stress is the driving stress

T/E s
0.02

Figure 10. Contours of (a) the maximum tensile stress and (b) the shear stress
in the Li-Ge-Se network.
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for interfacial debonding between the particles and the network. A
debonded interface could isolate the active particles and increase the
ohmic and thermal resistance of the electrodes—another known factor
that causes persistent capacity loss of the electrodes over cycles.

Conclusions

The mechanical stresses and electrochemical behaviors of Li-ion
batteries are intimately coupled. Motivated by the experimentally ob-
served network of active/inactive-phase structure in the lithiated Se-
doped Ge electrode particles, in this paper, we applied a PEM coupled
with elasto-plastic deformation and contact mechanics to simulate
the stress and phase morphology between particles of different sizes.
First, the comparison between the hypothetical contact structure and
the network structure of the inactive Li-Ge-Se phase indicated that
the network structure promotes even mean stress distribution near the
contact area of neighboring particles. Secondly, the lithiated phase
morphology and the mobile Li distribution were studied utilizing the
network structure of the Li-Ge-Se phase. The result indicated a higher
compressive stress at the reaction front toward the contact radial direc-
tion, impeding the mobile Li insertion into the particles. Furthermore,
the small particle loss more capacity than the large one at same lithi-
ation time due to a higher buildup of compressive stress induced by
lithiation. Finally, we simulated the stress and phase evolution in a
GepoSep; based micrometer-sized particle cluster containing multi-
ple particles of different sizes (nanometer-sized c-Ge). The outcome
indicated that the large compressive stress concentrated at the cen-
ter of the particles after full lithiation, potentially results in results
in slowing down lithiation process of particle. Also, inhomogeneous
lithiation in the smaller particle is observed due to uneven mobile Li
influx, inhomogeneous Li distribution at the early stage of lithiation
process, and the contact influence from the larger neighboring par-
ticle. Also, we noticed that large shear stress is generated between
large and small particles, indicating possible debonding or failure
location. The present study potentially offers valuable insights and
guidance toward designing high performing anodes with combined
active/inactive-phase for Li-ion batteries.
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Appendix

Phase-field model.—To simulate the concurrent Li diffusion and chemical reaction,
two phase-field parameters will be defined corresponding to the states of Li during the
lithiation process: 1) we define the mobile Li (as unreacted Li atoms) distribution in the
phases via the normalized concentration field (molar fraction), cpi = X/Xmax, Where x
is the number of moles of the mobile Li, and xy.x = 4.4 is the maximum number
of moles of total Li.%* 2) a continuous phase-field variable, &, is introduced to describe
the immobilized Li state (reacted Li), and applied to separate a-LixoGe and ¢-Ge during
the phase transformation. This order parameter varies smoothly across the interface with
& = 0 in the c-Ge phase (unlithiated state) and & = 1 in the a-LixoGe phase (lithiated state).
Besides, trapping Li and forming a-LixoGe phase are the same process in the electrode
during lithiation, so we can simply find out a relationship between the phase variable
£ and the normalized concentration of immobilized Li as cEirappm = (X0/Xmax) - £ =
(3.75/4.4) - £ = 0.85¢.

With above two phase-field parameters, we define the total free energy functional of
the heterogeneous material expressed as*0768

Ke(VE?  ke(Ver)
2 2

+ fo (F,§, cLi) [dV

[Al]
where the terms KE(VE)Z/Z and k.(Vcy;)?/2 are the gradient energy densities associated
with the interfacial energy.

G= /V de:/;/ |:fch (&) + finovite (cLi) +

Journal of The Electrochemical Society, 166 (2) A364-A377 (2019)

(i)  fen(§) corresponds to the local chemical free energy density, reads

Jen §) =g &)+ h(E)n [A2]

(i) fimobite(cLi) is the free energy density of the mobile Li interacting with host matri-
ces, expressed as

Fnobite (€Li) = Xmax (WY cLi + RT [eviln (i) + (1 = c1) In (1 — cpy)]
+ Qe (1 — i)} [A3]

where 19, is the chemical potential of a mobile Li atom not interacting with the
host matrices, the dimensionless parameter €2 describes the energy interaction
between the mobile Li atoms and empty intercalation sites. 7 is the temperature,
R is the gas constant. Then, we obtain the potential for the mobile Li in stress-free
state as |1, i, = "f?“% = wmax[1; + RT(Inp2) + Q(1 = 2¢1).

(iii))  fo(F, &, cLi) is the elastic energy density induced by the inhomogeneous lithiation,
which is related to the stress states of the phases across the reaction front. In this
study, the elastic energy density is defined as f5(F, &, cLi) = %(Zr(E“E*) +
I7*2“[tr(E(')]2) in the Lagrangian description (initial configuration) by following
our previous work.®” Hence, we express the stress driving force in two folds, u§
and ¢, corresponding to the resulting stresses caused by the immobilized Li and
the mobile Li, respectively, as®

of (Ftop iCin

g = fG(as L =y, + 3 EGEf, [A4]
- 3 fg (FEer) 1 9Cijkl pe ’

Wo = =g =Boow + 3 5 EGER

where oy, is the mean stress induced by the lithiation. And the terms
(1/2)(8C,»jk1/BE)Efj Ef, and (1/2)(3C,-jk//8cLi)Efj Ef,; describe the driving forces from
the varying elastic modulus of the material during lithiation, in which Cjj is the compo-
nent of the fourth-rank tensor of elastic moduli C. Moreover, when the mobile Li starts
to be trapped in Li-Ge alloy, the value of elastic properties of the active lithiated Ge
material vary between the pure Ge and Lij 75Ge’s propnsrties.l(7 Hence, C is obtained as,
C(&) = 20E)HKE)-(2/3)ME)) 1 ® 1, in which bulk modulus K(&) = Eerr/(3(1-2vefr))
and shear modulus N(E) = Eeg/(2(1+Vefr)). Verr is the effective Poisson’s ratio and the
effective Young’s modulus Eg is interpolated by Eer = Erige h(E)+(1- h (§)) Ege, in
which Ejjge is the Young’s modulus of Liz 75Ge and Eg is the Young’s modulus of pure
Ge, respectively.

Note that the plastic energy density is ignored based on the assumption of which
is independent of the concentration of Li atom®”’> but only related to the deformation
gradient F. Because the plastic deformation is an irreversible process and does not con-
tribute to the free energy or chemical potential.* Hence, the plastic energy density has no
contribution to the driving force of lithiation process (neither the phase evolution nor the
mobile Li diffusion).

The reaction is expected to consume the Li that is in a mobile state, thus, the increase
of £ is accompanied with a decrease of mobile Li concentration, i.e., c;. Based on the
mass conservation law, we define the mobile Li diffusion in the host matrices as

A5
Xmax 01 (A3]

where the last term x;(:x % responses to the accumulation/consuming of the mobile Li

due to lithiation reaction. And ji; is the mobile Li concentration influx, which is obtained
by the conventional expression as,%”

. 3G R
Jri = —MuV — = —MyiVug; [A6]
dcri
where My; = Dﬁfcu( 1 — cLi)/*max RT is the mobile Li mobility tensor that is in general
a function of the mobile Li concentration.’” And the total mobile Li potential, f;, is

related to the mobile Li concentration, and the local stress state, as

3G . CLi

W= e = Wopite + Ke V2L + IS = Xmax | WY + RT (In—2— )+ @ (1 — 2¢15)
dcri 1 —cLi
+ ke Ve + ne [A7]

if ignoring the stress effect on the diffusion driving force, reducing the number of material
constants and excluding from the consideration of some secondary important phenomena,
we adopt an alternative simpler approach for ji;, as

ju = —Dff vy [A8]

where D]E_fif is the effective diffusion coefficient in the active lithiated Ge material inter-
polated by D{ff = DHOh(g) + DP(1 — h(E)), where DHC® and DS are the mobile
Li diffusion coefficients in the lithiated Ge and unlithiated Ge respectively. Additionally,
the effective diffusion coefficient in the inactive Li-Ge-Se layer is directly set as the
corresponding value, i.e. Dfff = DliSe.
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Figure Al. The stress-strain curves for the unlithited phase-pure Ge (blue)
and the amorphous phases: LixgGe (red) and Li-Ge-Se (green), respectively.

Elasto-plastic deformation.—Assuming lithiation-induced chemical deformation
rate is dilational without spin, the total stretch rate tensor D becomes the total defor-
mation rate, and can be decomposed into three additive parts in the finite-strain plasticity
framework, D = D¢ +D? 4 D¢, where D¢, D? and D¢ are the elastic, plastic and chemical
stretch rates, respectively.®> At a general state of charge, the phase boundary separates
the electrode materials into unlithiated and lithiated domains. The unlithiated domain is
modeled as an elastic material, whose stress and strain rates obey the classical Hooke’s
law with two material constants, Young’s modulus Eg. and Poisson’s ratio vg,, assuming
the material is isotropic. For the lithiated amorphous Li-Ge-Se and LixGe, the isotropic
elasto-plastic model is adopted to describe its constitutive response, which specifies the
relations between the stresses and the elastic and plastic parts of the deformation gradient.
The equations are usually written in rate form, in which the stretch and stress rates are
related by the following form tv¢ = % [D¢ + ljzef;‘;ﬂ_ tr(D)I], in which “tr”” denotes
the trace of a tensor, T is the Kirchhoff stress tensor that is related to the Cauchy stress
tensor as T = Jo, where J corresponds to the elastic volume expansion. The super-
scripts in ©V¢ denotes the Jaumann rate of <, for which the elastic spin is involved.
Different from the unlithiated domain for which the elastic constants are fixed values,
the two elastic constants, Young’s modulus E.¢ and Poisson’s ratio veg, for the lithiated
product (Li-Ge-Se and Liy(Ge) are phase and Li concentration dependent, as detailed in
Parameters Section.

The plastic stretch rate, D”, obeys the associated J-flow rule. Namely, plastic yielding
occurs when the equivalent stress, T, = ,/ %t’ : U, reaches the yield strength, . Here t’
is the deviatoric part of <, i.e., T = © — r(t)I/3. According to J,-flow theory, the plastic
stretch rate is given by D? = %%dfq, where dl;, = ,/2D? : DP/3 is the equivalent
plastic stretch rate.

The lithiated electrode and Li-Ge-Se phase are modeled as isotropic elasto-plastic
materials with a simple linear hardening rule o, = o,9 + H&”, where o,y denotes the
initial yield strength, H is the hardening modulus of the material, and &7 is the total
accumulated equivalent plastic stretch, given by: &7 = [, d/ydr.

Fig. A1 shows the simple stress-strain curves for solid phases. Since the unlihitaed
domain (c-Ge) is modeled as an elastic material, the stress-strain curve of ¢-Ge is a straight
line (blue) with the slope of 130 GPa (Eg.). Both of the amorphous phases are treated
as isotropic elasto-plastic materials with a simple linear hardening rule. The stress-strain
curves for LiyoGe (red) and Li-Ge-Se are consisted by two portions, as elastic and plastic,
respectively. For the elastic portion, the elastic slopes are 30 GPa (EL;_. for LixoGe phase)
and 16 GPa (ELi.ge-se for Li-Ge-Se phase). For the plastic portion, however, the materials
properties of amorphous Li-Ge-Se and LixoGe in the plastic region are unavailable. Hereby,
we use typical values for the yield strength o9 = 1.2 GPa, and the hardening modulus
H = 2.0 GPa, which provide a reasonable fit to recent experiments,*> as mentioned in
Parameters Section.

Lithiation process in Ge particles enveloped by an inactive Li-Ge-Se network.—
Different from the pure c-Ge electrode particles, the active c-Ge nanoparticles in the
Se-doped Ge particles is enveloped by an inactive amorphous Li-Ge-Se layer which is not
involved in the reaction. As shown in Figs. A2a and A2b, a salient feature of lithiation is
the formation of a sharp phase boundary in the crystalline Ge electrode, which separates
the Li-rich phase (a-LixoGe) and Li-poor phase (c-Ge), as lithiation proceeds as shown in
Fig. A2. In particular, three kinetic processes in series are included in the lithiation that are
(i) the redox reaction (a charge transfer reaction) at the electrolyte/Li-Ge-Se interface, (ii)
the diffusion of the mobile Li atom through the Li-Ge-Se layer and the a-LiyoGe phase,
and (iii) the chemical reaction (a bulk reaction) at the a-LiyoGe/c-Ge interface where the
mobile Li is changed to the immobilized status.

(a) Initial State
V4 A4

(b) Current State

Figure A2. Schematic diagram showing a typical lithiation process from (a)
the initial state with a lithiation-free and stress-free Ge/LixoGe electrode par-
ticle to (b) the current state in which the active Ge particle is partially lithiated
with the sharp phase boundary, and the inactive amorphous Li-Ge-Se layer is
not involved in the reaction. In particular, the lithiation arises from three kinetic
processes in series that are (i) the redox reaction (a charge transfer reaction) at
the electrolyte/Li-Ge-Se interface, (ii) the diffusion of the mobile Li through
the inactive Li-Ge-Se and a-LixoGe, and (iii) the chemical reaction (a bulk
reaction) at the a-LixoGe/c-Ge interface where the mobile Li is changed to the
immobilized status as schematically shown in (c).

Stress effect vs. ratio of radii—During lithiation, a small particle next to a large
one can be overwhelmed by the stress field of large particle due to the dissimilarity in
particle size. As aresult, we find more deleterious mechanical effect, i.e., stress retardation
effect, in the small particle. The key of stress retardation during particle’s lithiation is the
compressive mean stress at reaction front, which donates a negative stress driving force,
ui, in phase evolution, as shown in Eq. A4.

Hence, in this section, we run a couple of cases to show the relationship between the
ratio of radii of the adjacent particles and the compressive mean stress variation along the
contact radial direction. Fig. A3 compares the mechanical influence of different ratios of
radii along the contact direction based on the same model used in Section Particle-particle
interaction between two neighboring nanometer sized particles. First, we fix the radius of
large particle (L) and increase the size of the small one (S), as S/L. = 0.2, 0.5, 0.6, 0.8. The
mean stress, o, at the reaction front is barely impacted as the radius of smaller particle
increases at the time # = 120s and 220s, given in Fig. A3a and Fig. A3b, respectively.
There is a slight mechanical influence on the mean stress variation in the large particle
along contact direction, but stress levels of the compressive mean stress at reaction front
are barely impacted as S/L increases.

However, this is not the case when we fix the radius of the small particle (S) and
increase the size of the large one (L), as L/S = 1.6, 2.0, 2.4, 2.8. In Fig. A3c and Fig. A3d,
we observed an increased compressive mean stress, o, at the reaction front due to L/S
increase. This means that the compressive mean stress at the reaction front of small particle
is proportion to the size nearby large particle.

The large particles have higher levels of lithiation-induced-stress. However, this high
level of compressive stress needs a corresponding tensile stress for balance. Hence, a higher
tension (or a less compressive stress) at the surface of the large particle is necessary to
balance a higher compressive at the reaction front. However, the Li-Ge-Se layer between
both particles acts like a “bridge” passing the pressure from the large particle to the
small one. As shown in the Fig. 2, both adjacent surfaces will reach an equal stress state.
The extra “stress” from the expansion of nearby large particle donates the deleterious
mechanical effect on the smaller particle, compressing along the contact radial direction.
As aresult, a higher compressive stress at the reaction front of the smaller particle causes
a greater stress retardation effect.
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Figure A3. Comparison of particle-particle mechanical influence in different ratios of radii along contact direction. By fixing radius of large particle (L) but
increasing the radius of small one (S) (i.e., S/L = 0.2, 0.5, 0.6, 0.8), (a)-(b) Contour plots showing the distribution of mean stress (o) normalized by the Young’s
modulus of pure Ge (Eg.) at different lithiation times: t = 120s and 220s. (c)-(d) By fixing radius of small particle (S) but increasing the radius of large one (L)
(ie.,L/S = 1.6, 2.0, 2.4, 2.8), (a)-(b) Contour plots showing the distribution of mean stress (o) normalized by the Young’s modulus of pure Ge (Ege) at different
lithiation times: t = 120s and 220s.
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