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Lithium dendrites are metallic structures that initiate and grow inside a lithium battery during 

charging. Lithium dendrite growth can negatively affect battery cycle life and safety. Observing 

the dendrite growth process and revealing its interaction with other components is necessary to 

improve battery safety. This study uses a transparent optical cell to directly observe the dendrite 

growth process, explore the lithium dendrite growth modes under various current densities, 

evaluate the interactions between the dendrite and separator, and explore the effect of electrolyte 

additives on dendrite growth behavior. The dendrite growth under different current densities 

showed the transition of dendrite morphologies from a dense structure to a porous structure. The 

examination of the dendrite-separator interaction regions showed that dendrites can deform and 

penetrate the separator. We show that additives can enhance the uniformity of lithium dendrite 

distribution compared with the dendrite formed in the electrolyte without additives. 
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Chapter 1: Introduction 

The lithium-ion battery has been the most widely used power source for portable 

devices. But the safety and reliability of lithium-ion batteries are being challenged by 

numerous incidents. One of the root causes of lithium-ion battery failure is the lithium 

dendrite growth, a major obstacle to ensuring sufficient battery cycle life and safety. 

Lithium dendrites attack the electrolyte and may lead to an internal short circuit (ISC) 

[1], resulting in thermal runaway [2] or catastrophic failure. The hazards of lithium 

dendrites are summarized in Figure 1.1. One example is the Samsung Galaxy Note 7 

fire incident in 2016, which resulted in a mass recall of about 1 million units [3]. It is 

possible that battery defects caused lithium dendrite growth triggered a thermal 

runaway event and eventually caused the battery fire [4]. 

 

Figure 1.1 Lithium dendrite hazards. In this figure, SEI refers to the solid electrolyte 

interphase. 
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Lithium dendrites can affect the safe application of lithium-ion batteries and hinder the 

development of lithium metal-based rechargeable batteries. The performance and 

applications of the current lithium-ion battery are limited by its specific capacity. The 

graphite anode in the current commercial lithium-ion battery has a specific capacity of 

only 372 mAh/g [5], and the overall battery energy density is about 280Wh/kg [6]. 

Higher energy densities require a battery to operate with electrode materials with higher 

specific capacity or larger potential differences. Lithium metal can meet both 

requirements at the same time. This promising candidate has a specific capacity about 

ten times higher than graphite (3860 mAh/g) [7]. And the overall battery energy density 

can increase to 400-500 Wh/kg [6]. However, the lithium dendrite issue hinders the 

development of next-generation rechargeable lithium-ion batteries. The lithium 

dendrite formation and growth should be suppressed or removed first to develop a 

stable rechargeable lithium metal anode.  

 

The lithium dendrite forms on the negative electrode (anode) during the charging 

process. The typical battery structure is shown in Figure 1.2. Inside a battery, if dendrite 

forms, the separator and electrolyte are in direct contact with it. The separator is a 

typical component that works as a mechanical barrier, and existing works showed that 

engineering the battery electrolyte property can alter the dendrite growth behavior. 

Understanding the mechanism of lithium dendrite evolution will aid in suppressing 

dendrite growth to enhance battery system safety and reliability. However, the battery 

is usually enclosed in a sealed case which is not transparent; direct dendrite growth 

observation is not enabled, and it is difficult to evaluate the relationship between 
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dendrite growth and influential factors such as current density, electrolyte additive, and 

separator. 

 

Figure 1.2 Cylindrical battery structure. In this figure, PTC refers to the positive 

temperature coefficient thermistor. 
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Chapter 2: Literature Review 

Safety is a significant concern in electronic products powered by lithium-ion batteries, 

despite technological improvements in lithium-ion battery chemistry and design [8] [9]. 

One of the causes of thermal runaway, fires, and explosions is lithium dendrites [10] 

[11]. A lithium dendrite is a metallic microstructure formed on the anode and will grow 

toward the cathode, typically during battery charging. Once the dendrite connects two 

electrodes, it will let the current pass through, thus heating the surrounding organic 

materials and triggering an exothermic reaction, often leading to thermal runaway [12] 

[13].  

 

Lithium dendrite is a metallic microstructure formed during the charging process—the 

lithium deposits on the negative electrode. Various terms were used in lithium dendrite 

research papers, such as “lithium plating [14],” “lithium deposition [9],” “dendritic 

growth [15],” and “filament [16].” In the literature, there are also other morphologies 

reported: “lithium needle [17],” “dendritic,” “mossy [18],” and “arborescent like 

morphology [19].” The lithium plating is prone to grow in the dendritic format 

compared to other metal deposition processes [20]. These terms cover the observation 

results ranging in dimension from micrometer to millimeter levels. To make the 

experimental results from different battery systems comparable, Frenck et al. [21] 

suggested using normalized current density, which is the applied current density over 

the limiting current density.  
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Lithium dendrite growth is an electrochemical plating/deposition process. The current 

theory about lithium dendrite formation regarded this phenomenon as a direct result of 

nonuniform current distribution on the electrode. Due to the reactivity of lithium metal, 

when used in combination with non-aqueous electrolytes, a SEI layer covers the lithium 

electrode, a decomposition product from the electrolyte. Thus, the SEI and ion 

migration properties depend on the electrolyte. Since lithium-ion batteries work 

through the intercalation mechanism, the presence of metallic lithium metal is not 

desired. Depending on the morphology of the formed lithium dendrite, the localized 

stress and current density can be increased [22], [23]. Rechargeable lithium metal 

batteries work through the plating of lithium ion. Uniform plating is preferred over non-

uniform plating (or dendritic plating). Figure 2.1 is a schematic illustration of the 

lithium dendrite growth within a symmetrical lithium metal cell. The gray parts 

correspond to lithium metal. The light green layer indicates the SEI layer and the dark 

green spots are locations with higher lithium ion flux. Dendrite growth occurs under 

several influential factors such as current density, electrolyte composition, separator, 

temperature, and charging profile. The response of lithium dendrite growth to these 

factors, such as the growth speed and the morphologies, are features to understand the 

lithium dendrite growth mechanisms.  

 

Figure 2.1 Local enhancement of Li ion flux. 
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2.1 Influential factors for lithium dendrite growth 

The lithium dendrite morphology is influenced by various factors, which can be 

classified into thermodynamic and kinetic factors. The thermodynamic factors include 

temperature, surface energy, migration energy, and adsorption energy [24]. These 

factors relate to dendrite nucleation [25] and thermal relaxation [26]. Love et al. [27] 

showed the different dendrite morphologies under -10 °C, -5 °C, and 20 °C. Three 

different dendrite-separator interaction mechanisms were proposed. The kinetic factors 

include current density, ion diffusivity, electronic field, and charge transfer. 

 

The methods for suppressing lithium dendrite growth involve regulating the 

environmental conditions and modifying electrodes, electrolytes, and separators. 

Various research groups have proposed methods for suppressing or blocking dendrite 

growth, such as the usage of anode coating [28], [29], composite polymer electrolyte 

[30], and concentrated electrolyte solution [31]. However, altering the battery materials 

alone does not guarantee complete suppression. Especially when the cycle number 

increases, the stability of the fine structure of the host material for lithium is 

questionable. 

2.1.1 Temperature 

In terms of temperature dependencies on dendrite growth, Love et al. [27] studied 

dendrite growth on symmetric Li cells in the electrolyte of EC: DMC (ethylene 

carbonate and dimethyl carbonate) with 1 M LiPF6 at three ambient temperatures (–10, 

5, and 20 °C). All three samples were charged using a constant current of 5 mA/cm2. 

They observed dendrites having a mushroom-shaped structure at -10°C and a needle-
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like shape at 5 °C and 20 °C. Aryanfar et al. [32] conducted constant charging tests on 

symmetric Li cells in the electrolyte of PC with 1 M LiClO4 at 21, 48, and 70 ℃, 

respectively. Comparing the average dendrite lengths from all the three samples tested 

using a constant charge current of 2 mA/cm2, they observed that dendrite grew more 

slowly at higher temperatures. They attributed this phenomenon to a thermal relaxation 

effect, which facilitates the diffusion of lithium atoms from the protruding part to the 

flat section. Akolkar [33] also mathematically models dendrite growth. The model-

based simulation provides an estimate of the dendrite growth rate ratio, which is 

defined as the ratio of the localized current density at the dendrite tip to the current 

density of the flat electrode. When this ratio reaches a predetermined temperature 

threshold, the dendrite growth will transition from suppressed growth to uncontrolled 

dendritic growth. In a temperature range of -25 ℃~25 ℃, the author examined his 

model with the parameters of electrolyte EC: DMC with LiPF6. The model is a function 

of current density ranging from 2 to 22 mA/cm2, and the critical temperature gradually 

increases when the current density increases. 

2.1.2 Current density 

The effect of current density on dendrite growth rate was studied in the electrolyte of 

PC: DMC with 1 M LiPF6 by Akolkar [34], who found that the dendrite growth rate 

can be estimated by the local current density at the dendrite tip, which is a function of 

flat surface current density and tip radius. Orsini et al. [35] conducted dendrite growth 

tests on three different types of electrodes: lithium, copper, and graphite, under 

galvanostatic conditions up to 2.6 mA/cm2: 0.22, 0.45, and 0.9 mA/cm2 for lithium; 

0.45 and 2.6 mA/cm2 for copper; less than 0.1 mA/cm2 for graphite (exact value not 
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reported). Among their test results, increasing current density leads to the lithium 

dendrite morphology from “moss” (mossy) to “bulge” (shaper than mossy, but not 

dendritic) to “dendrite” (dendritic). Seong et al. [36] employed the “total amount of 

discharge” (discharge coulombs) as an indicator to quantify the current density effect 

on the lithium powder electrode. The electrolyte of EC: DMC with 1 M LiClO4 was 

used, and samples were tested under galvanostatic conditions at 0.2, 0.5, 1, 2, and 5 

mA/cm2. Brissot et al. [19] studied the dendrite growth in symmetric lithium cells at 

80 ℃ in the polymer electrolyte, which is the combination of poly(ethylene oxide) and 

LiN(CF3SO2)2. Samples were tested under galvanostatic conditions at 0.03, 0.05, 0.1, 

and 0.7 mA/cm2. According to the dendrite growth onset time difference, current 

densities were classified into two regions (separated at 0.18 mA/cm2) where the formed 

dendrites have different morphologies.  

2.1.3 Electrode 

 

The negative electrode made of lithium metal will react immediately without charging 

with the surrounding electrolyte. In this process, an SEI layer will form at the interface. 

Compared with the graphite electrode, the lithium metal electrode is “hostless” [37]. 

The relative volume change of lithium metal electrodes is “virtually infinite” [38]. The 

huge volume change makes keeping a stable SEI layer on the lithium electrode 

challenging. Fresh lithium metal will be exposed to the electrolyte and continuously 

consume the electrolyte and reversible lithium content. 
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2.1.4 Electrolyte 

The electrolyte is another battery component directly related to lithium dendrite 

growth. In the system of lithium metal negative electrodes combined with liquid 

electrolytes, the lithium dendrite is covered by an SEI layer. The SEI thickness is at the 

nanometer level [37]. The SEI layers are not uniform in either thickness or composition. 

The SEI layer properties depend on the electrolyte composition and the applied current 

density [39]. The electrolyte decomposition and SEI layer formation involve multiple 

steps [40].  

 

The electrolyte is a mixture of organic solvent, lithium salt, and some additives [41]. 

The solvent of commercial lithium-ion batteries electrolyte has various choices, EC 

(Ethylene carbonate), DMC (Dimethyl carbonate), EMC (Ethyl methyl carbonate), and 

DEC (Diethyl carbonate) [42]. A compatible organic electrolyte is necessary for 

lithium metal-based rechargeable batteries in the future. The traditional aqueous 

electrolyte will already be decomposed because the lithium metal battery has a voltage 

higher than 4.0 V [43].  A counterexample is a battery with Li4Ti5O12 anode material, 

which works at a lower voltage (higher potential on the anode side) and has no SEI 

layer formation or gaseous decomposition products [44]. The lithium salt used in the 

commercial electrolyte is usually LiPF6. The commercial battery electrolyte usually 

contains additives other than pure solvent and a lithium salt, such as the SEI forming 

improver, cathode protection agent, lithium deposition improver, overcharge protection 

additives, flame retardant, and so on [45].  
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Electrolyte composition is expected to impact dendrite formation because it affects the 

composition of the SEI layer where dendrites initiate. Jeong et al. [31] found that the 

SEI formed in propylene carbonate (PC) electrolyte with higher LiN(SO2C2F5)2 

concentrations can retard dendrite growth and improve cycling efficiency.  Liu et al. 

[46] showed that their co-doped electrolyte could delay dendrite growth compared to 

other composite solid polymer electrolytes. Mogi et al. [47] tested the dendrite-

blocking effect of PC-based electrolytes with different organic additives. They found 

that electrolytes with fluoroethylene carbonate (FEC) improved the battery life of the 

sample with the lithium-metal anode. 

2.1.5 SEI 

The SEI layer properties are dependent on the electrolyte composition. The electrolyte 

decomposition and SEI layer formation involve multiple steps [40]. Kim et al. [48] 

revealed the electrolyte decomposition process through a molecular dynamic 

simulation and varied their results with other experimental results. They studied the 

EC: DMC system, the electrolyte used in this study. In this system, the EC and DMC 

will generate the “radical anion” LiOCO2C2H4, (LiOCO2CH3), and LiOCO2CH3 from 

the primary decomposition reaction. In the secondary decomposition process, Li2CO3, 

Li2O, CO, Li2CO3, LiOCH3, C2H4, LiEDC, and LiOCO2C2H4 can be generated. 

 

Due to the chemical reactivity of lithium metal, a non-aqueous organic electrolyte such 

as ethylene carbonate/dimethyl carbonate (EC: DMC) is used for the lithium metal 

system. The SEI thickness is at the nanometer level [37]. The SEI layer is a combination 
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of both organic and inorganic composite. The SEI layer’s unevenness in thickness and 

composition can cause current redistribution near the lithium metal negative electrode.  

Various SEI compositions have been reported in research papers: (CH2OCO2Li)2 [49], 

ROCO2Li [50], Li2CO3
 [51], ROLi [52], LiF [53], Li2O [54], polycarbonates [55], 

LiOH [56], Li2C2O4 [57], and HCOLi [58]. The SEI layer substantially has a “mosaic” 

structure [59]. But a stable and uniform SEI is always preferred to improve battery 

safety and performance. Generally, the SEI compositions can be classified into organic 

and inorganic categories[60]. The organic part of the SEI layer is more permeable to 

the lithium ions [61], which makes the actual lithium ions flux distribution on the 

electrode surface not uniform. The spot with a higher flux will grow faster than the rest, 

leading to nonuniform lithium deposition or lithium dendrite growth [62]. The variance 

of the SEI composition is due to the multiple choices of the electrolyte and the 

electrolyte decomposition mechanisms.  

 

2.1.6 Separator 

 

In addition to electrolytes, the separator can also influence the lithium dendrite growth. 

Although the separator is not involved in the electrochemical reactions inside a battery, 

the separator has a porous structure containing micropores that interconnect to form the 

space to uptake the electrolyte and create a pathway for the ions. Mechanical and 

structural properties of a separator include thickness, porosity, layer number, puncture 

strength, tensile strength, and tortuosity [63]. Love theoretically analyzed the possible 

interaction modes between lithium dendrites and polymer separators at low 
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temperatures [64]. Through simulations, García et al.  [65] pointed out that the dendrite-

separator modes are coupled with current densities. Bai et al. [66] observed interactions 

between dendrite and nanoporous ceramic separators, showing that various lithium 

dendrite growth modes are current-dependent. The possible blocking effect of polymer 

separators on lithium dendrite growth is also worth investigating, especially through 

in-situ observation methods to reveal different growth modes. Alongside the study of 

separator material and structure, there is also research on improving the separator’s 

function in detecting the lithium dendrite early. Cui et al. [67] developed a separator 

with a conductive layer embedded in the middle. Since the lithium dendrite can cause 

ISC, monitoring the voltage between the conductive layer and the negative electrode 

can detect the lithium dendrite growth. Existing studies regarded the separator as a rigid 

barrier blocking lithium dendrite growth. At the same time, the reverse effect of how 

the dendrite interacts with the separator is rarely mentioned.  

 

2.2 Theoretical work 

The theoretical work about lithium dendrite growth is still in development, especially 

a quantitative model that can accurately predict the lithium dendrite growth behavior 

still needs to be included. One of the reasons is that lithium dendrite is also electrically 

conductive and can continuously alter the geometry of the negative electrode. The other 

reason is that the lithium ion transportation in the lithium plating process is a 

multiphase transportation issue. Instead of Li+ transportation in the pure liquid 

electrolyte phase, transportation in SEI is also essential.  
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The current theory about lithium dendrite formation regarded this phenomenon as a 

direct result of nonuniform current distribution on the electrode. However, the 

understanding of the dynamics of dendrite formation still needs to be improved. For 

instance, there is a debate about why the dendrite growth direction changes in the 

charging process. Nishida et al. [68] attributed this phenomenon to the accumulated 

residual stress in the dendrite growth process, while Steiger et al. [17] regarded the 

dendrite growth point changing as the reason. As noted, the previous work on dendrites 

growth involved electrolyte optimization and study on the temperature and current 

effects. The applied current densities are less than 3 mA/cm2. However, in practice, the 

localized current density on the dendrite tip can reach up to 100 mA/cm2 [34]. To 

evaluate dendrite growth mechanisms within a broader range of current density, higher 

current than the existing studies should be included.   

 

Akolkar [34] developed a mathematical model describing the dendrite growth 

phenomenon during the charging process. In this model, the total overpotential on a 

flat lithium metal electrode includes the activation overpotential and the concentration 

overpotential, as described by the following equation: 

𝜂𝑓 = 𝜂𝑎,𝑓 + 𝜂𝑐,𝑓 =
𝑅𝑇

𝛼𝑐𝐹
ln (

𝑖𝑓

𝑖0
) −

𝑅𝑇

𝑛𝐹
ln⁡(

𝐶𝑒

𝐶0
)         (eq. 2.1) 

Here the αc is the cathodic transfer coefficient, i0 is the exchange current density, and 

Ce is the lithium concentration at the electrode surface. Figure 2.2 is a schematic 

illustration showing the effect of lithium concentration at the electrode surface and 

applied current density on the overall overpotential.     
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Figure 2.2 Lithium concentration at the electrode surface under various current 

densities and voltages. 

 

With the dendrite growth, as illustrated by Eq.2, the local current density at the dendrite 

tip can be higher than the current density on the flat electrode. The relationship between 

the tip current density and the flat electrode current density is shown in the following 

equation: 

𝑅𝑇

𝛼𝑐𝐹
ln (

𝑖𝑓

𝑖0
) +

𝑅𝑇

𝑛𝐹
ln (

𝐶𝑒

𝐶0
) +

2𝛾𝐾

𝑛𝐹𝑟
= 0       (eq. 2.2) 

Here the γ is the interfacial surface tension, K is the molar volume of lithium, and r is 

the radius of the lithium dendrite. 

 

2.3 Observation of lithium dendrite 

To observe the dendrite behavior, techniques such as scanning electron microscopy 

(SEM) [35] and nuclear magnetic resonance (NMR) [69] have been employed. 

However, these methods cannot provide in-situ monitoring to establish the relationship 
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between dendrite growth and electrical signals. Aryanfar et al. [70] developed a 

cylindrical-shaped optical sample to study “dead lithium” formation in the cycling 

process, but this type of cylindrical observation window causes image distortion and 

requires image pretreatment. Steiger et al. [17] constructed a micrometer-level optical 

sample to observe the behavior of a single dendrite in the cycling process. The dendrite 

growth direction change captured in their work was attributed to the growth point 

changing among the dendrite tip, bottom, and kink. However, the theory may not be 

suitable to explain the dendrite growth direction changing on a millimeter scale. Love 

et al. [27] implemented a dendrite observation using an optically transparent cell, which 

will avoid the weakness of the design in [70] and [17]. Our work follows the work of 

Love et al. with some improvements. In addition, we use the cell fixture to study 

additional cell parameters leading to dendrite growth.   

 

2.4 Summary 

The investigation of dendrites is challenging because their evolution is the result of a 

combination of different factors, including electrolyte composition [19], [31], [71], 

[72], ambient temperature [27][33][73], and current density [25], [34], [36], [68], [74]. 

The joint effects of these factors are expected to cause different lithium dendrite growth 

rates and morphologies. The process of dendrite evolution needs to be monitored to 

establish the relationship between dendrite growth and influential factors and to 

develop a predictive warning method. Typically, the current and voltage of a battery 

are monitored. However, these electrical signals will only show significant changes 
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once the dendrite growth causes an ISC. The current and voltage signals cannot be used 

to provide early warning to the dendrite-caused internal short circuit. Thus, a setup that 

can track the lithium dendrite growth process is needed to understand the lithium 

dendrite growth mechanisms. 

 

Direct observation of the dendrite growth process is necessary to reveal the lithium 

dendrite growth mechanisms. The typical lithium-ion battery is enclosed in a sealed 

case which is not transparent, and only the electrical signals, such as current and 

voltage, can be measured. This limited the observation of lithium dendrite. A 

transparent cell was designed and assembled for this study to reveal the dendrite growth 

process and the corresponding mechanisms. This cell will allow continuous in-situ 

observation of the lithium dendrite growth process, capture real-time images, and 

collect the current and voltage signals. The samples used in this work are symmetrical 

lithium cells with two lithium metal electrodes as both the anode and cathode. 

Environmental conditions can influence the dendrite growth process. These influential 

parameters include the current density, temperature, and electrolyte composition. This 

study focuses on constant current charging to trigger dendrite growth. 

 

2.5 Objects/motivation 

For understanding the influence of lithium dendrite, a transparent cell allows the optical 

observation needed to track the evolution of dendrite growth under different current 

densities. This study will investigate dendrite growth based on experiments conducted 

using an optical cell for in-situ observations. By continuously monitoring the lithium 
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dendrite morphology and voltage evolution, the time of the first voltage drop can be 

identified, the dendrite growth rate can be estimated, and an early warning of failure 

can be given. Lithium dendrite growth tests under different current densities, various 

electrolyte additive concentrations, and separators with diverse structural properties 

can be used to explore potential engineering solutions for blocking or delaying the 

lithium dendrite growth process.  

 

This work aims to reveal the root cause and mechanisms of lithium dendrite growth 

and investigate the environmental effects on the dendrite morphologies. This 

information can be used to prevent or mitigate lithium dendrite growth by removing 

the conditions favorable to dendrite growth. These efforts can improve the research of 

emerging lithium-based battery technologies.  

 

The experiments will address three critical issues: the effect of current density during 

constant current charging on the lithium deposition morphology and growth rate, the 

impact of electrolyte additives on the lithium dendrite growth, and the interaction 

between lithium dendrite growth and the separator. The results can help determine 

lithium dendrite growth modes, growth mechanisms, and also the effectiveness of 

potential dendrite suppression methods. 
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Chapter 3: Experimental Setup and Materials 

The sample is a “symmetrical cell” with two lithium metal electrodes. There are two 

electrolytes used in this study.  

3.1 In-situ observation setup 

Figure 3.1 shows the experimental setup used in this study. Part 1 is a symmetrical 

lithium metal optical cell. The dendrite growth will be induced in this sample. The 

sample is in connection with a battery tester (part 2). The tester will apply the current 

to drive the dendrite growth and record the electrical signals during the test. Part 4 is 

an example of electrical signals (current and voltage) collected from a previous test. 

Part 3 is a digital microscope connected to a desktop. The real-time dendrite images 

will be gathered and stored. Part 5 is an example of the dendrite morphologies 

corresponding to the electrical signals shown in part 4.   

 

Figure 3.1 The experimental setup. 
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3.2 In-situ observation cell 

Figure 3.2 shows the cell’s schematic illustration for in-situ dendrite growth 

observation. This is a symmetric cell in which both the positive and the negative 

electrodes are made of lithium metal. The observation window is located in the center. 

The cell has several parts (Figure 3.3: No. 1–7). The plates on the top (No. 5) and at 

the bottom (No. 1), in combination with six screws, work as a fixture to hold the 

electrodes and the window. Round-shaped quartz windows (No. 2, 6) are put in the 

middle between two plates. An O-ring (No. 3) confines two lithium foils and a Teflon® 

disc (No. 4) between two quartz windows. Dendrite growth can be monitored through 

quartz windows.  

 

Figure 3.2 Sample for In-situ Observation. 
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Figure 3.3 Side view of the quartz window cell with the fixture: (1) Bottom cell 

plate; (2) Quartz window; (3) O-ring; (4) Teflon® disc; (5) Top cell plate; (6) Quartz 

window; (7) Screws. 

 

Figure 3.4 is a close look at the imaging collecting setup. Electrodes are made of lithium 

metal (gray) on top of the copper current collector (yellow). The electrodes are 

sandwiched between two transparent quartz windows. Between two windows, a white 

spacer made of polytetrafluoroethylene (PTFE) supports the electrodes. The spacer has 

an opening slot in the middle to provide space for more electrolytes. The 

circumferential direction is sealed with an O-ring (black). 
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Figure 3.4 The imaging collecting setup. 

 

3.3 Implementation of separator 

In order to observe the dendrite growth process, especially the interaction between the 

separator and the dendrite, a piece of polymer separator was covered on the negative 

electrode by folding at the front edge of the negative electrode (Figure 3.5). The width 

of the electrode is about 5mm. The width of the separator is 15 mm. The sample was 

assembled in a glovebox filled with high-purity argon gas; the humidity and oxygen 

level were strictly controlled to below 1ppm. The assembled sample was transferred 

out of the glove box for electrical tests at room temperature. In the test process, the cell 

was charged with a constant current. 
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Figure 3.5 The implementation of a piece of separator onto the negative electrode. 

 

 

3.4 Electrolytes 

 

One of the two electrolytes is 1M LiPF6 in EC: DMC (V: V, 50: 50) (Electrolyte A), 

with no additives. The other electrolyte is 1.20M LiPF6 in EC/PC/EMC=20/10/70 

(V/V/V) 90.5wt% with additives that count for the other 9.5 wt% of the electrolyte, 

including VC 1.5wt% + FEC 3wt% + PS 2wt% + PST 1wt% + LiDFOB 1wt% + SN 

1wt% (Electrolyte B). The additives can facilitate the SEI formation process and thus 

suppress the lithium dendrite growth. For the convenience of further discussion, the 

first electrolyte will be named “electrolyte A,” and the second electrolyte will be 

designated as “electrolyte B.” The tests were conducted at room temperature. 
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3.5 Electrode 

The electrode is made of lithium metal which sits on a copper foil. The pieces of lithium 

metal will be sealed within the O-ring to prevent air contamination, and the copper foil 

will work as the current collector to contact with the battery tester. The lithium metal 

is from Aldrich and has a thickness of 0.38 mm. Electrode fabrication and assembly 

were conducted inside a glovebox with ultra-high purity Argon gas. Before the 

assembly, the surface layer of the lithium foil and copper was removed by sandpaper 

to remove the oxidation layers. Then, the lithium foil is rolled on copper foil (also from 

Aldrich, with a thickness of 25 μm and a width of 5 mm).  

 

3.6 Separator 

The separator is Entek® Gold LP UHMWPE (ultrahigh molecular weight 

polyethylene). The property of the separator is listed here [75]. 

 

Table 3.1 Separator properties  

Material Thickness, μm Porosity, % 

Gurley, 

s 100 cm−3 

(JIS) 

Puncture 

strength, g 

UHMWPE 19.4 37 394 432 
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3.7 Post-mortem examination procedure of the separator 

The sample was disassembled inside the glovebox after the dendrite growth test. After 

the disassembly, some of the formed dendrites are attached to the separator. The 

attached dendrite and the separator were transferred into the SEM for morphology 

analysis. After the SEM examination, the dendrite and separator were immersed in 

water to remove the lithium dendrite without causing mechanical deformation of the 

separator. Thus, the protrusion left on the separator preserves the shape of the dendrite 

underneath the separator. To closely examine the protrusion area on the separator, 6nm 

metal coating layers of Au-Pd (60/40) were applied on both sides of the separator. With 

the coating layer, the separator was examined under SEM. Figure 3.6 shows the 

relationship among the images collected at various stages. 

 

Figure 3.6 Visual inspection steps: (a) optical image of separator and dendrite 

collected during the test, (b) SEM image of separator with dendrite taken after the 

test, (c) protrusion left on the separator caused by dendrite growth, and (d) SEM 

image of the protrusion area on the separator after metal layer coating. 
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3.8 Determination of the limiting current density 

Since the lithium dendrite growth is related to the mass transport of the lithium ions, 

the electrolyte limiting current density was estimated from the linear sweep 

voltammetry (LSV) before conducting the dendrite growth test. Figure 3.7 shows the 

LSV results scanned at 1 mV/s until 3V. The current was converted into current density 

based on the initial cross-sectional area of the negative electrode at the beginning of 

the test. Since the lithium dendrite was formed during the LSV test, which can 

inevitably increase the surface area, the current density can be lower than the value 

determined here. Fortunately, the limiting current density was determined when the 

curve shows the plateau that indicates the cell reaches the mass transport limit. The 

surface area is less affected by the dendrite growth at this moment. From the 

measurement, the limiting current density for electrolyte A is about 100 mA/cm2. The 

limiting current density for electrolyte B is about 10 mA/cm2.  

 

Figure 3.7 The LSV results for two electrolytes. 



 

 

26 

 

3.9 Design of experiments for in-situ lithium dendrite growth 

To determine the influence of electrolyte, initial current density, and separator on the 

lithium dendrite growth, the constant current tests were conducted based on the 

conditions listed in Table 3.2.  

 

Table 3.2 Design of experiments for in-situ lithium dendrite growth 

Electrolyte 

Initial Current 

Density 

(mA/cm2) 

No 

Separator 

Separator 

Implemented 

Electrolyte A 

 

1M LiPF
6
, EC: DMC 

(1:1, V:V) 

1 ˟  

5 ˟  

10 ˟ ˟ 

20 ˟  

30 ˟  

40 ˟  

50 ˟  

87 ˟  

95 ˟  

110 ˟  

125 ˟  

Electrolyte B 

 

1.20M LiPF
6
, 

EC/PC/EMC=2/1/7(V:V) 

90.5wt% + VC 1.5wt% + 

FEC 3wt% + PS 2wt% + 

PST 1wt% + LiDFOB 1wt

% + SN 1wt% 

10 ˟ ˟ 

20 ˟  

30 ˟ ˟ 
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Chapter 4: Influence of Current Density on Lithium Dendrite 

(Electrolyte A, without separator) 

Galvanostatic tests were conducted under an ambient condition (around 25 °C) at 

current densities ranging from 10 to 125 mA/cm2, using an Arbin battery tester. The 

current densities were calculated based on the applied current and the electrode cross-

section area. The optical images were collected using a digital microscope, and 

voltage/current signals were continuously recorded. ImageJ software was used to 

analyze optical images and measure the lithium dendrites’ length changes. No separator 

was implemented at this step. This chapter incorporates the previously published 

journal article “In-situ observations of lithium dendrite growth [76].” 

 

4.1 Results of dendrite growth under constant current 

The dendrite growth tests were conducted under various current densities. The real-

time dendrite images and the corresponding electrical signals were collected during the 

constant current charging process until an internal short circuit occurred. Since the 

dendrite growth is under mixed control in the lower current densities, the tests were 

repeated. Figure 4.1 shows the typical behavior of the lithium dendrite under different 

current densities, and the time indicates the time to the occurrence of dendrite-caused 

ISC. Some samples were explained in detail in the following sections. 
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Figure 4.1 The evolution of the dendrite under different current densities. These 

images were taken at the moment the dendrite caused ISC. 

Figure 4.2 shows the dendrite that formed on the upper part of the negative electrode 

when the initial average current density was 10 mA/cm2. The local electrical field is 

likely to bias the lithium dendrite initiation position. In this case, a right-angle corner 

is a preferential spot due to its higher electric field intensity. The electric field was 

concentrated around the dendrite tips because of their higher aspect ratio. The first 

formed lithium dendrite changed the negative electrode's geometry and electrical field 

distribution. Thus, the dendrite tips have higher electrical field intensity than the rest 

of the flat electrode, and dendrite growth was enhanced at the preferential spot in the 

following charging process.  

 

The sharp voltage drop at 7.3 h in Figure 4.2 indicates an internal short circuit. At the 

same time, the grown dendrite filled the gap between the positive and negative 

electrodes and connected them. The voltage recovered 0.3 h later to 0.1 V. A similar 

voltage recovery phenomenon was reported by Dollé et al. [77]. They observed a burnt 

mark in their sample, which they proposed was caused by the thermo-fusible effect, in 
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which the voltage recovery was attributed to the current-caused dendrite tip damage. 

This theory regarded the dendrite connecting two electrodes as a fuse. Once the two 

electrodes were connected, the current could go through the connecting point and cause 

a temperature rise that breaks the connection. The voltage recovery lasted about 1 h. 

However, under the constant current charging condition, the lithium dendrite kept 

growing toward the positive electrode and connected two electrodes again at 8 h, which 

made the voltage drop to zero. As shown by the dendrite images at 7.3 h and 9 h, the 

shape of the formed dendrite did not change for about 2 h. The dendrite growth stopped 

after the internal short circuit. The solid connection between the two electrodes was 

established, and the voltage remained stable after the second voltage drop (at 8.1 h).  

 

Figure 4.2 The evolution of the dendrite and the electrical signals at a current density 

of 10 mA/cm2, (a) the optical images; (b) the corresponding voltage and current 

profile. 

 

The lithium dendrite grew in the transverse direction as well as toward the positive 

electrode when the applied current density was 40 mA/cm2. As shown in Figure 4.3, at 
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0.5 h, dendrites initiated mainly at three different spots (circled in Figure 4.3a) along 

the edge of the negative electrode. There was no significant dendrite growth between 

the two adjacent spots. After 2 h, lithium dendrites spread along the edge of the negative 

electrode, and the lithium dendrites at the initiation spots are longer. An internal short 

occurred at 3.8 h with a voltage drop. However, the voltage did not drop to zero. This 

phenomenon is called a “soft internal short” because the dendrite structure at such a 

high current density appears to be a cluster of big lithium particles, and loosely 

structured lithium dendrites are fragile and easy to break. Thus, in this situation, the 

voltage recovery may be a result of mechanical stress as well as the above-mentioned 

heating effect.  

 

 Figure 4.3 The evolution of the dendrite and the electrical signals at a current density 

of 40 mA/cm2, (a) the optical images; (b) the corresponding voltage and current 

profile. 
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Figure 4.4 shows dendrite growth at 87 mA/cm2. The dendrites initiated at the electrode 

corners are similar to the tests at 10 mA/cm2. After 1 h, the dendrites gradually extended 

to the middle part of the electrode. Based on continuous observation, the dendrites in 

the middle are the extension of the dendrites initiated at the corners. However, the 

growth rate of the dendrites in the middle is lower than those at the corners. Although 

it seems the dendrite already connected the two electrodes at 1 h, the corresponding 

voltage data in Figure 4.4 shows the voltage drop occurred at 2.1 h. This time variation 

is due to the fact that the dendrites did not grow in the same plane. It is possible that 

the positive electrode and the dendrite tips in the image at 1 h were located in two 

different planes and seemed overlapped when the image was taken. The actual 

connection was built up at 2.1 h and caused the internal short circuit before the electrode 

connection; the voltage was stabilized around 0.6 V from 0.5 to 2.1 h, as shown in the 

voltage curve. At 2.1 h, due to the dendrite-caused internal short circuit, the current 

carrier changed from ions in the electrolyte to electrons in the metallic dendrite 

structure. The resistance of the metal is much lower than the conductive electrolyte, 

and the switching causes the voltage to drop sharply. If only the cell voltage is 

monitored, but the dendrite images are not available, there will be no significant sign 

of dendrite growth until the sharp voltage drop in the voltage data. 
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Figure 4.4 The evolution of the dendrite and the electrical signals at a current density 

of 87 mA/cm2, (a) the optical images; (b) the corresponding voltage and current 

profile. 

 

 Figure 4.5 shows the dendrite growth at 95 mA/cm2. At 0.5 h, the initial dendrites 

formed and covered the electrode edge, as shown in Figure 4.5(a). In this test, the initial 

dendrites along the edge were not formed at the same time. The initial lithium dendrite 

had a slightly different length due to the growth time variation. The dendrites initiated 

earlier are longer and have a higher aspect ratio than the rest. As mentioned in the 

previous tests, these longer dendrites were the favorable growth spots in the following 

charging process because the electrical field intensity was higher around them. The 

earlier growth retained the geometrical advantage. At 1.5 h, several needle-like 

dendrites presented and grew faster than the other flatly deposited lithium. This result 

is consistent with Brissot et al.’s paper [19], where the formed lithium dendrite grew at 

several points and had needle-like morphology. These needle-like dendrites led to the 
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first internal shorts. The voltage curve had a drop at 1.5 h, indicating the occurrence of 

an internal short circuit. At 1.5 h, there was a transient increase in the current data. This 

phenomenon further validates our understanding of the soft internal shorts, which 

usually do not last long. Therefore, although the voltage recovered, the first voltage 

drop should be regarded as a warning sign of an internal short circuit. 

 

Figure 4.5 The evolution of the dendrite and the electrical signals at a current density 

of 95 mA/cm2, (a) the optical images; (b) the corresponding voltage and current 

profile. 

 

In Figure 4.6, the dendrites changed from the mossy growth into the needle-like form 

when charged at 110 mA/cm2. Initially, the dendrite was deposited all along the 

electrode edge. Around 30 min, two needle-like dendrites connected the two electrodes, 

which was confirmed by the voltage curve. The formation of the needle-like structures 

hastened the internal short circuit process.  
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Figure 4.6 The evolution of the dendrite and the electrical signals at a current density 

of 110 mA/cm2, (a) the optical images; (b) the corresponding voltage and current 

profile. 

 

Test observations conducted at 125 mA/cm2 are shown in Figure 4.7. The dendrite 

initiated at the electrode corners and the middle, which indicates the electrical field 

intensity at the middle part of the electrode is now comparable with that at the electrode 

corner, and the electrode geometry influence is weaker than in the previous tests. The 

cell voltage kept increasing from the start of the test, which is due to cell polarization. 

Charging at 125 mA/cm2, the ion movement in the electrolyte reaches its maximum 

limitation, but the mass transfer in the electrolyte is lower than the charge transfer on 

the electrode. In other words, the mass transfer step is now the controlling step and 

limits the total reaction speed. The accumulated charges on the electrodes prevented 

the voltage from stabilizing around a specific value but increased, which was different 

from the voltage data in previous tests.  
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Figure 4.7 The evolution of the dendrite and the electrical signals at a current density 

of 125 mA/cm2, (a) the optical images; (b) the corresponding voltage and current 

profile. 

 

Once beyond the limiting current density, the higher current density will not increase 

the dendrite growth reaction but only the voltage. The increasing tendency of the 

voltage data shown in Figure 4.7 proved this and indicates that 125 mA/cm2 is already 

beyond the limiting current density. In that test, the voltage increased higher than the 

upper limit (3.0 V) after only 12 min, and the test was stopped. In consideration of the 

LSV test result and the 125 mA/cm2 test result, one reasonable estimation of the 

limiting current density for EC: DMC 1 M LiPF6 electrolyte is in the range of 100 to 

125 mA/cm2. 
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4.2 Analysis of dendrite growth at various initial current densities 

The sharp voltage drop indicated an internal short circuit, which was cross-checked 

with the dendrite images. The time to the first voltage was considered as the elapsed 

time before the internal short circuit. The growth rate of the dendrites under different 

current densities was calculated by dividing the dendrite length by the elapsed time 

until the first voltage drops to evaluate the average dendrite growth rate under certain 

current densities (see Table 4.1). In Table 4.1, the initial current density is the average 

current density calculated at the beginning of the test. The tests under 10, 30, 40, and 

50 mA/cm2 were repeated several times. 

 

Table 4.1 Time to First Voltage Drop and Growth Rate 

Current Density 

(mA/cm2) 

Plateau voltage 

(V) 

Time to ISC 

(hrs.) 

Average growth rate 

(mm/h) 

10  0.8 7.3 0.2 

10  0.3 3.8 0.7 

10  1.0 19.0 0.1 

20 0.2 5.8 0.4 

30  0.8 4.1 0.6 

30  0.8 3.4 0.9 

30  0.4 2.6 0.8 

40  0.3 3.9 0.4 

40  0.8 2.8 1.0 

40 0.5 3.4 0.6 

50  0.7 1.9 1.1 

50  0.6 1.7 1.2 
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87 0.6 2.1 0.9 

95 0.5 1.5 1.7 

110 0.7 0.5 2.2 

125 1.0 N/A 5.0 

 

The dendrites that grew under different current densities have different growth rates 

and morphologies. The times when the dendrite length was equivalent to half of the 

gap between the two electrodes are summarized in Table 4.2. Based on the time to half 

of the gap, the estimated times to the first voltage drop are compared with the actual 

times to the first voltage drop. The results are plotted in Figure 4.8. At 10 and 100 

mA/cm2, the estimated values match the actual ones. However, in the middle part, the 

estimated times are faster than the actual ones owing to the different growth processes. 

At 10 and 110 mA/cm2, the dendrites grew in the same morphology from the start of 

the test until the end. They all grew directly toward the positive electrode, but when the 

current density was in the middle range, they grew in the transverse direction.  

 

Table 4.2 Time to First Voltage Drop and Growth Rate 

Initial current 

density 

(mA/cm2) 

Time to half 

of the gap (h) 

Time to first 

voltage drop 

(h) 

Growth rate 

(mm/h) 

Cell voltage 

(V) 

10 3.7 7.3 0.23 0.8 

40 0.45 3.88 0.43 0.3 

87 0.35 2.08 0.92 0.6 

95 0.53 1.48 1.7 0.5 
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110 0.23 0.5 2.18 0.7 

125 N/A N/A 4.96 1.0 

 

 

 

Figure 4.8 Comparison between the estimated time and the actual time to the first 

voltage drop. 

 

The growth rates are plotted against the current densities in Figure 4.9. As expected, 

with the increase in current density, the time to the first voltage drop decreases. The 

internal short circuit process is hastened with the increased current densities, which is 

due to the dendrite morphologies change. The needle-like structures shown at higher 

current densities have a higher aspect ratio than the mossy dendrite and can connect the 

two electrodes in a shorter time. 
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After 95 mA/cm2, the dendrite growth rate is not only higher than the previous test 

results, but the curve slope is also steeper. This is due to the change in dendrite 

morphologies, as previously discussed. Previously, the dendrites initiated at the corners 

of the negative electrode and extended in the transverse direction as well as grew 

toward the positive electrode. However, with the increase in current density, the 

dendrite that initiated along the electrode edge and gradually switched to a needle-like 

structure grew toward the positive electrode directly. In the test at 125 mA/cm2, the 

initiated dendrite was already in the needle-like form.  

 

Figure 4.9 Time to first voltage drop and growth rate under various current densities. 

 

4.3 Generic functional equation for dendrite growth 

The test results shown in Table 4.1 include multiple repeated test results from various 

initial current densities. To obtain a generic functional equation to describe the lithium 

dendrite growth in electrolyte A, the averaged values of the average dendrite growth 

rate for the repeated results were used in the curve fitting. The standard error (eq. 4.2) 
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for the test results under 10, 30, 40, and 50 mA/cm2 were calculated based on the mean 

values. Since only one data point was available for the rest of the conditions, the error 

was not calculated. The mean, standard deviation, and standard error were summarized 

in Table 4.3.  

 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑⁡𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛⁡𝜎 = √
∑ (𝑥𝑖−𝑥̅)

2𝑛
𝑖=1

𝑛−1
    (eq. 4.1) 

𝑥̅ = 𝑡ℎ𝑒⁡𝑠𝑎𝑚𝑝𝑙𝑒′𝑠⁡𝑚𝑒𝑎𝑛 

𝑛 = 𝑡ℎ𝑒⁡𝑠𝑎𝑚𝑝𝑙𝑒⁡𝑠𝑖𝑧𝑒 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑⁡𝑒𝑟𝑟𝑜𝑟⁡(𝜎𝑥̅) =
𝜎

√𝑛
               (eq. 4.2) 

 

Table 4.3 Standard error of mean 

Initial current 

density 

(mA/cm2) 

Mean of average 

growth rate 

(mm/h) 

Standard 

deviation of 

average growth 

rate (mm/h) 

Standard error 

of mean 

10 0.33 0.32 0.19 

30 0.77 0.15 0.09 

40 0.67 0.31 0.18 

50 1.15 0.07 0.05 

 

Figure 4.10 shows the dendrite growth rate under various initial current densities of 10-

125 mA/cm2. And the fitting result is shown in Figure 4.11. The parameters (A and B) 

for the generic function equations are listed in Figure 4.11. The fitting accuracy R2 
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value (0.89) was calculated based on either the single data or the means of repeated 

tests.  

 

 
Figure 4.10 Dendrite growth rate under various initial current densities 

10-125 mA/cm2. 

 

 
Figure 4.11 Generic functional equation for dendrite growth in the electrolyte a. 
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4.4 Observation of lithium dendrite microstructure 

 

Figure 4.12 is the dendrite formed after the test. Since the negative electrode is located 

on the right-hand side. The dendrite near the right is the dendrite formed in the early 

stage. Multiple rings can be seen on the lithium dendrite, which was formed due to the 

growing spot alternation. 

 

Figure 4.12 The optical image of the dendrite formed under 10mA/cm2. 

 

In addition, the transition of the dendrite morphology was also observed in the sample 

under 20 mA/cm2. Figure 4.13 shows the lithium dendrite formed in the early stage, 

and Figure 4.14 shows the lithium dendrite formed in the later stage. It can be seen that 

the dendrite changed from granular morphology into a short needle structure. 
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Figure 4.13 SEM image of the lithium dendrite (granular dendrite) from the early 

stage under 20 mA/cm2. The signs in the image indicate the orientation. 

 

 

Figure 4.14 SEM image of the lithium dendrite (“short needle”) from in the later 

stage under 20 mA/cm2. The signs in the image indicate the orientation.  
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Chapter 5:  Influence of Current Density on Lithium Dendrite 

(Electrolyte B, without separator) 

The lithium dendrite growth tests in electrolyte B systems were conducted under three 

current densities: 10, 20, and 30 mA/cm2. Constant current charging tests were 

conducted until the occurrence of dendrite triggered ISC. 

5.1 Results of dendrite growth under constant current 

Figure 5.1 is the cell voltage from the beginning of the tests until the dendrite triggered 

ISC. The insert image shows the voltage profile from the first 670s. In this section, the 

voltage jumped from almost 0 to a peak value due to the application of current, then 

the voltage gradually decreased. The peak voltage values in the first 670s are 0.42 V 

for 10 mA/cm2, 0.83 V for 20 mA/cm2, and 0.94 V for 30 mA/cm2. Based on [78], the 

section between the voltage peak and the time the voltage reaches a plateau is related 

to the nucleation process. The following plateau section is the growth regime. For the 

test under 10 mA/cm2, the voltage did not get stabilized in the first 12 hours. Combined 

with the voltage increases, continuous gas generation was observed after the voltage 

increased again and entered the region higher than 0.5 V. According to [79], the lithium 

dendrite will transit from base-controlled growth to tip-controlled growth. The base-

controlled growth can lead to unstable in the SEI layer.  

 

Figure 5.2 shows the dendrite growth process under three current densities. The last 

image in each column is the dendrite image captured when the ISC occurred. With the 

voltage increases, the dendrite growth rate is higher, but the efficiency is decreasing. 
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In addition, compared with the dendrite growth at higher current density (20 and 30 

mA/cm2), the dendrite growth at 10 mA/cm2 switched from everywhere over the 

negative electrode to a localized region. 

 

Figure 5.1 The voltage between the test start and the ISC occurrence. The insert 

image shows the voltage change in the first 670s. 

 

Figure 5.2 In electrolyte B, lithium dendrite growth process under 10, 20, and 30 

mA/cm2. 
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5.2 Analysis of dendrite growth at various initial current densities 

Table 5.1 Summary of the lithium dendrite test results in electrolyte B 

Cell No. 1 2 3 

Current Density 10 mA/cm2 20 mA/cm2 30 mA/cm2 

Plateau voltage 

(V) 

1.4 0.5 0.5 

Time to ISC 

(hrs.) 

32.0 6.9 2.4 

Average growth 

rate (mm/h) 

0.11 0.33 0.94 

The charge 

transferred 

until ISC (C) 

14.1* 9.7 5.0 

Lithium 

dissolved from 

the positive 

electrode (C) 

10.9 4.0 1.0 

Efficiency 77.3% 41.0% 20% 

*Due to the malfunction of the software, images between 23.3 hrs. and 42.7 hrs. were 

not captured. The measurement and calculation were conducted based on the data at 

23.3 hrs.  
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The efficiency was calculated based on the following equation: 

𝜃 =
𝑄1

𝑄2
=

∆𝐿∗𝑊∗𝑇∗𝜌∗𝑀∗𝐹

𝑄2
    (eq. 5.1) 

Where ∆𝐿  is the change in the edge distance on the positive electrode, W is the width 

of the positive electrode, T is the thickness of the lithium foil on the positive electrode, 

ρ is the density of lithium metal, M is the molar mass of lithium, and F is the Faraday 

constant. 

 

The test results shown in Table 5.1 include multiple repeated test results from various 

initial current densities. With the increase of the initial current density, the efficiency 

of the lithium deposition is decreasing. Two reactions lead to the lithium dissolving 

from the positive electrode. One is the lithium dissolved due to the electrochemical 

reactions to form lithium dendrite on the negative electrode; the other is the lithium 

consumed by the direct reaction between the lithium metal and the electrolyte. Figure 

5.3 shows the EIS results from an assembly sample without experiencing any dendrite 

growth. However, the EIS evolved as time went by; this indicates the continuous 

reaction between the lithium metal and the electrolyte. Fresh lithium metal was kept 

exposed to electrolyte during the electrochemical reaction. Thus, there are chemical 

reactions between the lithium metal and electrolyte throughout the dendrite growth 

process. The electrolyte decomposition triggered by the lithium metal consists of 

multiple steps, and the electrolyte decomposition can be the reason that there is more 

charge consumed that is not contributing to the metal deposition process.    
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Figure 5.3 EIS evolution caused by the direction reaction between the lithium metal 

and electrolyte.  

 

With the initial current density increase, the average dendrite growth rate increases. 

However, the transferred charge and the dissolved lithium decreased as the initial 

current density increased, and the dendrite reached the positive electrode with lower 

lithium deposition in a shorter time. This indicates that the dendrite formed at the higher 

initial current density has a porous structure, while the dendrite formed at the lower 

initial current density has a dense structure.  

 

5.3 Generic functional equation for dendrite growth 

The average dendrite growth rate under 10, 20, and 30 mA/cm2 were used for curve 

fitting and determining the generic functional equation for dendrite growth in 

electrolyte B. Figure 5.4 shows the dendrite growth rate under various initial current 
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densities 10-30 mA/cm2. And the fitting result is shown in Figure 5.5. The parameters 

(A and B) for the generic function equations are listed in Figure 5.5. The fitting 

accuracy R2 value (0.99) was calculated based on the single data obtained under each 

initial current density.  

 

Figure 5.4 Dendrite growth rate under various initial current densities 

10-30 mA/cm2. 

 

Figure 5.5 Generic functional equation for dendrite growth in electrolyte B. 
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5.4 Observation of lithium dendrite microstructure 

The sample under 10mA/cm2 was disassembled after the test, and the dendrite was 

observed by SEM. Figure 5.6 shows the lithium dendrite that has a granular 

morphology. This is the dominant morphology in this sample. 

 

 

Figure 5.6 SEM image of the granular lithium dendrite formed under 10mA/cm2 in 

electrolyte B.  
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Chapter 6:  In-Situ Lithium Dendrite Growth with A Separator 

In this section, dendrite growth tests were conducted with a separator implemented on 

the negative electrode in both electrolytes A and B. The applied current density was 10 

mA/cm2. 

6.1 Dendrite growth with separator implemented in electrolyte A 

Figure 6.1 shows the dendrite growth with a separator covering the negative electrode, 

sample 1, with electrolyte A. The dendrite initially grew at the upper corner and grew 

through the separator at around 2 hours. Figure 6.2 shows the separator retrieved from 

sample 1 after the test.  

 

Figure 6.1 10mA/cm2, sample 1 images. 
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Figure 6.2 Separator from sample 1 after the test. 

 

6.2 Dendrite growth with separator implemented in electrolyte B 

From the dendrite growth tests conducted without a separator, it was shown that the 

dendrite formed under 10 mA/cm2 has a dense structure compared to the dendrite 

formed at a higher current density (30mA/cm2). Two lithium dendrite growth tests were 

conducted at 10 and 30 mA/cm2 in electrolyte B. The dendrite formed under 10mA/cm2 

penetrated through the separator, while the dendrite formed under 30 mA/cm2 was 

blocked. Their test results are shown below, and the sample 2 (10mA/cm2) was further 

analyzed and the results were shown in section 6.3 (The SEM examination of the 

formed lithium dendrite and the separator). 

 

Sample 2 (Figure 6.3) was tested under the initial current density of 10 mA/cm2 with 

electrolyte B. The morphological evolution in the first 30 hours is shown in Figure 6.3. 

The images were taken at the beginning of the test (0 h), 10 h, 20 h, and 30 h. Close to 
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the bottom of the negative electrode formed the first dendrite, which grew beyond the 

folding edge of the separator at around 17 hours. Later, near the top of the negative 

electrode, the second growing spot formed where the dendrite grew beyond the 

separator.  

 

 

Figure 6.3 10mA/cm2, sample 2, images at 0 h, 10 h, 20 h, and 30 h. 

 

In the other test under 30mA/cm2, the separator blocked the formed dendrite. Figure 

6.4 shows the result. The lithium dendrite growth did not penetrate the separator applied 

on the negative electrode. Furthermore, the existence of the separator forced the 

dendrite to move upward. 
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Figure 6.4 30mA/cm2, sample 3, dendrite image at 9 h. 

 

6.3 The SEM examination of the formed lithium dendrite and the separator 

During the SEM examination, the dendrite formed after penetrating the separator was 

examined first. The dendrite near the second growing spot shows granular structures. 

The results are shown in Figure 6.5.  

 

Figure 6.5 Granular dendrite on the section grew beyond the separator. 
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The separator was examined under optical microscopy and SEM after removing the 

dendrite. Due to the dendrite growth, the separator was significantly deformed at the 

interaction region (Figure 6.6), while the region not influenced by the dendrite growth 

still shows a flat surface morphology. 

 

Figure 6.6 The separators after dendrite growth. 

 

During the SEM examination of the dendrite-separator interaction area, two interaction 

modes between the separator and the dendrite were identified; the dendrite can either 

penetrate the separator or be blocked (Figure 6.7). Several pin holes were found at the 

dendrite penetration region. The sizes of the pin holes range from 14 to 26 µm, 

comparable to the separator’s thickness (19 µm). Figure 6.7 shows the dendrite 

penetration region and the blocking region on the dendrite-separator interaction area. 

The surface morphology of the unaffected separator (Figure 6.8 left) and the dendrite 

penetrating area (Figure 6.8 right) were compared in Figure 6.8. The separator was torn, 
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and the straight white line in the image is the polymer separator stretched by the 

dendrite growth. 

 

Figure 6.7 The dendrite penetration region and the blocking region on the dendrite-

separator interaction area. 

 

Figure 6.8 Comparison between the unaffected separator and the dendrite penetration 

region. 
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The surface morphology of the unaffected separator (Figure 6.9 left) and the dendrite 

blocking region (Figure 6.9 right) were compared in Figure 6.9. There is no significant 

difference in their morphologies. 

 

Figure 6.9 Comparison between the unaffected separator and the dendrite blocking 

region. 
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Chapter 7:  Summary 

The lithium dendrite growth under various current densities in two electrolyte systems 

was examined. Besides, the interaction between the lithium dendrite and separator was 

also studied. Here summarizes the findings and contributions of the current research 

work, the limitations of the present work, and the suggestions for future work. 

7.1 Findings and contributions of the current research work 

Lithium dendrites are a potential root cause of battery short circuits, thermal runaways, 

fires, and explosions. However, the inability to observe lithium dendrite growth 

processes makes it challenging to study the growth mechanisms. To facilitate the direct 

observation of the lithium dendrite growth process, this work modified the design of a 

transparent cell fixture to incorporate a separator on the electrode to enable: tracking 

of lithium dendrite growth, evaluating the impact of a separator on dendrite growth, 

and swift and accurate fabrication and assembly. 

 

Two electrolytes were used in this study: electrolyte A is 1M LiPF6 in EC: DMC (1:1, 

V:V); electrolyte B is 1.20M LiPF6, EC/PC/EMC=2/1/7 (V:V) 90.5wt% + VC 1.5wt% 

+ FEC 3wt% + PS 2wt% + PST 1wt%+LiDFOB 1wt%+SN 1wt%). Through the LSV 

test on samples made by two electrolytes, it is identified that electrolyte B has lower 

limiting current density, exchange current density, and cathodic transfer coefficient. An 

ideal electrolyte additive should reduce the exchange current density and cathodic 

transfer coefficient but increase the limiting current density. 
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The dendrite formed under lower current densities showed lower nucleation sites. The 

distribution of the dendrite nucleation sites is not uniform, which results in localized 

dendrite growth. With the increase of initial current density, more dendrite growth spots 

were formed on the negative electrode, leading to dendrite growth at multiple sites 

simultaneously. 

 

A morphology transformation in lithium dendrites was identified through the in-situ 

observation test under various current densities. With the initial current density 

increase, the lithium dendrite transformed from dense to porous structures. This 

transition is related to the change in dendrite growing spot. The initial formation of 

dendrites changed the electrode geometry. It enhanced the electrical field intensity near 

the tip, which makes this area a preferential growth spot in the following charging 

process. From the analysis of the average dendrite growth rate under various initial 

current densities, a generic functional equation was determined, which describes the 

lithium dendrite growth rate relationship with initial current density.  

 

In-situ observation tests under multiple current densities were conducted in samples 

with separators covering the negative electrodes. In samples made with electrolyte B, 

it is found that the dense dendrite formed under low initial current density (10mA/cm2) 

can tear and penetrate the ultrahigh molecular weight polyethylene (UHMWPE) 

separator. However, dendrites might also be able to travel through the pores in 

separators. In contrast, the porous dendrite formed at a high initial current density 

(30mA/cm2) can be blocked. 
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7.2 Limitations of the current research work 

There are two major limitations in the current work; the sample variation and limited 

test conditions were included. The lithium dendrite growth is sensitive to the test 

environment's conditions and the test components’ status. In the current study, the 

sample was manually assembled one by one inside the glovebox, and the components’ 

treatment and assembly accuracy matter. Although the general trend in the average 

dendrite growth can be seen in the current study, variations in the repeated tests indicate 

the present study’s limitations. Besides the sample variation, the current research work 

involved only two types of electrolytes and one type of separator. Due to the changes 

in the solvent, lithium concentration, and additive, there is no direct comparison 

between the results.   

 

The sample variation is mainly related to the fixture design, which does not strictly 

limit the position of the two electrodes. The distance between the two electrodes can 

alter the electric field applied to the negative electrode. Although the distance between 

the two electrodes was set to be 2 mm in the current study, there are variations in the 

electrode distance from sample to sample. The dendrite growth process can be 

accelerated or delayed by varying the distance. Meanwhile, the nucleation status can 

be changed. Figure 7.1 shows the test conducted in EC: DMC (1:1, V:V) with 1M LiPF6 

under 10 mA/cm2. The electrode distance is set to about 0.5 mm intentionally. Due to 

the reduced distance between the two electrodes, the electrical field was enhanced, and 

thus there are more nucleation sites for the dendrite growth. Another issue that 

originates from the assembly accuracy is how parallel the two electrodes are. This led 
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to the distance varying inside the same sample. Due to the same reason mentioned 

above, the electric field can be changed too.  

 

Figure 7.1 Test conducted in EC: DMC with 1M LiPF6 under 10 mA/cm2. The 

electrode distance is about 0.5 mm. 

 

Besides the distance variation, the current study uses the front edge of the lithium metal 

electrode only, while there are comparable amounts of electrodes exposed to the 

electrolyte simultaneously. Since the reaction area in the current study is not the 

dominant region, the reactions that occurred in other areas can cause “noise” to the 

analysis of the test results. For the test with separator implementation, the contact 

between the separator and the electrode may influence the formed dendrite and the 

interaction between them. 

 

The electrode preparation process may also introduce variation. The electrode in the 

current study was prepared through the cold rolling process, in which the electrical 
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connections between the lithium metal and the copper substrate can vary from one area 

to the other.  

 

In addition to the sample fabrication and assembly, due to the gas generation and the 

concentration change in the vicinity of the electrode, convection can be generated 

inside the current in-situ optical cell, which hinders the application of the dendrite 

growth at lower current densities. The image shows the dendrite growth in EC: DMC 

(1:1, V:V) with 1M LiPF6 under 1 mA/cm2. The formed dendrite grew in the vertical 

direction instead of the horizontal direction. Thus, in the current research work, no 

quantitative analysis was conducted on the test conducted at current densities lower 

than 10mA/cm2. 

 

Figure 7.2 Test conducted in EC: DMC with 1M LiPF6 under 1 mA/cm2. 
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7.3 Suggestions for future work and potential improvements in fixture design 

The limitations mentioned in the previous section also provide opportunities for future 

lithium dendrite studies. In future work, dendrite growth tests can be conducted with 

multiple types of separators to compare and analyze the effect of tortuosity on lithium 

dendrite growth. Besides, dendrite growth tests can be conducted in electrolyte systems 

with individual ingredients varying at a time to quantify the effect of various electrolyte 

additives. In addition, the fixture design and assembly process can be improved to 

address the issues of sample variation. And the dendrite analysis method can also be 

modified to enable the analysis of the dynamic process of lithium dendrite growth. The 

last aspects will be discussed in detail in the following two parts. 

7.3.1 Improvements in fixture design and assembly 

To address the sample-to-sample variation caused by the current fixture design, the 

surface area will be used for the lithium dendrite growth. At the same time, the 

influence of other regions can be limited. Figure 7.3 is a demonstration test on a 

modified electrode setup, where the distance between the two electrodes depends on 

the spacer’s thickness. The improved fixture (Figures 7.4 to 7.6) was designed for 

consideration. To improve the electrical connections between the lithium metal and 

the copper current collector, The hot dipping coating process may guarantee a 

uniform connection between the lithium metal and the copper substrate in future 

work. 
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Figure 7.3 Test conducted in EC: DMC with 1M LiPF6 under 10 mA/cm2. The 

electrode surface was used for the dendrite growth. 

 

 

Figure 7.4 Design of 2nd fixture. 
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Figure 7.5 Exploded view of the design of 2nd fixture. 

 

 

Figure 7.6 Subassembly of the function module. 
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7.3.2 Improvements in the dendrite analysis method 

The current analysis of the dendrite is based on the average dendrite growth rate, which 

uses only the dendrite length at the end of the test but neglects the dendrite changes 

during the growth process. Tracking the dendrite change can be a better way to analyze 

the dendrite growth process. Figure 7.7 demonstrates the application of the modified 

dendrite analysis method in that the dendrite length was measured every 15 minutes 

after the beginning of the test. 

 

 

Figure 7.7 The dendrite growth rate over different current densities. 
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