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ABSTRACT

Heat dissipation in time is essential for long-term reliability of electrical devices.

Graphene, with superior thermal conductivity and excellent flexibility, exhibits

a potential to substitute currently used graphite film for thermal management.

In this work, a free-standing film with enhanced thermal conductivity and better

flexibility was achieved by a facile and environmentally friendly in situ poly-

merization. The ‘molecular welding’ strategy was introduced for preparation of

graphitized graphene oxide/polyaniline (gGO/PANI) hybrid film, and the

uniformly distributed PANI, serving as a solder, connected adjacent graphene

sheets and filled in air voids of GO films. Scanning electron microscopy, Fourier

transform infrared spectroscopy, X-ray photoelectron spectroscopy, X-ray

diffraction and Raman spectroscopy were used to determine the structure of

PANI and the interaction between GO and PANI. The in-plane thermal con-

ductivity of gGO/PANI film is enhanced by 38% to 1019.7 ± 0.1 W m-1 K-1

with addition of 12 wt% PANI, compared with that of pristine gGO film.

Besides, the gGO/PANI film shows better flexibility than gGO film after 180�
bending for 500 times.

Introduction

With dramatic development of high-power portable de-

vices and next-generation flexible electronic equip-

ments, thermalmanagementhasbecome thekey to long-

term reliability [1–3]. The thermal conductivity of cur-

rently used commercial expanded graphite film is only

of 100–700 W m-1 K-1 [2, 4], which can hardlymeet the

requirements for heat dissipation.Although commercial

graphitized polyimide film shows a superior thermal

conductivity (1000–1750 W m-1 K-1), the poor

mechanical property has greatly restricted the applica-

tion in lateral heat dissipation [5]. Therefore, it is of great

significance to pursue an alternative material with

superior thermal conductivity, low cost as well as

excellent flexibility for heat dissipation.

Graphene, a monolayer of two-dimensional hon-

eycomb allotrope of carbon, possesses prominent

electrical conductivity of 7200 S cm-1 [6] and thermal
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conductivity of 5300 W m-1 K-1 at room tempera-

ture [7]. These unique properties make graphene an

alternative material to fabricate thermal conducting

films for thermal management. Graphene oxide (GO),

as an intermediate in preparing graphene by Hum-

mers method, is regarded as the precursor to fabri-

cate graphene-based materials due to its excellent

dispersion in water or organic solvents. Elaborate

studies regarding reduced graphene oxide films

(rGOF) have been carried out recently. For instance,

the graphene oxide film was reduced on Cu foils,

resulting in a high thermal conductivity of

902 W m-1 K-1 [8]. Song et al. [9] reported that the

annealed filtrated graphene oxide film exhibited an

enhanced thermal conductivity of 1043.5 W m-1 K-1.

Shen et al. [10] prepared thin graphene film with an

excellent thermal conductivity of 1100 W m-1 K-1

after being annealed and graphitized at 2000 �C.
The superior performances of these rGOFs could

be ascribed to the removal of functional groups and

restoration of defects in GO sheets during the

annealing process at high temperature. But the ther-

mal conductivity of these reduced rGOFs was not

comparable with that of single-layer graphene. On

one hand, small GO layers may stack disorderly

during the process of forming GOF. It will create

much interspace between layers to lower the density

of films. On the other hand, after being annealed at a

high temperature, the removal of oxygen-containing

groups will leave many defects in the structure of

rGOF [11, 12]. These may break off channels for

phonon transmission and increase the extent of

phonon scattering [13]. In this regard, Peng et al. [5]

delivered a debris-free graphene film with superior

thermal conductivity as well as excellent flexibility by

using large GO sheets. Furthermore, our group has

proposed a ‘molecular welding’ strategy to enlarge

the grain size of GO sheets via direct solution

blending of polyimide. The thermal conductivity of

welded graphene film showed a considerable

enhancement [14]. The ‘molecular welding’ or

employment of debris-free graphene sheets greatly

enhanced the in-plane thermal conductivity of gra-

phene film, because of the reduction in grain

boundaries and phonon scattering.

Polyaniline (PANI) has already attracted a lot of

research interests especially in supercapacitor, flexi-

ble electrodes and sensors [15–17], due to its excellent

electroconductivity. However, there are few resear-

ches about the application of PANI in thermal

conductivity films. On one hand, PANI can be easily

polymerized on GO in water [18, 19]. On the other

hand, PANI provides sufficient active sites to interact

with the functional groups in GO via covalent

bonding or p–p interaction [20, 21]. Therefore, PANI

was introduced as a solder to enlarge the size of rGO

sheets and to repair defects of rGO film.

Herein, we put forward a more facile and envi-

ronment friendly method to improve the thermal

conductivity and flexibility of graphene film. The

graphitized graphene oxide/PANI (gGO/PANI)

hybrid films were fabricated via in situ polymeriza-

tion in water. The introduction of PANI, as a solder,

could strongly interact with GO via covalent bonding

during the self-assembly process. After being heated

at 2800 �C, the PANI would weld adjacent small GO

sheets and fill in intervals of GO sheets to enhance

thermal conductivity and flexibility of films. The in-

plane thermal conductivity of the optimized gGO/

PANI film is superior to that of pristine graphene

(gGO) film. Moreover, the gGO/PANI film survived

in a 500 times bending test indicating a better

flexibility.

Experiments

Materials

Pristine graphite powders (purity[ 99.85%, particle

size B 30 lm), sulfuric acid (H2SO4, 98 wt%), sodium

nitrate, potassium permanganate (KMnO4), hydrogen

peroxide (H2O2, 30 vol%), hydrochloric acid (HCl,

37 vol%), aniline and ammonium persulfate (APS)

were purchased from National Pharmaceutical

Group Chemical Co., Ltd.

Sample preparation

GO was prepared from natural graphite powders by

a modified Hummers method. Briefly, graphite

powders (5.0 g) and sodium nitrates (2.5 g) were

added into concentrated sulfuric acid (115 mL) at

room temperature. The mixture was put into an ice

bath for 25 min under mild agitation, then potassium

permanganate (15.0 g) was added slowly and kept

the suspension’s temperature lower than 10 �C for

another 25 min. The mixed suspension was then

heated to 35 �C and kept for 45 min to form a thick

paste. Deionized water (140 mL) was added and the

temperature of the solution was kept at 98 �C for
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another 45 min, the mixture turned from brown to

yellow, and the mixture solution was diluted to

700 mL, then 30 mL H2O2 (30%) was added. The

mixture was filtered and washed with 50 mL of HCl

solution. Finally, the solution was centrifuged for

several times at 11000 rpm until the pH of the system

was about 7. The high-speed centrifuging

(11000 rpm, 10 min) of GO suspension in water was

carried out and treated in an ultrasonic cleaner (KQ-

100, frequency 40 kHz, output power 100 W) for one

hour. At last, a centrifuge of 3000 rpm, 15 min was

used to separate excess unreacted graphite powder

and the stable GO aqueous solution was ready for the

preparation of GO/PANI.

In a typical process of preparing GO/PANI-12%,

0.024 mL aniline was firstly dispersed in 7 mL HCl

solution with the help of bath sonication. Then, it was

added into 40 mL GO solution (5 mg/mL) with stir-

ring at temperature below 4 �C for 0.5 h. After that,

13 mL APS solution (1.8 mg/mL) was added into the

mixed solution slowly. Under mild agitation for 4 h,

as shown in Fig. S1, the color of the solution turned

from brown to black. The dispersion was washed for

several times until the pH of system was about 7 by

centrifugation at 11000 rpm. Similarly, GO/PANI

films with different amount of PANI were prepared,

denominated as GO/PANI-x%, where x represented

the weight percentage of PANI to GO (X = 10, 12, 14

and 16, respectively).

Carbonization and graphitization of GO
and GO/PANI films

As illustrated in Fig. 1, the GO and GO/PANI dis-

persion were poured into the Teflon molds for self-

assembly in dry oven at 60 �C for 6–10 h. The GO

sheets were spontaneously assembled at the interface

between the dispersion and the air to form a free-s-

tanding film. Then, the films were thermally reduced

in a tube furnace at 800 �C for 1 h. After that, the GO

and GO/PANI-x% films were graphitized at 2800 �C,
denominating as gGO and gGO/PANI-x% films,

respectively. Finally, cold pressing was performed

with a rollingmachine in order tomake samplesdense.

Characterization

Surface and cross-sectional observations of GO and

GO/PANI films were performed on scanning elec-

tron microscopy (SEM, FEI Quanta FEG) with an

accelerating voltage of 20 kV. Fourier transform

infrared spectroscopy (FTIR, P.E. Spectrum 100) was

collected on a spectrum from 400 to 4000 cm-1. The

X-ray photoelectron spectroscopy (XPS, Physical

Electronics PHI 5000C ESCA) was carried out with a

Sigma Probe and monochromatic X-ray source. The

LabRAM spectrometer (Horiba, LabRAM HR Evo-

lution, France) was used to analyze the structure of

GO and GO/PANI film before and after graphitizing

with a laser length of 532 nm. X-ray diffraction (XRD,

Bruker D8 ADVANCE) patterns were measured

using Cu Ka (k = 0.154 nm) radiation with a gener-

ator voltage of 40 kV and a current of 40 mA. Ther-

mal gravimetric analysis (TGA) was performed

under N2 atmosphere using a PerkinElmer thermo-

gravimetric analyzer. The thermal diffusivity (a) of

gGO and gGO/PANI thin films was measured using

a laser flash method (LFA 467/Ins Nanoflash, Entsch)

at room temperature. The thermal conductivity

(k) was calculated according to ASTME 1461-92

standard method using the equation: k = a 9 CP 9

q, where Cp and q represented the specific heat

capacity and the density of samples, respectively. The

Cp was determined by a differential scanning

calorimetry (DSC 200F3, Netzsch) from - 20 �C to

120 �C. The electrical conductivities of gGO and

gGO/PANI films were measured by four-point probe

method (RTS-9, Scientific Equipment and Services) at

room temperature.

Results and discussion

Figure 2 SEM presents the surface and cross-sectional

morphologies of GO, GO/PANI-12% films. As shown

in Fig. 2a, pristine GO film shows an integrated sur-

face morphology and many ripples. While the surface

morphology of GO/PANI-12% film in Fig. 2c is less

rough, the EDX mapping of GO/PANI-12% film in

Fig. S2b–d indicates the uniform distribution of PANI

on surface of GO/PANI-12% film. It can be seen from

the cross section of GO film in Fig. 2b that GO sheets

stacks up to form a layered structure with many

disordered wrinkles. However, the cross section of

GO/PANI-12% film (Fig. 2d) displays a more highly

aligned structure. In the inset, compared to the pris-

tine GO film, there are some particles attached on

both the surface and cross section of GO/PANI-12%

film, indicating the presence of PANI in the inter-

layers of sample. It is worth noting that the
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morphology of PANI is in accordance with reported

[16]. Figure 2f exhibits the cross section of GO/PANI-

16% film and the layered structure of GO/PANI-16%

film is covered by excessive PANI. The agglomera-

tion of PANI would hamper the self-assembly to

form a layered structure and result in a higher extent

of defects.

FTIR spectra were used to determined the suc-

cessful polymerization of PANI and the reaction

between GO and PANI (Fig. 3). The adsorption peaks

of GO film located at 1751 and 1054 cm-1 are

assigned to the C=O bending vibration in –COOH

groups and C–O–C stretching [22, 23], respectively.

The typical peaks of PANI appearing at 1569, 1487,

1309, 1245 and 1142 cm-1 are attributed to C=C

stretching vibration of quinoid ring, C=C stretching

of benzene ring, C–N stretching of secondary aro-

matic amines, C–H bonds of the benzenoid ring and

the quinoid ring [15, 24, 25], respectively. All char-

acteristic peaks of GO and PANI can be observed in

GO/PANI hybrid film (remained at 120 �C for 1 h).

Moreover, two additional peaks at 1650 and

3113 cm-1 in GO/PANI-120 �C film assigned to C=O

in –CONH (amide I) stretching bands and N–H

stretching bands [26] imply that GO and PANI has an

interaction via covalent bonding, proving the suc-

cessful in situ synthesis of PANI in GO.

In order to verify the reaction between GO and

PANI, XPS spectroscopy was further employed. As

shown in Fig. 4, the C 1s spectra of GO can be divi-

ded into five components, corresponding to non-

oxygenated carbon ring C=C (284.7 eV), sp3

hybridization of C (285.5 eV), epoxy carbon

(286.9 eV) [27], carbonyl carbon (287.6 eV) and

carboxylic acid carbon (288.9 eV), respectively [28]. In

comparison with GO, the C 1s of GO/PANI-12% after

being heated at 120 �C for 1 h in Fig. 4b has an

additional peak (C–N) at 285.9 eV [29]. It implies that

PANI has been successfully obtained. The area of

C=O in GO/PANI becomes larger than that of GO

(17.85 vs. 15.72%), while –COOH in GO/PANI

smaller than GO (1.06 vs. 2.02%). The changes of

proportions of C=O and –COOH indicate the trans-

formation of –COOH into –NHCO, verifying the

reaction between GO and PANI. Figure 4c shows N

1s core-level spectra of PANI. The N 1s peaks at 399.2,

399.7 and 401.7 eV are attributed to –N=, –NH– and

–N? species, respectively [30]. The N 1s spectra of

GO/PANI-120 �C are showed in Fig. 4d and the

spectra include –N= at 399.2 eV, –NH2 at 399.7 eV,

–NHC=O at 400.2 eV and –N? at 401.7 eV [28]. The

decreasing area of –NH– peak and the existence of

new –NH–C=O peak could be both associated with

the reaction between –NH2 of PANI and –COOH of

GO. Both the results of FTIR and XPS can prove the

occurrence of reactions and covalent interaction

between GO and PANI.

The XRD patterns of GO and GO/PANI films

before and after graphitization are conducted as

displayed in Fig. 5. The detailed information about

peak position (2h), d(001) and d(002) of each sample

before and after graphitization is listed in Table S1. In

Fig. 5a, the peak position of GO is 10.90�, and with

the increase in PANI amount, the peak position has a

slight shift to 10.70�. According to the Bragg’s equa-

tion, d(001) changes from 0.8107 to 0.8258 nm. The

results indicate the successful insertion of PANI into

interlayers of GO film. As shown in Fig. 5b, peak

Figure 1 Schematic diagram

of the fabrication of the gGO

and gGO/PANI-x% films.
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position of gGO film shifts to 26.50�, corresponding to

a d(002) spacing of 0.3360. With the increase in PANI,

the 2h shows a slight increase firstly. Notably, the

d(002) spacing of gGO/PANI-12% is the minimum

(2h = 26.54, d = 0.3357 nm), which is closest to the

pristine graphite (d = 0.3354 nm) [31, 32]. But with

increased addition of PANI, the 2h peak shifts to

26.5�, corresponding to a d(002) spacing of 0.3360. The

results reveal that the intercalated PANI can weld

small GO sheet to enlarge its grain size and fill the

voids in GO/PANI films during graphitization

treatment. While excessive PANI (GO/PANI-16%)

tends to aggregate among GO layers, which will

increase the interlayer space and thermal resistance.

The results of XRD are in accordance with SEM.

Raman spectroscopy was used to investigate the

structure of GO and GO/PANI hybrid films before

and after graphitization (Fig. 6). Two main charac-

teristic bands can be seen, corresponding to D-band

at * 1300 cm-1 [33] and G-band at * 1580 cm-1

[34], respectively. The D-band and G-band usually

assign to K-point phonons of A1g symmetry and zone

Figure 2 SEM images of the surface of GO film (a), GO/PANI-12% film (c) and GO/PANI-16% film (e); cross section of GO film (b),

GO/PANI-12% film (d) and GO/PANI-16% film (f). The inset shows the magnification of the selected area and the scale bar is 1 lm.
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center phonons of E2g symmetry [21]. ID/IG was

usually to present the degree of inferiority of

material. The detailed information of ID/IG of each

sample is listed in Table S2. With increase in PANI

amount, the ID/IG of GO/PANI increases from 1.398

to 1.660, indicating that the presence of PANI in GO

would lead to some defects in GO [35]. The ID/IG of

GO/PANI-12% after graphitization, as displayed in

Fig. 6b, is minimum (0.0600), which means the

defects are the least and the degree of graphitization

is the highest. While the Raman spectra of PANI after

graphitization (in Fig. S3) suggest that PANI can be

transformed into graphitic material still with some

disordered structure. Therefore, the reasons of the

decreasing ID/IG of hybrid films lie in that the

graphitized PANI serving as additional carbon

source, could weld adjacent GO sheet and repair

defects of GO, as reduce the phonon scattering and

provide channels for phonon transportation. How-

ever, when PANI (GO/PANI-16%) is excessive, they

may aggregate together to some extent and create

more defects in GO film.

Figure 3 FT-IR spectra of GO film, GO/PANI-120 �C hybrid

film and the pristine PANI.

Figure 4 The deconvoluted spectra of C1 s of a GO, b GO/PANI-120 �C and N 1s of c GO, d GO/PANI.
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Figure 7 shows thermal gravimetric analysis (TGA)

of GO, GO/PANI-12%, GO/PANI-16% film and

PANI. The thermal stability of GO film is relatively

poor which exhibits a major weight loss at 200 �C due

to the thermal decomposition of oxygen-containing

functional groups such as –OH, –CO and –COOH

[19, 21]. The onset weight loss temperature of GO/

PANI-12% is the same as pristine GO film, while that

of GO/PANI-16% shifts to 180 �C. As commonly

observed, the weight loss below 100 �C is due to the

vaporization of water, and the rapid weight loss at

530 �C is attributed to the decomposition of PANI

[36]. The thermal stability of GO/PANI-12% film and

GO/PANI-16% film is remarkably enhanced due to

the presence of PANI and the strong interaction

between GO and PANI [37]. For instance, the GO/

PANI-12% film and GO/PANI-16% film show 54.6

and 51.5% weight loss at 730 �C, while 62.2% weight

Figure 5 XRD patterns of a GO and GO/PANI films, b gGO and gGO/PANI films.

Figure 6 Raman spectra of a GO and GO/PANI films, b gGO and gGO/PANI films.

Figure 7 TGA thermograms of GO film, GO/PANI-12% film,

GO/PANI-16% film and PANI powders at a rate of 5 �C/min.
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loss occurs in GO film and pure PANI at the same

temperature.

The in-plane thermal diffusivity of gGO/PANI

hybrid films was measured by laser flash method, as

shown in Fig. 8a. The thermal conductivity of gGO

film is 738.2 ± 6.3 Wm-1 K-1. With the increase in

PANI, the thermal conductivity of gGO/PANI-

12% film reaches the maximum of 1019.7 ±

0.1 Wm-1 K-1, which has been improved by 38%

compared with gGO film. The thermal conductivity

of gGO/PANI-12% film is much higher than the

well-aligned carbon nanotube arrays (786.8 ±

6.636 Wm-1 K-1) [38], the optimized graphene fibers

(larger sized graphene sheets with 30 wt% small size

graphene sheets, K = 607 ± 25 Wm-1 K-1) [39] We

also make a comparison with some thermal con-

ducting materials reported recently as listed in

Table S4. However, excessive PANI (GO/PANI-16%)

would agglomerate between GO layers, leading to a

dramatic decrease in in-plane thermal conductivity.

To investigate the flexibility of hybrid films, a small-

radius bending test was conducted as the inset

showed, followed by the measurement of electrical

resistivity (r), as displayed in Fig. 8b. The fitted curve

of I/I0 (I = r-1) of gGO/PANI-12% film shows a

gradual decrease to 0.85 after 500 times 180� bending.
While, that of gGO film has an obvious reduction to

0.69, demonstrating that the inner structure of gGO

film had a more obvious breakage. The results indi-

cate that gGO/PANI-12% film exhibits better flexi-

bility than gGO film. The reasons ascribed to

improvement might be that the added PANI after

graphitization can weld adjacent GO sheet and turn

into a part of film to repair defects of GO and make

the hybrid film more compact.

The mechanism of PANI to improve the in-plane

thermal conductivity and flexibility of gGO film is

illustrated in Fig. 9. Firstly, GO provides sites for

successful in situ polymerization of anilines. Then, as

the ‘molecular welding’ strategy explained, added

PANI improves the thermal conductivity and flexi-

bility of gGO film through following two ways. One

way is that the –NH2 groups in PANI interacted with

–COOH in GO during the heating process by forming

–NHCO bonding. The intercalated PANI after

graphitization treatment can be transformed into a

kind of graphite material to weld the micron-sized

GO sheets and reduce grain boundaries. The other is

that PANI could serve as additional carbon sources to

repair the defects and make the film with larger

density after graphitization. Both the two ways can

result in a less extent of phonon scattering and less

thermal resistance.

Conclusion

In conclusion, a more facile and environmentally

friendly method was employed for the successful

preparation of GO/PANI hybrid film by in situ

synthesis of PANI on GO. With 12 wt% addition of

PANI, the in-plane thermal conductivity of gGO film

Figure 8 a Thermal conductivities of gGO and gGO/PANI film

(the error bar represented the standard deviation. In the LFA

measurement, each sample was spotted for three times).

b Electrical resistivity (r, I = r-1) of gGO and gGO/PANI film

after repeated 180� bending for 500 times (I0 represented the

electrical conductivity of each sample before bending).
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reached 1019.7 ± 0.1 W m-1 K-1, which has an

enhancement by 38% compared to the pristine gGO

film. Furthermore, the flexibility of gGO/PANI-12%

film was much better than gGO film after 180�
bending for 500 times. The intercalated graphitized

PANI, as a solder, could weld GO sheets via covalent

bonding and provide carbon sources for the repair of

defects in GO. We believe that a new method of

preparation gGO/PANI hybrid film for improving

thermal conductivity and flexibility of graphene films

shows a great potential in heat dissipation for high-

power electronic devices.
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