Ó Indian Academy of Sciences

Bull. Mater. Sci.
(2022) 45:99
https://doi.org/10.1007/s12034-022-02675-8

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Oxidation modification of fluorinated graphite and its reaction
mechanism
HAO LI* , SONG BI, XIAOJING YUAN, ZHAOHUI LIU, YONGZHI SONG,
JINJIN WANG and GENLIANG HOU
Xi’an Research Institute of High-Tech, Xi’an 710025, People’s Republic of China
*Author for correspondence (376467729lihao@163.com)
MS received 14 September 2021; accepted 14 January 2022
Abstract. The Hummers method was employed in this study to oxidize fluorinated graphite. In addition, the pre- and
post-chemical compositions and microstructure were characterized and analysed to explore the modification mechanism.
Oxidized fluorinated graphite (OFG) with lamellar structure and variable oxygen content was obtained by oxidation
method. Primarily, the oxidative modification under KMnO4 is that MnO3? as Lewis acid would catalyse the activation of
the carbon-fluorine bond, which then breaks to release a fluorine ion. Secondly, the unsaturated carbon bond would be
oxidized, increasing carbon-oxygen bond content and producing some OFG nano fragments. The carbon-fluorine bond is
gradually catalysed to react according to its activity as the KMnO4 dosage increases, while the unsaturated carbon bond is
oxidized, leaving some isolated carbon-fluorine bonds with weak activity.
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Introduction

Fluorinated graphene (FG) is grafted with fluorine atoms on
the graphene skeleton, whereas graphene oxide (GO) is
grafted with oxygen-containing groups (carboxyl, epoxy,
carbonyl, etc.) on the graphene. Fluorinated graphene oxide
(FGO) or oxidized fluorinated graphite (OFG) is the material grafted with both fluorine atoms and oxygen-containing
groups on the graphene. OFG possesses a partial structure
of GO and FG simultaneously, so its performance is intermediate between them. By adjusting the proportions of
fluorine and oxygen in OFG, the properties such as
hydrophobicity [1], insulation [2], lubricity [3], photoelectric performance [4] can be altered significantly. OFG does
not have a fixed property, but exhibits different properties
according to the proportions of fluorine and oxygen, which
has attracted significant attention from researchers.
Numerous researchers have done helpful explorations in the
preparation and application of OFG.
Due to its unique modifiability, OFG is widely employed
in hydrophobic coatings [5,6], sensors [7,8], medicine
[9,10], photoelectric properties [11,12] and a variety of
other applications. For example, OFG was added into 2.5
wt% PDMS toluene solutions, using TEOS as a coupling
agent and dibutyltin dilaurate as a catalyst. After mixing,
the coated film was discovered that the higher the OFG
concentration, the better its hydrophobicity. The contact

angle was 173.7° and the rolling angle was 4° when the
OFG content reached 60.2 wt% [5]. Additionally, OFG
synthesized by the hydrothermal method was utilized to
detect NH3, which has a detection limit of 6.12 ppb that is
20 times higher than RGO [7]. Furthermore, water-soluble
OFG with nanometre-scale exhibits good fluorescence, high
near-infrared absorption and pH response, making it suitable for drug delivery [10]. OFG was prepared by Hummers
method, following grafted with 4,4’-diaminodiphenyl ether
(ODA) to prepare OFG-ODA/PI mixture for reducing the
dielectric constant, and Young’s modulus was increased by
50% with the optimal content of 1 wt% [12].
The preparation of OFG can be roughly divided into two
broad categories based on the raw materials used. For the
first category, OFG is prepared by using fluorinated graphite
(FGi) as raw material and doping oxygen into it [5,9,13].
Akshay et al [1] oxidized FGi of (CF0.25)n using the
Hummers method and adopted solution separation to obtain
high fluorine content OFG (HOFG) with high hydrophobicity and low fluorine content OFG dissolved in water.
Additionally, FGi was modified with molten KOH and
NaOH solution to produce OFG quantum dots (about 3 nm)
with stable fluorescence that may be applied in different pH
[14]. OFG was also prepared by heating the FGi(F/C = 1)/
DMF solution [6]. For the second category, GO is employed
as a raw material and HF, XeF2 and HPF6 act as the
fluorinating agents to obtain OFG [15–17]. GO was
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fluorinated by HNO3/HF hydrothermal method to obtain
water-soluble OFG with fluorine and O content of 21.5 and
14.2 at%, respectively [15]. XeF2 was used to synthesize
OFG with 28.6 at% fluorine content [16]. OFG was also
prepared by fluorinating GO with HPF6, which has a sensitivity of roughly 7 nM for histamine detection [17].
As explained above, there are mainly two ways for
preparing OFG. The first route of FGi oxidizing draws more
attention than another one due to its advantages of simple
and low cost. However, it is still very difficult to control the
content of fluorine and oxygen currently. In the meanwhile,
the oxidation mechanism of FGi is still not understood as
well, so it is impossible to precisely control the composite
or structure of OFG derived from FGi oxidation. In this
study, FGi was used as the raw material to synthesize OFG
with various fluorine and oxygen contents by controlling the
reacting conditions to study the reaction processes and
mechanism of the oxidative modification.

2.
2.1

Experimental

Bull. Mater. Sci.
2.3

Separation and extraction of residual products

After separation of OFG, Mn2?, H?, SO42–, K?, MnO4–,
H2O and possible fluorine-containing compounds may exist
in the solution. Excess H2O2 converted MnO4– to Mn2?.
Adjust the pH of the solution to 9.5 with sufficient KOH to
ensure complete precipitate of Mn2?. The entire solution
was then suction filtered over a 0.2 lm hydrophilic PTFE
membrane, and the obtained precipitate was washed with
water several times to remove K2SO4. The final product was
labelled P (precipitate). For example, the precipitate corresponding to OFG42-1 was designated as P42-1. After the
initial filtration, the residual solution contained saturated
K2SO4. If it is dried directly, the fluorine content will be
extremely low and difficult to be detected. As a result, it
was concentrated to 100 ml and then frozen in a 0°C icewater bath for 1 h to decrease the solubility of K2SO4 and
increase the precipitation. After drying the filtrate at 140°C
for at least 48 h, and the product was labelled as RP
(reaction product). For example, the reaction product corresponding to OFG42-1 was RP42-1.

Materials preparation
2.4

FGi with a fluorine content of *42, *60 and *65 wt%
was provided by Shanghai CarFluor Ltd. Concentrated
sulphuric acid (H2SO4), potassium permanganate (KMnO4),
concentrated hydrochloric acid (HCl), potassium hydroxide
(KOH), ethanol (CH3CH2OH), hydrogen peroxide (H2O2),
etc. was offered by Sinopharm Chemical Reagent Co., Ltd.
Deionized water ([18 MXcm) was used for rinsing and as
the solvent as well.

2.2
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Synthesis of OFG

OFG was prepared using a modified Hummers method [18].
The detailed steps were as follows: 1 g FGi was added to 80
ml concentrated H2SO4 and stirred for 10 min at 0°C in an
ice-water bath, followed by the addition of 8 g KMnO4 very
slowly while stirring. After 2 h reaction in the ice-water
bath, the solution went on 2 h at 40°C in water baths. After
a water bath ultrasonication for 20 min (500 W, 45/80 kHz
alternating for 40 s), extra H2O2 was added into the solution
to remove the unreacted KMnO4 (the colour of the solution
was transferred from purplish-red to transparent). The
solution was filtered by suction (using 0.22 lm PTFE
hydrophilic filter membrane) and then the precipitate was
rinsed with water and ethanol many times, followed by
another filtration to obtain the product. After adding water,
the product was freeze-dried and then dried at 100°C for
24 h to obtain the final product, marked as OFG42-1. For
comparison, the amount of KMnO4 was changed to 2 g to
get OFG42-2. Similarly, 2 g FGi 42 wt% with 3 g KMnO4
and 3 g FGi 42 wt% with 3 g KMnO4 were employed to
prepare OFG42-3 and OFG42-4, respectively.

Characterization

Fourier transform infrared spectrum (FT-IR) of the
wavenumber from 400 to 4000 cm–1 was recorded by a
VERTEX70 spectrometer (Bruker, Germany). X-ray photoelectron spectroscopic (XPS) analysis was carried out on
an X-ray photoelectron spectrometer (Thermo Fisher Scientific, USA) with monochromatic Al Ka (1486.6ev) line.
All the binding energies were calibrated using 284.6 eV of
C 1s. The characterization of crystal structure was implemented using an X-ray diffractometer with the excitation
source of Ka line of Cu target (k = 0.154 nm) (X’Pert PRO,
PAnalytical, The Netherlands). The micromorphology was
observed by VEGA2XMU scanning electron microscopy
(SEM, TESCAN, Czechoslovakia), and the products were
directly adhered to a conductive carbon belt for gold
spraying. The distribution of elements was measured by
Oxford 7718 (EDS, Oxford, UK) equipped with SEM.
Fluorine ion concentration was detected by ion chromatography (Thermo Fisher, ICS-1000 type, USA).

3.
3.1

Results and discussion
Morphology and chemical composition of OFG

After the modification of various amounts of KMnO4, the
FT-IR spectrum of OFG42 are presented in figure 1.
OFG42-1, OFG42-2, OFG42-3 and OFG42-4, respectively,
correspond to FGi 42 wt%/KMnO4 of 1 g/8 g, 1 g/2 g,
2 g/3 g and 3 g/3 g. Different from FGi 42 wt%, which owns
only the C–F bond stretching vibration band at 1176 cm–1
[19,20], OFG42 contains a variety of oxygen-containing
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Figure 1. FT-IR spectrum of OFG42-1(1:8), OFG42-2(1:2),
OFG42-3(2:3) and OFG42-4(1:3).

Figure 2. XPS spectrum of OFG42-1, OFG42-2, OFG42-3 and
OFG42-4.

groups: stretching vibration bands of –OH, C=O and C–O
are located at 3436, 1735 and 1039 cm–1, respectively,
while 1392 cm–1 corresponds to the C–OH bending vibration band. The reason for this is that the oxidation modification of FGi introduces a large number of oxygencontaining groups. In addition, the band position of C–F
shifts from 1176 to 1220 cm–1 caused by the oxygen-containing group attached to the carbon atom. The band at 1573
cm–1 is associated with the graphite phase’s A2u vibration
mode [18]. From OFG42-1 to OFG42-4, as the KMnO4
content decreased, the strength of the adsorbed water’s –OH
stretching vibration band (3436 cm–1) decreased significantly, indicating a decrease in adsorbed water content,
which is related to the C–OH content to a certain extent,
indicating a decrease of C–OH content. Furthermore, the
decrease of C–OH bending vibration band (1392 cm–1)
correlates exactly with the decrease of C–OH. Unlike other
OFG, OFG42-4 exhibits an absorption band at 1573 cm–1,
indicating that when the mass ratio of KMnO4/FGi 42 wt%
is 1, the amount of KMnO4 is insufficient, resulting in the
existence of a portion of graphite phase that cannot be
oxidized. Moreover, with the increase of the mass ratio of
KMnO4/FGi 42wt%, the 1573 cm–1 absorption band gradually disappeared. The FT-IR results revealed that when the
KMnO4 content increased, the number of oxygen-containing groups increased gradually and the graphite phase
vanished.
Figure 2 shows the XPS spectrum of OFG, mainly
including C, O and F. From OFG42-1 to OFG42-4, there are
distinct O1s peaks, while the F1s peak is attenuated, and the
F1s peak of OFG42-1 and OFG42-2 is significantly
diminished. Table 1 summarizes the contents of fluorine and
oxygen. When the mass ratio of KMnO4/FGi 42wt% is 2
and 8, the concentration of fluorine and oxygen is close,
indicating that excessive KMnO4 makes the oxidation
complete and some of the carbon-fluorine bonds are relatively stable, which is difficult to remove under strong

Table 1. Element content of OFG42-1, OFG42-2, OFG42-3 and
OFG42-4.
Product
FGi 42 wt%
OFG42-1
OFG42-2
OFG42-3
OFG42-4

C (at%)

O (at%)

F (at%)

67.4
64.5
64.8
56.5
61.9

0.9
28.5
29.3
20.3
19.8

31.7
6
4.8
21.6
17.3

Other (at%)

S
S
S
S

1.0
1.1
1.6
1.0

oxidation. When the mass ratio is less than 2, the oxygen
content of OFG42-3 and OFG42-4 decreases significantly.
Both are about 20 at%, and the fluorine content is also
around 20 at%. This demonstrates that as the KMnO4
content decreases, those unsaturated carbon bonds cannot
be oxidized, and a substantial number of carbon-fluorine
bonds have not been destroyed, ensuring that the F content
remains stable. A trace amount of S may come from sulphate impurity. In the supplementary information, figure S1
depicts the distribution of C, O and F elements in OFG42-1,
OFG42-2, OFG42-3 and OFG42-4. The element distributions of O and F are almost identical to those of C, indicating that their distributions are uniform.
Figure 3 shows high-resolution C1s spectrum of OFG.
While the OFG contains a large number of carbon-oxygen
bonds at 286.3–288.9 eV of C1s, the content of carbonfluorine bonds is obviously reduced. The carbon bond
composition of C1s peak is shown in table 2. From
OFG42-1 to OFG42-4, the sp2 C=C bond and carbon-fluorine bond content is less than FGi 42 wt%, while the sp3
C–C bond and carbon-oxygen bond content is greater. This
demonstrates that the carbon-fluorine bond and sp2 C=C
bond are destroyed and become the carbon-oxygen bond
during the oxidation process. According to F1s peak and
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Figure 3.

Table 2.
Product
FGi 42
wt%
OFG42-1
OFG42-2
OFG42-3
OFG42-4
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High-resolution C1s spectra of (a) FGi 42wt%, (b) OFG42-1, (c) OFG42-2, (d) OFG42-3 and (e) OFG42-4.

Location, ascription and content of carbon-containing groups in OFG42-1, OFG42-2, OFG42-3 and OFG42-4.
sp2 C=C 284.6
eV

sp3 C–C 285.3
eV

C–O 287.0
eV

38.7%

13.2%

4.3%

9.4%
7.1%
6.6%
23.1%

32.2%
29.2%
24.4%
16.8%

2.7%
10.1%
33.3%
34.1%

C=O 287.9
eV

FT-IR measurements, *288.6 eV in the OFG42-1 and
OFG42-2 belongs to the O–C=O bond, whereas it is a semiion C–F bond in the OFG42-3 and OFG42-4 [21,22].
As the mass ratio increases, the carbon-oxygen bond
content gradually increases. OFG42-4 contains more sp2
C=C bonds and only C–O bonds. When the mass ratio is
1.5, the sp2 C=C bond content of OFG42-3 decreases significantly, and C=O bond appears. When the mass ratio is
increased to 2, the carboxyl group also appears, and KMnO4
amount increases, but only part of the C–O bond is converted to ketone or carboxyl group. The total amount of
carbon-oxygen bond remains unchanged, indicating that
when the mass ratio is increased to 2, the amount of KMnO4
is sufficient to oxidize the unsaturated carbon-carbon bond.
By and large, the decrease of carbon-fluorine bond content
corresponds to the increase of carbon-oxygen bond content.

37.0%
36.7%
3.9%

O–C=O/semi ionic
C–F 288.6 eV

C–F 289.8
eV

–CF2 291.7
eV

3.5%

36.2%

4.1%

9.4%
6.9%
2.1%
4.3%

9.3%
9.9%
27.9%
20.3%

1.8%
1.6%

Oddly, the amount of KMnO4 in OFG42-4 is insufficient,
while its carbon-fluorine bond content is lower than that of
OFG42-3 with more KMnO4, indicating the whole oxidation system in OFG42-4 is more inclined to activate the
carbon-fluorine bond to make it react, rather than to oxidize
the unsaturated carbon bond, for reasons that will be discussed below. When the mass ratio is 8, a portion of the
C–F bond remains, indicating that even with an excess of
KMnO4, some of the carbon-fluorine bonds cannot be
activated.
Figure 4 illustrates the high-resolution F1s spectra of
OFG. 687.4, 688.5 and 689.3 eV corresponds to semi-ion
C–F bond, C–F covalent bond and –CF2 bond, respectively
[23,24]. When sufficient KMnO4 is provided, OFG42-1 and
OFG42-2 contains only C–F bond and have a low F content.
When KMnO4 is insufficient, like FGi 42wt%, OFG42-3
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High-resolution F1s spectra of (a) FGi 42wt%, (b) OFG42-1, (c) OFG42-2, (d) OFG42-3 and (e) OFG42-4.

and OFG42-4 own semi-ion C–F bond, C–F covalent bond
and –CF2 bond.
Figure 5 depicts XRD spectrum of OFG. In addition to
the (001) diffraction peak at *14.5° (layer spacing 6.10 Å)
and (100) diffraction peak at *41.1° corresponding to the
FG structure, there are also (002) diffraction peaks at
*26.6° with particularly high intensity, indicating that a
large amount of graphite phase exists in the FGi 42 wt%
[25–27]. However, after oxidation modification of KMnO4,
the (002) diffraction peak corresponding to the graphite
phase disappears, due to the oxidation of unsaturated carbon

Figure 5. XRD spectrum of OFG42-1, OFG42-2, OFG42-3 and
OFG42-4.

bonds. Furthermore, after oxidation, (001) diffraction peak
splits into two adjacent diffraction peaks: diffraction peak
with a lower angle of *11.3° belongs to the graphene
derivative with more oxygen, and the *14.5° weak
shoulder peak nearby still belongs to the stacked carbonfluorine bond structure. When the mass ratio of KMnO4/FGi
42wt% is 1, the corresponding layer spacing of OFG42-4
diffraction peak at *11.8° is 7.47 Å, which is larger than
that of FGi 42wt%, indicating the intercalation of oxygencontaining groups expanding the layer spacing. The
*14.5° peak basically disappears, showing the stacked
carbon-fluorine bond structure is disrupted. When the mass
ratio is 1.5, the layer spacing of OFG42-3 increases to
8.83 Å, indicating a more complete oxidation and a larger
layer spacing. With further increase of the mass ratio, the
diffraction peak of OFG42-2 is at *11.3°, and the layer
spacing is reduced to 7.8 Å on the contrary. The reason
may be that the unsaturated carbon bond is completely
oxidized and broken into GO tiny fragments, which
reduces the layer spacing. Furthermore, as the mass ratio
increases to 8, OFG42-1 practically has no change compared with OFG42-2, indicating that when the mass ratio
of KMnO4/FGi 42wt% is 2, FGi 42wt% is completely
oxidized.
The micromorphology of OFG is shown in figure 6. FGi
42wt% presents a diameter of 10 lm and a thickness of less
than 1 lm. OFG42, on the other hand, has a very thin
layered structure, indicating that the layered structure peels
off well during the oxidation process, forming a single layer
or multiple layers structure. With an increase in the mass
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SEM images of (a) FGi 42wt%, (b) OFG42-1, (c) OFG42-2, (d) OFG42-3 and (e) OFG42-4.

ratio of KMnO4/FGi 42wt% from OFG42-4 to OFG42-1,
the flake structure becomes thinner and nanoscale fragments
appears on the large flake of OFG42. These nanoscale
fragments are completely separated from the large carbon
skeleton due to complete oxidation of unsaturated carbon
bonds and leak into the filtrate during the filtration process,
which can be verified from the later analysis of the filtrate.
It verifies that OFG42-2 layer spacing is smaller than
OFG42-3, as shown by above XRD analysis. OFG42-1
is the thinnest with many nanoscale fragments, while
OFG42-4 with the least amount of KMnO4 is the thickest,
most similar to FGi 42wt%. The stripping effect or the
oxidation effect is shown to be basically proportional to the
oxygen content. Because the introduction of oxygen-containing groups in the modification process widens the layer
spacing and makes FGi easier to peel. The higher the
KMnO4 content, the better stripping effect and the thinner
the layered structure. Furthermore, small fragments become
smaller with the increase of KMnO4 content.
In summary, FGi 42wt% can be oxidized to various
degrees by adjusting the mass ratio of KMnO4/FGi 42wt%.
With the increase in the mass ratio, the oxygen content is
higher and sp2 C=C bond is oxidized to C–O bond, then
C=O bonds, accompanied by the decrease of F content and
C–F bonds. Simultaneously, the oxidative fracture of the sp2
C=C bond separates some nanoscale fragments from the
large carbon skeleton slowly, and the introduction of

oxygen-containing group expands the layer spacing and
makes FGi easier to peel. When the mass ratio is reduced to
1.5, OFG42-3 contains a high amount of fluorine and oxygen, 21.6 and 20.3 at%, respectively. The oxidation-derived
OFG has a thin-layered structure, and oxidation intercalation results in the enlargement of the layer spacing, causing
it separate.
Like FGi 42wt%, the reaction products of FGi 65wt%
and FGi 60wt% are analysed in the second part of the
supporting information. According to supplementary
figures S2–S9 and tables S1–S3, the solution of sulphuric
acid and KMnO4 cannot effectively oxidize FGi 65wt% and
FGi 60wt%.

3.2

Chemical composition of residual products

Sulphuric acid ? KMnO4 oxidation reaction produces
Mn2?, and then KOH treatment generates precipitate.
Figure 8 displays FT-IR spectrum of the precipitate P42-1.
Characteristic band at 526 cm–1 corresponds to the Mn–O
bond. The narrow and sharp O-H band of 3436 cm–1 indicates the existence of a large number of hydroxyl groups.
Band at 1640 cm–1 may be the –OH bending vibration band
[28], and the C–O stretching vibration band is at 1025 cm–1.
There are Mn–O bonds and hydroxyl groups in P42-1.
Mn2? forms Mn(OH)2 in alkaline solution, but Mn(OH)2 is
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FT-IR spectrum of P42-1.

highly unstable and readily oxidized to MnO(OH)2. As a
result, Mn exists in the form of MnO(OH)2.
XPS spectrum of P42-1 is presented in figure 7, mainly
including C, O, Mn. In addition, there is a little quantity of
S and F. S originates from the residual sulphate impurities,
and F comes from FGi. High-resolution C1s spectrum of
precipitation is illustrated in figure 9. There is predominantly C–O bond (*286.7 eV), O–C=O bond (*288.5 eV)
and C–F bond (*289.6 eV), indicating that OFG also exists
in P42-1 precipitation. This part of OFG should come from
the oxidation fracture of an unsaturated carbon skeleton to
tiny fragments, which is consistent with above analysis on
OFG. Because this part of OFG fragments is too small, 0.22
lm filter membrane cannot filter it out during the initial
separation of OFG, and it remains in the filtrate. Then
MnO(OH)2 generated by adding KOH has certain flocculation and adsorption effect in the aqueous solution [29], so
that OFG cannot be dispersed into the water. Combined
with the results of FTIR and XPS, Mn mainly exists in the

Figure 8.

XPS spectrum of P42-1.
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Figure 9.
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High-resolution C1s spectrum of P42-1.

form of MnO(OH)2. Similarly, other precipitates are mainly
composed of MnO(OH)2 and some OFG.
Figure 10 shows FT-IR spectrum of residual products
RP42-1 to RP42-4. All have strong sulphate vibration bands
(1190, 1105 and 616 cm–1), and RP42-4 possesses silicate
vibration bands (870 and 450 cm–1). As shown in figure 11,
XPS spectrum mainly includes O, C, S, K and Na. Combined with FT-IR analysis, Na comes from the sodium silicate formed through the reaction of KOH and glass. O, S
and K exist in the form of potassium sulphate. C comes
from FGi.
High-resolution C1s spectra of the remaining products
RP42-1 to RP42-4 are shown in figure 12. There are mainly
sp2 C=C bond, sp3 C–C bond and O-C=O bond. There are
O-C=O bond and no carbon-fluorine bond in all products,
and C=O exists in some products, indicating that there is no
OFG, and the C element in the filtrate should exist in the
form of GO. This part of GO also comes from the partial
oxidation fracture in FGi, because its diameter is much

Figure 10. FT-IR spectrum of RP42-1, RP42-2, RP42-3 and
RP42-4.
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above results reveal that there are tiny pieces of GO in
RP42-1 to RP42-4. F1s peak is illustrated in figure 13, and
the results are different. RP42-1 is suspected to have a peak
of C–F bond in 688.8 eV, but it is very weak, and the
corresponding C–F bond in C1s is also difficult to distinguish, indicating that RP42-1 may have very little amount
of OFG. The peak of RP42-2 at 684.7 eV belongs to the
fluorine ion bond [30,31], and the F1s of RP42-3 and RP424 does not have any peak, but fluorine ion is detected in the
ion chromatography, indicating that the content of fluorine
is too small, which is beyond the detection range of XPS. In
conclusion, there are fluorine ions in the remaining
products.

3.3
Figure 11.
RP42-4.

Reaction mechanism

XPS spectrum of RP42-1, RP42-2, RP42-3 and

smaller than that of OFG, and cannot be filtered out and left
in the solution. RP42-1, RP42-3 and RP42-4 are the same,
basically without carbon-oxygen bond, while RP42-2 has a
large number of O–C=O bonds, which belong to GO. The

Figure 12.

According to the above analysis, FGi 42wt% can be oxidized by KMnO4 ? H2SO4 oxidation system, obtaining
OFG with different fluorine and oxygen content. With the
increase in the mass ratio of KMnO4/FGi 42wt%, the degree
of oxidation is deepening, and the C–F bond can be activated to react, then changes into fluorine ion. In order to

High-resolution C1s spectra of (a) RP42-1, (b) RP42-2, (c) RP42-3 and (d) RP42-4.
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High-resolution F1s spectra of (a) RP42-1, (b) RP42-2, (c) RP42-3 and (d) RP42-4.

Due to the chemical stability of the carbon-fluorine bond,
the activation of the carbon-fluorine bond is challenging
under normal conditions. Generally, a catalytic agent is
needed, and there is some selectivity for the reaction substrate. The carbon-fluorine bonds of more active fluoroaromatics and fluoroalkenes are relatively easy to be
activated, while the carbon-fluorine bonds on the alkyl are
difficult to be selectively activated [32]. Transition metals
and their compounds are widely used to catalyse C–F bond
activation, such as rhodium, palladium, iridium copper,
nickel, etc. [33]. When KMnO4 oxidizes FGi, Mn2O7 is

study the whereabouts of fluorine element in the reaction,
table 3 lists the fluorine content of all products before and
after the reaction. Fluorine ions are detected in all the
remaining products, indicating that some of the carbonfluorine bonds react after activation, but the amount is very
minor. Fluorine ion content in RP42 is determined by ion
chromatography and the fluorine content in OFG42 is
determined by XPS. Fluorine content of OFG42, P42 and
RP42 is lower than raw materials, which indicated that in
addition to the F converted into ionic bond, some F elements were separated from the reaction system in other
forms.

Table 3.

F content of all products before and after the modification.

Raw material
420 mg
420 mg
840 mg
1260 mg

99

OFG

F content

P

OFG42-1
OFG42-2
OFG42-3
OFG42-4

100 mg
139.4 mg
720 mg
982 mg

P42-1
P42-2
P42-3
P42-4

F content
59.7
66.3
20.4
18.3

mg
mg
mg
mg

RP
RP42-1
RP42-2
RP42-3
RP42-4

F ion content
1.9
3.0
0.6
1.2

mg
mg
mg
mg
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formed and further reacts with sulphuric acid to generate
MnO3? [34,35].
2KMnO4 þ 2H2 SO4 ! Mn2 O7 þ H2 O þ 2KHSO4

Mn2 O4 þ 2H2 SO4 ! 2MnOþ
3 þ 2HSO4 þ H2 O

The formed MnO3? has strong Lewis acid, which can
effectively stimulate the activation of carbon-fluorine bonds
in aliphatic organic fluoride [36,37]. The reason lies in the
strong binding ability of fluorine in alkyl fluoride and the
metal centre of Lewis acid, which can capture fluorine and
promote the fracture of the carbon-fluorine bond. So the
probable reaction principle of C–F bond activation is proposed in figure 14. In addition to the oxidation of unsaturated carbon bonds, MnO3? can attract fluorine atoms under
some conditions. When the carbon-fluorine bond is coupled
with aromatic or alkenyl electron-rich groups, the reaction
activity will be improved, or the stability of the carbonfluorine bond at the defect is relatively poor. At this point,
MnO3? can bind the fluorine atoms in the carbon-fluorine
bond, and then the carbon-fluorine bond will be broken,
forming the excessive product MnO3-F. Under acidic conditions, fluorine atoms can attach hydrogen ions in the acid
and form HF. Meanwhile, the carbon losing fluorine atoms
have a positive formal charge and can combine with
hydroxyl ionized by water to form alcohol. In this process,
MnO3? acts as a catalyst. At the same time, the unsaturated
carbon bonds of aryl or alkenyl groups are also oxidized by
MnO3?. When these carbon-fluorine bonds linked to aryl or
alkenyl groups are completed, the remaining saturated
carbon-fluorine bonds are difficult to be catalysed by
MnO3? due to their weak reactivity.
The reaction of carbon-fluorine bonds catalysed by
MnO3? and the oxidation of unsaturated carbon bonds may
take place simultaneously. According to table 2, with the
increase of KMnO4, unsaturated carbon-carbon bonds are
first oxidized to carbon-oxygen bond, then oxidized to C=O
bond, and ultimately oxidized to the carboxyl group. The
content of carbon-fluorine bond will decrease due to the

+

MnO3

ˇЬHF

O
H

catalytic reaction of carbon-fluorine bond. Although
KMnO4 is more, the carbon-oxygen bond content of
OFG42-3 is lower than that of OFG42-4, and the carbonfluorine bond is on the contrary. The possible reason is the
relative deficiency of sulphuric acid, which reduces oxidicability. When the amount of sulphuric acid in OFG42-3 is
enough, MnO3? tends to oxidize the carbon-carbon double
bond first, and then catalyse the activated carbon-fluorine
bond reaction. Part of sp2 C=C in OFG42-1 is not oxidized.
It is speculated that there may be too many oxygen-containing groups, which hinder the oxidation reaction, or the
oxygen-containing groups may recover sp2 C=C bond under
particular conditions, and then reach a certain balance with
the oxidation process.
As KMnO4 content increases, the carbon-fluorines bond
content in OFG42 decreases steadily, but the fluorine ion
content of the corresponding residual product does not
increase significantly. The reason is that in acid solution,
fluorine ion is easy to combine with hydrogen ion to form
hydrogen fluoride. With the growth in hydrogen fluoride
content, it will progressively overflow in the form of gas,
resulting in a loss of fluorine. In addition, the generated
hydrogen fluoride may build an intermolecular hydrogen
bond with fluorine atoms through the hydrogen bond, thus
promoting the departure of fluorine atoms and accelerating
the reaction. A general view of the reactions in this process
is shown in figure 15: the catalytic reaction of carbon-fluorine bond connected to unsaturated carbon bond, the oxidation of unsaturated carbon-carbon bond, the catalytic
reaction of carbon-fluorine bond on saturated carbon, the
oxidation of carbon-oxygen single bond, etc. The reduced
carbon-fluorine content and increased carbon-oxygen bond
in OFG42-4 suggests simultaneous oxidation of alkenyl or
aryl carbon-fluorine bonds, as well as a catalytic reaction of
alkenyl or aryl carbon-fluorine bonds. When the amount of
KMnO4 increases, the catalytic reaction and oxidation
reaction will be further intensified. Finally, when the mass
ratio is more than 2, the reaction of carbon-fluorine bond
MnO3ˇ

MnO3ˇЬFˉ
MnO3ˇ

H

+

F

HF
OH

+
Or

Figure 14.

F

(2022) 45:99

+

CH
Or
OH

Proposed reaction mechanism of carbon-fluorine bond activation.
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MnO3ˇ
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OH
O

CH

Hˇ
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MnO3ˇ

(c)

F
Or

Figure 15.

Fˉ

F
MnO3ˇ

+

OH
OH
Or

Proposed reaction mechanism of FGi 42wt% modification by KMnO4.

has stopped, only part of carbon-oxygen bond is further
oxidized to carbonyl, and the oxidation of carbon-carbon
double bond is accompanied by dehydration and condensation of carbon-oxygen single bond to form carbon-carbon
double bond, reaching a dynamic balance. The residual
carbon-fluorine bond is that on a relatively isolated saturated carbon, and the reaction activity cannot be catalysed,
so it has been retained. In order to verify this, the high
fluorine content FGi is also used for experiments, and the
results are shown in the supplementary information. It can
be seen that FGi with high fluorine content is difficult to be
oxidized due to its few unsaturated carbon bonds, and its
oxygen content is very low. However, there are still F ions
in the remaining products, indicating that some of the carbon-fluorine bonds connected with the unsaturated carbon
bonds are activated and then react, whereas other saturated
carbon-fluorine bonds are difficult to activate.
The existence of a large amount of graphite phase in FGi
42wt%, as in the preparation of GO by the Hummers
method, makes it simple to oxidize and break into
fragments for FGi. The main chemical changes and the
influence on the structure include [38]: manganese cyclic
ester compound breaks the internal C=C bonds to form two
carbonyls; C=C bonds oxidation at the edge forms
two carboxylic acids; ketone oxidation fracture at the edge
generates one carboxylic acid and one ketone; acid catalysed hydrolysis of an epoxy group forms two hydroxyl
groups. Adding water will further induce fragmentation.
This explains the source of OFG fragments and the decrease
of OFG size. In addition to the reaction of carbon-fluorine
bonds, the continuous separation of OFG fragments from
the carbon skeleton also contributes to the continuous

decrease of fluorine content in OFG. These OFGs are initially produced by oxidative fracture, whose oxygencontaining groups are concentrated at the edge. Excessive
KMnO4 will fully oxidize the ketone group at the edge to
carboxyl group, which could explain that OFG owns only
the carboxyl group and no ketone group. All OFG42 own
sulphur element, but no potassium element, because covalent sulphate exists [39,40], which hydrolyses very slowly
in acid solution, and the C–F bond nearby may hind water
molecules from approaching.

4.

Conclusion

By adjusting the mass ratio of KMnO4/FGi 42wt%, FGi
42wt% can be oxidized in different degrees. With the
increase in the mass ratio, the oxidization effect became
better, resulting in an increased oxygen content and a
decreased fluorine content. When the mass ratio was greater
than 2, FGi was oxidized completely, and the fluorine
content was lower than 6 at%. When the mass ratio was 1,
OFG had higher fluorine content of 21.6 at% and higher
oxygen content of 20.3 at%, respectively. Additionally,
OFG obtained by oxidation had a thin-layered structure.
In short, the main mechanism of KMnO4 modification is
that MnO3?, as Lewis acid, can catalyse the activation of
the carbon-fluorine bond coupled with the unsaturated carbon bond, and subsequently the carbon-fluorine bond breaks
to form a new ion bond. At the same time, the unsaturated
carbon bond would be oxidized, resulting in the increase of
carbon-oxygen bond content and the generation of some
OFG nano fragments. In the oxidation of FGi 42wt% by
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KMnO4, the carbon-fluorine bond reaction will be gradually
catalysed with the increase in KMnO4 content, while the
unsaturated carbon bond was oxidized. The catalytic reaction will be carried out according to the carbon-fluorine
bond activity. Finally, there are still some carbon-fluorine
bonds with weak activity. Sulphuric acid ? KMnO4 oxidation system can catalyse most of the carbon-fluorine bond
reactions but cannot make the isolated carbon-fluorine bond
react.
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