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Abstract: Different graphite oxyfluorides were synthesized via Hummer's oxidation of sub-fluorinated 
graphites in order to maintain sp2 carbon atoms available for the oxidation, C-F bonds being non-
reactive. In comparison with the graphite fluoride precursors, significant improvement of the energy 
density in primary lithium battery is achieved when the graphite oxyfluorides are used as cathode. 
When the Hummer's oxidation was carried out on graphite fluoride with both CF0.60 composition and a 
homogenous dispersion of non-fluorinated regions into fluorinated lattice, oxidation focused on the 
remaining sp2 carbon atoms and decomposed them. Defected graphite fluorides were then 
synthesized. The highest ever measured energy density in primary lithium battery with fluorinated 
carbons as cathode, i.e. 2825 Wh.Kg-1, was reached with this particular sample. Solid state NMR 
allowed the functional groups C-F, COC, COH, COOH and sp2 C to be quantified in graphite 
oxyfluorides and fluorides and their role in electrochemical processes to be highlighted.  
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1. Introduction 

Although promising performances as cathode in primary lithium battery, only a few works have been 

devoted to graphite oxyfluorides [1] [2]. For such application, most of the studies about covalent GICs  

concern graphite oxides (GO) [3-4] and mainly graphite fluorides (GF) [5-12] That is easily explained 

by high energy density 700 Wh.kg-1 (1000 Wh.l-1), flat plateau at 2.6 V, broad operating temperature 

range [-40 to 90°C] and reliability on long term (20 years) recorded for Li/fluorinated carbons (CFx) 

systems. Nevertheless the rare works on oxyfluorides suggest high potentialities such as an energy 

density of 1347 Wh.Kg-1 for sample obtained by a two-step synthesis combining fluorination and 

oxidation [13] and even 2265 Wh.Kg-1, thus exceeding graphite fluorides [5-12]. Fluorinated oxides 

were highly capacitive while oxidized fluorides have highest discharge potential despite having the 

same graphite precursor. Such data demonstrated that engineering the synthesis enables to modulate 
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the properties. Two routes may be used : i) fluorination of GO with pure molecular fluorine F2 [14,15] 

or mixed medium F2-HF-IF5 [13] as well as liquid HF [16], [17] or solid-liquid fluorination of oxides, 

which enables exfoliation [18], in hot HF solution [19-21], under irradiation [22] or ii) oxidation of GF 

using either Brodie’s [12] or Hummers’ oxidation [23]. Nevertheless, Lagow concluded that GF was 

inert [1]. Our recent works review the two-steps syntheses of graphite oxyfluorides based on direct 

fluorination with F2 and Hummers’ process [24]. Both fluorination/oxidation and oxidation/fluorination 

sequences are efficient to prepare oxygen and fluorine rich graphite oxyfluorides, among them some 

are suitable for high energy cathode materials. Through both the adequate selection of precursor (GF 

with CF0.3 composition in order to oxidize free carbons atoms) and control of Hummers’ method 

temperature, homogeneous dispersions of F and O atoms were obtained at the end of 

oxidation/fluorination path while the reverse route results in a clear establishment of distinguished 

phases. Optimization of the conditions enables to reach Russian dolls structures for each crystallite 

from one to three parts. Inclusion of graphite core is particularly interesting for electrochemical 

properties in so far as oxygenated and fluorinated regions are non-conductive. Enhanced 

electrochemical properties of oxyfluorides were obtained for a well-defined structuration of fluoride and 

oxide phases together with some residual carbon phases insuring good electronic conductivity. 

Because of GF stability in organic electrolytes [8,9,11-13] carbon fluoride phase must be at the 

surface of the grain preventing from interaction in between electrolyte and electrode materials. Then, 

the good capacitive performances of the oxide phase can be expressed. An energy density as high as 

2400 Wh.Kg-1 was then obtained for triphasic GF/GO/Graphite compound. With the idea to keep CFx 

phase as a protective, and electrochemically active, shell to avoid side reactions of GO phase with the 

electrolyte, oxyfluorides with different fluorine contents were synthesized. The F/C atomic ratio was 

fixed in the GF starting material according to the fluorination conditions (F2 flux, duration and 

temperature). Moreover, the dispersion of fluorinated regions into the carbon lattice was tailored 

thanks to the fluorination process, either with a flux of molecular fluorine or with atomic fluorine, which 

is released by the thermal decomposition of a solid fluorinating agent such as terbium tetrafluoride. 

For different graphitized nanocarbons, nanofibers [25], nanodiscs [26] and carbon blacks [27], the 

fluorination mechanisms differ according to the reaction species, F2 or F•;  TbF4 allows a continuous 

addition of fluorine to carbon matrix and a more progressive fluorination resulting in higher 

homogeneity of the materials using this controlled process by comparison with the direct fluorination 

using fluorine gas. In other words, F• allows a homogenous dispersion of fluorinated regions into the 

carbon lattice to be obtained in the whole volume. With F2 gas, fluorination occurred first on the outer 

tubes, discs or shells and then progressed to the core of the nanocarbons keeping the core 

unfluorinated for F/C lower than one. Moreover, the fluorination using TbF4 decomposition generates 

the formation of an unique highly fluorinated phase, i.e. (CF)n type, whatever the fluorination 

temperature, the C–F bonding being covalent. (C2F)n structural type was always present as an 

intermediate phase of (CF)n with molecular fluorine F2 whatever the nanocarbon. 

2. Experimental 



2.1 Materials  

Commercial TIMREX KS15 Graphite was purchased from Timcal. The in-plane length is about 17 µm 

while thickness of each platelet is about 100-200 nm. Scanning Electronic Microscopy (SEM) 

confirmed those data.  

2.2 Direct fluorination (F2) of graphite 

 Fluorination was performed by gas-solid reaction with a flux of pure F2 gas into a nickel reactor 

covered with NiF2 as a passivation layer. F2 of 99% purity was purchased from Solvay. The 

fluorination of graphite was carried under static mode (closed reactor) to control the stoichiometry and 

to ensure homogeneity on 10 g-batch samples. Oxidation being known to mainly affect graphite 

phase, low fluorine contents were selected in order to achieve polyphasic compounds. So, F/C atomic 

ratio of 0.17, 0.30 and 0.48 were selected thanks to the reaction temperature, i.e. 355, 370 and 400°C 

for 3 h, respectively, compounds being denoted DF0.17, DF0.27 and DF0.48 (DF for direct 

fluorination). First, the reactor was purged from O2 and moisture from air with dynamic vacuum 

overnight. Then, a finite quantity of molecular fluorine F2 was introduced and the reactor was heated to 

the selected temperature until consumption of fluorine (i.e. pressure decrease). Finally, the reactive 

atmosphere was eliminated under N2 flow after cooling of the reactor.  

2.3 Controlled fluorination with atomic fluorine F•  

A nickel closed reactor was used in order to preserve the defined fluorine amount (atomic and/or 

molecular) released by the thermal decomposition of TbF4. A two-temperature oven was used: the part 

containing TbF4 (6.2 g) was heated at 450 °C whatever the experiment whereas graphite (0.250 g) 

were heated at temperatures TF of 430 and 480 °C. A reaction time of 16 h was used. Prior to the 

heating, a primary vacuum (∼10-2 atm) was applied into the reactor. CF0.25 and CF0.60 were then 

synthesized taking into account the resulting fluorine contents of CF0.25 and CF0.60 (CF for controlled 

fluorination).  

2.4 Hummers’ oxidation.   

Details are given in ref [24]. 500 mg of GF was mixed to 500 mg of NaNO3 in an Erlenmeyer flask. 

After placing it in an ice-bath, 33 ml of concentrated H2SO4 were added while stirring. 3.5 g of KMnO4 

were carefully introduced after what the medium was heated to 35°C for 1h. Then 50 ml of distilled 

water were poured on with caution since the reaction is strongly exothermic. Finally, the medium was 

heated at 98°C for 45 min. 3 ml of H2O2 (30%) were added before washing-filtration process. The 

resulting samples are denoted O-DF0.18, O-DF0.27, O-DF0.48, O-CF0.25 and O-CF0.60. 

2.5 Physicochemical characterizations 

 X-ray diffraction (XRD) diagrams were recorded using a PHILIPS diffractometer with a Cu (Kα) 

radiation (λ = 1.5406 Å). NMR experiments were carried out with a Bruker Avance spectrometer, with 



working frequencies for 13C and 19F of 73.4 and 282.2 MHz, respectively. A magic angle spinning 

(MAS) probe (Bruker) operating with 2.5 mm rotors was used. For MAS spectra, a simple sequence 

was performed with a single π/2 pulse length of 4.0 and 3.5 µs for 19F and 13C, respectively. 13C 

chemical shifts were externally referenced to tetramethylsilane (TMS). 19F chemical shifts were 

referenced with respect to CFCl3.  

2.6 Electrochemical tests.  

The electrochemical tests were determined through galvanostatic discharges. The electrodes were 

composed of the sample (about 80% by weight, w/w), acetylene black (from Mersen 10%, w/ w) to 

ensure electronic conductivity and polyvinylidene difluoride (PVDF from Aldrich 10%, w/w) as binder. 

After stirring in propylene carbonate (PC), the mixture was spread uniformly onto a stainless steel 

current collector disk of 12 mm in diameter. Finally, after PC evaporation, the disk was heated under 

vacuum at 40°C then 120°C, during 1h for each temperature, to remove traces of water and solvent. A 

two electrodes cell was used, where lithium was both reference and counter electrodes. A 

polypropylene microporous film, wet with electrolyte composed of a lithium salt (LiClO4 or LiPF6) 

dissolved as 1 mol L-1 in PC (propylene carbonate) or a mixture of PC–EC (ethylene carbonate)-DMC 

(dimethyl carbonate), was sandwiched between the composite electrode and a lithium metal foil. The 

cells were assembled in an argon filled dried glove box. Relaxation was performed for at least 5 h until 

the open circuit voltage (OCV) stabilization. Galvanostatic discharges, carried out on a VMP2 from 

Biologic, under current density of 10 mA.g-1, were acquired at room temperature between the initial 

OCV and 1.5 V. The discharge potential is measured at half of the discharge and is noted E1/2.  

3. Results and Discussion 

Fig. 1 shows XRD diagrams for graphite fluorides precursors (DF series) and oxyfluorides resulting 

from the Hummer’s oxidation; pattern of graphite oxide GO is shown for comparison.  

All the peaks at low 2theta values are assigned to (002) reflection of lamellar materials derived from 

graphite. First, graphite has typical signal at 26° in 2theta corresponding to interlayer distance of 0.335 

nm. Coherence length of crystallite along the c axis, Lc, collapsed from 130 nm in KS15 to 13 nm in 

DF0.17, 7 in DF0.27 and 5 nm in GO (Table 1). All particles were affected by the direct fluorination or 

the oxidation. The values for the others samples cannot be estimated. The position of (002) reflection 

of (CF)n type with an interlayer distance of 0.66 nm instead of 0.6 nm for single (CF)n type underlines 

the presence of a mixture of (CF)n and (C2F)n; for this latter phase the expected interlayer distance is 

0.8 nm. Only (001) reflection of GF phase is apparent on XRD pattern for DF0.48 at 2theta equal to 

42°, (002) reflection being ill-defined.  

 



 

Figure 1. XRD patterns of raw and oxidized DF and CF series; GO data are added for comparison. 

The differences are important after oxidation. In one hand, (CF)n phase (002) reflection at 14° seems 

to remain identical whatever the oxyfluoride O-DF. In the other hand, for the case of DF0.27 and 

DF0.17, oxidation induces conversion of graphite phase into graphite oxide according to the total 

disappearance of graphite peaks (at 26 and 42°) and presence of a shoulder at 12°. The new 

materials are biphasic as its precursor thanks to conversion of residual graphite into graphite oxide. 

Graphite/(CF)n biphasic compound is converted into graphite oxide/(CF)n one, biphasic too. No evident 

conclusion can be done after oxidation of DF0.48, the XRD pattern being ill-defined. Solid state NMR 

will be used to further investigate this sample. XRD patterns are close for DF0.48 and O-DF0.48. GO 

does not feature graphite phase peaks but only the one related to graphite oxide phase at 12°. Such a 

value suggests that interlayer spacing is 0.74 nm due to oxygenated functions. 

 

 

10 20 30 40 50 60 70

GO

(100)(GO)

(100)Gr

(002)Gr (100)(C
x
F)

n

(002)(GO)

CF0.25

(002) (CxF)
n

O-CF0.60

CF0.60

O-CF0.25

O-DF0.48

DF0.48

O-DF0.27

DF0.27

O-DF0.17

DF0.17

2θ  (°)



Table 1. Interlayer distance and coherence length of graphite, graphite oxide GO (as reference) 

phases of iGO and fluorinated iGO 

 

Phase  

(reflection) 

Intelayer 

distance 

(nm) 

Lc (nm) 

Graphite Gr (002) 0.34 130 

DF0.17 Gr (002) 0.34 13 

 (CF)n (002) 0.66 -- 

O-DF0.17 Gr (002)  -- 

 GO (002)  -- 

 (CF)n (002)  -- 

DF0.27 Gr (002) 0.34 7 

 (CF)n (002) 0.66 -- 

O-DF0.27 Gr (002) 0.34 -- 

 GO (002) 0.75 -- 

 (CF)n (002) 0.7 -- 

DF0.48 Gr (002) 0.34 -- 

O-DF0.48 Gr (002)   

 GO (002) Ill-defined  

 (CF)n (002) Ill-defined 

CF0.25 Gr (002) 0.34 130 

 (CF)n (002) 0.60 -- 

O-CF0.25 Gr (002) 0.34 -- 

 GO (002) 0.77 -- 

 (CF)n (002) 0.60 -- 

CF0.60 Gr (002) 0.34 130 

 (CF)n (002) 0.60 -- 

O-CF0.60 Gr (002) 0.34 -- 

 GO (002) 0.77 -- 

 (CF)n (002) 0.59 -- 

GO GO (002) 0.73 5 

 

The compound was characterized by 13C MAS-NMR for quantitative data (Fig. 2a). The functional 

groups in the two extremes will be discussed first, i.e. GF and GO. Graphite oxide exhibits the 

following functional groups: epoxides COC (with chemical shift of 60 ppm), hydroxyls COH (70 ppm), 

sp2 carbon in oxidized environment (sp2 C at 135 ppm whereas pure graphitic carbon atoms result in a 

line at 120 ppm), and carboxyl groups COOH (165 ppm). Fits of the spectra give atomic and functional 



compositions of the compounds (Table 2). GO has classical O/C ratio of 0.59 [1,4], functionalized 

carbons percentage %Cfct, i.e. all carbon atoms linked to a heteroatom (oxygen or fluorine), is equal to 

63-64% (see table 2). Conduction electrons hinder the NMR measurements and lead to a significant 

broadening when the fluorine content is low, as for DF0.17 and DF0.27. The main line at 132 ppm is 

assigned to sp2 hybridized carbon atoms whereas the shoulder around 80 ppm is typical of C-F bonds 

[28-32]. The peak broadening is also observed on 19F MAS spectrum (Fig. 2b). The main line around -

200 ppm is related to covalent C-F bonds [28-32]. 13C MAS-NMR are only semi-quantitative because 

of residual graphite phase and XPS gives the surfacic composition of CF0.27 and CF0.17 for DF0.27 and 

DF0.17. The compositions were in good accordance with weight uptake during the fluorination. For the 

case of DF0.48, the fluorination level is enough to avoid perturbation due to conduction electrons, the 

lines being narrow and well defined at 132 ppm (non-fluorinated sp2 C atoms in interaction with 

neighboring C-F), 87 ppm (covalent C-F) and 42 ppm on 13C spectrum [28-32]. This latter is assigned 

to non-fluorinated sp3 carbon atoms typical of (C2F)n structural type. As a matter of fact in this 

structure, the stacking sequence is FCCF/FCCF, half of the carbon atoms being non-fluorinated 

(FCF/FCF stacking sequence for (CF)n type). The presence of the (C2F)n is also evidenced by the 

shoulder at -176 ppm on the main line related to covalent C-F at -190 ppm (Fig. 2b). Non-fluorinated 

sp3 carbon atoms act on covalence of the C-F bonds in their neighboring. A few CF3 (-83 ppm) and 

CF2 (-115 ppm) are also present. 13C MAS-NMR spectrum of DF0.17 (Fig. 2a) being not resolute 

because of the low fluorine content, the resulting oxyfluorides cannot be numerically compared to the 

precursors. For O-DF series, the spectra consist in the superimposition of the lines characteristic of 

oxide and fluoride materials. The chemical shifts of the various groups are similar to the single phases. 

Epoxide (revealed by a line at 60 ppm), hydroxyl groups (70 ppm), COOH (165 ppm) and sp² C 

(around 136 ppm) coexist with covalent C-F bonds (87 ppm). 19F NMR spectra are similar before and 

after Hummer’s oxidation. Fluorine nuclei do not interact with oxygenated functions nor with sp² C. 

According to the non-reactivity of fluorinated phase, sp2 carbon atoms seem to remain in the GO 

phase, probably in nanometric islands [33] rather than in graphite fluoride phase. C-F bonds, CF2 

(revealed by the presence of the line at -115 ppm) and CF3 groups (line at -83 ppm in very low 

amounts) exhibit also similar chemistry in O-DF0.17 and O-DF0.27 in comparison with raw DF0.17 

and DF0.27 (Fig. 2b).  



 

Figure 2. a) 13C MAS-NMR of graphite oxide GO, DF and CF series graphite fluorides and O-DF and 

O-CF series oxyfluorides (10 kHz b) 19F MAS-NMR of starting DF and CF precursors and resulting 

oxyfluorides O-DF and O-CF 

The case of DF-0.48 is different because no lines related to GO phase can be recorded after oxidation 

regarding 13C nuclei. The only difference is the decrease of the relative content of sp2 C atoms. The 

non-fluorinated sp3 C and C-F bonds are unaffected, the ratio of their integrated lines (SC-F/SCsp3) 

being constant. Once again the fluorinated regions are not changed upon oxidation. sp2 C atoms are 

consumed during the oxidation because the reaction is focused into a small part of the sample (30% of 

sp2 C). Indeed, 48% are bounded to fluorine atoms, 22% are locked as sp3 C in (C2F)n phase. 19F 

MAS spectra are identical for DF-0.48 and O-DF0.48 highlighting that both (CF)n and (C2F)n phases 

are non-reactive. Increase of the fluorine content up to CF0.48 does not allow oxyfluoride with high 

oxygen content to be synthesized because of the presence of (C2F)n phase that locked 22% of the 

carbons in sp3 hybridization. 

Controlled fluorination with atomic fluorine allows this (C2F)n type to be avoided in graphitized 

nanocarbons [25-27]; this process was carried out to prepare CF0.25 and CF0.60 precursors. Rather 

than XRD and the slight decrease of the interlayer distance at 0.6 nm, typical of (CF)n phase, 13C NMR 

underlines the absence of (C2F)n type because no line is observed at 42 ppm. The shoulder typical of 
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C-F in (C2F)n type is not observed on 19F spectrum for CF0.60. Because the fluorinated regions are well 

dispersed in conductive non-fluorinated graphitic region, the resulting 19F and 13C spectra are ill-

defined. Another consequence is the paramagnetic shift at -211 ppm of 19F line for C-F bonds (-190 

ppm for CF0.60 as expected for covalent C-F bonds). An oxyfluoride is synthesized by the Hummer’ 

oxidation of CF0.25 since the lines of C-F (83 ppm, 34%), COC (60 ppm, 23 %), C-OH (68 ppm, 13%) 

and COOH (165 ppm, 2%) and sp2 C (134 ppm, 63%) are present on 13C spectrum. The same 

positions were recorded for O-DF series but the oxidation level is slightly higher for O-CF0.25 than for 

O-DF0.27 (Table 2). 72% and 63% of C atoms are functionalized by either F or O in O-CF-0.25 and 

DF0.27, respectively.  

Table 2. Atomic and functional compositions of graphite oxide, fluorides and oxyfluoride. 

O/C F/C %Cfct %COC %COH %COOH %CF 

GO 0.59 0 64 37 14 13 0 

DF0.17 0 0.17 17 0 0 0 17 

O-DF0.17 0.43 0.12 62 33 8 9 12 

DF0.27 0 0.27 27 0 0 0 0 

O-DF0.27 0.33 0.25 62 14 15 4 29 

DF0.48 0 0.48 48 0 0 0 48 

O-DF0.48 0 0.73 73 0 0 0 73 

CF0.25 0 0.25 25 0 0 0 25 

O-CF0.25 0.29 0.34 72 23 13 2 34 

CF0.60 0 0.60 0.60 0 0 0 60 

O-CF0.60 0 0.79 79 low low low ≈79 

 

Different distributions of GO, GF and graphite phases are expected in these two oxyfluorides. It is 

interesting to note that the relative content of COC is 23% in O-CF0.25 significantly higher than in O-

DF0.27 (14%), the content of C-OH being close (13 and 15 %, respectively). Such differences would 

change the electrochemical properties as cathode in primary lithium battery. Surprisingly, no 

resonance line related to oxygenated group is present in O-CF0.60 as revealed by 13C NMR. Their 

relative contents are too low to be detected. Oxidation may result also in the decomposition of sp2 

carbon atoms. The fluorine content increased from F/C equal to 0.60 to 0.79 after oxidation because 

some sp2 C are consumed by the oxidation; the relative intensity of the sp2 C line decreases (from 40 

to 21%). The fluorinated phase must be highly defected in the resulting sample, with holes where sp2 

carbons were initially present. On the contrary XRD pattern evidences the presence of a minor GO 

phase taking into account the peak around 11° with an interlayer distance of 0.77 nm (Table 1). The 

same conclusion can be done for O-CF0.25. Although O-CF0.60 is not an oxyfluoride with high O 

content, it is of interest as cathode. The following section will address those properties. Scheme 1 



summarizes the different samples, biphasic as DF and CF species (GF/Graphite, the first phase cited 

is the external part of the grain), e.g. O-DF0.27 (GF/GO) and O-DF0.17 (GF/GO). This biphasic 

structuration was expected by the control of the fluorine content in the precursors. O-DF0.48 (defected 

GF/graphite), and O-CF0.60 are particular cases and consist in defected graphite fluorides with a few 

oxygenated groups (not detected with 13C NMR). The defects are better dispersed in O-CF0.60 than in 

O-DF0.48. The diffusion rate of molecular fluorine within the graphite particles was controlled through 

the stoichiometry, the fluorination duration and the temperature [33]. The final biphasic nature is 

favored by the kinetics of fluorine diffusion into graphite which is one of the smallest diffusion rate in 

intercalation compound (D =1.45x10-7 cm2.min-1 in HOPG). Moreover, electronegativity of fluorine 

implies very strong coupling with carbons [34,35]. 

 

Scheme 1. Scheme of the various biphasic graphite fluorides and oxyfluorides. Zones I, II and III for 

further works are discussed in the text. 

Mechanisms of covalent GIC graphite oxides and fluorides involve either reduction of carbon in C-F 

bond and then breaking of the bond liberating the fluoride anion F-, which precipitates with alkaline 

cation Li+ into LiF salts [CFx + xLi � C + xLiF] [36] or the reduction of the carbon in C-O group that 

leads to Li2O and LiOH formation [COz(OH)y + (y+2z)Li � C + yLiOH + zLi2O] [37]. The theoretical 

capacity Ctheo for functionalized carbon is obtained owing to the following equation: Ctheo = 

x*96500/(M*3.6) where x is level of functionalization of the graphite and M the active weight of the 

functionalized graphite. 



 

Figure 3. Galvanostatic discharge curves at a current density of 10 mA.g-1 of oxides, fluoride and 

oxyfluorides in LiPF6 1M PC EC 3DMC. 

Fig. 3 displays galvanostatic discharge curves of oxidized DF and CF series as well as the one of their 

precursors DF, CF and GO for comparison. Owing to the aforementioned reduction mechanism, the 

theoretical performances can be compared to the experimental ones. The relative contents of each 

electroactive groups (C-F, COC, COH) are known thanks to 13C NMR (Tables 2 and 3). In accordance 

with the literature [36], graphite oxide GO exhibits a reduction at lower voltage (E1/2 = 2.17 V for 64% C 

functionalized) than carbon fluorides (2.73 V for 48% C functionalized, i.e. for DF0.48). With such a 

potential difference, a biphasic GF/GO compounds must exhibit a galvanostatic curve with 2 well-

separated plateaus especially as those latter are well defined (flat) in the pure GO and GF. On the 



contrary, the discharge profiles of oxidized DF and CF do not allow the reductions of the carbon-

fluorine and carbon-oxygen bonds to be distinguished. Even if the material is biphasic with carbon 

fluoride in surface and carbon oxide in the core, the progressive defluorination of the material sets 

lithium diffusion channels favorable to the reduction of the GO core of the material. 

Epoxide groups are theoretically the most capacitive; however the experimental capacity is not as 

huge as expected. 488 mAh/g is  

recorded for GO whereas 632 mAh.g-1 is theoretically expected Side reactions with the electrolyte may 

explain such a behavior that avoids the maximal capacity to be reached. The comparison between GO 

and O-DF0.27 validates our strategy to cover GO phase by GF, graphite fluoride being less or not 

sensitive to the electrolyte nature.  

Table 3. Electrochemical performances of oxidized graphite fluoride compared to the ones of their 

respective precursors 

 

 Theoretical capacity 

( mAh.g-1) 

Exp. 

capacity 

(mAh.g-1) 

 

OCV 

(V) 

E1/2 

(V) 

Energy 

density 

(Wh.Kg-1) COC COH CF total 

GO 507 192 0 699 488 3.29 2.17 1059 

DF0.17 0 0 0 299 184 3.26 2.22 408 

O-DF0.17 416 101 151 668 210 3.45 2.48 322 

DF0.27 0 0 423 423 354 3.13 2.36 835 

O-DF0.27 167 179 345 691 625 3.69 2.64 1650 

DF0.48 0 0 609 609 628 3.92 2.73 1714 

O-DF0.48 0 0 756 756 680 3.24 2.63 1788 

CF0.25 0 0 0.25 400 305 3.21 2.52 769 

O-CF0.25 266 150 393 809 525 3.13 2.48 1302 

CF0.60 0 0 0.60 687 612 3.10 2.31 1413 

O-CF0.6 0 0 0.60 784 870 3.15 2.50 2825 

 

 

The experimental capacity is higher for O-DF0.27 (625 mAh.g-1) that for GO (488 mAh.g-1) for similar 

functionalized carbon percentage (62 and 64% for O-DF0.27 and GO, respectively; see tables 2 and 

3). Interestingly, the discharge potential is higher for the oxidized O-DF0.27 (2.73 V) that in the 

precursor DF0.27 (2.36 V). In such GO/GF biphasic compounds, the discharge potential seems to be 

fixed by the total functionalized carbons rather than the amount of F atoms. E1/2 is equal to 2.63 V for 

O-DF0.48 with 73% of functionalized carbons. The energy density is then enhanced to 1650 Wh.Kg-1. 

In this series, the best material is O-DF0.48 with a capacity of 680 mAh.g-1 and an energy density of 



1788 Wh.Kg-1. Those values exceed 628 mAh.g-1 and 1714 Wh.Kg-1 for the precursor DF0.48. 

Oxidation results in the decomposition of residual sp2 carbon atoms and then in defected graphite 

fluoride with interesting properties. Such non-expected results are also obtained with O-CF0.60 for 

which the fluorine content is higher. The experimental capacity of 870 mAh.g-1 exceeds the theoretical 

one (784 mAh.g-1) whereas the discharge potential is still high (2.50 V). A huge energy density of 2825 

Wh.Kg-1 is then reached. The higher fluorine content (CF0.79) may not explain the recorded value and a 

synergetic effect of defects may be proposed. With the initial homogenous dispersion of sp2 carbon 

regions into the fluorinated parts thanks to the controlled fluorination with atomic fluorine, the 

decomposition of those sp2 islands results in a homogenous repartition of defects in graphite fluoride 

phase. Presence of a few residual COC is possible as evidenced by XRD; their low amounts avoid 

their detection by NMR. The energy density of 2825 Wh.Kg-1 exceeds the higher value of 2265 Wh.Kg-

1 reported up to now (+25%). In a recent paper [24], mild oxidation of graphite fluoride with 

composition CF0.30 results in energy density of 2398 Wh.Kg-1 with the same electrochemical conditions 

(electrolyte and current density). The composition of the graphite oxyfluoride was 

C0.47(COC)0.29(COH)0.05(CF)0.19. The enhancements have been assigned to the multiphase 

GF/GO/Graphite nature as an optimal stack. GF and GO are electroactive whereas residual sp2 

carbons in graphite may ensure the electron flux [38]. In other words, synergetic effects between the 

various functional groups and sp2 C may occur. It is to note that the experimental capacity is 

significantly higher (870 mAh.g-1) than theoretical value (784 mAh.g-1) for the case of O-CF0.60. The 

first explanation is related to an overestimation of oxygenated groups using NMR data because of 

their low contents. On the other hand, the decomposition during the oxidation of CF0.60 increases both 

porosity and specific surface area (SSA). SSA is equal to 88 m2.g-1 for O-CF0.60 whereas the value is 

67 m2.g-1 for CF0.60. Adsorption of solvated lithium ions onto this particular texture may contribute (or 

totally explain) to the extracapacity [39]. Moreover, the texture may play also a key role on the lithium 

diffusion process. 

4. Conclusions 

The highest ever measured energy density in primary lithium battery with fluorinated carbons as 

cathode, i.e. 2825 Wh.Kg-1, was reached thanks to the Hummer's oxidation of graphite fluoride, with a 

homogenous dispersion of non-fluorinated regions into fluorinated lattice. Such a particular graphite 

fluoride was synthesized by a controlled fluorination with atomic fluorine released by thermal 

decomposition of a solid fluorinating agent (TbF4). Oxidation focuses on sp2 carbon atoms because C-

F bonds are non-reactive. Decomposition occurred then in our treatment conditions resulting in 

defected graphite fluoride. The initial composition of CF0.60 is the more favorable and results after 

oxidation/decomposition in CF0.79 composition. Even if the energy density is lower for graphite 

oxyfluorides, some of them exhibit promising enhancements in comparison with the graphite fluoride 

precursor, i.e. O-DF0.27 exhibits an energy density of 1650 Wh.Kg-1. Recently another oxyfluoride 

(C0.47(COC)0.29(COH)0.05(CF)0.19) was synthesized starting from graphite fluoride with close 

composition (CF0.3) followed by Hummer's oxidation with milder conditions; all the steps were 



performed at 0 °C [24]. This allows COC groups to be favored and sp2 carbon islands to be 

maintained (see the position marked with an asterisk in Scheme 1). If similar milder conditions are 

applied to CF0.60, GO phase would be maintained allowing capacitive COC groups to be preserved 

and capacity improvement. The resulting oxyfluorides are located in the zone I on Scheme 1. Another 

strategy involves the increase of F and O contents in CF0.25 and DF0.27. Durations and temperatures 

of fluorination and oxidation would be optimized in order to increase the percentage of functionalized 

carbon atoms with both F and O. Zones II and III are then covered starting with DF0.27 and CF0.17, 

respectively (Scheme 1). Oxyfluorides and defected graphite fluorides obtained by oxidation open a 

new route for the development of cathode materials for high energy primary lithium battery. 
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