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a b s t r a c t 

High energy storage capacity of tin oxide (SnO 2 ) makes it a promising anode material for high capac- 

ity lithium (Li)-ion batteries. Previous experiments reported by Nie et al. (2013) and Huang et al. (2010) 

have shown that SnO 2 lithiation occurs in two stages. First, Li diffuses rapidly through distinct narrow 

stripes along the electrode axis. This is followed by a second stage where the diffusion/amorphization of 

the nanowire occurs. In order to understand and possibly predict this complex chemo-mechanical phe- 

nomenon, a finite element (FE) model is developed in this work. The model captures the formation of 

the striped diffusion regime and the corresponding expansion of the nanowire during the lithiation of 

SnO 2 . The effect of the stress on the Li diffusion is modeled at the macroscopic level by implementing a 

stress-dependent expression for the diffusion coefficient. The modeling results clearly show the formation 

of the striped diffusion regime due to the induced stresses, at low concentrations of Li. This results in a 

small strain of 0.017 within the nanowire followed by a bulk diffusion and expansion at higher Li con- 

centrations. Thus, the model allows for the spatiotemporally resolved analysis of Li diffusion/intercalation 

and helps predicting its influence on the mechanical performance of the electrode under the realistic 

operational conditions. 

Published by Elsevier Ltd. 
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. Introduction 

Advanced energy storage systems are of critical importance for

 wide range of applications from portable electronics to electric

ehicles ( Huggins, 2009; Lu et al., 2013; Tarascon and Armand,

0 01; Whittingham, 20 08 ). In this regard, lithium (Li) ion batter-

es (LIBs), based upon graphite electrode, are currently the best

erforming option. However, the ever-growing demand for higher

torage capacity is limiting more widespread applications of the

IBs. The identification of suitable alternative anode materials is

 major technological challenge. Tin (Sn) based compounds rep-

esent a promising category of materials that can be used as the

node of LIBs, since its maximal theoretical energy density is more

han twice that of graphite ( Park et al., 2010; Pedersen et al., 2015 ).

he interest in Sn-based systems was triggered by the work of

dota et al. (1997) , which uses an amorphous tin composite oxide

node. Many other research groups have since investigated simi-

ar compounds and other potential anode materials in the context
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f LIBs ( Courtney, 1997; Di Leo et al., 2015; Ebner et al., 2013; Li

t al., 2016; Sandu et al., 2004 ). However, a commercially viable

olution remains to be determined, as there are still major issues

hat need to be addressed. For example, the large volume expan-

ion that takes place during the lithiation of SnO 2 leads to harm-

ul mechanical processes, which cause fast capacity fading ( Guan

t al., 2014; Simon and Goswami, 2011 ). This calls for a better un-

erstanding of the lithium insertion into these anode materials. 

The in-situ transmission electron microscopy (TEM) studies

 Chon et al., 2011; Idota et al., 1997; Kepler et al., 1999; Nie et al.,

013 ) on the lithiation process of SnO 2 nanowire have revealed

he morphology evolution and structural changes during the re-

ction. However, the atomistic mechanisms of dynamical lithia-

ion, at either the early or the final stages of lithiation, in SnO 2 

anowires remain unclear. The experimental work on Sn-based

ystems by Zhong et al. (2011) reported a peculiarity in Li dif-

usion and propagation in SnO 2 , which results in a striped dif-

usion regime. This was further investigated by Nie et al. (2013) ,

hich confirmed that Li diffuses at low concentration along stripes

 Fig. 1 ) leading to formation of lithium oxide (Li 2 O) when the SnO 2 

anowire is attached to the Li source. Nie et al. (2013) also re-

orted that the movement, reaction, and generation of mixed dis-
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Fig. 1. TEM image of lithiation in SnO 2 nanowire (NW), clearly showing the forma- 

tion of striped diffusion regime followed by bulk diffusion with minimal contrast 

change on the surface of the NW. (a) The presence of surface carbon coating on 

pristine SnO 2 , (b) the initial diffusion through the striped region (long-range pipe 

diffusion) and (c) lithium diffusing through the bulk of the NW (short-range diffu- 

sion). 
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locations leading the lithiated stripes effectively facilitated Li-ion

insertion into the crystalline interior. Although the multiple-stripe

mechanism was experimentally reported during the lithiation of

the SnO 2 nanowires ( Zhong et al., 2011 ), the reason for formation

of these stripes are yet to be fully understood. In this regard, pre-

dictive continuum scale models that represent such lithiation pro-

cesses can greatly facilitate and accelerate the development of new

high-performing electrodes. 

The findings from Nie et al. (2013) show that the lithiation

reaction front propagates by long-range Li ion diffusion followed

by short-range lithiation of the surrounding matrix. The long-

range lithiation process is mediated by the nucleation of disloca-

tions. These dislocation lines can act as fast paths for diffusing

atoms, and this elemental phenomenon is known as pipe diffu-

sion ( Legros et al., 2008 ). It is also believed that the lithiation-

induced dislocation cores, that are governed by the activation en-

ergies through hydrostatic stresses, may act as diffusion channels

resulting in pipe diffusion into the SnO 2 crystalline interior thus

forming striped diffusion. 

Based on the previous findings, in the present work, we de-

velop a model that accounts for the striped diffusion regime due

to the uneven contact stress on the surface of the nanowire where

it is exposed to the source of Li. In the location where the surface

stress is locally large, the stress creates a slip along the longitudi-

nal direction and initiates the stripe formation. We report the re-

sults from numerical simulations and qualitatively compare them

to the results from the literature to investigate the structural evo-

lution during the lithiation of pristine SnO 2 . This model allows to

have a quantitative estimate of the sensitivity of stripe formation

and possible shielding effects, interaction and coalescence of the

stripes. 

The rest of this paper is structured into three parts.

Section 2 presents and explains the mathematical formulation

and the associated numerical procedure for the developed model.

Section 3 presents the numerical results for a striped diffusion

structure with a sharp two–phase boundary during lithiation. In

this section, the results are compared to the published experimen-

tal results ( Huang et al., 2010; Nie et al., 2013 ) for validation. A

brief study is conducted to analyze the effect of the distance be-

tween the stripes and the effect of change in a few key parameters.

The summary and concluding remarks are provided in Section 4 . 
. Modeling approach and simulation methodology 

.1. Modeling hypothesis 

The present modeling framework is developed to reproduce

he ions intercalation and the resulting mechanical changes in the

nO 2 electrodes. Based on the hypothesis in the present work, as

hown schematically in Fig. 2 , when the nanowire is exposed to

he Li source, the locally-high contact stress due to the local sur-

ace defects on the surface of the nanowire results in a faster dif-

usion in the longitudinal direction and initiates the stripe forma-

ion. Then, as a consequence of the diffusion of lithium along these

tripes, high levels of stress are induced. This stress further drives

he faster diffusion in the same direction. In order to capture this

henomenon and validate the hypothesis, a FE model is developed,

hich takes into account the effect of the initial contact stress on

iffusion. 

Note that in this work, the surface diffusion was considered to

e negligible in comparison to the bulk diffusion due to the sur-

ace carbon shell coating on the SnO 2 nanowires that were tested.

owever, in general, the lithiation controlled by surface diffusion

an be compatible with the striped lithiation. The lithiation associ-

ted with surface diffusion may play an important role in control-

ing the stress evolution, and future computational studies should

onsider this effect. 

.2. Mathematical modeling and numerical implementation 

This section describes the FE model, which numerically im-

lements both the diffusion model and the elastic–plastic model

or the lithiation of the SnO 2 nanowire that serves as the anode.

he Li concentration and stress–strain fields are solved with an

mplicit, coupled temperature–displacement procedure. The devel-

ped FE model uses a commercial software package, ANSYS ( © AN-

YS, 2014 ), as a platform at the continuum level to solve the fully

oupled large deformation and mass diffusion problem. 

In the current model, we consider the effect of the internal

tress field on the activation energy of diffusion, as follows. At the

tomic scale, diffusion of a solute particle in a crystal lattice is de-

cribed as a sequence of movements from one interstitial site to an

djacent site, during which the diffusing particle must overcome

he energy barrier caused by its interactions with the surrounding

ost atoms. Many atomistic and quantum mechanical simulations

ave shown that this energy barrier is strongly affected by the in-

ernal stresses acting on the neighboring crystal atoms. In most

cenarios the directions normal to the diffusion influences the dif-

usion since the expansion in lateral direction is much larger than

he longitudinal direction ( Liu et al., 2011; Yang et al., 2014 ), sug-

esting a dependence of stresses perpendicular to the direction of

iffusion. This effect has been referred to as strain-activated mo-

ility by Aziz et al. (1991) . But, in case of SnO 2 nanowires the lon-

itudinal expansion is much larger than the lateral directions, sug-

esting a dependence on the hydrostatic stress. 

The concurrent reaction and diffusion processes are simulated

n a unified manner by treating the interfacial reaction as a non-

inear diffusion across a smeared interfacial domain for numerical

onvenience, despite the difference in the actual interfacial reac-

ion and bulk diffusion processes ( Liu et al., 2011 ). Therefore, the

lassical diffusion equation is adopted to describe the Li transport

n the entire domain 

∂ c Li 

∂t 
= ∇ · ( D ( c Li , σax ) ∇ c Li ) . (1)

As outlined in the previous sections, the model has to capture

he formation of the striped diffusion regime in the pristine SnO 2 

hase. In order to achieve this goal, the Li diffusivity, D ( c Li , σ h ), is

ssumed to be nonlinearly dependent on the local Li concentration,
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Fig. 2. Schematic of initial and intermediate structures of striped diffusion during simulation. Geometrical changes are not to scale, merely for ilustrative purpose. 
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 Li’ and the hydrostatic stress, σ h , 

 ( c Li , σax ) = D 

0 
Li 

[
1 

( 1 − c Li ) 
− ( 2�c Li ) 

]
· exp 

(
− E act 

RT 

)
· exp 

(
κV m 

σh 

RT 

)
, 

(2)

here D 

0 
Li 

is the pre-exponential factor; � is a parameter used to

ontrol the sharpness of the concentration profile near the reac-

ion front; κ is a positive nondimensional factor, which takes into

ccount the interaction between Li and SnO 2 ; V m 

is the molar vol-

me of SnO 2 ; R is the universal gas constant and T denotes the

emperature. For numerical stability, the maximum of D ( c Li , σ h ) is

apped at 10 4 D 

0 
Li 

. The pre-exponential factor ( D 

0 
Li 

) multiplied by

he term in square brackets represents concentration dependence.

he first exponential term describes the activation energy term as

n the standard Arrhenius equation and the second exponential

erm in Eq. (2) , modifies the activation energy based on the hydro-

tatic stress magnitude and its direction. The particular form of the

iffusion coefficient in Eq. (2) can capture the formation of core

hell structures and also capture the effect of stress on the struc-

ure and is adopted from the work of Haftbaradaran et al. (2011) .

he derivation and the detailed explanation of Eq. (2 ) are given in

ppendix A . 

In diffusion simulations, the Li concentration behind the re-

ction front could quickly attain maximum concentration, while

hose ahead of the front remain nearly zero. The sharp reaction

ront is consistent with experimental observation and provides a

asis for further stress analysis. In order to capture the desired

orm of the diffusion coefficient the Usermatth material routine,

 user programmable feature (UPF), within ANSYS is utilized. The

ortran source code of Usermatth was reprogrammed in order to

dd the effect of stress to the diffusion coefficient. 

Lithiation of c-SnO 2 can characteristically result in amorphous

lloys and large deformation. It is now well accepted that materi-

ls like lithiated Si or Sn undergo material restructuring through

lastic flow ( Liu et al., 2012 ), generating unique deformation mor-

hologies ( Chen et al., 2014; Kang and Huang, 2010; Kim et al.,

014 ). The lithiation-induced deformation is expected to be large

nd well beyond the applicable region of small-strain theory. Thus,

 finite strain model is used to approximate the morphological

volution. 
In the finite-strain plasticity framework, deformation is charac-

erized by the elastic and plastic strain rates. The total strain, ε,

alue is decomposed into three components 

 ε i j = d ε i j 
e + d ε i j 

p + d ε i j 
c (3)

here, εe , εp , and εc are the elastic, plastic, and chemical strains,

espectively. In Eq. (3 ), assuming that the lithiation-induced elec-

rochemical deformation rate is without spin and the electrochem-

cal strain rate, d εc is proportional to the increment of the normal-

zed Li concentration, d εij 
c = β ij · dc , where β ij is the expansion co-

fficient. One notices that the chemical strain is analogous to the

hermal strain in formulation by considering β ij as the coefficient

f thermal expansion and c as the temperature. Thus, a concur-

ent coupled field element that has both temperature and struc-

ural degrees of freedom is used to model the diffusion expan-

ion process. The 8–node quadratic coupled field element (PLANE

23) is used to accommodate both the structural and thermal de-

rees of freedom. The element has eight nodes with three de-

rees of freedom (two deformations in-plane direction and tem-

erature/concentration) per node. 

In order to account for the influence of the crystalline SnO 2 

ore on the expansion, the apparent expansion coefficient, β ij , is

ssumed to be anisotropic. Such anisotropy plays a critical role

n the formation of the shape morphology that is seen during

he experiments. The expansion equation due to concentration

s critical to relate the physics of the diffusion process to de-

ormation. Then, the stress evolution is captured using appropri-

te constitutive equations that relate the strains to the stresses.

he equations and constitutive relations for stresses are given in

hen et al. (2014) and Liu et al. (2011) . In order to accommodate

he large deformations, the NLGEOM feature is turned on during

he simulation. 

.3. Parametrization 

A 2D rectangular shaped strip of tin oxide is simulated in this

ork to avoid 3D complications. The computational domain and

he associated boundary conditions are shown in Fig. 3 . The di-

ensions of the 2D rectangular geometry are of 150 nm × 5 μm. 

The appropriate scales for length, time and concentration are

hosen to non-dimensionalize the governing equations. The initial
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Table 1 

Simulation parameters with their dimensional and normalized values. 

Parameter Dimensional value Normalized value Reference 

Lithium concentration, c Li 0–3.125 × 10 5 mol m 

–3 0–1 Zhang et al. (2011) 

SnO 2 nanowire length 150 nm 1 

Young’s modulus 200 GPa (min conc.)–80 GPa (max conc.) 218 (min conc.)–88 (max conc.) Zhang et al. (2011) 

Yield stress 4.9 GPa 5.422 Zhang et al. (2011) 

Expansion coefficient 0.6 (axial direction)0.45 (longitudinal) 0.6 (axial direction)0.45 (longitudinal) Zhang et al. (2011) 

Ω 1.46 This work 

κ 0.38 Haftbaradaran et al. (2011) 

D 0 
Li 

9.67 ·10 –8 m 

2 s –1 Huang et al. (2010) 

E act 0.4 eV Huang et al. (2010) 

Fig. 3. Schematic representation of the 2D rectangular computational domain, to- 

gether with the main processes and assumptions. 
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length of the bottom edge of the nanowire (150 nm), as shown

in Fig. 3 , is taken as the length scale ( l ) and the time is normal-

ized using the diffusion time, t d = l 2 /D 

0 
Li 

. The pre-exponential fac-

tor ( D 

0 
Li 

) and the activation energy ( E act ) for the Li diffusion in

SnO 2 are taken from Huang et al. (2010) and are 9.67 ·10 –8 m 

2 s –1 

and 0.4 eV, respectively. The concentration is normalized using the

maximum theoretical concentration ( c max 
Li 

) which corresponds to

the concentration of Li 4.4 Sn. As it is theoretically reported, Li x Sn

phase expands to 300% the original size ( Guan et al., 2014; Simon

and Goswami, 2011 ) in volume comparing to the unlithiated struc-

ture; thus, the chemical expansion coefficient, β , is set to 60% and

45% in axial and longitudinal directions, respectively ( Zhang et al.,

2011 ). The elastic part of our constitutive model accounts for the

Li concentration-dependent Young’s modulus and Poisson’s ratio.

Both Young’s modulus and Poisson’s ratio are assumed linearly

dependent on lithium concentration ranging from 200 GPa and

0.27 at zero concentration of lithium to 80 GPa and 0.24 at max-

imum lithium concentration, respectively. We adopted the value

of 4.9 GPa ( Zhang et al., 2011 ) for yield strength and a hardening

modulus of 1 MPa to capture the plastic flow. All the elasto-plastic

constants (Young’s modulus, Poisson’s ratio, yield strength, strain

hardness) are normalized by c max 
Li 

RT , which is equal to 1.1 GPa at

room temperature and their values are given in Table 1 . 

The value of dimensionless parameter, Ω , which controls the

sharpness of the reaction front by controlling the slope of the

increase in diffusivity, is kept at 1.46. For values of Ω , between

1.46 and 2, the sharpness of the reaction front starts to decrease.

For values greater than 2, the diffusivity coefficient turns nega-

tive within the operating concentration limits, which is not physi-
al. The value of κ , which amplifies the diffusion coefficient based

n the hydrostatic stress, is taken as 0.38. This value is cho-

en in such a way that the diffusion coefficient becomes two or-

ers of magnitude higher in the stress region than in the bulk. It

hould be noted that a similar value of κ was previously reported

 Haftbaradaran et al., 2011 ). Haftbaradaran et al. (2011) have re-

orted that the value of κ could be dependent on the stress sign,

uch that a tensile stress decreases κ , while a compressive stress

ncreases it. However, the κ dependency on the stress sign was

bserved for the stress value range between –20 GPa and 12 GPa,

hus considering stress range obtained in the present study (–0.1

nd 0.1) we assume constant κ . During the finite element simula-

ion, the normalized computational time step size is initially set to

0 –6 , which is 24.5 μs in actual time and is set to be adaptive. 

A constant maximum normalized concentration of 1 is applied

n the bottom edge of the nanowire, where the source is attached,

nd the lithium is allowed to diffuse through the inner core. As

hown in Fig. 2 , a constant pressure load of 0.5 MPa is also applied

n the edge where the source is more firmly attached to the sur-

ace at two different regions of 5 nm each. These two regions are

t a distance L = 75 nm apart. The nanowire is fixed at the geo-

etrical center of the domain to maintain the static equilibrium in

ranslational degrees of freedom. 

. Results and discussions 

In this section, first the validation of the model’s hypothesis is

ealized by comparison of the model’s predictions with the pre-

iously published experimental data by Huang et al. (2010) and

ie et al. (2013) . A detailed sensitivity study is also presented at

he end of this section. 

.1. Model validation 

We first performed calculations of the diffusion and expansion

f the SnO 2 nanowire and compared our findings with the results

eported by Huang et al. (2010) . It should be emphasized that we

id not simulate the exact experimental conditions since they are

ot available in details that are needed to set up the problem. The

omparison provided here is therefore qualitative. The representa-

ive SnO 2 concentration contours, obtained during the simulation

re as shown in Fig. 4 . Both the progress of the lithiation process

nd the evolution of the sharp boundary are shown for different

imes. For the times of 5 s, 350 s, 550 s and 950 s, we compare the

redicted Li concentration with the previously published data. It is

oted that these five times correspond to 0%, 10%, 40% and 90% of

he progress in lithiation front, thus forming a comprehensive pic-

ure of the lithiation phenomenon of the SnO 2 nanowire. A good

uantitative agreement is obtained between our simulation and

he results published by Huang et al. (2010) , over the complete

nvestigated time range. The error in lithiation time through the

ulk of the nanowire is estimated to be close to 4%. The formation

f striped diffusion regime can be clearly seen in this figure. 
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Fig. 4. Simulation results showing concentration profile of Li diffusion along the 

SnO 2 nanowire for times 5 s, 350 s, 550 s and 950 s. 

Fig. 5. Stress evolution during lithiation of SnO 2 for 0%, 10%, 40% and 90% lithiation 

(times 5 s, 350 s, 550 s and 950 s). The values of stress are normalized using Young’s 

modulus of elasticity. 
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Fig. 6. The simulated strain development at the time of 350 s. The zoom-in inser- 

tion further highlights the bottom part of the nanowire shown in the left. 
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In later discussions in this section, the structural changes and

he corresponding stresses are discussed. The stripes are initiated

t the points where there is an initial stress defined at the sur-

ace of the nanowire. The initial stress facilitates faster diffusion

nly in that region, which subsequently induces more stress. The

nduced stress leads to enhanced diffusivity and drives the diffu-

ion further in the same direction, resulting in the formation of

tripes. From the results, it can be seen that there is a slight shift

rom a straight-line path of diffusion. This is due to the shift in the

irection of the induced stresses as lithiation progresses in each

tripe. In a later part of this study, the effect of the distance be-

ween the stripes on the induced stress build up is analyzed. From

ig. 4 , it can be clearly seen that multiple-stripe formation process

s rather quick. Clear stripe formation starts to occur at around 5 s

nd the thickness of stripes increases with progression of the lithi-

tion. Also from Figs. 4 and 5 we can infer that, since the stripe on

he left is formed closer to the wall than the stripe on the right it

llows for the formation of the stripe to be relatively faster than

he stripe on the right-hand side. 

In order to shed more lights on the actual influence of lithiation

n stresses, the hydrostatic stress contours are plotted in Fig. 5 .

rom the stress contour, it is evident that the initial stress on the

urface induces faster lithiation through a narrow channel, which

urther induces more stress due to the expansion in these lithi-

ted regions. This induced stress further drives the lithium front to

ove through these channels. 

The equivalent plastic strain contour at the lithiation time of

50 s is shown in Fig. 6 , highlighting the bottom part, where the

ain strain development is observed. As can be seen in Fig. 6 ,

loser to the tip of the striped region, the strain is close to 0.0177

hile it remains almost zero in other parts of the nanowire, which
ave not been lithiated yet. The results show a good quantitative

greement, with a maximum deviation of 4%, to the previously

ublished TEM results by Nie et al. (2013) , thereby supporting our

ypothesis that these striped diffusion regimes form due to the ef-

ect of the initial contact stresses. 

To summarize, the initial lithiation process can be interpreted

s follows: Lithiation is initiated at some surface defects or

tressed zones and continues along [101] direction. The lithiation

nduced stress leads to formation of dislocations along the stripes,

hich further facilitates lithium diffusion into the interior of the

anowire. 

.2. Effect of κ on diffusion coefficient 

The parameter κ , in Eq. (2) , plays a crucial role in the evalua-

ion of the diffusion coefficient. As mentioned above, the product

V m 

σ h changes activation energy of Li diffusion in SnO 2 , which

eflects the amplification or reduction of the diffusion coefficient.

epending on the magnitude of the stress, parameter κ amplifies

he diffusion coefficient in the case of the tensile stress or reduces

he diffusion coefficient for the compressive stress. To understand

he sensitivity of the diffusion coefficient to κ , the diffusion coef-

cient is computed for different values of κ as shown in Fig. 7 (a).

ere, κ is first set to zero to capture the change in the diffusiv-

ty with no influence of stress (concentration dependency only).

he concentration dependency on the diffusivity, as shown in Eq.

1 ), reduces the diffusivity to a minimum value at a concentration

f c Li = 0.45. To further analyze and understand the dependency of

tress on the diffusivity coefficient a surface plot for the diffusiv-

ty coefficient, for the entire range of stress in the domain, is gen-

rated as shown in Fig. 7 (b). The result clearly indicates that the

alue of the diffusivity increases by almost two orders of magni-

ude for a value between the minimum and maximum values of

tress. This results in faster ion diffusion that corresponds to the

xperimental observation by Huang et al. (2010) . 

To quantify the effect of κ on the formation of stripes, simula-

ions were carried out for three different values of κ , starting from

ero, which is equivalent to no effect of stress on diffusion. The

oncentration contours are plotted for the scenarios where κ = 0,

= 0.33 and κ = 0.36 at a time period of 550 s in Fig. 8 . Based on

he results shown in Fig. 8 , we could see that the rate at which

he diffusion happens through the stripes and the diffusion in the

ulk changes close to 1% though the change in the value of κ is up

o 10%. Also looking at Fig. 7 (a), it can be seen that the change in

alue of κ by 10% increases the diffusivity coefficient by much less

han an order of magnitude. When the value of κ is zero there is
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Fig. 7. (a) Variation of the diffusivity with concentration for different values of pa- 

rameter κ . The underlined value of κ is used in this work. (b) Variation of diffusiv- 

ity with concentration and hydrostatic stress for κ = 0.36. 

Fig. 8.. Concentration contours at 550 s for different values of κ: (a) κ = 0 (b) 

κ = 0.33 (c) κ = 0.36. 

Fig. 9. Simulation results showing concentration (top panel) and hydrostatic stress 

(bottom panel) contours of Li diffusion along the SnO 2 nanowire at t = 550 s for 

initial distances between stressed points (a) 75 nm (b) 37.5 nm and (c) 25 nm. The 

values of stress are normalized using Young’s modulus of elasticity. 
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o effect of stress and thus there is no visible formation of stripes,

hereas for the case where κ = 0.33 the diffusion happens at a

uch faster rate resulting in clear formation of stripes. 

.3. Effect of the distance between the stressed zones 

The effect of the distance between the stripes is analyzed by re-

ucing the distance between the initial stressed zones, which drive

he formation of the stripes, to half the original value. All param-

ters described in Table 1 are continued to be used without any

hanges. 

The results from this study, as shown in Fig. 9 , reveal that

hough there is still the formation and propagation of stripes, sim-

larly to those shown in Fig. 2 , there are clear differences. Due to

he increase in the build-up of compressive stresses between the

triped regions, as a consequence of the expansion of the material

n the striped regions, we can observe that the diffusion regime is

lightly altered. This development of compressive stresses dimin-

shes the diffusion of lithium into this region. 

From the results in Fig. 9 , it could be observed that the stripes

eviate away (at an angle close to 4 °) from each other when they

re initiated at an initial distance of 37.5 mm instead of 75 mm.

his is because the compressive stress buildup between the stripes

akes it more difficult for the diffusion closer to the original

traight line path. This compressive stress occurs due to the ex-

ansion in these stripes resulting in the compression of the region

round them. It is also observed that the stripe that is closer to

he edge of the nanowire stays almost parallel. This happens due
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o the lesser compressive stress between the striped region and the

dge of the nanowire as the surface or edge is made traction free. 

To further analyze and understand the effect of the distance be-

ween the initial stressed locations and the effect of the induced

tress between the stripes on diffusion, the distance between the

tripes is further reduced to 25 nm. Based on the results in Fig. 9 ,

e could see that when the distance beween the initial stressed

ocations is further reduced the stripes diverge further away (close

o 5 ° for 37.5 nm and close to 7 ° for 25 nm) from each other due to

he build up of higher compressive stresses between the stripes. 

. Summary and conclusions 

The design of new electrode materials depends greatly on how

he lithiation reaction propagates into them. Therefore, under-

tanding the lithiation mechanism is central to improving the per-

ormance of electrode materials during the operation of LIBs. The

resent work develops a new physics-based finite element model

o investigate the structural evolution during the lithiation of pris-

ine SnO 2 . The results from the model clearly show formation of

triped diffusion regime due to the induced stresses, at low con-

entrations of Li. 

To develop the model, it is hypothesized that the formation of

triped regimes during the diffusion of Li in the SnO 2 electrode is

ue to the local surface defects and localized high contact stresses

rom the source at the surface of the electrode. The model is de-

eloped in the ANSYS Mechanical APDL solver and uses a cou-

led finite element diffusion and elasto-plastic approach. The re-

ults are shown to have a good qualitative agreement with the

ithiation time and strain measurements available in the literature.

hrough the results, it could be understood that the lithiation in-

uced stress leads to formation of dislocations along the stripes,

hich further facilitates lithium diffusion into the interior of the

anowire validating our hypothesis. The multiple-stripe formation

rocess is rather quick, and the thickness of the stripes increases

ith the progression of lithiation. Also, the model is tested for the

ensitivity of two key parameters and discussed in detail. It could

e seen that the rate of formation of the stripes increases with the

ncrease in the value of the parameter κ that controls the effect of

tress on the diffusion coefficient. The study further elaborates the

ffect of distance between the stripes to further elucidate the effect

f stress on the diffusion. It is shown that the stripes diverge from

ach other because of high compressive stress build up when they

re initiated closer to each other. The findings of this study thus

rovide important insight into the physical basis of microstructural

volution, morphological changes, and mechanical degradation in

nO 2 electrodes. 
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ppendix A. Diffusion coefficient 

The diffusion of Li in SnO 2 is characterized by the activated dif-

usion coefficients, where the pre-exponential factor ( D 

0 
Li 

) and the

ctivation energy ( E act ) are the two parameters used to calculate

he diffusion coefficient 

 = D 

0 
Li exp (−E act /RT ) . (A1)

Experimental data indicate that Li diffusion in SnO 2 is con-

entration and stress dependent ( Nie et al., 2013 ). Many func-

ional forms for such dependence are possible. In this work, we
ollow the commonly accepted approach based upon the regu-

ar solution theory ( Liu et al., 2011 ) for the pre-exponential fac-

or and the theory of molecular kinetics transition ( Yang, 2015 )

or stress-dependence for the activation energy. In particular,

he concentration dependence of the pre-exponential factor ( D 

0 
Li 

)

s evaluated by taking the second derivative of the regular

olution chemical free energy ( Liu et al., 2011 ), which leads

o the term D 

0 
Li 

[ 1 / (1 − c Li ) − (2�c Li ) ] . Following the work of

aftbaradaran et al. (2011) and Gao et al. (2013) , the activation

nergy is modified by a factor κV m 

σ h , where the product V m 

σ h 

as the activation energy units and κ is a dimensionless param-

ter reflecting the amplification or reduction of the diffusion co-

fficient. Normally, a tensile stress acting on the neighboring host

toms leads to a reduction in the activation energy (or energy bar-

ier as denoted by Haftbaradaran et al. (2011) ), while a compres-

ive stress increases it. Thus, linearization of the equation around

ero stress leads to a positive dimensionless parameter κ and the

ctivation energy is modified by a factor, where the product has

he activation energy units. The final form of the diffusion equa-

ion used in the present study is 

 ( c Li , σax ) = D 

0 
Li 

[
1 

( 1 − c Li ) 
− ( 2�c Li ) 

]
· exp 

(
− E act 

RT 

)
· exp 

(
κV m 

σh 

RT 

)

(A2) 
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