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1 | INTRODUCTION

Fluorinated graphene (FG) is a novel graphene derivative that retains graphene’s layered structure, featuring a high specific
surface area, excellent structural properties, and mechanical performance. The introduction of fluorine atoms reduces graphene’s
surface energy, enhances hydrophobicity, and improves thermal stability, chemical stability, and lubricity [1, 2], endowing it
with potential applications in nanoelectronic devices, lubricating coatings, and energy storage [3, 4, 5, 6]. Its properties are
highly dependent on the fluorination degree (F/C ratio) and the type of C-F bonding (semi-ionic or covalent). Thus, preparing
fluorinated graphene with different fluorination degrees and systematically characterizing its properties is crucial for expanding its
applications.

Fluorinated graphene was first synthesized by Nair [7] and Zbofi [8] in 2010 through graphene fluorination and mechanical
exfoliation of fluorinated graphite, respectively. Currently, its preparation methods are mainly categorized into fluorination and
exfoliation methods. The direct fluorination method, with advantages of high efficiency, low cost, and structural controllability,
has become the most industrially promising route. However, it faces challenges in practical operation: low reactivity of raw
materials at low temperatures leads to low fluorination degrees, difficulty in coordinating flake size with fluorination degree, and

poor uniformity. In recent years, researchers have improved the direct fluorination method by introducing pretreatment steps
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and optimizing reaction conditions [9, 10, 11, 12]. For example, Wang [13] used commercial fluorine/nitrogen gas mixtures for
in-situ direct fluorination of industrially produced graphene oxide (GO) at low temperatures, successfully preparing fluorinated
graphene with varying F/C ratios while maintaining large flake structures and thermal stability up to 400 °C, providing valuable
insights for method optimization. The exfoliation method avoids toxic fluorine sources and can be operated in laboratories without
special equipment but suffers from low efficiency and yield. Scholars have used solvent-assisted ultrasonic chemical exfoliation
and thermal exfoliation [14, 15, 16, 17] to adjust FG’s fluorine content by altering intercalants, ultrasonic power, and time, yet
controlling the number of layers remains challenging, with low yields of single-layer and few-layer FG.

Despite progress in FG preparation and property research, issues persist. On one hand, process optimization needs further
exploration to achieve higher-quality, more stable production. On the other hand, systematic studies on correlations between FG’s
microstructure, surface properties, and thermal stability under different fluorination degrees are insufficient. This study aims to
integrate improved preparation methods and advanced characterization techniques to clarify the preparation-structure-performance
relationship of FG, laying a foundation for its multi-field applications.

Using natural flake graphite as the raw material, this study prepares nanoscale graphene flakes via the redox method and
synthesizes fluorinated graphene with different F/C ratios (FG-0.3, FG-0.5, FG-0.8, and FG-1) by direct gas fluorination. SEM,
AFM, specific surface area analysis, XPS, and TGA are used to systematically characterize FG’s microstructure, chemical
composition, and thermal stability, revealing the influence of fluorination degree on FG’s chemical composition and properties,

thus providing experimental and theoretical support for its applications.

2 | MATERIALS

The materials used in this study include: natural flake graphite (specification: LG150-99) from Qingdao Tianheda Graphite
Co., Ltd., Shandong Province; 72 wt% perchloric acid, analytical grade potassium permanganate, iron powder (purity: 98%,
400 mesh), and 35 wt% hydrochloric acid, all supplied by Tianjin Kemiou Chemical Reagent Co., Ltd.; and analytical grade

anhydrous ethanol from Tianjin No.3 Chemical Reagent Factory.

3 | PREPARATION OF FLUORINATED GRAPHENE

3.1 | Preparation of Graphene

The preparation process of graphene is shown in Figure 1. Using natural flake graphite as the raw material, perchloric acid as
the intercalant, and potassium permanganate as the oxidant, a primary intercalation reaction was carried out. The specific process
was as follows: 1 g of natural flake graphite and 0.38~0.42 g of potassium permanganate were placed in a beaker, which was
then placed on a multi-functional magnetic stirrer; 9.5~10.5 g of perchloric acid was added to the beaker; the magnetic stirrer
with the beaker was placed in a fume hood, and the stirrer was turned on to stir the mixed solution for the primary intercalation
reaction of flake graphite. The temperature of the mixed solution was controlled at 40~50 °C, and the reaction time was 50~60
min. After the primary intercalation reaction, the mixed solution was filtered to collect the retained solid, which was fully washed
with deionized water until the pH of the washing water was neutral. The washed solid was then freeze-dried at -40 °C for 15 h to
obtain expandable graphite after primary intercalation. 4~6 g of the primary intercalated expandable graphite was placed in a
microwave oven with a power of 900 W for microwave expansion treatment, with a microwave expansion time of 20~25 s. After
microwave expansion, the average expansion ratio of the expandable graphite was 250 mL/g, which was recorded as primary
expanded graphite.

Then, the primary expanded graphite was subjected to secondary chemical intercalation and secondary expansion using the
same method as above to obtain secondary expanded graphite. 50 mg of secondary expanded graphite powder was placed in a
beaker containing 30 mL of deionized water, and the beaker was then placed in an ultrasonic processor for ultrasonic treatment.
The ultrasonic frequency was 40 kHz, the ultrasonic water bath temperature was 20~30 °C, and the ultrasonic dispersion time

was 30~60 min, obtaining a graphene oxide ultrasonic dispersion. Subsequently, liquid-phase reduction was performed using Fe
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FIGURE 1 Schematic diagram for preparation process of graphene.

powder and hydrochloric acid (1 g of iron powder, 20 mL of 35% hydrochloric acid, reaction for 30 min). After liquid-phase

reduction, the sample was washed with water to neutrality and freeze-dried to obtain graphene powder.

3.2 | Preparation of Fluorinated Graphene

Fluorinated graphene with different fluorine-to-carbon ratios was prepared by the direct gas fluorination method. As shown in
Figure 2, a certain amount of graphene raw material was weighed into a porcelain boat, spread evenly with the powder stacking
thickness less than 1 cm, and placed in the tube of a vacuum tube furnace. The tube was evacuated to a vacuum degree of -0.01
MPa. Then, the temperature of the tube furnace chamber was raised to 200 °C at a heating rate of 5 °C/min and maintained for
2 hours to remove residual moisture in the graphene sheets. After the furnace chamber temperature naturally cooled to room
temperature, a mixed gas of fluorine and nitrogen (with fluorine accounting for 20% by volume) was continuously introduced,
and the temperature was raised to 370-450 °C at a heating rate of 5 °C/min for a fluorination reaction lasting 10 hours. After
the reaction, fluorinated graphene with different fluorination degrees was obtained, denoted as FG-0.3, FG-0.5, FG-0.8, and
FG-1. Their fluorine content and fluorine-to-carbon ratio were analyzed in the subsequent XPS test. Among them, the reaction
temperatures corresponding to FG-0.3, FG-0.5, FG-0.8, and FG-1 are 370 °C, 400 °C, 420 °C, and 450 °C respectively. It can be
seen from the figure that as the fluorination degree increases, the color of fluorinated graphene gradually changes from the black

of original graphene to white.
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FIGURE 2 Schematic diagram for preparation process of fluorinated graphene.
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4 | ANALYSIS AND CHARACTERIZATION

4.1 | Microstructural Analysis

Figure 3 shows the micro-morphologies of G, FG-0.3, FG-0.5, FG-0.8, and FG-1 nanosheets. It can be seen from Figure
3a that graphene G has a flake diameter of approximately 40 um, presenting a typical lamellar structure with many observable
wrinkles. For FG nanosheets, morphologies similar to those of G are observed, with clear wrinkles and layered structures,
indicating that the fluorination process does not damage the surface structure of G. Meanwhile, it is observed that the fluorinated
graphene layers are exfoliated and the wrinkles are significantly reduced. This is because graphene is attacked by fluorinated
gas during high-temperature fluorination, which exfoliates the graphene sheets and thus hinders the mutual stacking of adjacent
graphene nanosheets [18]. In fact, as the fluorination degree increases, the average size of fluorinated graphene flakes gradually
decreases from 30 pum to 15 pm, a phenomenon that indicates the fluorination process leads to a reduction in the flake size of
graphene. Therefore, the exfoliation of FG-1 is more severe than that of FG-0.8, and much more severe than that of FG-0.3 and

FG-0.5, which is consistent with their preparation temperatures.

FIGURE 3 SEM images of G and FG sheets: a) G; b) FG-0.3; ¢) FG-0.5; d) FG-0.8; ) FG-1.
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AFM images and thickness curves of G and FG flakes are presented in Figure 4. The average thickness of sample G is
approximately 3.327 nm. Given that the thickness of single-layer graphene is 0.335 nm [8], it can be inferred that the graphene in
this case has a 10-layer structure. As shown in Figures 4b~e, the thicknesses of FG-0.3, FG-0.5, FG-0.8, and FG-1 are 2.738 nm,
2.611 nm, 2.239 nm, and 2.104 nm, respectively. Based on the reported literature [8], where the interlayer spacing of single-layer
FG measured by XRD is 0.783~0.87 nm, it is reasonable to deduce that the number of stacked layers in FG samples ranges from
2 to 4, and this number decreases sequentially with increasing fluorination degree. Overall, these results clearly confirm the
few-layer structure of FG flakes.In general, graphene flakes tend to agglomerate severely, but the fluorination process can reduce
the stacking size of graphene. As observed in Figure 3, the particle size of FG nanosheets decreases significantly with increasing
fluorination level. Furthermore, as fluorination intensifies, the number of stacked layers gradually decreases, which is consistent

with previous literature reports [13, 19].
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FIGURE 4 AFM images and corresponding thickness curves: a) G; b) FG-0.3; ¢) FG-0.5; d) FG-0.8 ;e) FG-1.

4.2 | BET Specific Surface Area Analysis

The specific surface area of graphene changes after fluorination treatment to different degrees. Therefore, the BET method
was used to analyze the specific surface areas of pristine graphene and the four types of fluorinated graphene. The results are
shown that the BET specific surface areas of G, FG-0.3, FG-0.5, FG-0.8, and FG-1 increase sequentially, being 187.62, 199.49,
210.22, 268.16, and 293.78 mz/g, respectively.

The increase in specific surface area is mainly attributed to the fluorination process reducing the mutual stacking between
adjacent graphene nanosheets, which decreases both the flake size and thickness of fluorinated graphene. The relatively small
BET specific surface area of graphene is due to its greater thickness, as confirmed by AFM analysis: the thickness of G can reach

10 layers, while the number of stacked layers in fluorinated graphene gradually decreases to 2—4 with increasing fluorination
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degree, resulting in the sequential increase in their BET specific surface areas.Consistent with SEM observations, the fluorination
process reduces the stacking size of graphene. As the fluorination degree increases, the particle size of fluorinated graphene
gradually decreases, which increases the surface area and the number of small pores. Consequently, the pore diameter gradually

decreases, while the specific surface area and pore volume increase sequentially.

4.3 | XPS Analysis

X-ray photoelectron spectroscopy (XPS) was employed to further investigate the evolution of elemental composition in
graphene and fluorinated graphene with different fluorination degrees by monitoring changes in binding energy (BE). The chemical
compositions of the five samples (G, FG-0.3, FG-0.5, FG-0.8, and FG-1) are presented in Table 1. The as-prepared G contains
carbon (C) and a small amount of oxygen (O). After fluorination, FG-0.3, FG-0.5, FG-0.8, and FG-1 are primarily composed of C
and fluorine (F), with fluorine-to-carbon (F/C) atomic ratios of 0.344, 0.523, 0.808, and 1.045, respectively. Hence, the fluorinated
graphene samples are denoted as FG-0.3, FG-0.5, FG-0.8, and FG-1 based on their approximate F/C ratios.

In addition, a small amount of oxygen is present on the surface of these samples due to the existence of oxygen-containing
groups. The atomic percentage of oxygen in FG samples is lower than that in G, which is attributed to the replacement of some

oxygen atoms by fluorine atoms during the fluorination process.

TABLE 1 Chemical compositions of G and FG measured by XPS.

Samples Cls (at%) Ols (at%) Fls (at%) F/C

G 96.69 3.31 — —
FG-0.3 72.12 3.05 24.83 0.344
FG-0.5 64.63 1.60 33.77 0.523
FG-0.8 54.75 1.03 44.22 0.808

FG-1 48.60 0.59 50.81 1.045

The XPS spectra of G, FG-0.3, FG-0.5, FG-0.8, and FG-1 are shown in Figure 5. Two peaks, corresponding to C 1s and F
1s, can be clearly observed in Figure 5a. The intensity of the C 1s peak in the XPS spectrum of FG is lower than that in G. In
contrast to G, a new F 1s peak appears in the FG samples, and the intensity of the F 1s peak in FG-0.3, FG-0.5, FG-0.8, and FG-1
gradually increases with the increase in fluorination degree.The high-resolution C 1s spectrum of G is presented in Figure 5Sc,
which can be decomposed into four strong peaks assigned to C=C (sp2), C-C (sp>), C-0, and C=0 groups, with binding energies
at 284 eV, 284.8 eV, 285.4 eV, and 289.2 eV, respectively [16]. Thus, the prepared graphene is a two-dimensional material with a
hexagonal honeycomb lattice structure mainly composed of sp?-hybridized carbon atoms. Due to the presence of some carbon

defects and oxygen-containing groups, some carbon atoms transition from sp? to sp> hybrid orbitals.

After fluorination treatment of graphene, the intensity of the C 1s peak decreases, while the intensity of the F 1s peak
increases significantly. The high-resolution C 1s and F 1s spectra of the FG samples are shown in Figures 5b and 5d, respectively.
Compared with the high-resolution C 1s spectrum of G, three new peaks appear in the high-resolution C 1s spectrum of FG,
namely semi-ionic C-F (BE = 288.2~289.2 eV), covalent C-F (BE = 289.9~290.1 eV), and CF, (BE =290.6~291.3 eV) [20]. In
addition, the high-resolution F 1s spectrum can be fitted into the following components: semi-ionic C-F (687.6 eV), covalent
C-F (688.5 eV), and CF; (689.2 V) [20, 21, 22]. It can be seen from the figures that FG-0.3 is mainly composed of C=C, C-C,
and semi-ionic C-F bonds; FG-0.5 is mainly composed of C=C, C-C, semi-ionic C-F bonds, and covalent C-F bonds; FG-0.8
and FG-1 are mainly composed of covalent C-F bonds and CF,. Therefore, FG-0.3 and FG-0.5 retain the semi-ionic nature of
C-F bonds; the bonding characteristics of C-F bonds in FG-0.5 exhibit both semi-ionic and covalent properties, while FG-0.8
and FG-1 mainly exhibit the covalent characteristics of C-F bonds. It can be observed that as the F doping degree in fluorinated

graphene increases, semi-ionic C-F bonds gradually transform into covalent C-F bonds.
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FIGURE 5 XPS survey spectra: a) Survey spectra of G and FG; b) High-resolution C 1s spectra of FG; c) High-resolution C 1s spectrum of
G; d) High-resolution F 1s spectra of FG.

Due to the difference in electronegativity between C and F atoms, FG exhibits changes in C-F bonding characteristics (from
ionic bonds, semi-ionic bonds to covalent bonds) by controlling the fluorination degree, and this feature results in covalent C-F
bonds having stronger electrostatic properties [21, 22]. When fluorine atoms are attached to the carbon atoms in the graphene
sheets, these carbon atoms change from sp? hybrid orbitals to sp> hybrid orbitals. In the case of partially fluorinated materials,
when the C atoms on graphene (sp> hybridized) are connected to F atoms to form semi-ionic C-F bonds, the planarity of graphene
is still maintained, and the semi-ionic C-F bonds show weak covalent characteristics. As the fluorination degree increases,
covalent C-F bonds related to the sp> hybridization of carbon atoms are formed, and the C-F bonding characteristics transform
from semi-ionic to covalent [21, 22]. Since covalent bonds have higher bond energy than semi-ionic bonds, with the increase of
fluorination degree, F atoms are bonded more firmly to the graphene sheet structure. Therefore, the chemical stability of FG-0.3,
FG-0.5, FG-0.8, and FG-1 gradually increases.

4.4 | Thermogravimetric Analysis

To verify the influence of the nature of C-F bonds on the chemical stability of materials, thermogravimetric analysis (TGA)
was performed on graphene G and fluorinated graphene FG-0.3, FG-0.5, FG-0.8, and FG-1 up to 800 °C. Figure 6 shows the
thermogravimetric curves of the five powders in a nitrogen atmosphere. The mass loss of G powder in the temperature range of
30-100 °C is due to the evaporation of physically adsorbed water upon heating. There is only approximately 4.7% weight loss
in the range of 100-700 °C, which is attributed to the decomposition of oxygen-containing groups. In the temperature range
of 700-800 °C, the weight loss is about 7.6%, mainly caused by carbon defects on the graphene sheets. Therefore, the strong

covalent bonding between carbon atoms renders the graphene structure highly stable.
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FIGURE 6 TG curves of G and FG.

However, the thermal stability of FG, obtained by fluorinating G, is significantly lower than that of G. As can be seen from
the figure, the mass loss of FG-0.3 in the temperature range of 30-100 °C is caused by the evaporation of physically adsorbed
water molecules. The FG-0.3 sample starts to decompose at 374.2 °C, and the mass loss is attributed to the decomposition of
oxygen-containing groups, the breaking of unstable C-C bonds, and some semi-ionic C-F bonds. The decomposition temperatures
of FG-0.5, FG-0.8, and FG-1 increase sequentially from 440.5 °C and 552.4 °C to 579.3 °C. According to theoretical calculation
results [23], the characteristics of C-F bonds depend on the degree of fluorination. Compared with ionic C-F and semi-ionic C-F
bonds, covalent C-F bonds have shorter bond lengths and higher bond energies, making them more stable. With the increase
in fluorination degree, the bonding of F atoms on graphene nanosheets becomes stronger, and the covalent CF, and C-F bonds
on the surface are more resistant to thermal decomposition than semi-ionic C-F bonds, thus leading to a gradual increase in the
thermal decomposition temperature of FG.

The weight loss rates of FG-0.3, FG-0.5, FG-0.8, and FG-1 are 43.1%, 47.7%, 58.6%, and 79.1%, respectively, which is
attributed to the detachment of fluorine atoms with different concentrations from the graphene sheets, resulting in partial reduction
of the prepared fluorinated graphene. Moreover, the weight loss rate increases with the increase in F doping degree, indicating a
gradual increase in fluorine content in FG-0.3, FG-0.5, FG-0.8, and FG-1, which is consistent with the previous XPS analysis

results.

5 | CONCLUSION

In this study, graphene was prepared from natural flake graphite via secondary chemical intercalation, microwave expansion,
and liquid-phase reduction. Subsequently, fluorinated graphene with fluorine-to-carbon (F/C) ratios of 0.344, 0.523, 0.808, and
1.045 (denoted as FG-0.3, FG-0.5, FG-0.8, and FG-1, respectively) was synthesized at different temperatures using the direct gas
fluorination method.

The micro-morphology, chemical composition, and thermal stability of the five nanoscale fillers were characterized by SEM,
AFM, BET, XPS, and TG techniques. It was found that both G and FG exhibit clear wrinkled and layered structures. With the
increase in fluorination degree, the average particle size and number of layers of fluorinated graphene flakes gradually decrease,

leading to a sequential increase in the BET specific surface areas of G, FG-0.3, FG-0.5, FG-0.8, and FG-1. The transition from
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semi-ionic C-F bonds to covalent C-F bonds and CF; bonds between C and F atoms enhances the binding of F atoms to the

graphene sheet structure. Consequently, the thermal decomposition temperatures and weight loss rates of FG-0.3, FG-0.5, FG-0.8,

and FG-1 increase sequentially with the increasing fluorination degree.
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