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ABSTRACT OF THE DISSERTATION 

 

Rational Materials Design Enabling High Energy Density Lithium-Ion Batteries 

 

by 

 

Wenyue Shi 

Doctor of Philosophy in Chemical Engineering  

University of California, Los Angeles, 2020  

Professor Yunfeng Lu, Co-Chair 

Professor Vasilios Manousiouthakis, Co-Chair 

 

The aggravated environmental issues and limited resources call for renewable 

substitutions for fossil energy. In order to enable the wide use of renewable energy resources 

such as wind power and solar power, energy storage devices and materials have to be developed 

accordingly. Among all the energy storage candidates, rechargeable batteries, especially lithium-

ion batteries (LIBs) show great potential. The high energy and power density of LIBs benefitted 

from the light-weight of lithium metal is a great advantage over other energy storage devices 

such as lead-acid batteries. They are also relatively environmental-friendly as a result. LIBs have 

long cycling life, with little memory effect. The properties of LIBs including physical features 

and energy storage characteristics are adjustable and flexible with different designs and use of 

materials, endowing them with broad applications from portable consumer electronics to electric 

vehicles to grid-scale energy storage. 
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Anode as one major component of LIBs, has been a research focus for years. In light of 

the strong need for LIBs with higher energy density, silicon anode materials and lithium metal 

anode have been especially popular because of their ultrahigh specific capacity that significantly 

boosts the energy density of the according cells. Given their favorable advantages, they have 

major drawbacks that decisively hinder their applications in the market. Silicon materials, 

decided by its alloying lithiation mechanism, have almost 300% volume expansion upon full 

lithiation, which can cause serious fractures on the electrode and eventual failure. On the other 

hand, despite the high capacity and low lithiation potential of Li metal, Li dendrite growth is a 

severe problem that directly leads to a cell failure and even unwanted safety concerns.  

 In this dissertation, low-cost and durable silicon anode materials are developed. To 

overcome the major problems of Si anode materials, a covalently-bonded nanocomposite of 

silicon and poly(vinyl alcohol) (Si-PVA) by high-energy ball-milling of a mixture of micron-

sized Si and PVA is designed.  The obtained Si nanoparticles are wrapped by resilient PVA 

coatings that covalently bonds to the Si particles.  In such nanostructure, the soft PVA coatings 

can accommodate the volume change of the Si particles during repeated lithiation and 

delithiation.  Simultaneously, as formed covalent bonds enhance the mechanical strength of the 

coatings.  Due to the significantly improved structural stability, the Si‒PVA composite delivers a 

lifespan of 100 cycles with a high capacity of 1526 mAh g‒1.  In addition, a high initial 

Coulombic efficiency over 88% and an average value of 99.2% in subsequent cycles can be 

achieved.  This reactive ball milling strategy provide a low-cost and scalable route to fabricate 

high performance anode materials. 

To take a further step, an electrolyte membrane is designed and developed to enable the 

use of Li metal anode. .  Inspired by ion channels in biology systems, we constructed lithium-ion 
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channels by chemically modifying the nanoporous channels of metal-organic frameworks 

(MOFs) with negatively charged sulfonate groups. Analogous to the biological ion channels, 

such negatively charged moieties repel anions while allowing effective transport of cations 

through the pore channels. Implementing such MOFs as an electrolyte membrane dramatically 

improves the lithium-ion transference number, enhances the rate capability and durability of the 

batteries. With the MOF membrane, Li dendrite growth is much suppressed, leading to an 

improved Coulombic efficiency and a prolonged cycle life.   
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Chapter 1: Introduction 

1.1 Background  

In spite of the emergence of modern society and the aggressive development of human 

technologies, today in the year of 2020, after over 200 years from the first Industrial Revolution 

and humans started to use coals extensively, and also over 200 years from the first real battery 

was invented, our daily commute is still mostly dependent on simple combustion reactions that 

consumes the non-renewable fossil energy decayed for hundreds and millions of years – fuels.  

Sustainability is hardly the biggest problem for fuels. As Figure 1.1a shows, CO2 

concentrations in the atmosphere are at their highest levels in over 80,000 years. More 

specifically, the concentration of CO2 doubled within the last 200 years, exceeding a normal 

range of fluctuations, and aligning with the development of modern technologies and global 

economics. Among the major causes for the astonishing and drastic increment of atmospheric 

CO2 concentration, transportation contributes approximately 20% (Figure 1.1b), which mainly 

comes from the combustion of oil and gasoline.   
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Figure 1.1 (a) Global atmospheric CO2 concentration over the years up to 2018. (b) Global CO2 

emissions by different sectors or sources.1 

 

Human emissions since 1850 accounts for almost all of the global warming. It would be 

redundant to stress the devastating consequence global warming can induce to human societies. 

Especially in the past several years, we have experienced numerous wildfires, unpleasant climate 

changes etc., closely or remotely related to global warming. People gradually come to the 

realization that we cannot avoid those problems. We cannot wait and sit back to throw those 

problems on the next generation, because the global warming seems expediting its pace to affect 

our daily life and nobody can give an assertive answer to how long our stable life can last for.  

Actions are being taken. Scientists and researchers are diligently working on alternative 

energy sources. Wind power, solar cells, hydro power etc. are becoming more and more common 

in use. There is a growing trend that an increasing amount of governments and private companies 

are  investing and working on the development and reinforcement of renewable and clean energy 

sources2 (Figure 1.2a). However, the sole development of energy generation sources is not good 

enough to alleviate the energy problem. Figure 1.2a shows that solar energy almost always takes 

up over one third of the total investments. Solar energy is one of the most favored energy sources 

since it is believed to be completely clean and sustainable, less selective to regions and 

environments and more approachable for installments and deployment compared to wind energy 

and hydro energy. One limiting factor for solar cell applications is, indeed, its high or even 

unaffordable cost, which largely comes from its energy storage systems. Solar cells convert and 

store solar energy into batteries (lithium-ion batteries), but according to studies and statistics, the 

cost of lithium-ion batteries  per kWh is nearly as much as the solar modules themselves, and 
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there might even be a shortage for the lithium-ion batteries in terms of the total amount of energy 

they can store (Figure 1.2b).  

 

Figure 1.2 (a) Trends and distributions of global new investment in clean energy.2 (b) The cost 

of lithium-ion batteries and crystalline silicon photovoltaic modules.3 

 

People have reached a consensus that while we are seeking for an alternative clean 

energy for the sake of the environment protection, it is also important to extend our knowledge 

and improve the technologies for energy storage systems.  

 

1.2 Energy Storage Technologies 

As mentioned above in 1.1, it is critical to develop energy storage technologies while 

developing energy generation technologies. Energy storage technologies collect and store the 

energy generated from renewable energy sources that produce energy intermittently to achieve a 

steady energy supply. Based on the form of energy that is released from the energy storage 

systems, there are thermal energy storage (TES) and electrical energy storage (EES) 

technologies.  
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TES systems can involve no phase change (sensible heat storage, such as molten salts and 

concrete), undergo a phase change (latent heat storage, such as fatty acids and esters) or be 

associated with a reversible chemical reaction (thermalchemical heat storage, such as ammonia 

systems). They are often used to utilize the heat loss from energy supply chains and to increase 

the flexibility of combined heat and power plants.4  

EES on the other hand, is regarded as one of the most readily available form of energy. It 

is widely applied in consumer products, residential power supply and public services. According 

to Figure 1.3a, the annual net generation of electricity is steadily growing over the years, with a 

majority from fossil forms, renewable energy sources constituting a bigger portion every year. 

Therefore, there is a corresponding growing demand for EES systems. Pumped hydro storage 

(PHS) is a form of electromechanical energy storage system for large scale energy storage. PHS 

uses electricity to pump water to an upper reservoir at electricity valley load, and let the water 

flow to the lower reservoir to activate the turbine and generate electricity.5 It is designed for a 

rational deployment of electric energy. Other major electromechanical energy storage systems 

include flywheel energy storage, gravity energy storage and compressed air energy storage. 

Hydrogen energy storage (HES) as a form of chemical energy storage is clean, storable and 

transportable with high energy density. Hydrogen is usually used in a fuel cell and produce 

electricity through the chemical reaction of H2 and O2. The major drawback is the high cost of 

the catalysts and the low energy conversion efficiency during the H2 production step. 

Electrochemical energy storage including supercapacitors and batteries. They are usually highly 

approachable, adjustable and transportable. They are widespread from portable consumer 

electronics to electric vehicles.  
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Figure 1.3 (a) Annual electricity net generation in the world.6 (b) Energy storage systems market 

size in the U.S.7 

 

Figure 1.3b shows the market size for different mainstream energy storage systems in the 

U.S. PHS as a grid-scale energy storage system is leading the market share. Electrochemical 

storage is following and going to share bigger market size in the future according to the 

prediction.  

Table 1.1 compares the efficiency of different energy storage technologies. Conversion 

efficiency refers to the process of converting the energy stored into released form of energy. 

Delivery efficiency refers to overall delivery of energy from the pristine fuel through the base 

load power generator and energy storage plants. Effective efficiency describes the ability of the 

energy storage plants to effectively store the electrical energy. The conversion efficiencies vary 

from 70% to 91%, with electromechanical flywheel energy storage being the lowest, and 

superconducting magnetic energy storage (SMES) being the highest. All types share a similar 

delivery efficiency within the range of 24% to 31%. The distribution of effective efficiencies is 

close to the conversion efficiencies. Even though the energy efficiencies are still in development, 

flywheel energy storage has a flexible size and accordingly shorter construction time, same as 

battery energy storage. 
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Table 1.1 Performance and characteristics comparison for energy storage plants.8 

 

 

Table 1.2 shows the different costs to build energy storage plants. Compared to 

conventional pumped hydro energy storage, which costs totally $1200 – 1700/kW, more recent 

technologies including battery, flywheel and SMES are favored with a  much lower price. 

Battery technologies are especially standing out for only $320/kW overall cost (advanced). 

Energy storage technologies are not always readily to be built and operated, and governments 

have to consider multiple variables before policy enforcement. Therefore, battery 

(electrochemical) energy storage technologies with low-cost, high operability and adjustability, 

simpler and faster constructions become one of the most popular choices.  

 

Table 1.2 Cost comparison for energy storage technologies.8 



 7 

 

 

1.3 Electrochemical Energy Storage Systems 

Electrochemical energy storage is an established and valuable approach to improve the 

reliability and overall use of the entire power system (generation, transmission and distribution.)9 

EES can be employed from grid-scale services (power plants etc.), to portable smart electronic 

devices (mobile phones etc.). Electrochemical energy storage systems refer to various batteries 

that generate and release through the conversion of chemical reactions. According to Figure 

1.4a, the group of batteries including lithium-ion, lead-acid, sodium-sulfur etc. is flexible to cater 

for the demands in terms of rate power and discharge time. Based on the design and architecture 

of the system, the rated power for a battery can vary from 0.01 to 100 MW, and the discharge 

time can vary from 0.001 to over 10 hours.9 Compared to electromechanical energy storage 

systems including PHS and compressed air, batteries have lower power, but more affordable and 

accessible. Double-layer capacitors store electric energy in the form of electrical charges instead 

of chemical reactions. They deliver a decent power and an extremely short, or even instantaneous 

charge. Applications that require ultrafast charging/discharging or unstable and pulsing 

charging/discharging such as EVs during its acceleration broadly use capacitors. However, as an 

EES system, they have low output voltage and suffer severe self-discharging. As a result, 
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capacitors are often in a combined usage with batteries and other energy storage systems or for 

grid power applications.  

 

 

Figure 1.4 (a) Power ratings and discharge time for various EES systems.9  (b) Major electricity 

sources and annual CO2 emission per vehicle in the U.S.10,11 

 

The small sizes and portability of batteries are indeed a critical advantage for its 

extensive applications in our daily life. In 2020, more and more electric vehicles (EVs) are 

drawing substantial attention from people. Figure 1.4b shows one good reason. Each electric 

vehicle can reduce the CO2 emission by two thirds in one year, in comparison with an all 

gasoline vehicles. Even hybrid electric vehicles (HEVs) with less aggressive changes can reduce 

half of the CO2 emission.10–12 Relieving the global warming on the side, the rocketing 

development for smart devices and the demanding expectations from consumers also keep the 

researchers for electrochemical energy storage systems on the cutting edge. Most mobile phones 

run out of battery within ten hours under heavy usage13, which brings inconvenience to people in 

some circumstances such as long trips and it could be a hassle to feel obligated to charge them 

every day. For Apple products, the battery weight for their latest products can take around 30% 
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of the total weight14. Beside safety, people are also calling for high energy density from next-

generation batteries.  

Based on the chemical reactions occurring during the energy conversion process, there 

are four major battery technologies, including redox flow batteries (RFB), Na-S/Na-metal halide 

batteries, lead-acid batteries and lithium-ion batteries. 

 

Figure 1.5 Four major types of batteries. (a) Redox flow battery (RFB). (b) Na-S or Na-metal 

halide battery. (c) Lead-acid battery. (d) Lithium-ion battery. 

 

RFB as its name suggests, utilizes redox reaction in aqueous solutions (Figure 1.5a). 

Common redox couples include Fe2+/Fe3+|| Cr2+/Cr3+, Ce4+/Ce3+||V2+/V3+, Fe3+/Fe2+||Br2/Br- etc. 

RFBs potentially have long cycle life, and they are mainly applied for grid-scale energy storage 

for their MW energy storage. The limitations include high capital cost, possibly low long-term 

stability from the electrolyte and self-discharging issues.15 

In Na-S and Na-MH batteries, reversible charge and discharge occur via Na-ion 

conducting (Figure 1.5b).16 The battery often uses liquid sodium for the high ionic conductivity, 

thus is usually operated at 300 – 350 ºC. High temperature Na batteries have high energy 

efficiency, but the high temperature conditions also bring challenges for packaging and sealing.17 
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Given other irreplaceable advantages of Na batteries such as plentiful natural resources for 

sodium, they are a research target and a trending topic for scientists and researchers.  

Lead-acid battery is a traditional type of battery that can be dated back to 1860 and 

matured over the years (Figure 1.5c). It is the least expensive type of batteries in terms of capital 

cost ($/kWh). However, because of their short cycle life and low energy density, they are not as 

popular as their peers.18 Moreover, the use of lead metal can lead to severe environmental 

pollution, prompting some governments to formulate unfavorable policies and eliminate lead-

acid batteries manufacturing and applications. Researchers are working on substituting the lead 

anode partially or completely with carbon in order to further improve the performance. 

Lithium-ion batteries (LIBs) store energy in the form of lithium ions intercalation or 

insertion. They have very high energy efficiency (~100%), high energy density and high power. 

With the mix and match of different cathode and anode materials, LIBs with various capacity, 

cycle life and rate performance can be obtained. They are the go-to battery for various purposes 

including portable electronics, electric vehicles and grid-scale power plants. Given LIBs’ 

appealing natural properties, a lot of research is being done to overcome their limitations and 

improve their advantages to a higher level, which include the safety concerns brought by the 

flammable organic solvent and possibly lithium metal, high cost ($/kWh), narrow operating 

temperature window and recycle and reuse of metal elements from the electrode materials.19 

 

1.4 Development of Lithium-Ion Batteries (LIBs) Materials 

A battery contains three or four necessary parts: cathode, anode, electrolyte and 

separator. In lithium-ion batteries (LIBs), the two electrodes are lithium-ion conductive and 

electronic conductive, but the electrolyte and the separator only conducts or let through lithium 
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ions but not electrons. Cathodes have a high chemical potential over Li/Li+, while anodes have a 

lower potential over Li/Li+. During the battery charging process, the electric energy from the 

external power serving as a stream of electrons flowing through the external circuit to the anode, 

forces the lithium ions inside the LIB to flow to the same electrode in order to maintain the 

charge balance. During the discharging process, the lithium ions travel from the anode to the 

cathode through the separator carried by the electrolyte, causing the electrons flowing in the 

external circuit to support the external devices.  

Around 1960s, scientists studied the reversible Li ions insertion behaviors into transition-

metal sulfides with aqueous electrolyte solutions. That concluded the first tryout for LIBs. With 

water present, the voltage of the cell is limited. Not until late 1970s, Stanley Whittingham had 

created a lithium-ion rechargeable battery with TiS2 cathode, and that inspired John B. 

Goodenough to investigate the reversible Li-ions insertion characteristic of a layered compound 

LiCO2, then led to Akira Yoshino make the first real rechargeable lithium-ion battery (Figure 

1.6), pairing with graphitic-carbon.20 The following reactions demonstrate the charging process 

going on in the cell: 

LiCoO2                x Li+ +x e– + Li1-xCoO2               (1) 

6x C + x Li+ + x e–               x LiC6                              (2) 
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Figure 1.6 Components of lithium-ion batteries.20 

 

For practical and commercial applications, those are the criteria that are mostly 

considered and discussed for a battery: (1) Energy density (kWh/kg, kWh/L), which decides the 

how much energy the battery can carry; (2) Power density (W/kg, W/L), which determines the 

output power it can provide to the external devices; (3) Cycling stability or cycle life, which 

decides how long the battery can be used and how often it needs to be replaced; (4) Rate 

performance, which determines how fast the battery or the device can be charged; (5) Other 

factors including operating temperature window, self-discharging, recyclability and etc.  

Modern LIBs continue to use this configuration, even the electrode materials of the first 

LIB, but after years of breakout for materials research on LIBs, people have developed numerous 

advanced materials for electrodes and electrolytes that have different properties for applications 

with different requirements.  

 

1.4.1 Cathode Materials Development 

Cathode materials are the decisive part of some critical properties of LIBs. Figure 1.7 

illustrates the mainstream lithium-transition metal based cathode materials structures. They are 

olivine LiTMPO4, spinel LiTM2O4, layered LiTMO2 and Li2TMSiO4. Because they have 

different structures and properties, the according batteries deliver diverse performance and 

features.21  

Classic LiFePO4 cathode is a typical olivine LiTMPO4. The structure of LiFePO4 consists 

of corner-shared FeO6 octahedra and edge-shared LiO6 octahedra linked together by PO4 

tetrahedra. The oxygen atoms are strongly bonded by both Fe and P atoms, thus LiFePO4 shows 



 13 

a good high temperature stability up to 400 ºC. However, the strong covalent oxygen bonds also 

lead to poor electronic conductivity (~10-9 cm/S), which compromises its performance at low 

temperatures. LiFePO4 does not experience a severe phase change like some other cathode 

materials, which brings a long cell cycle life. Combined with its good safety, LiFePO4 is widely 

used in traditional EVs. Even though LiFePO4 has a decent specific capacity (170 mAh/g), due to 

its low tap density, the according cells are usually low in energy density (kWh/kg, kWh/L).22 In 

recent years, new companies for EVs tend to choose other cathode materials that can offer a 

higher energy density instead of LiFePO4. 

 

 

Figure 1.7 The structure units of some representative cathode materials (olivine LiTMPO4, 

spinel LiTM2O4, layered LiTMO2 and Li2TMSiO4), TM denotes transitional metals.23  

 

Spinel structured LiTM2O4 includes LiMn2O4 and LiNi0.5Mn1.5O4. LiMn2O4 possesses a 

face-centered cubic spinel structure and provides a 3-dimensional channel for lithium ions to 

travel. The Mn with 3+ covalence state has strong Jahn-Teller effect.24 As a result, the Mn metals 

in LiMn2O4 tend to immigrate and dissolve into the electrolyte, causing the poor cycling 
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stability. To improve the performance, some metals are used to partially substitute Mn atoms. 

Among them, Ni is the most successful and attractive candidate because of its high working 

voltage (~4.7 V) and considerably high specific capacity (~148 mAh/g). However, the 

introduction of Ni does not solve the problem of the poor cycling stability and this material still 

suffers quick capacity decay. Despite the intrinsic problem of Mn elements, those cathodes with 

spinel structures are still popular for research and commercial purposes, considering the 

incomparably high voltage, low cost and the improvement of thermostability by Mn.25,26 

Layered LiTMO2 cathode is the most intriguing topic for both academics and industry, 

for its high content in lithium and higher specific capacity. Materials with most applications 

include LiCO2 (LCO), LiNO2 (LNO), LiNixCoyMn1-x-yO2 (NCM) family and LiNixCoyAl1-x-yO2 

(NCA) family.27 LCO is the cathode material used in the first commercial LIB but still widely 

applied in electronics. LCO delivers a decent working voltage (~4.25V), good cycling stability 

and high tap density unmatched with other cathode materials. On the other hand, LCO, similar to 

LNO, because of their layered structures, layers can go through a breakdown and collapse once 

all the lithium ions are extracted. Therefore, to maintain the structural stability, only around 50% 

lithium ions are utilized during the delithiation process in practical applications.28 Another 

realistic disadvantage of LCO comes from the cobalt they use. Companies are trying to prevent 

using LCO due to the scarcity of the Co minerals and also the serious environmental pollution 

caused by this heavy metal. Nickel is a less toxic and richer metal resource and its oxides show 

high activity for lithium storage, but as mentioned above, the structural instability of LNO 

essentially hinders its application. As a result, other metals are introduced to partially substitute 

Ni to improve the performance, such as Mn, Co and Al. For example, the substitution of small 

Co ions results in lattice contraction and suppress the immigration of Ni to Li+ sites.29 Some 
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common compositions for NCM include 111 (LiNi0.33Co0.33Mn0.33O2), 523, 622 and 811, which 

cater for different needs and currently are developed to different stages. Higher Co and Mn ratios 

both bring higher structural stability. Co also brings better rate performance, but Mn on the 

contrary impairs the kinetics. The problems of those elements themselves will be taken into 

account as well, such as high cost for Co and dissolution of Mn.30 Al is another popular metal 

element to be doped into layered nickel oxides structures. The EV leader in the market Tesla 

chooses NCA-80 (LiNi0.8Co0.15Al0.05O2) as the cathode material for their batteries. Al improves 

the structural stability, as well as the kinetic properties, but NCA usually involves complex 

synthesis procedures. Large amount of efforts from both research institutes and industries are 

committed to develop high-nickel cathode materials. Approaches that are confirmed effective 

include but not limited to surface coating31,32, grain boundary strengthening33,34, primary particle 

nanosizing35, primary particles reshaping36 and realignment and single-crystal particles37,38.  

Even though transition metal silicates including Li2FeSiO4 and Li2MnSiO4 are cheap and 

safe, they deliver low specific capacity that are unsatisfying and not promising for the improving 

energy demands.39 As a result, the amount of research works on those materials are limited.  

 

1.4.2 Anode Materials Development  

Another direction to achieve LIBs with high energy density is through the development 

of anode materials. Unlike cathode materials that have been updated for several generations, 

graphitic carbon materials have been dominating the market for anode materials since the debut 

of LIBs. Although anode materials only take up approximately 14.3% of the cell cost and 10.6% 

of the cell mass30, they are an undeniably critical component of the battery, not only because of 

the irreplaceable role they are playing, but also because of the impact they can bring to the 
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cell/battery energy and power density.40  The U.S. Department of Energy goals for EV batteries 

are 350 Wh/kg, 750 Wh/L and US$75/kWh at the cell level, in order to enable the full driving 

performance and price of an internal combustion engine vehicles via EVs. For the near future, 

the U.S. Advanced Battery Consortium expect batteries to have energy density over 275 Wh/kg 

and 550 Wh/L at the cell level by 2023 30,41 To achieve such values at the cell level, it is 

estimated that around 500 Wh/kg is needed at the electrode pack level.27,42 As Figure 1.8a 

shows, cells that use the most common commercial anode material graphite (C) lie on the bottom 

left corner of the diagram, which indicates low energy densities and specific energies, and the 

corresponding specific energy (< 400 Wh/kg) is unsatisfying to reach goal.  

 

  

Figure 1.8 (a) Energy density versus specific energy diagram of different cell chemistries at 

electrode stack level.43 (b) Potentials (vs. Li/Li+) and corresponding capacity density of cells 

with different cell chemistries.44 

 

Figure 1.8b explicitly demonstrates the research map for anode materials. The ideal 

anode material should have high specific capacity (mAh/g) and low potential (vs. Li/Li+) so that 

it will enable high energy density while also offering output voltage of the corresponding cell. 

Given those principles, anode materials on the bottom right corners, including Si, Ge, Sn, Sb 
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alloys and lithium metals, are the most promising and attractive materials for developing next-

generation lithium batteries.  

Based on the reaction mechanism with lithium ions, anode materials can be divided into 

three major categories: intercalation, alloying and conversion. Intercalation types, as indicated by 

its name, let lithium ions intercalate into their d-spacing lattices without causing pronouncing 

volume change of the hosts, including some best-known anode materials such as graphite and 

lithium titanate.45 They usually have long cycle lives and high safety level due to the minimal 

phase and volume changes of the materials, but at the same time offer quite limited capacity. 

Alloying types including silicon and its family (germanium, tin, etc.), namely forming alloy 

compound phases with lithium ions, are the most beloved troublemakers, as they provide 

extremely high specific capacity and yet extremely poor cycling stability before modifications 

due to the dramatic volume expansion during the lithiation process. Conversion types undergo a 

reversible reduction/oxidation with lithium ions. They are usually metal compounds (Fe3O4, 

CuO, NiO, MoS2, etc.) that can form composite with lithium.44 They deliver relatively higher 

capacity than intercalation types, but have intrinsic low Coulombic efficiency and short cycle 

lives due to the unideal irreversibility from the lithiation/delithiation. Lithium metal anode, 

technically is also a conversion anode by its definition, but special as it is, people tend to study it 

as an exciting new type. Lithium metal anode experiences the stripping and plating between 

lithium ions and lithium metal. With no doubt it provides the highest specific capacity and the 

lowest potential (vs. Li/Li+), while also facing problems such as low Coulombic efficiency, 

safety concerns brought by the existence of lithium metal and the risk of short-circuiting, and 

limited cycling stability. 
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Figure 1.9 (a) Schematic illustration of different reaction mechanism of anode materials for 

LIBs.45 (b) General strategies for performance enhancement and their rationales.46 

 

Over the years, people have conducted extensive research works on improving the 

performance of anode materials. The most popular and famous methods can be classified into six 

categories as shown in Figure 1.9b. Dimension reduction refers to particle size breakdown, i.e. 

from macroscale to nanoscale. Composite formation is to mix the active anode materials with 

some conductive, structure-supportive materials or surface modifying materials to form 

composites. Doping and functionalization is to introduce dopant elements into the material 

structure to improve specific properties. Morphology control changes the performance of the 

materials by manipulating the morphology, e.g. to 2-dimensional, spherical or tubes. Coating and 

encapsulation are extremely commonly used to protect material particles from pulverization 

through a surface coating layer. Electrolyte modification such as additives can improve the solid-

electrolyte interfaces (SEIs) formed on anode particles.  

For researchers, it is meaningful to improve the performance and modify the properties of 

the anode materials by all means. However, when it comes to industrialization, the cost certainly 

plays a significant role for the application. Even though batteries with higher energy and power 
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are expected in the future, the cost for batteries ($/kWh) is anticipated to be lower and lower.47 

Anode materials, usually as the cheap part of the cells because of the mature process of graphite, 

only takes up less than 20% of a total cell cost,30,43 have to be developed in a cost-efficient way 

in order to be valuable for commercial applications. Taking all the considerations into account, 

carbon-based anode, LTO anode, silicon-based anode and lithium metal anode are the most 

attractive and promising materials for commercial LIBs addressing different needs.   

 

1.4.2.1 Carbon-Based Anode Materials 

As mentioned above, carbon-based anode materials, especially graphite, have been the 

mostly applied anode materials for lithium ion batteries over the past until now.  

Graphite has a theoretical specific capacity of 372 mAh/g48, which is not high but 

understandable considering it has the intercalation mechanism. It has a low potential (~0.1 V) vs. 

Li/Li+ that on one hand enables the high output voltage of the full cell, but on the other hand 

since the potential is getting close to the voltage where lithium metal starts to be reduced and 

form on the surface, the low potential could lead to generation of lithium residues and eventually 

causes short-circuits or thermal runaway.49 The reason why graphite is applied universally 

mainly comes from the combination of its decent specific capacity and superior cycling stability. 

Its cycling stability also comes from the intercalation mechanism, which allows lithium ions 

accommodate themselves inside the gaps between d-spacing lattices without causing significant 

volume changes (~10.5% on a full lithiation)50. The specific capacity of 372 mAh/g is not 

satisfying for current battery development technologies. Besides, the rate performance of 

graphite is usually considered as a weakness, as its capacity can go below 300 mAh/g at only 0.5 

C and below 200 mAh/g at 1 C, which is far from meeting the requirement for a fast-charging 
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battery. This shortcoming mainly comes from the slow Li+ diffusion across the bulk graphite 

particles.51  

 Within the class of graphite, there are two types with slightly different properties. 

Natural graphite is highly anisotropic in terms of the particle morphology.52 They are usually 

used as energy type graphite (close to theoretical specific capacity), but have specifically low 

capacity retention at high rate. Spherical graphite is modified to spherical shapes via surface 

modification based from natural graphite. They are designed to improve the rate capability of the 

natural graphite. Artificial graphite is carbonized and processed with high temperature. Their 

capacity is lower than natural graphite (310 – 360 mAh/g), but they usually deliver a higher 

Coulombic efficiency especially the initial Coulombic efficiency (ICE) and a better fast-charging 

property. Due to the increasing demand for the EVs market that requires fast-charging batteries, 

artificial graphite has become the mainstream anode materials with the largest annual 

manufacturing production worldwide.53  

Beside the traditional natural and artificial graphite anode materials, there are some other 

well-known carbon materials applied in some specific areas because of their special features 

such as soft carbon, hard carbon with low graphitization degrees. Typically raw materials 

determine whether the carbon is hard or soft. Typical raw materials for soft carbon are petroleum 

pitch and coal tar pitch. Hard carbon can be obtained through heat treating thermosetting resins 

and vegetable fibers.54 

Soft carbon includes mesocarbon microbeads (MCMB) and coke (needle coke). Soft 

carbon can easily graphitize when the temperature goes beyond 2000 °C. Those carbon materials 

have a lower specific capacity than normal graphite, usually around 300 mAh/g when heat-

treated at 1100 – 1200 °C.54 Because of their amorphous structure, soft carbon has a smaller 
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average particle size. Therefore, more side reactions are expected to happen during the charging 

and discharging process for this material. In general, soft carbon has a better rate performance 

than graphite. Among soft carbon materials, MCMB usually delivers a lower specific capacity, 

because the granularity distribution of MCMB is narrower than coke and does not contain fine 

powers. Therefore, the electronic conductivity of MCMB is also rather lower than coke.55 Due to 

the compromised nature of soft carbon, instead of directly being used as anode materials, soft 

carbon is more commonly used as a primary material for graphite production.  

On the other hand, hard carbon is never graphitized, even above 3000 °C under ambient 

pressure. At room temperature, hard carbon is difficult to lithiate and a high potential hysteresis 

is observed, causing the overall output voltage to be low for battery. The ICE of hard carbon cell 

can also be much lower than a graphite cell. However, at elevated temperatures, hard carbon can 

immediately deliver a higher reversible capacity than normal graphite materials, a high 

Coulombic efficiency and a lower potential hysteresis.56 Considering this feature, hard carbon 

can be used in high-temperature applications with a suitable electrolyte. Because of the raw 

materials, the cost for this material is correspondingly higher than soft carbon and even graphite, 

which is also a factor that needs to be considered. 

When used as anode materials, soft carbon and hard carbon with their larger interlayer 

distance, are applicable for sodium-ion batteries compared to graphite materials whose inter-

planar d-spacing is only 0.34 nm and are too small to accommodate sodium ions.57–59 Their 

shortcomings for lithium-ion batteries are intrinsic and concomitant with their natures, thus hard 

to overcome. Therefore, an increasing amount of research focus on their performance in sodium-

ion batteries instead of lithium-ion batteries.   
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As for traditional graphite materials, they are already a highly mature commercial 

materials. Very few researchers focus their studies on graphite alone as the anode material. Of 

the minorities, most of the works challenge to improve graphite’s rate performance such as using 

magnetic field to align the graphite particles51 and coating spherical graphite particles with 

conductive layers60,61. Some researchers have done subtle engineering on graphite particles 

including using additives62 and more effective binders63,64 to improve the volumetric energy 

density and cycling stability. With no doubt, the mainstream usage for graphite beside already as 

the commercial anode material, is to composite it with other anode materials with higher energy 

density such as silicon, tin, MoS2 and etc.65–67 Looking through the new start-up companies 

strategies on anode materials , it is clear that Si/C composites are a resistible and fast-developing 

trend for the next-generation LIBs anode materials.  

 

1.4.2.2 LTO-Based Anode Materials 

Li4Ti5O12, also known as LTO anode, is famous for its impressive fast-charging 

capability. LTO also uses a intercalation mechanism for lithium ions similar to graphite. 

However, compared to graphite, LTO is inferior in both specific capacity and the voltage. LTO 

usually only delivers a reversible capacity of 150 – 160 mAh/g, and a high potential vs. Li/Li+ 

(~1.55 V), which leads to a low voltage of the cell.68 In spite of the obvious disadvantages, LTO 

is unique in its excellent cycling stability and superior rate performance. LTO is indeed a “zero-

strain” material in terms of Li+ intercalation and deintercalation, meaning there is only a slight 

shrinkage of the lattice parameter, from 8.3595 to 8.3538 Å, resulting a minimal change in cell 

volume (about 0.2%).69 This features helps improve LTO’s rate capability and provides an 

extremely long cycle life. Thanks to its high potential, which is higher than the voltage where 
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main redox reactions of the electrolyte happen, LTO gets to stay away from the formation of 

passivation layers, further allowing the great cycling stability and the usage of its nanopowder. 

Consequently, LTO also demonstrates excellent low-temperature performance.70 

Various research works have been done to improve the versatility of LTO anode 

materials, to increase the energy density of LTO as it is low for current technologies, or to 

further enhance its rate capability. Chen et al. grew LTO directly from titanium foils and made 

self-supported free-standing LTO nanosheet arrays that can deliver a capacity of 78 mAh/g at the 

ultrahigh rate of 200 C and achieve a cycle life of 3000 cycles at 50 C.71 Zhang et al. developed 

LTO microspheres in combination with uniform reduced graphene oxide (rGO) coatings, that 

reached a high electrical conductivity and a higher capacity retention at high rates.72 Li et al. 

doped rare earth element Sm into LTO crystal structure that significantly enhanced the specific 

capacity of LTO to over 170 mAh/g at 0.2 C.73 Other attempts include mixing and compositing 

LTO particles with carbon materials74, varying the morphology of the LTO particles75 and 

downsizing the LTO materials into nanoscale76.  

Currently, LTO is not the major player among anode materials due to its shortcomings 

and high costs, but for some specific applications that require extremely rapid charging 

capability and long cycle life LTO is one of their best options.  

 

1.4.2.3 Silicon-Based Anode Materials 

1.4.2.3.1 Elementary Si Anode 

Silicon (Si) has been a hottest research topic for LIB anode materials for years. The 

motivation is fairly simple: its super high theoretical specific capacity (~4200 mAh/g)77, low cost 

and the understandable degeneration mechanism that is seemingly solvable.  
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As the best representative of group IVA elements that are considered as candidates (Si, 

Ge, Sn)  for LIB anode materials, Si goes through the formation of alloying with lithium ions 

during lithiation process and eventually form Li22Si5 or Li4.4Si at a full lithiation. Among its 

peers, it has the highest theoretical capacity (vs. germanium 1625 mAh/g and tin 994 mAh/g), 

which is also over ten times specific capacity of graphite (372 mAh/g). Not only gravimetric 

capacity of Si is significantly higher than commercial graphite, considering its higher bulk 

density, Si also presents a much higher volumetric capacity (9781 mAh/g vs. graphite 837 

mAh/g).78 According to Figure 1.10a, at room temperature, the lithiation and delithiation voltage 

plateaus for Si are around 0.1 – 0.2 V and 0.4 V, respectively. The reasonably low lithiation 

potential improves the safety by reducing the formation of lithium metal, compared to graphite’s 

low lithiation potential (~ 0.1 V), while Si is able to maintain a low delithiation potential so that 

the cell voltage will not be compromised.79 When at elevated temperature (450 °C), Si could 

show reversible lithiation and delithiation curves with clear plateaus showing its different stages 

for lithiation. At room temperature, however, crystalline Si goes through a single crystalline-to-

amorphous phase transformation during the first lithiation and remains amorphous afterwards.80 

After turning into amorphous state, the kinetics of lithium ion transport will be improved, which 

further benefits the electrochemical performance later on.  

In addition to the favorable features of Si, it is also the second most abundant element in 

earth’s crust, and it is environmentally benign.80 The low cost of crude Si materials makes it 

promising for broad market applications. Based on Figure 1.10b, people are very optimistic and 

looking forward to the extensive commercialization of Si anode materials. From the year of 

2019, the silicon anode based battery market is expected to increase exponentially, with over 

four times of the market in five years.  
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Figure 1.10 (a) Si electrochemical lithiation and delithiation curve at room temperature and high 

temperature. Black line: theoretical voltage curve at 450 °C. Red and green lines: lithiation and 

delithiation of crystalline Si at room temperature, respectively.80 (b) Market forecast for silicon 

anode batteries by region.81 

 

Where there great benefits, comes great costs. The problems that people have to solve in 

order to commercialize Si anode are severe. It is an impressive feature that Si has a theoretical 

capacity of ~4200 mAh/g, but at the same time, the accommodation of lithium ions through the 

formation of alloys forces Si to expand to 400% of its pristine volume.80 As Figure 1.11a shows, 

the lithiation process gradually forces the Si to expand to a much bigger volume compared its 

original structure, at the same time destroying its crystalline structure to form amorphous alloy 

with lithium ions. This alloying process that turns Si from crystalline to amorphous is indeed 

irreversible during the whole battery charging/discharging process. Indicated by Figure 1.11b, in 

the initial discharging cycle, crystalline Si gradually and partially forms alloy with Li atoms and 

become amorphous Si. Until the stoichiometry of Li to Si has reached 3.5 (Li14Si4), all the 

crystalline Si has completely gone and transformed into amorphous phase, when the capacity has 
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reached approximately 3560 mAh/g. When the lithiation keeps going, eventually crystalline 

Li15Si4 is formed and the capacity reaches 4000 mAh/g. During the first delithiation or charging 

process, the crystalline Li15Si4 retains and coexists with amorphous Li/Si alloy until enough 

lithium ions have been extracted from Si and the amorphous Li/Si remained continues the 

delithiation process.82 Ever since the first cycle, Si has turned amorphous and maintains 

amorphous in the following cycles.   

 

 

Figure 1.11 (a) Configurations from the lithiation algorithms of Si model without a solid-

vacuum interface, consisting of four Si atoms per layer.83 (b) Phase diagram describing the phase 

that form during the charging/discharging cycling of a Li/Si electrochemical cell between 0.005 

V to 0.9 V at room temperature.82  

 

As a result of the severe volume expansion and the significant phase change, Si 

electrodes experience multiple failure mechanism. As Figure 1.12 shows, three possible reasons 

can lead to the final failure of the electrode and battery. Figure 1.12a is a result of structural 

instability. After the repeated lithiation and delithiation process of Si, the particles turn into 

smaller amorphous pieces, eventually causing cracking and pulverization. This phenomena 
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further results in problems in Figure 1.12b and c. When Si particles pulverize and crack, the 

particles start to lose electrical and physical contact with conductive carbon and binder, which 

will make those Si particles isolated from the electrical circuit and even fall apart from the 

current collector and the electrode, eventually causing significant capacity loss for the battery. 

Solid-electrolyte interfaces (SEIs) are a passivation layer of organic and inorganic lithium salt 

that is formed on the surface of anode materials during the lithiation stage. Moderate amount of 

SEIs can improve the lithium ionic conductivity of the anode materials that are benign to the 

battery. However, Si particles continuously going through enormous volume expansion because 

of lithiation will inevitably break the SEI layers on the particles surface. Therefore, when the 

fresh surface is exposed again to the electrolyte, new SEIs will form on the surface of the fresh 

particle surface. After many cycles, the repetitively process of SEIs collapse and formation not 

only leads to the increasing resistance of the anode materials because of the excessive SEIs, but 

also consumes a great amount of electrolyte that further contributes to the termination of the 

battery life. 

 

 

Figure 1.12 Failure mechanism of Si anode: (a) cracking and pulverization; (b) volume 

expansion and loss of electrical contacts and (c) formation of excessive SEI.45  
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Such problems above have doubtlessly hindered the practical application of Si anode 

materials. The loss of electrical contact induced by the particle pulverization explains for the 

poor cycling stability and rapid capacity decay of Si anodes. The repeated formation of SEIs 

limits the Coulombic efficiency, which accelerates the capacity loss in a battery using Si anode. 

Accordingly, to solve the problems caused by volume expansion has always been a primary 

concern for researchers.  

A general idea to improve Si anode performance is to decrease the size of the particles. 

Most commercially available Si sources are bulk particles in hundreds of microns’ scale. It is 

well-acknowledged that Si nanoparticles have a better performance. Equation (1) and (2) 

demonstrate the lithium ion diffusion and particle fracture resistance for spherical electrode 

particles. In Equation (1), τ stands for the diffusion of lithium ions. L is the diffusion length for 

lithium ions. DLi is the diffusion coefficient of lithium ions within the material particles, an 

intrinsic value of the material. Equation (1) tells us that for a certain material, a shorter diffusion 

length, i.e. a smaller particle size, brings up a short diffusion time. Therefore, compared to bulk 

particles, nanoparticles will allow lithium ions to go through the particles thoroughly within a 

certain time, leading to a smaller concentration polarization inside the electrode material and an 

improved rate performance. In Equation (2), G is the energy release rate during the lithiation 

process. Z is a dimensional number of order unity, a constant. σ is the representative stress. h 

stands for the feature (particle) size. E is the Young’s modulus. As demonstrated by Equation 

(2), the energy release is positively correlated to the particle size h, which means the bigger the 

particles are, the more energy they will need to release.84 When G is below the fracture energy, 

the particle will stay intact. Otherwise cracks will form and the fracture will occur. Bringing all 

the parameters for silicon, the corresponding critical particle sizes can be obtained are 150 nm 
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for crystalline Si and 870 nm for amorphous Si, which implies nanoscale Si particles can prevent 

themselves from significant fractures. By any means, the usage of Si nanoparticles instead of 

macroscale bulk Si can effectively improve the structural stability during the lithiation and 

delithiation process, and reduce the consumption of electrolytes from repetitive formation of SEI 

layers.  

                     (1)                     (2) 

 

Four main methods are common for the production of silicon nanoparticles according to 

Table 1.3. High-energy ball-milling (HEBM) is a scalable method that is suitable for 

industrialization and large batches. HEBM utilizes mechanical energy (friction, collision, 

impact) to break down particles or form new chemical bonds.85 The biggest advantage of HEBM 

compared to other methods is its great scalability and high yield. It also has a safe and rather 

simple operation process that makes the overall cost affordable for commercial production. The 

as-obtained primary Si nanoparticles are generally in the range of 10~200 nm. However, because 

of the exposed high-energy Si surface after the HEBM process, the primary particles usually go 

through a severe secondary-aggregation which causes the final particle size up to microscale.86 

Shen et al. uses ball-milling to produce nanosized Si particles, but found out further steps such as 

HF etching and carbon coatings are still necessary to reach a stable performance for the milled Si 

particles.87 Due to its flexibility with the reaction and feasibility for new chemical bonds, HEBM 

still has a big potential for the production of Si anode materials. Chemical vapor deposition 

(CVD) is extremely common for Si nanostructure production in literatures but rarely used in 

industry. CVD can directly produce Si nanoparticles using SiH4 as the source. It can also 
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produce one-dimensional Si nanowires via substrates with special morphology88,89 or hollow Si 

nanostructures combined with etching process90. In the well-known work for Si nanowires, Chan 

et al. established a vapor-liquid-solid growth via CVD with gold nanoparticles as the catalyst and 

SiH4 as the silicon source. The obtained Si nanowires are able to maintain its structural integrity 

after cycles and thus deliver an improved cycling stability and the rate performance.91 Because 

CVD uses gas sources at high temperatures and deposit at atomic levels, the yield is low while 

the cost is high. However, the process is highly controllable as it can produce nanoparticles in 

different sizes, thicknesses and morphologies with desirable features. Metal-assisted chemical 

etching (MACE) utilizes metal ions on the surface of Si particles to etch into the particle, 

forming Si nanowires or porous Si nanoparticles.92 They are similar to CVD in the scale, but 

instead of bottom-up, MACE shapes Si particles in a top-down way. Ge et al. uses Si 

nanoparticles as the starting material and dopes the nanoparticles with boron. After the doped 

particles absorbs Ag ions, the Ag+ is able to etched the surface of Si particles and produce 

nanoporous Si particles.93 Magnesiothermic reduction (MR) utilizes the reaction between Mg 

and SiO2 to produce nanoporous Si particles. After reacting with SiO2, Mg is oxidized into MgO 

and Si is generated accordingly. Based on the substrates, the final product can be porous Si 

particles or uniform Si nanoparticles. Jia et al. uses magnesiumthermal reduction on a SiO2 

template and obtained three-dimensional mesoporous Si frameworks with the particle size 

around 500~600 nm and the primary particle size around 30 nm. The according anode material 

shows a better cycling stability than commercial nano-Si due to the improved contact between Si 

particles.94 MR process is affordable and simple in terms of the raw materials and the conversion 

reaction. However, at the same time, MR has a low efficiency due to the further side reaction 

between Mg and Si.95,96 
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Table 1.3 Comparison of processes, morphologies, production costs and 

advantages/disadvantages between different fabrication methods of nanosilicon.45 

 

 

Beside or along with scaling down Si to nanoparticles, extensive efforts have been spent 

on various modification and coating of the Si particles. Because of the volume expanding nature 

of Si during lithiation, rigid coatings with void space around Si particles are an effective and 

popular way to protect the particle from pulverization. Liu et al. revolutionarily devised the yolk-

shell structure for carbon coated Si particles. Starting from Si nanoparticles, they take advantage 

of the oxidation layer SiOx on the surface and uses it as the sacrificial layer. Carbon is further 

coated on the outer surface. After etching the SiOx layer, the yolk-shell structure is obtained with 

an exceptional cycling stability at its time.97 This design as many benefits, such as preventing the 

particles from cracking and electrical disconnection, reducing the repetitive formation of SEI 

layers and improving the particles contact. Because of its great efficacy, similar methods have 

been reported with different structural designs such as the encapsulation of yolk-shell Si particles 

in carbon tubes to further improve the cycling stability and rate performance98, a pomegranate 
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design for high areal loading and high Coulombic efficiency99, and strong and flexible graphene 

cages replacing the amorphous carbon to coat Si microparticles100. TiO2 coating becomes the 

popular substitution of the shell for this design due to its outstanding mechanical strength. Jin et 

al. demonstrated a TiO2 coating that can endure a 5x strength compared to amorphous carbon 

coatings, with which the cell has an extended cycle life.101 Yang et al. claimed that amorphous 

TiO2 shows elastic behaviors that can effectively buffer the volume expansion of Si and works 

better than crystalline TiO2.102 

Stronger binders that can provide a better interconnection is another way of improving 

the Si anode performance. Conventional binder polymers such as poly(acrylic acid) (PAA) and 

carboxymethyl cellulose (CMC) are not able to sustain the electrode integrity after the Si 

particles start to crack. Wu et al. reported an in situ polymerization for a conductive hydrogel 

matrix around Si particles that can provide a stronger support and connection for the particles 

through the crosslinked property, and improve the capacity retention at high current density at 

the same time.103 Later on, Wang et al. came up with the self-healing polymer utilizing the non-

covalent hydrogen bonds that can repetitively break and form during the volume expansion and 

contraction, in order to keep the structural integrity of the silicon particles in the electrode. 

Instead of expensive Si nanoparticles, this method can be applied to low-cost bulk Si particles.104 

Zhao et al. introduced a new conductive binder PPyMAA that can effectively improve the initial 

Coulombic efficiency (ICE) in combination with a commercial high tap-density nano-Si.105 

Considering the loss of lithium ions from the electrolyte during the first cycle, and the 

huge volume expansion during the lithiation process, prelithiation for Si becomes attractive to 

alleviate these problems. Liu et al. initially prelithiates the Si nanowires following their previous 

work.106 Forney et al. prelithiates Si/carbon nanotubes with stabilized lithium metal powder to 
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obtain anode materials eliminating 20 – 40% first cycle irreversible capacity loss and the 

corresponding full cell shows an impressive cycling stability.107 Zhao et al. prelithiates Si 

particles and oxidizes the surface to form Li2O which allows the prelithiated Si particles to be 

air-stable and protect the structural integrity at the same time. The obtained material has an ICE 

over 90.8% and remains stable even after being exposed to ambient air.108 

Beside methods using or incorporating the strategies mentioned above, other creative 

works also have contributed to the pool of Si anode materials manufacturing. Wang et al. grows 

interconnected Si networks via plasma-enhanced chemical vapor deposition (PECVD) directly 

on the current collector and further coats the surface of Si with carbon. This network without 

additional binder or conductive carbon, achieved a stable cycling performance and reached a 

capacity over 1200 mAh/g at an ultrafast rate of 7 C.109 An et al. designed a process starting with 

Mg2Si. After nitration and etching, the final product is extremely nanoporous and able to sustain 

its structure during the lithiation process.110 Chen et al. developed a Si 2-dimensional nanosheet 

based on MR reaction that is mesoporous and has a short lithium-ion diffusion pathway. As a 

result, the obtained material delivers an outstanding rate performance.111  

Due to the severe problems Si anode materials are facing, the combination of Si and 

graphite materials is a growing trend for commercialization.65 The composite is expected to 

increase the specific capacity of graphite while not compromising too much of its stability and 

Coulombic efficiency. Ko et al. invented a novel architecture that Si nanoparticles are coated 

onto the surface and into the pores of commercial graphite particles. Furthermore, the Si particles 

are coated with more carbon. This hybrid anode material combines the stability of graphite and 

the high capacity of Si together and achieved an overall enhanced electrochemical 

performance.112 Similarly, Ma et al. incorporates Si into the graphite macropores and obtained a 
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composite material with capacity over 527 mAh/g and a high ICE of 93%.113 Park et al. prepared 

a structure containing titanium and silicon alloy core and nanoporous silicon as the shell. When 

further mixed with graphite, the composite electrode shows good cycling stability.114 Si/graphite 

composite anode materials have great potential for application. As a result, many countries 

formulated policies regarding the benchmark for the development of Si/graphite anode materials, 

and key players worldwide also released their products with Si as a component.115  

Nowadays, improving the cycling stability of Si anode materials is still the primary 

challenge for both academic and industrial research. At the same time, the use of low cost 

materials and procedures is an essential requirement in order to put the research into practical 

applications. 

 

1.4.2.3.2 SiOx Anode 

Silicon oxides (SiOx) are a promising family as the anode materials. Researchers 

suggested that the SiOx could be a random mixture of Si and SiO2 nanostructures. Based on the 

chemical stoichiometry, x can vary. The ones that have x value close to 1 (SiO) are the most 

attractive candidates for the anode market. 

At a full lithiation process, a theoretical capacity of 2680 mAh/g can be reached for SiO 

materials. Similar to Si, SiO also goes through big volume expansion (~200%). It is generally 

accepted that LixSi alloys, lithium silicates (Li4SiO4, Li2Si2O5, Li6Si2O7, Li2SiO3) and Li2O are 

formed during the first lithiation of SiO. LixSi is reversible during the lithiation and delithiation 

as lithium ions can be extracted and converted back and forth. Lithium silicates and Li2O are 

considered irreversible components. Therefore, they can greatly lower the ICE (~60%) of SiO 

and cause big challenges for applying SiO into full cells. On the other hand, the irreversible 
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components serve as a buffering matrix against the volume expansion during the lithiation and 

delithiation, hence improving the cycling stability of SiO. Despite the significant volume 

expansion for SiO, the capacity retention for SiO after many cycles is much higher than Si.116  

Beside the further improvement of cycling stability for SiO, other serious problems 

remained for SiO are related to the low ICE and low rate capability. There are some similar 

efforts done to SiO in comparison of Si including conductive coatings and core/shell structure 

designs to improve its cycling stability and rate performance. Extensive research has been carried 

out in order to improve the ICE of the anode. Seong et al. developed a prelithiated SiO/C anode 

material by letting the lithium metal pre-react with the anode for 48 hours before testing the cell. 

The ICE has been improved to 72.8% and the following Coulombic efficiency quickly rises up to 

over 90%.117 From the same research group, they developed a double-layered anode design, 

where inside the anode the active material is attached to a copper mesh that is layered on lithium 

powders. Because of the excessive amount of Li metal in the cell configuration, the ICE is able 

to reach 100%.118 Kim et al. used a resistor to conduct a controllable and sophisticated short-

circuit process with voltage strictly monitored between the SiO electrode and Li metal foil. After 

the short-circuit, the SiO electrode is paired with NCA to construct a full cell, which reached an 

ICE of 94.9%.119 

Due to the inhomogeneous nature on the atomic-scale, SiO is thermodynamically 

unstable and it tends to disproportionate into Si and SiO2.116 This is a feature that can be greatly 

taken advantage of. In fact, researchers have found that this reaction will happen during heat 

treatment and some other conditions such as high energy mechanical milling as shown in Figure 

1.13. Yang et al. uses high energy mechanical milling to react lithium metal and SiO during the 

milling process so that Li2O and lithium silicates are pre-formed before the first lithiation 
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process, and nanocrystalline Si is generated. By doing this, an ICE of 81% is reached.120 Yom et 

al. discovered that when SiO is treated with Li under 600 ºC, beside the transition from SiO to 

Si, there will also be a layer of Li2O and lithium silicates formed on the surface of the solid 

particles that helps improve the ICE to over 80%.121 Considering the existence of inactive 

material SiO2, Yu et al. etched the SiO2 with NaOH and obtained crystalline Si embedded inside 

porous SiOx matrix. They improved not only the Coulombic efficiency, but also the rate 

capability.122 Those designs are seeking for a balance between the SiOx and Si.  

 

 

Figure 1.13 Schematic illustration of the process of SiO disproportionation into Si and SiO2.122 

 

As a result of its better cycling stability, SiOx is applied in commercial batteries as 

extensively as Si if not more.123 However, for commercial applications, a high ICE is same 

critical as a long cycle life since a low ICE means the consumption of the most expensive 

component – cathode materials in LIBs.  

 

1.4.2.4 Lithium Metal Anode  

As Figure 1.8b shows, lithium metal has the highest theoretical capacity (3860 mAh/g) 

among all the anode candidates. Lithium is the lightest member of the alkali metal group, with 

the smallest atomic radius of all metals, which also contributes to its ultrahigh capacity. Lithium 
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also has the lowest electrochemical potential (-3.04 V vs. standard hydrogen electrode or 0 vs. 

Li/Li+), which makes the full cell with lithium metal anode able to output the highest possible 

voltages and high energy densities.124 Lithium metal is technically a conversion type anode 

material, but unlike other conversion type materials such as Fe3O4, lithium metal is hostless as it 

goes through the reaction from lithium ions to lithium metal during lithiation and the reverse 

during the delithiation as Equation (3) indicates. 

!" − $! 	↔ 	 !""               (3) 

Similar to other alkali metals, Li has high reactivity and reacts slowly in dry air. It can 

also react with trace amount of water rapidly. Therefore, Li metal will instantaneously get 

oxidized into Li2O, LiOH, Li2CO3 and Li3N by O2, H2O, CO2 and even N2 in ambient air 

environment. As a result, Li metal is not accessible in the nature. Instead, commercial Li metal 

products are isolated from the rich lithium mineral resources via electrolysis.125  

In spite of the minor difficulty during the metal extraction, Li metal is still a promising 

and attractive anode candidate for next-generation lithium ion batteries. In fact, LIBs that use Li 

metal as the anode have been given a specific name of lithium metal battery (LMB). The 

ultrahigh specific capacity and energy density of Li metal have endowed unique advantages to 

LMBs. As Figure 14a shows, by replacing graphite anode with Li metal, the thickness of the 

anode can be reduced by almost 2/3. As a result, the overall cell specific energy can be increased 

by ~35% and the energy density by ~50%. Especially if a suitable solid-state electrolyte is 

introduced to combine with the usage of Li metal, substituting flammable liquid electrolytes, it 

will impose both safety and thermal management mass and volume requirements at a pack 

level.126 To compare LMBs with a broad choices of power sources in Figure 14b, one can tell 

with the use of conventional LIBs, the energy density and specific density are both compromised 
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compared to gasoline. A small leap to LMBs is to use the Li-LMO configuration, with which 

both the energy density and the specific energy can be improved greatly. When we keep moving 

forward into the future, the application of Li-air battery can ideally reach a similar energy density 

to gasoline eventually. Even though there are still numerous obstacles to overcome towards the 

further applications of Li-S or Li-air batteries, the first difficulty for us to conquer is the 

development of more reliable and stable Li metal anode. 

 

 

Figure 1.14 (a) Schematic illustration of the configurations of traditional LIBs and lithium metal 

based LMBs.126 (b) Bar chart showing the practical specific energy (pink) and energy densities 

(blue) of petrol (gasoline), traditional LIBs and current state-of-the-art LMBs. Battery casings, 

separators and electrolytes are all taken into account.127 

 

There are several critical issues that need to be addressed for the development of Li metal 

anode as Figure 1.15a shows. During the cycling process, SEI will form on the surface of Li 

metal. Due to the nature of Li metal anode, there is infinite volume expansion based on the 
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extent of Li stripping and plating. As a result, when the volume expands, the SEI could crack and 

cause the isolation of dead Li. The repeated formation of SEI on the fresh Li surface consumes 

excessive amount of electrolytes which leads to low Coulombic efficiency of the battery. At the 

same time, dendrite growth can cause short-circuit in the cell, leads to thermal runaway and 

possible combustions. Once Li metal contacts the environment outside the battery, the high 

reactivity of the metal could induce bigger safety hazards.  

 

 

Figure 1.15 (a) Correlations among the different challenges in the Li metal anode, originating 

from high reactivity and infinite volume change.127 (b) Schematic illustration of the short-circuit 

process from Li dendrite growth during the cycling process in LMBs.125  

 

Figure 1.15b demonstrates the pathways of cell failure in more detailed manners. When 

the lithium ions nucleate non-uniformly on the surface of Li metal, dendrite starts to form and 

grow. Li dendrite could grow to the extent that it could seemingly penetrate the separator and 

immediately cause cell short-circuit. Short-circuit can cause severe safety issues especially at a 

battery pack level, which is also unpredictable and instantaneous. The surface area of Li metal 

will significantly increase due to the existence of Li dendrite. Because of the high reactivity of 
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Li, the high surface area could lead to unnecessary side reactions between Li and the electrolytes, 

causing excessive and irreversible consumption of both Li metal and electrolytes, which is both a 

waste and a trigger for the cell failure. Low Coulombic efficiency and irregular capacity decay 

can manifest this phenomenon. The huge volume expansion during the lithiation process causes 

the SEI fracture, promoting more dendrite growth through the cracks. While during the 

delithiation process, the Li stripping from the kinks or roots of the dendrite can easily break the 

electrical contact between the Li dendrite and the substrate, producing dead Li.127 This process is 

irreversible and harmful to the cell. Li dendrite and dead Li make original dense Li metal foil 

into porous and uneven Li structure. The existing pores and dead Li particles considerably 

prolongs the diffusion pathways for Li+ and electrons inside the anode. At the same time, the 

excessively formed SEI layers start to compromise the electronic conductivity of the anode. 

Consequently, a large polarization during cycling process will be rendered, directly leading to a 

poor rate capability and a low energy efficiency. Given those severe problems above, it is 

challenging yet critical to overcome the issues that are causing the safety concerns, cycling 

instability, poor rate capability and low energy efficiency during the use of Li metal anode, 

before we can possibly commercialize LMBs. 

To address different aspects of existing challenges for Li metal anode, a great amount of 

efforts towards the improvement of the metal anode itself, electrolytes and separators are devoted 

into LMB researches.  

In order to alleviate the problem of SEI fractures, constructing artificial SEIs is one 

common way. An ideal SEI layer should be chemically and electrochemically stable, and 

mechanically robust to sustain the stress from Li dendrite growth. Normally, dependent on 

components of the electrolytes, multilayer or mosaic structures of SEIs can be formed on the 
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surface of the anode materials.128 In most common LiPF6 liquid electrolyte system, SEIs are 

usually consisted of LiF, Li2O, LiOH, LiPxOyFz and various lithium carbonates.129 They are 

usually electrochemical stable, but do not possess mechanical strength due to their nature of 

salts. Artificial SEIs can form through the exposure of Li to certain chemicals and solvents. SEIs 

resembling the natural SEI components are a favored option because their stability and 

compatibility.130 Yan et al. exposed Li metal to a common liquid electrolyte additive – 

fluoroethylene carbonate (FEC). A dual layer film was able to form on the surface of Li with 

inorganic and organic layers condensed in inner and outer parts, respectively, due to the different 

reactivities. The components of this artificial SEI resemble the natural SEI formed on Li metal, 

but more uniform and dense that can effectively improve the Li nucleation and hamper the 

dendrite growth.131 Similarly, Lang et al. soaked Li metal into polyvinylidene fluoride (PVDF) 

solution and formed a dense and uniform layer of LiF on the surface of Li metal. The integrity of 

the artificial LiF layer remains undamaged after cycling. The cycling stability of the according 

LMB cell is greatly improved as a result.132 Zhu et al. proposed a graphitic-inorganic bilayer 

artificial SEI which is consisted of a graphitic layer and a layer of inorganic components (LiF, 

Li2O, Li3N and Li2CO3), which has strong mechanical strength and stiffness and is able to endure 

the stress from the Li dendrite growth while effectively allowing lithium ions and electrons to 

pass through.133 Versatile works constructing artificial SEIs through coating polymers or small 

molecules that can form strong chemical bonds with Li.134 Gao et al. used a reactive polymer 

composite consisting of polymers, graphene oxide sheets and nanoscale salt particles that is 

homogeneous and mechanically strong itself, whereas a passivating layer formed on the interface 

between the composite and Li metal is dense and stable to improve the efficiency of Li 

deposition under lean electrolyte conditions.135 Liu et al. developed a Li-ion conducting artificial 
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SEI with Cu3N nanoparticles and styrene-butadiene rubber (SBR). Li metal can react with Cu3N 

to produce ionic conductive Li3N. The obtained dense SEI layer can significantly suppress the 

growth of Li dendrite and greatly improve the Coulombic efficiency of the Li metal anode to 

98%.136 

SEI breaking on Li metal can also be attributed to the infinite volume change of during 

the lithiation and delithiation. To address this issue, constructing Li metal host is a popular 

method. Li host with a robust structure will provide defined pores or channels for Li deposition. 

At the same time, the functional groups in the Li host can implement uniform Li nucleation and 

further deposition, effectively preventing uneven growth of dendrite. Zhang et al. took advantage 

of carbonized wood and created a porous conductive framework with well-aligned channels as Li 

host material. Molten Li can infuse into those channels and become Li/C electrode, which is able 

to guide Li deposition and confine the Li metal inside the channels to prevent Li dendrite 

growth.137 Due to the small size of the pores or channels, the surface tension for molten Li to 

infuse could be high and hamper it from entering. Therefore, Liang et al. has developed 

lithiophilic 3-dimensional scaffold that allows molten Li to infuse freely. This host has a carbon 

nanofiber scaffold that is highly conductive and porous. They then coated the nanofiber with Si 

nanoparticles via CVD which endows the structure with lithiophilicity. The obtained anode 

successfully maintains its volume unchanged in response to Li stripping and plating process. Due 

to the conductive property of this scaffold, the voltage hysteresis especially at high rate is 

significantly reduced.138 Similarly, Liu et al. also used electrospinning to acquire a stable 

polymeric backbone. A conformal layer of ZnO was coated via atomic layer deposition (ALD) in 

order to render the surface lithiophilic, and let molten Li to be drawn into the porous matrix. The 

according cell can endure a high current density with modest polarization.139 Unlike graphene, 
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reduced graphene oxide (rGO) usually has good lithiophilicity, while still possessing the strong 

mechanical intensity from layered graphene structure. Lin et al. fabricated a layered rGO film 

and readily infuse molten Li into the film within minutes. The obtained Li-rGO films have good 

flexibility and mechanical strength. The layered structure can efficiently accommodate Li 

deposition and achieve a close-to-theoretical capacity (3390 mAh/g) without significant volume 

change. The according LMB delivers a smaller voltage hysteresis and excellent rate capability at 

10 C.140 Xue et al. combined interconnected 3-dimensional graphene that offers toughness and 

electrochemical stability with 2-dimensional silver nanowires network that provides smooth and 

ultrafast electron transportation channel and non-nucleation barrier sites. They have managed to 

obtain long-range ordered structure with Ag nanowires uniformly distributed on the graphene 

surface. This Li host shows superior stability and Coulombic efficiency especially at high current 

densities.141 

Extensive researches on the development of electrolytes and additives for Li metal anode 

have been carried out including various types of solid-state electrolytes with structural stability 

and high mechanical strength and electrolyte additives that improve the SEI stability. Details will 

be revealed in 1.4.3. 

 

1.4.3 Electrolyte Materials Development 

Electrolyte is a critical component in batteries as they directly carry and transport lithium 

ions between cathodes and anodes. Electrolytes usually contain lithium salts, solvent and 

additives, each one having a significant impact on the cell performance. Some basic 

requirements for electrolytes include high ionic conductivity, good electrochemical stability 

within the cell voltage window and capability of forming stable SEI layers. As the development 
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of advanced LIBs, more desirable features are expected, such as low or non-flammability, high 

thermal stability and high Li+ transference number for good kinetics and transportation. For next-

generation LIBs, especially high-voltage batteries and LMBs, advanced electrolyte development 

becomes extraordinarily important since current electrolyte technologies are not satisfactory for 

those applications.  

Currently, based on the cell configuration, there are several commercially available liquid 

electrolyte options. One molar LiPF6 in ethylene carbonate (EC) / diethyl carbonate (DEC) (vol. 

1:1) is a widely adopted liquid electrolyte that is extensively used both in commercial LIBs and 

academic researches. It has high overall ionic conductivity, usually above 10-3 S/cm, and low 

activation energy so that it would still have good transportation properties under low 

temperatures.142 EC has high dielectric constant and can supply high ionic conductivity. While 

DEC or another linear carbonate dimethyl carbonate (DMC) can decrease the viscosity of the 

mixed solvent and help improve the electrochemical stability of SEI layers.143 Generally this 

electrolyte satisfies most requirements for LIBs and thus is commonly used for various types of 

batteries. However, to cater for the higher demand for next-generation LIBs, we have to confront 

with the problems from the nature of this electrolyte. LiPF6 is not a chemically stable salt. In 

fact, it instantaneously reacts with trace amount of water to produce hydrofluoric acid (HF) that 

is toxic both to the environment and lives. It is also thermal instable as the electrolyte starts to 

decompose at ~80 ºC, which disables its application in high temperatures such as aircrafts. 

Moreover, the use of organic solvent can potentially induce serious accidents including 

spontaneous combustion of EVs.144 Beside all the safety concerns, the energy efficiency of this 

electrolyte needs improving as well. In spite of its seemingly high ionic conductivity, only a 

small portion of the ionic conductivity comes from lithium ions, which makes the majority of 
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energy wasted on the transportation of PF6- anions instead of being stored as electrochemical 

energy. Even though LiPF6 electrolyte is able to serve most of the cell configurations and 

maintain electrochemical stable in common voltage windows, it cannot accommodate high 

voltage (> 4.3 V) for a long-term cycling stability without additional additives.145 The problems 

above leads to worse consequences when LiPF6 electrolyte is used for LMBs because of the 

excessive consumption of electrolyte materials and the high output voltage of the LMBs. 

Beside LiPF6 in organic solvent electrolyte, there are a couple of more recently 

discovered electrolytes that are not yet applied in commercialization because of the immaturity 

of the development or inevitable problems hindering the practical applications. However, they 

can still be promising and advantageous in terms of academic researches for novel materials 

exploration. Some other analogs of LiPF6 including LiClO4, LiBF4, LiAsF6. For the sake of 

commercialization, they all face different challenges such as high explosivity, poor properties for 

SEI formation and low conductivity, high toxicity respectively.146 On the other hand, LiClO4 in 

propylene carbonate (PC) has high operating temperature that enables high temperature battery 

research. LiBF4 shows a less sensitivity to water compared to LiPF6 and brings convenience 

during manufacturing and operations. The anodic stability of LiAsF6 can be high, the electrolyte 

remaining stable up to 4.5 V on various cathode surfaces.142 A newer Li salt with oxolato ligands 

named LiBOB (LiBC4O8) has been given attention because it is able to form stable SEI layers, 

anodically stable, thermally stable and decomposing into less corrosive products in presence of 

moisture. However, it is still far from meeting the rate capability requirement for commercial 

applications.147 Another Li salt lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) has been 

popular due to its significant improvement in stable SEI formation and lower mobility for the 

anions. It is so far the best acknowledged electrolyte for Li-sulfur battery due to the lower 
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solubility of polysulfide ions in its solvent (1,3-dioxolane and dimethyl ether). However, it has a 

narrow voltage window because it provokes aluminum pitting corrosion.148 Researchers have 

discovered that a sophisticated mixture of multiple electrolytes can lead to an improved 

performance due to the combining advantages. Zheng et al. developed a LiTFSI-LiBOB dual 

electrolyte with 0.05 M LiPF6 as an additive. The resulting hybrid electrolyte shows a 

significantly improved charging capability and cycling stability of LMBs thanks to the 

generation of a robust and conductive SEI layer.147   

As repeatedly mentioned above, SEIs play a crucial role for cell performance. SEI, i.e. 

solid-electrolyte interface, is a passivation film formed during the cell cycling. SEIs are generally 

believed to exist on the surface of electrode material particles and they are especially involved 

for the anode materials performance. The reduction potential for organic solvents is lower than 

1.0 V (vs. Li/Li+). Therefore, during the cycling process when Li is exposed to the electrolyte 

and a current is applied, immediate reactions happen and form SEI layers on the interface 

between electrode materials and electrolytes.130 For most organic-solvent-based electrolytes, SEI 

components are highly similar, usually including LiF, Li2O, LiOH, Li2CO3, ROCO2Li and other 

organic lithium salts.149 Not only the chemical composition of SEI layers is important for cell 

performance, crystallinity, morphology and structure, thickness and density all matter to a large 

extent. Two models are popular and supported regarding the SEI structures and the arrangement 

of the lithium salts. As Figure 1.16a shows, Mosaic model proposes in SEI, lithium salts are 

distribute in blocks as heteropolymicrophases. It is well-acknowledged as it agrees with various 

experimental measurements.150 On the other hand, multilayer model is brought up demonstrating 

SEI forms in an ordered way where the same species deposit into a layer (Figure 1.16b).151 

Unlike a lot of theories, it is not such case that bends to “one or the other” rule. Using 
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cryoelectron microscopy (cryo-EM) Li et al. suggests that upon the usage of different 

electrolytes, SEIs can form diverse structures.128 Simply with LiPF6 in EC/DEC electrolyte, 

Mosaic SEI is formed on lithium dendrite for lithium metal anode, which is unfavored since the 

high crystalline regions can pinch the dendrite and generate dead Li. However, with the 

assistance of some additives, such as FEC in their work, the formation of multilayer SEI 

structure is promoted. The multilayer structure is more uniform and thus has higher mechanical 

stability that can sustain the Li deposition and extraction from the SEI shells.  

 

 

Figure 1.16 Schematic illustrations of two models for SEI formation on electrode materials 

surface. (a) Mosaic model. (b) Multilayer model.128 

 

Like mentioned above, additives in electrolytes can have a strong impact on SEI 

structures and further affect the cell performance. Based on the main purposes and the working 

mechanisms, electrolyte additives can be categorized into SEI forming improver, cathode 

protecting agent, LiPF6 stabilizer, safety protecting agent and Li deposition improver.152 Among 
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them, SEI forming improver is the most popular and common type, including the widely adopted 

vinylene carbonate (VC) and FEC. Those additives can coat the electrode materials with a layer 

of organic components. VC is a typical polymerizable monomer additive that can free-radically 

polymerize under electrochemical induction. As a result, a stronger SEI containing stable and 

mechanically strong polymer will be formed. The presence of VC in the electrolyte can 

polymerize on lithiated graphite, effectively suppressing both electrolyte solvent and salt anion 

reduction.153 Furthermore, the corresponding robust SEI layer can endure the huge volume 

expansion during Si particles lithiation better, and thus significantly improve the cycling stability 

of Si anode materials.154 FEC can decompose into a HF molecular and a VC molecule under 

SEI-forming potentials. The resulting VC takes effects as mentioned. HF molecules are able to 

react immediately with alkali lithium salts including Li2O, LiOH and Li2CO3 to produce more 

stable SEI component LiF molecules. When applied for Li metal anode, HF also helps shape SEI 

layers on lithium dendrite and encourage more even and uniform Li deposition. Therefore, FEC 

is especially favored for LMBs and batteries that need to be charged a fast rate or a low 

temperature as Li metal plating is inevitable in those situations. Other types of additives can 

possibly scavenge water molecules and dissolved metal ions, impede LiPF6 decomposition, 

reduce the flammability and overcharge and etc. to improve the cell performance.152 

For unstable anode materials such as Si and Li metal, modifying SEI components is not 

enough to conquer the problems. Like it has been mentioned, for most liquid electrolytes, despite 

the fact they have high ionic conductivities, the majority of which comes from the mobility of 

anions instead of Li ions. The redundant transportation of anions can directly lead to heat 

generation that lowers the energy efficiency, excessive SEI formation that increases the cell 

impedance and consumes the electrolyte, and irregular Li metal electrodeposition that results in 
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Li dendrite growth and explosive hazards.155 To address this challenge, it is vital to introduce the 

concept of Li+ transference number. 

Defined by Equation (4) where D indicates diffusion coefficients for ions in liquid 

electrolytes, Li+ transference number (tLi+) is the proportion of Li+ diffusivity to the overall ionic 

diffusivity in liquid electrolytes. To be more straightforward, tLi+ can also be interpreted as the 

proportion of the Li+ ionic conductivity to overall ionic conductivity.156  

!!"# = $!"#
$!"##$$

                  (4) 

The highest possible value for tLi+ is one. A high tLi+ indicates Li+ takes up the majority of 

ion transported in the electrolyte. While a low tLi+ implies the anions in the electrolyte has a high 

mobility and accounts for a large portion of ion motion, which can lead to low energy efficiency 

and thermal runaway reaction as the transportation of anions lead to heat generation instead of 

electrochemical energy storage. tLi+ can be measured through electrochemical polarization and 

nuclear magnetic resonance spectroscopy (NMR), where the former one is widely adopted for a 

cell measurement while the latter one directly measures the diffusion coefficients of ions and 

reflects the physical properties.  

For LiPF6 liquid electrolyte, depending on the choices of solvent composition, tLi+ can 

vary in the range of 0.24 ~ 0.37 using polarization method.157 Within a reasonable concentration 

and temperature range for liquid electrolytes, tLi+ does not fluctuate significantly so 0.38 is 

widely accepted as the tLi+ for LiPF6 in EC/DEC electrolyte for all concentrations and 

temperatures.158 Therefore, even though the overall ionic conductivity of LiPF6 electrolyte can 

reach 10-3 S/cm, Li+ conductivity is usually below 5×10-4 S/cm because of the high diffusivity 

and mobility of PF6- anions. This low tLi+ of LiPF6 liquid electrolyte causes a large amount of 
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anions accumulate on the surface of the electrode, building up a concentration gradient that 

creates overpotential for charging and discharging and further limits the power and energy 

density of the cell. In terms of this nontrivial issue of liquid electrolytes, it is shown that even a 

modest improvement in tLi+, e.g. to ~0.7, would be greatly beneficial as it particularly allows a 

higher attainable state of charge (SOC) at higher rates.159 In other words, a better fast-charging 

property will be empowered by a higher Li+ transference number. As a result, numerous methods 

have been applied by researchers to adjust electrolyte properties upon the improvement of Li+ 

transference number.  

Starting from liquid electrolytes themselves, even though in a common range of 

electrolyte salt concentrations tLi+ does not vary significantly, researchers have discovered 

peculiar phenomena under extreme conditions. Suo et al. used an ultrahigh concentration of 

LiTFSI (salt to solvent weight ratio over 2.0) and reached an unexpected tLi+ of 0.73 due to the 

reduced solvation and a resulting higher mobility of Li+. It remarkably suppresses Li dendrite 

growth and shape change for Li metal anode.160 Similarly, the same leading researcher 

established a water-in-salt electrolyte with the concentration over 20 M for Li aqueous batteries 

and claimed the same mechanism.161  

Gel electrolytes are a good transition stage for next-generation liquid electrolytes. They 

can be a mixture of liquid electrolyte and particle additives, or polymer matrix with ionic liquid. 

They could serve nearly as liquid electrolyte, or as a free-standing gel without extra use of a 

separator. Lu et al. tethered ionic liquid to silica nanoparticles covalently and then mixed it with 

LiTFSI salt to form a hybrid electrolyte. As a result of fixed anions on silica nanoparticles and 

the higher concentration of mobile ions in the hybrid, the obtained electrolyte exhibits a higher 

tLi+ ~0.54 with an uncompromised ionic conductivity.162 The same research group improved the 
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transference number to ~0.96 by eliminating any extra Li salts. Silica nanoparticles are attached 

with Li salts and dispersed in conductive fluid tetraglyme. They spontaneously form a charged, 

nanoporous network of particles at moderate nanoparticle loadings. However, low ionic 

conductivity (< 10-4 S/cm) is an obvious drawback of this electrolyte system.163 Tominaga et al. 

discovered that direct and simple addition of titania nanoparticles to poly(ethylene carbonate) 

based electrolytes can significantly improve both the ionic conductivity and the transference 

number. The effect comes from the active interface between the polymer and titania nanoparticle 

surface that has high acidity.164  

Like mentioned, polymer matrix that forms free-standing gel electrolyte membrane is 

another popular option since it also saves the use of extra separators. This method requires a 

polymer that is able to construct a network structure in selected solvents allowing the formation 

of free-standing membrane. Safa et al. developed a cationic-polymer based gel electrolyte, with 

the addition of LiTFSI in ionic liquid. Due to the attraction of the polymer backbone to the 

anions in the electrolyte, the Li+ transference number has been improved from 0.3 to 0.41. Even 

with the modest improvement, the rate capability of corresponding cells have been enhanced 

significantly.165 Li et al. mixed a polyethylene oxide with monomer solutions, and through 

ultraviolet (UV) light achieved a crosslinked polymer network. Additional liquid electrolyte is 

added. With the absorption of anions by the polymer network, the tLi+ is able to reach 0.76.166  

Even though gel electrolytes can improve the transference number moderately, it is 

usually not satisfying. Therefore, people have been trying to solve this problem in a more 

aggressive way – solid-state electrolyte (SSE). Over any other types of electrolytes, solid-state 

electrolytes in general have a huge advantage – a close-to-unity transference number. Besides, 

SSEs are considered as a safe alternative as they suffer less problems in over-heating, leakage 
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and flammability.166 SSE usually includes inorganic materials and polymer electrolytes. In 

inorganic SSE, lithium ions lie in the crystalline structure of the inorganic compounds, where Li+ 

can ionize and shuttle within the structure whereas the according anions from the inorganic 

backbone does not have mobility due to its bulk structures. This type of SSE typically has higher 

ionic conductivity compared to the polymeric type due to their well-defined structure and Li+ 

transportation pathways.167 The first real SSE for lithium ions were developed by Dudney et al. 

This material is well known as LiPON (lithium phosphorous oxynitride). This pioneer of SSE, 

however, has a low ionic conductivity around 10-6 S/cm.168 Inspired by this structure, various 

materials metal oxides are synthesized including lithium superionic conductor (LISICON) 

Li14Zn(GeO4)4169,170 and later on garnet type SSEs. Garnet type SSE Li7La3Zr2O12 (LLZO) was 

first reported by Murugan et al. LLZO can reach a high total conductivity of 7.74×10-4 S/cm at 

room temperature with a thin pellet. LLZO also delivers excellent thermalstability up to 900 ºC 

against lithium metal and non-flammability.171 In order to improve its flexibility and fabricate the 

powder into free-standing electrolyte membrane, Fu et al. combined the LLZO with PEO-based 

polymer matrix to form a flexible membrane with nanofiber network. The obtained electrolyte 

membrane reached an ionic conductivity of 2.5×10-4 S/cm and a considerable lithium 

stripping/plating performance. The membrane also has stable thermal property and important 

non-flammability.172 Despite their high ionic conductivity and non-flammability, the big 

challenge inorganic SSEs are facing comes from the high interfacial resistance caused by the 

poor contact between the solid-solid interface. To address this problem, Han et al. used atomic 

layer deposition (ALD) to construct a conformal Al2O3 layer on garnet type 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZN). Al2O3 can significantly help the molten Li conformally 

coat on the surface of LLCZN with no interfacial void space. The obtained membrane shows a 
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drastically reduced interfacial resistance and thus a remarkable lithium stripping and plating 

performance.173 

Polymeric SSEs are another popular option. They can generally be categorized into two 

strategies, which are PEO-based composite electrolytes (the according batteries are given a 

special name of “lithium polymer battery”) and single-ion polymer electrolytes. PEO-based 

electrolytes involve less innovation in chemical structures. They take advantage of the fact that 

inorganic lithium salts are more conductive in amorphous phases than crystalline phases. When 

composited with PEO-based polymers, those solid lithium salts (LiClO4, LiCF3SO2, etc.) can 

dissociate and “dissolve” in the polymer matrix.174,175 Polymer composite electrolytes are 

partially applied in commercial products such as smart phones and devices due to their high 

conductivity. However, despite their advantages, they usually cannot solve the problem of low 

Li+ transference number because the dissolution and dissociation of small molecular weight 

lithium salts.176 On the other hand, single-ion polymer electrolytes (solid polymer electrolytes, 

SPEs) address the problems in the opposite way. Resembling lithium salts, SPEs are composed 

of negatively-charged anions and lithium ions. Nevertheless, instead of small mobile anions, 

SPEs have anions covalently connected onto the polymer backbones, which immobilize the 

anions from transportation due to the polymeric nature. As a result, Li+ are the only mobile ions 

in the electrolyte system, resulting in a single-ion conducting feature and a close-to-unity 

transference number. Due to the high dissociation of Li+ from TFSI- groups from the 

delocalization, TFSI anions are often used as the anionic branches on polymer backbones. For 

instance, Bouchet et al. synthesized an efficient single-ion SPE with a triblock structure that is 

later widely adopted as a symbolic design. This BAB-type polymer contains a middle chain of 

PEO and end chains of P(STFSILi), where the PEO provides the lithium ion conducting ability, 
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and P(STFSI) provides the mechanical strength and the main ion pairs. By varying the ratio 

between the polymer structures, the conductivity is able to reach 10-5 S/cm at 60 ºC with a Li+ 

transference number of 0.85.155 Likewise, SPEs usually allows single-ion conducting property 

and reaches high Li+ transference number achieved by its nature. However, the low conductivity 

coming from its low lithium ion concentration largely limits its practical applications. 

After all, the development of electrolyte materials for next-generation LIBs and LMBs 

never stop. Researchers continue the pursuit of ideal electrolytes that fulfill all the expectations 

for commercialization, most importantly including high ionic conductivity, fast Li+ kinetics and 

transference number, and good thermalstability or non-flammability.  
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Chapter 2: Dissertation Objective 

2.1  Design Criteria and Needs for Lithium-Ion Battery (LIB) Materials 

As mentioned above, next-generation LIBs are reaching for high energy, high power, 

safety and low cost to cater for a rocketing demand for electrochemical energy storage systems. 

When it comes to each individual component, there are different requirements and 

expectations. Cathode materials should have high specific capacity and high energy density as 

current cathode materials most exhibit very limited capacity. At the same time, the elimination of 

some metal elements that cause severe cost, pollution, recycling and humanity problems mainly 

including cobalt is expected in order to endorse LIBs with a higher acceptance worldwide. 

Anode materials should have higher specific capacity and energy density as well with a cycle life 

close to the classic anode material graphite. For applications of products, rate capability for 

charging process is usually more important compared to discharging. The rate performance of 

anode materials are usually the limiting step for charging rate, as lithium ions transport into 

anode materials during charging. In that case, the rate capability improvement for anode 

materials becomes critical. In the meantime, the improvement should not compromise the low 

cost of anode materials, otherwise it can harshly restrict the applications. As for the electrolyte 

materials, a fast kinetics for Li+ transportation showing as a high Li+ transference number (tLi+) is 

vital for the development of high energy and power density batteries. At the same time, ionic 

conductivity should still maintain similarly high to conventional liquid electrolytes. Other 

advantages such as thermalstability and non-flammability are a highly preferred plus.  
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Beside the core components, other parts for cells and battery packs can also play an 

important role during the manufacturing and the packing process, such as current conductors, 

house materials, battery management systems (BMS), cooling components, sealing components, 

and etc. However, we will not discuss them here as they are outside the perspective of this 

dissertation. 

 

2.2  Dissertation Objective and Research Scope  

The general objective of this dissertation is to stretch the capacity and energy density of 

current LIB materials and achieve the goals for next-generation LIBs. To address some 

prominent challenges, we choose to develop silicon anode materials and LMB electrolyte 

materials as their applications can significantly boost the energy density of current batteries.  

Even though silicon nanoparticles are favored due to their promising performance for the 

volume expansion suppression and cycling stability improvement, the incredibly high cost for 

materials production keeps them far away from being commercialized. We aim to produce 

nanoscaled silicon particles with a commercially accessible method, high-energy ball-milling, 

combining with direct polymer coatings that effectively buffer the volume expansion of silicon 

particles during lithiation process. This simple procedure and raw materials used enable low cost 

while still significantly improving the cycling stability of silicon materials. When further coated 

with an electronic conductive polymer, this anode material is compatible with commercial 

graphite. The according composite Si/C anode material is expected to have a comparable cycling 

performance to graphite while delivering a greatly improved capacity. 
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In order to achieve the application of LMBs, high ionic conductivity and high Li+ 

transference number are both absolutely necessary. Current technologies either exhibit high 

conductivity but slow Li+ kinetics or the opposite. We aim to mimic the efficient biological ion 

transportation on cell membranes and develop an electrolyte membrane that well incorporates 

both high conductivity and Li+ transportation through the association and electrostatic interaction 

with liquid electrolyte. The according electrolyte membrane is expected to immobilize the anions 

in the liquid electrolyte and as a result improve the energy efficiency and cycling performance of 

LMBs with a high Li+ transference number. 
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Chapter 3: Covalently-Bonded Si-Polymer 

Nanocomposites Enabled by Mechanochemical Synthesis 

as Durable Anode Materials 

3.1  Introduction 

The fast-growing demand for electric vehicles, portable devices and grid-scale energy 

storage urges the development of next-generation lithium-ion batteries (LIBs) with higher power 

and energy density. Considerable research efforts hence have been devoted to the engineering of 

silicon, a promising anode material with moderate operating potential (0.1~0.4 V) and high 

specific capacity (3578 mAh g‒1 for Li3.75Si) in comparison with the current commercial graphite 

(0.05 V and 372 mAh g‒1).109,177,178  Bulk silicon resources are abundant and cost-effective, yet its 

severe pulverization and repeated formation of solid-electrolyte interphase (SEI) caused by the 

huge volume expansion (300%) result in irreversible capacity loss and poor cycling 

stability.179,180 Therefore, its practical application has been greatly restricted.  

Aiming at improving the structural integrity, a variety of synthetic strategies have been 

developed to fabricate silicon nanostructures.181–185 Significantly, special attention has been put 

into the protection of silicon with functional coating layers, involving different methods such as 

CVD186,187,  heat treatment,188–190 sol-gel191,192 and so on193,194. However, the complexity, 

inefficiency and high-cost generally impede their large-scale production and adaption. High-

energy ball- milling (HEBM) has been reported as a low-cost, high-yield and scalable method for 

the efficient production of silicon nanomaterials, which is feasible for industrial manufacture.195 
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Different from mixing ball-milling, energy can be re-dispersed and transported by HEBM with 

strong friction and collision.  

Figure 3.1 shows the original research work on the utilization of HEBM for the 

production of Si nanoparticles.195 Compared to the pristine Si powders in microscale, Si 

nanoparticles after HEBM process presents a well-distributed nanoscaled size (Figure 3.1a, b). 

As Figure 3.1c shows, during the HEBM process, the grain boundaries of Si particles will 

become amorphous due to the strong shear force. The amorphous layers of Si allow a faster 

transportation of Li+, and significantly improve the lithiation kinetics, which will enhance the 

cycling stability as well as the rate performance. Therefore, even compared to commercial 

crystalline Si nanoparticles, the ball-milled Si could deliver a superior electrochemical 

performance. As a result, ball-milled Si delivers a much longer cycle life in comparison to 

commercial Si nanoparticles in Figure 3.1d.  
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Figure 3.1 SEM images of (a) as-received 1-5 μm Si powder and (b) milled 1-5 μm Si powder. 

(c) Scheme of nanocrystalline structure of milled Si powder showing grain boundaries where 

faster Li+ diffusion occur.195 

 

More interestingly, the precedents of organic reactions and synthesis of metal-organic 

frameworks demonstrate the feasibility of building chemical bonds through HEBM.196,197 

However, for the preparation of Si-based anode materials, HEBM has only been engaged in size 

breaking- down, which makes post-processing necessary to construct robust chemical connection 

with protective layers.198–200 The concept of reactive high-energy ball-milling (RBM) has barely 

been applied for the production of silicon nanocomposites with chemically bonded coating 

layers.  

Herein, we report polymer-coated silicon nanocomposites with in situ generation of 

covalent bonds between Si nanoparticles and poly(vinyl alcohol) (PVA) by a solvent-free, one-pot 

and no-post-process RBM method.  PVA acts as the resilient component in the composites because 

of its high tensile strength and flexibility.  The flexible covalently-bonded coating buffers the 

volume expansion of the silicon during lithiation process, which effectively prevents the particles 

from pulverization and maintains the integrity of electrode.  The size of Si nanoparticles can be 

adjusted by regulating the content of PVA, among which silicon nanoparticles coated by 5% PVA 

deliver the optimal electrochemical properties.  A reversible specific capacity of 1526 mAh g‒1 is 

obtained at 200 mA g‒1 after 100 cycles with loading of 1 mg cm‒2.  A high initial Coulombic 

efficiency (ICE) over 86% and an average of 99.2% have been achieved.   

3.2  Experimental Section 

3.2.1 Synthesis for PVA-Coated Silicon Composite 
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Silicon (99%, ~325 mesh) and poly(vinyl alcohol) (MW 89,000-98,000, 99% hydrolyzed) 

were purchased from Sigma-Aldrich without further purification.  Si and different amount of PVA 

(0, 2 wt%, 5 wt%, 10 wt%) were mixed in the jars with the ball-to-powder ratio of ~12, sealed in 

argon atmosphere, and milled by the high-energy ball-miller (Retsch, High Energy Ball Mill Emax) 

at 1000 rpm.  After 10 h, all powder was collected without further treatment. 

 

3.2.2 Structural Characterizations 

Crystalline structures of the Si-PVA powder were determined by the Rigaku powder X-ray 

diffractometer (XRD) using Kα radiation (λ = 1.54 Å).  Surface morphology and particle sizes 

were investigated by scanning electron microscopy (Nova 230 Nano SEM), transmission electron 

microscopy (FEI T12 Quick CryoEM and CryoET TEM) and High-resolution transmission 

electron microscopy (FEI Titan S/TEM).  Raman spectra was conducted on a Renishaw 2000 

System with a He/Ne laser at a wavelength of 633 nm.  Infrared spectra experiments were carried 

out by a transmission mode on a Jasco 420 Fourier transform infrared (FTIR) spectrophotometer.  

Thermogravimetric analysis (TGA) was performed in argon atmosphere by a ramping rate of 10 

oC min‒1.  Gas sorption measurements were conducted using a Micromeritics ASAP 2020 system 

at 77 K.  Prior to gas adsorption/desorption measurement, all power was degassed at 120 °C for 

12 h.  For X-ray photoelectron spectroscopy (XPS) studies, AXIS Ultra DLD was used for analysis.  

All the spectra were fitted to Gaussian–Lorentzian functions and a linear-type background using 

CasaXPS software.  The binding energy values were all calibrated using C 1s peak at 284.5 eV. 

 

3.2.3 Electrochemical Characterizations 
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The electrochemical performance was evaluated using 2032-type coin cells with the Li foil 

as the counter/reference electrode.  The working electrodes were comprised of active materials 

(Si-PVA composite), acetylene black, and poly(acrylic acid) (PAA) binder with the weight ratio 

7:2:1 and were fabricated using a typical slurry method.  The mass loading of the active material 

was ~1 mg cm−2 for each electrode.  The electrolyte was 1 M LiPF6 in a mixture of ethylene 

carbonate (EC)/diethyl carbonate (DEC) with a volume ratio of 1:1 (LP40, BASF), and 5 vol% 

fluoroethylene carbonate (FEC, Sigma-Aldrich) was used as an additive.  The assembled cells 

were galvanostatically cycled between 0.05 and 2 V vs Li+/Li at different current densities using 

a LAND battery testing system (China).  The specific capacities were calculated based on the total 

mass of the Si-PVA powder.  Cyclic voltammetry (CV) experiments for the first cycles were 

performed using the electrochemical station Solartron 1860/1287 with a scan rate of 0.1 mV s−1 

from open-circuit voltage (OCV, ∼3 V vs Li/Li+) to 0 and back to 2 V.  Electrochemical impedance 

spectroscopy (EIS) data were recorded ranging from 100 kHz to 10 mHz with a voltage amplitude 

of 10 mV. 

 

3.3  Results and Discussions 

The synthetic strategy is schematically illustrated in Figure 3.2.  The bulk silicon powder 

and PVA without any solvent are sealed in argon atmosphere in a ball-milling jar.  Bearing the 

impact from the steel balls, the micron-sized silicon is ground into nanoparticles.  Simultaneously, 

the mechanical energy also triggers the chemical reaction between freshly exposed surface of 

silicon nanoparticles and reactive hydroxyl groups of PVA. Due to the low dissociation energy of 

O-H bonds201, the hydroxyl groups on PVA cleave and form Si-O-C bonds, generating 

nanocomposites of PVA coated silicon nanoparticles with robust chemical bonding.   
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Figure 3.2 Schematic diagram of the reactive ball-milling (RBM) process starting with bulk 

silicon and the product of poly(vinyl alcohol) (PVA) coated silicon nanoparticles with the 

covalent bonds between PVA and the silicon on the surface. 

 

The samples with different amount of PVA relative to silicon are denoted as RBM Si-

2%PVA, RBM Si-5% PVA and RBM Si-5%PVA, respectively.  Pure ball-milled Si without 

adding PVA is denoted as HEBM Si.  The Raman spectrum of crystalline silicon generally contains 

one sharp peak at 520 cm‒1, which will redshift in a size-dependent manner.202  Compared to raw 

silicon materials, the characteristic peak of ball-milled silicon-PVA nanocomposite in Raman 

spectrum shifts from 520 to 504 cm‒1 (Figure 3.3a) with different content of PVA, indicating the 

formation of Si nanocrystals.  The corresponding peak of HEBM Si, however, appears at a slightly 

higher wavenumber, suggesting a larger particle size than that of the PVA coated silicon.   

X-ray diffraction (XRD) patterns presents accordant results (Figure 3.3b).  Increasing the 

content of PVA in the composite significantly broadens the widths of diffraction peaks of (111), 
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(220) and (311) of Si-PVA composites, which directly confirms the reduced crystalline size in the 

presence of PVA.  Due to the turbulent crushing during RBM, the crystalline silicon experiences 

a deformation into amorphous structure on the edge of the particles as suggested by the reduced 

peak intensity in the XRD patterns, which might benefit the kinetics of lithium ions transport.45  

N2 sorption isotherms indicate a rising BET surface area with the addition of PVA due to the 

reduced particle size (Figure 3.3c).  Starting from micron-size silicon with a BET surface area of 

only 5.1 m2 g‒1, Si-PVA nanocomposites deliver much enlarged BET surface areas of 11.1, 17.4 

and 19.2 m2 g‒1 for Si-2%PVA, Si-5%PVA and Si-10%PVA, respectively. The different volume 

of these samples (Figure 3.3d) with the same weight indicate a reduced tap density and thus a 

decreasing particle size. Based on the tap density of Pristine Si, the tap densities of ball-milled 

powders are calculated accordingly and presented in Table 3.1. 
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Figure 3.3 Characterizations of pristine bulk silicon, HEBM Si, and RBM Si-PVA 

nanocomposites. (a) Raman spectrum, (b) XRD pattern, (c) N2 sorption isotherms of Si-PVA 

nanocomposites and (d) photographs comparing the tap density. 

 

Table 3.1 Tap density of powders before and after HEBM. 

 Pristine Si HEBM Si 
RBM Si-

2%PVA 

RBM Si-

5%PVA 

RBM Si-

10%PVA 

Tap density 

(g mL-1) 
2.33 1.91 1.50 1.23 1.00 

 

 

SEM characterizations were carried out to examine the morphology of samples after ball 

milling. Owing to the exposure of the high-energy surface of the particles during HEBM, the 

secondary aggregation of the nanoparticles is usually severe and inevitable. Without additional 

PVA, the finely crushed primary HEBM Si particles naturally aggregate into secondary particles 

up to 10 μm, which dispossesses the advantages of nanomaterials and renders a drastic structural 

transition during lithiation and delithiation. By forming covalent bonds between the PVA and Si 

particles, the active surface is chemically quenched, which effectively mitigates the formation of 

aggregates. The RBM Si-5%PVA primary particles are typically below 200 nm (Figure 3.4a), 

notably smaller than the HEBM Si (Figure 3.4b). Most of the secondary particles of RBM Si-

5%PVA fall in the range of 0.5-1 μm. TEM images display more distinct differences. The RBM 

Si-5% PVA particles are around 200 nm and well-dispersed (Figure 3.4c). In contrast, the HEBM 

Si appears as an aggregation with size over 2 μm (Figure 3.4d). The sizes of RBM Si-2%PVA 

and RBM Si-10%PVA are consistent with the BET results as well (Figure 3.4e,f). The diffraction 
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spots corresponding to (111), (220) and (311) lattice planes of polycrystalline silicon can be found 

in the SAED pattern (Figure 3.5a). The (111) lattice of silicon with an interplanar spacing 0.32 

nm can be determined in the HRTEM image (Figure 3.5b). More importantly, a layer of 

amorphous domain is observed around the Si nanocrystals, which may be assigned to the polymer 

coating and/or amorphous Si. The Si nanoparticles are effectively separated by the in situ formed 

polymer framework and the agglomeration is therefore remarkably suppressed during HEBM. 

Such unique structure might accommodate the volume change of Si, and also prevent the Si 

particles from aggregation upon repeated lithiation/delithiation. 

 

 

Figure 3.4 Morphology and sizes of HRBM Si powders. SEM images of (a) RBM Si-5% PVA 

and (b) HEBM Si and TEM images of (c) RBM Si-5%PVA, (d) HEBM Si, (e) RBM Si-2%PVA 

and (f) RBM Si-10%PVA. 
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Figure 3.5 (a) SAED and (b) HR-TEM images of RBM Si-5%PVA.  

 

The formation of covalent bonds between Si and PVA during the ball-milling process is 

further supported by the X-ray photoelectron spectroscopy (XPS) profiles. Typical peaks for Si in 

Si 2p spectrum located at 99.6, 100.3, 100.9 and 103.5 eV represent Si 2p3/2, Si 2p1/2, Si-O and 

SiO2, respectively (Figure 3.6a).203 All these peaks remain in the spectrum of RBM Si-5%PVA. 

In addition, a new peak at 102.5 eV corresponding to Si-O-C bonding appears,204 probably due to 

the reaction between hydroxyl groups (-OH) from PVA and freshly exposed surface of silicon 

particles during RBM (Figure 3.6b). After the RBM process, the C-H/C-C peak (284.8 eV) from 

PVA polymer chain remains in C 1s spectrum, while the original C-OH peak at 286.3 eV is 

replaced by a new peak at 286.9 eV for Si-O-C (Figure 3.6c, d). Consistently, in O 1s spectrum, 

the Si-O-C peak (532.2 eV) in RBM Si-5%PVA completely replaces the C-OH peak (533.4 eV) 

in PVA (Figure 3.6e-g).205 These observations imply that hydroxyl groups in PVA have fully 

reacted with silicon during RBM and a layer of Si-O-C coating layer has formed on the surface of 

silicon. The FTIR result provides direct evidences of the covalent bonds on the coated silicon 

particles surface (Figure 3.7a). The peak of Si-O-Si stretching around 1150-1200 cm‒1 for HEBM 

Si 206 also appears in the spectrum of RBM Si-5%PVA, while the C-O peak in PVA for RBM Si-
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5%PVA shows up at around 1100 cm‒1. More importantly, the characteristic peak of Si-O-C 

locates at around 1020 cm‒1. Additionally, the chemical linking between PVA and Si particles after 

RBM is confirmed by TGA. Both RBM Si-5%PVA and HEBM Si exhibit extraordinary thermal 

stability up to 1000 °C, compared to pure PVA with major weight loss occurring at around 250 °C 

(Figure 3.7b). Different from extensively reported physical coating/wrapping on the surface of Si 

nanoparticles, RBM is capable to achieve in situ generation of covalent bonds, inducing a robust 

shell to protect silicon particles. Furthermore, the complete removal of reactive groups in the raw 

materials might also improve the electrochemical stability. 

 

Figure 3.6 Characterizations of the chemical structure of the HEBM Si and RBM Si-5%PVA. Si 

2p XPS spectra for (a) HEBM Si and (b) RBM Si-5% PVA. C 1s XPS spectra for (c) PVA and (d) 

RBM Si-5% PVA. O 1s XPS spectra for (e) PVA, (f) HEBM Si and (g) RBM Si-5%PVA. 
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Figure 3.7 (a) FTIR and (b) TGA for PVA, HEBM Si and RBM Si-5% PVA. 

 

The electrochemical lithiation/delithiation performances of the as-prepared silicon 

particles were investigated in half-cell configurations. Figure 3.8 displays the CV feature of the 

RBM Si-5%PVA for the first four cycles.  In the first cycle, the distinctive cathodic peak around 

0.05 V reveals the initial formation of LixSi (0£x£3.75) alloy process. The two anodic peaks at 

0.36 V and 0.53 V can be assigned to the phase transformation from high-Li-content to low-Li-

content LixSi alloys and eventually to amorphous Si. The subsequent scans exhibit similar CV 

profiles, with another cathodic peak emerging at 0.18 V. The current increases steadily as the scans 

proceed, implying an activation process and formation of stable SEI on the electrode surface. 

Besides the well-established lithiation/delithiation peaks, no side reaction was detected, which is 

attributed to the elimination of reactive groups during RBM process.  
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Figure 3.8 CV analysis for RBM Si-5%PVA sample. 

 

Galvanostatic charging/discharging at 0.2 A g‒1 for RBM Si-5%PVA discloses stable 

voltage profiles with well-defined charging/discharging plateaus.  With the increasing content of 

PVA in the active materials, the specific capacity slightly decreases.  Meanwhile, stability of the 

electrodes is notably improved, leading to higher capacity retention upon cycling.  The initial 

capacity for bare HEBM Si is 3255 mAh g‒1 with an ICE of only 83.0%, along with fast capacity 

fading (Figure 3.9a).  The stability is slightly improved with 2% of PVA (Figure 3.9b).  

Nonetheless, the RBM Si-5%PVA electrode exhibits initial specific capacity of around 3000 mAh 

g‒1 and an ICE of 86.1% with negligible capacity loss in the first three cycles (Figure 3.9c).  The 

RBM Si-10%PVA shows a similar stability compared with RBM Si-5%PVA while the initial 

specific capacity drops to 2434 mAh g‒1 due to the higher weight ratio of inactive PVA (Figure 

3.9d).  Through the PVA coating, the stability and the ICE of the electrodes are greatly improved 

with minimal sacrifice on the specific capacity. 

0 1 2

-1

0

1

Lithiation: 0.18 V

 

 

I (
m

A
)

Ewe (V) vs. SCE

 1st cycle
 2nd cycle

Delithiation:
0.36 V, 0.53 V

 3rd cycle
 4th cycle



 71 

 

 

Figure 3.9 Galvanostatic charging/discharging profiles for (a) HEBM Si, (b) RBM Si-2%PVA, 

(c) RBM Si-5%PVA and (d) RBM Si-10%PVA. Current density: 200 mA g–1. 

 

Figure 3.10a compares the rate performance of RBM Si-5%PVA and HEBM Si electrodes. 

Ranging from 0.15 to 3.0 A g‒1, the capacity of electrode drops stepwise to 801 mAh g‒1 and 

recovers to 2234 mAh g‒1 once the current returns to 0.15 A g‒1. Figure 3.10b shows the 

galvanostatic cycling stability of the ball-milled silicon materials with a loading of 1 mg cm-2 and 

a current density of 0.2 A g‒1. In contrast to the drastic capacity fading of HEBM Si, Si-PVA 

nanocomposites synthesized through RBM present enhanced stability and higher capacity 

retention. It is noteworthy that the RBM Si-5%PVA offers the best improvement. Besides a high 
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ICE of 86.1% as mentioned earlier, the Coulombic efficiency (CE) rapidly reaches over 97% from 

the second cycle onwards (Table 3.2). After being activated in the first 10 cycles, the electrode 

steadily becomes stabilized and remains stable for later cycles, with 1526 mAh g‒1 reversible 

specific capacity retained after 100 cycles and an average CE of 99.2%. A substantial capacity loss 

to 1395 mAh g‒1 occurs in the first 5 cycles for RBM Si-10%PVA electrode, ending up with a 

reversible capacity of 798 mAh g‒1 after 100 cycles. We speculate that the severe polymer 

solvation and swelling from the higher content of PVA leads to a more significant structural change, 

thus causing the quick capacity fade in the first several cycles. In addition, HEBM Si is simply 

stirred and mixed with 5% of PVA to demonstrate the vital role of RBM. Owing to the side 

reactions with the electrolytes induced by the reactive groups on PVA, the ICE is hardly over 70 %. 

Without the robust chemical interaction to preserve the integrity, the electrode quickly fails. 

Further increasing the current density to 3.0 A g‒1, the RBM Si-5%PVA electrode delivers a 

reversible specific capacity 750 mAh g‒1 after 150 cycles (Figure 3.10c).  
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Figure 3.10 Electrochemical characterizations of the RBM Si-PVA anodes. (a) Rate performance 

of HEBM Si and RBM Si-5%PVA electrodes with the loading of 1 mg cm‒2. (b) Long-term cycling 

performances of ball-milled silicon materials at 0.2 A g‒1 with the mass loading of 1 mg cm‒2. (c) 

Fast charging/discharging (3.0 A g‒1) performance of RBM Si-5%PVA electrode with the mass 

loading of 1 mg cm‒2. 

 

Table 3.2. Coulombic efficiency of the first 5 cycles for cell cycling according to Figure 3.10b.  

Cycle Number HEBM Si Simple mix Si-
5%PVA 

RBM Si-
2%PVA 

RBM Si-
5%PVA 

RBM Si-
10%PVA 

1 83.03% 71.24% 88.22% 86.12% 81.43% 
2 85.14% 67.46% 91.92% 97.56% 93.76% 
3 88.99% 76.1% 91.87% 97.98% 93.22% 
4 90.36% 77.46% 91.12% 97.87% 77.62% 
5 89.58% 87.32% 94.46% 98.33% 91.59% 

 

EIS tests were conducted simultaneously at different cycle numbers. The diameters of the 

semicircles in the plots were evaluated with the measurement and indicate the charge transfer 

resistance (Rct) of the cell.207,208 For fresh electrodes, the resistance first gradually decreases from 

316 Ω (HEBM Si) to 240 Ω (RBM Si-5%PVA), due to the improved ion transportation kinetics 

benefited from the reduced particle sizes. However, when the PVA content has reached 10%, the 

charge transfer resistance increases back to 340 Ω, indicating the role of non-conductive additive 

PVA has overruled the slight size decrease compared to RBM Si-5%PVA (Figure 3.11a). This 

result provides another explanation for the superior cell performance with RBM Si-5%PVA. After 

the first cycle of galvanostatic charging/discharging for the RBM Si-5%PVA electrode, the 

impedance reduces dramatically to 56 Ω, suggesting the formation of ionic conductive SEI layer.  

The impedance of the cell continues to decrease until it reaches 21 Ω after the 50th cycle, and 
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remains stable at 21 Ω  to the 100th cycle (Figure 3.11b). At the beginning of cell cycling, the 

formation of SEI layers and improved interfacial contact that can be ascribed to the activation and 

wetting process significantly enhanced the charge transfer capability. Eventually, the Rct maintains 

consistent, revealing a stabilized SEI layer and mitigated Si pulverization. To strike a balance 

between the capacity and stability, RBM Si-5%PVA is preferentially selected for the additional 

cycling tests.  Through the covalent linking between silicon and PVA protective layer by RBM, 

the electrochemical performances in terms of CE and cycling stability of the electrode are greatly 

improved.   

 

 

Figure 3.11 EIS profiles of (a) fresh electrodes with different Si powders and (b) RBM Si-

5%PVA electrode before and after cycling. Inset: magnified EIS profiles of the high frequency 

region. 

 

Figure 3.12a illustrates the working mechanism of the resilient PVA coating that promotes 

the cycling stability of the silicon electrodes.  On the surface of silicon, the flexible polymer PVA 

with a linear chain structure can stretch and contract along with the volume expansion and 
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shrinkage of silicon particles during lithiation and delithiation.  Unlike solely physical contact, the 

stable chemical bonding between the PVA chains and particles surface prevents phase separation 

during the volume variation of silicon.  The PVA coating acts as a resilient buffer layer to 

accommodate the volume expansion and thus prevents the particles from pulverization.  As a result, 

the integrity and thus cycling stability of the electrode would be notably improved.  SEM images 

of cycled electrodes provide a visible demonstration of the improved mechanical stability of Si-

PVA nanocomposites. After only one cycle of lithiation/delithiation, the surface of HEBM Si 

electrode becomes rough with deep cracks with a typical width of 10.5 μm (Figure 3.12b). The 

electrode film continuously breaks down upon cycling (Figure 3.12c), leading to obvious 

disintegration after 10 cycles with almost 20 μm width cracks (Figure 3.12d). On the other hand, 

only minor crevices typically 2.0 μm in width on the surface of electrode is observed for RBM Si-

5%PVA (Figure 3.12e), and the electrode remains generally intact from the 5th to the 10th cycle 

(Figure 3.12f, g). The RBM Si-10%PVA electrode shows a similar result (Figure 3.12h-j).  With 

only 5% PVA coating, we successfully mitigate the pulverization and thus enhanced the cycling 

stability of the silicon anodes.   
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Figure 3.12  (a) Schematic diagram of the lithiation/delithiaion process of the ball-milled silicon 

materials. (b-g) Morphology of cycled silicon electrodes.  SEM images of (b, c, d) HEBM Si 

electrodes, (e, f, g) RBM Si-5%PVA and (h, i, j) RBM Si-10%PVA after (b, e, h) one, (c, f, i) 

five and (d, g, j) ten cycles, respectively.   

 

As suggested previously, despite the high specific capacity, the cycling stability silicon 

alone delivers might not be satisfying for industrial applications. Given that, Si/graphite 
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composite material is popular as a substitution and transitional option from graphite to Si anode 

materials. Consequently, we fabricated the obtained RBM Si-5%PVA particles with commercial 

graphite to produce Si/graphite composite anode materials. As shown in Figure 3.13a, the 

composite material delivers a high specific capacity of 1300 mAh g-1 at the beginning activation 

process of the cycle when the current density is 0.2 A g-1. Following the higher current density of 

0.5 A g-1, the composite Si/graphite material maintains a highly reversible specific capacity of 

~1000 mAh g-1, which gives an impressive capacity retention of 87.5% after 100 cycles. 

Compared to graphite (372 mAh g-1, dashed line), the according Si/graphite provides a greatly 

improved capacity, as well as a decently comparable cycling stability. Figure 3.13b shows the 

rate performance for the composite material. When the current density was raised from 0.1 A g-1 

to 1.6 A g-1, the specific capacity still reaches ~700 mAh g-1, which is much higher than graphite, 

especially considering the poor rate capability of graphite materials.209,210 When the current was 

decreased back to 0.2 A g-1 again, the capacity was able to recover to ~1200 mAh g-1 and remain 

stable to 100 cycles. 
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Figure 3.13 (a) Cycling performance of the Si/graphite (wt. 1:1) composite anode material. (b) 

Rate performance for the Si/graphite (wt. 1:1) composite anode material. Mass loading of the 

anode materials: 1.2 mg cm-2.  

 

In order to rationalize the practical applicability and commercial feasibility, high areal 

capacity was developed with the composite anode material. Si/graphite with a higher content of 

graphite (8 wt.% Si and 92 wt.% graphite) was fabricated for the cycling performance test. The 

specific capacity of the resulted Si/graphite composite is around 510 mAh g-1, with an areal 

capacity of 3.2 mAh cm-2 for the corresponding anode. Even under a low current density of 50 

mAh g-1, the material still renders a high ICE of 89% and a capacity retention of 85.5% after 100 

cycles, offering a promising potential for the practical uses.   

 

 

Figure 3.14 Cycling performance of Si/graphite composite material (8 wt.% Si and 92 wt.% 

graphite) with a specific capacity of ~510 mAh g-1 and an areal capacity of ~3.2 mAh cm-2. 

Current density: 50 mAh g-1. 

 

3.4  Conclusions 
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In conclusion, we successfully developed an efficient RBM strategy for large-scale 

preparation of Si-PVA nanocomposites as anode materials for LIBs by using in situ chemical 

reaction between silicon particles and the hydroxyl groups on PVA chains.  The Si-PVA 

nanocomposite with 5% PVA exhibits a primary size of Si within 200 nm coated by PVA through 

Si-O-C covalent bond on the surface.  By varying the weight ratio of PVA, the sizes of the particles 

can be regulated, among which 5% PVA coated silicon particles demonstrate optimal 

electrochemical performances.  At 0.2 A g‒1, the RBM Si-5%PVA delivers a reversible capacity 

over 1526 mAh g‒1 after 100 cycles, with an ICE over 86.1% and an average CE of 99.2%.  Raising 

the current to 3.0 A g‒1, a capacity around 800 mAh g‒1 after 150 cycles can be maintained.  The 

superior electrochemical performance can be attributed to the following aspects: (1) nanosized Si 

particles from ball milling greatly shorten the diffusion pathway of Li+, leading to enhanced 

kinetics; (2) polymer coating effectively reduces the size of primary nanoparticles; (3) the resilient 

PVA coating layer with robust covalent bond is adaptive to the volume change of silicon particles.  

Therefore, the severe pulverization of Si-based anode is effectively alleviated.  In addition, the 

synthetic strategy features one-pot and solvent-free reaction without post-procedure, as well as 

low cost of the raw materials, thus being suitable for industrial manufacturing. Moreover, the 

obtained Si particles can be well mixed with commercial graphite to produce compatible composite 

anode materials that offer great cycling stability and rate capability, even with a high mass loading. 

Thus, the RBM method developed in this work offers a feasible approach to fabricate Si-based 

anode materials for next-generation LIBs.   
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Chapter 4: Electrolyte Membranes with Biomimetic 

Lithium-Ion Channels 

4.1 Introduction 

The increasing adoption of electric vehicles necessitates lithium-ion batteries (LIBs) with 

high-performance characteristics such as improved energy density, faster charging time, prolonged 

lifetime, and improved safety.19,211  Similar to other electrochemical-energy-storage devices, LIBs 

operate through charge separation that generates electrons and lithium ions in one electrode, 

transport of the electrons and ions respectively through the external circuit and electrolyte, and 

recombination of the electrons and ions on the other electrode.20  As an essential component of 

this continuous process, transport of lithium ions heavily governs the performances of LIBs.212   

Most commercial LIBs adopt liquid electrolytes, which consist of lithium salts dissolved 

in organic solvents, allowing fast translocation of the solvated ions in the electrolytes.213  However, 

lithium ions (Li+) and the solvent molecules tend to form bulky solvation sheaths, which reduce 

the mobility of Li+.214  As a consequence, the Li+ transference number (tLi+) of the electrolytes, 

defined as the ratio of Li+ conductivity vs. the total ionic conductivity, is typically less than 0.5.215  

In addition, since the anions are not involved in the relevant electrochemical reactions of LIBs, the 

charging and discharging process creates an anion concentration gradient across the electrolyte, 

causing joule heating, particularly during fast charging and discharging.134  Meanwhile, such a 

concentration polarization also induces parasitic reactions that shorten the lifespan of the 

battery.216,217 Although extensive studies have been explored to improve the tLi+ in liquid 

electrolytes, mainly by covalently grafting the anions on inorganic particles to reduce their 

mobility162 or by using Li+-conducting ionomers (e.g., Nafion) with pendant anionic moieties (e.g., 
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lithium sulfonates)218, these approaches typically result in low ionic conductivity on the order of 

magnitude of 10-5 S cm-1.163,219–222  

In contrast to the transport of ions in electrolytes, biological organisms can transport ions 

in a highly effective and selective fashion through ion channels.223  As illustrated in Figure 4.1a, 

ion channels are narrow tunnel-like membrane proteins with negatively charged terminals (e.g., 

deprotonated carboxylic acids) decorated along the pore channels filled with water molecules, 

selectively allowing facile passage of specific cations (e.g., Na+ and K+) while electrostatically 

repulsing anions (e.g., Cl-) without consumption of metabolic energy.224,225  We envision that 

electrolytes with improved tLi+ could be achieved by using a nanoporous scaffold, of which the 

pore surface is decorated with negatively-charged moieties such as lithium sulfonate groups.  

Mimicking ion channels in biological systems, the negative moieties within the nanoporous 

channels should allow effective transport of Li+ while electrostatically repelling the anions, leading 

to a high tLi+.   

Metal-organic frameworks (MOFs), a class of nanoporous solids constructed from metal 

cornerstones and organic ligands with tunable structure topology and pore functionality, are 

excellent scaffolds to construct such biomimetic ion channels.226,227  For demonstration, UiO-66-

NH2 (denoted as UN), a MOF with the formula Zr6O4(OH)4[BDC-NH2]6 constructed by 

Zr6O4(OH)4 hexanuclear clusters and bridging ligands (2-aminoterephthalic acid, BDC-NH2), was 

utilized in this work.228  As depicted in Figure 4.1b, UN is assembled by two types of building 

blocks: a tetrahedron cage and an octahedron cage, which offer two sizes of microporous cavities 

with triangular-shape window apertures.229  Moreover, the amine moieties in the ligands could be 

readily grafted with negatively charged sulfonate (SO3-) groups via chemical modifications, 

structurally mimicking the anionic terminals of ion channels (Figure 4.1c).230,231 
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Figure 4.1. (a) A schematic illustration of an ion channel with negatively charged terminals in a 

cell membrane. (b) Structural fragments of UN comprising super tetrahedrons and octahedrons 

constituted by the metal clusters and ligands. (c) Illustrative drawings showing a biomimetic Li+ 

channel constructed by grafting anionic sulfonate groups on the pore channels of UN. 

 

Note that we have recently developed solid-like electrolytes by MOFs containing 

unsaturated metal sites (UMSs). Upon filling the pore channels of the MOFs with liquid 

electrolytes, the anions are spontaneously complexed with the UMSs, allowing effective transport 

of Li+ within the porous channels.232,233  Similarly, composite separators for LIBs with improved 

tLi+, rate performance and lifespan were also fabricated by electrospinning a mixture of polymer 

and MOFs with UMSs.234  These approaches rely on the complexation of anions with UMSs to 

facilitate the transport of lithium ions and improve the tLi+; however, not all MOFs contain UMSs, 
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which limits the applicability of this strategy.235,236  The present work circumvents this limitation 

by modifying the bridging ligands with negatively charged moieties, mimicking ion channels for 

effective transport of lithium ions in electrolytes.  

 

4.2 Experimental Section 

Synthesis of UN-SLi. UN was synthesized according to reported literature through a hydrothermal 

reaction.229 As-synthesized UN was mixed with excess 1,3-propanesultone in CHCl3. After stirring 

at 45 °C for 12 h, the bright yellow solid was collected through centrifugation. The solid was 

washed by CHCl3 three times then dried at 80 °C to obtain UN-SH. UN-SLi was prepared by 

reacting UN-SH with excess LiCl aqueous solution. The final UN-SLi was collected by filtering, 

washed by water and ethanol for three times each, and dried at 120 °C under vacuum for complete 

removal of water.  

Preparation of REF and UN-SLi-EM. UN-SLi-EM was prepared by homogenously mixing 480 

mg of MOFs (UN-SLi) with 320 mg of P(VdF-HFP) powders in 10 mL of dimethyl carbonate 

(DMC) and 2 mL of ethylene carbonate (EC) for 24 h (ambient temperature). 150 μL of resulting 

suspension was uniformly added to each side (300 μL in total) of a glass-fiber separator (18.5 mm 

in diameter, Whatman, GF/C). REF was prepared by a similar process without MOFs. After 

evaporation of DMC solvents, all membranes were stored in glove box for future characterizations. 

Approximation of the Debye length of sulfonate groups. Assuming the lithium sulfonate groups 

ionize completely in the EC/DEC solvents, the following formula of Debye length for symmetric 

monovalent electrolytes is used for the calculation: λD=(εrε0kBT/q2Σzi2(NAci))1/2 237,238 (1), where 

λD is the Debye length in electrolyte solutions, εr is the relative dielectric constant of the solvent, 
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ε0 = 8.85×10−12 F⋅m−1 is the vacuum permittivity, kB = 1.38 ́ 10-23 J K-1 is the Boltzmann constant, 

T is the absolute temperature in kelvin, q = 1.60×10−19 C is the elementary charge, zi is the charge 

number of the ion, NA = 6.02×1023 mol−1 is the Avogadro constant, and ci is the molar 

concentration of the ion in the electrolyte (mol L-1). At T = 298 K (25 °C), εr for DEC is 2.82, 

while EC alone has a melting point higher than T = 298 K. Therefore, εr = 90.36 at T = 313 K for 

EC is used as an approximation.239 The dielectric constant for the mixed EC/DEC solvents is 

considered roughly linear240, thus εr = 46.59 can be estimated for the EC/DEC solvents (volume 

ratio 1:1). Considering the chemical formula of UN-SLi (Zr6O38.3C54.3H44.5N6S2.1Li2.1) and the 

available liquid electrolyte in UN-SLi-EM (12 mg of UN-SLi in 160 μL of electrolyte), a molar 

concentration of the negatively charged sulfonate residues can be calculated as 7.8´10-2 mol L-1. 

Taking all the derived numbers into formula (1), a Debye length of λD = 8.4 Å can be approximated.  

Electrochemical studies. All electrochemical characterizations were carried out by adding an 

equivalent amount of liquid electrolyte (160 μL of 1M LiPF6 in EC/DEC with 5 wt% FEC) to the 

membranes studied (UN-SLi-EM, REF). CV tests (Biologic VMP3) were conducted in coin-cell 

configuration with a scan rate of 1.0 mV s-1 between -0.2 and 5.0 V, where lithium chips were 

utilized as reference/counter electrodes and stainless-steel plates were used as the working 

electrodes.  

The ionic conductivity (σ, S cm−1) was measured by sandwiching electrolyte-saturated 

membranes by two blocking electrodes (stainless steel plates) and calculated based on the 

following equation: σ=4L/πRD2, where σ is conductivity, L (cm) and D (cm) are thickness and 

diameter of the membranes, respectively, and R (Ohm) is the resistance obtained from EIS 

(Solartron 1860/1287) by AC amplitude of 10 mV from 106 to 1 Hz. Activation energies (Ea) from 
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the Arrhenius behavior of conductivity (σ = σ0exp(–Ea/RT)) were derived by linear fitting between 

log σ and 1000/T with a linear fitting coefficient over 0.99. 

Determination of tLi+ was performed through the combined measurement of alternating-

current (AC) impedance and potentiostatic polarization. The time dependence of the current was 

detected via Li|Li symmetric cell with a voltage of 20 mV (ΔV) applied, during which the initial 

current (I0) was monitored until reaching the steady-state current (Iss). The same cell was monitored 

to measure the resistance of the electrolyte and the electrolyte-Li metal interface by EIS before 

(R0) and after (Rss) (106 to 1 Hz, 10 mV amplitude) applying the voltage. tLi+ can be calculated 

with the following expression: tLi+ = Iss(ΔV-I0R0)/ I0(ΔV-IssRss).157 

Li stripping and plating tests were performed using Li|Li cells by galvanostatically 

charging and discharging (Landt instrument) for a period of 2 h each at a current density of 1.0 

mA cm−2, except for initial 10 cycles at 0.2 mA cm−2. The post-mortem evaluations on Li 

electrodes and UN-SLi-EM membranes were carried out by dissembling Li|Li cell after 50 cycles 

(200 h). Cu|Li asymmetric cells were assembled by a lithium chip and copper foil (15 μm in 

thickness) in a coin cell. Each cycle includes plating lithium on the copper with a current density 

of 1.0 mA cm-2 for 2 h and stripping to voltage cutoff at 1.0 V (vs. Li/Li+).  

Prototype batteries were fabricated by assembling a conventional LiFePO4 cathode and a 

Li chip in coin cells (2.5 to 4 V vs. Li/Li+ for LiFePO4). The LiFePO4 cathodes were prepared by 

homogenously blending LiFePO4 (MTI), acetylene black, and polyvinylidene difluoride (PVdF) 

at a ratio of 8:1:1 in N-Methyl-2-pyrrolidone (NMP). The resulting slurry was uniformly coated 

on a conductive carbon-coated Al foil and dried in a vacuum oven at 90 °C for 12 h. The specific 

capacity is calculated based on the active materials in the cathode, corresponding to an areal mass 
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loading of 2 mg cm−2. 1C charging and discharging rate here is defined as 150 mA g−1 for LiFePO4. 

All the electrochemical tests were carried out at ambient temperature (» 25 °C) unless specified. 

Materials characterizations and structural analysis. Crystalline structures of MOFs samples 

were determined by the Rigaku powder X-ray diffractometer (XRD) using Kα radiation (λ = 1.54 

Å). Surface morphology and particle sizes were investigated by scanning electron microscopy 

(Nova 230 Nano SEM) and transmission electron microscopy (FEI T12 Quick CryoEM and 

CryoET TEM). N2 sorption/desorption measurements were conducted using a Micromeritics 

ASAP 2020 system at 77 K. Prior to the measurement, all samples were degassed at 120 °C for 12 

h. All 1H NMR samples were prepared by completely digesting MOFs samples in 30 μL HF 

solution and 570 μL DMSO-d6. AV400 was used with 5 mm broadband with Z gradient. 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was performed using 

Shimadzu ICP-9000 instrument. The UN-SLi was digested by concentrated HNO3 and HCl (vol. 

1:3), dried to remove the liquid, and redissolved in 5% HCl solution for the ICP-AES test. X-ray 

photoelectron spectroscopy (XPS) measurements were performed on an AXIS Ultra DLD 

instrument. The samples were prepared in glovebox before quickly transferred to a high-vacuum 

chamber. The obtained raw XPS spectra were calibrated by C 1s peak at 284.8 eV and then fitted 

based on Gaussian−Lorentzian functions and Shirley-type background. Raman spectroscopy was 

conducted on a Renishaw 2000 System with a He/Ne laser at a wavelength of 633 nm. Zeta 

potential was measured on Zetasizer Nano instrument (Malvern) with isopropanol as the solvent.   

COMSOL Multiphysics Simulation. The model includes following processes: (1) charge 

transport: electronic charge transport in electrodes, and ionic charge transport in electrolyte; (2) 

species transport: in electrolyte, and within particles of electrodes; (3) Butler-Volmer 

electrochemical kinetics for electrodes. As for domains, the model uses: (1) liquid electrolyte (1M 
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LiPF6 salt in carbonate solvents) in porous separator; (2) positive porous electrode (LiFePO4 

particles as active material), partial physical properties are obtained from manufacturer datasheet; 

(3) at negative electrode, lithium foil is used as planar electrode. As for boundary conditions, (1) 

on the current collector/active material boundaries, for electronic current balance, electric potential 

is set 0 V at the negative electrode, and current density is given by applied discharge rate at the 

positive electrode; (2) current collector/active material boundaries are insulating for ionic charge 

balance; (3) at particle surfaces in electrodes, the species flux is determined by Butler-Volmer 

equation (reaction rates of electrochemical reactions). 

 

4.3 Results and Discussions 

UN particles with high crystallinity and porosity were synthesized by a reported 

hydrothermal approach.229  Figure 4.2a,b present the transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM) images of UN particles, respectively.  The as-

synthesized UN shows a well-defined octahedral shape with a uniform particulate size of 150 nm.  

Post-synthetic decoration of UN yields an anionic MOF, which is achieved by two-step 

modifications, that is, the reaction of UN with 1,3-propanesultone231 (the product is denoted as 

UN-SH) and subsequent ion-exchange process with Li+ (the product is denoted as UN-SLi).  As 

shown in Figure 4.3a, the crystal structures of UN, UN-SH and UN-SLi were examined by X-ray 

powder diffraction (XRD), all of which are indexable to a simulated UN pattern.229 Despite a 

slightly downshifted (200) peak (2θ = 8.5°) observed due to ligand modification230,241, the 

crystallinity and morphology (Figure 4.2c,d) of the modified UN particles are consistently 

preserved. 
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Figure 4.2 TEM images of (a) as-synthesized UN and (b) UN-SLi. SEM image of (c) as-

synthesized UN and (d) UN-SLi. 

 

N2 adsorption/desorption isotherms, as well as the corresponding pore size distributions of 

UN, UN-SH and UN-SLi, are displayed in Figure 4.3b and Figure 4.3c, respectively.  The pristine 

UN exhibits a Brunauer–Emmett–Teller (BET) surface area of 921.3 m2 g-1 and a total pore 

volume of 0.473 cm3 g-1, which decreases to 659.8 m2 g-1 and 0.367 cm3 g-1 after the sulfonation 

modification (UN-SH), signifying a successful introduction of –(CH2)3SO3H groups to the porous 

scaffold.  Correspondingly, UN-SLi shows a slightly declined surface area of 627.2 m2 g-1 and a 

pore volume of 0.357 cm3 g-1.  Based on a Density Functional Theory (DFT) model, the pore size 

distribution analysis of UN indicates two types of pores with diameters of 7.5 Å and 11.5 Å, which 

are respectively consistent with the sizes of the tetrahedron and octahedron building units of UN 
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as illustrated in Figure 4.2a.  The pore volume of the octahedron cavity (11.5 Å) notably decreases 

with the graft modification, which is accompanied by an increasing pore volume peaking at a 

diameter slightly higher than 7.5 Å (» 8 Å).229,242  The dominant pore diameter is thus reduced 

from 11.5 Å for UN to 8 Å for UN-SLi, which could be reasonably interpreted by the major 

modification in the octahedron cavities.  

 

 

Figure 4.3 (a) XRD patterns of UN, UN-SH and UN-SLi. A simulated UN pattern is also plotted 

at the bottom. (b) N2 adsorption/desorption isotherms of UN, UN-SH and UN-SLi. (c) Micropore 

size distributions of UN, UN-SH and UN-SLi obtained from a DFT model. (d) Raman spectra of 

UN, UN-SH and UN-SLi. 
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The evolution of the chemical structure during the modification was probed by Raman 

spectroscopy.  Figure 4.3d shows the Raman spectra of UN, UN-SH and UN-SLi, in which the 

peaks at 510 cm-1, 1420/1450 cm-1 and 1580/1625 cm-1 are attributed to the Zr-μ3O (metal 

clusters), COO- (carboxylate of ligands) and C=C (phenyl of ligands) vibrations from the MOF 

skeleton, respectively.243,244  An emergence of new sulfonate peaks at 1040 cm-1 for UN-SH and 

UN-SLi elucidates the successful installation of –(CH2)3SO3- groups245. A pronounced peak at 

1260 cm-1 of UN is associated with C-N bonds (BDC-NH2). This peak is shifted and split into two 

peaks at 1247 cm-1 and 1280 cm-1 for both UN-SH and UN-SLi, suggesting multiple bonding 

configurations of the C-N bonds after grafting –(CH2)3SO3- on the –NH2 groups.246,247 In addition, 

to verify the formation of negatively charged ion channels in UN-SH and UN-SLi, zeta potential 

measurements were performed in a non-aqueous environment for UN, UN-SH and UN-SLi 

powders (Figure 4.4a)).  UN shows a near-zero zeta potential, whereas UN-SH and UN-SLi 

particles show a zeta potential of -15 mV, confirming that UN-SH and UN-SLi are negatively 

charged.   

Proton nuclear magnetic resonance (1H NMR) was utilized to quantitatively determine the 

degree of the modification (Figure 4.4b).  The chemical shifts of both UN and UN-SH at around 

7.0, 7.3 and 7.7 ppm are ascribed to the hydrogens (marked as HA, HB and HC) on the benzene ring 

of the ligand.230  The chemical shifts of UN-SH at around 2.0 and 3.2 ppm are identified as the 

hydrogens (marked as HD, HE and HF) on the alkyl chain of the grafted groups (–(CH2)3SO3-).  By 

comparing the integrals of the 1H peaks from the ligands and the grafted groups, it is estimated 

that ~ 35 mol% of the ligands were functionalized with –(CH2)3SO3- groups.  Consistently, the 

molar ratio of Li to Zr in UN-SLi was 0.355, as determined by inductively coupled plasma atomic 
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emission spectroscopy (ICP-AES), demonstrating that ~ 35.5% of the ligands in UN are equipped 

with Li+ (Table 4.1).  The coincident results from 1H NMR and ICP-AES confirm the complete 

ion-exchange after the second modification step.  Assuming no synthetic defects present in UN 

(Zr6O4(OH)4[BDC-NH2]6), the formula of UN-SLi is approximated as Zr6O4(OH)4[BDC-

NH1.65(C3H6SO3Li)0.35]6. 

 

 

Figure 4.4 (a) Zeta potential measurements of UN, UN-SH and UN-SLi in organic medium 

(isopropanol). (b) 1H NMR spectra of UN and UN-SH (3.8-6.6 ppm is omitted). 

 

Table 4.1. ICP-AES measurement for UN-SLi. 

Element weight concentration (mg L-1) molar concentration (mmol L-1) molar ratio (Li/Zr) 

Zr 19.2 0.21 
35.5% 

Li 0.517 0.0745 
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To implement such ion-selective materials for battery applications, UN-SLi particles and 

poly(vinylidene fluoride-co-hexafluoropropylene) (P(VdF-HFP)) were infiltrated in a glass-fiber 

separator to form electrolyte membranes (denoted as UN-SLi-EM).  As a reference, a composite 

separator membrane was also fabricated by impregnating bare P(VdF-HFP) into a glass-fiber 

separator (denoted as REF).  Figure 4.5a and Figure 4.5b show the SEM images of REF and UN-

SLi-EM, respectively, where REF displays a smooth surface while UN-SLi-EM shows a coating 

of UN-SLi particles.  The insets show photographs of these membranes, where UN-SLi-EM shows 

a bright yellow color due to the presence of UN-SLi.  

 

Figure 4.5 SEM images of (a) REF and (b) UN-SLi-EM; insets show the respective 

photographs. 

 

We first evaluated the electrochemical stability of electrolytes in the electrolyte membranes.  

Cells were assembled using stainless steel plates as the working electrode, Li-metal as the 

reference/counter electrode, and REF or UN-SLi-EM with 160 μL 1M LiPF6 in ethyl carbonate 

(EC)/diethyl carbonate (DEC) with 5 wt% fluoroethylene carbonate (FEC) as the electrolyte.  
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Figure 4.6a displays the cyclic voltammetry (CV) curves of the cells, where the redox peaks near 

0 V (vs. Li/Li+) are associated with Li+ stripping and plating.  The curve of the cell using UN-SLi-

EM resembles the REF in terms of stripping/plating currents and electrochemical stability (see 

inset for enlarged CV), implying the intactness of the sulfonate groups.  Meanwhile, the ionic 

conductivity of liquid electrolytes in these membranes was determined by electrochemical 

impedance spectroscopy (EIS) using two identical stainless-steel plates as blocking electrodes.  

Meanwhile, the ionic conductivity was determined by electrochemical impedance spectroscopy 

(EIS) using two identical stainless-steel plates as blocking electrodes (Figure 4.6b,c). As 

summarized in Figure 4.6d, the electrolytes in REF and UN-SLi-EM exhibit ionic conductivity of 

0.96 mS cm-1 and 0.9 mS cm-1 at ambient temperature, respectively.   

 

Figure 4.6 (a) CV curves of liquid electrolytes in REF and UN-SLi-EM using stainless steel as 

working electrode and Li as counter/reference electrodes (inset shows the enlarged view). 

Nyquist plots of (b) REF and (c) UN-EM with equivalent liquid electrolyte (160 μL of 1M LiPF6 
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in EC/DEC) at ambient temperature. Note: the resistivity of electrolyte membranes was 

determined by the intercept of the plots with real axis. (d) Ionic conductivity and tLi+ of liquid 

electrolyte in REF and UN-SLi-EM, where the Li+ and anion conductivities are partitioned based 

on tLi+. 

 

The tLi+ was measured in Li symmetric (Li|Li) cells using a classical potentiostatic 

method.248 As shown in Figure 4.7, the calculated tLi+ of electrolyte is doubly enhanced from 0.38 

in REF to 0.74 in UN-SLi-EM. Considering their comparable ionic conductivity, the effective Li+ 

conductivity is considerably increased from 0.36 mS cm-1 for REF to 0.67 mS cm-1 for UN-SLi-

EM (Figure 4.6d). This observation clearly confirms the ion-channeling effect, where the 

negatively charged channels selectively repel the passage of anions and allow effective 

translocation of cations.  Note that the Debye length of the SO3- groups in electrolyte is estimated 

as 8.4 Å, which is larger than the opening window of modified pore channels (~ 8 Å). Consistently, 

the electrostatic shielding effect of the SO3- groups persists within the Debye sphere, mimicking 

biological ion channels by restricting the permeation of PF6- anions (~ 5.1 Å249) and favoring the 

passage of Li+ cations (~ 0.7 Å250).  
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Figure 4.7 tLi+ measurements of liquid electrolytes in (a) REF and (b) UN-SLi-EM using 

potentiostatic polarization (insets: Nyquist plots before and after polarization). 

 

The long-term interfacial stability between UN-SLi-EM and Li metal was characerized by 

galvanostatically cycling Li|Li cells at 1 mA cm-2 with areal capacity of 2 mAh cm-2.  Figure 4.8a 

compares the overpotential of the cells as a function of test time. The cell with UN-SLi-EM shows 

a smooth voltage plateau ~ 50 mV for each charging-discharging cycle that maintains stable for 

600 h without an increase in polarization or dendrite-induced failure (Figure 4.9).  In comparison, 

the cell with REF shows a severely fluctuating voltage profile with average overpotential of ~ 100 

mV due to inhomogeneous electrodeposition. The smaller and more stable overpotential curve of 

the cell using UN-SLi-EM demonstrates that alleviating the concentration gradient contributes to 

a less resistive and more robust electrolyte interface with metallic Li. The coulombic efficiency of 

Li+/Li plating-stripping was further evaluated in asymmetric (Cu|Li) cell, where the coulombic 

efficiency is defined by the ratio of the amount of stripped Li to that of the plated Li (2 mAh cm-2) 

on Cu.  As shown in Figure 4.8b, the cell using UN-SLi-EM retains an average coulombic 

efficiency of 92.4% for 100 cycles without short-circuiting (Figure 4.10).  In contrast, the cell 

using REF delivers an average coulombic efficiency of 90.5% for the first 40 cycles, followed by 

a rapid decay to 70% or less after 70 cycles. The higher coulombic efficiency of Cu|Li cell using 

UN-SLi-EM substantiates that blocked anion mobility and improved Li+ conductivity significantly 

suppresses parasitic reactions of electrolyte and affords more reversible Li electrodes. 
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Figure 4.8 (a) Galvanostatic cycling of Li|Li cells at 1.0 mA cm-2 for 2 h each cycle (0.25 mA 

cm-2 for initial 20 h). (b) Coulombic efficiency of Cu|Li cells at fixed plating capacity of 2 mAh 

cm-2 (1.0 mA cm-2). 
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Figure 4.9 Enlarged time-dependent voltage profiles from the Li|Li cells at segments of (a) 0-50 

h, (b) 250-300 h, and (c) 550-600 h. Areal capacity of 0.5 mAh cm-2 at 0.25 mA cm-2 for the initial 

20 h and 2.0 mAh cm-2 at 1.0 mA cm-2 for cycles afterwards. 

 

 

Figure 4.10. Time-dependent voltage profile (50th to 100th cycle) of Cu|Li cell using UN-SLi-

EM. 

 

For post-cycle analysis, Li electrodes from the cycled Li|Li cells were harvested and 

examined by SEM (Figure 4.11). Compared with the Li from the cell with UN-SLi-EM, the cycled 

Li with REF shows considerably rougher morphology. The species composition of anion on the 

electrode surface was analyzed by X-ray photoelectron spectroscopy (XPS) (Figure 4.12a).  

Decomposition products of PF6- are clearly observed, including LiF (685.2 eV) from the F 1s 

spectra and LixPOyFz (134.3 eV) from the P 2p spectra.251,252 Significantly less amount of LiF and 

LixPOyFz are present on cycled electrode from the cell using UN-SLi-EM, suggesting that the UN-

SLi-EM could effectively alleviate polarization and reduce decomposition of PF6- of electrolyte. 

The relatively weak –CF2–CH2– signal from the F 1s spectra of cycled electrode using UN-SLi-
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EM indicates reduced attachment of P(VdF-HFP) onto Li surface as UN-SLi particles decrease the 

direct contact between Li and polymer. Figure 4.12b shows the S 2p spectra from the sulfonate 

group (168.9 eV), as well as the Zr 3d spectra from the Zr4+ metal clusters (181.5/184.0 eV), before 

and after the cycling.253  Those similar spectra imply the excellent stability of UN-SLi-EM, which 

is further confirmed by Raman spectroscopy (Figure 4.13a) and XRD (Figure 4.13b) studies. 

 

Figure 4.11 SEM images of the cycled Li. 

 

 

Figure 4.12 (a) XPS spectra of the cycled Li. (b) XPS spectra of UN-SLi-EM before and after 

cycling.  
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Figure 4.13 Post-cycle evaluations on UN-SLi-EM harvested from Li|Li cycling. (a) Raman 

spectrum of UN-SLi-EM comparing the fresh UN-SLi-EM. (b) XRD pattern of fresh and cycled 

UN-SLi-EM compared to UN-SLi powder and fresh REF.  

 

Prototype lithium batteries were fabricated using LiFePO4 (LFP) as the cathode and Li-

metal as the anode (LFP|Li). Stepwise increased rates from 0.1C to 20C were applied on the LFP|Li 

cells. As shown in Figure 4.14a, although these cells show similar specific capacity of 145 mAh 

g-1 at a low rate of 0.1C, the cell with UN-SLi-EM delivers notably higher capacity at higher C 

rates.  For example, the cells using REF shows almost no capacity at 20C, while the cell using UN-

SLi-EM still affords a capacity of 45 mAh g-1. As shown in Figure 4.14b, cell durability was 

evaluated at 5C. The cell with REF exhibits a fast capacity fade from 95 mAh g-1 to 30 mAh g-1 

after 1000 cycles, corresponding to a capacity retention of 31%.  In sharp contrast, the cell with 

UN-SLi-EM affords a capacity of 76 mAh g-1 after 3000 cycles, equivalent to a capacity retention 

of 80%. The results support that the channeling effect for ion transport evidently benefits the rate 

capability and durability under fast charging/discharging.  
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Figure 4.14 (a) Rate performance of LFP|Li cells at various current densities from 0.1C to 20C. 

(b) Long-term cycling stability of LFP|Li cells at high rate of 5C (0.2C for initial 5 cycles).   

 

To investigate a relationship between ion transport, concentration polarization and output 

voltage, a conceptual cell (LFP|Li) was modelled in COMSOL Multiphysics® with key parameter 

inputs from above prototype cell and electrolyte property (Table 4.2). A 1-D model on the basis 

of the pseudo two-dimensional(P2D) model is implemented. The P2D model consists of three 

components of the battery shown in Figure 4.15: positive electrode (cathode, LFP), separator 

(electrolyte membrane, UN-SLi-EM), negative electrode (anode, Li metal), which denoted 

respectively by the indexes p, s, and n. Lithium metal is used as the anode that can be treated as a 

2-D surface, and thus its thickness is neglected in the simulation. The cathode (LFP) is porous with 

coexisting solid and liquid phases. Herein, we consider the cell under an isothermal condition 

without discussing the energy balance.  
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Figure 4.15 Schematic of LiFePO4|Li cell model with 1-D coordination. The governing 

equations and boundary conditions are summarized in Table 4.2. 

 

Table 4.2. Li-ion P2D model governing equations and boundary conditions.254,255 

Governing Equations Boundary Conditions 

Positive electrode, " ∈ {+, -} 
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The material balance of electrolyte in the liquid phase is described as (e1) for the (positive) 

electrode and (e1’) for the separator, respectively. At the both ends of the cell, there is no mass 

flux  (b1); at the electrode/separator interface, the concentration of the electrolyte and its 

mass flux are both continuous (b1’, b1’’). The material balance of lithium ions in a particle of 

active material in the solid phase is governed by Fick’s second law with spherical coordinates as 

( , )j x t
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(e2). At the center of the particle, there is no mass flux (b2); on the surface of the particle, the mass 

flux is equal to the pore wall flux for electrode reactions (b2’). Since the anode here is an electrode 

surface instead of a porous electrode, the equation of particle intercalation is not applicable (e2), 

but the pore wall flux for electrode reactions still applies. The charge balance in the liquid phase 

governed by Ohm’s law is described as (e3) for the (positive) electrode and (e3’) for the separator, 

respectively. At both ends of the cell, there is no charge flux; at the electrode/separator interface, 

the electrolyte potential and its charge flux are both continuous (b3’, b3’’). The charge balance in 

the solid phase governed by Ohm’s law is described as (e4). At the electrode/current collector 

interface, the charge flux is equal to the applied current density (b4); at the electrode/separator 

interface, the charge flux is 0 (b4’); at the current collector/negative electrode interface, the solid 

potential is set to be 0 (b4’’). Moreover, the pore wall flux, equal to the consumption/production 

rate of Li ions due to the electrochemical reaction at the solid/electrolyte interface, is given by 

Butler-Volmer equation (e5). And the over potential of electrochemical reactions at the solid 

electrolyte interface is given by (e6) as a function of the solid potential, the electrolyte potential 

and the thermodynamic equilibrium potential of active materials. As for initial conditions, the 

electrolyte concentration is set to be 1M; the solid potential is derived from the equilibrium 

potential functions of the state of charge (lithium concentration) of active material; the electrolyte 

potential is 0; the temperature is 298 K. 

As displayed in Figure 4.16a,b, the evolution of concentration gradient was plotted against 

proceeding of discharge at 20C and cell length, where planar Li anode, separator and LFP cathode 

were positioned at 0, 0 to 1.4×10–4 and 1.4×10–4 to 1.5×10–4 m, respectively. The initial electrolyte 

concentration of 1M was polarized progressively as Li+ were generated at the anode and consumed 

at the cathode. For the reference electrolyte with the low tLi+ (0.38), a high rate discharging at 20C 
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gives rise to a steep concentration gradient after 27 seconds, where the anode side accumulates a 

concentrated 1.8M electrolyte and the cathode completely depletes the salts (0M). As shown in 

Figure 4.16c, the polarized concentration distribution correspondingly produces a reverse 

electrolyte potential of -0.74 V by the end of discharge (27 seconds) at cathode side, where the 

electrolyte potential takes both ohmic and concentration polarization into consideration. 

Consequently, the electrolyte potential offsets the cell equilibrium potential and deviates the output 

voltage rapidly down to end-of-discharge condition (2.5 V), notably limiting attainable capacity at 

24 mAh g–1 (Figure 4.17a). In sharp contrast, the cell with the higher tLi+ (0.74) alleviates the 

concentration polarization, which is evidenced by the less concentrated concentration at anode 

(1.5M) and less diluted concentration at cathode (0.1M) by the end of discharge. The discharging 

of the cell lasts 93 seconds, which correspond to an enhanced deliverable capacity of 80 mAh g–1 

at 20C (Figure 4.17b). Taking the same discharge time (27 seconds) for comparison, the cell with 

the higher tLi+ still maintains a higher electrolyte concentration of 0.4M and a smaller electrolyte 

potential drop of -0.57 V at cathode side (Figure 4.16d). Therefore, the biomimetic Li+ channel 

with high tLi+ and improved Li+ transport efficiency effectively prevents the electrolyte depletion 

at the electrode surface, mitigating concentration polarization and electrolyte potential drop 

particularly at high-rate operation.  
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Figure 4.16 Electrolyte concentration distribution and electrolyte potential drop profiles 

simulated from conceptual LFP|Li cells. 

 

 

Figure 4.17 Output voltage profiles from simulated conceptual cell (LFP|Li)  as a function of C-

rate.  
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Table 4.3. List of parameters (adapted from COMSOL manual “1D Isothermal Lithium-Ion 

Battery”)1-2 

Parameter Value [Unit] Meaning 
i_1C 3 [A m-2] 1C discharge current  

C 1 Discharge rate 
t_plus 0.38 Li-ion transference number (in non-separator region) 

sigma_f 1 Scaling factor for electrolyte ionic conductivity (in non-separator region) 
t_plus_SEP 0.38 Li-ion transference number (in separator region) 

sigma_f_SEP 0.36 Scaling factor for electrolyte ionic conductivity (in separator region) 
cl_0 1000[mol m-3] Initial electrolyte salt concentration 
c_ref 1000[mol m-3] Reference electrolyte salt concentration for ionic conductivity interpolation 
L_sep 140e-6[m] Length of separator  
L_pos 10e-6[m] Length of positive electrode  

T 298[K] Temperature 
rp_pos 2e-6[m] Particle radius positive electrode  

epsl_pos 0.63 Electrolyte phase volume fraction, positive electrode 
epss_filler_pos 0.073 Conductive filler phase volume fraction, positive electrode 

epss_pos 1-epsl_pos-epss_filler_pos Electrode phase volume fraction, positive electrode 
epss_neg 1-epsl_neg-epss_filler_neg Solid phase vol-fraction negative electrode 

csmax_neg 26390[mol m-3] Max solid phase concentration negative electrode 
cs0_neg 26000[mol m-3] Initial concentration negative active electrode material 
cs0_pos 3900[mol m-3] Initial concentration positive active electrode material 
Ks_neg 100[S m-1] Solid phase conductivity negative electrode 
k_pos 4.8e-10[m s-1] Reaction rate coefficient positive electrode 
brugg 3.3 Bruggeman coefficient 

 

 

4.4 Conclusions 

In summary, we have demonstrated an electrolyte membrane for the selective transport of 

lithium ions through grafting the nanoporous channels of MOFs with sulfonate groups. This design 
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mimics ion channels in biological systems, electrostatically repelling anions while allowing 

passage of Li+ with a high tLi+, which significantly improves the rate performance and prolongs 

the cycling life of lithium-ion batteries.  Furthermore, this biomimetic strategy could be extended 

to develop various ion-conducting materials with desired selectivity.   
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