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Li-ion batteries are the currently accepted flagship energy storage system with several cathode 

systems identified over the years. However, graphite has always remained the commercial anode 

material of choice. Silicon has been identified as the next-generation anode for Li-ion systems 

with a high theoretical capacity (4200 mAhg-1) compared to graphite (372 mAhg-1) and has been 

the focus of much research over the past decade. Silicon unfortunately, undergoes large 

volumetric expansion (312%) upon Li diffusion generating considerable diffusion-induced 

stresses. Presence of high stress leads to mechanical failure of Si resulting in capacity fade due to 

loss of electrical contact with the current collector impeding commercialization. The mechanical 

response of the electrode depends on the electrode properties comprising the active (Si) and 

passive components (current collector, mechanical supports). The objective of this thesis is to 

gain a mechanistic understanding of the interactions between the electrode components and their 

effect on the overall mechanical integrity of the Si based anode assembly, which can aid in the 

design of failure resistant, next-generation, high capacity anodes. 

To achieve this objective, a custom nonlinear finite element modeling software that can 

model coupled diffusion induced large elasto-plastic deformation of Si, surface electrochemical 

reaction kinetics and eventual mechanical failure response of the electrode system was utilized. 

This modeling framework is first used to understand the effect of passive components (current 
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collector and Si-Cu interface properties) on the mechanical stability of an a-Si thin film anode 

system. To unlock the mechanisms behind the gradual interfacial delamination of the Si film 

from the underlying Cu current collector in an a-Si thin film anode system, a detailed parametric 

study is performed to analyze effect of the mechanical properties of the current collector and the 

Si-Cu interface on the delamination at Si-Cu interface. The knowledge gained from these studies 

is further bolstered by examining the mechanical stability of a-Si patterned thin film anodes upon 

insertion of a thin elastic buffer layer between a square Si thin film pattern and the current 

collector. Finally, the modeling framework is utilized to understand the effect of active material 

geometry in Si-carbon nanotube (CNT) heterostructured anodes.  
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1.0  INTRODUCTION 

In the past four decades, there has been a threefold increase in the world’s energy demand1. To 

reduce the U.S. dependence on fossil fuels as a source of energy, continuous efforts are being 

made to harvest energy from renewable sources. However, for a continuous and uninterrupted 

supply of energy from renewable sources, there is a critical need for strategies and technologies 

to effectively store the generated energy. Since the commercialization of the first commercial Li-

ion battery by Sony in 1991, Li-ion batteries (LIBs) have emerged as the flagship energy storage 

system2. The current Li-ion batteries boast a higher volumetric and gravimetric energy density 

than other battery technologies such as Pb-acid, Ni-MH, Ni-Cd, etc3. The currently developed 

LIBs is ubiquitously used in personal devices ranging from laptops and camcorders to 

smartphones. However, deployment of LIBs in advanced platform technologies such as hybrid 

and plug-in hybrid vehicles (PHEVs), all electric vehicles (EVs), and aerospace applications will 

require still higher energy densities than what is currently achievable. Thus, there is continued 

research on-going to further improve the LIB technology to increase its already prevalent wide 

scale deployment in these advanced areas4.  

Schematics of a typical LIB are shown in Figure 1 (a). The standard LIB cell consists of 

two electrodes separated by an electrolyte and a separator. Each electrode assembly includes 

multiple components, which can be classified into active and passive components. The active 

material participates in the electrochemical reaction while the passive components (such as 

current collector, conductive additive, binder, mechanical support, separator, etc.) help in the 

electron transfer and maintenance of the mechanical integrity of the entire assembly. The 



  2 

operation of LIBs can be described as ‘rocking chair’ or ‘shuttle-cock’ mechanism3 where the Li 

ions travel back and forth between the anode and cathode compartments through the electrolyte 

as the battery is charged and discharged (Figure 1 (a)). The basic chemical reactions occurring at 

the electrodes are summarized below, 

 (1.1) 

 (1.2) 

Equation (1.1) indicates that the specific capacity of the anode is determined by the 

stoichiometric ratio of Li reacting with the anode material Y to give . Currently used 

commercial Li ion batteries are comprised of graphite as anode material. Li intercalation in 

graphite results in LiC6 giving a capacity of 372 mAh g-15. This Li intercalation process is 

accompanied by a 12% volume expansion of the graphite. To further improve the specific 

capacity, different materials have been investigated to replace the traditional graphite anode 

(Figure 1 (b)). Among the different materials available, silicon has gathered the most attention 

due to its high theoretical specific capacity. Contrary to graphite, wherein intercalation is the 

preferred mode of insertion and de-insertion of the migrating Li-ions, in silicon, the primary 

mode is alloying and formation of intermetallic or so-called zintl phases. Li alloying of Si results 

in the formation of Li22Si5 (or Li4.4Si) giving a high theoretical capacity of ~4200 mAh g-1 6. In 

addition to its higher capacity, Si is also the second most abundant element on earth7. Thus, 

utilization of Si based anodes holds consdierable promise for producing the cost effective next-

generation rechargeable batteries. 

  
xLi+ + xe- charge

discharge
⎯ →⎯⎯⎯← ⎯⎯⎯⎯ LixY (anode)

  
Li

x
MO

2

charge

discharge

⎯ →⎯⎯⎯← ⎯⎯⎯⎯ Li
+

+ xe
-

(cathode)

 LiXY
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Figure 1. (a) Schematics of a Li-ion battery. (b) Theoretical specific capacity of different anode materials for 

Li-ion battery. The percentage volumetric expansion occurred on complete lithiation is also indicated. 

 

However, Si undergoes colossal Li alloying induced volumetric expansion (311%) that 

can generate significant mechanical stresses within the anode assembly. These stresses are often 

large enough to cause mechanical failure of the anode assembly. Some typical failure scenarios 

reported in the literature are mechanical degradation of Si due to initiation of cracks leading to 

eventual fracture8, 9 (Figure 2 (a-c)), void formation10, surface roughening11 and delamination12 

(Figure 2 (d)) from the current collector causing loss of electronic contact of the active material. 

Thus, mechanical degradation in Si based electrodes has proven to be a major obstacle in 

commercialization of the Si based anodes. Understanding the mechanisms responsible for 

mechanical degradation of the anode assembly is thus of paramount importance to develop Si 

based next-generation high performance LIB anodes. The focus of the current research work is to 

understand the failure mechanisms in Si-based anodes through an experimentally validated 

computational approach.  
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Figure 2. (a-b) A 940 nm diameter Si particle pre and post Li insertion13. (c) Radial cracks in a Si-CNT 

heterostructure anode9. (d) Vertical cracks and film delamination in a 250 nm thick Si thin film electrode14. 
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2.0  BACKGROUND AND MOTIVATION 

In silicon-based nanostructured anodes, the active material, Si can exist in different 

configurations such as nano-particle15, nanotube16, nanowire17, thin film18-20, etc. It is 

accompanied by other passive electrode components such as a metal current collector, separator, 

mechanical support with high electronic conductivity, binders, conductive additives, etc.  

Experimental studies have shown that the mechanical response of the anode depends on: (a) the 

mechanical properties of the passive component and its adhesion to the active component and (b) 

the dimensions and geometry of the active components. In the following sections, the current 

knowledge of the effect of passive and active components on the mechanical stability of the 

anode assembly is detailed with the primary focus on two anode systems; amorphous silicon (a-

Si) thin film anode and silicon – carbon nanotube (Si-CNT) heterostructured anode. 

2.1 AMORPHOUS SILICON (A-SI) THIN FILM ANODE 

a-Si thin film electrodes have been extensively researched due to their ease of fabrication and 

near theoretical performance (~3600 mAhg-1)19, 20. Experiments show that after the first 

electrochemical cycle, a-Si film exhibits through-thickness cracks resulting in separate islands 

attached to the current collector12. For proper functioning of the anode, transfer of electrons from 

the Cu current collector and the Si film is necessary. As the Si islands are still in contact with the 
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underlying current collector, the electrochemical capacity of the anode is still retained. However, 

after a few cycles, the capacity drops precipitously as the islands delaminate entirely from the 

metal current collector akin to a deck of cards resulting in complete loss of performance. Hence, 

the Si-Cu interface stability is a direct criterion to retain the anode capacity.  

Modification of the passive component properties on the a-Si thin film anode capacity 

retention has been explored by experimentalists. Recent work by Datta et al.21 have shown that 

the presence of an interfacial layer of amorphous carbon between the a-Si thin film and the 

substrate results in excellent capacity retention of the thin film anode. Similarly, Yu et al.22 have 

demonstrated excellent capacity retention of 84.6% after 500 cycles using micro-fabricated 

ribbons of Si thin film (  and wide) on poly(dimethylsiloxane) (PDMS) 

substrate. Furthermore, improving the adhesion of the film to the current collector23 24 has shown 

to delay the capacity fade. These observations indicate that the choice of substrate and 

engineering of the Si-Cu interface can have a direct impact on the Si-Cu interface stability.  

2.2 SI-CNT HETEROSTRUCTURED ANODE 

Although Si is characterized by a high theoretical capacity, it suffers from poor electronic 

conductivity and mechanical strength. To circumvent this problem, researchers have explored 

core-shell heterostructured anode configurations consisting of carbon nanotube (CNT) core and 

nanostructured Si shell exploiting the superior electronic conductivity and mechanical strength25-

27 of the CNTs. Many researchers have also recently reported synthesis of a Si-CNT core-shell 

heterostructure consisting of a thin continuous Si coating on the CNT. Even though the results 

show excellent first cycle capacity, mechanical degradation of the Si due to formation of 

100 − 400nm 70 − 200µm
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nanpores10,  axial cracks8 11 9 has been observed after prolonged cycling leading to capacity fade. 

To reduce the mechanical degradation of the continuous coating of Si on CNTs and to prolong 

the capacity retention of Si-CNT heterostructures, Gohier et al. 28 decorated vertically aligned 

thin CNTs of 5 nm diameter with 10 nm sized Si droplets. Providing sufficient free space for the 

expansion of Si droplets resulted in a high reversible capacity of 3000 mAhg-1at 1.3 C C-rate 

with 90% capacity retention after 37 cycles. Epur et al.29 have also shown that having Si droplets 

geometry deposited on the CNTs gives a better capacity retention compared to continuous films 

of Si deposited on CNTs. Thus these results indicate that the geometrical features of the active 

material can alter the cycling performance of the anode significantly, and thus can be a 

promising route to design high efficiency anode configurations that lead to improved cycling 

performance. 

2.3  COMPUTATIONAL MODELING OF ELECTRODES 

Along with the above-mentioned experimental works, significant amount of research has been 

directed towards mathematical modeling of the Li-ion batteries to understand and predict their 

performance. Computational simulations allow for faster testing of the battery component design 

and revision at significantly low cost than physical experimentation.  In 1993, Doyle et al. 

presented an electrochemical Pseudo2D model containing differential equation in a lithium 

battery, which are solved using volume-averaged methods to predict the cell voltage and current 

as functions of time. Many other similar models predicting the cycle life performance are based 

on this framework30-39. As mechanical degradation is known to be an important factor 

responsible for capacity fade in electrodes40, attempts have been made to quantify the stresses 
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generated in the electrode during electrochemical cycling. Using the analogy between thermal 

diffusion induced stresses41, 42 and the Li diffusion induced stresses (DIS), researchers have 

modeled the stresses evolved during galvanostatic and potentiostatic electrochemical cycling of 

different electrode geometries. These models reveal important information such as effect of 

charge rate, elastic softening of the material, surface energy, phase transformations, size of the 

active material, diffusivity, etc. on the DIS and have commented on the probability of failure of 

the electrode particle with a simple geometry such as spherical or ellipsoidal particles43-50, 

nanowires51-53, nanotubes54, etc.  

Even though the above-mentioned models provide important insight into the electro-

chemo-mechanical behavior of anodes, they are limited to the simulation of simple anode 

geometries. Moreover, they lack the capability to predict failure of the complex anode assembly. 

The process of capacity fade in electrodes is gradual and occurs over multiple electrochemical 

cycles4. Diverse electro-chemo-mechanical changes occur in the electrode material such as 

elasto-plastic deformation55, 56, evolution of cracks11, 18, delamination from current collector12 

and elastic softening57 as described in Section 2.1 and 2.2. Moreover, the electrode geometries 

are complex and often include interaction of the active material with the inactive material.  

In recent years, significant progress has been made to improve the state of the art of 

electrode modeling. Researchers have attempted to simulate and predict crack propagation and 

mechanical damage in silicon nanowires13, 58, 59, particles60 and cylindrical graphitic particles61, 

hollow core-shell nanostructures62. Shenoy et al.57 have used first principles studies and 

attempted to understand the Li alloying induced elastic softening of silicon. In a series of work, 

Suo’s group has also modeled the plastic deformation of silicon during electrochemical cycling63-

67. However, despite this progress, there still does not exist an experimentally verified modeling 
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framework capable of simulating the complex anode structures for multiple electrochemical 

cycles and predict the mechanical degradation leading to capacity fade of the electrode.   

2.4 MOTIVATION FOR THE CURRENT WORK 

Despite the current knowledge of effect of active and passive components of the silicon anode on 

its mechanical stability, a mechanistic understanding of the failure of the anode assembly is 

currently lacking. Failure of anode assembly results from a complex mechanical interaction of 

the active and passive components during electrochemical cycling, which is still not properly 

understood as yet. This gap in knowledge prevents the generation of a strategy for fabrication of 

high capacity, stable, silicon based anodes. Thus there is a need for the development of advanced 

computational strategies comprising an experimentally guided multi-physics simulation platform 

that has the following attributes of: (i) Capable of simulating complex anode geometries and its 

resulting mechanical failure over multiple electrochemical cycles. (ii) Requirement to closely 

mimic the experimental conditions to understand the mechanical response of such complex 

electrode systems during electrochemical cycling. Development of such in silico experimental 

bench can be expected to cut down the development time of next-generation electrodes. The 

details of the goals and objectives for this dissertation thesis are detailed in next chapter.  
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3.0  RESEARCH GOALS, OBJECTIVES AND CONTRIBUTIONS 

 

Figure 3. Schematics of mechanisms operative during electrode electrochemical cycling. 

 

The objective of this dissertation thesis is to utilize a thermodynamically consistent theoretical 

framework that considers the coupled diffusion induced large deformation as well as failure 

response of the electrode materials system. The modeling framework is capable of simulating 

elastic and elasto-plastic behavior of the electrode components, as well as predicting its voltage-

capacity response. A cohesive zone technique68-70 has been utilized to simulate the fracture in the 

bulk of the active material as well as its delamination from the inactive component in the 

electrode (current collector, mechanical support, etc.). A schematic detailing the mechanisms 

considered in the modeling framework operative during electrode electrochemical cycling is 
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shown in Figure 3. The modeling framework is utilized to gain mechanistic understanding of the 

effect of active and passive components on the mechanical stability of the Si based anode 

structures. 

The major goals of this dissertation are divided into three main categories  

• To verify and validate a thermodynamically consistent framework to model the electro-

chemo-mechanical response electrode structure during electrochemical cycling. The 

model should be capable of simulating the Li diffusion induced stresses and the coupled Li 

transport inside the active material, elastic as well as elasto-plastic deformation of the 

electrode components and the ensuing fracture/delamination of the electrode components. 

• To examine the effect of electrode passive components on the mechanical integrity of a-

Si thin film anode systems using the modeling framework.  

o Effect of current collector properties (elastic modulus and yield strength) on stability of 

Si-Cu interface will be investigated.  

o Effect of Li segregation induced embrittlement at the Si-Cu interface on the delamination 

of the a-Si thin film anode will be studied.  

o Effect of insertion of a thin elastic buffer layer between the a-Si thin film pattern and the 

Cu current collector on the stability of Si thin film patterned anode will be studied. 

• To understand the effect of the active material (nanostructured Si) geometry in Si-CNT 

heterostructured anode systems on its mechanical stability during electrochemical 

cycling. 
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3.1 ORGANIZATION OF THE THESIS  

In Chapter 4.0 the details of the computational modeling framework are presented. The model is 

then employed to understand the effect of passive components (current collector and the Si-Cu 

interface) on the onset and propagation of the interfacial delamination of a 250 nm thick a-Si thin 

film anode (Chapter 5.0 and 6.0 ). In doing so, the goal is to provide and identify candidate 

current collector systems that will be conducive for effectively mitigating the deleterious effects 

of the catastrophic failure in Si. Furthermore, interfacial crack propagation in a-Si thin film 

electrode over multiple electrochemical cycles is simulated. Knowledge from these studies is 

further expanded by studying effect of a thin elastic buffer layer inserted between an a-Si thin 

film pattern and Cu current collector, on the mechanical stability of the anode configuration 

during electrochemical cycling (Chapter 7.0 ). In Chapter 8.0, the effect of Si geometry in the 

Si-CNT heterostructured anode is examined using the modeling framework to gain a 

fundamental insight into the various Si configuration dependent mechanical stability of Si-CNT 

heterostructures. The geometry of Si is systematically varied from a continuous coating to a 

particle in the shape of 1/8th of a cylinder adhered to the CNT. Different active material 

geometries are compared for Li diffusion induced stresses and possible mechanical degradation 

during electrochemical cycling.  
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3.2 CONTRIBUTIONS 

This dissertation thesis makes the following key contributions:  

• The electrode-electrolyte interface reaction kinetics in Li-ion battery anode were modeled 

using the Butler-Volmer equation (Section 4.1). The open circuit potential of Si thin film 

anode was experimentally determined using Galvanostatic Intermittent Titration (GITT) 

(Figure	  39). The capability of the modeling framework to predict Voltage-Capacity plot 

was demonstrated for Si thin film anode system (Figure	  9, Figure	  10).  

• It was shown that plastic deformation of the underlying Cu current collector limits the 

delamination at the Si-Cu interface during electrochemical cycling of the Si thin film 

anode (Figure	  16).  

• Electrochemical cycling of Si thin film anode was simulated for 30 consecutive cycles to 

understand the evolution of interfacial delamination at Si-Cu interface during 

electrochemical cycling (Figure	  18). 

• For the first time, modified Mclean-Langmuir segregation kinetics was used to model the 

Li segregation induced embrittlement of the Si-Cu interface properties (Section 4.8). It 

was shown that the Li segregation induced interface embrittlement causes mechanical 

failure of Si thin film anode (Figure	  20) validating the experimental observations. 

• Effect of insertion of an elastic buffer layer between the patterned amorphous Si thin film 

and Cu current collector was examined using computational methods for the first time. It 

was shown that combination of certain buffer and interfacial mechanical properties can 

completely avoid interfacial delamination of the Si thin film pattern during its 

electrochemical cycling (Figure	  25). 
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• The mechanical integrity of the Si-CNT heterostructured anode during electrochemical 

cycling was studied. The geometry of Si coating on CNT was varied systematically 

(Figure	  28) and compared for possibility of void nucleation/grown in the active material 

(Figure	  33, Figure	  34 and Figure	  35), thus providing design suggestions for CNT based 

heterostructured anodes.  



  15 

4.0  COMPUTATIONAL FRAMEWORK 

In this chapter, formulation of the computational modeling framework is presented. Equations 

detailing the electrode-electrolyte surface reaction kinetics, coupled diffusion – mechanical 

deformation and the mechanical failure (fracture/delamination) in the anode assembly are 

presented. For the definition of each variable, please see the nomenclature section.  

4.1 REACTION KINETICS OF ELECTRODE-ELECTROLYTE INTERFACE 

During the electrochemical cycling of the Li-ion battery, a reversible charge transfer reaction of 

   Li ! Li+ + e−occurs across the electrical double layer at the electrode-electrolyte interface 

(see Figure 4). When an active material is cycled over a time period of   2t under galvanostatic 

(constant current) conditions, the Li flux at the electrode-electrolyte interface is given as,   

  
JLi =

i
F

=
Cm
At

 (4.1) 

where  i  is the current,  F  is the Faraday’s constant, and  C  is the specific capacity of the active 

material with mass  m  and surface area  A  exposed to the electrolyte.  

The reaction overpotential  ηs  is related to the rate of reaction (i.e. Li flux) according to 

the well-known Butler-Volmer equation as71  
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⎢
⎢

⎤

⎦
⎥
⎥  (4.2) 

Here,   αa  and   αc  are the anodic and cathodic transfer coefficients, respectively.  R  is the 

universal gas constant and  T  is the temperature. The exchange current density   i0  is expressed in 

terms of the concentration of electrolyte ( ce ), electrode surface ( cs ), and the maximum 

concentration 

 (  cmax ) of lithium according to 

    i0 = k(ce)
αc(cmax −cs)

αa (cs)
αc  (4.3) 

where  k  is the kinetic constant.  

 

 

Figure 4. Schematics of the electrical double layer at the electrode-electrolyte interface. 

 

In the formulation, solid-electrolyte interface (SEI) layer is assumed to form only in the 

first cycle. Further formation of SEI layer on the active material has been neglected. It is 

assumed that the SEI layer does not consume any Li ions and is ion-conductive. During the half-
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cell testing, the electrodes are cycled against a Li reference electrode. Thus, the half-cell output 

voltage can be calculated as  

   V =U
OCP
− η

s
−R

c
iA  (4.4) 

where  Rc  is the contact resistance emanating from delamination of the active material from the 

current collector and  UOCP  is the open circuit potential of the electrode at given Li concentration.  

4.2 KINEMATICS OF ELECTRODE DEFORMATION 

A body  Ω0  in its reference configuration having a material point with position vector  X  is 

considered as shown in Figure 5. The material point  X  is mapped to the point  x  in the spatial 

configuration  Ωt  by the deformation map ϕ  as    x =ϕ(X,t) . The total deformation gradient 

 F = ∇Xϕ  is multiplicatively decoupled into three parts as  

  
F = FeFpFθ  

(4.5) 

where  Fθ  is the deformation gradient solely due to insertion of lithium. The elastic distortion of 

the material is characterized by   Fe  while the inelastic deformation of the electrode is indicated 

by   
Fp . The constitutive framework introduces two stress free intermediate states, Ωθ  and  

Ωθ p . 

For the sake of mathematical simplicity, a combined deformation gradient   
Fθ p = FθFp  

is defined 

which maps a material point in  Ω0  to a point in stress free intermediate configuration  
Ωθ p . 

Therefore, the elastic deformation gradient can be written as 
    
Fe = FFθp

−1 . The right Cauchy-

Green tensor and its elastic counterpart can be given as 
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 C = FTF ,   
Ce = Fe

TFe = Fθ p
−TCFθ p

−1  (4.6) 

The total jacobian,    J = det(F) , which also represents the volume change ratio of the 

material, can be multiplicatively decomposed similar to the deformation gradient as 
J = JeJ p Jθ . 

Here,    Jθ = det(Fθ ) > 0  is the electrode active material expansion due to Li insertion. Also, 

   Je = det(Fe ) > 0  and 
   
J p = det(Fp ) > 0 . Spatial velocity gradient can be introduced as  

     l = ∇xv = !FF−1 = !FeFe
−1 +Fe

!FθFθ
−1Fe

−1 +FeFθ
!FpFp

−1Fθ
−1Fe

−1  (4.7) 

with   v = x  denoting the spatial velocity. Pull back of the spatial velocity gradient  l  to the 

intermediate configuration yields 

     

L = Fe
−1lFe = Fe

−1 !Fe

Le

" + !FθFθ
−1

Lθ

" +Fθ
!FpFp

−1Fθ
−1

L p
′

# $% &%
 

(4.8) 

which can be additively decomposed into an elastic velocity gradient tensor   Le , intercalation 

induced expansion velocity gradient  Lθ , and a transformed plastic deformation gradient   
L p

′ .  
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Figure 5. Graphical representation of multiplicative decomposition of Li intercalation (alloying) induced 

deformation gradient  F . 

4.3 KINEMATICS OF LI INTERCALATION (LI ALLOYING) 

Lithium insertion into the electrode results in its expansion, which depends on the nature of the 

crystal structure72. In case of amorphous materials (e.g. a-Si), lithium gets accommodated in 

arbitrary planes leading to homogenous expansion of Si6. Therefore, the deformation gradient 

resulting from Li insertion can be expressed as   

   Fθ = 1+ηc( )1/3
I  (4.9) 

with  I  being the identity tensor,    c X,t( )  the concentration of the lithium atoms in the reference 

configuration, and η the expansion coefficient (or partial molar volume of solute) assuming 
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isotropic volume expansion. Thus, the intercalation induced volume expansion can be 

characterized as  

  Jθ = 1+ηc  (4.10) 

4.4 BALANCE EQUATIONS AND BOUNDARY CONDITIONS 

For the galvanostatic cycling of the electrode, initial and boundary conditions for lithiation in the 

anode can be described as c(X,0) = c0 (X)  on  ∂Ω0c , and   J ⋅N = JLi  on   ∂Ω0 J  (the electrode 

surface exposed to the electrolyte) with c0 (X)  as the initial concentration of lithium in the 

anode,  JLi  as the flux of lithium atom at point  X on the electrolyte-anode interface  ∂Ω0 J  with 

normal  N . In case of potentiostatic cycling conditions, the initial concentration condition 

remains the same ( c(X,0) = c0 (X)  on ∂Ω0c ), while the boundary condition on the surface 

exposed to the electrolyte is     c(X,0) = cmax . Diffusion of lithium occurs at a much slower time 

scale; hence mechanical equilibrium is assumed to be already achieved. Therefore, the balance of 

linear momentum can be expressed as: 

   ∇X ⋅P = 0  with   P = FS    (4.11) 

where  P  and  S  are the first and second Piola-Kirchhoff stress tensors, respectively. The 

boundary conditions for mechanical equilibrium are given as   P ⋅N = t  on  ∂Ω0t , and   u = u0  on 

 ∂Ω0u .  
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4.5 THERMODYNAMICS OF INTERCALATION 

The free energy functional of the anode material can be assumed as    

   Ψ(F,c) = Ψ1(Fe ,c)+Ψ2(c)  (4.12) 

In the above equation, 
   
Ψ1(Fe ,c) = Ψ1(F,Fθ ,Fp ,c)  represents elastic free energy density of the 

electrode in the undeformed configuration that depends on overall deformation gradient (through 

 F ) as well as concentration of lithium atom (through  Fθ ). Recent findings illustrate that elastic 

free energy density of crystalline as well as amorphous Silicon depends on the amount of 

intercalated lithium concentration57. To account for such dependence,  Ψ1  is also considered a 

function of Li concentration. The last term   Ψ2(c) , represents the chemical energy density of the 

anode material, which is a function of the concentration of lithium.  

Time derivative of the free energy can be written as 

    
Ψ = ∂Ψ

∂Fe

: Fe +
∂Ψ
∂c
c  (4.13) 

Inserting   Fe =
   
FFθ p

−1  in the above equation, it can be rewritten as  

    

Ψ = 2Fθ p
−1 ∂Ψ
∂Ce

Fθ p
−T :
C
2
− Me :Lθ p +

∂Ψ
∂c
c

= 2Fθ p
−1 ∂Ψ
∂Ce

Fθ p
−T :
C
2
− Me :Lθ − Me :FθL pFθ

−1 + ∂Ψ
∂c
c
 (4.14) 

The second Piola-Kirchhoff stress (PK-II) tensor   Se  and Mandel stress tensor   Me  at the 

intermediate configuration is expressed as 
   
Se = 2 ∂Ψ

∂Ce

and Me = CeSe . 



  22 

Using the intermediate PK-II stress tensor   Se  along with the expression of expansion 

velocity gradient  Lθ  for isotropic intercalation, the time derivative of the free energy can be 

recast as   

    
!Ψ = Fθ p

−1SeFθ p
−T :
!C
2
− Me :FθL pFθ

−1 − 1
3
η tr[Jθ

−2
3MeFθ

−1]!c + ∂Ψ
∂c
!c  (4.15) 

In the above equation, the first part represents the work conjugate of the variation of the right 

Cauchy-Green tensor while second and third term represent the work conjugate of variation of 

concentration. From the second part, a pressure like quantity p  at the reference configuration is 

defined as 

   
p = 1

3
tr[Jθ

−2
3MeFθ

−1]  (4.16) 

For an irreversible process, the Second law of thermodynamic states that variation of 

entropy is always larger than or equal to the rate of entropic flux induced by diffusion: 

    Ts−∇⋅(µJ) ≥ 0  where,  s  is the entropy density,  J  is the diffusion flux and µ  is the chemical 

potential. Incorporating the Helmoltz free energy function 
    
Ψ = 1

2
S : C−Ts  and mass 

conservation of Lithium in anode, the Clausius-Duhem inequality for anode with isothermal 

condition can be written as 

    
D = S :

!C
2
− !Ψ + µ !c − J∇µ ≥ 0  (4.17) 

Substituting the expression for free energy functional (Eq A.1), the above inequality can be 

expressed as 

    
D =[S−Fθ p

−1SeFθ p
−T ]:

C
2
+ Me :FθL pFθ

−1 +[µ − ∂Ψ
∂c

+ηp]c − J∇µ ≥ 0  (4.18) 
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From first part of the above inequality, the thermodynamically consistent definition of second 

Piola Kirchhoff stress tensor  S  in the reference configuration can be derived as 
   
S = Fθ p

−1SeFθ p
−T , 

where,  S  can be interpreted as the pull back of second Piola Kirchhoff stress tensor   Se  from the 

intermediate configuration ( 
Ωθ p ) to the reference configuration ( Ω0 ) configuration (see Figure 

5). The second part offers the plastic dissipative power  
Wp =

   
Me :FθL pFθ

−1 . The third part of the 

inequality offers the expression of the chemical potential µ  in the reference configuration as 

 
µ = ∂Ψ

∂c
−ηp  (4.19) 

From the above equation it can be easily noticed that the chemical potential is coupled with the 

mechanical field variables though the pressure like quantity as defined in Equation (4.16). 

Furthermore, the inequality in Equation (4.18) can be ensured only when the fourth component is 

negative semi-definite, which offers the definition of intercalating lithium flux of anode in the 

reference configuration as  

 J = −M∇µ  (4.20) 

where the mobility  M  is a symmetric and positive definite tensor. In the case of crystalline 

material, the mobility tensor is highly anisotropic. For an amorphous material the isotropic 

mobility tensor is taken as  M =  MI . Thus, atomic flux can be restated as 

  
J = −M∇µ = −M∇ ∂Ψ

∂c
−ηp⎡

⎣
⎢

⎤

⎦
⎥  (4.21) 

Assuming an ideal solution, the lithium flux can be further expressed as, 

   
J = −D ∇c + c

RT
∇

∂Ψ1

∂c
⎛
⎝⎜

⎞
⎠⎟
− ηc

RT
∇p

⎡

⎣
⎢

⎤

⎦
⎥  (4.22) 
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where  D =  MRT / c  is the diffusivity of lithium atom in the anode material. Therefore, 

conservation of mass for lithium in the anode material can be given by 

  
∂t c = ∇D ∇c + c

RT
∇

∂Ψ1

∂c
⎛
⎝⎜

⎞
⎠⎟
− ηc

RT
∇p

⎡

⎣
⎢

⎤

⎦
⎥  (4.23) 

The above equation suggests that apart from concentration gradient, intercalation of lithium in 

the electrode depends on mechanical stress states, variation of elastic energy functional (  Ψ(c) ), 

and the expansion coefficient η . In the absence of these dependencies, this equation essentially 

reduces to Fick's law of diffusion. Solution of the above equation will offer the intercalation 

induced deformation gradient tensor  Fθ .  

4.6 INELASTIC RESPONSE OF THE ELECTRODE 

In conjunction with the intercalation, inelastic response of the electrode is characterized by 

suitably defining (1) yield condition, (2) flow rule and (3) hardening/softening laws. The flow 

rule of electrode material is defined in terms of the plastic deformation gradient   
L p  as  

    
L p = F

i

p Fp
−1 = λ

i

N p with N p =
∂g
∂Me   

 (4.24) 

where,   
N p  describes the direction of the plastic flow, and λ

⋅

 is the plastic rate parameter.  In the 

above equation,  g  describes the potential function governing plastic evolution that depends on 

Mandel stress tensor   Me . In the present formulation, the yield function for the isotropic linearly 

hardening case is assumed as the following type 
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⎣

⎤
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with  Me
d  as the deviatoric part of the Mandel stress tensor  Me . The yield strength and hardening 

modulus are represented as  
σ y  and  H , respectively.  

4.7 MODELING OF INTERFACIAL DELAMINATION 

The spontaneous nucleation and propagation of an interfacial crack at the active material - 

inactive material interface (e.g. Si-Cu, Si-CNT) is simulated using the cohesive zone modeling 

technique68-70, 73-77. This particular technique assumes that there is a process zone ahead of the 

crack tip where the material degrades monotonically towards complete failure to advance the 

crack. In its classic form, this degradation is assumed to be solely of mechanical origin. 

Following the approaches adopted by Ortiz and Pandolfi70 the deformed cohesive surface   Γc (see 

Figure 6 (a)) is defined in terms of the mean deformation gradient 

       ϕ(X,t) = [ϕ+(X,t) +ϕ−(X, t)] / 2  and        ϕ
±(X, t) = ϕ(X,t) + δ / 2  . The normal and tangential 

components of the displacement jump vector  δ  are  

       δn = δ i n, δs =| δ− δnn |  (4.26) 

where  n  is the unit normal on the cohesive surface and . The traction separation law 

takes the following form:  

        
tc =

tc
δe

t̂, t̂ = [β2δ + (1− β2)(δ i n)n]  (4.27) 

  a⊗b = aibj
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The above law is based on the effective opening displacement and associated effective traction. 

The effective opening displacement is defined as  with  as the weighting 

parameter. The effective traction  te  is derived from the cohesive potential as     te = ∂Φ / ∂δe . In 

the present work a computationally convenient cohesive potential is considered as: 

    
Φ = exp(1)σcδc 1− 1 +

δe
δc
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which leads to the effective cohesive traction as: 

    
te = exp(1)σc

δe
δc

exp
−δe
δc

⎛

⎝
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⎞

⎠
⎟⎟⎟⎟
 (4.29) 

In the above equation,   σc  is the maximum cohesive normal traction and   δc  is a characteristic 

opening displacement. The graphical representation of the chosen cohesive law is shown in 

Figure 6 (b). 

 

 

 

Figure 6. (a) Mathematical domain with reference and deformed configuration. (b) Schematics of the 

traction-separation law70. 
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The model contains an internal variable 
    
!δe,max  to account for energy dissipation. The evolution 

of
    
!δe,max  is given as:  

      

!δe,max =
!δe if δe = δe,max and !δe ≥ 0

0 otherwise

⎧
⎨
⎪⎪

⎩⎪⎪
 (4.30) 

The unloading of cohesive zone is characterized as:  

     
te =

te,max

δe,max

δe, if δe < δe,max or !δe < 0  (4.31) 

The fracture toughness of the interface is calculated as:  

    
Gc = te dδe

0

∞

∫ = exp(1)σcδc  (4.32) 

Complete delamination of the cohesive interface is considered when effective traction at the 

interface becomes zero. In the present study, delamination (fracture) is characterized by a 

parameter denoted as the delamination index ( ), which is measured in terms of the 

characteristic opening displacement  with the following conditions: 

     
DI =

δe / 6δc if δe < 6δc
1 if δe ≥ 6δc

⎧
⎨
⎪⎪

⎩⎪⎪
 (4.33) 

It should be noted that during interface closure (    δn < 0 ), cohesive surfaces are subjected 

to contact constraint. The penetration of interfaces is restricted through a penalty traction that 

depends on the negative normal displacement jumps. Also, the delamination model incorporates 

interfacial adhesion strength through a prescription of maximum traction   σc  that can be 

achieved, as well as surface energy through the fracture toughness  Gc . Thus it can closely mimic 

physical situations and simulate a wide range of interface conditions ranging from perfectly 

 DI

 δ c
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bonded ones that do not allow any delamination to very weak cases that separate easily. The 

framework is not limited to simulating only interfacial delamination. It can also be used to 

simulate fracture in the bulk of the material for the known fracture properties (fracture strength 

and toughness). 

4.8 MODELING OF LI SEGREGATION INDUCED EMBRITTLEMENT 

The presence of segregated species near the interface has an additional effect on the decohesion 

process and often manifests itself by a reduction in the work of separation of the interface. To 

obtain this law, the existence of a Helmholtz type surface potential Φ  in terms of Gibbs-like 

excess quantities is assumed as78-80 

       Φ = tcdδ + µsdΓ  (4.34) 

In this equation,   µs stands for the chemical potential of the segregant, and Γ denotes its 

interfacial excess. Note that the displacement jump  δ  in the above equation can be thought of as 

an excess interfacial displacement to keep the definition of the potential in the spirit of Gibbs 

adsorption isotherm. 
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Figure 7. Interfacial traction separation law showing the effect of segregation induced embrittlement. 

Gradual reduction of the fracture strength   σc  (and correspondingly fracture toughness  Gc ), indicated by the 

red arrow, takes places as the embrittlement of the interface progresses. 

 

Segregation of lithium atoms in the process zone further assists crack propagation 

through a net reduction of the fracture toughness. This reduction in toughness due to Li 

segregation can be computed as 79 

 
(ΔGc ) = wRTΓ

0 ln (1−θb )
(1−θt )

− 1
2
(θb +θt )ln

(1−θ s )
(1−θt )

⎛
⎝⎜

⎞
⎠⎟

 (4.35) 

where θt  is the current Li interfacial coverage and θb  is the Li interfacial coverage at the start of 

electrochemical cycle. The maximum attainable interfacial coverage of segregate is θ s ’ while 

Γ0  is the saturation excess. Li coverage at the interface is calculated as   θt = c x,t( ) / Γ0 , where 

 Γ0  is the surface saturation excess, and c x,t( )  is given by Equation (4.36) as described below. 

For the derivation of Equation (4.35), ideal conditions for the segregation in a binary system 

have been assumed. 
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Experimental observations12 reveal the presence of Cu2LiSi precipitates in the interfacial 

region that may alter the extent of embrittlement due to ideal segregation and thus may not allow 

the full reduction in fracture toughness as predicted by the above equation. Accordingly, an 

embrittlement factor w  is introduced that controls the rate of interface embrittlement. A value of 

zero for this factor signifies no embrittlement mechanisms due to lithium segregation are 

operative, while w=1 indicates ideal segregation conditions. Atomistic calculations81 have 

suggested that the reduction in toughness is typically realized through a reduction in the 

maximum cohesive strength. Accordingly, the cohesive law for the interface in the presence of 

segregation mechanisms is modified as presented in Figure 7.  

 Finally, the quantification for the amount of segregant present in the interface is 

needed so that the interfacial coverage θt  can be calculated. This can be achieved by the 

consideration of various forms of segregation kinetics available in the literature82. While 

sophisticated segregation kinetics models exist in the literature, the presented computational 

framework accounts for the segregation of Li at the Si anode and Cu current collector interface 

using McLean segregation kinetics83. This particular model is chosed as it is numerically simple, 

but incorporates all the essential features of the segregation phenomenon. The original 

expression for this kinetics is provided for the case of constant concentration of the solute in the 

bulk. However, during galvanostatic charge-discharge for the anode, concentration of lithium 

will vary temporally in the vicinity of the interface throughout the electrochemical cycle. 

Accordingly, this expression is modified to take into account this variation in the boundary 

condition as described below.  

Note that a length scale needs to be introduced for the calculation of surface coverage as 

the concentration of lithium in the bulk is given in terms of unit volume while the surface 
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coverage requires the unit of area. This is taken into account by the interfacial thickness, Δi . In 

accordance with the assumption by McLean83, as the interface volume is small compared to the 

Si thin film volume, the interface is assumed to be fed with Li atoms from a narrow region in the 

thin film close to the interface. The governing the rate of segregation at the interface of thickness 

Δi  can be described by the diffusion equation 

ct = Dcxx 0 ≤ x ≤ Δi , 0 < t < ∞  (4.36) 

Initial concentration of lithium at the interface is taken to be zero i.e. c x,0( ) = 0 , as no lithium

may reach the interface at the beginning of the electrochemical cycle. With the progress of 

lithiation and subsequent delithiation, Li concentration inside the Si bulk adjacent to the interface 

can be described as a function of time, c 0,t( ) = f t( ) , and can be obtained from the solution of

the coupled transport equation as described in Section 4.5. 

Solution of Equation (4.36) along with the initial and boundary conditions expressed 

above furnishes the concentration of Li at the interface as  

c x,t( ) = x
4πD (t − s)0

t

∫ exp − x2

4D (t − s)
⎛
⎝⎜

⎞
⎠⎟
f (s)ds (4.37) 

where D is the diffusivity of Li in Si. 

The above-described framework is employed in a nonlinear finite element framework to 

solve for the intercalation of lithium into a solid domain and associated stress generation. Further 

details  of  the  finite  element  implementation  are  given  in  Appendix A-C. The 

framework is verified against analytical solutions43 for Li diffusion and diffusion induced 

stresses generated in a spherical electrode particle under galvanostatic and potentiostatic 

conditions (see Appendix D). It should be noted that application of this framework is not 

limited  to  performing  analysis  of  electrodes  in Li ion  batteries, but can be applied to 
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understand diffusion induced stresses in insertion based electrodes in other battery chemistries 

such as Na ion, Mg ion, etc., This framework can also be used to analyze other problems 

involving the phenomenon of solid diffusion (e.g. dopant diffusion in semiconductors84). 

Furthermore, systems involving conductive heat transfer can also be investigated for thermal 

stresses using the analogy between heat transfer and mass transfer.  
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5.0  UNDERSTANDING THE EFFECT OF CURRENT COLLECTOR PROPERTIES 

ON THE DELAMINATION OF AMORPHOUS-SILICON  

5.1 INTRODUCTION 

With the growing energy storage demands and continued miniaturization of advanced portable 

and consumer systems, there is a stringent need for longer lasting portable energy storage 

systems with high energy and power densities. Among the different materials studied to replace 

the existing state of the art graphite anode (capacity 372 mAhg-1), silicon has been the forerunner 

due to its high theoretical capacity of ~4200 mAhg-1. In past decade, a-Si thin film electrodes 

have been extensively researched due to their ease of fabrication and near theoretical 

performance (~3600 mAhg-1)19, 20. Experiments show that after the first electrochemical cycle, a-

Si film exhibits through-thickness cracks resulting in separate islands attached to the current 

collector12. However, after a few cycles, the capacity drops precipitously as the islands 

delaminate entirely from the metallic current collector resulting in complete loss of performance. 

Hence, the Si-Cu interface stability is a direct criterion to retain the anode capacity.  

Modification of the substrate surface morphology to increase the adhesion of a-Si thin 

film with the substrate has shown to improve the cycling performance24. Annealing the a-Si thin 

film deposited on Cu substrate at high temperature is also known to improve the adhesion 

between the two surfaces by interdiffusion of Si and Cu23. Thus, it has been reported that better 
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attachment of thin film with the substrate delays the interfacial crack propagation resulting in 

lower capacity fade. Recently, patterning of the thin film has garnered attention as a possible 

avenue to mitigate delamination at the interface16, 18, 85. In a series of papers, Gao and coworkers 

have theoretically studied the effect of size of thin film islands on interfacial delamination86-88. 

They have determined the existence of a critical size of the islands, below which delamination 

will not occur and further propagate.  

Another strategy to suppress delamination that has not garnered much attention yet is the 

proper choice of current collector and its mechanical properties to safely accommodate the 

stresses generated during electrochemical cycling of the anode. Recent experiments show that 

the presence of an interfacial layer of amorphous carbon between a-Si thin film and substrate 

results in excellent capacity retention of the thin film anode21. Motivated by this observation, a 

systematic study of the effect of mechanical behavior of the current collector on the onset and 

propagation of the interfacial delamination of the thin film anode is carried out. The modeling 

framework described in Chapter 4.0 is utilized to demonstrate the effect of substrate mechanical 

properties on the delamination of the thin film from the current collector. Elastic modulus and 

yield strength are selected as the two essential mechanical properties to effectively categorize the 

performance of the candidate current collector materials. In doing so, the goal is to provide and 

identify candidate current collector systems that will be conducive for effectively mitigating the 

deleterious effects of the catastrophic failure in Si.  
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5.2 PROBLEM DESCRIPTION 

The numerical model presented in Chapter 4.0 has been used to simulate the electrochemical 

and mechanical response of the silicon thin film along with the current collector as well as the 

interface between them. After the first electrochemical cycle, a-Si film exhibits through-

thickness cracks forming separate islands attached to the current collector (see schematics in 

Figure 8 (a))12. After stabilization of this crack pattern, the stresses generated in the film are not 

sufficient to generate additional vertical cracks13. However, further electrochemical cycling 

affects mechanical integrity of the anode configuration through the propagation of interfacial 

cracks that may peel the silicon island from the current collector. As maintaining the electrical 

contact between Si film and current collector is important, interfacial delamination at Si-Cu 

interface is an important criterion to quantify the mechanical integrity of the electrode.  

In this study the focus is on the delamination of a single Si thin film island subjected to 

electrochemical cycling similar to the experimental conditions adopted by Maranchi et al.19. To 

simulate the delamination of a-Si thin film from the current collector, a three-dimensional 

domain as shown in Figure 8 (b) is considered, where the substrate represents the current 

collector and the island on top of substrate represents the Si thin film. Separation between the 

vertical cracks formed in the thin film during first electrochemical cycle has been observed to be 

in the micron range12. Thus a 1 m square thin film island of 250 nm thickness is considered for 

the modeling purpose. Three-fold larger dimension is considered for the current collector so that 

its boundaries do not influence the stress field in and around the interface between the film and 

substrate. For the galvanostatic charging and discharging, a constant Li-ion flux is applied 

through the top surface of the a-Si island as shown in Figure 8 (b). Taking advantage of the 

µ
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symmetry, only 1/4th of the domain presented in Figure 8 (c) is considered to minimize the 

computational burden.  

 

 

Figure 8. (a) Vertically fractured a-Si thin film anode after 1st electrochemical cycle. (b) Domain representing 

a single a-Si island on the current collector with Li flux from top (c) Finite element mesh of 1/4th of the a-Si 

island and current collector domain. 

 

The electrode is cycled in the voltage window of 1.2 to 0.02 V at C/2.5 charge rate. The 

open circuit potential  is determined experimentally (For details, see APPENDIX E). The 

material properties of the Si film and the interface considered for simulation are reported in 

Table 1. The materials are modeled as compressible Neo-Hookean materials. A functional 

dependence of the Young’s modulus on the lithium concentration is adopted as 

, where is the fraction of Li atoms present in the a-

Si film57. The current collector is taken to be of elasto-plastic nature so that it can exhibit fully 

recoverable elastic deformation as well as permanent plastic deformation.  

To analyze the effect of mechanical properties of the current collector on the 

delamination response of the thin film, its Young’s modulus is varied from 9 GPa to 120 GPa. 

Further, to investigate the effect of onset of plastic flow of the current collector on interfacial 
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delamination, its yield strength is varied widely from 70 to 1000 MPa, while keeping the 

hardening parameter constant. As only the effect of substrate properties on the delamination is 

explored, properties of the interface are kept constant. A moderately strong interface with a 

fracture toughness of 25 Jm-2 and strength 2 GPa is chosen as reported in literature12.  

 

Table 1. Values of material parameters for simulation of a-Si thin film anode 

Parameter Value Parameter Value 

 1000 mol m-3  5 GPa 

 3.651 105 mol m-3 (lithiation)  

 10-16 m2s-1
  

89 (delithiation)  

E (silicon) 90 GPa  96485.34  C mol-1 

(silicon) 0.28  8.314  JK-1mol-1 

 71.25 GPa 57  298 K 

 2 GPa  0.5 

 25 Jm-2   

5.3 RESULTS 

The results of a detailed parametric study of the effect of mechanical properties of the current 

collector on the delamination behavior of the thin film during electrochemical cycling are 

presented in following section for a single electrochemical cycle closely mimicking half-cell 

experiments. Since the formation of SEI layer and associated irreversible capacity loss as well as 

ce H

cmax × k  1.55 ×10
−13m2.5 s-1 mol-0.5

D k  60 ×10
−13m2.5 s-1 mol-0.5

F

ν R

 ω T

σ c α a ,α c

Gc
η 4.5 ×10−6 m3mol-1
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the formation of islands due to vertical cracking of the thin film during the first electrochemical 

cycle are neglected in this analysis, simulations are reported for the 2nd charge/discharge cycle. 

5.3.1 Experimental calibration of rate constants  

 
 

Figure 9. Comparison of experimental and simulated voltage-capacity plots for C/2.5 and 2C charge rate. 

  
Reaction rate constant  to be used in the Butler-Volmer expression depends strongly on the 

anode configuration and experimental set up. To obtain a better estimate of this parameter, the 

simulated voltage-capacity curve is calibrated for a particular charge rate against experimental 

results reported in literature 19. These experimental data is reported for a 250  a-Si thin film 

at and  charge rates. It was found that for lithiation and 

for the corresponding delithiation appear to be in excellent agreement 

with the experimental values for the 0.02-1.2 V voltage window, except at the onset of lithiation 

 k

nm

C / 2.5 2C  k = 1.55 ×10
−13m2.5 s-1 mol-0.5

 k = 60 ×10
−13m2.5 s-1 mol-0.5
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for  charge rate (Figure 9). Using the same parameters, the voltage profile for  charge 

rate is simulated and found to be in good agreement with the experimental results.  

 

 

Figure 10. Comparison of a-Si anode half-cell potential vs. SOC at different charge rates. Inset compares the 

simulated and experimental capacities at different charge rates. 

5.3.2 Voltage-Capacity simulation at various charge rates 

To further investigate the validity of the estimated parameters and demonstrate model predictive 

capability, calibrated model from the last section has been utilized herein to predict the voltage-

capacity curves at different . Figure 10 shows the effect of charge rates on the voltage-

capacity curve. It can be observed that the electrochemical cycling at  rate shows a 91.6% 

state of charge ( ) while only 62%  can be achieved with  rate. This is to be 

expected as lithiation is carried out in shorter duration causing higher Li flux at rate 

C / 2.5 2C

C − rates

C / 5
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compared to rate, and thus develops a comparatively higher concentration gradient inside 

the bulk of the thin film. This fact results in an increased over-potential due to kinetic limitations 

at higher charge rates and the lithiation cut-off voltage (0.02 ) is reached earlier limiting the 

deliverable capacity of the electrode. Maximum capacity at various charge rates was estimated 

and compared with the available experimental results (see inset in Figure 10). Maranchi et al. 19  

experimentally observed  an initial 2nd cycle reversible capacity of ~3500 mAhg-1 for the charge 

rate of  while that for a  charge rate was ~2500 mAhg-1. The simulations predict the 

capacity of 3486 mAhg-1 for the earlier case, and 2604 mAhg-1 for the second one.  

5.3.3 Mechanisms of silicon thin film delamination from the current collector 

In order to understand how the current collector deforms and possibly contributes to the 

delamination behavior of the interface, two representative materials with disparate mechanical 

properties are considered. The first model material is chosen to be similar to graphite, which has 

a low modulus of elasticity of about 9 GPa and exhibits negligible plastic deformation; and 

another is similar to copper, a material with Young’s modulus comparable to silicon (90 GPa) 

but possessing yield strength of 330 MPa.   

Figure 11 shows the island and the elastic graphite substrate after completion of lithiation 

(Figure 11 (a)) and delithiation (Figure 11 (b)). Note that the thin film undergoes considerable 

deformation in the lateral directions during lithiation. Also, as the edges as well as the top of the 

island are free, the film bends in a convex upward manner and consequently deforms the current 

collector. However, as the substrate is very soft, it also deforms elastically to follow the island, 

and thus the interfacial displacement jump is minimal. Insets in the figure show the contours of 

Delamination Index (DI), the normalized effective displacement jump. DI<1.0 indicates no 

C / 5

 V

C / 2.5 2C
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interfacial delamination while DI=1.0 indicates complete delamination leading to loss of material 

contact (see Equation (4.33)). Note that maximum value of DI does not exceed 0.07. As a 

consequence, the interface remains intact and does not show any delamination. During 

delithiation the thin film as well as the current collector recover elastically and go back to their 

original configuration. The stress state in the system follows a reverse chronological path as 

compared to lithiation, and thus does not exhibit any delamination in this phase of the 

electrochemical cycling.  

 

 

Figure 11. Silicon island and graphite current collector at the (a) end of lithiation and (b) end of delithiation. 

Silicon island and copper current collector at the (c) end of lithiation and (d) end of delithiation. The contour 

plot in inset of each figure shows the delamination index (DI) mapped on the silicon film-current collector 

interface. 
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The mechanical state for the elasto-plastic substrate with properties similar to copper is 

completely different. Deformation patterns for the island after completion of lithiation as well as 

delithiation are shown in Figure 11 (c) and (d), respectively. Note that, in contrast to the 

previous figure, clear delamination can be observed for this case at the end of delithiation. The 

delamination starts at the corner of the island during delithiation and subsequently propagates 

towards the center. For the elasto-plastic substrate, stresses in the vicinity of the a-Si island base 

reaches its yield strength rather early during lithiation. Therefore, considerable plastic flow of 

copper occurs and continues till the end of lithiation. During de-lithiation, elastic recovery of the 

current collector is initiated albeit substantially lower in magnitude compared to the permanent 

plastic deformation already achieved. Therefore, the copper substrate retains the indentation 

mark at the edges of the island where the plastic deformation is maximum; see Figure 11 (d). 

Such observation has been reported experimentally18. The contours of plastic strain on the 

current collector surface at the end of lithiation as well as delithiation are shown in Figure 16 (d) 

and (e), respectively.  
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Figure 12. Propagation of delamination front along normalized distance from the center (indicated as 0) to 

the corner (indicated as 1) of the island-current collector interface at different extent of delithiation. 

 

These figures also reinforce our observation that considerable inelastic deformation 

occurs in the current collector during electrochemical cycling. Figure 12 shows the evolution of 

DI during delithiation along a straight line from the center to the corner of the island. The 

normalized distance along this straight line is 0 for the center and 1 for the corner, respectively. 

This figure clearly shows that while interfacial displacement jump is minimal at the start of 

delithiation, it increases rapidly to the state of complete delamination (DI=1) at the corner of the 

island after about 2/3rd of the delithiation phase. After its initiation, the delamination front 

propagates rapidly from the corner towards the center of the interface throughout the rest of the 

delithiation process. It can be concluded from the above discussion that properties of the current 

collector exert a profound effect on the mechanical integrity of the interface. In the following 

sections, these effects are studied in further detail. 
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5.3.4 Effect of current collector elastic modulus on interfacial delamination  

To focus on the effect of elastic deformation of the current collector on the interfacial 

delamination, the current collectors that can undergo only elastic deformation but no plastic 

deformation are considered. The elastic modulus of the substrate is varied from 9 GPa to 120 

GPa keeping the film elastic modulus constant at 90 GPa. Extent of the delamination of the 

interface as a percentage of the entire interfacial area has been recorded and is shown in Figure 

13 for different substrate moduli. It is interesting to note that while cases with low current 

collector elastic modulus do not show any delamination at all, those with moduli greater than 

1/3rd of that of the film undergo complete delamination. It is found that delamination initiates 

during lithiation phase, and propagates through the entire interface readily after initiation. As 

discussed in the last section, soft substrates (< 30 GPa) can undergo very large deformation and 

thus interfacial stresses may not exceed the adhesion strength of the interface. However, stiffer 

current collectors produce higher stresses at the interfacial region and once the crack is nucleated 

it is driven through the entire interface, as no other energy dissipating mechanism is present. 

Thus, while soft elastic substrates (< 30 GPa) can prevent the onset of delamination, the situation 

differs entirely for elastic substrates with moderate to high stiffness: Delamination is catastrophic 

for these cases resulting in complete loss of electrochemical capacity. 
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Figure 13. Percentage of delamination for different Young’s moduli of an elastic substrate. Regime 

of no delamination and complete delamination regime are approximately marked by the vertical 

dashed line. 

5.3.5 Effect of current collector yield strength on the interfacial delamination 

In this subsection, the case of elasto-plastic substrate materials is reported. The yield strength is 

varied from 70 MPa to 1000 MPa. Three particular instances of modulus are chosen, one with a 

low value of E=18 GPa denoted as case 1, and other two with  and 90 GPa marked as cases 2 

and 3, respectively. Interestingly, the soft substrate material of case 1 that did not exhibit any 

delamination in the absence of inelastic deformation mechanisms, can now show considerable 

delamination (in excess of 10%) depending on its yield strength (Figure 14). The extent of 

delamination decreases rapidly with increasing yield strength and effectively vanishes for 

simulation materials with yield strength in excess of 1 GPa. However, substrates in cases 2 and 3 

that exhibited complete delamination of the island during elastic only deformation mode undergo 
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only limited delamination when plasticity is present, see Figure 14. Thus, inelastic deformation 

mechanisms have opposing effects on the substrate materials that resided on complete 

delamination or no delamination regime as found from purely elastic analysis (Figure 13).  

Plasticity limited the extent of delamination for the class of materials with an elastic modulus of 

>30 GPa while introducing delamination for the softer ones (< 30 GPa elastic modulus).  

 

 

Figure 14. Variation of percentage of delamination at islande current collector interface with yield strength of 

elasto-plastic current collector. Simulations have been per- formed for three different elastic moduli of the 

current collector and are indicated by separate lines (18 GPa: solid line, 60 GPa: dash-dot line and 90 GPa: 

dashed line). 

 

These findings were further explored by performing a parametric study on the extent of 

delamination by varying the elastic modulus of the current collector from 18 GPa to 120 GPa. 

Three instances of yield strength values chosen from its feasible range are presented the results 

in Figure 15. Note from this figure that for softer substrates (<30 GPa), an increase in yield 
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strength decreases the extent of delamination while opposite is true for substrates with higher 

modulus reinforcing our earlier observation. For all three cases of yield strength considered, the 

extent of delamination initially increases to reach a peak value as the elastic modulus is 

increased. A further increase in the modulus reduces the extent of delamination. 

 

 

Figure 15. Variation of percentage of delamination at islandecurrent collector interface with Young’s moduli 

of the elasto-plastic current collector. Simulations have been performed for three different yield strengths of 

the current collector and are indicated by separate lines (70 MPa: solid line, 167 MPa: dash-dot line, 330 

MPa: dashed line). 

 

A detailed study of the stress state and accumulated plastic strain in the substrate 

materials was undertaken to elucidate the observed extent of interfacial delamination presented 

above. In general, there are two competing energy dissipating mechanisms occurring at and in 

the vicinity of the interface: permanent deformation due to plastic flow of the current collector, 

softer substrates (<30 GPa), an increase in yield strength decreases
the extent of delamination while opposite is true for substrates
with higher modulus reinforcing our earlier observation. For all
three cases of yield strength considered, the extent of delamination
initially increases to reach a peak value as the elastic modulus is
increased. A further increase in the modulus reduces the extent of
delamination.

A detailed study of the stress state and accumulated plastic strain
in the substrate materials was undertaken to elucidate the observed
extent of interfacial delamination presented above. In general, there
are two competing energy dissipating mechanisms occurring at and
in the vicinity of the interface: permanent deformation due to plastic
flow of the current collector, and creation of new surface due to
delamination of the interface. During lithiation, stress state in the
vicinityof the islandcorner remainscompressiveandsheardominant
while during delithiation it becomes tensile and shear dominant. For
the range of material properties studied, stress in the substrate
typically exceeds the yield strength during lithiation. Plastic defor-
mation of the current collector thus can be observed around the
corner of the island for all cases. During delithiation, a complex
interplay between these twocompetingmechanisms takesplace that
determines the ultimate extent of delamination at the interface.

The results of our study are summarized in Fig. 10. We choose a
current collector material with the same elastic modulus as silicon
(90 GPa), and another soft material with amodulus of 18 GPa. Three
different values of yield strength are taken for each of them thus
resulting in six distinct material property combinations as pre-
sented in the rows of the figure. First two columns in this figure
correspond to accumulated plastic strain in the current collector in
the vicinity of the island at the end of lithiation (left) and deli-
thiation (center), respectively, while the right column represents
the extent of delamination of the islandecurrent collector interface.
Observe that the stiffer material (top three rows) undergoes plastic
deformation that allows it not to delaminate during lithiation as
would be the case for the pure elastic case with same stiffness. It
undergoes further plastic straining during delithiation relieving the
stress around the interface. However, extent of this mode of
deformation decreases as the yield strength is increased. As a
consequence, the extent of interfacial delamination shows an
increasing trend as the yield strength is increased.

The substrate material with low stiffness value (bottom three
rows) can undergo very high elastic deformation and thus can keep

the interfacial stresses low throughout the electrochemical cycle.
However, their elastic recovery during delithiation is hindered in
the presence of plasticity thus channeling the stored elastic energy
toward dissipating mechanisms. Lower yield stress in these mate-
rials increases the extent of plastic deformation during lithiation
thus making elastic recovery during delithiation more difficult. As a
consequence, the extent of delamination increases with the yield
stress.

5. Discussion

In this paper, we report the effect of the mechanical properties
of the current collector on the interfacial delamination of silicon
thin film based anodes. A novel multiphysics model taking into
account lithium transport in the silicon anode and associated stress
generation combined with the possible mechanical failure was
developed. We have calibrated the model parameters and then

Fig. 9. Variation of percentage of delamination at islandecurrent collector interface
with Young’s moduli of the elasto-plastic current collector. Simulations have been
performed for three different yield strengths of the current collector and are indicated
by separate lines (70 MPa: solid line, 167 MPa: dash-dot line, 330 MPa: dashed line).

Fig. 10. Contour plot of plastic deformation at the top surface of elasto-plastic current
collector at the end of lithiation (Column 1) and the end of delithiation (Column 2).
Dashed lines on the current collector top surface indicate the reference position of the
island. The delamination index for corresponding Si islandecurrent collector interface
is shown in Column 3. Percentage of delaminated area is also indicated.

S. Pal et al. / Journal of Power Sources 246 (2014) 149e159 157
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and creation of new surface due to delamination of the interface. During lithiation, stress state in 

the vicinity of the island corner remains compressive and shear dominant while during 

delithiation it becomes tensile and shear dominant. For the range of material properties studied, 

stress in the substrate typically exceeds the yield strength during lithiation. Plastic deformation of 

the current collector thus can be observed around the corner of the island for all cases. During 

delithiation, a complex interplay between these two competing mechanisms takes place that 

determines the ultimate extent of delamination at the interface. 

Figure 16 summarizes the results of this study. A current collector material with the same 

elastic modulus as silicon (90 GPa), and another soft material with a modulus of 18 GPa is 

chosen. Three different values of yield strength are taken for each of them thus resulting in six 

distinct material property combinations as presented in the rows of the figure. First two columns 

in this figure correspond to accumulated plastic strain in the current collector in the vicinity of 

the island at the end of lithiation (left) and delithiation (center), respectively, while the right 

column represents the extent of delamination of the island-current collector interface. Observe 

that the stiffer material (top three rows) undergoes plastic deformation that allows it not to 

delaminate during lithiation as would be the case for the pure elastic case with same stiffness.  It 

undergoes further plastic straining during delithiation relieving the stress around the interface. 

However, extent of this mode of deformation decreases as the yield strength is increased. As a 

consequence, the extent of interfacial delamination shows an increasing trend as the yield 

strength is increased. 

The substrate with low stiffness value (bottom three rows) can undergo very high elastic 

deformation and thus can keep the interfacial stresses low throughout the electrochemical cycle. 

However, their elastic recovery during delithiation is hindered in the presence of plasticity thus 
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channeling the stored elastic energy towards dissipating mechanisms. Lower yield stress in these 

materials increases the extent of plastic deformation during lithiation thus making elastic 

recovery during delithiation more difficult. As a consequence, the extent of delamination 

increases with the yield stress.  

 



  50 

 

Figure 16. Contour plot of plastic deformation at the top surface of elasto-plastic current collector at the end 

of lithiation (Column 1) and the end of delithiation (Column 2). Dashed lines on the current collector top 

surface indicate the reference position of the island. The delamination index for corresponding Si 

islandecurrent collector interface is shown in Column 3. Percentage of delaminated area is also indicated. 
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5.4 CONCLUSION 

The modeling framework presented in Chapter 4.0 is utilized to understand the effect of the 

mechanical properties of the current collector on the interfacial delamination of silicon thin film 

based anodes. The model parameters are calibrated and validated against the voltage-capacity 

results obtained from half-cell experiments conducted on anodes of similar configuration. Our 

model predictions are in excellent agreement with the experimental results except at the start of 

the lithiation. This can be attributed to the fact that the presence of SEI layer on the thin film and 

the expected side reactions known to occur during lithiation are not considered. Once calibrated, 

the model can be used for voltage-capacity simulation at different charge rates and to estimate 

the maximum reversible charge capacity available. Often, experimentalists vary the voltage 

window in which the anode half cell is cycled for various reasons, in particular, to reduce the 

volumetric expansion, etc. The capacity obtained at various cut off potentials can also be 

estimated by this model.                            

The modeling framework has been next utilized to predict the crack propagation at the 

interface between a-Si thin film and current collector. The simulations reveal that the elastic 

modulus as well as extent of inelastic deformation of the current collector are important design 

parameters that influence the mechanical stability of the anode configuration. If a material with 

higher stiffness has to be chosen, it is better to consider the candidates that can undergo plastic 

deformation. However, they will exhibit some extent of delamination that may eventually extend 

through the entire interface in the course of further electrochemical cycling. An elastic substrate 

with low elastic modulus is the best design option to safe guard against interfacial delamination. 

Recent experiments with soft elastic current collectors such as graphite21 and polymers16 have 

shown excellent electrochemical cycling performance. While not mentioned explicitly in these 
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reports, our analysis suggests that the mechanical stability stemmed from the choice of substrate 

materials properties itself. It is therefore envisaged that these computational mechanics based 

models will help the experimentalists design improved silicon based anode systems. 
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6.0  MODELING OF LITHIUM SEGREGATION INDUCED DELAMINATION OF 

AMORPHOUS SILICON THIN FILM ANODE IN LITHIUM-ION BATTERIES 

6.1 INTRODUCTION 

Effect of the current collector material properties (elastic modulus and yield strength) on the a-Si 

- current collector interface has been demonstrated in detail in the pervious chapter (Chapter 5.0 

). The material of choice for current collector for a-Si thin film electrodes is copper, which can 

exhibit considerable plastic flow during electrochemical cycling12. During prolonged 

electrochemical cycling, this inelastic deformation of copper is expected to blunt the Si-Cu 

interfacial crack tip and may result in its eventually arrest. Failure mechanisms ahead of the 

crack tip can no longer be activated, as the stress levels would be sufficiently low. However, 

experimental observation of complete delamination of the Si thin film from the metallic current 

collector in LIB points to the presence of additional embrittling mechanisms at the interface.  

One such mechanism can be segregation induced embrittlement that weakens the 

interface irreversibly on a cycle by cycle manner. Presence of small amounts of segregants and 

impurities may have a major effect on the interfacial adhesion12, and can embrittle the interface 

sufficiently to cause this type of failure. Assuming that elastic distortion energy due to the 

presence of lithium atom at the interface is small, elastic distortion energy arising from the 

intercalation of lithium in silicon can be relieved almost entirely by segregating to the interface. 
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Thus there will be an energetic preference for the lithium to segregate to the interfacial region90. 

Indeed, evidence of lithium segregation into the interfacial region and the formation of second 

phase precipitates at the film-current collector interface has been observed experimentally12, 90. 

Selected Area Electron Diffraction (SAED) on post-cycled Si/Cu samples revealed patterns 

closely matching with Cu2LiSi phase. Segregation of lithium along with the formation of this 

interfacial phase led to complete delamination of the thin film from the substrate around 30th 

cycle.  

Several modeling studies have been reported in the literature focusing on lithium 

diffusion induced stresses in silicon thin film and resultant mechanical degradation of the 

electrode material43, 48, 49, 52, 53. A cohesive model using triangular traction-separation law for 

crack nucleation in the thin film electrode has been presented and a critical length scale for 

galvanostatic conditions below that the electrode is flaw tolerant, has been identified in51. 

Computational analysis of through thickness crack pattern formed in thin film electrode during 

electrochemical cycling has also been studied14. Recently, theoretical and experimental study on 

the size effect of the thin film patterns on interfacial delamination of the silicon film from the 

current collector has been reported18, 87, 88. However, these models typically carry out simulations 

for a single electrochemical cycle, and do not take into account progressive embrittlement of the 

interface due to the presence of segregants and other impurities.  

Building on the knowledge base gained in Chapter 5.0 , the thermodymically consistent 

modeling framework described in Chapter 4.0 is utilized to simulate the Si thin film anode 

system over multiple consecutive electrochemical cycles. It is shown that during electrochemical 

cycling of the thin film island, crack initiates at the corner of the island-current collector 

interface, as observed in experiments12. It is postulated that a process zone precedes the actual 
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crack tip, and thus can be modeled using the cohesive zone technique. Crack propagation for first 

few electrochemical cycles is demonstrated. It is shown that as long as the interface properties 

are not altered, the crack propagation is arrested. Segregation of Li atoms at the thin film–current 

collector interface is modeled using a modified version of McLean-Langmuir theory. 

Degradation of interfacial adhesion properties, which leads to complete delamination of the thin 

film from the metallic current collector, is modeled using a thermodynamic–kinetic analysis of 

segregation-induced embrittlement (see Section 4.8). 

In the next section, the boundary value problem and material properties are detailed. 

Results obtained from simulating the domain for consecutive multiple electrochemical cycles are 

reported in Section 6.3. A brief discussion of the results is presented in Section 6.4 followed by 

the conclusions of this study in Section 6.5. 

6.2 PROBLEM DESCRIPTION 

Similar to the previous study in Chapter 5.0 , a square a-Si thin film island on a Cu current 

collector is considered (see Figure 17). The square Si island is 600 nm wide and 150 nm high. 

The boundary conditions remain the same as those reported in Section 5.2. Young’s modulus of 

a-Si in the absence of lithium is taken as 90 GPa, while Poisson’s ratio is assumed to be 

constant at 0.2857. The a-Si thin film is considered to be an elasto-plastic material with 

yield strength  1 GPa and hardening parameter 1 GPa. Material properties for the 

elasto-plastic copper current collector are given as 90 GPa and ,  =330 
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MPa and 5 GPa. Other material properties have been taken to be same as that reported in 

Table 1. Details of the Langmuir-Mclean theory of segregation kinetics and modeling of Li 

segregation induced embrittlement of the Si-Cu interface are presented previously in Section 4.8.  

 

 

Figure 17. (a) Domain representing a single a-Si island (600 nm width and 150 nm height) on the current 

collector with Li flux from top (c) Finite element mesh of 1/4th of the a-Si island and current collector domain. 

6.3 RESULTS 

In this section the results of the simulation study on the interfacial crack propagation between the 

a-Si thin film anode and the copper current collector over 30 electrochemical cycles is presented. 

The focus of the results is on the mechanical integrity of the interface between the a-Si thin film 

and copper current collector and various parameters affecting the growth of delamination. 

Accordingly, the effect of segregation-induced embrittlement of the interface over multiple 

electrochemical cycles has been analyzed in detail. Significant attention is given to the 
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embrittlement kinetics parameters (ductile to brittle transition) of the interface keeping 

mechanical and electrochemical properties of the a-Si anode and current collector unchanged. 

 

6.3.1 Si-Cu interface delamination over multiple electrochemical cycles: no embrittlement 

Prior to the investigation of the effect of embrittlement on the delamination propagation over 

multiple charge discharge cycles, the crack growth characteristics when no embrittlement 

mechanisms are present are studied. Such assumption indicates that the interface retains its 

original failure properties over multiple charge-discharge cycles. The percentage of delaminated 

interfacial area against the number of electrochemical cycles is calculated for interfacial fracture 

toughness values ranging from 15 Jm-2 to 35 Jm-2. The results are presented in Figure 18. 

Variation of the extent of delamination at Si-Cu interface with the number of electrochemical 

cycles for various interfacial fracture toughness magnitudes.. For all these simulations, the 

critical separation  is kept constant at 4.6 nm while fracture strength  varies according to 

Equation (4.32) for each case. It can be observed that the interfacial crack propagation shows 

two distinct regime over the number of cycles for the range of interfacial toughness considered 

here. In the first regime, the delamination propagates rapidly while in the second regime the 

percentage delamination shows almost no increase in magnitude indicating the arrest of crack. 

Number of cycles that separates these regimes depends on the fracture toughness of the interface. 

It can be as low as five cycles for the case of lowest fracture toughness considered, while the 

interface with  35 Jm-2 does not show a complete arrest of delamination for the range of 

electrochemical cycles simulated. 

 δ c  σ c

  Gc =
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Figure 18. Variation of the extent of delamination at Si-Cu interface with the number of electrochemical 

cycles for various interfacial fracture toughness magnitudes. 

 

It can be noticed that as the fracture energy is reduced, interfacial delamination is  

increased considerably compared to the cases with higher fracture energy. Interface with !Gc = 10 

Jm-2 attains the maximum delamination of 95% rapidly within first few cycles (<5); however it is 

arrested completely in subsequent cycles. For the interface with higher fracture energy (!Gc = 35 

Jm-2), the interface continues to delaminate over the entire simulation of 30 cycles albeit at a 

much slower rate compared to the previous cases. However, the peak delamination reached even 

after 30 electrochemical cycles is only about 18%, and thus is not expected to delaminate 

completely even after undergoing further cycling. 
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Figure 19. Contours of plastic strain ( ) at the interface between the a-Si island and Cu substrate at the end 

of different electrochemical cycles. For better representation, a cross- sectional view along the diagonal of the 

computational domain is shown. 

 

To understand crack arrest mechanisms in the a-Si thin film and copper current collector 

system, plastic deformation in the vicinity of the interface is analyzed at the end of different 

cycles (Figure 19), while keeping the fracture toughness  25 Jm-2. It should be noted that 

the plasticity for both the silicon thin film and the copper current collector is considered for the 

simulations. As the crack propagates diagonally from the corner towards the center of the island, 

a cross-sectional view of the thin film as well as the substrate along a vertical plane passing 

diagonally through the simulation domain is shown. The delamination of the interface for 

corresponding cycles is plotted in Figure 21 (top row). In this figure, the red region (DI=1.0) 

represents a completely delaminated interface while the blue one denotes the uncracked portion. 
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It can be seen that after the first cycle, a small delamination zone appears at the corner of the 

island (Figure 19 (a)). A small plastically deformed region is also visible in both the island as 

well as the substrate in Figure 19 (a). At the completion of 5th cycle, crack propagates quickly 

towards the center of the thin film island (Figure 21 (b)). A well-developed plastic region can be 

seen around the crack in Figure 19 (b). At the end of 10th cycle, delamination propagates further 

inside (Figure 21 (c)). At this stage, Figure 19 (c) shows a wide spread plastic region that has 

evolved along the entire interface. Note that it is localized along the thickness direction: Its 

extent scales with the thickness of the thin film. When the cycling reaches to 20th cycle, there is 

no significant increase in the delamination as seen in (Figure 21 (d)). In this cycle, Figure 19 (d) 

shows the extent of plastic zone around the delamination, which is almost similar to the previous 

one except for a small region ahead of the crack tip that shows an increased plastic strain. This 

fact indicates that the material around the crack tip is mostly subjected to a stress state that 

remains around the yield strength from 10th cycle to 20th cycle. These electrochemical cycles 

only increased the value of the accumulated plastic strain thus keeping the stress at the crack tip 

well below the fracture strength. 

6.3.2 Si-Cu interface delamination over multiple electrochemical cycles: with 

embrittlement 

It has been observed in the previous section that the delamination is arrested after few cycles, 

contrary to the experimental observations. It is envisaged that the segregation of lithium atom 

into the interface between the thin film and copper current collector can drive the crack further 

leading to the complete failure of the film. Therefore, the effect of embrittlement is investigated 

by changing the embrittlement factor  while keeping all other parameters constant.  w w=1
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indicates ideal conditions for segregation, while  indicates no segregation induced 

embrittlement (see Section 4.8 for details).  Figure 20 shows the variation of percentage of 

delamination against the number of electrochemical cycles for different values of . In this 

study, the interfacial fracture energy is kept constant at 25 Jm-2 with maximum interface 

strength 2 GPa. The interface with no embrittlement is indicated by . The higher 

values of embrittlement factor indicated higher rates of degradation for the interface due to 

lithium segregation. It can be seen that as the embrittlement factor increases, the amount of 

delamination increases rapidly for first few cycles. Furthermore, delamination continues to grow 

in the second regime of crack growth where interfacial crack with no segregation exhibits almost 

complete arrest. Moreover, with an embrittlement factor , the interface delaminates 

completely at ~24th cycle. It should be noted that the experiments performed on a similar anode 

system exhibited a rapid capacity fade after 29th cycle12. A complete delamination of the thin film 

from the copper substrate after this cycle is observed. 

w=0

w

  Gc =

   σc =   w = 0

w=0.4
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Figure 20. Variation of the delamination of a-Si thin film and Cu current collector interface 

with the number of electrochemical cycles for various degrees of interface embrittlement. 

  

To describe crack propagation more elaborately, the delamination at different number of 

electrochemical cycles is compared in Figure 21 for  and for  (no embrittlement 

scenario). The red region represents a delaminated zone of the interface while blue zone denotes 

the uncracked portion. It can be found that the interface with embrittlement offers considerably 

higher amount of delamination (Figure 21 (f)) even after 5th cycle compared to the interface with 

no embrittlement (Figure 21 (b)). At 10th cycle, interface with embrittlement achieves more 

delamination (Figure 21 (g)) compared to no embrittlement case (Figure 21 (c)). As the charge 

discharge cycle proceeds further, the embrittlement imparts continuing delamination of the 

interface (Figure 21 (h)). However, interface with no embrittlement prevents its further 

delamination (Figure 21 (d)).   

w=0.4 w=0
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Figure 21. Contour plots for the delamination index (DI) with DI = 1 representing completely delaminated 

region and DI = 0 indicating uncracked zone for w = 0 (no interface embrittlement), top row, and w = 0.4, 

bottom row, at the end of different electrochemical cycles ncycle. 

6.4 DISCUSSION 

The simulations reported in this chapter are performed on a model system closely mimicking the 

geometry and electro-chemo-mechanical boundary conditions of an actual LIB half-cell. For 

simulations reported in this chapter, the presence of plasticity in the film as well as in the 

substrate is considered. It is observed that if both the substrate and the film are considered 

elastic, significant delamination (even complete delamination) may occur only after the first 

electrochemical cycle. On the contrary, plastic dissipation in the copper substrate and silicon film 

retards the interfacial delamination to a great extent and may arrest it after a few cycles, see 

Figure 18. However, experiments on this system typically reveal a complete delamination after 

multiple electrochemical cycles12. To account for this observation, elasto-plastic material 
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response in the film and the substrate, and an embrittling interface between them possibly due to 

lithium segregation is considered.  

It is found that without interface embrittlement, the crack propagation is completely 

arrested for a wide range of interfacial fracture energies when the interface is moderately strong 

with fracture strength of 2 GPa. The delamination of the silicon thin film from the copper 

substrate is simulated for a wide range of interfacial strength values keeping the toughness 

constant at 25 Jm-2.  The results show that the crack arrest is inevitable for all the cases with an 

interfacial strength in excess of 1 GPa. As the elastic distortion energy associated with the 

intercalation of lithium in silicon is quite high, it will have a propensity to segregate towards the 

surface of the thin film. This suggests that the segregation of lithium in the interfacial region is 

responsible for the gradual embrittlement of the interface. Such embrittlement is modeled here 

through a reduction in the interfacial fracture energy, which depends on the extent of segregation 

of Li atoms at the interface over multiple cycles. The present analysis shows that embrittlement 

plays a crucial role in the propagation of delamination in early as well as later stages of the crack 

propagation. As the segregation induced embrittlement takes place, the crack growth resistance 

reduces progressively. Crack driving force arising from the deformation of a-Si thin film and Cu 

substrate eventually surpasses the crack growth resistance leading to further propagation of 

delamination. Reduction of the crack growth resistance depends critically on the amount of 

lithium that can reach the interface, which in turn depends on a number of factors such as 

thickness of the film, applied charge rate, and presence of other species at the interface.   
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6.5 CONCLUSIONS 

A novel multi-physics modeling framework has been utilized to understand the mechanisms 

responsible for delamination of a-Si thin film and copper current collector over multiple cycles. 

Furthermore, Langmuir-Mclean theory for segregation kinetics has been incorporated to model 

embrittlement induced degradation of the interface. It has been observed that with no 

embrittlement of the interface, crack propagates rapidly for first few cycles but is eventually 

arrested. If segregation induced embrittlement mechanisms are taken into account, extent of 

delamination is enhanced. For certain parametric combinations, complete delamination as 

observed in the experiments, can be achieved. Thus, the present computational framework 

provides a mechanistic understanding of the effect of interfacial properties and the Li segregation 

induced embrittlement on the growth of interfacial delamination of the a-Si thin film based LIB 

anode subjected to multiple electrochemical cycling. 
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7.0  EFFECT OF INSERTION OF AN ELASTIC BUFFER LAYER ON 

INTERFACIAL STABILITY OF AMORPHOUS-SILICON  

7.1 INTRODUCTION 

For the Si thin film based electrode structures, delamination of the electrochemically active thin 

film from the substrate is a major concern. Three primary approaches to delay the onset and 

propagation of delamination are discussed in the literature. A design philosophy pursued recently 

is the control of the size of the patterns to a flaw tolerant dimension. As thin films are prone to 

vertical cracking, a typical approach is to create patterned anodes with width less than the 

average vertical crack spacing referred to as the critical size for a given film thickness 18, 87, 91, 92. 

In another class of approaches, stability is sought through the surface modification of the current 

collector surface and the properties of the Si-current collector interface. Nguyen and Song24 

attempted to stabilize the Si-Cu interface by anodic etching of the current collector surface to 

promote the interfacial contact area at Si-Cu interface. Cho et al. 93 has suggested an 

improvement of the electrochemical cycling performance of the patterned electrodes by 

fabricating them on a rough substrate rather than on a smooth surface. Chen et al. 23 showed that 

annealing the Si thin film anode at high temperature enhances the anode cycling stability by 

improving the Si-Cu interface adhesion.  
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A third promising approach that has not gained much attention is the optimal design of 

the electrochemically inactive substrate material and configuration. Analytical study by Song et 

al. 94 concluded that for cylindrical Li ion batteries, the current collector with small thickness and 

low elastic modulus minimizes stresses in the active material layer. Numerical studies by Zhang 

et al. 95 concluded that a soft and flexible current collector material would be ideal for the 

electrode. Yu et al. 16 showed that the capacity retention of the patterned thin film is greatly 

enhanced by incorporating an elastomeric layer as a part of the current collector. Work by Zhang 

et al. 96 demonstrated that including a graphene buffer layer between Cu current collector and a-

Si thin film benefits the capacity retention of the electrode. In another earlier work, Datta et al. 21 

experimentally demonstrated that the presence of a 50 nm thick carbon layer sandwiched 

between the active silicon thin film and copper current collector improves the cycling 

performance of the thin film anode. Tong et al.97 also studied multilayer Si/C thin films deposited 

on Cu current collector and concluded that the carbon layer improves the anode structural 

stability by helping accommodate the volume expansion of Si. Choi et al.98 used a current 

collector made by coating porous polyolefin polymer membrane with a thin layer of copper. 

Presence of the polymer membrane provides flexibility to the current collector, which helps the 

electrode performance by allowing it to freely expand and contract during electrode cycling.  

A common aspect of all these16, 21, 94-98 exhaustive reports is the introduction of a low 

stiffness elastic layer along with the usual silicon thin film and metallic current collector. Indeed, 

results in Chapter 5.0 show that an elastic substrate with low modulus can retard the interfacial 

delamination significantly. However, the mechanisms operative in the presence of a soft elastic 

layer that give rise to improved cycling performance are not well understood. Therefore, the aim 
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of the present chapter is to provide a mechanistic understanding of the role of inserted elastic 

layer on the delamination behavior of a patterned  a-Si thin film Li-ion anode.  

The thermodynamically consistent modeling framework described in Chapter 4.0 is 

employed to calculate energetic contributions of various mechanical events occurring at the 

anode during lithiation. The study is restricted to a single square shaped pattern made of silicon 

thin film and a thin elastic layer residing atop a copper current collector for numerical 

tractability, see Figure 22. However, the main conclusion that the modulus mismatch between 

the silicon thin film and the sandwiched elastic layer is essentially the key design parameter for 

the improvement of mechanical stability is general enough to be applicable to a broad spectrum 

of micro patterned layered anode architectures. 

This chapter is organized as follows: In Section 7.2, energy balance of the lithium ion 

half-cell is detailed. The description of the boundary value problem is described in Section 7.3. 

Results of the study are presented in Section 7.4, followed by conclusions in Section 0. 
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Figure 22. (a) Schematics of Si patterned thin film anode with elastic buffer layer half-cell (b) Schematic of 

patterned anode configuration with a-Si pattern, intermediate buffer layer and current collector. (c) 

Mathematical domain representing a single pattern with intermediate buffer layer attached to a current 

collector. Li flux is applied from all the surfaces exposed to electrolyte. (d) Finite element mesh of 1/4th of the 

mathematical domain. 

7.2 ENERGY BALANCE OF THE LI ION HALF-CELL DISCHARGE PROCESS 

Schematic of the Li ion half-cell discharge voltage curve under galvanostatic conditions is shown 

in Figure 22 (a). The anode is cycled between the voltage limits of  and  at a Vmax Vmin
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charge/discharge current of , with the total discharge time . During the galvanostatic half-cell 

discharge, maximum output energy is obtained when the cell discharge is carried out at 

an infinitesimally small current. In this case,  can be calculated as the product of area 

under the open circuit potential ( ) - time curve and the discharge current .  

 (7.1) 

However, due to the energy loss associated with overpotential ( ), the energy derived from the 

half-cell ( ) is less than ( ) and is represented by the product of the discharge current 

and the area under the output voltage ( ) - time curve. Thus,  

 (7.2) 

and, 

 (7.3) 

Part of  is lost in terms of heat ( ) and consists of the reaction overpotential, concentration 

overpotential and the resistance overpotential. The rest of this lost energy is contributed by the 

overpotential related to the transport of Li inside the electrode material ( ) and the 

energy required for causing the mechanical changes  Ψmech  in the electrode system. Hence,  

 (7.4) 

The mechanical contribution  Ψmech can be further partitioned into three different categories: total 

elastic strain energy ( Ψelastic ) stored in the system, total plastic dissipation ( 
Ψ plastic ) associated 

i t

Ψout max

Ψout max

Uocp i

Ψout max = i Uocp dt
0

t

∫

ηs

Ψout Ψout max

i V (t)

Ψout max = Ψout +Ψηs

Ψout = i V (t) dt
0

t

∫

Ψηs
Ψq

ΨLi transport

Ψηs
= Ψq +ΨLi transport +Ψmech
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with the plastic flow of the material, and total dissipated interfacial energy ( Ψ interface ) which 

results from the delamination. 

The rate of elastic strain energy accumulated at each layer is evaluated as  

    

!Ψelastic = S i : !E i

Ωi

∫ dΩ with i ∈[Si,buffer,Cu]  (7.5) 

Therefore, the total elastic energy of the anode at a given time  can be estimated as  

   
Ψelastic = !ΨSi

elastic
0

t

∫ dt + !Ψbuffer
elastic

0

t

∫ dt + !ΨCu
elastic

0

t

∫ dt  (7.6) 

The rate of plastic dissipation in Si thin film and Cu substrate is calculated as  

    

!Ψelastic = S i : !E i

Ωi

∫ dΩ with i ∈[Si,buffer,Cu]  (7.7) 

Therefore, total plastic energy at given time  is calculated as  

   
Ψ plastic = !ΨSi

plastic
0

t

∫ dt + !ΨCu
plastic

0

t

∫ dt  (7.8) 

As the buffer layer is elastic and does not exhibit any plasticity, the energy expended in 

propagation of delamination in Si/buffer and buffer/Cu interface is evaluated as 

    

!Ψ( i)
interface = t ( i) ⋅ !δ ( i) dΓ i ∈[Si / buffer,buffer / Cu]

Γ i

∫  (7.9) 

Therefore, the total energy dissipation due to delamination propagation at any given time  is 

given as  

    
Ψ interface = !ΨSi/buffer

interface
0

t

∫ dt+ !Ψbuffer /Cu
interface

0

t

∫ dt  (7.10) 

Finally, the total mechanical energy is derived 

 t

 t

 t
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Ψmech = Ψelastic +Ψ plastic +Ψ interface  (7.11) 

When an anode system is lithiated, it begins to deform mechanically owing to the transport of the 

lithium ions into the anode leading to alloying with Si as the Li+ combine with the electrons 

transported through the Si, and starts storing the mechanical part of the free energy by elastic 

deformation and plastic dissipation. As  Ψmech  increases further, a portion of the stored 

mechanical energy is released through the nucleation and propagation of delamination at the 

interface.  

The previously presented numerical framework (Chapter 4.0 ) is used to precisely 

evaluate these quantities and study the effect of the different parameters on  Ψmech  evolution in 

the anode configuration detailed in this manuscript. 

7.3 PROBLEM DESCRIPTION 

To study the effect of a thin buffer layer present between the patterned Si thin film and current 

collector on the mechanical stability of a patterned thin film based anode, a domain as shown 

schematically in Figure 22 (b) is considered. The square shaped a-Si patterns are each 250 nm 

thick and 1 micron wide. In the simulations, the gap between the adjacent patterns is assumed to 

be sufficient such that the patterns do not interfere with each other in the fully lithiated state. 

Accordingly a model domain is isolated with only one pattern, as shown in Figure 22 (c), for this 

study. Considering the advantage of pattern configuration symmetry and only 1/4th of the domain 

for the simulation purpose (Figure 22 (d)) is taken. The intermediate buffer has the same width 

as the pattern. The thickness of the buffer layer ( ) is kept constant at 100 nm. Thickness of the hb
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current collector is assumed to be three times that of the pattern to avoid any influence of the 

boundary on the simulation results. The domain has two interfaces, Si/buffer interface and the 

buffer/current collector interface. Both of these interfaces are prone to delaminate during the 

lithiation process. It is assume that the anode is cycled under galvanostatic conditions and hence 

consider a constant flux of lithium atom through the surfaces of the active material that are 

exposed to the electrolyte. It should be noted that some possible buffer layer materials such as 

carbon, undergo lithium intercalation. Consideration of contribution of buffer layer to the Li 

anode capacity would effectively reduce the contribution of Si film pattern to the anode capacity 

and hence the associated volumetric expansion. The aim of this manuscript is to understand the 

effect of mechanical properties of elastic buffer layer on the mechanical stability of the patterned 

a-Si anode. Hence, in order to consider maximum volumetric expansion associated with the a-Si 

film, it is further assume that the buffer layer and the current collector have no lithium diffusion 

and hence, no associated diffusion induced volumetric expansion. 

In the galvanostatic lithiation of the anode, the anode capacity is taken to be 3000 mAh/g. 

All the studies performed in this article are conducted at C/2.5 charge rate. The anode discharge 

simulation is performed between the voltage window of 1.2 to 0.02 V, similar to experiments12, 

19. The rate constants for lithiation and delithiation process are listed in Table 2. The diffusivity 

of Li inside the bulk a-Si is considered to be 10-16 m2/s while the expansion coefficient is 

assumed to be 4.5× 10-6 m3/mol. Compressible Neo-Hookean constitutive model has been used 

for all the materials to simulate large deformation mechanical response. The buffer layer is taken 

to be elastic for all the simulations, while elasto-plastic behavior of the copper current collector 

is assumed throughout. Lithiation induced softening of amorphous Si is taken into account in the 
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model using the relationship . The corresponding material 

properties and the interface properties considered for the simulations are compiled in Table 2.  

Using the computational framework described in chapter 4.0 , the effect of buffer layer 

on the stability of Si patterned Si anode configuration is investigated. As it is known, complete 

delamination of the Si pattern to the current collector and will thus lead to complete loss of 

electrical connectivity to the Si pattern and render the anode non-functional for electrochemical 

cycling. Also, upon partial delamination, the delaminated area will get exposed to the electrolyte 

leading to growth of SEI layer causing additional capacity loss. Hence, to characterize the 

mechanical integrity of the thin film pattern, the delamination of the Si pattern from the rest of 

the anode configuration is tracked. A systematic parametric study of the effect of the elastic 

buffer layer stiffness was thus undertaken. Furthermore, to understand the effect of adhesion 

between different anode components, the interfacial fracture strength and fracture toughness is 

varied to observe its effect on Si pattern delamination. The results of this study are presented 

below. 

 

ESi
0 (Lifraction ) = E0

Si −m × Lifraction
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Table 2. Material Properties 

Young’s modulus of a-Si ( ) 57 

Rate of change of elastic modulus of a-Si 

with Li fraction ( ) 

57 

Poisson’s ratio of a-Si ( )  

Yield strength of a-Si ( )  

Young’s modulus of buffer layer ( )  

Poisson’s ratio of the buffer ( )  

Young’s modulus of Cu ( )  

Poisson’s ratio of Cu ( )  

Yield strength of Cu ( )  

Hardening modulus of Si ( )  

Hardening modulus of Cu ( )  

interface fracture toughness ( ) 12 

Interface fracture strength ( )  

 (lithiation)  99 

 (delithiation) 99 

 

E0
Si 90GPa

m

71.25GPa /Li fraction

ν0
Si 0.28

σ y
Si 1GPa

Eb
0.1to200 GPa

ν0
Buffer 0.28

E0
Cu 100GPa

ν0
Cu 0.34

σ y
Cu 300MPa

HSi 1GPa

HCu 5GPa

Gc 15 J/m2

σ 2 GPa

k 1.55 ×10-13 (ms-1)(molm-3)-0.5

k 60 ×10-13 (ms-1)(molm-3)-0.5
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7.4 RESULTS  

The effect of buffer layer elastic modulus and interface properties (fracture strength and 

toughness) of Si-buffer and buffer-Cu interface are studied systematically. In the following the 

results of the simulations are presented and discussed in detail. 

7.4.1 Effect of buffer layer stiffness on the a-Si pattern anode stability  

First, the effect of insertion of an elastic buffer layer on the stability of the patterned a-Si anode 

is demonstrated. Comparison of the mechanical integrity of the patterned a-Si thin film directly 

deposited on a Cu current collector is done against the mechanical integrity of the anode 

configuration which has an elastic buffer inserted between the patterned a-Si thin film and the 

Cu current collector (Figure 22 (b)). The buffer layer thickness is considered to be 100 nm, while 

varying the buffer layer elastic modulus ( ) from 0.1 to 200 GPa. The Interfacial fracture 

strength of the Si-buffer and buffer-Cu interfaces is taken to be 2 GPa and the fracture 

toughness is kept at 15 J/m2, unless otherwise specified.  

Figure 23 shows the evolution of delamination of the Si thin film pattern during the half-

cell discharge (lithiation) process. On the x-axis,  soc (state of charge) of 0 corresponds to the 

start of lithiation and =1 corresponds to end of the lithiation step. It should be noted that  

of the anode is linearly related to the time in the half-cell galvanostatic discharge process. The 

percentage of Si thin film delamination, shown on the y-axis is calculated with respect to the 

referential interfacial area. Thus, a percentage of zero signifies no delamination and a percentage 

value of 100 represents complete delamination. In Figure 23, higher slope of the curve signifies a 

Eb

   σc =

  Gc =

soc soc
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higher degree of delamination, and thus the propensity for increased loss in capacity of the anode 

system. In the absence of the elastic buffer layer, 6.2% delamination of patterned Si film from 

the Cu current collector is observed. On the other hand, with the elastic buffer layer present, the 

delamination of the patterned a-Si varies depending on the elastic modulus of the buffer layer. 

The amount of delamination increases as the buffer elastic modulus is increased beyond 20 GPa 

and reaches about 7.6 % for a buffer stiffness of 200 GPa. It should be noted, that the % 

delamination reported in Figure 23 are all only after the 1st lithiation. Experimental12 and 

simulation100, 101 studies in the literature have reported that the interfacial delamination 

progressively increases over the course of electrochemical cycling. Thus, even though the 

amount of delamination reported in Figure 23 is a few percent, it is expected to increase during 

prolonged cycling. Thus, for the longevity of the anode cycling performance, it is of paramount 

importance to completely prevent the onset of interfacial delamination.  

To understand the influence of the stiffness of the buffer layer placed in between the 

active Si layer and Cu current collector, Figure 23 is portioned into two zones. The green zone is 

below the delamination curve for no buffer case (red solid line), which essentially represents the 

conditions where the magnitude of delamination is lower than the base case with no buffer layer. 

On the other hand, the pink zone above the no buffer condition curve signifies the conditions 

with the amount of delamination higher than that for the no buffer situation. Curves falling in 

zone 1 thus show delamination higher than that observed for Si pattern directly deposited on Cu 

current collector. Observation of the plot indicates that when the buffer elastic modulus is higher 

than the elastic modulus of the Cu current collector (ECu=100 GPa), insertion of the elastic buffer 

layer does not really aid in improving the mechanical integrity of the patterned Si anode. The 

curves falling in zone 2 are of interest, as they show reduction in amount of Si pattern 
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delamination upon insertion of the buffer layer. When the buffer elastic modulus is less than 20 

GPa, the Si thin film pattern shows no delamination at all, indicating that the anode maintains its 

mechanical integrity. 

 

 

 

Figure 23. Evolution of delamination of Si pattern during lithiation of the Si pattern with elastic buffer layer 

of different stiffness of 100 nm thickness and without the presence of buffer layer (σ =2 GPa, Gc= 15 J/m2). 

The curve showing the evolution of delamination of the Si thin film on Cu current collector (solid red line) 

divides the plot into two zones. 
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In Figure 24 (a)-(c), the deformation contours for the three different conditions at the end 

of lithiation are shown. The conditions shown are: patterned Si on Cu current collector, patterned 

Si with an elastic buffer layer of 0.1 GPa stiffness and patterned Si with an elastic buffer layer of 

200 GPa stiffness. The corresponding delamination state of the patterned Si / buffer or patterned 

Si/ Cu interface is shown in Figure 24 (d)-(e) where the red color indicates delamination and blue 

color indicates the intact interface. Figure 24 (a) and (d) show that at the end of lithiation, the 

patterned Si partially delaminates from the current collector at the corner of the Si/Cu interface. 

Details of the mechanism of the delamination of Si thin film on Cu current collector are 

discussed in our previous work 99, 101. The observed delamination of the patterned Si on copper is 

about 6.2 % of the interfacial area. Delamination of 7.6 % is observed when an elastic buffer of 

200 GPa stiffness is present below the Si pattern (Figure 24 (c) and (f)). In both the cases, Si 

pattern seems to have delaminated at the corner of Si/buffer interface. However, when the 

stiffness of elastic buffer is 0.1 GPa, the elastic buffer layer seems to have deformed significantly 

(Figure 24 (b)) as compared to the buffer layer with 200 GPa stiffness and the patterned Si 

/buffer interface is intact (Figure 24 (e)). Thus results in Figure 23 and Figure 24 clearly indicate 

that the presence of an elastic buffer layer can alter the mechanical stability of the thin film 

pattern during electrochemical cycling depending on the mechanical properties of the buffer 

layer. 
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Figure 24. Deformation contour of Si pattern film at end of lithiaion (a) on a Cu current collector (ECu = 100 

GPa), (b) with elastic buffer layer of 0.1 GPa and (c) 200 GPa stiffness. Delamination of Si pattern 

corresponding to these cases is represented by Delamination Index (DI) in (d), (e) and (f), respectively (σ =2 

GPa, Gc= 15 J/m2). 

 

 

 

 

 

 

 

 

 

 

 

Si pattern on Cu current 
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(a) 

 

(b) 

 

Figure 25. (a) Amount of Si pattern delamination at the end of lithiation with different interface fracture 

strengths and Gc= 15 J/m2. (b) Amount of Si pattern delamination at the end of lithiation with different 

interface fracture toughness and σ c =1 GPa. 
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7.4.2 Effect of interfacial adhesion properties on the a-Si patterned anode stability 

To understand the effect of the interfacial fracture strength on the mechanical integrity of the 

patterned Si anode configuration, the fracture strength ( ) of the Si-buffer and the buffer-Cu 

interface is varied from 1 GPa to 3 GPa in increments of 1 GPa. The fracture toughness ( ) of 

the interface was kept constant at 15 J/m2. As observed in Section 7.4.1, inclusion of an elastic 

buffer with modulus greater than the elastic modulus of Cu (100 GPa) does not reduce the 

patterned Si delamination (see zone 1 in Figure 23). Thus, the buffer elastic modulus was varied 

from 0.1 to 90 GPa.  

The delamination of the patterned Si from the buffer layer for different fracture strengths 

at the end of lithiation half cycle is shown in Figure 25 (a). It can be observed that increasing the 

fracture strength from 1 to 3 GPa reduces the amount of the delamination of the patterned Si 

irrespective of the buffer elastic modulus. When the fracture strength is 1 GPa, the critical buffer 

elastic modulus below which the delamination of the patterned Si pattern is suppressed is 10 

GPa. In case of 2 GPa and 3 GPa fracture strength, the critical elastic modulus is 20 and 30 GPa, 

respectively. Thus, these results clearly indicate that increasing the interfacial fracture strength 

helps to enhance the mechanical integrity of the patterned Si anode. 

In order to investigate the effect of interfacial fracture toughness on the mechanical 

integrity of the patterned Si anode configuration during electrochemical cycling, the fracture 

toughness of the Si-buffer and buffer-Cu interface is varied from 10 to 25 J/m2. The fracture 

strength of the interface was kept constant at 1 GPa. Figure 25 (b) reports the amount of 

interfacial delamination of the patterned Si at the end of lithiation half-cycle for different values 

of fracture toughness and elastic moduli of the buffer.  

  σc

 Gc
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As shown, increasing the interfacial fracture toughness decreases the amount of 

delamination of the patterned Si pattern, thus improving the mechanical integrity of the patterned 

Si anode during electrochemical cycling. In the case of =90 GPa, the delamination is reduced 

from 57 to 3% as the fracture toughness is increased from 10 to 25 J/m2. The critical buffer 

elastic modulus below which the delamination of the patterned Si is avoided is 5 GPa when 

fracture toughness is 10 J/m2. However, for the fracture toughness of 15-25 J/m2, the critical 

buffer elastic modulus is increased to 10 GPa. 

7.5 DISCUSSION AND CONCLUSION 

The simulations performed in this chapter are aimed to study the effect of presence of an elastic 

buffer layer on the mechanical stability of the patterned a-Si thin film closely mimicking the 

electro-chemo-mechanical boundary conditions prevalent in an actual experimental Li ion half-

cell. In this chapter, a thin elastic buffer layer is introduced between the metallic current collector 

and the patterned a-Si thin film to study its effect on the stability of the patterned a-Si anode 

configuration.  

Electrochemical cycling of the active material requires the presence of other components 

in the anode configuration for different reasons. For example, a Cu current collector is needed in 

the a-Si thin film anode for electron conduction, while the PVDF binder and carbon black 

additive are required in an anode containing Si nanoparticles as the active material to bind the 

active material while also providing adequate electronic conduction 4. If the active material could 

be cycled without the presence of these components, the stresses generated in the nano-scale 

active material would be negligible. However, due to presence of other components that make up 

Eb
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the anode configuration, additional mechanical constraints are imposed on the active material 

during its electrochemical cycling.  

In case of the Si thin film anode, the mechanical constraints on the lithiation-induced 

expansion of the Si thin film arise from its adhesion to the underlying current collector. 

However, when an elastic buffer layer is present between the current collector and the Si film, 

the extent of the constraint depends on the mechanical properties of the buffer layer. In Section 

5.1, the effect of buffer layer elastic modulus on the amount of Si pattern interfacial delamination 

is reported. In Figure 26 (b-c), the deformed shapes of the buffer layer at the end of lithiation 

half-cycle with 3 different elastic moduli are shown (1 GPa, 10 GPa and 90 GPa) corresponding 

to the results reported in Figure 23 (i.e. 2 GPa, 15 J/m2). The contours of von Mises 

stress are also shown. For reference, Figure 26 (a) shows the undeformed shape of the buffer 

layer before the onset of lithiation. In the case of Eb=0.1 GPa and Eb =10 GPa (Figure 26 (a-b), 

the buffer layer is deformed significantly as the patterned Si adhered to it expands upon 

lithiation. Thus, the buffer allows unhindered expansion of the patterned Si film. However, when 

Eb=90 GPa, the buffer layer shows almost no deformation. Observation of the von Mises stress 

indicates that the stresses in the buffer with Eb=0.1 GPa do not exceed 0.2 GPa. On the other 

hand, stress in the buffer with Eb= 90 GPa exceed 3 GPa, with most of the buffer encountering 

stress higher than 1.3 GPa. The maximum von Mises stress present in the patterned Si at the end 

of lithiation in case of Eb=0.1, 10 and 90 GPa are 0.2, 1.1 and 1.3 GPa, respectively (not shown 

in the figure). This indicates that the mechanical constraints presented by the stiffer buffer (Eb

90 GPa) are significantly higher than that presented by relatively softer buffer layer (Eb 10 

GPa). 

   σc =   Gc =

 ≥

 ≤
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Figure 26. (a) Undeformed 100 nm thick buffer layer before lithiation of the anode system. von Mises 

stress contours in deformed shape of buffer layer with elastic modulus (b) 0.1 GPa, (c) 10 GPa and (d) 90 

GPa. The shape of buffer layer are corresponding to the results reported in Figure 23 (σ =2 GPa, Gc= 15 

J/m2). 

 

Presence of such mechanical constraints (e.g. adhesion of the patterned a-Si to the current 

collector) results in higher mechanical energy stored in the anode. In the case of the patterned Si 

anode, some energy is stored by elastic deformation of the anode components. For Si based 

anodes, some energy can also be dissipated by the plastic deformation of the Cu current 

collector12 and the lithiated Si film 102. Energy released through delamination (fracture) at the Si-

buffer interface also caps the  as the mechanical constraints are reduced upon 

delamination. 

In order to further understand the improved stability of the patterned thin film anode upon 

insertion of the elastic buffer layer, we studied the total mechanical energy in the anode 

configuration  (Equation (7.11)). To wit, we accounted for the mechanical energy in the Si 

thin film, Cu current collector as well as the elastic buffer layer. We partitioned the energy in the 

elastic and plastic part, and also enumerated energy required to propagate the interfacial 

(a) (b)

(c) (d)

Before lithiation Post lithiation, E = 0.1 GPab

Post lithiation, E = 10 GPa Post lithiation, E = 90 GPabb

von Mises 
Stress (GPa)

0

3

 Ψmech

Ψmech
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delamination. Corresponding to the results reported in Figure 23 (i.e. 2 GPa, 15 

J/m2), we have plotted the total mechanical energy  of the patterned anode system at the 

end of lithiation ( ) in Figure 27 (a). The figure also shows the energy stored in the anode 

system by elastic deformation Ψelastic , and the energy dissipated by plastic deformation of its 

components 
Ψ plastic , as well as the energy dissipated due to the interfacial delamination at the Si-

buffer interface Ψ interface . Mechanical energy in the anode system is directly indicative of the 

amount of mechanical constrains present on the patterned Si film during its electrochemical 

lithiation. We remind the readers here that our numerical framework assumed the volumetric 

expansion of the silicon thin film is stress free. Thus, in the absence of any mechanical constraint 

such as adhesion to the buffer layer and current collector,   in the anode system would be 

zero. Higher constraints lead to generation of higher stresses and is reflected in higher 

mechanical energy in the anode configuration. As it can be clearly seen from Figure 27 (a), 

decreasing the buffer stiffness leads to decrease in . This observation indicates that softer 

buffer layer reduces the mechanical constraint against free expansion of the patterned Si film by 

undergoing large deformation itself. Thus, the soft buffer layer acts as an intervening medium 

between highly deforming active component and lower deformation of current collector. 

The distribution of  Ψelastic into the Si film ( Ψelastic
Si ), buffer layer ( Ψelastic

Buffer ) and the current 

collector ( Ψelastic
Cu ) is shown in Figure 27 (b). Similar to Figure 27 (b), distribution of  

Ψ plastic into the 

patterned Si film ( 
Ψ plastic

Si ) and the Cu current collector ( 
Ψ plastic

Cu ) is shown in Figure 27 (c). When 

Eb < 1 GPa, the buffer layer deforms significantly as the patterned Si film expands during 

lithiation (as seen in Figure 26 (b)). As a result, the mechanical constraints on the patterned Si 

   σc =   Gc =

Ψmech

soc = 1

Ψmech

Ψmech
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are minimal. The stresses in Si film are low enough such that there is no plastic deformation. 

Furthermore, no stresses are transferred to the current collector which is reflected by the value of 

 Ψelastic
Cu  and  

Ψ plastic
Cu  (see Figure 27 (b) and (c)). As the buffer layer has deformed significantly, 

 Ψmech ≅ Ψelastic
Buffer . Thus, when Eb < 1 GPa, the anode system undergoes only elastic deformation 

and no permanent deformation is encountered during the electrochemical cycling. 

When the buffer layer is made stiffer (Eb ≥10 GPa), the buffer layer cannot deform to 

sufficient extent owing to its higher stiffness (see Figure 26 (b-c)), as the patterned Si film 

expands during lithiation. Thus, the mechanical constraints imposed on the patterned Si due to its 

adhesion to the buffer layer increase as the buffer layer stiffness is increased. The stresses in the 

patterned Si film increase beyond its yield strength and the patterned Si film starts deforming 

plastically (indicated by the values of  
Ψ plastic

Si in Figure 27 (c)). Plastic deformation in the lithiated 

Si limits the stresses generated in the active material 64, 103. However, when sufficient energy can 

no longer be dissipated through plastic deformation of the Si, energy is released through 

delamination at the Si-buffer interface (see Figure 27 (a), Eb>10 GPa), which releases the 

mechanical constraints on the patterned Si to some extent. Indeed, the properties of the interface 

significantly influence the amount of delamination as seen in Section 7.4.2.  
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Figure 27. (a) Variation of the total mechanical energy, elastic energy, plastic energy and the energy 

dissipated due to fracture at interfaces in the anode configuration. (b) Distribution of the elastic energy in the 

anode components. (c) Distribution of the plastic energy in the anode components. All values are reported at 

soc = 1, σ =2 GPa and Gc= 15 J/m2. 
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Another interesting aspect of reduction in the mechanical energy absorbed by the anode 

system can be elucidated by Equation (7.12) and (7.14). Reduction in  would results 

in reduction of the overpotential energy loss ( ) 104. Thus, reduction in the  would increase 

the output energy . Since the output energy during discharge of a battery is directly 

proportional to the voltage, a higher output voltage will be observed in the voltage-capacity plot 

of anode electrochemical cycling for a given output current. Similar phenomenon has been 

experimentally observed by Yu et al. 16. They show that due to incorporation of soft PDMS 

(Elastic modulus ~1 GPa) polymer layer in the current collector, the stresses in the active 

material are significantly relaxed. This results in observation of higher electrode potential during 

lithiation process. In fact, Sethuraman et al.56 have estimated the stress-potential coupling and 

have shown that reduction in 1 GPa of stress in the active material can increase the lithiation 

potential ~62 mV. As a result, the overpotential losses are minimized and the energy efficiency 

of the anode can be expected to be higher.  

Outcomes of simulations presented in Section 7.4 can be directly related to the excellent 

cycling performance shown by Datta et al. 21. The report showed that presence of a 50 nm thick 

carbon buffer layer between the Cu current collector and the a-Si thin film electrode improves 

the anode capacity retention and prevents electrode mechanical degradation as otherwise 

observed in Si thin film present on Cu current collector. The concept of presence of buffer layer 

to alleviate volumetric expansion induced stresses in active material on an electrode is applicable 

not only in thin film electrodes but also in electrodes containing particles. Zhang et al. 96 have 

shown that presence of a layered material such as graphene in a composite with Si nanoparticles 

buffers the stresses resulting from alloying of Li-Si and thus preserving the integrity of the 

 Ψmech Ψmech

Ψη Ψη

Ψout
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composite electrode. In another study, Zhu et al. 105 have shown that the cellulose fiber can act as 

a natural buffer in a Sn coated cellulose fiber anode for Na ion battery.  

Therefore, it can be concluded that the insertion of a softer buffer layer between patterned 

a-Si and Cu current collector facilitates accommodation of the strains caused by the diffusion-

induced expansion of the patterned a-Si by reducing the mechanical constraints on the patterned 

a-Si thin film. Reduction in the total mechanical energy of the anode configuration prevents the 

dissipation of excess mechanical energy through the interface preventing delamination and thus 

improves the integrity of the anode configuration.   
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8.0  EFFECT OF SILICON CONFIGURATIONS ON THE MECHANICAL 

INTEGRIYT OF THE SILICON-CARBON NANOTUBE HETEROSTRUCTURED 

ANODE FOR LITHIUM ION BATTERY: A COMPUTATIONAL STUDY 

8.1 INTRODUCTION 

In order to address the issue of mechanical failure of silicon as the anode material, size of the 

active material has been identified as a major factor. Experimental as well as modeling studies 

have revealed that the use of nano-sized amorphous Silicon (a-Si) anode configurations in the 

form of nanoparticles 15, hollow nanospheres 106, nanowires 17, nanotubes 16, or nanofilm patterns 

18 significantly improve the anode capacity retention over multiple electrochemical cycles. The 

critical sizes below which mechanical failure can be averted during electrochemical cycling have 

been identified for these configurations 13, 87, 106-108. However, a-Si suffers from other issues such 

as poor electronic conductivity and charge transport, significant first cycle irreversible loss, 

inferior performance at higher charge rates, and low columbic efficiency. On the other hand, 

multiwall carbon nanotubes (MWCNTs) are known to have very good mechanical strength along 

with excellent electrical and thermal properties 25-27. In addition, they exhibit moderate capacity 

of ~  following Li intercalation 109. Thus, core-shell heterostructures comprised of 

carbon nanotube (CNT) core and nanostructured Si shell that combines the merits of both these 

anode elements have emerged as a promising candidate for Si based anode for Li-ion batteries. 

 300 mAhg-1
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Many researchers have recently reported synthesis of a Si-CNT core-shell heterostructure 

consisting of a thin continuous Si coating on the CNT. Hu et al. 10 deposited Si coating on CNT 

sponge structure by CVD. Electrochemical cycling of the heterostructure in a voltage range of 

0.05 to 1 V showed an impressive first cycle discharge capacity of  with 14% 

irreversible loss. After 50 cycles, however, the anode capacity faded to . 

Formation of nanopores in the Si coating due to the high stresses encountered during 

electrochemical cycling was determined to be responsible for the capacity fade. Fu et al. 8 

observed formation of axial cracks in the Si coating in the Si-CNT herterostructure post 

electrochemical cycling. In-situ TEM investigation by Wang et al. 11 on a heterostructure 

comprising of a thin (~13 ) Si coating adhered to a carbon nano-fiber showed cracking of the 

Si coating during electrochemical cycling. They concluded that accumulation of damage in the Si 

coating over prolonged electrochemical cycling to be the mechanism for eventual capacity fade 

of the anode structure. A similar observation was reported by Sun et al. 9, where they observed 

the formation of axial cracks along the length of the continuous Si coating on CNT during in-situ 

electrochemical cycling of the heterostructure. It should be emphasized here that such axial 

cracks might not cause complete loss of capacity as long as the active material remains adhered 

to the CNT. For complete capacity fade, substantial loss of electronic contact between current 

collector and the active material mediated by disintegration of the active component is required.   

Experimentalists have tested different strategies to limit the mechanical failure of the Si-

CNT heterostructure thus improving its capacity retention, such as: providing sufficient inter-

wire spacing 110, 111, improving adhesion at the Si-CNT interface 110, coating the Si film on CNT 

with a thin carbon layer 8, 112, and employing a binder free approach by directly scribing the 

active material onto current collector 113. Another approach that has been tested to improve the 
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capacity retention of Si-CNT heterostructured anode is by tailoring the geometry of silicon shell 

to limit the Li alloying induced mechanical degradation. Gohier et al. 28 decorated vertically 

aligned thin CNTs of 5 nm diameter with 10 nm sized Si droplets. Providing sufficient free space 

for expansion of Si droplets resulted in a high reversible capacity of at 1.3 C C-

rate with 90% capacity retention after 37 cycles. Work done in the Kumta group by Wang et al. 

114, 115 has demonstrated the electrochemical performance of the hybrid Si-CNT heterostructure 

anode by synthesizing ~40 nm diameter droplets of Si tethered to MWCNT by CVD process. 

The heterostructure anode showed a steady capacity of ~  for 22 cycles. Building 

on the work of Wang et al. 114, 115, Epur et al. 29 varied the morphology of a-Si coated on the CNT 

by changing the flow conditions in the CVD process. The synthesis yielded two different Si 

geometries in the Si-CNT heterostructure based on the flow conditions: continuous Si film on 

CNT, and Si droplets deposited on CNT. The heterostructure with continuous Si film showed an 

initial capacity of ~  with 10% first cycle irreversible loss. After 20 cycles the 

capacity dropped to ~ . In case of the heterostructure with Si droplet configuration, 

an initial capacity of ~  with 10% first cycle irreversible loss was observed. 

However, the capacity fade rate was considerably less and a capacity of ~ was 

retained after 20 cycles. Thus, the electrochemical cycling results consistently demonstrated that 

the droplet configuration outperformed the film configuration. It can be inferred from the above-

mentioned experimental observations that the geometrical features of Si can alter the anode 

cyclic performance significantly, and thus can be a promising route to design anode 

configurations with improved cyclic performance.  
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Motivated by this objective, the effect of the geometry of the active material in the Si-

CNT heterostructures on its mechanical integrity during a single electrochemical cycle is 

explored. The modeling framework presented in Chapter 4.0 is utilized to study alloying 

induced stress and consequent mechanical failure of the electrode material. In the course of this 

paper, the geometry of the Si film coating on CNT is systematically varied from a continuous Si 

film to a Si particle in the shape of 1/8th of a nano-ring adhered to CNT. Mechanical integrity of 

the different configurations is analyzed by studying mechanical stress state as well as plastic 

flow within the active material. Possible nucleation and growth of voids in the plastic solid 

leading to the mechanical failure of silicon is of particular interest. It is demonstrate that the 

mechanical constraints arising from the adhesion of Si shell to the CNT core, as well as the 

configuration of the active material itself, is responsible for the mechanical failure of the anode 

configuration. Providing sufficient free space for Si expansion and thus reducing the mechanical 

constraints significantly reduces the stresses, thus improving its mechanical integrity during 

electrochemical cycling. The simulation results are related to the experimental observations 

found in the literature whenever possible. 

In the next section, description of the heterostructure configurations under consideration 

and the relevant materials properties as well as boundary conditions utilized in the simulation are 

detailed. Results obtained from the simulation studies and a brief discussion on it is presented in 

Sections 8.3 and 8.4, respectively. The conclusions and future directions from the work 

presented in this research article are summarized in the last section. 
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8.2 MODEL GEOMETRY AND SIMULATION PARAMETERS 

Epur et al. 29 previously reported electrochemical performance of Si-CNT heterostructure 

consisting of nano-crystalline / amorphous continuous Si film of 50 nm thickness deposited on 

multi-walled CNTs. Accordingly, a single multi-walled CNT (inner diameter of 10 nm and outer 

diameter of 80 nm) with a continuous Si coating of thickness 50 nm is considered for the 

modeling purpose. A finite sized straight segment of length 400 nm is selected for this 

configuration, as shown in Figure 28 (a). However, the experimental heterostructures are very 

long in the axial direction. To include the effect of “infinite” length in our finite sized model, top 

and bottom edges of the computational domain were constrained with generalized plane-strain 

boundary conditions.  

To study the effect of geometry of the active component, the Si domain was varied 

systematically while keeping the dimensions of the CNT constant. The continuous film discussed 

above is labeled as Configuration I. For Configuration II, the span of the Si film coating in the 

axial direction was reduced creating nano-rings of Si having a thickness of 50 nm in both radial 

and axial directions. It is assumed that the adjacent nano-rings were separated sufficiently so that 

they do not interact with each other mechanically. Accordingly, for the simulation purpose, only 

one nano-ring of Si tethered to the CNT was considered (Figure 28 (b)). The generalized plane-

strain boundary condition was applied only on CNT for this case; the Si domain was free to 

move in the axial direction. In the third configuration (labeled as Configuration III), continuity of 

the active material in the circumferential direction was reduced further: A particle of Si in the 

shape of 1/8th of the nano-ring adhered to the CNT was considered (see Figure 28 (c)). The 

dimensions of the active material in the radial and axial directions were chosen as 50 nm so that 

it approximates a droplet. As before, the ends of the carbon nanotube were provided with 
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generalized plane-strain boundary condition, while the surfaces of the active material not 

adhered to the CNT were free.  

 

 

Figure 28. Schematics of Si-CNT heterostructure anode geometries studied. (a) Continuous Si film coating on 

CNT (b) Si nano-ring adhered to CNT and (c) 1/8th of Si nano-ring adhered to CNT. Dimensions of the anode 

heterostructure components are specified in nm. 

 

Exploiting the advantage of the axisymmetric geometry of the anode configurations, only 

1/8th of the actual geometry is considered for the FE simulations of the Si-CNT heterostructure 

with continuous Si coating and Si nano-ring to reduce the computational effort. Assuming the 

length of the CNT oriented along the z-axis and the origin (0,0,0) located midway along the 

length of the CNT, a 1/8th section of the geometry between the X, Y and Z planes passing 

through the origin was taken for simulation in case of the Configuration I and II (see Figure 28 
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for orientation of axes). Symmetry boundary conditions were employed on the XY, YZ and XZ 

planes. In case of the 1/8th of the Si nano-ring adhered to CNT, 1/4th section of the geometry 

between the X and Z planes passing through the origin and having symmetry boundary 

conditions on the XZ and XY plane was utilized for FE simulation. The domains were meshed 

with 8 noded hexahedral elements using the CUBIT meshing software 116, resulting in 8959, 

9568 and 6996 elements for Configuration I, II and III, respectively. The interface between Si 

and the CNT was modeled with 289. 130, and 132 8-noded cohesive elements of zero thickness 

for Configuration I, II and III, respectively 76, 117, 118.  

During the simulation of one electrochemical cycle of the Si-CNT heterostructure, the 

active material (a-Si) was cycled (alloyed and de-alloyed) at C/4 charge rate under galvanostatic 

conditions up to the theoretical electrochemical capacity of . The partial molar 

volume of Li in Si ( ) was considered to be  76, 117 (see Equation (4.9)). Li 

concentration dependent diffusivity of Li during lithium alloying/de-alloying with silicon was 

taken as 9, 119-121 , where is the diffusivity constant. 

To avoid any numerical instability during the finite element simulations, the maximum Li 

diffusivity was limited as  i.e. , which is comparable to the 

experimentally calculated average value of   122.  
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 η   4.5×10-6 m3 mol-1

    D(X,t) = D0(1 / (1−c(X,t))− 4c(X,t))   D0
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Table 3. Material properties employed for the Si-CNT heterostructure simulations. 

Young’s modulus of a-Si ( ) 90 GPa 57 

Rate of change of elastic modulus of a-Si with Li fraction ( ) 71.25 GPa/  

Poisson’s ratio of a-Si ( ) 0.28 

Yield strength of a-Si ( ) 1.5 GPa 107 

Hardening modulus of Si ( ) 1 GPa 

Average fracture strength of a-Si during electrochemical cycling ( ) 1.6 GPa 123, 124 

Young’s modulus of multiwalled CNT  

(transverse isotropic material properties) 

= 10 GPa 125 

= 200 GPa 25 

Si-CNT interface fracture strength ( ) 0.5 GPa 

Si-CNT interface toughness ( ) 5 J/m2 

Diffusivity of Li in Si ( ) 10-18 m2/s 9 

 

 

 

Experiments have shown that lithiated Li-Si alloy has significantly lower fracture 

strength as compared to the pristine Si 123, 124. Accordingly, for the simulations, an average 

fracture strength ( ) of 1.6 GPa 124 for Si was assumed. Since CNTs are known to be stiffer in 

the axial direction as compared to the radial direction, it was assumed to have transversely 

isotropic materials properties 125. As the CNTs are known to have very high mechanical strength, 
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the study focuses on the mechanical response of the Si. Compressible Neo-Hookean constitutive 

model was used for all the materials to simulate the large deformation mechanical response. The 

materials and interfacial properties used for the simulations are reported in Table 3. 

8.3 RESULTS 

In this section a detailed parametric study of the effect of Si configuration on the mechanical 

response of heterostructured anodes during an entire electrochemical cycle is presented. First the 

evolution of Li concentration and mechanical stress field generated in the active material during 

the entire electrochemical cycle is examined. The calculated stress components were post-

processed to enumerate hydrostatic stress , effective stress (also called von Mises stress) 

and the stress triaxiality ( ) at different normalized cycle time . Visualization of 

the results were performed using the software ParaView 126. It is found that the magnitude of 

peak effective stress ( ) is high enough to cause plastic flow of silicon. Accordingly, next the 

evolution of plasticity in the different Si configurations considered in this study with the 

electrochemical cycling is presented. One of the prominent mechanisms of ductile failure of 

materials is the nucleation, growth and coalescence of voids in the plastic region. Thus finally 

study the possibility of void nucleation and growth in the active silicon component during 

electrochemical cycling that might give rise to mechanical failure is presented.  

 

  σm   σe

    T = σm / σe   (τ)
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8.3.1 Electrochemical cycling of the heterostructure and volume expansion of silicon 

Evolution of Li concentration and the attendant volumetric expansion for the different Si 

configurations of the active material during lithium alloying half-cycle ( to ) are 

presented in Figure 29 (a-c). Figure 29 (a) shows the evolution of the normalized lithium 

concentration ( ) at different normalized cycle times ( ) along the longitudinal 

(LONG) section (XZ plane) of the Si film coating (Configuration I). Normalized cycle time 

 corresponds to the start of lithium alloying,  indicates end of lithium alloying, 

while  indicates the end of a full alloy-based delithiation (de-alloying) i.e. completion of 

one electrochemical cycle.  

The Li concentration at the outer regions of silicon that are exposed to the electrolyte 

builds faster as compared to the inside and the resulting front of Li moves inwards expanding the 

silicon domain as the lithium alloying progresses. It can be observed from Figure 29 (a) that the 

Si film expands primarily in the radial direction (~83.6%), accompanied by a small expansion in 

the axial direction (~2.4%). In the case of Configuration II, the lithium alloying front in the Si 

nano-ring propagates inwards from the top, bottom and the circumferential boundaries that are 

exposed to the electrolyte. Si can be seen to expand in the radial as well as axial direction (Figure 

29 b)). Displacements calculated from the FE simulations indicate that Si expands about ~41% 

in both the radial as well as axial directions. In the third configuration, Li transport occurs in the 

radial, axial and circumferential directions as it has five surfaces exposed to the electrolyte. In 

this case, the ratio of the surface area exposed to the electrolyte to the active material volume is 

the highest among the three different heterostructured configurations considered. Therefore, the 

Li concentration profile in the active material geometry is more uniform as compared to the first 

   τ = 0  0.5

  
cLi / cLi max  τ

   τ = 0.0    τ = 0.5
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two configurations (Figure 29 (c)). Reducing the continuous Si film coating to 1/8th of the Si 

nano-ring allows the Si expansion to occur in the radial, axial as well as the circumferential 

direction during the alloying half cycle. The simulations show that Si expands ~39% in the radial 

and axial direction, and ~37 % in the circumferential direction, indicative of the uniform 

expansion occurring from Li alloying.  

 

 

Figure 29. Evolution of normalized Li concentration ( ) in Si during lithium alloying half cycle 

along the longitudinal (LONG) section (XZ plane) of a  (a) continuous Si thin film on CNT, (b) Si nano-ring 

tethered around CNT and (c) 1/8th of Si nano-ring tethered to CNT at different normalized cycle times ( ). 
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Along with the geometry of the Si configuration, the dimensions of the active material 

are also expected to affect the Li concentration profile in the Si. The effect of Si configuration 

dimensions on the Li concentration profiles and the attendant stresses in Si is detailed in 

APPENDIX F.  

8.3.2 Stress analysis of different silicon configurations in Si-CNT heterostrcutres 

Figure 30 (a-j) shows the contours of the radial stress ( ), axial stress ( ), circumferential 

stress ( ), effective stress ( ) and the plastic strain ( ) in the longitudinal section of the Si 

film coating in the continuous Si-CNT heterostructure at the end of alloying ( ) and de-

alloying ( ). The scale bar for normal stress components shows a lower limit of 

compressive stress of magnitude  and the upper limit is capped at 1.75 GPa tensile 

stress, which is slightly greater than the average fracture strength of Si ( ) 124. 

From Figure 30 (a) and (f), it can be seen that the magnitude of  is negligible at the end of 

alloying as well as de-alloying. As discussed in Section 8.3.1, during electrochemical cycling, 

the Si film coating can expand freely in the radial direction and thus no stress is generated in this 

direction. However, as the axial deformation is constrained due to continuity of the Si domain in 

that direction, large compressive axial stress is generated during alloying of lithium (Figure 30 

(b)). Distribution of effective stress at the end of cycling (Figure 30 (d)) reveals that the yield 

stress of the material (1.5 GPa) is exceeded in the Si coating. This phenomenon causes Si to 

undergo inelastic deformation leading to accumulation of plastic strain (Figure 30 (e)). During 

de-alloying, as the Li is extracted out from the LixSi alloy, presence of the plastic regions leads 

to tensile stresses in the axial direction in the active film. The tensile axial stress observed at the 

  σrr   σzz

 σθθ   σe   
εp
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end of de-alloying (Figure 30 (g)) is greater than its fracture strength . This fact putatively 

validates and also inexplicably serves to explain the experimental observation of axial cracks in 

the Si nanofilm adhered to the carbon nanotube post electrochemical cycling 8. In addition, there 

is further accumulation of considerable plastic strain in the Si coating (Figure 30 (j)) during de-

alloying. Observe that plastic strain is highest (and in excess of 0.5) at the interfacial region as 

well as near the free edge of Si film. Presence of substantial plastic flow in the Si nano-films has 

also been reported by 55, 56. These are also the potential locations for void nucleation and growth 

that will be discussed in the next section. The circumferential stress at the end of alloying shows 

the presence of compressive stress near the Si-CNT interface (~-0.9 GPa). However, during de-

alloying the inelastic deformation of Si leads to generation of tensile circumferential stress of 

magnitude ~1.5 GPa near the Si-CNT interface (Figure 30 (h)). This magnitude is comparable to 

the fracture strength of a-Si  signifying circumferential cracking in the XZ plane may also 

appear near the interface at the end of de-alloying half cycle. The results could substantiate the 

observed capacity fade reported by Epur et al. 29 as per discussed in the next section.  

  σc
Si

  σc
Si
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Figure 30. Radial stress, axial stress, circumferential stress, von Mises stress and plastic strain contours in the 

longitudinal section (XZ plane) of continuous Si coating in first Si-CNT heterostructure configuration at the 

end of lithium alloying (a-e) and at end of de-alloying (f-j). 
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Stress and plastic strain contours at the longitudinal section of Si nano-ring in the second 

heterostructured configuration at the end of alloying ( ) and dealloying half cycle (

) are shown in Figure 31 (a-j). As observed from Figure 31 (a) and (f), the radial stresses 

occurring at any location in the Si nano-ring are much lesser than . During Li alloying, the 

adhesion of Si nano-ring to the CNT presents mechanical constraints to the axial expansion of Si 

only in the vicinity of the Si-CNT interface. As a result, the fully lithiated Si nano-ring shows 

presence of compressive stress near the Si-CNT interface (Figure 31 (b)). Interestingly, the axial 

stresses show a significant reduction (Figure 31 (g)) compared to the continuous nanofilm 

configuration presented (Figure 30 (g)). Again, this reduction is a direct consequence of release 

of the axial constraint on the active material by choosing the nano-ring configuration. However, 

contours of circumferential stress shown in Figure 31 (h) indicate that near the center of the 

nano-ring, the Si still has significant circumferential stress (1.45 GPa) that is comparable to . 

Plastic region in the Si nano-ring at the end of the electrochemical cycle (Figure 31 (j)) is also 

reduced as compared to that shown in Figure 30 (j). The maximum value of plastic strain is 

observed near the Si-CNT interface, albeit much reduced in magnitude compared to the last 

configuration. Corresponding to the maxima of plastic strain, the maximum value of effective 

stress are obtained near the Si-CNT interface (Figure 31 (i)) at the end of the de-alloying cycle.  
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Figure 31. Radial stress, axial stress, circumferential stress, von Mises stress and plastic strain contours in the 

longitudinal section (XZ plane) of the Si nano-ring in second Si-CNT heterostructure configuration at the end 

of lithium alloying (a-e) and at end of de-alloying (f-j). 
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For Configuration III, the mechanical constraints on Si are further reduced in the 

circumferential direction as compared to the Si nano-ring. Accordingly, the active material 

expands in radial, axial, as well as circumferential directions. Stress contours in Figure 32 show a 

significant reduction of all three components of stresses (radial, axial and circumferential) as 

compared to that observed in the continuous Si film coating (Figure 30) as well as the Si nano-

ring configuration (Figure 31). Again, similar to the nano-ring configuration, the axial stresses 

observed at the end of de-alloying half cycle near the Si-CNT interface are compressive (Figure 

32 (b)). However, it is important to note that the effective stress (Figure 32 (i)) and the residual 

plastic strain (Figure 32 (j)) accumulated in the active material at the end of electrochemical 

cycling ( ) are considerably less (less than ~0.2 everywhere except two points at the 

interface) than that observed in both the previous Si morphologies (continuous Si film coating 

and Si nano-ring).  

   τ = 1
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Figure 32. Radial stress, axial stress, circumferential stress, von Mises stress and plastic strain contours in the 

longitudinal section (XZ plane) of the 1/8th of the Si nano-ring in third Si-CNT heterostructure configuration 

at the end of lithium alloying (a-e) and at end of de-alloying (f-j). 
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8.3.3 Evolution of effective stress, hydrostatic stress and stress triaxility  

Plastic regions in the silicon domains serve as potential locations for void nucleation and growth 

induced material degradation and failure. Voids may nucleate when the linear combination of 

effective stress and tensile hydrostatic stress exceeds the local void nucleation strength 127. Once 

nucleated, the voids may grow under the influence of high stress triaxiality 128-130. To understand 

the feasibility of void nucleation and growth in the Si-CNT heterostructured anode, the evolution 

of the combination of the effective and hydrostatic stress ( ) and the stress triaxiality (

) is studied during electrochemical cycling of the anode. In Figure 33 (a-c), plot of 

 and  at different normalized radial thicknesses ( ) in the continuous Si coating for 

the first Si-CNT heterostructure configuration considered is shown. Normalized radial thickness 

of  corresponds to the outer surface of Si exposed to the electrolyte, while  

corresponds to the inner Si-CNT interface. For better representation of the stress triaxiality data, 

the lower limit of  is capped at 0 (i.e. when hydrostatic stress is negative) and the upper limit 

at 1.5. As the de-alloying progresses, can be seen to increase steadily at . After 

,  exceeds 2 GPa (higher than =1.6 GPa) indicating conditions favorable 

for void nucleation. The stress triaxiality remains low beyond this time point signifying that 

voids may not grow even if they nucleate. However, conditions favorable to the nucleation as 

well as growth of voids can be found to exist in at  (Figure 33 (b)) and at  (Figure 

33 (c)) towards the end of Li de-alloying. 

 

   σe + σm

    T = σm / σe

   σe + σm  T  r

   r = 1    r = 0

 T

   σe + σm    r = 1

   τ = 0.7    σe + σm   σc
Si

   r = 0.5    r = 0



  110 

 

Figure 33. Evolution of combination of effective and hydrostatic stress ( ) and stress triaxiality ( ) 

in the continuous Si coating in the first Si-CNT heterostructure at the normalized radial thickness of (a)

, (b)  and (c) . 

 

In Figure 34 (a-c), the evolution of  and  at three different normalized radial 

thicknesses along a central line in the Si nano-ring is plotted. From Figure 34 (a), it can be 

observed that the stress triaxiality  never exceeds 0.5. Similar situation can be observed in 

Figure 34 (c)). Nonetheless, Figure 34 (b) shows that at , the value of can 

reach 1.7 GPa with concomitant very high stress triaxiality (≥1.5). Thus, at the completion of the 
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electrochemical cycle, the Si nano-ring may show void growth induced mechanical degradation 

around .  

 

 

Figure 34. Evolution of combination of effective and hydrostatic stress ( ) and stress triaxiality ( ) 

in the Si nano-ring in the second Si-CNT heterostructure at the normalized radial thickness of (a) , (b)

 and (c) . 

 

Similar to Figure 34, data is plotted in Figure 35 (a-c) for the 1/8th of the Si nano-ring. At 

, although the combination of effective and hydrostatic stress ( ) exceeds the 

fracture strength of Si, the stress triaxiality is not sufficient to cause void growth (Figure 35 
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(a)). In case of  and , it can be observed that  does not exceed the 

fracture strength (Figure 35 (b) and (c)), even though the stress triaxiality is favorable for void 

growth at these locations. Thus, void nucleation is unlikely to occur in the active material in this 

Si-CNT heterostructure configuration indicating the likely uncanny stability of this configuration 

during electrochemical cycling as reported in the experimental work of Epur et al., 29 further 

discussed in detail in the next section.  

 

 

Figure 35. Evolution of combination of effective and hydrostatic stress ( ) and stress triaxiality ( ) 

in 1/8th of the Si nano-ring in the third Si-CNT heterostructure at the normalized radial thickness of (a)

, (b)  and (c) . 
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8.4 DISCUSSION 

In this chapter, mechanical response of different Si morphologies in Si-CNT heterostructure is 

studied during a complete electrochemical cycle by utilizing a novel multiphysics modeling 

framework presented in Chapter 4.0 . It is demonstrated that mechanical constraints from the 

bonding between carbon nanotube and silicon domain have a profound effect on the stress state 

in the active component. In the Si-CNT heterostructured configuration with continuous Si 

coating, the mechanical constraints imposed by the adhesion of Si film to CNT limits the 

expansion of Si in axial direction. Thus, the lithium alloying induced volumetric expansion was 

accommodated only along the radial direction (Figure 29 (a)).  Similar observation has been 

reported by in situ TEM studies by Wang et al. 11. In the case of the Si nano-ring adhered to 

CNT, the dimensions of the continuous Si film coating was reduced in the axial direction, which 

alleviated the mechanical constraints on the Si in the axial direction. Adhesion of the Si nano-

ring to CNT at the inner surface of Si nano-ring presents a certain amount of mechanical 

constraint. However, expansion of Si in the axial direction at the Si-CNT interface was allowed, 

the extent of which would depend on the adhesion properties of the interface. Away from the Si-

CNT interface, the active material can expand in radial as well as axial direction as it can be seen 

from Figure 29 (b). For the last configuration with 1/8th of the Si nano-ring adhered to the CNT, 

the mechanical constraint on the active material are the least as Si can expand in radial, axial, as 

well as the circumferential direction during electrochemical cycling (Figure 29 (c)).  

The stress contours shown in Figure 30 reveal that there is significant axial and 

circumferential stress in the continuous Si film coating at the end of the electrochemical cycle. 

Similar observations have been made by Wang et al. 120 for the stresses observed at the end of the 

electrochemical cycle in a thin layer of Si coated on carbon nano-fibers. Such high axial tensile 



  114 

stress observed at the end of de-alloying can cause axial fracture in the Si coating. These axial 

cracks can expose additional area of Si to the electrolyte and the formation of solid-electrolyte 

interphase (SEI), irreversibly consuming lithium and resulting in poor coulombic efficiencies. 

However, axial cracking of silicon thin film may alone not cause electrochemical capacity fade 

as long as the Si film maintains a current collecting pathway. Thus additional mechanisms must 

be in effect to explain the substantial loss of capacity for Si-CNT heterostructures after repeated 

electrochemical cycling. It is determined that very high diffusion induced stress in silicon may 

result in its substantial plastic flow, which may activate ductile failure mechanisms and eventual 

disintegration of the active component. The ductile failure can be mediated by nucleation, 

growth and coalescence of voids from the structural pores present in lithiated amorphous silicon. 

This phenomenon may bring gradual mechanical failure of the active component over many 

electrochemical cycles. Fracture of silicon results in volumetric loss in active material and thus 

reduction in electrochemical capacity. This observation may explain the gradual disintegration of 

silicon and attendant capacity fade over multiple electrochemical cycles as observed in many 

experiments 8, 29, 112. It has been experimentally observed that amorphous silicon can undergo 

substantial plastic flow during electrochemical cycling 55, 56. Formation of voids in lithiated 

silicon during electrochemical cycling has been experimentally observed 10, 131, 132. Choi et al. 131 

have experimentally demonstrated that “nanopores” may form during extraction of lithium from 

silicon nanowires. During tensile testing of lithiated Si nanowires, Kushima et al. 124 have also 

observed void formation in the Si nanowire under tensile stress. Lu et al. 110 have noticed that the 

Si coating becomes rough and porous on the electrochemical cycling of the Si coating-Ni-CNT 

heterostructure.  
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Argon et al. 127 have suggested that voids may nucleate under the influence of combined 

effective stress  and tensile hydrostatic stress . The results presented in Section 8.3.3 

indicate that this combination, i.e.,  exceeds 2 GPa in continuous Si thin films coated on 

CNT towards the final stage of Li de-alloying, see Figure 33. The average fracture strength of 

silicon which is being electrochemical cycled is observed to be in the range of 1.6 GPa 124. Thus, 

the magnitude of combined stress  may be sufficient to nucleate voids from the 

migration of Li atoms. Post nucleation, voids grow under the influence of stress triaxiality 129, 130. 

Observe the occurrence of high stress triaxiality (~0.5) near the interface and the middle of the 

silicon domain in the same figure at the end of the electrochemical cycle. In the case of the Si 

nano-ring adhered to the CNT, the continuity of the Si coating in Si-CNT heterostructure 

configuration is reduced in the axial direction. This change is reflected in the reduced axial stress 

observed in the Si nano-ring (Figure 31 (a)). However, plot of combination of effective and 

hydrostatic stress in Figure 34 (b) shows that the magnitude of  can exceed 1.6 GPa 

with attendant high stress triaxiality at . Thus, void nucleation and growth may occur for 

this configuration in the mid-depth region of the active component.  

For the Si-CNT heterostructure containing a particle in the shape of 1/8th of the Si nano-

ring adhered to CNT, representative of the Si nano droplet configuration on CNT obtained 

experimentally 29, 114, 115, the mechanical constraints are further reduced by allowing the active 

material to expand in the circumferential direction. Even though the surface area per volume of 

the active material is highest in this configuration, which is expected to give a relatively higher 

first cycle irreversible loss due to the large surface area based SEI layer formation, this 

configuration shows the least magnitude of stress (Figure 32) and plastic flow. Also note that 

  σe   σm

   σe + σm

   σe + σm

   σe + σm

   r = 0.5
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void nucleation and growth condition does not occur anywhere within the domain, signifying 

possible long-term mechanical failure resistance of this configuration (Figure 35). 

The heterostructured configuration consisting of 1/8th of the Si nano-ring adhered to CNT 

is compared to that synthesized previously in Dr. Kumta’s laboratory, the details of which can be 

found in 29, 114, 115. The synthesized Si-CNT heterostructure consists of multi-walled CNT 

decorated by ~60 nm diameter droplets of nano-crystalline / amorphous Si. The droplets are 

separated from each other by a defined, sufficiently spaced distance. This allows lithium alloying 

induced expansion of Si without interference and coalescence with the adjacent droplets. The 

diameter of the droplets is less than the critical diameter of Si particles (~150 nm) predicted by 

Liu et al. 107 below which fracture of Si particles during electrochemical cycling is averted. 

Furthermore, there is a noticeable geometrical similarity between the droplet configuration 

synthesized by Epur et al. 29 and the 1/8th of the Si nano-ring configuration considered by us here 

in this study. The active material volume of an individual Si droplet is ~11.4% lower than that of 

1/8th of Si nano-ring considered (Figure 28 (c)). Also, the Si droplet geometry and the 1/8th of Si 

nano-ring have a similar surface area/volume ratio of ~0.1 and ~0.107 , respectively. Thus, 

the Si droplet configuration is expected to be mechanically stable.  

The electrochemical cycling results shown by Epur et al. 29 show that the heterostructure 

with Si droplet configuration gives an initial capacity of ~  with 10% first cycle 

irreversible loss. The capacity fade rate was ~0.25% per cycle and a capacity ~  

was retained after 20 cycles. The continuous Si film showed an initial capacity of ~

 and a capacity with 10 % first cycle irreversible loss. However, a capacity of only 

~  was retained after 20 electrochemical cycles, thus showing a higher capacity 

 m-1

 2700 mAhg-1

 2340 mAhg-1

 3200 mAhg-1

 1950 mAhg-1
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fade rate of 1.7% per cycle (see Figure 33 (a) in the reference 29). These results show that Si 

droplet configuration outperforms the Si continuous film configuration, in agreement with our 

findings.  

8.5 CONCLUSIONS 

Different Si configurations in Si-CNT heterostructured anode have been studied for its 

mechanical integrity during electrochemical cycling by utilizing a multiphysics framework 

employed in a finite element setting (see Chapter 4.0 ). It was observed that reducing the 

mechanical constraints on the active material reduces the ensuing stresses and the material 

inelastic flow; a conclusion that is not only limited to Si based nanostructured anodes. The Si-

CNT heterostructured anodes for Li ion battery with continuous Si film coating configuration is 

prone to the formation of nano-voids which can cause active material disintegration during 

electrochemical cycling. Heterostructure with 1/8th of the Si nano-ring, with the least mechanical 

constraint on the active component, was found to exhibit the least amount of stress, as well as 

plastic deformation of Si compared to other morphologies considered in this work. In addition, 

conditions for void nucleation were most unfavorable in this configuration. It is concluded that 

heterostructures with Si droplets adhered to CNT is thus expected to be mechanically stable 

during the operation of a Li-ion battery. The present computational study provides a mechanistic 

understanding of mechanical failure and attendant capacity fade of carbon nanotube based 

heterostructured anodes during electrochemical cycling. It is envisaged that this knowledge can 

be further applied to other anode geometries for the design of mechanical failure resistant 

electrode configurations. 



  118 

9.0  CONCLUSIONS AND OUTLOOK 

9.1 SUMMARY AND CONCLUSIONS 

Silicon had indeed displayed the potential to be the next-generation anode material for Li-ion 

batteries with the high theoretical energy densities unmatched to that of the hitherto used carbon 

in commercial Li-ion batteries. However, the mechanical degradation of Si based electrodes 

during electrochemical cycling has proven to be the primary obstacle in the commercialization of 

Si based anodes. This dissertation thesis focuses on fracture mechanics based understanding of 

the mechanisms behind the mechanical degradation leading to loss of electrochemical capacity in 

Si based electrodes. Accordingly, state of the art computational methods were utilized towards 

that purpose. 

A novel thermodynamically consistent multi-physics modeling framework was utilized to 

study the Li diffusion induced expansion of active material and the resulting mechanical 

degradation of the intercalation/alloying based electrodes. The well-known Butler-Volmer 

equation was used to model the surface charge transfer kinetics. Li intercalation/alloying induced 

large expansion and the elasto-plastic deformation of the active/passive material were modeled to 

evaluate the stress response of the electrode structure. Mechanical failure by interface 

delamination or bulk fracture of the material was simulated using the cohesive element method. 

Modified Mclean-Langmuir segregation kinetics was used to model the Li segregation induced 
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embrittlement of the Si-Cu interface properties. The modeling framework was implemented 

using the finite element method and verified against theoretical solutions for Li concentration 

evolution as well as attendant diffusion induced stress (DIS) during galvanostatic and 

potentiostatic electrochemical cycling.  

The above mentioned modeling framework was first used to predict the voltage-capacity 

performance of the Si thin film anode. The open circuit potential of Si thin film anode was 

obtained by experiments. Reasonable agreement was observed between the capacities predicted 

by simulations and those obtained experimentally. Next, the effect of passive components, i.e., 

the current collector and Si film-current collector interface on mechanical integrity of the a-Si 

thin film anode during its electrochemical cycling was analyzed. Significant influence of the 

mechanical properties (elastic modulus and yield strength) of the current collector on the stress 

assisted delamination of the a-Si thin film was demonstrated. Results showed that utilization of a 

soft current collector material can alleviate the stresses generated in the a-Si thin film anode 

assembly and maintain the Si thin film-current collector interface integrity during 

electrochemical cycling.  

Incremental delamination of Si thin film from the underlying copper current collector 

over multiple cycles was demonstrated through the simulations. It was shown that in the absence 

of interface embrittlement, crack at the Si-Cu interface propagates rapidly for first few cycles. 

However, the energy dissipation at the interface due to plastic deformation of the Si and Cu 

eventually leads to the arrest of the interfacial crack. Furthermore, the extent of interfacial 

delamination is increased when the interface embrittlement mechanisms are taken into account. 

It was shown that for certain parametric combinations, complete delamination as observed in 

experiments is achieved.  
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Building on the knowledge gained from the study of a-Si thin film anode, mechanical 

stability of the patterned a-Si thin film anode in the presence of a buffer layer during lithiation of 

the anode is explored. Effect of the buffer layer mechanical properties was studied by taking 

delamination of patterned a-Si thin film as the criteria for the anode mechanical stability. It was 

concluded that having a soft buffer (eg. carbon or a conductive polymer) between the pattern 

film and the current collector reduces the mechanical constraints on the active material and is 

thus beneficial for contributing to the stability of the patterned anode configuration. Apart from 

the properties of the thin buffer layer, the adhesion between different anode components is also 

important for mechanical stability of anode. Results from this study shed light on the factors that 

govern the stability of the patterned anode configuration with an elastic buffer layer by providing 

an understanding on mechanical failure mechanism of the anode. 

Effect of active material configuration in Si-CNT heterostructured electrode has also 

been studied for its mechanical integrity during electrochemical cycling using the multi-physics 

computational framework.  It was observed that reducing the mechanical constraints on the 

active material reduces the ensuing stresses and the material inelastic flow; a conclusion that is 

not only limited to Si based nanostructured anodes. The Si-CNT heterostructured anodes for Li 

ion battery with continuous Si film coating configuration is prone to the formation of nano-voids 

which can cause active material disintegration during electrochemical cycling. Heterostructures 

with 1/8th of the Si nano-ring, with the least mechanical constraint on the active component, was 

found to exhibit the least magnitude of mechanical stress, as well as plastic deformation of Si 

compared to other morphologies considered in this work. In addition, conditions for void 

nucleation were most unfavorable in this configuration. It was thus concluded that 

heterostructures with Si droplets adhered to CNT are expected to be mechanically stable during 
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the operation of a Li-ion battery in line with the experimental observations. Thus, this study 

provides a mechanistic understanding of carbon nanotube based heterostructured anodes during 

electrochemical cycling.  

9.2 OUTLOOK AND FUTURE WORK 

In order to develop strategies to design next-generation flaw tolerant electrodes, 

understanding of the mechanism of mechanical degradation of Si based electrodes is of 

paramount importance. The material and electrochemical input parameters for the simulation of 

the novel electrode system can be obtained by performing a variety of characterization studies 

(such as XRD, SEM, TEM, X-ray tomography, Cyclic Voltammetry, GITT, AFM, etc.). Thus, 

integrating the experiments and the multi-physics modeling framework, in-silico electrochemical 

cycling experiments can be performed. As demonstrated in this thesis, the developed modeling 

framework can be used to understand the experimentally observed mechanisms of capacity fade. 

Further, before a novel electrode configuration is synthesized experimentally, the modeling 

framework can be used in a predictive manner to understand the mechanical integrity of the 

electrode configuration upon electrochemical cycling. It can be also used to understand failure 

mechanisms and provide regimes of safe operation. Thus providing important design suggestions 

to the experimentalist for electrode fabrication.  

In future, some interesting studies can be performed by implementing minor additions 

into the modeling framework: 

• As described in the modeling framework, the Li transport inside the active material is

affected by the stress gradient in the active material. Thus, presence of stress in the active
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material can enhance or retard Li diffusion as opposed to the uniform Fickian diffusion. As 

the stresses generated in the active material depend on the active material geometry as well 

as the mechanical constraints imposed by the accompanying passive materials, the electrode 

geometry and mechanical properties of its components can significantly alter the driving 

force for Li diffusion inside the active material. Comparison of the Li concentration and 

stress profiles generated in the active material by considering only Fickian diffusion and the 

stress coupled diffusion can be performed using the modeling framework.  

• During electrochemical cycling, the electrode surface exposed to the electrolyte also 

undergoes severe deformation upon Li insertion.  Thus, the free energy of the surface is also 

dependent on the current stress state and not just the concentration of reactants. As the 

reaction kinetics are dependent on the Gibb’s free energy, the traditional Butler-Volmer 

equation can be modified by considering the effect of the surface stress state on the Gibb’s 

free energy. Comparison of the voltage performance predicted by the traditional Butler-

Volmer equation with its modified form can be performed. Furthermore, utilization of the 

modified Butler-Volmer equation may be able to improve the prediction of the electrode 

voltage performance.  

• Prolonged electrochemical cycling causes accumulation of fatigue induced damage in the 

electrode assembly. Damage accumulation in the material leads to the loss of electrical 

contact as well as the reduction in Li diffusivity. Strain and stress based damage models are 

available in the literature. Implementation of such damage models in the modeling 

framework would allow studying the evolution of irreversible damage in the electrode 

assembly during electrochemical cycling. As evolution damage increases the tortuosity in 
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the material, its effect on electrochemical cycling performance can be studied by coupling 

the Li diffusivity with the state of material damage.  

• Material defects, such as voids create free volume inside the active material. Furthermore, 

voids are created in the active material during electrochemical cycling. Presence of such 

defects may be beneficial in accommodating the Li diffusion-induced expansion and thus 

minimizing the generated stresses. On the other hand, void growth is detrimental to integrity 

of the material. This trade-off can be explored using the developed modeling framework, 

which may open new avenues to minimize the Li diffusion induced stresses and 

accordingly, improve the electrode mechanical integrity.  

 

The phenomenon of Li intercalation/alloying induced expansion of active material is 

observed in all the anode and cathode materials (eg. carbon, aluminum, tin, lithium cobalt oxide, 

etc.). Thus, the modeling framework can be extended to other Li-ion battery electrode materials 

to understand the evolution of Li concentration, resulting mechanical stresses and the electrode 

mechanical integrity during electrochemical cycling. As the developed model has been 

implemented using the finite element method, it provides the flexibility to solve a variety of 

complex electrode structures for different boundary conditions.  Various material parameters 

such as elastic modulus, fracture toughness, yield strength, diffusivity, etc. are known to be 

dependent on the active material state of charge. Also, many a times, material properties at the 

nano-scale vary significantly from the bulk material properties. Knowledge of accurate material 

parameters is necessary to produce trustworthy results.  

One of the alternatives for the Li-ion battery that is getting attention in the past few years 

is Na-ion battery. In Na-ion batteries, sodium ions are cycled between anode and cathode as the 



  124 

charge carriers. Na is accessible and abundant as compared to Li. Also, Na-ion batteries pose less 

safety and environmental challenges as compared to Li-ion battery133. Alloying of Na with tin 

(Sn), phosphorous (P) and antimony (Sb) has shown to give electrochemical capacity of ~850, 

~2600 and ~600 mAh/g, respectively. However, upon Na insertion, the active material similar to 

the Li-Si case studied here in this dissertation undergoes large volumetric expansion (Sn: 423%, 

P:292% and Sb:293%)134. It leads to mechanical degradation of the electrode making it unfit for 

electrochemical cycling. This issue is similar to that observed in Si based electrodes for Li-ion 

battery. Thus, the current modeling framework can be extended to analyze electrodes for Na-ion 

batteries without any modification as long as the accurate material properties are known.  These 

studies can be very well implemented in the future. 
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APPENDIX A 

OPERATOR SPLIT TECHNIQUE 

Our goal is to determine the concentration of lithium    c(X,t)  in the host material and resulting 

displacement    u(X,t)  of the host material point  X  at a given time  t . In the present approach, the 

intercalation of lithium is solved at the first stage assuming that the domain is held fixed at 

mechanical equilibrium. In the second stage, mechanical equilibrium is solved assuming no 

intercalation of lithium in the domain. The governing equations are summarized as  

Stage I: Intercalation of lithium in electrode 

    

∂t c = ∇D ∇c + c
RT

∇
∂Ψ1

∂c
⎛
⎝⎜

⎞
⎠⎟
− ηc

RT
∇p

⎡

⎣
⎢

⎤

⎦
⎥ ,

!u = 0

 (A1) 

Stage II: Mechanical deformation of electrode and current collector 

    

∇⋅P = 0
!c = 0

 (A2) 
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APPENDIX B 

VARIATIONAL FORM AND LINEARIZATION 

As mentioned above, a finite element framework has been adopted to simulate the coupled 

processes. The variational form of the coupled Equations (4.23) is constructed through the 

weighted Galerkin method as  

  

δ c
Ω0
∫ ∂t c∂Θ + ∇

Ω0
∫ δcD∇c∂Θ− ∇

Ω0
∫ δc Dηc

RT
∇p∂Θ

+ ∇
Ω0
∫ δc Dc

RT
∇

∂Ψ1

∂c
⎛
⎝⎜

⎞
⎠⎟
∂Θ− δ c

∂Ω0
∫ Jn ∂Γ = 0

 (B1) 

for any admissible variation  δc . Furthermore, for any admissible displacement field  δu , the 

principle of virtual work states that  

   
S

Ω0
∫ :δE∂Θ + tc ⋅δΓc

∫ δ ∂Γ − t
∂Ω0
∫ ⋅δu∂Γ = 0  (B2) 

To solve the variational form of lithium intercalation (B1) and principle of virtual work 

(B2), reference domain  Ω0  is discretized into  nel  elements   Ω0e . Similar interpolation functions 

are assumed for the concentration of lithium and displacement field of the anode. Taking  
np  as 

the number of nodes for a given element   Ω0e , the concentration of lithium atom within an 
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element   c  can be approximated as
     
!c = Nc

i ci =
i=1

np

∑ Ncc  where  Nc is the nodal shape function 

matrix. The displacement field  u  of the anode within an element is approximated in a similar 

fashion as 
     
!u = Nu

i ui =
i=1

np

∑ Ncu  where  Nu is the nodal shape function matrix for the 

displacement. To discretize the intercalation of lithium atom in time, the time interval of  t is 

partitioned in to  ns subintervals. The intercalation of lithium atom in anode between   tn ,tn+1⎡⎣ ⎤⎦  is 

tracked using a backward Euler scheme with a time step size of   Δt = tn+1 − tn  while the material 

time derivative is evaluated using    c = cn+1 − cn( ) / Δt . The residual equations are obtained by 

substituting the discrete form of concentration of lithium atom   c  in the variational form of 

intercalation (Equation (B1)) as 

   

Rc = δ c
cn+1 − cn

Δt
⎧
⎨
⎩⎪

⎫
⎬
⎭⎪Ω0

∫ ∂Θ + ∇δ cD∇ cn+1

Ω0
∫ ∂Θ− ∇δ c Dη cn+1

RT
∇pn+1

Ω0
∫ ∂Θ

+ ∇
Ω0
∫ δ c Dcn+1

RT
∇

∂Ψ1

∂c
⎛
⎝⎜

⎞
⎠⎟

n+1

∂Θ− δ cJ n+1

∂Ω0
∫ ∂Θ = 0

 (B3) 

Similarly, substituting discrete form of displacement field  u  in principle of virtual work 

(Equation (B2)), the residual for the second stage can be expressed as 

    
Ru = S :δ E

Ω0
∫ ∂Θ + tc ⋅δΓc

∫ δ ∂Γ − t ⋅δ u
∂Ω0
∫ ∂Γ = 0  (B4) 

A Newton-Raphson scheme is adopted here to solve the residual Equations (B3) and (B4) 

through consistent linearization.  Therefore, the set of linearized residual equations are written as  

   

∂Rc

∂ cn+1 Δ cn+1
k+1 = −Rc

k

∂Ru

∂ un+1 Δun+1
k+1 = −Ru

k

 

(B5.1) 

 

(B5.2) 
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Substituting     !c = Ncc in (B5.1) yields 

   Kc∇c n+1
k+1 = Rc

k  (B6) 

where,    Kc = Kc1 + Kc2 + Kc3 + Kc4  and 

     

Kc1 =
Nc

TNc

Δt
Ω0

e

∫
e=1

nel

∑ ∂Θ  (B7.1) 

     

Kc2 = Bc
TDBc

Ω0
e

∫
e=1

nel

∑ ∂Θ  (B7.2) 

     

Kc3 = Bc
T Dη

RT
∇pk

n+1

Ω0
e

∫
e=1

nel

∑ Nc ∂Θ  (B7.3) 

     

Kc4 = Bc
T

Ω0
e

∫
e=1

nel

∑ Dηck
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RT
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∂pn+1
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⎛

⎝
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⎞

⎠
⎟⎟⎟⎟⎟
k

∂Θ  (B7.4) 

Also,    Rc = Rc1 + Rc2 + Rc3 + Rc4  and  

     

Rc1 = Nc
TJ0

n+1

∂Ω0
e

∫
e=1

nel

∑ ∂Θ  (B8.1) 

     

Rc2 = Nc
TNc

Ω0
e

∫
e=1

nel

∑ ∂Θ
ck

n+1 −c n

Δt
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⎨
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⎫
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 (B8.2) 

     

Rc3 = Bc
TDBc

Ω0
e

∫
e=1

nel

∑ ∂Θ ck
n+1  

(B8.3) 

     

Rc4 = Bc
T

Ω0
e

∫
e=1

nel

∑ Dη
RT
∇pk

n+1 Nc ∂Θck
n+1  

(B8.4) 

Similarly, linearization of residual equation of principal of virtual work (Equation (B5.2)) yields  
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     Ku∇un+1
k+1 = Ru

k  (B9) 

Where, stiffness matrix  K u  and load vector  Ru
k  can be written as  

     

Ku = Bu
TLBu

Ω0
e

∫
e=1

nel

∑ ∂Θ+ B0
TSB0I

Ω0
e

∫
e=1

nel

∑ ∂Θ  (B10.1) 

     

Ru = Nu
Tt

∂Ω0
e

∫
e=1

nel

∑ ∂Γ− Bu
TS

Ω0
e

∫
e=1

nel

∑ ∂Θ  (B10.2) 

where  Bu  and  B0  given as 

   Bu = sym(∇NuF) , and   B0 = ∇Bu , (B11) 

respectively. The fourth order tensor  L  represents the Lagrangian constitutive moduli which can 

be derived directly from the linearization of second Piola Kirchhoff stress  S  with respect to total 

Cauchy green tensor  C  for a fixed  Fθ  as 

   
L = 2 ∂S

∂C
= [Fθ

−1 ⊗Fθ
−1] :Le :[Fθ

−T ⊗Fθ
−T ]  (B12) 

The above equation can be interpreted as the pull back of the elastic moduli  Le  onto the 

reference configuration, where   Le = 2∂Se / ∂Ce  are the constitutive moduli of the elastic 

material.  
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APPENDIX C 

SOLUTION STRATEGY 

An iterative strategy has been adopted to solve the discretized equation for lithium intercalation 

and mechanical equilibrium of anode at each time step. Let  
•( )k

n
denote the value at iteration level 

k  within time step n , while  •( )n
 denote converged value at time step  tn . Our goal is to obtain 

the converged concentration and displacement field at   n+1  assuming all the field quantities are 

known at t = tn .  

1. Increment time  tn  by  Δt  i.e., set   tn+1 = tn + Δt  

2. Start iteration with   k = 0  and 
  
•( )0

n+1
= •( )n

 

(a) If k = 0 , set    u0
n+1 = un  and find cn+1

k+1  from Equation (B6) 

(b) Compute    uk+1
n+1  from Equation (B9) using   cn+1

k+1  

(c) Check the convergence criteria 

               

cn+1
k+1 − cn+1

k

2

cn+1
0

2

≤ εc   and  

   

uk+1
n+1 − uk

n+1

2

u0
n+1

2

≤ εu  

     then repeat step 1 else set   k = k +1 and go to step 2(a). 
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APPENDIX D 

VERIFICATION OF THE MODELING FRAMEWORK 

The modeling framework detailed in Chapter 4.0 is verified against theoretical results. For this 

purpose, a spherical graphite particle of    R = 1µm  radius is considered. The particle is lithiated to 

its complete capacity (372 mAhg-1) under potentiostatic and galvanostatic conditions. Due to the 

symmetry of the spherical particle, only 1/8th of the spherical volume is taken for the finite 

element simulation. The domain is meshed with 7000 ‘8 noded’ hexahedral elements and 

contains 7951 nodes (Figure 36). The material constants considered for the simulations are given 

in Table D1. Graphite is assumed to be a linear elastic material. The generated concentration and 

stress profiles are compared against the analytical solutions available for diffusion induced stress 

(DIS) for a spherical particle in literature43. It should be noted that since the analytical solutions 

neglect the effect of mechanical stress on the Li transport, only Fickian diffusion is considered 

for the FE simulations. 
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Figure 36. Finite element mesh of 1/8th of the spherical graphite particle with   1µm  radius. 

 

Table 4. Material parameters for simulation of graphite particle 

Young’s modulus ( E ) 10 GPa 

Poisson’s ratio (ν ) 0.28  

Li diffusivity ( D ) 10-12 m2s-1 

Maximum Li concentration inside graphite ( cmax ) 3.2340 ×  104   mol m-3  

Partial molar volume of Li in graphite (Ω ) 2.88 × 10-6 m3 mol-1 

Faraday’s constant ( F ) 96485.34 C mol-1 

Universal gas constant ( R ) 8.314 J K-1 mol-1 

1    mP
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D.1 POTENTIOSTATIC OPERATION 

For the potentiostatic lithiation of graphite particle of radius  R , the boundary conditions are 

taken as   c(r,0) = 0  for   0 ≤ r ≤ R  and,   c(R,t) = cmax  for   t ≥ 0 . 

The analytical solution for Li concentration distribution inside the particle is given as 

    

c(r,t)
cmax

= 1 +
−1n

nπ(r / R)
sin(nπ(r / R))e−n2π2τ

n=1

∞

∑  
  

(D1) 

where, the normalized time τ   is obtained as   τ = tD / R2  . The corresponding normalized radial 

and circumferential stress profiles are given as 

    
σr = −4 exp(n2π2τ)

1

(nπ)2
+ (−1)n
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∞
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 (D3) 

where the stresses are normalized with a stress like quantity     EΩ(cmax ) / 3(1− ν) . 

Figure 37 (a-c) show the comparison of the analytical (dotted line) and the FE simulation 

results of Li concentration and stress profile at different τ . Again, the simulation results match 

closely with the analytical solutions. The peak stress predicted by simulations are almost similar 

with about ~4% difference in magnitude. 
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Figure 37. Comparison of normalized (a) concentration profiles, (b) radial stress profiles and (c) 

circumferential stress profiles for potentiostatic loading of graphite spherical particle (points- finite element 

simulation dotted line- analytical solution43). 
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D.2 GALVANOSTATIC OPERATION 

For galvanostatic lithiation, a constant Li flux corresponding to 8C charge rate is applied to the 

particle surface. The boundary conditions are,   c(r,0) = 0  for   0 ≤ r ≤ R  and 
  
J ⋅N = JLi =

Cm
At

  on 

 r = R  (see Section 4.1 for details). 

The analytical solution for Li concentration distribution inside the particle is given as 

    

c(r,t)
cmax

=
IR

FDcmax

3τ +
1
2
(r / R)2 −

3
10
−

2
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(D4) 

The corresponding normalized radial and circumferential stresses are given by 
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(D6) 

where the normalization factor is    2EΩ / 3(1− ν)(JLi R / D) . 

Figure 38 (a-c) shows the comparison of the analytical (dotted line) and the FE 

simulation results of Li concentration and stress profile at different τ . As it can be seen from 

these graphs, the analytical solution and the simulation results are in significant agreement with 

each other. Thus, the presented framework can be used to analyze Li diffusion induced stresses 

in electrode materials. 
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Figure 38. Comparison of normalized (a) concentration profiles, (b) radial stress profiles and (c) 

circumferential stress profiles for galvanostatic loading of graphite spherical particle (points- finite element 

simulation dotted line- analytical solution43). 
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APPENDIX E 

OPEN CIRCUIT POTENTIAL OF 250 NM THICK A-SI THIN FILM ANODE 

Prediction of the half-cell potential requires an accurate estimation of the open circuit voltage 

  UOCP
(soc) . However, these parameters depend on the mechanical configuration as well as the 

material properties of the anode. Thus GITT (Galvanostatic Intermittent Titration Technique) 

experiments are performed for estimating the   UOCP
(soc)  for a 250 nm thick a-Si thin films 

deposited on a Cu substrate135. The 250 nm thick film of a-Si was prepared by radio frequency 

(RF) magnetron sputtering. The details of the deposition conditions and the fabrication of the 

2016 coin cells for electrochemical testing can be found in a previous publication19. Prior to 

GITT, the half-cell was cycled at  current rate for 5 charge/discharge cycles to ensure the 

formation of the (solid-electrolyte interface) SEI layer. For the GITT, galvanostatic lithiation of 

the fully discharged a-Si anode was carried out in repeated segments of 1 hr at  rate 

followed by a relaxation period of 10 hr to ensure equilibration. The cut-off voltage was set to 

0.02 V vs. Li / Li+  electrode. Similar process for delithiation of the fully lithiatiated anode was 

carried out and the cut off voltage was set to 1.2 V vs. the Li / Li+  electrode. The   UOCP
(soc)   

data obtained from the GITT experiment was fitted as a function of state of charge ( soc ) using 

cubic splines (Figure 39) and is used for all the Si thin film simulations performed for this study.  

  C / 4

  C / 25
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Figure 39. Open circuit potential for lithiation and delithiation of 250 nm a-Si thin film electrode obtained by 

Galvanostatic Intermittent Titration Technique (GITT). 
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APPENDIX F 

EFFECT OF SI CONFIGURATION DIMENSION ON LI CONCENTRATION PROFILE 

AND ATTENDANT STRESSES IN DIFFERENT SI-CNT HETEROSTRUCTURED 

CONFIGURATIONS 

Detailed simulations to study the effect of dimensions of active material (Si) on the evolution of 

Li concentration profile and attendant stresses in the three different Si-CNT heterostructure 

geometries considered in Chapter 0are reported here. The dimensions of the CNT (radius 40 

nm) and the Li diffusivity in Si ( =10-18 m2/s) are kept constant for all the simulations.  

Figure 40 (a-c) shows the evolution of Li concentration ( ) at different 

normalized times during the lithium alloying half-cycle ( to ) for three coating 

thicknesses (25 nm, 50 nm and 100 nm) for Configuration I. The profiles are shown along the 

longitudinal (LONG) section (XZ plane) of the Si film coating. This figure reveals that 

increasing the Si coating thickness increases the concentration gradient in Si coating. As it can be 

seen from Figure 40 (a), for the 25 nm Si coating thickness, the difference in 
 
at the 

outside surface of Si exposed to the electrolyte and the inside surface adhered to the CNT does 

Do

  
cLi / cLi max

   τ = 0  0.5

  
cLi / cLi max
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not exceed 0.10 at any time instant. For the case of 100 nm Si coating thickness (Figure 40 (c)), 

the maximum difference in at outside and inside surface of Si is found to be ~0.74.   

Similarly, the evolution of in Si nano-ring of Configuration II and the 1/8th of 

the Si nano-ring of Configuration III is shown in Figure 41 and Figure 42, respectively. The 

radial and axial thickness of the Si nano-ring is varied as 25, 50 and 100 nm. Again, it can be 

seen from Figure 41 and Figure 42 that increasing the size of the active material increase the 

concentration gradient in Si configuration. Additionally, as mentioned in Section 8.4, the ratio of 

surface area exposed to electrolyte to the active material volume is highest in Configuration III 

and least in Configuration I. As a result, the extent of concentration gradient developed inside the 

active material is different for different Si-CNT heterostructures. For example, for the Si nano-

ring thickness of 100 nm, the maximum difference in  at any time instant for 

Configuration II is ~0.61 (Figure 41 (c)), while for Configuration III it is ~0.41 (Figure 42 (c)).  

In Figure 43, the attendant effective stresses (  σe ) in the active material of the three Si-

CNT heterostructures are shown for different Si thickness at the end of lithium alloying half-

cycle (!τ =0.5 ). Figure 43 (a-c) shows that increasing Si thickness from 25 nm to 50 nm does not 

change the effective stresses significantly. However, upon increasing the Si coating thickness to 

100 nm, significant amount of effective stresses are developed near the outer surface of Si 

coating exposed to the electrolyte. Similar observation was recorded for Configurations II and 

III. Figure 43 (d-f) and (g-i) show that increasing the Si nano-ring thickness from 25 nm to 50 

nm does not change the incurred effective stresses significantly in the Si nano-ring, as well as in 

the particle in shape of 1/8th of Si nano-ring. However, increasing the nano-ring thickness to 100 

nm increases the incurred stresses. Thus, the mechanical integrity of the 25 nm coating thickness 

  
cLi / cLi max

  
cLi / cLi max

  
cLi / cLi max
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Si-CNT heterostructures can be expected to be similar to that of heterostructures with 50 nm 

coating thickness (discussed in detail in Section 8.3 and 8.4). However, increasing the Si coating 

thickness to 100 nm would definitely not improve the mechanical integrity of the Si-CNT 

configurations compared to the heterostructures with Si thickness of 50 nm. 
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Figure 40. Evolution of normalized Li concentration ( ) in Si during lithium alloying half-cycle 

along the longitudinal (LONG) section (XZ plane) of continuous Si coating of Configuration I with thickness 

(a) 25 nm, (b) 50 nm and (c) 100 nm. (Note that the longitudinal sections shown are not to scale). 
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Figure 41. Evolution of normalized Li concentration ( ) in Si during lithium alloying half-cycle 

along the longitudinal (LONG) section (XZ plane) of Si nano-ring of Configuration II with thickness (a) 25 

nm, (b) 50 nm and (c) 100 nm. (Note that the longitudinal sections shown are not to scale). 
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Figure 42. Evolution of normalized Li concentration ( ) in Si during lithium alloying half-cycle 

along the longitudinal (LONG) section (XZ plane) of 1/8th of Si nano-ring of Configuration III with thickness 

(a) 25 nm, (b) 50 nm and (c) 100 nm. (Note that the longitudinal sections shown are not to scale). 
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Figure 43. Effective stress in the active material along the longitudinal section (XZ plane) of three different 

Si-CNT heterostructure configurations for three different Si coating thicknesses. (Note that the stress scale 

bar for (a-c) and (d-i) is different). 
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