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Abstract 

 

Advanced Li metal anode by partially 

fluorinated metathesis using functional 

carbon materials 

 

 

Yong Jun Gong 

Program in Nano Science and Technology 

The Graduate School of Convergence Science & Technology 

Seoul National University 

 

Recently, due to the rapid development of mobile devices and electric vehicles, the 

need for energy storage devices with high energy density has emerged. Li ion 

batteries (LIBs) as rechargeable energy-storage devices also require to the increased 

capacity. In terms of anodes, the Li metal anode has high theoretical specific capacity 

and low redox potential, making it suitable as an anode material for next-generation 

high capacity LIBs; however, challenges still remain due to its unstable solid 

electrolyte interphase (SEI). The highly reactive nature of Li metal results in its 

surface forming the unstable SEI layer, which hinders its application as an LIBs 

anode. This unstable SEI layer formed in the interface between the Li metal anode 
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and the electrolyte is the root cause of deteriorated cycle characteristics such as rate 

capability and lifespan. Therefore, in order to realize the next-generation high 

capacity LIBs in which the Li metal anode is introduced, tremendous studies have 

been conducted to improve these interfacial issues by resolving the unstable SEI 

layer issues.  

Herein, I propose a composite separator incorporating a reduced graphene oxide 

(rGO) fiber and a coating separator incorporating a graphene coating layer as an 

advanced functional separator to address these interfacial issues caused by the 

unstable SEI via fluorinated metathesis on a conjugated carbon network. The rGO 

fiber side or graphene coating side of the functional separators is partially fluorinated 

in a specific solvent environment, and as the Li+ ions are plated, the partially 

fluorinated graphene surface induces to the formation of LiF as a chemically stable 

SEI component.  

Furthermore, I have extended the discussion of this fluorinated metathesis to other 

conjugated carbon network materials with sp2 π conjugation electron system in 

addition to graphene. And, I have achieved that other conjugated carbon network 

materials can stabilize the unstable SEI layer of the Li metal anode surface by 

fluorinated metathesis, and have generalized the correlation between conjugated 

carbon network materials and fluorinated metathesis in a specific solvent 

environment. Also, based on this generalization, this work successfully demonstrates 

that the fluorinated carbon surface, which is induced by fluorinated metathesis on 

the conjugated carbon network materials in a specific solvent environment, does 

efficiently stabilize the interfacial issues of the Li metal anode by the formation of 

LiF passivation layer. I believe that this new approach provides the inspiration to 

research of the advanced functional separators for the high capacity next-generation 
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LIBs with the Li metal anode. 
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Chapter 1 Introduction 

 

1.1 Dissertation overview 

 

The development of an energy storage devices has recently made rapid progress with 

increasing interest in a high-capacity and high-power energy storage devices. [1] Li ion 

batteries (LIBs) are used as a rechargeable battery in various fields and as an energy source, 

and is one of the most commonly used energy storage devices in recent decades. (Figure 

1.1) In this context, a higher capacity LIBs are required, therefore, the introduction of new 

materials, which have high theoretical specific capacity, is essential to the next-generation 

high capacity LIBs. In the anode side, the Li metal anode is the one of the most attractive 

candidates for next-generation high capacity LIBs because of its high theoretical specific 

capacity and low redox potential. [2] However, before the Li metal anode can be applied 

in LIBs, there are several obstacles which must be addressed, such as the lifespan, C-rate 

capability, and safety issues. These drawbacks arise owing to the unstable solid electrolyte 

interphase (SEI) layer on the surface of the Li metal anode. [2, 3] The Li metal anode 

utilizes the lithiation-delithiation mechanism known as 'hostless' electrochemical 

plating/stripping to charging/discharging. Through this lithiation-delithiation process, the 

Li metal anode suffers the continuously undesirable interfacial reactions and dimensional 

changes, degrading the cycle characteristics. [4] This paper presents the interfacial 

engineering technology of the Li metal anode through an advanced functional separator 
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for the highly reliability and high capacity of next-generation LIBs. 

To address the unstable SEI issues in the interface between thee Li metal anode surface 

and the electrolyte, this dissertation focuses on the functional separator, which can induce 

chemically stable SEI formation as passivation layer for the Li metal anode. At the same 

time, in order to deal with the issue of dimensional change (porous electrode phenomenon) 

of the Li metal anode and the dendritic growth on the Li metal anode surface, the functional 

separator was fabricated by fibers with high tensile strength. Before discussing the 

functional separator, the information on the background of the Li metal anode and the 

unstable SEI formation phenomenon of the Li metal anode is provided in chapter 1. 

Additionally, chapter 1, I discusses why the introduction of LiF as a passivation layer to 

the Li metal anode can be a very efficient strategy for high reliability and high performance 

of the Li metal anode, and why I modeled a novel chemical reaction that LiF can be self-

induced in the cell internal environment instead of traditional LiF coating methods.  

In chapter 2, I propose a “nonwoven type reduced graphene oxide fibers attached to 

aramid paper (rGOF-A)” as the functional separator to induce the formation of chemically 

stable SEI. When rGOF-A is applied to the Li metal anode, reduced graphene oxide fibers 

(rGOF) side induces the formation of LiF known as a component of a chemically stable 

SEI by F-doping mechanism and acts as a framework to suppress the dendritic growth and 

the volume expansion of the Li metal anode by its high modulus. Thus, the passivation 

effect of rGOF-A separator to the surface of the Li metal anode improves the unstable SEI 

issues of the Li metal anode. In a symmetric cell configuration, the Li metal anode with 

rGOF-A operate stably at a high current densities and high areal capacity of 20 mA cm−2 

(20 mAh cm−2) up to 2000 cycles in a symmetric cell configuration, indicating the 
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stabilized Li metal anode surface with no additional other additives. Also, I prove that Li 

metal batteries (LMBs) with rGOF-A shows the significantly lower capacity fading after 

1000 cyles; 147.49→144.63 mAh g−1 (5 C-rate), 100.72→90.45 mAh g−1 (10 C-rate), and 

78.83→60.56 mAh g−1 (20 C-rate), reaching 98.06% (5 C-rate), 89.80% (10 C-rate), and 

77.94% (20 C-rate) of the initial specific capacity, whereas LMBs with aramid paper shows 

reaching 92.28% (5 C-rate), 74.42% (10 C-rate), and 45.29% (20 C-rate) and LMBs with 

commercial PP/PE/PP separators shows reaching 92.00% (5 C-rate), 72.87% (10 C-rate), 

and 36.96% (20 C-rate). Furthermore, in the ultra-fast charging/discharging test of 50 C-

rate with LFP@NC@rGO cathode, the LMBs with rGOF-A separator shows excellent 

performance that 89.07% of initial specific capacity is maintained after the 2000 cycles, 

while the LMBs used commercial PP or aramid separator reach to cell failure around 800 

~ 1000 cycles, respectively. This work has been published as “Nonwoven rGO Fiber-

Aramid Separator for High-Speed Charging and Discharging of Li Metal Anode” by Y. J. 

Gong, J. W. Heo, H. Lee, H. Kim, J. Cho, S. Pyo, H. Yun, H. Kim, S. Y. Park, J. Yoo and 

Y. S. Kim, Advanced Energy Materials, 2020, 10, 2001479. [5]  

In chapter 3, I focus on “fluorinated metathesis (unique F-doping mechanism)” of the 

conjugated carbon network materials to induce a stable SEI with a high ratio of LiF, which 

is a key material to the stable SEI. To reach that, I proposed “graphene-coated aramid 

attached to uncoated aramid” (GAA) separator. When this GAA separator is applied as an 

advanced separator, the graphene-coated aramid fibers side can induce LiF from the semi-

ionic C–F bond on its conjugated carbon network by the fluorinated metathesis in a specific 

solvent environment, and simultaneously suppressed dendritic growth and volume 

expansion by the randomly woven architecture of aramid fibers with high modulus. The 
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stable SEI by the GAA separator maintains the reliability of the Li metal anode even in a 

high current density and high areal capacity (20 mA cm–2, 20 mAh cm–2) up to 500 cycles. 

Furthermore, other conjugated carbon network materials, such as carbon black and 

activated carbon, are tested to prove the stabilization of the Li metal anode surface by 

fluorinated metathesis. Thus, through the electrochemical test and the optophysical 

analyses, the correlation between conjugated carbon network materials and fluorinated 

metathesis is generalized: the negative functionalities and the lattice structure of intrinsic 

carbon materials can affect the extent of the LiF formation, which is formed by fluorinated 

metathesis. Based on the correlation between conjugated carbon network materials and 

fluorinated metathesis, a pencil-based method is proposed for stabilizing the Li metal 

anode surface. This work has been published as “Advanced Li metal anode by fluorinated 

metathesis on conjugated carbon networks” by Y. J. Gong, S. Pyo, H. Kim, J. Cho, H. Yun, 

H. Kim, S. Ryu, J. Yoo and Y. S. Kim, Energy & Environmental Science, 2021,14, 940–

954. [6]  

Finally, in chapter 4, I summarize the overall conclusion and potential of this dissertation.  
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Figure 1.1 Main component of Li ion battery 
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1.2 Fundamental and literature review 

 

1.2.1 Background of Li metal anode 

 

 It is necessary to introduce a new electrode, which has a high theoretical specific capacity, 

to next-generation high capacity LIBs. Li metal is a fascinating anode materials because it 

has a superior theoretical capacity of 3862 mAh g−1 that is more than 10 times higher than 

that of currently commercialized graphite anode. In addition, Li metal has a low density of 

0.59 g cm−3 and a lowest electrochemical potential of −3.04 V (vs. standard hydrogen 

electrode), so it can be applied to next-generation Li-ion based batteries such as Li-S and 

Li-air.  

 

1.2.2 Limitation of Li metal anode 

 

 To evaluate the reliability of the Li metal anode, Li|Li symmetrical cell configuration is 

used in this dissertation. Under this evaluation conditions, as current is applied, the Li 

metal anode shows a stepwise behavior and provide information about the Li metal anode 

surface stability according to the drops in the ohmic potential and anodic polarization 

curves during the continuous plating/stripping process in time–voltage profiles. (Figure 

1.2) The voltage variation in the time–voltage profile, when current is applied to the Li 

metal anode, indicates the stepwise behavior according to the kinetics of each stage. And 

such kinetics is relied on the morphological surface changes of the Li metal anode. [7–9] 
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The initial stages of the cycle represent the peaking shape which is dependent on the 

spatially varying rate constant. In the first half-cycle of region 1, in the manufacturing 

process, the native oxide layer and the initial SEI layer spontaneously form in both the 

reducing electrode and the oxidizing electrode induce the specific kinetic hindrance. And 

such layers interfere the Li+ ions plating to the reducing electrode and the Li+ ion stripping 

from the oxidizing electrode, contributing to the high overpotential at the beginning stage. 

In region 2, as the Li+ ion plating progressed, the nucleation points, which can grow into 

the dendritic growth containing SEI, are formed on the surface of the reducing electrode, 

while SEI also is formed on the Li metal anode surface. In this stage, the dendritic growth 

takes precedence over the formation of the nucleation point in the reducing electrode, and 

the pitting process is dominant in the oxidizing electrode. Thus, the overpotential gradually 

decrease from the initial maximum overpotential at the beginning stage. After the polarity 

is reversed, the reducing electrode and the oxidizing electrode are reversed. In second half-

cycle of region 3, since the fluctuated surface with pits and the the dendritic growth of the 

nucleation point on the reducing electrode contributes to the activation barrier for Li+ ion 

transfer, a convex graph shape appears in the initial voltage. In this step, the nucleation 

point formation is dominant than the dendrite growth on the reducing electrode, and in the 

oxidizing electrode, the stripping from the dendrite is in preference to from bulk Li because 

of the short pathway. As the plating continues, the Li+ ion movement pathway transitions 

from the nucleation point formation to dendrite growth on the reducing electrode. After the 

pathway transition has occurred, the plating to the dendrite on the reducing electrode and 

the stripping from dendrite on the oxidizing electrode are dominant, and this kinetics is 

relatively fast. Besides, the Li which is newly deposited in the previous cycle do facilitate 
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the stripping process on the oxidizing electrode. Thus, the minimum voltage is observed 

in region 4. All the Li deposited in the previous cycle are stripped and the active Li source 

is exhausted, and then, the Li source is changed from dendrite to bulk Li. Therefore, an 

energy barrier is required in the stripping process from bulk Li under the SEI layer, 

increasing overpotential in region 5. In this process, the Li dendrite, of which the active Li 

is depleted, becomes the electrically isolated Li as the resistance element. In the tail area 

of region 5, the pathway transition reoccurs from the bulk Li to the pits on the oxidizing 

electrode, reducing the overpotential. Like this, a minimum amount of the inactive layer, 

which is accumulated on the electrode, do induce the fast quasi-steady-state condition 

during the initial cycles; hence, the time–voltage profile is mainly determined by the 

spatially varying rate constant. This process is continuously repeated as the cycle 

progressed, accumulating more inactive layer from pits, dendrite, and isolated Li on the Li 

metal anode surface, which establishes a large concentration gradient. Therefore, as the 

cycle progresses, the effective diffusion coefficient becomes smaller. In the expanded 

cycles, since the thick inactive materials layer makes tortuous pathway across the 

electrode/electrolyte interphase, the Li+ ion transport is impeded by this thick inactive layer. 

And the large Li+ ion concentration difference between the reducing electrode and the 

oxidizing electrode make that the mass transport be the dominant kinetics in the expanded 

cycles. This interfacial concentration variation is accompanied by an overpotential increase 

and the dynamic concentration gradient reaches its quasi-steady-state equilibrium with the 

arc shape plateau of the time–voltage profile in the half cycle. When continuing the cycle, 

in the further expanded cycles, the brittle nature of the unstable SEI results in cracks on its 

surface and the exfoliates dendrites re-exposed the underneath Li to fresh electrolyte. The 



 

 

25 

exposed pristine Li consumes the fresh electrolyte and generates the new SEI. These 

undesirable interfacial reactions induce the increase of the ohmic potential drop and the 

irregular anodic polarization curve, eventually causing the cell failure. Due to this 

characters of Li as an anode, at a current density above 0.5 mA cm−2, suppressing the Li 

dendrite for a long-time is a hard task; besides, the when current is applied, controlling the 

unstable SEI formation by the dendrite nucleation and the pits is challengeable as well. [10, 

11]  

 

1.2.3 Unstable SEI issues of Li metal anode  

 

 The Li metal anode has excellent properties as an anode, but as mentioned earlier, its low 

reliability in the electrolyte system hinders its application to LIBs. Especially, the surface 

stability of the Li metal anode during rapid charging/discharging condition is extremely 

problematic, the root causes of which is its high reactivity with the electrolyte and the 

carbonate solvent. This side reaction between the Li metal anode and the electrolyte not 

only repeatedly accumulates the unstable SEI, but also the unstable SEI promotes the 

dendritic growth. That is, a chemical and structural heterogeneity forms in the unstable 

SEI, and it also induces a locally non-uniform Li+ ion flux to “hot-spot” on the Li metal 

anode surface, leading to preferred deposition of nonplanar Li. [12] Many strategies of 

introducing various electrolyte additives from a chemical standpoint or different types of 

Li deposition template from a structural standpoint have been researched to stabilize this 

unstable SEI and suppress the dendritic growth, but such strategies still have a problem of 

continuous electrolyte exhaustion over repeated cycles, thus indicating that this strategy is 
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not effective to solve the underlying problem by itself. [12] 

 

1.2.4 Strategy for introducing passivation layer  

 

Considering the many researches that tried to solve the unstable SEI issues, one of the 

most remarkable solution as another emerging strategy is the introduction of passivation 

layer. LiF is a key component of the stable SEI. Although LiF does not have high ionic 

conductivity as an inorganic part of SEI, it exhibits high levels of chemical stability, wide 

electrochemical stability window, and high shear modulus to the other component of the 

SEI. [13, 14] Furthermore, LiF can improve the surface diffusion of ions and therefore 

leads to smooth Li plating. [13, 15] Due to these properties of LiF, LiF can serve as an 

excellent passivation layer, so there have been many attempts to form SEI containing much 

LiF onto the Li metal anode surface. These conventional researches can be classified into 

two categories; first, a coating the Li metal anode surface with a solution in which a 

mixture of LiF and polymer is dissolved and second, an injecting a gaseous LiF precursor 

onto the Li metal anode surface. [14, 16–18] However, in the first method, the F– anion 

has very small size; since the lattice energy of LiF is very low and the solubility of LiF in 

most solvent is very low under the influence of the dielectric constant of the solvent, it’s 

very difficult for LiF to be thinly and uniformly dispersed on the Li metal anode surface. 

[14, 19] And, in the second method, the method of injecting a gaseous medium is an 

expensive process or a process that uses highly hazard reagents for hydrofluoric acid and 

other fluorinated compounds, which can impose extra challenges on industrial processing 

and battery packaging. [14, 18]  
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1.2.5 An in-situ formed LiF passivation layer 

 

In this dissertation, I designed a chemical reaction in which LiF can be self-induced using 

fluorinated metathesis of conjugated carbon network material in the cell internal 

environment. Unlike the conventional method, the proposed fluorinated metathesis in this 

dissertation does not require any additional LiF or LiF precursors to form SEI containing 

much LiF, as the unique semi-ionic C–F bond between the two-dimensional carbon 

materials and fluorine in specific solvent environment allows for an in-situ formed LiF 

passivation layer. Therefore, I propose this stabilization mechanism as solution that can 

achieve high reliability and high performance of Li metal anode in a completely new and 

noble way.  
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Figure 1.2 Stepwise behavior of the Li metal anode in Li|Li symmetrical cell configuration 

at high current density of 5 mA cm–2 (1 mAh cm–2). 
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Chapter 2  

Nonwoven rGO Fiber-Aramid Separator for High-Speed 

Charging and Discharging of Li Metal Anode 

 

2.1 Introduction 

 

 Li metal is one of the best anode materials for next-generation Li ion-based batteries 

(LIBs) and the most promising anode material that can replace the carbonaceous anode 

currently in use because of its high theoretical specific capacity of 3862 mAh g−1 and low 

redox potential of –3.04 V (vs. a standard hydrogen electrode). [1] Nevertheless, in order 

to apply Li metal to LIBs as an anode material, issues such as those related to the cycle 

characteristics such as the life span and C-rate capability need to be resolved. [1, 2] These 

issues arise owing to the solid electrolyte interphase (SEI) layer formed on the surface of 

the Li metal anode (LMA). [1, 3] Unlike the conventional graphite anode, which exhibits 

a stable intercalation/de-intercalation mechanism, the Li metal anode, which utilizes a 

lithiation-delithiation mechanism known as hostless electrochemical plating/stripping to 

charge/discharge, undergoes repeated formation/collapse of an unstable SEI layer on its 

surface. Thus, the LMA is continuously exposed to undesirable interfacial reactions with 

the liquid electrolyte. [1, 4] The continuous occurrence of these side-reactions deteriorates 

the cycle characteristics of the LMA. In particular, this phenomenon gradually intensifies 
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as the applied current increases, leaving the LMA operative within limited cycles at a high 

current density. [5] Thus, the surface of the LMA needs to be subjected to additional 

treatments, based on studies of interfacial phenomena, for introducing it to LIBs, which 

many research groups attempted (e.g., the modified Li electrode surface, framework 

design to Li electrode, additive, etc.). [4–9] Of the many approaches, studies that 

stabilization of the LMA surface by the introduction of a conductive interlayer (e.g., metal 

mesh, fibrous metal felt, etc.) between the LMA and separator or by applying a functional 

separator provided excellent results and the advantage using Li metal without structural 

modification. [4, 10–14] Similarly, a good interlayer or functional separator should be 

able to control undesirable interfacial reactions by the formation of the stable SEI layer, 

which prevents accumulation of an inactive layer and liquid electrolyte depletion, 

maintaining the cycle characteristics of LMA. My previous studies also focused that 

points and showed that the surface stability of the LMA can be improved by a conductive 

interlayer and an advanced gel polymer electrolyte with a conductive composite, which 

can protect the LMA surface. [12, 13] In particular, when there is a conductive interlayer 

above the LMA, the conductive interlayer at the top structurally meets the Li+ ion flux 

first during the plating step. Therefore, the SEI layer formed is more stable on the 

conductive interlayer than on the LMA surface and could thus ensure surface stability of 

the LMA, preventing repeated SEI formation/collapse, dendritic growth, and liquid 

electrolyte depletion. [10, 12, 13] To realize stable Li metal anode surface with high areal 

capacity at high current density is still remaining thresholds. In this study, I, for the first 

time, fabricated the nonwoven type membrane of reduced graphene oxide fibers on aramid 

separator by using light carbon-based materials which are favorable in terms of energy 
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density of the entire cell. This nonwoven type reduced graphene oxide fibers attached to 

aramid paper (rGOF-A) was prepared as an advanced separator through simple filtration 

to solve the issues presented by an unstable SEI layer as well as to ensure surface stability 

of LMA in the high current density and high areal capacity. When the rGOF side of rGOF-

A contacts the Li metal anode, it functions effectively as a conductive frame, so the 

electrons can migrate from the underlying the LMA to the rGOF as the current is applied. 

Thus, the rGOF first meets the Li+ ion flux rather than the LMA, and the SEI layer, which 

has different chemical characteristics than those of the LMA surface, forms more stably 

mainly on rGOF in strong reductive conditions. In other words, rGOF also can act a 

conductive layer and induces formation of the SEI layer in rGOF, not the LMA, helping 

toward stable operation of the LMA. The formed stable SEI layer can be effectively 

confined within the rGOF frame to have a high modulus. In addition, as the electrolyte is 

consumed to form the SEI layer on the surface of rGOF, chemically reactive C–F bonds 

are generated at the surface of rGOF and the fluorinated rGOF surface induces the 

formation of LiF known as the component of the stable SEI during the Li+ ion plating 

process. LiF is a key component in a stable SEI layer on the LMA because it has a wide 

electrochemical stability window and improves the surface diffusion of ions, which can 

lead to smooth Li plating. [15] Thus, LiF protects the LMA from further repeated SEI 

layer formation/collapse processes and helps the LMA to operate reliably. This passivation 

effect of rGOF on the LMA surface allows the LMA to maintain its cycle characteristics 

for a higher areal capacity (20 mAh cm−2) than practical application condition. Thus, 

rGOF-A functional separator ensures cycling stability of the LMA without any 

deteriorating factor, which contributes to large Li source irreversibility, and this does not 
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involve a structural change for the LMA or additional treatments such as those involving 

additives to maintain to the cycle characteristics or lifespan. 
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2.2 Preparation of rGOF-A 

 

 The manufacturing process of rGOF-A is shown in Figure 2.1 and Experimental details 

and is as follows: graphene oxide (GO) solution (20 mg mL−1) was prepared by the 

modified Hummer's method. [16] GO fiber was fabricated according to the method 

reported by Cong et al., with some modification. [17] Nonwoven type GO fibers were 

obtained using a GO solution with a thickness of 3–8 µm employing wet spinning in water, 

were randomly aligned on aramid paper using the filtration method. Gel-state GO fibers 

adhered to aramid paper by hydrogen bonding were dried to achieve an integral form over 

24 h at 60 °C. In order to acquire reduced graphene oxide fibers attached to aramid paper 

(rGOF-A), dried GO fibers attached aramid paper were processed by chemical reduction 

using 55% hydroiodic acid for 16 h at 80 °C and 823 Pa and then washed with water and 

ethanol. [18] The reduction and washing were carried out repeatedly 5 times to remove 

the residual iodine. After that, rGOF-A was slowly dried. The thickness of rGOF-A was 

≈35 µm (rGOF: 15–20 µm, aramid paper: 15 µm). The weight of rGOF was 0.5111 ± 0.1 

mg cm−2. Aramid offers good chemical resistance, and is thus not denatured during the 

several chemical reduction process by hydroiodic acid, and its thermal resistance is also 

excellent enough to not be shut down and melt down caused by heat generated from the 

fabrication process or the charging/discharging of the cell. [19] Therefore, aramid remains 

stable after several chemical reduction processes under heating as shown in Figure 2.2. 

The rGOF side of rGOF-A was confirmed through Fourier transform infrared (FT-IR) and 

X-ray photoelectron spectroscopy (XPS) analysis (Figure 2.3 and Figure 2.4). Figure 2.5 
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shows the mechanical property of the rGOF side. Although a single fiber strand of rGOF 

is thinner, a modulus of the randomly aligned film, which was enhanced by the strong 

interaction between the more compact stacks of the reduced GO sheets, [20] was similar 

that of a 43 µm GO fiber of the reference method; the tensile strength and Young's 

modulus were as follows: rGOF—137 MPa and 3.5 GPa (the corresponding elongation 

was about 3.8%), respectively; reference—145 MPa and 4.2 GPa (the corresponding 

elongation was about 4.0%), respectively. 
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Figure 2.1. Preparation of rGOF-A. 
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Figure 2.2. FT-IR data of aramid paper (a) before and (b) after the chemical reduction 

process. [21] 
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Figure 2.3. FT-IR data of rGOF. [22] 
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Figure 2.4. XPS data of rGOF. [23] 
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Figure 2.5. Mechanical property of rGOF. 
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2.3 Galvanostatic cycling measurements 

 

 Li|Li symmetrical cells provide an important platform for the evaluation of the LMA 

performance without cathode coupling. [24, 25] The voltage versus time profiles obtained 

during galvanostatic cycling of Li|Li symmetrical cells are related to electrode stability and 

failure, showing the surface stability of LMA through the ohmic potential drop and anodic 

polarization curves during the continuous plating/stripping process. Before the cycling 

measurements in the Li|Li symmetrical cells, the measurements in half-cells without Li 

reservoir on one end (Li/Cu) were carried out to obtain information about the effect of the 

rGOF architecture on cell performance (Figure 2.6). Then, the Li|Li symmetrical cells were 

analyzed at increased current densities and extended cycle numbers. [26] Control devices 

and the rGOF-A symmetrical cell constituted the structure; control devices—Li/Aramid/Li 

(red), rGOF-A symmetrical cell—Li/rGOF/Aramid/rGOF/Li (blue). When current was 

applied, the symmetrical cell corresponding to the control device indicated stepwise 

behavior as seen in Figure 2.7a and chapter 1.2.2. Electrochemical impedance 

spectroscopy (EIS) data, acquired to evaluate the initial SEI formation, also supported the 

results of symmetrical cell tests (Figure 2.8). [27] In the control device, the thick SEI layer 

resulted in the augmentation of the ohmic potential drop, followed by collapse of the 

unstable SEI layer with decrease in the ohmic potential drop due to failure to maintain the 

expanded structure on the LMA surface. This phenomenon occurred repeatedly, and thus 

the ohmic potential drop fluctuated continuously. Furthermore, the anodic polarization 

curves were irregular owing to the repeated formation/collapse of the SEI layer. This 
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behavior of the control device continued for progressing cycle. However, the rGOF-A 

symmetrical cell showed a much lower ohmic potential drop and a flat anodic polarization 

curve without any convex profile corresponding to the energy barrier by the thick inactive 

layer because of the stable SEI layer. This passivation effect offered by the stable SEI layer 

caused by the rGOF-A separator enhanced the reliability of the LMA during 

charging/discharging up to 1000 cycles at the current densities of 5 mA cm−2 (1 mAh cm−2) 

and 10 mA cm−2 (1 mAh cm−2), showing low polarization and a flat curve (Figures 2.7b 

and c). While that of the control device was unstable, the rGOF-A symmetrical cell showed 

a stable charging/discharging profile with a low ohmic potential drop and a regular anodic 

polarization curve. Of course, under conditions where very a low current of 0.05 mA cm−2 

(1 mAh cm−2) was applied and ohmic polarization was not dominant, the rGOF-A 

symmetrical cell tended to do the same with the control device (Figure 2.9). 
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Figure 2.6. Galvanostatic cycling measurements in Li/Cu half-cell. (a) The first five-

cycles as initialization process. (b) Time–voltage profiles of Li/Cu half-cells for the 

control device and the rGOF-A applied case. (c) The enlarged area of blue marked region 

in the (b) profile. (d) Coulombic efficiency of the Li/Cu half-cells. Galvanostatic cycling 

measurements of Li/Cu half-cell (asymmetric cell) structure were carried out using a 

three-electrode system to analyze the behavior of Li+ ions plating/stripping on the surface 

and to assess the structural stability of the SEI layer by rGOF-A architecture. Planar Cu 

foil was used as the working electrode; Li foil was used both as the counter and the 

reference electrode. The structures of the control device and the rGOF-A applied cell are 

as follows: Li/Aramid/Cu and Li/Aramid/rGOF/Cu. To evaluate the stability of SEI layer 

formed in rGOF, the rGO fibers side of rGOF-A was in contact with the Cu foil. Before 
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the test was proceeded, the cells were initially cycled for five times from 0 to 1 V at the 

current density of 50 μA cm–2 in order to remove any contamination on surface and to 

stabilize the initial SEI layer (a). During this initial plating process, Li+ ions were plated 

toward the working electrode, and Li+ ions were partially consumed to form initial SEI 

layer. After the initialization process, Li+ ions were plated onto the Cu foil (working 

electrode) at the current density of 1 mA cm–2 (1 mAh cm–2). Then, the current was 

reserved, and Li+ ions plated on Cu foil were stripped to the counter/reference electrode 

up to 1 V (b). In the case of half-cell with rGOF-A, the time–voltage profile appears the 

constant shape and the low overpotential with a regular graph shape due to the stably 

formed SEI layer assisted by rGOF-A; whereas the cathodic overpotential of the control 

device gradually increases with minimal capacity stripping as cycle is proceeded (c). This 

means that the control device was being degraded gradually. This tendency was also 

shown in the coulombic efficiency (d). Because rGOF-A induced the stable SEI layer, the 

coulombic efficiency, which is equal to the stripped Li+ ion/the plated Li+ ion, appears 

>99 % after the initial stage. On the contrary, unstable SEI layer formed on the control 

device system did continuously induce the re-creation of new SEI layer by consuming Li+ 

ion source. So, the control device exhibits low coulombic efficiency. Regarding the rGOF, 

coulombic efficiency of the rGOF-A applied cell remained high and it consumed less extra 

Li+ ions for additional SEI layer formation. And this is related to the stable SEI layer 

formation due to rGOF-A. 
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Figure 2.7. Galvanostatic cycling measurement of symmetrical cell test at 5 mA cm−2 (1 

mAh cm−2) and 10 mA cm−2 (1 mAh cm−2). (a) Initial stage time–voltage profiles for the 

symmetrical cell of the control device and the rGOF-A application at 5 mA cm−2 (1 mAh 

cm−2). Time–voltage profiles for the symmetrical cell (b) at 5 mA cm−2 (1 mAh cm−2) and 

(c) 10 mA cm−2 (1 mAh cm−2). 
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Figure 2.8. EIS data of (a) the control device and (b) rGOF-A symmetrical cell. The 

control device indicates a large resistance (~500 Ω cm−2) before cycling, and it was 

significantly decrease to 25 Ω cm−2 after the 5 cycles and to 13.5 Ω cm−2 after the 50 

cycles as a result of native oxide layer destruction and dendritic Li formation, while rGOF-

A symmetrical cell showed low resistance and small decrease by the SEI passivation at 

the initial stage (8.5 Ω cm−2 before cycling, 8.3 Ω cm−2 after the 5 cycles, 6.8 Ω cm−2 after 

the 50 cycles). 
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Figure 2.9. Time–voltage profile of rGOF-A symmetrical cell for first 5 cycles at low 

current density of 0.05 mA cm−2 (1 mAh cm−2). 
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2.4 Optophysical characteristics 

 

2.4.1 XPS analysis 

 

XPS analysis (P, C, F) was carried out for the surface of the LMA tested in 1000 cycles 

at the current density for 10 mA cm−2 (1 mAh cm−2) and additionally for the surface of 

rGOF. Phosphorus was the central atom in the anion of the electrolyte, and changes in the 

binding state of P demonstrated the SEI layer formation by the degradation of electrolytes. 

Therefore, the high ratio of electrolyte remaining in their original form indicated that the 

electrolyte was consumed less in forming a new SEI layer because of the good stability 

of the SEI layer. [28] In control devices, a considerable amount of electrolytes 

decomposed in the formation of the SEI layer consisting of lithium phosphorus oxides 

(LixPOyFz), thus leading to a low percentage of original electrolytes observed in Figure 2. 

10a. [29–32] However, In the case of rGOF-A, both the LMA surface and the rGOF 

surface showed that the electrolyte remained to a larger extent than that of the control 

device, corresponding to a rise in the left shoulder peak of 137.6 eV (Figures 2.10b and 

c). After the SEI layer was formed stably along the rGOF surface in the initial state, the 

electrolyte was rarely used in the generation of the new SEI layer and, therefore, less 

repeated SEI formation/collapse reaction occurred, which is also in agreement with the 

results obtained for the tests the symmetrical cell.  

XPS analyses of C was carried out to further characterize the SEI layer induced by rGOF. 

The binding status of carbon remaining on the LMA surface of the control device showed 
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that C–O bond increased and O−C=O bonds appeared, representing the C–O and O−C=O 

bonds formed by the reaction between the electrolyte and Li in the electrolyte 

decomposition process for SEI layer formation (Figure 2.10d). [29, 33] However, in the 

case where rGOF-A was used, the binding status of carbon was different from that of the 

control device. On the surface of rGOF, C=C bonds decreased significantly with a sharp 

increase of C–C and C–O bonds compared to that of pristine rGO (Figure 2.4), and 

additional C–F bonds and semi-ionic C–F bonds appeared, while C–O, C–F, and semi-

ionic C–F bonds showed the same tendency on the LMA surface of the rGOF-A cell 

(Figures 2.10e and f). [34, 35] The rGOF consisting of the fiber type had a wider surface 

area than Li metal, and the conductive rGOF on the LMA met with the Li+ ion flux first 

to form the SEI layer on its surface during the plating step as shown in Figure 2.11. Thus, 

the C–C and C–O bonds mainly constituted the SEI layer and also appeared on the control 

device, more on the surface of rGOF than on the surface of the LMA in case of the rGOF-

A cell when analyzed to the same depth (Figure 2.10f). In addition, to clarify the role of 

the semi-ionic C–F bond in the rGOF-A cell, characterization of the semi-ionic C–F bond 

and the F XPS analysis were carried out. New semi-ionic C–F bonds appearing in the 

rGOF-A applied cell exhibited intermediate properties between those of ionic and 

covalent bond, in terms of reactivity and conductivity. [36, 37] F XPS also showed a 

significant amount of LiF and semi-ionic C–F bonds on the rGOF surface and LMA 

surface of the rGOF-A cell while there was only a relatively small amount of LiF in the 

case of control devices (Figures 2. 10g–i). [38] Based on the properties of semi-ionic C–

F bonds and the XPS data of C and F, the expected mechanism for the high ratio of LiF 

on the rGOF was suggested to be as follows. 1) As current was applied, electrolyte and 
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solvent decomposed. 2) When PF6
− of the LiPF6 electrolyte decomposed, PF5 was further 

stabilized in polar and compact solvent system (or solvents such as ethylene carbonate 

(EC) with large dielectric constant and small volume optimize the stabilization of PF5). In 

this way, PF6
− anion of electrolyte can decompose to PF5 and F− anion. [39] 3) During the 

SEI layer formation on the rGOF surface, C=C bonds reacted with F− anions to form C–

F bonds and semi-ionic C–F bonds (F-doped state) (at this point, C–O and C–C bonds also 

formed). 4) Since the semi-ionic C–F bonds of the rGOF surface resulted from the 

introduction of the F atom to the conjugated C=C double bond networks, the slightly 

delocalized electron of C–F bonds with hyperconjugation induced the low-order C–F 

bonds, while a Cδ+–Fδ− partial charge arose from the high electronegativity of the fluorine 

atom. [40] 5) This low order fluorine atom with partial negative charge on fluorinated 

graphene met the Li+ ion flux during the plating, and LiF formed along the rGOF surface. 

Thus, the rGOF surface coated with LiF can be a passivation layer preventing further 

decomposition of the electrolyte by resolution of the undesirable interfacial phenomena. 

FT-IR analysis was also conducted to identify LiF and semi-ionic C–F bonds on the cross-

section of rGOF, and C–F bonding, semi-ionic C–F bonding, and LiF peaks can be seen 

in Figure 2.12. [41–43] 
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Figure 2.10. XPS data of the Li surface and rGOF surface after 1000 cycles at 10 mA 

cm−2 (1 mAh cm−2). P 2p XPS data of (a) the Li surface of the control device, (b) the rGOF 

surface, and (c) the Li surface of the rGOF-A symmetrical cell. C 1s XPS data of (d) the 

Li surface of the control device, (e) the rGOF surface and (f) the Li surface of the rGOF-

A symmetrical cell. F 1s XPS data of g) the Li surface of the control device, h) the rGOF 

surface, and i) the Li surface of the rGOF-A symmetrical cell. 
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Figure 2.11. SEM image of rGOF as the cycle progress. (a) pristine rGOF and Li. (b) 

rGOF and Li after the 50 cycles and (c) rGOF and Li after the 1000 cycles in current 

density of 10 mA cm−2 (1 mAh cm−2). 
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Figure 2.12. FT-IR data of rGOF after the 1000 cycles in current density of 10 mA cm−2 

(1 mAh cm−2). (a) The position of the measuring surface. (b) FT-IR spectroscopy. Take 

the thickness of SEI layer formed along the rGOF surface into account, Microscopic FT-

IR equipment was used. To reveal sections, rGOF was cut in a slated direction using the 

surface and interfacial characterizing analysis system (SAICAS). The analysis was 

focused on the white square area in the red circle of the (a) image. 
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2.4.2 Electron microscopic image analysis 

  

Through analysis of the electron microscopic images by scanning (SEM) and 

transmission (TEM), surface changes on the LMA and rGOF were visualized for 1000 

cycles at a current density of 10 mA cm−2 (1 mAh cm−2). The LMA surface in the control 

devices showed as thick layer considered to be the SEI and points where dendritic 

formation could progress, while the LMA surface with the rGOF-A separator did not differ 

from the initial state of Li as shown in Figures 2.13a–c. When observing the change in 

rGOF as the cycle progressed, the SEI layer showed growth as it was confined between 

the rGO conductive frame (Figures 2.13d–f). Furthermore, considering that the rGOF side 

contacting the LMA was filled first (Figures 2.13g–i) rather than the rGOF side contacting 

the aramid paper (Figures 2.13d–f) during the same number of cycles, it grew in the 

direction of aramid from the bottom where it contacted the LMA. This phenomenon shows 

that the formation of a stable SEI layer by rGOF starts with the rGOF located at the LMA-

contact-side where electron transfer is easy from the LMA. In addition, since a stable SEI 

layer of rGOF begins to form from the location close to the LMA, surface stabilization of 

the LMA begins at an early stage of the cycles. This stable SEI layer, formed early, can 

also be reliably confined in rGOF frames with a high modulus, which can be expected 

prevent random dendrite growth on the SEI layer (Figure 2.5). A solid electrolyte with a 

modulus of 6 GPa can solve the dendrite problem, and a high modulus can help suppress 

the dendrite growth problem. [44] Therefore, reduced GO or fluorinated GO inherits the 

excellent modulus. [17, 45] In this regard, it was estimated that the rGOF with a high 

modulus also can have a confinement effect on dendrite growth.  
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Figure 2.14 shows the results of the TEM analysis for the rGOF section. The thickness 

of the rGOF was about 3.26 µm and it had a total thickness of 3.72 µm including the SEI 

layer (Figure 2.14a). Figure 2.14b shows the energy dispersive spectrometry (EDS) 

results obtained for rGOF with a thickness of 3.26 µm. Figures 2.14c–e show mapping 

images of C, F, and O, respectively. In the edge side of rGOF, the intensity of carbon 

decreased slightly while the intensity of oxygen showed little increase. In addition, 

fluorine was mainly distributed in the edge side of rGOF where it can meet the electrolyte 

to form a chemical bond between carbon and fluorine. These mapping images are 

consistent with the XPS results acquired for the rGOF surface where carbon–carbon 

double bonds were reduced as carbon–oxygen and carbon– fluorine bonds increased (and 

appear) in amount. The internal spacing of rGO was 4.10 Å on average, which was similar 

to the 3.93 Å observed for the reference method. [17] Considering the PF6
− and F− ionic 

diameters (PF6
−: 5.10 Å, F−: 1.2–1.3 Å), the fluorine appearing inside of rGOF was caused 

by F− ions, not electrolyte permeation. [46] Therefore, it was suggested that the presence 

of fluorine in the edge side of rGOF was mainly due to C–F bonds or semi-ionic C–F 

bonds. Figure 2.15 shows the mapping image of the residual iodine (reducing agent), 

which is less than 0.01 wt% (C: 78.12 wt%, O: 19.04 wt%, F: 2.84 wt%, I < 0.01 wt%). 

Figure 2.16a shows an enlarged image of the red square area of the Figure 2.14a, and 

Figure 2.16b shows the area assumed to be the SEI marked by the yellow square in Figure 

2.16a. Figures 2.16c and d show the EDS results (C: 77.89 wt%, O: 12.74 wt%, F: 7.09 

wt%, P: 2.28 wt%) and a mapping image of the SEI, respectively. The fluorine present in 

the SEI layer was expected to have a high amount of LiF and dried electrolyte. 

Figures 2.14f–h are the image of the regions marked by the yellow square boxes in 
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Figure 2.14a. Figure 2.14f represents the central area of rGOF, showing the lattice fringe. 

Figure 2.14g shows the edge side of rGOF, and where the lattice fringe does not appear is 

considered the F-doped area. Figure 2.14h displays the interface between the F-doped area 

of rGOF and SEI layer, and the mosaic area on the outside of the rGOF is considered the 

SEI layer. In the bright-field (BF) TEM image of Figure 2.17 (energy dispersive 

spectrometry), the lightest carbon made rGOF appear to be the brightest and the F-doped 

edge side in the rGOF was the shaded area, and the outer side corresponding to SEI layer 

appears to be the mosaic area. 
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Figure 2.13. SEM images of Li and rGOF as the cycle progress. (a) pristine Li surface. 

After the 1000 cycles, (b) Li surface of the control device, and (c) Li surface of the rGOF-

A symmetrical cell. (d–f) rGOF surface (aramid-contact-side): (d) pristine, (e) after the 

500 cycles, and f) after the 1000 cycles. (g–i) rGOF surface (Li-contact-side): (g) pristine, 

(h) after the 500 cycles, and (i) after the 1000 cycles. Test condition—10 mA cm−2 (1 mAh 

cm−2) (scale bar represents 50 µm). 
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Figure 2.14. TEM image analysis. (a) TEM sectional image of rGOF after the test. (b) 

EDS data of rGOF. Elemental mapping image of (c) C, (d) O, and (e) F. (f) Center area of 

rGOF. (g) Edge side of rGOF. (h) Outer area of rGOF. 
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Figure 2.15. Iodine mapping image of the rGOF section. 

 

  



 

 

61 

 

Figure 2.16. The EDS data for SEI layer. (a) Image of SEI layer outside of rGOF. (b) the 

enlarged image of yellow square area of (a). (c) The EDS data of (b) area. (d) The mapping 

image of the SEI layer for each element. 
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Figure 2.17. The BF TEM image. 
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2.5 Expected mechanism 

 

 Based on the surface analyses of rGOF and LMA, I suggested the expected mechanism 

to be as shown in Figure 2.18. As described in chapter 1.2.2 and Figure 2.18a, the control 

device system was cycled with the Li dendrite nucleation and growth, which consumed 

fresh electrolyte and accumulated the electrically inactive layer, degrading the cycle 

characteristics of LMA. As a result, the system finally reached cell failure. Figure 2.18b 

shows the surface evolution process of rGOF. First, a reducing atmosphere was created 

on the conductive rGOF surface as the current was applied. In polar and compact solvent 

(or large dielectric and compact solvent) condition, PF6
− anions of electrolyte decomposed 

to PF5 and F− anions, and F− anions chemically reacted with C=C bonds on the rGOF 

surface, forming C−F bonds and semi-ionic C−F bond (F-doped state). The F-doped rGOF 

surface met the Li+ ion flux during the plating process and formed a stable SEI layer with 

a relatively high proportion of LiF along its surface. Therefore, since the stable SEI layer 

containing LiF was formed on the rGOF surface and on the LMA surface contacting rGOF, 

issues related to the repeated formation/collapse of unstable SEI layer, one of the most 

prominent obstacles in applying the LMA to LIBs, could be resolved. 
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Figure 2.18. Expected mechanism of Li metal anode. (a) Li metal anode in the control 

device. (b) Li metal anode with rGOF-A separators. 
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2.6 Rapid charging test 

 

 In general, a higher current density leads to Li plating with a smaller grain size, which 

increases the number of grains simultaneously growing on the LMA surface. [5] This 

phenomenon enhances the surface reactions of the electrolyte species with the electrode 

by increasing the overall available surface area for Li plating, so the electrolyte is simply 

depleted accompanied with a limited cycle. Therefore, ensuring the reliability of the LMA 

over long cycles at high current densities is very challenging. So, in order to understand 

the effect of rGOF on the stability of LMA as current increases, some additional tests were 

carried out as follows: 1) rapid charging/discharging test at high current density of 20 mA 

cm−2 (1 mAh cm−2); 2) high areal capacity test at high current density of 20 mA cm−2 (20 

mAh cm−2). A high current density of 20 mA cm−2 was applied to identify the material's 

promise for use in rapid charge/discharge devices with a high power density. [47, 48] 

Furthermore, from a practical perspective, the areal capacity of the commercial electrode 

needs to reach at least 3 mAh cm−2 for Li, so other studies reported values of 3–5 mAh 

cm−2 in the areal capacity test. [49, 50] Taking this into consideration, I attempted to 

conduct a 20 mAh cm−2 as high areal capacity test at a rate of 20 mA cm−2 

(charging/discharging = 1 h/1 h). In the rapid charging/discharging test with a current 

density of 20 mA cm−2 (1 mAh cm−2), the control device showed a sharp ohmic potential 

drop from the initial stage by the enhanced influence of the inactive layer accumulated on 

the LMA surface, resulting in the cell failure within 370 cycles (Figure 2.19a). However, 

the LMA showed a regular voltage profile during the charging/discharging up to 1000 
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cycles when rGOF-A separators were applied. The SEI layer, which formed stably on the 

LMA surface and rGOF surface, prevented the LMA from having an undesirable 

interfacial reaction with the electrolyte, contributing to its improved reliability. The effect 

of rGOF-A separators on improving the reliability of LMA was also evident in the high 

capacity test of 20 mAh cm−2 (20 mA cm−2) as shown in Figure 2.19b. Figure 2.19c was 

the enlarged images of red marked regions in the (b) profile. The enlarged image shows 

that the potential was stably remained for about 800 h and then was gradually increased 

because the accumulation of SEI layer on the surface with Li source consumption. Since 

the SEI layer was growing in the confined rGOF frame and contained stable components, 

the LMA reliability was maintained well even when the Li thickness corresponding to the 

high capacity of 20 mAh cm−2 was plated/stripped repeatedly for 2000 cycles at a high 

current density of 20 mA cm−2. The improved stability of SEI layer by rGOF-A separators 

allows LMA to maintain its reliability under such harsh conditions.  

 Galvanostatic cycling measurements of Li metal batteries with the prepared LiFePO4 

(LFP) or LiFePO4@N-doped carbon@reduced graphene oxide (LFP@NC@rGO) were 

carried out to demonstrate the effectiveness of the rGOF-A separator in practical Li/LFP 

cell. The Li/LFP and Li/ LFP@NC@rGO cells were initially cycled 5 times at 0.1 C-rate 

within a potential window 2.0–4.2 V and 5 times at 0.2 C-rate within a potential window 

2.5–4.2 V to stabilize the LFP interface for initialization. After that, the Li/LFP cells were 

tested at 5, 10, and 20 C-rate within a potential window 2.5–4.2 V, and the 

Li/LFP@NC@rGO cells were tested at 50 C-rate within a same potential window. As 

shown in Figure 2.20, the Li metal batteries with the rGOF-A showed low capacity fading 

from 5 C-rate to 10 C-rate to 20 C-rate compared to the Li metal batteries with aramid 
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separator. After 1000 cycles, a specific capacity of the Li metal batteries with the rGOF-

A was 147.49→144.63 mAh g−1 (5 C-rate), 100.72→90.45 mAh g−1 (10 C-rate), and 

78.83→62.99 mAh g−1 (20 C-rate), reaching 98.06% (5 C-rate), 89.80% (10 C-rate), and 

79.91% (20 C-rate) of the initial specific capacity, whereas the Li metal batteries with 

aramid separator showed reaching 92.28% (5 C-rate), 74.42% (10 C-rate), and 45.29% 

(20 C-rate). It also showed low capacity fading compared to the Li metal batteries with 

the commercial polypropylene/polyethylene/ polypropylene (PP/PE/PP; PP) separators; 

92.00% (5 C-rate), 72.87% (10 C-rate), and 36.96% (20 C-rate) (Figure 2.21). In high-

speed test of 50 C-rate with LFP@NC@rGO, Li metal batteries with rGOF-A separator 

showed excellent performance that 89.07% of initial specific capacity is maintained after 

the 2000 cycles, while the Li metal batteries used commercial PP or aramid separator 

reached to cell failure around 800 or 1000 cycles, respectively (Figure 2.22). Figure 2.23 

shows the entire time–voltage profile of 50 C-rate, including the stabilization process. The 

Li metal batteries with the rGOF-A outperformed in terms of the capacity fading and were 

superior than that of the Li metal batteries with aramid separator. The undesirable 

interfacial reactions deteriorating the reliability of the LMA were resolved by the rGOF-

A as the interface stability between the LMA and electrolyte was improved. Thus, the Li 

metal batteries with the rGOF-A maintained the characteristics of the LMA. 
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Figure 2.19. Additional Galvanostatic cycling measurement of symmetrical cell test at 

harsh condition. (a–c) Time–voltage profiles for the symmetrical cell of the control device 

and the rGOF-A application: (a) The rapid charge/discharge test at 20 mA cm−2 (1 mAh 

cm−2), (b) the high areal capacity test at 20 mA cm−2 (20 mAh cm−2). (c) The enlarged 

images of red marked regions in the (b) profile. 
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Figure 2.20. The Cycling performance of Li metal batteries (LiFePO4) test with rGOF-A 

or aramid. 
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Figure 2.21. The Cycling performance of Li metal batteries (LiFePO4) test with rGOF-A 

or commercial PP/PE/PP separators. 
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Figure 2.22. The Cycling performance of Li metal batteries (LiFePO4@NC@rGO) test 

with rGOF-A or aramid or commercial PP/PE/PP separators. 
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Figure 2.23. The time–voltage profile of Li/LFP (LiFePO4@NC@rGO) test with rGOF-

A at 50 C-rate for 2000 cycles. (a) The entire time–voltage profile. (b) Mid-area, and (c) 

terminal area of profile during the charging/discharging process at 50 C-rate. First 24 

hours “rest” is for the rGOF-A to be wet enough with liquid electrolyte. Subsequently, 

five cycles are carried out at 0.1 C-rate (2.0 V ~ 4.2 V) and then cycles at 0.2 C-rate (2.5 

V ~ 4.2 V) for stabilization. After rest step, primary stabilization, and secondary 

stabilization, the cell began cycling at 50 C-rate. 
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2.7 Soft-short test 

 

 In many previously reported studies with Li|Li symmetrical cell tests, the cell potential 

did not fall to 0 V during extended cycle but showed a tendency to be stabilized that could 

often indicate soft-short (micro-short). [51] In these soft-short cases, electron flow 

pathways can be formed between electrodes, and only the electrons through short contact 

points occur without actual Li+ ion movement, showing stable cell potential. Fortunately, 

the use of a limited amount of lithium metal (thin Li metal anode) can conclusively 

identify the presence of electronic shorting. [51] In the case of soft-short, the cell potential 

remains constant even when the limited amount of Li is predicted to be run out since the 

electron movement through the electron pathways occurs only during 

charging/discharging. Therefore, although the duration of the current being applied is very 

long enough to exhaust the Li+ ion source, Li of the electrode remains intact. Contrary to 

that, when the cells are properly cycled, the depletion of known amount of Li causes cell 

potential to rise (Figure 2.24). [51, 52] In Figure 2.25, by taking this point into 

consideration, Li|Li symmetrical cell test was conducted by using thin Li metal electrode 

with theoretical capacity of 15.7358 mAh cm−2 taking into account the density (0.534 g 

cm−3) and theoretical capacity (3862 mAh g−1) of Li (diameter: 18 mm, thickness: 30 µm). 

By considering that the potential rises when Li source of the electrode is exhausted, ±1.5 

V was set to cut-off voltage while high current density of ±20 mA cm−2 corresponding to 

rapid charging condition was being applied. [47, 48] Due to unstable SEI layer, the control 

device continuously requires the regeneration of new SEI layer in every cycle. Moreover, 
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the growth of smaller and more grain, which is induced by high current, accelerates the 

depletions of the liquid electrolyte and Li+ ion source. [5] Consequently, the Li source 

corresponding to the 30 µm was exhausted within only 4.4 h. This means short life-span 

characteristics. But the cell with rGOF-A showed that it took 570 h to exhaust all Li source 

corresponding to the thickness of 30 µm, which means an improvement in life-span 

characteristics about 130 times at the high current density of 20 mA cm−2. This trend is 

also concurrent with Figures 2.19b and c that the cell potential gradually increases after 

the 150th cycle because the accumulation of SEI on the surface with Li source 

consumption.  

Besides, several additional experiments were conducted to get better grasp of difference 

between the soft-short (micro-short) and the properly cycled cell with the rGOF-A. For 

the rGOF side of the rGOF-A on the soft-short assumed cell, it was estimated that the part 

of rGO fibers can serve as electron pathways. As shown in Figure 2.26a, therefore, the 

chemical composition did not much differ from the as-prepared rGOF (Figure 2.4). When 

only the electrons move through the electron pathways without Li+ ion transference, the 

change in C bonding of the reduced graphene oxide, the stable graphene derivative, is 

difficult. Also, because the formation of the new C−F bond did not appear unlike the 

normally cycled cell with rGOF-A, the residual electrolyte on the surface of separator was 

expected despite of large F proportion. In the soft-short case, when the current path was 

formed between one rGOF and the other rGOF, the chemical environment of rGO did not 

change and especially the formation of C−F bond with high binding energy was difficult 

to be occurred. In order to observe whether know that rGOF was involved in the process 

of SEI layer formation within the cell using Li metal anode, the experiment with a water 
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jacket filled with liquid electrolyte was also conducted. In this experiment as the same 

environment inside the cell, the new C−F bonds were observed like the rGOF-A applied 

cell case when the rGOF joined to Li was put in the liquid electrolyte-filled water jacket 

(1 m LiPF6 in EC/diethyl carbonate/dimethyl carbonate = 1/1/1 v/v/v) under the applied 

current of 20 mA cm−2 (2 h) as shown in Figure 2.26b. This change in binding state of C 

takes similar aspects to the XPS C spectrum of Figure 2.10, and shows different results 

with C spectrum of the soft-short case. In addition, to probe element depth distribution in 

the SEI induced by the electro-plated, time-of-flight secondary ion mass spectrometer 

(TOF-SIMS) for elemental 3D depth mapping and depth profile analyses was conducted 

to Li (bare), Li (aramid), Li (rGOF-A), and Li (soft-short case), respectively (Figure 2.27). 

Except to Li (bare), the other three cases were analyzed after 1000 cycles at the current 

density of 10 mA cm−2 (1 mAh cm−2). As shown in the elemental 3D depth mapping 

(Figure 2.27a), the substances, estimated to be SEI components, were detected from the 

Li metal anode with aramid separator and from that with rGOF-A. Whereas in the case of 

soft-short, only electrons flowed through current paths without actual Li+ ions movement. 

Therefore, the contact between the Li metal and the liquid electrolyte spontaneously 

formed just the thin native oxide layer at the top thin layer. Since there was no movement 

of actual Li+ ions, the substances estimated as SEI components did not appear from the 

lower section of the top thin layer to the bottom area of the aforementioned native oxide 

layer in depth mapping image. This tendency was equally apparent in the depth profiles 

(Figures 2.27b–e). Compared to the bare Li, cell composed of aramid separator and that 

of rGOF-A showed the substances that can be considered as SEI layer components as 

etching proceeded. Especially, in the depth profile of Li (rGOF-A), the substances, which 
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can be estimated SEI components, showed the relatively lower intensity by one order 

magnitude than the intensity of Li (aramid). As mentioned earlier, the SEI layer was 

formed mainly along the rGOF fibers in a stable form. Furthermore, it can be inferred that 

the rGOF-A could assist the stable SEI formation on the surface of Li metal anode. So, 

the SEI on Li with rGOF-A could exist thinner than that of Li (aramid). But for the soft-

short case, depth profile showed that intensity of the substances estimated as SEI 

components was not much different from intensity of the bare Li case, and displayed that 

the substances existed at only the top thin layer because there was no direct Li+ ion 

movement. 
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Figure 2.24. Galvanostatic cycling measurement of Li|Li symmetrical cell (fully stripped) 

test with 30 μm thin Li foil electrode. In the case of the properly cycled cell, Li+ ion source 

on one side was depleted as the cell potential increased (black and red). However, for the 

soft-short cell (blue), even though current was continuously applied for a period of time 

expected to exhaust all Li+ ion sources, Li was preserved on the Cu substrate, showing the 

potential converged to zero.  

*the current density for five cycles; 20 mA cm−2 (20 mAh cm−2)  

**the current density for fully stripped; 5 mA cm−2 
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Figure 2.25. Galvanostatic cycling measurement of Li|Li symmetrical cell (fully stripped 

and fully plated) test with 30 μm thin Li foil electrode. Time–voltage profile of (a) the 

control device and (b) rGOF-A applied cell.  

ⅰ) 30 μm Li on 10 μm Cu foil.  

ⅱ) Li electrode diameter is 18 mm; 15.7358 mAh. 

(density: 0.534 g cm−3, theoretical capacity: 3862 mAh g−1).  

ⅲ) the current density of 20 mA cm−2 (cut-off voltage: ± 1.5 V). 
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Figure 2.26. XPS data of the rGOF surface. (a) The XPS C spectrum of rGOF estimated 

to soft-short in cell. (b) The XPS C spectrum of rGOF in water jacket filled with a liquid 

electrolyte. (the chemical environmental condition; 1 M LiPF6 EC/DEC/DMC = 1/1/1 

v/v/v) (the current density; 20 mA cm−2 for 2 hours). 
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Figure 2.27. TOF-SIMS data on Li surface for each case. (a) 3D depth mapping image 

for possible element of SEI layer. Depth profiles of (b) bare Li, (c) the cycled Li with 

Aramid (Ref.), (d) the cycled Li with rGOF-A, and (e) the soft-short case.  

*the test condition; after 1000 cycles at the current density of 10 mA cm−2 (1 mAh cm−2). 
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2.8 Conclusion 

 

 Nonwoven type rGOF-A separator was fabricated by a simple filtration method, were 

chemically, physically, and optophysically characterized, and were electrochemically 

tested. When rGOF-A was introduced to a Li metal anode cell as a separator, the rGOF 

could act as a framework in the formation of a stable SEI layer, and showed a confinement 

effect to prevent dendrite growth. Furthermore, the rGOF surface chemically reacted with 

LiPF6 electrolyte during the electrolyte decomposition process and became “F-doped” 

stated, resulting in a stable SEI layer containing a high proportion of LiF, known as the 

stable SEI component. This property of rGOF enabled the Li metal anode to maintain 

stable cycle characteristics not only in the ultrafast charging/discharging tests but also in 

high capacity tests, while the electrolyte was not depleted and remained in its original 

state. Moreover, due to the protective effect of rGOF-A to Li metal anode, the Li metal 

batteries with rGOF-A maintained about 80% of its initial capacity at 20 C-rate and 

showed the low capacity fading than the commercial separator even after the 1000 cycles. 

It also about 89% of the initial capacity was maintained with the tuned LFP for the rapid 

charging at 50 C-rate after the 2000 cycles. The rGOF-A separator can offer sufficient 

inspiration toward improved reliability of Li metal anode, and also is expected to meet the 

researchers’ interest to in resolving the SEI layer problem of the Li metal anode. 
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2.9 Experimental details 

 

Preparation of non-woven GO fibers  

GO solution was prepared by using a modified Hummers method. GO fibers were 

prepared by the method reported by Cong, et al., with some modifications; The 

concentration of GO dopes was 20 mg mL−1, the sizes of GO fibers were 3-8 μm (standard 

deviation was 2.3 μm) (wet-spinning equipment – Invisible), and the drying condition of 

gel-state GO fibers was 24 hours at 60 ℃. The reducing process of GO fibers was 

conducted using 55% hydroiodic acid, as reported by Pei et al. After 5 times of reduction 

and washing, rGOF-A was placed in a perforated petri dish and slowly dried at room 

temperature for 24 hours in the hood. The prepared rGOF-A was used after being kept for 

1 day in an Ar atmosphere for complete drying. The resistance of rGOF side was 150−160 

Ω cm−1 according to sheet resistance measurement of Van der Paw’s law (source meter 

equipment: Keithley 2400). [53] The mechanical property of the rGOF side was measured 

by the tensile stress–strain curve obtained using a Instron 5565A. Used separators were 

paper type aramid separators (Mitsubishi, paper mills – HP3015). The HP3015 aramid 

consisted of an aramid segment binding with the polyester. As the HP3015 aramid went 

through 5 times of reductions/washing process, the polyester melted away, leaving only 

the aramid segment. Thus, its thickness decreased from 30 μm to an average of 15 μm. 

 

Preparation of LiFePO4 

LFP nanoparticles were prepared by solvothermal synthesis. [54] Lithium hydroxide 
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monohydrate (LiOH·H2O, 99%, Sigma-aldrich), phosphoric acid (H3PO4, 85%, ACROS), 

and iron sulfate heptahydrate (FeSO4·7H2O, 99%, Alfa aesar) were prepared and used as 

precursors in the stoichiometric ratio of 2.7:1:1.5, respectively. First, an appropriate 

quantity of LiOH·H2O was dissolved in 45 mL Ethylene glycol (C2H6(OH)2, 99%, 

Samchun). Then, H3PO4 was added dropwise into the above solution under vigorous 

stirring. FeSO4·7H2O was dissolved in 30 mL of ethylene glycol. Subsequently, the 

LiOH·H2O solution was added into the iron sulfate solution under stirring. The obtained 

olive green suspension was transferred into a Teflon-lined stainless steel autoclave and 

then heated at 180 °C for 10 h. After heating, the autoclave was cooled to room temperature. 

The obtained gray precipitates were washed with ethyl alcohol and DI water several times. 

Finally, the LFP residues were dried in the freeze drier. The LFP electrode was prepared 

by mixing the as-prepared active materials, Super P (Timcal, carbon black), and 

poly(vinylidenefluoride) (PVDF, Kynar HSV900) with N-methyl-2-pyrrolidone (NMP, 

99%, Aldrich) in a weight ratio of 70:15:15. The mixed slurry was coated onto an 

aluminum foil current collector and dried at 120 ℃ under vacuum for 10 h.  

 

Preparation of LiFePO4@N-doped carbon@reduced graphene oxide 

(LFP@NC@rGO) 

LiFePO4 for high C-rate test was prepared by the additional treatment with N-doped 

carbon (NC) and reduced graphene oxide (rGO). [55] The as-prepared LFP powder was 

dispersed in Tris-buffer solution (10 mM) by sonication. Then, dopamine hydro-chloride 

(3 mg mL−1, 200 mL H2O) was added to the above suspension and stirred for 15 min. Then, 

graphene oxide suspension (3 wt% in H2O) was added to the dopamine solution over 10 
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min. After reacting for 5 min, the suspension of LFP, dopamine, and graphene oxide 

suspension was washed three times with DI water and dried at 70 ℃ in an oven for 10 h. 

The collected LiFePO4 @polydopamine@GO composite was calcined at 700 ℃ for 5 h in 

Ar-filled Swagelok container to form LFP@NC@rGO. The electrode preparation was 

carried out in the same way as the preceding process. 

 

Electrochemical measurement  

The CR2032 coin cell was assembled with a Li/Cu asymmetrical cell, Li|Li symmetrical 

cell and Li/LiFePO4 cell using paper-type aramid separators (Mitsubishi, paper mills – 

HP3015, HKMS50) or polypropylene/polyethylene/polypropylene (PP/PE/PP) (Celgard 

2325) and 1 M LiPF6 (in EC/DEC/DMC = 1/1/1 v/v/v) (PANAX ETEC Co. Ltd. StarLyte 

or Simga-aldrich). HP3015 aramid (30 μm) was used for rGOF and HKMS50 (50 μm) 

aramid was used as the control device. The HP3015 aramid went through 5 times 

reductions/washing process and its thickness was reduced from 30 μm to average 15 μm. 

Galvanostatic cycling measurements in the Li|Li symmetrical cell test were performed (1) 

at the current density of 5 and 10 mA cm−2 (1 mAh cm−2), (2) at the high current density 

of 20 mA cm−2 (1 mAh cm−2) as the rapid charging/discharging test, (3) at the current 

density of 20 mA cm−2 (20 mAh cm−2) as the high capacity test. The amount of Li plated 

was 0.00259 g under 1 mA cm−2 for 10 hours. Based on this, the plated Li was 0.000259 g 

for 1 mA cm−2 for 1 hour. Thus, 1.000258 mAh was set to 1 C-rate (3862 mAh g−1 × 

0.000259 g). In symmetrical cell, Li metal foil (MTI Korea – 100 μm) was used as the 

working, counter, and reference electrode. Custom-made thin Li metal electrode on Cu 

was supplied by Welcos (thickness was Li; 30 μm and Cu; 10 μm). Galvanostatic cycling 
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measurements in Li metal batteries test were performed at 5, 10, and 20 C-rates, additional 

high speed of 50 C-rate with LFP@NC@rGO. The loading density of the active material 

was 5.0955 mg cm−2, testing temperature was 30 ºC. The 1 C-rate was calculated based on 

the amount of LFP loading (172 mAh g−1 × 30 mg = 5.16 mAh) and within a potential 

window of 2.5-4.2 V vs. Li+/Li. All manufacturing processes were carried out in an Ar-

filled glove box under vacuum with 0.1 ppm or less of oxygen and 1 ppm or less of 

humidity.  

 

X-ray photoelectron spectroscopy analysis  

X-ray photoelectron spectroscopy (Kratos, Axis Supra™) analysis was used to 

investigate the elemental species, binding state, and distribution of specific elements in the 

prepared sample. All samples, which were vertically cut to 0.8 cm x 0.8 cm specimens at 

the center by a razor blade, were measured without any additional treatment to observe the 

surface as it was in ultra-high vacuum (UHV) chamber under 5 x 10 –10 torr and excited by 

monochromatic Al Kα radiation (1486.6 eV) source with operation at 15 kV. Control 

device and sample were analyzed using XPS equipment with higher resolution. The 

binding energy of XPS spectra was calibrated using a carbon peak (C 1s at 284.5 eV) as 

the reference, peak fitting of all spectra was undertaken on XPSPEAK4.1 program 

grounded the Shirley back and Gaussian-Lorentzian curve synthesis. 

 

Scanning electron microscope analysis  

Scanning electron microscopy (SEC, SNE-4500M) analysis and scanning transmission 

electron microscopy (Cs corrected STEM with Cold FEG, JEOL ltd,) analysis were carried 
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out at 15 kV (SEM) and 70 kV (TEM). After electrochemical tests, the cells were carefully 

disassembled by de-crimping machine (MTI Korea MSK-110) in an Ar-filled glove-box. 

To prevent oxidation of surface of Li metal, Li metal is taken out from an Ar-filled glove-

box while being immersed in an ionic liquid (1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide, [EMI][TFSI]), and then SEM analysis was conducted. 

Other samples were sealed with Ar gas, and then taken out of the Ar-filled glove-box. For 

cross-sectional analysis of the rGO single strand fiber, a focused ion beam (FIB, Quanta 

3D FEG, FEI ltd) equipment was used to prepare samples for TEM investigation. 

 

Microscopic Fourier-transform infrared spectroscopy (FT-IR) analysis 

 For cross-sectional analysis of rGOF by microscopic FT-IR (Perkin Elmer), the rGOF 

side was cut using by the surface and interfacial characterizing analysis system (SAICAS, 

Daipla wintes). After the cutting process, the rGOF side was scanned from 700 to 2000 

cm−1.  

 

Time-of-flight secondary ion mass spectrometer (TOF-SIMS) analysis 

 A time-of-flight secondary ion mass spectrometer (TOF.SIMS 5, ION-TOF) at a pressure 

below 3.8 x 10−9 Torr was used for analysis of the depth and 3D depth mapping of the 

chemical composition of Li metal anodes by the negative polarity. A Bi+ (30 keV, 1 pA) 

ion beam was used as the primary source for detecting the composition of facile-section, 

and sputtering with a Cs+ ion beam (2 keV, 150 nA) was used for depth profiling analysis 

(analysis area; 100 x 100 μm2, etching area; 400 x 400 μm2). 
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Tensile strength measurement 

 The tensile strength of single rGO fiber was determined on Universal Testing Machine 

(UTM, TD-U01, T&DOF Corp.) in accordance with KS K ISO 2062:2009 standard. For 

tensile strength test, the sample was mounted on test grip, and the extension rate was set 

to 1 mm min−1.  
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Chapter 3  

Advanced Li Metal Anode by Fluorinated Metathesis on 

Conjugated Carbon Networks 

 

3.1 Introduction 

 

Li metal has drawn increasing attention from the energy field as among the best anode 

materials for next-generation Li ion batteries (LIBs) due to its high theoretical specific 

capacity (3862 mAh g–1) and low redox potential [3.04 V (vs. a standard hydrogen 

electrode)]. [1] Despite continuous efforts to introduce Li metal as a LIB anode, issues 

related to the cycling characteristics, such as rate capability and lifespan, remain obstacles, 

and must be addressed. The root cause of these issues lies in the unstable solid electrolyte 

interphase (SEI) formed on the Li metal anode (LMA) surface by the reaction of Li metal 

and an electrolyte. [1, 2] During charge/discharge, the LMA utilizes a lithiation–

delithiation mechanism (hostless electrochemical plating/ stripping) at its surface. During 

this process and due to the high reactivity of Li, an unstable SEI repeatedly forms and 

collapses on its surface accompanied by considerable electrolyte consumption and 

significant dimensional expansion, which degrades the anode properties of Li. [1, 3] Thus, 

as the cycle progresses, perpetual occurrence of this undesirable interfacial reaction leads 

to accumulation of an electrochemically inactive layer, dendritic growth, and electrically 
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isolated Li at the LMA surface, thereby deteriorating the cycling characteristics of LMA 

until cell failure or a stability problem occurs. [1, 4] Moreover, because these side effects 

further accelerate and worsen as the applied current increases, the LMA can operate only 

within a limited number of cycles at high current density; therefore, studying the interfacial 

phenomena of the LMA is essential for its application as a LIB anode. [5] Various strategies 

to stabilize the LMA surface have been attempted (i.e., dendrite suppressing layers, 

electrolyte additives, and a modified Li metal surface). [6–9] Among these, studies 

regarding a functional separator to allow chemically stable SEI formation have provided 

excellent results by controlling the undesirable interfacial reaction between the LMA and 

electrolyte and with the advantage of not requiring additives, additional treatments, or a 

modified Li metal surface. [6, 10–15] Specifically, this approach has been widely expanded 

by using carbon-based materials (graphite or graphene-family materials), which are light 

and advantageous in terms of the energy density of the entire cell. Additionally, their 

chemical stability and high conductivity make them suitable as an interlayer or a 

passivation layer for stabilizing the interface between the LMA and electrolyte. [16–20] 

When the conductive structure is placed above the LMA as an interlayer between the LMA 

and separator or when a conductive aspect of the functional separator is in contact with the 

LMA, the conductive structure at the top structurally meets the Li+ ion flux first during the 

plating step; therefore, this results in formation of an SEI with different composition on 

the conductive frame, thereby maintaining the LMA interfacial stability. [13–16]  

The present study researched the use of functional separators to support the formation of 

a chemically stable SEI, with a specific focus on fluorinated metathesis of conductive 

conjugated carbon networks (CCN) materials to induce a stable SEI via LiF formation. LiF 
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is a key component of a stable SEI, has a wide electrochemical-stability window, and can 

improve the surface diffusion of ions, leading to denser and smoother Li+ plating. [15, 21, 

22] Here, I selected graphene as the conductive CCN material and used it to coat paper-

mill-aramid, in which aramid fibers with high modulus were woven into each other, by a 

simple paste-painting process. In the proposed system, the CCN in the graphene-coated 

layer induces LiF formation as a stable SEI component via fluorinated metathesis (as a 

novel F-doping mechanism): F anions formed by LiPF6 electrolyte decomposition in the 

specific solvent environment (polar, compact, and with a high dielectric constant) reacted 

with the sp2 C of the CCN in graphene to generate semi-ionic C–F bonds, resulting in a 

partially fluorinated graphene-coated layer (the F-doped state). These chemically labile 

semi-ionic C–F bonds induce LiF during the Li+ ion plating process. As a result, the 

graphene-coated paper-mill-aramid acts as a conductive frame to form a stable SEI with 

large amounts of LiF along its surface, thereby maintaining the cycling characteristics of 

LMA, even under rapid charge/discharge conditions (20 mA cm–2 and 1 mA h cm–2), as 

well as at a high current density and high areal capacity (20 mA cm–2 and 20 mA h cm–2). 

[23–26] Furthermore, a Li/LiFePO4 (LFP) cell with the proposed system retained 82.13% 

of its initial capacity after 1000 cycles at a high 20 C-rate, thereby demonstrating low 

capacity fading.  

I then generalized the applicability of this F-doping mechanism to other CCN materials, 

such as carbon black (CB) and activated carbon (AC). As shown in the electrochemical 

test results and optophysical analyses, LMA surface stabilization was also achieved when 

other CCN materials were coated on the paper-mill-aramid, although the results differed 

according to the carbon type. In the case of graphene as a complete lattice structure 
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comprising pure carbon, the F-doping mechanism via the reaction of F anions and sp2 C 

occurred easily, resulting in a high LiF formation rate. However, this inferred that the 

higher degree of electrically negative functionality and disordered lattice present in the 

CCN materials would result in greater hindrance of bonding between the F anions and sp2 

C, thereby reducing LiF formation. I found that the CCN materials could induce the 

formation of LiF as a stable SEI component in a specific solvent environment and stabilize 

the LMA surface, but that the stabilization effect was dependent on the negative functional 

groups on the CCN materials and the resulting structural completeness. Finally, based on 

this generalized correlation between CCN materials and the F-doping mechanism, I 

proposed a simple, effective, and cheap pencil method for LMA surface stabilization. 
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3.2 Fabrication process 

 

As the representative CCN material, graphene was used to fabricate the functional 

separators. The detailed information of the structures of graphene used in this experiment 

was characterized using the Raman spectroscopy, transmission electron microscope 

(TEM), and atomic force microscopy (AFM) (Figure 3.1, Figure 3.2, and Figure 3.3). As 

a conductive CCN, graphene has a complete lattice structure comprised of pure carbon. 

The fabrication process for the graphene-coated aramid attached to uncoated aramid (GAA) 

separator is described in detail in the experimental details and Figure 3.4. Appropriate 

quantities of graphene powder and phenol resin (PR) were mixed, and the resulting high-

viscosity mixture was diluted in 3-methoxy-3-methyl-1-butanol. The as-prepared graphene 

paste was then painted with a brush on paper-mill-aramid, followed by drying at 150 °C 

for 8 h. After drying, the graphene-coated surface on aramid fibers was confirmed through 

Fourier transform infrared (FT-IR) analysis (Figure 3.5). The graphene-coated paper-mill-

aramid was then attached to the uncoated paper-mill-aramid under 30 MPa at 50 ℃ for 1 

h using acetone and ethanol to obtain the GAA separator (thickness: 40 ± 2 μm; and weight: 

1.1726 ± 0.1 mg cm−2). The weight of deposited graphene per unit area was 0.0505 ± 0.1 

mg cm−2. In the GAA separator, the side with the graphene-coated aramid fibers was the 

functional part and acted as the conductive frame for stable SEI formation via fluorinated 

metathesis (the F-doping mechanism), whereas the side with the uncoated aramid fibers 

served as the separator.  
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During the fabrication process, the painting method simply spreads the paste on the frame 

to provide a platform that allows easily formation of a coating layer of various carbon 

materials on the fibers. Additionally, this technique ensures that coating the graphene layer, 

which can host the F-doping mechanism, on the woven fiber structure with a modulus of 

≥6 GPa can form a stable SEI through the F-doping mechanism and simultaneously help 

the fiber structure suppress dendritic growth via its high modulus. [27–29] This suggests 

that the painting method can provide a platform that allows LMA surface stabilization via 

the F-doping mechanism involving various carbon materials, as well as chemical 

stabilization to the selected structure with high modulus. Therefore, in this study, I used 

paper-mill-aramid as a frame with high modulus (Figure 3.6) and exhibiting the following 

tensile strength and Young’s modulus: uncoated aramid, 2.6 GPa and 142.9 GPa (with a 

corresponding elongation of 5.9%), respectively; and GAA, 3.0 GPa and 54.4 GPa (with a 

corresponding elongation of ~4.9%), respectively. 

Paper-mill-aramid has several additional advantages. With respect to graphene, when 

other materials form covalent bonds with graphene, there are considerable disadvantages 

due to disrupting its conjugated electron system as well as impairing its physical and 

electrical properties. [30] Therefore, π-π stacking interactions, which usually occur 

between two relatively nonpolar aromatic rings with overlapping π orbitals, can be a good 

alternative to covalent bonding as noncovalent functionalization of graphene sheet by 

using aromatic organic molecules. [31] As a component of the paper-mill-aramid, aramid 

polymers, which have a relatively linear nature and a high degree of aromaticity, stabilize 

the graphene sheet through π-π interaction without disrupting the electronic conjugation of 

graphene. [32] Similarly, graphene sheets also have advantage to π-π interaction with 
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aramid polymer via its graphitized basal plane structure because this interaction does not 

induce exfoliation. [33] Therefore, the interface between aramid polymer and graphene is 

stabilized by π-π interaction without destroying the electronic π-system of graphene. The 

TEM image presents the boundary between graphene and aramid (Figure 3.7). As revealed 

by the TEM image, phenomena such as the nanostructure variation of graphene by the 

aramid or the exfoliation of the graphene coating layer cannot be found at the boundary of 

aramid and graphene. Furthermore, the TEM image showed that there is no change in the 

lattice structure of graphene caused by the hetero-atom doping of graphene by the 

functional group of aramid, which is often concerned in the interface between graphene 

and other functional groups. 

In addition, because the aramid functional group [–C(=O)–N(–H)–] shows good adhesion 

with paste containing PR, the coating layer did not melt into a liquid electrolyte, and the 

graphene flakes (or other carbon particles) were unable to escape (Figure 3.8). Moreover, 

the woven fiber structure of paper-mill-aramid has a high surface area that provides a 

sufficient host site for the F-doping mechanism. Additionally, the structure of paper-mill-

aramid provides reasonable ionic conductivity after coating (uncoated aramid separator, 

4.88115 mS cm−1 vs. the GAA separator, 4.59253 mS cm−1). Furthermore, the resistance 

of the side with the graphene-coated fiber was ~25 Ω cm−2 according to the sheet-resistance 

measurement using Van der Paw’s law, indicating a good conductive frame. [34] As a 

separator, paper-mill-aramid has high porosity and good thermal resistance. [35] therefore, 

application of the GAA separator fabricated using the painting method as the reaction host 

for the F-doping mechanism can induce stable SEI formation. Concurrently, its high 
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modulus helps prevent dendritic growth and offers good ionic conductivity and a 

conductive frame. 
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Figure 3.1. Raman spectroscopy of graphene. Raman spectroscopy clearly reveals the 

highly ordered nature of graphene, showing an ID/IG ratio of 0.058 and its sharp 2D peak.  

[36] 
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Figure 3.2. TEM image of graphene and its selected area electron diffraction (SAED) 

pattern. 
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Figure 3.3. AFM image and its height profile of graphene flake deposited on the bare Si-

wafer. 
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Figure 3.4. Fabrication process of GAA. 
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Figure 3.5. FT-IR analysis. Before the graphene paste coating, the typical aramid peaks (–

C(=O)–N(–H)–) appears from 800 cm−1 to 1700 cm−1 and at 3300 cm−1. After the graphene 

paste coating, the aramid peaks did not appear, and the spectrum similar to pristine 

graphene was observed in GAA (C−O peaks was shown by PR resin). [37–41] 
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Figure 3.6. Mechanical property of the uncoated aramid and the graphene-coated-aramid. 
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Figure 3.7. TEM image of the interface between aramid and graphene. 
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Figure 3.8. The solubility test of the graphene-coated-aramid side. 
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3.3 Galvanostatic cycling measurement 

 

To evaluate the LMA performance without cathode coupling, Li|Li symmetrical cells 

provided information about the LMA surface stability according to the drops in the ohmic 

potential and anodic polarization curves during the continuous plating/ stripping process 

in time–voltage profiles. [42–44] Prior to the cycling measurements of the Li|Li 

symmetrical cell tests, the effect of the GAA architecture on the cell performance was 

assessed in a half-cell system, which included no Li reservoir on one end (Li/Cu) (Figure 

3.9). [45] Then, galvanostatic cycling measurements of Li|Li symmetrical cells were 

performed at a current density of 5 mA cm−2 (1 mA h cm−2) and a high current density 

corresponding to the rapid charge/ discharge condition (a current density of 20 mA cm−2 

and 1 mA h cm−2). I performed an additional cell test at a high current density and high 

areal capacity (20 mA cm−2 and 20 mA h cm−2). [23–26] As the Li|Li symmetrical cell, the 

reference system and the GAA applied system constituted the structure [reference system: 

Li/aramid/ Li (black); and the GAA applied system: Li/graphene-coated fibers/ 

aramid/graphene-coated fibers/Li (red)]. When current was applied, the LMA of the 

symmetrical cell corresponding to the reference system exhibited a stepwise behavior as 

described in chapter 1.2.2 and shown in Figure 3.10a. Electrochemical impedance 

spectroscopy (EIS) to evaluate the SEI formation in the initial stage also supported the 

results of symmetrical cell tests (Figure 3.11). [42] In the reference system, the ohmic 

potential drop increased due to the accumulation of an unstable SEI layer on the LMA 

surface via the undesirable interfacial reaction between Li metal and the electrolyte, and 
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then the ohmic potential drop decreased due to a failure to maintain the expanded structure 

of the unstable SEI layer on the LMA surface. While this phenomenon occurred repeatedly 

during cycling, the continuous exposure of fresh Li to the electrolyte resulted in a thick 

inactive layer and electrically isolated Li, which can act as a resistive element on the LMA 

surface. Thus, the ohmic potential drop continuously fluctuated and the internal resistance 

markedly increased to the electrolyte degradation level. Furthermore, the repeated 

formation/collapse of the unstable SEI caused irregularities in the anodic polarization 

curves (Figure 3.12). Because this behavior of the reference system continued as the cycles 

progressed, the electrode properties of the Li metal as an anode were gradually degraded, 

eventually leading to cell failure. Unlike the reference system, the GAA applied system 

showed a much lower ohmic potential drop during the cycle progression over 1000 cycles 

(Figure 3.10b). Additionally, this was represented by a flat and regular anodic polarization 

curve for up to 1000 cycles without any convex profile corresponding to the energy barrier 

to Li+ ion transfer by the thick inactive layer and the electrically isolated Li. These results 

were due to stable SEI formation. This passivation effect of the LMA surface, which was 

based on formation of a stable SEI caused by the GAA separator, increased the reliability 

of the cycling characteristics of the LMA during charge/discharge under various test 

conditions: (1) at a current density of 5 mA cm−2 (1 mA h cm−2), (2) in a rapid 

charge/discharge test at a high current density of 20 mA cm−2 (1 mA h cm−2), and (3) at a 

high current density and high areal capacity (20 mA cm−2, 20 mA h cm−2) (Figures 3.10b–

d). [23–26] Galvanostatic cycling measurements of Li metal batteries using an LFP 

cathode were then performed to prove the effectiveness of the GAA separators in an actual 

Li/LFP cell. For a high C-rate test, the synthesized LFP was additionally post-processed 
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with N-doped carbon (NC) and reduced graphene oxide (rGO), which were applied to 

Li/LFP cells. [46] Before the test, the Li/LFP cells underwent a rest stage and two stages 

of the stabilization process to initialize the LFP interface (Figure 3.10e). The Li/LFP cells 

were then tested at a 20 C-rate within a potential window of 2.5 V to 4.2 V. As shown in 

Figures 3.10f and g, the Li metal battery with the GAA separator retained 82.13% 

(100.45→82.50 mA h g−1) of its initial capacity after 1000 cycles, and showed lower 

capacity fading as compared with the Li metal battery without the GAA separator (with 

the uncoated aramid separator), which retained 38.41% (100.67→38.67 mA h g−1) of its 

initial capacity after 1000 cycles. Figure 3.13 indicates the coulombic efficiency for the 

two cases. In terms of capacity fading, the Li metal battery with the GAA separator was 

superior to the Li metal battery with the uncoated aramid separator because the interfacial 

stability between the LMA and electrolyte was improved by resolving the undesirable 

interfacial reaction that deteriorated the reliability of the LMA, as was the case of Li|Li 

symmetrical cells. Thus, the galvanostatic cycling measurements showed that the GAA 

separator could efficiently stabilize the LMA surface. Additionally, a Li/GAA/LFP pouch 

cell was fabricated to exhibit its bending stability (Figure 3.14), with the GAA separator 

demonstrating good flexibility as a result of the structure of woven aramid fibers and the 

softness of the used binder (PR). In the Li/GAA/LFP pouch cell, the binder polymer of the 

flexible LFP cathode preparation was replaced by poly(vinylidenefluoride-co-

hexafluoropropylene) (PVdF-HFP) instead of polyvinylidene fluoride (PVDF). [47, 48] 

This Li/GAA/ LFP pouch cell was fabricated to investigate the effect of LMA surface 

stabilization during dimensional changes. For this purpose, the cell was cycled in the bent 

state at every ten cycling intervals (at a 20 C-rate within a potential window of 2.5 V to 
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4.2 V), and showed good cyclic stability during repeated dimensional changes between the 

flat and bent states while maintaining low capacity fading. 
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Figure 3.9. Galvanostatic cycling measurements of Li/Cu asymmetric cell (half-cell). 

Initialization process of (a) the reference system and (b) the GAA applied system. (c) 

Coulombic efficiency of Li/Cu asymmetric cell. (d) Time–voltage profiles of Li/Cu 

asymmetric cell for the reference system and the GAA applied system. Galvanostatic 

cycling measurements of a Li/Cu asymmetric cell (half-cell) structure were conducted to 

analyze the Li+ ions plating/stripping behavior on the surface and assess the SEI structure 

stability when using GAA separator in a three-electrode system. [45] In Li/Cu asymmetric 

cell, a planar Cu foil served as the working electrode and Li foil served as both the counter 

electrode and the reference electrode. The structure of the reference system and the GAA 

applied system are as follows; the reference system - Li/aramid/Cu (black), the GAA 

applied system - Li/aramid/graphene-coated-fibers/Cu (red). To evaluate the stability of 

SEI formed in the GAA case, the graphene-coated-fibers side was put in contact with the 

planar Cu foil. Before the test, asymmetric cells (half-cell) were cycled 5 times from 0 to 

1 V at a current density of 50 μA cm−2 for initialization. The purposes of initialization were 

to remove any contamination on the surface, and to stabilize the interface and the initial 
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SEI. During this initialization process, the plated Li+ ion was partially consumed for the 

formation of initial SEI layer. Then, Li+ ion was plated on the Cu foil (the working 

electrode) at a current density of 1 mA cm−2 (1 mAh cm−2). Next, the polarity was reversed, 

and the plated Li on the Cu foil was stripped to Li foil (the counter and reference electrode) 

up to 1 V. In the reference system, since SEI was unstable, a new SEI was continuously 

formed in each cycle, consuming the Li+ ion source; this led a low coulombic efficiency 

(the stripped Li+ ion/the plated Li+ ion) and a minimal capacity stripped at each cycle 

because no Li reservoir was employed. Therefore, the reference system was gradually 

degraded as the cycling continued. When less than only 30 % of coulombic efficiency 

appears, the system is virtually a failure. However, the GAA applied system showed the 

low cathodic overpotential in constant and regular shape when the cycle progressed. This 

indicates the SEI is stable due to the passivation by the GAA separator. Therefore, the 

GAA applied system exhibited the coulombic efficiency of >99% after the initial stages 

because only a little Li+ ion source was consumed to form new SEI. These results prove 

that the GAA architecture can improve the structural stability of SEI formed on it, and 

GAA separator can help induces the stable SEI.  
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Figure 3.10. Galvanostatic cycling measurements. (a) Time–voltage profile for a Li|Li 

symmetrical cell of the reference system and the GAA applied system at a current density 

of 5 mA cm−2 (1 mAh cm−2). (b) The ohmic potential drop of a Li|Li symmetrical cell with 

the GAA separator for 1000 cycles at a current density of 5 mA cm−2 (1 mAh cm−2). Time–

voltage profiles for a Li|Li symmetrical cell of the reference system and the GAA applied 

system (c) under rapid charge/discharge conditions (20 mA cm−2, 1 mAh cm−2), and (d) at 

a high areal capacity at high current density (20 mA cm−2, 20 mA h cm−2). (e) The entire 

time–voltage profile of Li metal batteries (Li/LFP) with the GAA separator. (f) Time–

voltage profile of the mid-cycle-stage at a 20 C-rate (blue square of the (e) graph). (g) The 

cycling performance of Li metal batteries (Li/LFP) with the GAA separator and the 

uncoated aramid separator (the reference system) at a 20 C-rate. The N/P ratio is 30.  
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Figure 3.11. Electrochemical impedance spectroscopy (EIS) data. (a) The time–voltage 

profiles in initial stage (1 ~ 20th cycles). (b) EIS data of the reference system. (c) EIS data 

of the GAA applied system. The reference system indicates a high resistance (~220 Ω cm−2) 

before the cycling. As cycle progresses, it was significantly decrease to 31.8 Ω cm−2 after 

the 5 cycles and to 26.6 Ω cm−2 after the 10 cycles and to 13.2 Ω cm−2 after the 20 cycles 

as a result of the native oxide layer destruction and the dendritic Li formation, while the 

GAA applied system showed a low resistance and a small decrease by the stable SEI 

formation at the initial stage; 11.4 Ω cm−2 before the cycling, 10.1 Ω cm−2 after the 5 cycles, 

9.90 Ω cm−2 after the 10 cycles, 8.62 Ω cm−2 after the 20 cycles. [42] 
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Figure 3.12. Anodic polarization curves in Li|Li symmetrical cell test as the cycle 

progresses (5 mA cm−2, 1 mAh cm−2). 
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Figure 3.13. Coulombic efficiency of Li metal batteries with GAA separators (sample) 

and without GAA separators (ref.). 
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Figure 3.14. The cycling performance of the flexible Li metal battery with the GAA 

separators in the repeated dimensional change (20 C-rate, bending radius: 20 mm). 
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3.4 Optophysical characteristics 

 

3.4.2 XPS, Microscopic FT-IR, and TOF-SIMS analyses 

 

X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-

IR, microscopic mode), and time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

analyses were then performed to demonstrate that the LMA surface could be stabilized due 

to a relatively large amount of the stable SEI in the GAA applied system. All analyses were 

performed using the graphene-coated fiber side or the LMA surface tested after the course 

of 1000 cycles at a current density of 5 mA cm−2 (1 mA h cm−2). In Figures 3.15a and b, 

the XPS data show the carbon peaks for the graphene-coated fiber side before and after the 

cycles, respectively. Before the cycles, on the graphene-coated fiber side, the binding state 

of the carbon was indicated by the strongest sp2 C peak for graphene and weak C–OH and 

C–O peaks for the PR used as a binder (C 1s, 92.84%, and O 1s, 7.16%). [49, 50] After the 

cycles, the sp2 C peak decreased along with an increase in the C–OH and C–O peaks, while 

additional COOH, covalent C–F, and semi-ionic C–F bonds appeared. In terms of SEI 

formation, the increases in C–OH and C–O bonds and the appearance of COOH bonds 

represented the SEI component formed by the electrolyte decomposition. [51, 52] Notably, 

the semi-ionic C–F bond was formed on the graphene-coated fiber side via fluorinated 

metathesis. As shown in my previous work, the semi-ionic C–F bond, which has 

intermediate properties of a covalent C–F bond and ionic C–F bond, could be formed along 

the surface of the CCN material in a specific solvent environment when a current was 
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applied. [15] A polar, compact, and high dielectric constant solvent such as ethylene 

carbonate (EC) can further stabilize PF5 in the decomposition process of PF6 anions of the 

LiPF6 electrolyte. [53] During this decomposition process, the further stabilized PF5 also 

helped fluorine radicals to exist in an instantaneously intact state, and then they reacted 

with the sp2 C of graphene. Therefore, semi-ionic C–F bonds and covalent C–F bonds 

appeared. Especially, in the semi-ionic C–F bond, the fluorine atom connected to the CCN 

is in the hyperconjugation state, thereby resulting in a slightly delocalized electron of the 

carbon–fluorine bond. [54] It induces a lower-order fluorine atom on the partially 

fluorinated CCN with longer bonding length. [54, 55] Thus, the low-order fluorine atom 

of the semi-ionic C–F bond has chemically labile properties and the low bonding 

dissociation energy of fluorine, [56] so it could induce LiF, known as a stable SEI 

component, when Li+ ions were plated in a reducing atmosphere. (Figure 3.16) In the GAA 

applied system, formation of the semi-ionic C–F bond and a higher proportion of LiF 

relative to that of the reference system were identified by F XPS (Figure 3.17).  

The semi-ionic C–F bond and LiF were also observed by FT-IR. In microscopic FT-IR 

sectional analysis of the reference system, the peaks designated as the carbon–fluorine 

bond and LiF revealed no peak as compared with the peak variation before and after the 

cycles, whereas, in the GAA applied system, an aromatic C–F bond, a semi-ionic C–F 

bond, and LiF were observed on the fiber cross-section (Figures 3.18a and b). Thus, a 

stable SEI including LiF was formed along the graphene-coated fibers. This stable SEI, 

which contained a large amount of LiF formed via fluorinated metathesis (the F-doping 

mechanism) of the CCN material, affected the cycling characteristics of the cell. 

Meanwhile, the characteristic peak at 1200 cm−1 attributed to the mono-fluorinated 
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aliphatic group, which was formed from the reaction of the fluorination or the 

oxyfluorination of the aramid group by F anions, was not observed in both the uncoated 

aramid separator and the graphene-coated aramid separator before and after the cycles 

(Figures 3.18c and d). [57–59] This result showed that the aramid does not react chemically 

with F anions within the cell environment when the electric field was applied. Additionally, 

the residual electrolyte was observed via XPS. Figures 3.15c–e show the residual 

electrolyte as the original state in P XPS. Phosphorus is the central atom of the electrolyte 

anion (PF6); therefore, its binding state offers information about the electrolyte degradation. 

In the reference system, a considerable amount of electrolyte was consumed during new 

SEI formation through the side reaction of the repeated formation/collapse of the unstable 

SEI layer on the LMA surface. Moreover, accumulation of an inactive layer and electrically 

isolated Li resulting from the side reaction induced the internal resistance of the cell, which 

markedly increased up to the electrolyte degradation level. These phenomena resulted in 

low residual electrolyte (7.92%). However, application of the GAA separator resulted in a 

high ratio of electrolyte remaining in its original state (64.87%), indicating that less 

electrolyte was consumed for the formation of a new SEI due to the stable SEI on the LMA 

surface. This result agreed with the attenuated increases in internal resistance in the Li|Li 

symmetrical cell using the GAA separator as shown in Figure 3.10b. Furthermore, the 

stable SEI formed at the LMA surface was in contact with the graphene-coated fiber side, 

and the LMA surface has a high ratio of LiF.  

Figures 3.15f–h show the TOF-SIMS depth profile and elemental 3D depth mapping 

images of the LMA surface for molecules known as stable SEI components. Although the 

ratios of CO3
− , Li2O−, and Li2CO3

− (as stable SEI components) on the LMA surface did 
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not differ greatly between the reference system and the GAA applied system, the ratio of 

LiF on the GAA-LMA surface showed a relatively higher intensity than that of the 

reference system by one order of magnitude. Additionally, due to the high ratio of stable 

SEI on the GAA-LMA surface, the proportion of unstable SEI components appeared 

relatively lower on the GAA-LMA surface than on the LMA surface in the reference 

system (Figure 3.19).  
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Figure 3.15. Optophysical analysis. (a and b) C XPS data of the graphene-coated fiber side 

of the GAA separator before the cycles and after the cycles. P XPS data after the 1000 

cycles at a current density of 5 mA cm−2 (1 mA h cm−2) for (c) the reference system and (d) 

the GAA applied system, and (e) the bar graph comparing the residual electrolyte in the 

two systems. TOF-SIMS data of the stable SEI component on the Li metal anode surface 

for (f) the reference system and (g) the GAA applied system. (h) 3D depth mapping image 

comparing the stable SEI component in the two systems. 
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Figure 3.16. LiF formation mechanism via the partially fluorinated doping of graphene. 
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Figure 3.17. F XPS data. [60–62] 
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Figure 3.18. Microscopic FT-IR data of (a) the uncoated aramid fiber and (b) the graphene-

coated aramid fiber after the 1000 cycles in the current density of 5 mA cm−2 (1 mAh cm−2). 

To reveal sections, fibers was cut in an oblique direction using the surface and interfacial 

characterizing analysis system (SAICAS). The analyses were focused on the red cross in 

the white dotted square line. (c and d) The enlarged graph from 1000 ~ 1400 cm−2. [37–41, 

63–68] 
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Figure 3.19. TOF-SIMS data. Depth profiles; (a) and (b), 3D depth mapping image; (c). 
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3.4.2 Electron microscopic image analysis 

 

The LMA surface of the GAA applied system and the graphene-coated fibers side of GAA 

separator were visualized using scanning and transmission electron microscopy (SEM and 

TEM, respectively) to analyze the cell that was cycled 1000 times at a current density of 5 

mA cm−2 (1 mAh cm−2). Additionally, for comparison, the LMA surface of the reference 

system tested under the same condition was analyzed. As shown in Figure 3.20, it was easy 

to distinguish the difference between the LMA surface of the reference system and the 

LMA surface of the GAA applied system even in the optical image. The difference in the 

LMA surface with and without GAA separator was more pronounced in the SEM images. 

As can be seen in the facial section images of Figures 3.21a and b, the LMA surface of the 

reference system showed uncontrollable interfacial reactions between Li metal and 

electrolyte induced the non-uniform plating/stripping and leading to accumulation of the 

thick inactive layer considered to comprise the unstable SEI, the electrically isolated Li, 

and the points where dendritic growth could progress. However, following application of 

the GAA separator, the LMA surface was flat and smooth surface and absent a non-

uniformly structured morphological interface (Figures 3.21c and d). Moreover, the cross 

sectional image showed that the LMA of the reference system displayed significantly 

dimensional expansion and accumulation of the inactive layer due to the undesirable 

interfacial reactions, whereas in the GAA applied system, such phenomena appeared 

significantly less often, and the morphology differed little from the initial state of Li 

(Figures 3.21e-g). As the cycle progressed, on the graphene-coated aramid fibers side of 

the GAA separator, both in the facial (Figure 3.22) and oblique (45°) (Figure 3.23) images, 
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it was seen that SEI grew along the coated fibers and was gradually filled from the bottom 

side to the upper side in the confined fiber structure. Because the SEI first formed on the 

graphene-coated aramid fibers side where electron migration was easy through contacts 

with the LMA, this enabled the formation of stable SEI containing large amounts of LiF 

on the LMA surface from an early cycle stage. Furthermore, the randomly woven 

architecture of aramid fibers with high modulus helped suppress the dendritic growth, 

which resulted in no observable dendritic shape. Similarly, as can be seen when fiber was 

cut by focused ion beam (FIB) (Figure 3.24), SEI also grew along the graphene-coated 

fibers, and such phenomenon was also observed in energy dispersive X-ray spectroscopy 

(EDS) mapping image of the graphene-coated fiber (Figure 3.25). These findings 

suggested that the graphene-coated fibers provided a conductive framework for stable SEI 

formation. Figures 3.21h-o shows the results of the TEM cross-sectional analysis for the 

graphene-coated fiber after the cycle. In Figure 3.21h, the aramid fiber cross-section and 

the graphene-coated layer with graphene flakes were identified. EDS mapping was carried 

out for the two identified areas. As shown in Figures 3.21i and j, EDS mapping of the 

identified areas showed that more C existed in the graphene-coated layer outside of the 

aramid fibers, with F observed mainly in this layer. Moreover, SEI was formed along the 

graphene-coated layer, minimal presence of P within the coating layer was observed, 

although some was found outside the coating layer (Figure 3.21k, Figure 3.24, and Figure 

3.25). Therefore, fluorine seen on the EDS mapping image of the graphene-coated layer 

did not appear as an electrolyte component. Also, considering that the internal spacing of 

graphene was 0.28~0.31 nm (slightly less than the reference value of 0.33 nm), fluorine in 

the graphene-coated layer was caused by F− anion, not electrolyte permeation (ionic 



 

 

130 

diameters for PF6
−: 0.51 nm, F−: 0.12-0.13 nm) (Figure 3.26). [69] To characterize fluorine 

in the graphene-coated layer, the surrounding chemical composition of the graphene with 

the clear lattice fringe was analyzed by EDS lining data (Figures 3.21i and m). In EDS 

lining data, the intensity of the elements other than fluorine were similar in the graphene 

with the clear lattice fringe and in the graphene with the lattice relaxation area, while the 

intensity of fluorine increased in the graphene with the lattice relaxation area. Given the 

above-mentioned optophysical analysis of the graphene-coated layer, the increase of 

fluorine intensity in the graphene with the lattice relaxation area in the graphene-coated 

layer was estimated to be caused by the fluorine doping to the graphene lattice structure. 

Additionally, the change in F intensity was observed at the boundary between the 

graphene-coated layer and SEI layer (Figures 3.21n and o). The higher proportion of 

fluorine in the graphene-coated layer than in the SEI layer indicated that graphene and 

fluorine are chemically interacting in the graphene-coated layer, and this chemical binding 

could be due to the F-doping as shown in the optophysical analyses conducted to the 

graphene-coated fiber side earlier. 
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Figure 3.20. Optical image of Li metal anode before and after the cycle (1000 times at the 

current density of 5 mA cm−2 (1 mAh cm−2)). 
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Figure 3.21. Electron microscopy image and energy dispersive X-ray spectroscopy data. 

The facial section images of the Li metal anode after the 1000 cycles at a current density 

of 5 mA cm−2 (1 mA h cm−2) in (a and b) the reference system and (c and d) the GAA 

applied system. (e) The cross section image of the bare Li metal. (f and g) The cross section 

images of the Li metal anode after the 1000 cycles at a current density of 5 mA cm−2 (1 

mA h cm−2) in the reference system and in the GAA applied system. (h) The cross section 

image of the single graphene-coated-fiber after the cycles. The EDS mapping image of (i) 



 

 

133 

C, (j) F, and (k) P in the sectional graphene-coated-fiber. (l) The enlarged image of the 

graphene-coating-layer, and (m) the EDS line data of the yellow line of the (l) image. (n) 

The enlarged image of the boundary between the graphene-coating-layer and the SEI layer 

on it, and (o) the EDS line data of the yellow line of the (n) image. 
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Figure 3.22. SEM facial image of the graphene-coated-fiber side as cycle progresses. 
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Figure 3.23. SEM oblique (45°) image of the graphene-coated-fiber side as cycle 

progresses. 
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Figure 3.24. SEM cross section image of the cut fiber and the enlarged image of the 

boundary. The mosaic area around the graphene-coating-layer was considered as SEI. 
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Figure 3.25. SEM analysis. (a) The single fiber strand image. (b) EDS data and (c) EDS 

mapping images of the single fiber strand of GAA after the cycle. 
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Figure 3.26. The internal spacing measurement of graphene using by Cs-STEM. 
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3.5 F-doping effect by fluorinated metathesis 

 

Based on the optophysical characterization and electron microscopy analyses, Figure 3.27 

illustrates the F-doping mechanism by the fluorinated metathesis. As described in Figure 

3.27a, the reference system was cycled with repeated formation/collapse of an unstable 

SEI on the LMA surface accompanied by the accumulation of an electrically inactive layer, 

Li dendrite nucleation, and growth, dimensional expansion of Li metal, and fresh 

electrolyte decomposition. These side reactions degraded the cycle characteristics of LMA, 

with the reference system ultimately reaching to cell failure. By contrast, Figure 3.27b 

shows LMA surface stabilization by the GAA separator. As a current was applied, a 

reduction atmosphere was created on the LMA surface and on the graphene-coated fiber 

side in contact with the LMA. Under this condition in the cell, the PF6
− anion of LiPF6 

electrolyte was decomposed to PF5 and F− anion in the specific solvent environment of a 

polar, compact, and high dielectric constant, such as EC. During decomposition process, 

the specific solvent environment increased the stability of PF5. It is because such solvent 

does not form a large cavity between PF5 and solvent molecules during the solvation 

process, and thus have better access to PF5, allowing PF5 to be surrounded more closely 

by solvent molecules (other electrolyte solvent as reference group was presented in Figure 

3.28). [53] So, when the stability of PF5 was increased by that solvent system in the PF6
− 

decomposition process than the other adducts, it is estimated that the decomposition can 

be facilitated to form more PF5 and F− anion, and F− anion can be formed more stably. At 

this time, the hybrid orbital of the fluorine coupled to the phosphorus was dissociated to 
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fluorine radical, and the fluorine radical exists in an instantaneously intact state under the 

influence of the stabilized PF5. At this time, the graphene is electron-rich state, and then 

bind with the π orbital of the graphene to form a covalent C–F bond and a semi-ionic C–F 

bond (F-doped state). At a relatively high concentration used in LIBs electrolytes, ~1 M, a 

large degree of ion pairs is believed to remain intact. [53] As a results, the partially 

fluorinated graphene has a good conductive property and a low bond dissociation energy 

(BDE) of fluorine, and a tendency to deposit Li+ ion its surface. [56, 70, 71] Plating the 

Li+ ion resulted in the semi-ionic C–F bond of the F-doped surface, which has a chemically 

reactive property, inducing LiF on the graphene-coated layer and on the LMA surface in 

contact with that layer. This results in formation of LiF, as the key material of stable SEI, 

in relatively high proportion. This mechanism was also confirmed through the separated 

ex-situ experiments (Figure 3.29). Therefore, in the GAA applied system, the SEI with 

relatively large amounts of LiF was stable, and the accumulated layer of unstable SEI 

during the cycle was much lower than that of the reference system, indicating the 

occurrence of fewer side reactions on the LMA surface. Furthermore, a large amount of 

electrolyte remained at levels similar to the original state, and the stable behavior in the 

electrochemical tests was observed even at high current density. Moreover, rather than 

unstably accumulate on the LMA surface, SEI grew along the graphene-coated fibers in 

the randomly-arranged confined fiber system with high modulus, and the minimal 

dimensional expansion and suppressed dendritic growth was observed. These results 

indicated that the LMA reliably maintained its cycle characteristics due to SEI stability 

induced by the GAA separator, thereby resolving the previously observed issues with the 

LMA related to repeated unstable SEI formation/collapse.  
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Figure 3.27. Concept images. (a) The behavior of the Li metal anode in the reference 

system. (b) The expected mechanism of the Li metal anode in the GAA applied system. 
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Figure 3.28. (a, b) Galvanostatic cycling measurement: the time–voltage profiles for Li|Li 

symmetrical cells in different solvent system. (c) The ratio of LiF− among TOF-SIMS data 

for the LMA surface of in different solvent system. To confirm the effects of solvent, the 

electrochemical data of the cells and the LiF ratio on the LMA surface is compared using 

ethylene carbonate (EC), propylene carbonate (PC), and 1,2-butylene carbonate (BC) 

(Polarity: EC > PC > BC, Size: EC < PC < BC, Dielectric constant: EC (90) > PC (65.5) 

> BC (56.1) at 300 K). [72, 73] In addition, the different electrolyte system of LiTFSI in 

DOL/DME was also compared (DOL:1,3-dioxolane, DME: dimethyl ether). In a PC 

solvent introduced system, it showed a low ohmic potential drop and a stable anodic 

polarization curve, which means the stable operation of the cell. This is presumed that PC 

solvent has a similar role to EC solvent inside the cell environment. As a result, when PC 

was introduced, a relatively high proportion of LiF was formed on the surface of the Li 

metal anode, resulting in a stable SEI formation. However, when BC solvent was 

introduced, the time–voltage profile in the half cycle showed the arc shape plateau and the 

Li metal surface exhibited show a relatively low ratio of LiF. This is because the thick 

inactive layer as resistance factor made tortuous pathway across the electrode/electrolyte 

interphase to Li+ ion migration, which means that the Li+ ion transport was impeded by 

the thick inactive layer. So, the large concentration difference of Li+ ion between the 
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reducing electrode and the oxidizing electrode induces the change that the dominant 

kinetics became the mass transport in the expanded cycles. The interfacial concentration 

variation was accompanied by an overpotential increase, and then the dynamic 

concentration gradient reached its quasi-steady-state equilibrium with the arc shape plateau 

of the time voltage profile in the half cycle. [42–44] From these results, it is assumed that 

BC solvent, which has a lower polarity, a larger size, and a lower dielectric constant than 

EC or PC, was not effective in stabilize PF5 and less affected the F-doping mechanism. 

That is, in a BC solvent introduced system, the surface stability of Li metal is significantly 

low in comparison to EC or PC solvent introduced system. [42–44] Meanwhile, the 

electrolyte system of LiTFSI in DOL/DME shows an arc shape plateau similar to that of 

BC, and indicates a low LiF ratio on the surface of Li metal anode. This suggests that the 

mechanism of LiF formation via fluorine doping to graphene proposed in this study is 

difficult to be applied to the TFSI anion in DOL/DME system. 
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Figure 3.29. XPS data. (a) C XPS and (b) F XPS after F-doing process using HPF6 in 

water. (c) C XPS and (d) F XPS after the Li salts treatment. An ex-situ experiment was 

conducted in an external water jacket by separation into two steps involving the partially 

fluorinated graphene and the LiF formation. It confirmed that LiF is formed by Li+ ion flux 

after fluorine was doped; (ⅰ) The graphene coating layer was partially fluorinated using 1 

M HPF6 in water when the electrical field was applied. At this time, the graphene coating 

layer was used as the role of the anode for receiving electrons in the coin-cell and a 

platinum electrode was used as the counter electrode, and a current density of 5 mA was 

applied continuously for 8 hours. The platinum electrode should be used as the counter 

electrode because HPF6 is a strong acid (pKa = −20 in water). In this process, water acts 

like an EC because it is also a polar, compact, and high dielectric constant solvent. (ⅱ) 
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After eight hours of the doping process, a sufficient amount of Li salt was melted in another 

water jacket filled with water. In this water jacket, the electrical field was applied to the F-

doped graphene-coated aramid and the platinum electrode. The Li+ ion flux migrates to the 

graphene coating layer while the anion of the Li salt migrates to the platinum electrode. 

During the experiment, the voltage was fixed at a value lower than the electrochemical 

window of the anion of Li salt to prevent the anionic decomposition of Li salt. As shown 

in XPS data, when the graphene coating layer goes through only step 1, the carbon-fluorine 

bonds appear in C XPS, but LiF does not appear in F XPS. The C–OH and C–O peaks is 

estimated to be due to the PR resin and the electrolysis of water. And, after the step 2, the 

carbon-fluorine bonds of C XPS and LiF peak in F XPS appear. Although the experiment 

was conducted in two steps, the result is the same as that of the manuscript. Through this 

result, it is possible to better understand the LiF formation by F-doping mechanism. 
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3.6 Application to other conjugated carbon network materials 

 

Based on the preceding results of the electrochemical test, optophysical, and electron 

microscopic analyses of the GAA applied system, other CCN materials were also tested 

using the PR coating platform to evaluate their capability of stabilizing the LMA surface 

via the fluorinated metathesis (the F-doping effect). Other CCN materials included 

activated carbon (AC), among the most widely used carbon materials, and carbon black 

(CB), which is also widely used but closer to pure carbon than AC as a result of additional 

artificial treatment. To determine AC and CB promote LMA surface stabilization via the 

F-doping mechanism, the experimental and analytic results with AC and CB were 

compared with the results with those from graphene, and the electrochemical data were 

averaged over ten cells to allow generalization. In Figures 3.30a-d, the galvanostatic 

cycling measurements of Li|Li symmetrical cells showed that both the AC- and the CB-

coated fibers stabilized the LMA surface at a current density of 5 mA cm−2 (1 mAh cm−2) 

during the course of 1000 cycles, whereas the internal resistance of the reference system 

increased above the electrolyte degradation level. However, there was a difference in their 

ohmic potential drop, which was caused mainly by accumulation of the inactive layer and 

electrically isolated Li. In the case of graphene, the ohmic potential drop did not differ 

significantly during the 1000 cycles, and the deviation was also low. However, AC and CB, 

especially AC, showed a tendency of relative increase in the ohmic potential drop 

compared to the graphene as the cycle progressed, and the deviation was also greater than 

that of graphene. These differences in the stability of LMA surface with graphene-, CB-, 
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and AC-applied symmetrical cell tests were also observed in the capacity fading of Li metal 

batteries using an LFP cathode (Figures 3.30e) and in the remaining electrolyte as the 

original state shown in P XPS after 1000 cycles of Li|Li symmetrical cell test (Figures 

3.30f–i). Application of the CB-coated fibers resulted in low capacity fading in the Li/LFP 

cell after 1000 cycles and close to that observed when the graphene-coated fibers were 

applied (CB - 101.66→70.98 mAh g−1; average of ten cells at 20 C-rate), with residual 

electrolyte levels after 1000 cycles also close to that in cells applying the graphene-coated 

fibers (CB - 48.17 %; average of ten cells at 5 mA cm−2, 1 mAh cm−2). Meanwhile, 

Application of the AC-coated fibers resulted in higher capacity fading after 1000 cycles 

relative to that observed for the CB-coated fibers (AC - 103.80→59.77 mAh g−1; average 

of ten cells at 20 C-rate) and close to the reference system during the first 250 cycles. 

Additionally, there was a relatively low quantity of residual electrolyte levels after 1000 

cycles (AC - 21.31 %; average of ten cells at 5 mA cm−2, 1 mAh cm−2). Figure 3.31 

indicates the coulombic efficiency of Li metal batteries for each case. To determine the 

cause of the differences in LMA surface stabilization (graphene coating > CB coating > 

AC coating), C XPS analyses were conducted on each carbon material before and after the 

cycling (Figures 3.32a–f). Only carbon and oxygen were detected by XPS (AC: N< 

0.1at%). And the particle size was similar among all the carbon materials after the grinding 

process (Figure 3.33). C XPS analysis before cycling revealed that the C–O-binding ratio 

increased on the order graphene coating (C: 92.84 at%; O: 7.16 at%) < CB coating (C: 

92.21 at%; O: 7.79 at%) < AC coating (C: 91.40 at%; O: 8.60 at%), although the same 

amount of each carbon material and the PR ratio were used. Conversely, C XPS analysis 

after cycling showed that the C–F-binding ratio decreased on the order graphene coating 
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> CB coating > AC coating. In the proposed F-doping mechanism, the core reaction of the 

stable SEI formation was a “LiF induced reaction from a semi-ionic C–F bond”. And the 

semi-ionic C–F bond was derived from the partially fluorinated CCN materials, which was 

formed by the reaction between the sp2 C atom of the CCN and F− anion formed during 

the decomposition process of PF6
− anion in a specific solvent environment. Therefore, it 

can be inferred that the oxygen functionalities held by the intrinsic CCN materials affected 

this reaction. The oxygen functionalities induce a partially negative charge on the CCN 

(Cδ+–Oδ−) because oxygen is more electronegative than carbon. At this point, a higher 

number of negative functional groups in the CCN would increase the difficulty of C–F 

formation from the F– anion and the sp2 C atom due to the negative repulsive force of the 

oxygen functionalities during semi-ionic C–F bond formation. Zeta-potential data for the 

negative charge induced by the carbon-oxygen functional groups of intrinsic materials 

showed that graphene is electrically close to neutral (approximately −1.19 mV), whereas 

CB (approximately −25.50 mV) and AC (approximately −42.94 mV) were negative charge 

due to the oxygen functionalities (Figure 3.32g). 

Similarly, X-ray diffractometer (XRD) data showed the different peak position due to the 

oxygen functionalities of intrinsic CB and AC compared to graphene (Figure 3.32h). In 

the case of graphene, the characteristic peak assigned to the (002) plane was observed as 

an intense and sharp crystalline peak of 2θ = 26.5°, indicating a well-stacked CCN sheets 

in a d-spacing of 0.33 nm similar to theoretical value. For CB and AC, this crystalline peak 

assigned to the (002) plane was broader, weaker, and shifted to a lower angle at 2θ = 24.9° 

and at 2θ = 22.8°, respectively, indicating that the oxygen functionalities influenced and 

broadened both the crystalline structure and orientation of the aromatic layer slice. [74] 
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Additionally, peaks of the lower angle of 2θ ≤ 10° were observed in CB (2θ = 7.02°) and 

AC (2θ = 6.94°), indicating the contribution or oxidation to the presence of the oxygen 

functionalities populated on the CCN sheets. [75–77] These results indicated that CB 

displayed a stronger and more intense crystalline property than AC and revealed a weaker 

oxidation peak than AC, suggesting the good structural completeness of CCN sheets of the 

CB sheets and the low ratio of oxygen functionalities relative to AC. These findings 

identified increased oxygen functionalities on on AC networks relative to CB and, as well 

as a greater presence of amorphousized lattice structure relative to CB as a result of 

oxidation.  

Considering to the analyses of XPS, Zeta-potential, and XRD, the CCN materials could 

stabilize the LMA surface via the fluorinated metathesis (the proposed F-doping 

mechanism) in a specific solvent environment. However, the extent of the core reaction 

between F− anion and the sp2 C in the F-doping mechanism was varied according to type 

of carbon materials. Specifically, a large number of oxygen functionalities with negative 

charge in the CCN induced a repulsive force with F− anion and resulted in amorphousize 

the crystalline structures. Consequently, the core reaction could be hindered by the 

negative repulsive force and the disordered lattice structure. This inference becomes 

apparent when comparing the ratio of LiF on the LMA surface in each cell between 

applications of graphene-, CB-, and AC-coated fibers, as well as the results of Li|Li 

symmetrical cell test at a high current density Figure 3.32i shows the ratio of LiF− 

according to TOF-SIMS data for the LMA surface of each cell involving graphene-, CB-, 

and AC-coated fibers, revealing decreases in the LiF− ratio on the LMA surface on the 

order of graphene, CB, and AC applications. This was especially evident for AC, which 
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showed an LiF− ratio similar with that of the reference system. As noted, the oxygen 

functionalities, which increased on the order of graphene, CB, and AC, interfered with F− 

anion binding with the sp2 C, thereby limiting the sites where the reaction to form LiF 

could occur on the same order. This suggests that an increased negative charge in CCN 

materials would result in decreased bond formation via F-doping and lower SEI stability. 

Furthermore, the difference in the ratio of stable SEI influenced the cycling characteristics 

of LMA. In general, a higher current density applied for LMA charging/discharging results 

in a higher number of nucleation points, which can promote unstable SEI formation and 

dendritic growth on the LMA surface, thereby limiting LMA operation to within a limited 

cycle range. [1–5, 24] Although the ohmic potential drop in the AC-applied case was 

relatively higher than that in the graphene- and CB-applied case, the AC-applied case did 

stably operate at a current density of 5 mA cm−2 (1 mAh cm−2). However, the AC-applied 

case showed a significantly low stability with an increased internal resistance close to 

electrolyte degradation voltage at a high current density of 20 mA cm−2 (1 mAh cm−2) 

(Figure 3.34). This can be explained as follows: when AC-coated fibers are in contact with 

the LMA surface, there are not enough LiF formation sites for the F-doping mechanism to 

cover the nucleation points, thereby resulting in unstable SEI formation or dendritic growth 

at a high current density. 

Due to the decreased LiF formation as a result of the presence of oxygen functionalities 

in intrinsic CCN materials, the resulting unstable SEI affects the life span of LMA. Thus, 

the characteristic associated with system applying AC involve a ratio of stable SEI was 

much lower than that in CB and graphene applications. Figure 3.35 indicates the results of 

the life-span test. When the cell using a predetermined amount of a Li source are cycled, 
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depletion of Li source causes its potential to increase. [78] This measurement was an 

application of a Li/Cu half-cell test, in which voltage increases when all of plated Li source 

on Cu (the current collector) were stripped. Considering that, Li|Li symmetrical cell test 

was performed using a thin Li electrode with a capacity of 12.4 mAh cm−2 (Li - 30 μm 

thickness and 16 mm diameter) and at a current density of 6.2 mA cm−2 (6.2 mAh cm−2; 

half-value). In this system, when Li source equivalent to the half capacity (Li 15 μm 

thickness, 6.2 mAh cm−2 capacity) was exhausted to generate SEI, the cell potential in the 

stripping side increased, and the peaks appeared in the end point of each cycle stage in the 

time–voltage profile, because all of remaining Li source were stripped from Cu. That 

indicated that the time at which half of the predetermined capacity was reduced was 

measured (Cut-off voltage; 1.5 V). In the reference system, a Li source equivalent to the 

half capacity was exhausted within 28.16 h, as both Li source and electrolyte were 

consumed to generate a new SEI each cycle. However, a higher the ratio of stable SEI 

formation resulted in less Li source and electrolyte consumption; therefore, the Li source 

lasted longer, corresponding to a capacity of 6.2 mAh cm−2, and indicating an improved 

lifetime; AC - 64.93 h, CB - 216.84 h, graphene - 306.98 h.  

Given the application of F-doping mechanism to the CCN materials, the carbon materials 

close to complete lattice structure of pure carbon are the optimized system for stabilizing 

the LMA surface by the F-doping mechanism in a specific solvent environment. Moreover, 

when the carbon material harbors more negative functional groups and a disordered lattice 

structure, LMA stability is not mainly affected by the F-doping mechanism but rather by 

the property of the conductive framework. This agrees with previous studies reporting that 

the LMA surface is stabilized by the conductive interlayer. Although the degree of LiF 
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formation by the F-doping mechanism was low, similar to the reference system, it still 

acted as a conductive framework. [13–16] 
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Figure 3.30. Galvanostatic cycling measurements and P XPS data in other conjugated 

carbon network materials. (a and b) Time–voltage profiles for the Li|Li symmetrical cell 

of the reference system and the graphene, carbon black, and activated carbon coated fiber 

applied systems at a current density of 5 mA cm−2 (1 mA h cm−2). (c) The ohmic potential 

drop tendency of Li|Li symmetrical cells of the graphene-, carbon black-, and activated 

carbon-coated fiber applied systems and (d) in the reference system at a current density of 

5 mA cm−2 (1 mA h cm−2). (e) The cycling performance of Li metal batteries (Li/LFP) with 

graphene-, carbon black-, and activated carbon-coated fiber applied separators and with 

the uncoated aramid separators (the reference system) at a 20 C-rate. (f–i) P XPS data after 

the 1000 cycles at a current density of 5 mA cm−2 (1 mA h cm−2) for the reference system 

and the activated carbon-, carbon black-, and graphene-coated fiber applied systems.  
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Figure 3.31. Coulombic efficiency of Li metal batteries in the case of the other CCN 

materials being applied. 
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Figure 3.32. Optophysical analyses for other conjugated carbon network materials. The C 

XPS data of the graphene-coated fiber side, the carbon black-coated fiber side, and the 

activated carbon-coated fiber side (a–c) before the cycles and (d–f) after the cycles. (g) 

Zeta-potential data of the intrinsic carbon materials: graphene, carbon black, and activated 

carbon. (h) XRD data of the intrinsic carbon materials: graphene, carbon black, and 

activated carbon. (i) TOF-SIMS data of the Li metal anode surface with the graphene, 

carbon black, and activated carbon coated fiber applied systems. 
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Figure 3.33. Particle size distribution of the carbon materials measured by dynamic light 

scattering spectrophotometer (DLS) after the grinding process; (a) Graphene. (b) Carbon 

black. (c) Activated carbon. 
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Figure 3.34. Li|Li symmetrical cell test at the high current density of 20 mA cm−2 (1 mAh 

cm−2) in graphene, carbon black, and activated carbon applied system. 
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Figure 3.35. Life-span test. 
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3.7 Stabilization of the Li metal anode surface using by a pencil 

 

Based on the interpretation on the correlation between the CCN materials and F-doping 

mechanism, a simple, low-cost, and reasonable effective method was proposed to stabilize 

the LMA surface with no need for a platform. This method uses a pencil. Pencil can be 

easily available, and especially, produces the percolated CCN materials of various graphite 

flakes including multilayer graphene, just by drawing on paper. [79–81] Here, two types 

of pencils were used: a graphite pencil composed of crystalline graphite and a charcoal 

pencil known as amorphous graphite (Figure 3.36a). In Figure 3.36b, Zeta-potential 

indicated that a graphite pencil rod was approximately –20.14 mV and a charcoal pencil 

rod has more negative charge of approximately –35.52 mV. Besides, XRD data revealed 

that a graphite pencil rod shows the intense and sharp characteristic peak assigned to the 

(002) plane at 2θ = 26.5 °, whereas a charcoal pencil rod shows amorphousized graphite 

structure (Figure 3.36c). According to inference in the preceding paragraph, the percolated 

CCN materials on the paper-mill-aramid by a graphite pencil drawing presents the 

appropriate conditions for the proposed F-doping mechanism to occur. Thus, one side of 

the paper-mill-aramid was drawn by a graphite pencil, and then Li|Li symmetrical cell and 

Li/LFP cell were assembled where the side of a graphite pencil drawn was towards the 

LMA surface. As shown in Figures 3.36d and e, when using a graphite pencil, Li|Li 

symmetrical cell showed stable behavior accompanied by a low ohmic potential drop and 

regular anodic polarization at a current density of 5 mA cm–2 (1 mAh cm–2). Additionally, 

the Li/LFP cell exhibited low capacity fading at a 20 C-rate within a potential window of 
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2.5 V to 4.2 V, with high capacity retention (99.64→80.37 mAh g−1) observed after 500 

cycles. By contrast, using a charcoal pencil resulted in the Li|Li symmetrical cell showing 

unstable behavior, and the Li/LFP cell showing higher capacity fading (99.82→58.92 mAh 

g−1) after 500 cycles according to the difficulty in performing the F-doping mechanism. 

Figure 3.37 indicates the coluombic efficiency of Li metal batteries in the case of the 

charcoal pencil and the graphite pencil applied. These results are consistent with earlier 

observations and demonstrated that the LMA surface can easily be stabilized by using a 

graphite pencil. 
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Figure 3.36. Pencil application system. (a) An image of the pencil-drawn part on paper-

mill-aramid and its depiction of the fluorination state through the F-doping mechanism. (b) 

Zeta-potential data of a charcoal pencil and a graphite pencil. (c) XRD data of a charcoal 

pencil and a graphite pencil. (d) Time– voltage profiles for Li|Li symmetrical cells with 

paper-mill-aramid drawn on using a charcoal pencil and a graphite pencil. (e) The cycling 

performance of Li metal batteries (Li/LFP) with paper-mill-aramid drawn on using a 

charcoal pencil and a graphite pencil. The N/P ratio is 30. 
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Figure 3.37. Coulombic efficiency of Li metal batteries in the case of the charcoal pencil 

and the graphite pencil applied. 

 

  



 

 

163 

3.8 Conclusion 

 

In summary, I induced the formation of LiF, as a stable SEI component, from a semi-ionic 

C−F bond via fluorinated metathesis (the F-doping mechanism) in a specific solvent 

environment and using a CCN fiber system coated using a simple painting method. To 

prepare the functional separator through which this mechanism can be applied, graphene 

was used as a conductive CCN material along with high modulus paper-mill-aramid to 

help suppress dendritic growth and act as a frame for painting with graphene paste. 

Electrochemical tests and optophysical analyses showed that a LMA using this functional 

separator demonstrated high stability and performance, even at a high current density and 

high areal capacity. Moreover, I identified other CCN materials capable of stabilizing the 

LMA surface through LiF formation via fluorinated metathesis, finding that their 

functional group and crystallinity of the lattice structure affected LMA reliability. In terms 

of generalizing the stabilization of Li metal anode using the CCN materials, the materials’ 

functional group type and crystallinity of lattice structure affect the reliability of Li metal 

anode. [82–87] Specifically, the presence of a negative charge and an amorphosized lattice 

structure in the CCN materials increases the difficulty of fluorinated metathesis, precluding 

formation of the semi-ionic C–F bond and LiF formation and adversely affecting LMA 

reliability. The results indicated that a complete lattice structure of pure carbon is optimal 

for fluorinated metathesis, and revealed that use of a graphite pencil was sufficient as a 

low-cost and effective method for improving the reliability of a LMA as an LIBs anode. 
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3.9 Experimental details 

 

Preparation of the graphene-coated-fibers 

Graphene powder was purchased from Graphene Supermarket (graphene nanopowder 

99.9%, AO-2), and 3-methoxy-3-methyl-1-butanol (MMB) was purchased from Alfa 

Aesar (98+%). Commercial phenol-formaldehyde resin (PR) was used as binder. Carbon 

black (CB) (Timcal, super-P) and commercial activated carbon (AC) were used as other 

extended conjugated carbon network (CCN) materials. To prevent hydration, all carbon 

materials were stored in a convection oven (120 ℃) before use. Before the mixture 

preparation, graphene powder was subjected to physical friction with two 5 mm Zr-ball 

and five 1 mm Zr-ball for 30 min at 2000 rpm in a 15 mL PTFE Teflon jar to prevent flake 

agglomeration and to ensure the uniformity of flakes by homogenizer (Thinky Mixer AR-

100). This grinding process had been carried out five times. After that, graphene powder 

and phenol-formaldehyde resin were mixed with a weight ratio of 13:4, and then this high-

viscosity mixture was diluted to 70 wt% in MMB solvent and dispersed homogeneously 

for 20 minutes by tip sonication (VC-750, Sonics & Materials, Inc.). The dispersion using 

by tip sonication was done three times. As-prepared graphene paste was painted on a paper-

mill-aramid (Mitsubishi, paper-mill-aramid: HP3015, 30 μm thickness) by brush, and the 

graphene coated paper-mill-aramid was dried at 150 ℃ for 8 h in a convection oven. The 

carbon black- and the activated carbon-coated paper-mill-aramid were also prepared and 

painted by the same method, and dried at the same condition. After drying, the graphene 

coated paper-mill-aramid was attached to the uncoated paper-mill-aramid by applying a 
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pressure of 30 MPa for 1 h at 50 ℃ by a hot-press. During this process, a trace amount of 

acetone and ethanol was drop-casted on the uncoated paper-mill-aramid. Paper-mill-

aramid was a structure of fibers woven together using polyester and cellulose as adhesives. 

So, when the coated aramid was on the uncoated aramid wetted with acetone and ethanol, 

sufficient temperature and pressure were applied, making it to be easily attached and not 

to fall apart from each other. Finally, a double layer separator of about 40 ± 2 μm thickness 

was obtained. The resistance of the coated side was about 25 ~ 32 Ω cm−2 (graphene; 25 

Ω cm−2, carbon black and activated carbon; 26 ~ 32 Ω cm−2) and the uncoated side was 

completely insulating.  

 

Preparation of LiFePO4 to high C-rate test  

LiFePO4 (LFP) nanoparticles were firstly prepared as a cathode material by the 

solvothermal synthesis method and were secondary processed by additional treatment to a 

high C-rate test. [46] Lithium hydroxide monohydrate (LiOH·H2O, 99%), phosphoric acid 

(H3PO4, 85%), and iron sulfate heptahydrate (FeSO4·7H2O, 99%) were purchased from 

Sigma Aldrich, ACROS, and Alfa Aesar, respectively. These materials were used as 

precursors in the stoichiometric ratio of 2.7:1:1.5, respectively. For the solvothermal 

synthesis, appropriated quantity of LiOH·H2O was dissolved in 45 mL of commercial 

ethylene glycol (99%). H3PO4 was added dropwise into the solution of the previous step 

under stirring. FeSO4·7H2O was dissolved in 30 mL of ethylene glycol and then the 

LiOH·H2O solution was added into the iron sulfate solution under stirring. The obtained 

green suspension was transferred into a Teflon-lined stainless steel autoclave and then 

heated at 180 °C for 10 h. After the heating process, the autoclave was cooled at room 
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temperature. The obtained gray precipitates were washed with ethyl alcohol and deionized 

(DI) water for the several times. The LFP residues were dried in the freeze drier and the 

nanoparticle state of the LFP powder was finally obtained. For a high C-rate test, LFP 

synthesized through the above steps was additionally processed with N-doped carbon (NC) 

and reduced graphene oxide (rGO). Graphene oxide (GO) was synthesized by a modified 

Hummers’ method. [88] Dopamine hydrochloride and Tris-buffer were purchased from 

Sigma Aldrich. As-prepared LFP powder was dispersed in Tris-buffer solution (10 mM) 

by sonication. Then, dopamine hydrochloride (3 mg mL–1, 200 mL H2O) was added to the 

suspension of the previous step and stirred for 15 min. GO suspension (3 wt% in H2O) was 

added into the dopamine solution for 10 min. After 5 min of reaction, the suspension of 

LFP, dopamine, and graphene oxide suspension was washed three times with DI water and 

dried at 70 ℃ in an oven for 10 h. The collected LFP@polydopamine@GO composite was 

calcined at 700 ℃ for 5 h in Ar-filled Swagelok container to form LFP@NC@rGO. All 

LFP used in this experiment were applied to Li/LFP cell after the post-treatment with N-

doped carbon and reduced graphene oxide. In the coin cell fabrication, LFP cathode was 

prepared by mixing the as-prepared active materials with carbon black (CB) as a 

conductive material (Timcal, super-P), and poly(vinylidenefluoride) as a binder (PVDF, 

Kynar HSV900). This mixture was dissolved in commercial N-methyl-2-pyrrolidone 

(NMP, 99%) at a concentration of 7 wt% in a weight ratio of 70:15:15 (=LFP:CB:PVDF).   

The mixed slurry was coated onto an aluminum foil current collector and dried at 120 ℃ 

under vacuum for 10 h. In the pouch cell fabrication, as a binder, poly(vinylidene fluoride-

co-hexafluoropropylene) (PVdF-HFP; Mw = 400,000 and Mn = ~130,000 g mol−1, Sigma 

Aldrich) was used instead of PVDF. [47, 48] The mixed slurry was drop-casted on a Teflon 
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plate. After drying, the free-standing LFP was peeled off and transferred to a freeze drier 

to obtain the final flexible LFP cathode.  

 

The initialization steps of LiFePO4 interface  

The LFP cathode made for the high C-rate test undergone a two-stage stabilization 

process for the initialization of the LFP interface before the cycling. [46] As-assembled 

Li/LFP cell undergone the rest stage for liquid electrolyte soaking for 24 h at room 

temperature. Then, as first stabilization process, Li/LFP cell was cycled five times at a 0.1 

C-rate within a potential window of 2.0 to 4.2 V to the LFP interface for initialization. 

After that, as a second stabilization process, the Li/LFP cell was cycled five times at a 0.2 

C-rate within a potential window of 2.5 to 4.2 V to the LFP interface for initialization. 

After the two stages of stabilization, the Li/LFP cell was tested within a potential window 

of 2.5−4.2 V vs. Li+/Li. The loading density of the active material was about 1.5 mg cm−2, 

and testing temperature was 30 ºC. 

 

Electrochemical measurement  

The CR2032 coin cell was assembled with a Li/Cu asymmetrical cell, Li|Li symmetrical 

cell, and Li/LiFePO4 cell using paper-mill-aramid separators (Mitsubishi, paper-mill-

aramid: HP3015 - 30 μm thickness, HKMS50 - 50 μm thickness)) and 1 M LiPF6 (in 

EC/DEC/DMC = 1/1/1 v/v/v) (Panax Etec Co. Ltd. STARLYTE or Simga Aldrich). 

HP3015 (30 μm) was used for the paste coating and for the uncoated aramid as separator 

in GAA system, and HKMS50 (50 μm) was used as the reference system and for the pencil 

drawing. Galvanostatic cycling measurements in the Li|Li symmetrical cell test were 
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performed (1) at a current density of 5 mA cm−2 (1 mAh cm−2), (2) at a high current density 

of 20 mA cm−2 (1 mAh cm−2) as the rapid charging/discharging test, (3) at a high areal 

capacity and at a high current density of 20 mA cm−2 (20 mAh cm−2). [23−26] The amount 

of Li plated was 0.00259 g under 1 mA cm−2 for 10 h. Based on this, the plated Li was 

0.000259 g for 1 mA cm−2 for 1 h. Thus, 1.000258 mAh was set to 1 C-rate (3862 mAh g−1 

× 0.000259 g). In Li/Cu asymmetric cell, Li foil was used as the counter electrode and the 

reference electrode. In symmetrical cell, Li metal foil (MTI Korea - 300 μm) was used as 

the working, counter, and reference electrode. In life span test, custom-made thin Li metal 

electrode on Cu was supplied by Welcos (thickness - Li; 30 μm and Cu; 10 μm). 

Galvanostatic cycling measurements in Li metal battery test were performed at 20 C-rates 

with LFP@NC@rGO. A commercial available pouch cell having a nominal dimension of 

65 mm × 50 mm × 1.5 mm were assembled. LFP, Li metal and GAA were used as cathode, 

anode, and separator, respectively. GAA separator was used after soaking in the electrolyte 

for a sufficient time. All manufacturing processes were carried out in an Ar-filled glove 

box under vacuum with 0.1 ppm or less of oxygen and 1 ppm or less of humidity. 

 

The resistance measurement 

The sheet resistance was measured using a source meter (Keithley 2400). First, 

conductive silver paste was painted at vertices of Square-shaped GAA (the coated side). 

Electrode tip was contacted to sample and a current of 1 mA was applied to measure the 

voltage drop. The RA value and RB value obtained from this measurement were substituted 

into Van der Paw’s law to get the sheet resistance. [34] 
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X-ray photoelectron spectroscopy (XPS) analysis 

 X-ray photoelectron spectroscopy (Kratos, Axis Supra™) analysis was used to 

investigate the elemental species, binding state, and distribution of specific elements in the 

prepared sample. All samples, which were vertically cut to 0.8 cm × 0.8 cm specimens at 

the center by a razor blade, were measured without any additional treatment to observe the 

surface as it was in ultra-high vacuum (UHV) chamber under 5 × 10–10 torr and excited by 

monochromatic Al Kα radiation (1486.6 eV) source with operation at 15 kV. Reference 

and sample were analyzed using XPS equipment with higher resolution. The binding 

energy of XPS spectra was calibrated using a carbon peak (sp2 C at 284.5 eV) as the 

reference, peak fitting of all spectra was undertaken on XPSPEAK4.1 program grounded 

the Shirley background and Lorentzian-Gaussian curve synthesis. 

 

X-ray diffractometer (XRD) analysis 

 Carbon materials stored in a convection oven (120 ℃) went through the same grinding 

process as in the process of making paste, and samples were scanned and recorded using 

an X-ray diffractometer (Smartlab, Rigaku) with an X-ray generator from 0 to 80 of 2θ 

(diffraction angle) using CuKα radiation under the following conditions: 40 kV and 30 mA 

(λ = 0.154 nm). A pencil rod also went through the same grinding process, and its powder 

was scanned and recorded in the same way.  

 

Electron microscope analysis  

High resolution scanning electron microscopy (HR-SEM with JEOL Ltd) analysis and 

scanning transmission electron microscopy (Cs corrected STEM with Cold FEG, JEOL 
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Ltd) analysis were carried out at 15 kV (SEM) and 80 kV (TEM). After electrochemical 

tests, the cells were carefully disassembled by de-crimping machine (MTI Korea MSK-

110) in an Ar-filled glove-box. To prevent oxidation of surface of Li metal, Li metal is 

taken out from an Ar-filled glove-box while being immersed in an ionic liquid (1-Ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl) imide, [EMI][TFSI]), and then SEM 

analysis was conducted. Other samples were sealed with Ar gas, and then taken out of the 

Ar-filled glove-box. For cross-sectional analysis of the GAA single strand fiber, a dual 

beam focused ion beam (FIB, Helios 5 UX, Thermofisher) equipment was used to prepare 

samples for TEM investigation. 

 

Microscopic Fourier-transform infrared spectroscopy (FT-IR) analysis 

 For cross-sectional analysis of GAA and uncoated aramid fiber by microscopic FT-IR 

(Perkin Elmer), the coated side of GAA separator and the uncoated aramid fiber were cut 

using by the surface and interfacial characterizing analysis system (SAICAS, Daipla 

wintes). After the cutting process, the coated fiber of GAA separator and aramid fiber was 

scanned from 600 to 2000 cm−1. The confirmation of graphene coating of the uncoated 

aramid fiber was scanned from 400 to 4000 cm−1 in normal mode.  

 

Time-of-flight secondary ion mass spectrometer (TOF-SIMS) analysis 

 A time-of-flight secondary ion mass spectrometer (TOF.SIMS 5, ION-TOF) at a pressure 

below 3.8 × 10−9 Torr was used for analysis of the depth and 3D depth mapping of the 

chemical composition of Li metal anodes by the negative polarity. A Bi+ (30 keV, 1 pA) 

ion beam was used as the primary source for detecting the composition of facile-section, 
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and sputtering with a Cs+ ion beam (2 keV, 150 nA) was used for depth profiling analysis 

(analysis area; 100 × 100 μm2, etching area; 400 × 400 μm2). 

 

Zeta-potential measurements and Dynamic light scattering spectrophotometer (DLS) 

 Graphene, carbon black, and activated carbon powders were subjected to physical friction 

with two 5 mm Zr-ball and five 1mm Zr-ball for 30 minutes at 2000 rpm in 15 mL PTFE 

teflon jar. Like the paste preparation, grinding process had been carried out five times. And 

powders were dispersed in water (DLS: ethyl alcohol) at an appropriated concentration by 

tip sonication for 20 minutes. Like the paste preparation, tip sonication also was done three 

times. After that, Zeta-potential and DLS were measured to each aqueous (DLS: ethyl 

alcohol) solution by electrophoretic light scattering spectrophotometer (Els z-1000, Otsuka 

Portal) and by dynamic light scattering spectrophotometer, respectively. 

 

Atomic force microscopy (AFM) analysis  

The thickness of graphene flake was investigated using AFM (XE100, PSIA). 

 

Raman spectroscopy analysis 

 The graphene powder was characterized by Raman (DXR2xi, Thermo, USA). 

 

Tensile strength measurement 

 The tensile strength of GAA separator was determined on Universal Testing Machine 

(UTM, TD-U01, T&DOF Corp.) in accordance with KS K ISO 2062:2009 standard. For 

tensile strength test, the sample was prepared by standard tensile test specimen size, and 
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then was mounted on test grip. The extension rate was set to 1 mm min−1.  
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3.10 About a semi-ionic C–F bond 

 

The C–F bond characters of the fluorinated conjugated carbon network (CCN) materials 

are depending on the fluorine/carbon ratio (or stage number, Cx/F). [89–91] A decreased 

fluorine (the increased stage number) makes the C–F bond to have the properties of the 

ionic bond. Adversely, an increased fluorine (the decreased stage number) makes the 

covalent C–F bond. [89] The environment for the formation of commonly known semi-

ionic C−F bonds is the fluorination of graphene. During the fluorination process of 

graphene, fluorine has two competitive reactions: (ⅰ) F− anion reacts with the carbon atom 

of graphene to form a covalent C−F bond, where sp3 carbon atom binds with F− anion, 

thereby forming the buckled carbon sheet by fluorine. (ⅱ) F− anion reacts with the carbon 

atom of graphene to form a semi-ionic C−F bond, where sp2 carbon atom binds with F− 

anion, maintaining the planar carbon sheet without structure variation. The semi-ionic C−F 

bond is mainly formed by the chemical reaction of (ⅱ) and shows its electronic 

configuration changes from sp2 to sp3, arising bond angle distortions. [51] Therefore, the 

semi-ionic C–F bond has the intermediate state between the covalent bond and the ionic 

bond; it represents a lower bonding order and a longer bonding length than the covalent 

C–F, and it also has a chemically reactive property than the covalent bond without the 

ionization. [92] This nature of the semi-ionic C–F bond results from the binding state of 

fluorine atom, which is connected to the CCN as a hyperconjugation state, and results from 

the low the bonding dissociation energy (BDE) of fluorine atom to graphene. [56, 93–95] 

This feature differs from the poly(tetrafluoroethylene) (PTFE) or poly(vinylidene-fluoride) 
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(PVDF) derivatives containing of poly(carbon mono- or di- fluoride; low stage number), 

which are considered as inert due to their high bonding dissociation energy. [96] Moreover, 

the fluorine/carbon ratio (stage number) affects the conductivity. As the stage number (Cx/F) 

increases from 2 to 5 or more, the resistance decreases exponentially from 107 Ω cm to 

10−3 Ω cm, showing a sufficient conductivity, unlike PTFE or PVDF which are considered 

as insulators. [70] In the proposed system, the semi-ionic C–F bond was formed also along 

the CCN materials in the coated fibers. When a current was applied, the reduction 

atmosphere was created in the electrode and the coated fibers in contact with the electrode. 

Then, in the decomposition process of an electrolyte, PF6
− anion of LiPF6 electrolyte was 

decomposed into PF5 and F− anion. Especially, when PF6
− was decomposed in a solvent 

having polar, compact, and high dielectric constants properties, such as ethylene carbonate 

(EC) in this system, the resulting PF5 was further stabilized and optimized by those solvent 

molecules in solvation process. In detail, because of the increase of PF5 stability, the hybrid 

orbital of the fluorine coupled to the phosphorous of PF6
− simultaneously could be 

dissociated during the decomposition process, and fluorine radical exists in an 

instantaneously intact state. At this time, the graphene is electron-rich state and then bind 

with sp2-hybridized carbon in the CCN. Since only some of C atoms changed their 

electronic configuration from sp2 to sp3, the semi-ionic C–F bond was formed; fluorinated 

metathesis. Based on the atomic percent in EDS lining data, acquired at the site between 

the graphene with a clear lattice fringe and the lattice relaxation area (where carbon and 

oxygen interact chemically), the stage number was higher than 5. This indicates a low 

resistance and a low BDE of the partially fluorinated CCN. Therefore, the properties of the 

semi-ionic C–F bond, where the fluorine is partially connected to the CCN, were as follows: 
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chemical reactivity from the low-order carbon-fluorine, conductivity from the high stage 

number, Cδ+–Fδ− charge polarization from the high electronegativity of fluorine atom, and 

the low bonding dissociation energy of fluorine atom to graphene. This can lead to the 

unique fluorine-doped surface from the interaction between fluorine and carbon. Therefore, 

Li+ ions can plate on the partially fluorinated sites of the CCN with the conductive property 

in the coated fiber, the semi-ionic C–F bond met Li+ ion flux to generate LiF, as the key 

material of stable SEI. [71] 

 

 

  



 

 

176 

3.11 References 

 

[1] X.-B. Cheng, R. Zhang, C.-Z. Zhao and Q. Zhang, Chem. Rev., 2017, 117, 

10403–10473. 

[2] Z. Li, J. Huang, B. Y. Liaw, V. Metzler and J. Zhan, J. Power Sources, 2014, 254, 

168–182. 

[3] P. Verma, P. Maire and P. Nova´k, Electrochim. Acta, 2010, 55, 6332–6334. 

[4] B. Lee, E. Paek, D. Mitlin and S. W. Lee, Chem. Rev., 2019, 119, 5416. 

[5] D. Aurbach, E. Zinigrad, Y. Cohen and H. Teller, Solid State Ionics, 2002, 148, 

405–416. 

[6] R. Xu, X.-Q. Zhang, X.-B. Cheng, H.-J. Peng, C.-Z. Zhao, C. Yan and J.-Q. 

Huang, Adv. Funct. Mater., 2018, 28, 1705838. 

[7] K. Xu, Chem. Rev., 2014, 114, 11503–11618. 

[8] S. S. Zhan, J. Power Sources, 2006, 162, 1379–1394. 

[9] D. Wang, W. Zhang, W. Zheng, X. Cui, T. Rojo and Q. Zhang, Adv. Sci., 2017, 4, 

1600168. 

[10] X.-B. Cheng, T.-Z. Hou, R. Zhang, H.-J. Peng, C.-Z. Zhao, J.-Q. Huang and Q. 

Zhang, Adv. Mater., 2016, 28, 2888–2895. 

[11] D. J. Lee, H. Lee, Y.-J. Kim, J.-K. Park and H.-T. Kim, Adv. Mater., 2016, 28, 

857–863. 

[12] C. Li, S. Liu, C. Shi, G. Liang, Z. Lu, R. Fu and D. Wu, Nat. Commun., 2019, 10, 

1363. 

[13] H. Kim, Y. J. Gong, J. Yoo and Y. S. Kim, J. Mater. Chem. A, 2018, 6, 15540. 



 

 

177 

[14] Y. J. Gong, H. Kim, G. Yoo, J. Cho, S. Pyo, Y. H. Cho, J. Yoo and Y. S. Kim, ACS 

Appl. Energy Mater., 2019, 2, 8310. 

[15] Y. J. Gong, J. W. Heo, H. Lee, H. Kim, J. Cho, S. Pyo, H. Yun, H. Kim, S. Y. Park, 

J. Yoo and Y. S. Kim, Adv. Energy Mater., 2020, 17, 2001479. 

[16] Y. Deng, H. Lu, Y. Cao, B. Xu, Q. Hong, W. Cai and W. Yang, J. Power Sources, 

2019, 412, 170–179. 

[17] S. Matsuda, Y. Kubo, K. Uosaki and S. Nakanis, Carbon, 2017, 119, 119–123. 

[18] Y. Wang, Y. Shen, Z. Du, X. Zhang, K. Wang, H. Zhang, T. Kang, F. Guo, C. Liu, 

X. Wu, W. Lu and L. Chen, J. Mater. Chem. A, 2017, 5, 23434. 

[19] H. Zhang, X. Liao, Y. Guan, Y. Xiang, M. Li, W. Zhang, X. Zhu, H. Ming, L. Lu, 

J. Qiu, Y. Huang, G. Cao, Y. Yang, L. Mai, Y. Zhao and H. Zhang, Nat. Commun., 

2018, 9, 3729. 

[20] Y. Liu, X. Li, L. Fan, S. Li, H. M. K. Sari and J. Qin, Front Chem., 2019, 7, 721. 

[21] J. Xie, L. Liao, Y. Gong, Y. Li, F. Shi, A. Pei, J. Sun, R. Zhang, B. Kong, R. 

Subbaraman, J. Christensen and Y. Cui, Sci. Adv., 2017, 3, eaao3170. 

[22] Q. Sheng, J. Zheng, Z. Ju, C. Jin, W. Wang, M. Chen, J. Nai, T. Liu, W. Zhang, Y. 

Liu and X. Tao, Adv. Mater., 2020, 2000223. 

[23] T. Xu, P. Gao, P. Li, K. Xia, N. Han, J. Deng and Y. Li, Adv. Energy Mater., 2020, 

10, 1902343. 

[24] D. Lin, Y. Liu and Y. Cui, Nat. Technol., 2017, 12, 194–206. 

[25] H. Wang, D. Lin, Y. Liu, Y. Li and Y. Cui, Sci. Adv., 2017, 3, e1701301. 

[26] T. Wang, R. V. Salvatierra, A. S. Jalilov, J. Tian and J. M. Tour, ACS Nano, 2017, 

11, 10761–10767.  



 

 

178 

[27] R. Xu, X.-Q. Zhang, X.-B. Cheng, H.-J. Peng, C.-Z. Zhao, C. Yan and J.-Q. 

Huang, Adv. Funct. Mater., 2018, 28, 1705838. 

[28] G. M. Stone, S. A. Mullin, A. A. Teran, D. T. Hallinan Jr., A. M. Minor, A. 

Hexemer and N. P. Balsara, J. Electrochem. Soc., 2012, 159, A222–A227. 

[29] C. Monroe and J. Newman, J. Electrochem. Soc., 2005, 152(2), A396–A404. 

[30] J. Liu, L. Tao, W. Yang, D. Li, C. Boyer, R. Wuhrer, F. Braet and T. P. Davis, 

Langmuir, 2010, 26, 10068–10075. 

[31] Y. Xu, H. Bai, G. Lu, C. Li and G. Shi, J. Am. Chem. Soc., 2008, 130, 5856. 

[32] Q. Su, S. Pang, V. Alijani, C. Li, X. Feng and K. Mullen, Adv. Mater., 2009, 21, 

3191. 

[33] J. Fan, Z. Shi, M. Tian and J. Yin, RSC Adv., 2013, 3, 17664–17667. 

[34] L. J. van der Pauw, Philips Res. Rep., 1958, 13, 1. 

[35] J. Zhang, Q. Kong, Z. Liu, S. Pang, L. Yue, J. Yao, X. Wang and G. Cui, Solid 

State Ionics, 2013, 245–246, 49–55. 

[36] W. Liu, Y. Xia, W. Wang, Y. Wang, J. Jin, Y. Chen, E. Peak, D. Miltin, Adv. Energy 

Mater. 9, 1802918. 

[37] P. Gong, Z. Wang, Z. Li, Y. Mi, J. Sun, L. Niu, H. Wang, J. Wang, S. Yang, RSC 

Adv., 2013, 3, 6327.   

[38] M. Mukherjee, S. Kumar, S. Bose, C. K. Das, A. P. Kharitonov, Polymer-Plastics 

Technology and Engineering, 2008, 47, 623. 

[39] N. Sharma, V. Sharma, Y. Jain, M. Kumari, R. Gupta, S. K. Sharma, K. Sachdev, 

Macromol. Symp., 2017, 376, 1700006. 

[40] Y. Wang, W. C. Lee, K. K. Manga, P. K. Ang, J. Lu, Y. P. Liu, C. T. Lim, K. P. 



 

 

179 

Loh, Adv. Mater., 2012, 24, 4285. 

[41] S. Abramowitz, N. Acquista, I. W. Levin, J. Res. Natl. Bur. Stand. A phys. Chem., 

1968, 72A, 487.   

[42] D. Lina, J. Zhaoa, J. Suna, H. Yaoa, Y. Liua, K. Yana and Y. Cui, Proc. Natl. Acad. 

Sci. U. S. A., 2017, 114, 4613–4618. 

[43] K.-H. Chen, K. N. Wood, E. Kazyak, W. S. LePage, A. L. Davis, A. J. Sanchez 

and N. P. Dasgupta, J. Mater. Chem. A, 2017, 5, 11671–11681. 

[44] K. N. Wood, E. Kazyak, A. F. Chadwick, K.-H. Chen, J.-G. Zhang, K. Thornton 

and N. P. Dasgupta, ACS Cent. Sci., 2016, 2, 790–801. 

[45] Z. Chu, X. Feng, B. Liaw, Y. Li, L. Lu, J. Li, X. Han and M. Ouyang, J. 

Electrochem. Soc., 2018, 165, A3240–A3248. 

[46] J. Oh, J. Lee, T. Hwang, J. M. Kim, K.-D. Seoung and Y. Piao, Electrochim. Acta, 

2017, 231, 85–93. 

[47] C. Ma, Y. Feng, F. Xing, L. Zhou, Y. Yang, Q. Xia, L. Zhou, L. Zhang, L. Chen, 

D. G. Ivey, D. R. Sadoway and W. Wei, J. Mater. Chem. A, 2019, 7, 19970–19976. 

[48] N. Li, Z. Chen, W. Ren, F. Li and H.-M. Cheng, Proc. Natl. Acad. Sci. U. S. A., 

2012, 109, 17360–17365. 

[49] Y. Zhang, Q. Wang, R. Li, Z. Lou and Y. Li, Crystals, 2020, 10, 159. 

[50] A. Ganguly, S. Sharma, P. Papakonstantinou and J. Hamilton, J. Phys. Chem. C, 

2011, 115, 17009–17019. 

[51] W. Feng, P. Long, Y. Feng and Y. Li, Adv. Sci., 2016, 3, 1500413. 

[52] R. Younesi, M. Hahlin, M. Roberts and K. Edstro¨m, J. Power Sources, 2013, 225, 

40–45. 



 

 

180 

[53] K. Tasaki, K. Kanda, S. Nakamura and M. Ue, J. Electrochem. Soc., 2003, 150, 

A1628. 

[54] Y. Sato, K. Itoh, R. Hagiwara, T. Fukunaga and Y. Ito, Carbon, 2004, 42, 3243–

3249. 

[55] M. S. Dresselhaus, M. Endo and J.-P. Issi, in Physical properties of fluorine–and 

fluoride–graphite intercalation compounds, ed. T. Nakajima, Fluorine–Carbon 

and Fluoride–Carbon Materials: Chemistry, Physics, and Applications, Marcel 

Dekker, New York, 1995. 

[56] M. Dubecky, E. Otyepkova, P. Lazar, F. Karlicky, M. Petr, K. Cepe, P. Banas, R. 

Zboril and M. Otyepka, J. Phys. Chem. Lett., 2015, 6, 1430–1434. 

[57] M. Mukherjee, C. K. Das and A. P. Kharitonov, Polym. Compos., 2006, 27, 205. 

[58] E. Jeong, B. H. Lee, S. J. Doh, I. J. Park and Y.-S. Lee, J. Fluorine Chem., 2012, 

141, 69. 

[59] E. Pretsch and P. B. M. Badertscher, Structure Determination of Organic 

Compounds, Springer, Verlag Berlin, Heidelberg, 2009. 

[60] W. Feng, P. Long, Y. Li, Adv. Sci., 2016, 3, 1500413.  

[61] T. Chen, X. Wang, Y. Liu, B. Li, Z. Cheng, Z. Wang, W. Lai, X. Liu, Phys. Chem. 

Chem. Phys., 2017, 19,35504.  

[62] C. Shen, S. Wang, Y. Jin, W.-Q. Han, ACS Appl. Mater. Interfaces, 2015, 7, 25441.  

[63] Y. Okamoto, J. Electrochem. Soc., 2013, 160, A404−A409.  

[64] S. Leroy, F. Blanchard, R. Dedryvere, H. Martinez, B. Carre, D. Lemordant, D. 

Gonbeau, Surf. Interface Anal., 2005, 37, 773−781.  

[65] K. W. Schroder, H. Celio, L. J. Webb, K. J. Stevenson, J. Phys. Chem. C, 2012, 



 

 

181 

116, 19737−19747.  

[66] D. E. Arreaga-Salas, A. K. Sra, K. Roodenko, Y. J. Chabal, C. L. Hinkle, J. Phys. 

Chem. C, 2012, 116, 9072−9077.  

[67] R. Dedryve`re, S. Leroy, H. Martinez, F. Blanchard, D. Lemordant, D. Gonbeau, 

J. Phys. Chem. B, 2006, 110, 12986−12992.  

[68] E. Pretsch, P. Buűhlmann, M. Badertscher, Structure Determination of Organic 

Compounds. In: IR Spectroscopy. Springer-Verlag Berlin Heidelberg, 2009.  

[69] G. Feng, R. Qiao, J. Huang, S. Dai, B. G. Sumpter and V. Meunier, Phys. Chem. 

Chem. Phys., 2011, 13, 1152–1161. 

[70] T. Mallouk and N. Bartleet, J. Chem. Soc., Chem. Commun., 1983, 103–105. 

[71] C. Gomez-Navarro, R. T. Weitz, A. M. Bittner, M. Scolari, A. News, M. Burghard 

and K. Kern, Nano Lett., 2007, 7, 3499–3503. 

[72] Y. Chernyak, J. Chem. Eng. Data 2006, 51, 416–418.  

[73] L. H. Hess, A. Balducci, Electrochimica Acta 2018, 281, 437–444.  

[74] T. Qiu, J.-G. Yang, X.-J. Bai and Y.-L. Wang, RSC Adv., 2019, 9, 12737. 

[75] X. Jiao, Y. Qiu, L. Zhang and X. Zhang, RSC Adv., 2017, 7, 52337–52344. 

[76] P. Chen, H. Li, S. Song, X. Weng, D. He and Y. Zhao, Results Phys., 2017, 7, 

2281–2288. 

[77] H.-H. Huang, K. K. H. De Silva, G. R. A. Kumara and M. Yoshimura, Sci. Rep., 

2018, 8, 6849. 

[78] P. Albertus, S. Babinec, S. Litzelman and A. Newman, Nat. Energy, 2018, 3, 16. 

[79] K.-H. Choi, H.-W. Kim, S.-S. Lee, J. T. Yoo, D.-G. Lee and S.-Y. Lee, Adv. 

Sustainable Syst., 2018, 2, 1700132. 



 

 

182 

[80] B. Yao, L. Yuan, X. Xiao, J. Zhang, Y. Qi, J. Zhou, J. Zhou, B. Hu and W. Chen, 

Nano Energy, 2013, 2, 1071–1078. 

[81] A. Pandey, S. Sharma, R. Jain and A. N. Raja, J. Electrochem. Soc., 2020, 167, 

037501. 

[82] W. Liu, Y. Xia, W. Wang, Y. Wang, J. Jin, Y. Chen, E. Peak and D. Mitlin, Adv. 

Energy Mater., 2019, 9, 1802918. 

[83] A. Zhamu, G. Chen, C. Liu, D. Neff, Q. Fang, Z. Yu, W. Xiong, Y. Wang, X. 

Wang and B. Z. Jang, Energy Environ. Sci., 2012, 5, 5701–5707. 

[84] R. Zhang, X.-B. Cheng, C.-Z. Zhao, H.-J. Peng, J.-L. Shi, J.-Q. Huang, J. Wang, 

F. Wei and Q. Zhang, Adv. Mater., 2016, 28, 2155–2162. 

[85] F. Banhart, J. Kotakoski and A. V. Krasheninnikov, ACS Nano, 2011, 5, 26–41. 

[86] Q. Yun, Y.-B. He, W. Lv, Y. Zhao, B. Li, F. Kang, Q.-H. Yang, Adv. Mater., 2016, 

28, 6932. 

[87] W. Feng, P. Long, Y. Li, Adv. Sci., 2016, 3, 1500413.  

[88] W. S. Hummers, R. E. Offeman, J. Am. Chem. Soc., 1958, 80, 1339–1339.  

[89] W. Feng, P. Long, Y. Li, Adv. Sci., 2016, 3, 1500413.  

[90] A. N. Enyashin, A. L. Ivanovskii, Chem. Phys. Lett., 2012, 545, 78.  

[91] T. Nakajima, J. Fluor. Chem., 1999, 100, 57-61.  

[92] T. Nakajima, M. Koh, V. Gupta, B. Žemva, K. Lutar, Electrochimi. Acta, 2000, 

45, 1655–1661.  

[93] P. Gong, Z. Wang, Z. Li, Y. Mi, J. Sun, L. Niu, H. Wang, J. Wang, S. Yang, RSC 

Adv., 2013, 3, 6327. 

[94] J. Kima, R. Zhou, K. Murakoshi, S. Yasuda, RSC Adv., 2018, 8, 14152.  



 

 

183 

[95] T. Nakajima, Macromol. Symp., 1994, 82, 19. 

[96] U. Rajeena, M. Akbar, P. Raveendran, R. M. Ramakrishnan, New J. Chem., 2018, 

42, 9658.  

  



 

 

184 

Chapter 4 Conclusion 

 

 In summary, this dissertation proposes a new interface engineering technology of the Li 

metal anode for the stable next-generation high capacity Li ion batteries (LIBs). As a new 

interface stabilization method, the formation of the LiF passivation layer on the Li metal 

anode surface using the unique fluorinated metathesis of the conjugated carbon network 

materials was proposed. The LiF passivation layer has shown excellent protective effect to 

the Li metal anode and has contributed greatly to the stabilization of the unstable solid 

electrolyte interphase (SEI), which is formed by electrolyte decomposition. Furthermore, 

this passivation layer was self-induced in the cell operating current by the partially fluorine 

doping phenomenon of the conjugated carbon network materials attached to the separator 

in a specific solvent environment, therefore it does not require any additional processes or 

additives. Also, through the various electrochemical and optophysical analyses such as 

galvanostatic cycling measurement, electrochemical impedance spectroscopy, Fourier 

transform infrared spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, 

electron microscopy (scanning and transmission mode), energy dispersive X-ray 

spectroscopy, time-of-flight secondary ion mass spectrometry, and zeta-potential, the 

proposed interface stabilization mechanism was investigated and demonstrated.  

First, as a composite separator, I proposed “nonwoven type reduced graphene oxide fiber 

(rGOF) attached to aramid paper (rGOF-A)” for the high reliability and high performance 

Li metal anode. In the environment inside the cell, due to the F− anion formed by the 

decomposition of the electrolyte, the semi-ionic C−F bond is formed on the rGOF surface 
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(the partially fluorinated state), and fluorine of the semi-ionic C−F bond with low bonding 

dissociation energy meets Li+ ion, forming the LiF passivation layer on the Li metal anode 

surface. Additionally, the rGOF with high tensile strength relieves the volume expansion 

of the Li metal anode and prevents the dendritic growth. As a results, the increased 

interfacial stability of the Li metal anode allowed the Li metal anode to perform stably 

charging/discharging for a long lifespan even under high capacity and fast charging 

condition (20 mA cm−2, 20 mAh cm−2). Also, when the Li metal anode applied this 

stabilization mechanism was introduced to the full-cell system as an anode, it showed a 

long lifespan and low capacity fading even in rapid charging and discharging up to 50 C-

rate. (Chapter 2) 

Second, as a coating separator, I proposed “graphene-family materials coated on aramid 

paper” for the high reliability and high performance Li metal anode, and at the same time, 

focused on “fluorinated metathesis of the conjugated carbon network materials” to 

optimized the proposed interfacial stabilization mechanism. When graphene-family 

materials were coated on aramid paper, the coating side to fluorinated metathesis can 

induce the LiF passivation layer, contributing to resolve the unstable SEI issues. Therefore, 

the Li metal anode stably operate at rapid charging condition. Furthermore, since the 

coating separator is based in aramid paper with high tensile strength, the flexible pouch 

cell works reliably even with repeated dimension changes. Additionally, in this work, I 

revealed that in order to form a much F− anion as F-doping source, the electrolyte solvent 

must be polar, compact, and have a high dielectric constant. Also, I demonstrated that to 

form the semi-ionic C−F bond, F− anion formed in this electrolyte solvent condition is 

affected by the range sp2 π conjugation electron system and the planarity of aromatic lattice 
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structure of carbon materials. Especially, in the conjugated carbon network materials, “the 

long-range sp2 π conjugation electron system” and “the planar of aromatic lattice structure” 

are favorable conditions for forming the semi-ionic C−F bond, so pure carbon having 

complete lattice structure without negative functional group is more advantageous. From 

this generalization, I suggested a stabilization solution using a graphite pencil as a low-

cost and high efficiency method for stabilizing the interface issues of the Li metal anode. 

(Chapter 3) 

The studies conducted in this dissertation is about the self-inducing of the LiF passivation, 

which is the key materials of stable SEI, by the conjugated carbon network materials to 

resolve the unstable SEI issues, which are the most problematic for the introduction of the 

Li metal anode for next-generation high capacity LIBs. The mechanism for forming LiF 

by the conjugated carbon network materials through a self-induced chemical reaction was 

investigated and demonstrated. And it suggested that this interfacial engineering 

technology can greatly improve the reliability and stability of the Li metal anode. I believe 

that my proposed stabilization solution will provide the commercialization possibility of 

the Li metal anode to an anode of next-generation LIB. 
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요 약 (국문초록) 

기능성 탄소의 부분 불소 복분해에  

의한 리튬 금속 음극 고성능화 
 

공 용 준 

융합과학부 나노융합전공 

융합과학기술대학원 

서울대학교 
 

최근 무선 전자기기 및 전기 자동차의 급속한 발전으로 인해 에너지 저장 

장치로서 배터리는 현대사회의 핵심 기술 중 하나이다. 이에 따라 사용자들은 

한번 충전으로 더 긴 시간 동안 사용할 수 있는 높은 용량을 가진 배터리를 

원하고 있으며, 이에 발맞춰 배터리 산업 역시 더 높은 에너지 밀도를 갖는 

배터리를 개발 및 연구 해오고 있다. 배터리는 음극, 양극, 분리막, 전해질로 

구성되어 있는데, 배터리의 용량을 늘리기 위해서는 음극과 양극에 더 높은 

에너지 밀도를 갖는 물질을 도입해야 한다. 이러한 측면에서 

리튬이온배터리를 고려할 때, 차세대 리튬이온배터리의 음극재로 유망한 

물질은 리튬 금속이다. 리튬 금속 음극은 현재 사용 중인 흑연 기반의 

음극보다 10배 이상의 높은 이론 용량을 갖고 있고, 전기화학 전위가 낮기 

때문이다. 그러나, 리튬 금속을 리튬이온배터리에 도입하기 위해서는 

해결해야 할 문제가 있다. 리튬 금속은 매우 높은 반응성으로 인하여 
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음극으로 도입되었을 때, 전해질과 계면에서 불안정한 비활성층 (solid 

electrolyte interphase layer; SEI layer) 형성 반응이 지속적으로 일어나는 

문제를 가지고 있다. 리튬 금속 음극 표면에서 불안정한 SEI layer의 축적은 

배터리의 성능을 심각하게 저하시킨다. 게다가, 이러한 부반응은 배터리의 

성능 및 안전성에 영향을 줄 수 있는 음극 부피 팽창 및 수지상 돌기 성장 

현상을 동반한다. 결국, 리튬 금속 음극과 전해질 사이의 계면 부반응은 리튬 

금속 음극의 상용화에 큰 걸림돌이 되고 있으며, 리튬 금속을 

리튬이온배터리에 성공적으로 도입하기 위해서는 이러한 계면 문제를 

해결하는 것이 필수적이다. 이 논문에서는 리튬 금속 음극의 표면을 제어하기 

위해 탄소 소재가 도입된 분리막을 개발하였고, 도입된 탄소 소재가 배터리 

내부에서 스스로 부분 불소화 반응을 거쳐 리튬 금속 음극 표면에 보호층을 

형성하는 내용에 관한 연구를 다룬다.  

 첫 번째 연구에서는 높은 기계적 강도를 띤 “환원된 산화 그래핀 섬유 

(reduced graphene oxide fiber; rGOF)”를 분리막에 부착하여 도입하였다. 

이러한 기능성 분리막이 적용되었을 때, 셀 내부의 그래핀 섬유 표면에서는 

전해질의 분해 과정에서 생성된 불소 이온이 반이온성 결합을 형성하며 

그래핀의 부분 불소화 반응이 진행시킨다. 반이온성 결합은 낮은 결합 해리 

에너지를 갖고 있기 때문에, 불소 원자는 리튬 이온이 리튬 금속 음극에 

충전되는 과정에서 리튬 이온과 만나 리튬 금속 음극 표면에 

리튬플루오라이드 (LiF) 보호층을 형성한다. LiF 물질은 매우 안정적인 SEI 
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layer 성분으로 알려져 있다. 그래서 LiF 물질은 더 이상의 불안정한 SEI 

layer 형성을 억제하며 보호층 역할을 하여, 리튬 금속 음극과 전해질 사이의 

계면 부반응을 제어할 수 있다. 게다가 섬유 형태의 그래핀은 높은 기계적 

강도로 음극 부피 팽창 및 수지상 돌기 형성 문제를 제어할 수 있다. 본 

연구에서는 이러한 안정화 메커니즘을 다양한 분석을 통해 증명하였으며, 

제안된 안정화 메커니즘이 적용된 리튬 금속 음극은 고속 충/방전 조건에서도 

장수명 신뢰성을 나타낼 수 있다는 사실을 검증하였다. 

 두 번째 연구에서는 선행 연구에서 밝힌 “그래핀의 부분 불소화를 통한 LiF 

보호층의 형성 메커니즘”의 논의를 확장하기 위하여, 그래핀 이외에 그래핀과 

전자 시스템을 공유하는 다른 탄소 재료를 도입하였고, 부분 불소화를 통한 

LiF 보호층 형성 정도를 분석하였다. 다른 탄소 소재로의 확대 적용을 위해 

또한 공정성 향상을 위해 본 연구에서는 페놀 레진을 바인더로 이용하여 

아라미드 섬유에 탄소 소재를 코팅하는 방법을 도입하였다. 상기 방법을 통해 

아라미드 섬유의 높은 기계적 강도를 이용하고, 코팅을 통해 불소화가 진행 

될 수 있는 탄소 코팅 층을 확보할 수 있었다. 이러한 탄소 코팅 분리막이 

도입되었을 때, 선행 연구와 마찬가지로 리튬 금속 음극은 고속 충/방전 

조건에서 장수명 신뢰성을 나타낼 수 있는 것을 확인하였다. 또한, 본 

연구에서는 다른 탄소 소재의 적용을 통해 본 연구에서는 불소화 반응을 

통한 LiF 보호층 형성이 최적화될 수 있는 전해질 용매 환경과 탄소 

시스템을 밝혀냈다. 전해질 용매 환경의 측면에서, 카보네이트 (carbonate) 
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계열의 용매가 작고, 극성이 크며, 높은 유전상수 (dielectric constant)를 

가질 때 불소화 반응을 위한 불소 이온의 형성이 유리함을 밝혔고, 탄소 

시스템의 측면에서, 넓은 공액 전자 시스템 (long-range sp2 π conjugation 

electron system)이며, 음의 표면 전위 (negative zeta potential) 없이 평면 

방향족성 격자 구조 (planar aromatic lattice structure)를 가질수록, 불소화 

반응을 통한 LiF 보호층 형성이 유리함을 밝혔다. 또한, 본 연구에서는 

이러한 최적화 조건을 바탕으로 저비용, 고효율의 리튬 금속 음극 계면 

안정화 솔루션으로 천연 흑연이 포함된 연필을 이용한 방법을 제안하였다. 

 이 논문에서 제시한 “특정 전해질 용매 환경에서 탄소 소재의 부분 불소화 

과정을 통한 LiF 보호층의 자가 형성” 방법은 리튬 금속 음극 표면에 어떠한 

추가적인 공정, 처리, 첨가제를 요구하지 않으며, 분리막에 탄소층을 단순 

복합하는 방법을 통해 고속 충/방전 조건에서 장수명 신뢰성을 보장한다. 

또한, 가벼운 탄소 소재를 사용하였기 때문에 분리막의 탄소 소재 도입으로 

인한 셀 무게당 에너지 밀도의 감소는 무시할만한 수준이었다. 본 논문의 

리튬 금속 음극에 대한 표면 제어 기술은 리튬 금속 음극이 상용화되지 

못하고 있는 음극과 전해질 계면의 불안정한 SEI 문제에 대한 근원적인 

해결책을 제시해 준다.  
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