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Abstract 

Lithium (Li) dendrite growth poses serious challenges for the development of Li metal 

batteries which also stops the footsteps of human utilizing the environment-friendly new 

power source. Replacing liquid electrolyte with solid electrolyte can not only inhibit the 

dendrite growth by mechanical suppression, but also introduce more possibilities to the 

electrochemistry of battery. However, the underlying mechanism is still not fully 

understood, and most theoretical works focus on pure liquid electrolyte, ignoring the 

mechanical strain effects. Here we developed a phase-field model which simulates the Li 

dendrite growth to study the competition between diffusion and deposition rates, the pure 

elastic and Elasto-plastic effects, and the inhibition from nanofillers embedded in the solid 

electrolytes. It is revealed that high diffusion rate can transport more Li ions to the electrode 

surface, which create a low concentration gradient at the interface, leading to a smooth 

electrode surface.  

Li dendrite can also be effectively inhibited by the electrolytes of high elastic modulus and 

initial yield strength, which induce and withstand the large mechanical suppression, 

respectively. High-throughput phase-field simulations are performed to establish a 

database of relationships between the aforementioned mechanical properties and the Li 

dendrite morphology, based on which a compressed-sensing machine learning model is 

trained to derive interpretable analytical correlations between the key material parameters 

and the dendrite morphology, as described by the dendrite length and area ratio. It is 

revealed that the Li dendrite can be effectively inhibited by the electrolytes of high elastic 
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modulus and initial yield strength. Meanwhile, the role of the yield strength of Li metal is 

also critical when the yield strength of the electrolyte becomes low.  

We also discovered that the introduction of the 1D nanofiber arrays could confine the Li 

ion transport along horizontal direction, reduce the concentration gradient across the 

electrode/electrolyte interface, and inhibit the Li dendrite growth. Our work provides deep 

understanding of the dendrite growth mechanism, the mechanical suppression and the 

inhibition by the 1D nanofiber array, as well as the designing strategy for the solid 

composite electrolyte for improved Li anode stability and Li ion conductivity.  

Furthermore, we also explored the formation process of dead Li and study the formation 

mechanism. It is found that the initial Li amount affects the dead Li most while the high 

discharge voltage will also lead to the formation of dead Li. 

Keywords: Lithium dendrite; Polymer composite electrolyte; Mechanical suppression; 

Elasto-plastic effects; Machine learning; Dead lithium; Phase-field simulation  
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Chapter 1. Introduction 

1.1 Research motivation and objectives 

The ever-growing demand of wearable and mobile electronic devices, electric 

vehicles, grid-scale electrical storage, and other energy storage systems requires the 

advancement of lithium-ion (Li-ion) batteries of high energy density and improved safety 

and stability1,2. One of the most promising approaches is to replace the existing graphite 

anodes with the lithium (Li) metal anodes, which has the highest theoretical capacity (3860 

mAh/g), low density (0.53g/cm3), and lowest negative electrochemical potential (-3.04V 

vs. standard hydrogen electrode) 3–5. However, a critical issue that impedes the wide 

application of Li metal battery is the uncontrollable Li electrodeposition in the form of 

dendrites or filaments. These needle- or branch-like dendrites can eventually penetrate the 

separator of the cell, which creates serious problems such as lowered Coulombic efficiency, 

large mechanical deformation of the electrodes, reduced battery cycle life, and catastrophic 

internal short circuit6–8. 

 The Li dendrite growth can be considered as the results of the competition between 

the Li ion transport and the electrodeposition. High electrodeposition rate together with a 

low Li ion transport rate leads to insufficient Li ions at the anode surface, which finally 

induces the uneven deposition of Li ions, which is also called dendrite. A fundamental 

understanding of this competition should be built, in which the Li ion transport rate is 

decided by the electrolyte materials, and the electrodeposition rate is related to the 

exchange current. 
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 In addition, the mechanical suppression on dendrites using solid electrolyte of high 

mechanical strength and good ionic conductivity is one of the most promising methods. 

However, few phase-field models take the mechanical interaction between solid electrolyte 

and Li dendrite into consideration, which may be reasonable for liquid electrolyte, but 

should not be ignored in the solid electrolytes. Moreover, recent findings show that the 

Monroe-Newman theory, that electrolyte with two-times shear modulus of the electrode 

will stabilize the lithium surface, cannot explain all the phenomena in Li dendrite growth. 

For example, inorganic electrolytes such as Li7La3Zr2O12 (LLZO)9,10, β-Li3PS4
11, and 

Li2(OH)0.9F0.1Cl12, which showed extremely high elastic (and shear) modulus (~102 GPa), 

still suffered from Li dendrite growth. On the other hand, recent studies also revealed that 

soft solid electrolytes (SE) with very low elastic modulus (such as rubber, E= 0.4 MPa) 

can still suppress Li dendrite growth over long cycling time13,14. One possible reason for 

these discrepancies between Monroe-Newman’s theory and recent findings is the dynamic 

mechanical properties of Li metal anode during the electrodeposition as their theory is 

based on the linear elasticity, ignoring the plastic effect. It is reported that the yield strength 

of Li metal could increase from ~10-1MPa to 102MPa as it is strongly dependent on the Li 

grain size9,15, temperature16, strain rate17,18 and applied current density18. Therefore, the 

mechanical interaction including the elastic and plastic effects should be studied 

comprehensively for better understanding of inhibition of Li dendrite growth. 

 Finally, composite polymer electrolytes are commonly used in the battery to 

compensate the mechanical, electric or compatibility properties of pure polymers. The 

amount and size of the nanofillers in the composite are critical to control these properties 

and finally affect the inhibitory effects of dendrites. Therefore, it is imperative to develop 
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a new phase-field model to capture the Li dendrite dynamics in a composite polymer 

electrolyte system. 

 In this work, we aim at solving the three problems by developing a new phase-field 

model that couples the energy barrier effect (control the transport and deposition rates), 

mechanical effect and nanofiller effect together. An overall understanding of these effects 

will be studied by: 

1) Varying the energy barriers of diffusion and reaction to control the rates and study 

the competition between the transport and electrodeposition. 

2) Controlling the mechanical properties of the Li metal and electrolyte to study their 

effects on the dendrite growth. 

3) Trying different amounts and sizes of nanofibers in the polymer to help 

understanding the inhibition by the nanofibers. 

 

1.2 Development of lithium battery 

 With the growing crisis of non-renewable energy resources tensions, the 

rechargeable chemical power supply which is an energy storage device has been created 

and plays an important role in storing energy and providing power19. The chemical power 

supply is also named as electrochemical battery which converts the chemical energy to the 

electrical energy when in use. The representative batteries can be divided into the following 

categories, such as the lead-acid battery, nickel–cadmium (Ni-Cd) battery, nickel metal 

hydride (NiMH) battery, sodium-sulfur battery and lithium-ion (Li-ion) battery20. In terms 

of energy density20, as shown in Figure 1-1, the gravimetric and volumetric energy density 
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of the lead-acid battery is about 30 Wh·Kg-1 and 100Wh·L-1,respectively, while that of 

lithium-ion or lithium metal battery is about 3 to 5 times more than the lead-acid battery, 

together with 3 times battery life. Comparing with Ni-Cd or NiMH battery, Li-ion battery 

still have a double battery life with half volume and weight. Moreover, the Li-ion battery 

has the features like low density, no memory effect, environmentally friendly, safety and 

stability etc. which make it considered as the most potential candidates of rechargeable 

battery and raises the research passionate in industry and academia. 

 

Figure 1-1 Comparison of the different battery technologies in terms of volumetric and gravimetric energy 
density20. 
 
  

The development of lithium batteries can be traced back to 1910s. G.N. Lewis 

began the experimentation with lithium battery in 1912, however, it was not 

commercialized until the 1970s19,21. The first-generation commercial rechargeable lithium 

battery came to the market, manufactured by Exxon Company with a TiS2 cathode and by 

Moli Energy with a MoS2 cathode, together with a Li-metal anode. However, during the 
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charging process, the Li ion tends to locally deposit at the Li metal anode and form the 

dendritic deposited lithium which will lead to the explosion of battery in extreme cases. 

For safety concerns, the development of lithium batteries was even stagnant for a while. 

Until 1991, Sony introduced the first commercial Li-ion battery22 with the graphite as the 

“lithium sink” anode and the lithium cobalt oxide as the “lithium source” cathode, based 

on the concept of the rocking chair battery23,24. During the charging process, the reaction 

at the cathode is 2 1 2LiCoO Li CoO Lix x +
−→ + , at the anode is Li C Li Cxx + + → , while 

reactions in the discharging process are the opposite, as shown in Figure 1-2(a). Since then, 

Li-ion batteries were widely used in all aspects of daily life25,26. 

In recent years, due to the emergence of new industries such as high-end 

communication terminals, electric vehicles, aerospace, and grid-scale energy storage 

stations, the demand for energy storage systems with high energy density has increased. 

Extensive efforts have been made to improve the energy density, safety and stability of 

lithium-ion batteries1,2. One promising approach is to replace the current graphite anodes 

with the lithium (Li) metal anodes, for the highest theoretical capacity (3860 mAh/g), low 

density (0.53 g/cm3), and the lowest redox electrochemical potential (-3.04V vs. standard 

hydrogen electrode)3–5. In addition, the use of lithium metal anode can eliminate the need 

for current collectors in conventional graphite cathodes which makes the weight of the total 

cell dramatically reduced27. As the source of lithium ion in the battery, the lithium metal 

anode also enables the application of unembedded-lithium cathode materials that allows 

higher capacity than conventional cathode material in the cell such as sulfur28,29 and air29, 

as shown in Figure 1-2(b).  
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Figure 1-2 Schematic representative diagram and operating principles of (a) rechargeable lithium-ion battery 
and (b) rechargeable lithium metal battery (the schematic picture of dendrites at the Li surface was from the 
simulation results). 

 

1.3 Existing problems in lithium metal battery 

 The lithium is considered as the ideal material for the battery due to its outstanding 

theoretical capacity and energy density. However, the lifetime and safety issues induced 

by using the lithium metal as anode during repeated charge and discharge cycles are 

common problems for lithium batteries which impedes the wide applications of lithium 
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metal battery. The dendrite growth brings many problems as shown in Figure 1-3 to the 

battery such as30–35 (1) internal short circuit induced by lithium dendrite penetration into 

separator. During the charging and discharging process of lithium batteries with lithium 

metal as the negative electrode, the electrode surface will form SEI (solid electrolyte 

interface) layer. The lithium dendrites grow on the negative electrode, then extend through 

the separator to the positive electrode which leads to short circuit inside the battery and 

cause a fire or explosion. This is a major safety hazard. (2) formation of “dead lithium” 

which leads to low capacity and life. During the discharge process, if the point contact 

between lithium dendrites and electrode surface is broken, ‘dead lithium’ forms and falls 

into the electrolyte, which cannot participate in the subsequent electrochemical reactions, 

resulting in a significant reduction in the capacity of the lithium battery. (3) aggravated 

adverse reactions which reduces battery capacity. The formation of lithium dendrites can 

lead to the breakdown of the SEI layer and cause continuous reactions between the metallic 

lithium and electrolytes which consumes active lithium and finally reduces the capacity 

irreversibly as well. (4) increased polarization. The electrode with lithium dendrites always 

has a porous structure, together with the ‘dead lithium’ around the electrode, leading to an 

increased diffusion pathway and large resistance for the transport of Li ions and electrons. 

In this way, it renders an increased polarization and reduce the energy efficiency. (5) large 

volume change. Metallic lithium anodes have a higher volume change, which is far above 

these intercalated anodes, such as graphite (10%) and silicon (400%)36. The presence of 

lithium dendrites makes the embedded lithium metal porous, leading to harsher volume 

change issues. These porous lithium deposits prompt significant volume increase/decrease 

during the lithium plating/stripping, resulting in the lithium powderation at the electrode 
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surface and decreasing of the battery life and performance5. Therefore, the depression of 

dendrite growth is the most impending mission on the way to achieving the goal of battery 

safety and long life. 

 

Figure 1-3 Existing problems caused by lithium dendrites36 

  

In industry, when plating metals such as Cu, Ni and Zn at high current densities, 

the cathode is tilted toward plated metals with dendritic morphology5. During the 

electroplating process, the metal cations will diffuse from the anode to the cathode. At high 

current density, a gradient of cation concentration gradually appears between the two 

electrodes with the progress of plating. When the current density reaches to a critical value 
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*J 37,38 (see Eq.(1)), the cations are depleted at the surface of cathode (Figure 1-4 (a)&(b)) 

after some time named as Sand’s time39, thus breaking the electrical neutrality of the 

electrode surface, forming a local space charge(Figure 1-4 (c)), inducing the generation of 

stable concentration gradients, and eventually leading to the formation of dendritic metallic 

precipitates(Figure 1-4 (d)). 

 * 02 ( )a c

a

eDCJ
L

µ µ
µ

+
=  (1) 

where D is the bipolar diffusivity ( ( ) / ( )a a c c a cD D Dµ µ µ µ= + + , C0 is the standard ion 

concentration, z is the charge number, L is the distance between two electrodes, e is the 

unit charge. The subscripts a and c mean anion and cation. 
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Figure 1-4 The factors of inducing dendrites (a) Scheme of a symmetrical cell. (b) Profile of the ion 
concentration and electrostatic potential obtained from the numerical calculation in the case of filamentary 
growth. (c) Diagram of a region near the tip of lithium dendrites. (d) Schematic and optical images describing 
the growth of lithium needle-like dendrite as observed in in-situ videos recorded under optical microscopy.  

 

 According to the numerical calculation of critical current density *J , in the charge 

process, if current density *J J> , it is obvious that dendrites form on the anode surface. 

However, as J* is relatively large in common lithium metal batteries, the batteries are 

mostly operated at a current density far below J*. However, the dendrites formation can 

still be observed40, indicating that a different mechanism is dominating. Besides 

considering the transport of lithium ion, the impact of interfacial chemistry at the electrode 

surface should also be included. Usually, the uneven composition of the solid electrolyte 



13 
 

layer on the surface of the negative electrode leads to the uneven conductivity of lithium 

ions, which eventually leads to the uneven nucleation of lithium ions on the surface of 

anode. Afterwards, the uneven nucleation of lithium ions and the volume expansion due to 

the plating of lithium tend to promote the formation of cracks in the solid electrolyte layer, 

and the lithium-ion deposition rate at the cracks is higher than that at the other parts of the 

electrode surface, which aggravates the reactive dispersion of lithium dendrites41. 

1.4 Experimental efforts to inhibit lithium dendrite 

 Multiple experimental approaches have been proposed to inhibit the dendrite 

growth such as electrolyte modification42–47, SEI protection layer48–53, concentrated 

electrolyte54–60, solid electrolyte61, separators62–67 etc. By using one or a combination of the 

above methods, the lithium dendrite gets effectively inhibited so that the battery capacity, 

energy density, cycle stability and safety are improved, which is meaningful to the lithium 

battery development. The following will explain the details. 

1.4.1 Electrolyte modification & SEI protection layer 

 The electrolyte additives have been used to improve the performance of lithium 

anode. These additives will decompose, accumulate or adsorb on to the anode surface to 

enhance the properties of SEI layer to reach the goal of adjusting Li-ion distribution during 

plating. The traditional additives can be (1) fluorinated compounds. The addition of a small 

amount of HF and H2O to the carbonate electrolyte can form a flexible and homogeneous 

LiF/Li2O bilayer on the anode surface, resulting in smooth deposition of lithium. Lu et al.68 

introduced LiF and formed dense SEI layer which protects the anodes, inhibits the dendrite 

and extends the life of battery. (2) metal ions. When metal ion (M+) is introduced to the 

electrolyte, it shows the same tendency to plate as Li ion. If M+ has a lower reduction 



14 
 

potential than Li+, it will adsorb to the lithium surface instead of being reduced. When 

uneven lithium deposition occurs, the charge accumulation at the protrude will attract more 

M+ to form an electrostatic field which repels Li+ and stops the further growth of 

protrude69,70. (3) synergistic effects. For instance, Li et al.50 found when the two additives 

Li2S8 and LiNO3 are introduced to the electrolyte, LiNO3 will first react with lithium to 

passivate the lithium surface, then Li reacts with Li2S8 at the upper SEI layer, forming 

Li2S/Li2S2 to stop the decomposition of the electrolyte which stabilize the battery cycle at 

large charge/discharge rate. 

1.4.2 Concentrated electrolyte 

 With the lithium metal battery is intensively studied, concentrated electrolyte 

shows good performance in lithium metal anode which overturns the conclusion that 

electrolyte of 1.0mol/L concentration has the best ionic conductivity and viscosity based 

on the research of Li-ion battery71. Concentrated lithium salt can increase the critical value 

of current density (J*) (see Eq.(1)) so that the dendrites get inhibited. Suo et al.58 use 

7mol/L LiTFSI as the electrolyte of Li-S battery which inhibits the lithium dendrite, 

decreases the dissolution of Li2Sx as well as increases the ionic conductivity. 

1.4.3 Solid electrolyte 

 Despite the advantages of liquid electrolytes such as high conductivity and good 

wettability to electrode surfaces, they often suffer from insufficient electrochemical and 

thermal stabilities, low ion selectivity and safety issue72. Replacing liquid electrolytes with 

solid electrolyte separators not only overcomes the persistent problems of liquid 

electrolytes, but also offers the possibility of developing new battery chemistries. By using 

the solid electrolytes with excellent mechanical properties, the mechanical suppression is 



15 
 

applied onto the dendrites which is a direct physical way to stop the dendrite growth. 

Besides mechanical properties, the other main properties required for solid electrolytes can 

be summarized as: high ionic conductivity, low ionic area-specific resistance, high 

electronic area-specific resistance, high ionic selectivity, wide electrochemical stability, 

good chemical compatibility, easy manufacturing process and environmental 

friendliness72–76. Both inorganic and organic (polymeric) solid electrolyte materials have 

been made with a great progress in improving the above properties. Table 1 gives a 

summary of the common solid electrolytes with their properties are visualized in the radar 

plots in Figure 1-577. 

Table 1 Summary of lithium-ion solid electrolyte materials77 

Type Materials Conductivity 

(S cm-1) 

Advantages Disadvantages 

Oxide Perovskite, 

Li3.3La0.56TiO3, 

NASICON LiTi2(PO4)3,  

LISICON Li14Zn(GeO4)4 

and garnet Li7La3Zr2O12 

10-5 – 10-3 •High chemical and 
electrochemical stability  
•High mechanical strength  
•High electrochemical 
oxidation voltage  

•Non-flexible  
•Expensive large-scale 
production  
 

Sulfide Li2S-P2S5, 

Li2S-P2S5-MSx 

10-7 – 10-3 •High conductivity 

•Good mechanical strength and 

mechanical flexibility 

•Low grain-boundary 

resistance 

•Low oxidation stability 

•Sensitive to moisture 

•Poor compatibility 

with cathode materials 

Hydride LiBH4, LiBH4-LiX 

(X=Cl,Br or I), LiBH4-

10-7 – 10-4 •Low grain-boundary 
resistance  
•Stable with lithium metal  
•Good mechanical strength and 
mechanical flexibility  
 

•Sensitive to moisture  
•Poor compatibility 
with cathode materials  
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LiNH2,LiNH2,LiAlH6 and 

Li2NH 

Halide LiI, spinel Li2ZnI4 and 

anti-perovskite Li3OCl 

10-8 – 10-5 •Stable with lithium metal  
•Good mechanical strength and 
mechanical flexibility  
 

•Sensitive to moisture  
•Low oxidation voltage  
•Low conductivity  
 

Borate or 

Phosphate 

Li2B4O7, Li3PO4 and 

Li2O-B2O3-P2O5 

10-7 – 10-6 •Facile manufacturing process  
•Good manufacturing 
reproducibility  
•Good durability  

•Relatively low 
conductivity  
 

Thin film LiPON 10-6 •Stable with lithium metal  
•Stable with cathode materials 

•Expensive large-scale 
production  
 

Polymer PEO 10-4 (65-78℃) •Stable with lithium metal  
•Flexible  
•Easy to produce a large-area 
membrane  
•Low shear modulus  
 

•Limited thermal 
stability  
•Low oxidation voltage 
(<4 V)  
 

LiPON, lithium phosphorus oxynitride; LISICON, lithium superionic conductor; NASICON, sodium 

superionic conductor; PEO, poly(ethylene oxide). 

 

Figure 1-5 Performance of different solid electrolyte materials. Radar plots of the properties of a) oxide b) 
sulfide c) hydride d) halide e) thin film f) polymer.77 
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1.4.3.1 Inorganic solid electrolytes 

 The inorganic solid electrolytes can be mainly categorized into four types: 

perovskite type, NASICON type, garnet type and sulfide type. The representative 

perovskite-type electrolyte, Li3xLa2/3-xTiO3, exhibits a Li-ion conductivity over 10-3 S cm-1 

at room temperature78, but suffers from the reduction of Ti4+ contacting with Li metal.  

NASICON-type compounds were named in 1976 due to the development of 

Na1+xZr2SixP3-xO12
79, and generally have the general formula of AM2(PO4)3, where A and 

M are usually occupied by Li, Na or K and Ge, Zr or Ti, respectively80. The properties like 

ionic conductivity and electrochemical can be enhanced with substitution to form 

Li1+xMx(Ti/Ge)2-x(PO4)3 which M can be Al, Cr, Ga etc. The Al substitution is mostly used 

for its efficiency in improving ionic conductivity for LiTi2(PO4)3 system81–84 and 

electrochemical stability for LiGe2(PO4)3 system85–87. NASICON-type electrolytes are 

suitable for high-voltage solid electrolyte batteries.  

Garnet-type materials have been widely investigated since the first discovery in 

196988. The representative systems are Li5La3M2O12 (M=Nb or Ta), Li6ALa2M2O12 (A=Ca, 

Sr or Ba; M=Nb or Ta), Li5.5La3M1.75B0.25O12 (M=Nb or Ta; B=In or Zr), Li7La3Zr2O12 and 

Li7.06M3Y0.06Zr1.94O12 (M= La, Nb or Ta)89–93. The ionic conductivity of garnet-type 

materials at room temperature can reach to as high as 1.02×10-3 with 

Li6.5La3Zr1.75Te0.25O12
94.  

The investigation of sulfide-type electrolytes dates back to 1986 with the Li2S-SiS2 

system95. With the system being studied, in 2001, LISICON (lithium superionic conductor) 

crystalline material was found in the Li2S-SiS2 system96. Since then, it has been widely 

reported to show a high Li-ion conductivity96–100. The disadvantage of sulfide-type 
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electrolytes is poor chemical stability and sensitivity to moisture. The stability can get 

improved by adding the metal oxides to the system101–103. 

1.4.3.2 Organic solid electrolytes 

 Organic solid electrolytes are mostly polymer or polymer composites. The polymer 

acts as the host of lithium salt to form a solid solvent104–107. The polymer hosts are 

commonly PEO (polyethylene oxides), PAN (polyacrylonitrile), PMMA (poly(methyl 

methacrylate)), PVC (poly(vinyl chloride)) or PVDF (polyvinylidene fluoride)108–112, 

among which PEO is the most widely used. As the bare polymer host is poor at ionic 

conductivity at ambient temperatures, ceramic nanofillers are integrated into the host, help 

improving the conductivity113–115. The ceramic fillers can be divided into two types: active 

type (e.g. Li2N and LiAlO2
116–118) and passive type (e.g. Al2O3 SiO2 and MgO119–121) based 

on whether they involve in ion transport or not.  

1.4.3.3 Thin-film solid electrolytes 

            Thin-film solid electrolytes are solid electrolytes that can be fabricated as ultrathin 

films via specific vapour deposition techniques like pulsed laser deposition, chemical 

vapour deposition etc. The standard thin-film solid electrolyte was reported by Oak Ridge 

National Laboratory based on LiPON (lithium phosphorus oxynitride)122–124. Another 

series of thin-film solid electrolytes based on lithium borate, lithium phosphate and lithium 

borophosphate, which have advantages at industry-level manufacture, have been reported 

as the candidate of LiPON125–128. Also, with the development of deposition techniques, 

newly emerged atomic layer deposition is being applied to other series of solid electrolytes 

like Li3PO4, LixAl2O3 and LixSiyAl2O3
129–131. 
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1.4.4 Separators 

 Separators are the important component of lithium battery although they do not 

involve in electrochemical reactions. On the one hand, it provides a path for Li ion transport, 

on the other hand, it physically separates the anode from the cathode. Its mechanical 

property, thermal stability and ion transmission performance play a critical role in the 

performance and safety of battery. The modification of separators mainly focuses on 

enhancing these properties. Wu et al.132  modified the commercial polypropylene separator 

through layer-by-layer self-assembly method, adsorbed with MoS2 and polyacrylic acid on 

both sides in a uniform and orderly manner, in which polyacrylic acid layer prevents the 

transmission of polysulfides while the MoS2 layer enhances the mechanical properties that 

physically suppress the dendrite growth. 

1.5 Thermodynamics and previous theoretical models 

 Theoretical efforts have also been made to understand the growing mechanism of 

lithium dendrites. The dendrite growth process is an electrodeposition that happens at the 

electrode/electrolyte interface with the interface morphology changing under chemical, 

electrical and mechanical driving forces. To model this electrodeposition process, its 

thermodynamics should be first understood.  

1.5.1 Thermodynamics 

 The Gibbs free energy of the electrodeposition system can be expressed by 

 ( , )
V

G f c dVϕ
→

= ∫  (2) 
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Here the ( , )f c ϕ is the Gibbs free energy density, V is the volume of the entire system, ϕ  

is the electrical potential. c indicates the concentrations of species in the system, consisting 

of c for M atom, c+ for cation Mz+ and c− for the anion A-. After normalizing the 

concentrations as * *
/ / 0/ ; /sc c c c c c+ − + −= = , where sc is the site density of metal M and 0c  

is the bulk concentration of electrolyte solution, the classic electrochemical potential can 

be identified as 

 
*

0ln ln ex
i i i i i iRT a z F RT cµ µ ϕ µ= + + = +  (3) 

where R is the molar gas constant, T is the temperature, F is the Faraday’s constant, ia , 

0iµ  and iz  denote the activity, reference chemical potential and charge number of species 

i, respectively. ex
iµ  is the excess electrochemical potential. If we assume the M metal and 

the electrolyte have no interaction when added into the system, the total electrochemical 

free energy can be introduced like 

 0( ln )el ch i i i i i i
i i

f c c RT a z Fµ µ ϕ+ = = + +∑ ∑  (4) 

 As the electrolyte is commonly a dilute solution which means *
i ia c= , Eq.(4) can 

be written as  

 

*
0

* * * * * *
0 0

ln

ln ( ln ln )

el ch i i i i i i
i i i

s i i e
i

f RT c c c Fz c

c RTc c c RT c c c c c

µ ϕ

µ ρ ϕ

+

+ + − −

= + +

         =  + + + +

∑ ∑ ∑

∑
 (5) 

The term * *lnsc RTc c  in Eq.(5) indicates the contribution from M atom. For metal phase, 

the dimensionless concentration *c  equals 1 while for electrolyte phase, it equals 0. Based 
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on that, we have * *lnsc RTc c =0 when assuming that there is sharp gradient at the metal-

electrolyte interface.  

 To describe the diffusion interface in the model, a continuous phase-field variable 

ξ  is introduced to the system whose physical meaning is the dimensionless concentration 

of M atom ( *cξ = ). A simple double-well function ( 2 2(1 )Wξ ξ− ) is used to represent two 

equilibrium states for the metal electrode ( 1ξ = ) and the electrolyte ( 0ξ = ), where W/16 

is the energy barrier height at 0.5ξ = . Thus, the total electrochemical free energy reads 

 2 2 * * * *
0 0(1 ) ( ln ln )el ch i i e

i
f W c RT c c c c cξ ξ µ ρ ϕ+ + + − −=  − + + + +∑  (6) 

 The free energy density related to the gradient is given by 

 * *1
2gradf c cκ= ∇ ⋅
   (7) 

Combining Eqs.(6)(7) gives the Gibbs free energy 

 2 2 * * * *
0 0

* *

( , )

(1 ) ( ln ln )

1
2

el ch grad

i i e
i

f c f f

W c RT c c c c c

c c

ϕ

ξ ξ µ ρ ϕ

κ

+

+ + − −

= +

= − + + + +

+ ∇ ⋅

∑



 

 (8) 

The energy term details in Eq.(8) are given as  

 

2 2 * * * *
0 0

* *

( ) (1 ) ( ln ln )

( , )

1( )
2

ch i i
i

elec e i i
i

grad

f c W c RT c c c c c

f c F z c

f c c c

ξ ξ µ

ϕ ρ ϕ ϕ

κ

+ + − −= − + + +

= =

= ∇ ⋅

∑

∑





  

 (9) 
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The reaction of an electrodeposition process is zM ze M+ −+ → , indicating the 

metal ion Mz+ combines with electron e- and produces the metal atom M. According to the 

consistent formulation of electrochemical reaction kinetics133,134, the reaction rate, eR , is 

related to the excess electrochemical potential of all species, as 

 * *1 2
0 1 0 2

( ) ( )exp[ ] exp[ ]
ex ex ex ex
t t

eR k c k c
RT RT

µ µ µ µ− − − −
= − +  (10) 

where 0k is the reaction constant, ex
tµ , 1

exµ  and 2
exµ  are the activation barrier and local 

minimum excess electrochemical potentials for two states, respectively, as shown in Figure 

1-6. By substituting 
*

* lnexp( )i
i

RT cc
RT

=  and Eq.(3) into Eq.(10), the reaction rate can also 

be expressed as 

 1 2
0

( ) ( ){exp[ ] exp[ ]}
ex ex
t t

eR k
RT RT

µ µ µ µ− − − −
= − −  (11) 

where 1µ  and 2µ . are the electrochemical potentials of two states. At equilibrium ( 0eR = ), 

the two electrochemical potentials should equal, 1 2µ µ= . From the definition of 

electrochemical potential, we can easily have that 1 2;z MM e
zµ µ µ µ µ+ −= +  =  for the 

reaction zM ze M+ −+ → , where the expressions of zM
µ + , 

e
µ −  and Mµ  are listed below 

 

0

0

0

ln

ln

ln

z z z sM M M

e ee e

M M M

RT a zF

RT a F

RT a

µ µ ϕ

µ µ ϕ

µ µ

+ + +

− −

= + +

= + −

= +

 (12) 
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Here sϕ  and eϕ  are the electrostatic potential in the electrolyte solution and electrode, 

respectively. The difference of electrode-electrolyte interfacial potential is e sϕ ϕ ϕ∆ = − . 

By substituting Eq.(12) back to 1µ  and 2µ , we can get potential difference eqϕ∆  at 

equilibrium ( 1 2µ µ= ), as 

 0 ln z
z

eq M e

M

a aRTE
zF a

ϕ + −
∆ = +  (13) 

where 
0 0 0

0 z MM e
z

E
zF

µ µ µ+ −+ −
=  is the standard half-cell potential. Based on the 

aforementioned diluted electrolytes assumption and the activity of electron is unity, the 

eqϕ∆  can be further simplified as 

 
*

0 lneq

M

RT cE
zF a

ϕ +∆ = +  (14) 

 For the non-equilibrium state, the reaction eR  is controlled by the overpotential η , 

which is defined as135   

 
*

0 1lneq

iM i

RT c GE
zF a zF zF c

µ δη ϕ ϕ ϕ
δ

+ ∆
= ∆ − ∆ = ∆ − − = = ∑  (15) 

 To model the Butler-Volmer kinetics, the transition barrier ex
tµ  can be defined 

as133,135 

 0 0 0ln (1 )( )z
ex
t t s e MM e

RT zF zF zµ γ α ϕ ϕ µ µ αµ+ −= + − − + + +  (16) 

 So, we have  
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0

0

(1 ){exp[ exp[ ]}

(1 ){exp[ exp[ ]}

eR R
RT RT

zF zFR
RT RT

α µ α µ

α η α η

− ∆ − ∆
= − −

− −
= − −

 (17) 

which yields *1
0 0 /M tR k c aα α γ−

+= , tγ  is the activity coefficient at the transition state which 

can be derived from the double well function describing the diffusion interface as  

 2
0ln ( ) lntRT f RTγ ξ κ ξ ξ′= − ∇ −  (18) 

where 2 2
0( ) (1 )f Wξ ξ ξ= − . 

   

Figure 1-6 Schematic for the excess electrochemical potential at different phases in the electrodeposition 
reaction, zM ze M+ −+ → for equilibrium state (black) and reduction state under a negative overpotential 
(red).  

 

 The total overpotential η  in Eq.(17) is contributed by two parts, the activation 

overpotential ( aη ) and the concentration overpotential ( cη ). They can be defined as 



25 
 

 

0

*

ln

a

c
M

E
RT c
zF a

η ϕ

η +

= ∆ −

= −
 (19) 

 Based on the definition of activity133 which is 1exp( )mix
i

i

fa
RT c

∂
=

∂
 by 

0mix ch grad i i
i

f f f c µ= + − ∑ , the activity of M metal ( Ma ) is written as  

 
2

0( )ln M
s

fa
c RT

ξ κ ξ′ − ∇
=  (20) 

 Then the reaction rate eR  can be rewritten as 

 * *
0{exp[(1 )( ln ln ) exp[ ( ln ln )]}a a

e M M
zF zFR R c a c a
RT RT

η ηα α+ += − − − + − − − +  (21) 

 Physically, the total reaction rate ( eR ) can be divided into two parts: interfacial free 

energy ( Rξ ) and the electrode reaction affinity ( Rη ). According to Eq.(20), Ma  is related 

to the gradient energy term, by which we can rewrite Eq.(21) as 

 0{exp[(1 )( )] exp[ ( )]}eR R x y x yα α= − − + − − +  (22) 

 to realize the separation, where *lnazFx c
RT

η
+= −  for Rη  and ln My a= for Rξ . When a 

negative electrical potential is applied to the system, making it far from equilibrium, the 

main driving force should come from Rη  which means R Rη ξ , yields x y . 

Performing Taylor expansion on Eq.(22), we finally have 

 0 0{exp[(1 ) ] exp( )} {(1 )exp[(1 ) ] exp( )}eR R x x R y x xα α α α α α= − − − − − − − + −  (23) 
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 Thus, we can separate Re into two parts with 

 0 {(1 )exp[(1 ) ] exp( )}R R y x xξ α α α α= − − − + −  (24) 

and  

 0{exp[(1 ) ] exp( )}R R x xη α α= − − − −  (25) 

 If we ignore the dependence of Rσ  on x , by defining an interfacial mobility Lξ  as 

0 {(1 )exp[(1 ) ] exp( )} / sL R y x x c RTξ α α α α= − − + −  and combining Eq.(20), we then 

have 

 2
0( ( ) )R L fξ ξ ξ κ ξ′= − − ∇  (26) 

Also, by substituting back *lnazFx c
RT

η
+= − and *1

0 0 /M tR k c aα α γ−
+= , Rη  is rewritten 

as 

 

*1 * *
0

*
0

/ {exp[(1 )( ln )] exp[ ( ln )]}

/ {exp[(1 )( )] exp[ ( )]}

a a
M t

a a
M t

zF zFR k c a c c
RT RT

zF zFk a c
RT RT

α α
η

α

η ηγ α α

η ηγ α α

−
+ + +

+

= − − − − − −

= − − − −
 (27) 

 As the Butler-Volmer kinetics in Rη  describe the reaction rate at the sharp interface, 

which is also the assumption of deriving the total free energy, we add an interpolating 

function 2 2( ) 30 (1 )h ξ ξ ξ′ = −  to limit the reaction position. Finally, we have the phase-

field variable ξ  evolving as 

 2 *
0( ( ) ) ( ){exp[(1 )( )] exp[ ( )]}a azF zFL f L h c

t RT RTξ η
ξ η ηξ κ ξ ξ α α+

∂ ′ ′= − − ∇ − − − −
∂

 (28) 
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where for simplicity, 0 /M tL k aα
η γ=  is set as a constant in this work. 

1.5.2 Previous models 

 Several theoretical models have also been developed to understand the Li dendrite 

growth mechanism in solid state electrolyte. The pioneer work was done by Monroe and 

Newman136,137 for a Li anode/polymer electrolyte half-cell system, they found that the Li 

dendrite can be stabilized when the shear modulus of the electrolyte is at least twice as that 

of Li metal. Following their work, Barai et al. employed a similar morphological domain 

for dendrite initiation138, and studied the external pressure, ionic conductivity, elastic 

properties, and solid electrolyte grain structure on the Li anode stability139–142. Ahmad et 

al. postulated a general criteria for the stability of electrodeposition at electrode-electrolyte 

interface (EEI) by considering the density change of Li metal143. All the models mentioned 

above are based on the solutions to Nernst-Planck equation in the electrode or electrolyte 

coupled with the electrochemical reactions. Atomic scale molecular dynamics (MD) 

simulation and first-principles calculations have also been employed to investigate the 

grain boundary softening effect144 and the electronic density of states at the SE surface145. 

However, the electrodeposition process will lead to electrode/electrolyte interface change 

such as morphology change. These simulations were not able to capture the real 

morphology of the Li metal dendrite, which could play an important role in determining 

the mechanical properties of Li metal. 

 Phase-field simulation has emerged as a versatile mesoscale computation approach 

to model the temporal and spatial microstructure evolution in various material systems. 

Unlike conventional mesoscale method, phase-filed method treats the interface between 

different phases as a diffuse interface, which is characterized by an order parameter that 
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varies continuously from one phase to another. Thus, the interfacial motion can be 

explicitly tracked by the evolution of the order parameter. Several phase-field models have 

been developed to simulate the Li dendrite growth and its morphology evolution. Early 

work related to the electrochemistry was done by Guyer et al.146,147, who studied the 

equilibrium and kinetics of the electrodeposition process in a 1D phase-filed model with a 

linearly kinetics. The first phase-field model coupled with a nonlinear kinetics was 

developed by Liang et al. 148, who introduced the Butler-Volmer kinetics to study the 

electrolyte/electrode interface motion and later extended to 2D model to simulate the 

needle-like Li dendrite growth in the battery149. Then Chen et al. formulated a 

thermodynamically consistent phase-field model to investigate the effects of the initial 

anode surface morphology, the applied voltages and the thermal effects on the dendrite 

patterns150,151. Yurkiv et al. also built a phase-field model that introduces mechanical 

properties of solid electrolyte to the existing electrodeposition system to find the 

correlation between Li dendrite growth and stress field by calculating the elastic152 and 

plastic strain153. Recently, Hong et al. developed a full thermally coupled electrodeposition 

model to study the self-heating effect that could either accelerate or decelerate the Li 

dendrite formation154,155.Tian et al.156 reported a multiscale model coupling Density 

Functional Theory (DFT) calculations with the phase-field method, which successfully 

explains the experimentally observed dendrite intergranular growth and revealed that the 

trapped electrons may produce isolated Li-metal nucleation. Liu et al.157 found that the 

difference in cation desolvation-induced exchange current is mainly responsible for the 

dramatically different dendritic Li plating and smooth magnesium (Mg) plating. 



29 
 

 The phase-field models above consider the pure liquid/solid electrolytes only, while 

for composite electrolyte system or anode modification system, it also has the capability to 

describe the unique properties of a third phase (nanofillers in composite electrolytes or 

materials for anode modification) by adding an extra order parameter. Li et al.158,159 

developed a phase-field model that describe the PPS (polyethyleneimine sponge) modified 

metal anode limits the dendrite growth by changing the concentration and current density 

profiles. Wan et al.160 established a composite electrolyte/electrode half-cell system which 

is based on PI (nanoporous polyimide) film together with PEO/LiTFSI (lithium 

bis(trifluoromethanesulfonyl)imide) interlayer, indicating the vertical channel enhance the 

ionic conductivity of the infused polymer electrolyte.  
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Chapter 2. Methods 

2.1 Electrochemical model 

2.1.1 Dendrite formation 

The simulation system is a standard half-cell system which contains three phases: 

the Li metal electrode and Li dendrite, the solid polymer electrolyte, and the nanofiller 

embedded in the solid electrolyte which is as illustrated in Figure 2-1. The solid electrolyte 

consists of the positively charged Li-ion (Li+) and the negatively charged anion (A-). 

Several assumptions are made to simplify the system, 1) the A- is set to be immobile so 

that the Li+ is the only mobile ion in the system, the A- is only to ensure the entire system 

neutrality. 2) a SEI layer is not explicitly incorporated in our model, although it is known 

to play a significant role during the electrodeposition161,162. 

 

Figure 2-1 Schematic illustration of the half-cell simulation system consisting of the Li metal anode and 
dendrite, the solid polymer electrolyte and the nanofiber additives, along with the Li+ cations, anions and 
electrons that are present in the electrolyte and on the surface of the Li metal anode 

 

 To indicate these three phases, we introduce two phase-field variables (ξ , ϕ )  , and 

each with its value ranging from 0 to 1 to describe the aforementioned phases. The phases 

are differentiate as the Li metal electrode (ξ =1, ϕ =0), the solid polymer electrolyte (ξ =0, 
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ϕ =0) and nanofillers ( ξ =0, ϕ =1), respectively. The order parameters ξ  and ϕ  vary 

continuously from 0 to 1 across the diffuse interfaces at the phase boundaries. Based on 

that, the total free energy (F) of this half-cell system can be expressed as,  

 [ ( , , ) ( , ) ( , ) ( , )]ch i grad elec i elasV
F f c f f c f dVξ φ ξ φ ϕ ξ= + ∇ ∇ + +∫ F  (29) 

where V is the total volume of the system, chf , gradf , elecf  and elasf  represent Helmholtz 

free energy density, the gradient energy density, the electrostatic energy density, and the 

elastic energy density, respectively. The first term chf , chemical free energy density is the 

summation of a local free energy density ( 0f ) and the energy of ion mixing ( ionf ). The 

energy of ion mixing can be represented as * *
ion 0 lni i

i
f c RT c c= ∑ in a diluted electrolyte 

where ic  (i = Li, Li+ and A-) denote the concentrations of the Li metal, cation and anion, 

*
ic  are the dimensionless concentrations ( *

0/i ic c c= ) and 0c is the standard bulk 

concentration ( 0c =1mol/L). The local free energy density includes two arbitrary double-

well function and a cross term, 2 2 2 2 2 2
0 ( , ) (1 ) (1 )

2
Af W Wξ φξ φ ξ ξ φ φ ξ φ= − + − +  which 

yields three minimum values corresponding to the three phases mentioned above. The 

energy coefficients (Wξ ,Wφ ) are set to be 0.25 which represent the barrier heightes of the 

double wells, the cross term is introduced to avoid Li dendrite growth inside the nanofillers 

by setting the coefficient A/2 as 1.5. The second term gradf  which takes the form of 

2 2( , ) ( ) ( )
2 2gradf ξ φκ κ

ξ φ ξ φ∇ ∇ = ∇ + ∇ , is the gradient energy density which accounts for the 

interfacial energy induced at the Li dendrite, solid electrolyte and nanofiller interfaces. The 
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anisotropy of interfacial energy at the dendrite/solid electrolyte interface which depends 

on the orientation of the interface will eventually leads to the Li dendritic morphology and 

can be modeled by expanding the gradient energy coefficient as 0[1 cos( )]ξκ κ δ ωθ= + , 

where δ and ω are the strength and mode of the anisotropy, θ is the angle between the 

normal vector of the dendrite/electrolyte interface and the reference axis. φκ  is the 

assumed gradient energy coefficient for the nanofillers which depends on their sizes and 

shapes. The third term in Eq.(29) is the electrostatic energy density that can be written as 

( , )elec i i if c z Fcϕ ρϕ ϕ= = ∑ , where ρ, zi and F denote the local charge density, charge 

number of the species ci and the Faraday’s constant, respectively. The last term elasf  is the 

elastic energy density induced by the solid phase deformation, i.e., the induced strain by 

the Li dendrite growth. The details of elastic energy density will be discussed in the Section 

2.3. 

 The evolution of the system is simulated by solving the non-linear Landau-

Ginzburg-Devonshire(LGD) equations for the two phase-field variables ξ  and φ . 

 

2

' * *

[ + ]

( , ) ( , )( ) exp exp

ch mech

Li Li

f fL
t

G r t G r tL h c c
RT RT

ξ ξ

η

ξ κ ξ
ξ ξ

α βξ +

∂ ∂∂
= − − ∇

∂ ∂ ∂

 ∆ ∆    − − −        

 (30) 

 2[ ]chfL
t φ φ
φ κ φ

φ
∂∂

= − − ∇
∂ ∂

 (31) 

where Lξ  and Lφ  are the mobility coefficients for ξ  and φ , Lη  is the reaction rate 

coefficient. The term after Lη  is the electrochemical driving force expressed by the Butler-
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Volmer equation in which 3 2( ) (6 15 10)h ξ ξ ξ ξ= − +  is an interpolating function to limit 

the driving force at the interface of electrode and electrolyte. ( , )G r t∆  is the 

thermodynamic driving force of the electrodeposition reaction, and defined as

( , ) ( , )aG r t zF r tη∆ = , where ( , )a r tη  is the overpotential of the reaction, i.e., the difference 

between the local electrical potential ϕ∆  and the standard equilibrium potential 0E

( 0( , )a r t Eη ϕ= ∆ − ). α and β in the second term in Eq. (30) are the charge transfer 

coefficients ( 1α β+ = ). 

For the charged species in the system, we consider A- to be immobile while 

electrons are always sufficiently provided at the anode surface. Therefore, the only mobile 

species of interest is Li+. Furthermore, the electrochemical reaction (Li++ e- ↔ Li) provides 

a source term for the generation/annihilation of Li+ ions. Therefore, the spatial and 

temporal evolution of cLi
+ is described using the Nernst-Planck equation,  

 
effLi

LiLi Li Li

c
D c c zF K

t t
ξµ ϕ+

+ + +

∂ ∂ = ∇ ⋅ ∇ + ∇ − ∂ ∂  (32)                                            

where the effective diffusivity is interpolated as 

( ( ) ( )) (1 ( ) ( ))eff m e
Li Li Li

D D h h D h hξ φ ξ φ+ + += + + − − . Here m
Li

D +  and e
Li

D +  are the diffusion 

coefficients of Li+ in the Li metal and the electrolyte, respectively. The first two terms on 

the right side of Eq. (32) are the classic mass diffusion and drift terms. The last term 

describes the accumulation/annihilation rate of Li+ due to the electrochemical reaction on 

the surface of the anode. It is proportional to the phase change rate (
t
ξ∂

∂
, solved in Eq. (30)) 

through the accumulation constant (K). 
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For the electric potential distribution, we assume that the total system always 

remains charge neutral, and solve the current continuity equation including a source term 

to describe the current flows. The source term is related to the electrochemical reaction and 

phase change rate, 

 ( )eff R
t
ξσ ϕ ∂

∇ ⋅ ∇ =
∂

 (33) 

where the effective conductivity is interpolated as ( ) (1 ( ))eff m eh hσ σ ξ σ ξ= + − , mσ  and 

eσ  represent the electronic conductivities in Li metal and the electrolyte. The source term 

on the right side of Eq. (33) is related to the electrochemical rate and the phase change rate 

( R
t
ξ∂

∂
), where R is the current constant. 

2.1.2 Dead Li formation model 

 For the electrochemical model of dead Li formation, it is based on the Li dendrite 

formation model, plus the introduction of a step function df  and a positive overpotential  

( , )a r tη  to mimic electro-stripping process. The evolution of the system is described by the 

following Landau-Ginzburg-Devonshire(LGD) equations, 

 

2

' * *

[ + ]

( , ) ( , )( ) exp exp

ch mech
d

d Li Li

f ff L
t

G r t G r tf L h c c
RT RT

ξ ξ

η

ξ κ ξ
ξ ξ

α βξ +

∂ ∂∂
= − − ∇

∂ ∂ ∂

 ∆ ∆    − − −        

 (34) 

where  df  is a step function is written as ( )
0.01d step

disch

f f ϕ
ϕ

=
−

 and its value changes 

from 1 to 0 when 
0.01disch

ϕ
ϕ −

 is less than 1. Here dischϕ  is the discharge voltage which is 
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a positive value in the dead Li formation process. df  = 1 denotes the active Li part which 

is still evolving while df  = 0 indicates the dead Li part which stops evolving.  

2.2 Heat transfer model 

 The local temperature evolution can be obtained by solving the energy balance 

equation151: 

  eff
p eff

TC T Q
t

ρ κ∂
= ∇ ∇ +

∂
 (35) 

where eff
pC , ρ , effκ  indicate the effective specific heat capacity, mass density and effective 

thermal conductivity, which are decided by the corresponding properties of electrode and 

electrolyte via the interpolating function ( )h ξ  in the same way as the diffusivity and 

conductivity above. The heat generation rate Q is mainly contributed by two parts: the 

Ohmic heating and overpotential heating when we assume the entropy change during the 

reaction is ignored, written as, 

 Ohmic opQ Q Q= +  (36) 

where the Ohmic heating can be given by 2( )eff
OhmicQ σ ϕ= ∇  and the overpotential heating 

is express as op s
qQ a
t

ϕ∂
=

∂
. Here sa  is the empirical factor to scale the difference between 

the simulated value and the experimental value due to the limitation of length scale which 

leads to the calculated current density is larger than the real one. The charge flow rate q
t

∂
∂

 

can be estimated by: 
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 s
m

q nFC
t t

ξ∂ ∂
=

∂ ∂
 (37) 

where F, s
mC , 

t
ξ∂

∂
 represent the Faraday’s constant, site density of the electrode (inverse 

of the molar volume) and the phase change rate.  

2.3 Solid mechanics model 

2.3.1 Purely elastic model 

 In the case of pure elastic effect, the elastic energy density ( elasf ) is written as 

1
2elas ijkl ij klf C ε ε= , where ( )

2(1 ) (1 )(1 2 )ijkl il jk ik jl ij kl
E EC

v
νδ δ δ δ δ δ

ν ν
= + +

+ + −
 is the 

anisotropic elastic stiffness tensor, and E, ν , ijδ  represent the elastic modulus of the entire 

system, the Poisson’s ratio and the Kronecker’s delta function. The elastic modulus E  is 

contributed by the Li metal ( mE ), the polymer electrolyte ( eE ) and the nanofiber ( fE ), 

i.e., ( ) ( ) ( ) ( )[1 ]{ [1 ] }m f eE h E h h E h Eξ ξ φ φ= + − + − , in which ( )h ξ  and ( )h φ  are the 

interpolating functions for the two phase-field variables that continuously change from 0 

to 1. The elastic strain tensor ( ijε ) is calculated by using the total strain ( total
ijε ) minus the 

local eigenstrain ( 0
ijε ), the latter of which is caused by the Li dendrite growth and thus can 

be expressed as 0
ij ij ijVε ξδ= , where ijV  is the Vegard strain coefficients obtained from DFT 

calculation in previous literatures163. The total strain total
ijε  is assumed to be 0 for simplicity 

as only one strain component needs to be calculated. To better visualize the strain evolution, 
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we use the hydrostatic strain ( he ) which is evaluated by averaging the normal strain 

component, i.e., 1 ( )
3h xx yy zze ε ε ε= + + . 

2.3.2 Elasto-plastic model 

To obtain the elastic energy density ( elasf ) in the total free energy of the system (Eq. 

(29)), the local strain distribution needs to be determined. Based on the continuum 

mechanics, the displacement of any point in a continum material can be represented as 

 =  - u x X , where u is a continuous displacement field, x is the position of that point at time 

t, and X is the position at t=0. Thus the total deformation gradient is defined as F(X,t) = 

∇𝑋𝑋x , where ∇𝑋𝑋 represents the gradient operator with respect to X. The total deformation 

gradient (F) can further be decomposed into the multiplication of three deformation 

gradients, i.e., 

 e inel inel 0 pF = F F ,    F = F F  (38) 

where eF  and inelF  represent the elastic and inelastic deformation gradients, the latter of 

which can be further decomposed into the deformation gradient ( 0F ) arising from the 

Vegard strain due to the local concentration inhomogeneity, and the plastic deformation 

gradient ( pF ). 

The local phase transformation strain ( 0
ijε ) caused by the Li dendrite formation 

(from Li-ion) and growth can be expressed as 0
ij ij ijVε ξδ= , where ijV  is the Vegard strain 

coefficients which can be obtained from previous literature163, ijδ  is the Kronecker’s delta 

function. Then 0F  can be written as 0
0F = I + ε  where I is the second-order identity tensor. 
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The mechanical equilibration of the system occurs at the speed of sound, and is 

much faster than the Li dendrite growth rate. Therefore, a mechanical equilibrium equation 

will be solved to estimate the hydrostatic and deviatoric stresses across the entire system, 

i.e.,  

 f 0V∇ ⋅ + =TP  (39) 

where P is the first Piola-Kirchhoff stress tensor, fV  is the volume forces and will be 

ignored in this work. P is related to the second Piola-Kirchhoff stress tensors (S) via

=P FS , where S is the second Piola-Kirchhoff stress tensor. It is related to the Cauchy 

stress (σ) as, 

 ;J    -1 -T e
inel inelS = F σF σ = C : ε  (40) 

where J is the Jacobian operator. It converts the infinitesimal element of the volume in the 

initial configuration into the corresponding fraction of the volume in the intermediate 

configuration, i.e., det( )J = F . C is the elastic constant tensor written as 

( )
2(1 ) (1 )(1 2 )ijkl il jk ik jl ij kl

E EC
v

νδ δ δ δ δ δ
ν ν

= + +
+ + −

 , where E, ν , ijδ  denote the elastic 

modulus of the entire system, the Poisson’s ratio, and the Kronecker’s delta function. E is 

dependent on the elastic modulus of the electrode ( mE ) and the electrolyte ( eE ), i.e., 

( ) (1 ( ))m eE E h E hξ ξ= + − . Finally, eε  is the elastic strain tensor and is written as 

e T
e e

1ε = (F F - I)
2

 where -1
e inelF = FF . 

According to the von Mises stress criterion, plastic deformation happens when the 

von Mises equivalent stress ( vσ ) exceeds the yield strength ( yσ ). The von Mises 
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equivalent stress is defined as (3 / 2)v ij ijσ τ τ= , where ijτ  is the deviatoric part of Cauchy 

stress ( ijσ ), i.e., ( ) / 3ij ij ij ijtrτ σ σ δ= − . The variation of the yield strength follows the 

isotropic strain hardening law (Eq. (41)) as, 

 
0

m
y y plHσ σ ε= +  (41)              

where 
0yσ  denotes the initial yield strength, H  is the hardening modulus, and m is the 

hardening exponent. The associated J2-flow rule is used to obtain the plastic stretch rate as 

in Eq. (42), 

 3
2

ijp p
ij eq

v

τ
ε ε

σ
∆ =  (42) 

Here p
ijε∆  denotes the incremental plastic strain obtained at each load step, p

eqε  is the 

equivalent plastic strain rate and can be calculated as 2
3

p p p
eq ij ijε ε ε= ∆ ∆ . Then the plastic 

deformation gradient is written as p
pF = I + ε . 

By solving Eq. (39), the total deformation gradient F can be obtained from 

∇F = I + u , where u is the displacement field. Once F is obtained, the other mechanical 

field variables, such as the first and second Piola-Kirchhoff stress tensors (P and S), and 

the elastic strain tensor ( eε ) can be defined as a function of F. Finally, the elastic energy 

density can be calculated from 1
2

e e
elas ijkl ij klf C ε ε= , in which e

ijε  is the component of the 

elastic strain tensor ( eε ). 



40 
 

2.4 Analytical calculation of Effective Li ion conductivity 

Several analytical formulations have been proposed to predict the overall effective 

conductivity of the composites, such as the Brick-Layer Model, the Maxwell Theory 

(MWT), and the McLachlan’s Generalized EMT (GEMT)164,165. Here we use the GEMT 

formulation extended from two-phase to three-phase by following the method developed 

by Nan and Smith166 to calculate the effective conductivity of  the nanocomposite 

electrolyte in section 5.3. We assumed that the Al2O3 nanofibers are cylindrical 

morphology. The effective conductivity (σ ) of a composite fiber, which is composed of 

the Al2O3 nanofiber itself and the conductive shell, can be calculated by the following 

approach, 

 = (1 )f sg gσ σ σ+ −    (43)                                     

where the volume fraction of the Al2O3 nanofiber in the composite fiber g  can be 

calculated as: 

 
( ) ( )

2

2 2
1

1
rg

r δ α
= =

+ +
  (44) 

Here r is the radius of the nanofiber, δ  is the thickness of the conductive shell, and 

/ rα δ=  is the ratio between the shell thickness and the nanofiber radius. Then the 

effective conductivity of the entire system can be written as, 

 = + 1M
eff

g g
g g

σ σ σ
   

−   
   


 

 (45) 
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in which g is the volume fraction of the Al2O3 nanofiber in the entire system, and /g g  is 

the volume fraction of the composite nanofiber in the entire system. Therefore, the effective 

conductivity curve as a function of the volume fraction (g) consists of two distinct regions. 

In the first region, the effective conductivity continues to increase with g. This is due to the 

increasing amount of the highly conductive shell. The turning point indicates that the 

electrolyte is saturated by the conductive shell and no polymer phase remains when g = g . 

After the threshold, the volume fraction of the conductive shell will not increase, while the 

volume fraction of the nanofibers continues to increase. Since the nanofiber has the lowest 

ionic conductivity among the three phases, it results in a decrease of the effective 

conductivity. For this region, the GEMT equation is written as: 

 
1/ 1/ 1/ 1/

1/ 1/ 1/ 1/

( ) ( )
(1 ) 0

( ) (1/ 1) ( ) (1/ 1)

f t t s t t
eff eff

f t t s t t
e eff e eff

g g
g g

σ σ σ σ
σ σ σ σ

− −
+ − =

+ − + −
 (46) 

The value of t in the Eq.(46) should be chosen to match the experimental results according 

to Dudney et. al167. Here we choose t = 0.625 to get a good consistency between analytical 

values and the COMSOL results. 

It is seen that the results obtained from numerical simulations and analytical 

calculations agree well with each other. Both methods show the maximum effective 

conductivity to be ~ 3.0×10-3 S/cm when the volume fraction of the Al2O3 nanofiber (Vf) 

is ~ 40%. This is almost an order of magnitude higher than pure poly(vinylidene fluoride-

co-hexafluoropropylene) (P(VDF-HFP)) electrolyte.  
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2.5 Model implementation 

2.5.1 Parameters used in the model 

We choose Li metal as the anode material in our system and employ the phase-field 

model to simulate a realistic Li+ + e− ↔ Li electrodeposition process in a half-cell system. 

The electrolyte may vary and will be specified in different chapters. The entire model is in 

two dimension (2D) and is solved by the finite element method on the platform of 

COMSOL Multiphysics 5.4. The total system size is 9l0×9l0 with an adaptive mesh size 

from 1.8×10-4 to 9×10-2 l0, defined by the COMSOL default extremely fine mode. The Li+ 

concentration (
Li

c + ) is normalized by dividing with the bulk concentration of Li+ (c0), i.e.,

*
0/

Li Li
c c c+ += , where 0c =1mol/L. Similarly, most parameters are normalized by the 

characteristic energy density E0, the characteristic length l0, the characteristic time step ∆t0, 

the characteristic strength S0=1GPa and their combinations. These characteristic values 

also vary in different chapters, e.g., E0 =1.5×106J/m3, l0=100µm, ∆t0=400s in chapter 3 

while in chapter 4 and 5, l0=10µm and 1µm, respectively, the E0 and ∆t0 will also be 

modified to keep the real values and normalized values consistent. The charge transfer 

coefficients are set to be 0.5α β= = . As only temperature solved by heat transfer model 

is coupled to the electrochemical model, the heat transfer model is solved in a separate 

COMSOL preset module with complete unit system, so the parameters related to the heat 

transfer model are not normalized. All parameters used in chapter 3, 4, 5 and their 

normalized method are listed in Table 2 unless specified.  
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Table 2 Parameters used in the phase-field model 

Parameters Symbol

s 

Real Values Symbols Normalized 

Values 

Refer

ences 

Interfacial 

mobility  

Lξ  5.6×10-6 

m3/(J×s) 

0 0= t )L L Eξ ξ × × ∆ （  3333 168,169 

Reaction constant Lη  1.39×10-6 

m3/(J×s) 

0 0t )L L Eη η= × × ∆ （  833.25 168,169 

Gradient energy 

coeff. 1 

0κ  1.5×10-4 J/m 2
0 0 0 0/( )E lκ κ= ×  0.01 168,169 

Li+ diffusivity in 

the electrode 

Dm 2.5×10-14 

m2/s 

2
0 0/ ( / t )m mD D l= ∆  10-3 168,169 

Li+ diffusivity in 

the electrolyte 

De 2.5×10-11 

m2/s 

2
0 0/( / t )e eD D l= ∆  1.0 170 

Electric 

conductivity in the 

electrode 

mσ  1.0×106 S/m 2 2
0 0

0

/( )
t

m m l c F
RT

σ σ=
∆


  

107 168,169 

Electric 

conductivity in the 

electrolyte 

eσ  1.0×10-1 

S/m 

2 2
0 0

0

/( )
t

e e l c F
RT

σ σ=
∆


  

1.0 77 

elastic modulus of 

the electrode 

mE  4.9GPa /1m mE E GPa=  4.9 136 
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Initial yield 

strength of the 

electrode 

0

m
yσ  0.4MPa 

0 0
/1m m

y y GPaσ σ=   4×10-4 171,172 

Initial yield 

strength of the 

polymer 

electrolyte 

0

e
yσ  0.77MPa 

0 0
/1e e

y y GPaσ σ=   7.7×10-4 168 

173, 174 

Partial molar 

volume of the 

electrode 

mV   1.3×10-5 

m3/mol 

3
0 /10m mV V c= ×  1.3×10-5 136 

Partial molar 

volume of polymer 

electrolyte 

eV  1.674×10-4 

m3/mol 

3
0 /10e eV V c= ×  1.674×10-4 136 

Lithium 

transference 

number 

Li
t +   0.3  0.3 136,137 

Strength 

coefficient of the 

electrode 

mH   1.9MPa /1m mH H GPa=   1.9×10-3 171, 172 

Strength 

coefficient of the 

electrolyte 

eH   3.5MPa /1Ge eH H Pa=  3.5×10-3 173,174 
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Hardening 

exponent of the 

electrode 

mm   0.4  0.4 171,172 

Hardening 

exponent of the 

polymer 

electrolyte 

em   0.4  0.4 173,174 

Poisson’s ratio ν 0.36  0.36 152 

Eigenvalues of the 

strain tensor 

1V  30.866 10−− ×   30.866 10−− ×  163 

 
2V  30.773 10−− ×   30.773 10−− ×  

3V  30.529 10−− ×   30.529 10−− ×  

Charge transfer 

coefficients 

α, β 0.5  0.5 168,169 

      

Accumulation 

constant 

K 1.8mol/L 
0/K K c=  1.8 168,169 

Strength of 

anisotropy 

δ 0.02  0.02 168,169 

Mode of 

anisotropy 

Ω 4.0  4.0 168,169 

Current constant R 1.5×105J/m3 
0/R R E=  0.1 168,169 
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Thermal 

conductivity of 

electrode 

mκ  85W/(m·K)   175 

Thermal 

conductivity of 

electrolyte 

eκ  0.2W/(m·K)   175 

Specific heat 

capacity of 

electrode 

,p mC  3.55J/(g·K)   176 

Specific heat 

capacity of 

electrolyte 

,p eC  2.5J/(g·K)   177,178 

Density of 

electrode 

mρ  0.534g/cm3   176 

Density of 

electrolyte 

eρ  0.95g/cm3   179 

Scaling factor sa  0.033   155 

Heat convection 

coefficient 

h 10W/(m2·K)   151 

Emissivity R∈  0.49   151 

Stefan-Boltzmann 

constant 

Rσ  5.67×10-8 

W/(m2·K4) 

  151 
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2.5.2 Boundary conditions 

For the electrochemical part, zero-flux boundary conditions are applied to the four 

boundaries for the order parameter ξ  . When solving the Li+ transport and the electrical 

potential distribution, Dirichlet boundary conditions are applied at the right side and 

left/right sides of the system, respectively, while zero-flux boundary conditions are used 

for the other sides. For the heat transfer part, the initial temperature is set as 300K. The 

convection and radiation boundary conditions151 are set at the let/right sides of the system, 

e.g. 4 4( ) (300 ) (300 )eff R RT n h T Tκ σ∇ = − + ∈ −  where n is the normal of the boundaries, h 

is the heat convection coefficient, R Rσ∈  are the emissivity and the Stefan-Boltzmann 

constant, while the upper and lower sides are heat insulation. For the mechanical part, 

periodic boundary conditions are applied to the top and bottom sides of the system, while 

fixed constraint boundary conditions are used for the other sides. The 2D approximation is 

made such that the out-of-plane strain vanishes180. All the boundary conditions above are 

shown schematically in Figure 2-2. 

 

Figure 2-2 Boundary conditions (B.C.) set for the three parts (a)electrochemical part (b) heat transfer part 
(c) solid mechanics part. (a) also shows the definition of dendrite length (L), width (W) and area ratio 
(A%). 
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2.6 Machine learning models 

2.6.1 SISSO model 

We select four key mechanical properties of the system, i.e., the elastic modulus of 

the metal electrode ( mE ) and the solid electrolyte ( eE ), and the initial yield strength of 

the metal electrode (
0

m
yσ ) and the electrolyte (

0

e
yσ ) as the primary features (or “fingerprints”) 

to identify the potential materials used for the metal anode and the solid electrolyte in the 

cell. On the other hand, we employ the vertical length of the dendrite structure ( L ) and the 

area ratio ( %A ) as the target properties in the machine learning approach.   

To obtain the correlations between the four primary features ( mE , eE ,
0

m
yσ ,

0

e
yσ ) and 

the two target properties ( L  , %A  ), a compressed-sensing method named Sure 

Independence Screening and Sparsifying Operator (SISSO) is used181. The SIS tackles the 

immense and correlated features, and the SO optimizes the solution from combinations of 

features. Before building the feature space, the initial yield strengths and elastic modulus 

are divided by 1MPa and 1GPa respectively to obtain dimensionless results and avoid small 

number, the target properties, L  and %A , are obtained by the dendrite length L and area 

ratio A% divided by L0 and A0%, respectively,  which are the calculated dendrite length and 

area ratio in the half-cell with PEO electrolyte and lithium metal electrode. To expand the 

feature space, we assume that the bottom-level feature space ( 0Φ  ) only contains the 

bottom-level fingerprints, i.e., the four primary features ( mE , eE , 
0

m
yσ , 

0

e
yσ ). Then the 1st 

order feature space ( 1Φ  ) will contain complex features ( jx  ) that are constructed by 

mathematical operations performed on the bottom-level primary features in 0Φ . We define 
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an operator ( mH ) that includes 10 basic mathematical operations, i.e., mH  ={+, -, ×, /, log, 

^-1, ^2, ^3,  , 3  , | - |}, in which the superscript (m) indicates that only meaningful 

combinations are considered by grouping the features with the same unit. Following a 

similar process, feature spaces of higher order ( 2Φ  , 3Φ  ) can also be built from the 

combinations of mH   and the features in the lower-level feature spaces. The number of 

features in 1Φ , 2Φ , 3Φ  are calculated to be 54, 3183 and 14360474, respectively. 

We use Root Mean Square Error (RMSE) as the metrics of this SISSO model, 

 2

1

1 ˆRMSE ( )
n

i i
i

y y
n =

= −∑  (47) 

in which n is the number of simulation dataset in the high-throughput database, iy  is the 

ith value obtained from the phase-field simulation, and ˆiy  is the ith predicted value from 

the machine learning model. ˆiy  is obtained from the summation of all the features ( jx ) in 

the entire feature space ( 0Φ ~ 3Φ ), weighted by their associated coefficients ( jθ ), i.e., 

1

ˆ
m

i j j
j

y xθ
=

= ∑ , which provides a quantitative prediction of the target properties. The 

regularizer or the sparsifying operator in this model is ‘L0’, which is written as, 

 0
0

1, 0j

m

j
j

L
θ

θ
= ≠

= ∑  (48) 

where jθ  is the jth coefficient and m is the number of coefficients. Both RMSE and L0 are 

minimized during the machine learning process to extract the best nD descriptors.  
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A total of 2337 phase-field simulation results from different combinations of the initial 

four features are performed to generate a high-throughput database. These datasets are split 

into the training and test dataset with the ratio of 8:2 after random shuffle. A total of 1870 

simulation results are used to train the SISSO model and obtain the corresponding 

analytical equations, while the remaining 467 simulation results are only used to test and 

evaluate the trained SISSO model. 

2.6.2 Deep Neural Network (DNN) model 

To benchmark the SISSO model, an additional Deep Neural Network (DNN) model 

is also implemented which belongs to supervised learning models. It needs the dataset 

which contains both the input and corresponding output. After random shuffle, the whole 

dataset is split into train set, validation set and test set which are 64%, 16% and 20% of the 

whole dataset, respectively. The DNN consists of 4 hidden dense layers with 64 neurons 

in each layer and the activation function is ReLu function182. So for each neuron, it can be 

expressed as 

 
1

max(0, )
n

j i i
i

h x bθ
=

= +∑  (49) 

where jh  means jth neuron, ix  , iθ   and b  represent the input from previous layer, its 

corresponding weight and bias, respectively, and n is the number of inputs from previous 

layer. The optimizer which is for the update of iθ  and b  is set to be RMSprop183 with a 

learning rate of 0.0005. A dropout layer184 of 10% rate is added after the 2nd hidden layer 

and L1_L2 regularization185,186, namely, elastic net is used at the output layer with l1=5×10-

4 and l2=2×10-3 . Both are the widely used methods to prevent neural networks from 



51 
 

overfitting. After training, the coefficient of determination, denoted R2, is used to evaluate 

the model by comparing the model prediction results and true values in the testing set. R2 

formula is as below: 

 

2
, ,

2

2
,

( )
1

( )

n

true i pred i
i

n

true i
i

y y
R

y y

−
= −

−

∑

∑
 (50) 

n is the size of test set, ,pred iy  and  ,true iy  are the model predicted value of ith sample in test 

set and its corresponding true value, y is the mean of test set. The value of R2 gets closer 

to 1 means the better prediction accuracy. 

 

2.7 Density functional theory calculations 

All calculations related to the Zn battery solvation energy in this study are 

performed by Vienna Ab Initio Simulation Package (VASP), which is a plane wave based 

density functional theory (DFT) code187–190. Projector Augmented Wave (PAW) approach 

is used to describe the electron-ion interaction, and Perdew-Burke-Ernzerhof (PBE) 

functional with Generalized Gradient Approximation (GGA)191 is used for exchange 

correlation. The size of the supercell is chosen to be 20Å×20Å×20Å, while the k-points 

sampling is set as (2×2×2) with an automatically generated mesh in the first Brillouin 

Zone192. A cutoff energy of 400eV is used for all the calculations and the energy 

convergence criterion for the structural optimization is 10-6eV. Van der Waals correction 

has been considered in all calculations. The solvation energy ( solE ) of the Zn2+ ion in 

aqueous electrolyte with/without the addition of THF is calculated as follows157: 
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 22 2/sol total H O THF H O Zn
E E E E ++= − −  (51) 

where totalE  is the total energy of the Zn2+ solvation structures configured with H2O and 

THF molecules. 
2 2/H O THF H OE +  and 2Zn

E +  are the energies of the H2O/ H2O+THF molecule 

clusters and the isolated Zn2+ ion, respectively. 
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Chapter 3. Electrodeposition behavior under different 

diffusion and reaction rates 

3.1 Dendrite growth in bare solid electrolyte 

 We start with a planar electrode with poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) as solid electrolyte as shown in Figure 3-1(a). In this 

section, the mechanical effect is not considered, and the system size is chosen to be 900 

µm ×900 µm with t0 equals to 50s. In the initial state, the electrode/electrolyte interface is 

flat (Figure 3-1 (a)). At 250s, the interface moves to towards the electrolyte, and small 

protrudes are seen (Figure 3-1 (b)). However, after 250s evolution, there is almost no 

growth in bulk while the small Li protrudes continue to grow into large dendrites as shown 

in Figure 3-1 (c). This is due to the uneven electrodeposition rate of Li ions at the surface, 

when a rough surface is generated, the irreversible dendrite growth will happen. From 

Figure 3-1 (d), it is clearly seen that the temperature of Li metal electrode can reach up to 

328K which is also close to the real values193. The Li-ion concentration gradient and 

electrostatic potential gradient at the Li metal/electrolyte interface as shown in Figure 3-1 

(e)(f) induce a large electrochemical driving force for the Li dendrite growth, based on the 

Butler-Volmer kinetics in Eq.(30). Comparing with the experimental results, the smooth 

Li anode surface is similar to that as shown in Figure 3-2(b)&(d), while the small protrude 

surface morphology looks like the dendritic morphology shown in Figure 3-2 (a)&(c). 



54 
 

 
Figure 3-1 Phase-field Simulation results starting from a planar electrode. (a-c) morphology evolution at 
(a)t=0 (b)t=5t0 (c)t=10t0 and the related (d) temperature distribution, (e)concentration profile and (f)potential 
distribution. Here t0 equals 50s. 

 



55 
 

 
Figure 3-2 SEM image of comparison between the (a)(c) Li dendrite morphology and (b)(d) smooth Li 
surface. (Figures provided through the courtesy of Prof. Yue Zhou from South Dakota State University) 

 

3.2 Effect of Li-ion diffusion barrier on the electrodeposition behaviors 

 To further understand the effects of Li-ion diffusion rate and electrodeposition rate 

on the Li dendrite growth, we first modify the diffusion rate by changing the diffusion 

barrier (Ed) at a fixed deposition rate (Ea=0.15eV). The relation between Li-ion diffusivity 

(D) and the diffusion barrier is expressed as 0 exp( )dED D
RT

= −  where the 0D  is the 

standard diffusion coefficient for 1M electrolyte. Based on this expression, Li-ion 

diffusivity is dependent on both the local temperature and the diffusion barrier, the latter 

of which varies among different types of solid electrolyte For simplicity, we vary Ed from 

0.05eV to 0.15eV155.  Figure 3-3 (a)-(c) illustrates the final morphologies of Li metal/solid 
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electrolytes after 500s evolution. It is seen that when the diffusion barrier increases from 

0.05eV to 0.15eV (corresponding to the decrease of Li-ion diffusivity), the 

electrode/electrolyte interface changes from a smooth surface to a rough surface with small 

protrudes of Li metal, and finally to a Li dendrite morphology. This indicates that a lower 

Li-ion diffusion rate is responsible for the Li dendrite growth. It has been previous reported 

that the fast Li ion transfer provides sufficient cations in all directions and creates a smooth 

surface194. Therefore, we further plotted the 1D Li-ion concentration profiles along the 

horizontal directions with different magnitudes of Ed’s. It is seen that when Ed =0.05eV 

and 0.10eV (black and blue curves), the Li-ion concentration decrease smoothly near the 

interface due to a relatively large Li-ion diffusivity, which promotes a smooth EEI due the 

Li deposition. On the contrary, when Ed = 0.15eV (red curve), a sharp Li-ion concentration 

gradient is seen at the EEI, causing Li dendrite formation and growth during the 

electrodeposition. Our simulation reveals that the Li-ion diffusivity could play a key role 

in determine the morphology of the EEI, which agrees with previous studies194.  

 

Figure 3-3 Dendrite growth under different diffusion barriers (a) 0.05eV (b) 0.10eV (c) 0.15eV and (d) 
corresponding concentration gradient along horizontal direction. 
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3.3 Effect of reaction barrier on the electrodeposition behaviors 

 To understand the effect of electrodeposition reaction rate on the Li dendrite growth, 

we fix the diffusion rate at Ed=0.15eV and  modifying the reaction rate. The reaction rate 

is related to the reaction energy barrier Ea as  0 exp( )aER R
RT

= − , where R0 is the standard 

reaction rate in 1M electrolyte. Here we chose Ea from 0.15eV to 0.25eV155.Figure 3-4 (a)-

(c) illustrates the final morphologies of Li metal/solid electrolytes after 500s evolution.  It 

is clearly seen that under lower reaction barrier (higher reaction rate), Li dendrites form 

and grow (Fig. 3-3 (a)). When the reaction barrier increases (reaction rate decreases), the 

Li dendrite is inhibited and eventually form a relatively smooth EEI. It is also seen that the 

difference in EEI morphology is almost negligible when Ea is greater than 0.20eV. To 

further understand this behavior, we compared the 1D reaction rate (R) along horizontal 

direction for all three cases. (Figure 3-4(d)). It is seen that the overall reaction rate of Ea = 

0.15eV is much higher than the other two, while the reaction rates under the reaction energy 

barriers of 0.20eV and 0.25eV are pretty close. It has been previous reported that a larger 

reaction barrier which corresponds to a lower intrinsic exchange current and reaction rate 

leads to a non-dendritic morphology. Thus our simulation results agree well with previous 

reports157. 

 In a brief summary, the dendrite may grow under a low diffusion rate or a high 

reaction rate. When the diffusion rate is low, there will be insufficient Li ions transported 

to the electrode surface. This causes Li ions to accumulate at the protrude of the surface as 

it has a relatively shorter transport pathway than the rest of the electrode surface. As a 

result, these protrudes preferably grow into a minor dendrite which further shorten the 

transport pathway in a self-accelerating way, and finally promote the Li dendrite growth. 
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The high reaction rate also plays a similar role as the low diffusion rate. High reaction rate 

makes the Li ion deposit to the electrode surface rapidly, which creates an area with 

insufficient Li ions near the surface. Then it will fall to the cycle of low diffusion rate 

described above.  

 

Figure 3-4 Dendrite growth under different reaction barrier (a) 0.15eV (b) 0.20eV (c) 0.25eV and (d) 
corresponding reaction rate along horizontal direction. 
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Chapter 4. Dendrite inhibition by mechanical effects 

4.1 Purely elastic strain effect on the Li dendrite growth 

We start with a bare solid electrolyte, poly(vinylidene fluoride-co-

hexafluoropropylene) (P(VDF-HFP)) whose elastic modulus is 5GPa,  in the absence of 

nanofiller additives. Here we focus on a single dendrite to avoid the interference among 

multiple Li dendrites, and to obtain a better understanding of how the mechanical 

properties of the solid electrolyte would have effects on the dendrite growth. Therefore, the 

system size is set as 90×90µm with t0=5s. The initial state of the system consists of a solid 

electrolyte phase of high Li+ concentration, with a small protrude of Li metal located at the 

Li anode/solid electrolyte interface representing the nucleation of a Li dendrite, where Li+ 

concentration is zero, as shown in Figure 4-1(a), (e). The electrical potential is fixed at the 

anode (φ =-0.35V) and the right end of the simulation size (φ =0.0V), and linearly increases 

in the system in the initial state (Figure 4-1(i)). In this and next models, the temperature is 

set to be uniform as 300K in the system. We choose elastic strain 
ijε = 0 inside the 

electrolyte as the reference state (Figure 4-1(m)). The initial Li+ concentration (
Li

c +
), 

electrical potential (φ) distribution, and hydrostatic elastic strain ( he ) are also shown in (e), 

(i) and (m), respectively, and they remain the same for all other simulations hereafter unless 

otherwise specified. During the charging process, the Li metal nucleate grows into a tree-

like morphology and the corresponding Li+ concentration and electrical potential are 

obtained by solving Eqs.(30)(32)(33), as shown in Figure 4-1 (a) ~ (p). This results in a 

large concentration gradient and an electric potential gradient in the vicinity of the Li 

metal/electrolyte interface, giving rise to a large overpotential that acts as the driving force 
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of Lithium dendrite growth. Meanwhile, the overpotential is also seen at the interfacial 

region due to the differences in the electrical conductivity of the Li metal and the electrolyte. 

Since the pure electrolyte is chosen as the reference state with zero strain, the penetration 

of Li dendrite into the electrolyte induces a local compressive strain (Figure 4-1 (m) ~ (p)). 

Furthermore, the surface tension is lower at the tip of the deposit based on

0[1 cos( )]ξκ κ δ ωθ= + , such that the deposit has a preference to grow at the dendrite tip. 

On the other hand, the Li+ concentration gradient at the tip becomes even higher, causing 

the whole deposit to grow in a dendrite morphology. The lithium dendrite growth begins 

when there is a positive lithium-ion concentration gradient. Our model is thus able to 

capture the Li dendrite morphology and growth kinetics, and yield results that are in 

agreement with previous literature168,169. 
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Figure 4-1 Phase-field Simulation of the evolution of Li dendrite structure (represented by the phase field 
variable ξ, (a) ~ (d)), the Li ion concentration c, (e) ~ (h), the electric potential distribution ϕ, (i) ~ (l) and 
the elastic strain eh, (m) ~ (p) at different time steps. (a), (e), (i), (m): t = 0; (b), (f), (j), (n): t = 3.3t0; (c), 
(g), (k),(o): t = 6.7 t0; (d), (h), (l), (p): t = 10 t0). Here t0 equals 5s. 

 

We then incorporate the mechanic interaction between the Li metal and the 

electrolyte by setting mE = 4.9 GPa, and modifying eE from 1.0 to 17.0 GPa to represent 

the different solid electrolyte materials. Figure 4-2(a)-(e) illustrate the Li dendrite 

morphology after same evolution time in solid electrolytes of different elastic moduli. It is 

seen that the electrolyte with smaller elastic modulus than the Li metal promotes the 
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dendrite growth (Figure 4-2(a), (b)), while those with larger elastic modulus than the Li 

metal inhibits the dendrite growth (Figure 4-2(d) and (e)). These results are in good 

agreement with well recognized argument that dendrite growth can be effectively suppressed 

when the elastic modulus of the SE is twice of that of Li metal136. To further understand it, 

we compare the mechanical driving force at the electrode-electrolyte interface for the Li 

dendrite growth, calculated as mechf
ξ

∂
−

∂
(Figure 4-2 (f) ~ (j)) and the sum of the remaining 

driving force 
( )ch grad elecf f f

ξ
∂ + +

−
∂

 (Figure 4-2 (k) ~ (o)). Here we only plot the 

mechanical driving force at the interface, which plays a dominant role in the Li dendrite 

evolution. Meanwhile the driving force inside the Li metal and the electrolyte remains 

constant and has less effect on Li dendrite growth. It is seen that the remaining driving 

forces at the dendrite tip remain positive in all cases, indicating that the electrochemical 

reaction as described by the Butler-Volmer kinetics favors the dendrite growth. On the 

other hand, the mechanical driving force at the interface ranges from -9.0 to 3.0 (10-3 J/m3), 

which is close to and partially offsets the remaining driving force. When eE  is smaller 

than mE , the mechanical driving force is positive (Figure 4-2(f), (g)), which favors the ξ  

evolution from 0.0 to 1.0, i.e., the Li dendrite growth in the electrolyte is further promoted. 

This driving force further increases when the difference ( mE - eE ) enlarges resulting in a 

larger dendrite size. When eE  is larger than mE , the mechanical driving force becomes 

negative (Figure 4-2(i), (j)), which favors the ξ  evolution from 1.0 to 0.0, i.e., the Li 

dendrite growth is inhibited. Our results imply that the relative magnitude of the elastic 
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modulus between the Li metal and electrolyte determines whether the dendrite growth is 

promoted or suppressed. 

 

 

Figure 4-2 Phase-field simulation results of Li dendrite growth in pure polymer electrolyte of various elastic 
modulus ranging from 1.0GPa to 17.0GPa. (a) ~ (e) the phase-field variable after 10t0 evolution; (f) ~ (j) the 
mechanical strain driving force at the electrode-electrolyte interface; (k) ~ (o) the sum of the remaining 
driving force from chemical bulk energy, electrostatic energy and gradient energy 

 

4.2 Elasto-plastic effect on the Li dendrite growth  

We start with the case when the Li dendrite grows inside the PEO polymer 

electrolyte. The elastic modulus of the electrolyte is set as 0.3GPa and the yield strength is 

set as 0.77MPa. Figure 4-3 shows the temporal evolutions of the Li dendrite morphology 

(ξ), lithium-ion concentration ( Li
c + ), electrical field component distribution ( xE ), local 

hydrostatic strain ( hε ), and equivalent plastic strain ( p
eqε ), respectively. First, a lithium 
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protrude is introduced at the center of the Li anode surface to mimic the surface roughness 

(Figure 4-3 (a)). Under an applied bias of -0.35V, the Li ions segregate in the vicinity of 

the protrude due to the local electric field enhancement, and are subsequently reduced to 

Li metal by the electrons in the electrode. This results in a progressive growth of the Li 

protrude into a dendrite morphology under inhomogeneous interfacial energy (Figure 

4-3(b)-(d)). Figure 4-3(e) illustrates the 1D temporal evolutions of the Li+ concentration 

( Li
c + ), and the electric field component ( xE ) along the direction as indicated by the arrows 

in 2D plots in Figure 4-3(e), respectively. The largest variations of Li
c +  and xE  are seen 

at the Li dendrite/electrolyte interface, causing large gradients of Li
c + and xE that lead to 

a large electrochemical driving force based on the Butler-Volmer kinetics (Eq.(30)), which 

eventually promotes the Li dendrite growth. The electric field ( xE ) variation along tip 

directions indicates that the maximum electric field at the tip region increases over time, 

which implies that the Li dendrite structure is a self-accelerating process, in agreement with 

previous reports195. The hydrostatic strain 11 22 33
1 ( )
3

e e e
hε ε ε ε= + +  and equivalent plastic 

strain p
eqε  are further plotted in Figure 4-3(f)-(g). The hydrostatic strain reaches the 

maximum value (~3.5×10-4) near the electrode-electrolyte interface, while that in the 

interior region of Li metal is around 3×10-5. It is noteworthy that there also exists a 

substantial hydrostatic strain in the electrolyte region near the bevel edge of dendrite, and 

the size of this region increases with the dendrite growth. The equivalent plastic strain 

mainly exists inside the lithium metal. Its magnitude of the highest value at some point is 

almost an order of magnitude higher than the hydrostatic strain, indicating a significant 

plastic deformation in the Li metal due to its low initial yield strength. 
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Figure 4-3 Phase-field simulation results of Li dendrite growth in PEO. (a)-(d) the temporal evolution of 
dendrite morphology from 0s to 10t0, (e) Evolutions of Li-ion concentration ( Li

c + ) (lower) and the electrical 
field component (Ez) (upper) along the arrow segment indicated in the inset figures, (f) equivalent plastic 

( p
eqε ) and (g) hydrostatic strain ( hε ) evolution with time along the arrow segment indicated in the inset 

figures. Here t0 equals 5s. 
 

 

4.2.1 Effect of elastic modulus of solid electrolyte on the dendrite growth 

To further understand the mechanical properties of the solid electrolyte on the Li 

anode stability, we simulate the Li dendrite growth behavior in solid electrolyte with 
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various elastic modulus (
eE ) that ranges from 5.0 to 50GPa. While the yield strength of 

the solid electrolyte (
0

e
yσ ) usually increases with increasing

eE , here we assume that 
0

e
yσ  

is fixed to be 7.7MPa in all cases to better understand the elastic effect of the electrolyte. 

The elastic modulus (
mE ) and the yield strength (

0

m
yσ ) of the Li metal electrode are chosen 

to be 5GPa and 0.4MPa, respectively. Figure 4-4 (a)-(d) illustrate the final morphology of 

the Li dendrites after evolving for 50s in solid electrolyte of different elastic moduli (
eE ). 

It is clearly seen that when 
eE  increases, the dendrite growth is inhibited in the horizontal 

direction (along z). This trend agrees well with our previous work and the well-recognized 

theory136,196. To further understand this effect, we compare the elastic driving force at the 

electrode-electrolyte interface, calculated as elasf
ξ

−∂
∂

(Figure 4-4(e)-(h)), with the sum of 

the remaining driving force 
( )ch grad elecf f f

ξ
−∂ + +

∂
. The sum of the remaining driving force 

is found to be positive along the Li/electrolyte interface, indicating that the electrochemical 

reaction as described by the Butler−Volmer kinetics favors the Li dendrite growth. 

Furthermore, the remaining driving forces are almost constant (~6×10-2J/m3) in all cases, 

due to the fact that the gradients of the Li+ concentration and the electrical potential that 

determine the Butler−Volmer kinetics are less dependent on the elastic modulus of the 

electrolyte. In contrast, the elastic driving force at the interface varies from -3 to -12 (10-3 

J/m3) when 
eE changes from 5.0 to 50GPa. Since a negative elastic driving force favors 

the ξ  evolution from 1.0 to 0.0, i.e., the Li dendrite growth is inhibited, thus a more 

negative elastic driving force due to a larger elastic modulus of the electrolyte can better 
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offset the positive remaining driving force, and finally lead to a better Li dendrite inhibition 

effect. The von Mises stress distributions (Figure 4-4(i)-(l)) indicate that the plastic 

yielding could occur based on the overall level of deviatoric stress ijτ . It is seen that larger 

deviatoric stress (light blue region) is mainly distributed at the tips of the dendrite, and in 

the spacings between neighboring Li dendrite branches. The magnitude of the von Mises 

stress increases with increasing 
eE . 

 

Figure 4-4 Dendrite morphology (a)-(d), the corresponding elastic driving force (e)-(h) and the von Mises 
stress distribution (i)-(l) from the phase-field simulation results after 50s evolution in solid electrolytes of 
different elastic moduli (Ee). The elastic moduli of the electrolyte are (a)5GPa; (b) 20GPa; (c) 35GPa; (d) 
50GPa. The yield strength of the electrolyte (

0

e
yσ ) is fixed to be 7.7MPa. 
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4.2.2 Effect of yield strength of solid electrolyte on the dendrite growth 

We further study the effect of yield strength of the solid electrolyte (
0

e
yσ ) on the Li 

dendrite growth. Here the magnitude of 
0

e
yσ  is selected to be from 0.77 to 77MPa, while 

the elastic modulus of the electrolyte is fixed to be 35GPa. The elastic modulus and the 

yield strength of the metal electrode are chosen to be the same as in section 4.2. Figure 4-5 

(a)-(c) illustrates the final morphology of Li dendrite after 50s evolution. It is seen that the 

Li dendrite growth is effectively inhibited when 
0

e
yσ  increases from 0.77MPa to 7.7MPa 

(Figure 4-5(a)-(b)). This is because of the decrease of the elastic driving force at the 

electrode-electrolyte interface, which inhibits the Li dendrite growth (Figure 4-5(d)-(e)). 

However, when 
0

e
yσ  further increases from 7.7MPa to 77MPa, the vertical length of the 

dendrite remains almost the same (Figure 4-5 (b)-(c)), indicating that the inhibition effect 

is less significant when 
0

e
yσ  is above 7.7MPa (Figure 4-5 (e)-(f)). To further understand 

this trend, we compare the distributions of the von Mises stress ( vσ ) under different 
0

e
yσ

s (Figure 4-5(g)-(i)). The maximum deviatoric stress is found to be inside the electrolyte 

and close to the electrode-electrolyte interface. Furthermore, the maximum deviatoric 

stress does not exceed the yield strength of the electrolyte. When 
0

e
yσ  increases from 

0.77MPa to 7.7MPa, the maximum vσ also increases accordingly, which acts as the major 

inhibition factor to the Li dendrite growth. However, when vσ  reaches its maximum value 

under given 
eE  (~10 MPa for 

eE =35GPa in this case), further increase of 
0

e
yσ  (from 

7.7MPa to 77MPa) can no longer enhance the deviatoric stress to further inhibit the Li 

dendrite growth (Figure 4-5(i)). This is further illustrated in a schematic stress-strain curve 
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of the solid electrolyte with different
0

e
yσ ’s (Figure 4-5(j)). Under a smaller

0

e
yσ (case 1), 

the maximum deviatoric stress ( 1
vσ ) with a given deformation strain is mainly limited by 

the initial yield strength of the electrolyte (
0

e
yσ ). In this case, the increase of 

0

e
yσ  (from 

case 1 to 2) gives rise to a larger deviatoric stress ( 2
vσ ) to effectively suppress the Li 

dendrite growth. However, when 
0

e
yσ  exceeds the maximum limit of the deviatoric stress 

that could be induced under given elastic modulus, further increase of 
0

e
yσ (case 2 to 3) 

could no longer enhance 2
vσ , and is less effective in the Li dendrite suppression. In this case, 

the Li dendrite can only be inhibited by further increasing the elastic modulus of the solid 

electrolyte (case 4 ~ 6 in Figure 4-5(k)). Therefore, effective inhibition of the Li dendrite 

growth requires both a large elastic modulus that is able to induce large deviatoric stress, 

and a corresponding yield strength that allows the deviatoric stress to reach its maximum 

value. 
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Figure 4-5 Dendrite morphology(a)-(c), elastic driving force (d)-(f) and corresponding von Mises stress 
distribution (g)-(i) from the phase-field modeling after 500s evolution in the polymer electrolyte of different 
yield strength (

0

e
yσ ): (a) 0.77MPa; (b) 7.7MPa; (c) 77MPa. The elastic modulus of electrolyte ( eE ) is fixed 

at 35GPa. (j)-(k) Schematic diagram of the von Mise stress change when the yield strength increases at fixed 
elastic modulus (j), and when the elastic modulus increases at fixed yield strength (k), based on the 
assumption of fixed induced strain. 

 

4.2.3 Effect of yield strength of metal electrode on the dendrite growth 

As the yield strength of Li metal may vary by several orders of magnitude (10-1 

~101MPa) which is dependent on the creep behavior, stretch rate and size effect15–18, here 

we continue to investigate the effect of the yield strength of metal electrode (
0

m
yσ ) on the 

metal dendrite growth. Figure 4-6 (a)-(c) illustrates the final morphology of the metal 

dendrite after 50s evolutions when 
0

m
yσ  varies from 0.4 to 40MPa. The elastic modulus of 

the Li metal electrode and the solid electrolyte, and the yield strength of the electrolyte are 

set to be 5GPa, 35GPa, and 0.77MPa, respectively. From Figure 4-6(a)-(c), it is seen that 
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the Li dendrite growth is better inhibited when 
0

m
yσ  increases, similar to the inhibition 

effect by the solid electrolyte (Figure 4-5(a)-(c)). However, the major difference is that 

here both the horizontal (along z) and vertical (along x) growth of the dendrite structure are 

inhibited when 
0

m
yσ  increases, while in Figure 4-5(a)-(c) only the vertical growth of the 

dendrite structure is suppressed, and its lateral growth is slightly promoted when 0
e
yσ  

increases. The elastic driving forces ( /elasf ξ−∂ ∂ ) under different
0

m
yσ ’s are further 

compared in Figure 4-6(d)-(f). It is seen that their values are almost the same along the 

electrode-electrolyte interface for all cases. However, from the von Mises stress 

distribution as shown in Figure 4-6(g)-(i), the high deviatoric stress is mainly seen inside 

the metal electrode, which increases with increasing 
0

m
yσ . This is significantly different 

from the deviatoric stress distribution and magnitude under different
0

e
yσ ’s, in which 

maximum deviatoric stress are seen inside the electrolyte and along the electrode-

electrolyte interface (Figure 4-5(g)-(i)). Therefore, the deviatoric stress might be 

responsible for the inhibition of Li dendrite growth. Our simulation results are different 

from previous studies by Barai et. al. 140 as shown in Figure 4-7. In their work, the effective 

suppression of the dendritic protrusion occurs when the lithium electrode undergoes plastic 

deformation, and the polymer electrolyte is only elastically deformed. However, based on 

out simulation results, the Li dendrite can be better inhibited when both lithium electrode 

and polymer electrolyte are in the elastic deformation region. This is because a high Li 

metal yield strength enables the electrode to endure higher stress induced by the mechanical 

suppression. It is noteworthy that here we only show one scenario of the effect of 
0

m
yσ  on 
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the metal dendrite growth (
mE =5GPa,

eE =35GPa, 
0

e
yσ =0.77MPa). In fact, under 

different combinations of the 
mE ,

eE , and
0

e
yσ , the trend of the Li dendrite growth with 

increasing 
0

m
yσ  may not be monotonous, which makes the overall trend more complicated 

as shown in Figure 4-8. Therefore, a more comprehensive analysis of the effect of yield 

strength of the metal electrode is needed. 

 

Figure 4-6 Dendrite morphology(a)-(c), the corresponding elastic driving force(d)-(f) and the von Mises 
stress distribution (g)-(i) from the phase-field model after 50s evolution under the Li metal of different initial 
yield strength. The initial yield strengths of metal are as indicated in the first row of figure which are: 0.4MPa 
(a)(d)(g); 4MPa (b)(e)(h) and 40MPa (c)(f)(i). The elastic modulus of the electrolyte is 35GPa. 
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Figure 4-7 Ratio of current at the peak over that at the valley plotted with respect to the shear modulus of the 
electrolyte phase. Increasing yield strength of the electrolyte phase helps to stabilize the deposition of lithium. 
The applied current is 75% of the limiting current for that particular system. The overall curve can be divided 
into three different zones: a) Low electrolyte modulus, where only elastic deformation of lithium and 
electrolyte occurs. b) medium electrolyte modulus, where elastic deformation of the electrolyte is 
accompanied with plastic deformation of lithium metal. c) High shear modulus of the electrolyte, where 
elastic-plastic deformation of both lithium and electrolyte occurs140. 
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Figure 4-8 Different trends of the effect from metal’s yield strength under the electrolyte with different 
mechanical properties. 
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4.3 High-throughput phase-field simulations 

To investigate the overall trend of the inhibitory effect from the three mechanical 

properties (
0

m
yσ ,

0

e
yσ and eE ), we perform the high-throughput phase-field simulations by 

varying the magnitudes of the above three mechanical properties, and calculating the 

corresponding dendrite length (L) and the area ratio (A%). Here L measures the growth rate 

of the Li dendrite. It is directly obtained from the simulated dendrite morphology. A% 

illustrates the side growth of the dendrite, which is calculated from the dendrite area (A) 

divided by the product of dendrite length (L) and width (W), i.e., A% = A/(W×L), as 

illustrated in Figure 2-2 (a). Thus, a low value of A% indicates the limited side growth 

under the similar dendrite main growth (L) along the vertical direction. The ranges of 
0

m
yσ ,

0

e
yσ and eE  are chosen to be 0.4-20MPa, 1-45MPa and 0.3-50GPa, respectively, which 

include most of the polymer electrolytes, and cover the variation of 
0

m
yσ  caused by the 

creep, stretch rate, and size effect. The high-throughput calculation results are shown in 

Figure 4-9 (a) and (b). From Figure 4-9 (a), it is seen that the Li dendrite lengths after 500s 

evolution vary from 170μm to 447μm. As a general trend, under a combination of higher 

0

e
yσ  and higher eE , the Li dendrite length is minimized among all-range of 

0

m
yσ . In contrast, 

increasing the 
0

m
yσ  only helps to mitigate the dendrite growth at a higher eE  but lower

0

e
yσ . 

On the other hand, the plot of area ratio (A%) (Figure 4-9(b)) indicates that the combination 

of higher 
0

e
yσ  and eE also contributes to the inhibition of the dendrite side growth, while 

the influence of 
0

m
yσ  is not obvious compared to the other two parameters. 
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To clearly identify the trends from the 3D database, the 2D maps of the dendrite 

length and area ratios are plotted as a function of any two out of the three parameters. 

Figure 4-9(c) shows the Li dendrite length as a function of eE  and 
0

e
yσ  at a fixed 

0

m
yσ   of 

0.4MPa. A region of low dendrite length is clearly seen at the upper-right corner of  Figure 

4-9(c) (a red circle), which corresponds to certain solid electrolyte of higher elastic 

modulus and yield strength. In contrast, at a fixed eE = 20GPa (Figure 4-9(d)) or a fixed

0

e
yσ  = 2MPa(Figure 4-9(e)), the region corresponding to the lowest dendrite length in the 

2D maps is scattered. The trend in the area ratio (Figure 4-9(f-h)) is also similar to the 

dendrite length, i.e., increasing eE  and 
0

e
yσ  help inhibit the dendrite side growth. Based 

on our simulation results, the solid electrolyte with both higher eE  and 
0

e
yσ  is most 

effective in the dendrite inhibition and thus could potentially increase the life cycles of the 

cells under similar testing conditions. This agrees with a recent report on the trend of the 

cycle life of various solid-electrolyte battery systems77, in which different solid electrolytes, 

such as PEO 136, lithium sulfide (Li2S–P2S5–MSx)197, and thin film LiPON198 with 

increasing elastic moduli from 0.3GPa to 77GPa, also exhibit increasing life cycles from 

400 to 10,000, which are generally considered to be due to a stable Li plating/stripping 

during the charge/discharge cycling. However, if only the condition of higher eE  is met, 

tuning the yield strength of the metal (
0

m
yσ ) can also help reduce the dendrite growth. Our 

simulation results agree with previous literature that mechanically stiff solid-state 

electrolyte (high eE &
0

e
yσ ) are more effective in preventing the dendrite propagation136. 

Meanwhile, the initial yield strength of Li metal is related its creep behavior, which plays 

a critical role in the mechanical suppression of dendrite growth. On the one hand, when 
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eE  is high, the induced mechanical stack stress can suppress void formation in the metal 

through beneficial creep199–202 . On the other hand, the detrimental creep will, in extreme 

cases, cause the lithium extrusion around the electrolyte and eventually cause short 

circuit203. The complexity in the creep behavior of Li metal may be the reason for different 

trends of the inhibitory effects of Li dendrite from the yield strength of metal electrodes. 
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Figure 4-9 High-throughput phase-field simulation results. (a) the length and (b) the area ratio of the dendrite 
growth by parameterizing the three mechanical properties, i.e., the initial yield strength of metal (

0

m
yσ ) and 

electrolyte (
0

e
yσ ) and elastic modulus of electrolyte ( eE ). 2D mapped dendrite length (c)-(e) and area ratio 
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(f)-(h) as cross sections of the 3D results by fixing one of the three properties ((c)&(f) 
0

m
yσ  is fixed at 0.4MPa, 

(d)&(g) eE at 20GPa, (e)&(h) 
0

e
yσ at 2MPa). The elastic modulus of lithium metal is set to be 5GPa. 

 

4.4 Machine learning models 

Based on the high-throughput calculation results, we develop a machine-learning 

model to explore the correlation between the mechanical properties (elastic moduli and 

initial yield strength) and the dendrite morphology (length and area ratio). In addition to 

the three parameters (
0

m
yσ ,

0

e
yσ , eE ) from the high-throughput simulations, elastic modulus 

of the metal electrode ( mE ) is also included, so that the model can also provide some 

guidance to other battery systems. It is noteworthy that the dendrite length and area ratio 

are dependent on many factors, such as the initial protuberant morphology, interfacial 

roughness, internal temperature in the cell, as well as the external conditions such as the 

magnitude and duration of the applied voltage, current density, etc168. Here we develop a 

machine learning model not to quantitatively predict the dendrite morphology, but to 

elucidate the relative importance of the mechanical properties of the electrode and 

electrolyte in the dendrite growth behavior. A recently developed Sure Independence 

Screening and Sparsity Operator (SISSO)181 machine learning approach is employed to 

train the database and predict the dendrite length as well as area ratio. SISSO not only allow 

us to screen the combinations of input parameters with physical meanings to build the huge 

feature space using the sure independence screening (SIS) but also filter out the correlated 

features with sparsity operator (SO). The root mean squared error (RMSE) is used as the 

metrics to construct the features in descriptors. After training the datasets, we choose the 
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3D-descriptor as the predictive expression of relative dendrite length ( L ) with RMSE = 

0.163 and relative area ratio ( %A ) with RMSE = 0.109, as shown in Eqs.(52)(53). 
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where eE , mE are the reduced values of eE , mE , which are normalized by 1GPa, while 

0

e
yσ , 

0

m
yσ  represent the reduced values of 

0

e
yσ , 

0

m
yσ , which are normalized by 1MPa, L  

and %A  are obtained via dividing L and A% by L0 and A0%, the latter of which are 

calculated from the phase-field simulation using PEO solid electrolyte and Li metal 

electrode. 

When the elastic modulus of the metal is fixed ( mE =5GPa), the first term on the 

right-hand side of Eq.(52) indicates that when eE  or 
0

m
yσ  increases, the dendrite length 

will decrease (due to a negative coefficient of -0.00125), and eE  plays a more critical role 

than 
0

m
yσ  since 

0

m
yσ  is in the logarithm. The second term in Eq.(52) reveals that electrolyte 

with a higher 
0

e
yσ  (combined with a higher eE , as log eE  needs to be greater than log

0

e
yσ ) 

can also inhibit the dendrite. When 
0

e
yσ  is much smaller than 1MPa, it will promote the 

dendrite growth. The second term also explains that when 
0

e
yσ  is small, increasing 

0

m
yσ  

(such that log
0

m
yσ  becomes greater than log mE ) will also result in a smaller dendrite length 
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L. From Eq.(53), the area ratio (A%) is highly dependent on eE . With a relatively higher 

eE , the decrease of 
0

e
yσ  and 

0

m
yσ  tend to further reduce A%. The second term in Eq.(53) 

has limited effect on A% due to its much smaller coefficient (8.4×10-5) compared to the 

first term in Eq.(53).  

The dependence of dendrite morphology on the elastic modulus of the metal 

electrode ( mE ) is complicated. From the first term in Eq.(52), with a lower 
0

m
yσ (e.g., 

smaller than 1MPa), the increase of mE will increase the dendrite length. However, this 

reduction may be offset if the initial yield strength of the metal (
0

m
yσ ) is high so that log

0

m
yσ  becomes positive. From Eq.(52), the side growth (area ratio) has less correlation with 

mE , as mE  is only included in the second term of Eq.(53) with a much smaller coefficient 

(8.4×10-5). It is noteworthy that the current model assumes the same Li metal 

electrochemical reaction kinetics while tuning the elastic modulus of the metal electrode. 

Therefore the results obtained from this machine learning model can only qualitatively 

predict the trend of dendrite growth for other metal electrode battery systems. 

Finally, we compare the values of the dendrite length and area ratio in the test datasets 

(not used for training the machine learning model), which are predicted from the machine 

learning (ML) model and calculated from the phase-field modeling (PFM). These results 

are plotted in Figure 4-10(a), (c). It is seen that these datasets are clustered near a straight 

line, where the phase-field-calculated and machine-learning-predicted values are equal to 

each other. This indicates the machine learning model merits a good prediction to the 

dendrite morphology. The percentage of the prediction errors are plotted in Figure 4-10(b) 

and (d), which reveal that most prediction errors are in the range of ± 20%.  
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Figure 4-10 Comparisons of predicted values from SISSO model and true values from phase-field simulation 
for (a) dendrite length and (c) area ratio. Corresponding percentages of prediction error for (b) dendrite length 
and (d) area ratio. 

 

The DNN model results are as shown in Figure 4-11. It shows that both prediction 

errors are also in the range of ± 15% which is slightly better than SISSO results. The 

prediction accuracies between DNN model and SISSO model are not very different. From 

the coefficient of determination, R2, for dendrite length, R2 equals 0.57 and 0.38 as of DNN 

model and SISSO model, while for area ratio, R2 equals 0.84 and 0.80 as of DNN model 

and SISSO model, respectively, which are acceptable. However, the DNN model cannot 

output analytical equations, such as Eqs.(52)(53) from the SISSO model. With acceptable 
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sacrifice of prediction accuracy, SISSO model is able to generate the direct connections 

between mechanical properties and dendrite growth which is easy to analyze. 

 

Figure 4-11 Comparisons of predicted values from DNN model and true values from phase-field simulation 
for (a) dendrite length and (c) area ratio. Corresponding percentages of prediction error for (b) dendrite length 
and (d) area ratio. 
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Chapter 5. Dendrite inhibition by nanofillers 

5.1 Li dendrite growth in solid composite electrolyte embedded with nanofibers 

 We continue to study the effect of Al2O3 nanofiber embedded in the PVDF-HFP 

polymer electrolyte on the Li dendrite growth, as the modulus of Al2O3 is much higher than 

both the Li metal and the matrix electrolyte. A smaller system size is used, as 9×9µm 

together with t0=0.5s. The temperature of entire system is set to be 300K. Several 

assumptions are made for the simulations. First, all the nanofibers are assumed to be 

parallel to each other, and uniformly distributed in the polymer electrolyte. It has recently 

been reported that such an alignment could enhance the Li+ conductivity204. Second, the 

nanofibers do not contact with the metal electrode, i.e., there is a narrow spacing between 

the anode and front of the nanofibers, which allows the nucleus to initially grow freely near 

the electrode/electrode interface before reaching the front of the nanofibers. Third, only 

purely elastic effect is considered in this system. For simplicity, we fixed the positions of 

the nanofibers in the polymer matrix, i.e., φ  is not evolving. The elastic moduli of the 

Al2O3 nanofiber and the polymer electrolyte are set to be 300GPa and 4.9GPa, and the 

diffusion coefficient and initial concentration of Li+ in the nanofibers are 2.5×10-15 m2/s 

and 0.0 mol/L, respectively. Figure 5-1 illustrates the morphology of the Li dendrite with 

different diameters and volume fractions of the oxide nanofiber. It is seen that Li deposits 

are confined in the electrolyte between the adjacent nanofibers, due to much larger elastic 

modulus of the nanofibers. These nanofiber arrays lead to Li+ transport along horizontal 

direction rather than other random directions, as compared to Figure 4-1 (a)~(c). As a result, 

the Li deposits are isolated and could not accumulate into large dendrite. It is believed that 

inhomogeneous Li stripping/platting is the major reason for Li dendrite growth in solid 
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electrolytes36,205,206. Therefore, the introduction of Al2O3 nanofiber of higher elastic 

modulus could effectively suppress the dendrite growth. 

 

Figure 5-1 Simulation results of Li dendrite morphology in polymer electrolyte embedded with well aligned 
nanofiber of different sizes (d) and volume fractions (Vf). (a): d = 0.4μm, Vf = 40%; (b): d = 0.2μm, Vf = 
40%; (c): d = 0.1μm, Vf = 40%; (d): d = 0.6μm, Vf = 20%; (e): d = 0.2μm, Vf = 20%; (f): d = 0.1μm, Vf = 
20%. 

 

Figure 5-2 Li dendrite size in Al2O3 nanofiber embedded polymer electrolyte of different volume fractions 
(10% ~ 40%) and diameters (0.05 ~ 0.5 μm) of the Al2O3 nanofiber. 
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The dependences of the dendrite size on the nanofiber volume fractions (Vf = 10% 

~ 40%) and diameters (d = 0.05 ~ 0.5μm) are illustrated in Figure 5-2. It is seen that the 

dendrite size decreases with increasing nanofiber density, the latter of which can be 

controlled by either increasing Vf or decreasing d such that there exist more nanofibers in 

the system. This implies that the size of the electrolyte channel between adjacent nanofibers 

could be a key factor for dendrite growth. To validate this, we generate a single channel of 

electrolyte, aside with two nanofibers, while the Li dendrite is only allowed to grow in this 

narrow channel (Figure 5-3(a)). We set eE to be 4.9GPa, and will revisit it later. When the 

channel width (w) decreases, the width of the dendrite structure (m) decreases accordingly, 

as dendrites are prohibited in the nanofiber region. Meanwhile the length (l) of the dendrite 

structure remains almost constant initially, and significantly decrease when w reaches ~ 

0.1 μm (Figure 5-3 (a) ~ (c)). To understand this effect, we compared the evolutions of the 

Li+ concentration (
Li

c +
) along the horizontal directions (z) with different nano-channel 

widths (w), as shown in Figure 5-3 (d) ~ (f). When w = 6.0μm, 
Li

c +
 is equal to its bulk limit 

(1.0 mol/L) in the electrolyte, and reduces to 0.0 mol/L in the Li metal (Figure 5-3(d)). The 

location where 
Li

c +
 decreases captures dendrite/electrolyte interface, which moves along z 

with evolving time. The large 
Li

c +
concentration gradient indicates slow motion of Li+, 

causing Li dendrite to grow further toward the bulk electrolyte where Li ions are sufficient.  

When w = 0.5μm, the 
Li

c +
in the electrolyte decreases to 0.9 mol/L (Figure 5-3(e)). This 

slightly reduces the Li+ concentration gradient at the Li/electrolyte interface, as well as the 

length of the Li dendrite (Figure 5-3(b)). When w = 0.1μm, 
Li

c +
 in the electrolyte continue 

to decrease with evolving time, while 
Li

c +
increase to 0.1mol/L at the Li metal surface. This 
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results in a reduced Li+ concentration gradient across the Li metal/electrolyte interface, 

implying a fast Li+ transport in the system. This is probably because the narrower channel 

blocks the Li+ transport in the vertical directions, i.e, Li+ can only move along horizontal 

(z) direction. The fast Li+ transport thus reduces the Li+ concentration gradient at the 

interface, and inhibits the Li dendrite growth. It has been recently reported that smoothen 

the Li+ concentration gradients near the electrode surface could mitigate the Li dendrite 

growth194,207. Our simulation results indicate that the Li+ transport in the solid electrolyte 

governs in the Li dendrite growth, which agrees with literature208. It is reported that the 

metal deposits morphology is controlled by the confined channels as demonstrated in 

Figure 5-4. 
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Figure 5-3 Li dendrite morphology (a)~(c) after 10s evolution, and the 1D evolution of the Li+ concentration 
along z direction (d) ~ (f) in the nanochannels confined by two parallel Al2O3 nanofibers electrolyte of 
different channel widths: (a, d) 6μm (b, e) 0.5μm and (c, f) 0.1μm. Here t0 equals 0.5s 
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Figure 5-4 SEM images of silver morphology as deposited between Pt and Ag electrodes and confined 
PEO-AgClO4 channels, after a galvanostatic step with current density of −0.2 mA/cm2.208 

 

5.2 Combined effects of nanochannel size and elastic modulus of the electrolyte  

on the Li dendrite growth 

In previous section, we assumed the elastic modulus of the electrolyte ( eE ) is 

4.9GPa. Here we further discuss the combined effect of the elastic modulus and the nano-

channel size of the electrolyte on the Li dendrite growth. We chose three different elastic 

moduli (1.0, 5.0 and 16GPa) representing three types of solid electrolyte of different 

hardness, as well as three typical channel sizes of the electrolyte (0.2, 0.5 and 1.0 μm). This 

results in a total of 9 combinations, as shown in Figure 5-5. The modulus of the Li metal 

and the Al2O3 nanofiber are chosen to be the same as those in previous simulations. By 

comparing along the three columns, it is clearly seen that at given channel size, higher 
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elastic modulus yields a slower dendrite growth, which agrees with our previous results in 

Section 5.1. On the other hand, by comparing along the three rows, it is also found that at 

given elastic modulus of the electrolyte, larger channel size results in a faster dendrite 

growth. The variation of the dendrite length at eE = 5GPa (Figure 5-5 (d) ~ (f)) seems to 

be more obvious. This is better visualized by the dependence of the dendrite length on the 

channel size for different eE ’s (Figure 5-5 (j)), in which l changes from 2.0 to 3.5 μm at 

eE  =5GPa (red line). This is because for eE  =16GPa, the mechanical inhibit effect is 

strong enough that the channel width effect is less appreciable (blue line). When eE  =1.0 

GPa (soft electrolyte, black line), the effect of the channel width becomes smaller since Li 

dendrite can grow fast enough. The variation of the dendrite length (∆l) with decreasing 

channel width as a function of electrolyte elastic modulus (Figure 5-5 (k)) shows that the 

maximum ∆l appears at eE = 5GPa. 
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Figure 5-5 Dependence of dendrite growth within channels of different widths (0.2, 0.5 and 1.0 μm) for 
electrolyte of different magnitude of elastic modulus: (a) ~ (c) Ee = 1GPa, (d) ~ (f) Ee = 5GPa, (g) ~ (i) Ee = 
16GPa; (j) Variation of Li dendrite length after 5s growth with different electrolyte channel widths and elastic 
modulus; (k) Dendrite length change when the channel decreases from 1.0μm to 0.2μm for different Ee 's. 

 

5.3 Effective Li ion conductivity in solid composite electrolyte 

The addition of nanofiller in the polymer electrolyte can not only inhibit the 

dendrite growth but can also modify the Li+ conductivity compared to pure polymer 

electrolyte. This is due to the formation of an amorphous layer surrounding the nanofillers, 

which lowers the degree of crystallization of the polymer film209. The overall effective 

conductivity of the system can thus be calculated from the volume fraction of the nanofiller 

additives, the amorphous interface layer, and the polymer matrix, and their relative ionic 

conductivities. To do that, we further developed a numerical model to simulate the local 

distribution of the ionic current densities (J) and calculate the effective Li+ conductivity in 
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Al2O3 embedded P(VDF-HFP) nanocomposite electrolyte. The relative ionic 

conductivities of the polymer matrix ( Mσ ), the conductive amorphous shell ( sσ ), and the 

insulating nanofiller ( fσ  ) are chosen to be 3.98×10-4 S/cm, 5.63×10-3 S/cm, and 10-8 

S/cm based on literature210. To obtain the local current density distribution, a voltage of 

1.0V is applied to the bottom electrode while the top electrode is grounded. Figure 5-6(a) 

shows three distinct regions of local ionic current densities. The overall effective Li+ 

conductivities is then calculated as /eff totalJ Eσ = , where total i
i

J J= ∑  is the total current 

density and E is the applied electric field. From Figure 5-6(b),  effσ  initially increases with 

Vf, due to the increasing amount of the highly conductive shell, and then decreases with Vf, 

due to nanofiber with lowest conductivity occupying the majority of the system. The 

turning point indicates that the electrolyte is saturated by the conductive shell and no 

polymer phase remains. Based on our simulation, the maximum effective conductivity is ~ 

3.0×10-3 S/cm with 40% Al2O3 nanofiber. For comparison, we also calculated effσ using 

the McLachlan’s Generalized Effective Medium Theory (GEMT)164–166. Both the 

numerical simulations (black line) and the analytical calculations (red line) yield similar 

trends for the effective conductivity on Vf. The maximum effσ and the corresponding Vf 

agree in both methods. There is a discontinuity of the analytical curve at Vf = 0.4, and a 

moderate deviation between the two curves when Vf > 0.4. This is because two different 

equations are used for Vf < 0.4 and Vf > 0.4 in the analytical calculations (see Section 2.4 

for details). Finally, we synthesized the alumina nanofiber embedded P(VDF-HFP) solid 

composite electrolyte, measured its Li ion conductivity and compared with that of bare 

P(VDF-HFP) electrolyte at a variety of temperatures. The results are shown in Figure 5-7. 
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Clearly the Li ion conductivity is enhanced by several times after introducing the Al2O3 

nanofiber at all temperatures. Our results imply that the volume fraction of the nanofiber 

embedded in the solid composite electrolyte should be well controlled to inhibit the Li 

dendrite growth, without sacrificing the overall effective Li+ conductivity of the composite 

electrolyte. 

 

 
Figure 5-6 (a) Numerical simulation of the local distribution of the ionic current density (b) Comparison of 
the effective conductivity obtained from numerical simulation and GEMT analytical calculation (inset: 2D 
schematic diagram of a 3D nanofiber system consisting of the nanofiller, amorphous layer, and the polymer 
matrix) 
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Figure 5-7 Measured ionic conductivity of pure P(VDF-HFP) electrolyte and P(VDF-HFP)/ Al2O3 
nanofiber nanocomposite electrolyte. 
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Chapter 6. Simulations of dead Li formation 

6.1 Formation of the dead Li during the discharge process 

 During the charging process, Li ions are reduced to Li atoms under a negative bias 

and deposited onto the Li metal anode. Inhomogeneous Li ion deposition form Li dendrite 

structure. During the discharging process, these Li atoms will be oxidized into Li ions 

under a positive bias, and stripped away from the Li metal. A critical problem during the 

discharging process is the formation of deal Li, in which Li dendrite is disconnected from 

the Li metal, and is no longer able to participate in the subsequent charge/discharge process 

in the absence of electrons provided from the Li anode. This causes significant reduction 

of batter capacity due to loss of active materials. Therefore, understanding the mechanism 

of dead Li formation is key to the stability and performance of Li metal batteries. In this 

chapter, we systematically explore the underlying mechanism of dead Li formation, and 

how it is dependent on the initial Li dendrite morphology and the external conditions (such 

as discharge current, voltages and temperature). 

To study the formation of dead Li, a dendritic Li metal morphology is first 

generated. Here we start with a planar electrode with some random noise to mimic the 

surface roughness, as shown in Figure 6-1(a), and simulate the Li ion deposition under a 

negative overpotential. It is seen that initially the Li ions deposit homogeneously onto the 

planar electrode, until some small protrudes are formed on the flat surface (Figure 

6-1(b)&(c)), and finally grow into dendritic morphology (Figure 6-1(d)). Here we separate 

the entire Li metal electrode into two parts: the dense Li part and the dendritic part. Figure 

6-1(i) clearly shows that at the beginning, the Li ions are entirely reduced to the dense Li 

metal, and its amount increases quickly with time (blue curve in Figure 6-1(i)). After ~500s, 
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the Li dendrite appears and its amount increases rapidly (red curve in Figure 6-1(i)). Finally, 

almost all the Li ions are reduced and form Li dendrite. 

 Next, we choose the Li dendrite structure after 2000s as the initial structure as 

shown in Figure 6-1(e), and apply a positive voltage of 0.15V at the anode to study the Li 

stripping process. During this process, the dendritic part of Li metal is not completely 

converted into Li ions and several pieces of dead Li form, which are shown as the green 

parts in Figure 6-1(f) and (g). Combining the morphology evolution in Figure 6-1(e)-(h) 

and the Li amount consumption curve in Figure 6-1(j), it is clearly seen that in the initial 

stage, the dendritic Li is consumed at a high rate due to the relatively large contact area 

with the surrounding electrolyte, which leads to a large slope in the curve. At ~200s, some 

parts of the Li dendrite are disconnected from the planar electrode and form dead Li (Figure 

6-1(f)&(g)). When the dendritic Li is fully consumed or becomes the dead Li, the dense Li 

acts as main role of discharging and the consumption rate decreases. Figure 6-2 also shows 

the corresponding Li ion concentration and the potential distribution during the discharge 

process. It is seen that in the initial stage of discharging as shown in Figure 6-2(a), all the 

Li metals are active Li, the Li ions are generated at the tip of dendritic structure due to the 

large potential drop, which causes the relatively high Li ion concentration near the tip 

(Figure 6-2(d)). The potential inside the Li metal remains at around 0.15V. After the first 

piece of dead Li is formed (Figure 6-2(b)), the potential inside the dead Li reduces to 

around 0.11V, which is close to the electric potential in the electrolyte surrounding the 

dead Li (Figure 6-2(h)). As a result, local Li ion concentration near the dead Li is reduced 

(Figure 6-2(e)), indicating that dead Li can no longer be oxidized into Li ion. Similar 

phenomenon can also be observed after the new dead Li is formed (Figure 6-2(c)).  
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Figure 6-1 Phase-field simulation results of (a)-(c) dendrite growth on a planar electrode and (e)-(h) the 
discharge process with showing the dead Li formation (green area). (i) the growth curves of total Li , dendritic 
Li and dense Li amounts in which the dense Li and dendritic Li are as separated in (d). (j) the consumption 
curves of total Li, dead Li and active Li amounts. Here t0 equals 100s. 
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Figure 6-2 Phase-field simulation results of (a)-(c) the discharge process with showing the dead Li formation 
(green area) (d)-(f) corresponding Li ion concentrations (g)-(i) corresponding potential distribution(red 
arrows indicate the relative value and direction of the electric field). (a)(d)(g) t=83s, (b)(e)(h) t=225s, 
(c)(f)(i)=420s. Here t0 equals 100s 

 

 

6.2 Effects of the initial Li amount and discharge voltage on dead Li formation 

Here we continue to study the effects of the initial Li amount (ILA) and the 

discharge voltages on the dead Li formation. ILA is related to the state of charge (SOC). 

By using the Li dendrite structure at different stages during the charging process as the 

initial structure for the discharging simulation, it is easy to control the initial Li amount. 
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Lower part in Figure 6-3(a) shows the dependence of capacity loss on the discharge 

voltages with different initial Li amounts. The capacity loss is calculated from the dead Li 

amount divided by the initial Li amount. It is clearly seen that the initial Li amount affects 

the capacity loss significantly. For the high initial Li amount of 29.5 (in reduce unit), the 

capacity loss can reach up to 20% which is unacceptable. With the decrease of initial Li 

amount, the capacity loss also decreases and becomes close to 0 when the initial Li amount 

reduces to 16. Figure 6-3(b) (upper part) clearly shows that the dead Li amount is almost 

linearly proportional to the dendritic Li amount for different discharge voltages, which 

means that the initial amount of Li dendrites is the main reason of dead Li formation. The 

conversion rate of Li dendrite into dead Li also increases with the initial dendritic Li 

amount, and eventually reaches ~30% when the initial Li dendrites are at a considerable 

amount (>16). This agrees with previous experimental reports211 that a high SOC cycle 

(corresponding to a large initial Li amount in our simulation) will lead to a large capacity 

loss.  

 Another factor that will affect the dead Li formation is the discharge voltage. Here 

we modify the discharge voltages from 0.16V-0.25V under different initial Li amounts. 

From Figure 6-3(a) (lower part), it is seen that the effect of discharge voltage is not as 

obvious as the initial Li amount. To better demonstrate its effect, Figure 6-3(a) upper one 

shows the relative dead Li amount by using the dead Li amount divided by maximum value 

of the dead Li amount under the specific initial Li amount. It is revealed that decreasing 

the discharge voltage can also lead to the decrease of dead Li amount. The effect of 

decreasing the discharge voltage also depends on the different initial Li amount, e.g. for 

high initial Li amount, decreasing the voltage from 0.2V to 0.16V can lead to about 20% 
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decrease of dead Li while for the low initial Li amount, it can eliminate the dead Li. 

Therefore, the effect of discharge voltage is more significant under a low initial Li amount. 

Figure 6-3(b) also shows a low dead Li amount and low conversion rate at the lower 

discharge voltage. In this case, to avoid the formation of dead Li, a low discharge voltage 

should be kept during discharging. However, the discharge voltage is related to the output 

power of the battery which is also critical. So, the output power and the formation of dead 

Li should be balanced by utilizing a proper discharge voltage. 

 

Figure 6-3 (a) (upper) dead Li relative amount and (lower) the capacity loss under different initial Li amounts 
and different discharge voltages. (b) (upper) the dead Li amount and (lower) the convert rate of dendritic Li 
to dead Li under different discharge voltages and dendritic Li amounts. 
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Chapter 7. Zn battery solvation energy 

7.1 Introduction 

     Zinc is a promising anode material because of its high theoretical capacity (5855 

mAh mL-1 and 820 mAh g-1) and low redox potential (-0.76 V versus the standard hydrogen 

electrode, SHE)212–215. Moreover, zinc’s compatibility with non-flammable aqueous 

electrolytes makes zinc batteries safe, environmentally friendly, and cost-effective216,217. 

Therefore, aqueous zinc batteries (AZBs) are considered as an alternative to lithium-ion 

batteries in large-scale energy storage. However, AZBs suffer from electrode corrosion, 

poor Coulombic efficiency (CE), and dendrite growth during cycling, resulting in limited 

cycle life218,219. These challenges stem from the interaction between Zn metal and the 

aqueous electrolytes, which causes the decomposition of water to generate H2 and produce 

an inactive by-product Zn(OH)4
2- on the Zn-metal surface220,221.  

Herein, for the first time, a common organic compound of THF was introduced into 

the 2M ZnSO4 electrolyte. The THF was selected as the representative of cyclic ether in 

our study because of its small molecular size and one oxygen atom as a proton acceptor 

within the molecule, which moderately disrupts the water network. THF can form a 

hydrogen bond with H2O to decrease the water activity, thus optimizing the solvation 

structure of the Zn hydration layer to suppress the decomposition of water and the 

generation of by-products. Therefore, the Zn metal anode shows an improved 

electrochemical behavior in 2M ZnSO4 electrolyte with a small amount of THF (5% by 

volume). 
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7.2 Results and Discussion 

DFT simulations are performed to study the Zn2+ solvation energy in the aqueous 

electrolytes. For the 2M ZnSO4 electrolyte, Zn2+ is considered to coordinate with six H2O 

molecules (Zn[H2O]6
2+) based on previous references222,223. After adding the THF to the 

electrolyte, five H2O molecules and one THF molecule are configured with Zn2+ 

(Zn[H2O]5[THF]2+) to calculate the optimized solvation structure and energy. The 

optimized solvation structures of Zn2+ in two different electrolytes mentioned above are 

shown in Figure 7-1 (a)(b), respectively. First, the total energy ( totalE ) of Zn[H2O]6
2+ and 

Zn[H2O]5[THF]2+ solvation structures are calculated. Then, 
2H OE  and 

2THF H OE +  are 

calculated by removing the Zn2+ ion from the two solvation structures. Meanwhile, the 

energy of a single Zn2+ ion ( 2Zn
E + ) is also calculated separately. Finally, the solvation 

energy ( solE ) is calculated as the difference between totalE , 
2 2/H O THF H OE +  and 2Zn

E +

(Eq.(51)). These results are summarized in Table 3. It is found that the solvation energy of 

Zn[H2O]6
2+ is calculated to be -13.496eV, which agrees with the values in previous 

literature222,224. On the other hand, the solvation energy of Zn[H2O]5[THF]2+ is -14.827eV, 

which is 1.331eV lower than that of Zn[H2O]6
2+, indicating that Zn[H2O]5[THF]2+ is a more 

stable solvation structure. Although more bonds are formed between Zn2+ ion and O atoms 

in Zn[H2O]6
2+ than in Zn[H2O]5[THF]2+, the average bond length in Zn[H2O]6

2+ (2.06Å 

based on our DFT calculations) is longer than that in Zn[H2O]5[THF]2+ (1.98Å), and based 

on the structures of six H2O / five H2O + one THF molecules in Figure 7-2, more hydrogen 

bonds breaks in the process of forming Zn[H2O]6
2+ than Zn[H2O]5[THF]2+. Both of these 

contribute to a lower solvation energy in Zn[H2O]5[THF]2+.  
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Figure 7-1 The optimized solvation structures of (a) Zn[H2O]6

2+ and (b) Zn[H2O]5[THF]2+. 

 

Table 3 The total energy of the two solvation structures ( totalE ), the energy of the H2O/H2O+THF molecule 

clusters (
2 2/H O THF H OE + ), and the energy of the isolated Zn2+ ion ( 2Zn

E + ). The corresponding solvation 

energies ( solE ) for the two solvation structure are calculated based on Eq.(51), and listed in the third column. 

Species Energy 
solE  

2Zn
E +  +24.292eV  

2H OE  -87.738eV 

-13.496eV 
2

2 6( [ ] )total Zn H O
E +  -76.942eV 

2THF H OE +  -145.246eV 

-14.827eV 
2

2 5( [ ] [ ] )total Zn H O THF
E +  -135.781eV 
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Figure 7-2 The optimized structures of (a) six H2O molecules and (b) five H2O and one THF molecules. 
Among them, it is seen that 7 hydron bonds formed in (a) and 10 hydron bonds formed in (b). 
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Chapter 8. Conclusions and Future Work 

8.1 Conclusions 

In conclusion, we develop a phase-field model coupled with heat transfer module, 

solid mechanics module and the nanofibers to study the electrodeposition process in solid 

state lithium battery system. Our simulation well captures the morphology of Li dendrite 

which agrees with experimental characterizations. The competition between diffusion rate 

and reaction rate is first explored. It is shown that a lower diffusion rate or a higher reaction 

rate will induce the Li dendrite on a smooth electrode as they both create an insufficient 

Li-ion area near the electrode. Then, the effect of the elastic and plastic mechanical 

properties of the Li metal and the solid electrolyte on Li dendrite growth are systematically 

investigated. It is revealed that electrolytes with high elastic modulus and initial yield 

strength can effectively inhibit the Li dendrite growth. This is because the high initial yield 

strength could help the electrolytes to endure higher deviatoric stresses that are induced by 

the higher elastic modulus, which eventually suppress the Li dendrite growth. Furthermore, 

increasing the initial yield strength of metal electrode could also lead to the dendrite 

inhibition in solid electrolytes of higher elastic modulus and lower initial yield strength. 

Also, high-throughput phase-field simulations are performed to explore the dependence of 

the Li dendrite morphology on the aforementioned mechanical properties of both the 

electrode and the electrolyte, and a machine learning model based on these high-throughput 

datasets yield interpretable analytical correlations between the materials properties and the 

dendrite morphology. This work thus provides a fundamental understanding of the 

mechanical inhibition effect on the dendrite growth in solid state batteries, and can 
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potentially guide the selection and design of electrode and electrolyte materials for better 

suppression of dendrite growth. 

The introduction of 1D nanofiber arrays in the polymer electrolyte limit the Li+ 

transport in random directions, thus favoring the fast Li+ transport along horizontal 

direction and suppress the Li dendrite growth. This is due to the reduced Li+ concentration 

in the electrolyte and improved Li+ concentration at the metal surface, which decrease the 

Li+ concentration gradient across the metal/electrolyte interface. The effect of nanochannel 

size on the Li dendrite growth has been recently observed experimentally, which further 

verify our simulation results. It is noteworthy that introducing the oxide nanofiber can also 

enhance the overall Li+ conductivity in the composite electrolyte. To realize this the volume 

fraction of the nanofiber needs to be well controlled. We hope our work will incentive both 

theoretical and experimental studies on the effect of solid composite electrolyte on Li 

dendrite growth in the future. 

Finally, the dead Li formation in the discharge process is also simulated by applying 

a positive overpotential. The dead Li is highly dependent on the dendritic part of Li metal 

electrode while the low discharge voltage can also inhibit the formation of dead Li. The 

discharge voltage should also be controlled to balance the output power and dead Li 

formation.  

8.2 Future works 

 Solid electrolyte interface (SEI) layer plays an important role in the Li battery 

which involves the prevention of further electrolyte decomposition and the conduction of 

Li ions. In the charging process, the dendrite growth will lead to the rupture of the SEI 

layer which leads to the loss of active materials and the increase of internal resistance. In 
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the discharging process, dead Li is also formed due to the SEI layer completely covers the 

Li metal fragment. Therefore, the SEI layer should be considered during both processes. 

By introducing an extra order parameter, the SEI layer can be simulated and set as a layer 

evolving with the Li anode. Its thickness will also change with the surface curvature. With 

the introduction of SEI layer, the effects of its complicated properties (mechanical property, 

diffusivity)  in the Li battery can be first explored. The aging of the Li battery can also be 

studied for the active material being consumed by the dead Li and SEI layer.  
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