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Fluorinated carbon materials have a wide range of applications due to their versatile properties. Functionalisation of carbon materials with fluorine enhances their properties and open their applications to new fields.
Fluorinated graphene, in particular, has highly attracted researchers due to its 2-D structure, high hydrophobicity, wide bandgap and C-F bonding (ionic, semi-ionic/semi-covalent and covalent). This review gives a brief
overview of the fluorination of various carbon materials such as graphite, carbon nanotubes, fullerene, and DLC
and followed by an in-depth review of fluorination of 2-D graphene material. We discuss the synthetic methods of
fluorinated graphene, which are mainly distinguished into exfoliation and direct fluorination. The relation between the type of bonds, F/C ratio and specific properties such as bandgap, optical properties, magnetic properties, electric and thermal conductivity and tribological properties are discussed. With a precise tuning of the F/
C ratio and limiting the type of C-F bond, the fluorinated graphene can be used in battery storage devices, as a
lubricant additive, as a gas sensing material and in other applications like quantum dots, supercapacitors and
bioapplications.

1. Introduction
Fluorinated carbons are widely regarded as promising materials
because of their properties such as excellent thermal conductivity and
stability, high chemical stability, good mechanical strength, hydrophobicity [1–3]. These materials are used in energy storage systems, lubricants, and hydrophobic coatings [4–6]. In general, carbon materials are
dopped with nitrogen [7–9], fluorine [10–12], phosphorous [13–15]
and sulphur [16,17] between the concentration of 0 to 30 wt.% to
enhance their properties which can have applications mentioned above.
From the mentioned elements, fluorine has been given special attention
for its chemical difference as it has high hydrophobicity, the highest
electronegativity (redox potential for F2/F− is +2.87V) and high reactivity (due to low dissociation energy of 36 kcal/mole), among other
elements in the periodic table. Furthermore, fluorine doping contributes
distinct bonding and chemical abilities to carbon materials. It forms only
a single bond with carbon and has more valance electrons than N, P, and
S.
The type of chemical bond formed between the elements C and F and
the F/C ratio depends on the kind of carbon material used, the fluorination conditions like the temperature at which the process is

performed, the fluorinating agent, and the process duration. For
instance, Poly(dicarbon monofluoride) (C2F)n is formed at 350◦ C while
poly(carbon monofluoride) (CF)n at a temperature around 600◦ C. The
higher fluorination level β (β= F: C, 0.5<β<1) of carbon compounds say
(CF)n and higher covalent bond characteristics can be achieved with
high reaction temperature, resulting in sp3 hybridisation of a carbon
atom [18,19]. The F/C ratio of fluorinated carbon is crucial. For
instance, it has been stated in Peng et al [20]. that high F/C ratios result
in the low electrical conductivity and decline in rate performance of the
material due to a large number of the covalent bond. On the other hand,
low F/C results in only ionic bond formation between the elements
leading to the low specific capacity of the material [21].
The bond between C and F is not only limited to covalent, instead
involves semi-ionic, ionic, and van der Waals interactions depending
upon the type of carbon material fluorinated. Some of the carbon materials are amorphous carbon, glassy carbon, diamond-like carbon,
graphite, fullerenes, and carbon nanofibers. The carbon s-p hybridisation varies among the above-mentioned carbon materials resulting in
diverse electrical conductivity, electron affinity, electron ionisation
potential and electric structure. There are two major fluorocarbon films
structures, where Ariel et al [22]. describes the low fluorine content
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fluorocarbon films contain irregular carbon circles as diamond-like
carbon structures while the fluorine rich fluorocarbons are
polymer-like with a small volume of cross-linking C-C units, C-C chains
and CF2 units [23].
Among the carbon materials, graphene and its derivatives have been
given special attention since the isolation of a single layer of graphene
using mechanical exfoliation by Geim and Novoselov [24]. Graphene
has attractive properties such as high optical transmittance (≈ 97.7%),
ultrahigh theoretical surface area (2630 m2⋅g−1), high thermal conductivity (5000 W m−1⋅K−1) and high charge carrier mobility (200000
cm2 V−1⋅s−1) [25–28]. At the same time, graphene is 200 times stronger
than steel, which makes it the most robust material ever tested to date
[29]. Despite all these attractive properties, the material still possesses
disadvantages like zero bandgap, structural defects and chemical
inertness. Micromechanical cleavage technique was used to fabricate
graphene from graphite. This technique is easy to implement, producing
high-quality graphene crystallites [30]. Graphene has two main derivatives, 1) Graphene oxide (GO), obtained from oxidation of graphite
2) Reduced graphene oxide (rGO), synthesised by reduction of graphite
[31]. GO has various functional groups such as epoxy, carboxyl and
hydroxyl group in its basal plane and carboxylic, ketone and aldehyde
group on its layer edge. The presence of this functional group allows it to
attach with different molecules, especially biomolecules, enhancing its
mechanical and bioactivity properties, which can be used for
bio-applications [32,33]. The rGO has an oxygen-containing functional
group, while some defects in the structure are very similar to the pristine
graphene. The surface defects and the ratio of oxygen-containing functional groups can be controlled or modified by adjusting the degree of
the reduction reaction [34].
The functionalisation processes such as generating functional groups
on the graphene and chemical bonding can enhance the material’s
properties. Fluorination of graphene can optimise the properties as it
improves the chemical activity with the presence of the functional group
and has tunable electrical properties such as bandgap opening and
charge transfer density. The fluorinated graphene (FG) (CFx, x = 0 to
1.12) is a nanosheet with a wide-bandgap exhibiting C-F bond characteristics from ionic, semi-ionic/semi-covalent and covalent bonds,
which can be controlled by varying fluorination conditions. The FG
exhibits outstanding properties such as high room-temperature resistance of over 10 GΩ and an optical bandgap of 3.8 eV [35]. In this review
paper, we start by giving a brief review on the fluorination of various
carbon materials (i.e. graphite, carbon nanotubes (CNTs), fullerene, and
diamond-like carbon), followed by a detailed discussion of the synthesis
methods, properties and applications of FG.

the inevitable formation of LiF upon cycling, while the reversibility of
intercalated Li-ions is possible on CF-LT (fluorinated graphite synthesised at room temperature (RT)) [38]. The material is widely used as
a lubricant because of its hydrophobic nature and its weak surface
interaction.
In [39], high fluorinated graphite was synthesised, where graphite
was initially fluorinated with F2 using catalysts HF and IF5 at RT. The
fluorination time was about 10 h, and the initial obtained product was in
the chemical composition of CF0.89I0.02H0.06(abbreviated as CF
(LT)-RAW). In the re-fluorination process, the CF(LT)-RAW sample
was placed in the reactor and dried for 4h in a vacuum, followed by
drying in an N2 atmosphere with 1 atm pressure for four more hours.
Then the re-fluorination of the dried samples was performed between
the temperatures ranging from 100 and 600◦ C with an interval of 50◦ C.
A similar re-fluorination process was performed at temperatures from
150 to 600◦ C with an interval of 50◦ C on graphite fluorine (CF0.47)
obtained from the fluorination of graphite at RT with F2 gas along with
BF3 and HF catalysts [40]. In both cases, the fluorinated graphite obtained from re-fluorination below 400◦ C contained minor catalysts
residues and C-F bonds were a mixture of semi-ionic and covalent bonds.
With refluorination at 600◦ C, an F/C ratio ≥ 1 was achieved, with C-F
bonds being purely covalent. At temperatures from 400 to 550◦ C, hybrid
GrF was synthesised, where the sample exhibited a double crystalline
structure and had both semi-ionic and covalent C-F bonding [39].
Re-fluorination of the initial prepared product resulted in the hybridisation of the sp2 carbon atoms into sp3 and increased the covalent
character of the C-F bonds. It is worth noting that the GrF’s thermal
stability increase with the rise in temperature from 100 to 600◦ C.
2.2. Fluorination of carbon nanotubes (CNT)
Carbon nanotubes discovery was considered a breakthrough in science and technology because of its attractive properties and a wide
range of applications such as hydrogen storage, advanced composites,
supercapacitor, lithium cell and secondary battery. The CNT synthesis is
carried out using laser ablation, chemical vapour deposition and arc
discharge [41]. The single-walled CNTs (SWNT) possess high tensile
strength and can be used as insulators, semiconductors or conductors of
electricity depending on their diameter and helicity. The functionalisation of CNT can improve the material properties. The bonding of the
functional group with the nanotubes can improve the physio-chemical
properties. The functionalisation of the nanotubes on its sidewalls results in the double bonds and hybridisation of the carbon atom to sp3
from sp2, where electrical, optical and mechanical properties of the
nanostructural material significantly altered [42]. In the fluorination
process of CNT sidewalls, no structural damage occurs. The fluorination
methods mainly cover the active surface area of the nanotube, which is
advantageous as it reduces further functionality of the CNT but simultaneously changes the electrical properties.
In Khabashesku et al [43]., direct fluorination was performed on
SWNT prepared using the (L-SWNT) laser-ablation and (HiPco-SWNT)
high-pressure C.O. disproportionation processes. The prebaked (at
1100◦ C) L-SWNT buckypaper was fluorinated in the range between 150
and 600◦ C. The IR-spectroscopy shows a C-F covalent bond for CNT
fluorinated above 250◦ C in the absence of the HF catalyst. The fluorination above 400◦ C destroyed the CNT walls resulting in fluorinated
graphite and some fluoro-MWNTs formation. The stable C2F was yielded
when L-SWNT was fluorinated at 350◦ C without any wall damage. The
synthesised product just above 250◦ C acted as insulators (>20 MΩ). The
effect of the HF catalyst was examined during the fluorination process,
where the F/C ratio was 0.5. It was found that more robust and stable
C-F covalent bonds were formed below the reaction temperature of
250◦ C. In the case of HiPco-SWNT, due to their smaller average diameter, which indicates low curvature and high reactivity, more fluorine
atoms are attached to the sidewalls of the SWNT. The same strong covalent C-F bond can be achieved at fluorination temperature below

2. Fluorination of various carbon materials
The characteristics of fluorinated carbon mainly depend upon three
main factors: the type of carbon material used, the fluorinating reagent,
and the method used to synthesise the fluorinated carbon. In this section, the synthesis of fluorinated carbon materials with different carbon
material types are discussed
2.1. Fluorination of graphite
Fluorinated graphite was first synthesised from the reaction between
graphite and elemental fluorine at 420◦ C by Ruff and Bretschneider
[36]. In general, fluorinated graphites (CxF) are fluorine-graphite compounds having a semi-covalent C–F bond (x > 2) or a covalent C-F bond
(x ≤ 2), depending upon the synthesis conditions and fluorine content.
The fine-tuning of fluorine concentration, graphite content, and C–F
bonding can adjust the application properties such as tribological
properties, thermal and chemical stability and the discharge potentials
(stronger the C-F bond, weaker the potential) [37]. Graphite fluoride
(GrF) is considered a cathode material as it has a high affinity towards
lithium. However, defluorination occurs on the cathode surface due to
2

S.K. Padamata et al.

Journal of Fluorine Chemistry 255–256 (2022) 109964

150◦ C. Similarly, in reference [44], when SWNT is fluorinated at 500◦ C
or above, some of the SWNT are transformed into fluorinated MWNTs.
The main reason for the appearance of MWNT when there is fluorination
of SWNTs at a high temperature is because the C-C bond adjacent to the
fluorine atom always breaks at high temperatures. Unlike the fluorination process of other carbon materials, the operational temperature for
the fluorination of CNT requires at least 150◦ C to obtain completely
covalent C-F bonds because of their reaction activation barrier [44].
Nakajima et al [45]. and Hamwi et al [46]. synthesised the fluorinated multi-walled carbon nanotubes (F-MWNT). It was shown in the
findings that the geometry (tubular) of the MWNT did not change at
fluorination temperature below 300◦ C. Although, fluorination temperature above 400◦ C resulted in cracking the outermost layer and penetration of F atoms. It is to be said that the fluorination temperature
reduced to obtain F-MWNT is naturally higher compared to F-SWNT as
the MWNT has multiple layers and reduce high temperature to obtain
the functionality state. The MWNT can be fluorinated at RT if the HF and
IF5 are used along with the fluorine gas, and the former acts as the
catalyst. The fluorination of MWNT at 500◦ C turned the F-MWNT to
white, but when the fluorination was performed at RT with catalyst HF
and IF5, the F-MWNT remained black.
In Wang et al [47]., the MWNTs were pretreated by oxidising them
before the fluorination process to obtain high F-concentration nanotubes. The MWNT with outer diameter 10-20 nm and 1-2 nm length was
placed in a three-neck flask (500 mL), and 380 mL of HNO3 was added.
The solution was then stirred at 60◦ C for 20 h. The mixture was then
washed at 120◦ C till the value of pH became neutral. The O concentration of this modified MWNT was at 12.5%. The fluorination process
was then performed between RT and as high as 250◦ C. The reaction took
place at the sp3 C, which links to the oxygen-related group. The fluorine
concentration in the fluorinated MWNT was as high as 9.2%. The authors stated that the process is also adaptable to other carbon materials
to obtain highly fluorinated carbons.
Plasma treatment can be used to fluorinate the CNTs employing
plasma gas containing fluorine, with the primary fluorination source
being CF4. The process can be performed at RT, while the fluorination
only takes place on the outer layer of the nanotubes. Therefore, pollutants and byproducts are avoidable using this method. The properties of
the F-CNT can be tuned by controlling the power of arc, the flow rate of
the fluorine gas, and the time of the fluorination process [48]. In below
Fig. 1, the dependency between the fluorine content in the CNT and the
treatment time has been plotted. It can be seen that the fluorine content
of the CNT increases initially until the first 30 sec, and a sudden fall
occurs during the next 30 sec and remains almost the same for the next
240 sec [48]. The decrease in the fluorine content corresponds to the
formation of new ionic bonds between carbon and fluorine atoms, as it

states that with a substantial increase in the flow rate and time, the
covalent bonds change to ionic ones.
Shoda et al [49]. and Felten et al [50]. performed fluorination of
MWNTs using plasma treatment. They have stated that the MWNTs
functionalisation to F-MWNT does not affect its tubular structure and
C-F bonds are covalent. The chemical and physical properties can be
optimised by controlling the fluorination time, fluorine gas flow and arc
power.
2.3. Fluorination of fullerene
The fullerene has a unique structure that allows it to form a wide
range of derivatives during its functionalisation. The high reactivity and
smaller atomic size of fluorine allow multiple bonds of fluorine atom
with the carbon within C60F2 to C60F60. Hyperfluorination (when n(F) >
60) can be achieved when the carbon sphere is ruptured, although the
process requires fluorination temperature above 250◦ C or a strong
catalyst. Below, Fig. 2 shows the presence of F atoms on the outer part of
the carbon cage after the fluorination process at RT. No reaction between the fullerene and high valency inorganic metal fluorides such as
BF3 and MoF5 took place when the latter is used as a reagent, and not a
single covalent bond between C and F was observed [51]. This phenomenon is due to the low oxidising ability of these metal fluorides.
As the fluorine is highly reactive, it interacts with chemically inert
fullerene molecules to form fluorofullerene. The elemental fluorine interacts with fullerene at RT, while the product formed at a temperature
around 70◦ C is C60F9<x<20 [52]. The reaction between the fullerene and
the rare earth metal fluorides was examined by Boltalina et al [53].. Due
to their high oxidation states, these fluorides lose fluorine atoms quickly
at the moderate reaction temperature. When fullerene (C60) reacts with
the TbF4, a fluorofullerene with stoichiometry (C60Fx (x= 40 to 44)) was
synthesised. Hyperfluorination occurred at high temperatures, where
fluorofullereneC60Fx>60 was produced. It was observed that an explosion
occurred at the reaction temperature over 320◦ C, and the reaction
mixture was all over the reactor.
A multilayer fullerene known as carbon nanoonions (CNO) was
fluorinated by Liu et al [54].. The CNO with 50 to 100 nm diameter was
transferred to a microwave reactor, sealed, and helium was pumped
continuously for 2 h at RT. The temperature was then raised to the reaction temperatures (350, 410 and 480◦ C) and held for 3 hours to
remove the moisture and air residues in and around the samples. The
direct fluorination was performed with a mixture of fluorine and helium
(ratio 3:1) at a fixed gas flow. The total fluorination time was 6 h, and
the F-CNO with stoichiometries C10.1F, C3.3F and C2.3F were synthesised.
From the structural examination, it was established that the F-CNO still
had spherical geometry like CNO. Like the other carbon materials, the
F/C ratio and the covalent nature increases with the reaction
temperature.
2.4. Fluorination of diamond-like Carbon (DLC)
Diamond-like carbon material has both sp2 and sp3 type carbon
atoms, combining the characteristics of both graphite and the diamond.
Fluorinated DLC has attractive properties with applications in

Fig. 1. The fluorine content (at.%) in the CNT vs the fluorination time using the
plasma treatment.

Fig. 2. Crystallographic structure of fullerene (C60) to F-fullerene (C60F18)
during fluorination
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h at 60◦ C, followed by ultrasonication when the solution was brought to
RT by cooling. The sonication was performed for as long as 100 h at an
estimated exfoliation power of 32 W. The advantage of this method is
that it combines the fluorographene preparation and the tuning of the
F/C ratio (the F/C ratio is dependent on the time of sonication). Sun et al
[63]. reported a one-pot technique for the synthesis of fluorographene in
which 20 mg of fluorinated graphite powder was added to 40 mL
chloroform. The mixed solution was ultrasonically treated under
ambient conditions for 5 h in an icebath. The impurities in the solution
were removed by centrifuging, and the resultant transparent yellow
supernatant (ca. 0.1 mg⋅mL−1) was collected.
Microwave-assisted liquid-phase exfoliation for the preparation of
high purity fluorographene was reported by Lei et al [64].. In this process, 0.125 g of fluorinated graphite was added to 25 mL of N,
N-dimethyl formamide (DMF) solvent. The solution was ultrasonicated
for 25 min to obtain a homogeneous slurry. The slurry was then
centrifuged at 10000 rpm for 20 min to remove the excess amount of
DMF. The exfoliated fluorinated graphite/DMF gel was treated for 5 min
in a microwave oven with a power of 800 W. The remaining DMF gel
was evaporated during the treatment, and the resultant product was
high-quality fluorographene nanosheets (see Fig. 3). It was observed
that there was a slight detachment of fluorine from the fluorographene
at 600◦ C.
Preparation of fluorinated graphene using sonochemical exfoliation
has advantages such as a) preparation of fluorinated graphene directly
using fluorinated graphite instead of graphite, b) a simple method using
nontoxic and cheap reagents for exfoliation at room temperature, c)
fluorinated graphene synthesised from liquid-phase exfoliation can be
further functionalised. However, it should be noted that at hightemperature exfoliations, the C−F bond weakens in fluorinated graphene leading to de-fluorination. Moreover, it is difficult to control the
number of FG layers due to the weak selectivity of exfoliation.

biosensors and biomedical implants [55–57]. DLCs are usually used as a
coating to the substrate through a chemical vapour deposition method.
The fluorination of DLC enhances the tribological applications of the
F-DLC materials. For instance, the F-DLC has better adherence to the
substrate and can improve the hydrophobic nature as the fluorine atom
attached to the DLC can repel the water molecule [58].
In [59], fluorinated DLC was synthesised using the radio frequency
(RF) plasma-enhanced chemical vapour deposition method on the silicon wafer. The RF of 13.56 MHz and negative electrode self-bias voltage
of 400 V were parameters. Before the deposition, the silicon wafer
substrate (1.5 × 1.5 cm2) was cleaned and sonicated in isopropanol and
acetone (1:1) for 5 min, followed by washing the sample with distilled
water and drying under N2 gas. The substrate was transferred to the
deposition chamber placed on the water-cooled electrode driven by the
radio frequency power supply. The substrate surface was further cleaned
by argon gas with a flow rate of 60 cm3⋅min−1 at a chamber pressure of
approximately 6.66 × 10−4 Pa. The CF4 dopant was used to obtain
fluorinated DLC. The film deposition was done by using an acetylene/argon mixture under plasma glow discharge. The synthesised F-DLC
was further immersed in glycine solution for 6 h at a temperature around
37◦ C to analyse the adsorption characteristics towards the glycine and
washed with distilled water. It was observed that the film density declines with a rise in fluorine dopant content. The rise in fluorine doping
level resulted in a decrease in adsorption of glycine on the F-DLC, and a
decrease in the F/C ratio in the film increased the adsorption levels. High
fluorine content in F-DLC increased surface roughness.
In Bendavid et al [60]., F-DLC was deposited on a silicon substrate
using RF-plasma-enhanced chemical vapour deposition. The fluorine
content in synthesised S-DLC was up to 39.2 at.%. CF4 and C2H2 mixture
was used for F-DLC thin film on the substrate. With an increase in CF4
concentration in the plasma, a linear decrease in the deposition was
noticed due to the higher F+ density. At a low fluorine concentration of
about 6.5 at.%, the bonds between C-C, C-CF and C-F were observed
with the help of XPS analysis. Although, at high fluorine concentrations,
a peak related to CF2 bonding was also recorded. Ion scattering spectrometry confirms that no oxygen contamination in the F-DLC and the F
atoms were present on the outer surface. An increase in fluorine content
in the F-DLC increased the number of CF and CF2 bonds while the surface
energy and hardness reduced. It was stated that these features contribute
to the antibacterial activity of the F-DLC films.

3.1.1.2. Thermal exfoliation. The thermal exfoliation principle is based
on the pressure developed from the decomposition of functional groups
through thermal shocks due to rapid heating to high temperatures. FG
was synthesised through rapid thermal exfoliation of fluorinated
graphite by Herraiz et al [65].. The starting material being FG was
synthesised by direct fluorination of Highly Oriented Pyrolytic Graphite
(HOPG) at 1 atm pressure and 650◦ C for 6 h. The obtained covalent FG
was of (CF)x structural type. The FG was exfoliated by a fast thermal
shock induced by a closed silica reactor connected to an electric power

3. Fluorination of 2D graphene
3.1. Synthesis of fluorinated graphene
3.1.1. Exfoliation method
3.1.1.1. Sonochemical exfoliation. Sonochemical exfoliation is a widely
used technique capable of synthesising high-quality two-dimensional
multi-layered nanomaterials. Fluorographene and single-layer fluorinated graphene can be noticed from the fluorinated graphite through
ultrasonication. Gibb’s free energy (ΔG) governs the intercalation process activated by the F atom, can be defined by the Eq. (1)
ΔG = ΔH − TΔS

(1)

Here ΔS and ΔH are the entropy and enthalpy for the interjection of
solvents or the molecules. ΔH is predicted to be positive as the adjacent
layers of fluorine exhibit van der Waals attraction, resulting in a positive
and relatively small ΔG value. TΔS affects the exfoliation because, at
high pressure and temperature, the rise in ΔS results in ΔG decline.
Therefore, FG is easily exfoliated compared to graphite [61].
A one-pot sonochemical method was used to prepare fluorographene
by Gong et al [62].. Initially, fluorinated graphite with an initial concentration of 5 mg⋅mL−1 was added to 500 mL N-methyl-2-pyrrolidone
(NMP) in a round-bottomed flask. The mixed solution was refluxed for 2

Fig. 3. Illustration of fluorographene nanosheets fabrication by solvent intercalation and microwave exfoliation. The red arrows imply the DMF solvent
evaporation during microwave irradiation. Reproduced with permission [64].
Copyright 2020, Elsevier. (License no. 5177100703728)
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supply. A quick temperature rise (approx. 10◦ C⋅s–1) decomposes the
sample, rapidly induces the generation of fluorinated gaseous species,
resulting in the exfoliation of the material. The exfoliation was performed in an argon atmosphere to avoid the oxidation of exfoliated
material. It was observed that exfoliation and defluorination occur
simultaneously. Defluorination happens in two stages: a) from RT to
600◦ C, a slight decline in F/C ratio and b) rapid F/C reduction above
600◦ C up to 0.01. The F/C ratio was as high as 1.04 at RT. Dubois et al
[66]. synthesised fluorographene by thermally exfoliating the fluorinated HOPG (prepared by direct fluorination through F2). A sharp increase in the temperature leads to the rapid interlaminar species
removal of fluorinated HOPG with a change in the colour from greyish to
black, resulting in fluorographene. The specific surface area of FG increases with an increase in exfoliation temperature but at the same time
drastically reduces the F/C ratio [67]. Thus by precisely tuning exfoliation temperature, C-F bonds at defects can be preferentially removed.

However, it was noted that further increase in the HF concentration led
to not-exfoliated graphite with the presence of fluoride compounds and
an increase in the defect density of the exfoliated powder. Raman
spectroscopy confirms the successful synthesis of FG through the electrochemical exfoliation method.
3.1.1.4. Mechanical exfoliation. Ball milling assisted exfoliation of GrF
in preparing graphene fluoride was performed by Vu et al [71]., as
shown in Fig. 4. A GrF (5 g) with a 200–500 nm average lateral size was
initially added to a 100 mL NMP solvent. The mixture was transferred to
the grinding bowl (500 mL) followed by the addition of zirconia balls of
2 kg with diameters of 2 mm and 0.2 mm with a mass ratio of 1:1 to the
grinding bowl. The milling was performed at 300 rpm under a nitrogen
atmosphere at RT for 6 h. After the milling process, the solution was
removed from the grinding bowl and centrifuged for 30 min at 2000 rpm
for the removal of unexfoliated GrF. The supernatant was collected,
filtered and washed with NMP. The solution was then filtered through a
0.1 µm nylon membrane filter. The exfoliated graphene fluoride (EGF)
powder was acquired after two days of freeze-drying the filtered solution. The EGF’s average lateral size was 800 nm. The obtained EGF
powder weighed 1.9 g, which corresponds to a yield of 38%, indicating a
great potential to implement this method on a large scale.
Wan and Ma [72] performed an ammonia carbonate assisted ball
milling process on GrF for the exfoliation of functionalisation fluorinated graphene sheets (FFGS). GrF powder with an F content of about 56
at.% was used in this process. 1 g of GrF is added to 4 g of ammonia
carbonate and mixed by hand in a beaker. The mixture was transferred
to a ball milling jar of 50 mL, and 120 agate balls with 6 mm diameter
were added. The mixture is milled for 20 h at 400 rpm. To avoid the
agglomeration of the mixture, the jar was periodically paused, and the
edges of the jar were agitated to increase the milling efficiency. After the
ball milling, a grey-black mixture was attained. The obtained product
was then washed 2–3 times with deionised water, followed by sonication
in deionised water for 30 min and left for 1 h. Finally, the sediment was
removed, filtered and dried in a vacuum oven at 60◦ C. The obtained
final product was FFGS. The thickness of the FFGS monolayer was between 0.67 and 0.87 nm. The fluorine concentration in the FFGS was 30
at.% which is less compared to that of GrF. It was also observed that a
significant amount of nitrogen and oxygen (12 at.%) was present. The
main advantage of using the ball milling process would be the easy
preparation of multi-layer fluorinated graphene sheets. However, the
lamellar structure of graphene is damaged during the process, exposing
the edge of the fractured surface. This newly available active area is
preferentially fluorinated by the fluorine source resulting in
edge-functionalised graphene.

3.1.1.3. Electrochemical exfoliation. Fluorinated graphene can be synthesised by fluorination and exfoliation of graphite at the same time by
the electrochemical method [69]. Graphite electrodes (diameter 0.5
mm), pencil rods are used as both anode and cathode material. The
anode-cathode distance was 2 cm, and the applied voltage was 10 V. The
hydrofluoric acid (HF) solution was used as an electrolyte with different
HF concentrations (10, 20, 30, and 40 wt.%) for the electrochemical
process. The studies found that the kinetics of exfoliation was very high
in solutions with 20, 30 and 40 wt.% HF concentration and solution with
10 wt.% HF was considered for further studies with varying voltage and
the addition of 2.5 g/L TiO2 particles. Findings suggest that the HF
electrolyte solution was incapable of synthesising multilayer graphene
sheets. An increase in the applied voltage improved the exfoliation,
although the fluorination degree and defect density were the highest for
the powder synthesised at low voltage (2.5 V). The addition of TiO2 in
the electrolyte had a positive effect on both fluorination and exfoliation
of graphite.
In another study, with the same electrode geometry and anodecathode distance mentioned above, an electrochemical exfoliation
using an electrolyte mixture of H2SO4 and HF with a 1:1 volume ratio
was conducted [70]. Five different electrolytes were studied, 0.6 M
H2SO4 with HF (0, 5, 10, 20, 40 wt.%). A voltage of 10 V was applied.
After the electrochemical exfoliation process, the solution was ultrasonically sonicated for 45 min to improve the exfoliation efficiency. The
suspension was collected and washed with deionised water three times
to remove the impurities. X-ray diffraction studies showed that the
lowest intensity peak was obtained for electrochemically treated powders in 0.6 M H2SO4 (HF 0 wt.%).
In comparison, the highest was obtained in an electrolyte mixture of
0.6 M H2SO4 and 40 wt.% HF. The volume of graphene layers increased
with a rise in the HF concentration in the electrolyte from 0 to 5 wt.%.

Fig. 4. An illustration of ball milling assisted exfoliation of FG. Reproduced with permission [71]. Copyright 2020, Elsevier. (License no. 5177100564613)
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through plasma fluorination by Struzzi et al [77].. Tectra plasma source
with ion accelerations of 0 and 1 kV was used for the fluorination process. The plasma treatment at 1 kV was performed for 10 min (for both
the gases), although the fluorination time varied at 0 kV, which was 20
min and 35 min for SF6 and CF4, respectively. Fluorine content on the
samples treated with SF6 plasma was 10 and 8 at.% at 0 and 1 kV,
respectively, while the samples treated with CF4 plasma were 10 and 6
at.% at 0 and 1 kV, respectively. The samples treated with SF6 plasma
had better fluorination coverage compared to the CF4 plasma source.
The sulfur atoms from the SF6 plasma sources bonded with the copper
area without affecting the surface of the graphene unless there is a restriction of the ion’s kinetic energy.
Plsek et al [78]. synthesised fluorinated graphene employing a novel
laser-ablation-assisted plasma fluorination method using an SF6 fluorination source (Fig. 6). Initially, graphene was synthesised using the
chemical vapour deposition method on copper foil. The graphene on
copper foil was assembled to a sample holder in a vacuum chamber (15
cm3) made from a conflat CF 40 viewpoint and a CF 40 to KF 16 adapter
flange, which can be closed using an angle valve. The chamber was
initially turned into a vacuum followed by SF6 pumping at a pressure of
≈ 7 × 10−1 mbar. An Nd: YAG laser beam was focused on the silicon
target. The laser spot was placed 3 mm apart from the sample plane, and
they are perpendicular to each other (Fig. 6). CF, CF2 and CF3 species
were identified on the fluorinated samples. Sulphur was found on
samples with low fluorine coverages. The fluorine content decreases
when the number of laser pulses is higher than the saturation values.
This technique can control the fluorination of the samples by controlling
the applied laser pulses. The maximum fluorine atomic concentration
was 60% in this method which is high compared to traditional plasma
methods.
High-density plasma is required to synthesise fluorinated graphene
with a high F/C ratio as the fluorine radicals energies are higher than the
+
−
energies of fluorine-containing ions (CF+
3 , CF4 , F ). A severe ion
bombardment at high reaction temperatures leads to the carbon structure damage of graphene [79]. Moreover, plasma fluorination requires
process optimisation to produce fluorinated graphene at a larger scale.
As the process requires expensive setup and fluorine coverage on graphene is limited to the plasma-treated area.

3.1.2. Fluorination method
3.1.2.1. Direct gas fluorination. Bi et al [73]. synthesised fluorinated
graphene material using a direct gas fluorination technique. Hummer’s
method was used to prepare the graphene oxide (a base material to
synthesise FG) from natural flake graphite. A mixture of 5 mL GO
(concentration of 5 mg⋅mL−1) and 20 µL ethylenediamine (EDA) was
heated at 60◦ C in a Teflon reactor for 6 h to obtain reduced graphene
oxide aerogel. To synthesise FG, reduced graphene oxide aerogel was
further heated under N2 atmosphere to a required temperature (between
200 and 350◦ C) at the rate of 2◦ C min–1 in a monel alloy tube. A mixture
of N2 and F2 (with 10 vol.% F2) gases was pumped into the tube and left
for 1 h. Excess/residual F2 was removed from the reactor by introducing
N2 gas after the fluorination process. The deionised water was used to
wash the FG to remove the unbonded F atoms, then dry the samples in a
vacuum. Fig. 5 gives a schematic representation of the direct gas fluorination method. It has been noted that with an increase in the fluorination temperature, the F/C ratio increased, followed by a significant
drop. This phenomenon is due to the decomposition of C-F bonds at high
temperatures, which leads to the transformation of sp3 carbon to sp2.
Synthesis of fluorinated graphene at room temperature would
reserve most original fluorine atoms. Fluorinated graphene with a high
F/C ratio (≈ 0.67) was prepared using porous graphene at room temperature by direct F2 gas fluorination. Low process temperature and high
activation effect of direct fluorination during the preparation of fluorinated porous graphene is attributed to the defect structure (meso and
microporous structure) of the porous graphene [74]. Moreover, the
specific surface area of fluorinated porous graphene is around 1200
m2⋅g−1, which is above the theoretical value of fluorinated graphene
sheets (1018 m2⋅g−1). FG synthesised using direct fluorination contain
radical fluorine atoms which are stable in the air atmosphere. The radicals can be regulated by controlling the degree of fluorination. For
instance, the fluorinated graphene with low or high F/C ratios contains
low fluorine radical atoms, while moderately fluorinated graphene (F/C
= 0.4 – 0.5) has a high radical density [75].
3.1.2.2. Plasma fluorination. Plasma fluorination is a relatively easy,
clean and safe technique to synthesise fluorinated graphene. In this
method, an electron beam is projected on a targeted material, leading to
the generation of fluorine radicals adsorbed on the graphene surface,
leading to various C-F bonds. Plasma sources such as F2, SF6 and CF4 are
being used for fluorination. Hui et al [76]. synthesised a single layer FG
by controlled SF6 plasma treatment, and the maximum fluorine content
achieved was ≈ 24.6 at.% for 20 s plasma treatment. A comparative
study was conducted on fluorination of graphene with SF6 and CF4 gases

3.2. C-F bonding characteristics
C-F bonding characteristics mainly includes the C-F bonds and F/C
ratio of fluorinated graphene. Control over the F/C ratio is essential in
opening the bandgap, tuning optical transparency, electrical conductivity, and other properties like thermal and magnetic. The fluorination
conditions, treatment time, fluorinating agent, type of carbon used, and
treated sides tune the F/C ratio of the FG. For example, Yu et al [80].
reported that the F/C ratio (0.17 – 0.27) of the fluorinated graphene
oxide (FGO) depends on the exposure time of CF4 plasma. Wang et al
[81]. prepared highly fluorinated graphene from graphene oxide using

Fig. 5. Schematic for the direct fluorination method for the synthesis of fluorinated graphene. Reprinted with permission from [73] without changes under
the Creative Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/)

Fig. 6. Schematic diagram of laser ablation of Si target in an SF6 atmosphere
for graphene fluorination. Reproduced with permission [78]. Copyright 2020,
Elsevier. (License no. 5177100405933)
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direct heating fluorination. The F/C ratio increases from 0.65 to 1.02,
increasing the F2 gas concentration (from 2% to 10%) in the F2/N2 gas
mixture at 180◦ C. With an increase in the operating temperature to
250◦ C, the F/C ratio of 1 can be achieved at 5% F2 concentration. The
composition of main C-F-containing groups (Csp2-F, Csp3-F, CF2, CF3)
depends on the reaction temperature and F2 concentration; the Csp2-F
(sp2 hybridised C atoms connected to F) composition decreases with an
increase in the F2 concentration during the treatment [81]. Meduri et al
[82]. reported that the F/C ratio (0.47 – 0.89) of FG increases with
operating temperature (25◦ C – 150◦ C) in the direct fluorination method.
At high F/C ratios, the insulating surface groups CF2 and CF3 are
dominant. The studies suggest that a decrease in the F/C ratio results in
hyperconjugation, which occurs due to the coexistence of C-F bonds and
sp2 nonfluorinated carbon atoms due to poor fluorine coverage [83].
The hyperconjugation reduces the C-F bonding order, resulting in the
weakening of C-F covalence [84].
In a study by Wang et al [85]., fluorination of graphene oxide with
F2/N2 mixture was performed, where the F/C ratio increased with an
increase in the fluorination temperature, as shown in Fig. 7a. A rapid
increase in the F/C ratio can be seen between temperatures 180 and
220◦ C. Fig. 7b shows the evolution of the band of C-F as a function of the
F/C ratio. Fourier transform infrared spectroscopy (FTIS) shows a band
composed of two peaks at 1150 cm−1 and 1220 cm−1. The peak at 1150
cm−1 is dominant at a low F/C ratio. While the peak at 1220 cm−1 gains
prominence with an increase in the F/C ratio. C-F bonding is differentiated based on the type of C hybridisation linked with the F atom. The
peak at 1220 cm−1 corresponds to the Csp3-F covalent bond, and the
peak at 1150 cm−1 is the Csp2-F semi-ionic (semi-covalent) bond. The
Csp3-F are linked at the strongly deformed carbon framework with an
F/C ratio of 1, while the Csp2-F bonds are present at weakly fluorinated
regions (F/C ≤ 0.5). Gong et al [86]. reported that the FTIR spectra of
photochemically synthesised FG show the semi-ionic and covalent C-F
bond absorption peaks at 1151 cm−1 and 1212 cm−1, respectively. The
C-F2 (292.2 eV) and C-F3 (293.4 eV) groups were found in XPS studies,
indicating that the sample has a high degree of fluorination. The average
height within 0.9 to 1.5 nm was found for fluorinated graphene sheets,
corresponding to single and double-layer sheets [86]. Ultraviolet irradiation of FG in toluene results in a rapid decrease of F/C ratio with

irradiation time. The covalent C-F bonds are converted into semi-ionic
C-F bonds as covalent bonds are sensitive to ultraviolet [87].
Weakening of covalent nature between the C and F atoms would lead
to increased new functional groups. In comparison to GO, FG is highly
reactive to ammonia. For instance, defluorination occurs when FG
comes in contact with ammonia and leads to N-doping in significant
degrees. C-F bonds are replaced with C-NH2 groups. Dissociation of C-F
bond facilitates dissociating of C-C and formation of C-N bond [88].
Table 1 summarizes the methods and reagents used to fabricate fluorinated graphene and their influence on the F/C ratio and C-F characteristics of fluorinated graphene.
4. Properties
4.1. Bandgap
Graphene exhibits unique electric properties due to its high carrier
mobility and zero bandgap, showing good potential for advanced electronic applications. However, the zero band gap of graphene leads to
high power dissipation and leakage of currents, regulating its application in standard logic circuits as a candidate of post-silicon electronics
[89]. Therefore, opening the bandgap of graphene through structural
engineering is highly desired. For instance, a wide bandgap of 3.1 eV
opens for fluorinated graphene due to the trigonal sp2 carbon structure
transformation to tetragonal sp3 [90,91]. Wang et al [92]. prepared
fluorinated graphene sheets (FGS) through a hydrothermal reaction
between HF reagent and graphene oxide. The fluorine coverage of graphene can be controlled by varying the reaction time, temperature, and
HF content. The bandgap of FGS increases with an increase in fluorine
coverage, where CF0.09 has a bandgap of 1.82 eV, and CF0.325 has 2.99
eV. This is due to the interaction of p orbits of F with π orbits of C,
resulting in the change in charge densities.
According to the density functional calculations, varying FG’s layers
and structural configurations can control the bandgap. A chair configuration has a bandgap of 3.036 eV, while the bandgap for boat and
tricycle configurations are 2.503 eV and 3.247 eV, respectively [93].
Low bandgap in boat configuration is due to a greater C-C bond length
caused by F-F repulsion. The C-C bond length of chair, boat and tricycle

Fig. 7. a) Change of F/C ratio during the fluorination of graphene oxide with F2/N2 mixture b) Evolution of FTIR spectra of fluorinated samples with fluorinating
temperatures (bottom to top: 50, 100, 120, 130, 150, 180, 200, and 220◦ C). (Reproduced/adapted with permission from ref [85], Copyright, 2016, American
Chemical Society).
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Table 1
Synthesis methods used for the fabrication of fluorinated graphene and their influence on C-F characteristics.
Method

Sonochemical
exfoliation
Sonochemical
exfoliation
Thermal exfoliation
Thermal exfoliation
Electrochemical
exfoliation
Mechanical exfoliation
Direct gas fluorination
Plasma fluorination

Raw materials

Reaction
temperature

Graphene-based
materials

Fluorination source

Fluorinated graphite

N-methyl-2pyrrolidone
N, N-dimethyl
formamide
F2

Graphite fluoride
Fluorinated graphite
FGO
Graphite
Graphite fluoride
Graphene oxide
Graphene

HF solution
N-methyl-2pyrrolidone
F2/N2 mixture
SF6

F/C ratio

Room
temperature
Room
temperature
650◦ C
400−800◦ C
Room
temperature
60◦ C
200−350◦ C
Room
temperature

configurations are closer to the diamond bond length of 1.52 Å (sp3
hybridisation). In-chair configuration, fluorine atoms bond with the
graphene plane above and below. Khatami et al [94]. used the first
principle method to study the electrons and holes phonon-limited
mobility in hydrogenated graphene and fluorinated graphene. At an
extreme cut-off for long-wavelength out-of-plane acoustic (ZA) phonons,
electron and hole mobilities of 28 and 41 cm2⋅V−1⋅s−1 for hydrogenated
graphene and electron and hole mobilities of 96 and 30 cm2 V−1 s−1 for
FG were obtained, respectively. However, at a more favourable cut-off
wavelength ~2.6 nm, high electron mobility of 233 cm2 V−1⋅s−1 and
hole mobility of 389 cm2⋅V−1⋅s−1 for graphane and electron mobility of
460 cm2⋅V−1⋅s−1 and hole mobility of 105 cm2⋅V−1⋅s−1 for FG were
achieved, respectively. At the same time, a complete suppression of ZA
phonons increased the electron and hole mobility in graphane up to 278
and 391cm2⋅V−1⋅s−1, respectively. Meanwhile, it affects the carrier
mobilities in FG. The electron transport property of FG is correlated to
the fluorine distribution on the graphene surface (at low fluorine content). At the same fluorine concentrations, different island and
chain-like clusters are formed on the graphene, influenced by the fluorination probability of a C atom [95].

Peak location in FTIR
(cm−1)

Peak location in XPS (eV)

Semi-ionic
C-F

Covalent CF

Semi-ionic
C-F

Covalent CF

0.31−0.78

1084

1212

F1s 688.5

F1s 689.0

[62]

0.89−0.94

-

1216

C1s 284.8

C1s 285.3

[64]

0.01−1.06
0.057−0.16
0.046

1120
-

1199
1280

C1s 288.4
-

C1s 290.3
-

[65]
[68]
[69]

0.69−0.85

-

-

F1s 687.8

F1s 688.2

[71]

0.43−0.67
0.32

-

1226

F1s 687.5

F1s 688.6
F1s 688.6

[73]
[76]

Ref.

4.2. Optical properties
A drastic change in optical properties of graphene, such as absorption band, transparency, and photoluminescence, occurs when it is
functionalised with fluorine. The optical transparency of FG synthesised
using XeF2 fluorinating agent at 70◦ C was investigated by Nair et al
[96].. As shown in Fig. 8a, graphene’s opacity peaks at 4.6 eV and absorption intensity are not linear after the energy ~2.5 eV, which was
following pronounced von Hove similarity. Partially fluorinated graphene has relatively higher transparency compared to pristine graphene. Fluorographene remains fully transparent for light energy ≤ 3 eV
but starts absorbing violet lights. This implies that fluorographene is a
wide-gap semiconductor with an energy gap greater than 3 eV. Robinson
et al [35]. reported that graphene films treated with XeF2 gas at 30◦ C
exhibit optical transparency. Figs. 8b, A and B show the optical micrograph of graphene before and after one-sided fluorination, and optical
contrast upon fluorination is visible between them. Fig. 8b(C) shows
that the absorption peak related to single-layer graphene disappears but
not for bilayer graphene, which indicates that fluorine chemisorption
occurs only on the top surface and does not intercalate between the
layers. Fig. 8b(D) shows partially FG, where small portions of the C4F
were not completely transparent.
Mubarak and Ismail [97] investigated the optical properties of FGS

Fig. 8. a) Optical transparency changes in graphene after the fluorination process. The absorption spectra of fluorographene (bottom), partially fluorinated one
(middle) and pristine graphene (top curve). Reproduced with permission [96], Copyright 2010, John Wiley and sons. (License no. 5177100033311) b) Optical
characteristic changes of graphene upon fluorination on a single side. Reproduced with permission [35], Copyright 2010, American Chemical Society.
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using ab initio studies. The absorption coefficient (Iw) of FGS was 121.6
× 104⋅cm–1, relatively low compared to the Iw of pure graphene sheets
(GS) (189.9 × 104⋅cm–1). The optical conductivity (σ(ω)) of FGS (3.32 ×
103⋅ω–1⋅cm–1) is low compared to pure GS (5.35 × 103⋅ω–1⋅cm–1) which
indicates that the transparency of graphene increases with fluorination.
Both Iw and σ(ω) highest values were found in the energy levels of 14.6 –
15.0 eV.

magnitude of two orders with fluorination (2.4 to 16.6 at.%). This
phenomenon is because the edges of the flakes are the primary sites of
fluorine, making them behave like unfunctionalised graphene. The
covalently attached fluorine on the flakes preserves its electrical properties. Also, the charge transport in thin-film FG is affected by the
edge/edge, edge/plane, and plane/plane junctions [108].
4.5. Thermal conductivity

4.3. Magnetic properties

Graphene possesses high thermal conductivity of 5300 W⋅m–1⋅K–1
due to efficient phonon transfer by ion-core vibration in the crystal
lattice [109,110]. However, the high electrical conductivity of graphene
restains its applications in highly coherent electronic devices. By fluorination of graphene, high electrical insulation and high thermal conductivity can be achieved. Ultrathin graphene fluoride films were
synthesised from the graphene fluoride solution prepared by mechanical
exfoliation of GrF. The films exhibit an excellent in-plane thermal conductivity of 242 W⋅m–1⋅K–1 and incredible through-plane thermal conductivity of 21.8 W⋅m–1⋅K–1 at 10 mm thickness with electrical
conductivity of >10–12 S⋅m–1 exhibiting excellent flexibility. The thermal conductivity can be tuned by altering the thickness of the film [71].
A graphene fluoride- poly (vinyl alcohol) composite suspension was
prepared from sonochemically exfoliated graphene fluoride and poly
(vinyl alcohol) via vacuum filtration. The film prepared by this suspension has an ultrahigh in-plane thermal conductivity of 61.3
W⋅m–1⋅K–1 at 93 wt.% graphene fluoride [111]. A non-equilibrium molecular dynamics (NEMD) study was conducted to estimate the theoretical thermal conductivity of FG [112]. The thermal conductivity
decreases rapidly when Fluorine coverage increases between 0% and
20%, normalises from 20% to 70% and quickly increases when
approached 100%.

The graphene exfoliated from highly oriented pyrolytic graphite
exhibits diamagnetic behaviour with no resemblance of ferromagnetism
were observed [98]. In some cases, the ferromagnetic nature of graphene is due to the localised unpair spins caused by the point defects and
edge states [99]. Fluorination of graphene drastically changes the
magnetic behaviour of the graphene material. Nair et al [100]. reported
that the paramagnetism of FG increases with the F/C ratio (0 to 1),
which the Brillouin function can precisely define:
(
)
[
( z )]
2J + 1
(2J + 1)z
1
M = NgJ μB
(2)
ctnh
− ctnh
2J
2J
2J
2J
where z = gJµBH/kBT, N is the number of spins, kB is the Boltzmann
constant, g is the g-factor, and J is the angular momentum number. The
Brillouin function provides a good fit only if J = S = ½ (free-electron
spin). However, the magnetisation curves are best fitted at J = 0.83 for
fluorinated reduced graphene oxide (FRGO) [101]. The FRGO (F/C
ratio = 0.46) shows strong paramagnetism, suggesting the presence of
high-density unpaired spins.
Wang and Li [102] conducted a theoretical study to understand the
effect of charge doping on the magnetic properties of FG. Without charge
(not doped), the FG has a magnetic moment of 0.72 µB. The fluorinated
graphene continuously increases its spin moment with the variation in
charge (towards positive) and obtains up to 1.08 µB with a positive
charge of 0.6e. At the same time, magnetism changes from ferromagnetism to non-magnetism when it achieves a negative charge greater
than -0.6e. Feng et al [103]. reported that the high-intensity magnetic
moments are found in annealed FGO due to the improved edge effect of
small fluorine clusters. These small F clusters are formed by the fragmentation of large F domains, attributed to the magnetic ordering in FG
because of the shrunken average spacing between the localised moments. Thus, annealed fluorinated graphene samples can undergo the
transaction from paramagnetism to ferromagnetism.

4.6. Tribological properties
Graphene possesses good tribological properties due to its chemically
inert behaviour, surface adherence, low shear strength, and characteristics of lamellar structure [113,114]. The fluorination of graphene can
enhance its tribological properties. Hou et al [115]. reported that fluorinated graphene significantly reduces the wear volume and friction
coefficient as an oil-based lubricant additive. Fluorographene as a
lubricant additive can reduce friction because of the low interlayer
interaction caused by the repulsive electrostatic forces between the F
atoms at the interfaces [116]. The wetting contact angle of FG is much
larger compared to that of the angle measured on the pristine graphene
surface, suggesting that the FG has a more hydrophobic surface [117,
118]. Molecular dynamics simulation reveals that the high hydrophobicity of fluorinated graphene is due to its low interfacial density and
high water slip length, while graphene has high interfacial density and
low slip length, meaning it shows low hydrophobicity [119]. The
nanoscale friction of the graphene after fluorination increases six times,
as shown in Fig. 9. Meanwhile, after fluorination, the adhesion force is
reduced to about 25%, i.e. from 44 ± 10 nN (for pristine graphene) to 32
± 10 nN (for fluorinated graphene) [120]. The tribological properties of
FG mainly depend on its surface chemistry (species attached on its
surface), F/C ratio and microstructure (such as interlayer spacing and
interlayer interaction, F atoms arrangement) [115]. Table 2 compares
the properties of pristine graphene and fluorinated graphene discussed
in this section.

4.4. Electronic conductivity
The single-layer graphene exhibits high electron mobility due to the
formation of an π–conjugated bond by the sp2 hybridised C atom with a
pz orbital. Meanwhile, fluorination of graphene (controlled F/C ratio)
can modify the electronic conductivity by transforming its metallic/
semiconductor behaviour into the insulator with the retreatment of the
π–conjugated bond. Fan et al [104]. reported that the electrical conductivity of GS is as high as 20200 S⋅m–1 after annealing. The electrical
conductivity of graphene can be significantly reduced with the increment of the F/C ratio, and electrical conductivity of as low as 2 S⋅m–1 can
be achieved at an F/C ratio of 0.5 [92]. The resistance of FG is greater
than 7 orders in magnitude compared to pristine graphene, where the
resistance of FG is around 1 TΩ with fluorine coverage of a few tenths of
a percent [105]. At a very low F/C ratio, the FG behaves as a semiconductor due to the existence of sp2 hybridised C atoms [106].
Kolesnik-Gray et al [107]. reported that the electrical conductivity of
the fluorinated graphene also depends upon material geometry. The
studies were conducted on fluorinated graphene thin films and flakes. In
the case of graphene films, the electrical conductivity decrease by five
orders of magnitude with fluorination (F content from 2.4 to 14.6 at.%).
In contrast, the electrical conductivity of graphene flakes increases by a

5. Applications
5.1. Energy Storage Devices
Watanabe and Fukuda [122,123] were the first to use fluorinated
carbon (CFx) as a cathode material in lithium primary batteries (LPBs).
CFx was considered a promising cathode material for LPBs due to its
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Jeon et al., for the first time, synthesised edge-selective fluorinated
graphene nanoplatelets (FGnPs) through the mechanochemical ballmilling method, which can be used as a cathode on lithium-ion batteries (LIB). The FGnPs showed excellent stability and cycle life, with
650.3 mAh⋅g–1 specific capacity at a current rate of 0.5 C, with 76.6%
charge retention after 500 cycles [128]. Chen et al. theoretically studied
Li adsorption, diffusion, and storage mechanism on single-sided FG via
density functional theory simulation. FG (F/C=0.5) exhibits a very low
lithium-ion diffusion barrier (0.04 eV), maximum lithium storage capacity of 623 mAh⋅g–1 and high open-circuit voltage of 0.96 V [129].
Liu et al [130]. introduced FG in sodium batteries with a good performance rate but a large voltage gap between the charge and discharge
process. The initial discharge capacity for Na/CFx battery was 840
mAh⋅g–1 at 0.025 C with a polarisation of about 1200 mV. The addition
of Ag nanoparticles to the FG substantially reduced the cell voltage by
480 mV, resulting in low overpotential and high electric efficiency.
Thus, the addition of Ag nanoparticles to FG improved the performance
of the Na/CFx battery [130].

Fig. 9. Friction force vs Applied load recorded on fluorinated and pristine
graphene. Reproduced with permission [120], Copyright 2010, American
Chemical Society.

5.2. Lubrication
Graphene-based additives have been extensively used in lubricants,
as the additives improve the load-carrying capacity, anti-oxidation and
anti-wear ability of the lubricants and provide a low coefficient of friction [131–133]. Meanwhile, the addition of FG into the lubricant only
enhances its properties. For instance, the addition of fluorographene to
polyimide (PI) can effectively improve the anti-wear performance of the
PI [134]. The PI and PI/fluorographene nanocomposites coating were
tested under dry sliding conditions. The worn surface of the PI and
PI/fluorographene nanocomposite exhibits severe plastic deformation
and microcracks, as shown in Fig. 10 (a-c). Large and dense cracks can
be seen on the worn surface of PI and PI/fluorographene 1, while smaller
microcracks can be seen on the worn surface of PI/FG-0.5. The wear rate
and friction coefficient decrease with the addition of 0.5 wt.% of fluorographene to the PI, which is believed to be an optimal amount.
Moreover, the water contact angle of PI/fluorographene-0.5 is high
compared to pure PI. FG promotes the formation of transfer films during
the fracture, enhancing the wear resistance. According to Zhou et al
[135]., the coefficient of friction and wear rate of PI/fluorographene can
be further reduced by adding CNT to the mixture. Ci et al [136]. reported
that the tribological properties of Gas to Liquid (GTL) based oil is
enhanced by the addition of fluorographene. Compared to pure oil
lubricant, the coefficient of friction, and wear rate decreased by 35%
and 90%, respectively, when the concentration of fluorographene was
0.3 mg⋅mL–1. Zhao and Ci [137] reported that the GTL-8 with TiO2/FGO
(1:4) nanocomposite additives of a concentration of 0.3 mg⋅mL–1 exhibits a coefficient of friction and wear rate of 33.67% and 88.38%,
respectively, less than pure GTL-8 lubricant, which would mean that the
inclusion of TiO2 to the FG/GTL-8 has no influence on improvising the
coefficient of friction and wear rate.

Table 2
Comparing the properties of graphene and fluorinated graphene material.
Properties

Graphene-based

Fluorinated graphenebased

Ref.

Bandgap
Electron mobility
Optical conductivity

0 eV
233 cm2⋅V−1⋅s−1
5.35 ×
103⋅ω–1⋅cm–1
20200 S⋅m–1

3.8 eV
460 cm2⋅V−1⋅s−1
3.32 × 103⋅ω–1⋅cm–1

[91,92]
[94]
[97]

2 S⋅m–1

44 ± 10 nN
0.17

32 ± 10 nN
0.08

[92,
105]
[120]
[121]

Electrical
conductivity
Adhesion force
Coefficient of
friction

stable operation ability, wide operating temperature, high energy density, and high average operating voltage. A very high theoretical energy
density of 2180 Wh⋅kg–1 is possessed by CFx (for graphite at x =1) as
cathode material for LPBs. Fluorinated mesoporous carbon (CF0.54)
exhibited excellent performance with a 515 mAh⋅g–1 capacity and a
discharge plateau of 2.75 V at a current rate of 5 C [18]. But the power
densities are not satisfactory because of the poor electrical conductivity
possessed by fluorinated carbon from strong C-F covalent bonds.
Damien et al. reported that LPBs utilising fluorinated graphene with
low fluorine content (x = 0.22) exhibits excellent electrochemical performance [124]. The specific capacity of FG was 767 mAh⋅g–1 at 10
mA⋅g–1 current density, which is greater than the specific capacity of
fluorinated graphite polymer (CF0.25)n, which is 550 mAh⋅g–1 at a
similar current density. The faradic yield of the FG was 210% at 10
mA⋅g–1. The specific capacity of FG and fluorinated graphite polymer at
a very high current density of 1000 mA⋅g–1 was 572 mAh⋅g–1 and 408
mAh⋅g–1, respectively. FG (F/C = 0.8) prepared by one-step gas fluorination of rGO possesses an excellent power density of 21460 W⋅kg–1 and
a very high energy density of 1073 Wh⋅kg−1 at a current density of 10
A⋅g−1 [125]. Sun et al [126]. reported that LPBs with FG electrodes
exhibited an excellent discharge rate due to higher charge mobility with
good Li+ diffusion through the nanosheets. FG containing semi-ionic F-C
bonds with a specific capacity up to 520 mAh⋅g–1 at a current density of
1 C, five times higher than the specific capacity of fluorinated graphite
[126]. FG also has a 4038 W⋅kg–1 power density at 3 C, four times higher
than fluorinated graphite [126]. LPBs with fluorinated graphene microspheres (FGM) have a record cell-level power density of 12451.2
W⋅kg−1 at 20 C. Moreover, FGM (F/C = 1.03) cathodes have high active
material mass loading (4.3 mg⋅cm−2) and perform excellently in extreme
operating temperatures (up to 100◦ C) [127].

5.3. Gas Sensors
Graphene has been given special attention for gas sensing applications because of the sp2-hybridized 2D hexagonal honeycomb structure
[138,139]. Although graphene can be used as a gas sensing material,
functional groups that can stably adsorb gases are not found on the
graphene surface. Moreover, graphene-based materials require platinum
group metals or oxygen functional groups to enable their gas sensing
characteristics [140]. Park et al [141]. reported that the gas sensor
fabricated using FGO showed a 7% change in resistive response while
sensing NH3 gas, whereas non-treated GO does not show any response.
Katkov et al [142]. proposed backside fluorine-functionalised graphene
material as an NH3 sensor. The graphene layers were recovered by
exposing fluorinated HOPG to hydrazine hydrate vapour. The restored
sp2 hybridisation in the reduced fluorinated graphene enhances the
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Fig. 10. SEM image of worn surface for the samples of PI (a) PI/fluorographene-0.5 (b) and PI/fluorographene-1 (c); (d) the histogram of friction coefficient and
wear rate of all coatings under drying sliding condition. Reproduced with permission [134]. Copyright 2016, Elsevier. (License no. 5177090928007)

strong paramagnetic behaviour due to the presence of magnetic zigzag
edges and sp3-type defects.
Cao et al [146]. prepared porous partially fluorinated graphene
(PFG) by the one-pot hydrothermal method. The C-F semi-covalent
bonds can be easily regulated via this method. The symmetric capacitors assembled by PFG exhibit a high specific capacitance of 269.7 F⋅g–1
at 1 A⋅g–1 with a superior rate capability of 89.3% capacity retention (20
A⋅g–1) and a high energy density of 9.4 Wh⋅kg–1 at a power density of
250 W⋅kg–1.
Jahanshahi et al [147]. studied the bioapplication of FGO, which
could be potentially used as nanocarriers to transport the drugs to the
affected area in the body. A water-soluble and pH-sensitive charge-reversal FGO was redesigned with polyethyleneimine attached to sericin
polypeptide (FPS). The curcumin was loaded to an FPS nanocarrier,
where the nanocarrier was characterised for anti-cancer drug delivery.
The nanocarrier’s design was in such a way that it could selectively
enhance cell internalisation and targeted delivery to cancer cell sites. It
was also found that the FPS can carry high loads of curcumin, and it
could be a promising candidate to be used in chemotherapy. Wang et al
[148]. developed hyaluronic acid (HA)-modified fluorinated graphene/Fe2O3 composite, which possessed HA and magnetism-induced
dual-targeting effect towards cancer cells and high near-infrared
adsorption of photothermal therapy. The composite also showed a
turnoff fluorescence effect towards anti-cancer drug doxorubicin, which
allows monitoring drug loading procedures and chemotherapy. The
maximum drug loading ability of the composite of 2.51 mg/mg was
achieved.
Very recently, a review on synthesis and application of fluorinated
graphene was published [149].

material’s electrical properties. The residual fluorine atoms that are
chemically attached to the graphene attract the NH3 molecules, acting as
sensor zones. The sensor zones are restored to their original state by air
purging at RT.
Kang and Li [143] investigated the gas sensitivity of FGO samples
towards NH3 gas, which was prepared by ultrasonic exfoliation of
fluorinated graphite. The at.% of C, O and F in FGO were 75.4, 8.79 and
15.81, respectively. The relative response and response time were 9.24%
and 87 s, respectively. It was found that the sensitivity of FGO to NH3
was 3.5 times that of graphene to NH3 gas. Moreover, the recovery time
(time required to reach its initial state) was only 95 s, which is
extraordinarily low compared to the recovery time of pristine graphene,
which is 7200 s. The first principle studies reveal that FG has weaker
interaction towards the adsorbed gas molecules than oxygenated graphene materials, meaning that FG’s recovery rate is lower than
oxygenated ones [144]. FG spontaneously recovers to its initial state by
argon purging, without any additional process like heating or vacuum
pumping.
5.4. Other Applications
The applications of FG are widespread as the properties of the material can be controlled by proper F/C tuning. FG can be used as quantum dots [145], as supercapacitors [146] and in bioapplications [147,
148].
Feng et al [145]. synthesised fluorinated graphene quantum dots
(F-GQDs) from the thermal cutting of FG F-GQDs with a low F/C ratio
(0.03) exhibits excitation wavelength-dependent properties with multicolour photoluminescence (from blue to green). The F-adatoms located
at the edge of F-GFDs introduce paramagnetic centres. The F-GQDs show
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6. Conclusion
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[13] A. Furlan, G.K. Gueorguiev, H. Högberg, S. Stafström, L. Hultman, Fullerene-like
CPx: A first-principle study of the relative stability of precursors and defect
energetics during synthetic growth, Thin Solid Films 515 (2006) 1028–1032.
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The fluorinated carbon materials have a variety of properties, and
the properties differ with the change in the type of carbon material
fluorinated. In recent times, more attention has been given to graphene
and its derivatives, especially F-graphene. The properties of fluorographene are drastically different from the graphene as the graphene
lacks π-conjugated electrons, which opens up the material’s bandgap,
making it an insulator. The F/C ratio and C-F bond characteristics highly
depend upon the synthesis method, where exfoliation and direct fluorination are the main methods adopted for FG synthesis. The properties
of FG can be controlled through precise tuning of the F/C ratio and
maintaining the semi-ionic bonds present in the materials. For instance,
increasing the F/C increases the bandgap, which makes the material
more insulating. It is well known that the control over the C-F bond
characteristics is complex and requires special attention. FG comprises a
mixture of ionic, semi-ionic and covalent bonds and a proper screening
needs to be done before using the material in energy storage devices and
supercapacitors to obtain high efficiency. FG has attractive applications
in batteries, supercapacitors, lubrication, bioapplications (especially as
drug carriers), quantum dots and sensors. The low surface energy, high
thermal stability, chemical inertness and availability make FG an
extraordinary material among the 2D materials. Having said that, FG
still cannot be completely adapted in primary lithium batteries, as FG is
an insulator and its insulating ability increases with an increase in F/C
ratio, thus restraining the diffusion of Li+ ions (resulting in poor
discharge rate). The electrochemical properties of FG can be enhanced
by introducing dopants and optimizing the F/C ratio. The specific surface area of fluorinated graphene sheets is 400 m2⋅g−1, which is well
below its theoretical value. Thus limiting the utilisation of FG in its
potential applications. The problem can be solved by preparing FG by
fluorination of porous graphene, which has a high specific surface area
of 1100 m2⋅g−1.
Despite the recent progress made in the synthesis of fluorinated
graphene, there are shortcomings in both exfoliation and fluorination, as
these methods are limited to laboratory scale. Direct gas fluorination can
easily be adapted to large-scale production of FG, however, the main
dropback is poor controllability of the F/C ratio and C-F bonding character (formation of ionic and semi-ionic C-F bonds). FG synthesised
using liquid-phase exfoliation requires further purification, which is
time-consuming and contains toxic byproducts. FG prepared using
plasma exfoliation contain fluorine radicals on its surface, thus requiring
separation before using them in any applications. The lamellar structure
of FG prepared using mechanical exfoliation are damaged and FG produced from this technique has a low yield. A chemical process with the
ability of selective fluorination to control the C-F bond characteristics
and F/C ratio is of primary importance. Significant research should be
conducted in designing a defluorination method that could align with
the fluorination process. Defluorination can be used in modifying the CF bonding character and F/C ratio of FG as desired. Other than
controllability and homogeneity, the multifunctionality of FG would be
of great interest for future research. A proper cost-efficient and environmentally friendly method for industrial-scale manufacturing of FG
are yet to be found, and rapid research in this area would undoubtedly
enable such a method soon.
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