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Chapter 1 

General Introduction 
1.1   Old but new Li metal negative electrode in battery 

progress 

Human beings are facing the challenge of realizing a sustainable society as we are witnessing 

abnormal weather conditions caused by the rapid progression of global warming, and are being 

forced to search for alternative energy sources to depleting fossil fuels due to resource issues 

surrounding securing the world's ever-increasing energy consumption. Higher-performance energy 

storage devices are increasingly required. Although lithium-ion batteries have established a 

prominent position due to their excellent properties, further performance improvements are eagerly 

awaited. Achieving both increasing energy density, i.e., how much electricity can be stored in a 

limited space, and ensuring safety are key issues to be addressed at present. 

Since Lewis [1] demonstrated the redox potential of lithium (~3.04 V vs SHE), which also 

possesses the lightest weight (0.534 g cm-3), it has been long considered as a promising negative 

electrode material. In 1958, Harris reported [2] that lithium metal is stable in nonaqueous solvents 

despite its high reactivity. It was noted that the passive film formed on the surface of lithium 

inhibited its continuous reaction with organic solvents. From the 1960s to the 1970s, primary 

lithium batteries were successively commercialized [3-6]. 

The development of lithium metal rechargeable batteries began earlier than lithium ion 

batteries. This is because the commercialization of primary lithium batteries strengthened the need 

for rechargeable secondary batteries. In 1976, Exxon's Whittingham first proposed and developed 

a lithium metal rechargeable battery with a TiS2 positive electrode and Li metal negative electrode 

[7]. In the 1980s, Moli Energy commercialized a Li metal rechargeable battery [8] that combined 

a MoS2 positive electrode with a Li metal negative electrode (MOLICELL TM), and millions of 

cylindrical cells came on the market. However, as we have experienced in the electrodeposition of 
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various metals in aqueous solution, metal electrodeposition is accompanied by the formation of 

so-called dendrites. Li was not an exception. In 1989, Li metal batteries used in cellular phones 

frequently caught fire, presumably due to short circuits, eventually resulting in a recall [9-10]. 

Although NEC and Mitsui, the investors, conducted a thorough investigation and identified 

dendrite formation as the cause, they were unable to overcome the safety issue. This event marked 

a turning point in the disappearance of lithium metal rechargeable batteries. The path of lithium 

metal as negative electrode was closed. Thereafter, intercalation-type lithium-ion batteries using 

graphite were first commercialized by Sony in 1991. It has gained market support due to its 

superior safety compared to lithium metal batteries. As a result, research and development of Li 

metal negative electrodes has virtually stopped, and the focus and trend of R&D has shifted to Li-

ion batteries. The performance of Li-ion batteries has been developing progressively, and the 

capacity of 18650-type Li-ion batteries has been dramatically improved, as shown in Figure 1-1[11]. 

However, lithium ion batteries are currently beginning to show limitations in energy density. There 

is a common view that an extension of the evolution will not provide the solutions necessary for 

the sustainable society. The development of next-generation batteries that will play a role of post-

Li ion battery is gaining momentum. These next-generation battery have the potential to double 

the cell energy of conventional lithium-ion batteries. Li metal negative electrodes are essential in 

Li-S (sulfur) batteries and Li-air batteries, which are being actively studied as next-generation 

storage batteries [12-14]. State-of-the-art lithium-ion batteries have an energy density of 300 Wh 

kg-1, but an energy density of 500 Wh kg-1 or higher is considered to be necessary to achieve a 

cruising range equivalent to a gasoline car. If Li-S and Li-air systems are realized having energy 

densities of about 600 Wh kg-1 and 1000 Wh kg-1, respectively, they will be comparable to gasoline 

cars. 

Humanity may have faced the need for a Li metal negative electrode even without 

experiencing the past difficulties of Li metal batteries. However, as we look back, the technology 

was not yet mature at that time. It is precisely because of these failures that the high-performance 

Li ion battery was born and has supported the development of today's society. It is now time to 
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attempt to revive the Li metal negative electrode, and understanding the mysterious dendrites and 

their suppression is a new field of research. Fundamental understanding of Li deposition and 

dissolution reactions during charging and discharging is proceeding along with the progress of 

evaluation technology. A revolution is underway toward the realization of Li metal negative 

electrodes.  

 

 

Figure 1-1. The roadmap stated in the EU's Battery 2030+ [11]. 

 

1.2   Dendrite formation during metal electrodeposition in 

aqueous solution 

Electrodeposition of metals in aqueous solution has been extensively studied over the years 

in the fields of such as electrorefining, metal plating and lead batteries with respect to the effect of 

electrodeposition conditions on the deposited morphology [15]. The relationship between dendrite 

growth and concentration boundary layer thickness and electrode surface roughness in metal 

electrodeposition in aqueous solution has been reported [16]. Fukunaka et al [17-18] made 
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measurements of the concentration distribution around dendrites of Ag electrodeposited in 3M 

AgNO3 solution with holographic interferometry. Ag+ is reduced on the substrate surface, Ag 

atoms form clusters, surface diffusion agglomeration occurs, dendrite precursors surpass the 

surface roughness of the substrate, and dendrites begin to grow. In other words, (1) a steep 

concentration gradient is formed at the tip of the dendrite that preferentially grows from the 

precursor, and a specific dendrite tip preferentially grows as if it breaks through the concentration 

distribution curve of Ag+ ions formed to surround the tip, and (2) the other parts are left at the 

electrode surface or at the root of the preferentially growing dendrite, as if they are electrically 

shielded by the concentration distribution curve around the preferentially growing dendrite tip, or 

the root of the preferentially growing dendrite is slightly dissolved. The Ag+ ion concentration at 

the substrate surface calculated from the number of deviations of the interference fringes clearly 

reaches a depletion state, which reveals the formation of a steep concentration gradient at the 

dendrite tip. It was also suggested that Ag dendrite growth was progressing at the dendrite tip 

where the local current density was 30 times higher than the apparent average current density. 

Furthermore, (3) confocal laser microscopic observation of the preferentially growing Ag dendrite 

surface revealed that screw transitions with huge steps as thick as 1 μm grow on the terrace surface, 

which is considered to be a low-index Ag single-crystal plane of several tens of μm in size as if 

like a debris flow, fill the terrace, spring out from the screw transition source and renew low-index 

plane one after another [19]. 

Once dendrite precursor begins to form, dendrite growth is accelerated by the concentration 

of electric force line and steep concentration gradients at the tip. For controlling the morphology 

of electrodeposited Li, it is very important to deepen our understanding of the relationship between 

dendrite formation and a series of coupled phenomena of mass transfer and nucleation & growth 

in the electrolyte and SEI (Solid Electrolyte Interphase). Based on these previous studies for the 

coupled phenomena between the morphological variation and ionic mass transfer rate associated 

with metal electrodeposition reactions in aqueous solution, the dendrite growth phenomenon 
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associated with lithium electrodeposition should be also examined from the viewpoint of 

similarities and differences from the materials science point of view. 

 

1.3   Li dendrite growth on electrolyte/electrode interface 

Since lithium metal is thermodynamically unstable in organic electrolyte solvents, SEI is 

formed by decomposition of the electrolyte before Li deposition. SEI formed on the electrode 

surface is generally considered to have a significant impact on the cycle performance of lithium 

metal batteries. SEI formation and growth consume lithium metal and electrolyte and cause 

capacity loss, but they are also responsible for passivation of the lithium metal surface and 

suppression of side reactions. Dendrites grow on the negative electrode during charging and are 

electrically isolated from the substrate during discharging because the dissolution rate of Li is non-

uniform depending on the dendrite site [20-21]. This "dead lithium" is electrochemically inert, but 

chemically highly reactive due to its large surface area. SEI layer is not usually robust enough to 

allow lithium morphological variations and destroyed by Li dendrites growth [22]. Since the SEI 

growth and dendrite formation are closely related, the characteristics and uniformity of the SEI 

may significantly affect the morphology of the lithium metal negative electrode. 

Li deposition at the electrode/electrolyte interface should be divided into three stages. One is 

the nucleation and growth process immediately after the start of electrolysis. It differs from the 

nucleation and growth process of electrodeposition in aqueous solution by the presence of SEI. 

The second is the process in which the generated nuclei grow in the SEI and protrusion from the 

SEI layer into the electrolyte. The third process is the development of Li precipitates that protrude 

from SEI into the electrolyte and grow into dendrites. Solvated Li+ diffuses from the bulk 

electrolyte to the vicinity of the electric double layer near the electrode and then desolvates. Li 

cations diffuse through the SEI and are reduced to Li atoms (adatom) at the electrode surface. Li 

atoms are either involved in nucleation through cluster formation by surface diffusion or 

agglomeration, or incorporated into an already deposited Li metal lattice. Li nucleation & growth 
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and Li+ mass transfer in SEI have not been fully discussed in Li dendrite formation, but may 

influence the subsequent deposit morphology. The growth of Li deposits protruding from the SEI 

occurs competitively with the SEI formation reaction. As it has been debated whether the Li growth 

point is tip or root [23-27], the Li growth point is considered to be affected by SEI properties, 

electrodeposition conditions and mass transfer characteristics. During the development of 

dendrites into the electrolyte, Li+ transport is affected by diffusion and convection. The 

concentration gradient becomes steeper near the dendrite tip, and then dendrite growth is 

accelerated by the concentration of electric force lines. Each deposition process is considered to 

be closely related to each other. It is necessary to trace back how the deposition conditions affected 

on each process and how the deposition morphology changed in order to clarify the factors 

responsible for the dendrite formation. 

In recent years, through cutting-edge analytical techniques such as low-temperature 

transmission electron microscopy (cryo-TEM)[28,29] to analyze the Li/SEI interface, synchrotron 

radiation tomography for analysis of emerging Li microstructure and in-situ nuclear magnetic 

resonance (NMR)[30] , the mysterious phenomena is gradually being unveiled. They are shedding 

light on the phenomena occurring at the Li metal negative electrode. 

 

1.4   Non-flammability electrolyte 

The higher the energy density of batteries, the greater the damage in the event of an incident 

is expected to be, so ensuring safety is also a major issue. When a short circuit occurs in a lithium-

ion battery, an extremely large current passes through the shorted area and generates heat. 

Exothermic reactions such as the reaction between the negative electrode and the electrolyte, the 

decomposition of the electrolyte, the reaction between the positive electrode and the electrolyte, 

and the oxygen combustion reaction due to the release of oxygen from the positive electrode occur 

continuously, resulting in eventual thermal runaway and ignition [31-32]. In particular, 

conventional electrolytes have a low flash point and boiling point, which can cause fires and 
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explosions [33]. Many techniques have been reported to improve the safety of rechargeable 

batteries such as surface modification of separators and negative electrodes [34-36]. However, a 

charged battery remains a dangerous state since energy is so to speak packed together with a 

flammable and combustible organic electrolyte. The fundamental solution is to make the 

electrolyte non-flammable [37-39]. 

The approach of converting a liquid electrolyte to a solid electrolyte comes to mind at once 

to prevent the electrolyte from burning. Solid electrolyte will eliminate the risk of liquid leakage. 

Solid electrolytes can be divided into inorganic solid electrolytes and polymer solid electrolytes 

[40-41]. Inorganic solid electrolytes have the problem of high interface resistance, and sulfide-

based solid electrolytes may cause the generation of hydrogen sulfide. Solid polymer electrolytes 

are flexible and lightweight, but they are inherently flammable materials, albeit non-volatile. There 

is a risk of ignition or smoking in the event of a short circuit. For automotive batteries, energy 

density is important from the standpoint of cruising range, and at the same time, power and 

regenerating characteristics are also important. Obviously, the Li ion transfer at the active material 

interface must be smooth. In this respect, it is presumed that the liquid electrolyte still maintains 

its advantage. 

One means of making electrolytes nonflammable is to use ionic liquids as electrolyte solvents. 

Various ionic liquids have been synthesized and reported because of their low flammability, non-

volatility, thermal stability, ionic conductivity and electrochemical stability. As shown in Figure 1-

2, a conventional Li ion battery electrolyte will burn immediately if an ignition source is introduced, 

whereas an ionic liquid will not burn. It is an attractive material as an electrolyte for Li ion or Li 

metal batteries, which require strict safety requirements. However, the viscosity is considerably 

higher than that of common organic electrolytes, which inevitably leads to poor rate characteristics. 

Although there is potential for applications where heat resistance is important and rate 

characteristics are not strictly required, improving rate characteristics is an issue [42-43]. 

Another approach to making electrolytes nonflammable is the use of nonflammable solvents 

or their application as additives. Phosphorus flame retardants have a long history as additives for 
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resins, such as phosphoric esters/phosphonic acid, phosphorous acid, phosphazene, and other 

phosphorus compounds. The radical scavenging mechanism of phosphorus provides effective 

flame retardancy [44]. Among them, phosphoric esters such as trimethyl phosphate (TMP) and 

triethyl phosphate (TEP) have been studied for application to both Li-ion and Li metal batteries 

due to their high dielectric constant, favorable viscosity and liquid temperature range [45]. 

Electrochemical stability and the resulting SEI properties are critical to battery properties. TMP 

and TEP were not compatible with graphite or Li metal negative electrodes [46-47]. To solve these 

problems, some attempts have been made to suppress the decomposition of phosphoric ester by 

increasing salt concentration [48-49] or locally increasing the salt concentration by diluting with 

an inert solvent [50]. Further improvements are needed for the realization of flame retardants that 

can provide SEIs enabling high coulomb efficiencies and suppressing dendrite growth for lithium 

metal negative electrodes. 

 

 

Figure 1-2．Flammability of organic electrolytes (left) and ionic liquid (right). 

 

1.5   Goals and outline of this research 

Based on the background mentioned above, purpose of this study is to provide fundamental 

results for physical modeling of the Li nucleation and growth process at the electrolyte/electrode 

interface in organic electrolyte and ionic liquid for Li metal batteries mainly from the 
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phenomenological viewpoint. The author will attempt to reveal the relationship between the 

morphological change and mass transfer phenomena from the Li nucleation and growth in SEI to 

the growth in the electrolyte during the very early stage of Li deposition and dendrite development, 

which will be useful for the material design of safe and efficient Li metal batteries. An outline of 

this thesis is presented below. 

In Chapter 2, galvanostatic electrodeposition up to 100 mC cm-2 will be performed in 1M 

LiTFSI/PC (lithium bis(trifluoromethanesulfonyl)imide/propylene carbonate) electrolyte varying 

current densities. The purpose of this chapter is to investigate the effect of current density on the 

deposit morphology by comparing SEM images and potential change behavior during the initial 

stage of electrodeposition. 

In Chapter 3, the objective is to investigate how the deposit morphology identified in the 

initial process presented in Chapter 2 changes thereafter depending on the current density. 

Deposition behavior and dendrite generation depending on current density are observed by optical 

microscopy and compared with the potential change. The author will also attempt to derive the 

limiting current density of Li deposition on a vertical cylindrical Ni electrode and compare the 

results with those obtained by LSV (linear sweep voltammetry) measurements. 

In Chapter 4, the author will focus on the electrodeposition behavior from the start of 

electrolysis up to 10 mC cm-2, which is further back than the initial process in Chapter 2, in order 

to investigate the nucleation and growth process of Li. Image processing is performed on SEM 

images up to 100,000 times magnification to analyze the number and size of deposits. These results 

along with the potential changes are discussed with reference to the classical nucleation and growth 

theory of metal electrodeposition in aqueous solution. 

While Chapters 2 to 4 dealt with Li electrodeposition under galvanostatic conditions, Chapter 

5 will discuss electrodeposition under potentiostatic conditions. In galvanostatic electrolysis, SEI 

is formed before Li deposition, but Li deposition and SEI formation are expected to occur 

simultaneously in potentiostatic electrolysis. The objective of this chapter is to attempt to separate 

the nucleation process from the growth process by a double-pulse potential method and to 
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investigate the effects of applied potential on the deposit morphology. 

In Chapter 6, Li electrodeposition is performed under galvanostatic conditions using an ionic 

liquid electrolyte instead of the LiTFSI/PC electrolyte used in Chapters 2 through 5. N-

methoxymethyl-N-methylpyrrolidinium bis (trifluoromethanesulfonyl) imide is used as the ionic 

liquid from the viewpoint of electrochemical stability and viscosity, and lithium 

bis(trifluoromethanesulfonyl)imide is dissolved as a lithium salt. As in Chapter 2, the author will 

observe the deposition behavior by optical microscopy and discuss the effect of current density on 

the deposition morphology, dendrite generation and growth behavior and corresponding potential 

changes. 

Chapter 7 aims to develop flame-retardant electrolytes using phosphate ester solvents from a 

more practical viewpoint. The author will investigate Li deposition behavior in a nonflammable 

electrolyte composed of TEP and lithium difluorophosphate, and evaluate coin-cell characteristics 

using the electrolyte. 

Chapter 8 aims to improve the properties of the nonflammable electrolyte obtained in Chapter 

7. The author will use lithium nitrate and lithium difluorophosphate mixed with lithium 

hexafluorophosphate as the salts and attempt to optimize the composition to maximize the cell 

performance. The resulting electrolyte is also evaluated for flame retardance by an easy ignition 

test. 
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Chapter 2 

Galvanostatic Li Electrodeposition in LiTFSI-PC 

Electrolyte: Part I. Effects of Current Density in 

Initial Stage 
 

2.1   Introduction 

Lithium has a small electrochemical equivalent of 6.9 g per Faraday and the lowest standard 

electrode potential of -3.045 V among metals. These properties may suggest the advanced battery 

with lithium metal negative electrode, which demonstrates the characteristics of lightweight and a 

high operating voltage as an ultimate design of energy storage devices for transportation fields. 

However, lithium metal negative electrodes frequently face to dendrite formation phenomena 

during charging/discharging operations. It has hindered the practical application of rechargeable 

batteries due to safety issues arising from short circuits as well as degradation problems in 

reversibility and durability associated with dead lithium. The key to their practical use as negative 

electrodes for secondary batteries is the controllability of lithium metal dendrite formation [1].   

The electrodeposition of Li in organic electrolytes involves inherently the formation of the 

solid electrolyte interphase (SEI) unlike the electrodeposition of metals in an aqueous solution. 

The complexity of the SEI structure makes it more challenging to interpret Li electrodeposition 

reaction and dendrite growth. Two major models were proposed for the structure of SEI. Peled et 

al. [2] proposed that SEI has a two-layer structure with a dense inorganic layer near the electrode 

(inner layer) and a porous organic layer near the electrolyte (outer layer). They proposed a mosaic 

model in which the inner layer is composed of multiple inorganic materials through which only 

lithium ions can move and solvated lithium ions and solvent molecules can only penetrate the outer 
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layer. Aurbach et al. [3] subsequently proposed a multilayer model consisting of inorganic and 

organic layers. Recently, the structure of SEI was successfully characterized at the atomic scale by 

cryo-electron microscopy analysis by Cui and co-workers [4-5], which greatly advanced the 

understanding of SEI. They found that the SEI microstructure changes depending on the electrolyte 

composition and discussed its influence on Li precipitation and dissolution behaviors. Thus, the 

research from the chemical and structural aspects of SEI is certainly important. The research is 

still underway for investigating where Li ions receive electrons to produce Li atoms or where the 

Li atoms diffuse and nucleation occurs underneath or in the above-mentioned heterogeneous-

structured SEI layer [6]. It is expected that further discoveries on the SEI structure and Li 

electrodeposition reaction through the SEI will continue to be made in the future. 

On the other hand, a fundamental understanding of the coupling phenomenon between the 

morphological change of the electrode and ionic mass transfer rate during electrode reactions is 

also of great significance for the viewpoints of maintaining the reversibility of advanced energy 

storage devices with Li metal negative electrode and developing prediction methods for their 

lifetimes. To gain a better understanding of dendrite formation behavior, it is essential to 

investigate two perspectives. The first is the nucleation and growth behavior of Li in SEI, i.e., the 

formation behavior of dendrite precursors, and the second is morphological changes of the 

precursors into dendrites, i.e., the dendrite growth behavior. 

As for research on dendrite formation behavior, for example, Mönig et al. [7] reported the 

observed results of growing Li bush galvanostatically electrodeposited on a copper foil at a low 

current density of 10 μA cm-2. According to their study, the growth occurred both at the tip and 

the base of the Li filament in the bush. Bazant et al. [8] reported three growth modes for Li 

deposition on Li in organic electrolytes depending on current density. The first is the tip growth 

above limiting current density (Sand capacity) based on the Sand equation due to instability caused 

by Li ion depletion. The second is the root growth below the threshold value (6mA cm-2) due to 

internal stress accumulation and release associated with Li precipitation under stable SEI. The 

third is the surface growth between the threshold value and the limiting current density which 
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develops into a mossy-like shape through isotropic surface growth in regions scarcely covered by 

SEI due to the Li precipitation. These reports mainly address Li deposition behavior during 

dendrite development.  

The author also observed dendrite growth behavior in organic electrolytes and ionic liquids. 

A two-step diffusion process was suggested based on the good linearity between dendrites’ arm 

length and the square root of duration time measurements [9-11]. Moreover, our interferometric 

measurement of the Li+ concentration distribution near the electrode surface accompanying Li 

electrodeposition demonstrated an interesting phenomenon: the so-called “incubation period” 

(roughly 10 mC cm-2) has been noticed during which the interference fringes do not change 

immediately after the start of electrolysis [12]. The period has been considered to originate from 

the formation of SEI due to the decomposition of solvents and impurities such as water in the 

electrolyte. Thus, the transition up to about 100 mC cm-2 before the entire appearance of dendrites 

seems to be very important for the subsequent Li deposition behavior. Furthermore, the author 

empirically recognizes from our previous Li deposition experiments that the potential change 

exhibits complex behavior in the initial stage of galvanostatic Li electrodeposition depending on 

the current density, but there has been no detailed investigation of the relationship between such 

potential behaviors and morphological variations of electrodeposited Li as far as the author knows. 

It is indispensable to further investigate where the differences in morphological variations and 

growth modes are originated back to the initial stage of electrodeposition. The purpose of this 

study is to focus on the nucleation and growth process of Li deposition on Ni substrate under 

galvanostatic conditions and to deepen our understanding of the very early stage of Li deposition 

(below 100 mC cm-2), which may be a growth period of dendrite precursor.  Galvanostatic Li 

deposition is performed at different current densities whose morphological variations are ex-situ 

observed in detail using an electron microscope.  In parallel with the present research, the author 

is investigating flame-retardant electrolytes that can be applied to batteries consisting of lithium 

metal negative electrode - ternary oxide positive electrodes. Since a carbonate-based electrolyte is 
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used as a part of that flame-retardant electrolyte, LiTFSI/PC was chosen as the electrolyte for this 

research. 

 

2.2   Experimental 

The electrolyte is composed of lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) and 

propylene carbonate (PC). LiTFSI was supplied from Stellachemifa Corporation as a test sample 

and dried for 24 h at 150 ℃ under a stream of nitrogen gas before use. A nonaqueous solvent of 

PC purchased from Kishida Chemical Co., Ltd. was used as received. The water content of the 

electrolyte was confirmed to be less than 20 ppm by Karl-Fisher titration (AQ-7, Hiranuma Sangyo 

Co., Ltd.).  

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were performed with a 

typical three-electrode cell in an argon glove box (dew point < -90 ℃). The working electrode was 

a 5 mm square Ni sheet with 80 μm thickness (Nilaco Corp.). The Ni sheets were cleaned according 

to the following procedure before use. First, they were degreased by ultrasonic cleaning in 

isopropyl alcohol (IPA) for 10 minutes. After sonication in ultrapure water for 10 minutes, they 

were immersed in a 10%-HCl solution for 10 minutes. Then, ultrasonic cleaning in ultrapure water 

was engaged for 10 minutes. After being rinsed with IPA, they were vacuum-dried at 100 °C for 

8 h. The chamber of the vacuum dryer was replaced with nitrogen gas before heating and cooled 

to room temperature when taken out. The counter electrode and the reference electrode were made 

of Li foil with 200 μm thickness (Honjo Metal Co., Ltd.). Glass container used for the cyclic 

voltammetry cell was wholly installed into an aluminum block combined with a Peltier 

temperature control unit to keep the temperature at 25 ℃. The measurements of CV and LSV were 

carried out using PGSTAT302N (AUTO LAB).  

Chronopotentiometry was also performed with the electrolytic cell illustrated in Fig. 2-1. 

The working electrode (W.E.) of Ni wire 500 μm in diameter (Nilaco Corp.) was used. The author 

selected Ni wire in this study because it was used in our previous study on Li deposition behavior 
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in ionic liquid [10]. The pretreatment of the electrode was performed similarly to a method for Ni 

sheets. The upper part of Ni wire was coated by a fluorinated ethylene propylene (FEP) tube as a 

sleeve and the lower part end of Ni wire was capped by the FEP tube of which one side was heat-

sealed. The position of the sleeve was adjusted so that the contact part of the nickel wire with the 

electrolyte becomes 10 mm. The exposed geometric surface area of the Ni wire was 0.157 cm2, 

which was used for the calculation of current density. A lithium foil was used as a counter electrode 

(C.E.) and a reference electrode (R.E.). The electrolytic cell was mounted in the temperature-

controlled aluminum block. Chronopotentiometry measurement was performed using a HZ7000 

(Hokuto Denko). 

The working electrode was rinsed in dimethyl carbonate after electrochemical 

measurements and dried in a vacuum for 10 h. Then, the substrate was supplied to X-ray 

photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) analysis 

(VersaProbe Ⅲ; ULVAC PHI, Inc.) and scanning electron microscopy (SEM) (JSM-7800F; 

JEOL) observation of deposits. The prepared electrode sample for analysis or observation was 

stored in a sealed transfer vessel in the glove box after electrochemical treatment, then transferred 

to the XPS or SEM chamber without exposure to air. 

 

2.3   Results and Discussion 

2.3.1   SEI formation preceding Li deposition 

The CV (scan rate: 1 mV s-1) of Li precipitation and dissolution on a Ni foil electrode (0.5 

mm × 0.5 mm × 0.1 mm) in 1 M LiTFSI/PC is shown in Fig. 2-2(a). From the inset enlarged 

near 0 V, a rapid change in current is observed from around -25 mV after passing through 0 V. 

This point can be regarded as the potential at which Li deposition begins. Fig. 2-2(b) shows the 

results of LSV when the end potential was varied from open circuit voltage (OCV) to 2 V, 1 V, 0 

V and Li deposition potential, respectively. As the potential sweeps, the reductive current appears 

around 2.3 V and then reaches its peaks around 1.3 V, 0.8 V, 0.5 V and 0.2 V before Li deposition. 



 21 

The results of XPS and UPS analysis of the electrode surface are shown in Fig. 2-2(c).  

Nickel oxides and hydroxides are present on the surface in OCV.  From Ni2p, Ni is detected with 

decreasing intensity as the potential sweep up to 1 V but is no longer detectable below 0 V. The 

changes in Li1s, C1s, O1s and F1s suggest the formation of LiF along with a slight decrease in 

nickel oxides and hydroxides during sweeps down to 2 V. At 1 V, the formation of LiF and 

carbonate becomes more pronounced, and Li2O becomes slightly visible. The formation of Li2O 

is clearly visible on reaching 0 V. Referring to previous reports, the estimated reactions to which 

each LSV peak is attributed are presented in the Appendix. 

The work function is obtained from the UPS measurement. Each of the values is 

approximately 5.3 eV for Blank, 2 V and 1 V, all of which are close to the work functions of Ni 

( 5.35 eV for <111> ). The work function increases rapidly when the potential is swept below 0 V. 

The electrode surface has some conductivity in the process of sweeping from OCV to 1 V, but it 

becomes less conductive during sweeping from 1 V to 0 V. Combined with the XPS results, this 

suggests the existence of an inorganic inner layer and organic outer layer, as has been proposed 

previously by Aurbach et al. [3]. 

 

2.3.2   Chronopotentiometry  

Li deposition was performed under galvanostatic conditions from 0.04 to 60 mA cm-2 on Ni 

wire in 1M LiTFSI/PC. Fig. 2-3(a) shows the potential variation curves immediately after the start 

of electrolysis for coulomb quantities from 0 to 10 mC cm-2. At any current density, the potential 

reaches a minimum after a coulomb quantity of a few mC cm-2 passes. The potential change before 

reaching such a minimum is not linear but several inclination points can be seen. Since every 

behavior depends on current density, dV/dQ curves up to 10 mC cm-2 are shown in Fig. 2-4 for 

comparison. The arrow indicates the point at which 0V is passed. 

Every dV/dQ curve shows a steep negative peak immediately after the start of electrolysis 

over 0.4 mC cm-2. It follows by several weak peaks depending on current density, and then rises 
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sharply at the point marked with a symbol of filled circle (●) in Fig. 2-4. Each peak seems to be 

related to the reactions seen in Appendix. It is thought that SEI film composed of LiF or Li2CO3 

is formed after the start of electrolysis followed by the decomposition reaction of PC and the 

reduction of Li+.  The growth rate of the SEI decreases with the growth of SEI film due to the 

lowering of electron transfer and mass transport of organic molecules in the SEI film. From the 

point where dV/dQ begins to increase rapidly, i.e., the turning point marked by the symbol of filled 

circle (●), it is considered that the reduction of Li+ begins to dominate over the preceding 

competitive reaction between SEI formation and Li deposition. Table 2-1 summarizes the coulomb 

quantity at the point when 0 V passes (Q0; arrow in Fig. 2-4), at the point when dV/dQ rises sharply 

(QL; ● mark in Fig. 2-4) and the point of dV/dQ = 0 (the potential reach minimum) (Qm). QL and 

Qm are larger at lower current densities and (QL-Q0) become larger at higher current density. 

It can be deduced from Fig. 2-3(a) that the average rate of potential change before starting 

Li deposition is about 9 mV s-1 at 0.04 mA cm-2, while it is 22500 mV s-1 at 60 mA cm-2. The time 

required from the start of electrolysis to Li deposition differs by a factor of 3500. At higher current 

densities, the electrode reaction is presumably rushing into the Li deposition reaction region since 

the slower reaction rate cannot follow. It is expected that there will be differences in the SEI 

structure, defects, etc. between lower current densities at which multiple reactions occur 

sequentially and higher current densities at which several reactions cannot follow.  Li deposition 

is expected to occur underneath the SEI with fewer defects at lower current densities than at higher 

current densities. As Qi et al. reported that the ionic conductivity of SEI depends on the grain size 

of LiF and Li2CO3 nanocrystals [13], characteristics of SEI may change depending on the size of 

the microcrystals constituting the SEI. The author believes that microcrystals with smaller grain 

size and larger number density are generated at higher current density because microcrystals are 

formed in a shorter time, while microcrystals with larger grain size and smaller number density 

are formed at lower current density because microcrystals are formed in a longer time. 

As shown in Fig. 2-3(b) the potential reaches a minimum by 10 mC cm-2 and then increases 

monotonically from 0.04 to 2 mA cm-2, while the potential reaches the second or third minimum 
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at 4 to 60 mA cm-2. Depending on the current density, the behavior of potential change is 

characterized by whether it then increases monotonically after reaching the minimum or not. The 

current density of 4 mA cm-2 appears to be the transition boundary judging from Figs. 2-3 & 2-4. 

 

2.3.3   SEM observation 

Fig. 2-5 shows SEM images of the electrode surface at (a) 10 mC cm-2 and (b) 100 mC cm-2 

during galvanostatic electrolysis under 0.2, 2, 8, 20 and 50 mA cm-2.  A significantly different 

appearance is noticed between at the lower and at the higher current density. At 10 mC cm-2 (Fig. 

2-5(a)), a numerous number of initial nanoscale deposits with a size of several tens of nm are 

formed on the electrode surface at every current density. As the current density increases, the size 

of precipitates appears to moderately decrease, and their number tends to increase slightly. In the 

case of 0.2 and 2 mA cm-2, nano-sized morphology apparently characterized as whisker-like 

precipitate can be already recognized.  

Fig. 2-5(b) at 100 mC cm-2 illustrates that nanoscale deposits are growing into submicron 

size. Under 0.2 mA cm-2, there is a mixture of whisker-like or rod-like deposits a few μm in length 

and granular deposits 300 - 400 nm in size. Whisker-like deposits appear to be shorter in length 

and more numerous under 2 mA cm-2 than the case of 0.2 mA cm-2. Granular deposits are also 

visible behind the whisker-like deposits similar to SEM taken under 0.2 mA cm-2. On the other 

hand, only rod-like deposits are found under 8 mA cm-2. At 20 and 50 mA cm-2, the rod length 

becomes even shorter and more uniform than 8 mA cm-2. At 50 mA cm-2, neighboring submicron 

deposits are observed to be in contact with each other and change to agglomerated morphology.  

Nishikawa et al. [14] observed Li electrodeposition behavior on ultra-micro Cu electrodes. 

Electrolysis at 2 mA cm-2 up to 900 s in 1M LiTFSI/ethylene carbonate+diethyl carbonate (1:1) 

showed sparse and rather dendritic morphology. It is expected that even higher current densities 

will result in the development of more dense precipitation morphology similar to those observed 

in this study at higher current density in Fig. 2-5(b). 
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Next, the potential change is compared with the deposits’ morphological variations. Fig. 2-6 

and Fig. 2-7 show the results of SEM observations of the electrode surface at several points up to 

100 mC cm-2 during electrolysis at 0.2 and 20 mA cm-2 respectively as well as the transition of 

the electrode potential. 

As shown in Fig. 2-6, under 0.2 mA cm-2, the potential reaches -39 mV (point A) at 5 mC 

cm-2. From an equilibrium point of view, it is presumed that Li+ is reduced to Li atoms on the 

substrate, but anything that looks like a deposit cannot be recognized on the electrode surface 

within the resolution of the SEM image. The potential then reaches -100 mV (point B) at 6 mC 

cm-2. The electrode potential has not yet reached the minimum at this point, and the Li+ reduction 

reaction should be in progress and nanoscale precipitates with a size of several tens of nm are 

found on the electrode surface. In the very initial process where the electrode potential changes 

from -39 mV to -100 mV as the coulomb quantity increases from 5 mC cm-2 to 6 mC cm-2, it is 

reasonable to assume the formation of Li atom clusters through the active surface diffusion process 

on the Ni substrate in contact with the SEI layer, followed by the appearance of growing nano-

scale precipitates on the SEI surface. Beyond 6 mC cm-2, the potential reaches a minimum value 

of about -120 mV and slowly increases along with the increase in coulomb quantity.   

At 10 mC cm-2 (C point, -29 mV), it is deduced that whisker-like deposits are beginning to 

be formed discretely nearby where there are expected to be more defect structures in the SEI layer. 

The formation of discrete whisker-like precipitates is also clearly observed in the images of Fig. 

2-5(a), 0.2 mA cm-2. At 15 mC cm-2 (D point, -20 mV), their appearance becomes more distinct 

and grows longer than 1 μm. In addition to the whisker-like deposits, island-shaped deposits appear. 

As the coulomb quantity increases from 50 mC cm-2 (E point, -13 mV) to 100 mC cm-2 

(F point, -11 mV), the length of the whisker-like deposit increases to 2 - 3 μm and the island-like 

deposits gradually develop into distinct granular form. Since the originally formed nanoscale 

precipitates remain behind these growing deposits without much change in appearance, whisker-

like and granular deposits are the growth form of nuclei that have survived the growth competition.  
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On the other hand, under 20 mA cm-2, the potential reaches the minimum value of -375 mV 

immediately after the start of electrolysis and a rapid reduction reaction of Li+ proceeds (Fig. 2-7). 

Then, the potential increases and reaches the maximum around -350 mV. This process is 

considered to correspond to the surface diffusion of Li atoms on the Ni substrate to develop the 

coagulation-growth process of Li clusters. Thereafter, the potential begins to decrease by the effect 

of the mass transport of Li ions in the SEI. Numerous nanometer-sized precipitates are almost 

uniformly formed on the substrate at 10 mC cm-2 (G point -380 mV). The appearance of uniform 

nanometer-size precipitates can be also confirmed in the images of Fig. 2-5(a), 20 mA cm-2. Such 

a uniform-sized morphology is contrastively compared to discrete growth at a lower current 

density. Li deposition at higher current density exhibits extremely high overpotential, which may 

overcome the effect of SEI defect density differences and result in relatively uniform precipitates’ 

growth. Closer observation reveals that some of the nanoscale precipitates have a microscopic bud-

like morphology. Around 15 - 20 mC cm-2, the potential again reaches a minimum and then 

gradually increases.  

At 20 mC cm-2 (H point -390 mV), there are numerous micro bud-like morphologies. The 

potential variation to G and H is thought to reflect the transition process of Li cluster aggregates 

growing and breaking through the SEI layer to the emergence of rod-like morphology. During the 

period from G to H, the decrease in potential turns into an increase. The overpotential increases 

probably due to diffusion resistance during the growth process of the Li cluster in the SEI.  

However, once the growing Li clusters are projected out of the SEI into the electrolyte, the new 

electrolyte is immediately supplied to the tip of the growth interface, which is thought to be the 

reason why the overpotential decreases again.   

In the stage from H to I (-370 mV), it can be seen that the size of the projecting parts is 

expanding. At the point H where Li deposits protrude into the electrolyte from the SEI layer, a 

competitive reaction between Li deposition reaction and the formation reaction of new SEI based 

on the microstructure of the original SEI layer is presumably taking place, resulting in the growth 

to the form of I. Some deposits (exemplified in I by yellow arrows) are a little taller than their 
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surroundings and rod-shaped precipitates appear to be formed. The rod-like deposits seem to have 

nearly the same diameter (seen in J, -360 mV). The transition from I to J can be interpreted as 

showing the growth process of nano-sized rod-like deposits accompanied by growing from their 

root. 

 

2.3.4   Li deposition under lower current density (0.2 – 2 mA cm-2) 

At lower current density, the potential increases monotonically after reaching the minimum 

as described in Fig. 2-8(a). As described in the section of SEM observation, it is assumed that a 

rather sound SEI film with fewer defects is formed at a lower current density. When Li nanoscale 

deposits grow to induce stochastically nanoscale cracks due to micromechanical friction and 

penetrate through the SEI film, they come into contact with the organic electrolyte (defined as 

“sprouting”). During the transition process from the initiation of Li deposition to sprouting, a 

negligibly small concentration overpotential of less than a few mV may be induced as Li+ 

concentration at the interface between deposited Li and the SEI.  Consequently, at lower current 

density, the electrode potential increases to a positive direction due to the effect of increased 

electrode area accompanying Li deposition unlike the complex potential variation that reflects the 

effect of concentration overpotential under the mass transport limitation at higher current density 

described later. 

It is deduced that sprouting may provide an important event for subsequent growth modes. 

After sprouting, two possible growth points are expected for Li deposition. One is the thrusting-

out point from the SEI into the electrolyte and another may be a kind of root-growth origin inside 

the SEI as described below. That is, the former means that the Li reduction reaction ( Li+( in PC ) 

+ e- = Li ) occurs at the tip protruding from the SEI into PC, and the latter means the interface 

between the SEI and the Li deposits growing in the SEI before penetrating from the SEI where the 

reduction reaction ( Li+( in SEI ) + e- = Li ) occurs. In the solid or mechanistically sound part of 

SEI film, Li deposition is assumed to occur preferentially at the extruded edges from the SEI rather 
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than at the root in the SEI. The Li deposition at a lower current density can be considered to proceed 

simultaneously with whisker-like growth followed by granular growth in a manner that reflects 

the effect of SEI inhomogeneity. 

Root growth mode was reported by Crowther et al. [15] and later investigated in detail by 

Mönig [7] and Bazant et al. [8]. In the present study, whisker-like growth due to root growth is 

observed over a wider range of current densities up to 100 mC cm-2. Unlike the latter research 

group’s results, such a growth mode is not unique for lower current density conditions. 

Furthermore, at lower current density, not only whisker-like deposits due to root growth but also 

granular precipitates were observed.  The granular morphology seems to be consistent with the 

surface growth mode that appears at a current density between 6 mA cm-2 and the limiting current 

density described by them. As far as our speculation is concerned, the SEI began to form 

immediately after the Li metal substrate was brought into contact with the electrolyte in their 

experiments. When Li electrodeposition is performed under the pre-existence of stable SEI, 

whisker-like growth is expected only at lower current densities. In such a case, Li+ is presumed to 

be depleted quickly around the growing interface in the SEI at a relatively lower current density 

and mossy lithium growth based on surface growth rather than root growth is expected. 

 

2.3.5   Li deposition under higher current density (4 - 60 mA cm-2) 

Under higher current density, the potential change demonstrates complex behavior as shown 

in Fig. 2-8(b). The period during which the potential is higher than Li+/Li ranges from 0.93 to 

0.033 s and the coulomb quantity consumed for SEI formation is about 3.7 to 2 mC cm-2. The 

overpotential approaches almost constant after 4 mC cm-2. Fig. 2-3(a) illustrates -140 to -870 mV 

at 10 mC cm-2 depending on the current density. Most of the applied electricity is consumed by Li 

deposition. Therefore, the nucleation behavior associated with Li deposition surely starts gradually 

deviating from its dependence on the surface defect chemistry of SEI on the Ni substrate to the 

mass transfer-controlling mode. Such a coupling phenomenon in the growth scenario is also 
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suggested by our preserving observations on Li dendrite growth under an optical microscope [9-

11]. 

As imagined from the competitive rates between SEI formation and Li deposition, the 

reduced Li atom clusters under high overpotential tend to introduce SEI film with high defect 

density. SEM images show that a large number of Li atom clusters grow with the progress of 

electrolysis so that highly defective SEI film structures may provide template arrays in a sense. 

Then, growing deposit-tips thrust into the electrolyte almost simultaneously through the SEI film 

with high defect density.  

In a non-dilute electrolyte with higher conductivity, the applied electricity is distributed 

almost uniformly over the envelop-surface composed of numerous precipitate tips before sprouting. 

As easily imagined, such a tip should be immediately covered with rather higher conductive new 

SEI simultaneously with sprouting because a portion of the current density assigned to the 

envelope surface should be directly distributed to the tips. After sprouting, root growth and surface 

growth at the tip proceed concurrently to form the precursor of rod-like precipitates. As the 

precursor forms the rod-shaped morphology, Li+ ion concentration becomes depleted in the SEI as 

well as in organic electrolytes among the rod-like deposits.  The lateral surfaces of rod-like deposits 

might be covered with sound SEI film generated under an electrically shielding condition. Such a 

shielding characteristic accompanying dendritic growth was interferometrically observed in Ag 

electrodeposition [16]. Generally, in an early stage of the electrodeposition where mass transfer 

resistance is negligible, the nucleation rate has an exponential characteristic with the overpotential 

[17]. Consequently, probably the number density of rods with uniform arm length increases and 

the length is shortened with increasing current density as shown in Fig. 2-5(b). 

As illustrated in Fig. 2-3(b) & 2-8(b), sprouting phenomena may be defined with the 

appearance of the second minimum possibly due to the overpotential caused by mass transport of 

Li+ in the SEI under higher current density. Then, the electrode potential gradually decreases due 

to the concentration overpotential generated in the SEI and in the Li rod array with the growth of 

rod-like morphology. Thereafter, the electrode potential again reaches a minimum between 1000 
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and 1500 mC cm-2 under the mass transfer controlling situation including organic electrolytes as 

demonstrated in Fig. 2-3(b).   

As pointed out in our previous report [18-19], the density difference caused by the 

concentration difference at the electrolyte-deposits’ interface and the displacement of the 

electrolyte according to deposits’ growth is induced along with the progress of the 

electrodeposition. Such a kind of electrolyte convection may contribute to the potential change 

described above. In other words, it is believed that when these deposits grow in the electrolyte 

under higher current density, the Li+ transfer rate in the electrolyte as well as in the SEI layer with 

an extremely large number of defects govern the growth rate of the deposits and significantly 

influences the coupling morphology of the Li deposits. 

 

2.3.6   Mass transport in SEI  

Based on the above discussion, the morphological variation of electrodeposited Li evolves 

through the nucleation and growth process, which is greatly affected by the defect density 

distribution within the SEI film and its mass transport properties. A quite simplified one-

dimensional diffusion model is proposed as schematically shown in Fig. 2-9 to estimate the Li+ 

concentration and Li+ transport properties at the interface between deposited Li metal/SEI and 

between SEI/organic electrolyte under galvanostatic current densities of 4 mA cm-2 or higher.  

The diffusion rate of Li+ in the organic electrolyte is considerably faster than that in SEI. 

The non-steady diffusion field of Li+ is treated in organic electrolyte and a quasi-steady diffusion 

field is assumed within the SEI film with constant thickness δ and with boundary conditions of Li+ 

concentration at the deposited Li surfaces and at the SEI/PC electrolyte interface, i.e., CEL(0, t) and 

CSEI(-δ, t) respectively. Both diffusion fields are coupled by CEL(0, t) over a certain computation 

period in this model. 

 

𝜕𝜕𝐶𝐶𝐸𝐸𝐸𝐸
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝐸𝐸𝐸𝐸
𝜕𝜕2𝐶𝐶𝐸𝐸𝐸𝐸
𝜕𝜕𝑥𝑥2

 (0 ≪ 𝑥𝑥)        (2-1) 
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𝐽𝐽1 = 𝐽𝐽2 = 𝑖𝑖
𝐹𝐹

= 𝐷𝐷𝑆𝑆𝐸𝐸𝑆𝑆
𝜕𝜕𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆
𝜕𝜕𝑥𝑥

= 𝐷𝐷𝐸𝐸𝐸𝐸
𝜕𝜕𝐶𝐶𝐸𝐸𝐸𝐸
𝜕𝜕𝑥𝑥

       (2-2) 

 

𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆(0, 𝑡𝑡) = 𝐶𝐶𝐸𝐸𝐸𝐸(0, 𝑡𝑡),  𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆(𝑥𝑥, 0) = 𝐶𝐶𝐸𝐸𝐸𝐸(𝑥𝑥, 0) = 𝐶𝐶0, 𝐶𝐶𝐸𝐸𝐸𝐸(∞, 𝑡𝑡) = 𝐶𝐶0  (2-3) 

 

where DEL and DSEI are the diffusion coefficients of Li+ in the electrolyte and in the SEI, 

respectively; J1 and J2 are the mass flux of Li+ at the deposited Li metal/SEI interface and SEI/PC 

electrolyte interface, respectively; F is Faraday constant; i is current density; C0 is the bulk 

concentration of the organic electrolyte. 

 

𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆(0, 𝑡𝑡) and 𝐶𝐶𝐸𝐸𝐸𝐸(0, 𝑡𝑡) are calculated with reported value 𝐷𝐷𝐸𝐸𝐸𝐸 and constant 𝛿𝛿 by assigning 𝐷𝐷𝑆𝑆𝐸𝐸𝑆𝑆 

value in order to adjust the observed sprouting phenomena. Mathematical equations may be 

simplified as follows, with t* as the Li+ transference number in the organic electrolyte: 

 

𝐶𝐶𝐸𝐸𝐸𝐸(0, 𝑡𝑡) = 𝐶𝐶0 −
2𝑖𝑖(1−𝜕𝜕∗)
𝐹𝐹�𝜋𝜋𝐷𝐷𝐸𝐸𝐸𝐸

√𝑡𝑡        (2-4) 

 

𝑖𝑖
𝐹𝐹

= 𝐷𝐷𝑆𝑆𝐸𝐸𝑆𝑆
𝐶𝐶𝐸𝐸𝐸𝐸(0,𝜕𝜕)−𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆(−𝛿𝛿,𝜕𝜕)

𝛿𝛿
        (2-5) 

 

𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆(−𝛿𝛿, 𝑡𝑡) = �𝐶𝐶0 −
2𝑖𝑖(1−𝜕𝜕∗)
𝐹𝐹�𝜋𝜋𝐷𝐷𝐸𝐸𝐸𝐸

√𝑡𝑡� − 𝑖𝑖𝛿𝛿
𝐹𝐹𝐷𝐷𝑆𝑆𝐸𝐸𝑆𝑆

       (2-6) 

 

The concentration overpotential η generated by a decrease in 𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆(−𝛿𝛿, 𝑡𝑡) is written by 

 

η = − 𝑅𝑅𝑅𝑅
𝐹𝐹

ln 𝐶𝐶𝑆𝑆𝐸𝐸𝑆𝑆
𝐶𝐶0

          (2-7) 

 

From (2-6), (2-7) 
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𝐷𝐷𝑆𝑆𝐸𝐸𝑆𝑆 = 𝑖𝑖𝛿𝛿
𝐹𝐹
�𝐶𝐶0 −

2𝑖𝑖(1−𝜕𝜕∗)
𝐹𝐹�𝜋𝜋𝐷𝐷𝐸𝐸𝐸𝐸

√𝑡𝑡 − 𝐶𝐶0𝑒𝑒𝑥𝑥𝑒𝑒 �−
𝐹𝐹
𝑅𝑅𝑅𝑅
𝜂𝜂��

−1
      (2-8) 

 

Also, the time tc when Li+ concentration on Ni substrate becomes depleted in observed sprouting 

phenomena, that is, C (-δ, t) = 0, is obtained as follows 

 

�𝑡𝑡𝑐𝑐 = 𝐹𝐹�𝜋𝜋𝐷𝐷𝐸𝐸𝐸𝐸
2𝑖𝑖(1−𝜕𝜕∗) �𝐶𝐶0 −

𝑖𝑖𝛿𝛿
𝐹𝐹𝐷𝐷𝑆𝑆𝐸𝐸𝑆𝑆

�        (2-9) 

 

In Fig. 2-8(b), one assumes that ΔV is induced by the concentration overpotential η generated 

between the inside of the SEI and the electrolyte. Table 2-2 shows the ΔV and Δt measured from 

Fig. 2-3(b) for the current density of 8 to 60 mA cm-2 where ΔV clearly appears. Here, the starting 

point of Li deposition was defined as the time of QL in Table 2-1 and the thickness of SEI was 

assumed to be δ = 30 nm measured by ellipsometer [20] and cryo-transmission electron 

microscopy [21] in previous reports. 

The diffusion phenomenon of Li+ in SEI has been studied extensively using computational 

methods [22-23]. The diffusion coefficients previously reported vary considerably from 10-12 to 

10-7. The above-adjusted diffusivity DSEI, as shown in Table 2-2, is found reasonably within these 

reported values. The time tc was also evaluated from DSEI and equation [9]. The relationship 

between tc and current density is shown as a solid line in Fig. 2-10(a). The time tc is illustrated as 

a dashed line when DSEI is assumed to be from 10-10 to 10-7 (cm2 s-1) which is independent of the 

current density. In addition, Fig. 2-10(b) shows the calculated results of CSEI(-δ, t) and CEL(0, t) up 

to 100 mC cm-2 based on DSEI in Table 2-2, and the evolution of the concentration overpotential in 

that interval.   

In the case of SEI formation with small DSEI or with partially small DSEI due to SEI 

heterogeneous characteristics reflecting defects density distribution, Li+ is expected to be depleted 

immediately in the SEI and root growth is unlikely to occur. Surface growth is expected to advance 
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after sprouting in these cases. In the case of SEI formation with a relatively large DSEI, root growth 

is expected to proceed until a certain time. At higher current density, Li ion concentration at the 

Ni/SEI interface drops more rapidly than at the SEI/electrolyte interface soon after electrolysis 

begins. Once Li+ begins to be depleted in the SEI and even in the electrolyte, a transition mode on 

coupling phenomena is expected in the growth process due to an increase in concentration 

overpotential.  

 

2.4   Conclusions 

The effect of current density on the morphological variation during the initial stage (up to 

100 mC cm-2) of galvanostatic Li deposition on Ni wire was investigated at current densities 

ranging from 0.04 to 60 mA cm-2 in 1M LiTFSI/PC. The simultaneous growth of whisker-like and 

granular deposits was identified at lower current densities, while the development of uniform 

mesoscopic-sized Li rods was observed at higher current densities. A transition of morphological 

variations was observed at current densities around 4 mA cm-2. The formation behavior of SEI, 

which occurs prior to the Li deposition reaction, also differed between higher and lower current 

densities. Due to the effect of current density on the SEI formation process, robust but non-uniform 

SEI with discrete defects was considered to be formed at lower current densities, while a rather 

defective SEI at higher current densities. 

The event of sprouting, in which Li precipitates nucleated and grown underneath the SEI are 

extruded from the SEI into the organic electrolyte, was characterized as a change point that may 

have a significant influence on the subsequent growth mode. After sprouting, two cases were 

envisioned: one is the case in which Li deposits continue to grow through the SEI and develop into 

whisker-like morphology as if the pierced SEI layers were a template, and the other is the case in 

which Li deposits no longer grow through the SEI layers but in the electrolyte due to factors such 

as Li+ depletion in the SEI or the inferior Li+ transport properties of the SEI. The diffusion 

coefficient of Li+ in the SEI galvanostatically formed on Ni substrate was estimated to be in the 
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order of 10-9 cm2 s-1 by analyzing the behavior of potential change in the early stage of the 

electrolysis. It should be considered that the morphological changes during galvanostatic 

electrodeposition have already started through the nucleation and growth process in the SEI 

probably with different defect densities. A more detailed study on the coupling phenomena 

between mass transfer rate of Li+ and morphological variation is needed to control the dendrite 

formation in the future. 
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Table 2-1. Coulomb quantity of Q0, QL, Qm and QL-Q0 on the dV/dQ curve for each current density 

 

 

 

Table 2-2. ΔV and Δt read from Figure 2-3(b), and the estimated diffusivity of Li+ in the SEI for 

each current density. 
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Figure 2-1. Schematic diagram of electrolytic cell for chronopotentiometry. 
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Figure 2-2. (a) Cyclic voltammogram of Li electrodeposition in 1M LiTFSI/PC on Ni electrode. 

(W.E.: 5 mm × 5 mm × 0.5 mm Ni sheet, C.E. and R.E.: Li foil. Scan rate: 1 mV s-1.) The inset 

shows enlarged potential and current density around 0 V. (b) Linear sweep voltammograms when 

the potential is swept from OCV to 2, 1, 0 V and Li deposited potential in 1M LiTFSI/PC (W.E.: 

5 mm × 5 mm × 0.1 mm Ni sheet, C.E. and R.E.: Li foil. Scan rate: 1 mV s-1).  (c) Corresponding 

XPS and UPS spectra of the electrode surface after each LSV scan.  
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Figure 2-3. Chronopotentiograms after the starts of electrolysis at the current density ranges from 

0.04 mA cm-2 to 60 mA cm-2 for the coulomb quantity of (a) 0 - 10 mC cm-2 and (b) 0 - 1800 mC 

cm-2 in 1M LiTFSI/PC at 25℃. Figure (b) shows two figures with each scale of 0-100 mC cm-2 

and 100-1800 mC cm-2 in parallel; the scale of 0-100 mC cm-2 is enlarged compared to that of 100-

1800 mC cm-2. 
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Figure 2-4. dV/dQ curves for the potential change of galvanostatic Li electrodeposition from the 

start of electrolysis to 10 mC cm-2 in Figure 2-3(a).  The arrow corresponds to the coulomb quantity 

when the potential passes through 0 V and the filled circle (●) indicates the point at which dV/dQ 

begins to rise rapidly. 
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Figure 2-5. SEM images of the electrode surface after electrolysis at the current densities of 0.2, 

2, 8, 20 and 50 mA cm-2.  Coulomb quantity passed during deposition: (a) 10 mC cm-2 and (b) 100 

mC cm-2. 
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Figure 2-6. Time variation of the potential and top-view SEM images of the electrode surface 

during galvanostatic Li electrodeposition at 0.2 mA cm-2 up to 100 mC cm-2 in 1 M LiTFSI/PC. 

Each SEM image corresponds to coulomb quantities of (A) 5, (B) 6, (C) 10, (D) 15, (E) 50 and (F) 

100 mC cm-2 on the chronopotentiogram. 
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Figure 2-7. Time variation of the potential and tilted-view SEM images of electrode surface during 

galvanostatic Li electrodeposition at 20 mA cm-2 up to 100 mC cm-2 in 1 M LiTFSI/PC. Each SEM 

image corresponds to coulomb quantities of (G) 10, (H) 20, (I) 50 and (J) 100 mC cm-2 on the 

chronopotentiogram. White arrows in image G indicate the swelling of nanoscale precipitates. 

Blue arrows in images G and H indicate the bud-like morphology. Yellow arrows in image I 

indicate the beginning of rod-shaped deposits. 
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Figure 2-8. Typical potential profiles at (a) lower or (b) higher current density and assumed events 

at each stage. 
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Figure 2-9. Schematic diagram of Li+ concentration distribution at Li metal/SEI interface and 

SEI/organic electrolyte interface. 
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Figure 2-10. (a) Relationships between tc and current density for each diffusion coefficient of Li+ 

in the SEI.  (b) Time variations of CSEI(-δ, t) and CEL(0, t) as well as the concentration overpotential 

calculated at higher current density. 
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Appendix 

 

Table 2-A. The estimated reactions to which each LSV peak before Li deposition is attributed 

based on previous reports. 
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Chapter 3 

Galvanostatic Li Electrodeposition in LiTFSI-PC 

Electrolyte: Part II. Coupling Phenomena in 

Growth Process  
 

3.1   Introduction 

EV innovation is underway worldwide toward the realization of a society with zero CO2 

emissions, which is the goal of the United Nations SDGs. The development of high-performance 

energy storage devices is extremely important for achieving this goal [1]. The energy density of 

Li-ion batteries has tripled over the past two decades as in the case of cylindrical 18650 cells for 

example. The capacity has almost reached its limit in the current battery configuration. To further 

increase the energy density, it is indispensable to replace the active material. The key technology 

might be the controllability of dendrite formation on Li metal negative electrode [2-4].  

Let us consider a battery composed of ternary oxide positive electrode active material and 

Li metal negative electrode. Setting a positive electrode active material capacity of 180 - 190 mAh 

g-1 and a cell capacity of 3.1 Ah for a 18650 cell with an appropriate current collector and active 

material thickness, it is necessary to deposit approximately 2.22 mAh cm-2 of Li metal during a 

charging operation. In such an urgent case where 90% of the capacity must be quickly recharged 

within 3 minutes, Li should be deposited at a current density of 40 mA cm-2. On the other hand, in 

the case of low-rate charging for example by utilizing nighttime electricity, the battery may be 

charged at a very low current density of less than 1/100. That is, it is indispensable to understand 

Li deposition behavior, especially the dendritic growth behavior, from lower to higher current 

densities.  
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The relationship among dendrite growth rate, concentration boundary layer thickness and 

electrode surface roughness in metal electrodeposition in aqueous solution has been discussed with 

an interferometry by Ibl & Muller [5], Fukunaka et al. [6-7] and Argoul et al. [8], Chazaviel & 

Rosso [9].  

It is essential to comprehend the coupled phenomena between dendrite growth and mass 

transfer rate at Li metal negative electrode under practical operations for rapid charging-

discharging operation. Since Li dendrite growth phenomena should be considered from the 

viewpoint of nucleation and growth process, our study was divided into two parts. 0.028 mAh cm-2 

(100 mC cm-2) from the beginning of electrolysis covers a two-stage diffusion process in the SEI 

layer and organic electrolyte [10]. The diffusivity in the SEI layer was reasonably adjusted to 

represent the measured potential variations. Now, Chapter 3 covers 0.028 to 2.22 mAh cm-2 (100 

to 8000 mC cm-2) during dendrite arm growth. It is straightforward to suppose that the microscopic 

morphology mainly composed of filament-like or columnar dendrite primary arm in the initial 

stage influences the subsequent morphology development probably accompanying secondary arm 

evolution. This study was conducted to investigate how the Li morphology develops on a 

macroscopic level at different current densities. 

 

3.2   Experimental 

The electrolyte composed of lithium bis (trifluoromethanesulfonyl) imide (LiTFSI) and PC 

was used. All chemical reagents were the same as those used in in the previous report [10] 

described in Chapter 2 of this thesis. Moisture content in the electrolyte was confirmed to be less 

than 20 ppm with a Karl Fischer titrator before use.  

Chronopotentiometry (CP) and linear sweep voltammetry (LSV) were performed 

simultaneously with optical observation of Li electrodeposition behavior using the experimental 

system illustrated in Figure 3-1. Analogous to Chapter 2, the working electrode (W.E.) was Ni 

wire with a diameter of 500 μm. It was covered with FEP tube so that the contact part with the 
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electrolyte was 10 mm in length. The counter electrode (C.E.) and the reference electrode (R.E.) 

were similarly Li foil. The electrolytic cell was the same one used in Chapter 2. The screw cap of 

the glass sample tube was sealed air-tightly with Teflon seal tape to prevent moisture 

contamination from the atmosphere. The electrolytic cell was set in a special aluminum block 

fabricated to just fit the size of the cell. Thermal medium was circulated through a circulator bath 

inside the aluminum block to maintain a constant temperature. The slit cleaved in aluminum block 

to in-situ observe the working electrode surface with a digital optical microscope VHX-5000 

(KEYENCE Corp.) was additionally designed. CP and LSV measurements were performed using 

HZ7000 (Hokuto Denko Corp.).   

 

3.3   Results and Discussion 

3.3.1   Optical observation of Li electrodeposition behavior 

The Li deposition behavior in 1 M LiTFSI/PC electrolyte at galvanostatic electrolysis from 

0.2 to 60 mA cm-2 up to 2.22 mAh cm-2 was observed by optical microscope as shown in Fig. 3-2 

(see Appendix A for 2, 20 and 50 mA cm-2). As seen in the appearance of the Ni substrate at 0.2 

mA cm-2, a non-uniform morphology is observed at 0.5 mAh cm-2. Those deposits are presumably 

composed of filament-like deposits as clearly observed in Chapter 2.  Hereinafter it will be referred 

to as filament-like deposits for simplicity. The appearance at 1 and 2 mA cm-2 became smoother 

compared to 0.2 mA cm-2. It turned to fine deposits after a certain period, which implies the initial 

formation of dendrites at 1.33 mAh cm-2. At 8 mA cm-2, the electrode surface turned more uniform 

and no dendrites were observed up to 2.22 mAh cm-2. At 20 mA cm-2, such a smooth appearance 

accompanied some roughness from approx. 1.08 mAh cm-2 followed by fuzzy appearance at 

around 1.89 mAh cm-2. In the case of 40 - 60 mA cm-2, a slight roughness began to appear between 

0.36 and 0.61 mAh cm-2. It was followed by a typical dendrite morphology after a short period. 

The effect of Li salt concentration was also examined. Fig. 3-3 shows the Li 

electrodeposition behavior in 0.1 M LiTFSI/PC at current densities of 0.2, 1, 2, 4 and 8 mA cm-2. 
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The electrode surface at 0.2 mA cm-2 in 0.1 M appears inhomogeneous and coarse, though not as 

clear as in 1 M. At 1 and 2 mA cm-2, relatively homogeneous and smooth deposition proceeds. It 

should be mentioned that a smoother surface was obtained at lower electrolyte concentrations. The 

heterogeneous surface chemistry characteristics of the SEI layer formed at a lower current density 

might introduce such a difference. Above 4 mA cm-2, rapid dendrite development is observed even 

at 0.5 mAh cm-2. The situation tends to approach to the case in the concentrated solution. As easily 

expected, the electrodeposition in less concentrated electrolytes introduces a significant dendrite 

growth mode. 

 

3.3.2   Dendrite growth process 

It was not possible to measure individual dendrite length due to the experimental difficulty 

caused by dendrite arm images overlapping each other along with the optical path. Thus, the 

electrode diameter was measured under the assumption that its variation corresponded to the 

average growth rate of deposits’ bundle. This paper uses two kinds of electrode diameters. One is 

the apparent electrode diameter, which is the electrode diameter when the optical microscope 

images show a smooth deposition morphology. The other is the substrate electrode diameter. Since 

the regions indicated by the red dashed lines in Figs. 3-2 and 3-3 had a smooth deposition 

morphology, the apparent electrode diameters were measured using image processing software 

(Image-J). Fig. 3-4 demonstrates the electrode radius variations with the square root of time. When 

dendrites develop rapidly at higher current densities, it is no longer possible to apparently define 

the electrode diameter. Since such circumstances were encountered at 40 - 60 mA cm-2 in 1 M and 

1 - 8 mA cm-2 in 0.1 M. Moreover, non-uniform deposits’ growth probably stems from 

inhomogeneous surface SEI chemistry on Ni substrate was observed in the very early stage at 0.2 

mA cm-2 in both 1 M and 0.1 M. Both cases were excluded from the measurement. Two-step 

linearity was observed except for the case of 8 mA cm-2 in 1 M. It suggests two growth modes 

similar to Li dendrites in ionic liquid [11]. 
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During Li electrodeposition up to 2.22 mAh cm-2, three characteristic times are defined. First, 

a slight roughness or unevenness begins to appear on the electrode surface at the time tapp. Then, 

the growth rate of the electrode diameter changes at tL around or a little later at tapp, as demonstrated 

with an arrow symbol in Fig. 3-4.  During Li deposition up to 0.028 mAh cm-2, the dendrite primary 

arms less than a few μm in length were observed by SEM [10]. Considering that the resolution 

power of optical microscopy is at most a few to 10 μm, the appearance of slight unevenness or 

roughness on the electrode surface and the two-step linearity might be related to the growth process 

of dendrite primary arms followed by the appearance of something like secondary arms or branches. 

Then, at 40 - 60 mA cm-2 in 1 M and 1 - 8 mA cm-2 in 0.1 M, so-called dendrites of complex or 

fractal-shaped deposits suddenly appear to rapidly develop at tε.   

The characteristic times of tapp, tL and tε are defined as follows and summarized in Table 3-1 

for each electrolyte along with the coulomb quantity.   

tapp: The time when roughness or unevenness begins to appear on the smooth electrode surface. 

Note that the resolution of the optical microscope image is from a few to 10 µm. 

tL: The time when the growth rate of the apparent electrode diameter changes as represented by 

the arrow mark in Figure 3-4. 

tε: The time when protrusions larger than 10 μm can be identified as dendrite initiation. 

In addition, the calculated time (tz) at which the electrode surface concentration of Li+ 

reaches zero is also listed in Table 3-1 (see Appendix B). It was calculated with a transient 

diffusion model on a smooth electrode surface neglecting the unevenness less than a few μm range. 

 

3.3.3   Potential variation behavior during galvanostatic Li 

electrodeposition 

Fig. 3-5 shows the time variation of potential during galvanostatic electrolysis in the upper 

row and the calculated surface concentration based on a one-dimensional diffusion model. ((a) and 
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(c): 1 M LiTFSI/PC and (b) and (d): 0.1 M LiTFSI/PC electrolytes; Moreover, qz, qapp, qε and qL 

in Table 3-1 are indicated by the notations like ○, ●, × and arrow marks in Fig. 3-5, respectively.) 

At 0.2 to 2 mA cm-2, the potential increases monotonically until 0.275 mAh cm-2 and then 

remains relatively stable in 1 M electrolyte (Fig. 3-5(a)). Although the surface concentration 

should not be depleted during electrolysis up to 2.22 mAh cm-2 (Fig. 3-5(c)), filament-like deposits 

were recognized. The lower the current density in the 1 M case, the earlier the time (tapp) at which 

filament-like morphology begins to appear. The heterogeneous surface chemistry characteristics 

of the SEI layer formed at the lower current density should be responsible for such morphological 

variations as described in Chapter 2. 

At much higher current densities of 8 - 60 mA cm-2 in 1M, the second minimum is seen 

around 0.0042 mAh cm-2 as illustrated in the inset of Fig. 3-5(a). This behavior may reflect the 

growth process of the deposits from the SEI into the electrolyte, that is, the “sprouting” behavior 

described in Chapter 2. At 8 mA cm-2, the electrode potential slowly rises toward 0.55 mAh cm-2 

and subsequently remains stable. The third minimum appears at around 0.275 mAh cm-2 followed 

by a slow increase to 1.11 mAh cm-2 at 20 mA cm-2. The potential reaches clearly the third 

minimum between 0.275 and 0.5 mAh cm-2 and increases monotonously afterwards at 40 - 60 mA 

cm-2. The similar tendency of potential change appears in the case of 0.1 M as shown in Fig. 3-

5(b).   

Figs. 3-5(c) & (d) indicate the calculated surface concentration depicted with the solid line. 

Li+ ion concentration substantially depleted above 20 mA cm-2 in 1 M(c) and above 2 mA cm-2 in 

0.1 M(d). (Note that a dot & dashed line in 1 M represents the time variation curve dare to be 

extrapolated over a significant dendritic growth stage. Such applicability with extrapolation is 

rather questionable under the significant growth of Li dendrite arm length greater than 10 μm. In 

the case of 0.1 M, the calculated surface concentrations are drawn by solid curves due to arm 

length less than a few to 10 μm.) Soon after the time when Li+ ion concentration has been depleted, 

mesoscopic-sized deposits are recognized on the electrode surface at tapp. Then, the significant 

growth of dendrites begins to be visible at tε after a further delay. The appearance of the third 
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minimum inflection point may be related to an increase in concentration overpotential as well as 

an enlarged surface area under dendrite growth. 

At lower current densities below 2 mA cm-2 in 1.0 M and 0.2 mA cm-2 in 0.1 M, Li 

electrodeposition behavior is strongly influenced by the heterogeneous chemical properties 

inherent to the SEI layer. It looks to develop under the growth mode controlled by such surface 

chemistry. Much more sophisticated instrumentation analysis including in-situ TEM [12] or 

synchrotron X-ray microscope [13] is mandatory to understand this growth mode. 

At higher current densities accompanying a significant mass transfer overpotential, the 

measured potential variation corresponds well with the appearance of morphological variations in 

both solutions. At above 20 mA cm-2 in 1.0 M and above 1 mA cm-2 in 0.1 M, it may be suggested 

that the electrode surface concentration is closely related to the transition in dendrite growth mode 

to probably induce the appearance of dendrite secondary arms.   

 

3.3.4   Estimation of limiting current density 

At lower current densities, the local current concentration associated with non-uniform Li 

deposition is considered to affect the Li growth behavior. Extremely intensive research from this 

perspective is currently underway [14-15]. On the other hand, the electrode potential and 

deposition behavior are strongly influenced by the electrode surface concentration under higher 

current density operation, which is important from the viewpoint of rapid charging-discharging 

operation for EV batteries. The coupling phenomena between mass transfer rate and morphological 

variation should be understood.   

LSV measurements with different concentrations of 0.1, 0.25, 0.5 M and 1.0 M in the 

LiTFSI/PC electrolyte are shown in Fig. 3-6. The lower the electrolyte concentration, the earlier 

the saturated current density condition, that is, so-called a limiting current density appeared. In 0.1 

M and 0.25 M, the current plateau is clearly visible, but it becomes more unclear as the 

concentration increases from 0.5 M to 1.0 M. Such a concentration dependence of limiting current 
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density has been well known in aqueous electrolyte system since the pioneering work by C. 

Wagner in 1949. The electrode surface during LSV measurement was observed by using a video 

image attached to an optical microscope. The points at which dendrites begin to be visible are 

indicated by a solid circle. In each of the electrolytes, the dendrites begin to appear when the 

limiting current is attained. Moreover, the upward movement of suspended solids was occasionally 

observed at higher current density.  It is straightforward to imagine the upward natural convection 

is induced along a vertical Ni wire electrode immersed in a stagnant organic electrolyte.  

The whisker-like or rod-like morphology described in Chapter 2 is based on SEM 

observations with a resolution of about 100 nm. On the other hand, the resolution in this chapter 

is a few to 10 μm at most. Moreover, the field of view is extremely macroscopic across the dendrite 

growth layer. Therefore, the measured characteristic times related to dendrite evolution and growth 

may be slightly delayed compared to those in Chapter 2.   

In lower concentration electrolytes, limiting current conditions are achieved quickly, hence 

generated dendrites develop significantly. On the other hand, relatively uniform deposition is 

underway by the time when the limiting current situation is reached in concentrated solutions. 

Consequently, even if dendrites begin to grow, they may not be fully developed by the end of 

electrolysis compared to the lower-concentration case. Looking at the morphological variations 

along Ni electrode height in 1 M, dendrite growth is more dominant at the tip as demonstrated in 

Ⅳ, Fig. 3-6. (Note that a considerable amount of deposit fell away due to weak mechanical 

property.) As a concentration gradient is formed in the vicinity of the cathode, upward natural 

convection is surely induced along Ni wire electrode. The dendrite growth is thus enhanced in the 

upper part with lower concentration, resulting in the current density distribution along the electrode 

height in a stagnant electrolyte. The current density distribution along electrode height is formed 

in a semi-infinite electrolyte layer. 

Then, the limiting current density for Li galvanostatic electrodeposition in the organic 

electrolyte was tried to estimate using the regression equations (1) to (4) based on the 

interferometry measurements. For simplicity, the existence of the counter electrode was neglected. 
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Ignoring the SEI formation process, the plane electrodes are assumed to be placed in a semi-infinite 

electrolyzer and the similarity principle [16-18] is valid even though Ra is out of the applicable 

range.   

 

Shx = 0.499(Rax)0.25         (3-1) 

 

Rax = ScGrx          (3-2) 

 

Grx = g(ρ*-ρs)(ρ*)2x3 / ((ρs)𝜂𝜂2)        (3-3) 

 

Shx = iL(1-t*)x / (zFDΘ1)        (3-4) 

 

Shx: Sherwood number, Rax: Rayleigh number, Sc: Schmidt number, Grx: Grashof Number, 

Gravitational acceleration; g = 981 cm s-2, Density of the electrolyte; ρ* (g cm-3), Density of the 

solvent; ρs = 1.20 (g cm-3) for PC, viscosity; 𝜂𝜂 (mPa s), electrode height; x (cm), Diffusion constant; 

D (cm2 s-1), Transference number; t*, Limiting current density; iL (mA cm-2), Valence number; z = 1, 

Faraday constant; F = 96485 (C mol-1), Concentration difference between bulk of the electrolyte 

(c0) and the electrode surface (cs); Θ1 = c0 - cs = 10-3 (mol cm-3).  𝜌𝜌∗, η, t* and D are included in 

Appendix C.  

 

Calculating the natural convection formed around a vertically installed Ni wire with 500 μm in 

diameter and 10 mm height using the above relation, the limiting current density for 1 M 

LiTFSI/PC can be obtained as iL = 44 mA cm-2. As for the different electrolyte concentrations, the 

same procedure was repeated. The calculated results agree well with the LSV measurements as 

presented in Table 3-2. 
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3.3.5   Change in the growth rate of Li deposits 

Bazant et al. [19-20] observed Li electrodeposition behavior on Li metal using a two-

electrode Li symmetric capillary cell. The results with a Li three-electrode cell were reported by 

Akolkar et al. [21].   

The specific time (capacity) of tz (qz) in Table 3-1 corresponds to Sand Time (Sand Capacity) 

and qε does to the transition point to Dendritic growth mode. There is a time lag between qz and qε. 

Bazant et al. showed a transition from Mossy to Dendritic growth when Sand Capacity is reached. 

They identified a transition point even at current densities as low as 1 mA cm-2 in 1 M electrolyte, 

where mossy deposits reach about 300 - 400 μm regardless of the current density. In the present 

study, the electrode diameter at qε in Table 3-1 changed only about 20-35μm from the start of 

electrolysis. 

These differences may be caused by the electrolytic cell configuration. Moreover, Ni 

substrate was immersed in LiTFSI/PC in this study, but Li substrate in LiPF6/EC+DMC in the 

papers [20, 21]. Akolkar et al. showed that tonset varied considerably depending on the immersion 

time before starting the electrolysis. That is, SEI characteristics may be referred to such differences 

even under the same current density. 

The top and side views of the electrode surface after Li electrodeposition at 20 mA cm-2 are 

demonstrated in Fig. 3-7(a). At 0.028 mAh cm-2, the top view shows rod-like deposits uniformly 

deposited over the electrode surface. Rod-like microdeposits probably several hundred nanometers 

in length without branching are seen in the side view. 

At 0.5 mAh cm-2, the rod-like deposits at 0.028 mAh cm-2 turned into a filament-like 

structure with an intricate morphology. The swelled tip of the filament can be seen in the top view. 

Most filaments appear to grow perpendicularly to the substrate or partially bent. A side view shows 

that some of the filaments exhibit a bending characteristics, i.e., suggesting the possible induction 

of a secondary arm or branches, which may be possibly related to the change in the growth rate of 

deposits as shown in Fig. 3-7(b). 
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Although the SEI formation process is the key to dendrite suppression [22-23], the coupling 

phenomena should be also well understood simultaneously in order to challenge the charging 

operation at higher current densities. Many approaches have been taken to adjust electrolyte types 

and their compositions to form the desired robust SEI. For example, the high cycle efficiency of 

Li metal negative electrode has been reported due to the suppression of solvent decomposition in 

concentrated electrolytes and the formation of LiF-rich SEI [22]. Meng et al. reported that a new 

electrolyte made of liquefied fluoromethane and salt of LiTFSI successfully produced extremely 

smooth and dense Li deposition in the temperature range from - 60 to 20 °C [23]. Highly efficient 

Li deposition and dissolution over 0.1 to 10 mA cm-2 were achieved. The formed SEI is confirmed 

to be a dense, uniform and inorganic structure containing rich LiF and Li2CO3. It is assumed that 

SEI is required to be dense and uniform but not brittle and to have rigidity so as not to be easily 

deformed even if stress is generated under SEI due to the formation of the Li phase.  On the other 

hand, the transport of Li+ both in the electrolyte and in the SEI must be smooth so that non-uniform 

growth does not occur due to local depletion of Li+. When the electrolyte composition changes, 

SEI characteristics and Li deposition morphology will be inevitably affected. By performing 

fundamental Li electrodeposition experiments, it is possible to predict the internal behavior of Li 

metal batteries based on the morphological changes of electrodeposited Li in conjunction with 

potential changes. The limiting current density is one of the most important threshold values for 

predicting battery failure modes and for designing safe batteries.  

 

3.4   Conclusions 

Galvanostatic Li electrodeposition was performed in 1 M and 0.1 M LiTFSI/PC electrolyte 

at different applied current densities, from 0.2 mA cm-2 to 60 mA cm-2, to different levels of charge, 

from 0.028 to 2.22 mAh cm-2, while optically imaging the cylindrical electrode. At lower current 

densities, a non-uniform standalone or stochastic deposition containing filament-like or columnar 

type deposition was observed. Such a deposition behavior should be referred to the inhomogeneous 
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SEI characteristics. On the other hand, the morphological variation mode was shifted to 

macroscopically smooth curved surface enveloping the numerous tips of similar sized rod-like or 

columnar deposits at higher current density.  The growth process further changed into a rapid 

dendrite formation mode after a certain period. The electrode potential variations were strongly 

influenced by the electrode surface concentration.   

The two-step linearity in the relationship between electrode diameter variation and the 

square root of duration period suggests the growth mode transitions. The induction of natural 

convection along a vertical cathode was also recognized at higher current densities. Calculating 

the limiting current density in 1 M LiTFSI/PC electrolyte along a vertical Ni cathode considering 

the effect of natural convection was estimated to be iL = 44 mA cm-2 with the similarity principle. 

The calculation agreed well with LSV measurements. Although the limiting current density should 

vary depending on the electrolyte chemistry, battery shape, charge-discharge conditions and 

operating environment, it is extremely important to consider the limiting current density in the 

practical application of Li metal negative electrodes from the viewpoint of dendrite control. 

The coupling phenomena in PC organic electrolyte should be understood not only during 

the very initial stage to 0.028 mAh cm-2 but also over 2.22 mAh cm-2 which probably governs the 

initiation of secondary arms. 
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Table 3-1. The specific times tz, tapp, tL and tε (s) and the corresponding coulomb quantities qz, qapp, 

qL and qε (mAh cm-2) during galvanostatic electrolysis at the current densities from 0.2 mA cm-2 

to 60 mA cm-2 in 1M LiTFSI/PC and 0.1 M LiTFSI/PC electrolyte. 

 

 

tz / s : Calculated time when the surface concentration of Li+ becomes zero 

qz / mAh cm-2 : The coulomb quantity at tz 

tapp / s : The time when roughness or unevenness begins to appear on the smooth electrode surface. 

qapp / mAh cm-2 : The coulomb quantity at tapp
 

tL / s : The time when the growth rate of the apparent electrode diameter changes. 

qL / mAh cm-2 : The coulomb quantity at tL 

tε / s : The time when protrusions larger than 10 μm can be identified as dendrite initiation. 

qε / mAh cm-2 : The coulomb quantity at tε 
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Table 3-2. Comparison between estimated and measured values for limiting current density of Li 

electrodeposition in LiTFSI/PC electrolyte. 
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Figure 3-1. Schematic diagram of observation system and the electrolytic cell. 
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Figure 3-2. Transient variations of Li metal morphology electrodeposited in 1.0 M LiTFSI/PC at 

0.2, 1, 8, 40 and 60 mA cm-2 (25 ℃). The red dotted line represents the region of smooth deposition 

morphology to be measured in Figure 3-4 for the electrode diameter. 
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Figure 3-3. Transient variations of Li metal morphology electrodeposited in 0.1 M LiTFSI/PC at 

0.2, 1, 2, 4 and 8 mA cm-2 (25 ℃). The red dotted line is the same as in Figure 3-2. 
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Figure 3-4. Relationships between the radius change of the Ni wire electrode and t1/2 after starting 

electrolysis in (a) 1 M LiTFSI/PC and (b) 0.1 M LiTFSI/PC. 
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Figure 3-5. (Upper) Chronopotentiograms and (Lower) calculated surface concentration of Li+ at 

different current densities on Ni Wire (φ0.5 mm × L10 mm) in 1 M LiTFSI/PC ((a) and (c)) and 

0.1 M LiTFSI/PC ((b) and (d)). Open circle, solid circle, arrow and cross indicate the points at the 

coulomb quantities of qz, qapp, qL and qε listed in Table 3-1, respectively. 
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Figure 3-6. Linear sweep voltammograms at scan rates of 1 mV s-1 from OCV for different salt 

concentrations of 0.1 M, 0.25 M, 0.5 M and 1.0 M in LiTFSI/PC electrolyte. The photos on the 

left show the electrode surfaces at the particular quantity of electricity in I - IV on the LSV, 

respectively. Solid circles on the LSV indicate the points where dendrites became visible on the 

video image. 
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Figure 3-7. (a) SEM images taken from the top and side view of the electrode surface after 

electrolysis of 0.028 mAh cm-2 and 0.5 mAh cm-2 at 20 mA cm-2. (b) Relation between electrode 

radius variation and t1/2 at 20 mA cm-2. The points corresponding to the above SEM images are 

indicated by arrows. 
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Appendix A 

 
 

 

Figure 3-A1. Transient variations of Li metal morphology electrodeposited in 1.0 M LiTFSI/PC 

at 2, 20 and 50 mA cm-2 (25 ℃). 
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Appendix B 

Assuming a one-dimensional transient diffusion equation with a boundary condition of the 

geometrically flat electrode surface, the transient surface concentration can be described as below. 

The time tz at which cs = 0 can be determined from the equation. 

 

 𝑐𝑐𝑠𝑠 = 𝑐𝑐0 −
2𝑖𝑖(1−𝜕𝜕∗)
𝑧𝑧𝐹𝐹(𝜋𝜋𝐷𝐷)1/2 𝑡𝑡1/2        (3-A1) 

 

cs is electrode surface concentration of Li+, c0 is bulk concentration, i is current density, t* is 

transference number, z is valence number, F is faraday constant and D is diffusivity. 

In the calculation of electrode surface concentration, the effect of natural convection was 

neglected. Let us now review the influence of natural convection.  From the similarity law between 

heat conduction and mass transport, it is known that the effect of natural convection can be 

neglected when the value of the dimensionless number expressed as T = [Dt/δ2)] is smaller than 

0.1 and the induced natural convection attains the steady state after T > 0.4 in a semi-infinite 

electrolyte [16].  (δ; Averaged boundary layer thickness, t; Time） 

 

𝑆𝑆ℎ𝑥𝑥 = 𝑥𝑥
𝛿𝛿

= 0.628(𝑅𝑅𝑅𝑅𝑥𝑥)0.2  (108 < 𝑅𝑅𝑅𝑅𝑥𝑥 < 1013)     (3-A2) 

 

𝑆𝑆ℎ𝑥𝑥 = 𝑖𝑖(1−𝜕𝜕∗)𝑥𝑥
𝑧𝑧𝐹𝐹𝐷𝐷Θ

          (3-A3) 

 

𝑅𝑅𝑅𝑅𝑥𝑥 = Sc×𝐺𝐺𝐺𝐺𝑥𝑥= 𝜈𝜈
𝐷𝐷

×𝑔𝑔𝑔𝑔𝑖𝑖(1−𝜕𝜕
∗)𝑥𝑥4

𝑧𝑧𝐹𝐹𝐷𝐷𝜈𝜈2
        (3-A4) 

 

ν = 𝜂𝜂
𝜌𝜌
           (3-A5) 
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Shx: Sherwood number, Rax: Rayleigh number, Sc: Schmidt number, Grx: Grashof Number, 

Transference number; t* = 0.43, Electrode height; x(cm), Faraday constant; F = 96485(C mol-1), 

Diffusion constant; D = 2.94×10-6(cm2 s-1), Viscosity; η = 8.52(mPa s), Density; ρ = 1.315(g cm-3), 

Densification coefficient; α = 90.5(cm3 mol-1), ν; Kinematic viscosity. 

The concentration boundary layer thickness and the time satisfying T<0.4 in which natural 

convection effects can be neglected are calculated for each current density and the results are 

shown in Table 3-A1. After the time satisfying T < 0.4, the decrease in the electrode surface 

concentration should be actually delayed due to the superposition of the mass transfer rate of 

natural convection. The time tz at lower current densities below 8 mA cm-2 in Table 3-1 is 

considerably larger than the time satisfying T < 0.4. Therefore, in this case, the actual point at 

which the electrode surface concentration reaches zero should be regarded as being later than the 

calculated result. On the other hand, at higher current densities above 20 mA cm-2, it can be 

regarded that the effect of natural convection is negligible or its effect was small. 

 

Table 3-B1. Concentration boundary layer thickness and specific time satisfying T<0.4 for each 

current density. 
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Appendix C 

The concentration dependence of diffusion coefficients measured in 0.5 M -1.0 M 

LiTFSI/PC diffusion couple by the Moiré method [24] was used in this study (Figure 3-B1).   

 

D = -1.542 C + 4.48 / ×106 cm2 s-1 (C: mol L-1)     (3-B1) 

 

The transference number was calculated from D = DLi+ / (DLi+ + DTFSI-) based on the self-diffusion 

coefficient measured using magnetic field gradient NMR by Hayamizu et al. [25]. In the 

concentration range of 0.1 M - 1.0 M, the transference number of 0.39 - 0.43 were used. The 

measurement results of viscosity and density of LiTFSI/PC electrolyte at different concentrations 

are shown in Figure 3-B2. 

 

Figure 3-C1. Concentration dependence of diffusion coefficients measured in 0.5 M - 1.0 M 

LiTFSI/PC diffusion couple by Moiré technique. 
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Figure 3-C2. The concentration dependence of viscosity and density of LiTFSI/PC electrolyte. 
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Chapter 4 

Galvanostatic Li Electrodeposition in LiTFSI-PC 

Electrolyte: Part III. Nucleation Behavior 

 

4.1   Introduction 

The market for BEVs (battery electric vehicles) is expanding rapidly against the background 

of stricter environmental regulations. Rechargeable batteries are being intensively developed to 

replace conventional Li-ion rechargeable batteries, such as Li-O2 batteries, Li-S batteries and 

lithium metal batteries combined with ternary oxide positive electrodes, which are lighter and have 

higher capacity [1-2]. Due to the energy density of lithium metal, a dramatic improvement in 

capacity can be expected if it can be used as an active material in the negative electrode. However, 

non-uniformity and dendrite formation in the lithium deposition process [3-4] have been standing 

barriers to the practical application of lithium metal negative electrodes as well as anode-less 

lithium metal batteries [5-6]. Short circuits may cause serious safety issues and significantly affect 

battery life by lowering coulomb efficiency. From this perspective, controlling morphology of 

electrodeposited Li is extremely important. Li electrodeposition in organic electrolyte is inherently 

different from metal electrodeposition in aqueous solution in that it accompanies SEI formation. 

In order to precisely control the morphology of electrodeposited lithium, it is necessary to consider 

the growth process back to the initial stage, which is consistent with the existing studies on metal 

electrodeposition. In previous report, the author has focused on the early stage of Li 

electrodeposition up to 100 mC cm-2 after the start of electrolysis [7]. Depending on the current 

density, differences were observed in the SEI formation process and in the Li deposition behavior. 

It was suggested from the deposit morphology and potential change that the nucleation and growth 

of Li at lower current densities are strongly influenced by the surface properties including SEI, 
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while the influence of mass transport properties becomes dominant over the influence of surface 

properties at higher current densities. Under the higher current density of 20 mA cm-2, SEI was 

observed to form roughly up to 5 mC cm-2, followed by the formation of nanoscale precipitates 

that appeared to be Li nuclei underneath the SEI up to 10 mC cm-2, which grew in the SEI and 

penetrated into the electrolyte over 20 mC cm-2. 

Cui et al. reported the growth behavior of galvanostatically electrodeposited Li from 0.5 to 

5 µm in size on Cu substrates up to 90 to 1080 mC cm-2 in 1M LiTFSI+1 wt% LiNO3/DOL+DME 

(1:1 v/v) electrolyte. It is easy to imagine that the formation behavior of Li seed behind the particle-

like Li precipitates few-μm in size influences the subsequent precipitation morphology and the 

observed particle-like Li precipitates correspond to the growing nuclei that have survived the 

growth competition. It was found that conventional nucleation and growth theory can be applied 

to Li nucleation under certain conditions, although it is essentially different from metal 

electrodeposition in aqueous solution due to the presence of SEI. 

In this chapter, the author will focus on the initial electrodeposition process up to 10 mC cm-2 

and investigate the nucleation and growth behavior of Li underneath SEI, referring to the classical 

nucleation and growth theory established so far while recognizing the difference from the metal 

electrodeposition in aqueous solution. 

 

4.2   Experimental 

The electrolyte composed of lithium bis (trifluoromethanesulfonyl) imide (LiTFSI) and PC 

was used. Moisture content in the electrolyte was confirmed to be less than 20 ppm with a Karl 

Fischer titrator before use. The working electrode was Ni wire with a diameter of 500 μm and 10 

mm in length of the exposed portion to the electrolyte. The counter electrode and the reference 

electrode were Li foil. All chemical reagents and the electrochemical experimental system were 

the same as those used in Chapter 2 [7]. Then, the electrode surface was observed using SEM 
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(JSM-7800F; JEOL) in the same manner described in Chapter 2. The deposits on SEM images 

were analyzed using image-processing software Image-J. 

 

 

4.3   Results and Discussion 

4.3.1   Potential variations 

Fig. 4-1 shows the potential variation up to 10 mC cm-2 during galvanostatic electrolysis in 

1M LiTFSI/PC at current densities from 0.04 to 60 mA cm-2 and a magnified view up to 0.4 mC 

cm-2. As previously reported, there appears to be a boundary in potential variation and deposit 

morphology around 4 mA cm-2. At any current density, the potential reaches a minimum after 4 to 

8 mC cm-2. At lower current densities up to 4 mA cm-2, coulomb quantity required to reach a 

minimum decrease with increasing current density, but above 4 mA cm-2, it does not change much 

with respect to changes in current density. 

As soon as electrolysis begins, the potential changes rapidly over coulomb quantity of 0.2 

mC cm-2. There is a jump from an OCV around 3 V to +1.8 ~ 0.6 V. The higher the current density, 

the greater the change from the OCV. After that, a gradual change in potential can be observed 

over 0.4 mC cm-2. In a previous report, it was considered that the coulomb quantity immediately 

after the start of electrolysis was derived from LiF formation based on XPS analysis [7]. The 

potential at 0.4 mC cm-2 plotted against current density is shown in Fig. 4-2. Different linearities 

between the potential and the current density are observed in the lower current density range of 

0.04 to 4 mA cm-2 and in the higher current density range of 4 mA cm-2 to 60 mA cm-2. If the 

potential plateau seen over 0.4 mC cm-2 originates from the same reaction, Fig. 4-2 should show a 

straight line as that below 4 mA cm-2. It is suggested that two different resistive components 

depending on the current density are involved in the behavior of the potential immediately after 

the start of electrolysis. Ohmic drop may include electrolyte resistance, native oxide film on the 

Ni electrode surface and the effects of the SEI film formed immediately after the start of 
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electrolysis. If there exists a natural oxide film of ca. 10 nm thickness on Ni (estimated from XPS 

depth analysis), an ohmic loss of ca. 200 mV will be generated by applying 20 mA cm-2 assuming 

the resistivity of NiO film as 1.0×107 Ω cm[9]. Calculating the amount of LiF produced by 0.4 

mC cm-2 yields 1.08×10-7 g cm-2. Considering the density of LiF to be 2.639 g cm-3, the uniform 

formation of LiF would result in a thickness of 4.08×10-8 cm (4 Å). Then, LiF will be produced 

roughly with the thickness of the lattice constant of 4.0173 Å. 

 

4.3.2   SEM observation 

Fig. 4-3 shows the SEM observation results for the electrode surface after electrolysis up to 

10 mC cm-2 at each current density. At any current density, nanoscale precipitates ranging from 

several tens to 100 nm in size are formed. Their size looks slightly smaller and the number seems 

to increase with increasing current density. The precipitation morphology at lower current densities 

of 0.2 and 2 mA cm-2 is non-uniform as indicated by the formation of filament-like precipitates, 

while the deposition behavior appears more uniform at higher current densities of 8, 20 and 50 mA 

cm-2. 

The number and size of precipitates were analyzed from the SEM images using image 

processing software (Image-J). The size of the deposit was defined as the radius of a circle having 

the same area. First, the number and size of precipitates were counted and measured manually one 

by one for the SEM image of 10 mC cm-2 at 20 mA cm-2. The results were compared with the 

results of the image processing. Those results are shown in Appendix A. There are some 

differences between them, but the results are relatively close. Therefore, image processing was 

performed on SEM images of arbitrary 8 fields of view for each current density. The current 

density dependence of the number of precipitates and average particle size is shown in Fig. 4-4 

(SEM images of 8 fields of view for each current density and image processing results are shown 

in Appendix B). The number distribution of precipitates in Fig. 4-4(a) shows that there appears to 

be non-uniformity at lower current densities characterized by the presence of large particles while 
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being biased toward small particles. In comparison, a peak shape appears at higher current densities, 

which seems to reflect a more uniform depositing behavior. Fig. 4-4(b) shows that the number of 

precipitates at 10 mC cm-2 increased with current density from 2×1010 to 4.5×1010 particles cm-2, 

and the average particle size slightly decreased from ca. 19 nm to ca. 15 nm. At current densities 

of 0.2 mA cm-2 and 2 mA cm-2, inhomogeneous deposition has already been observed at 10 mC cm-2 

as characterized by the appearance of large filament-like precipitates, suggesting that localized 

growth is progressing. At higher current densities, more uniform nucleation and growth appears to 

be occurring compared to that at lower current densities. It should be noted that the precipitation 

morphology at lower current densities of 0.2 mA cm-2 and 2 mA cm-2 includes the effects of 

inhomogeneity even in the very early processes of 10 mC cm-2. 

The distribution of nanoscale precipitates on the substrate during the initial process is 

important for the subsequent growth process. The analysis results of the nearest neighbor distance 

of the nanoscale precipitates are shown in Fig. 4-5. Fig. 4-5(a) shows that the distribution of the 

nearest neighbor distances are relatively close to the Poisson distribution [10] represented by the 

dashed line at 2 and 8 mA cm-2, but there is a divergence at 20 and 50 mA cm-2. As shown in Fig. 

4-5(b), the nearest neighbor distance decreases with current density, reflecting the tendency seen 

in Fig. 4-4(b) where the number of nuclei increases and their size decreases with increasing current 

density. The average grain size of the precipitates and the first nearest distance are getting closer 

as the current density increases. It is assumed that neighboring precipitates are very close to each 

other or agglomerated. The deviation from the Poisson distribution observed in the case of 50 mA 

cm-2 may be due to the agglomeration phenomenon of the nuclei. 

 

4.3.3   Nucleation behavior 

The potential profiles up to 4 mC cm-2 at 4 to 50 mA cm-2 appear to have similar potential 

profiles except for the potential drop derived from ohmic losses due to such as electrolyte 

resistance, native oxide film on Ni electrode and the generated SEI film. In other words, in Fig. 4-
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1, the potential profile for current density higher than 4 mA cm-2 appears as if the potential profile 

for 4 mA cm-2 is shifted to the negative direction by the ohmic drop. Figure 4-6 shows the potential 

transients after each potential from 8 to 50 mA cm-2 is corrected in the positive direction for the 

potential difference relative to 4 mA cm-2 at 0.4 mC cm-2. The corrected potential profiles at 4 to 

50 mA cm-2 are in good agreement. Under higher current densities of 4 to 50 mA cm-2, a similar 

SEI formation process is assumed to be taking place up to 4 mC cm-2. 

As confirmed by LSV measurements in a previous report [7], the potential at which the Li+ 

reduction reaction begins to occur was -25 mV. If the author sets -25 mV and its time as the zero 

point, an η-t curve for lithium deposition can be drawn as shown in Fig. 4-7(a). In any current 

densities, the overpotential η decreases linearly with respect to time and then reaches a minimum 

value. Kashchiev described the potential change immediately after the start of electrodeposition 

on a foreign substrate in aqueous solution as shown in Fig. 4-7(b) [11]. At first, charging of the 

electric double layer and a formation of adatom occur between time 0 and t1, and the adatoms form 

clusters with a critical radius or less. When the potential exceeds ηc at the time t1, nucleation begins 

and the overpotential begins to deviate from its linear variation to that point. Due to the increase 

in electrode area associated with nucleation and the precipitation on the same metal, the 

overpotential decrease. When nuclear growth becomes more dominant than nucleation, the 

potential reaches a minima of ηm at tm and then begins to increase. At time t2, the potential passes 

through ηc again and nucleation stops at a potential higher than ηc. After the time t2, nuclear growth 

proceeds. As reported in a previous report, since nuclei generated in SEI immediately start to grow 

at higher current densities, the potential is expected to reach a maximum at t3 before t2 appears and 

then decrease again, as shown in Fig. 4-7(c). 

Since the current associated with nucleation does not run until nucleation, the current i (A 

cm-2) during galvanostatic electrolysis can be described as follows, where id (A cm-2) is the current 

associated with charging of the electric double layer, iL (A cm-2) is the current associated with the 

Li+ reduction reaction, η (V) is the overpotential for Li deposition, Cd (F cm-2) is the electrostatic 
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capacity of the electric double layer, Γ (cm-2) is the concentration of adatom on the electrode 

surface, and e is the elementary charge (C).  

 

i = id + iL = Cd
𝑑𝑑𝜂𝜂
𝑑𝑑𝜕𝜕

 + e𝑑𝑑𝛤𝛤
𝑑𝑑𝜕𝜕

        (4-1) 

 

Assuming a diffusion rate-limiting process under higher current densities, η is expressed as follows; 

 

𝜂𝜂 ＝ 𝑘𝑘𝑅𝑅
𝑒𝑒
𝑙𝑙𝑙𝑙 𝐶𝐶0

𝐶𝐶𝑠𝑠

𝛤𝛤
𝛤𝛤0
    �𝛤𝛤 = 𝛤𝛤0

𝐶𝐶𝑠𝑠
𝐶𝐶𝑜𝑜
𝑒𝑒𝑥𝑥𝑒𝑒 � 𝑒𝑒

𝑘𝑘𝑅𝑅
𝜂𝜂��     (4-2) 

 

where cs: Li+ concentration at electrode surface (cm-3), c0: Li+ concentration in bulk (cm-3), k: 

Boltzmann constant (J K-1), T: temperature (K). 

 

𝑑𝑑𝜂𝜂
𝑑𝑑𝜕𝜕

= �̇�𝚤

𝐶𝐶𝑑𝑑+𝑒𝑒𝑓𝑓𝛤𝛤0
𝐶𝐶𝑠𝑠
𝐶𝐶0
𝑒𝑒𝑥𝑥𝑒𝑒� 𝑒𝑒

𝑘𝑘𝑘𝑘𝜂𝜂�
        (4-3) 

 

From t→0, η→0, cs→c0, 

 

𝛤𝛤0 = 𝑘𝑘𝑅𝑅
𝑒𝑒2
� 𝑖𝑖
𝑑𝑑𝜂𝜂
𝑑𝑑𝑡𝑡�𝑡𝑡=0

− 𝐶𝐶𝑑𝑑�         (4-4) 

 

From k = 1.38×10-23 (J K-1),  T= 298 (K), e = 1.60×10-19 (C), 𝑑𝑑𝜂𝜂
𝑑𝑑𝜕𝜕
�
𝜕𝜕=0

 read from Fig. 4-7 and Cd 

=7×10-5 (F cm-2), Γ0 can be obtained. 

Adatom and cluster formation on the electrode surface eventually leads to nucleation. 

From the Volmer-Weber equation [12] for three-dimensional nucleation, the nucleation rate and 

the number of nuclei are expressed as follows; 
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J = K1exp(-K2/η2)         (4-5) 

 

𝑁𝑁0 = 𝑠𝑠 ∫ 𝐽𝐽(𝜂𝜂, 𝑡𝑡) 𝑑𝑑𝑡𝑡𝜕𝜕2
𝜕𝜕1

         (4-6) 

 

𝐾𝐾1 = 2𝑁𝑁0𝑣𝑣�̇�𝚤0
𝑧𝑧𝑒𝑒

� 𝜎𝜎
2𝑘𝑘𝑅𝑅

�
1
2�           (4-7) 

 

𝐾𝐾2 = 8𝜋𝜋𝜎𝜎3𝜈𝜈2

3𝑧𝑧2𝑒𝑒2𝑘𝑘𝑅𝑅
          (4-8) 

 

At time t1, the first nucleus is generated from the clusters that have been formed on the electrode 

surface up to that point, so K1 and K2 are determined from the experimentally obtained η-t curve 

so as to satisfy the following equation. 

 

1 = 𝐾𝐾1� 𝑒𝑒𝑥𝑥𝑒𝑒 �−𝐾𝐾2
𝜂𝜂2
� 𝑑𝑑𝑡𝑡

𝜕𝜕1

0
        (4-9) 

 

where σ: surface energy of Li (J cm-2), i0: exchange current density (A cm-2), N0: number of 

nucleation sites (cm-2), and ν: atomic volume (cm3). 

Once the surface energy σ is determined so that the above relationship as well as the potential 

variation is satisfied, the value of rc can be estimated from the relation ηc = 2σv/zerc as N0  = 

1×101 5  (cm-2)[13], ν = 2.16×10-23 (cm3), i0 = 0.01 (A cm-2)[14], z = 1, k = 1.38×10-23 (J K-1), T = 

298 (K). 

The values of Γ0, σ, rc, and N obtained from the η-t curve in Fig. 4-7(a) at higher current 

densities than 4 mA cm-2 are summarized in Table 4-1. The surface energy of Li is somewhat 

smaller than that calculated by Perdew et al. to be 2.0 - 4.3×10-5 (J cm-2) [15]. Compared to the 

number of nanoscale precipitates in Fig. 4-4(b), the number of nucleation N shows close value. 
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4.4.   Conclusions 

The nucleation and growth behavior of Li was investigated from SEM images obtained 

during galvanostatic electrodeposition up to 10 mC cm-2 in 1M LiTFSI/PC electrolyte by changing 

the current density from 0.2 to 60 mA cm-2. Nanoscale precipitates with sizes ranging from several 

tens to 100 nm were formed at every current density, and the number of precipitates and their sizes 

were analyzed using image analysis software. The number of precipitates at 10 mC cm-2 increased 

with current density from 2 to 4.5×1010 particles/cm2, and the average particle size slightly 

decreased from ca. 19 nm to ca. 15 nm. Analysis of the nearest neighbor distances of the 

precipitates showed a deviation from the Poisson distribution at higher current densities, 

suggesting the influence of agglomeration between neighboring precipitates. 

The potential profiles up to 4 mC cm-2 at 4 to 50 mA cm-2 appear to have similar potential 

profiles except for the potential drop derived from ohmic losses. At higher current densities above 

4 mA cm-2, the number of nucleation obtained by analyzing the potential transient behavior ranged 

from 1.2 to 4.5×1010 nuclei/cm2 depending on the current density, which is relatively in good 

agreement with the results of the SEM image analysis. It was suggested that conventional 

nucleation and growth theory can be applied some extent to Li nucleation under certain conditions, 

although it is essentially different from metal electrodeposition in aqueous solution due to the 

presence of SEI. 
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Table 4-1.  The specific time value t1, t2 and t3 read from Fig. 4-6 and analytical value of Γ0, σ, rc 

and N. 
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Figure 4-1. Chronopotentiograms after the start of electrolysis at the current density from 0.04 mA 

cm-2 to 60 mA cm-2 for the coulomb quantity of 0 - 0.4 mC cm-2 (left) and 0 - 10 mC cm-2 (right) 

in 1.0M LiTFSI/PC at 25℃. 
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Figure 4-2. Relation between potential and current density at 0.4 mC cm-2 after the start of 

electrolysis. 
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Figure 4-3. SEM images of Ni electrode surface after electrolysis up to 10 mC cm-2 at current 

densities of 0.2, 2, 8, 20 and 50 mA cm-2. 
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Figure 4-4. (a) Effect of applied current density on electrodeposited Li size distribution after 

electrolysis up to 10 mC cm-2. (b) Applied current density dependences of average number and 

radius of Li precipitates for 10 mC cm-2. 
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Figure 4-5. (a) Distribution of nearest neighbor distance of Li deposits after electrolysis up to 10 

mC cm-2 at 2, 8, 20 and 50 mA cm-2. (b) Applied current density dependences of nearest neighbor 

distance of Li deposits. 
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Figure 4-6. Chronopotentiograms after correction of potential for the current densities of 4, 8, 20, 

40 and 50 mA cm-2.  
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Figure 4-7. (a) Time variation of the potential when -25 mV and its time in Fig. 4-6 is corrected to 

0 point. The ● mark indicates time t1 in Figures (b) and (c). Figures (b) and (c) show schematic 

diagrams of the potential change during nucleation at lower and higher current densities, 

respectively.  
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Appendix A 

 

 

 

 

Figure 4-A. Comparison of visual measurement and image processing of deposits number and size 

in SEM images for 10 mC cm-2 at 20 mA cm-2. 
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Appendix B 

 

(a) 

 

(b) 

 

 

Figure 4-B. (a) SEM images for arbitrary eight fields of view for each current density and (b) the 

results of the image processing. 
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Chapter 5 

Potentiostatic Li Electrodeposition in LiTFSI-PC 

Electrolyte 
 

5.1   Introduction 

Although the road to the practical application of lithium metal negative electrode was once 

closed due to safety issues, it is again coming up on agendas as a promising material for next-

generation batteries because of its high capacity, light weight and most negative working potential 

[1-2]. From the viewpoint of short circuit protection and lowering capacity loss, controlling the 

morphology of electrodeposited Li is an urgent issue for the practical application of the ultimate 

negative electrode. The evolution of LiBs is facing a big challenge, and research from various 

angles is being intensively conducted to suppress dendrites. Chemical or physical approaches such 

as additives [3-7], artificial SEI (solid electrolyte interphase) [8-10] and constraint pressure control 

[11-13] have been investigated. At the same time, it is very important to feedback basic 

information on Li deposition phenomena in order to establish material and battery designs. 

Most of the reports on Li electrodeposition are generally based on galvanostatic conditions 

[14-16]. This is largely due to the fact that the actual LiB is charged and discharged under constant 

current conditions. The author has been conducting galvanostatic Li electrodeposition at different 

current densities to investigate the effects of current density and associated mass transfer properties 

on the deposition morphology [17-21]. The morphological variation of electrodeposited Li had 

already started from the nucleation and growth process up to 100 mC cm-2 and was considered to 

be closely related to the mass transport phenomena in SEI and in the electrolyte [20]. 

In metal electrodeposition in aqueous solution, studies on the nucleation and growth 

mechanisms have been conducted for a long time to precisely control the deposition morphology 
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[22-24]. Many efforts have been made to discuss the nucleation and growth mechanism, and derive 

the kinetic parameters. In this context, nucleation-growth models (S-H [25], S-M [26], BFT [27]) 

have been proposed to describe the current-time curve during constant potential electrolysis 

with/without accompanying electrode reactions such as hydrogen evolution [28-29]. Li deposition 

in organic electrolytes is accompanied by the SEI formation. Consequently, the Li deposition 

process from nucleation and growth to dendrite development is strongly influenced by the SEI 

characteristics, and at the same time, the complexity of the SEI makes it difficult to understand the 

Li electrodeposition phenomenon. Although the nucleation and growth theory established for 

metal electrodeposition in aqueous solution is essentially inapplicable, it is believed to be 

suggestive for understanding the Li electrodeposition phenomenon. 

SEI will be formed prior to Li deposition under galvanostatic conditions, whereas SEI 

formation and Li deposition should occur simultaneously in potentiostatic operation. The author 

has conducted galvanostatic electrodeposition in LiTFSI/PC electrolyte to investigate the effect of 

current density on the morphological variation of electrodeposited Li. The larger the current 

density, the more instantaneous the potential changes during the initial process, which is expected 

to approach the potentiostatic condition. From this perspective, it is expected that there can be 

some differences in the initial process between galvanostatic electrolysis at lower current density 

and potentiostatic electrolysis under lower applied potential, and the subsequent deposition 

morphology also may be affected. In galvanostatic electrolysis, the potential immediately after the 

start of electrolysis shows a minimum lower than -100 mV even at a very low current density of 

0.04 mA cm-2. It is estimated that an overpotential of -100 mV is required for Li nucleation and 

growth to occur in the presence of SEI. Therefore, deposition morphology might change at the 

boundary around -100 mV in potentiostatic electrolysis. There have been few studies investigating 

the deposition morphology in detail under potentiostatic conditions and comparing them with 

galvanostatic conditions. The purpose of this study is to investigate Li deposition under constant 

potential conditions in detail to gain a better understanding of nucleation and growth behavior and 

to insight into its relation to dendrite formation. Li deposition behavior under constant potential 
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conditions was presented in detail by comparing deposition morphologies with the current 

transients during electrolysis. 

 

5.2   Experimental 

The experimental method was basically the same as the galvanostatic experiment described in 

the previous report [20-21] except for the potentiostatic operation, so refer to the previous report 

for details. The electrolyte composed of lithium bis (trifluoromethanesulfonyl) imide (LiTFSI) and 

propylene carbonate (PC) was used.  The working electrode (W.E.) was Ni wire with a diameter 

of 500 μm.  It was covered with fluorinated ethylene propylene (FEP) tube so that the contact part 

with the electrolyte was 10 mm in length.  The counter electrode (C.E.) and the reference electrode 

(R.E.) were Li foil.  Chronoamperometry (CA) under the constant applied potential from 0 mV to 

-1000 mV vs. Li+/Li was performed simultaneously with an optical observation of Li 

electrodeposition behavior using the same electrolytic cell and experimental system as in the 

previous chapters.  The more negative the applied potential, it is described as the larger the applied 

potential. On the other hand, the more positive toward 0 mV the applied potential, it is described 

as the smaller the applied potential. Digital optical microscope VHX-5000 (KEYENCE) and 

electrochemical measurement system HZ7000 (Hokuto Denko) were used.  Then, the substrate 

was supplied to SEM (JSM-7800F; JEOL) observation of deposits without exposure to air. 

Double pulse voltammetry in 1 M LiTFSI/PC electrolyte was also performed using the cell 

shown in Figure 5-1(a). The W.E. was made of Ni wire with a diameter of 1 mm coated with a 

fluororesin tube. Its cross section was used as W.E. as follows. The fluororesin tube (Hagitec Ltd.) 

has a double-layer structure with an inner layer of FEP and an outer layer of PFA. After inserting 

the Ni wire, the tube is heated with a heating tool so that only the inner layer of FEP melts and 

tightly contacts with the Ni wire. The cross section was polished with emery paper up to #2000 

and then buff polished with 0.05 µm alumina abrasive. Li foil (200 µm thickness, Honjo Metal 

Co., Ltd.) was used as C.E. and R.E. Electrolysis was performed in an argon glove box (dew point 
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below -90 °C) with the electrolytic cell set in an aluminum block kept at 25 °C. As shown in Figure 

5-1(b), the first applied potential (ηon ) and the duration (ton) were varied from 0 to -150 mV and 

from 0 to 5 s, respectively, while the second applied potential (ηoff ) was -15 mV and its duration 

(toff ) was varied from 0 to 1800 s. After electrolysis, the electrode surface was washed with 

dimethyl carbonate (DMC) and then vacuum dried, followed by SEM observation. 

 

5.3   Results and Discussion 

5.3.1   Optical observation 

The electrolysis was performed at a constant potential up to 8000 mC cm-2 by varying the 

applied potential from 0 mV to -1000 mV. The observation results of the electrode surface using 

an optical microscope are shown in Fig. 5-2. No precipitates are visible at 0 mV. Local deposition 

and growth are observed at smaller applied potentials (-25 mV to -75 mV), while the rest of the 

electrode surface retains the texture of the original Ni electrode substrate. This is evident at -25 

mV, and a similar trend is seen at -50 mV. For -100 mV, the precipitates are relatively 

homogeneous at 1800 mC cm-2, but dendrites appear at 4800 mC cm-2 and their development can 

be seen by 8000 mC cm-2. A boundary appears to exist around -100 mV. For the potentials positive 

than -100 mV, it is assumed that there is a growth competition among the discretely generated 

precipitates, and the surviving precipitates are preferentially growing. For -125 mV to -400 mV, 

the precipitation behavior appears to be uniform, dense and relatively smooth. For -1000 mV, it 

appears smooth up to 1800 mC cm-2, but dendrites begin to be apparent at 4800 mC cm-2 and then 

dendrite development can be seen in the process up to 8000 mC cm-2. Under larger applied 

potentials, such as 1000 mV, the effect of mass transport is likely to be significant because of the 

depletion of Li+ concentration at the electrode surface. 

 

5.3.2   Current transient during potentiostatic Li deposition 
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The chronoamperograms at applied potentials from 0 mV to -1000 mV in 1 M LiTFSI/PC are 

shown in Fig. 5-3. Fig. 5-3(a) shows the current profile with respect to the coulomb quantity from 

0 to 8000 mC cm-2. Fig. 5-3(b) shows an enlarged view from 0 to 10 mC cm-2 immediately after 

the start of electrolysis, and Fig. 5-3(c) shows an enlarged view from 0 to 50 mC cm-2. Here, the 

larger the absolute value of the negative current, i.e., the larger the reductive current, denoted as 

the current decreases or reaches a minimum. On the other hand, the smaller the absolute value of 

the negative current, i.e., the smaller the reductive current, denoted as the current increases, rises 

or reaches a maximum. As shown in Figure 5-3(b), spike currents can be seen over 4 mC cm-2 

immediately after the start of electrolysis in every case. The current reaches the first minimum of 

-100 to -180 mA cm-2 and then rapidly increases to the first maximum around 3 to 4 mC cm-2. The 

more negative the applied potential, the larger the first minimum and the first maximum of the 

current. For -150 mV to -1000 mV, the current takes the first maximum, then decreases slightly 

and reaches the second minimum. For -1000 mV, the first maximum and second minimum are so 

close that the second minimum is not clear and appears as a shoulder. It then turns to increase and 

reaches the second maximum between 8 mC cm-2 and 12 mC cm-2. Fig. 5-3(a) shows that the third 

minimum is reached again at about 100-200 mC cm-2 for -400 mV and -1000 mV. At -400 mV, 

the current rises to 800 mC cm-2 and then begins to slowly decrease again. At -1000 mV, the 

current rises as the coulomb quantity reaches 1000 mC cm-2, then begins to slightly decrease again, 

and turns to decrease from about 3000 mC cm-2. As for -125 mV, it also shows a sharp decrease 

in current after the first maximum, followed by a monotonic decrease in current without the second 

minimum. The higher the applied potential above -100 mV, the smaller the first maximum and the 

slower the subsequent decrease in current. 

 

5.3.3   SEM observation 

Fig. 5-4 shows SEM images of the electrode surface at (a) 10 mC cm-2 and (b) 50 mC cm-2 

during potentiostatic electrolysis by changing the applied potential -25, -50, -100 and -150 mV. At 
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10 mC cm-2, numerous nanoscale precipitates of several tens of nm in size are formed at every 

applied potential. At 50 mC cm-2, there is a considerable difference in the deposition morphology 

depending on the applied potential. At -25 mV, locally formed precipitates with complex shapes 

are observed. At -50 mV, localized island precipitates are formed. At -100 mV, filament-like 

precipitates of a few μm in length and granular precipitates 300-400 nm in size are found in the 

mixture. At -150 mV, a numerous number of very fine filament-like precipitates with a length of 

several hundred nm are formed. Compared to the -25 mV and -50 mV, the -100 mV and -150 mV 

clearly show a change in the precipitation morphology and an increase in the number of deposits. 

Fig. 5-5 shows (a) the time variation of the current during the potentiostatic electrolysis at  

-100 mV and (b) SEM images of the electrode surfaces at the point I through VI corresponding to 

2, 4, 10, 25, 50 and 100 mC cm-2, respectively. (I) 2 mC cm-2 corresponds to the point in Fig. 5-

3(b) where the current has passed the first minimum of ca. -100 mA cm-2 and has increased to ca. 

-50 mA cm-2. The SEM image shows the formation of nanoscale precipitates of several tens of nm 

in size already on the electrode surface where Ni crystal grains (several μm in diameter) can be 

seen. (II) The current density increases to ca. -0.5 mA cm-2 at 4 mC cm-2, then reaches a first 

maximum of -0.2 mA cm-2 at ca. 4.5 mC cm-2, after which the current slowly decreases again. At 

4 mC cm-2, the nanoscale precipitates appear to be slightly larger than at 2 mC cm-2, and their 

contours are getting more distinct. (III) At 10 mC cm-2, the precipitates begin to show a distribution 

in size compared to that at 4 mC cm-2. The larger precipitates appear to be raised from the surface. 

The appearance of the electrode surface changes drastically between (Ⅲ) 10 mC cm-2 and 

(Ⅳ) 25 mC cm-2. It can be seen that granular precipitates 100 to 300 nm in size and filament-like 

precipitates are beginning to grow, which were not seen at 10 mC cm-2. This morphological change 

corresponds well with the trend in Fig. 5-5(a) from (Ⅱ) 4 to (Ⅳ) 25 mC cm-2, where the current 

once shows a maximum but decreases again. II→III→IV may reflect nucleation and growth in 

SEI and the growth process of nanoscale precipitates breaking through the SEI layer. (V) At 50 

mC cm-2, the situation is similar to that at 25 mC cm-2, but the number of granular precipitates and 

filament-like precipitates has increased. (Ⅵ) At 100 mC cm-2, the granular precipitates grow to 
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500-800 nm in size, and a horsetail-like structure with grain precipitates at the tips of the filament 

can be observed. 

In potentiostatic electrolysis, SEI formation and Li deposition occur simultaneously unlike 

galvanostatic electrolysis. The charging of the electric double layer, SEI formation by electrolyte 

decomposition, reduction of the native oxide and Li deposition reactions should progress 

competitively on the Ni electrode immediately after the start of electrolysis. After the first 

minimum, SEI growth decelerates to the first maximum of 4.5 mC cm-2, during which Li atoms 

and Li clusters are expected to be formed on the Ni substrate along with the SEI. Underneath the 

SEI, Li precipitation on the generated Li and new Li nucleation on the Ni substrate are possible. 

The latter is similar to the nucleation phenomenon in the presence of SEI in galvanostatic 

electrolysis. When the applied potential is small, the growth point is localized because new 

nucleation cannot occur in the presence of SEI, but when the applied potential is large, Li can 

nucleate and grow through SEI, which is assumed to result in a more uniform deposition behavior. 

In order to further investigate the morphological changes of nucleation and growth in the SEI layer 

during the above 10-50 mC cm-2 region, double pulse voltammetry was conducted. 

 

5.3.4   Double pulse voltammetry 

The time variation of the current accompanied with the double-pulse method and SEM images 

after the electrolysis are shown in Fig. 5-6. The double-pulse method was performed as shown in 

Fig. 5-1(b) of the Experimental section, where the first potential (ηon) of -100 mV was applied for 

ton = 5 s and the second potential (ηoff) of -15 mV was applied for toff  = 0, 600, 1200, and 1800 s. 

Coulomb quantity of about 5 mC cm-2 passes during applying the first potential of -100 mV for 5 

s, and a weak current of about -0.2 mA cm-2 flows until around 400 s after switching to ηoff = -15 

mV, followed by a gradual decrease in current. Precipitates cannot be seen when the second 

potential is not applied i.e., toff = 0 s. At toff = 600 s, a small number of microscopic precipitates are 

formed, and then granular and distinct precipitates can be seen at toff = 1200 s. At toff = 1800 s, the 
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number of the precipitates is increasing, and some of them are filament-like. Next, the duration of 

the first potential of -100 mV was varied from 0, 1, 3 and 5 s, while the second potential and the 

duration were fixed to -15 mV and 1800 s, respectively. The time variations of the current and 

SEM images of the electrode surface are shown in Fig. 5-7. When ηon is applied for ton = 1, 3 and 

5 s, a weak current of about  -0.2 mA cm-2 is observed, followed by an increase in current in a 

similar manner as in Fig. 5-6. The period before the current begins to increase during the 

application of the second potential becomes longer with the shorter time of the first potential 

application. There is no increase in current during the second potential application when ηon is not 

applied. Subsequently, the first potential varied between -15 and -150 mV was applied for 5 s, 

while the second potential and the application time were left unchanged (ηoff = -15 mV, toff = 1800 

s). The results are similarly shown in Fig. 5-8. A sudden change in current appears immediately 

after the spike current during ton when the first applied potential is between -100 mV and -150 mV. 

At -100 mV, the change is small, but as the applied potential becomes larger to -125 mV and -150 

mV, the reductive current is more rapidly turning from decrease to increase. After switching to the 

second potential, the reductive current still increases again after an incubation period. The 

incubation period is almost the same when ηon is between -100 mV and -150 mV, while becomes 

longer as more positive ηon of -75 mV and -50 mV is applied. It is suggested that the reductive 

current increase after the incubation period is related to the growth process of the generated nuclei 

from the SEI into the electrolyte. When ηon was the same as ηoff at -15 mV, nothing could be seen 

on the electrode surface. At -50 mV and -75 mV, a tiny amount of precipitates was observed. At -

100 mV or less, distinct granular precipitates can be seen. At 100 mV, the number of precipitates 

is somewhat fewer and their size appears a little larger than at -125 mV and -150 mV. By varying 

the first potential to generate nuclei and keeping the second potential constant at which the nuclei 

grow, the deposition behavior can be regarded as reflecting the difference in nucleation behavior 

at the first potential. The behavior of nucleation seems to differ at the boundary of potential around 

-100 mV. At potentials positive than -100 mV, the driving force for precipitation is small, so it is 

expected that local Li precipitation occurs only at energetically favorable locations on the electrode 
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strongly influenced by surface properties such as native oxide and SEI on the electrode. On the 

other hand, at lower potentials below -100 mV, the influence of surface properties can be overcome. 

It is believed that more uniform nucleation and growth occurs because Li electrodeposition can 

take place even in areas where it was not possible to deposit at the more positive potentials. 

 

 

5.3.5   Lower applied potential 

In constant potential electrolysis, Li deposition and SEI formation are considered to proceed 

competitively irrespective of the applied potential. When the applied potential is small, the SEI is 

expected to grow relatively faster due to the slower Li deposition rate. The situation is similar to 

that of Li precipitation in the presence of SEI, apparently analogous to galvanostatic deposition at 

lower current density. However, as we have seen in the previous chapters, the nucleation behavior 

changes with a boundary potential around -100 mV. Even very low current densities, such as 0.04 

mA cm-2, Li electrodeposition experience potentials lower than -100 mV in galvanostatic 

electrolysis, but naturally the potential does not exceed it in potentiostatic electrolysis when the 

applied potential is more positive than -100 mV. If an overvoltage of -100 mV is required for 

nucleation and growth in the presence of SEI, then potentiostatic electrolysis at the potential more 

positive than -100 mV should have a different nucleation and growth mechanism from that of 

galvanostatic electrolysis. Fig. 5-9 shows the current-overpotential curves at (a) 50 mC cm-2, 100 

mC cm-2 and (b) 4000 mC cm-2 for galvanostatic and potentiostatic electrodeposition, respectively. 

In the early stages of electrolysis at 50 and 100 mC cm-2, differences are observed in the positive 

potential region above -100 mV. At negative potentials below -125 mV, both the galvanostatic and 

potentiostatic current-overpotential curves approach each other when the reductive current is 

greater than 4 mA cm-2. The difference in the current-overpotential curves at 4000 mC cm-2, where 

electrolysis has progressed, is negligible between galvanostatic and potentiostatic condition. 
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Fig. 5-10 shows the optical microscope images (upper panel) and the time evolution of the 

current and potential (lower panel) when Li was deposited up to 8000 mC cm-2 under (a) 

galvanostatic condition of -2 mA cm-2 and (b) potentiostatic condition of -50 mV, respectively, as 

reported in the previous report. (a) galvanostatic electrolysis at -2 mA cm-2 shows the potential 

progressing around -35 mV, and (b) potentiostatic electrolysis at -50 mV shows the current 

transitioning from -2 to -4 mA cm-2. It corresponds to the current and potential conditions in the 

region where the differences were observed in Fig. 5-9, and the differences in the initial process 

of electrolysis are considered to cause such a change in the deposition morphology. There seems 

to be a difference between the nucleation and growth process in the presence of SEI and that in the 

case of simultaneous SEI formation and Li deposition. The difference is more pronounced at lower 

applied potentials. Investigation of the influence of electrodeposition conditions on the structure 

of SEI and Li deposition behavior in SEI is a subject for future work. 

 

5.3.6   Higher applied potential 

At larger applied potential more negative than -100 mV, Li deposition is possible even in the 

presence of SEI, as in the case of galvanostatic electrolysis, and it is thought that Li deposition 

becomes more uniform as the potential becomes more negative. Furthermore, it is assumed that 

the influence of mass transport properties becomes dominant at even larger applied potentials. As 

schematically shown in Fig. 5-11, the i-t curve at -400 mV exhibits complex behavior. This section 

discusses what phenomena each current change corresponds to. For comparison, V-t curves 

obtained in previous galvanostatic experiments are also shown. 

In the initial stage P-I, which shows a peak profile over 3.5 mC cm-2, nanoscale Li precipitates 

are formed along with SEI formation as seen in the SEM observations. To eliminate the influence 

of the double-layer charging current and the current related to SEI generation as much as possible, 

the current at an applied potential of 0 mV was subtracted from the current at each applied potential. 

The results are shown in Fig. 5-12. The peak was observed over 0.05 s at each potential, which is 
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considered to be the current associated with SEI formation and Li reduction reactions originating 

from the potential difference with 0 mV. At the moment of electrolysis initiation, Li deposition 

and SEI formation (including reduction of Ni native oxide film) occur simultaneously on the Ni 

electrode. Once SEI is formed, Li is immediately electrodeposited through SEI. The situation is 

very complicated unlike metal electrodeposition in an aqueous solution. 

Stage P-II may reflect the nucleation and growth process of Li in SEI. Fig. 5-3(c) or Fig. 5-

12 shows that when the larger potential (more negative than -125 mV) is applied, the nucleation 

and growth underneath SEI proceed immediately and the current rises again due to the effect of 

increased electrode area. For example, the current is rising again from 0.05 s at -400 mV. This is 

probably because Li cluster formation and aggregation of nuclei generated in SEI uniformly turn 

to growth due to the large applied potential. Thereafter, the current drops again with a second peak. 

That may reflect the effect of mass transport resistance in SEI. At -150 mV and -125 mV, the 

period before the current rises again becomes longer, to about 0.2 s and 0.4 s, respectively. This 

may be due to the smaller driving force for the reaction and the slower rate of Li deposition in SEI 

compared to the -400 mV case. As the applied potential becomes smaller, the precipitate grows 

preferentially in the areas where it is easy to precipitate, resulting in a non-uniform precipitation 

morphology. As a result, it is thought that the second peak does not appear clearly. 

The current change in the second peak appearing in Stage II at -400 mV is considered to be 

due to the nucleation and growth of Li in SEI. Fig. 5-13 shows the result of plotting (i/imax)2 against 

t/tmax for the peak area from 0.05 s in Fig. 5-12. Hwang et al [30] analyzed the nucleation behavior 

of preformed SEI on Cu foil at 20 mV (vs. Li+/Li) followed by constant potential deposition of Li 

from -10 mV to -100 mV. Their current change behavior is similar to the results of Fig. 5-13. 

Instantaneous 3D nucleation and growth of Li in the SEI is expected to be in progress under 

diffusion control. 

The Li nucleation growth phenomenon in the SEI layer must be based on the SEI layer 

thickness rather than a semi-infinite diffusion field. D'Ajello et al. [31] set up a hemispherical 

diffusion field of radius R instead of a semi-infinite diffusion field. Li et al. [32] extended this 
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model and described the Instantaneous 3D nucleation and growth process within a diffusion layer 

at a height of R above the electrode as follows. 

 

𝑖𝑖 = 𝑧𝑧𝑧𝑧𝑐𝑐0𝐷𝐷1/2/𝜋𝜋1/2 �(𝜋𝜋𝐷𝐷)1/2

𝑅𝑅
+ 1

𝜕𝜕1/2� �1 − 𝑒𝑒𝑥𝑥𝑒𝑒(−𝑁𝑁𝜋𝜋𝑅𝑅𝐷𝐷𝑡𝑡)�    (5-1) 

 

Where, z:number of electron transferred, F: Faraday constant [mC mol-1], D: Diffusion constant 

[cm2 s-1], ρ: Density of deposited metal [g cm-3], M: Molecular weight [g mol-1], c0: bulk 

concentration in the electrolyte, N: Number density of active sites for nucleation [cm-2], a: 

Numerical constant determined by experimental conditions [mol cm-2 s-1] and R: diffusion distance 

[cm]. 

If the start time of nucleation growth described by this equation is t0, equation (5-1) is written 

as follows (5-2) – (5-5). Fitting was attempted for peak currents in the 0.05 s to 0.30 s interval. 

 

𝑖𝑖 = �𝑘𝑘0 + 𝑘𝑘1
(𝜕𝜕−𝜕𝜕0)1/2� (1 − 𝑒𝑒𝑥𝑥𝑒𝑒[−𝑘𝑘2(𝑡𝑡 − 𝑡𝑡0)])      (5-2) 

 

𝑘𝑘0 = 𝑧𝑧𝑧𝑧𝑐𝑐 𝐷𝐷
𝑅𝑅

          (5-3) 

 

𝑘𝑘1 = 𝑧𝑧𝑧𝑧𝑐𝑐 �𝐷𝐷
𝜋𝜋
�
0.5

                                                 (5-4) 

 

𝑘𝑘2 = 𝑁𝑁𝜋𝜋𝑅𝑅𝐷𝐷          (5-5) 

 

Where, F: 96500×103 [mC mol-1], D: Diffusion constant of Li+ in SEI [cm2 s-1], ρ: Density of Li 

[g cm-3], M: Molecular weight [g mol-1], c: Li+ concentration in the electrolyte, N0: The density of 

active sites for nucleation [cm-2], N: The steady-state nucleation rate constant [s-1], zSEIF: Molar 
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charge transferred for the SEI formation reaction, kSEI: The rate constant for SEI formation reaction 

[mol cm-2 s-1] 

Fitting results showed relatively good agreement with experimental values as shown in Fig. 

5-14. Table 5-1 summarizes the various parameters obtained as a result of the fitting. The diffusion 

coefficient in SEI was calculated to be about 3.3×10-10 /cm2 s-1. The result is somewhat different 

from the value (8×10-10 /cm2 s-1 at 20 mA cm-2) estimated from the potential profile of 

galvanostatic electrodeposition in Chapter 2. Since the thickness of SEI was assumed to be 30 nm 

in the previous chapter, recalculating on the basis of SEI thickness of 17 nm yields the diffusion 

coefficient of 4×10-10 / cm2 s-1, which is close to the value obtained in the present calculation. 

Then, in Stage P-III, the current begins to decrease again from around 14 mC cm-2. This is 

expected to reflect the phenomenon in which Li precipitates grown in SEI break through SEI and 

grow into the electrolyte. This behavior is considered to correspond to the sprouting observed in 

the early stages of galvanostatic electrolysis reported previously. The current decreases as Li 

precipitates project into the electrolyte, but gradually increases again from 200 mC cm-2 likely due 

to the concentration overpotential associated with a decrease in Li+ concentration on the electrode 

surface. Thereafter, the current decreases again after reaching a maximum. This point probably 

corresponds to the time when dendrites begin to develop under an optical microscope. Fig. 5-11(a) 

shows that the current during potentiostatic electrolysis changes at roughly the same timing 

(coulomb quantity) as the potential during galvanostatic electrolysis, so that one increases the other 

decreases. As also shown in Fig. 5-11(b), the phenomena in P-I, P-II and P-III of the potentiostatic 

electrolysis correspond to those in G-I, G-II and G-III of the galvanostatic electrolysis. Therefore, 

there is a similarity between the behavior of potentiostatic electrolysis at larger applied potentials 

and that of galvanostatic electrolysis at higher current densities. 

A schematic diagram comparing the initial stage of Li electrodeposition under galvanostatic 

and potentiostatic conditions is shown in Fig. 5-15. SEI is formed before Li deposition at 

galvanostatic electrolysis. As previously reported, it was expected that the Li deposition 

morphology would be affected by the difference in defect density of SEI depending on the current 
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density. In constant potential electrolysis, SEI formation and Li deposition occur competitively as 

soon as electrolysis starts, and Li clusters and Li atoms are thought to be formed at the interface 

between the SEI and the electrode. At potentials positive than -100 mV, these are considered to be 

the origin of growth, and it is assumed that no new nucleation is taking place in the presence of 

SEI. At applied potentials more negative than -100 mV, Li nucleation and growth occur even in 

the presence of SEI as well as Li clusters generated with SEI immediately after the start of 

electrolysis, leading to a more uniform deposition morphology. 

 

5.4   Conclusions 

Potentiostatic Li electrodeposition behavior up to 8000 mC cm-2 was observed under an 

optical microscope on Ni wire in 1M LiTFSI/PC with applied potentials from 0 mV to -1000 mV. 

The smaller applied potentials of -25 to -75 mV showed localized or discrete and non-uniform 

growth. Applying a potential more negative than -100 mV resulted in a transition to a more uniform 

and smooth deposition compared to the application of more positive potentials. For -1000 mV, the 

precipitation proceeds smoothly at first, but dendrites started to develop in the course of the 

deposition, suggesting the influence of mass transport. 

A Comparison of SEM images obtained during potentiostatic electrolysis revealed significant 

differences in deposition morphology depending on the applied potential. At -25 mV and -50 mV, 

the precipitates grew very locally, while at -100 mV, filament and granular precipitates were 

relatively uniform, and at -150 mV, numerous very fine filament-like precipitates were formed 

over the electrode surface. A detailed study of the change in nucleation and growth morphology 

in the SEI layer by the double-pulse method showed that there is a very large difference in the 

uniformity of Li precipitates that appear at a boundary of -100 mV, suggesting that the change in 

precipitation morphology is affected by the potential. 

It was assumed that at potentials positive than -100 mV, no nucleation and growth occurs on 

the Ni substrate in the presence of SEI and that the Li generated simultaneously with SEI 
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immediately after the start of electrolysis becomes the origin of subsequent growth, resulting in a 

non-uniform deposition morphology. The precipitation morphology was similar to that of 

galvanostatic electrolysis at higher current density, since Li nucleation and growth were considered 

to be possible even in the presence of SEI at larger applied potentials more negative than -100 mV, 

resulting in a uniform precipitation morphology. At larger applied potentials, Li nucleation and 

growth can be regarded as occurring in a uniform SEI, and analysis of the current-time variation 

at -400 mV showed relatively good agreement with the instantaneous 3D nucleation and growth 

model in the diffusion layer on the electrode. From the fitting results, the diffusion coefficient of 

Li+ in SEI was estimated to be 3.3×10-10 cm2 s-1 and the diffusion distance corresponding to the 

SEI layer thickness was estimated to be 17 nm. The diffusion coefficient estimated from the 

potential change during galvanostatic electrolysis at 20 mA cm-2 in the previous report was 

recalculated to be 4×10-10 cm2 s-1 based on the SEI layer thickness of 17 nm, which is relatively 

close to the previous result. 
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Table 5-1. Kinetic parameters obtained by nonlinear fitting. 
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Figure 5-1. (a) Schematic diagram of the electrolytic cell for double pulse voltammetry. (b) 

Schematic diagram of applied potential and its duration for double-pulse voltammetry. 
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Figure 5-2. Time transient of the morphology of potentiostatically electrodeposited Li on Ni wire 

electrode in 1 M LiTFSI/PC at 0, -25, -50, -75, -100, -125, -400 and -1000 mV vs. Li+/Li at 25 ℃. 
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Figure 5-3. Chronoamperograms after the starts of electrolysis at the potential ranges from 0 mV 

to -1000 mV for the coulomb quantity of (a) 0 - 8000 mC cm-2, (b) 0 - 10 mC cm-2 and (c) 0 - 50 

mC cm-2 in 1.0M LiTFSI/PC at 25 ℃.  
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Figure 5-4. SEM images of the electrode surface after electrolysis at the applied potential of -25, 

-50, -100 and -150 mV. Coulomb quantity passed during deposition: (a) 10 mC cm-2 and (b) 50 

mC cm-2. 
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Figure 5-5. (a) Chronoamperogram of Li electrodeposition in 1M LiTFSI/PC at -100 mV vs. Li+/Li.  

(b) SEM photographs of the electrode surfaces corresponding to the points (2, 4, 10, 25, 50 and 

100 mC cm-2) marked as I - VI in Figure (a).  
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Figure 5-6. (a) Constant potential double pulse chronoamperograms of Li electrodeposition in 1M 

LiTFSI/PC on Ni electrode at the first potential of -100 mV vs. Li+/Li for 5 s and the second 

potential of -15 mV vs. Li+/Li for different four durations (0 s, 600 s, 1200 s and 1800 s).  (b) SEM 

micrographs of Ni electrode surface after applying double pulse potential. 
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Figure 5-7. (a) Constant potential double pulse chronoamperograms of Li electrodeposition in 1M 

LiTFSI/PC on Ni electrode at the first potential of -100 mV vs. Li+/Li for different four duration( 0 

s, 1 s, 3 s and 5 s) and the second potential of -15 mV vs. Li+/Li for 1800 s. 

(b) SEM micrographs of Ni electrode surface after applying double pulse potential. 
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Figure 5-8. (a) Constant potential double pulse chronoamperograms of Li electrodeposition in 1 

M LiTFSI/PC on Ni electrode at the first potential of different six potentials (-15 mV, -50 mV, 

-75 mV, -100 mV, -125 mV and -150 mV vs. Li+/Li) for 5 s and the second potential of -15 mV 

vs. Li+/Li for 1800 s. (b) SEM micrographs of Ni electrode surface after applying double pulse 

potential. 
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Figure 5-9. Current-potential curves at (a) 50 mC cm-2 and 100 mC cm-2 and (b) 4000 mC cm-2 

during galvanostatic and potentiostatic Li electrodeposition in 1M LiTFSI/PC. 
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Figure 5-10. Optical microscope image of Li precipitates electrodeposited up to 8000 mC cm-2 

(upper row) and time variation of current and potential (lower row) (a) under galvanostatic 

conditions of -2 mA cm-2 and (b) under potentiostatic condition of -50 mV. 
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Figure 5-11. (a) Comparison between variation of current density during constant potential 

electrolysis at -400 mV (upper) and potential variation during galvanostatic electrolysis at -20 mA 

cm-2 (lower). (b) Schematic diagram of i-t curve during potentiostatic electrolysis at -400 mV (left) 

and V-t curve during galvanostatic electrolysis at -20mA cm-2 (right) and the estimated events 

responsible for each transition.  The points marked with ▽ and ● represent the point re-defined as 

zero point for current and time and the point where dendrites began to appear in the optical 

microscope observation, respectively. 
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Figure 5-12. Time course changes of the current density during 0.5 s after the start of electrolysis 

subtracting the current density of the chronoamperogram at 0 mV from it at each set potential in 

Fig. 5-2 

 

  



 132 

 

 

 

Figure 5-13. Comparison between experimental curve (solid circle) and the theoretical curves 

(open circle) of normalized current (i/imax)2 for 3D model or (i/imax) for 2D model vs. normalized 

time (t/tmax) obtained according to the Scharifker-Hills model for potentiostatic current transient at 

-400 mV. 
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Figure 5-14. Time-course changes of experimental current density (filled circle) in the interval 

from 0.05 s to 0.3 s and the fitting result (open circle) calculated from the parameter listed in Table 

5-1. 
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Figure 5-15. Schematic diagrams comparing the initial state of Li electrodeposition between under 

(a) galvanostatic condition and (b) potentiostatic condition. 
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Appendix 

When analyzing nucleation & growth mechanisms and kinetic parameters based on the 

current response during constant potential electrolysis, the nucleation & growth model proposed 

by Scharifker and Hills [25-26] for metal electrodeposition in aqueous solution has been often 

adopted. The current response of nuclei generated in a disk or hemispherical shape during constant 

potential electrolysis to growing two-dimensionally or three-dimensionally under diffusion control, 

respectively, is theoretically predicted to be as follows. The nucleation and growth mechanism can 

be estimated by comparing the relation of the dimensionless (i/imax)2 to (t/tmax) or (i/imax) to (t/tmax) 

with these theoretical equations, based on the time variation of current experimentally obtained 

under potentiostatic conditions. 
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Chapter 6 

Optical Observation of Li Dendrite Growth in 

LiTFSI-Pyr(1,101)TFSI Ionic Liquid Electrolyte 
 

6.1   Introduction 

Li-ion batteries are received attention for large-scale application to energy sources for not 

only hybrid electric vehicles (HEVs) and electric vehicles (EVs) but also for space satellites and 

planetary exploration spacecrafts. Such applications demand high energy density and reliability.  

In order to increase the energy density, new negative electrode materials to replace graphite 

material are necessary.  Li metal is an attractive negative electrode because it has the highest 

energy density (about 3600 mA h g-1). However, the Li metal dendrite is easily formed during the 

charging/discharging repetition process corresponding to the electrodeposition / electrochemical 

dissolution of Li metal. This dendrite growth induces a loss of electrochemical reversibility as well 

as possibility of a short-circuiting phenomenon. 

In order to suppress the dendrite growth, a small amount of additives to electrolyte is 

sometimes very effective because the additives can change the composition of the surface Solid 

Electrolyte Interphase (SEI) layer (1-5). Li dendrite arm starts to grow at the points where SEI 

layer is absent or thin. The qualitative and quantitative control of SEI layer on Li metal surface is 

therefore indispensable to suppress the dendrite growth. 

Generally speaking, the electrodeposited metal is significantly influenced not only by the 

surface state of substrate but also by ionic mass transfer rate. That is, the coupling phenomenon 

between them has to be fully understood. However, there are only a few studies that focus on 

coupling between ionic mass transfer rate and electrodeposited surface morphology in Li 

electrodeposition system.   
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Our previous researches discussed the ionic mass transfer rate during the electrodeposition 

and electrochemical dissolution of Li metal in organic electrolyte (propylene carbonate) by 

applying the holographic interferometry (6-8). This optical technique successfully visualized the 

development of Li+ concentration profile in agreement with the theoretical prediction, while an 

apparent incubation period was caused by a chemical reaction between the electrodeposited Li 

metal and chemical species in electrolyte in the initial stage of electrodeposition. It also 

demonstrated that steeper Li+ ion concentration gradient field accompanied the Li dendrite arm 

growth front in LiPF6-PC electrolyte. In addition to these optical measurements, the role of SEI 

dynamics during the dendrite growth phenomenon in LiClO4-PC and LiPF6-PC electrolyte was 

also tracked by laser scanning confocal microscope(LSCM) (8, 9).  

Ionic liquids represent promising electrolyte candidates for next generation Li ion battery 

because non-flammability contributes to increased safety and reliability. It is absolutely 

indispensable for the vehicles for human being. Several researchers have investigated the basic 

property of this new type electrolyte for Li ion battery application (11-13). In this study, the author 

focused to the coupling relationship between the ionic mass transfer rate and the dendrite growth 

morphology during Li electrodeposition in ionic liquid. Similarly to our previous work in organic 

electrolyte (9), in-situ optical observation for Li dendrite growth were conducted. 

 

6.2   Experimental 

The ionic liquid, (N-methoxymethyl-N-methylpyrrolidinium) bis (trifluoromethane-

sulfonyl) imide (Pyr(1,101)TFSI, referred to hereafter simply as IL), used in this study is described 

in Figure 6-1.  It was supplied from Stellachemifa Corporation.  The company reports the initial 

content of water contamination less than 30 ppm. Lithium bis (trifluoromethanesulfonyl) imide 

(LiTFSI) was purchased from Sigma-Aldrich. LiTFSI was dried for 24 h at 150 ℃ under a stream 

of nitrogen gas before use. 
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LiTFSI-IL solutions were prepared as follows. LiTFSI was weighed up in 10 mL measuring 

flasks so as to be adjusted to 0.5 M, 0.75 M, 1.0 M and 1.5 M in dry box purged with Nitrogen gas. 

Next, IL was weighed below the specified line of measuring flask, respectively. It is rather difficult 

to dissolve LiTFSI in IL. So the flask was heated at 60 ℃ on a hotplate placed in dry box. After 

LiTFSI dissolved completely in IL contained in the flask, IL was further added up to the measuring 

line accurately. The weight percentage concentration (c: %) and the weight-molar concentration 

( m: mol kg-1 ) were derived. Then, the density of electrolyte solutions (ρ: kg L-1 ) was measured 

by using density meter (Kyoto Electronics Manufacturing CO., Ltd; DA-130N) in temperature-

controlled bath at 25 ℃. The volume-molar concentration of the solutions (M: mol L-1) was 

calculated from the m×ρ.  

Figure 6-2 shows the relation between weight percentage concentration and volume-molar 

concentration. According to the regression line in Figure 6-2, LiTFSI-IL solution was adjusted to 

a given concentration. Water content in solutions was measured by Karl Fischer titration 

(Hiranuma Sangyo Co., Ltd.; AQ-7) and confirmed to be below 30 ppm. The conductivity of 

electrolyte solutions was measured by conductivity meter (Radiometer Analytical S. A.; CDM210). 

Measured solution was poured into a glass vessel and conductivity cell was immersed in it. The 

gap between the mouth of glass vessel and the conductivity cell was sealed air-tightly with parafilm 

to prevent moisture contamination from the atmosphere. The above assembled conductivity cell 

was immersed in a thermostatic bath and the conductivity was measured at a given temperature. 

Assembling the conductivity cell was performed in a dry box purged with Nitrogen gas, while the 

measurement was conducted outside the dry box. Conductivity measurement cell (Radiometer 

Analytical S.A.; XE100) was calibrated using a standard solution of 0.1D KCl (Radiometer 

Analytical S.A., 12.85 mS cm-1). The cell constant was 1.116. 

The viscosity of ionic liquid solutions was measured using a viscosity meter (Brookfield; 

LVDV-Ⅰ+). The viscosity meter was placed in the dry box to avoid moisture contamination. The 

cell temperature was controlled using a circulator temperature-controlled bath. 
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Electrochemical measurements of cyclic voltammetry and chronopotentiometry were 

performed. Cyclic voltammetry was conducted by using a usual three-electrode cell. The working 

electrode was 5 mm square Ni sheet with 100 μm thickness (Nilaco Corp.). The counter electrode 

and the reference electrode were made of Li foil with 200 μm thickness (Honjo Metal Co., Ltd.). 

A glass container used as a cyclic voltammetry cell was wholly installed into an aluminum block 

of Peltier temperature control unit (Nissin Electric; NDC-100) to keep constant temperature 

conditions. Cyclic voltammetry was carried out in an argon glove box (Takasugi Seisakusho; 

G65MVAV) maintained with dew point below -70 ℃. 

Chronopotentiometry was simultaneously performed with optical observation of Li metal 

dendrite growth. The configuration of electrolytic cell for in-situ optical observation is illustrated 

in Figure 6-3. The working electrode is Ni wire of 100 μm in diameter (Nilaco Corp.). Ni wire and 

stainless needles of disposable syringes are passed through an o-ring. The counter electrode and 

reference electrode are similarly made of Li foil with 200μm thickness (Honjo Metal Co., Ltd.) 

crimped on stainless steel needles. The o-ring is sandwiched by slide glasses and clipped. Ionic 

liquid electrolyte is slowly injected by syringe from this needle. 

The in-situ dendrite growth behavior was observed by digital optical microscope and the 

video image was stored on a personal computer. Assembling the electrolytic cell was conducted 

in a glove box (Takasugi Seisakusho, model) filled in argon gas. Dew point of the glove box was 

always maintained below -70 ℃. Electrochemical measurement and optical observation was 

conducted in a temperature-controlled bath (Espec corp.; PWL-3KP. Nitrogen gas was purged into 

the bath so as to eliminate the influence of moisture from the atmosphere as much as possible. The 

galvanostatic electrodeposition of Li metal was conducted by using an electrochemical 

measurement system (Hokuto Denko Co., Ltd; HZ-3000). Imposed current density was varied 

galvanostatically from 0.1 to 5.0 mA cm-2. 
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6.3   Results and Discussion 

6.3.1   Optical observation of Li dendrite growth 

Before performing the observation of dendrite growth, ionic conductivity and viscosity were 

measured in order to understand the fundamental characteristics of the solution consisted of 

LiTFSI and the ionic liquid. As well known, ionic liquid becomes viscous and the conductivity 

decreases with decreasing in temperature as well as with the addition of LiTFSI demonstrated in 

Figures 6-4 and 6-5. 

  Some papers discussed possible application of ionic liquid into electrolyte for lithium ion 

battery electrolyte. As illustrated in Table 6-1, the aliphatic ammonium type ionic liquid was 

selected among various kinds of ionic liquid from the viewpoints of reductive electrochemical 

stability and conductivity in the present work. The reversibility of Li electrodeposition in the ionic 

liquid was checked by usual cyclic voltammetry. Figure 6-6 shows the cyclic voltammogram of 

lithium electrodeposition. Ten cycles were performed and reversible deposition and dissolution of 

Li was observed within the applied potential range (above -0.2 V vs. Li+/Li). Small leakage current 

has been observed from around +1.5 V in the inset, which is gradually reduced with cycles. The 

leak current may be caused by the reduction of very thin surface oxide layer on Ni electrode, 

followed by resultant formation of the SEI layer which stems from the unavoidable reaction 

between reduced Li metal and electrolyte solution. In this study, the initiation and growth of Li 

dendrite in 1.0 M LiTFSI-ionic liquid (IL) are focused from the viewpoint of Li+ ionic mass 

transfer rate in the vicinity of the dendrite. 

Figure 6-7 (a) demonstrates the time transient behavior of electrode potential in the initial 

stage of galvanostatic electrodeposition of the Li metal on nickel wire.  The higher the current 

density, the larger the overpotential of Li metal electrodeposition. At 5 mA cm-2, the electrode 

potential quickly drops to the negative direction against Li+/Li potential only a few seconds after 

the electrolysis starts. At smaller current density, the period when the potential keeps positive 

against Li+/Li potential is extended. This potential shifts start from around +0.9 - +1.4V, which 
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roughly corresponds to the potential of the beginning of the leak current in Figure 6-5. It slowly 

relaxes toward the Li+/Li potential and gradually approaches steady-state.  Open circle symbol 

assigns the time when precipitates were at first visible on video image. It may apparently 

correspond to the phenomenon which Li dendrite precursor starts to grow. Figure 6-7 (b) shows 

the electrode potential variations with the amount of electricity passing. Before precipitates are 

evident on video image, 8 mC cm-2 ～20 mC cm-2 are consumed. These apparent initiation periods 

and potential transition phenomena may relate to the reduction of surface oxide layer of Ni, small 

amount of impurities in the electrolyte, SEI formation and Li nucleation and so on. 

The onset and appearance of dendrite growth was carefully observed by video image. Figure 

6-8 shows the time transient of morphological variations of electrodeposited Li metal on Ni wire 

in 1.0M LiTFSI-IL at 0.1, 0.2, 0.5, 2.0 and 5.0 mA cm-2. The electrolysis was terminated at 900 

mC cm-2. 

Our previous paper described the growing dendrite arm accompanied by dynamically 

swinging movement in LiPF6-PC electrolyte solution observed with holographic interferometry 

(8) as well as LiClO4-PC with LSCM (9). In the case of LiClO4-PC electrolyte solution, the 

frequency and amplitude of dendrite movement were dependent on the salt concentration, but 

independent on applied current density. Yamaki et al. reported the dynamic movement of the Li 

metal dendrite observed by optical microscope (10). The motion of the whisker-like dendrite was 

attributed to the pressure difference induced by variations of the surface tension around 

electrodeposited Li metal tip, and the calculation results based on the surface curvature concept 

agreed with the experimental results. 

The dynamic swinging movement is also observed in the present ionic liquid experiment. 

The dendrite movement seems to be dependent on the applied current density in the present case 

(Fig. 6-8). At lower current densities less than 0.2 mA cm-2, needle-like deposits develop with the 

progress of electrodeposition. Many long, sharp whisker deposits are observed. These begin to be 

evident after 150 mC cm-2 at 0.1 mA cm-2. Above 0.5 mA cm-2 the needle-like dendrite growth 
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does not appear, rather a complex dendritic form similar to seaweed emerges. In this case a 

relatively smooth surface is maintained until 300 mC cm-2 is passed. 

At 300 mC cm-2, needle-like deposits appear at 0.1 and 0.2 mA cm-2, while no clear 

morphological variations are observed at higher current density. There seems to be a transition in 

morphology between 0.2 mA cm-2 and 0.5 mA cm-2. At 600 mC cm-2 and 900 mC cm-2, the 

morphological difference introduced by applied current density becomes more distinguished. 

Although dendrite structure below 0.2 mA cm-2 is kept in the form of needle-like morphology, 

morphology with a lower aspect ratio consisting of aggregated dendrite arms appears to develop 

above 0.5 mA cm-2. 

The dendrite swinging movement behavior is also influenced by applied current density. 

The video image reveals enhanced dendrite movement with the applied current density. In the case 

of 5 mA cm-2, the surface of Ni wire electrode appears to swell soon after starting electrolysis. 

Some deposits begin to loom on the outer surface of Ni wire electrode 4 s after the initiation (after 

the passage of 20 mC cm-2), and the whisker-like deposits starts to appear along with gradual 

apparent expansion of the diameter of the Ni electrode. During this period (150 mC cm-2～300 

mC cm-2), whisker-like deposits swing sporadically interfering with the growth of neighboring 

deposits. They begin to ramify as they grow in length and swing slowly in a chaotic pattern taking 

on the appearance of flowing sea grass in a sea (300 mC cm-2～600 mC cm-2). Subsequently, a 

part of deposits come to expand dendritically and begin to flutter. 

For the case of 2.0 mA cm-2 and 0.5 mA cm-2, the transition from whisker-like deposits to 

dense dendritic aggregates appear later compared to the case of 5 mA cm-2.  Below 0.2 mA cm-2, 

expanded-dendritic growth is not observed, but only whisker deposits grow up to spiny 

morphology. Likewise, a much slower swinging motion of the whisker or spiny deposits is 

observed under these conditions. 

The temperature dependence of Li metal electrodeposition is shown in Figure 6-9. No 

substantial temperature dependence of morphological variations is seen at 150 mC cm-2, while a 

small indication of preferential growth of needle-like deposit is recognized at 40 ℃. Such a 
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transition from smooth surface to needle-like deposit occurs at 300 mC cm-2 in the case of 25 ℃. 

With increasing temperature and charge, the needle-like deposit becomes preferentially 

predominant with coagulation each other. 

The effect of Li salt concentration of growth morphology was also investigated as shown in 

Figure 6-10. Ionic liquid with five different LiTFSI concentrations from 0.5 M to 1.5 M were used. 

The dendrite growth behavior is very different between 0.75 M and 1.0 M. Below 0.75 M, dense 

dendrite aggregate are evident, while needle-like deposits develop above 1.0 M. The differences 

in morphology introduced by variation of the LiTFSI concentration are already evident even at 

300 mC cm-2. In 1.25 M solution, needle-like deposits appear preferentially compared to 1.0 M, 

although such morphological variations are somewhat restricted above 600 mC cm-2 in the case of 

1.5 M. 

 

6.3.2   Measurement of dendrite length 

The dendrite primary arm length was measured at several locations along a cathode surface 

which was divided into eight sections for each image. A representative dendrite arm was selected 

to be measured in each section. Each plot and error bar mean the averaged length and the standard 

deviation calculated with these eight dendrite arms.  Figure 6-11 demonstrates the time variations 

of averaged arm length, the variance and the surface concentration of Li+ ion. Neglecting the 

possible induction of electrolyte natural convection, a transient diffusion model was used to predict 

the transient variation of Li+ ion surface concentration at Ni wire cathode in LiTFSI-IL system 

illustrated by dotted lines (see Appendix). 

Dendrite arm length grows proportionally with the square root of time.  Similarly to the case 

in propylene carbonate organic electrolyte solution, two stages with different dendrite growth rates 

are clearly recognized at five current densities. In the initial stage, the dendrite arm growth rate is 

relatively slow, followed by faster growth rate region. Such a growth rate transition appears when 

the averaged arm length reaches a critical value of a few or at most 10 μm in the present optical 
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arrangement. The resolution power of optical microscope is at most a few micrometers. Thus, the 

calculated result of the surface concentration is no longer available once dendrite arm length 

exceeds such optical resolution power. That is, the mass transfer rate can be discussed based on 

such a model in the beginning of initial stage, but no longer applied in the later stage close to the 

growth rate transition. 

Li+ surface concentration corresponding to the critical arm length is about 0.98, 0.98, 0.95, 

0.89 and 0.82 M depending on each current density varied from 0.1 to 5.0 mA cm-2. Examining 

the video images, the initial growth period roughly corresponds to the region when whisker-like 

or fuzzy deposit gently grows dominantly, followed by the second period when dendritic or spiny 

deposits develop with swinging movement. 

Such a sequence of dendrite growth process is schematically illustrated in Figure 6-12. 

Looking at the early stage of Li electrodeposition in Figure 6-8, the number of the electrodeposition 

site is quite limited at lower current density. It may be partly caused by smaller electrochemical 

overpotential as well as by heterogeneous surface active site caused by non-uniformity of SEI layer. 

Moreover, it is expected for Li+ ion to more easily electrodeposit onto Li surface than Ni surface. 

These aspects introduce more non-uniform current density distribution which results in much 

higher local current density distribution around the growing dendrite at apparent lower current 

density. This causes Li+ ion depletion and significantly accelerates the whisker dendrite growth 

locally. 

The current density distribution in the initial stage of electrodeposition becomes more 

uniform with increase in current density above 0.5 mA cm-2. Because dendrite movements are 

relatively moderate in the initial stage, Li metal nucleation and growth process is controlled mainly 

by diffusive mass transfer rate. Electrochemically nucleated Li metal forms many small dendrite 

precursors. Once such Li metal precursors are grown, typical dendrites start to grow with 

competition among dendrite arms. Dynamically swinging movement becomes active as the 

competition for growth proceeds. Such a dendrite movement induces the electrolyte convective 
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flow or vortex adjacent to the electrode. Fresh electrolytic solution is supplied by the disturbed 

electrolyte flow and the dendrite arm growth rate is further accelerated as shown in Figure 6-12. 

The good linearity shown in Figure 6-11 suggests that Li+ ionic mass transfer rate affects 

the dendrite growth once the dendrite precursor growth starts, as was previously reported in 

LiClO4-PC system (9). Open markers in Figure 6-11 demonstrate the points where the precursors 

can be visible in the video image. They are 4 s at 5 mA cm-2, 9 s at 2.0 mA cm-2, 25 s at 0.5 mA 

cm-2, 4 s at 0.2 mA cm-2 and 140 s at 0.1 mA cm-2 respectively. The critical surface concentration 

at these apparent initiation periods is estimated to be 0.82 M at 5 mA cm-2, 0.89 M at 2.0 mA cm-2, 

0.95 M at 0.5 mA cm-2, 0.98 M at 0.2 mA cm-2 and 0.98 M at 0.1 mA cm-2. Initiation periods for 

dendrite precursors to start to grow are also estimated independently by the extrapolating the 

inclination line to zero length. Apparent initiation periods (tapp) and initiation periods (tex) 

determined by extrapolation method are summarized in Table 6-2. Above 0.5 mA cm-2, (tex) is  

substantially identical to (tapp). Below 0.2 mA cm-2, (tex) is longer than that recognized in video 

image (tapp). Such a discrepancy seems to be caused by the significant non-uniform current 

distribution, as mentioned above. The surface chemistry on Li metal also affects to the dendrite 

initiation as well as the residual stress accumulated inside a critical thickness of deposited Li metal 

film or deposit. 

The two-stage growth process is also seen at four different temperatures as shown in Figure 

6-13. At 40 ℃, the growth rate in the first stage seems to be faster and critical dendrite length 

reaches about 20 μm, while for temperature below 25 ℃ no substantial temperature dependence 

in the first stage is noticed and critical length stays around 10 μm. The growth rate in the second 

stage seems slow at -5 ℃. The temperature effect is more clearly demonstrated in the potential 

variations shown in Figure 6-14. The potential shift is considerably retarded at higher temperature 

till the coulomb quantity reaches roughly 6 to 13 mC cm-2. It may suggest that the thicker SEI 

layer is formed when the higher temperature is applied, because the mass transfer rate of impurity 

species is enhanced followed by the retarded precipitation of Li metal. 
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The concentration dependence of dendrite arm growth rate is demonstrated in Figure 6-15. 

For 0.5 M and 0.75 M, dendrite growth rate is almost constant, while two-stage growth mode is 

observed only in 1.0 M, 1.25 M and 1.5 M.  In spite of such a significant growth mode transition, 

no characteristic difference is noticed in the potential variation curve till roughly 5 mC cm-2 

(roughly corresponds to 25s) in Figure 6-16. As for 1.0 M, 1.25 M and 1.5 M, the extrapolation 

point tex in the first step is lower than the apparent initiation period tapp as illustrated in Table 6-2. 

In the case of 0.5 M and 0.75 M showing a single stage in Fig. 6-15, the extrapolated point is faster 

than apparent initiation period. This tendency can’t be understood at the present stage. Further 

research on the interaction between lithium ion and the ionic liquid and the microscopic structure 

between the electrode and electrolyte interface must be further examined. 

 

6.4   Conclusions  

The in-situ observation of electrodeposited of Li metal in ionic liquid (N-methoxymethyl-

N-methylpyrrolidinium) bis (trifluoromethanesulfonyl) imide was conducted by optical 

microscope. The time variation of dendrite morphology and dendrite motion behavior is different 

according to the current density, temperature and salt concentration. Not only the electrode surface 

state but also the Li+ ionic concentration in the vicinity of the electrode surface must be one factor 

for the dendrite initiation. After the dendrite starts to grow, Li+ ionic mass transfer rate also affects 

the dendrite growth of the electrodeposited Li metal significantly. It is necessary to couple the 

surface chemistry of the Li metal with Li+ ionic mass transfer rate near the electrode surface in 

order to reveal the detailed mechanism of dendrite growth of Li metal in the future study. 
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Table 6-1. Melting point and conductivity of ionic liquids based on several aliphatic ammonium 

cations and bis (trifluoromethanesulfonyl) imide anion. 

 

 

 

Table 6-2. Apparent initiation periods (tapp) when precipitates can be visible on video image and 

initiation period (tex) determined by extrapolating the inclination line of dendrite growth.   

 

  

Cation m.p. / ℃ Conductivity/mS cm-1 References

17 3.3 [14]

4.5 4.7 [14]

― 0.43 [15]

12 1.4 [15]

8.7 1.51 [16]

(-85) 2.2 [16]

-21 5.4 This work

N

N O

N

N

N

N O

N O

j/mA cm-2 t app / s t ex / s T / ℃ t app / s t ex / s c/mol dm-3 t app / s t ex / s

5 4 4 40 67 210 1.5 40 91

2 9 10 25 43 69 1.25 71 84

0.5 25 23 10 60 100 1 43 69

0.2 43 69 -5 63 137 0.75 67 6

0.1 140 328 0.5 59 16

Effect of current density ( j ) Effect of temperature ( T ) Effect of Li salt concentration ( c )
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Figure 6-1. Schematic diagram of N-methoxymethyl-N-methylpyrrolidinium bis 

(trifluoromethanesulfonyl) imide ionic liquid. 
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Figure 6-2. The relationships between molar concentration and weight concentration of LiTFSI-

IL solutions. 
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Figure 6-3. The schematic diagrams of electrolytic cell for in-situ optical observation 
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Figure 6-4. Temperature dependencies of conductivity and viscosity of the solution of 1.0 M 

LiTFSI-IL (○: Conductivity, □: Viscosity). 
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Figure 6-5. Concentration dependencies of conductivity and viscosity of the solutions of LiTFSI-

IL at 25 ℃ (△: Conductivity, ◇: Viscosity). 

 

  



 156 

 

 

 

 

Figure 6-6. Cyclicvoltammogram of Li electrodeposition in 1.0 M LiTFSI-IL solution (W.E.: 5 

mm×5 mm×0.5 mm Ni sheet, C.E. and R.E.: Li foil. Scan rate: 1 mV s-1). The inset shows enlarged 

current density. 
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Figure 6-7. Chronopotentiometry after the starts of electrolysis depending on time (a) and coulomb 

quantity (b) in 1.0 M LiTFSI-IL at 25 ℃. 

 

 

(a) 

(b) 
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Figure 6-8. Time transients of the morphology of electrodeposited Li metal in ionic liquid at 0.1 

mA cm-2, 0.5 mA cm-2, 0.5 mA cm-2, 2.0 mA cm-2 and 5.0 mA cm-2 (LiTFSI concentration: 1.0 M, 

Temperature: 25 ℃). 
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Figure 6-9. Time transients of the morphology of electrodeposited Li metal in ionic liquid solution 

at -5 ℃, 10 ℃, 25℃ and 40 ℃ (Current density: 0.2 mA cm-2, LiTFSI concentration: 1.0 M). 
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Figure 6-10. Time transients of the morphology of electrodeposited Li metal in ionic liquid 

solutions with LiTFSI concentrations of 0.5 M, 0.75 M, 1.0 M, 1.25 M and 1.5 M (Current density: 

0.2 mA cm-2, Temperature: 25 ℃). 
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Figure 6-11. Time transient of Li dendrite length and calculated Li+ surface concentration with the 

square root of time. Solid markers represent the mean dendrite length at 5 mA cm-2(■), 

2 mA cm-2(▲), 0.5 mA cm-2(◆) 0.2 mA cm-2(●) and 0.1 mA cm-2(×), respectively. 
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Figure 6-12. Schematic diagram of the sequence of dendrite growth. 
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Figure 6-13. Temperature dependencies of dendrite growth rate of Li metal electrodeposited on 

Ni wire in 1.0 M LiTFSI-IL at 0.2 mA cm-2. 
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Figure 6-14. Temperature dependences of the electrode potential variations after electrolysis in 1.0 

M LiTFSI-IL at 0.2 mA cm-2. 
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Figure 6-15. Concentration dependences of dendrite growth rate of Li metal electrodeposited on 

Ni wire at 0.2 mA cm-2 at 25 ℃. 
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Figure 6-16. Concentration dependences of variations of the electrode potential after the starts of 

electrolysis at 0.2 mA cm-2 at 25 ℃. 
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Appendix 

Li+ ionic mass transfer rate must be considered to explain the dendrite growth phenomenon. 

For simplicity, the natural convection accompanied with the electrodeposition is not taken into 

consideration. Assuming one-dimensional transient diffusion equation with a boundary condition 

of geometrically flat electrode surface, the time transient of surface concentration can be described 

as below; 

 

 −= 0ccs t
DzF
ti
π

)1(2 *−                   (6-A1) 

 

cs is electrode surface concentration of Li+ ion, c0 is bulk concentration, i is current density, t* is 

transference number, z is valence number, F is faraday constant, and D is diffusion coefficient. 

The diffusion coefficient and transference number are assumed to be independent of Li+ 

concentration. The dashed lines in Figure 6-11 represent this simplified calculation results. For 

example, Li+ concentration depletes about 100, 680, 12000 s at 5, 2 and 0.5 mA cm-2, respectively. 

Steeper concentration gradient is formed in the vicinity of cathode surface with increasing in 

current density. 
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Chapter 7 

Development of Non-flammable Electrolyte for 

Lithium Metal Batteries using Phosphoric Ester 

with LiPO2F2 Salt 
 

7.1   Introduction 

From the viewpoint of energy density, lithium metal-based batteries, such as Li-S battery and 

Li-air battery, are the most attractive candidates for next-generation batteries.  However, as the 

energy density of batteries increases and as batteries become larger, accidental events could lead 

to catastrophe. Therefore, safeguards for lithium metal batteries are imperative. 

Various attempts are under way to increase their safety. One approach is to convert all 

flammable conventional carbonate ester electrolytes to all solid-state electrolytes [1-2]. However, 

there are problems such as how to stably and uniformly establish the electrode reaction interface, 

which has been formed at the solid-liquid interface, over a large area by solid-solid contact [1], 

and the problem of H2S generation due to reaction with moisture [3]. Research is being conducted 

intensively to solve these problems toward the commercialization of all-solid-state batteries.   

On the other hand, the simplest and clearest approach toward safety is to replace the 

flammable electrolyte with a non-flammable electrolyte, and there has also been vigorous research 

into flame-retardant electrolytes or additives from this strategy [4]. For example, ionic liquids and 

organophosphorus compounds are known. Since characteristics of ionic liquids can be modified 

by their combination of cations and anions, the applicability of various types of ionic liquids to 

lithium metal batteries has been studied [5]. However, ionic liquids still have challenges such as 

their high viscosity and cost. Various organophosphorus compounds have also been proposed, 



 169 

including phosphoric esters [6-7], phosphoric amides [8], phosphites [9] and phosphazenes [10]. 

Among them, phosphoric esters such as trimethyl phosphate (TMP) and triethyl phosphate (TEP) 

well known as flame retardant additives for plastics are suitable for electrolyte solvents due to their 

high dielectric constant, high salts’ solubility, relatively low viscosity and wide liquid temperature 

range, so there are many examples of studies using phosphoric esters. 

The problem with phosphoric ester electrolytes is essentially the low reductive 

electrochemical stability and resultant low reversibility of Li deposition and dissolution [11-12]. 

Normally, favorable SEI formation is unlikely to be formed in phosphoric ester electrolytes. It has 

been reported that the additives (FEC, LiNO3) [13-14] or concentrated electrolyte [15-16] 

improves the reversibility in phosphoric ester electrolytes. The author has previously investigated 

the effect of current density on the morphological variation of electrodeposited Li. Here, the author 

has confirmed that the SEI formed prior to Li deposition also exhibited different behavior 

depending on the current density and deduced the difference in defect density of SEI as one of the 

factors responsible for Li deposits’ morphology [17]. Although it can be said that the key is the 

formation of SEI suitable for phosphoric ester electrolyte and the control of Li deposition 

morphology, there are few studies dealing with effects of current density on morphological change 

of Li electrodeposited in phosphoric ester electrolytes in detail. 

It is well known that anions are involved in SEI formation. The author found that lithium 

difluorophosphate is relatively well soluble in phosphoric esters while it has only 1% solubility in 

ordinary carbonate ester solvents. This study presents the battery characteristics using the 

electrolytes based on LiPO2F2/TEP with/without ethylene carbonate (EC) as film-forming agent 

and LiPF6 to supplement the conductivity as well as the results of a survey on the flame retardancy 

of the electrolyte. 
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7.2   Experimental 

LiPF6, LiTFSI (lithium bis(trifluoromethanesufonyl)imide) and LiPO2F2 were obtained from 

Stellachemifa corp. as test samples. LiTFSI was dried at 150 °C for 24 h under nitrogen flow before 

use. The electrolyte solvents of TMP and TEP were purchased from Tokyo Chemical Industry Co., 

Ltd. and battery-grade EC (ethylene carbonate) and PC (propylene carbonate) were purchased 

from Kishida Chemical. TMP and TEP were dehydrated by molecular sieves (ZMS LiX). EC and 

PC were used as received. The electrolyte solutions were prepared using 10 mL measuring flasks 

in an argon glove box (Takasugi Seisakusho; G65MVAV; dew point < -90 °C). The moisture value 

of each electrolyte was confirmed to be less than 30 ppm by Karl Fischer titrator (AQ-7, Hiranuma 

Sangyo Co., Ltd.). Conductivity was measured by using a conductivity meter (TOA-DKK 

corporation: CM-42X).   

Electrospray ionization mass spectrometry (ESI-MS) measurements of the electrolyte were 

performed using LC-MS (Waters corporation; Acquity SQD2 LC-MS with H-Class UPLC). 

Cationic clusters and anionic clusters were analyzed in positive and negative modes, respectively. 

Each electrolyte solution was diluted 1/1000 times with acetonitrile. The cone voltage was set to 

70 V and the desolvation temperature to 250 ℃. 

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and chronopotentiometry (CP) 

were performed in an argon glove box using a three-electrode cell. As for CV and LSV, the 

working electrode was a 5 mm square Ni sheet with a thickness of 80 μm (Nilaco Corp.) and the 

counter and reference electrodes were lithium foil with a thickness of 200 μm (Honjo Metal Co., 

Ltd.). For CP experiments, the working electrode was Ni wire (Nilaco Corp.) 500 μm in diameter 

and lithium foil was used for the counter and reference electrode. Pretreatment of Ni electrodes 

was performed in the same way as described in the previous report [17]. Electrochemical 

measurements were performed using HZ7000 (Hokuto Denko).  

After electrolysis, the electrodes were washed with dimethyl carbonate (DMC) and vacuum-

dried in the pass box of the argon glove box, then analyzed by XPS (VersaProbe III; ULVAC PHI, 
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Inc.) and observed by SEM (JSM-7800F; JEOL). Transfer vessel was used for XPS analysis and 

SEM observation to prevent contact with atmosphere. 

Cell characteristics were evaluated using CR-2032 type coin cells. NCM electrode sheet 

(design capacity; 1.5 mAh cm-2, manufactured by Piotrek Co., Ltd.) was punched to φ11.30 mm 

(ca. 1 cm2) for the positive electrode. The punched positive electrode sheets were placed in a 

transfer vessel and vacuum-dried at 100 ℃ for 12 h. For the negative electrode, a lithium foil (0.2 

mm thick, Honjo Metal Co., Ltd.) punched to φ11 mm in an argon glove box was used. For the 

separator, a glass filter (Advantech Toyo, GC-50) with a thickness of 190 µm was punched to ø19 

mm and vacuum-dried at 100 °C for 8 h.  100 µL of electrolyte was used for each coin cell. The 

parts of coin cell were purchased from Hosen corp. Charging and discharging tests were conducted 

using a BTS2004W (NAGANO Co., Ltd.). Both charging and discharging were performed at the 

same current density and the terminal voltages were 4300 mV and 3000 mV, respectively. 

Charging and discharging were performed up to 100 cycles in total.  

Flame retardancy tests were conducted as follows. The electrolyte was soaked into a glass 

filter (Advantech Toyo, GC-50) pinched with metal tweezers and exposed to an open flame with 

an ignition rod for 1 s and the combustibility was captured by a video camera. 

 

 

7.3   Results and Discussion 

7.3.1   Electrolyte characteristics 

Fig. 7-1 shows the concentration dependence of conductivity at 25 °C for the electrolytes 

consisted of LiPF6, LiTFSI and LiPO2F2 as the salt and TEP or TMP as the solvent. LiPO2F2 is 

known as an additive for carbonate ester electrolytes [18-20], but it is hard to dissolve in carbonate 

ester solvents even at about 1%. Solubility of LiPO2F2 in phosphoric ester solvents were examined 

and found to be much easier to dissolve than in carbonate ester solvents. It was confirmed to 

dissolve up to about 2 M, although it became less soluble at higher concentrations. However, the 
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conductivity of LiPO2F2 electrolyte was about 0.5 mS cm-1 at 1 M, which was considerably lower 

than that of LiPF6 and LiTFSI. This suggests that the dissolution phenomenon of LiPO2F2 is not 

due to salt dissociation, but may be related to another mechanism.   

    The results of LC-MS analysis of three electrolytes, 1 M LiPF6/TEP, 1 M LiTFSI/TEP and 1 M 

LiPO2F2/TEP, are shown in Fig. 7-2. In the electrolyte with LiPF6 and LiTFSI dissolved in TEP, 

clusters with one to three TEP molecules coordinating to lithium ions were mainly detected in the 

positive mode, while PF6
- or TFSI- was detected as the main component in the negative mode. In 

addition, trace amounts of associated LiPF6 or LiTFSI coordinated by their respective anions were 

also detected. 

In the case of LiPO2F2, Li+ solvated by one to three TEP molecules in the positive mode and 

the PO2F2 anion in the negative mode were detected similar to LiPF6 and LiTFSI. However, 

difference from the case of LiPF6 and LiTFSI is the prominence of clusters in which Li+ or PO2F2
- 

is coordinating to the associated LiPO2F2. This may be related to the fact that LiPO2F2 dissolves 

in TEP but has considerably lower conductivity than LiPF6 or LiTFSI as indicated in Fig. 7-1. This 

means that the dissolution phenomenon of LiPO2F2 into TEP is thought to be caused not only by 

salt dissociation due to solvation of TEP molecules with Li+ but also by the mechanism of cluster 

ion formation by coordination of dissociated Li+ or PO2F2
- to associated LiPO2F2. Therefore, such 

cluster ions are assumed to be responsible for the low conductivity of the LiPO2F2/TEP electrolyte.   

    Next, CV measurements were performed in order to investigate Li deposition and dissolution 

behavior in TEP electrolyte with LiPF6, LiTFSI and LiPO2F2 and the results are shown in Fig. 7-3. 

Although TEP electrolytes using LiPF6 or LiTFSI had good conductivity, the reversibility of 

lithium deposition and dissolution was poor. On the other hand, the use of LiPO2F2 electrolyte 

with poor conductivity showed an improvement in the reversibility. Although the applicability of 

phosphoric ester electrolyte to graphite or lithium metal negative electrode has been studied 

extensively, unfavorable reduction stability and lack of SEI formation capability of phosphoric 

ester solvents have been cited as problems [11-12]. It was suggested that lithium metal negative 
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electrode performance could be improved by incorporating LiPO2F2 into phosphoric ester 

electrolytes. 

 

7.3.2   Li deposition behavior in TEP electrolytes 

The LSVs at a scan rate of 1 mV s-1 on a Ni foil electrode (0.5 mm × 0.5 mm × 0.1 mm) in 

three different electrolytes of 1 M LiPF6/TEP, 1 M LiTFSI/TEP and 1 M LiPO2F2/TEP are shown 

in Fig. 7-4 (a-Ⅰ), (b-I) and (c- I), respectively. The potential was swept from OCV to 2 V, 1 V, 0 V 

and Li deposition potential. The results of XPS analysis after electrolysis are shown in Fig. 7-4 (a-

II), (b-II) and (c-II). 

In the case of LiPF6 and LiTFSI, a weak current begins to pass at around 2.6 V vs. Li+/Li, and 

then several peaks can be observed while sweeping the potential. The current gradually amplifies. 

On the other hand, in the case of LiPO2F2, a weak current begins to appear almost immediately 

after sweeping the potential from OCV to the negative direction and a distinctive large peak is 

observed at around 2 V. The current appears to be suppressed after the first large peak. 

The XPS results show quite differences in the chemical species formed on the electrode 

surface depending on the salts. In the case of LiPF6, the formation of LiF can be recognized by 

sweeping from OCV to 2 V and then LiF peak becomes more distinct as the potential sweeps down 

to lower direction. In (a-I), the current begins to increase rapidly when it reaches a potential lower 

than 0 V. Although the current is expected to be derived from Li deposition, it is not possible to 

clearly identify the signal attributed to the Li1s in (a-II). On the other hand, the presence of 

phosphate can be confirmed in P2p at 0 V or lower potential. Considering the poor reversibility of 

CV in Fig. 7-3, it can be inferred that the decomposition of phosphoric ester is not sufficiently 

suppressed.   

In the case of LiTFSI, the current during sweeping up to 2 V is much lower than that of LiPF6. 

In F1s, a weak peak originating from the CF3 group and LiF can be recognized.  These peaks 

become pronounced by sweeping down to 1 V and sulfate bonds can be ascribed from O1s and 
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S2p, implying that the TFSI anion is being decomposed.  Furthermore, the sulfide bonding peak 

also can be seen in the sweep up to 0 V. At potentials lower than 0 V, the presence of Li can be 

clearly seen in Li1s, which was not seen in the case of LiPF6. This is reflected on the improved 

reversibility in the LiTFSI electrolyte compared to that in the LiPF6 electrolyte as shown in Fig. 

7-3.   

For LiPO2F2, a large peak current appears at 2 V. Presence of fluorophosphate groups along 

with LiF is distinctive for LiPO2F2 compared to the cases of LiPF6 and LiTFSI.  LiF formation 

becomes clearer and the presence of phosphate becomes more evident as the potential sweeps to 1 

V and then to 0 V. It is presumed that the decomposition of PO2F2 anion is followed by the 

decomposition of the phosphoric ester. The presence of Li can be clearly confirmed when the 

potential is swept to lower than 0 V. Considering the improved reversibility of Li deposition and 

dissolution in Fig. 7-3, LiPO2F2 is expected to form favorable SEI for Li deposition accompanying 

with the decomposition of the phosphoric ester. 

To investigate the origin of the low reversibility in LiPF6/TEP electrolyte and LiTFSI/TEP 

electrolyte shown in the left figure of Fig. 7-3, chronopotentiometry (CP) was performed up to 

1800 mC cm-2 at different current densities. Fig. 7-5 shows its coulomb efficiency for Li deposition 

and dissolution. Results in PC electrolyte are also shown as an example for a common carbonate 

electrolyte. Since EC is solid at room temperature, PC was chosen. The TEP electrolyte, whether 

the salt is LiPF6 or LiTFSI, shows a high coulomb efficiency around 95% at low current densities 

of 0.04 to 0.2 mA cm-2.  However, the coulomb efficiency drops sharply when the applied current 

density is 0.4-0.5 mA cm-2. On the other hand, PC-based electrolytes show the opposite trend, i.e., 

the lower the current density, the lower the coulomb efficiency.   

The chronopotentiograms for Li deposition and dissolution in 1M LiTFSI/TEP at 0.4 

mA cm-2 up to 1800 mC cm-2 are shown in Fig. 7-6(a). SEM images of the electrode surface at 100 

mC cm-2, 1000 mC cm-2, 1800 mC cm-2 and after dissolution are shown in Fig. 7-6(b).  At 100 mC 

cm-2, deposits with a large aspect ratio of several tens to 100 nm in diameter and several μm to 10 

μm in length are formed along with the electrode surface.  After the electrolysis up to 1000 mC 
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cm-2, it can be seen that this large aspect ratio deposit has further developed and intertwined fibrous 

deposits have begun to cover the electrode surface. At 1800 mC cm-2, the formation of numerous 

granular deposits of 1 to 2 μm in diameter can be identified among the fibrous deposits. The SEM 

image after dissolution indicates that the granular deposits appear to shrink, suggesting the 

dissolution of the granular lithium. However, most of the fibrous deposits remain. Immediately 

after the start of dissolution, the fibrous deposits begin to dissolve due to many electrical contacts 

in the fibrous deposits' network. Since each deposit is very thin, it is easy to imagine that the 

electrical contact with the electrode substrate is easily lost at the root.   

Fig. 7-7 also shows the results for SEM observation of Li deposits' morphology in 1M 

LiPF6/TEP and 1M LiPO2F2/TEP at 0.4 mA cm-2. As shown in Fig. 7-7(a), deposits with very large 

aspect ratios are also observed in 1M LiPF6/TEP, the same as in the case of LiTFSI. Fibrous 

deposits did not appear under the very low current density, and perhaps because of this, the 

coulomb efficiency was rather good. On the other hand, in 1M LiPO2F2/TEP, the aspect looks 

slightly different from that of LiTFSI or LiPF6 as shown in Fig. 7-7(b).  In the case of LiPO2F2, 

dendrites appeared but fibrous deposits have not developed. Besides, the deposits seem to have a 

rigid structure compared to LiTFSI or LiPF6. One of the reasons for the poor reversibility of lithium 

deposition and dissolution in the phosphoric ester electrolyte may be the fibrous morphology of Li 

that emerges above a certain current density when LiTFSI or LiPF6 is used as a salt.   

As an approach to improve the reversibility in the phosphoric ester electrolyte, the author 

attempted to combine LiPF6 and LiPO2F2 as the salts and TEP and EC as the solvents, based on 

the results as demonstrated in Fig. 7-5 and in Fig. 7-7.  From the viewpoint of SEI formation 

capability, EC was selected as the carbonate solvent instead of PC [21]. The results of the coulomb 

efficiency for LiPF6, LiPO2F2 and a mixture of LiPF6 and LiPO2F2 in the electrolytes with different 

ratios of TEP and EC are shown in Fig. 7-8. When EC:TEP=1:1 (v/v), they all show comparable 

coulomb efficiencies, but as the ratio of EC decreases, the coulomb efficiency drops rapidly for 

LiPF6 only. When LiPO2F2 itself or a mixture of LiPO2F2 and LiPF6 is used as the salts, the 
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coulomb efficiency enhances, especially in the range of high phosphoric ester ratios, indicating 

that the addition of LiPO2F2 suppresses the degradation caused by LiPF6.  

 

7.3.3   Coin cell evaluation 

Next, coin cells were fabricated with only a Cu current collector as the negative electrode and 

Li foil as the positive electrode. Nine different electrolytes were used in the coin cell: LiPF6, 

LiPO2F2 and LiPF6+LiPO2F2 as salts and three different solvents with different ratios of EC and 

TEP (1:9, 2:8 and 3:7). The charge-discharge characteristics of the coin cells are shown in Fig. 7-9 

when deposited lithium is equivalent to 3600 mC cm-2(1 mAh cm-2) at a current density of 0.5 mA 

cm-2. When LiPF6 is singly used as salt, regardless of the ratio of EC and TEP, the overvoltage 

during charging and discharging increases with cycles, resulting in capacity degradation. The 

degradation is more pronounced the lower the EC ratio. On the other hand, when LiPO2F2 is used 

singly or mixed with LiPF6, the overvoltage during charging/discharging remains stably lower and 

there can be seen less degradation in capacity than the case of single use of LiPF6. Fig. 7-10 (a) 

and (b) show the results of the cycle test at 0.33 C and 1.0 C of coin cells consisting of lithium foil 

as negative electrode and NCM as positive electrode, respectively, with the three electrolytes of 

EC:TEP=2:8 (v/v) that showed good characteristics in Fig. 7-9 (b). While significant degradation 

is observed in the case of LiPF6 alone, the mixture of LiPO2F2 shows improvement in capacity 

retention and coulomb efficiency. 

 

7.3.4   Flammability test of electrolyte 

The flammability of electrolytes were evaluated by placing glass filters soaked with the 

electrolytes close to an open flame. A typical result of flammability test is shown in Fig. 7-10. It 

was confirmed that 0.5 M LiPO2F2+0.5 M LiPF6/EC+TEP (2:8 v/v) did not ignite when in contact 

with flame, whereas the conventional electrolyte (1 M LiPF6 / EC+DMC) burned violently. The 

phosphoric ester electrolyte containing LiPO2F2 in this study is expected to contribute greatly 
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toward improving the safety of next-generation batteries using lithium metal as the negative 

electrode. 

 

7.4   Conclusions 

LiPO2F2 was relatively easy to dissolve in triethyl phosphate up to about 2 M, but the 

conductivity was about 0.5 mS cm-2 at 1.0M, roughly 1/10 compared to the electrolyte using LiPF6 

at the same concentration. LC-MS analysis suggested that cluster ions formed by the coordination 

of Li+ and PO2F2
- generated by the solvation of TEP to the associated LiPO2F2, possibly 

responsible for the low ionic conductivity. Cyclic voltammetry of lithium deposition and 

dissolution in phosphoric ester electrolyte revealed that the coulomb efficiency in the TEP 

electrolyte with LiPF6 or LiTFSI was very low and was greatly improved by using or mixing 

LiPO2F2 as the salt. According to SEM observations of the deposits’ morphology at 100 mC cm-2, 

the formation of fibrous deposits with a large aspect ratio of several tens to 100 nm in diameter 

and several μm to 10 μm in length were recognized in the case of LiTFSI or LiPF6. In the case of 

LiPO2F2, dendrites appeared but fibrous deposits have not developed. In addition, the deposits 

seemed to have a rigid structure compared to LiTFSI or LiPF6. One reason for the poor reversibility 

of lithium deposition and dissolution in the phosphoric ester electrolyte may be the fibrous 

morphology of Li emerging above a certain current density when LiTFSI or LiPF6 is used as a salt. 

Significant improvements in charging and discharging characteristics were confirmed in coin cell 

tests by using the electrolytes based on LiPO2F2/TEP mixed with EC as film-forming agent and 

LiPF6 to supplement the conductivity compared to LiPF6/TEP.  It was found that the presence of 

LiPO2F2 suppressed the degradation as seen when LiPF6 is used alone as a salt. In the flammability 

test, the phosphoric ester electrolyte composition (LiPO2F2+LiPF6/EC+TEP) found in this study 

exhibited excellent flame retardant properties. The knowledge obtained in this study on flame-

retardant electrolytes using phosphoric ester could be very useful for battery systems aiming at the 

practical use of lithium metal negative electrodes. 
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Figure 7-1. Concentration dependencies of conductivity for the solutions of LiPF6, LiTFSI and 

LiPO2F2 in phosphoric ester (TEP or TMP) at 25 ℃. 
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Figure 7-2. ESI-MS spectra of positive ion mode (left side) and negative ion mode (right side) for 

(a) 1 M LiPF6/TEP, (b) 1 M LiTFSI/TEP and (c) 1 M LiPO2F2/TEP. 
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Figure 7-3. Cyclic voltammograms of Li electrodeposition in 1.0 M LiPF6/TEP and 1.0 M 

LiTFSI/TEP (left side), and in 1.0 M LiPO2F2/TEP (right side). 

 (W.E.: 5 mm×5 mm×0.1 mm Ni sheet, C.E. and R.E.: Li foil. Scan rate: 1 mV s−1.) 
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Figure 7-4. LSV curves when the potential is swept from OCV to 2, 1, 0 V and Li deposited 

potential in (a-Ⅰ)1.0 M LiPF6/TEP, (b-Ⅰ)1.0 M LiTFSI/TEP and (c-Ⅰ)1.0 M LiPO2F2/TEP. (W.E.: 

5 mm×5 mm×0.1 mm Ni sheet, C.E. and R.E.: Li foil. Scan rate: 1 mV s−1.).  (a-Ⅱ)～(c-Ⅱ) 

Corresponding XPS spectra of the electrode surface after each LSV scan.  
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Figure 7-5. Coulomb efficiency of galvanostatic Li electrodeposition and dissolution at different 

current densities in TEP and PC electrolyte (Salt; LiPF6 or LiTFSI, Salt concentration: 1 M, W.E.: 

L 10 mm × φ 0.5 mm Ni wire, C.E. and R.E.: Li foil). 
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Figure 7-6. (a) Chronopotentiogram of galvanostatic Li electrodeposition and dissolution in 1M 

LiTFSI/TEP at 0.4 mA cm-2 (Coulomb quantity passed during deposition: 1800 mC cm-2). (b) SEM 

images of electrodes at the coulomb quantity of 100, 1000, 1800 mC cm-2 and after dissolution. 
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Figure 7-7. SEM images of galvanostatically electrodeposited Li in (a) 1 M LiPF6/TEP and (b) 1 

M LiPO2F2/TEP on Ni wire electrode at the coulomb quantity of 100, 1000, 1800 mC cm-2 (Current 

density: 0.4 mA cm-2). 
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Figure 7-8. Effect of solvent ratio of EC/TEP on coulomb efficiency of Li electrodeposition and 

dissolution on Cu electrode. 
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Figure 7-9. Charge-discharge characteristics of Cu | Li cells with EC+TEP (upper: 1:9 v/v%, 

middle: 2:8 v/v%, lower: 3:7 v/v%) based electrolyte solutions with LiPF6, LiPO2F2 and 

LiPO2F2+LiPF6 at 0.5 mA cm-2. Li deposition capacity is 3600 mC cm-2 (1 mAh cm-2) and 

discharge cutoff voltage is 1.0 V. 
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Figure 7-10. Cycling performance of Li｜NCM111 cells with three kinds of LiPF6 or LiPO2F2
 

dissolved EC+TEP (2:8 v/v%) based electrolyte solutions. Capacity retention and coulomb 

efficiency at charging/discharging current density of (a) 0.5 mA cm-2 (0.33 C) and (b)1.5 mA cm-2 

(1 C). 
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Figure 7-11. Photographs of flammability test for conventional organic electrolyte (left) and 

phosphoric ester electrolyte of this study (right). 
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Chapter 8 

Improvement of Non-flammable Phosphoric Ester 

Electrolyte for Lithium Metal Batteries by Mixed 

Salts of LiPF6, LiPO2F2 and LiNO3 
 

8.1   Introduction 

From the viewpoint of energy density, lithium metal is the most attractive negative electrode 

material, but as is well known, it faces critical problems for practical use [1-3]. First of all, the 

deposition and dissolution potential of Li is the lowest and Li itself is very reactive, so it reacts 

immediately with substances in the electrolyte to form a surface film. In commercially available 

batteries, the decomposition of the electrolyte is self-terminating. However, degradation of the 

electrolyte will proceed if the decomposition reaction of the electrolyte is not suppressed by the 

SEI (solid electrolyte interface). Next, the Li deposition reaction is non-uniform, resulting in the 

dendrite formation and causing short circuits. Furthermore, the most serious problem is that an 

explosion or other catastrophic incident could occur in the event of a short circuit due to the 

extreme flammability of the conventional electrolyte. Therefore, it is essential to design lithium 

metal battery so that they do not burn even if a short circuit occurs.  

The author has recently reported that the performance of lithium metal negative electrode can 

be improved by using electrolyte using LiPF6 and LiPO2F2 as salt and triethyl phosphoric as the 

main solvent [4]. When LiPF6 alone was used as an electrolyte, the decomposition behavior of 

phosphoric ester was confirmed. On the other hand, it was suggested that the mixed use of LiPO2F2 

formed an effective SEI for improving Li precipitation and dissolution characteristics and 

suppressing solvent decomposition. Although the characteristics of coin cells using the same 
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electrolyte were greatly improved, they were by no means satisfactory from a practical standpoint 

and there was still room for improvement.  

LiNO3 is well known as an additive to suppress dendrites of lithium metal negative electrode, 

and there are many reports on the effect of its addition to electrolytes for Li-S batteries in particular 

[5-10]. Since the electrolyte does not require very high oxidation resistance in consideration of the 

working potential of the sulfur positive electrode, ether-based electrolytes have been used in many 

studies. However, the solubility of LiNO3 in ether solvents such as dimethoxyethane (DME) and 

dioxolane (DOL) was around 5 wt%, which was not sufficient. In addition, the use of ether-based 

electrolyte is limited to positive electrode materials such as sulfur and LiFePO4 [11] due to 

oxidation resistance limitations, and oxide-based positive electrode materials with their high 

operating voltage cannot be used. LiNO3 has also been reported as an additive to carbonate ester 

electrolytes [12-13], but LiNO3 has problems such as being even more difficult to dissolve in 

carbonate ester solvents than in ether solvents. Furthermore, to begin with, these electrolytes are 

highly flammable. It is extremely dangerous in the event of a short circuit. 

It is known that LiNO3 dissolves relatively well in phosphate ester solvents. Matsuda et al. 

reported that the oxygen evolution reaction (Li2O2 → O2 +2Li+ + 2e-) during charging occurs 

efficiently in TEP electrolyte dissolving 1M or 3M LiNO3 at the positive electrode of Li-O2 

batteries [14]. In this study, the author has tried to further improve the performance of 

nonflammable electrolyte by mixing LiNO3 as an electrolyte in addition to LiPF6 and LiPO2F2 

used in the previous report, expecting a synergistic effect. Nonflammable electrolytes may be used 

not only as material for liquid batteries but also as aids for forming a smooth reaction interface in 

all-solid-state batteries. The applicability of the newly developed phosphoric ester-based 

electrolyte to lithium metal batteries with a ternary metal oxide positive electrode and the results 

of flammability tests will be presented. 
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8.2   Experimental 

LiPF6 and LiPO2F2 were obtained from Stellachemifa corp. as test samples. LiNO3 was 

purchased from Ardrich reagent and dried at 150 ℃ for 24 h under nitrogen flow before use. 

Triethyl phosphate (TEP) was purchased from Tokyo Chemical Industry Co., Ltd. and battery-

grade ethylene carbonate (EC), propylene carbonate (PC) and dimethylcarbonate (DMC) were 

purchased from Kishida Chemical. TEP was dehydrated by molecular sieves (ZMS LiX). EC, PC 

and DMC were used as received. Preparation of the electrolyte solutions and the measurement of 

their moisture content performed in the same manner as previously reported and the moisture value 

of each electrolyte was confirmed to be less than 30 ppm.  

Coin cell (CR-2032) test was conducted in the same manner as previously reported. For the 

positive electrode, NCM electrode sheet (design capacity; 1.5 mAh cm-2, manufactured by Piotrek 

Co., Ltd.) punched to φ11.30 mm (ca. 1 cm2 ) was used. For the negative electrode, a lithium foil 

(0.2 mm thick, Honjo Metal Co., Ltd.) punched to φ11 mm in an argon glove box was used. Glass 

filter (Advantech Toyo, GC-50) with a thickness of 190 µm was punched to ø19 mm and used as 

separator. 100 µL of electrolyte was used for each coin cell. Charging/discharging cycle tests were 

performed using a BTS2004W (NAGANO Co., Ltd.) at the same current density and the terminal 

voltages were 4300 mV and 3000 mV, respectively. 

The flammability test of the electrolyte was conducted at Kayaku Japan Co., Ltd. by a small 

gas flame ignition test to judge the classification of the electrolyte as a hazardous material. This 

method is used for confirmation tests of hazardous materials Class 2 (flammable solids) under the 

Japanese Fire Service Law and can be also applied to liquids to determine flammability. The 

electrolyte was weighed up to 10 mL in a sample cup, and a diffusion flame adjusted to a length 

of approximately 20 to 40 mm was used to ignite the electrolyte for 1 to 10 s. The flammability of 

the electrolyte was determined from the ignitability and the duration of combustion after the flame 

was released. 
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8.3   Results and Discussion 

8.3.1   Conductivity of the electrolyte 

  Table 8-1 shows the electrical conductivity at 25 °C of electrolytes prepared by using LiPF6, 

LiPO2F2 and LiNO3 as salts and EC+TEP (2:8 v/v%) as a solvent so that the concentration of the 

salts is 1 M, either alone or mixed. For comparison, the result of a common electrolyte, 1M LiPF6 

in EC:DMC (1:1 v/v%), is also shown. Because LiPO2F2 and LiNO3 have very low solubility in 

carbonate ester solvents, the conductivity results using EC:DMC as solvent are only available 

when the electrolyte is LiPF6. Compared to 11.5 mS cm-1 for the conventional electrolyte using 

LiPF6, the comparable 7.2 mS cm-1 for EC:TEP (2:8 v/v%) is rather lower, but still within the 

practical range. LiPF6 provides the highest conductivity among the electrolytes using each of the 

salts alone. LiPO2F2 shows only very low conductivity because it is assumed to be dissolved in 

TEP by the formation of cluster ions, as previously reported. LiNO3 lies between them. Although 

it is not desirable to use LiPO2F2 alone as an salt from the viewpoint of conductivity, it is found 

that the conductivity can be compensated to some extent by mixing with LiPF6 or LiNO3. 

 

8.3.2   Cycle characteristics 

Fig. 8-1 shows the cycling performance of Li | NCM111 cell at 0.5 mA cm-2 (0.33 C) up to 

100 cycles. Comparisons were made between a conventional electrolyte, 1.0 M LiPF6 in EC:DMC 

(1:1 v/v%), and EC:TEP (2:8 v/v%) with single or mixed salts of LiPF6, LiPO2F2 and LiNO3. The 

discharge capacities in the first cycle were 1.5 mA hcm-2 for both electrolytes, which is generally 

close to the designed capacity. The capacity retention indicates how much the discharged capacity 

has changed with respect to the first cycle.  

The capacity retention of 1.0 M LiPF6 in EC:DMC (1:1 v/v%) has decreased to 98% at 20 

cycles and shows unstable behavior in the subsequent cycles. Coulomb efficiency remains at about 

99% until 20 cycles, but then it declines sharply and fluctuates roughly below 99%. It is presumed 

that dendrites generate and micro-short is occurring. The capacity retention decreased with each 
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cycle from 92% at approximately 30 cycles to 77% by 100 cycles, showing significant degradation. 

As previously reported, 0.5 M LiPF6 + 0.5 M LiPO2F2 has improved capacity retention from 77% 

to 91% at 100 cycles, and its coulomb efficiency has remained stable and high. 

Then, 1.0 M LiNO3 and 0.5 M LiPF6 + 0.5 M LiNO3, in which all or half of LiPF6 is replaced 

by LiNO3, also show significant improvements. The capacity retention at 100 cycles has improved 

to 98.0% and 96.7%, respectively. Coulomb efficiency of 1.0 M LiNO3 remains slightly lower at 

99.0%. 0.5 M LiPO2F2 + 0.5 M LiNO3 and 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 in 

combination with LiPO2F2 and LiNO3 showed even better performance with very high capacity 

retention of 98.2% and 98.4% at 100 cycles, respectively. These Coulomb efficiencies have also 

remained well above 99.5%. 

Fig. 8-2 shows the charging/discharging curves. The solid line represents the charging curve 

and the dashed line represents the discharging curve. (a) 1.0M LiPF6 in EC:DMC (1:1 v/v%) has 

overlapping discharging curves and appears stable up to 10 cycles, but the capacity gradually 

decreases as the cycles proceed. (b) 1.0M LiPF6 in EC:TEP (2:8 v/v%) shows potential oscillating 

behavior at the end of the initial charge curve and significant degradation in charge/discharge 

capacity thereafter. On the other hand, electrolytes in which a part of LiPF6 was replaced with 

LiPO2F2 or LiNO3 showed improvement in charging and discharging characteristics, as shown in 

(c)-(g), especially in (g) 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 in EC:TEP (2:8 v/v%), 

where the charge-discharge curves almost overlap up to 50 cycles, indicating that the battery 

performance is very stable. 

Fig. 8-3 shows the transition of capacity retention and coulomb efficiency for a cell with 1/3M 

LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 in EC:TEP (2:8 v/v%) at 1 C rate for up to 500 cycles 

compared to conventional electrolyte. The cell performance with conventional electrolyte begins 

to decline rapidly after 200 cycles. Cells with 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 show 

a capacity retention of about 85% at 500 cycles. Conventional electrolytes are unstable with 

hunting after 200 cycles, but 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 is stable up to 500 

cycles and maintains a coulomb efficiency over 99.5%. 
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8.3.3   Impedance measurement 

For the Li | NCM111 cell after the charge-discharge cycle test in Fig. 8-1, resistance 

separation was performed by AC impedance measurement. Fig. 8-4 shows the equivalent circuit 

used in the impedance analysis. The equivalent circuit consists of a solution resistance (RS), two 

parallel circuits of a resistance (RH1,RH2) and a Constant Phase Element (CPEH1, CPEH2) appearing 

in the high frequency, and one parallel circuit of a resistance (RL) and a CPEL appearing in the low 

frequency [15-16]. The Nyquist plot and fitting results (solid black line) for each cell are shown in 

Fig. 8-5. Table 8-2 summarizes RS, RH1, RL and RTotal (sum of each resistance component) obtained 

from the impedance measurement. 

For solution resistance (RS), all electrolytes are inversely proportional to the conductivity 

results shown in Table 8-1, indicating a correlation between conductivity and Rs. The resistance 

(RH) appearing in the high frequency band is higher for electrolytes dissolving only a single 

electrolyte salt, such as 1.0 M LiPF6 in EC:TEP (2:8 v/v%) and 1.0 M LiPO2F2 in EC:TEP (2:8 

v/v%). This resistance is reduced by mixing LiPO2F2 or LiNO3 with LiPF6. On the other hand, the 

resistance (RL) appearing in the low-frequency band is larger than the solution resistance (RS) and 

the resistance (RH) appearing in the high-frequency band in conventional electrolytes and 

phosphate ester electrolytes with LiPF6 or LiPO2F2 as the sole electrolyte, and it is dominant for 

the total value (RTotal). It can be seen that this RL is also reduced by the mixed use of LiPF6 and 

LiPO2F2 or LiNO3 as well as RH. 

The resistance appearing in the high-frequency band is mainly attributed to the mass transport 

of Li+ on the surface of the positive and negative electrodes, while the arc in the low-frequency 

band is attributed to the charge transfer resistance [17-20]. The Nyquist plot of the impedance 

measurement for a Li symmetric cell (Li | Li) [21] is shown in Fig. 8-6. The resistance appearing 

on the Li metal negative electrode in phosphate ester electrolyte with EC:TEP (2:8 v/v%) as 

solvent is LiPO2F2 ≈ 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 < LiNO3 <<< LiPF6. The Li | 
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Li cell is expected to generate equal resistance at both electrodes. Approximately half of this 

resistance would contribute to the resistance of the NCM | Li cell. When LiPF6 is used alone, it 

can be said that the influence of the Li negative electrode is significant. Since the resistance of the 

Li negative electrode is small when LiPO2F2 is used alone, the relatively high RH and RL in the 

case of LiPO2F2 alone in Table 8-2 are presumably due to the influence of the positive electrode 

side. When LiNO3 is used alone, the resistance is kept low as can be seen in Table 8-2. However, 

Fig. 8-1(b) shows that the coulomb efficiency remained low when LiNO3 was used alone, 

suggesting that a degradation factor may be involved that does not appear in the resistance. When 

LiPF6 is used alone in the phosphate ester electrolyte, a smooth electrode reaction is expected to 

be inhibited, but this can be improved by mixing LiPO2F2 or LiNO3. 

 

8.3.4   Self-discharge characteristics 

  Fig. 8-7 shows a transient of the open circuit voltage of each battery after charge/discharge 

operation at 0.5 mA cm-2 in the voltage range of 3.0 V-4.3 V. LiNO3 showed a linear decrease in 

voltage, dropping to 4.23 V after 24 h. On the other hand, self-discharge behavior from 4.3 V is 

suppressed for LiPF6 and LiPO2F2. From the results of battery characteristics in 8.3.2 and 8.3.3, it 

is unlikely that the oxidation resistance of the electrolyte using LiNO3 is lower than that of LiPF6 

and LiPO2F2. One possible factor is the difference in the characteristics of the passivation film 

formed on the aluminum current collector. It is well known that LiPF6 forms fluorine-containing 

passivation film on the aluminum surface [22-23]. It is assumed that LiPF6 and LiPO2F2 suppress 

oxidative corrosion of aluminum compared to LiNO3 alone. While single use of LiNO3 leads to 

corrosion of aluminum, mixed use with LiPF6 or LiPO2F is expected to compensate for the 

oxidation resistance of aluminum. 
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8.3.5   Flammability test 

A small gas flame ignition method is used for confirmation tests of hazardous materials Class 

2 (flammable solids) under the Japanese Fire Service Law and can be also applied to liquids to 

determine flammability. As shown in Fig. 8-8, the test is conducted by weighing 10 mL of 

electrolyte into a sample cup and exposing a diffusion flame of ca. 20 to 40 mm in length to the 

electrolyte for 1 to 10 s to ignite it. Flammability is determined from the combustion behavior and 

combustion duration after the flame is released. Table 8-3 summarizes the test results of the 

conventional electrolyte and the developed electrolyte. The conventional electrolyte was 

determined to be "easily ignitable" because it easily ignited at a flame contact time of 1 s and 

continued to burn for more than 10 s after flame separation and the reproducibility for 3 times was 

obtained. On the other hand, 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 in EC:TEP (2:8 v/v%) 

was determined to be "difficult to ignite" because no combustion was observed after 10 s of flame 

contact time and three repeatability. On the other hand, 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M 

LiNO3 in EC:TEP (2:8 v/v%) was determined to be "difficult to ignite" because no combustion 

was observed after keeping flame contact for 10 s and reproducibility was obtained over 3 times. 

 

8.4  Conclusions 

The applicability of phosphoric ester electrolyte to lithium metal batteries combined with a 

4.3 V class ternary metal oxide positive electrode was investigated. In the case of an electrolyte 

containing only LiPF6 as a salt, such as 1.0 M LiPF6 in EC:TEP (2:8 v/v%), the cycle 

characteristics show a decrease in capacity retention with cycles. Addition of LiPO2F2 and LiNO3 

dramatically improved the charge-discharge cycle performance and resistance characteristics. The 

impedance measurement results suggest that LiPO2F2 and LiNO3 act on both the positive and 

negative electrode, forming an effective SEI for charge-discharge reactions and for inhibiting 

solvent degradation. On the other hand, when only LiNO3 was used as a salt, although cycle 

characteristics were good, self-discharge behavior was observed to progress during storage after 
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charging to 4.3V. LiPF6 and LiPO2F2 form a fluorine-containing passivation film on the aluminum 

current collector, whereas LiNO3 alone is not expected to effectively inhibit oxidative corrosion 

of aluminum. 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 in EC:TEP (2:8 v/v%), using a mixture 

of LiPF6, LiPO2F2, and LiNO3 as salts, showed approximately 85% capacity retention and 99.5% 

coulomb efficiency in cycle tests up to 500 cycles at 1 C. Results of an investigation of the 

flammability of electrolyte by small gas flame contact test. Conventional electrolyte was 

determined to be easily ignitable, while the newly developed phosphate ester electrolyte, a mixture 

of three kinds of salts, was determined to be difficult to ignite. More detailed investigation is 

necessary to understand the mechanism by which LiPO2F2 and LiNO3 contribute to the 

improvement of battery characteristics. Based on that, further improvement can be expected by 

optimizing the composition of the electrolyte. The author will also investigate the compatibility of 

the electrolyte with other positive electrode materials to improve the safety and performance of 

lithium metal batteries. 
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Table 8-1. Ionic conductivities of conventional carbonate electrolyte solution and several kinds of 

EC+TEP (2:8 v/v%) based electrolyte solutions with single or mixed salts of LiPF6, LiPO2F2 and 

LiNO3.  

 

 

Table 8-2. Fitting results of resistance in the equivalent circuit model for every electrolyte solution. 

RH means sum of RH1 and RH2, Rtotal means sum of Rs, RH, RL and Rtotal. 
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Table 8-3. Results of flammability test for the electrolytes by flame ignition test. 
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Figure 8-1. Cycling performance of NCM111 | Li cells with conventional carbonate electrolyte 

solution and several kinds of EC+TEP (2:8 v/v%) based electrolyte solutions containing single or 

mixed salts of LiPF6, LiPO2F2 and LiNO3 at current density of 0.5 mA cm-2 (0.33 C) and charge-

discharge voltage range of 3.0 - 4.3V.  (a) Capacity retention and (b) Coulomb efficiency. 
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Figure 8-2. Charge and discharge curves of Li | NCM111 cells with conventional carbonate 

electrolyte solution and indicated several kinds of EC+TEP (2:8 v/v%) based electrolyte solutions 

with single or mixed salts of LiPF6, LiPO2F2 and LiNO3 at current density of 0.5 mA cm-2 (0.33C) 

and charge / discharge voltage range of 3.0 - 4.3V. 
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Figure 8-3. Cycling performance of Li | NCM111 cells with conventional carbonate electrolyte 

solution and 1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 in EC:TEP (2:8 v/v%) at current density 

of 1.5 mA cm-2 (1 C) up to 500 cycles. 
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Figure 8-4. Equivalent circuit model for Li | NCM111 cells. Rs: Solution resistance, RH1, RH2 and 

RL: Polarization resistance, CPEH1, CPEH2 and CPEL: Constant phase element instead of 

capacitance component. 
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Figure 8-5. Nyquist plots and the fitting results for Li | NCM111 cells after 100 cycles. 
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Figure 8-6. Nyquist plots for symmetry Li | Li cells after 100 cycles. 
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Figure 8-7. Comparison of the change in open circuit voltage between the electrolyte types after 

charging and storing at 25 ℃ for 24 h. 
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Figure 8-8. Appearance of flammability test conducted by flame contact method for 

(a)conventional electrolyte (1.0 M LiPF6 in EC:DMC(1:1 v/v%)) and (b)newly developed 

electrolyte (1/3 M LiPF6 + 1/3 M LiPO2F2 + 1/3 M LiNO3 in EC:TEP(2:8 v/v%)). 
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Chapter 9 

General Conclusions 
 

In order to obtain knowledge on the coupling phenomena between morphological variations 

of electrodeposited Li and mass transfer of Li ion and to contribute to the development of safe and 

efficient lithium metal batteries, the author conducted galvanostatic and potentiostatic electrolysis 

in 1M LiTFSI/PC electrolyte and investigated the effects of current density and applied potential 

on the deposition behavior from the very initial stage of Li deposition to the development of 

dendrites. In addition, the author investigated the electrodeposition behavior in ionic liquids 

instead of 1 M LiTFSI/PC electrolyte and tried to develop a new nonflammable electrolyte using 

phosphoric ester toward safer lithium metal batteries. The results of this study can be summarized 

as follows. 

In chapter 2, the effect of current density on the morphological variation during the initial 

stage (up to 100 mC cm-2) of galvanostatic Li deposition on Ni wire was investigated at current 

densities ranging from 0.04 to 60 mA cm-2 in 1M LiTFSI/PC.  The simultaneous growth of 

whisker-like and granular deposits was identified at lower current densities, while the development 

of uniform mesoscopic-sized Li rods was observed at higher current densities.  A transition of 

morphological variations was observed at current densities around 4 mA cm-2.  The formation 

behavior of SEI, which occurs prior to the Li deposition reaction, also differed between higher and 

lower current densities.  The event of sprouting, in which Li precipitates nucleated and grown 

underneath the SEI are extruded from the SEI into the organic electrolyte, was characterized as a 

change point that may have a significant influence on the subsequent growth mode. The diffusion 

coefficient of Li+ in the SEI galvanostatically formed on Ni substrate was estimated to be in the 

order of 10-9 cm2 s-1 by analyzing the behavior of potential change in the early stage of the 

electrolysis. 
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In chapter 3, Li electrodeposition in LiTFSI/PC electrolyte up to 2.22 mAh cm-2 was 

performed by changing the current density from 0.2 to 60 mA cm-2 under optical microscope 

observation.  The evolution of morphological variation followed by the initial stage (less than 

0.028 mAh cm-2 in Chapter 2) was carefully observed.  At lower current densities, a non-uniform 

standalone or stochastic deposition containing filament-like deposition was observed. On the other 

hand, the morphological variation mode was shifted to macroscopically smooth curved surface 

enveloping the numerous tips of similar sized rod-like deposits at higher current density. Two-step 

linearity was obtained in the relationship between the time variations of apparent electrode 

diameter and the square root of the duration period.  The movement of suspended particles was 

occasionally observed.  It suggested the induction of natural convection in the organic electrolyte.  

The limiting current density accompanying Li electrodeposition along a vertical Ni cathode was 

calculated to be 44 mA cm-2, which was well consistent with the LSV measurement. 

In Chapter 4, the Li nucleation and growth behavior was investigated from SEM images 

during galvanostatic electrodeposition up to 10 mC cm-2 in 1M LiTFSI/PC varying current 

densities from 0.2 to 60 mA cm-2. The number of deposits at 10 mC cm-2 increased from 2 to 

4.5×1010 particles cm-2 with increasing current density, and the average particle size slightly 

decreased from about 19 nm to 15 nm. Analysis of the nearest neighbor distances of the deposits 

showed deviation from the Poisson distribution at high current densities, suggesting the influence 

of agglomeration between neighboring deposits. At higher current densities above 4 mA cm-2, the 

number of nucleus obtained by analyzing the behavior of the potential change around the minima 

ranged from 1.2 to 4.5×1010 nuclei cm-2. Their values were in relatively good agreement with the 

results of the SEM image analysis. It was found that conventional nucleation and growth theory 

can be applied to Li nucleation under certain conditions, although it is essentially different from 

metal electrodeposition in aqueous solution due to the presence of SEI. 

In Chapter 5, Li deposition behavior was observed by optical microscopy in 1M LiTFSI/PC 

on Ni wire at constant potentials from 0 mV to -1000 mV up to 8000 mC cm-2. Morphological 

variation was observed depending on the applied potential. Extremely localized deposition was 
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observed at applied potentials higher than -100 mV with a transition to uniform and smooth 

deposition at lower applied potentials. From the results of the double-pulse potential technique, 

nucleation behavior were assumed to be related to the morphological change. While similarities in 

deposition behavior were observed between the galvanostatic and potentiostatic conditions, a 

deviation in deposit morphology and I-V characteristics were observed when the applied potential 

was low. It was considered to originate from the fact that an overvoltage of -100 mV is required 

for Li nucleation and growth to occur on the Ni substrate in the presence of SEI. Analysis of the 

current transient at -400 mV showed that the diffusion coefficient of Li+ in SEI was estimated to 

be 3.3×10-10 cm2 s-1, which is relatively close to the 4×10-10 cm2 s-1 estimated from the potential 

variation during galvanostatic electrolysis. 

In chapter 6, the electrodeposition process of Li metal in 1.0 M LiTFSI - ionic liquid (N-

methoxymethyl-N-methylpyrrolidinium) bis (trifluoromethanesulfonyl) imide was observed in-

situ by optical microscope.  Morphological variations of electrodeposited Li dendrite and its 

growth rate were examined and the ionic mass transfer rate in the vicinity of the electrode surface 

was discussed. Once the dendrite starts to grow, its length is proportional to the square root of time.  

This indicates that the Li+ mass transfer rate affects its growth.  Dendrite growth process can be 

classified into two regions depending on its growth rate: the initiation period and the growing 

period with swinging behavior probably caused by residual stress. 

In chapter 7, the Li deposition behavior in phosphoric ester electrolytes was investigated 

using LiPO2F2 as electrolyte compared to commonly used LiPF6 or LiTFSI.  LiPO2F2 was 

relatively easy to dissolve in triethyl phosphate up to about 2 M, but the electrical conductivity 

was about 0.5 mS cm-2 at 1 M. On the other hand, the use of LiPO2F2 electrolyte was confirmed 

to improve the reversibility of lithium deposition and dissolution. The appearance of fibrous 

morphology of electrodeposited Li in TEP electrolyte with LiTFSI or LiPF6 above a certain current 

density was considered to be a factor in lowering the reversibility.  Improved battery characteristics 

with an optimized TEP electrolyte using LiPO2F2 were confirmed. 
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In chapter 8, the applicability of phosphoric ester electrolyte to lithium metal batteries 

consisting of a lithium metal negative electrode and a 4.3 V class ternary oxide positive electrode 

was investigated.  Improved performance of phosphate ester electrolyte was obtained by mixing 

LiPO2F2 or LiNO3 with LiPF6 as a salt. 1/3M LiPF6 + 1/3M LiPO2F2 + 1/3M LiNO3 in EC:TEP 

(2:8 v/v%) showed approximately 85% capacity retention and 99.5% coulomb efficiency in cycle 

tests up to 500 cycles at 1C.  Progressive self-discharge behavior was observed when LiNO3 was 

solely used as a salt, suggesting that the oxidative corrosion of aluminum was not effectively 

suppressed. As a result of flammability tests, the conventional electrolyte was determined to ignite 

easily, whereas the newly developed phosphoric ester electrolyte was determined to be difficult to 

ignite. 
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