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Preparation of fluorinated graphite with high fluorine 
content and high crystallinity
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Fluorinated carbons are used in many applications. In particular, graphite fluoride is the 
most widely known material among fluorinated carbons. Because of their high chemical and 
thermal stability and their useful electrochemical properties, graphite fluorides have been 
intensively studied for use as solid lubricants with extremely low surface energies and for 
application as cathode material in high-energy-density lithium batteries [1-3]. 

Graphite fluoride (CF)n was first synthesized by Ruff and Bretschneider by the reaction of 
elemental fluorine with graphite at 420°C [4]. Generally, fluorine directly reacts with graph-
ite above 350°C to give (CF)n, (C2F)n, or a mixture of these, depending on the crystallinity of 
the original graphite and the reaction temperature [5]. Defects in the graphite structure occur 
due to the etching effect of fluorination [6]. In graphite fluoride, fluorine is intercalated into 
graphite, and its crystallinity is different from that of graphite. It is considered that graphite 
having high crystallinity and a high concentration of fluorine has different properties from 
graphite fluoride. 

The graphite structure is reduced and destroyed by direct fluorination [7]. It is very 
difficult to maintain the graphite structure while having fluorine on the surface. There-
fore, in this study, fluorinated graphite with a high fluorine content and high crystallinity 
was prepared by a simple and facile direct fluorination method. Most methods developed 
in previous research require a long reaction time (at least 12 h and 2 to 3 wk at most) or 
a catalyst to prepared highly fluorinated graphite [8,9]. However, the direct fluorination 
method used in this study has the advantage that the reaction time is relatively short and 
no catalyst is needed. 

Graphite powder (synthesis, particle size: <20 μm, Sigma–Aldrich, USA) was treated 
by direct fluorination. The samples were loaded into a reactor in a nickel boat and degassed 
at 200°C for 2 h to remove impurities, such as water. After the degassing process, the tem-
perature of the reactor was lowered to 25°C in a vacuum state. Fluorine gas (99.8%, Messer 
Griesheim GmbH, Germany) was injected at 1.0 bar, and then the temperature of the reactor 
was increased to 400°C for 10°C/min and maintained for 30 min. After 30 min, non-reacted 
gas was degassed by vacuum, and then the temperature of the reactor was quickly increased 
to 600°C for 20 min. After reaction, the reactor was rapidly cooled to below room tem-
perature. For comparison, fluorination of graphite was conducted at 400°C. Another sample 
was annealed at 600°C in a N2 atmosphere in a tubular furnace after fluorination at 400°C. 
The pristine and prepared graphite samples were labeled as RG, G-4F (fluorinated graphite 
at 400°C), G-4F-6V (Heat treatment at 600°C in vacuum after fluorination), and G-4F-6N 
(Heat treatment at 600°C in N2 atmosphere after fluorination).

X-ray photoelectron spectra (XPS) were obtained using a MultiLab 2000 spectrometer 
(Thermo Electron Corporation, UK) to identify the elements present in the samples. In addi-
tion, the change in the degree of crystallization in graphite was investigated using an X-ray 
diffraction (XRD) apparatus (D/MAX-2200 Ultima/PC, Rigaku, Japan). 

The atomic ratio of each element obtained by XPS on the surface of graphite is listed 
in Table 1. All samples showed distinct carbon and oxygen. Fluorine was found on the di-
rectly fluorinated graphite. After fluorination at 400°C, 20.3 at% of fluorine was introduced 
on graphite. The G-4F could be represented as C3.7F. Despite being annealed at the high 
temperature of 600°C in vacuum, most of the fluorine remained in G-4F-6V. The G-4F-6V 
could be represented as C3.8F. However, when heat treatment at 600°C was performed in a 
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tively. 
In the case of RG, four main peaks were observed at 284.5, 

285.4, 286.2, and 287.1  eV, which correspond to graphitic 
sp2 C-C, sp3 C-C, C-O, and C=O, respectively [11]. G-4F and 
G-4F-6V show a new peak at 289.1 eV that can be associated 
with semi-covalent C–F bonds of F species [12]. In the F1s 
peak of G-4F and G-4F-6V, a peak is mainly present at 688.2 
eV associated with semi-covalent C–F bonds [13,14]. If x is 
2≤x≤4 in CxF and the C-F bond is a semi-covalent bond, the 
graphite fluoride is considered a first-stage structure [14]. 
In the case of G-4F-6N, fluorine groups at 289.1 eV (C1s) 
and 688.2 eV (F1s) disappeared due to the decomposition of 
fluorine by heat treatment at 600°C. According to the XPS 
results, defluorination of fluorinated graphite was completed 
by thermal decomposition at 600°C in a nitrogen atmosphere. 
Thermal decomposition of (CF)n starts at 320 to 610°C, de-
pending on the crystallinity [15,16]. 

The thermal decomposition of fluorinated graphite is differ-
ent for the chemical bond of C–F: covalent and semi-covalent 
C–F bond.

Covalent C–F bond [17,18]:

Semi-covalent C–F bond [20]:

As seen in Figs. 1 and 2, the C–F bonds of fluorinated graph-
ite in this experiment were mostly semi-covalent bonds. There-
fore, it believed that F2 could be generated as the decomposition 
gas at thermal decomposition. In a study by Sato et al. [21], the 

nitrogen atmosphere (G-4F-6N), it was confirmed that fluorine 
was decomposed by thermal decomposition. 

The functional groups induced on the surface of the graph-
ite were investigated by examining the C1s and F1s XPS peaks 
resulting from direct fluorination. The C1s and F1s peak were 
deconvoluted to several pseudo-Voigt functions (sum of Gauss-
ian and Lorentzian functions) with a peak analysis program 
(Unipress Co., USA). The pseudo-Voigt function is given by the 
following equation [10]:

,

where, F(E) is the intensity at energy E, H is the peak height, E0 
is the peak center, FWHM is the full-width at half-maximum, 
and S is a shape function related to both the symmetry and the 
Gaussian-Lorentzian mixing ratio. The survey data and decon-
voluted C1s and F1s peaks are shown in Figs. 1 and 2, respec-

Table 1. X-ray photoelectron spectra surface elemental analysis 
parameters 

Elemental content (at%)

C1s O1s F1s

RG 94.5 5.5  0.0

G-4F 75.4 4.3 20.3

G-4F-6V 75.9 4.1 20.0

G-4F-6N 92.3 5.3  2.4

Fig. 1. Deconvolution of the core-level C1s spectra of (a) RG, (b) G-4F, (c) G-4F-6V, and (d) G-4F-6N.
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such as first-stage and second-stage structures. The (0 0 1) 
peak appeared to be very weak at 15°, and it was found in 
both the second-stage structure and graphite structure [14]. 
Heat treatment at 600°C of the fluorinated graphite was con-
firmed to return the material to a graphite structure, and the 
XRD results of G-4F-6V and G-4F-6N were similar to that of 
the graphite structure. The fluorocarbon species that evolve 
from fluorinated graphite are formed by the rearrangement of 
fluorine atoms only in the graphite galleries followed by the 
C–C bond cleavage of the graphite layer [21]. As the fluoro-
carbon species are released from the fluorinated graphite, the 
atoms of the graphite layer are rearranged, and the graphite 
structure is restored. In case of the G-4F-6V, despite chang-
ing to a graphite structure after heat treatment in a vacuum 

decomposition gas was unstable at high temperature and under 
vacuum. Therefore, it is considered that unstable decomposition 
gases, such as F2, re-react at high temperature on the graphite 
surface, in this study. Therefore, the fluorine content of G-4F-6V 
was almost maintained even after heat treatment.

The XRD measurements also confirm that the structures of 
the fluorinated graphite were drastically altered due to differ-
ent heat treatment after fluorination. Fig. 3 shows the XRD 
diffraction patterns of prepared samples. For the RG, a strong 
(0 0 2) diffraction line and very weak (1 0 0), (1 0 1), (0 0 
4), and (0 1 0) lines of graphite were observed [14,22]. Af-
ter fluorination at 400°C, it was confirmed that the graphite 
structure collapsed. In Fig. 3b, fluorinated graphite at 400°C 
was found to contain various graphite fluoride structures, 

Fig. 2. Deconvolution of the core level F1s spectra of (a) G-4F, (b) G-4F-6V, and (c) G-4F-6N.

Fig. 3. XRD patterns of prepared samples (a) and G-4F (b).
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The suggested mechanism is shown in Fig. 4. It is consid-
ered that the fluorinated graphite is recovered to the graphite 
structure as fluorocarbon exits from the fluorinated graphite, 
while the unstable decomposition gas, such as F2, re-reacts 
with the graphite surface during the heat treatment of the 
fluorinated graphite under vacuum. The F–F bond of F2 is 
weak and can easily be separated by highly reactive fluorine 
radicals [24,25]. It is believed that the generated F2 gas rap-
idly changes to a radical form, and the fluorine radical (F∙) re-
acts rapidly with the graphite surface. Therefore, the surface 
fluorine concentrations of G-4F and G-4F-6V can be similar 
due to rapid radical reaction. Based on these results, graphite 
materials with high crystallinity and high fluorine content can 
be produced by the proposed simple and facile direct fluori-
nation method. 
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state, high fluorine content was present on the surface. Table 
3 shows the structural size parameters of graphite. The d-
spacing of (0 0 2) and (0 0 1), Lc002 and La101 were calculated 
as XRD results [23]. After fluorination at 600°C, the d002 in-
creased from 0.337 nm to 0.342 nm, and d001 was calculated 
to be 0.622 nm. Further, Lc002 and La101 of G-4F were the 
smallest because fluorination destroys the graphite structure. 
As shown in Table 3, it was confirmed that the values of d002, 
Lc, and La become similar to those of RG after heat treatment 
at 600°C. These results show that the graphite structure is 
restored after heat treatment at 600°C. 

Table 2. C1s and F1s peak parameters 

Component Peak position 
(eV)

Concentration (%)

RG G-4F G-4F-6N G-4F-6V

C(1) C–C (sp2) 284.5 84.4 63.8 82.2 65.5

C(2) C–C (sp3) 285.4 8.4  8.6 12.0  8.4

C(3) C–O 286.2 4.9  3.6 4.4  3.8

C(4) C=O 287.1 2.4  1.8 1.5  1.8

C(5) Semi-covalent C–F 289.1 - 22.2 - 20.5

F(1) Ionic C–F 686.2 -  6.1 -  3.7

F(2) Semi-covalent C–F 688.2 - 93.9 100 96.3

Table 3. Structural size parameters from X-ray diffraction

Sample d002 (nm) d001 (nm) Lc002 (nm) La101 (nm)

RG 0.337 - 20.542 19.130

G-4F 0.342 0.622 2.372 7.970

G-4F-6V 0.337 - 14.173 17.870

G-4F-6N 0.337 - 20.547 18.972

Fig. 4. Suggested mechanism of preparation of fluorinated graphite with high fluorine content and high crystallinity.
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