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on Li composition. This mechanics-informed material dynamics allows us to measure the
composition-dependent diffusivity, assess the rate-limiting process in Li reactions, and

ﬁz{lvgfgzse'mmon quantitatively evaluate the stress regulation on Li transport. The experiments show that
Diffusion Li diffusivity in amorphous Si varies exponentially by three orders of magnitude from the
Amorphous Si pristine to the fully lithiated state. Lithiation in amorphous Si is limited by diffusion at
Li-ion battery the micron scale. We further evaluate the thermodynamic driving force for Li diffusion by
Li profiling including the material non-ideality and mechanical stresses. Through computational mod-

eling, we find that the composition dependence of the Li diffusivity in general creates an
asymmetry on the rate capability during lithiation versus delithiation. In Si, the exponen-
tial dependence results in a fast lithiation that proceeds via a steep concentration gradient
compared to a slow and relatively smooth delithiation. This asymmetric behavior appears
to be a root cause of Li trapping and loss of the deliverable capacity in Si. This work sheds
light on the thermodynamics of Li transport and the lithiation kinetics of amorphous Si.
It demonstrates the potential of operando nanoindentation in the mechanics-informed un-
derstanding of Li chemistry and aiding battery research beyond mechanical measurement.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The kinetics of Li reactions plays a decisive role in the rate capability and cyclic life of Li-ion batteries. Charge heterogene-
ity is a prevalent feature in the composite electrodes (Xu et al., 2019; Yang et al., 2019). The inhomogeneous distribution of
Li is associated with issues such as underused and abused regions in the redox active materials and heterogeneous mechan-
ical failure due to the localized strains and damage (McDowell et al., 2012; Xu et al., 2016). The spatiotemporal distribution
of Li provides essential information needed to identify the underlying rate-limiting mechanisms and to determine the ma-
terial properties. The combination of chemical, temporal and spatial measurements on battery materials is a vast challenge
because the instrument must be able to probe the sample without exposure to the atmosphere while still accommodating
all necessary components to control the reactions and maintaining experimental accuracy.

Advanced techniques with the capability of probing the Li element are under fast development; nonetheless, current
solutions still hold many practical limitations and are not easily accessible (Hoffmann et al., 2015; Wolf et al., 2017). Be-
cause of the low atomic number, Li detection is challenging and requires ultra-sensitive spectroscopy techniques such as
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electron loss spectroscopy (EELS) (Wang et al.,, 2011), secondary-ion mass spectrometry (SIMS) (Bordes et al., 2015), and
Auger electron spectroscopy (AES) (Radvanyi et al., 2013). Neutron diffraction is sensitive to Li, but the neutron resources
are very limited (Mu et al., 2019; Sharma et al., 2010). Hence, most studies rely on indirect measurements to infer the local
Li content. For instance, X-ray diffraction (XRD) tomography and atomic force microscopy (AFM) can be used to estimate
the composition through local changes in density and volume (Balke et al., 2010; Beaulieu et al., 2003). Optical microscopy
and colorimetry are able to estimate the approximate Li content based on the changes in the optical spectrum (Chen et al.,
2019; Ghannoum et al., 2016; Harris et al., 2010). One of the most popular approaches is the measurement of lithiation
state from the lattice parameters and crystal structures through transmission electron microscopy (TEM) and XRD tomog-
raphy (Finegan et al., 2019; Lim et al., 2016). A combination of different techniques is also often used to complement the
capabilities and correlate different processes taking place at different scales (Pietsch et al., 2016; Wu and Liu, 2018). In this
work, we use nanoindentation to probe the spatial distribution of Li over time by making use of the functional dependence
of the mechanical properties of elastic modulus and hardness on Li composition (de Vasconcelos et al., 2017). We choose an
amorphous Si (a-Si) thin film as a model system.

The incorporation of Si nanoparticles to graphite electrodes in recent years has enabled a 6% improvement in the spe-
cific capacity of commercial Li-ion batteries (Mims, 2018). The research aimed at improving the reliability of Si anodes
continues to grow worldwide, and pure Si electrodes represent an untapped potential for increasing the cell capacity by
40% (Mims, 2018). A major challenge in Si-dominant anodes (Li et al., 2017; Yu et al., 2015) and other high-energy-density
electrodes as well (Beaulieu et al., 2001; Laforge et al., 2008; Xu et al., 2018; Zhang et al., 2019) is the suppression of the
mechanical degradation resulting from the inherently large strains associated with lithiation. Information on the kinetic pro-
cesses associated with Li reactions is crucial to understand and manage mechanical stability as they dictate the buildup of
mechanical stresses (Xu and Zhao, 2016).

Despite the commercial interest in Si anodes, the kinetics of Li reactions in a-Si remains unclear. In 2013, two in-situ
TEM studies under a large bias voltage (McDowell et al., 2013; Wang et al., 2013) and later a potentiostatic study (Miao and
Thompson, 2018) found that the first lithiation of a-Si took place via the propagation of a sharp interface between lithiated
and pristine Si, but the following delithiation and cycling proceeded with an evolving, smooth concentration gradient. The
sharp interface is a common phenomenon in reactions involving phase transformation; however, Si remains amorphous in
these experiments. This observation sparked a debate concerning the underlying rate-limiting process, whether reaction-
limited (McDowell et al., 2013; Wang et al., 2013) or diffusion-limited (Miao and Thompson, 2018; Wang et al., 2017), and
on the structural changes of amorphous Si upon lithiation (Cubuk and Kaxiras, 2014). Another group compared the rate
performance of Si films during lithiation versus delithiation and found that amorphous Si exhibited better rate performance
during delithiation, which was attributed to the cut-off voltage being more sensitive to the ohmic polarization during lithi-
ation (Li et al., 2015). In contrast, a few recent studies proposed that the incomplete delithiation by Li trapping is one of the
causes of fade in the cyclic efficiency of Si (Lindgren et al., 2019; Rehnlund et al., 2017; Zhu et al., 2019).

The complexity of the Li kinetics in Si and the limitation of existing experimental methods are underscored by another
discrepancy in the literature about the Li diffusion coefficient in Si which spans over 8 orders of magnitude (Hii et al.,
2018; Simolka et al., 2019; Xie et al., 2010; Yoshimura et al., 2007). It is worth mentioning that electroanalytical techniques
such as galvanostatic and potentiostatic intermittent titration (GITT and PITT) are amidst the most popular characterization
tools. At the same time, many assumptions of the classical models for GITT and PITT may not uphold in Li-ion applications
due to uncertainties arising from parasitic charge injections, varying or not well-defined active surface area (expanding and
fracturing surfaces), additional rate-limiting effects (e.g., interfacial reactions), and stress effects on diffusion (Jerliu et al.,
2017a; Li et al., 2012; Tripuraneni et al., 2018).

This work sets forth a nanoindentation approach to probe the spatiotemporal Li profile in the electrodes of LIBs. Fig. 1
outlines the structure of the work. The nanoindentation experiments are performed on an a-Si thin film in contact with
a Li metal and undergoing chemical lithiation in an argon-filled glovebox (step 1). The outcome of the experiments is the
spatial maps of the hardness and elastic modulus of the sample at various lithiation times which spans over several days.
The central circle in the sketch represents previous operando nanoindentation measurements of the mechanical properties
and the size of lithiated Si upon controlled electrochemical lithiation (de Vasconcelos et al., 2017). The combination of
the two experiments yields a spatiotemporal Li concentration map (step 2) that enables the calculation of the apparent
diffusivity and tracer diffusivity of Li in Si as a function of the material composition (step 3). The knowledge about the Li
distribution and internal stresses in the Si thin film allows a quantitative assessment of stress regulation on Li diffusion.
The experimental conditions are simulated using finite element analysis (FEA). The numerical simulations employing a two-
way coupling between stress and diffusion validate experimental findings and elaborate the implications on the battery
performance (step 4).

This work introduces a new characterization method on Li chemistry using the mechanics tool and provides valuable
insights into the kinetic behaviors of battery materials. We find that the diffusion coefficient of Li in a-Si electrodes varies
by at least three orders of magnitude with the Li composition. The highly concentration-dependent diffusivity leads to an
asymmetrical rate capability and thus an asymmetrical accessible capacity of Si during lithiation versus delithiation. More
broadly, this work demonstrates the potential of operando nanoindentation in aiding the research on redox active materials
beyond simple mechanical characterization. We present one such application where the local mechanical response is used
to inform the local chemical composition. Such an interdisciplinary platform does not only expand the experimental toolbox
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Fig. 1. Nanoindentation experiments for Li profiling in an a-Si thin film enable an examination of the lithiation kinetics and a quantitative study of
Li diffusion under stresses. Nanoindentation probes the spatial distribution of the mechanical properties of the thin-film electrode undergoing chemical
lithiation in an inert environment (step 1). Li concentration is obtained by converting the mechanical property profiles using their functional dependence
on Li composition (step 2). The apparent diffusivity and tracer diffusivity of Li at a given material composition can be determined analytically based on
the Li profiles (step 3). Finite element modeling validates the experimental output and evaluates Li transport under concurrent chemical and mechanical
driving forces (step 4).

to detect the Li concentration which is difficult to achieve, but also makes it possible to evaluate the competing factors of
chemical and mechanical driving forces of Li transport in a quantitative manner.

2. Experimental methods
2.1. Sample preparation

Amorphous Si films are prepared using a Leybold E-beam Evaporator. A 50 nm Ti layer is first deposited onto a 1 mm
thick silica substrate, followed by the deposition of a 300 nm copper film, and then by a 500 nm Si film. The deposition rate
is 0.5 A/s in all steps. The amorphous structure of the Si films fabricated by E-beam evaporation under similar conditions
has been verified by previous studies (Kugler et al., 1989; Michael et al., 2015). A commercial Li metal ribbon (99.9% purity,
Sigma-Aldrich) is used to conduct chemical lithiation of the Si film.

2.2. Nanoindentation

Instrumented nanoindentation (Keysight G200) installed in an argon-filled glovebox (mBraun Labstar) is used to perform
two sets of tests: (i) elastic modulus and hardness measurements and (ii) topography profiling. For (i), a Berkovich tip
penetrates the sample with an indentation strain rate of 0.05 s~ !, until the indentation depth of 250 nm is reached. After a
10 s dwell time, the indenter partially withdraws, and the load is held constant for roughly 60 s to measure and correct the
drift due to thermal and chemical effects (de Vasconcelos et al., 2017). The hardness is given by:

P
H=— 1
- (1)
where the applied load P is prescribed, and the projected contact area A is calculated from the relationship between the tip
geometry, tip displacement, and the contact stiffness S (Oliver and Pharr, 2004; Pharr et al,, 1992). The elastic modulus of
the sample E is calculated by:

1 _1—1/24_1—1),-2
E.~ E E
where the elastic modulus and Poisson’s ratio of the diamond tip (E; v;) are 1141 GPa and 0.07, respectively (Tsui and
Pharr, 1999). The Poisson’s ratio v for Si is assumed to be 0.22 (Berla et al., 2015). The reduced elastic modulus E; is given

(2)
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where B is 1.034 for the Berkovich tip (Tsui and Pharr, 1999). The continuous stiffness measurement (CSM) method is em-
ployed to measure the contact stiffness S as a function of the tip displacement from the in-phase material response to
an oscillating signal superimposed on the semi-static indentation force (Hay et al., 2010). The harmonic displacement and
frequency of the superimposed signal are set to be 2 nm and 45 Hz, respectively. Same as in our previous work (de Vas-
concelos et al., 2017), the elastic modulus and hardness are extracted at an indentation depth of 80 nm to ensure a direct
comparison between the two studies. For the test set (ii), the sample topography is profiled by maintaining the tip in con-
tact with the sample through a small, constant load of 10 wN, while measuring the tip displacement as the stage moves
with a velocity of 10 wm/s in the prescribed direction.

E 3)

3. Theory of coupled diffusion and large elastoplastic deformation

This section outlines the theory of coupled diffusion and large elastoplastic deformation that we use in the finite element
modeling of Li insertion in Si. It also describes the methodology that we use to derive the Li diffusivity, including the
tracer diffusivity and apparent diffusivity, as a function of the Li composition based on the measured Li profiles. Due to the
large specific capacity in the high-energy-density electrodes, the kinetic processes of lithiation and delithiation are strongly
coupled with the deformation non-linearity and mechanical stresses. The stresses alter the energy landscape of Li transport
and place a significant effect on the charging/discharging kinetics of battery materials. Here we give a brief review of the
continuum theory of coupled diffusion and large elastoplastic deformation (Zhao et al., 2011a) to facilitate the discussion of
stress regulation on Li diffusion in the computational modeling.

3.1. Kinematics of deformation

The material coordinates in the reference framework, X, translate to the spatial coordinates in the current configuration,
X, by the displacement vector, u(X, t):

x(X, t) = X+ u(X, t). (4)
In the reference configuration, the mechanical equilibrium is enforced by
V. (FS) =0, (5)

where V - indicates the divergence in the reference configuration, S the second Piola-Kirchoff stress, and F = g—;‘( =Vu+lis
the deformation gradient. The deformation gradient contains elastic and inelastic contributions:

F = Fe|Fipel- (6)

The inelastic contribution includes both the deformation by Li insertion and extraction, and deformation due to plasticity:
Finet = FiiFp. The Li induced deformation is assumed to be isotropic:

Fi = (1+Q0)"31 (7)

where 2 is the partial molar volume of Li in the host and C is the molar concentration in the reference configuration. Li
induced inelastic volume change per unit reference volume is given by J;; = det(F;;) > 0. The plastic deformation accounts
for the shape change while keeping the volume constant, J, = det(F,) = 1. The overall volume change per unit of reference
volume is

J =det(F) > 0. (8)
We choose an elastic and perfectly plastic constitutive model. The second Piola-Kirchoff stress is determined by
) :.]inelF;ll_.l (C : Eel)Finel_T7 (9)

where “:” represents the double contraction between the fourth-order stiffness tensor C and the second-order elastic Green-
Lagrange strain tensor,

1

Eei = 5 (Fei Fer — ). (10)
The second Piola-Kirchoff stress S (reference configuration) relates to the Cauchy stress o (current configuration) as
o =] 'FSF". (11)

We use the von Mises stress yield criterion for the plastic deformation. The yield function is written as

/3
Fy = Omises — Oy = iad 1 0g — Oy, (12)
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where o is the deviatoric stress and oy is the yield stress. The plastic flow rule follows (Lubliner, 2008):

. 2A . OF
1 _ 19 g
Gl =~ F 5ok (13)
where C;f = Fgf F;lT and C;ll = (Fgf F;lT +F ;11 F;lT). The yield function Fyand the plastic multiplier A fulfill the Kuhn-Tucker
conditions:
A>0,F, <0,AF =0. (14)
y y

3.2. Kinetics of diffusion

In order to derive the driving forces for diffusion, it is necessary to establish the diffusion mechanism. Si diffusion is
several orders of magnitude slower than that of Li (Johari et al., 2011; Wang et al., 2015), and therefore Si is considered
to be immobile. For simplicity, and following the previous studies (Bucci et al., 2014; Di Leo et al., 2015), we assume that
Li diffusion takes place by hopping through a fixed network of available sites. In this case, the driving force for Li diffu-
sion is the difference between the chemical potential of Li, u;;, and the chemical potential of the vacant sites, wy. This
potential difference is called the diffusion potential and it takes the following form (Larché and Cahn, 1985; Verbrugge and
Koch, 1996):

¢
® = i — Uy = o +RTIn (Vl C—,>_Uh9v (15)

where u is a reference potential, R is the gas constant and T is the temperature, and y is the activity coefficient. The hy-
drostatic stress is o, = tr(¢)/3, and C is the normalized Li concentration, where C = 1 corresponds to the fully lithiated state
(all available sites for Li are occupied) and C = 0 corresponds to pure Si. It is worth noting that diffusion in an amorphous
network is complex (Balluffi et al., 2005; Cammarata, 2009) and other effects such as some degree of void relaxation and
site nucleation could also play a role (Bower et al., 2015; Li et al., 2020).
Li flux in the deformed configuration is given by

. cD*

j=- T Vi ®. (16)
where ¢ and V, are the Li concentration and the gradient in the deformed configuration, respectively. M = D*/RT is the
mobility, where the coefficient D* is known as the tracer diffusivity (Bazant, 2013) or self-diffusivity (Balluffi et al., 2005). Li
flux in the undeformed configuration (Xu and Zhao, 2018) can be derived as

G L
J=-%7F'F'Vo. (17)
The mass conservation is enforced by
aC
5= -V.J. (18)

3.3. Derivation of diffusivity based on Li profiles

We calculate the diffusion coefficient of Li in lithiated Si (Li¢Si) based on the Li profiles using the Matano-Boltzmann
(M-B) approach (Poirier and Geiger, 2018). Here this approach is validated for Li diffusion under stress. In the experiments,
the Li metal is placed in direct contact with the a-Si film. At a given time, the spatial Li distribution within the Si film
is obtained by measuring the elastic modulus and hardness of lithiated Si and also by scanning the topography of the
film. In this setup of chemical lithiation, Li diffusion is approximated as a one-dimensional problem with the concentration
varying mostly along the longitudinal direction x as shown in Fig. 1. For now, we neglect the effect of surface diffusion
and assume a homogeneous distribution of Li across the film thickness. We will estimate the uncertainty brought by the
surface diffusion of Li in a later section. Since the Si film is constrained by the substrate, lithiated Si expands mostly in the
direction perpendicular to the substrate, and the deformation along the longitudinal direction is negligible (x ~ X). The shear
deformation (the off-diagonal terms of F) is also small relative to the thickness change of the film. Eq. (18) can be recast
into the one-dimensional form:

aC 9 (CD*3d 0 D 1-0C3y QA-0Cao,\aC
— = — | == —| 1+ — — — | —,
ot — ox\ RT 0ox 0x (1-0) 14 aC RT oc ) ox
where € = C/Cmax is the normalized concentration in the reference configuration. Cpax is the Li concentration in fully lithi-

ated Si, Li375Si (Hatchard and Dahn, 2004). Here we name the pre-factor to the concentration gradient in Eq. (19) as the
apparent diffusivity D,, such that

ac 9 aC
5= ax(DAax), (20)

(19)
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where

Dy (21)

__D ( (1-0OCdy Q1 -0)Caoy
S 1-0) y aC RT  3C )

For diffusion in a semi-infinite medium with a constant-concentration boundary condition and the apparent diffusivity
being a sole function of the composition, the M-B approach can be readily adopted to determine the diffusivity as a function
of the material composition (Boltzmann, 1894; Crank, 1975; Mitra et al., 1991). In the experiments, the Si film is sufficiently
long so that lithiation does not reach the opposite end of the film. The timescale of the experiments (several days) is
also sufficient to ensure the boundary of Si in direct contact with Li is at the fully lithiated state for the duration of the
experiments. If the apparent diffusivity in Eq. (21) can be expressed as a single function of composition,

Dp =Dp(C, 00, D, ) = D4 (0), (22)

the Boltzmann transformation using the variable A = x/t!/2 will be applicable. Considering that the system is isothermal,
the material properties are history independent, and that the stress field can be uniquely determined by the Li composition
(more discussions in Section 4.2), Eq. (22) holds and the diffusion kinetics in the set of experiments would be indistinguish-
able from that of a classical Fick’s law. Additional discussions on some special cases where the self-stress (diffusion-induced
stress) results in a deviation from Fick’s behavior can be found in the literature (Larche and Cahn, 1982).

With the introduction of the Boltzmann variable A = x/t!/2, Eq. (20) can be written into an ordinary differential equation:

A dC d dc
) )
In the experiment, the concentration is expected to saturate quickly and remain fixed at the boundary with the Li
metal, C(x=0,t > 0) =C(A =0) =Cs, and the film is sufficiently long that it can be assumed to be semi-infinite, C(x =

+00,t > 0) = C(A = +00) = 0. Integrating Eq. (23) from A = +oo to A = x/+/f, and knowing that Dg—f =0 when C = 0, it gives
(Crank, 1975; Okugawa and Numakura, 2015):

G
— % [ xdC
DAC=C)=——1—- (24)
dé
(%)
While the apparent diffusivity D4 can be calculated directly from the Li profile, the tracer diffusivity D* requires knowl-
edge about the evolving stress field and the material non-ideality. Following the previous work (Verbrugge and Koch, 1996;

Wohl, 1946), the activity coefficient y is derived by assuming that the excess free energy can be modeled as a series expan-
sion in C:

G

N
RTIn(y) =) QckC*1, (25)
k=2

where € are a set of self-interaction coefficients. In this work, we use the self-interaction coefficients for LigSi
(0 < & < 3.75) which were fit to the open-circuit potential data in first-principles modeling (Bucci et al., 2014; Chevrier and
Dahn, 2009). The estimation of the hydrostatic stress within the lithiated Si will be discussed in detail in Section 4.2.

3.4. Finite element implementation

We use finite element modeling to simulate the concurrent diffusion and stresses in the Si thin film upon chemical lithi-
ation and demonstrate the implications of the experimental output on the battery performance. The weak formulations of
the deformation kinematics and the diffusion kinetics can be found in a previous work (Xu and Zhao, 2016). The specific
conditions relevant to the current study will be explicitly stated. The multiphysics time-dependent solver MUMPS (Multi-
frontal Massively Parallel sparse direct Solver) in COMSOL is used to solve the co-evolution of the concentration and stress
fields. The order and shape of the test functions for the diffusion potential ®(X, t) and displacement u(X, t) are quadratic
Lagrange and cubic Lagrange, respectively.

4. Results

We adopt a nanoindentation approach to quantitatively measure the composition gradient in a material by means of its
known mechanical properties. A model system consists of an a-Si film laterally in contact with a Li metal ribbon (schematic
in Fig. 1, step 1). Chemical lithiation proceeds spontaneously from the Li metal side towards the other end of the Si film.
The test is conducted in an argon-filled environment with the H,O and O, levels below 0.5 ppm. Optical microscopy images
on the top surface of the film show that the lithiation process is marked by a sharp color contrast, roughly in parallel
to the Li|Si contact, which propagates over time. The supplementary video shows the moving lithiation front. The sharp
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Fig. 2. Optical images of the moving lithiation front in an amorphous Si thin film upon Li reaction at (a) a reference time and (b) an elapsed time At. (c)
Measurement of the moving front at three separate locations for each given time (circles) and the linear fitting (dotted line). The constant slope between
Ax and +/t indicates diffusion-limited kinetics of lithiation in the amorphous Si thin film.
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Fig. 3. Spatial distributions of (a) the elastic modulus and hardness, and (b) film thickness along the Li propagation direction. The insets show the elastic
modulus, hardness, and film thickness as a function of the Li concentration in Si (de Vasconcelos et al., 2017). The inset functions convert the mechanical
measurements to the Li profiles.

contrast corresponds to the interface between lithiated and pristine Si. The dark spots behind the Li front are blisters/defects
generated by the Li sweeping through the Si film. We track the position of the lithiation front starting from a reference
position s at t = 30 h, Fig. 2a and 2b. t = 0 h corresponds to the time at which the Li metal is placed in contact with
the Si film. Fig. 2c plots the displacement of the moving front Ax as a function of +/f. The position of the lithiation front is
measured at three separate locations for each given time. The dotted line shows a linear fitting of the experimental results.
The constant slope between Ax and +/f is a strong indication of diffusion-limited kinetics of lithiation in the amorphous Si
thin film. This result is different from the observation of previous TEM studies that the first lithiation of a-Si proceeds via a
two-phase and two-step mechanism (McDowell et al., 2013; Wang et al., 2013). Such discrepancy is likely due to the very
different time scales in the experiments (i. e., seconds in TEM characterizations versus tens of days in this measurement)
and also possibly caused by different experimental conditions (i. e., a large bias voltage applied in TEM experiments versus
chemical lithiation without an applied voltage in the current work). An earlier study by Wang et al. noted this difference
in the mechanistic understanding of lithiation in a-Si and concluded that Li reaction in a-Si at a conventional charging rate
proceeds via single phase kinetics (Wang et al., 2017).

4.1. Li profiling and apparent diffusivity

We track the spatial distribution of the hardness and elastic modulus over time in the lithiated Si thin film by perform-
ing multiple arrays of indentations along the lithiation direction. Fig. 3a shows an example of the elastic modulus (black
squares) and hardness (red triangles) as a function of the distance from the Li source at the time t = 150 h. The inset plot
is reproduced from our previous operando nanoindentation experiment (de Vasconcelos et al., 2017) and shows the depen-
dence of the elastic modulus and hardness on the Li concentration in Si, where C = 0 corresponds to pure Si and C=1 to
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Fig. 4. (a) The spatiotemporal distribution of Li concentration. The gray lines show the results from the nanoindentation measurements of the elastic
modulus and hardness (dashed lines), the thickness profiles (dotted line), and the optical imaging of the moving lithiation front (solid line). The contour plot
shows the FEA results. (b) The apparent Li diffusivity as a function of the Li composition determined by the experimental results in (a). The experimental
conditions are simulated in FEA using the exponential diffusivity function shown by the dashed line in (b). The numerical results of the Li profile are
contour plotted in (a) to compare with experiments.

fully lithiated Si (Lis75Si). The load-displacement curves, as well as the complete elastic modulus and hardness data as a
function of the indentation depth for the nanoindentation array in Fig. 3a is shown in the Supplementary Figure S1. Com-
bining the spatial distribution of the mechanical properties and their one-to-one relationship with the Li concentration, Li
profiles in the a-Si thin film can be mapped. For instance, the elastic modulus and hardness ahead of the lithiation front
(light blue regimes in Fig. 3) are roughly 110 GPa and 10 GPa, respectively, which correspond to the properties of pristine
Si. Closer to the Li metal, the elastic modulus is 50 GPa and hardness is 2 GPa, which indicates a Li composition of € ~ 0.75,
or LipgSi. In addition, we take advantage of the volumetric expansion of Si upon Li insertion to determine the local ma-
terial composition based on the known relationship between the volumetric strain and the Li content (Yoon et al., 2016).
Fig. 3b shows the thickness profile of the film at the time t = 143 h. The spike marked by cross-symbols represents a type
of whisker that grows during lithiation out of the pre-existing blisters from the deposition process (supplementary video).
These spikes are discarded in our analysis. The dashed lines in Figs. 3a and 3b show the filtered and smoothed data used to
compute the Li concentration.

Following the spatial scanning of the mechanical properties and the topology of the amorphous thin film at different
times, the spatiotemporal concentration of Li is determined and shown in Fig. 4a. A total of 10 test batches are conducted
at different times in the course of 11 days, alternating between topography and mechanical properties measurements. For
each batch, the sample is profiled at three separate positions across the width of the sample (near each edge and at the
center perpendicular to the moving front direction) to verify that the results are independent of the choice of the measured
location. Supplementary Figure S2 shows the complete dataset of the Li concentration profiles measured through the me-
chanical properties and film thickness measurements. The averaged Li profiles in the two sets of experiments are depicted
by the dashed and dotted lines, respectively, in Fig. 4a. The position of the moving lithiation front determined from the
optical imaging (dashed line in Fig. 2c) is reproduced in Fig. 4a (continuous line) to complement the nanoindentation data.

For each Li concentration profile measured at a given time, we calculate the apparent Li diffusivity D4 using Eq. (24).
Note that D, represents the proportionality coefficient between the gradient of Li concentration and the Li flux in Eq. (20),
and it does not differentiate the mechanical and chemical driving forces for Li diffusion. The solid gray, pink, and blue
lines in Fig. 4b show the median apparent diffusivities calculated from the Li profiles through the modulus, hardness, and
thickness measurements, respectively, while the shadowed areas indicate the range between the 25% and 75% percentiles.
The dashed line in Fig. 4b shows that an exponential form D, = Dy, exp(55z ln(g"‘:j;‘ )) with Dpax = 1 x (10712)m?/s and
Dpnin = 1 x (10-1°) m2/s matches well with the experimental data. This exponential form of Li diffusivity explains the steep
concentration gradient observed by the optical microscope - the slow diffusion of Li in the pristine Si (as compared to
lithiated Si) acts as a bottleneck for Li flux and causes the accumulation of Li at the lithiation front. Indeed, prior theoretical
and experimental studies reported that Li diffusivity in amorphous Si was higher in the lithiated state than in the pristine
state (Chou and Hwang, 2013; Hii et al., 2018; Miao and Thompson, 2018; Sivonxay et al., 2020; Wang et al., 2015; Xie et al,,
2010). Nevertheless, the shape and magnitude of the Li diffusivity vary widely across the literature. We will discuss the
literature results in more detail in Section 4.3.
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%DAg—)C( as the governing equation and the measured apparent diffusivity as the input parameter. This phenomenological
equation does not distinguish the specific driving force for Li diffusion; instead, both the chemical and mechanical effects in
the diffusion potential are embedded in the experimental value of the apparent diffusivity D,. We note that Li concentration
in the experiments is not measured all the way up to x =0 to prevent collision of the tip with the Li metal; hence, the
equilibrium concentration Cs at the boundary where Si is in contact with Li is not directly measured. It is possible that
the equilibrium concentration at the boundary of the Li-Si contact does not reach the theoretical maximum value (Cs < 1)
due to the stress effect. We will show that this equilibrium concentration is approximately Cs ~ 0.8 in a later section. In
the finite element modeling, we assume that the exponential form of the apparent diffusivity D4 can be extrapolated to
higher concentrations. The contour plot in Fig. 4a shows that the numerical result with the concentration Cs = 0.76 at the
boundary matches well the experimental profiles. This comparison demonstrates that the solution of a simple Fick's equation
is sufficient to reproduce the experimental output reasonably well. The Fickian diffusion here does not exclude the stress
effects on diffusion. If the stress significantly alters the diffusion potential, the result indicates that the hydrostatic stress
depends solely on the Li concentration (Larche and Cahn, 1982; Larché and Voorhees, 1996). Next, we will quantify the
stress modulation on Li diffusion based on the Li profiles and the relatively simple internal stresses in the a-Si thin film.

The colored contour plot in Fig. 4a shows the concentration profile through the finite element modeling using

4.2. Assessment of stress effect on diffusion

Mechanical stresses alter the rate of diffusion by altering the following factors (Larché and Voorhees, 1996;
Philibert, 1996): (i) the diffusion potential, (ii) the equilibrium concentration at the boundary condition, and (iii) the activa-
tion energy barrier for diffusion. As discussed in Sections 3.3 and 4.1, the effect (ii) does not interfere with the diffusivity
measurement as long as the time needed for the boundary concentration to reach equilibrium is considerably shorter than
the duration of the experiment. It is worth noting that the effect (iii) alters Li flux even if the stress field is uniform, whereas
the effect (i) impacts the Li distribution only by the presence of a stress gradient. The stress sensitivity of the activation bar-
rier for diffusion in amorphous materials is generally small (Balluffi et al., 2005; Mehrer, 1996). More specifically, for Li
diffusion in amorphous Si, two earlier studies evaluated the stress effect via ab-initio molecular dynamics (Ding et al., 2017,
Pan et al., 2015). Both studies found that the difference of the tracer diffusivity under a homogeneous 1 GPa compressive
stress versus the stress-free tracer diffusivity is less than 10%. This difference is small compared to the drastic change of the
Li diffusivity with the composition (over three orders of magnitude), and therefore this effect is neglected in this work.

The diffusion potential in Eq. (15) accounts for both the solution non-ideality and the mechanical driving force, which are
used to establish the tracer diffusivity in Eq. (21). Here we adopt the activity coefficient of lithiated a-Si from a prior study
(Bucci et al., 2014). The activity coefficient ¥ was obtained from DFT calculations of the open-circuit potential, as discussed
in Section 3.3, and it is a strong function of the Li concentration. To decouple the effects of the mechanical stress and the
material non-ideality on Li diffusion, we construct a 2D plane-strain thin film model with symmetric displacement boundary
conditions applied on the left and right edges of the sample, traction-free top surface, and stiff spring foundation on the bot-
tom surface. The spring foundation allows a small degree of deformation in the x-direction (<0.1 pm) which helps numerical
convergence, and it is reasonable given that the Cu and Ti buffer layers below the Si film in the experiment may deform
slightly. The initial concentration is zero everywhere except for the left edge where a fixed concentration boundary condition
of C =0.76 is prescribed to mimic the contact with the Li metal. Li flux is determined by the equation J = —DAF‘1F‘TVC_.
The thickness of the model is the same as in the experiment, and the length is sufficiently large such that the lithiation
front does not reach the opposite edge. Lithiation induced volumetric expansion is described by Eq. (7) where Q = 2.8/Cnax
(Yoon et al., 2016). The theoretical maximum concentration Cpax corresponds to Liz75Si (Chevrier and Dahn, 2009). We use
the elastic and perfectly plastic constitutive law to describe lithiated Si. The elastic modulus E = —80C + 120 GPa and the

yield stress Y = % = —3.150; + 3 GPa are adopted from the nanoindentation measurements (de Vasconcelos et al., 2017),
where O); = % is the atomic fraction of Li in LigSi. The proportionality factor of 3.5 between the hardness and the yield

stress is an approximation (Tabor, 2000). For metallic glasses, this factor typically ranges from 2.7 to 3.7 (Zhang et al., 2006).
Supplementary Figure S3 shows that the yield stress function Y from the nanoindentation experiments is within the range
of literature values (Cui et al., 2012; Nadimpalli et al., 2013; Pharr et al., 2013; Sethuraman et al., 2010; Zhao et al., 2012).

Fig. 5a plots the hydrostatic stress at the top (gray lines) and bottom (black lines) surfaces of the film at the times
t = 1 h (dotted lines) and t = 20 h (solid lines). The inset shows the stress profiles within a 10 pm section near the
lithiation front. At t =1 h, the hydrostatic stress varies at the top and bottom surfaces and is not uniquely determined by
the Li concentration. At t =20 h, the hydrostatic stress in the thickness direction reaches a steady-state and the film is
mostly in a state of biaxial stress. The compressive stress increases sharply at low Li concentration and then is capped by
the yield strength of the film. The computational result of the hydrostatic stress in the plastic regime agrees well with the
biaxial stress state oy, = —%Y (dashed red line in Fig. 5a).

With the Li concentration, the stress field, and the thermodynamic activity coefficient determined, we are able to de-
couple the effects of the mechanical stress and the solution non-ideality on the apparent diffusivity. Fig. 5b shows the
correction factor due to the gradient of the hydrostatic stress and the gradient of the activity coefficient with respect to
the Li concentration (inset equation of Fig. 5c). For the stress effect, because the thin glm deforms mostly within the

dy o

plastic regime and the yield stress decreases as the concentration increases, T < 0 — Tfh > 0, Eq. (21) shows that the
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Fig. 5. (a) Computational results of the hydrostatic stress on the top and bottom surfaces of a Si thin film at two lithiation times t = 1 h and t = 20 h.
The hydrostatic stress in the plastic regime matches well with 2/3 of the composition-dependent yield stress. (b) Contributions of the chemical (blue line)
and mechanical (green line) driving forces in deriving the Li tracer diffusivity. (c) The apparent Li diffusivity and Li tracer diffusivity as a function of the Li
concentration.

hydrostatic stress in the Si thin film minimizes the apparent diffusivity of Li. In other words, the mechanical stress in the
Si thin film hinders Li insertion as compared to a stress-free film. This effect is opposite when the thin film deforms within
the elastic regime and the magnitude of the compressive stress increases with the Li composition, leading to a negative dd%-h
that accelerates Li insertion. The comparison of the correction factor due to the solution non-ideality and the mechanical

stress in Fig. 5b shows the fact that, if Si had been treated as an ideal solution, (1776)6% = 0, the stress term in the appar-

ent diffusivity would lead to a negative tracer diffusivity D* because %% is larger than 1 in the concentration range

of C=0.1 ~ 0.4. This scenario violates the Onsager’s symmetry law which is necessary to ensure a positive generation of
entropy (Balluffi et al., 2005). Given the dominant effect of the material non-ideality, it is crucial to consider the stress effect
on diffusion relative to the chemical driving force. This observation is in agreement with an earlier analysis (Sheldon et al.,
2012) which determined that an ideal solution model for lithiated Si leads to an overestimation of the compositional change
induced by mechanical stresses. Here we show that the solution non-ideality is more significant on Li transport in the Si
thin film. Nevertheless, this conclusion is derived based on the biaxial stress state in the thin film. In another example of a
spherical Si particle, we will show that the stress plays an important role in regulating the diffusion kinetics of Li. Fig. 5c is
the plot of the apparent diffusivity (dashed line) and the tracer diffusivity (solid line) of Li. The data beyond € = 0.76 are a
mathematical extrapolation. The difference between the tracer and apparent diffusivities of about one order of magnitude is
largely due to the thermodynamic activity coefficient as shown in Fig. 5b. Again, the apparent diffusivity is not an intrinsic
material property and it depends on the stress state of the host upon Li reactions. There are cases in which the stress effect
is substantial on Li diffusion. Here we design another experiment using the Si thin film to further examine the intimate
coupling between the stress and Li transport.

We isolate the lithiated Si film from the Li source and monitor the redistribution of Li in the sample due to the presence
of the concentration gradient and the stress field. We scratch the film end-to-end across the width direction and separate
the major portion of the lithiated film from contacting with the Li metal. The sample surface is cleaned with a cotton
swab to remove the scratch debris. We conduct the same spatial scanning of the film topography on both sides of the
scratch using nanoindentation and determine the Li profiles in the two sections. Fig. 6a shows the resulting Li redistribution
over the course of 67 days following the scratch. The left y-axis shows the film thickness, while the right y-axis shows
the corresponding Li concentration using the linear relationship between the film volume and Li concentration. The x-axis
is the distance from the edge of the scratch. The left side of the film which is still in contact with the Li metal quickly
saturates, reaching the equilibrium Li concentration Cs ~ 0.8 which is consistent with the computational result in Fig. 4a.
In comparison, the Li profile in the film on the right side of the scratch (separated from the Li metal) slowly evolves. The
sharp spikes in the thickness profile due to the fabricated scratch and the naturally formed whiskers are displayed in a
lighter color (dashed line) and they are excluded from the data analysis. Another note is that during the cleaning some
whiskers are knocked off, leaving behind holes of roughly the same diameter. Hence, it seems that the original blisters
formed in the deposition process (from which the whiskers grow) are likely hollow inside. Back to the general feature
of the Li profile during the self-redistribution, a clear kink forms at the original site of the moving lithiation front. This
feature cannot be explained by the concentration gradient of Li which by itself would cause a self-similar Li profile over
time. The kink at the lithiation front when Li starts redistributing is a characteristic of the stress-regulated Li diffusion.
To quantitatively understand the role of stress, we conduct numerical modeling of Li redistribution in the film using the
stress-coupled formulation described in Section 3.

The model geometry is equivalent to the sample. The same constitutive law and material parameters in Fig. 5 are used
here for the modeling. To focus on the effect of the biaxial stress state in the thin film and eliminate the effect of deforma-
tion non-linearity, we simplify the boundary condition by applying a symmetric condition at the top and bottom surfaces
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Fig. 6. (a) Experimental results of Li redistribution in Si in the absence of Li influx for over two months. The scratch separates a section of the Si film
from the Li metal. The kink in the Li profiles is a characteristic of the stress-regulated Li diffusion. The dashed lines denote material defects in the film.
(b) Simulation results of the hydrostatic stress along the Li propagation direction at different times. A drastic change of stress is incurred at the moving
lithiation front. (c) and (d) show the simulation results of Li profiles with and without considering the stress effect on Li diffusion, respectively. The self-
similarity of the Li profile in (d) is broken because of the Li redistribution (delithiation in the initially lithiated regime and lithiation in the pristine regime)
which changes the stress profile over time in (b). The dynamics of mechanical stresses regulate Li flux and induces the kink in Li distribution.

of the film while allowing the in-plane expansion. This simulation condition imposes a biaxial stress state in the film and
greatly improves the numerical convergence. The deformation gradient in the longitudinal direction is eliminated in the dif-
fusion equation which mimics the constraint by the substrate to the in-plane deformation of the film. The film is lithiated
for a certain time by applying an increasing flux at one end, which is subsequently halted to simulate the scratch of the film
and separation from the Li source in the experiment. The concentration redistribution following the separation is monitored.
The goal of this modeling is not to replicate the long-time scale and the relatively large size in the experiments, but it is to
demonstrate how the mechanical stress modulates Li transport in the thin film. Hence, the time scale in the computation is
much shorter than that of the experiment.

Figs. 6b shows the hydrostatic stress in the longitudinal direction of the film along which the Li front propagates, and
Fig. 6¢c shows the Li concentration profiles. The different curves denote the time evolution of the stress and concentration
profiles after the removal of the influx boundary condition at t = 0 min. Regarding the hydrostatic stress field, two features
are noteworthy. First, at any given time, for instance in the stress profile at t = 0 min (gray curve, Fig. 6b), there is a peak
in the compressive stress near the reaction front (indicated by the dashed pink circle) marking the transition between the
elastic and plastic regimes. This local stress field causes major stress gradient near the lithiation front over a range of a
couple of micrometers. The second factor is the time evolution of the hydrostatic stress in the initially lithiated regime
(behind the lithiation front). The compressive stress in the regime near the scratch eventually switches to a tensile stress
(the change is indicated by the pink arrow, Fig. 6b) when the lithiation front advances. This is because the Li extraction from
the originally lithiated region causes elastic unloading of the stress followed by plastic yielding of the film with a tensile
biaxial stress state. The evolution of the stress field in a thin film during the lithiation and delithiation cycle was analyzed
in our earlier work (Zhao et al., 2011b). The simulated Li profiles in Fig. 6¢ display the same features as observed in the
experiments - the Li concentration in the lithiated region gradually decreases over time, Li slowly proceeds to the unreacted
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Fig. 7. (a) Uncertainty of the measured Li diffusivity in terms of the ratio between the surface and bulk diffusivities and the fraction of the surface-
dominated diffusion. (b) Survey of the composition-dependent Li diffusivity in a-Si. The red symbols represent the experimental measurements. The green
symbols are theoretical calculations. The black line denotes the current work.

region of the film, and more importantly, a concave curvature in the Li profile forms nearby the lithiation front (indicated
by the pink dashed circle). This curvature forms because the tensile stress developed in the region undergoing delithiation
raises the mechanical factor in the diffusion potential that counteracts the chemical driving force from the concentration
gradient and acts against the forward Li flux. For comparison, Fig. 6d shows the Li profile upon self-redistribution if the
stress term is not included in the diffusion potential. Without the stress regulation, the Li distribution maintains the self-
similarity in the profile and the kink observed in the experiments is absent.

4.3. Uncertainty of experiments due to surface diffusion

It is important to recognize the size effect on the diffusion kinetics in the experiments given that the initial film thickness
is only 500 nm. The influence of preferential diffusion along a boundary was considered by L. G. Harrison (Harrison, 1961). It
is expected that after a sufficiently long time the macroscopic behavior of the diffusive species will obey Fick’s law. The mea-
sured diffusivity D is a combination of the diffusion coefficients of the bulk Dg and of the surface Ds: D = fDs + (1 — f)Dg
(Balluffi et al., 2005), where f is the ratio between the surface diffusion volume and the total volume. Taking the surface
diffusion domain to be several interatomic spacings (0.5~5 A in Si) thick (Ghassemi et al., 2011), and knowing that the film
thickness is initially 500 nm, f = 1072 ~ 103 for 0.5/500 < f < 5/500. In this calculation, the measured diffusivity will be
on the same order of magnitude as the bulk diffusivity if Ds/Dg < 10%. For even larger ratios of Dg/Dp, the nanoindentation
measurements can result in an overestimation of the bulk diffusivity. For easier visualization, Fig. 7a shows the D/Dg (left
y-axis) and D/(fDs) (right y-axis) as a function of Ds/Dg. The D/Dg values within the upper bound f = 0.01 and the lower
bound f = 0.001 are shown in the shaded areas. A previous work using density-functional-theory based molecular dynam-
ics simulations showed that the surface diffusivity of Li is only a couple of factors higher than its bulk diffusivity in a-Si
(Chou and Hwang, 2013), which would have a close-to-zero effect in our experiment. Fig. 7b gives a survey of Li diffusiv-
ity comparing the current work (black line) with existing literature reports of Li diffusivity in a-Si as a function of the Li
composition. The experimental results are indicated by the red symbols (Ding et al., 2009; Simolka et al., 2019; Xie et al,,
2010; Yoshimura et al.,, 2007) and the theoretical modeling by green symbols (Chang et al., 2018; Chou and Hwang, 2013;
Johari et al.,, 2011; Moon et al., 2014; Sivonxay et al., 2020; Wang et al., 2015). There is a vast variation among the literature
reports, spanning over 8 orders of magnitude, especially among theoretical models. The variation in the experiments may be
partially due to the difference of the material states/properties/defects which are dependent on the synthesis process, and
partially by experimental uncertainties. For instance, the diffusivity measurements in amorphous Si using the conventional
PITT versus EIS analysis deviated significantly because of various sources of errors such as the unavoidable side reactions at
the interface between the electrode and the electrolyte, ambiguity in choosing the diffusion equilibrium potential at a given
material composition, the inaccurate measurement of the surface area, material degradation during electrochemical cycles
and electrolyte infiltration into a cracked surface (Xie et al., 2010).

4.4. Implication on the battery performance

The deliverable capacity, cyclic efficiency, and rate capability of Li-ion batteries is largely dictated by the Li diffusion
kinetics in the electrodes. Although it is expected that the diffusion coefficient of Li in the host is altered when the ma-
terial composition evolves upon Li reactions, its implication on the battery performance is unclear. Here, we use a simple
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Fig. 8. Impact of the composition-dependent Li diffusivity on the asymmetric rate performance and accessible capacity during lithiation versus delithiation
of a Si particle. (a) Propagation of a relatively sharp interface during lithiation of the amorphous Si particle. Different lines show the Li profiles at different
normalized times until the completion of Li insertion. (b) Delithiation takes place with a rather smooth concentration gradient profile. (c) The accessible
capacity is larger for lithiation than for delithiation of Si. Lithiation takes place at a much higher rate than delithiation. This asymmetric behavior agrees
well with the experimental observation (Mcdowell et al., 2013) as shown in the inset of (c). The modeling in (a)-(c) is performed for the particle subject
to a constant chemical potential on the outer surface (potentiostatic charging). (d) The asymmetric accessible capacity of Si in lithiation and delithiation at
different charging rates when the particle is subject to a constant flux boundary condition (galvanostatic charging).

model of a spherical a-Si particle to illustrate the impact of the composition-dependent Li diffusivity on the asymmetric rate
performance, Li trapping, and asymmetric accessible capacity of Si in the lithiation and delithiation cycle.

The Li insertion and extraction are modeled using the diffusion-stress coupled theory described earlier, and the material
properties (tracer diffusivity, elastic modulus, yield stress) from the nanoindentation experiments. First, we examine the dif-
ference in the Li profiles in the course of lithiation versus delithiation when the Si particle is subject to a constant chemical
potential prescribed on its outer surface (potentiostatic charging). Figs. 8a and 8b show the Li distribution along the radial
direction at different times of Li insertion and extraction, respectively. The time scale is normalized by the characteristic dif-
fusion time R[Z) /Dmin and the radial position is normalized by R;, where R, represents the initial radius of the particle. The
dimensionless results are independent on the model size and the computation time. Fig. 8a shows that lithiation of the a-Si
particle proceeds through the movement of a relatively sharp concentration gradient. In comparison, delithiation in Fig. 8b
shows is a smooth and more homogeneous Li profile over time. This contrast is a consequence of the diffusion coefficient
increasing with Li concentration. Similar to the thin film lithiation in the experiments, the steep concentration gradient in
the particle lithiation is a result of the lower diffusivity of the pure Si core acting as a bottleneck for Li flux, which leads to
the Li accumulation at the lithiation front, Fig. 8a. During delithiation, Li diffusion is faster in the Li-rich inner core than the
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Li-depleted outer shell, leading to a relatively homogeneous delithiation of the bulk, Fig. 8b. Supplementary Figure S4 shows
the Li profiles in lithiation and delithiation of the Si particle when the stress effect on Li diffusion is not considered. The
distinction in the “moving front” versus “smooth Li gradient” behaviors in lithiation/delithiation is more apparent in this
case. It is also noted that the Li concentration at the outer surface of the particle (R =1) in Fig. 8a is not constant because
of the evolving stress field. Supplementary Figure S4 shows the radial distribution of Li concentration, hydrostatic stress, and
the diffusion potential at the end of the potentiostatic charging. The mechanical and chemical driving forces complement
each other and yield a constant diffusion potential across the radius (dashed line in Figure S4). The distinct lithiation and
delithiation behaviors in the a-Si particle corroborates the in-situ TEM observations (McDowell et al., 2013) as reproduced
in the inset of Fig. 8c.

Fig. 8c demonstrates another consequence of the faster diffusion at high concentrations, which is that lithiation (black
line) completes faster than delithiation (red line) in Si. In fact, during delithiation, even after 10 times longer the time
required for full lithiation, there is still over 5% of “trapped” Li inside the particle. This result seems to explain the TEM
observation that delithiation is considerably slower than lithiation (bottom versus top rows in the inset panel) and that
volume recovery is not accomplished even after long delithiation times. Indeed, Li trapping is now a recognized problem in
Si electrodes (Jerliu et al., 2017b; Lindgren et al., 2019). Initially, the accumulated capacity loss in Si electrodes was solely
attributed to fracture and solid electrolyte interphase (SEI) reconstruction effects (Chen et al., 2020); however, recent stud-
ies have determined that the capacity loss is present even without those effects (Lindgren et al., 2019; Rehnlund et al.,
2017; Zhu et al., 2019). A recent study (Zhu et al., 2019) demonstrated that the columbic efficiency of Si electrodes can be
improved via isovalent isomorphism which reduces the energy barrier for diffusion and consequently reduces Li trapping.
Our findings explain the underlying mechanism behind the Li trapping effect in Si electrodes. Under the condition of po-
tentiostatic charging, the asymmetry in Fig. 8c shows that the accessible capacity of Si upon Li insertion and Li extraction
at the same rate is drastically different. To make this comparison more explicit, we perform galvanostatic charging of the
Si particle by prescribing a constant Li flux at the particle surface. At the galvanostatic (dis)charging condition, it is easier
to extract the electrode capacity at a given rate. Fig. 8d shows the increasing asymmetry of the lithiation and delithiation
capacities when the particle is cycled at different rates. The inset sketch illustrates the source of the asymmetry. During Li
insertion, the diffusivity is higher in the Li-rich outer shell, enabling a large Li influx and mitigating the rapid saturation
of the surface. In comparison, upon Li extraction, the diffusivity is lower in the Li-poor outer shell, limiting the outflux,
and consequently, Li is quickly depleted at the outer surface. The phenomena of Li reactions in Si are intricate. Another
interesting observation in literature is that the steep concentration gradient at the lithiation front was only clearly observed
during the first cycle, while the Li distribution in the following insertion cycles appeared smoother (McDowell et al., 2013;
Miao and Thompson, 2018). A plausible explanation for this behavior is that, since Li diffusivity increases substantially with
the Li content, if Li is trapped in Si particles after the first delithiation, the lower-bound of diffusivity in the subsequent cy-
cles would be higher than that in the initial cycle which effectively flattens the concentration profile. The prior experimental
result (Miao and Thompson, 2018) is in support of this hypothesis that Li trapping is a precursor for the change of behavior
from the first to subsequent cycles. In this report (Miao and Thompson, 2018), the diffusivity was found to increase with
Li concentration in the first cycle, but was higher and roughly remained constant in the subsequent cycle. Another factor
to consider is that the irreversible volume of Si upon Li cycles observed in experiments may be attributed to the creation
of the atomic free volume during delithiation (Bower et al., 2015; Li et al., 2020) which could also significantly alter the
transport properties.

5. Conclusions

Operando indentation provides an unprecedented capability to measure the real-time evolution of the mechanical proper-
ties of redox active materials during the exercise of charging and discharging. This paper demonstrates an inverse use of this
experimental platform - we understand the Li reaction kinetics in Li-ion batteries through mechanics-informed chemistry.
Nanoindentation experiments are performed to probe the local Li composition throughout the material using the functional
dependence of the mechanical properties and material topography on the material composition. The experiment is con-
ducted by instrumented nanoindentation in a controlled inert gas environment, allowing the slow process of diffusion to be
probed over the course of several weeks. Results show that Li diffusivity in a-Si increases over three orders of magnitude
from the pristine state to the fully lithiated state. This highly composition-dependent diffusivity creates an asymmetry on
the rate performance and accessible capacity of batteries during lithiation versus delithiation. Lithiation of a-Si is fast and
proceeds via a steep concentration gradient which generates a moving lithiation front between the lithiated and pristine
Si, while delithiation is slow and displays a smooth and homogeneous Li profile. The experiments are further understood
by theoretical modeling using the material parameters determined by the nanoindentation experiments and the coupled
theory of large deformation and diffusion. A quantitative assessment of the stress regulation on Li diffusion is a focused
interest of this work. In the model system of the a-Si thin film, the mechanical driving force for Li diffusion due to the hy-
drostatic stress is less significant than the effect of the solution non-ideality. Models assuming an ideal solution of lithiated
Si would drastically overestimate the stress effect on the Li flux and equilibrium concentration. We further design the Li
self-redistribution experiments to demonstrate the characteristic of the stress-modulated Li transport in the film. The sim-
ple geometry of the a-Si thin film allows us to evaluate the mechanical bias to the chemical potential of Li in a quantitative
manner. Overall, this study highlights the need for experimental tools to probe the Li concentration and measure the local
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and evolving material properties in the course of Li reactions. It also offers a new understanding of the lithiation kinetics
in batteries from the mechanics perspective, and demonstrates the capability of operando nanoindentation in informing the
material chemistry and aiding battery research beyond the mechanical measurement.
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