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ABSTRACT 

Lithium-ion batteries are reaching the specific theoretical capacity limit, while lithium metal 

batteries are regarded as the ideal energy storage system for the next generation “beyond lithium-

ion” battery systems. The lithium metal anode is considered as the “Holy grail” of anodes due to 

its relatively low electrochemical potential (-3.04 V vs SHE) and high theoretical capacity (3860 

mAh g-1). However, the application of lithium metal anodes is hindered because of significant 

reaction between metallic lithium and electrolytes, as well as uneven electro-plating, which leads 

to dendrite formation, causing safety problems. 

The kinetic parameters of Li ions such as diffusion coefficient are strongly related to 

dendrite growth. In this thesis, micro-electrodes are employed to determine the diffusion 

coefficients in various electrolytes. Compared with SEM images of lithium metal microstructures 

obtained by electro-deposition, the lower diffusion coefficient can promote lithium dendrite 

growth at a similar exchange current density, which is indicated by Sand’s equation. The low 

electro-chemical potential of lithium metal leads to reactions between the metallic lithium and 

the conventional electrolytes. However, the benzene possesses a lower electro-chemical potential 

(-3.42 V vs SHE). Therefore, benzene is applied as a co-solvent to adjust ionic solvation 

structures of the electrolytes for lithium anode protection.  

In chapter 1, the background of lithium metal anodes is introduced. In chapter 2, the micro-

electrodes are employed to determine the kinetic parameters of the electrolytes. Then the 

relations among these parameters and electro-plating morphologies are explored. In chapter 3, 

benzene is applied as a co-solvent in the electrolyte. The improved performance of the lithium 



metal anode protection is shown in this chapter. Chapter 4 further investigates the benzene-based 

electrolytes as applied in lithium metal full-cell batteries, such as lithium-sulfur batteries and 

NCM-lithium metal batteries, and the performance is noted. 
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1 INTRODUCTION  

Battery energy storage systems have achieved great success in portable electronics, medical 

devices, and electric vehicles. [1] In particular, Li-ion batteries have been thoroughly explored 

and applied in industry and everyday consumer devices as rechargeable batteries due to their 

long lifespan, high safety, and relatively high capacity. However, Li-ion batteries are reaching 

their specific theoretical capacity limit while the markets demand for higher capacity 

continuously increases. [2] Metallic lithium is considered the ideal anode material for 

rechargeable batteries which possesses the advantages of lightweight (0.53 g cm-3), high 

theoretical capacity (3860 mAh g-1), and a relatively low electrochemical potential (-3.04 V vs. 

SHE). [2] Primary lithium metal batteries have mainly been around since the 1970s. [3] 

Nonetheless, rechargeable lithium metal anodes are severely impeded from practical applications 

due to the reaction between metallic lithium and the electrolytes, as well as uneven deposition 

which leads to massive dendrite growth causing safety problems and battery failures. These 

issues have been conducted to explore the mechanisms of lithium plating/stripping in an attempt 

to mitigate dendrite formation along with a relative infinite volume change deposition. [4] 

In this chapter, the history of lithium metal anodes, mechanisms, as well as protection methods, 

will be discussed. 

1.1 The development of lithium metal anode 

In the 1950s, lithium metal was found to be stable in some of the nonaqueous solvents by 

forming a protection layer. [5] Following this discovery, lithium salts have been developed to 
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create Li+ based electrolytes which are compatible with a lithium metal anode electrode. Until 

the 1970s, commercial lithium metal batteries were applied on a large scale in devices such as 

digital watches, implantable medical devices, and other portable devices. However, these 

batteries were of the primary batteries type, which can only be used once. This is 

disadvantageous because it increases the cost of use and poses a burden on the environment. 

Later, Dey with his company, Moli, commercialized the first generation of rechargeable lithium 

metal batteries where they used MoS2 and other lattice materials as cathodes in the 1980s. [4] 

However, these batteries were commercially unsuccessful. The non-uniform deposition of 

lithium at the anode during the charging process caused a short circuit of the battery, resulting in 

significant safety problems. 

It is considerably challenging to apply lithium metal anodes in rechargeable batteries due to the 

active reaction properties and uneven deposition of lithium metal. In 1991, Sony firstly 

successfully commercialized Li-ion batteries using graphite as the anode and LiCoO2 as the 

cathode which is described as the “rocking chair battery” because lithium is stored as in state of 

lithium-ion rather than as a lithium metal anode. [1] Since then, lithium-ion batteries have been a 

hot topic of research for almost 30 years.  

However, lithium-ion batteries are reaching their theoretical capacity limit. [5, 6] Market demand 

requires the production of batteries with a higher energy density. Potential candidates for this are 

batteries such as lithium-sulfur, lithium-air, and other lithium metal-based batteries. The most 

common challenge among these types of batteries is how to stabilize the lithium metal anode to 



3 

achieve even deposition without dendrite growth in the electrolytes. 

1.2 The applications and challenges of lithium metal anodes 

The lithium metal anode is an ideal replacement for the intercalation anodes, which is used in 

lithium-ion batteries as discussed above. Lithium metal is widely applied in many different types 

of batteries systems such as lithium-sulfur batteries and lithium-air batteries [7]. However, 

lithium metal as the anode is still facing with many considerable challenges such as low 

Coulombic efficiency, limited cycle number, and fatal dendrite growth, but it has various issues 

in different lithium metal batteries. For example, the lithium metal anode performs better when 

intercalation cathodes are used as opposed to cathodes, and sealed battery systems show more 

stable results of lithium metal anodes compared to open battery systems. [8-11] Therefore, it is 

worthwhile to investigate the challenges in distinct battery systems. 

Lithium intercalation cathode batteries which are applied in conjunction with lithium metal as 

the anode have been intensely studied in recent years. One of the distinct advantages is that 

almost all the electrolytes used in lithium-ion batteries can be adopted in this battery system. 

However, the issues here are still severe. On the one hand, the phenomenon of lithium dendrite 

growth is significant. For example, Exxon developed Li||TiS batteries in the 1970s which caused 

severe safety problems. [1] On the other hand, lithium metal easily forms a solid electrolyte 

interface (SEI), and the continuous consumption of the electrolytes, which ultimately results in 

battery failure. Researchers are actively working to develop new electrolytes which are 

compatible with lithium metal anode and can form a durable and beneficial SEI layer on the 
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surface of the lithium. [3, 4, 8, 12-14] 

Another application of lithium metal anode is in lithium-sulfur batteries which have been 

thoroughly studied in the last decade due to their high theoretical energy density (2567 Wh kg-1) 

[6, 7, 15-18]. For this system, most researchers focus on finding solutions to issues related to the 

cathode rather than the lithium metal anode and its replacement. Only 3% of the articles 

published in battery research fields in the recent ten years targeted the concerns surrounding the 

lithium metal anodes. [1] As a result of the presence of polysulfides, there is a passivated layer 

that can be formed at the surface of lithium metal electrodes. Although this layer can protect the 

lithium dendrite growth, the electrolyte components progressively corrode the electrodes and 

results in the consumption of electrolytes. Ultimately, it can lead to the failure of the batteries 

due to extremely high impedance. 

1.3 Lithium dendrite prevention and high Coulombic efficiency of lithium 

plating/stripping by SEI construction 

As a result of the relatively lower electrochemical potential of metallic lithium, most the solvents 

cannot avoid reacting with the lithium metal anode in a battery. Even though these solvents are 

compatible with the lithium metal, they can be reduced at the low electrochemical potential of 

the lithium metal, forming a robust SEI layer at the surface of the anode which prevents further 

reaction between the lithium and the solvent. This SEI layer was first found by Dey in 1970, and 

it was found to be roughly 20 to 50 nm in thickness. [3, 4, 11, 19-21] In the 1970s, Goodenough 

et al., explained the formation mechanism of the SEI, which has become widely accepted. [1] 
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SEI indeed has a significant effect on the process of lithium nucleation and dendrite growth.  

The protection of lithium metal anode has been investigated. One of the most successful methods 

to prevent lithium dendrite growth is the addition of electrolyte additives such as FEC 

(fluoroethylene carbonate) and VC (vinylene carbonate) co-solvents, and LiNO3 salt to the 

primary solvent which is typically dioxolane (DOL) and 1,2 dimethoxyethane (DME). [3, 11, 12, 

14, 19, 21-23] These additives contribute to the formation of a durable SEI at the anode surface 

during the charging/discharging processes because they form SEI component molecules such as 

LiF and LiN in the SEI which is considered beneficial for the preservation of the lithium metal 

surface.  

Considering these known beneficial components of SEI, researchers have attempted to pretreat 

the surface of the lithium metal by synthesizing artificial SEI on the metal surface in a more 

controllable manner to prevent the undesired side reaction resulting from the addition of 

electrolytes additives. These pretreatments are classified as electrochemical pretreatment, 

chemical pretreatment, and physical pretreatment. Nevertheless, each method offers various 

handicaps. For instance, electrochemical pretreatment is an ex-situ method to construct reliable 

SEI. Chemical approaches such as chemical vapor deposition (CVD) and atomic layer deposition 

(ALD) although impressive, are still unclear on whether a single component SEI is better than a 

combined ingredient SEI. [24, 25] For physical treatment such as polymer membrane coated on 

the anode, the thickness and conductivity are significant for practical application.  

In summary, the protection of the lithium metal anode has been relatively improved in terms of 
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Coulombic efficiency and lifespan in the last decade by the construction of durable SEI. 

Nonetheless, more insights about SEI components and the kinetics of electrode processes at the 

interface still need to be considered. 

1.4 The mechanism of lithium metal anode dendritic formation in solutions 

Even though the protection of lithium metal anode by building tenacious SEI has been made 

impressive progress in the aspect of Coulombic efficiency or service time, it is still challenging 

to apply these approaches in practical punch cells or large scale to meet the requirement of the 

industry. It is a temporary treatment which is not an intrinsic way to inhibit lithium dendrite 

growth. In addition to this, SEI is not the only aspect that dominates uneven lithium deposition. 

Lithium dendrites are decided by the diffusion process in electrolytes as well.  

Henry Sand put forward the view that the concentration of Cu2+ becomes 0 at the surface of the 

electrode during copper deposition, which leads to hydrogen evolution. [1, 3, 4, 26, 27] This 

concept broadly accepted and extended to indicate the time when the lithium dendrites start 

growing, which is called “Sand’s time”. If lithium ions are consuming more rapidly than they are 

diffusing to the surface of lithium metal anode, then the lithium ions will be depleted at the 

surface of electrolde. If deposition continues towards the anode, lithium dendrites appear to 

grow. This process yields the equation, 

 

Where τ is sand’s time, D, C0, J, ta is diffusion coefficient, bulk concentration, current density, 

transfer number of anions, respectively.  
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In this paper, the tools are employed to measure the kinetic parameters explaining the uneven 

deposition related to the diffusion process. Moreover, benzene is considered as a promising co-

solvent for the first time, and the results of the electrochemical test have shown outstanding 

performances of benzene-based electrolytes in both lithium-sulfur batteries and NCM lithium 

metal batteries. 
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2 UNDERSTANDING THE LITHIUM DENDRITE GROWTH  

Rechargeable lithium metal batteries have been considered one of the most promising energy 

storage system for the next-generation battery technologies due to lithium metal’s (Li) light 

density (0.534 g cm-3) and concentrated energy (3680 mAh g-1). [4] However, Li is reactive in 

almost all liquid electrolytes producing a passivating solid electrolyte interphase (SEI) on the Li 

surface. [3] Although the presence of the SEI terminates the further side reactions between the Li 

and the electrolyte due to its electronic immobility nature, it interferes with the homogeneous 

distribution of the electrical field within the anode. The result is the uneven growth of Li. 

Besides, during cycling the SEI layers breaks down after Li is stripped and new SEI forms 

during Li deposition. [1] Continuous consumption of electrolyte is accompanied by the growth of 

the SEI and dead Li. Sometimes, the dendritic Li may penetrate through the separator raising the 

safety concerns. All these issues plague the large-scale deployment of rechargeable lithium metal 

batteries. [28-34]  

2.1 Introduction of lithium dendrite formation by diffusion control 

For dealing with the problems of rechargeable lithium metal anodes, the underlying causes for 

the uneven growth of Li metal need to be considered. Even without SEI layers, the 

electrochemical deposition of other metal such as Na or Zn is never smooth [1] which is 

intrinsically related to the mass transport of metal ions. [29] In the solution, the diffusion rate of 

lithium ions to the anode surface plays a vital role in forming the Li dendrites, which is very 
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similar to the electroplating process.[35] Fast transport of the plated ions (Li+) to the slowly (low 

current density) plated electrode (Li) leads to a smooth and shiny metal layer during 

electroplating, while slow transport of the plated ions to the rapidly plated electrode (high current 

density) forms fibrous dendrites. This explains why the chances of forming dendritic Li is 

increased at high rates. It also partially explains why concentrated electrolyte, i.e. reduced Li+ 

concentration gradient in the solution, helps to smooth out the Li dendrite. [36] In addition to the 

ion transportation in the liquid electrolyte, the reaction rate of the electrochemical reactions also 

needs to be considered and compared to the rate of the “supplying” ions from the electrolyte to 

the electrode surface.  

In this chapter, we integrate different electrochemical measurement approaches to quantify the 

kinetic properties of Li+ diffusion and deposition in various electrolytes in an attempt to develop 

an electrochemical tool to rapidly screen out the promising electrolyte recipes that may smooth 

out lithium dendrites. Microelectrodes are used in the electrochemical measurements to exclude 

the interference from convection and for high-speed signal responses, which will significantly 

accelerate the exploration process of new electrolytes for improving the reversibility of lithium 

metal anodes. [37, 38] 

2.2 Electrochemical tools for characterization 

Henry J. S. Sand found the relationship between an instance of hydrogen evolution (Sand’s time) 

and the current density when he measured the diffusion coefficient of copper sulphate in 1901. 

[39] Then, the equation was concluded as,  
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Where  is Sand’s time (s), D is diffusion coefficient of metal ions (cm2 s-1), e is electronic 

charge (C), C0 is ion concentration in bulk electrolyte (mol cm-3), J is current (A cm-2),and ta is 

the transference number of anions which is equal to (1-t+). When plating Li on the anode at a 

constant current density, there must be a moment when the concentration of Li+ at the electrode 

surface becomes zero. This moment is called sand’s time. At specific lithium plating current 

density, Sand’s time is decided by the diffusion coefficient of lithium ions.  

 
Figure 2.1 Schematic illustration of lithium deposition influenced by diffusion and charge 

transfer. 

 

Stokes-Einstein equation describes the factors which can influence the diffusion coefficient. 

 

   

Where, kB is Boltzmann constant, T is temperature,  is the viscosity, and r is ionic radii. One of 

the limitations for this equation is that it is mainly suitable for the experiment concerning the 
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temperature where the system diffusion coefficient generally decreases with increasing viscosity.  

Herein, a relationship between the diffusion coefficient and lithium morphologies is explored 

using micro-electrodes and various electrolytes. Furthermore, the study of the temperature and 

viscosity influence on the diffusion coefficients and lithium dendrite growth is analyzed. 

2.2.1 Procedure of making micro-electrode 

 
Figure 2.2 (a) Brief procedure of making 25 um diameter micro-electrode, and (b) homemade 

reactor for 125 um diameter micro-electrode to obtain SEI images. 

 

Macro-electrodes are widely used in Li deposition studies such as coin cells, pouch cells, and 

some electrolytic cells. These macro-electrodes are easily influenced by convection, which 

causes a nonuniform current distribution and disturbs the diffusion layer due to the broad area of 

the electrodes. The micro-electrodes are used to measure the diffusion coefficient and to observe 

the morphologies of lithium deposits at the surface. 

Two types of micro-electrode, the diameters of 25 um and 125 um were used. The 125 um 
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diameter Ni electrodes are purchased form Goodfellow coating with polyimide (PI) which is 

stable with electrolytes without further treatment.  

The 25 um diameter micro-electrodes were homemade, and the brief procedure is shown in Fig. 

2.2. The 25 um Cu wires were cut into 2 cm each, thick Cu conductors were cut into 7 cm each, 

and glass tubes were cut into 15 cm each. Then these materials were washed in DI water and 

ethanol three times by sonicating, respectively and dried at 60℃ in an oven overnight. Solder 

was used to connect 25 um Cu tip with the conductor. Then it was inserted into the glass tube. 

The tip was sealed under high temperature by propane torch. After the glass cooling down at the 

room temperature, the tip was polished by sandpapers of 400, 600, 1000, and 2000, coarseness 

grades respectively until the Cu tip was exposed. Then using Al2O3 nanoparticles, the micro-

electrode tip was polished and cleaned by using DI water and ethanol three times respectively. 

2.2.2 The principles of electro-chemical measurements 

Bard et al. demonstrated the method to obtain the diffusion coefficient of Fe(CN)4-
6 in KCl and 

borohydride in NaOH by applying chronoamperometry on a micro-electrode. [40] Here, the 

diffusion coefficient of lithium ions is determined by using the same way. The current at the 

micro-disk is  

  

Where n, F, and c* is the number of electrons involved in the electrode reaction, Faraday 

constant, and bulk concentration, respectively. Here, a is the radius of micro-disk.  
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The normalized Eq. 3 with steady-state current is simplified to 

  

According to Eq. 4, id(t)/id,ss has a linear relationship with t-1/2 and n does not affect the 

calculation of the diffusion coefficient. A plot id(t)/id,ss vs. t-1/2 is a straight line which has the 

intercept of one and the slop S as shown in Fig. 2.3. 

 

Figure 2.3 Chronoamperometry of lithium-ion deposition at 25 um micro-electrode in 1 M 

LiClO4-PC, 23℃, potential step from 1 V to -0.015 V vs. Li+/Li. 

 

Thus, D is determined by 

   

The application of the above equations has to be without the effect of convection. The micro-disk 

radius is 12.5 um, which is small enough to prevent the influence of convection even after long 

times. However, the most significant difference here is that after lithium ions receive the 

electrons, lithium deposits on the surface of the electrode, which can increase the specific area of 
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the micro-electrode and influence the diffusion layer. Due to this reason, the data points in the 

region I in Fig 2.3 were rejected. Compared with a long-time deposit, short time domain changes 

the surface area minimally. However, the current at micro-electrode can be affected by the charge 

of double layer and reactants adsorbed on the surface of micro-disk rather than the current 

response at the more extended time. [19] For this reason, data points in region III are also 

rejected.  

 

Figure 2.4 (a) Cyclic voltammetry results for the 125um Ni micro-electrode. Scan rate is 100 

mV s-1 from 1 V to -0.35 V at 23℃. (b) Tafel plot. 

 

Cyclic voltammetry results for a 125 um Ni micro-electrode are showed in Fig 2.4 (a). The 

potential is initially set at 1 V vs. metallic lithium counter electrode. Then the potential was 

scanned from 1 V to -0.35 V. [41] The Bulter-Volmer equation is 

  

where s is the overpotential, j0 is the exchanged current density and  is the transfer coefficient. 

The Tafel equation can be written as, 
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Tafel plotted shown in Fig. 2.4 (b) are used to obtain the exchanged current density and transfer 

coefficient according to Eq. 7 based on the first scan of the CV for the anodic current range. 

2.3 Results and discussion  

In this part, the effects of diffusion coefficients and the factors which influence diffusion 

coefficients will be discussed. The experiments are conducted using the micro-electrodes. The 

kinetic parameters, such as exchange current density and diffusion coefficients are determined. 

The morphology SEM images of lithium plating on the micro-electrodes which are related to the 

diffusion coefficients are collected for the first time. 

2.3.1 Diffusion effects to lithium deposition morphologies 

Linear sweep voltammetry was applied on the 125 um diameter Ni microelectrode. The scan rate 

is 130 mV s-1 from 1 V to -1.5 V, as shown in Fig 2.5. The morphologies of lithium deposits 

were obtained by SEM at different potentials. In the region I, the current density increases with 

potential growth. The morphologies of lithium metal in this region is relatively smooth without 

sharp dendrite growth. When the potential reaches the diffusion-controlled stage, the current 

density was growing slowly, but there is still no sharp dendrite growth. Once it arrived at the 

diffusion-controlled area in Fig. 2.5 (a) region II., the concentration of lithium-ion became 0, and 

the current density is constant, then the dendrites growing. The constant current density can only 

be kept for a while; then, it continues increasing. This is due to the surface area changing with 
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the deposition of lithium, as shown in Fig. 2.5 (e) & (f). The diffusion layer is unstable at this 

point. 

 

Figure 2.5 (a) LSV curve obtained by 125um micro-electrode. (b)-(f) SEM images of lithium-

ion deposition at different potential on 100um micro-electrode in 1M LiClO4-PC, potential step 

from 1 V to -1.5 V vs. Li+/Li at 23℃ and scan rate is 130 mV s-1. 

 

The same method was used to study different types of electrolytes. PC-based electrolytes are 

shown in Fig. 2.6 (a-d) are 1M LiPF6, LiTFSI, LiFSI, and LiClO4 in PC, respectively. The scan 

rate is 20 mV s-1 from 1V to -0.35 V. The morphologies of lithium deposits are changing with 

the diffusion coefficient. This is because, in this condition, some electrolytes such as LiClO4-PC 

and LiFSI-PC are more easily to arrive diffusion-controlled stage. Fig. 2.6 (f-i) are the same 

electrolytes above, but all of them are under the diffusion-controlled process. Lithium dendrites 

can grow in all the electrolytes under the diffusion-controlled process. 
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Figure 2.6 SEM images of lithium-ion deposition at 100 um micro-electrode in (a) 1.2 M LiFSI-

TEP-BTFE, (b)1 M LiPF6-PC, (c) 1 M LiTFSI-PC, (d) 1 M LiFSI-PC, and (e) 1 M LiClO4-PC 

by LSV, potential step from 1 V to -0.35 V vs. Li+/Li at 23℃ and scan rate is 20 mV s-1. (f)-(j) 

are the SEM images in the diffusion control state. 

 

2.3.2 Methods to study factors of diffusion coefficient and these factors for lithium 

deposit morphologies 

Now that the fundamental factors impacting the ion transport and electrochemical reaction rate 

are studied along with the electrochemical tools to measure those key parameters, as a different 

approach. Then it can be proposed to tailor the aforementioned physical parameters which 

intrinsically alter the balance of mass transport and reaction rate. Moreover, the deposited 

morphologies of lithium.   

As we mentioned above, the Stokes-Einstein equation describes the factors which can influence 

the diffusion coefficient. [42] 
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Where, kB is Boltzmann constant, T is temperature,  is the viscosity, and r is ionic radii. If the 

temperature is increased, the viscosity of the electrolytes will decrease, and then the diffusion 

coefficient can increase. On the other hand, if we keep constant temperature but increase the 

concentration, the diffusion coefficient will decrease due to increasing the viscosity. Here, these 

two factors are related to the diffusion coefficient, temperature and viscosity (influenced by 

concentration) and how they influence the lithium deposit morphologies. 

Temperature influence 
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Figure 2.7 Diffusion coefficient by 25 um micro-electrode with chronoamperometry at different 

temperature in 1M LiClO4-PC. 

 

The Arrhenius plot of the diffusion coefficient is shown in Fig. 2.7. The data is a linear 

relationship between ln(D) and 1/T when the temperature is higher than 23℃. However, at 23℃, 

there is a step decreasing of diffusion coefficient. According to Wang et al.’s work, this 

phenomenon is also found in polymer electrolytes, which might be related to conductivity 

decreasing when the temperature becomes lower. [3, 43-46] The SEM images in Fig. 2.8 show 

the lithium dendrites change with the diffusion coefficient due to the change of temperature. The 
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dendrite diameters become thicker at a higher temperature which is more safety because the thin 

diameter dendrites can pierce the membrane more easily, causing a short circuit. This also 

exposes more lithium to consume electrolytes due to the high surface area. 

 

Figure 2.8 SEM images lithium-ion deposition at 100 um micro-electrode by LSV in 1 M 

LiClO4-PC, potential step from 1 V to -0.35 V vs. Li+/Li at (a) 23℃, (b) 30℃, and (c) 50℃, and 

the scan rate is 20 mV s-1. 

 

Concentration influences 

The increasing concentration of lithium ions can increase the viscosity under the constant 

temperature. According to the Stokes-Einstein equation, increased viscosity can further decrease 

the diffusion coefficient. Increasing concentration can also mitigate the concentration gradient 

established in the vicinity of the electrode surfaces and thus alleviate the generation of dendritic 

Li. Therefore, a high concentration with minimum viscosity is desired to have both fast ion 

movement and a smoothed concentration gradient. In other words, it is not the higher the 

concentration, the better. There is a balanced or optimized concentrated range for each different 

electrolyte. As SEM images are shown in Fig. 2.9, the diameter of the lithium dendrites becomes 

smaller due to the diffusion coefficient decreases with concentration increasing. It is consistent 
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with the trend we found when we compared various electrolytes and temperature. The particle 

size of 4 M LiClO4 in PC is larger than others (Fig. 2.9 (d) & (h)). That is because, in this test 

condition, the concentration is higher than others, but the viscosity is too large for lithium-ion 

diffusion. So, there are the thin rod-like lithium dendrites (yellow arrows) formed in a diffusion-

controlled stage with diameter smaller than others. 

 

Figure 2.9 SEM images of lithium-ion deposition at 125 um Ni micro-electrode at different 

concentration (a) and (e) 0.5 M, (b) and (f)1.5 M, (c) and (g) 2 M, (d) and (h) 4 M LiClO4-PC by 

LSV, potential step from 1 V to -0.35 V vs. Li+/Li at 23℃ and scan rate is 20 mV s-1. 

 

2.4 Summary  

The current distribution is usually not uniform due to the convection and electrode surface 

morphologies. In our situation, the diffusion-controlled process can happen in the local area, 

even in a short time, which is less than Sand’s time at micro-electrodes, which is the beneficial 

property to apply micro-electrodes.  
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The diffusion coefficient is a critical parameter in the selection of electrolytes for lithium metal 

anode. The diffusion coefficients are decided by temperature, concentration, and the nature of 

molecules composing the electrolytes. So far, among all the electrolytes investigated, 1.2 M 

LiFSI in TEP-BTFE (1:3) was reported by Shuren Chen et al. which has very high diffusion 

coefficient 2.487 cm2 s-1 and low viscosity shows the best performance for lithium metal anodes. 

The chemical-stable electrolytes that possess higher diffusion coefficient need to be investigated. 
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3 BENZENE-BASED ELECTROLYTES FOR LITHIUM METAL ANODES 

The lithium metal anode which has the highest capacity (3860 mAh g-1) and relatively lower 

potential (-3.04 V vs. SHE) is one of the most critical parts for lithium-sulfur batteries. However, 

lithium metal anodes are still facing enormous challenges for practical application, which 

massively hinders the development of lithium-sulfur batteries. On the one hand, the 

electrochemical potential of lithium metal is lower than most of the solvents which is responsible 

for solid electrolyte interface (SEI) formation and the progressive decrease of the Coulombic 

efficiency of the lithium metal anode during cycling. On the other hand, non-uniform lithium 

deposition induces dendritic growth, which exposes additional fresh lithium to the electrolyte, 

further leading to the consumption of the electrolyte. More state of art electrolytes needs to 

develop to meet the requirement of lithium metal batteries. 

3.1 The potential of benzene as co-solvents of electrolytes 

Benzene (PhH), (Fig 3.1), has a lower electrochemical potential (-3.18 V vs. SHE) than lithium 

metal which means that it is sufficient to suppress the side-reactions and remains stable in the 

presence of lithium metal when the overpotential is lower than ca.140 mV. Fresh bare lithium 

was immersed in pure benzene for 14 days, and the surface of the lithium plate was still like 

fresh lithium metal (shown in Fig 3.1 (b)), which indicating the lithium metal is contact stable in 

benzene. 
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Figure 3.1 (a) Benzene chemical structure; (b) Lithium metal soaked in benzene for 14 days. 

 

Benzene is a non-polar liquid, and therefore lithium salts do not dissolve in pure benzene. In the 

last decade, lithium-sulfur batteries have been thoroughly studied using ether-based electrolytes 

such as dioxolane (DOL) and dimethoxyethane (DME) mixture, and literature reveals that the 

mixture of DOL and DME possesses the best performance for lithium-sulfur batteries to date. By 

mixing benzene with these ether-based solvents at different volume ratios a class of new and 

novel benzene-ether based electrolytes were synthesized and tested for the compatibility with the 

Li-metal anode, as well as cycling stability and performance in Li-Cu half cells. 

3.2 Results and discussion 

Many common solvents which are compatible with graphite anodes are mixed with benzene, 

forming electrolytes. These mixed electrolytes are evaluated in Li-Cu half cells by Coulombic 

efficiency and cycle numbers. 
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Figure 3.2 Li-Cu Coulombic efficiency performance in electrolytes of benzene mixed with (a) 

DMC and LiFSI as lithium salts, (b) DOL, DME, and LiFSI as lithium salts as well, (c) DMSO, 

TMU, and LiTFSI as lithium salts, (d) DMSO, TMU, and LiFSI as lithium salts. 

 

Benzene mixed ethers, with LiSFI as the lithium salt, shows the best Coulombic efficiency and 

lifespan in Fig 3.2 (b). Benzene mixed with other solvents such as esters, TMU, and DMSO as 

electrolytes are not compatible with the lithium metal anode. The best lithium salt for benzene-

based electrolytes is LiFSI which achieves the highest Coulombic efficiency. For example, the 

Coulombic efficiency is higher than 98% in 1.2 M LiFSI PhH-DME within 50 cycles while 

deposition of lithium on Cu substrate cannot strip in 1.2 M LiFSI PhH-DMC. The reason might 

be the diverse solvation structure of lithium-ion in various types of organic solvents, leading to 

various reduced potential and SEI components. Notwithstanding, this still needs more 

spectroscopy characterization to demonstrate.  
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Figure 3.3 Coulombic efficiency of Li-Cu half cells used various electrolytes. 

 

 

Figure 3.4 (a) and (b) Voltage profiles of 1.2 M LiFSI PhH-DOL-DME (2:1:1). (c) Coulombic 

efficiency of 1.2 M LiFSI PhH-DOL-DME (2:1:1) under various current density. 
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As indicated in Fig. 3.4, 1.2 M LiFSI PhH-DOL-DME (2:1:1) results in little polarization up to 

200 cycles (Fig. 3.4(a)), and stable cycling from low to high current densities (Fig. 3.4 (c)). 

To determine that benzene is quite compatible with lithium metal anode, the coin cells are 

assembled, and the results are shown in Fig 3.3. It was found that the Coulombic efficiency of 

Li-Cu coin cells increased from ca. 95% to 99% when benzene is added in DME with a volume 

ratio of 1:1. Benzene mixed with DOL and DME shows the best performance when 1.2 M LiFSI 

is used as the lithium salt (Fig. 3.3).  

Table 1. Diffusion coefficients of benzene-based electrolytes. 

Solvent Lithium salt Diffusion coefficient (x10-6 cm2 s-1) 

DME 1.2 M LiFSI 2.64 

PhH-DME (1:1) 1.2 M LiFSI 1.94 

PhH-DOL-DME (2:1:1) 1.2 M LiFSI 1.60 

 

As illustrated in chapter 2, the diffusion coefficients significantly affect the deposition 

morphologies of lithium metal anodes. The diffusion coefficients of ether solution with benzene 

as co-solvent are under the order, 1.2 M LiFSI DME > 1.2 M LiFSI PhH-DME > 1.2 M LiFSI 

PhH-DOL-DME. The plated lithium morphologies at the micro-electrodes are shown in Fig 3.5. 

The diameter of dendrites in DME are thicker than the ones with benzene, which obeys the trend 

we found in the last chapter.  
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Figure 3.5 SEM of Micro-electrode tip with diameter of 125 um. Lithium deposited in (a) 1.2 M 

LiFSI DME, (b) 1.2 M LiFSI PhH-DME, and (c) 1.2 M LiFSI PhH-DOL-DME. The scan rate is 

0.1 mV/s and the scan range is from 1 V to -0.3 V. 

 

 

Figure 3.6 SEM images of lithium metal anodes after 10 cycles in contracting electrolytes with 

1.2 M LiFSI. 

 

The SEM images of the lithium metal anode morphologies after ten cycles of plating/stripping 

are shown in Fig 3.6. The surfaces of electrolytes with benzene show more compact lithium 

deposition, although PhH-DME and PhH-DOL-DME solvents show thinner dendrites. 
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Figure 3.7 Cross-side of the first cycle lithium deposition on Cu substrates with and without 

benzene respectively. 

 

The cross-section SEM images of the lithium deposition on the Cu substrate are shown in Fig 

3.7. The lithium metal deposition in DME is denser than others, related to the higher diffusion 

coefficient, which results in more even deposition. Thinner dendrites grow in benzene-based 

electrolytes, although the final performance of electrolytes with benzene is better than that of the 

same electrolytes without it. That means dendrite growth is not the only factor to impact the 

performance of lithium metal anodes and SEI might be another critical impactor. To determine 

the solvent influences on SEI, which are related to the stability and electrochemical properties of 

lithium metal anode, XPS is employed to identify the components on the electrode substrates. Cu 

is applied as a substrate to deposit lithium and charge/discharge after ten cycles, receiving a 

reliable SEI which occurs in a practical situation.  
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Figure 3.8 XPS of lithium metal deposition after 10cycles at Cu substrates in different solvents 

of (b, c, d) DME, (e, f, g) PhH-DME (1:1), and (h, i, j) PhH-DOL-DME (2:1:1). 

 

XPS was used to analyze the element content and valence on the surface of these Li anodes. The 

surface of the lithium contains elements of C, O, F, and S. [47-49] In the O 1s spectroscopy, the 

products at the lithium metal anodes such as C-O (53.4.3 eV) and Li2CO3 (531.4 eV) are 

different. The ratio of Li2CO3 in the SEI decreases when adding benzene as a co-solvent in 1.2 M 

LiFSI DME, which remains steady and presents effective protection to alleviate the corrosion 

effect of electrolyte. However, if DOL is continually added to 1.2 M LiFSI PhH-DME, the peak 

of Li2CO3 increases back again due to decomposition of DOL and forming the more robust SEI. 

There are more C-F (687.9 eV) in PhH-DOL-DME than in the other two electrolytes in F 1s 
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spectroscopy, which are desirable components for SEI. As shown in C 1s spectroscopy, more C-

SOx (291.5 eV) from FSI- is observed in PhH-DME than other two electrolytes, which means 

more anions are decomposed even though benzene can reduce the reaction between lithium 

metal and DME. The components of Li2CO3 (289.3 eV) retain a similar trend with O 1s 

spectroscopy. Thus, the DOL can form a better SEI which can prevent anions from decomposing. 

 

Figure 3.9 Impedance of Li | Li symmetric coin cells (a) in different electrolytes at 10cycles, and 

(b) in 1.2 M LiFSI PhH-DOL-DME and 1.2 M LiTFSI DOL-DME at different cycles 

respectively. 

 

After several cycles of charge and discharge processes, the dead lithium induced by lithium 

dendrite accumulates on the surface of lithium metal electrodes, which causes the impedances of 

the cells to increase and leads to battery failure eventually. The impedance of various electrolytes 

at 10th cycle is shown in Fig 3.9 (a). The 1.2 M LiFSI PhH-DOL-DME offers the lowest 

impedance among these electrolytes, including the most accepted electrolyte in Li-S batteries 

(1.2 M LiTFSI DOL-DME). The impedance at various cycles are compared in Fig 3.9 (b), where 

it is evident that the impedance of 1.2 M LiFSI PhH-DOL-DME is lower than 1.2 M LiTFSI 
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DOL-DME at every cycle, and the impedance of benzene-based electrolyte is decreasing with 

cycling within 50 cycles, unlike 1.2 M LiTSI DOL-DME which first drops then rises. 

 

 

Figure 3.10 (a) Coulombic efficiencies of various electrolytes employing Lithion self-standing 

membranes as separators. (b) Coulombic efficiencies of various electrolytes employing Lithion 

coated membranes as separators. 

 

The developed new benzene-based electrolytes are entirely compatible with lithium metal 

anodes, and it was found that1.2 M LiFSI in PhH-DOL-DME (2:1:1) shows the best performance 

in terms of Coulombic efficiency, as well as a low and relatively stable overpotential. 

Furthermore, the best benzene-based electrolyte was used in conjunction with Lithion, and 

Lithion coated Celgard membranes as separators (provided by Giner). It was found that Lithion 

coated Celgard has better performance than Celgard alone. 
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Concentrated electrolytes have been explored to stabilize lithium metal anode due to the typical 

solvation of solvent molecules with lithium ions, which is called “salts in solvents”. The 

Coulombic efficiencies of benzene-based concentrated electrolytes are determined by coin cells 

as well. The 4 M LiFSI Li-Cu cells have the most stability (lasting 150 cycles), and highest 

Coulombic efficiency at above 99% in both PhH-DME and PhH-DOL-DME. PhH-DME (1:1) 

with 4 M LiFSI is most compatible with lithium metal anodes as shown in Fig. 3.11. 

 

Figure 3.11 Coulombic efficiencies of Li-Cu coin cells in (a) PhH-DME electrolytes and (b) 

PhH-DOL-DME electrolytes with various lithium salt concentration at 0.5 mA cm-2 and 1 mAh 

cm-2. 

 

3.3 Summary  

The benzene-based solvents show high compatible properties with lithium metal anodes as co-

solvent in electrolytes due to the low reduction potential. The best benzene-based electrolyte is 

1.2 M LiFSI PhH-DOL-DME, which has shown to have Coulombic efficiency greater than 99% 

in the Li-Cu coin cells and the lowest impedance in Li-Li symmetric cells. This electrolyte can 

be applied at high rate charge and discharge conditions. The diffusion coefficients of benzene-
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based electrolytes are relatively lower than the one without benzene, which leads to thinner 

dendrites growth, although the performances in the coin cells are better than the one without 

benzene. However, the benzene-based electrolytes are more chemically stable with lithium metal 

due to the lower electrochemical potential. Thus, this new type of electrolytes can potentially be 

used in lithium-sulfur and other lithium metal batteries. 
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4 BENZENE-BASED ELELCTROLYTES FOR LITHIUM METAL BATTERIES 

4.1 Background 

The benzene-base solvents were demonstrated to be compatible with lithium metal anode in the 

last chapter. In this chapter, sulfur cathodes and NCM cathodes are used to assemble coin cells 

with benzene-based electrolytes.  

Li-ion batteries are reaching their theoretical capacity limit, while the demands for lower price 

and higher energy density are still increasing. Lithium metal batteries are the promising next-

generation energy store system such as Li-Sulfur batteries [7, 15, 16, 43, 50-55] and NCM 

cathodes [5, 8, 56, 57] with lithium metal as anodes. Thus, it is significant to investigate the 

performance of benzene-based electrolytes in both these battery systems. 

4.2 Results and discussion 

Lithium-Sulfur full coin cells are assembled with benzene-based electrolytes which are then 

compared with the most common electrolyte used in Li-S batteries (1 M LiTFSI + 0.2 M LiNO3 

DOL-DME). Of the benzene-based electrolytes, it was found that 1 M LiFSI + 0.2 M LiNO3 

PhH-DOL-DME (2:1:1 by volume) is the most compatible with lithium metal anode. As shown 

in Fig 4.1 (a), the capacities in both electrolytes are similar for the first 10 cycles. After that, the 

capacities of the cells using benzene-base electrolyte are lower than non-benzene electrolyte, but 

the discharge capacities are both keeping stable within 100 cycles at 0.2 C. When the 

charging/discharging rates increase to 0.5 C, the capacities of each cell is decreasing. The 
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capacities of electrolytes with benzene decrease significantly after 80 cycles as shown in Fig. 4.1 

(b). 

 

Figure 4.1 (a) Discharge capacity and Coulombic efficiency of Li-S coin cells at 0.2 C; (b) 

voltage profiles of Li-S coin cells with 1 M LiFSI + 0.2 M LiNO3 PhH-DOL-DME (2:1:1) as 

electrolyte at 0.2 C. 

 

 

Figure 4.2 Discharge capacity of different rates for two electrolytes 

 

Various charging/discharging rates were applied to the coin cells in both electrolytes. The 

specific discharge capacities of coin cells using 1 M LiFSI + 0.2 M LiNO3 PhH-DOl-DME as 

electrolyte are similar with the electrolytes without benzene at low current density (0.2 C) within 



36 

the first 5 cycles. Once the current densities are increased, the performances with benzene 

become worse than the one without benzene. Specifically, at a high rate (1.5 C), the capacities of 

cells with benzene electrolytes is only half the capacities achieved at low rate cycling (0.2 C). 

When the cycling current density decreases back to 0.2 C, the capacities of both electrolytes 

become similar again. The results of discharge capacity performances might be related to anions 

because FSI- can react with polysulfides. 

 
Figure 4.3 SEM images of anodes and cathodes in two different electrolytes. The scale bar is 

100 um. 

 

From the SEM images of the lithium metal anodes from both cells (Fig. 4.3), it can be seen that 

the lithium deposition formed island shapes. The lithium deposition in electrolytes with benzene 

formed smaller islands than the one in electrolytes without benzene, which means that the 

lithium plating is more uniform when benzene is used as a co-solvent. 
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Figure 4.4 SEM and EDX of anodes from electrolytes (a) with benzene, (b) without benzene, 

respectively. The scale bar is 50 um. 

 

The anodes after cycling in lithium-sulfur batteries become more complicated to investigate due 

to the polysulfides. Here, SEM and EDX are combined to investigate the components on the 

surface of anodes. As shown in Fig 4.4, the elemental maps of carbon, nitrogen, as well as 

fluoride are very similar between two electrolytes. The O element appears at the edges of lithium 

deposition islands. The distribution of O is different between two electrolytes due to the various 

size of lithium plating islands. The lithium metal islands become smaller when benzene as co-

solvent, so the distribution of O is more uniform. The S element is from polysulfides, and it is 

easier to accumulate in porous structures on the surface. Thus, there are fewer polysulfides on the 

surface of lithium metal when the electrolyte contains benzene. The elements distribution cannot 

be distinguished on the cathodes between two electrolytes, as shown in Fig 4.5. 
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Figure 4.5 SEM and EDX of anodes from electrolytes (a) with benzene, (b) without benzene, 

respectively. The scale bar is 50 um. 

 

 

Figure 4.6 (a) Discharge capacity and Coulombic efficiencies of NCM (622) full coin cells, (b) 

Coulomibc efficiencies of Li-Cu half coin cells used the same electrolytes. 
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The performance of benzene-base electrolytes in NCM coin cells are shown in Fig 4.6 (a). The 

best one is 1.2 M LIFSI PhH-TEP + 5% FEC. However, if the FEC ratio is increased to one third 

(PhH-TEP-FEC: 1:1:1 by volume), the capacities decrease very fast. One of the reasons is that 

this ratio of electrolyte is not stable with lithium metal anode (shown in Fig 4.6 (b)), and it can 

form the high impedance SEI. 1.2 M LiFSI PhH-TEP-BTFE results in a high Coulombic 

efficiency in the Li-Cu coin cells, which means that this electrolyte is compatible with lithium 

metal. However, the Coulombic efficiencies of NCM full cells decrease very fast after 60 cycles 

resulting in quicker failure of the cells.  

4.3 Summary 

The benzene-based electrolytes can be used in lithium metal batteries, although more co-solvents 

need to develop to be compatible with different cathodes. So far, among the electrolytes with 

benzene as a co-solvent, for lithium-sulfur batteries, 1 M LiFSI + 0.2 M LiNO3 PhH-DOL-DME 

(2:1:1 by volume) is the best electrolyte. And 1.2 M LiFSI PhH-TEP + 5% FEC is the best 

electrolyte for NCM cathodes, even though this electrolyte is not compatible with lithium metal 

anode at relatively high current density.  
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5 CONCLUSION 

In this work, the kinetic parameters of electrolytes are determined, and the effects of these 

parameters on lithium metal, as well as anode electro-plating micro-structures, are also 

investigated. At the similar exchange current density, the higher diffusion coefficient of the 

electrolytes, lithium deposition becomes more uniform. The diffusion coefficient is defined by 

the Stoke-Einstein equation, which includes the parameters such as temperature, concentration, 

viscosity, as well as the solvated ion radius. The relationships between the lithium electro-plating 

morphologies and these parameters are investigated.  

After exploring the fundamental mechanics, benzene as a co-solvent is first time used in lithium 

metal batteries to adjust the ionic solvation structures for lithium metal protection. It was found 

that 1.2 M LiFSI PhH-DOL-DME (2:1:1) electrolyte shows the best Coulomibc efficiency in Li-

Cu coin cells and the largest stable cycle number. Concentrated electrolytes were also explored, 

and the 4 M LiFSI PhH-DME electrolyte shows the excellent performance in coin cells, which 

can cycle more than 200 times, with Coulombic efficiency greater than 99%. 1 M LiFSI + 0.2 M 

LiNO3 PhH-DOL-DME (2:1:1) are used in lithium-sulfur batteries which can cycle more than 

100 times with capacity retention greater than 80%.  
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