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Chapter 1 

Introductlon 

1-1 Lithium-ion secondary battery 

Since lithium-ion secondary (rechargeable) battery was put to practical use by Sony Co. 

Ltd. in 1 991 its diffasion has been quite rapid. Now it is widely used as electric power sources 

of many kinds of electric devices [ I J . In the near future, it will become very important electric 

power sources for not only mobile devices but also more powerful ones. Lithium-ion 

secondary batteries use lithium-containing transition metal-oxide cathodes (LiC002, 

LiCox-lNix02 etc.), carbon anodes (natural graphite, synthetic graphite etc.), organic solvents 

and polymer separator. During charging process, Iithium-ions are inserted into carbon anode 

to foun lithium intercalated compounds, and return to transition metal-oxide lattice during 

discharge process as shown in Fig. I . The electrode reactions during charge-discharge cycling 

are as follows. 

Charge 

Cathode reaction: LiCoO Li CoO + xLi+ + xe~ (1) 2 (--- l-x 2 
Discharge 

Charge 

Anode reaction: 6C + xLi+ + xe~ (___ LixC6 (2) 
Discharge 

Charge 

Cell reaction: 6C + LiC002 Li CoO + LixC6 (3) 1 -x 2 
Discharge 

Power supply 

or 
Resistance 

e Lithium ion 

~- Charge Q) o <i････ Discharge =; =; e 

o e ~････ ' -~ e <i････ -~ O .* 
~ <i････ -~ " e e <i････ o e -~ 

<i････ -~ 
Figure I . Charge-discharge process oflithium-ion secondary battery 
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Metallic lithium anode has a high discharge capacity (3 860 mAhg~1). However, continuous 

charge-discharge cycles cause the formation of lithium dendrites on the surface of the lithium 

anode. These dendrites break through the separator, and directly contact the cathode after 

many charge-discharge cycles, which lead to burning or explosion of the battery. In order to 

prevent direct contact of the lithium anode with the cathode, a graphite intercalation 

compound of lithium (Li-GIC) is applied to the anode material. Full intercalation of lithium 

into highly-crystalline graphite, such as natural graphite, yields stage I GIC with a 

composition of LiC6, which corresponds to the theoretical discharge capacity of graphite (372 

mAhg~1). The formation of dendrites could be prevented by the use of Li-GIC. When graphite 

is used as anode, the electrode potential is low and constant, and irreversible capacity is small. 

The open-circuit voltage of a lithium-ion secondary battery (3.6-3.7 V) is several times larger 

than those for secondary batteries using aqtieous solutions. LiC002 provides constant and 

high potential of 3.9 V vs. Li/Li+; however, the cost of LiC002 is high, because of the 

insufficient supply of Co. For this reason, new cathode materials were recently developed, 

such as LiCox-1Nix02, LiMh04 etc. Mixtures of natural and synthetic graphites are mainly 

used as anode materials. Organic solvents incorporate two components. The frrst one is a 

high-dielectric solvent, such as ethylene carbonate (EC) or propylene carbonate (PC), which 

dissolves the inorganic electrolyie (LiPF6, LiCI04 etc.). The second one is a low-viscosity 

solvent, such as dimethyl carbonate (DMC), methyl ethyl carbonate (MEC) or diethyl 

carbonate (DEC). For high-crystalline graphite such as natural graphite, an EC-containing 

solvent should be used to fonn a stable surfaee film, called Solid-Electrolyie Interphase or 

Interface (SEI), with the electroehemical decomposition of a small amount of solvent. PC 

caunot be used for high-crystalline anodes, because the formation of SEI is slow and the 

electrochemical decomposition of solvent continues. However, PC can be used for 

low-crystalline carbons. 

1-2 Surface modificatlon of carbon anode matenals 

The crysallinity of carbon materials widely varies. Some low-crystalline carbons have high 

discharge capacities, but large irreversible capacities are also observed. Anode should have a 

small irreversible capacity, that is, high coulombic efficiency (coulombic efficiency = 

discharge capacity/charge capacity). If anode has a large irreversible capacity, utilization of 

oxide cathode is largely reduced. For this reason, graphitic materials are mainly used as anode. 

Graphite has a constant and low potential, a constant discharge capacity (good cycleability) 

and small irreversible capacity (high first coulombic efficiency). High-purity natural graphite 

and synthetic graphite are usually used anodes. Surface disorder of high-crystalline graphite is 

normally lower than that of low-crystalline carbon. For graphite with low surface disorder, 

EC-containing solvent should be used to form SEI with decomposition of a small amount of 

organic solvent. PC cannot be used for graphite because electrochemical decomposition of PC 
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continuously occurs. It is very convenient if PC can be used for graphite because PC has a 

very low melting point of -55 oC (melting point of EC: 36 oC), whieh enables the use of 

lithium-ion batteries in a wide. The molecular size of PC is larger than that of EC. Therefore, 

the size of lithium-ion solvated with PC molecules is larger than that solvated with EC. Since 

the electrochemical redox reactions take place on the surface of solid electrodes, surface 

structure, in particular the edge structure of carbonaceous anodes, significantly affects the 

electrochemical characteristics because lithium-ions are inserted from edge planes. To 

improve the electrochemical properties of carbonaceous anodes, some surface-modification 

methods have been attempted [1-5], including surface fluorination [1 , 6- 1 4], surface oxidation 

[15-22], metal or metal oxide coating L2, 23-29], carbon coating [30-42], polymer or silicon 

coating [43-5l], composite electrodes [52-74]. Surface modification gives positive effects to 

carbonaceous anodes regarding the reversible capacities, first coulombic efficiencies, and 

cyeleability. Methods of surface modification and their effects are summarized as follows. 

1-2-1 Surface fluonnation 

Surface fluorination using F2 gas, and plasma-fluorination using CF4 gas, were applied to 

high-crystalline natural graphite powder samples with different particle size (average particle 

size: 7, 25 and 40 um [1, 6-1l]. Fluorination using F2 is a strong oxidation reaction, and 

therefore, surface modification with F2 was performed under mild conditions. 

Plasma-fluorination was performed at 90 oC using CF4 gas. Surface fluorination increased 

BET surface areas and small mesopores with diameters less than 3 nm. Surface disorder, 

evaluated by Raman shifts, also increased. First coulombic efficiencies of there natural 

graphite samples were not change by fluorination in I .O mol/dm3 LiCI04 EC/DEC ( I : I vol.). 

Surface fluorination of natural graphite powder samples (average particle size: 5 , I O and 1 5 

um) with CIF3 was also preformed under same conditions [12]. Surface fluorination of 

graphite samples reduced the electrochemical decomposition of PC, increasing their first 

coulombic efficiencies in the PC-containing electrolyie. Surface fluorination of graphitized 

petroleum cokes of open the closed edge surface, highly increasing first coulombic 

efficiencies [13, 14]. 

1-2-2 Surface oxidation 

It was reported that mild oxidation of graphite increased discharge capacity, however, 

strong oxidation caused degradation of carbon materials [ 1 5]. Capacity increase due to mild 

oxidation is similar to the results obtained by surface fluorination. Surface oxidation of 

mesocarbon microbeads (MCMB) effectively removed the surface skin and significantly 

improved charge-discharge behavior [ 1 7]. In liquid-phase oxidation of natural graphite, 

ammonium peroxysulfate and nitric acid [18], H202 and Ce (S04)2 [19, 20], nitric acid [2 I], 
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and ammonium peroxydisulfate [22] were used. Surface oxidation increased reversible 

capacities and first coulombic efficiencies. 

1-2-3 Metal or metal oxide coatmg 

Coatings of metals, such as Ag, Au, Bi, In, Pb, Pd, Sn, and Zn, improves the anode 

characteristics of graphite [2, 23-25]. Among them, Ag, Sn and Zn were the most effective in 

enhancing high rate characteristics [24]. Copper coating on natural graphite increased its 

reversible capacity and improved cycling behavior [26]. Aluminum coating on natural 

graphite, using aluminum triethoxide, reduced transfer resistance [27] . A coating of tin oxide 

on synthetic graphite gave higher capacity than that of uncoated MCMB [28]. Nano-Ti02 

coated graphite has good cycleability in propylene carbonate-containing electrolytes [29]. 

1-2-4 Carbon coating 

Carbon coating is one of most effective method of surface modification [30-42]. The main 

effect of carbon coating is large reduction of irreversible capacity, i.e., an increase in first 

coulombic efficiency. The main method of carbon coating is chemical vapor deposition 

(CVD) [3 1 , 34-42]. Chemical vapor infiltration (CVI) is a special type of CVD, which 

reduces the irreversible capacity of a low-crystalline carbon having large capacity [3 8-42]. 

Another method is to mix graphite with polyvinyl chloride followed by heat treatment at 

500 oC [30], or to disperse graphite in a tetrahydrofuran/acetone solution containing coal tar 

pitch, and then heat-treat it at I OOO oC [32, 33]. 

1-2-5 Polymer or silrcon coatmg 

Other methods include polymer [43-50] or Si coating [5 1 J . Mixing poly (3-n-hexylthiophen) 

with graphite not only increased capacity, but also reduced irreversible capacity [43]-

Coatings of gelation [44, 45, 47], polyaniline [47], cellulose [47], polypyrrole [48] and 

polyurea [49] on graphite significantly reduced irreversible capacities. The graphite mixed 

with polyacrylic acid (PAA), polymethacrylic acid (PMA) and polyvinyl alcohol (PVA) 

improved first coulombic efficiencies in propylene carbonate-containing electrolyies [50]. Si 

coating on graphite also increased reversible capacity [5 1 J . 

1-2-6 Composite electrode 

Various composite electrodes were prepared and examined for improving anode 

characteristics [52-74]. A Zr02/graphite composite was effective in suppressing the 

irreversibility ofnatural graphite [53]. Graphite treated with inorganic salts, such as NaC1 and 
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Na2C03, increased reversible capacity and first coulombic efficiency [54]. The PbO/carbon 

nanocomposite also increased capacity [55]. Many composites of graphite or carbon with 

metals, such as Ag [57-59], Cu [59], Sn [60-64] and Ni [64-67], have been examined. 

Increases in reversible capacity, decrease in irreversible capacity, and improvements in 

cycleability were reported. Si is an important element in making composites with graphite or 

carbon. Different types of Si composite, such as SVcarbon [68, 69], Si/Cu/carbon [70], 

Si/carbon/polyaniline [7l], Si/carbon/graphite [72, 73] and Si/Ni/graphite [74] were examined 

as new anode materials. It was reported that these composite electrodes improved cycleability 

and showed high reversible capacities, between 700 and 800 mAhg~1. 

1-3 Nonfl'anunable additives and solvents for lithiuln-ion secondary battery 

The safety problem is one of the most important issues for the practical use of lithium-ion 

batteries. They use flamnrable organic solvents as compared to other secondary batteries that 

use aqueous electrolyie solutions. Overcharge and over-discharge of lithium-ion secondary 

battery will result in electrolyie decomposition, producing various flammable gaseous species, 

and increasing the inner pressure and temperature of the battery. Any of these issues will 

cause the exploding and firing of the battery. To increase the thermal and oxidation stability 

of lithium-ion batteries, alternative additives or solvents have been investigated. To improve 

the therrnal stability of electrolyies, some nonflammable additives and solvents have been 

examined, including phosphorus compounds [75-80], phosphates with phenyl groups [8 1 -84], 

fluorine-containing phosphorus compounds [85-89], other compounds [90-103] and 

organo-fluorine compounds [ I 04-107]. These compounds improved the thermal stability of 

lithium-ion batteries as summarized as follows. 

1-3-1 Phosphorus conrpounds 

The trimethyl phosphate (TMP) was investigated in various solvent mixtures. TMP had 

good oxidation stability and poor reduction stability. P205 rs formed by the oxidation of 

nonflammable additives and solvehts as soon as the electrolyie is burned. It captures the 

radicals, H' and HO' in the flame zone, so that the chain reactions for combustion may be 

weakened or terminated [75]. The reduction decomposition of TMP solvents on natural 

graphite electrode may be suppressed by mixing EC and PC or EC and DEC cosolvents. 

Therefore, TMP was mixed by 20-30 o/o as one of the components of the solvent mixture. 

Electrochemical properties were inferior for high-crystalline graphite anode, however they 

can be improved by using amorphous carbon anode or mixing vinyl-containing additives [80]. 

Thermal stability of lithium-ion secondary batteries was improved by using TMP-containing 

electrolyies [75-80]. 

Phosphates with phenyl groups such as triphenyl phosphate (TPP), tributyl phosphate 
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(TBP) and cresyl diphenyl phosphate (CDP) were added to electrolyie by 3-5 wi.o/o as 

additives [81-84]. Phosphorus-based materials promote char formation, Ieading to protective 

coating of the electrode surface. The surface reaction between the lithiated graphite electrode 

and electrolyie will be significantly reduced. Therefore, TPP and TBP were added to 

electrolyie, which reduced the exothermic heat generation between fully charged anode and 

electrolyie [81-83]. CDP has a higher boiling point, appropriate viscosity and melting point. 

CDP containing electrolyie has shorter self-extinguishing time, good charge/discharge 

capacities and cycleability than TMP containing electrolyie [84]. 

Fluorine-containing phosphorus compounds: tris-(2,2,2-trifluoroethyl) phosphate (TFP), 

bis-(2,2,2-trifluoroethyl) methyl phosphate (BMP) and (2,2,2-trifluoroethyl) diethyl 

phosphate (TDP) were mixed with solvents by 20-40 o/o to investigate thermal stability and 

electrochemical behavior [85-89]. It was found that the' electrolyies based on phosphates, with 

at least two fluorinated alkyls, demonstrate stable cell performance at room temperature, and 

the presence of these phosphates not only delivers higher cell safety, but also improves the 

cell capacity retention over a long period of testing. However, the rate capability and low 

temperature performanee of these nonflammable electrolyies decline with increasing 

concentration of these phosphates, as a result of higher cell impedance. Nevertheless, 

compared with their nonfluorinated counterparts, fluorination introduces higher 

flame-retarding efficiency and lower performance impact. Among three phosphates examined, 

it was shown that TFP was the best candidate [85-89]. 

Other phosphorus compounds examined as flame retardant solvents or additives are 

4-isopropyl phenyl diphenyl_ phosphate (IPPP) [90, 9 1 J , diphenyloctyl phosphate (DPOF) [92, 

93], hexamethyl phosphoramide (HMPA) [94], dimethyl methyl phosphonate (DMMP) [95], 

dimethyl (2-methoxyethoxy) methyl phosphonate (DMMEMP) [96], tri-(p-chloromethyl) 

phosphate (TCEP) [97], aromatic phosphorus-containing esters [98] and trimethyl phosphate 

(TEP) [99]･ It was shown that these phosphorus compounds improved thermal stability of 

lithium-ion batteries. In addition, cyclohexyl benzene [97], hexamethoxycyclotriphosphazene 

[ I OO], Iithium difluoro (oxalato) borate (LiDFOB) [10l] fluorinated phophazenes [ I 02], and 

vinyl tris-(methoxydiethoxy) silane (VTMS) [ I 03] were also studied. 

1-3-2 Organo fluorme compounds 

Several papers were quite recently published for the effect of organo-fluorine compounds 

on the electrochemical oxidation stability and charge/discharge behavior [104-107]. They are 

new type candidates as nonflammable solvents for lithium-ion batteries because decrease in 

HOMO Ievels gives high oxidation stability to fluorine compounds. It was reported in these 

papers that fluoro-esters [104], allyl tris-(2,2,2-trifluoroethyl) carbonate (ATFEC) [105], 

2-trifluoromethyl-3-methoxyperfluoropentane (TMMP) [ I 06], and fluoro-carbonates [ I 07] 

gave the positive effects to oxidation stability of electrolyie solutions and battery 
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performance. 

1-4 Purpose of the present study 

High improvement in the battery performances such as low temperature characteristics, 

thermal stability and high rate charge/discharge is urgently requested. Because EC-based 

solvents should be used for graphite anode, currently used lithium-ion batteries have difficulty 

for the use at low temperatures. Since electrode characteristics of carbon materials are 

governed by crystallinity, surface structure and surface chemical species, surface modification 

of graphite is one of the good methods to use PC for graphite anode. In the present study, 

surface fluorination was applied to natural graphite samples. High safety is one of the most 

important issues for the application of lithium-ion batteries to hybrid cars and electric vehicles 

because lithium-ion batteries use flammable organic solvents. To avoid firing and/or 

explosion of lithium-ion batteries, nonflammable solvents should be developed. 

Organo-fluorine compounds are new candidates since fluorine substitution of organic 

compounds reduce HOMO Ievel, i.e. increases oxidation stability. However, fluorine 

substitution simultaneously decreases LUMO Ievel, which elevates reduction potentials of 

organic compounds. In the present study, thennal and electrochemical oxidation stability of 

organo-fluorine compound-mixed electrolyie solutions was evaluated, and charge/discharge 

characteristics of natural graphite were investigated using fluorine compound-mixed 

electrolyie solutions . 

1-5 Scope of the present study 

Chapter I describes the principle of lithium-ion secondary batteries, and summarizes the 

effects of surface modification and nonflammable solvents on the electrode characteristics of 

carbonaceous anodes. The purpose ofthe present study and an outline of each chapter are also 

added. 

Chapter 2 presents the results of surface structure changes and charge/discharge behavior of 

natural graphite fluorinated by F2 in propylene carbonate-containing solvents 

Chapter 3 deals with the surface structure changes and electrochemical behavior of natural 

graphite of fluorinated by CIF3 and NF3 m propylene carbonate-containing solvents. 

Chapter 4 describes the charge/discharge properties and surface structure of 

plasma-fluorinated natural graphite in propylene carbonate-containing solvents. 

Chapter 5 deals with thermal stability and eleetrochemical properties of nonflammable 

fluoro-carbonates for lithium-ion battery. 

Chapter 6 presents the thermal stability and electrochemical behavior of nonflammable 

fluoro-ethers and esters for lithium-ion battery. 

Chapter 7 summarizes the results obtained in the present study. 
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Chapter 2 

Electrochemical 
fluorinated by F2 in 

behavior of natural graphite 

propylene carbonate-containing 
solvents 

2-1 Introduction 

Graphitic materials such as natural and synthetic graphites are mainly used as anodes 

materials of lithium-ion batteries because of their low potentials, Iow irreversible capacities 

(high first coulombic efficiencies), constant reversible capacities and good cycleability. It is 

known that ethylene carbonate (EC)-based solvents should be used for graphite anodes for 

quick formation of surface film (Solid Electrolyie Interface: SEI) with decomposition of a 

small amount of solvent [1]. Because EC has a high melting point of 36 oC, the use of 

propylene carbonate (PC) is preferable due to its low melting point, -55 oC. Unfortunately PC 

cannot be used for high-crystallinity graphite because of continuous decomposition of PC. 

However, PC can be used for low-crystalline carbons with high disorder. This suggests that 

high-crystalline graphite is useable in PC-containing solvents if surface disordering is made 

by surface modification. Recently some methods of surface modification were applied to 

improve electrode characteristics of carbonaceous anodes for lithium-ion batteries [2-4]. They 

are carbon coating [5-16], metal or metal oxide coating [17-23], surface oxidation [24-32], 

surface fluorination [33-42] and polymer or Si coating [43-5l]. These methods gave positive 

effects to reversible capacities, first coulombic efficiencies (irreversible capacities), 

cycleability and so on. Among them, surface fluorination is an effective method to increase 

the surface disorder of graphite [33-42]. Surface fluorination of natural graphite powder 

samples (average particle sizes: 7, 25 and 40 um; surface areas: 4.8, 3.4 and 2.7 m2/g) by F2 

increased R values calculated froyn peak intensity ratios of D-band to G-band of Raman shifts, 

indicating the increase in surface disorder [3 3-35, 3 7]. Plasma-fluorination of the same natural 

graphite samples with CF4 also increased surface disorder [36]. Simultaneously the 

fluorination highly increased their surface areas. First coulombic effilciencies of these natural 

graphite samples were not changed by fluorination in I .O mol/dm3 LiCI04 - ethylene 

carbonate (EC) / diethyl carbonate (DEC) ( I : I vol.) probably because the large increase in 

surface areas facilitated the decomposition of EC Ieading to reduction of first coulombic 

efficiencies [33-37]. Surface fluorination ofheat-treated petroleum cokes by F2 destroyed and 

opened the closed edge planes which were formed during the heat-treatment at 2300-2800 oC, 

increasing surface disorder of petroleum cokes [39-4 I]. Surface areas of heat-treated 

petroleum cokes were nearly the same or only slightly increased after fluorination. These 
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surface structure changes led to increase in their first coulombic efficiencies in EC-based 

solvents [3 9-4l]. Fluorination of carbon materials with F2 is an electrophilic reaction [52-54], 

yielding surface fluorinated layers. Plasma-fluorination is a radical reaction by chemically 

active species such as CF3, however, giving surface fluorinated layers because the sample 

temperature was low (90 oC) [36]. Fluorination reactions of petroleum cokes made by CIF3 

and NF3 at 200-500 oC are radical reactions by chemically active species such as F, Cl, CIF2 

and NF2, having surface etching effect [42]. No increase in surface disorder of petroleum 

cokes was observed after the fluorination. Main effect of surface fluorination by CIF3 and NF3 

was increase in first charge capacities of heat-treated petroleum cokes [42]. However, surface 

disorder was increased by fluorination with CIF3 when natural graphite samples with high 

surface areas were used probably because natural graphite has the higher crystallinity than 

heat-treated petroleum cokes [3 8]. First coulombic efficiencies of natural graphites with 

average particle sizes of I O um and 1 5 um increased in I .O mol/dm3 LiCI04 - EC/DEC/PC 

( I : I : I vol.) at 1 50 mAlg [3 8]. Importance of high rate characteristics is increasing due to the 

application to electric vehicle. Therefore charge/discharge characteristics are often examined 

at high current densities. From the results hitherto obtained on the surface fluorination of 

graphitic materials, F2 is a suitable fluorinating agent for increasing the surface disorder of 

graphite, yielding surface fluorinated layers. In the present study, high crystalline natural 

graphites were fluorinated by F2 to prepare surface-disordered graphites which are usable in 

PC-based solvents, and charge/discharge behavior of surface-disordered graphites were 

examined in PC-containing solvent. If surface-modified graphitic materials can be used as 

anodes in PC-containing solvents, Iithium-ion secondary batteries are operated in a wide 

range of temperatures. 

2-2 Experimental 

2-2-1 Surface fluorination and characterization of natural graphite sarnples 

Starting materials were natural graphite powder samples with average particle sizes of 5 

um, 10 um and 15 um (abbreviated to NG5 um, NGIO um and NG15 um; d002 = 0.3355, 

0.3354 and 0.3355 nm; purity: >99.95 olo), supplied by SEC Carbon Co., Ltd. Surface 

fluorination ofnatural graphite sample was performed by F2 (3xl04 Pa) at 200 "C and 300 'C 

for 2 minutes using a nickel fluorination reactor. Surface fluorinated natural graphite samples 

were characterized by X-ray diffractometry (SHIMADZU, XRD-6100), X-ray photoelectron 

spectroscopy (XPS) (SHIMADZU, ESCA 1000 with Mg Ka radiation), IR absorption 

spectroscopy (KBr method) (SHIMADZU, FTIR-8600PC), surface area and meso-pore size 

distribution measurements using nitrogen gas (SHIMADZU, Tri Star 3 OOO) and Raman 

spectroscopy (JASCO, NRS-1000 with Nd:YV04 Iaser, 532 nm). 
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2-2-2Electrochemical measurements for surface-fluorinated natural graphite samples 

Beaker type three electrode-cell with natural graphite sample as a working electrode and 

metallic lithium as counter and reference electrodes was used for cyclic voltammetry and 

galvanostatic charge/discharge experiments. Electrolyie solution was I .O mol/dm3 LiCI04 -

EC/DEC/PC (1:1:1 vol.) (Kishida Chemicals, Co. Ltd., H20: 2-5 ppm). For comparison, 

electrode behavior of non-fluorinated graphite samples was ehecked in I .O mol/dm3 LiCI04 -

EC/DEC ( I : I vol.). Natural graphite electrode was prepared as follows. Natural graphite 

sample was dispersed in N-methyl-2-pyrrolidone (NMP) containing 1 2 wi.o/o poly vinylidene 

fluoride (PVdF) and pasted on copper plate. The electrode was dried at 1 20 'C under vacuum 

overnight using a rotary pump. After drying, the electrode contained 80 wi.o/o natural graphite 

sample and 20 wi.o/o PVdF. Potential scan for cyclic voltammetry was made at I .O mV/s 

(HOKUTO DENKO, HSV- I OO). Charge/discharge experiments were performed at current 

densities of 60 and 1 50 mAlg between O and 3.0 V relative to Li/Li in a glove box filled with 

Ar at 25 'C (HOKUTO DENKO, HJIOOI SM8A). 

2-3 Results and Discussion 

2-3-1 Surface structure change of natural graphite samples by fluorination with F2 

X-ray diffraction patterns ofnatural graphite samples were almost the same before and after 

surface fluorination. Diffraction peaks were only slightly broadened. Figures I -3 show typical 

XPS spectra of original and surface-fluorinated natural graphite samples. Table I summarizes 

binding energies of C I s, O I s and F I s electrons, and surface composition calculated from peak 

areas of XPS spectra. Fls peaks were located at 687.8-688.0 eV corresponding to C-F 

covalent bond. In consistence with F I s spectra, small shifted C I s peaks were observed at 

288.8-289.3 eV. These binding energies of F I s and Cls electrons are slightly smaller than 

those observed for graphite fluoride, (CF)n (F I s: 689-690 eV, C I s: 289-290 eV). This would 

be due to smaller charging effect of surface-fluorinated graphite samples with high electric 

conductivity than that of insulating (CF)n' Surface fluorine concentrations were in the range of 

1 1.1-15.3 at.o/o and 17.7-20.5 at.o/o for natural graphite samples fluorinated at 200 'C and 

3 OO oC, respectively, increase with increasing fluorination temperature. However, there is no 

large difference in surface fluorine concentrations among three graphite samples. Surface 

fluorine concentrations were higher than those observed for the same natural graphite samples 

fluorinated by CIF3 [38]. The difference in the surface fluorine concentrations is ascribed to 

difference in the reaction mechanisms of F2 and CIF3 with carbon materials. The reaction of 

F2 with a carbon is an electrophilic reaction, in which F6+ attacks carbon atom with higher 

electron density (C6~) and F6~ is bonded to another carbon with lower electron density (C6+), 

mainly giving solid fluorinated layers [52-54]. Fluorination~ reaction proceeds with 
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carbon-carbon bond breaking and C-F bond formation. Simultaneously sp2 bond of carbon is 

changed to sp3 bond. On the other hand, the reaction of CIF3 with a carbon material is a 

radical reaction with atomic and radical species such as F, C1 and CIF2, in which surface 

etching of carbon occurs, mainly yielding gaseous fluorocarbons [3 8, 42]. Surface oxygen 

was reduced by fluorination as given in Table I. Weak O I s peaks were observed in the range 

of 532.2-532.9 eV indicating the existence of COH group together with small shoulders at 

530.2-530.9 eV and 534.1-535.0 eV corresponding to CO group and adsorbed water, 

respectively as shown in Figs. 1-3. Weak Cls peaks showing C-O bonds were located at 

285.8-286.3 eV for both original and surface-fluorinated samples (Figs. 1-3). Very weak 

shoulders observed at 291.5-291.8 eV are satellite peaks. The surface oxygen of high purity 

natural graphite powder (~; 7 um) was 6 at.o/o when Shimadzu ESCA I OOO spectrometer was 

used as in the present study [39]･ However, it was I .5-2.0 at.o/o when Ulvac Phi Model 5500 

spectrometer was used [33]･ The difference in the surface oxygen concentrations may be due 

to the difference in the vacuum levels of the spectrometers. This suggests that the actual 

concentrations of surface oxygen are lower than those listed in Table I. Figure 4 shows IR 

absorption spectra of natural graphite samples fluorinated at 300 'C. Broad and weak 

absorptions are observed at around I 080 cm~1 in all samples. Highly fluorinated graphite 

(C1.4F-C2.9F(HF)0.65) showed some strong absorptions between I 080 and 1230 cm~1 

corresponding to stretching vibration of covalent C-F bonds [55]. These absorptions are 

observed in highly fluorinated graphite in which sp2 and sp3 carbons coexist [55, 56]. Broad 

absorptions centered at I 080 cm~1 in Fig. 4 seem to consist of several absorptions between 

1000 and 1200 cm~1. Another absorption at around 1 554 cm~1 is attributed to vibration of 

graphene layers (IR active A2* mode) [55]. 

- 16 -



30

20

10

O

CIs
2000C

亀

G99舜娩　岱

Cls
3000C

拶

憂

ヂ

ξ

　セ
　書婁

　彦

9
婁

3
ξ

奢

重

働　　　＠㊧轡ゆ
駕

292 288 284 280　292 288 284 280

の
畠
o

而

o一
　

h溜
の
層
㊤
飼
層

一

2．O

1．O

0

01s
2000C

9

群も

畜　　も

駐

も

も

鶏

軸　　　　飾轍

01s
3000C

ゆ

重

φ亀

σ　　も

亀

亀

馬

ら

亀

も

蜜

540 536 532， 528 540 536 532 528

20

10

O

Fls

2000C
Fls

3000C

　　　696　　　692　　　688　　　684　　　680　　　696　　　692　　　688　　　684

　　　　　　　　　　　　　　　Binαing　energy／eV

Figure1．XPS　spectraofNG5μmand　surface－fluo血atedNG5μm．

＿一＿：NG5μm，　、　：NG5μmfluorinatedat200and3000C．

680

一17一



20

10

O

Cls
2000C

騨

藤　　　戯僻㎎邸轡

擁

奪

暮

　亀

　箏

　彗

　る

　暑

　藝

　亀

　奪
　奪
　　匙

CIs
3000C

饅

暴も

　讐

　亀

　亀

　§

　§

　魯

　雪

　撃
　奪
　　襲

　　亀
㊧　　蜘鎗鳴ゆ

292

亀

288 284 280　　292　　　・　288 284 280

の
畠
9

め
〇
一
　

h溜
の
層
㊤
り
自

一

2．O

1．O

O
勤

01s
2000C

夕

謹

ξ
8

β

9

♂

ξ

δ

亀

匙

詫

01s
3000C

♂

夢

ξ

β

ξ

8
4

亀

胤

も

540 536 532 528 540 536P 532 528

10

O

Fls
2000C

Fls
3000C

　　　　696　　　692　　688　　684　　　680　　　696　　　692　　688　　　684

　　　　　　　　　　　　　　　Bin“i皿g　e皿ergy／eV

Figure2．】《PS　spectra　ofNG10μman（1surface－fluo血atedNG10μm．

一一一一：NG10μm，　　　：NG10μmfluorinate（1at200and300。C．

680

一18一



20 

10 

o 

Cls 
200 *c 

c: 

e 
c 

s 

s 
~ 

e88~o 

Cls 
300 "c 

p 
e 
e 

e 

~ 
~s 

~e 

se~e~g, 8see 

292 288 284 280 292 288 284 280 

~D 
e, 
o 
v)e 2.0 

1-l 

¥ >b 
~J 
'~ 1 fl c'D~ l'U 

O ~J 
~l 

~1 

O 

Ols 
200 *c 

e 

s 

e 

e 

s 

e 

e 

e 

~ 

e 

s 

e 

e 
~ 

s 

e 

s 

s 

s 

~ 

~ 

~ 

s 

% 

s 

~ 

Ols 
300 "c 

~ 
if 

e 

s 

e 

8 

~ 

e 

~ 

a 

g 

e 

e 

e 

t 

e 
s 

s 

s 

e 

e 

e 

s 

s 

~ 

s 

s 

s 

540 536 532 528 540 536 532 528 

20 

10 

o 

Fls 
200 *c 

Fls 
300 "c 

696 692 688 684 680 696 692 688 684 
Binding energy I eV 

Figure 3. XPS spectra ofNG15 um and surface-fluorinated NG15 um. 

- - - - - : , : NG15 um fluorinated at 200 and 300 'C. NG15 um 

680 

- 19 -



Table I. Binding energies and surface composition 

of original and surface-fluorinated natural graphite samples, obtained by XPS. 
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Surface area and total pore volume of non-fluorinated sample decreased with increasing 

particle size as given in Table II. Surface areas and pore volumes were both increased by 

surface fluorination causing carbon-carbon bond breaking and fonuation of covalent C-F 

bonds. Increase in the surface area and pore volume was the largest in NG5 um among three 

natural graphite samples, particularly in NG5 um fluorinated at 3 OO oC probably because 

surface fluorinated layers were thick. However, the increase in the surface areas and pore 

volumes was small in NGIO um and NG15 um. Increase of surface areas may be correlated 

with meso-pore size distributions shown in Fig. 5 , in which meso-pores with diameters of I .7 

and 2.3 nm increased in all surface-fluorinated samples due to carbon-carbon bond breaking 

caused by fluorination. These results are very diffierent from those obtained for the same 

natural graphite samples fluorinated by CIF3 [3 8]. Surface areas and pore volumes were 

reduced by the fluorination with CIF3 due to the radical reaction having surface etching effect. 

Table II. Surface areas and total meso-pore volumes 

of original and surface-fluorinated natural graphite samples. 
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R value calculated from peak intensity ratio of D-band to G-band in Raman spectrum 

expresses the degree of surface disorder of a carbon material. In addition to D-band, weak 

D'-band at 1620 cm~1 is normally observed in Raman spectrum. R values were therefore 

calculated after separating D'-band from G-band. Figure 6 shows Raman spectra of 

non-fluorinated graphite samples and those fluorinated at 200 oC and 3 OO oC. D-band 

intensity was increased by surface fluorination while G-band intensity was reduced. Intensity 

of two Raman shifts changed in the similar mauner also in NG5 um and NGIO um. R values 

increased with increasing fluorination temperature and particle size of graphite, i,e. from NG5 

um to NG15 um as given in Table 111. The increase in R values by fluorination using F2 is 

larger than that obtained for the same natural graphite samples fluorinated by CIF3 [3 8]. This 

is also attributed to the reaction mechanism of F2 with a carbon. As already discussed, the 

reaction of F2 with a carbon is an electrophilic reaction, easily forming surface fluorinated 

layers with C-F covalent bonds. Carbon-carbon bond breaking and change of sp2 bond of 

carbon to the sp3 would have brought about the high surface disordering of natural graphite 

sam ples. 

Table 111. R values (=1b/IG) ofRaman spectra 

of original and surface-fluorinated natural graphite samples. 
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Figure 6. Raman spectra of original and surface-fluorinated natural graphite samples. 
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2-3-2 Electrochemical properties of surface-fluorinated natural graphite samples 

Table IV shows first coulombic efficiencies for non-fluorinated natural graphite samples in 

1 .O mol/dm3 LiCI04 - EC/DEC and - EC/DEC/PC solutions. In EC/DEC solution, three 

natural graphite samples exhibited higher first coulombic efficiencies than 80 o/o. First 

coulombic efficiency increased with increasing particle size, i.e. with decreasing surface area, 

indicating that decomposition ofEC is reduced with decreasing surface area. The result shows 

that SEI is quickly formed by decomposition of a small amount of EC. On the contrary, first 

coulombic efficiency decreased with decreasing surface area, i.e. fiom NG5 um to NG15 um 

in EC/DEC/PC mixture as given in Table IV. It means that decomposition of PC increased 

with decreasing surface area. The area of edge plane, where desolvation of PC and reduction 

of PC and Li ion, followed by Li insertion, may mainly occur, decreases with decreasing 

total surface area, i.e. from NG5 uin to NG 1 5 um. In addition, the ratio of edge plane to total 

surface area is close to 5 O o/o in case of fine graphite powder such as NG5 um, however, 

decreasing with increasing particle size, i.e. decreasing total surface area. Since 

charge/discharge cycling was made at a constant current density (constant current per I g of 

graphite), actual current density increases with decreasing area of edge plane, that is, from 

NG5 um to NG15 um. Since SEI formation on high crystalline graphite is more difficult in 

PC-based solvent than in EC-based one, decomposition of PC would be accelerated with 

decrease in the area of edge plane, that is, with increase in actual current density. Exfoliation 

of surface region of natural graphite might occur, faeilitating the electrochemical 

decomposition of PC. In the case of NG5 um, frrst coulombic efficiencies were high in both 

EC/DEC and EC/DEC/PC solutions (81.4 and 81.8 o/o, respectively as given in Table IV). 

NG5 um has the largest surface area, i.e. the largest area of edge plane, among three natural 

graphite samples. Additionally edge plane has the higher surface disorder than basal plane. 

These structural factors may facilitate the smooth formation of SEI on NG5 um even in 

EC/DEC/PC. 

Table IV. First coulombic efficiencies for non-fluorinated natural graphite samples 

in I .O mol/dm3 LiCI04 - EC/DEC and - EC/DEC/PC at 60 nlA/g. 

It was found that surface fluorination effectively improved electrode characteristics of 

NGIO um and NG15 um with relatively larger particle sizes. Figure 7 shows cyclic 

voltammograms obtained for non-fluorinated graphite samples and those fluorinated at 

200 'C and 300 'C. Reduction current at I st cycle indicating the decomposition of PC 
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increased with increasing particle size as shown in Figs. 7(a), Figs. 8(a) and 8(d). This is 

consistent with the results given in Table IV. However, reduction peaks at I st cycle for NGIO 

um and NG15 um, shown in Figs. 8(b) and 8(e), were highly reduced by surface fluorination. 

The NGIO um and NG15 um fluorinated at 300 'C showed the similar potential-current 

curves to those obtained at 200 "C while NG5 um fluorinated at 3 OO 'C had a large reduction 

peak at around 0.5 V and another one at around I . 85 V vs. Li/Li indicating the reduction of 

fluorine atoms bonded to basal plane of graphite [2]. In addition, peak currents of oxidation 

were also increased by surface fluorination. It means that reversibility of Li intercalation and 

deintercalation into and from natural graphites was improved by fluorination. 
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Figure 9 demonstrates first charge/discharge curves, charge capacities and coulombic 

efficiencies for original and surface-fluorinated natural graphite samples, obtained at 60 mA/g. 

Table V summarizes first charge/discharge capacities and first coulombic efficiencies at 60 

and 1 50 mA/g. Surface fluorination was not effective for further improvement of 

electrochemical properties of NG5 um. Charge/discharge behavior of NG5 um fluorinated at 

200 'C was nearly the same as that for non-fluorinated sample. A Iarge reduction potential for 

fluorine and PC was observed for NG5 um fluorinated at 300 'C as shown in Fig. 9(a), which 

shows that fluorination degree ofNG5 um was mtich higher at 300 'C than 200 "C. Therefore 

first coulombic efficiency was highly reduced for NG5 um fluorinated at 3 OO 'C. Surface 

fluorination effectively improved the charge/discharge characteristics ofNGIO um and NG15 

um with larger particle sizes. Large potential plateaus indicating the reduction of PC were 

significantly diminished by the fluorination at both 200 'C and 300 'C (Figs. 9(c) and 9(e)). 

As a consequence, first coulombic efficiencies for NGIO um and NG15 um highly increased 

(Figs. 9(d) and 9(~, and Table 5). The results obtained at 60 and 1 50 mAlg were similar to 

each other as given in Table . V though first charge capacities and coulombic efficiencies 

decreased due to increase in the current density at 1 50 mA/g. The increments of first 

coulombic efficiencies were in the range of 9.9-13.2 o/o and 20.3-23.3 o/o for NGIO um and 

NG 1 5 um, respectively, at both 60 and 1 50 mA/g. The charge capacities were nearly the same 

before and after fluorination for three natural graphite samples. The increase in first 

coulombic efficiencies is due to the quick formation of SEI on surface-fluorinated NGIO um 

and NG15 um with decomposition of much less amounts of PC. Surface fluorination 

increased surface disorder of NG I O um and NG15 um by carbon-carbon bond rupture as 

shown by R values in Table 111. Surface disordering of NGIO um and NG15 um by 

fluorination increases surface defects [40], which would facilitate the smooth formation of 

SEI. Highly disordered surface can enable the easy accommodation of Li ions solvated by 

PC with larger molecular size than EC and quick formation of SEI. This surface structure 

change may also increase the actual electrode area where desolvation of PC and reduction of 

PC and Li ion, followed by Li insertion, occur. It corresponds to increase in the area of edge 

plane, Ieading to decrease in actual current density. Surface fluorine is reduced during 

electrode preparation in NMP [5 7]. Residual surface fluorine would also contribute to the 

formation of SEI by yielding LiF. 
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Figure 9. First charge/discharge curves, charge capacities and coulombic efficiencies 

for original and surface-fluorinated natural graphite samples 
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Table V. First charge/discharge capacities and frrst coulombic efficiencies 

for original and surface-fluorinated natural graphite samples 

in I .O mol/dm3 LiCI04 - EC/DEC/PC. 

2-4 Conclusions 

Natural graphite powder samples with average particle sizes of 5 um, I O um and 1 5 um 

(NG5 um, NGIO um and NG15 ~m) were fluorinated by F2 (3xl04 Pa) at 200 oC and 300 oC 

for 2 min. in order to prepare natural graphite with high surface disorder, and electrochemical 

behavior of surface-fluorinated samples were examined in I . O mol/dm3 LiCI04 - EC/DEC/PC 

( I : I : I vol.). NG5 um exhibited good electrode behavior without surface fluorination as 

obtained in I .O mol/dm3 LiCI04 - EC/DEC ( I : I vol.). Surface fluorine concentrations were in 

the range of 1 1 . 1-15.3 at.o/o and 17.7-20.5 at.o/o for natural graphite samples fluorinated at 

200 ~C and 300 oC, respectively, increasing with increasing fluorination temperature. Increase 

in surface areas and total pore volumes by surface fluorination were smaller for NGIO um and 

NG 1 5 um than for NG5 um. However, surface disorder was highly increased in NG I O um 

and NG 1 5 um by fluorination, but less in NG5 um. Cyclic voltammetry study indicated that 
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decomposition of PC increased with increasing particle size of natural graphite, i.e. with 

decreasing the area of edge plane. Surface fluorination highly reduced the electrochemical 

decomposition of PC on NGIO um and NG15 um. Due to decrease in the decomposition of 

PC, first coulombic efficiencies for NGIO um and NG15 um increased by 9.9-13.2 o/o and 

20.3-23.3 o/o, respectively. The increase in first columbic efficiencies is attributed to the 

increase in surface disorder providing a large amount of surface defects and probably actual 

electrode area by surface fluorination. Surface fluorine would also contribute to SEI 

formation by giving LiF. 
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) 

Chapter 3 

Electrochernical behavior of natural graphite 

iluorinated by CIF3 and NF3 in propylene 

carbonate-containing solvents 

3-1 Introduction 

Electrochemical properties of carbonaceous anodes for lithium-ion batteries are highly 

influenced by not only their crystallinity and bulk structures but also surface structures and 

surface chemical species. Surface modification is therefore one of useful methods to improve 

electrode characteristics of carbon materials [1-3]. Some methods have been attempted to 

modify surface structures and composition of carbonaceous anodes [4-50]. They are carbon 

coating [4- 15], metal or metal oxide coating [16-22], polymer or Si coating [23-30], surface 

oxidation [3 1-37] and surface fluorination [38-50]. These methods effectively improve 

electrode characteristics of carbon materials such as reversible capacities, first coulombic 

efficiencies (irreversible capacities), cycleability and so on. Since carbon materials have a 

large variety in crystallinity and structures, a suitable method of surface modification should 

be chosen depending on a carbon material. Among various carbon materials, natural and 

synthetic graphites are mainly used as anodes of lithium-ion secondary batteries in 

combination with ethylene carbonate (EC) - based solvents. EC-based solvents should be used 

for the quick formation of protective surface film (Solid Electrolyie Interface: SEI) on 

graphite anode. However, the melting point of EC is high (36 oC), which limits the use of 

EC-based solvents in a wide range oftemperatures. Since propylene carbonate (PC) has a low 

melting point (-55 oC), it is very convenient if PC can be used for graphitie materials. It is 

known that PC cannot be used for graphite with high crystallinity because of the slow SEI 

formation accompanying the vigorous reduction of PC but can be used for low crystalline 

carbon anodes, which suggests that high crystalline graphite such as natural graphite may be 

used in PC-containing solvents if surface disordering is achieved by surface modification. 

Based on this idea, we have performed surface fluorination of natural graphite powder 

samples to improve their charge/discharge behavior in PC-containing solvent [49-5l]. 

Fluorination using a fluorinating gas is a strong oxidation reaction, being suitable for the 

surface modification of graphitic materials. Surface fluorination of natural graphite samples 

with average particle sizes of 5 , I O and 1 5 um by F2 increased small meso-pores and surface 

disorder, reducing the electrochemical decomposition of PC, i.e. increasing first coulombic 

efficiencies at current densities of 60 and 1 50 rDA/g [50]. Surface treatment of the same 
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natural graphite samples with CIF3 also increased first coulombic efficiencies at a high current 

density of 1 50 rDA/g [49]･ Plasma-fluorination using CF4 was shown to be a good method to 

increase first coulombic efficiencies of the natural graphite samples [5 1 J . This positive effect 

of surface fluorination was found for natural graphite samples having the larger particle sizes 

of 10 and 1 5 um [49-5l]. Fluorination mechanisms of carbon materials are different 

depending on fluorinating gases. Surface fluorination of carbon materials by such fluorinating 

agents as F2, CIF3 and NF3 easily occurs in the range of 200-500 OC [38-40, 42-47, 49, 50]. F2 

is a highly reactive fluorinating gas even at room temperature because of its low dissociation 

energy, 1 54.6 kJ/mol. On the contrary, CIF3 is a mild fluorinating agent and NF3 is stable at 

room temperature while they are strong fluorinating agents at a temperature higher than ca. 

200 OC. Handling of CIF3 and NF3 gases is therefore easier than that for F2 gas. It is very 

convenient for the improvement of electrode characteristics of graphite if surface modification 

of graphite anodes can be effectively made by CIF3 and NF3. Fluorination of carbon materials 

by F2 is an electrophilic reaction in which F6+ attacks a carbon atom with higher electron 

density (C6~) and F6~ is successively bonded to another carbon atom with lower electron 

density (C6+) [52_54], yielding fluorinated C-F Iayers with high surface disorder. On the other 

hand, fluorination reaction of carbon materials by NF3 is a radical reaction with chemically 

active species such as F, NF2 and so on, having surface etching effect [46, 47]. In the 

fluorination with CIF3, radical reaction is also dominant though the dissociation equilibrium 

(CIF3 <~ CIF + F2) exists at high temperatures above 200 OC. In fact, no surface fluorine was 

detected when surface fluorination of graphitized petroleum cokes was made by CIF3 and NF3 

at 200-500 oC probably because the reaction products were gaseous fluorocarbons such as CF4 

[46, 47]. Therefore the surface disorder of graphitized petroleum cokes were nearly the same 

as that of original samples after surface fluorination by CIF3 and NF3 [47]. However, in the 

case of surface fluorination of natural graphite samples by CIF3, surface-fluorinated layers 

were formed for those with larger particle sizes of 10 and 1 5 um [49], which may be because 

natural graphite has the higher crystallinity than graphitized petroleum cokes, i.e. the stronger 

carbon skeleton against fluorination reaction. This result suggests that surface fluorination by 

CIF3 and NF3 gives surface-disordered natural graphite samples if they are fluorinated under 

stronger conditions than the previous case made using CIF3 [49]･ In the present study, natural 

graphite powder samples with average particle sizes of 5 , I O and 1 5 um (NG5 um, NG I O um 

and NG15 um) were fluorinated by CIF3 and NF3 gases, and charge/discharge characteristics 

of surface-fluorinated samples were investigated in PC-containing solvent. 
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3-2 Experimental 

3-2-1 Surface fluorination and analyses of natural graphite samples 

Natural graphite powder samples with average particle sizes of 5, I O and 1 5 um 

(abbreviated to NG5 um, NGIO um and NG15 um; d002 = 0.3355, 0.3354 and 0.3355 nm, 

respectively; purity: >99.95 olo), supplied by SEC Carbon Co., Ltd., were fluorinated by CIF3 

and NF3 (1xl05 Pa) at 200 "C･ and 300 'C for 5 min. using a nickel fluorination reactor. 

Fluorination conditions with CIF3 were stronger in the present study than those in the previous 

one (pressure of CIF3: 3xl04 Pa, temperatures: 200 'C and 300 "C, fluorination time: 2 min.) 

[49]･ The amount of natural graphite was 1 50 mg for one batch reaction. Surface composition 

of surface-fluorinated samples was determined by X-ray photoelectron spectroscopy (XPS) 

(SHIMADZU, ESCA I OOO with Mg KCL radiation). Binding energies were determined relative 

to that of graphite, 284.3 eV. Surface areas and meso-pore volumes were measured by BET 

method using nitrogen gas (SHIMADZU, Tri Star 3000). Surface disorder was evaluated by 

Raman spectroscopy (JASCO, NRS-1000 with Nd:rv04 Iaser, 532 nm). 

3-2-2 Electrochemical measurelnents for natural graphite samples fluorinated by CIF3 

and NF3 

Beaker type three electrode-cell with natural graphite sample as a working electrode and 

metallic lithium as counter and reference electrodes was used for galvanostatic 

charge/discharge experiments. Electrolyie solution was I .O mol/dm3 LiCI04 - EC/DEC/PC 

( I : I : I vol.) (Kishida Chemicals, Co. Ltd., H20: 2-5 ppm). Natural graphite electrode was 

prepared as follows. Natural graphite powder sample was dispersed in 
N-methyl-2-pyrrolidone (NMP) containing 1 2 wi.o/o poly vinylidene fluoride (PVdF) and 

sluny was pasted on a copper current collector. The electrode was dried at 1 20 'C under 

vacuum attained by a rotary pump for a half day. After drying, the electrode contained 80 

wi.o/o natural graphite sample and 20 wi.o/o PVdF. Charge/discharge experiments were 

performed at current densities of 60 and 1 50 mAlg between O and 3.0 V relative to Li/Li 

reference electrode in a glove box filled with Ar at 25 "C (HOKUTO DENKO, HJIOO1 

SM8A). 

3-3 Results and Discussion 

3-3-1. Surface cornposition and structure of natural graphite samples fluorinated by CIF3 

and NF3 

Typrcal XPS spectra are shown in Figure I (NG15 um fluorinated by CIF3 at 300 'C). Cls 
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spectrum had a strong peak showing non-fluorinated C-C bond at 284.2 eV and a shifted one 

indicating C-F covalent bond at 288.8 eV. F I s peak corresponding to the C I s peak shifted to 

288.8 eV was observed at 687.8 eV. The existence of chlorine was negligible in all samples 

fluorinated by CIF3. Ols peak was also observed at 532.3 eV indicating the existence of COH 

group. Table I shows surface composition of natural graphite samples fluorinated by CIF3 and 

NF3. Surface fluorine concentrations given in Table I were much lower than those observed 

for the same natural graphite samples fluorinated by F2 (3xl04 Pa) at 200 OC and 3 OO OC for 2 

min. (11.1-15.3 at.o/o at 200 OC, 17.7-20.5 at.o/o at 300 oC) [50]. The difference in the surface 

fluorine concentrations is attributed to the reaction mechanisms. As mentioned in the 

Introduction, fluorination of carbon materials by CIF3 and NF3 is a radical reaction having 

surface etching effect while fluorination with F2 is an electrophilic reaction yielding 

surface-fluorinated layers. Surface fluorine concentrations in Table I were somewhat lower 

than those observed when the s~me samples were fluorinated by CIF3 under the milder 

conditions (CIF3: 3xl04 Pa, temperatures: 200 OC and 300 OC, fluorination time: 2 min.) [49]-

Surface fluorine concentrations were - O and 0.9 at.o/o for NG5 um, I .O and 4.0 at.o/o for 

NGIO um, and 6.6 and 12.7 at.o/o for NG15 um at 200 oC and 300 OC, respectively [49]･ Since 

high temperature fluorination reactions of carbon materials by CIF3 and NF3 are radical 

reactions having surface etching effect [46, 47, 49-5l], surface etching by chemically active 

atoms and radicals would be stronger under the reaction conditions in the present study (CIF3 

and NF3: Ixl05 Pa, temperatures: 200 oC and 300 oC, fluorination time: 5 min.). This may be 

the reason why surface fluorine concentrations were relatively lower than those observed in 

the previous study [49]･ Surface fluorine was mainly detected in the samples fluorinated at 

300 OC.~In particular, NGIO um and NG15 um fluorinated by CIF3 at 300 oC showed the 

higher surface fluorine concentrations (11.5 and 12.0 at.o/o) than others. CIF3 is partially 

dissociated into CIF and F2 at high temperatures (CIF3 <~ CIF + F2). The dissociation rates are 

1.75 o/o, 4.95 o/o and 11.95 o/o at 250 OC, 300 OC and 350 OC, respectively [55-57]. The data 

show that 5 o/o F2 coexists in the fluorinating gas mixture at 3 OO oC. Since fluorination of 

carbon materials by F2 is an electrophilic reaction giving surface-fluorinated layers, the 

relatively high surface fluorine concentrations ( 1 1 .5 and 1･2.0 at.olo), which were observed for 

NGIO um and NG15 um fluorinated by CIF3 at 300 oC, might be due to the effect of 

coexistence of F2. However, no surface fluorine was found for NG5 um fluorinated by CIF3 at 

300 OC. Surface area decreases with increasing particle size of natural graphite powder. NG5 

um has the largest surface area among three natural graphite samples as given in Table II. 

This suggests that surface disordered part was lost as fluorocarbon gases such as CF4 by the 

fluorination in the case of NG5 um. In addition, no chlorine was detected in all samples 

fluorinated by CIF3 while traces of chlorine were found in the previous study [49]･ This is 

probably because the fluorination conditions were stronger in the present study than in the 

previous one. On the other hand, no surface fluorine was detected for all natural graphite 

samples fluorinated by NF3 at 200 OC. Only trace amounts of surface fluorine (1.2-1.4 at.o/o) 
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were found for the same samples fluorinated at 300 'C. Dissociation ofNF3 mto NF2 and F is 

initiated at ca. 200 'C. The result is consistent with a fact that fluorination of graphite by NF3 

is a radical reaction. No nitrogen was also found in all samples fluorinated by NF3. Surface 

oxygen concentrations were increased by surface fluorination, in particular by the fluorination 

using NF3 as shown in Table I. Both CIF3 and NF3 have surface etching effect because of the 

radical reactions. Many dangling bonds or lattice defects are formed in the surface region of 

natural graphite by carbon-carbqn bond breaking. These chemically active sites would easily 

react with moisture when a fluorinated sample is taken out from the reactor. This may be the 

reason why surface oxygen concentrations were increased by surface fluorination. However, 

when NGIO um and NG15 um were fluorinated by CIF3 at 300 'C, surface oxygen 

concentrations were nearly the same before and after the fluorination. This may be due to the 

fluorination of chemically active sites by F2 coexisting in CIF3. 
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Figure I . XPS spectra ofNG15 um fluorinated by CIF3 at 300 'C. 
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Table I. Surface composition (at.o/o) 

of natural graphite samples fluorinated by CIF3 and NF3 . 

Surface areas and total meso-pore volumes were reduced by the fluorination with both CIF3 

and NF3 as given in Table II. This is due to surface etching effect by the atomic and radical 

species generated by thenual decomposition of CIF3 and NF3. Decrease in the surface areas 

and meso-pore volumes by the fluorination using CIF3 and NF3 is similar to the results 

previously obtained for petroleum cokes [46, 47] . However, meso-pore size distributions of 

fluorinated samples are different from the previous data [49] as shown in Figure 2 probably 

because the fluorination conditions are stronger in the present study. Figure 2 shows that 

meso-pores with diameter of 2.0 nm were highly increased by surface fluorination while those 

with diameters of 2.5 and 3 .O nm were reduced. This change in meso-pore size distributions 

may have been caused by carbon-carbon bond breaking due to fluorination. 

Table II. Surface areas and total meso-pore volumes 

ofnatural graphite samples fluorinated by CIF3 and NF3. 
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Raman spectrum of a carbon material gives two Raman shifts, i.e. G-band and D-band at 

1 580 cm~1 and 1 360 cm~1, respectively. Peak intensity ratio of D-band to G-band (R = ID/IG) 

shows the degree of surface disorder [58, 59]. Figure 2 shows Raman spectra of NGIO um 

and those fluorinated by CIF3 at 200 oC and 3 OO oC, and Table 111 suramarizes R values of 

original and surface-fluorinated samples. Profile of Raman spectra was not largely changed 

before and after fluorination. However, peak intensity ratios, i.e. R values were increased by 

the fluorination as given in Table 111, which shows that surface disorder of all natural graphite 

samples was increased by surface fluorination using CIF3 and NF3. The increase in R values 

was slightly larger for the samples fluorinated by CIF3 at 3 OO OC than those fluorinated by NF3 

at the same temperature. This may be because the fluorination by CIF3 yielded surface 

fluorinated layers due to coexistence of a small amount of F2 at 300 OC. When the same 

natural graphite samples were fluorinated by CIF3 under the tnilder conditions (CIF3 : 3xl04 Pa, 

temperatures: 200 oC and 300 OC, fluorination time: 2 min.), the increase in R values was also 

observed for NGIO um and NG15 um [49]･ In the present study, R values increased for all 

natural graphite samples probably because of the stronger fluorination conditions. Surface 

disordering of natural graphite powder was thus achieved by the surface fluorination with 

CIF3 and NF3 at high temperatures. When petroleum cokes graphitized at 2300-2800 oC were 

fluorinated by CIF3 and NF3 at 200-500 OC, no surface fluorine was detected by XPS and no 

increase in surface disorder was found by Raman spectroscopy due to the surface etching 

effect [46, 47]. Since natural graphite samples have the higher crystallinity than graphitized 

petroleum cokes, surface disordering would have been attained by the surface fluorination 

using CIF3 and NF3 . 

Table 111. R values (=1D/IG) of Raman spectra 

ofnatural graphite samples fluorinated by CIF3 and NF3 
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3-3-2 Electrochemical behavior of natural graphite samples fluorinated by CIF3 and NF3 

in PC-containing solvent 

Potential plateau at ca. 0.8 V vs. Li/Li indicating the decomposition of PC was lengthened 

with increasing average particle size of natural graphite sample, i.e. from NG5 um to NG15 

um (Figures 4(a), 5(a) and 6(a)). It shows that decomposition of PC increased from NG5 um 

to NG15 um. As shown in T'able IV, first coulombic efficiency decreased from NG5 um to 

NG15 um with increasing average particle size of natural graphite powder, i.e. with 

decreasing surface area. It is expected that decrease in the surface area reduces the 

electrochemical decomposition of PC, Ieading to the reduction of irreversible capacity. 

However, irreversible capacity increased with decreasing surface area, i.e. from NG5 um to 

NG15 um. Decrease in surface area simultaneously increases actual current density because 

the experiments were perfoamed at constant current densities of 60 and 1 50 mA/g. The 

experimental results indicate that electrochemical decomposition of PC is significantly 

accelerated with increasing actual current density since the formation of SEI is slow on high 

crystalline graphite. 

The effect of surface fluorination was mainly found for NGIO um and NG15 um at 60 

mAlg and for all natural graphite samples at 1 50 mA/g, being small for NG5 um. Surface 

fluorination reduced the electrochemical decomposition of PC for NGIO um and NQI 5 um as 

shown in Figures 5 and 6 in which the long potential plateaus at 0.8 V vs. Li/Li were 

shortened for those fluorinated at both 200 oC and 3 OO oC though the long potential plateau 

was only slightly reduced in the case of NG15 um fluorinated by NF3 (Figure 6(d) and 6(e)). 

Decrease in the decomposition of PC Ied to decrease in the irreversible capacities, i.e. increase 

in frrst coulombic efficiencies of surface-fluorinated natural graphite samples. The potential 
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slopes observed between 0.8 V and 2.5 V vs. Li/Li in Figures 5(c) and 6(c) may be due to 

reduction of surface fluorine because NGIO um and NG 1 5 um fluorinated by CIF3 at 300 OC 

had the higher surface fluorine concentrations than other samples. Charge capacities were not 

changed by surface fluorination for all natural graphite samples as shown in Figures 4-6. First 

coulombic effilciencies for surface-fluorinated NG5 um samples with the largest surface area 

were nearly the same as that of non-fluorinated sample at 60 mA/g, but slightly increased at 

1 50 nlA/g (Table IV). There is no difference in first coulombic efficiencies between 

surface-fluorinated NG5 um samples fluorinated by CIF3 and NF3. For NG I O um and NG 1 5 

um, effect of surface fluorination was observed at both 60 and 1 50 rDA/g. Increase in first 

coulombic efficiencies was larger at a higher current density of 1 50 mA/g. 

Some factors on the surface structure and composition such as surface area, meso-pore size 

distribution, surface disorder and surface fluorine should be considered for the increase in first 

coulombic efficiencies by fluorination. As shown in Table I, no surface fluorine or small 

amounts of fluorine were detected because radical reactions are dominant in the case of 

fluorination of graphite by CIF3 and NF3. Such small amounts of surface fluorine do not 

increase an irreversible capacity [49-5l]. BET surface areas were reduced by surface etching 

effect with CIF3 and NF3 as given in Table II. Decrease in the surface areas would contribute 

to the reduction of the electrochemical decomposition of PC. On the other hand, it 

simultaneously increases actual current density~ Ieading to increase in the decomposition of 

PC. The experimental results show that first coulombic efficiencies were increased by surface 

fluorination, which means that SEI was quickly formed on the surface-fluorinated graphites, 

suggesting that the more important factors for the effective reduction of irreversible capacity, 

i.e. increase in first coulombic effieiency are the change in meso-pore size distributions and 

increase in surface disorder by fluorination. As shown in Figure 2, surface meso-pores with 

diameter of 2.0 um were increased while those with 2.5 and 3.0 nm were reduced by 

fluorination. The diameter of Li ion solvated by four PC molecules is calculated to be I .44 

nm. The solvated Li ions and electrochemically decomposed products would be well kept in 

surface meso-pores with diameter of 2.0 um and the larger surface area of graphite would be 

covered by the decomposed products as shown in Figure 7(b). However, solvated Li ions 

caunot be well accommodated in meso-pores with the larger diameters of 2.5 and 3 .O nm and 

coverage of graphite surface by the decomposed products would be less (Figure 7(a)). The 

fluorination also increased surface disorder of natural graphite samples (Figure 3 and Table 

III), which would contribute to the quick formation of SEI by keeping the decomposed 

products Qn the natural graphite surfaces as shown in Figure 7(b)-(II). 

In addition, first coulombic efficiencies for NG I O um and NG15 um, obtained at 1 50 rDA/g, 

had a large difference depending on the fluorinating agents, CIF3 and NF3 . First coulombic 

efficiencies of NG I O um and NG 1 5 um fluorinated by CIF3 were larger than those of the 

same graphite samples fluorinated by NF3. The difference in first coulombic efficiencies due 

to fluorinating agents was particularly large for NG15 um. As mentioned in the previous 
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section, CIF3 rs dissociated into CIF and F2 at high temperatures. The dissociation rates of 

CIF3 are I .75 and 4.95 o/o at 250 "C and 300 'C, respectively [55-57]. Because fluorination of 

graphite by F2 is an electrophilic reaction yielding fluorinated graphite with high disorder and 

small meso-pores [50], coexistence of F2 in CIF3 would contribute to the foamation of 

graphite having such surface structure. In fact, natural graphites fluorinated by CIF3 had the 

larger R values than those fluorinated by NF3 as given in Table 111. On the other hand, NG5 

um samples fluorinated by CIF3 and NF3 gave the better results than NG5 um samples 

fluorinated by F2 [50]. First coulombic efficiencies for NG5 um samples fluorinated by CIF3 

and NF3 were nearly the same as that of original NG5 um at 60 mA/g and slightly larger at 

1 50 mAlg as shown in Table IV. NG5 um having the largest surface area was highly 

fluorinated by F2, particularly at 300 'C [50]. Such a large amount of surface fluorine 

increased irreversible capacity, i.e. decreased frrst coulombic efficiency by the formation of 

L iF. 
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Table IV. Coulombic efficiencies ofnatural graphite samples fluorinated by 

CIF3 and NF3 at I st, 5th, and I Oth cycle in I .O mol/dm3 LiCI04 - EC/DEC/PC ( I : I : I vol ) 
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Figure 7. Schematic illustrations of SEI formation on graphite (a) 

and surface-fluorinated graphite (b). 

(1) Just before solvent reduction, (II) initial stage of SEI formation. 
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3-4 Conclusion 

Surface modification of natural graphite samples with average particle sizes of 5, I O and 1 5 

um (NG5 um, NGIO um and NG15 um, purity: > 99.95 o/o) was performed by CIF3 and NF3, 

and electrochemical properties of surface-fluorinated samples were investigated in propylene 

carbonate-containing solvent (1.0 mol/dm3 LiCI04 - EC/DEC/PC (1:1:1 vol.)). Surface 

fluorine concentrations were negligible or very small in most of fluorinated samples, however, 

being 1 1.5 and 12.0 at.o/o for NGIO um and NG15 um fluorinated by CIF3 at 300 oC, 

respectively. Meso-pores with diameter of 2.0 um were increased by surface fluorination 

while those with diameters of 2.5 and 3 .O nm were reduced. R values obtained from Raman 

speetra increased with increasing fluorination temperature and particle size of natural graphite 

sample, indicating increase in surface disorder by surface fluorination. These surface structure 

changes would have reduced the electrochemical decomposition of PC at I st cycle, i.e. 

increased first coulombic efficiencies, which was more clearly observed at a high current 

density of 1 50 mA/g and mainly for NG I O um and NG 1 5 um having the larger particle sizes. 

The inerease in first coulombic'efficiencies for NGIO um and NG 1 5 um fluorinated by CIF3 

reached ca. I O and 20 o/o, respectively. 
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Chapter 4 

Electrochernical behavior of plasma-fluorinated 

natural graphite in propylene carbonate-containing 

solvents 

4-1 Introduction 

Graphitic materials such as natural and synthetic graphites with high crystallinity are 

mainly used as anodes of lithium-ion batteries in combination with ethylene carbonate 

(EC)-based solvents. Graphite has several advantages of low electrode potential, small 

irreversible capacity (high frrst coulombic efficiency), good cycleability and constant capacity. 

Natural graphite shows high reversible capacity (-360 rDAhg~1) close to the theoretical 

discharge capacity (372 mAhg~1) while synthetic graphite often gives slightly lower capacity 

than natural graphite because of its lower crystallinity. It is well known that EC-based 

solvents should be employed for graphite anode with high crystallinity for the quick 

formation ofprotective surface film (Solid Electrolyie Interface: SEI) with decomposition of a 

small amount ofEC [1]. EC has, however, a high melting point of 36 oC. Therefore the use of 

propylene carbonate (PC) with a low melting point of -55 oC is desirable for graphite anode. 

It is unfortunately difficult to use PC-based solvents for graphite since electrochemical 

reduction of PC vigorously occurs on graphite. It is also known that PC can be used for low 

crystalline carbons having higher surface disorder than graphite. It suggests that high 

crystalline graphite may be used in PC-based solvents if surface disordering is attained by 

surface modification. Surface modification is one of the effective methods for improving 

electrode characteristics of carbonaceous anodes. Recently various methods of surface 

modification were reported [2-4]. They include carbon coating [5-17], metal or metal oxide 

coating [18-24], surface oxidation [25-3l], surface fluorination [32-44] and polymer or Si 

coating [45-5l]. These methods improved such electrode characteristics of carbonaceous 

anodes as reversible capacities, first coulombic efficiencies (irreversible capacities), 

cycleability and so on. Among them, surface fluorination is effective for improving the 

electrochemical behavior of graphitic materials. When low crystalline carbons are fluorinated 

by fluorinating gases, carbon-carbon bond rupture leading to the formation of gaseous 

fluorocarbons such as CF4 easily occurs. However, surface-fluorinated layers with covalent 

C-F bond are formed when natural or synthetic graphite is fluorinated. Fluorination 

mechanisms of carbon materials are different depending on fluorinating agents or fluorination 

techniques. Fluorination of graphite by F2 is an electrophilic reaction in which F6+ 
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preferentially attacks carbon atom with higher electron density (C6~) and F6~ reacts with C6+, 

yielding fluorinated layers with C-F covalent bond [52-54]. Surface fluorination of natural 

graphites and graphitized petroleum cokes by F2 gave fluorinated layers with high disorder 

[32-34, 3 6-39, 4 1 , 44]. On the other hand, the reactions of CIF3 and NF3 with carbon materials 

are radical reactions by chemically active species such as F, Cl, CIF2 and NF2 generated by 

thermal decomposition of CIF3 and NF3 [40, 4 1 , 43]. Plasma-fluorination using CF4 gas is 

also a radical reaction by radical species such as CF3 produced under plasma [34, 35, 42]. 

Radical reactions have surface etching effect easily producing fluorocarbon gases. In fact, no 

surface fluorine was detected and no increase in surface disorder was observed when 

graphitized petroleum cokes were fluorinated by CIF3 and NF3 at 200-500 oC [40, 4l]. 

However, fluorinated layers with high disorder were formed in the surface region of high 

crystalline natural graphite even when fluorinated by CIF3 at 200-300 oC because natural 

graphite has a strong carbon skeleton [43]･ Plasma-fluorination also gave fluorinated layers 

with high disorder for both natural graphite and graphitized petroleum cokes probably 

because the sample temperature was low, i.e. 90 oC L34, 35, 42]. Surface disorder of 

graphitized petroleum cokes was enhanced by the surface fluorination with F2 [3 7-39], and 

plasma-fluorination using CF4 [42]. The increase in surface disorder of graphitized petroleum 

cokes led to decrease in their irreversible capacities, i.e. increase in first coulombic 

efficiencies in EC-based solvent [37-39]. In the case of high purity natural graphite samples 

with large surface areas, surface disorder was increased by the fluorination not only with F2 

[44] but also with CIF3 [43]･ Electrochemical reduction of PC was highly reduced on the 

surface-fluorinated samples, which led to large increase in first coulombic efficiencies in 

PC-containing solvent [43, 44]･ In the present study, natural graphite samples with large 

surface areas were fluorinated by plasma-treatment using CF4, and effect of surface 

fluorination on the charge/discharge behavior was investigated in PC-containing solvent. 

4-2 Experixnental 

4 2 1 Plasma-fluorination and characterization of natural graphite samples 

Raw materials were natural graphite powder samples with average particle sizes of 5 um, 

10 um and 15 um (abbreviated to NG5 um, NGIO um and NG15 um; d002 = 0.3355, 0.3354 

and 0.3355 nm; purity: >99.95 o/o) supplied by SEC Carbon Co. Ltd. Their X-ray diffraction 

pattems are shown in Fig. I . Natural graphite sample was placed in the center of the chamber 

on the electrode connected to rf. Plasma-fluorination was made using CF4 gas under the 

following conditions: CF4 flow rate: 8 cm3/min., total gas pressure: 5.0 Pa, power: 80 W, 

plasma frequency: 1 3 .56 MHz, sample temperature: 90 'C and plasma-treatment time: 60 min. 

Surface-fluorinated natural graphite samples were characterized by elemental analysis of C 

and F, X-ray diffractometry, X-ray photoelectron spectroscopy (XPS), surface area and 
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meso-pore size distribution measurements using nitrogen gas, and Raman spectroscopy. 
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X-ray diffraction patterns of (a) NG5 um, (b) NGIO um and (c) NG15 um. 

4-2-2 Electrochemical measurement of plasma-fluorinated natural graphite samples 

Three electrode-cell with natural graphite sample as a working electrode and metallic 

lithium as counter and reference electrodes was used for galvanostatic charge/discharge 

measurements. Electrolyie solution was I .O mol/dm3 LiCI04 - EC/DEC/PC ( I : I : I vol.). 

Natural graphite electrode was prepared in the following mauner. Natural graphite sample was 

dispersed in N-methyl-2-pyrrolidone (NMP) containing 1 2 wi.o/o poly vinylidene fluoride 

(PVdF) and sluny was pasted on a copper plate. The electrode was dried at 120 "C under 

vacuum overnight. After drying, the electrode contained 80 wi.o/o natural graphite sample and 

20 wi.o/o PVdF. Charge/discharge experiments were performed at a current density of 1 50 

mAlg between O and 3 .O V relativ~ to Li/Li in a glove box filled with Ar at 25 'C. 

4-3 Results and Discussion 

4-3-1 Surface composition and structure of plasma-fluorinated natural graphite samples 

X-ray diffraction pattern of natural graphite samples was not changed by 

plasma-fluorination. The change in d values of (002) diffraction lines was negligible. Table I 

gives composition of plasma-fluorinated samples, obtained by elemental analysis. Fluorine 

content was very small, i.e. in the range of 0.3-0.6 at.o/o less than I .O at.o/o. Surface fluorine 
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concentration obtained by XPS was in the range of 14.8-17.3 at.o/o. There is no large 

difference in these data among three natural graphite samples. Surface fluorine concentrations 

were similar to those obtained when the same natural graphite samples were fluorinated by F2 

(3xl04 Pa) (11.1-15.3 at.o/o at 200 oC and 17.7-20.5 at.o/o at 300 oC) [44]･ When they were 

fluorinated by CIF3 under the same conditions, the lower fluorine concentrations ~ were 

obtained (0-6.6 at.o/o at 200 oC and 0.9-12.7 at.o/o at 300 oC) [43]･ In addition, surface fluorine 

concentration increased with decreasing surface area, i.e. from NG5 um to NG 1 5 um. 

Fluorocarbon gases such as CF4 is mainly produced in the case of NG5 um having a large 

surface area since high temperature fluorination of a carbon material by CIF3 is a radical 

reaction with surface etching effect [40, 4 1 , 43]. Plasma-fluorination with CF4 is also a radical 

reaction [34, 3 5, 42]. However, the formation reaction of fluorocarbon gases is probably slow 

in plasma-fluorination because the sample temperature was low, 90 oC. This may be the 

reason that the surface fluorine concentrations obtained in the present study are similar to 

those obtained when the same natural graphite samples were fluorinated by F2. Surface 

oxygen was slightly reduced by plasma-fluorination in all samples. 

Table I. Composition ofplasma-fluorinated natural graphite samples, 

obtained by elemental analysis. 

Sample 

NG5 um 
NGIO um 
NG15 um 

Plasma-fluorinated 

C (at.o/o) O (at.o/o) F (at.o/o) 

99.3 

99.5 

99.7 

0.1 

0.1 

0.0 

0.6 

0.4 

0.3 

Table II. Surface composition ofplasma-fluorinated natural graphite samples, 

obtained by XP S . 

Sample 

NG5 um 
NGIO um 
NG15 um 

Original Plasma-fluorinated 

C (at.o/o) O (at.o/o) C (at.o/o) O (at.o/o) F (at.o/o) 

91.2 

91.6 

90.5 

8.8 

8.4 

9.5 

75.1 

78.5 

77.6 

17.3 

14.8 

15.1 

7.6 

6.7 

7.3 

Raman spectra of original and plasma-fluorinated natural graphite samples are shown in 

Fig. 2. High crystalline natural graphite powder usually shows a similar Raman spectrum. 

G-bands at 1 5 80 cm~1 indicating graphitic structure are strong while D-bands at 1 360 cm~1 

indicating disordered structure are weak. G-bands were slightly broadened by 

plasma-fluorination. Table 111 gives R values calculated as peak intensity ratios of D-band to 

G-band. R values of surface-fluorinated samples were larger than those of non-fluorinated 

ones, increasing with increasing particle size of natural graphite, i.e. from NG5 um to NG 1 5 
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um. The increase in R value ofNG5 um by plasma-fluorination was the same as that of NG5 

um fluorinated by F2 at 300 'C [44]･ In the case ofNGIO um and NG15 um, the increase in R 

values by plasma-fluorination were also the same as those obtained for the samples 

fluorinated by F2 at 200 'C, but smaller than those obtained by the fluorination with F2 at 

300 'C [44]-

~ 
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S: 
(L) 

~~ ~: 

~I 
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(b) 

(a) 

Wave number / cm~1 

Figure 2. Raman spectra df original and plasma-fluorinated natural graphite samples. 

(a) NG5 um, (b) NGIO um, (c) NG15 um, (d) plasma-fluorinated NG5 um, 

(e) plasma-fluorinated NG1 O um, (~ plasma-fluorinated NGI 5 um. 

Table 111. R values (=1D/IG) calculated from peak intensity ratios of Raman spectra. 

Table IV gives surface areas of original and plasma-fluorinated samples. In all samples, 

surface areas were reduced by plasma-fluorination because plasma-fluorination is a radical 

reaction having surface etching effect. Fig. 3 shows meso-pore size distribution of original 

and plasma-fluorinated samples. Meso-pores were totally reduced by surface etching effect of 

plasma-fluorination, however, those with diameters of I .5-2.0 nm were increased by breaking 

of carbon-carbon bonds . 
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Table IV. BET surface areas of plasma-fluorinated natural graphite samples. 

Sam ple 

NG5 um 
NGIO um 
NG15 um 

Original Plasma-fluorinated 
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Figure 3 . Meso-pore size distribution of original and surface-fluorinated natural graphite 

samples. (a) Original , (b) Plasma-fluorinated, 

: , """""': , ' ' : NG15 um. NG5 um NGIO um 

- 58 -



4-3-2 Charge/discharge characteristics of plasnra-fluorinated 

in 1.0 mol/drn3 LiCI04 - EC/DEC/PC (1:1:1 vol.) 

natural graphite samples 

Degree of surface disorder, i.e. crystallinity of surface region of natural graphite samples 

would be an important structural factor influencing SEI formation. X-ray diffraction patterns 

shown in Fig. I and d002 values of natural graphite samples indicate that crystallinity of these 

three samples are similar to each other. R values obtained from Raman spectra are also nearly 

the same for all natural graphite samples, which means that surface disorder is almost the 

same for three natural graphite samples. This result suggests that there is no large difference 

in the rates of SEI fonnation by the decomposition of PC per unit surface area ofthree natural 

graphite samples if an actual current density is the same. Therefore difference in the surface 

areas should be taken into account for the electrochemical decomposition of PC. Fig. 4 shows 

first charge/discharge potential curves, and charge capacities and coulombic efficiencies as a 

function of cycle number for original and plasma-fluorinated natural graphite samples, 

obtained at 1 50 mA/g. In case of non-fluorinated samples, the longer potential plateaus at ca. 

0.8 V vs. Li/Li indicating the reduction ofPC were observed with increasing particle size, i.e. 

with decreasing surface area from NG5 um to NG 1 5 um. First charge capacity decreased with 

deereasing surface area of natural graphite while first discharge capacity increased as given in 

Table V. Therefore first coulombic efflciency of non-fluorinated sample highly diminished 

with decreasing surface area. As reported in a previous paper [44], the same samples gave 

high first coulombic efficiencies in EC-based solvent at 60 mA/g (NG5 um: 8 1 .4 o/o, NGIO 

um: 82.2 o/o, NG15 um: 85.4 olo). The results show that decomposition of EC is reduced with 

decreasing surface area in EC-based solvent, indicating that SEI is quickly formed by 

decomposition of a small amount of EC. However, the decomposition of PC increased with 

decreasing surface area as shown in Fig. 4 and Table V. The area of edge plane, where 

desolvation of PC and reduction of PC and Li ion, followed by Li insertion may mainly 

oceur, decreases with decreasing total surface area, i.e. from NG5 um to NG15 um. In 

addition, the ratio of edge plane to total surface area is high in fine graphite powder such as 

NG5 um (~; 50 olo), but decreases with decreasing total sutface area. Actual current density 

therefore increases with decreasing area of edge plane, that is, from NG5 um to NG15 um. 

Since SEI formation on high crystalline graphite is more difficult in PC-based solvent than in 

EC-based one, decomposition of PC would be accelerated with decrease in the area of edge 

plane, that is, with increase in actual current density. First coulombic efficiencies for NG5 um 

were high in both EC- and PC-containing solvents because NG5 um has the largest area of 

edge plane among three natural graphite samples, which may promote the smooth formation 

of SEI on NG5 um even in PC-containing solvent. 

Effect of plasma-fluorination varied depending on the average particle size of natural 

graphite. NG5 um with the largest surface area showed almost the same charge/discharge 

behavior before and after fluorination as shown in Figs. 4(a) and 4(b) and Table V probably 

- 59 -



because the increase in R value i.e. surface disorder and decrease in surface area by surface 

fluorination were very small as given in Tables 111 and rv. Effect of plasma-fluorination was 

found in, NGIO um and NG15 um with relatively smaller surface areas. Large potential 

plateaus at ca. 0.8 V vs. Li/Li indicating decomposition of PC were highly reduced on 

plasma-fluorinated NGIO um and NG15 um as shown in Figs. 4(c) and 4(e). First discharge 

capacities for NGIO um and NG15 um decreased to 455 and 450 nlAhg~1 similar to that of 

NG5 um, 440 mAhg~1 by plasma-fluorination (Table V). As a consequence, first coulombic 

efficiencies for NGIO um and NG15 um increased from 58.7 and 43.7 o/o to 68.5 and 63.0 olo, 

i.e. the increments of frrst coulombic efficiencies were 9.7 and 19.3 o/o, respectively, as given 

in Table V. When the same natural graphite samples were fluorinated by F2 at 200 oC and 

300 oC, first coulombie efficiencies were 70.3 and 71.9 o/o for NGIO um and 66.0 and 64.0 olo 

for NG15 um at 1 50 mAlg [44]･ The increments of first coulombic efficiencies were 

1 1 .6-13.2 o/o and 20.3-22.3 o/o for NGIO um and NG15 um, which are only slightly larger than 

9.7 and 1 9.3 o/o obtained in the present study. This may be due to the difference in R values 

between plasma-fluorination using CF4 and fluorination with F2. R values of 

plasma-fluorinated NGIO um and NG15 um were similar to those obtained for the same 

graphites fluorinated by F2 at 200 oC, but smaller than those obtained for the samples 

fluorinated at 300 oC [44]･ Plasma-fluorination reduced surface areas as given in Table IV 

while fluorination of the same natural graphites by F2 increased surface areas [44]･ Decrease 

in the surface areas may increase actual current density leading to increase in electrochemical 

decomposition of PC. However, first discharge capacities for plasma-fluorinated samples 

given in Table V were nearly the same as those obtained for the same graphites fluorinated by 

F2 [44]･ This suggests that increase in small meso-pores with diameter of I .5-2.0 nm by 

plasma-fluorination brought about the increase in actual area of edge plane, i.e. electrode area, 

leading to reduction of electrochemical decomposition of PC. Coulombic efficiencies soon 

approached 100 o/o after Ist cycle for all samples and cycleability was good except 

plasma-fluorinated NG15 um. Decrease in charge capacity of plasma-fluorinated NG15 um 

with cycling may arise from slight reduction of electrical contact with copper current collector 

due to expansion and shrinking of graphite by intercalation and deintercalation of Li ions. 
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Figure 4. First charge/discharge curves, charge capacities and coulombic efficiencies 

for original and surface-fluorinated natural graphite samples, 

obtained at 1 50 mAlg in I .O mol/dm3 LiCI04 - EC/DEC/PC ( I : I : I vol.). 

(a), (b) NG5 um; (c), (d) NGIO um; (e), (~ NG15 um. 

" ' : plasma-fluorinated natural graphite. : original, ･･･････-

o : original, A : plasma-fluorinated natural graphite. 
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Table V. First charge/discharge capacities and first coulombic efficiencies 

for original and plasma-fluorinated natural graphite samples at 1 50 mJVg. 

4-4 Conclusions 

Plasma-fluorination of natural graphite powder samples with average particle sizes of 5 , I O 

and 1 5 um (NG5 um, NGIO um and NG 1 5 um) was performed to prepare natural graphites 

with high surface disorder, and charge/discharge properties of plasma-fluorinated samples 

were investigated in I .O mol/dm3 LiCI04 - EC/DEC/PC (1:1:1 vol.). Electrochemical 

decomposition of PC increased with increasing particle size, i.e. with decreasing surface area 

of edge plane of non-fluorinated sample probably due to increase in actual current density. 

Plasma-fluorination increased surface disorder of three natural graphite samples though 

surface areas were reduced by radical reaction having surface etching effect. Fluorine contents 

in fluorinated graphite samples were small, 0.3-0.6 at.o/o, and surface fluorine concentrations 

were in the range of 1 4.8-17.3 at.o/o. Plasma-fluorination highly reduced the electrochemical 

decomposition of PC on NGIO um and NG15 um. As a consequence, first coulombic 

efficiencies for plasma-fluorinated NGIO um and NG15 um increased by 9.7 and 1 9.3 olo at 

1 5 O mA/g, respectively. 
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Chapter 3 

Thermal stability and electrochernical 

nonflammable fluoro-carbonates for 
battery 

properties of 

lithium-ion 

5-1 Introduction 

Lithium-ion batteries are currently used as important electric sources for many electronic 

instruments such as computers, mobile phones, watches and so on. Recently the demand as 

electric sources for electric vehicles is rapidly increasing. Lithium-ion batteries with high 

power densities are especially requested for this purpose. However, Iithium-ion batteries have 

a possibility of firing and/or explosion at high temperatures, by short circuit, by overcharging 

and so on since they use flamnrable organic solvents differently from other secondary 

batteries with aqueous electrolyie solutions. The safety problem is one of the most important 

issues for the practical use of lithium-ion batteries. To increase the thermal and oxidation 

stability of lithium-ion batteries, new additives or solvents have been investigated [ I -26]. 

Most of them are phosphorus compounds (phosphates) having flame retardant properties. 

Thermal stability and electrochemical properties of trimethyl phosphate (TMP) were 

investigated in various solvent mixtures [1-5]. TMP was mixed by 20-30 o/o as one of the 

component of solvent mixtures. Phosphates with phenyl groups such as triphenyl phosphate 

(TPP), tributyl phosphate (TBP) and cresyl diphenyl phosphate (CDP) were added to solvents 

by 3-5 wi.o/o as additives, which improved thermal stability of the batteries [6-9]. K. Xu et al. 

examined fluorine-containing phosphorus compounds: tris-(2,2,2-trifluoroethyl) phosphate 

(TFP), bis-(2,2,2-trifluoroethyl) methyl phosphate (BMP) and (2,2,2-trifluoroethyl) diethyl 

phosphate (TDP) [10-13]. They were mixed with solvents by 20-40 o/o to investigate thermal 

stability and eleetrochemical behavior. Among three phosphates examined, it was shown that 

TFP was the best candidate. Thermal stability of TFP, TPP and vinyl ethylene carbonate 

(VEC) was also investigated [ 14]. Other phosphorus compounds examined as flame retardant 

solvents or additives are 4-isopropyl phenyl diphenyl phosphate (IPPP) [15, 16], 

diphenyloctyl phosphate (DPOF) [17, 1 8], hexamethyl phosphoramide (HMPA) [19], 

dimethyl methyl phosphonate (DMMP) [20], dimethyl (2-methoxyethoxy) methyl 

phosphonate (DMMEMP) [2 1 J, tri-(p-chloromethyl) phosphate (TCEP) [22], and aromatic 

phos phorus-containing esters [23 J . Cyclohexyl benzene [2 1 J , 
hexamethoxycyclotriphosphazene [24], Iithium difluoro (oxalato) borate [25] and allyl tris 

(2,2,2-trifluoroethyl) carbonate [26] were also studied. It was shown that these phosphorus 
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compounds improved thermal stability of lithium-ion batteries. In addition to phosphorus 

compounds mentioned above, organo-fluorine compounds have high stability against 

oxidation because introduction of fluorine atoms into organic compounds reduces 

HOMO/LUMO energies. Decrease in HOMO energies gives high anti-oxidation ability to 

organo-fluorine compounds. Therefore organo-fluorine compounds are different_ type 

candidates as flame retardant solvents for lithium-ion batteries. However, the decrease in 

LUMO energies due to introduction of fluorine atoms into organic compounds simultaneously 

elevates reduction potentials of organic compounds [27], which facilitate electrochemical 

decomposition of fluorine compounds. If electrochemical reduction of fluorine compounds 

continues for a long time without forming protective surface film (Solid Electrolyie Interface: 

SEI) on carbonaceous anode, irreversible capacity unfortunately increases. However, if 

decomposed products quickly forrns SEI, such fluorine compounds can be used as solvents. 

Another important problem is miscibility of fluorine compounds with polar solvents for 

lithium-ion batteries such as EC (ethylene carbonate), PC (propylene carbonate), DEC 

(diethyl carbonate) and so on. In the present study, electrochemical redox reactions of fluorine 

compounds were investigated and charge/discharge characteristics of natural graphite 

electrodes were evaluated in fluorine compound-containing solvents for the application of 

organo-fluorine compounds to flame retardant solvents for lithium-ion batteries. 

5-2 Experimental 

5-2-1 Natural graphite samples 

Natural graphite powder samples (purity: >99.95 o/o) with average particle sizes of 5, 10, 1 5, 

25 and 40 um (abbreviated to NG5 um, NGIO um, NG15 um, NG25 um and NG40 um) were 

used for cyclic voltammetry and charge/discharge cycling. The d002 Values obtained by X-ray 

diffractometry (XRD-6100, Shimadzu) were 0.3355, 0.3354, 0.3355, 0.3358 and 0.3358 um 

for NG5 um, NGIO um, NG15 um, NG25 um and NG40 um, respectively. Surface structure 

of natural graphite samples were investigated by BET surface area measurement (Tristar 3 OOO, 

Shimadzu) and Raman spectroscopy (NRS- I OOO, Jasco) with Nd:rv04 Iaser (532 um). 
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5-2-2 Fluorine compounds 

The following fluorine compounds with carbonate structures (purity: 99.9 

ppm), synthesized in Daikin Industries, Ltd., were used in the present study. 

O 

O O 
CH2 OCH2 CF2 CF2H 

A : 4-(2,2,3,3 tetrafluoropropoxymethyl) [1 3] dioxolan 2 one 

O 

O O CF 
/ 3 CF 
¥ CF3 

B 4 (2,3,3,3-tetrafluor0-2-trifluoromethyl-propyl)-[1,3]-dioxolan-2-0ne 

O 
Il 

HCF2CF2CH20 JL OCH2CF2CF2H 
C : bis-(2,2,3,3-tetrafluoro-propyl) carbonate 

O 
CF CH20 JL OCH 

D : 2,2,2-trifluoroethyl methyl carbonate 

CF3CH20 JL OCH2CF3 

E : bis-(2,2,2-trifluoroethyl) carbonate 

O 

O O 
H3 C CH3 

F F 
F : 4,5-difluor0-4,5-dimethyl-[1,3]-dioxolan-2-0ne 
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HOMO and LUMO energies of fluorine compounds A, B, C, D, E and F were calculated 

by Spartan'06 semi-empirical method using AM1, being compared with those for the same 

type compounds consisting of C, H and O: 4-propoxymethyl-[1,3]-dioxolan-2-0ne (A-H), 

4-(2-methyl-propyl)-[1,3]-dioxolan-2-0ne (B-H), bis-propyl carbonate (C-H), methylethyl 

carbonate (D-H), diethyl carbonate (E-H) and 4,5-H-4,5-dimethyl-[ I ,3]-dioxolan-2-0ne (F-H), 

in which fluorine atoms are replaced by hydrogen. 

Thermal stability of 0.67 mol/dm3 LiCI04 - EC/DEC/PC ( I : I : I vol.) and EC/DEC/PC/(A, 

B, C, D, E or F) (1:1:1 vol.) were examined by differential scanning calorimetry (DSC) at 

5 'C/min between room temperature and 300 "C (Shimadzu, DSC-60). For DSC measurement, 

Al airtight cell containing a mixture ofthe electrolyie solution (3 u~) and NGI 5 um (0.8 mg) 

5-2-3 Electrochemical measurements 

Oxidation currents for 0.67 mol/dm3 LiCI04 - EC/DEC (1 : I vol.), EC/DEC/PC ( I : I : I vol.) 

and EC/DEC/(A, B, C, D, E or F) (1:1:1 vol.) (Kishida Chemicals, Co. Ltd., H20: 2-5 ppm 

for EC/DEC and PC) were measured by linear sweep of potential at 0.1 mV/s using Pt wire 

electrode (Hokuto Denko, HZ-5000). Counter and reference electrodes were copper plate and 

lithium foil, respectively. 

Three-electrode cell with natural graphite as a working electrode and lithium foil as counter 

and reference electrodes were used for cyclic voltammetry study and galvanostatic 

charge/discharge experiments. Natural graphite electrode was prepared as follows. Natural 

graphite powder was dispersed in N-methyl-2-pyrrolidone (NMP) containing 1 2 wi.o/o poly 

vinylidene fluoride (PVdF) and the sluny was pasted on a copper current collector. The 

electrode was dried at 1 20 'C under vacuum for half a day. After drying, the electrode 

contained 80 wi.o/o graphite and 20 wi.o/o PVdF. Electrolyie solutions were prepared by 

mixing the fluorine compound A, B, C, D, E or F with I .O mol/dm3 LiCI04 - EC/DEC (1:1 

vol.) and/or I .O mol/dm3 LiCI04 - EC/DEC/PC (1:1:1 vol.) (Kishida Chemicals, Co. Ltd., 

H20: 2-5 ppm). Fluorine compounds A, B, C, D, E and F are mixed with EC/DEC and 

EC/DEC/PC in whole range of composition at room temperature. For cyclic voltammetry 

study, 0.5 mol/dm3 LiCI04 - EC/DEC/(A, B or C) (1:1:2 vol.) and 0.5 mol/dm3 LiCI04 -

EC/DEC/PC/(D, E or F) (1:1:1:3 vol.) were used. Cyclic voltammograms were obtained 

using NG5 um at a scan rate of 0.1 mV/s for A, B or C-mixed electrolyie solution and using 

NG15 um at a scan rate of 0.1 mV/s for D, E or F-mixed one (Hokuto Denko, HZ-5000). For 

galvanostatic charge/discharge experiments, the mixing ratios of solvents were I : I : I vol. in 

0.67 mol/dm3 LiCI04 - EC/DEC/(A, B or C) and I : I : I : I .5 vol. in 0.67 mol/dm3 LiCI04 -

EC/DEC/PC/(A, B, C, D, E or F). Preparation of I .O mol/dm3 LiCI04 - EC/DEC/(A, B, C, D, 

E or F) (1 : I : I vol.) can be made at room temperature by dissolving LiCI04 in 0.67 mol/dm3 

LiCI04 - EC/DEC. However, the 0.67 mol/dm3 LiCI04 - EC/DEC and EC/DEC/PC solutions 

were used in the present study to simplify the experiments. Galvanostatic charge/discharge 
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cyclings were performed at a current density of 60 rDA/g between O and 3.0 V vs. Li/Li 

reference electrode in a glove box filled with Ar at 25 'C (Hokuto Denko, HJIOOI SM8A). 

5-3 Results and Discussion 

5-3-1 Surface structure of natural graphite samples 

Table I shows BET surface areas and total pore volumes and R values of natural graphite 

samples used in this study. Surface area decreased with increasing particle size of natural 

graphite powder. In particular NG5 um and NGIO um have large surface areas. Change in the 

pore volume has the same trend. In mesopore size distributions, NG5 um, NG I O um and 

NG 1 5 um have the larger peaks at a diameter of 2.3 um in mesopore distributions while 

NG25 um and NG40 um show the smaller peaks at a diameter of 2.0 nm. The peak height 

decreased with increasing average particle size of natural graphite powder. The Raman 

spectra of five natural graphite samples had strong G-bands ( 1 5 80 cm~1) and very week 

D-bands (1360 cm~1) as shown Fig. I . The peak intensity ration of D-band to G-band is 

defined as the R value (= ID/IG) indicating the degree of surface disorder of carbon materials. 

R values of frve natural graphite samples were in range of 0.23-0.27, which shows that the 

surface disorders of frve samples are similar to each other. 

Table I. Surface structure ofnatural graphite samples. 

Natural 

graphite 

Surface area Pore volwne 

( 2 -1¥ 3 1 m g / (cm g~ ) 

R value 

(=1 D /1 G ) 

NG5 um 
NGIO um 
NG15 uIn 

NG25 um 
NG40 um 

13.9 

9.2 

6.9 

3.7 

3.2 

0.047 

0.035 

0.026 

0.009 

0.010 

0.23 

0.23 

0.25 

0.26 

0.27 
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Figure I . Raman spectra ofnatural graphite samples. 

5-3-2 HOMO and LUMO energies of fluorine compounds 

Substitution of fluorine for hydrogen increases anti-oxidation ability of organic compounds. 

Table 11 shows HOMO and LUMO energies of fluorine compounds A, B, C, D, E and F used 

in the present study in comparison with those for A-H, B-H, C-H, D-H, E-H and F-H 

consisting of only C, H and O. HOMO energies are the lower in fluorine compounds A, B, C, 

D, E and F than A-H, B-H, C-H, D-H, E-H and F-H, respectively. It suggests that fluorine 

compounds A, B, C, D, E and F are stronger against electrochemical oxidation than A-H, 

B-H, C-H, D-H, E-H and F-H, respectively. However, LUMO energies are simultaneously 

decreased by fluorine introduction into organic compounds. It also suggests that the 

compounds A, B, C, D, E and F are electrochemically reduced at higher potentials than A-H, 

B-H, C-H, D-H, E-H and F-H, respectively. 
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Table II. HOMO and LUMO energies of fluorine compounds and the same type carbonates 

consisting of C, H and O, calculated by Spatan'06 semi-empirical method using AMI . 

Compound A-H A B -H B 
HOMO energy (kJ/mol) 

LUMO energy (kJ/mol) 

-1068.5 

100.4 

-1146.0 

64.2 

-1122.1 

111.3 

-1183.6 

-1.3 

Compound C -H C D-H D 
HOMO energy (kJ/nrol) 

LUMO energy (kJ/mol) 

-1100.2 

100.6 

-1151.1 

15.5 

-1105.0 

133.5 

-1165.0 

60.2 

Compound E-H E F-H F 
HOMO energy (kJ/mol) 

LUMO energy (kJ/mol) 

-1099.4 

132.4 

-1207.0 

2.0 

-1150.4 

133.6 

-1191.2 

86.9 

5-3-3 Thermal stability of fluorine compounds 

Figure 2 shows DSC profiles for the mixtures of 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, 

B, C, D, E or F) and NG15 um. Exothermic reactions of EC/DEC/PC/(A, B, C, D, E or F) 

started at 290, 289, 296, 290, 289 and 249 "C, respectively. The starting temperatures were 

higher in EC/DEC/PC/(A, B, C, D or E) than in EC/DEC/PC (271 'C). In addition, 

exothermic peaks of EC/DEC/PC/(A, B, C, D or E) were observed at 301, 300<, 300, 300< 

and 296 'C, respectively, which were also higher than that for EC/DEC/PC (281 'C). The 

thermal stability of F is slightly lower than that for EC/DEC/PC. Thus the mixing of 

organo-fluorine compounds (A, B, C, D or E) with EC/DEC/PC highly increases thermal 

stability of electrolyie solutions. 

f 

- 71 -



~ 
~ 

~ ~ 
o 5:: 

~. e~o 

~~ 

S~ 

g~ 

~~ 

~~ 

~ 

cec 
'DosG~i~eo~ooa~afoss~~lBo~essiseel ee 

e' 
elel"'1'1'1"'oee'e'oeoe'ee'l'lele'e'ee 

() 
eee8c#esreevse¥eseeeeeeeeeeeses'eeeeoeeeeeeeeeeesoeeeeeecee 

¥A/ 

150 200 250 300 
e' 

'e 

e~ e' ~) ~, 
e~e~~Fae~~B~~~~~~~e~c~ , 

eo 'oeoeoeoee'oee'eeleeee'e"eeeeeeeo se 
e~ee 

esesseseeseeeeseeeeeeeeee8esseeeeeeoseseeeeseeseeeeseeesseee 

(X) 

150 200 250 300 Temperature / *C 

Figure 2. DSC profiles for mixtures of 0.67 mol/dm3 LiCI04 

- EC/DEC/PC/(A, B, C, D, E or F) (1 :1 : I : I .5 vol.) and NG15 um. 

(X) EC/DEC/PC, (a) EC/DEC/PC/A, (b) EC/DEC/PC/B, (c) EC/DEC/PC/C 

(d) EC/DEC/PC/D, (e) EC/DEC/PC/E, (~ EC/DEC/PC/F 

5-3-3 Electrochemical oxidation of fluorine compounds 

Figure 3 shows oxidation currents in EC/DEC, EC/DEC/PC and fluorine 
compound-containing EC/DEC and EC/DEC/PC solutions. Oxidative decomposition started 

at ca. 6.0 V vs. LyLi+ for all solutions. Gas evolution was also observed above 6.0 V vs. 

Li/Li+. However, oxidation currents were much smaller in EC/DEC/(A, B or C) and 

EC/DEC/(D, E or F) than in both EC/DEC and EC/DEC/PC at the higher potentials than 6.0 

V vs. Li/Li+, being largely diminished by the mixing of fluorine compound by 3 3 .3 vol. Large 

reduction of oxidation currents would have been caused by the decrease in electrode area due 

to adsorption of stable fluorine compounds on a Pt electrode surface. Thus the mixing of 

organo-fluorine compounds with EC/DEC and EC/DEC/PC highly increases anti-oxidation 

ability of electrolyie solutions. 
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Figure 3 . Linear sweep voltammograms for Pt wire electrode 

in 0.67 mol/dm3 LiCI04 - EC/DEC (1 : I vol.), EC/DEC/PC (1 : I : I vol.), 

EC/DEC/(A, B, C, D, E or F) (1 : I : I vol.). 

(X) EC/DEC, (Y) EC/DEC/PC, (a) EC/DEC/A,(b) EC/DEC/B 

(c) EC/DEC/C, (d) EC/DEC/PC/D, (e) EC/DEC/PC/E, (D EC/DEC/PC/F. 

5-3-4 Electrochemical reduction of fluorine compounds 

Cyclic voltammograms obtained in fluorine compound-containing solvents were shown in 

Fig. 4, in which the large reduction currents indicating the decomposition of fluorine 

compounds A, B, C, D, E and F were observed. The electrochemical reduction of A, B, C, D, 

E and F started at 2.0, 2.2, I .9, 2.3, 2.7 and 2.4 V vs. Li/Li , respectively. Since the reduction 

of EC, DEC and PC starts at I .4, I .3 and I .0-1.6 V vs. Li/Li+ [28, 29], respectively, Fig. 4 

shows that all fluorine compounds used in the present study are reduced at the higher 

potentials than EC, DEC and PC as suggested by the result ofmolecular orbital calculation in 

Tabl~ II. 
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5-3-5 Charge/discharge 

-confaining solvents 

behavior of natural gra phite sam ples in fluorine com pound 

In 0.67 mol/dm3 LiCI04 - EC/DEC and EC/DEC/(A, B or C) solutions, charge/discharge 

capacities and coulombic efficiencies at the first cycle were similar to each other (Table 111. 

(a), Table IV. (a) and Table V. (a)). Charge capacities at the first cycle were in the range of 

358-329 mAhg~1 in both EC/DEC and EC/DEC/(A, B or C), slightly decreasing from NG5 to 

NG40 um, i.e., with increasing average particle size. The first coulombic efficiency increased 

from 75.1 o/o (NG5 um) to 85.7 o/o (NG40 um) with decreasing surface area of natural 

graphite though the actual current density increases with decreasing surface area. It means 

that SEI is quickly fonued on natural graphite powder by the decomposition of EC and 

fluorine compound A, B or C. In EC/DEC/(A, B or C), the first coulombic efficiencies were 

in the range of 76.3-87.1, 74.4-88.4, and 72.3-87.5 o/o, respectively, also increasing from NG5 

to NG40 um. In the case of NG15 um, the first coulombic efficiencies slightly increased by 

the addition of B and C to EC/DEC. The results show that fluorine compounds A, B and C 

contribute well to the SEI formation without increasing the irreversible capacity. First charge 

capacities somewhat decreased with increasing average particle size of natural graphite 

probably due to the slow Li diffusion in graphene layers. 

lr 

Table 111. First charge/discharge capacities and first coulombic efficiencies 

for natural graphite samples in 0.67 mol/dm3 LiCI04 - (a) EC/DEC/A (1 : I : I vol.) 

and (b) EC/DEC/PC/A (1 : I : I : I .5 vol.). 

(a) 0.67 mol/dm3 LiCI04 - EC/DEC/A (1:1:1 vol.) 

Natural 

Graphite 

First discharge 

capacity / mAhg~1 

EC/DEC EC/DEC/A 

First charge 

capacity / mAhg~1 

EC/DEC EC/DEC/A 

First coulombic 

efficiency / */* 

EC/DEC EC/DEC/A 
NG5 um 
NGIO um 
NG15 um 

NG25 um 
NG40 um 

476 

446 

439 

407 

387 

467 

427 

434 

413 . 

378 

358 

348 

341 

348 

332 

357 

333 

329 

342 

329 

75.1 

78.0 

77.7 

85.6 

85.7 

76.3 

77.9 

75.9 

82.7 

87.1 

(b) 0.67 mol/dm3 LiCI04 - EC/DEC/PC/A (1:1:1:1.5 vol.) 

Natural 

Graphite 

First discharge 

capacity / mAhg~1 

EC/DEC EC/DEC 
/PC /PC/A 

First charge 

capacity / mAhg~1 

EC/DEC EC/DEC 
/PC /P C IA 

First coulombic 

efficiency / "/* 

EC/DEC 
/PC 

EC/DEC 
/PC/A 

NG5 um 
NGIO um 
NG15 um 
NG25 um 
NG40 um 

485 

551 

608 

622 

579 

489 

475 

48 1 

447 

452 

349 

341 

352 

337 

314 

350 

332 

334 

342 

314 

72.1 

61.9 

58.0 

54.1 

54.3 

71.7 

69.8 

69.4 

75.7 

69.6 
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　　　TableIV．Firstcharge／discharge　capacities　andfirstcoulombic　efficiencies

　　　飴maturalgraphite－samplesinO．67m・11dm3LiC104一（a）ECDECB（1：1：1v・1．）

　　　and（b）EC／工）EC／PCB（1：1：1：15vo1．）．

　　　　　　　　　　　　ヨ　　　　　　　　　　　　　　　　　ご
（a）O．67mol／dm　LiClO4－ECIDECIB（13131voL）

Natural

Graphite

　　　Firstdischarge

　　　　　　　　　　　　　－1
　　capaci重y／血h琴

EC／DEC　　　ECπ》EC／B

　　　First　charge

　　　　　　　　　　　　－1
　　capaci重y／n翅Lhg

ECIDEC　　　EC／DIEC／B

　　First　coulombic

　　　efficiency1％

EC／1》EC　　　EC／DECIB

NG5μm
NGlOμm

NG15μm

NG25μm

NG40μm

476

446

439

407

387

476

430

413

402

379

358

348

341

348

332

354

345

349

329

335

75．1

78．0

77．7

85．6

85．7

74．4

80．3

84．4

82．0

88．4

（b）O．67m・1／dm3LiClO4－Eq》ECIPCB（1：131：1．5v・1．）

Natural

Graphite

　　　Firstdischarge

　　　　　　　　　　　　　卿1
　　capacitylmAhg

EC／DEC　　　EC／DEC

　／PC　　　　　　／PαB

　　　First　charge

　　　　　　　　　　　　－1
　　capaci砲／nLへhg

ECII）EC　　　　ECZDEC

　／PC　　　　　　ZPC／B

First　coulombic

efficiency1％

EC／DEC

　／PC

EC／1｝EC

／PC／B

NG5μm
NGIOμm

NG15μm

NG25μm

NG40μm

485

551

608

622

579

479

458

403

402

361

349

341

352

337

314

347

356

329

329

317

72．1

61．9

58．0

54．1

54．3

72．4

77．8

81．6

82．0

87．7
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　　　TableV．：Firstcharge／discharge　capacities　andfirstcoulombic　efficiencies

　　　飾maturalgraphitesamplesinO．67m・1／dm3LiCIO4一（a）ECDEC／C（1：1：lv・1．）

　　　an（1（b）EC／T）EC∠PC／C（1：1：1：1．5vo1．）．

　　　　　　　　　　　　　
（a）0．67mol／αm　LiCIO4－ECIDEC／C（13131vo1．）

Natural

Graphite

　　First　discharge

　　caゆacity／血hg－1

EC／1）EC　　　EC／DECIC

　　　Firstcharge
　　　　　　　　　　　　－1
　　capaci砲／n1Ahg

EC／DEC　　　EC∠DEC／C

　　Firstcoulombic

　　　emciency／％

ECIDEC　　　EC／DEC／C

NG5μm
NGIOμm

NG15μm

NG25μm

NG40μm

476

446

439

407

387

494

434

422

406

390

358

348

341

348

、332

357

349

354

350

341

75．1

78．0

77．7

85．6

85．7

72．3

80．3

84．0

86．2

87．5

（b）0．67mol／“m3LiClO4－ECIDEC／PCIC（111：1：1．5vol．）

Natural

Graphite

　　First　discharge

　　　　　　　　　　　　、1
　　capaci妙／n溢hg

ECIDEC　　　　ECIDEC

　lPC　　　　　　　IPCIC

　　　First　charge

　　　　　　　　　　　　－1
　　capaci轄／nL生hg

ECIDEC　　　　ECIDEC

　／PC　　　　　　／PCIC

First　coulombic

emciency／％

ECIDEC
　／PC

EC／1｝EC

／PC／C

NG5μm
NG10μm

NG15μm

NG25μm

NG40μm

485

551

608

622

579

485

509

556

434

423

349

341

352

337

314

354

331

350

349

331

72．1

61．9

58．0

54．1

54．3

73．0

65．1

63．0

80．3

78．3
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Table VI. First charge/discharge capacities and first coulombic efficiencies 

for natural graphite samples in 0.67 mol/dm3 LiCI04 - (a) EC/DEC/PC/D, 

(b) EC/DEC/PC/E and (c) EC/DEC/PC/F (1 : I : I : I .5 vol.). 

(a) 0.67 mol/dln3 LiCI04 - EC/DEC/PC/D (1:1:1:1.5 vol.) 

Natural 

Graphite 

First discharge 

capacity / mAhg~1 

EC/DEC EC/DEC 
/PC /PC/D 

First charge 

capacity / mAhg~1 

EC/DEC EC/DEC 
/PC /P C ID 

First coulombic 

efficiency / o/o 

EC/DEC 
/P C 

ECIDEC 
/P C ID 

NG15 um 
NG25 um 

608 

622 

529 

517 

352 

337 

341 

354 

58.0 

54.1 

64.4 

68.4 

(b) 0.67 mol/dm 
3 
LiCI04 - EC/DEC/PC/E (1 : I :1 : 1.5 vol.) 

Natural 

Graphite 

First discharge 

capacity / mAhg~1 

ECIDEC EC/DEC 
/PC /PC/E 

First charge 

capacity / mAhg~1 

EC/DEC EC/DEC 
/PC /PC/E 

First coulombic 

efficiency / olo 

EC/DEC 
/PC 

ECIDEC 
/PC/E 

NG15 um 
NG25 um 

608 

622 

464 

43 1 

352 

337 

356 

348 

58.0 

54.1 

76.7 

80.8 

(c) 0.67 mol/dm 
3 
LiCI04 - EC/DEC/PC/F (1 :1 :1 :1.5 vol.) 

Natural 

Graphite 

First discharge 

capacity / mAhg~1 

EC/DEC EC/DEC 
/PC /PC/F 

First charge 

capacity / mAhg~1 

ECfDEC EC/DEC 
/PC /PC/F 

First coulombic 

efficiency / "/o 

EC/DEC 
/PC 

EC/DEC 
/PC/F 

NG15 um 
NG25 unl 

608 

622 

482 

448 

352 

337 

362 

352 

58.0 

54.1 

75.1 

78 . 7 

SEI formation on high crystalline natural graphite is slow in PC-containing solvents, which 

normally causes large increase in irreversible capacity. In fact, first coulombic efficiency 

decreased from 72.1 o/o (NG5 um) to 54.3 o/o (NG40 um) with decreasing surface area, i.e. 

with increasing actual current density in 0.67 mol/dm3 LiCI04 - EC/DEC/PC as shown Table 

III, IV, V and VI. However, discharge capaeities at first cycle were decreased by addition of 

the fluorine compounds to EC/DEC/PC except NG5 um. The decrease in the first discharge 

capacities for natural graphite samples were in the range of 76-127, 93-220, 42-188, 79-105, 

144-191 and 126-174 nlAhg~1 in EC/DEC/PC/(A, B, C, D, E or F), respectively, increasing 

from NGIO to NG40 um. Charge capacities were similar to each other in both EC/DEC/PC 

and EC/DEC/PC/( A, B, C, D, E or F) in most of the cases (charge capacities: 352-314 

mAhg~1 in EC/DEC/PC, 350-314 rDAhg~1 in EC/DEC/PC/A, 356-317 mAhg~1 in 

EC/DEC/PC/B, 354-33 1 mAhg~1 in EC/DEC/C, 341-354 mAhg~1 in EC/DEC/PC/D, 348-356 

mAhg~1 in EC/DEC/PC/E and 352-362 mAhg~1 in EC/DEC/PC/F). Consequently the first 

coulombic efficiencies were increased by the mixing of the fluorine compounds with 

~ 
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EC/DEC/PC as shown in Tables 111-VI except NG5 um. The addition of fluorine compounds 

was not effective for increasing the first coulombic efficiencies of NG5 um probably because 

of its large surface area, where actual current density was relatively small. Nevertheless the 

results clearly show that the fluorine compounds A, B, C, D, E and F can be used as solvents 

for all natural graphite samples including NG5 um because no increase in irreversible 

capacity was observed. The increase in the first coulombic efficiency by the addition of a 

fluorine compound was larger as the surface area of natural graphite decreased, i.e., from 

NG I O to NG40 um, which suggests that high values of the frrst coulombic efficiencies can 

also be obtained at high current densities. These results mean that the addition of A, B, C, D, 

E and F to the EC/DEC/PC mixture highly facilitates SEI formation on natural graphite 

electrodes of NGIO-NG40 um. Among the three fluorine compounds examined, B was the 

best in increasing the first coulombic efficiencies of natural graphite electrodes. The same 

phenomena were also seen in the first charge/discharge potential curves obtained in 0.67 

mol/dm3 LiCI04 - EC/DEC/PC and EC/DEC/PC/(A, B, C, D, E or F) solutions (Figs. 5-8). In 

0.67 mol/dm3 LiCI04 - EC/DEC/PC, potential plateaus indicating the electrochemical 

reduction of PC are observed at 0.8 V vs. Li/Li+. The potential plateau becomes longer with 

decreasing surface area from NG5 to NG40 um, consistent with the decrease in the first 

coulombic efficiency. The potential plateaus showing the reduction of PC almost disappeared 

by mixing fluorine compounds A, B, C, D, E or F with EC/DEC/PC as shown in Figs. 5-8 

except NG5 um. In the case of NG5 um, no change in the potential curves was observed by 

the addition of fluorine compounds. Figures 9-12 show charge capacities and coulombic 

efficiencies as a function of cycle number, obtained in 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, 

B, C, D, E or F). Cycleability was good in all cases, and coulombic efficiencies approached 

1 OO o/o after several cycles. The first coulombic efficiencies were increased by the addition of 

fluorine compounds A, B, C, D, E and F to EC/DEC/PC except for NG5 um. This trend was 

more evident with increasing average particle size of natural graphite. Even after the first 

cycle, coulombic efficiencies were higher in EC/DEC/PCl(A, B, C, D, E or F) solutions than 

in EC/DEC/PC itself in many cases. In the case ofNGIO and NG15 um, the charge capacities 

were slightly lower in EC/DEC/PC/(A, B, C or D) solutions than in EC/DEC/PC in most of 

the cases, which could be due to the increase in the resistances of SEI films containing 

fluorine groups because SEI resistance was increased by the introduction of fluorine groups 

into SEI, while charge transfer resistance was reduced [30]. The results obtained show that the 

mixing of the fluorine compounds A, B, C, D, E and F with EC/DEC/PC not only improves 

the antioxidation ability of electrolyie solutions but also increases the first coulombic 

efficiencies, i.e., reduces irreversible capacities. 
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5-4 Conclusions 

The electrochemical behavior of organo-fluorine compounds has been studied in EC/DEC 

and EC/DEC/PC mixtures using natural graphite electrodes. Electrochemical oxidation using 

a Pt wire electrode was largely suppressed by the mixing of fluorine compounds A, B, C, D, 

E and F with EC/DEC and EC/DEC/PC. The oxidation current was much smaller in 0.67 

mol/dm3 LiCI04 - EC/DEC/(A, B or C) and EC/DEC/PC/(D, E or F) than in 0.67 mol/dm3 

LiCI04 - EC/DEC and EC/DEC/PC at potentials higher than 6.0 V vs. Li/Li+. A cyclic 

voltammetry study showed that the electrochemical reduction of fluorine compounds A, B, C, 

D, E and F started at ca. I .9-2.7 V vs. LVLi , which is a higher potential than those of EC, 

DEC, and PC. However charge/discharge capacities and first coulombic efficiencies were 

nearly the same in 0.67 mol/dm3 LiCI04 - EC/DEC and EC/DEC/(A, B or C). Furthermore 

the mixing of fluorine compound A, B, C, D, E or F with EC/DEC/PC diminished the 

electrochemical reduction of PC at the first cycle, highly increasing the first coulombic 

efficiencies for natural graphite electrodes in 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, B, C, D, 

E or F) except NG5 um in 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, B or C). The increment in 

the first coulombic efficiency by the mixing of the fluorine compound with EC/DEC/PC 

increased with decreasing surface area of natural graphite from NGIO to NG40 um. These 

results show that fluorine compounds A, B, C, D, E and F not only give antioxidation ability 

to electrolyie solutions but also contribute to the SEI formation on natural electrodes. From 

the viewpoint of theamal and electrochemical oxidation stability, fluoro-carbonates, A, B, C, 

D and E are good candidates as nonflammable solvents for lithium-ion batteries. 
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Chapter 6 

Thermal stability and electrochemical properties of 

fluorine-containing ethers and ester as 

nonflammable solvents for lithium-ion batteries 

6-1 Introduction 

Lithium-ion batteries with high rate charge and discharge are urgently requested for their 

application to hybrid cars and electric vehicles. However, Iithium-ion batteries have a 

possibility of firing and/or explosion at high temperatures, by short circuit, by overcharging 

and so on since they use flammable organic solvents. The high safety is one of the most 

important issues for the practical use of lithium-ion batteries, especially for the application to 

hybrid cars and electric vehicles. In order to improve the theamal and oxidation stability of 

lithium-ion batteries, new additives or solvents for electrolyie solutions have been 

investigated [ I -35]. Most of them are phosphorus compounds (phosphates) having flame 

retardant properties. Thennal stability and electrochemical properties of trimethyl phosphate 

(TMP) were investigated in various solvents [1-5], with which TMP was mixed by 20-30010. 

Phosphates with phenyl groups such as triphenyl phosphate (TPP), tributyl phosphate (TBP) 

and cresyl diphenyl phosphate (CDP) were added to solvents by 3-5 wio/o as additives, which 

improved thermal stability of lithium-ion batteries [6-9]. Fluorine-containing phosphorus 

compounds such as tris-(2,2,2-trifluoroethyl) phosphate (TFP), bis-(2,2,2-trifluoroethyl) 

methyl phosphate (BMP) and (2,2,2-trifluoroethyl) diethyl phosphate (TDP) [ I 0-13] were 

mixed with solvents by 20-400/0 to investigate thennal stability and electrochemical properties. 

Among these phosphates, it was shown that TFP was the best compound. Thermal stability of 

TFP, TPP and vinyl ethylene carbonate (VEC) was also studied [ 1 4] . Other phosphorus 

compounds examined as flame r~tardant solvents or additives are 4-isopropyl phenyl diphenyl 

phosphate (IPPP) [15, 16], diphenyloctyl phosphate (DPOF) [17, 1 8], hexamethyl 

phosphoramide (HMPA) [ 1 9] , dimethyl methyl phosphonate (DMMP) [20] , 
tri-(p-chloromethyl) phosphate (TCEP) [2 1 J , and aromatic phosphorus-containing esters [22], 

dimethyl methyl phosphate (DMMP) [23], trimethyl phosphate (TEP) [24], dimethyl 

(2-methoxyethoxy) methyl phosphate (DMMEMP) [25] and diphenyloctyl phosphate (DPOF) 

[26]i It was shown that these phosphorus compounds improved thermal stability of 

lithium-ion batteries. In addition, cyclohexyl benzene [2 1 J , hexamethoxycyclotriphosphazene 

[27], fluorinated phophazenes [28], Iithium difluoro (oxalate) borate (LiDFOB) [29], and 

vinyl-tris-(methoxydiethoxy) silane (VTMS) [30] were also investigated. Several papers were 
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quite recently published for the effect of organo-fluorine compounds on the electrochemical 

oxidation stability and charge/discharge behavior [3 1 -34]. It was reported in these papers that 

fluoro-esters [3 1 J , allyl tris-(2,2,2-trifluoroethyl) carbonate (ATFEC) [32] , 

2-trifluoromethyl-3-methoxy perfluoropentane (TMMP) [33], and fluoro-carbonates [34] gave 

the positive effects to oxidation stability of electrolyie solutions and battery performance. In 

our previous paper [34], mixing of cyclic or linear fluoro-carbonate with I .O mol/dm3 LiCI04 

- EC (ethylene carbonate)/DEC (diethyl carbonate)/PC(propylene carbonate) highly increased 

not only oxidation stability of electrolyie solutions but also first coulombic efficiencies for 

natural graphite electrode [34]･ Fluoro-carbonates used are very stable against electrochemical 

oxidation at high potentials. They are electrochemically reduced at the higher potentials than 

EC, DEC and PC, easily fornring protective surface film (Solid Electrolyie Interface: SEI) on 

graphite electrode. Mixing ofthe fluoro-carbonates therefore 'enables the use of PC-containing 

solvents for graphite electrode. It was also found that these fluoro-carbonates can be used for 

1 .O mol/dm3 LiCI04 - EC/DEC without decreasing first coulombic efficiency [34]･ Fluorine 

substitution of organic compounds reduces HOMO/LUMO Ievels [34, 3 5]. Organo-fluorine 

compounds are new type candidates as nonflammable solvents for lithium-ion batteries 

because the decrease in HOMO Ievels gives high oxidation stability to fluorine compounds. 

However, the decrease in LUMO Ievels due to fluorine substitution simultaneously increases 

reduction potentials of organic compounds, which causes electrochemical decomposition of 

fluorine compounds. If electrochemical reduction of fluorine compounds continues without 

forming SEI on carbon anode, irreversible capacity largely increases. However, if 

decomposed products quickly form SEI, such fluorine compounds can be used as 

nonflammable solvents. Other important problems are miscibility of fluorine compounds with 

polar solvents for lithium-ion batteries such as EC, PC, DEC and solubilities of inorganic 

electrolyies. The fluoro-carbonates examined in a previous paper [34] solved these problems, 

meeting the request as nonffamnrable solvents for lithium-ion batteries. In the present study, 

thermal stability and electrochemical reactions of fluoro-ethers, fluoro-ester and 

fluoro-carbonates were investigated and charge/discharge characteristics of natural graphite 

electrodes were studied in the fluorine compound-mixed electrolyie solutions to develop new 

nonflammable solvents for lithium-ion batteries. 

6-2 Expenmental 

6-2-1 Natural graphite samples 

Natural graphite samples (purity: >99.95 o/o) with average particle sizes of 1 5 and 25 um 

(abbreviated to NG15 um and NG25 um) were used for cyclic voltammetry and 

charge/discharge cycling. The doo_2 values obtained by X-ray diffractometry (XRD-6100, 

Shimadzu) were 0.3355 and 0.3358 nm for NG15 um and NG25 um, respectively. Surface 
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areas and meso-pore volumes obtained by BET surface area measurement (Tristar 3000, 

Shimadzu) were 6.9 and 3.7 m2/g, and 0.026 and 0.009 cm3/g for NG15 um and NG25 um, 

respectively. Peak intensity ratios of D-band to G-band (R=1D/IG) obtained by Raman 

spectroscopy (NRS-1000, Jasco) with Nd:~/04 Iaser (532 nm) were nearly the same as each 

other (0.25 and 0.26. for NG15 um and NG25 um, respectively). 

6-2-2 Organo-fluorine compounds 

The following ether, ester and carbonate type organo-fluorine compounds (purity: 99.9 olo, 

H20: < I O ppm), synthesized in Daikin Industries, Ltd., were examined in the present study. 

Among them, the compounds, 1-III were used only for differential scauning calorimetry 

(DSC) measurement because their electrochemical properties were already reported in a 

previous paper [34]-

A : 3 -( I , I ,2,2-tetrafluoroethoxy)- I , I ,2,2-tetrafluoropropane 

HCF2CF2CH20CF2CFCIH 

B : 3-(2-chloro- I , I ,2-trifluoroethoxy)- I , I ,2,2-tetrafluoropropane 

HCF2COOC2H5 
C : ethyl 2,2-difluoroacetate 

HOMO and LUMO energies of organo-fluorine compounds A, B and C were calculated by 

Spartan'06 semi-empirical method using AM1, being compared with those for the same type 

compounds without F: ethoxy propane (A-H), 2-chloroethoxy propane (B-H) and ethyl 

acetate (C-H), in which H is substituted for F. 

6-2-3 Thermal stability of organo-fluorine compound-mixed electrolyte solutions 

Thermal stability of organo-fluorine compound-mixed electrolyie solutions was examined 

by differential scauning calorimetry (DSC-60, Shimadzu). DSC measurement was carried out 

using an airtight A1 cell containing a mixture of 0.67 mol/dm3 LiCI04 - EC/DEC/PC (1:1:1 

vol., 3 ue) (Kishida Chemicals, Co. Ltd., H20: <10 ppm for I .O mol/dm3 - EC/DEC and PC) 

or EC/DEC/PC(A, B and C) (1:1:1:1.5 vol., 3ue) and NG15 um (0.8 mg) between room 

temperature and 300 'C at a temperature scan speed of 5 "C/min. 
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6-2-4 Electrochemical measurements 

Oxidation currents for 0.67 mol/dm3 LiCI04 - EC/DEC/PC (1 : I : I vol.) and EC/DEC/PC/(A, 

B and C) (1:1:1:1.5 vol.) were measured by linear sweep of potential at 0.1 mV/s using Pt 

wire electrode (Hokuto Denko, HZ-5000). Counter and reference electrodes were lithium foil. 

Three-electrode cell with natural graphite as a working electrode and lithium foil as counter 

and reference electrodes was used for cyclic voltammetry study and galvanostatic 

charge/discharge experiments. Natural graphite electrode was prepared as follows. Natural 

graphite powder was dispersed in N-methyl-2-pyrrolidone CNMP) containing 1 2 wi.o/o poly 

vinylidene fluoride (PVdF) and the sluny was pasted on a copper current collector. The 

electrode was dried at 1 20'C under vacuum for half a day. After drying, the electrode 

contained 80 wi.o/o graphite and 20 wi.o/o PVdF. Electrolyte solutions were prepared by 

mixing the fluorine compound A, B and C with I .O mol/dm3 LiCI04 - EC/DEC/PC ( I : I : 1 

vol.). Organo-fluorine compounds A, B and C are mixed with I .O mol/dm3 LiCI04 - EC/DEC 

and EC/DEC/PC in whole range of composition at room temperature. For cyclic voltammetry 

study, 0.5 mol/dm3 LiCI04 - EC/DEC/PC/(A, B and C) (1:1:1:1.5 ･ vol.) was used. Cyclic 

voltammograms were obtained using NG15 um at a scan rate of 0.1 mV/s (Hokuto Denko, 

HZ-5000). The 0.67 moVdm3 LiCI04 - EC/DEC/PC/(A, B and C) (1:1:1:1.5 vol.) was used 

for galvanostatic charge/discharge experiments. Preparation of I .O mol/dm3 LiCI04 -

EC/DEC/(A, B and C) (1:1:1 vol.) and EC/DEC/PC/(A, B and C) (1:1:1:1.5 vol.) can be 

made at room temperature by dissolving LiCI04 in 0.67 mol/dm3 LiCI04 - EC/DEC/(A, B and 

C) and EC/DEC/PC/(A, B and C) ( I : I : I : I .5 vol.), respectively. However, the 0.67 mol/dm3 

LiCI04 - EC/DEC/PC/(A, B and C) (1 : I : I : I .5 vol.) was used for charge/discharge cyclings to 

simplify the experiments. Galvanostatic charge/discharge cyclings were performed using 

NG15 um and NG25 um at a current density of 60 rDA/g between O and 3 .O V vs. Li/Li 

reference electrode in a glove box filled with Ar at 25 'C (Hokuto Denko, HJIOOI SM8A). 

6-3 Results and Drscussron 

6-3-1 HOMO and LUMO energies of organo-fluorine compounds 

Table I shows HOMO and LUMO energies of organo-fluorine compounds used in the 

present study and the same type compounds in which fluorine atoms are replaced by hydrogen. 

Both HOMO and LUMO Ievels are decreased by fluorine substitution. The decrements in the 

HOMO and LUMO energies are qualitatively proportional to the numbers of substituted 

fluorine atoms. The result suggests that oxidation stability of organic compounds is improved 

by fluorine substitution, however, their reduction simultaneously becomes easy, i.e. their 

reduction potentials are elevated. 
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Table I. HOMO and LUMO energies of fluorine-containing ethers and ester and the same 

type compounds without F, calculated by Spartan'06 semiempirical method using AMI . 

Compound A-H A B -H B C-H C 
HOMO energy (kJ/mol) 

LUMO energy (kJ/mol) 

-1002.5 

285.2 

-1154.4 

23.0 

-1031.7 

122.9 

-1143.2 

-12.4 

-1069.9 

109.1 

-1100.8 

40.9 

6-3-2 Thermal stability of fluorine compound-mixed electrolyte solutions 

Thermal stability of fluorine compound-mixed electrolyie solutions mixed with NG15 um 

was evaluated by DSC measurement. DSC curves obtained are shown in Fig. I . The 0.67 

mol/dm3 LiCI04 - EC/DEC/PC had an exothermic peak at 2 8 1 "C (Fig. I (a)). Exothermic 

peaks for fluoro-ethers, A and B-mixed solutions were observed both at a slightly higher 

temperature of 286 'C (Fig. I (b) and (c)). Fluoro-ester, C-mixed solution gave an exothermic 

peak at a similar temperature of 284 'C (Fig. 1(d)). The DSC measurement showed that 

fluoro-ethers, A and B improve the thermal stability of lithium-ion batteries. 
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Figure I . DSC profiles for 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, B or C) ( I : I : I : I .5 vol.) 

(X) EC/DEC/PC, (a) EC/DEC/PC/A, (b) EC/DEC/PC/B, (c) EC/DEC/PC/C 

6-3-3 Electrochemical~oxidation of fluorine compound-mixed electrolyte solutions 

Figure 2 shows oxidation currents for 0.67 mol/dm3 LiCI04 - EC/DEC/PC and 

EC/DEC/PC/(A, B and C). No oxidation current was observed until 6.0 V vs. Li/Li+. After 6.0 

V vs. Li/Li+, the larger oxidation currents flowed in 0.67 mol/dm3 LiCI04 - EC/DEC/PC than 

in fluorine compound-mixed solutions. In particular, oxidation cun'ent abruptly increased at 

7.3 V vs. Li/Li in 0.67 mol/dm3 LiCI04 - EC/DEC/PC (Fig. 2(X)). Much smaller oxidation 

currents were observed in fluoro-ethers, A and B-mixed solutions (Fig. 2(a) and (b)), which 
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shows that fluoro-ethers, A and B have high stability against electrochemical oxidation. The 

oxidation current observed in fluoro-ester, C-mixed solution was relatively larger than in 

other fluorine compound-mixed ones (Fig. 2(c)). However, even in these cases, the oxidation 

currents were smaller than that in 0.67 mol/dm3 LiCI04 - EC/DEC/PC without fluorine 

compound before and after 7.3 V vs. Li/Li . 
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Figure 2. Linear sweep voltammograms for Pt wire electrode in 0.67 mol/dm3 LiCI04 

- EC/DEC/PC (1 : I : I vol.) and EC/DEC/PC/(A, B or C) (1 : I : I : I .5 vol.). 

(X) EC/DEC/PC, (a) EC/DEC/PC/A, (b) EC/DEC/PC/B, (c) EC/DEC/PC/C. 

6-3-4 Electrochemical reduction of fluorine compound-mixed electrolyte solutions 

Fluorine substitution of organic compounds reduces LUMO Ievels, i.e. elevates their 

reduction potentials. Figure 3 shows cyclic voltammograms obtained for 0.67 mol/dm3 

LiCI04 - EC/DEC/PC and EC/DEC/PC/(A, B and C). Reduction currents started to flow at 

2.1, 2.3 and 2.6 V vs. Li/Li+ for 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, B and C), 

respectively. Since electrochemical reduction of EC, DEC, and PC starts at I .4, I .3 and 

1 .0-1.6 V vs. Li/Li , respectively [36, 37], organo-fluorine compounds, A-C 

electrochemically decompose at the higher potentials than those for EC, DEC and PC. 

Fluoro-ether, A is electrochemically stable and B is also stable at a higher potential than I .O V 

vs. Li/Li , where only small reduction currents similar to that in 0.67 mol/dm3 LiCI04 -

EC/DEC/PC were observed. Fluoro-ester, C easily decomposed between I .O and 2.6 V vs. 

Li/Li , where the larger current flowed than in Fig. 3(a) and (b). 
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Figure 3 . Cyclic voltammograms for natural graphite 

in 0.5 mol/dm3 LiCI04 - EC/DEC/PC/(A, B or C) (1 : I : I : I .5 vol.) 

(a) EC/DEC/PC/A, (b) EC/DEC/PC/B, (c) EC/DEC/PC/C. 

: EC/DEC/PC, """""' : EC/DEC/PC/(A, B or C). 

3.0 

6-3-5 Charge/discharge characteristics 

compound-mixed electrolyte solutions 

of naiural graphite sam ples in fluorine 

First charge/discharge curves shown in Fig. 4 clearly indicate that potential plateaus at 0.8 

V vs. Li/Li+ due to the electrochemical reduction of PC were reduced and the electrode 

potentials were quickly lowered; approaching that of lithium-intercalated graphite by mixing 

of organo-fluorine compounds with 0.67 mol/dm3 LiCI04 - EC/DEC/PC, which suggests that 

the fluorine compounds electrochemically decompose prior to the decomposition of PC and 

facilitate the SEI formation. Fluoro-ethers, A and B were quite effective for the quick 

formation of SEI on graphite electrodes. In the electrolyie solutions containing the 

organo-fluorine compounds, A and B first coulombic efficiencies increased by 20-31 olo as 

surnmarized in Table II. Even in the solution with fluorine compound C, first coulombic 

efficiency increased by about 1 5 o/o. Table 11 indicates that first discharge capacities were 

largely reduced by mixing of organo-fluorine compounds. The decrements of first discharge 

capacities were 144- 1 80 and 122-2 1 5 mAhg~1 for NG15 um and NG25 um, respectively, 
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which is the main reason for the increase in first coulombic efficiencies. Thus organo-fluorine 

compounds decompose at the higher potentials than PC, EC and DEC, contributing to the 

formation of SEI on graphite. The charge capacities for NG15 um were similar to each other 

in the solutions with and without organo-fluorine compounds. Those for NG25 um were 

slightly increased by mixing of organo-fluorine compounds as shown in Fig. 4 and Table II. 

Fluorine-containing chemical species would be incorporated in SEI. Diffusion of Li ion may 

be easier in the SEI containing fluorine species because surface free energies of 

organo-fluorine compounds are low. Since surface are~ of NG25 um is smaller than that of 

NG15 um, actual current density would be larger for NG25 um than NG15 um. The higher 

kinetics for NG25 um may have increased the first charge capacities. Charge capacities and 

coulombic efficiencies for NG15 um and NG25 um are shown in Figs. 5 and 6, respectively 

as a function of cycle number. Cycleability for natural graphite samples was good and 

coulombic efficiencies quickly approached I OOo/o after first cycle. The results revealed that 

the organo-fluorine compounds examined in the study contributed to quick formation of SEI 

on natural graphite electrodes, increasing first coulombic efficiencies. From the viewpoint of 

thermal and electrochemical oxidation stability, fluoro-ethers A and B are good candidates as 

nonflammable solutions for lithium-ion batteries. 

Table II. First charge/discharge capacities and coulombic efficiencies 

for natural graphite electrode in 0.67 mol/dm3 LiCI04 - EC/DEC/PC (1 : I : I vol.) 

and EC/DEC/PC/(A, B or C) (1 : I : I : I .5 vol.). 
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6-4 Conclusrons 

Thermal stability were evaluated by DSC for 0.67 mol/dm3 LiCI04 - EC/DEC/PC ( I : I : 1 

vol.) and EC/DEC/PC/(A, B and C) (1:1:1:1.5 vol.). Exothenuic peaks for fluorine 

compound-mixed electrolyie solutions were observed at higher temperatures than that for 0.67 

mol/dm3 LiCI04 - EC/DEC/PC, which shows the higher thermal stability of fluorine 

compound-mixed solutions. Electrochemical oxidation currents measured using Pt wire 

electrode were much smaller in 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A and B) than in 0.67 

mol/dm3 LiCI04 - EC/DEC/PC, which shows also high stability of fluorine compound-mixed 

electrolyie solutions against electiochemical oxidation. The C-mixed solution also gave the 

smaller oxidation current before and after 7.3 V vs. Li/Li+. Electrochemical reduction of 

organo-fluorine compounds occurred at the higher potentials than those for EC, DEC and PC. 

However, charge/discharge experiments indicated that fluorine compound-mixed electrolyte 

solutions highly increased first coulombic efficiencies for both NG15 um and NG25 um. The 

results revealed that fluoro-ethers, A and B are good candidates as nonflammable solvents 

because they not only improved thermal and electrochemical oxidation stability of electrolyie 

solutions but also highly increased first coulombic efficiencies due to quick formation of SEI 

on graphite in PC-containing solvents. 
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Chapter 7 

Conclusions 

Chapter I describes the details of lithium-ion batteries and carbonaceous anodes. Surface 

modification is one of the effective methods for improving electrode performance. Surface 

modification methods such as surface fluorination, surface oxidation, metal or metal oxide 

coating, polymer coating, and so on, were used to improve the electrochemical properties of 

carbonaceous anodes. Many kinds of composite electrodes were also presented. To increase 

the theamal and oxidation stability of lithium-ion batteries, nonflammable additives or 

solvents have been investigated. They include phosphates with methyl, ethyl or phenyl groups, 

fluorine-containing phosphorus compounds, organo-fluorine compounds and so on. This 

chapter summarized the results recently obtained on these subjects. In addition, the purpose of 

the present study and outline of each chapter were described. 

Chapters 2-4 present the results on the surface structure changes and charge/discharge 

behavior of natural graphite (NG5 um, NGIO um and NG15 um) fluorinated by different 

fluorinating agents samples (F2 gas, CIF3 gas, NF3 gas and plasma-fluorination using CF4 gas) 

in propylene carbonate-containing solvents. Natural graphite powder samples (NG5 um, 

NGIO um and NG15 um) were fluorinated by F2 gas (3xl04 Pa at 200 'C and 300 'C for 2 

min.), CIF3 and NF3 gases (1xl05 Pa at 200 'C and 300 'C for 5 min.), and 

plasma-fluorination using CF4 gas (CF4 flow rate: 8 cm3/min., total gas pressure: 5.0 Pa, 

power: 80 W, plasma frequency: 13.56 MHz, sample temperature: 90 oC and 
plasma-treatment time : 60 min.) in order to prepare natural graphite with high surface disorder, 

and electrochemical behavior of surface-fluorinated samples were examined in I .O mol/dm3 

LiCI04 - EC/DEC/PC (1 : I : I vol.). 

In the fluorination with F2 gas, increase in surface areas and total pore volumes by surface 

fluorination was smaller for NGIO um and NG15 um than for NG5 um. However, surface 

disorder was highly increased in NGIO um and NG15 um, but less in NG5 um. Cyclic 

voltammetry study indicated that decomposition of PC on original graphite samples increased 

with increasing particle size of natural graphite, i.e. with decreasing the area of edge plane. 

Surface fluorination highly reduced the electrochemical decomposition of PC on NGIO um 

and NG15 um. Due to decrease in the decomposition of PC, first coulombic efficiencies for 

NGIO um and NG15 um increased by 9.9-13.2 o/o and 20.3-23.3 o/o, respectively. The increase 

in first columbic efficiencies is attributed to the increase in surface disorder providing a large 

amount of surface defects and probably actual electrode area by surface fluorination. Surface 

fluorine would also contribute to SEI formation by giving LiF. 
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The fluorination with CIF3 and NF3 gases increased meso-pores with diameter of 2.0 um 

due to surface fluorination while those with diameters of 2.5 and 3 .O um were reduced. R 

values obtained from Raman spectra increased with increasing fluorination temperature and 

particle size of natural graphite sample, indicating increase in surface disorder by surface 

fluorination. These surface structure changes would have reduced the electrochemical 

decomposition of PC at I st cycle, i.e. increased first coulombic efficiencies, which was more 

clearly observed at a high current density of 1 50 mAlg and mainly for NGIO um and NG15 

um having the larger particle sizes. The increase in first coulombic efficiencies for NGIO um 

and NGI 5 um fluorinated by CIF3 reached ca. I O and 20 O/o, respectively. 

In the case of plasma-fluorination, fluorination increased surface disorder of three natural 

graphite samples though surface areas were reduced by radical reaction having surface 

etching effect. Plasma-fluorination highly reduced the electrochemical decomposition of PC 

on NGIO um and NG15 um. As a consequence, first coulombic efficiencies for 

plasma-fluorinated NGIO um and NG15 um increased by 9.7 and 19.3 o/o at 150 mA/g, 

respectively. 

Chapters 5-6 deal with therrnal stability and electrochemical properties of nonflammable 

organo-fluorine compounds (fluoro-ethers, fluoro-ester and fluoro-carbonates) for lithium-ion 

battery. Electrochemical behavior of organo-fluorine compounds has been investigated in 

EC/DEC and EC/DEC/PC mixtures using natural graphite electrodes. 

In chapter 5 , electrochemical oxidation using a Pt wire electrode was largely suppressed by 

the mixing of fluoro-carbonates A, B, C, D, E and F with EC/DEC. The oxidation current 

was much smaller in 0.67 mol/dm3 LiCI04 - EC/DEC/(A, B, C, D, E or F) than in 0.67 

mol/dm3 LiCI04 - EC/DEC and EC/DEC/PC at potentials higher than 6.0 V vs. Li/Li+. Cyclic 

voltammetry study showed that the electrochemical reduction of fluoro-carbonates A, B, C, D, 

E and F started at I .9-2.7 V vs. Li/Li , which are higher potentials than those of EC, DEC, 

and PC. However charge/discharge capacities and first coulombic efficiencies were nearly the 

same in 0.67 mol/dm3 LiCI04 - EC/DEC and EC/DEC/(A, B or C). Furthermore the mixing 

of fluoro-carbonates A, B, C, D, E or F with EC/DEC/PC diminished the electrochemical 

reduction of PC at the first cycle, highly increasing the first coulombic efficiencies for natural 

graphite electrodes in 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, B, C, D, E or F) except the 

data obtained for NG5 um in 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A, B or C). The increment 

in the first coulombic efficiency by the mixing of the fluoro-carbonates with EC/DEC/PC 

increased with decreasing surface area ofnatural graphite from NGIO um to NG40 um. These 

results show that fluorine compounds A, B, C, D, E and F not only give antioxidation ability 

to electrolyie solutions but also contribute to the SEI formation on natural graphite electrodes. 

From the viewpoint of thermal and electrochemical oxidation stability, fluoro-carbonates, A, 

B, C, D and E are good candidates as nonflamnrable solvents for lithium-ion batteries. 

Chapter 6 describes thermal stability and electrochemical behavior of fluoro-ethers (A and 
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B), fluoro-ester(C). Thermal stability was evaluated by DSC for 0.67 mol/dm3 LiCI04 -

EC/DEC/PC (1:1 : I vol.) and EC/DEC/PC/(A, B or C) (1:1:1 : I .5 vol.). Exothermic peaks for 

fluorine compound-mixed electrolyie solutions were observed at higher temperatures than that 

for 0.67 mol/dm3 LiCI04 - EC/DEC/PC, which shows the higher thermal stability of fluorine 

compound-mixed solutions. Electrochemical oxidation currents measured using Pt wire 

electrode were much smaller in 0.67 mol/dm3 LiCI04 - EC/DEC/PC/(A and B) than in 0.67 

mol/dm3 LiCI04 - EC/DEC/PC, which shows also high stability of fluorine compound-mixed 

electrolyie solutions against electrochemical oxidation. The C-mixed solution also gave the 

smaller oxidation current before and after 7.3 V vs. Li/Li+. Electrochemical reduction of 

organo-fluorine compounds occurred at the higher potentials than those for EC, DEC and PC. 

However, charge/discharge experiments indicated that fluorine compound-mixed electrolyie 

solutions highly increased first coulombic efficiencies for both NG 1 5 um and NG25 um. The 

results revealed that fluoro-ethers, A and B are good candidates as nonflammable solvents 

because they not only improved thermal and electrochemical oxidation stability of electrolyte 

solutions but also highly increased first coulombic efficiencies due to quick formation of SEI 

on graphite in PC-containing solvents. 
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