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Abstract  

With electronic equipment becoming more integrated, multifunctional, and lightweight, the demand for advanced thermal 
management materials with excellent electrical insulation and high thermal conductivity is increasing. In this study, the 
fluorographene (FG) nanosheets with different degrees of fluorination were successfully exfoliated from the corresponding 
raw graphite fluoride by using a facile low-energy ball milling process and ultrasonic treatment. And then ethylene vinyl 
acetate copolymer/fluorographene (EVA/FG) composite films were prepared by a knife coating method. The effects of 
fluorination degree and content of FG on the thermal conductivity and electrical insulation of FG composites were 
systematically studied. An in-plane thermal conductivity of 52.9 W m-1 K-1 and through-plane thermal conductivity of 2.5 W 
m-1 K-1 has been achieved in the prepared composite films with the FG content of 70 wt% and the C:F ratio of 1:0.63. The 
prepared composite films also show excellent thermal stability to withstand repeated cooling and heating, as well as high 
electrical insulation and good flexibility, which makes the FG composites of great potential usage in the field of intelligent 
wearable devices, soft robots, flexible electronics, and so on. 
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1. Introduction 

With the rapid development of miniaturization and multi-

function of electronic devices, heat dissipation has become a 

major challenge, which promotes the development of thermal 

management materials with good thermal conductivity to 

prevent overheating and prolong the service life of these 

devices.[1-4] Among the thermal management materials, 

polymeric composites have become the research hotspot 

because of their excellent electrical insulation and good 

flexibility.[5-8] To achieve excellent thermal conductivity (TC), 

the addition of thermally conductive fillers into the polymeric 

composites is a facile and effective strategy. 

Inorganic ceramic particles are commonly used as 

thermally conductive fillers to enhance the thermal 

conductivity of polymeric composites.[9-12] Among these fillers, 

boron nitride nanosheets (BNNS), as a two-dimensional (2D) 

layered material, show high thermal conductivity and good 

electrical insulation, endowing their great potential in the 

preparation of thermal management composites in the field of 

electronic devices.[13-16] Wang et al. prepared a BNNS/ethylene 

vinyl acetate copolymer (EVA) composite film with a layered 

structure through vacuum-assisted self-assembly. When the 

BNNS loading is 50 wt%, the corresponding composites 

exhibit an excellent in-plane thermal conductivity of 13.2 W 

m-1 K-1.[13] Wang et al. prepared BNNS/PVA@FGM composite 

paper by spraying the solution of poly (vinyl alcohol) (PVA) 

and BNNS on a fiberglass mesh (FGM). The obtained 

composite film reveals a thermal conductivity of 22.51 W m-1 

K-1, and this composite film also exhibits a tensile strength of 

27.92 MPa.[14] However, the preparation of BNNS always 

involves a time-consuming and complex process. In addition, 
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BNNS, also including other ceramic fillers, has a limited 

improvement in the thermal conductivity of polymeric 

composites. Therefore, it still cannot meet the more stringent 

requirements on electronic devices for advanced thermal 

management materials.  

Another type of thermally conductive filler is carbon-based 

materials, such as carbon black, graphite, graphene, and 

carbon nanotubes.[17-20] Among them, graphene has attracted 

much attention in the preparation of thermal management 

materials due to its high thermal conductivity, excellent 

electric conductivity, and superior mechanical properties.[21-25] 

Xin et al. fabricated graphene paper by using direct 

electrospray deposition of graphene film and stripping them 

from a highly hydrophilic substrate, which was then subjected 

to high-temperature annealing. The obtained graphene paper 

has a thermal conductivity of 1434 W m-1 K-1 with an electric 

conductivity of 1.83/105 S m-1.[26] Xu et al. successfully 

fabricated graphene paper by using reduced graphene oxide 

foam. The as-prepared graphene paper can achieve a tensile 

strength of 50.4 MPa, a tensile strain of 4%, and a thermal 

conductivity of 1103 W m-1 K-1 at room temperature.[18] 

Although graphene-based materials exhibit excellent thermal 

conductivity, the high electric conductivity of graphene has 

seriously restricted its application in electronic devices. 

Fluorographene (FG), as one of the most promising and 

youngest graphene derivatives, inherits the excellent 

mechanical properties of graphene and has a unique wide 

bandgap (∼3.8 eV).[27] The invasion of fluorine atoms makes 

the hybrid orbitals of C atoms transform from sp2 to sp3 

configuration, which destroys the π bond of graphene and 

leads to a decrease in electrical conductivity.[28-33] With the 

increase in the degree of fluorination, the conductivity of FG 

decreases and gradually turns into an insulator.[34] However, 

there are only a few kinds of research on the thermal 

conductivity properties of FG. Huang et al. investigated the 

thermal conductivity of FG with different degrees of 

fluorination through non-equilibrium molecular dynamics 

simulation. They have found that the graphene surface with a 

fluorine coverage of 100% can obtain the theoretical thermal 

conductivity of 1800 W m-1 K-1.[35] Therefore, FG with 

excellent thermal conductivity and insulating performance 

may meet the thermal management requirements of highly 

integrated, high-power electronic devices. However, there are 

few studies on FG as the thermally conductive filler for the 

preparation of thermal conductive polymeric composites, and 

there is also a lack of systematic study of the influence of the 

fluorination degree of FG on the thermal conductivity of these 

polymer composites. 

In this study, we have fabricated different types of ethylene 

vinyl acetate copolymer/fluorographene (EVA/FG) composite 

films, and systematically studied the effects of fluorination 

degree and the content of FG on thermal conductivity, 

insulation, and mechanical properties of the composite films 

(Fig. 1). First, three types of graphite fluoride (GrF) with 

different degrees of fluorination were treated in the planetary 

ball milling for pre-exfoliation. And then ultrasonic treatment 

was carried out to obtain the exfoliated FG nanosheets with 

several layers. Then, the EVA/FG composite films were 

prepared through a simple blade coating process. The as-

prepared EVA/FG film with a low degree of fluorination 

exhibits an excellent in-plane thermal conductivity of 52.8 W 

m-1 K-1 and an outstanding through-plane thermal conductivity 

of 2.5 W m-1 K-1 with a good electrical insulation performance. 

In addition, the mechanical test has demonstrated that the 

EVA/FG composite films also have good flexibility. With 

excellent thermal conductivity, high electrical insulation, and 

good mechanical properties, the EVA/FG composite films 

have great potential to be used in the increasingly developed 

miniaturized and integrated electronic devices, and flexible 

wearable devices. 

 

2. Experimental section 

2.1 Materials 

Graphite fluoride (GrF) powders with different F/C atomic 

ratios and an average lateral size of 5-10 μm, were purchased 

from Shenyang Xi Fu Technology Co., Ltd, China. N-Methyl-

2-pyrrolidone (NMP) solvent was provided by Sino Pharm 

Chemical Reagent Co. Ltd. (Shanghai, China). EVA emulsion 

(BJ-707) with an average diameter of ~2 μm was offered by 

Eco sol Chemical Technology Co., Ltd, China. N, N-

dimethylformamide (DMF) was provided by Sino Pharm 

Chemical Reagent Co. Ltd. (Shanghai, China). The absolute 

ethanol was purchased from Shanghai Macklin Biochemical 

Co., LTD. 

 

2.2 Preparation of exfoliated FG 

As shown in Fig. 1, 4 g GrF and 120 mL NMP were 

homogeneously mixed and placed in a 500 mL grinding bowl. 

Then, 2 kg zirconia balls of 5 mm, 8 mm, and 10 mm in 

diameter (mass ratio of 5:3:2) were added to the grinding bowl. 

A planetary ball mill was used for the ball milling process at 

300 rpm for 6 h at room temperature. After the ball milling 

process, the obtained solution was centrifuged at 5000 rpm for 

10 min to extract the product. The collected product was then 

washed with ethanol to remove the remained NMP and 

uniformly mixed with 300 mL of ethanol to sonicate for 4 h. 

After standing at room temperature for 12 h, the supernatant 

was filtered by using a thickness of 0.1 mm nylon membrane 

filter and dried in a vacuum oven at 60 °C for 4 h. Finally, the 

FG products with different degrees of fluorination have been 

prepared. 

 

2.3 Fabrication of flexible EVA/FG composite film 

Different amounts of FG and DMF were uniformly mixed with 

ultrasonic treatment for 10 min. Then, the EVA emulsion in 

different weight ratios was added to the above mixture and 

magnetically stirred for 1 h to obtain the EVA/FG suspension. 

Next, the obtained EVA/FG suspension was knife-coated on 

the glass plate by using a plate-coating machine. After drying 

in a vacuum oven at 65 °C for 4 h, the EVA/FG composite 



ES Materials & Manufacturing                                                                                                                                                Research article 

© Engineered Science Publisher LLC 2022                                                                                                                                       ES Mater. Manuf., 2022, 15, 53-64 | 55 

 
Fig. 1 Schematic diagram of the preparation of the exfoliated fluorographene (FG) nanosheets from the raw graphite fluoride (GrF) 

and the EVA/FG composite films. 

 

films with the FG mass fractions of 50 wt%, 70 wt%, and 90 

wt% prepared.  

 

2.4 Characterizations 

A scanning electron microscope (SEM, VEGA 3 LMH, 

Tascam Co., Ltd) was used to characterize the morphology of 

the EVA/FG composite films. An atomic force microscope 

(AFM, Bruker, USA) was unitized to evaluate the exfoliated 

FG. The X-ray diffraction (XRD) pattern of the pristine GrF 

and the exfoliated FG was analyzed by using the Bruker D8 

ADVANCE X-ray diffractometer with Cu-Kα radiation (λ= 

1.5418Å). The molecular structure of FG with different 

degrees of fluorination was also studied by using a Raman 

spectrometer (Horiba Evolution). The chemical composition 

and fluorination degree of GrF and FG was characterized by 

X-ray photoelectron spectroscopy (XPS, Thermo Fisher 

Scientific K-Alpha, USA). The volume resistivity of the 

prepared EVA/FG composite films was measured by using the 

GEST-121 electrical insulation resistance tester (Shanghai 

Yuan Zhong Electronics). The thermal stability of EVA/FG 

composite films was evaluated by cycling these films 700 

times from 10 ℃ to 80 ℃ on a thermostat (Shanghai Jing Xin 

Industrial). The thermal conductivity (λ, W m-1 K-1) of the 

EVA/FG composite films was calculated by the following 

equation: λ=α×c×d, where α is the thermal diffusivity of the 

EVA/FG films measured by the laser flash diffusivity meter 

LFA 467 (NETZSCH, Germany), c is the specific heat of these 

films obtained by using a differential scanning calorimeter 

(DSC, METTLER), and d represents the density (g cm-3) of 

the EVA/FG films measured by an electronic density meter 

(DH-300X, DahoMeter). An infrared thermal imaging camera 

(Fotric 226s) was used to visually illustrate the excellent heat 

dissipation of the EVA/FG composite films. In this test, 

different types of EVA/FG composite films were placed 

between the LED chip (heat source) and the radiator, and the 

surface temperature of the LED chip was dynamically 

recorded. The tensile properties of the samples were 

determined by using an Instron 2367 equipment with a 

crosshead speed of 20 mm/min at room temperature. 

 

3. Results and discussion 

Figure 2a shows the SEM images of the raw GrF with different 

degrees of fluorination. As observed, all the raw GrF have a 

layered structure with a thickness of ~2 μm.[36] After ball 

milling and ultrasonic treatment, the different degrees of 

fluorination FG nanosheets are fabricated. To quantitatively 

investigate the size of the obtained FG nanosheets, the AFM 

analysis was carried out. As shown in Fig. 2b, these FG 

nanosheets maintain the layered structure, which is similar to 

GrF (Fig. 2a). Fig. 2c illustrates the thickness and lateral 

dimensions of the typical FG nanosheets with different 

degrees of fluorination. It can be found that the FG nanosheets 

have a thickness of ~3.0-4.0 nm with a lateral size of ~2.0-4.0 

μm regardless of their degrees of fluorination, which is also 

proved by counting the size of over 100 pieces of the FG 

nanosheets (Fig. S1). Based on the above results, it can be 

revealed that the exfoliated FG nanosheets with few layers can 

be successfully fabricated through simple ball milling and 

ultrasonic treatment. 
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Fig. 2 (a) SEM image of the raw GrF with different degrees of fluorination; (b) AFM image of the exfoliated FG nanosheets with 

different degrees of fluorination and (c) the corresponding height profile. The raw GrF sheets with the F/C atomic ratio of ~ 0.68:1, 

0.85:1 and 1.01:1 were denoted as GrF-0.68, GrF-0.85 and GrF-1.01, respectively. These obtained FG nanosheets with the F/C atomic 

ratio of ~ 0.63:1, 0.80:1, and 0.95:1 were denoted as FG-0.63, FG-0.80 and FG-0.95, respectively. 

 

To investigate the structural change between GrF and FG, 

the XRD analysis was carried out. As shown in Fig. 3a, both 

GrF and FG have three characteristic peaks at 2θ of 2°, 19°, 

and 41.2°, which corresponds to (001), (002), and (100) plane 

reflection, respectively.[37] All the GrF and FG samples exhibit 

a strong (001) diffraction, which is related to the high fluorine 

hexagonal structure.[38] The appearance of the (002) diffraction 

peak is attributed to the graphite structure with a crystal 

structure.[39] Among the FG samples with different degrees of 

fluorination, FG-0.63 exhibits a stronger (002) refection than 

the other two, indicating a well-preserved graphite structure 

and a lower degree of fluorination. The diffraction peak of 

(100) reflection represents the in-plane length of the C-C 

network in the reticular system. After exfoliation, all FG 

samples have a lower intensity of (100) diffraction than the 

corresponding raw GrF, indicating the occurrence of the break 

of FG nanosheets during fabrication.[40,41] 

 
Fig. 3 (a) XRD patterns of the exfoliated FG and the raw GrF with different degrees of fluorination, and (b) Raman spectra of the 

different types of FG. 



ES Materials & Manufacturing                                                                                                                                                Research article 

© Engineered Science Publisher LLC 2022                                                                                                                                       ES Mater. Manuf., 2022, 15, 53-64 | 57 

The structural characteristics of the FG samples were also 

characterized by using Raman spectroscopy, and the results 

are shown in Fig. 3b. All FG samples have two characteristic 

peaks, namely the D and G bands, which are also commonly 

observed in other carbon-based materials.[40] The G band at 

about 1585 cm-1 assigns to the graphite structure with an sp2 

π-conjugated configuration, and the D band at about 1348 cm-

1 indicates the presence of C-F sp3 defects. Therefore, the ratio 

of the D band and the G band intensity (ID/IG) can be used to 

assess the conjugation of the atomic-scale materials.[30,42] The 

ID/IG value (1.72) of FG-0.63 is smaller than that of the other 

two, indicating that the sp2 π-conjugated configuration has 

remained with a lower degree of fluorination, which is well 

consistent with the above XRD results. XPS characterization 

was used to analyze the elemental composition and chemical 

bond properties of GrF and FG, and the corresponding results 

are shown in Figs. 4a-d. As illustrated in Fig. 4a, all FG 

samples exhibit two strong signals of C1s and F1s with a weak 

O signal. Compared with the XPS spectrum of GrF, the FG 

samples reveal a slight increase in the intensity of the O signal 

with the similar C and F spectrum (Fig. S2). The increased O 

signal may be attributed to the insertion of O on the edge of 

the fractured FG nanosheets during ball milling and ultrasonic 

treatment.[43] By calculating the content of each element (Figs. 

4b-d), FG-0.63 has the lowest F content of 38.2 at% with an 

F/C atomic ratio of 0.63, while FG-0.95 demonstrates the 

highest F content of 48.2 at% with an F/C atomic ratio of 0.95, 

which are consistent with the results of the Raman 

characterization. In addition, as compared with the raw GrF, 

the exfoliated FG nanosheets demonstrate a decrease in the F 

content. The reduced degrees of fluorination of FG may be 

caused by the loss of F atoms during the ball milling treatment. 

Furthermore, Figs. 4b-d also shows the high-resolution C1s 

XPS spectra of the three different FG samples. The C1s 

spectrum of all FG samples contains five fitted peaks, which 

appear at 284.6, 286.3, 287.6, 289.8, and 291.4 eV, 

corresponding to C=C, C-C, C-CF, C-F, and C-F2, respectively, 

where the C and F elements are the main components of the 

FG samples.[40,44,45] Note that with the increase in the degree of 

fluorination, the relative proportion of C-F2 increases 

gradually, while the C-C and C=C components display a 

downward trend. The results also demonstrate that the FG-

0.63 has remained the more sp2 π-conjugated graphite 

structures than the other two FG samples, which is also 

consistent with the above XRD and Raman results. 

Figure 5 shows the cross-sectional SEM images of the 

EVA/FG composite films containing different types of FG. 

With the addition of 50 wt% of FG, the FG nanosheets are 

randomly distributed in the EVA, and partially overlapped 

with each other (Figs. 5a1, b1, and c1). With the increase of 

the FG content from 50 wt% to 70 wt%, the FG nanosheets in 

the EVA/FG composites tend to be ordered. For the composite 

films with the addition of 70 wt% FG, the FG nanosheets are 

closely packed to form a thermal conduction network with the 

FG nanosheets approximately parallel to each other (Figs. 5a2, 

b2, and c2). The formation of the close-packed structure will 

help to enhance the interaction between FG and EVA, which 

thus contribute to reducing the interface thermal 

 
Fig. 4 (a) Survey XPS spectra of the exfoliated FG with different degrees of fluorination, (b-d) High-resolution C1s spectrum of the 

exfoliated FG with different degrees of fluorination.  
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Fig. 5 Cross-sectional fracture morphology of the EVA/FG-0.63 composite films (a1-a3), the EVA/FG-0.80 composite films (b1-b3), 

the EVA/FG-0.95 composite films (c1-c3). From top to bottom: the content of FG is 50 wt%, 70 wt%, and 90 wt%, respectively. 

From left to right: the degree of fluorination of FG is 0.63, 0.80, and 0.95, respectively. 

 

resistance of the FG composites.[46,47] However, with the 

concentration of FG further increasing to 90 wt%, some pore 

structures have been formed in the EVA/FG composites, 

which will significantly reduce the thermal conductivity of the 

composites (Figs. 5a3, b3, and c3). The formation of these 

pores is due to the lowered content of the EVA binder and the 

higher content of volatile solvents, as compared with the 

composites containing the lower content of FG. During the 

fabrication of the EVA/FG composite containing 90 wt% FG, 

large amounts of holes will be left after the evaporation of the 

solvents and there is no insufficient EVA binder to fill these 

holes. Therefore, it can be deduced that with the increase of 

FG content, the thermal conductivity of the FG network will 

be gradually decreased due to the formation of numerous pores 

structures. 

From the above SEM analysis, many pores will be formed 

in the EVA/FG composite, especially for containing 90 wt% 

of FG. To further prove the existence of the pores in the 

different EVA/FG composites, the porosity is estimated based 

on the relationship between the theoretical density and 

experimental density. The porosity of the EVA/FG composite 

films is calculated based on the equations (1) and (2) as 

follows: 

𝑉𝑜𝑖𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
ρ-theoretical−ρ-experimental

ρ-theoretical
                (1) 

ρ-theoretical =
1

w-FG

ρ-FG
+

w-EVA

ρ-EVA

                                (2) 

where w-FG and w-EVA represent the mass fractions of FG 

and EVA in the EVA/FG films, respectively; ρ-FG and ρ-EVA 

represent the density of EVA (1.07 g/cm3) and FG (3.14 

g/cm3).[48,49] According to the above equation, the porosity of 

the EVA/FG films was calculated, which is shown in Fig. 6a. 

The internal porosity of the composite films is gradually 

increased with increasing the loading of FG. With the FG 

loading of 50 and 70 wt%, the corresponding FG composites 

have a relatively low porosity of 0.06 and 0.11, respectively. 

However, the EVA/FG composite film with the FG loading of 

90 wt% exhibits a high porosity of 0.4. Large porosity 

corresponds to the loose internal structure, which will lead to 

an increase of thermal resistance, thus reducing the thermal 

conductivity of the EVA/FG composites.[50,51] In addition, the 

increased porosity will also lead to a decrease of the 

mechanical performance of the composites, which will be 

discussed later. Therefore, to obtain high thermal conductivity 

and good mechanical properties, the EVA/FG composites 

should have low porosity. 

Thermal conductivity is one of the most important  

parameters affecting the application of a flexible thermal film  

and is thus considered next. Figs. 6b-c shows the in-plane and  
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Fig. 6 (a) Experimental density and theoretical density as well as the porosity of the EVA/FG composite film; (b) The in-plane thermal 

conductivity of the EVA/FG composite films as a function of the degrees of fluorination and the content of FG; (c) The through-

plane thermal conductivity of EVA/FG composite films as a function of the degrees of fluorination and the content of FG; (d) The 

thermal conductivity stability test of 70 wt% EVA/FG -0.63 composite film. 

 

through-plane thermal conductivity of the EVA/FG films with 

different degrees of fluorination, respectively. With the 

increase of FG content, both the in-plane and through-plane 

thermal conductivity of EVA/FG composite films increase 

first and then decrease, and the maximum value is obtained 

when the FG content is 70 wt%. Besides, the thermal 

conductivity will increase with the decrease of the fluorination 

degree of FG. Therefore, EVA/FG-0.65-70 wt% has the 

highest in-plane thermal conductivity of 52.9 W m-1 K-1 and 

through-plane thermal conductivity of 2.5 W m-1 K-1 among 

these EVA/FG campsites. Generally, the thermally conductive 

film prepared by vacuum filtration has high in-plane thermal 

conductivity. The corresponding through-plane thermal 

conductivity usually is no more than 1.5 W m-1 K-1.[13,52,53] The 

following reasons may account for the change in thermal 

conductivity. First, when the FG content is 50 wt%, too much 

EVA binder will weaken the adjacent connection between FG 

nanosheets, and hinder the directional arrangement of FG 

nanosheets, which is detrimental to the formation of compact 

heat conduction path and thus decrease the thermal 

conductivity of the corresponding EVA/FG composite film. In 

addition, the EVA binder, as a heat-insulating material, will 

cause interlayer phonon scattering, and lead to the reduction 

of thermal conductivity.[54,55] Second, when the FG content is 

too high, namely 90 wt% of FG, many pores appear in the film 

(Figs. 5a3-c3), which will significantly inhibit the transfer of 

heat and thus reduces the thermal conductivity of the EVA/FG 

composite film.[56,57]  

To ensure the normal operation of the electronic equipment, 

the thermal management materials should repeatedly absorb 

and release heat from the heat generated by high integration 

power components.[58-60] Therefore, to evaluate the durability 

of the EVA/FG composite films, the thermal conductivity of 

the EVA/FG -0.63-70 wt% composite film was periodically 

recorded after cycling 100-700 times between 10 ℃ and 80 ℃ 

by using a thermostat. As shown in Fig. 6d, even after 700 

times of repeat heating and cooling cycle, the thermal 

conductivity of the composite film only demonstrates a slight 

decrease, indicating the good stability of the prepared EVA/FG 

composite films.   

Thermal infrared imaging measurement was carried out to 

visually illustrate the superiority of the EVA/FG composite 

films over the commercial high thermal conductivity materials 

(ODYSSEY，12.8 W m-1 K-1， LiMin), and the 

corresponding results are shown in Fig. 7. After the LED chip 

runs for 5 min (Fig. 7a), the LED surface covered by the 

EVA/FG-0.63-70 wt% exhibits the lowest temperature of 89.4  

℃ (Fig. 7b), which is much lower than the commercial  
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Fig. 7 (a) Heating and cooling process of the EVA/FG composite films and the commercial ODYSSEY film based on Infrared thermal 

tests as well as the schematic diagram of the heading system. (b) Infrared thermal images of the thermal management films at different 

heating or cooling times. 

 

thermal conductive materials as well as the other EVA/FG 

composite films, suggesting a high thermal conductivity. After 

cooling for 100 s, the EVA/FG -0.63-70 wt% composite films 

also has the lowest temperature of 41.9 ℃ as compared with 

the other types of thermally conductive materials (Fig. 7a). 

The above results demonstrate that the EVA/FG composite 

films show great potential to replace commercial thermal 

interface materials.  

We also compared the EVA/FG composite film containing 

70 wt% FG with the state-of-art electrically insulating and 

thermally conductive composite films to illustrate the 

advantages of our coatings, and the results are summarized in 

Table 1. Most of the BNNS-contained nanocomposites show 

a thermal conductivity of less than 50 W m-1 K-1, and only the 

BNNS/TPU nanocomposite with 95 wt% of BNNS has a 

thermal conductivity value of 50.3 W m-1 K-1, but it is still 

lower than that of our thin film (52.9 W m-1 K-1). However, 

excessive fillers, such as 95 wt%, will degrade their 

mechanical performances due to the formation of large 

amounts of defects.[61] The EVA/FG films fabricated in this 

work have excellent thermal conductivity due to the following 

reasons. First, FG has a high theoretical thermal conductivity, 

as indicated above. Second, compared with most of the BNNS 

composite films prepared by vacuum filtration method, the 

knife coating process used in this paper is not only a simple 

and time-saving strategy but also gives the FG  

Table 1. Comparison of the in-plane thermal conductivity in the EVA/FG composite film and BNNS-based composite films.   

Sample Content (wt %) Thermal conductivity (W m−1 K−1) Year & Reference 

BNNS/GO 95/5 29.80 2016[62] 

f-BNNS/CNF 70/30 30.25 2017[52] 

BNNS@PDA/CNC 94/6 40 2018[50] 

BNNS/XNBR 77/23 45.70 2018[15] 

BNNS/PVA@FGM 60/40 22.51 2018[14] 

CNF/EOH-BNNS 40/60 24.27 2018[63] 

BNNS/TPU 95/5 50.30 2018[16] 

BNNS/EVA 50/50 13.20 2020[13] 

OH-BNNS/CNF 50/50 15.13 2020[64] 

F-graphene/EVA 70/30 52.90 This work 
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nanosheets a relatively orderly arrangement in the through-

plane direction, thus forming a relatively good vertical thermal 

conduction path.  

When thermally conductive materials are used in 

electronic devices, electrical insulation is especially important 

and necessary. As shown in Fig. 8a, all EVA/FG composite 

films have good electrical insulation with a volume resistance 

above 1 × 1010 Ω cm. It also can be found that for the 

composite films having the same degree of fluorination, 

increasing the FG loading will lead to the reduction of the 

volume resistivity. This is due to that the EVA binder has a 

higher volume resistance than FG. Therefore, the decreased 

EVA content in the EVA/FG composite films will cause a 

reduction in volume resistance. For the EVA/FG composite 

films with the same FG loading, the volume resistivity will 

increase with the increasing degree of fluorination. This can 

be attributed to the that the introduction of fluorine atom 

seriously deteriorates the aromatic conjugated structure of FG, 

leading to a rapid decrease in the electronic conductivity.[34] To 

illustrate the electrical insulation performance of the 

composite films more intuitively, a light-emitting experiment 

was carried out by using a light bulb (Fig. 8b). As shown in 

Fig. 8b (case 1), the bulb is normally illuminated through the 

wire connection. However, when the composite films are 

connected to the conductive path, the bulb does not emit light 

(Fig. 8b, case 2-4). The light-emitting test also demonstrates 

the good electrical insulation performance of these composite 

films.  

Mechanical performance is another important factor for the 

application of composite film in flexible electronic devices. 

The mechanical properties of the EVA/FG composite films 

exhibit a similar trend regardless of the degree of fluorination 

of FG. The typical composite films containing FG-0.63 was  

used to illustrate the mechanical performance of these 

EVA/FG composite films. Fig. 8c exhibits the stress-strain 

curve of the FG-0.63 composite film. With the increase of the 

FG content, the corresponding EVA/FG composite films 

reveal a gradual decrease in tensile strength and elongation-at-

break. For example, EVA/FG-0.63-50% has an elongation-at-

break of 300% with a tensile strength of 8.9 MPa, exhibiting 

excellent flexibility. However, EVA/FG-0.63-70% 

demonstrates the elongation-at-break of 55% with a tensile 

strength of 6.2 MPa. Although the mechanical properties of 

the EVA/FG-0.63-70% composite films exhibit a decrease, the 

elongation-at-break of this composite film is still better than 

that of most thermal conductive films (such as the BNNS 

composite films) with the elongation-at-break no more than 

10%.[14,52,53,62] The inset in Fig. 8c shows the excellent load-

carrying capacity of the composite film. An EVA/FG-0.63-70% 

composite film can withstand a load of 500 g without damage. 

With further increasing the FG content to 90 wt%, the 

mechanical properties of the corresponding the composite 

coating is seriously degraded. The reason for the degraded 

mechanical performance is that excessive FG leads to the 

generation of many pores within the EVA/FG composite films, 

which greatly reduces the toughness of the composite films. 

Fig. 8d gives a visual illustration of the good flexibility of the 

EVA/FG-0.63 composites. The EVA/FG-0.63-90% composite 

film can withstand bending or curling without any damage. 

The EVA/FG-0.63-70% composite film also can be folded into 

a pinwheel shape. The EVA binder with good toughness 

endows the excellent flexibility of the EVA/FG composite 

films. With high thermal conductivity, electrical insulation, 

and flexibility, the EVA/FG composite films show great 

potential application in flexible and wearable electronic 

products.  

 
Fig. 8 (a) The volume resistivity of the EVA/FG composite films with different FG content and different degree of fluorination of 

FG; (b) Optical image showing the excellent electrical insulation properties of the EVA/FG composite film; (c) Tensile stress-strain 

curves of the EVA/FG-0.63 composite films with different FG content; (d) Optical image showing the excellent flexibility properties 

of the EVA/FG composite film. 
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4. Conclusion 

The FG nanosheets with different degrees of fluorination, 

including FG-0.63, FG-0.80, and FG-0.95, were successfully 

synthesized from the corresponding raw GrF by using a facile 

low-energy ball milling and ultrasonic treatment. The obtained 

FG nanosheets were then blended with the EVA binder to 

prepare the EVA/FG composite films through a simple blade 

coating process. By adjusting the type of FG and the mass ratio 

of FG and EVA, composite films with different thermal 

conductivity can be achieved. The EVA/FG composite films 

containing 70 wt% FG, can obtain an excellent in-plane and 

through-plane thermal conductivity, because the low FG 

content will lead to the incomplete heat conduction path, and 

the high FG content will produce many holes in EVA/FG 

composites. In addition, the EVA/FG composite films 

containing FG with a lower degree of fluorination exhibit a 

higher in-plane and through-plane thermal conductivity. For 

example, EVA/FG-0.63-70% exhibits an in-plane thermal 

conductivity of 52.9 W m-1 K-1 and a through-plane thermal 

conductivity of 2.5 W m-1 K-1, which is superior to most BBNS 

composite films. The thermal conductivity test results also 

demonstrate that EVA/FG-0.63-70% shows great potential as 

a substitute for commercial thermal conductivity films. In 

addition, EVA/FG-0.63-70% also owns excellent thermal 

stability to resist repeated heat and cool cycles, outstanding 

electrical insulation, and mechanical flexibility. With excellent 

thermal conductivity, electrical insulation, and mechanical 

property, the EVA/FG composite films have great potential in 

heat dissipation applications of intelligent portable and 

flexible electronic devices. 
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