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Composite materials using fluorinated graphene nanoplatelets
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The changes occurring on the surface of graphene nanoplatelets (GNPs) during treatment with gaseous fluorine are shown. According to

Raman and IR spectroscopy, C–F covalent bonds are formed. As the fluorination temperature increases, the destructive changes in the GNPs

become more noticeable, as evidenced by the results of X-ray diffraction analysis and the specific surface area of the samples. The presence of

fluorine-containing functional groups contributes to better dispersion of the GNPs in the epoxy matrix and to an increase in their strengthening

effect. The epoxy composite containing 0.1 wt% of the GNPs treated with fluorine at 450 ◦C presents the maximum strength characteristics: in

comparison with the unmodified material, the tensile stress increases by more than 2 times, the tensile modulus – by 20 %, the breaking stress

at bending – by 80 %, and the modulus of elasticity at bending – by 60 %.
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1. Introduction

Graphene nanoplatelets (GNP) are layered structures based on graphene planes and, due to their properties,
they can act as ideal filler for polymer composites.

In particular, in [1], it was shown that when injected into epoxy resins at a concentration of 5 wt%, GNPs pro-
mote an increase in the electrical conductivity by an order of magnitude and exhibition of pronounced hydrophobic
properties; however, due to poor interaction with the matrix, they practically do not affect the mechanical parame-
ters.

To improve the GNP interaction, various functionalization methods can be used [2]. By analogy with carbon
nanotubes [3], it should be expected that the fluorination of GNPs must lead to an increase in their reinforcing
effect when employed as a component of epoxy composites.

The purpose of the present research was to study 1) the effect of the conditions of direct fluorination of GNPs
on the chemical composition of their surface, 2) the integrity of graphene layers, 3) and the effectiveness of their
application for strengthening epoxy binders.

2. Experimental

The GNPs (produced at NanoTechCenter Ltd., Tambov, Russia) with an average thickness of individual
structural units of about 5 nm was used herein. They were fluorinated in a steel reactor at a pressure of gaseous
fluorine of 1 atm at temperatures of 350–450 ◦C. For the production of composites, a BFE-170 Bisphenol-F epoxy
resin (Chang Chun Plastics Co., LTD, China) and an L-19 polyaminoamide hardener (CHIMEX Limited, Russia)
were used.

Infrared (IR) spectra of the samples of the initial and fluorinated GNPs were recorded on a Nicolet 380 spec-
trometer. Roentgen photoelectron spectra were recorded on a ULVAC-PHI Versa Probe I device. Monochromatic
Alk α-radiation (1486.6 eV) with a power of 50 W was used to excite photoemission. The powders were pressed
into the In plate with a thin continuous layer. The diameter of the analysis area was 200 µm. X-ray diffraction
patterns of the initial and fluorinated GNP were recorded on a Difrey-401 instrument with Bragg-Brentano focusing
method. The specific surface area was measured by nitrogen adsorption at 77 K using the multipoint BET method
on a Nova 1200e Quantachrome instrument. TEM images are obtained with a JOEL JEM 2000 FX microscope.

Effective sizes of GNP agglomerates in epoxy dispersions were determined by the dynamic light scattering
method using a Nicomp 380 ZLS instrument.
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The mechanical properties of the epoxy-based nanocomposites were tested on a Testometric M350-5AT uni-
versal test machine. Surface images of the composites were obtained on a JEOL JSM-6610LV scanning electron
microscope.

3. Results and discussion

As seen from the IR spectra of the fluorinated GNPs, the intensity of the absorption bands due to the presence
of hydroxyl groups and/or adsorbed moisture (about 3400 cm−1) and carboxyl groups (about 1630 cm−1) decreases,
indicating the removal of oxide formations present on the surface of the initial GNPs. The presence of a band at
1200 cm−1 indicates the formation of covalent bonds between the fluorine and carbon atoms.

The typical panoramic and C1s XPS spectra of the fluorinated GNP are shown in Fig. 1. The expanded
spectra of photoelectronic lines have a shape characteristic of graphene-like structures: an asymmetric narrow peak
at 284.4 eV, and a π satellite at 291.0 eV. Low-intensity peaks from the oxygen bonds at 286.6 eV (3.0 %) and
288.5 eV (1.5 %) (single and double, respectively) and sulfur bond at 229.2 and 162.3 eV can also be observed.
This is due to the presence of oxygen- and sulfur-containing functional groups formed during the production of the
initial GNPs.

FIG. 1. Expanded XPS spectra for carbon photoelectronic lines of the GNPs subjected to direct
fluorination at 350 ◦C

In the course of the fluorination, the total amount of oxygen and sulfur in the materials decreases down to
the complete removal of the sulfur-containing surface formations at 400 and 450 ◦C. The peaks at 284.8–285.2,
286.4–287.7, 289.1–289.2 and 291.1–291.3 eV are associated with the formation of C–F chemical bonds [4]. The
preferred coordination of the carbon atoms is as follows: one bond with fluorine, and the remaining bonds with the
carbon atoms also associated with fluorine. There is also a small fraction of the carbon atoms having two bonds
with fluorine. About 30 % of the carbon atoms in the fluorinated samples at 350 and 450 ◦C and 45 % in the
fluorinated sample at 400 ◦C were found not to change their initial chemical state.

No significant destructive changes in the structure of GNPs can be detected on the TEM image (Fig. 2) due to
fluorination. The particles of amorphous carbon are probably visualized as black dots on the surface. According
to the X-ray diffraction analysis data, the fluorination promotes disordering of the regular hexagonal structure of
graphite planes and the appearance of amorphous halo due to the higher temperature of the nanographene treatment
with fluorine. The specific surface area of the GNPs during the fluorination increases by 2.47-fold, which may
also be due to the availability of the amorphous phase on the GNP surface.

The average effective size of the agglomerates of the initial GNPs in the epoxy binder is about 1.2 µm. The
GNP fluorination promotes their more uniform distribution in the matrix; the effective particle size of the dispersed
phase does not exceed 900 nm.

The changes occurring with the surface of the GNPs during the fluorination contribute to an increase in their
effectiveness as a strengthening additive to the epoxy composites (Table 1).

In comparison with the initial matrix, the greatest effect is achieved when using the GNPs fluorinated (f-GNPs)
at 450 ◦C (0.1 wt%): the tensile stress (Gtensile) increases by more than 2 times, the tensile modulus (Etensile) –
by 20 %, the breaking stress at bending (Gbending) – by 80 %, and the modulus of elasticity at bending (Ebending)
– by 60 %. The obtained increase in the strength is superior to that reported in the published data in the case of
using the initial and functionalized graphene structures [5–7].
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FIG. 2. TEM image of the fluorinated GNPs

TABLE 1. Results of strength tests of the BFE-170 Bisphenol-F resin-based composites

Filler and mass fraction thereof Gtensile, MPa Etensile, MPa ε, % Gbending , MPa Ebending , MPa

– 38±1.8 2204±88 2±0.10 107±5.5 1683±68

Initial GNPs, 0.01 % 56±2.8 2260±91 2.5±0.10 124±6.0 1850±74

Initial GNPs, 0.1 % 62±3.1 2480±99 3.5±0.15 131±6.2 2189±88

Initial GNPs , 0.5 % 46±2.3 2678±105 2.5±0.10 120±6.0 2581±100

f-GNPs 350 ◦C, 0.01 % 65±3.2 2281±91 4.2±0.17 136±6.5 2010±80

f-GNPs 350 ◦C, 0.1 % 71±3.5 2305±92 5±0.20 170±8.0 2639±105

f-GNPs 350 ◦C, 0.5 % 58±2.8 2937±115 2.7±0.11 124±6.0 2660±105

f-GNPs 340 ◦C, 0.01 % 69±3.4 2384±95 3.5±0.15 142±6.9 2210±88

f-GNPs 450 ◦C, 0.1 % 84±3.8 2592±104 5±0.20 192±7.5 2699±107

f-GNPs 450 ◦C, 0.5 % 63±3.1 2791±110 3.5±0.15 146±7.1 2766±110

The rupture surfaces of all the composites (Fig. 3) have a structure similar to each other, independent of the
presence or absence of the initial and fluorinated GNPs. The GNPs were not detected on the rupture surface of the
filled nanocomposites, which can be explained by their fairly good adhesion to the epoxy matrix.

FIG. 3. SEM images of the epoxy matrix surfaces: (a) unmodified, and modified with (b) the
initial and fluorinated (c) GNPs
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4. Conclusion

GNPs are an effective filler of epoxy matrices that contribute to the improvement of their physical and
mechanical properties. GNP treatment with gaseous fluorine results in the formation of fluorine-containing surface
functional groups that enhance interaction with the epoxy matrix and contribute to more uniform dispersion therein.

However, when choosing a fluorination mode, it is necessary to take into account destructive changes taking
place in the GNPs. Due to the fluorination, a higher strengthening effect, surpassing the literature data, has been
achieved.
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