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Due to the soaring prices of transition metals employed in lithium ion 

batteries, the demand for next-generation battery system has been significantly 

increased. Among various candidates for next-generation battery systems, Carbon 

monofluoride (CFx) battery system is considered one of the promising next-

generation battery system, owing to its high specific capacity of 864mAh/g and 

absence of heavy transition metals in cathode material. However, CFx battery system 

has two fatal disadvantages; (i) Low practical voltage compared with theoretical 

voltage of 4.7V, (ii) Non-rechargeable, primary battery. Various efforts have been 

made to solve these problems. However, the current highest reported voltage is 2.7V, 

which is far below the theoretical voltage, and the Li/CFx battery has never been 

successfully charged. Herein, we propose a solution to the two problems of CFx by 
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using the effect of High donor number electrolyte in the discharge process of CFx. 

We noted that the solvent has an effect on the discharge voltage of CFx and confirmed 

that the donor number of the solvent is linear relationship to the discharge voltage. 

This led to the discovery of a new electrolyte system called Methylimidazole (Me-

Im), exhibiting discharge voltage of 2.8V versus Li/Li+. Furthermore, we were first 

able to charge Li/CFx battery with same solvent. This result show that the donor 

number of the solvent has a great influence on the discharge and charge of CFx, and 

give the big clue to make a rechargeable CFx battery system. 
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Chapter 1. Introduction 

 

1.1 Motivation and outline 

Recently, as the use of EVs and various portable devices is becoming 

popular, the demand for lithium ion batteries has gradually increased. Typical 

cathode materials for lithium ion batteries are LiCoO2(LCO), LiNiCoMnO2(NCM) 

and LiNiCoAlO2(NCA), which contain transition metals. These days, as the reserves 

of transition metals are concentrated by country, the gap between the rich and the 

poor is gradually increasing. [1, 2] To address this problem, research and development 

of post lithium ion battery systems such as Li-Air, Li-S and Nano composites, which 

exhibit high energy density without transition metals, is proceeding briskly.[3, 4] 

Along the same line, Carbon Monofluoride (CFx; In pristine, x = 1), composed of 

fluorine attached to the carbon structure, is one of the attractive candidates for the 

next-generation lithium ion battery materials with high capacity of 864mAh g-1.[5] 

However, CFx has the fatal drawback of exhibiting irreversible electrochemical 

reaction,  limiting its use only to primary batteries. There have been many attempts 

to make CFx system as rechargeable batteries, but there has been no successful case.[6] 

The main challenge to make is in charging step; discharge product LiF is a too stable 

to decompose;te electromotive force to decompose LiF is above 6.1 eV. In order to 

detour this problem, we need to understand discharge mechanism of CFx battery first. 

It has been reported that discharge product (LiF) is not directly formed; CFx 
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undergoes through the intermediate state and then produces final product (LiF). As 

seen in discharge mechanism, forming the intermediate state is important step and 

we speculate that forming the intermediate state is also important in charging step. 

Therefore, this study aims to modify the intermediate state so that it does not go to 

final product (LiF). In this study, the relationship between donor number of 

electrolyte and intermediate state was found. Moreover, high donor number 

electrolyte not only exhibited the highest discharge voltage of 2.8V among currently 

known Li / CFx batteries, but also enabled a rechargeable Li / CFx battery system. 

The study will give a big clue to uncovering the intermediate state of CFx, and also 

make CFx a new candidate in a post lithium ion rechargeable battery. 

 

 

 

 

 

 

 

 



９ 

 

Chapter 2. Experimental section 

 

2.1 Preparation of electrodes. 

The CFx electrode were prepared by mixing the Fluorinated Carbon powder 

( >61 wt. % F, Sigma), Multiwall Carbon Nanotube, Carboxymethylcellulose (CMC) 

and Styrene-Butadiene Rubber (SBR) at a mass ratio of 80:10:5:5 and added 

desirable amount of Water. The LFP electrode were prepared by mixing the Lithium 

iron phosphate(LFP), Super P, Polyvinylidene Fluoride(PVDF) at a mass ratio of 

80:10:10 and added desirable amount of NMP. After both mixtures were 

homogenized into a slurry, that were coated onto aluminum foil respectively. Both 

electrode dried overnight in a 70 ℃ Vacuum oven, and pressed by a roll-pressing 

machine. Both electrodes were cut into disks with a diameter of 1/2 in. Coin-type 

cells (CR2032, Wellcos) were assembled in an argon-filled glove box using the CFx 

electrode as cathode, LFP and Li metal as an anode used according to the electrolyte. 

Glass fiber filter (GF/F) is used as separator. When use the LFP as an anode, added 

3.45V to give the potential versus Li/Li+. Various types of electrolytes were used. 

The coin cells were tested on a multichannel potentio-galvanostat (WBCS-3000, 

Wonatech, Korea) at different current densities ranging from 1.5 to 4.8V versus 

Li/Li+. 
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2.2 Preparation of the electrolyte 

The electrolyte was prepared in an argon-filled glove box (H2O<0.1 ppm, 

O2<0.1 ppm). 1M of LiClO4 (battery grade, dry, 99.99%, Sigma) was dissolved in 

various solvents (PC, EC/DMC, DME, DMSO, DMAC and 1-Methylimidazole). 

Every solvent was purchased from Sigma-Aldrich. Ionic conductivity was measured 

by portable ionic conductivity meter (Model CON 610, Oakton, Singapore). 

 

2.3 Fourier-transform infrared spectroscopy, FTIR 

For detect changes of bond state of carbon, Fourier-transform infrared 

spectroscopy was used (FTIR-4200, JASCO, Japan). Data scanning in absorbance 

mode and scan wavenumber range was from 400 to 4000. Important parts of the total 

measurement data were used. Before the measurement, electrode from coin cell was 

washed in pure solvent and dry in vacuum chamber about 6 hours. 

 

2.4 X-ray photoelectron spectroscopy, XPS 

Change of bonding in the structure during the charge and discharge were 

measured by X-ray photoelectron spectroscopy. The binding energy was calibrated 

to the C 1s peak at 284.8 eV. All samples were measured in electrode. Before the 

measurement, electrode from coin cell was washed in pure solvent and dry in 

vacuum chamber about 6 hours. Deconvoluted by XPSPeak41 program. 
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Chapter 3. Results and discussion 

 

3.1. Identifying the factors affecting the discharge of CFx 

among the properties of the electrolyte.  

Carbon fluoride (CFx) does not form the final product upon discharge. 

Instead of final product, it forms an intermediate phase (Int-Phase) as a product 

during discharge. There are several arguments about the composition of Int-Phase. 

First, N. Watanabe et al claim that solvent intercalates between carbon layer and 

forms Int-Phase with composition with C together and form F-Li-S (solvent) 

composition.[7, 8] Second, K. Guerin et al claim that without solvent, carbon and LiF 

have bonding with CLixF composition. [9, 10] Third, J. Read et al claim that without 

bonding with carbon and solvent, amorphous LiF deposit in the layer of carbon. [11] 

Each argument has a different composition, however it is a common to claim that all 

have an effect of electrolyte on the properties of Int-Phase.[7, 12] In order to find out 

which characteristic of the electrolyte is essential in discharge performance of CFx 

battery, the CFx batteries with various electrolytes were discharged and compared. 

In order to avoid effect of salt difference to discharge performance, all samples 

contain the same salt and concentration (1M LiClO4). Figure 1 shows different 

discharge voltage depends on electrolyte. MeIm (blue) has highest voltage 2.82V 
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and discharge voltage decreases in the order of DMAC, DMSO, DME, EC/DMC 

and PC. The discharge voltage of CFx battery refers to the energy gap between CFx 

and Int-Phase, not between CFx and the final product.[13, 14]. Therefore, difference in 

discharge voltages with various electrolytes, indicates that solvents influence on the 

formation of Int-Phase. Investigating which characteristics of solvent are related to 

the discharge voltage, we find the Donor Number(DN) and the discharge voltage 

have a linear relationship. Solvents with high DN are generally known to better 

solvate Li ions, which is consistent with previous studies that correlate solvation 

energy with discharge voltage. Based on this, two solvents with high DN among the 

known electrolytes were adopted.[15] Both solvents are Dimethylacetamide (DMAC, 

DN = 27.8) and Methyl Imidazole (Me-Im, DN = 47) as electrolytes used in Li-Air 

batteries.[16] These newly adopted solvents have the highest DN among those 

reported in CFx. [12, 17, 18] CFx batteries discharged with DMAC and Me-Im, exhibit 

discharge voltages 2.78 V and 2.83 V at 1/20 C, respectively. Moreover, discharge 

voltage with 2.83 V at 1/20 C is the highest discharge voltage of Li/CFx battery 

system so far. (Figure 2). 
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Figure 1. Discharge profiles of CFx various electrolytes. C-rate is 0.05C. Every 

electrolyte using 1M LiClO4 for salt. Note that the potentials were measured against 

LixFePO4 in each solvent and 3.45 V was added to give the potential versus Li/Li+ 
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Table 1. The electrolyte used in the discharge experiments and their respective Ionic 

conductivity, highest discharge voltage and donor number. 
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Figure 2. Highest discharge voltage versus donor number of various solvents. Data 

measured in room temperature and C-rate was 0.05C. 
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3.2. Reversible formation of C-F bonding in Methylimidozole 

electrolyte. 

In Chapter 3.1, we found the relationship between discharge voltage and 

DN. It is expected that there is a direct relationship between solvent and Int-Phase. 

We charged CFx batteries immediately after discharge to see how the change of Int-

Phase property affects the charge profile. We can see the amazing result in Figure 3, 

from low DN to high DN, the charging profile gradually appears (DME solvent was 

excluded because of side reactions near 4 V). Among the selected electrolytes, As 

the highest DN electrolyte (Me-Im) yields the highest charge capacity with 820 

mAhg-1, showing 96% columbic efficiency. The electrochemical profile of second 

cycle changes from that of first cycle, but the profile is maintained after second cycle. 

(Figure 4a). Such reaction mechanism changes from first to second cycle needs to 

be further researched. To verify that charge mechanism, we measured the GITT for 

the first cycle (Figure 4b). As shown in Figure 4b, discharge OCV is 3.2V, similar to 

the theoretical OCV. However, the charge OCV is about 0.2V higher than theoretical 

OCV. Through this, discharge and charge were expected to be different reactions. In 

order to further understand the bonding of CFx in Me-Im solvent, ex-situ FTIR 

measurement was conducted (Figure 5). The FTIR data shows that as the discharge 

proceeds in first cycle, the C-F covalent bonding at 1213𝑐𝑚−1 in the pristine state 

decreases. In the following charging step, the semi-ionic bonding (1081 𝑐𝑚−1) of 

C-F is formed instead of covalent bonding. In second cycle charging step, the 
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collapsed C-F bonding was rebuilt as semi-ionic bonding instead of covalent bonding; 

the C-F semi ionic bonding decreases and increases with discharge-charge in second 

cycle. In order to find more details of working principle, ex-situ XPS analysis was 

conducted through the SOC in 1-2 cycle (Figure6 a-c). Figure 6 (a) shows the XPS 

measurements at the same intervals as in Figure 5. As shown in Figure 6 (a), semi-

ionic bonding of C-F is produced at 286.6 eV. The increase in peak near 286.4eV at 

the end of second charge is expected to be produced by decomposition of 

Methylimidazole near 4.2V. For a more detailed analysis, we conducted detailed 

deconvolution of C1s and F1s for the first cycle. First, C1s spectrum was investigated. 

As shown in Figure 6 (b), The C-F covalent peak located at 289.7 eV decreases and 

C-C(sp3) peak increases as the discharge progresses. This reaction is expected that 

fluorine detached from carbon forms sp3 bonds with surrounding carbon. In charge 

process, sp3 bonds are broken and carbon forms C-F semi-ionic bonding (286.6 eV) 

with fluorine. This shows a result consistent with FT-IR. Second, F1s spectrum is 

also investigated and shows similar trend as C1s spectrum. As shown in Figure 6 (c), 

decrease of C-F covalent bond at 685.38 eV was observed equally as it is observed 

in C1s spectrum. However, in Dch50 state, other types of bonding than LiF were 

observed in F1s spectrum, which is expected to be related to Int-Phase. In Dch 0 

state, it is observed that some Int-Phase(686.37eV) is converted to LiF (685.47eV). 

After charging, Int-Phase (686.37eV) decompose and forms C-F semi-ionic bonding 

(686.2eV). The Int-Phase is also observed in other solvents (Figure 7). Surprisingly, 

it was confirmed that the discharge product was formed very differently according 
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to the solvent. As shown in Figure 7, the position of Int-Phase is very different 

depending on the electrolyte. PC and EC / DMC are produced at lower eV (about 

685 eV) than LiF (685.5 eV), while DMAC, DMSO and MeIm are produced at 

higher binding energy (about 687 eV). The high binding energy in these F1s is 

thought to be related to the possibility of charging. In XPS F1s spectrum, binding 

energy is the energy that releases F1s electrons from fluorine atom. Higher binding 

energy means that the electrons in F1s are a little closer to the core and are less 

affected by the atoms that are bonding together (in this case, Lithium). This means 

that Li-F bonding is relatively weak, and it can be understood that this Int-Phase is 

decomposable compared to LiF. Further analysis is needed to determine the cause of 

the weak LiF bonding, but it is expected to be related to how strongly the solvent 

solvates lithium. The expected reason is shown in Figure 8 (a). An electrolyte with 

strong solvation energy such as Me-Im reduces the strong positive ion propensity of 

Lithium. This reduces the difference in electronegativity with fluorine ions and 

prevents Lithium and fluorine from fully ionic boning. Moreover, the decomposable 

Int-Phase amount according to the electrolyte shows a tendency similar to the charge 

amount compared to the discharge shown in Figure 3. Nonetheless, the ratio of Int-

Phase is much smaller than the actual charge ratio in Figure 3. This is due to the 

limitation of XPS analysis. XPS is a surface analysis tool that results only on the 

surface of CFx. The discharge process of CFx was found to be a core-shell model 

from the Sheng S. Zhang group. [19] This is also shown in our XPS C1 results, 

consistent with the phenomenon of C-F covalent bonding decreasing rapidly by more 
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than 80%, rather than half, from pristine to SOC50. In addition, it has been reported 

that crystalline LiF is formed due to Ostwald ripening on surfaces with sufficient 

space for chemical reactions.[11] Therefore, in the surface XPS, the proportion of the 

final product LiF is high and the C-F semi-ionic bonding ratio is low, different from 

the results of FTIR. Based on above results, expected total reaction mechanism is 

expressed as Figure 8 (b). At discharge step, CFx and Lithium forms Int-Phase. In 

fully discharged state, it is observed that part of Int-Phase changes to final 

product(LiF). In first charging step, Int-Phase is decomposed and forms C-F semi-

ionic bonding. Deep understanding of complex composition of Int-Phase require 

further study.  
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Figure 3. (a) Discharge and Charge profiles of CFx various electrolytes. C-rate is 

0.1C. Every electrolytes using 1M LiClO4 for salt. Note that the potentials were 

measured against LixFePO4  in each solvent and 3.45 V was added to give the 

potential versus Li/Li+  
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Figure 3. (b) Ratio of charge to discharge capacity versus donor number of various 

solvents.  
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Figure 4. (a) Charge / Discharge profile of Me-Im electrolyte at 0.2C. Note that the 

potentials were measured against LixFePO4 in each solvent and 3.45 V was added 

to give the potential versus Li/Li+  
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Figure 4. (b) GITT curves of First cycle and Second cycle. GITT were measured 10 

times with 0.1C for 1hour and 10hours rest. Note that the potentials were measured 

against LixFePO4 in each solvent and 3.45 V was added to give the potential versus 

Li/Li+ 
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Figure 5. Ex-situ FTIR. Measured every SOC 25. Data scanning in absorbance mode 

and scan wavenumber range was from 400 to 4000. The background was removed, 

and only the portions of the entire range where the peak changes were included. 
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Figure 6. Ex-situ XPS profiles (a) C1s XPS spectrum of 1-2 cycle. C-C 284.8 eV; 

C-N 286.4 eV; C-F(semi-ionic) 286.6eV.  
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Figure 6. Ex-situ XPS profiles of first cycle Discharge-Charge. (b) C1s spectrum. 

C-C(sp2) 284.8 eV; C-C(sp3) 285.3 eV; C-O 287.1 eV; C-F(covalent) 289.72 eV; C-

F2 291.5 eV; C-F(semi-ionic) 286.6eV.               
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Figure 6. Ex-situ XPS profiles of first Discharge-Charge. (c) F1s spectrum. C-

F(covalent) 688.38 eV; LiF 685.47 eV; Int-Phase 686.37 eV; C-F(semi-ionic) 686.2 

eV. 
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Figure 7. XPS F1s spectrum of various electrolyte. The samples were fully 

discharged and disassembled. Samples washed with each pure solvents and dried in 

vacuum. Red section is LiF region and green is Int-Phase region. All deconvolutions 

were made under the same conditions and each FWHM did not exceed 1.7. 
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Figure 8. Expect reaction mechanism (a) LiF formation in different electrolyte. (b) 

Total expected mechanism 
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3.3 Electrochemical performances of rechargeable Li/CFx 

battery system 

 We found the key clue of the rechargeable Li/CFx system. However, this is 

in the infant stage and is required a lot of further research to achieve a complete 

rechargeable CFx system. It is well-known that the firstly reported rechargeable 

reaction in lithium-air battery was found to be a side reaction of PC electrolyte.[20-22] 

Nevertheless, we believe that the developed rechargeable Li/CFx system is 

electrochemically reversible, thus this chapter explains about the current status of 

electrochemical performances of rechargeable Li/CFx battery system compared to 

the other representative battery system. (Note that every experiment was measured 

against LFP and 3.45V was added to give potential versus Li/Li+). Electrochemical 

tests were performed to determine the cell performances of the system with various 

aspects (Figure 9). In order to analyze the stability of Int-Phase, two different types 

of galvanostatic electrochemical measurements were conducted as shown in Figure 

9 (a) and (b). Figure 9 (a) shows the charge capacities with varying the rest time after 

discharge. There is no significant difference within the short-term rest of 10h, 

however, it is observed of a slight overpotential at the initial region during charge 

with the sample after 100 hours of rest. This result indicates that the original state of 

Int-Phase does not altered according to the time. On the other hand, cell re-assembly 

after discharge was carried out to determine whether the state of Int-Phase is liquid 

(with solvent) or solid (without solvent) as illustrated in Figure 9 (b). Red, orange, 
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and yellow lines (solid line) indicate the sample which is discharged to SOC 70, 40, 

and 10, respectively. Each cells were disassembled then and washed by pure solvent. 

Electrodes were dried in 25℃  vacuum chamber about 6hr after washing, and 

obtained electrodes reassembled and discharged to SOC0 (dotted line). As a result, 

it can be mentioned that the Int-Phase is in solid-sate, not a soluble specimen. The 

electrochemical analysis to prove the suggested statement was further performed, as 

depicted in Figure 9 (b) (Blue line). The sample which is discharged to SOC0 

followed by the same drying process showed the reversible redox behavior with 

well-defined voltage plateau in the charge process, and it verifies the solid-state Int-

Phase is electrochemically- and chemically-stable during cycling. Rate capability of 

the Li/CFx system was investigated as shown in Figure 9 (c). Rechargeable Li/CFx 

system exhibited the better rate performance compared to the reported systems.[23-25] 

It delivers 750 mAh g-1 of discharge capacity at extremely high current rate of 5C, it 

is 86% of the discharge capacity at the moderate condition, which can be mentioned 

as one of the top-class electrode materials. while last report only exhibit 712 mAh g-

1 of discharge capacity at current rate of 1C. [26] Cycle performance at various current 

rates are illustrated in Figure 10. However, the current level of cycle stability of 

rechargeable Li/CFx system is hard to be commercialized compared to the currently-

used transition-metal-oxide based electrode materials. The severe degradation can 

be explained by the continuous generation of the final product LiF as mentioned in 

Figure 8. Only fluorine in the Int-phase can participate in the reversible charge 

process with re-constructing the C-F bonding while the fluorine in the crystalline 
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LiF produced as the final product shows an irreversible behavior. It is necessary to 

further develop to inhibit the formation of crystalline LiF during cycling, which 

might attribute to the cycle degradation. Lastly, energy density of the Li/CFx batteries 

at the first cycle in our work is marked with blue star in figure 11. It delivers 870 

mAh g-1 of discharge capacity and shows the 2.8 V vs. Li/Li+ of discharge voltage, 

and the level of the energy density is comparable to the other candidates. 

Furthermore, discharge capacity of rechargeable Li/CFx batteries over 2-10cycles is 

730 mAh g-1 in average, and its discharge voltage is 2 V vs. Li/Li+. Those obtained 

performances of rechargeable Li/CFx batteries after the first charge process also 

exhibited the similar level to the other post lithium-ion batteries. This work opens up 

a new way of developing rechargeable Li/CFx batteries which is already reported as 

a primary battery. It can be further improved with enhancing the cycle stability from 

the suggested factor of cycle degradation, and the Li/CFx batteries can shed a new 

light in the post lithium ion battery field then.  



３３ 

 

Figure 9 Discharge-charge profile with various conditions (a) Various rest time 

between discharge and charge, from 0 hour to 100 hours. C-rate is 0.01C. (b) 

Discharging to various SOC (red-SOC70, orange-SOC40, green-SOC10, blue-

SOC0), wash and drying the electrode. Re-assemble the cells and discharge to SOC0 

(red, orange, green) and charge to SOC 100(blue). (c) Rate capability in first cycle. 
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Figure 10 Cycle data (a) Galvanostatic cycle profiles to 50 cycle.  
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Figure 10 Cycle data (b) Cycle versus discharge capacity with various C-rate.    
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Figure 11 Comparison with another post lithium ion battery cathode material. Blue 

star is first cycle performance; red star is average value of 2-10 cycle. 
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Chapter 4. Conclusion 

 

 In summary, High donor number solvent greatly affects to discharge and 

charge of CFx. This is because electrolyte is involved in the production of the 

discharge product intermediate phase. Through this result, we applied high donor 

number solvent, methylimidazole, to Li/CFx system. The discharge voltage of the 

new electrolyte was 2.83V, the highest ever. In addition, it was observed as FTIR 

that the intermediate phase decomposes during charging and forms C-F semi ionic 

bonding again. The XPS analysis has shown that this phenomenon is caused by a 

change in the bonding strength of the intermediate phase according to the donor 

number. Moreover, we found that Intermediate phase is solid state and had a stable 

condition with changes in time. After second cycle, charge-discharge profile shows 

a rechargeable aspect. However, further analysis is needed to understand the 

complete mechanism. This study gives us a lot of information about the unknown 

intermediate phase and a big clue about the rechargeable CFx system.  
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국문요약 

 리튬 이온 전지의 보편화에 따라 대부분의 소재에서 사용되는 

희토류 금속의 한계로 인하여 차세대 리튬이온 배터리 소재에 대한 요구

가 증가 하고 있다. 이러한 상황에서 플루오린화 탄소 소재는 864mAh 

g-1 의 높은 비 용량을 가지며 동시에 탄소와 플루오린으로만 이루어진 

물질로 차세대 리튬이온 배터리 소재 후보 중 하나이다. 하지만, 이론 

전압4.7V 에 대비하여 매우 낮은 2.5V 수준의 실제 가동 전압과 일차

전지라는 치명적인 단점을 갖고있다. 이러한 문제점이 아직까지도 개선

되지 못한 가장 큰 이유 중 하나는 CFx 의 방전 과정에서 존재하는 중

간생성물질이 확실히 밝혀지지 않았다는 점이다. 여기서 우리는 CFx의 

방전 과정에서 전해액이 중간생성물질에 미치는 영향을 이용하여 CFx가 

가지고 있는 두가지 문제점의 해결책을 제안한다. 우리는 기존에 전해액

이 CFx의 방전 전압에 영향에 미친다는 내용에 주목하여 전해액의 도너 

넘버가 방전 전압과 비례관계에 있다는 점을 확인하였고, 이를 통해 메

틸이미다졸이라는 새로운 전해액 시스템을 도입하여 리튬 대비 2.8V 이

상의 방전 전압을 달성하였다. 그리고 추가적으로 동일 전해액을 사용하

여 CFx 배터리를 다시 충전되는 현상을 XPS 및 FTIR 을 통해 관찰하

였다. 이번 연구를 통해 그동안 미지의 상으로 알려져 있던 중간생성물

질이 전해액의 도너 넘버에 영향을 받는다는 것을 알게 되었고, 이 중간
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생성물질이 CFx의 방전 및 충전에 핵심적 역할을 한다는 것을 알 수 있

었다. 이번 연구 결과는 앞으로의 CFx 배터리 개선 및 2차전지화에 큰 

단서가 될 것이다. 

 

 

 

 

 

 

주요어: 일차 전지, 리튬 이온 이차 전지, 플루오린화 카본, 중간 생성물  
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