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ABSTRACT: In this study, we report an effective method to fabricate high-performance polyimide (PI)-based nanocomposites using 3-

aminopropyltriethoxysilane functionalized graphene oxide (APTSi-GO) as the reinforcing filler. APTSi-GO nanosheets exhibit good

dispersibility and compatibility with the polymer matrix because of the strong interfacial covalent interactions. PI-based nanocompo-

sites with different loadings of functionalized graphene nanosheets (FGNS) were prepared by in situ polymerization and thermal

imidization. The mechanical performance, thermal stability, and electrical conductivity of the FGNS/PI nanocomposites are signifi-

cantly improved compared with those of pure PI by adding only a small amount of FGNS. For example, a 79% improvement in the

tensile strength and a 132% increase in the tensile modulus are achieved by adding 1.5 wt % FGNS. The electrical and thermal con-

ductivities of 1.5 wt % FGNS/PI are 2.6 3 1023 S/m and 0.321 W/m�K, respectively, which are �1010 and two times higher than

those of pure PI. Furthermore, the incorporation of graphene significantly improves the glass-transition temperature and thermal sta-

bility. The success of this approach provides a good rationale for developing multifunctional and high-performance PI-based compos-

ite materials. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42724.
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INTRODUCTION

Polymer composites are made by compounding of reinforcing

filler with polymer matrix. The incorporation of filler generally

enhanced overall properties of polymer matrix, and thus they

have widely used in various fields of application, such as sport

goods, construction, automotive, marine, and aerospace. Up to

now, different fillers such as carbon black (CB),1 carbon nano-

fiber (CF),2 rice bran carbon,3 carbon nanotube (CNT),4,5

nanoclay,6 fullerene,7 diamond nanoparticles,8 and starch9,10

have been used extensively for improving the thermal, mechani-

cal, electrical, gas barrier, and abrasion resistance properties of

composites.

Carbon nanocomposites with a polymer matrix are believed to

be a new breakthrough in materials science.11 Graphene, a

single-atom-thick sheet of hexagonally arrayed sp2-bonded car-

bon atoms, is considered as the most promising carbon material

in the future, since it was successfully exfoliated in 2004.12

Owing to the fascinating physical properties and unique struc-

ture, graphene exhibits excellent performance such as outstand-

ing mechanical strength (Young’s modulus of 1 TPa and

ultimate strength of 130 GPa),13 superior electrical conductivity

(up to 6000 S/cm),14 extremely high surface area (theoretical

limit: 2630 m2/g),15 high thermal conductivity (5000 W/m�K),16

and thermal stability. Because of the fascinating properties, gra-

phene has great potential in various applications such as field-

effect transistors,17 lithium-ion batteries,18 drug delivery and

cell imaging,19,20 chemical and biosensors,21 supercapacitors,22

toxic material removal,23 solar cells,24 and particularly as the

reinforcement to develop high-performance multifunctional

polymer nanocomposites. Recently, several studies have focused

on graphene-based polymer composites to achieve those unique

properties such as mechanical strength and modulus, thermal

stability, and electrical conductivity,11,25,26 which rely on the dis-

persion of graphene in polymer matrices.15,26,27 A well-dispersed

state maximizes the reinforced surface area, thereby enhancing

the properties of nearby polymer chains and entire matrix.

However, pristine graphene sheets, hydrophobic in nature, have
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a distinct tendency to agglomerate or restack irreversibly in

composites because of the strong p–p stacking interactions

between the layers and incompatible surface characteristics with

the polymer matrices. Therefore, the proper dispersion of gra-

phene in a polymer matrix is still challenging.28,29 To overcome

this problem, several efforts have been focused on achieving a

uniformly dispersed system by noncovalent or covalent func-

tionalization of graphene surface. Nowadays, most of the strat-

egies involve graphene oxide (GO) as the starting material,

whose hydrophilic nature makes it highly dispersible in aqueous

media as individual sheets. Therefore, the noncovalent function-

alization of GO with different organic compounds has been car-

ried out, including isocyanate modification,30,31 long alkyl

chains32,33 and long-chain alkyl silane functionalization,34 and

ionic liquid modification.35 Compared with noncovalent modi-

fication, covalent modification provides stronger interfacial

interactions between the nanofiller and polymer matrix. Cova-

lent modifications such as amination,36,37 esterification,38 diazo-

nium functionalization, silane modification,39 and polymer

grafting40 are critical in improving the synergistic dispersion

effect of graphene nanohybrids.

Polyimides (PIs) are an important class of structural polymers

with excellent physicochemical properties such as thermal and

thermo-oxidative stability, superior mechanical and dielectrical

properties, and favorable chemical and solvent resistance prop-

erties. Therefore, they are widely used in the microelectronics

and aerospace industries.41,42 However, pure PI with insulating

nature has a few limitations such as electrostatic accumulation,

poor heat dissipation, and low electrical conductivity for partic-

ular applications.43 Recently, carbon nanomaterial has been

used to improve the properties of PI materials. For CNT/PI

composites, functionalized CNTs have been demonstrated as

effective nanofillers to improve their mechanical, electrical, and

thermal properties.44,45 Although various surface functionaliza-

tion and polymer grafting methods have been used for exfoliat-

ing CNT bundles, it is still difficult to achieve high-performance

composites in which CNTs are individually dispersed in poly-

mer matrix because of the strong entanglement of CNTs. In this

context, graphene has been used as nanofillers to reinforce the

properties of PI, which has set up a new avenue for the synthe-

sis of high-performance PI-based composites.46–48

Herein, we report a novel strategy to build strong interfaces

between functionalized graphene nanosheets (FGNS) and PI

matrix for high high-performance FGNS/PI composites. The

amino-functionalized GO, which was synthesized using 3-

aminopropyltriethoxysilane (APTSi), was utilized as the rein-

forced filler to form strong intrachain covalent bonds with pol-

yamic acid (PAA, the precursor of PI). After the imidization,

the as-obtained FGNS/PI composites exhibited better mechani-

cal properties, thermal stability, and electrical and thermal con-

ductivities than pure PI. The reinforcement mechanism was

discussed based on the investigation on the covalent bonding

compatibility and dispersity of the composites.

EXPERIMENTAL

Materials

3,30,4,40-Biphenyl tetracarboxylic dianhydride (BPDA) and 4,4’-

Diaminodiphenyl ether (ODA) (Shanghai Guchuang Chem.

Co.) were purified by sublimation. N, N-dimethylacetamide

(DMAc) (Shanghai Haoshen Chem. Co.) was distilled over

CaH2 under reduced pressure prior to use. 3-

aminopropyltriethoxysilane (APTSi, 99%) was obtained from

Aldrich. Potassium permanganate (KMnO4), sodium nitrate

(NaNO3), 98% sulfuric acid (H2SO4), 37% hydrochloric acid

(HCl), 30% hydrogen peroxide (H2O2), and natural graphite

powder (300 mesh) were commercially purchased from China

Medicine Co. All reactants were analytical purity.

Preparation of APTSi Functionalization of GO Sheets

(APTSi-GO)

The graphene oxide (GO) was synthesized from natural graphite

powder according to the literature, as reported in detail else-

where.49 The process has been described in our previous

study.50 As-purified GO powders were distributed in DMAc to

create a homogenous yellow-brown dispersion (1 mg/mL) ready

for use. The surface of GO was modified using APTSi, as shown

in Scheme 1. In a typical experiment, 100 mg of GO was homo-

geneously dispersed in 100 mL of DMAc by ultrasonication at

room temperature. Next, 0.2 mL triethylamine and 1 g APTSi

Scheme 1. Schematic diagram for the preparation of APTSi-GO and

FGNS-incorporated PI composites (FGNS/PI). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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were slowly added into a 500 mL round-bottomed flask with

stirring for 24 h at 100oC under nitrogen. The reaction mixture

was filtered and washed with anhydrous ethanol in order to

remove residual APTSi and then repeatedly washed with deion-

ized water to obtain neutral product and dried in a vacuum at

60oC. A total of 1.0 mg/mL APTSi-GO colloid was achieved by

dispersing the solid products in DMAc.

Preparation of FGNS/PI Composite Films

A typical procedure for the preparation of the FGNS/PI includes

three steps, that is, surface modification of GO with APTSi,

in situ polymerization, and thermal imidization, as shown in

Scheme 1. A 0.1 mol (2.943 g) BPDA was put into a 500 mL

three-neck flask containing 100 mL of dry DMAc at 08C in ice

water mixture. After stirring continuously for 3 h under nitro-

gen gas atmosphere, a certain amount of APTSi-GO, that is,

0.3, 0.5, 1, and 1.5 wt % of PI was introduced into the flask

under mechanical stirring for 12 h. Next, 0.1 mol (2.003 g)

ODA was added to the above mixed solution with vigorous stir-

ring for 48 h at around 08C to form a homogeneous, viscous

and light yellow polyamic acid (PAA, the precursor of PI) solu-

tion. The as-obtained PAA and APTSi-GO/PAA were spread

onto a glass plate, and then dried at 708C for 5 h to remove the

residual solvent. Finally, the PI-based films were thermally imi-

dized at 150, 200, 250, and 3008C each for 1 h, and 3508C for

0.5 h under vacuum. During the thermal imidization process,

the FGNS/PI films were collected from the glass plates after

soaking in water at room temperature for a couple of days.

Measurements

Transmission electron microscopy (TEM) images were obtained

from JEM-2100 (Japan) with a 200 kV accelerating voltage. The

TEM samples were prepared by drying a droplet of the suspen-

sions on a Cu grid. Atomic force micrographs (AFM) were

recorded at an Agilent 5500 AFM/SPM system with Picoscan v

5.3.3 software in tapping mode with samples prepared by spin-

coating sample solutions onto freshly exfoliated mica substrates

at 1000 rpm under ambient conditions. The structure of the

samples was examined by X-ray powder diffractometer (XRD,

Shimadzu, X-6000, Cu Ka radiation); X-ray photoelectron spec-

troscopy (XPS, Ka) analyses were carried out on a Thermo

Fisher X-ray photoelectron spectrometer system equipped with

Al radiation as a probe, with a chamber pressure of 5 3 1029

Torr. The source power was set at 72 W, and pass energies of

200 eV for survey scans and 50 eV for high-resolution scans

were used. The analysis spot size was 400 lm in diameter.

The mechanical properties were measured by using SANS CMT-

8102 stretching tester at a speed of 5 mm/min using thin films

of about 5–10 lm thickness. At least five specimens were used

for each sample in the tensile test. Thermogravimetric analysis

(TGA) was analyzed under an N2 atmosphere at a heating rate

of 108C/min (Q50; TA Instrument). Dynamic mechanical analy-

sis (DMA) measurements were made using a Netzsch DMA242

analyzer at a heating rate of 58C/min from 35 to 3508C and a

frequency of 1 Hz. Electrical conductivities higher than 1026 S/

m were measured using a Keithley 4200-SCS apparatus; below

1026 S/m were tested using a ZC-36 high-resistance meter. The

thermal diffusivity (D) of the PI-based composite thin films was

determined using an Ulvac LaserPIT thermal diffusivity meter

operated at 258C in a vacuum. The thin film size was about

30 mm 3 5 mm 3 0.5 mm and the density (q) was calculated

by measuring sample dimensions and mass. Specific heat (Cp)

was measured by modulated DSC (TA Instruments Q1000). The

thermal conductivity (Tc) was calculated from the thermal dif-

fusivity as follows: Tc 5 qCpD.51 The water uptake was meas-

ured by putting the samples in a sealed container at 308C at a

relative humidity of 100%. Before the measurement, the samples

were dried at 1008C for 24 h in vacuo to remove ant moisture.

The water sorption of the sample is achieved as below: S % 5

100% (Wt2W0)/W0, where W0 is the weight of the dry speci-

men and Wt is the weight of the wet specimen at time t.52

RESULTS AND DISCUSSION

Structures and Morphologies of APTSi-GO

The preparation of APTSi-GO and FGNS/PI is shown in

Scheme 1. The nucleophilic substitution reactions of the pri-

mary amine groups of APTSi with the epoxide or carboxyl

groups of GO occurred by refluxing. The FT-IR spectra of GO

and APTSi-GO are shown in Figure 1. The typical peaks of GO

at 1711 and 1391 cm21 can be attributed to the C@O and

CAOH stretching vibrations of carboxyl groups, respectively.

The broad peak at 3000–3600 cm21 can be assigned to the OH

groups. Moreover, the peaks at 1036 and 1068 cm21 can be

ascribed to the CAOAC stretching of epoxide groups. After the

reaction with APTSi, two new strong peaks at 2980 and

2920 cm21 appeared, corresponding to the symmetric and

asymmetric stretching vibrations of CH2 groups of the alkyl

chains in the APTSi of APTSi-GO, respectively. The peak at

1410 cm21 can be attributed to the bending mode of CH2

groups, confirming the bonding of APTSi to GO.53 Further evi-

dence was provided by the characteristic absorption peaks at

1253 cm21 (CAN stretching of the alkyl chains) and

1047 cm21 (SiAOAC stretching vibration).54 Moreover, the

broad absorption peak at 3415 cm21 (overlapping of the ANH2

and AOH stretching vibration peaks) was weakened in the

spectrum of APTSi-GO compared with that of GO (only OH

Figure 1. FT-IR spectra of GO and APTSi-GO. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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stretching vibration), indicating that APTSi molecules are

chemically attached to the GO surface by covalent bonding and

simultaneous partial reduction of the GO nanosheets.

X-ray photoelectron spectroscopy (XPS) provides more infor-

mation about the surface composition of GO and APTSi-GO,

further confirming their structures. The wide-range XPS spec-

trum of APTSi-GO [Figure 2(A)] clearly shows three new peaks

for Si2s, Si2p, and N1s, indicating successful covalent bonding

of APTSi onto the surface or edge of GO nanosheets. To pro-

vide further evidence for the bonding of APTSi to GO sheets,

the C1s spectra of GO and APTSi-GO were studied as shown in

Figures 2(B) and (C). GO has a considerable degree of oxida-

tion with a C/O atomic ratio of 63.8%/36.2%, and the C1s XPS

spectrum of GO [Figure 2(B)] can be divided into three peaks:

CAC/C@C (nonoxygenated carbon, 284.5 eV), CAOAC

(epoxy, 286.6 eV), and C@O (288.5 eV). After the modification

with APTSi, the XPS spectrum of C1s can be deconvoluted into

five Gaussian peaks [Figure 2(C)], corresponding to the carbon

atoms in different functional groups such as CASi (284 eV),

CAC, and C@C (284.6 eV), CAOAC (287.2 eV), CAOASi

(285.4 eV), and OAC@O (288.4 eV). Two new peaks are clearly

Figure 2. (A) XPS spectra of GO and APTSi-GO, (B and C) high-resolution C1s XPS of GO and APTSi-GO, respectively, and (D) high-resolution Si2p

XPS spectrum of APTSi-GO. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. (A) TEM micrograph APTSi-GO nanosheets, (B) AFM image and height profile of APTSi-GO nanosheets. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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observed at 284 and 285.4 eV corresponding to the signals of

CASi and CAOASi,55 indicating that APTSi was covalently

grafted onto the GO sheets. The Si2p spectrum of APTSi-GO is

shown in Figure 2(D). The peak at a bonding energy of 100 eV

can be attributed to the bonding of silicon with the OH group

of GO (SiAOAC), whereas the peak at 102 eV can be attributed

to the siloxane (ASiAOASiA) group resulting from the partial

hydrolysis of silane molecules during the silylation reaction.56

These results are consistent with those obtained from the FTIR

studies.

The AFM and TEM images show the dispersion and exfoliation

states of APTSi-GO in DMAc. The TEM micrograph of APTSi-

GO is shown in Figure 3(A). Flattened nanosheets are randomly

stacked together, showing transparent and rippled silk wave

structure similar to GO (Figure S1, Supporting Information,

Figure S1). The clearly observed wrinkles are probably caused

by the grafting functionalization of APTSi and the resulting

defects. The AFM samples were prepared by dropping APTSi-

GO dispersed in DMAc onto freshly exfoliated mica and drying

at room temperature. The AFM image shows that the APTSi-

GO sheets are planar with an average thickness of ca. 1.2 nm

[Figure 3(B)]. The APTSi-GO nanoplatelets are slightly thicker

than those of GO (�0.8 nm, Supporting Information Figures

S1 and S2), which can be probably attributed to the functional-

ized APTSi units grafted on the graphene nanosheets.

Morphological Study of PI-FGNS Nanocomposites

The homogeneous dispersion of nanofillers in polymeric matri-

ces plays an important role in fabricating high-performance

composites. Figure S3 shows the photographs of the pure PI

and obtained composite films. With the increase in the FGNS

content, the color of the composite films became darker com-

pared with the yellow pure PI film. Furthermore, all the FGNS/

PI films show homogeneous appearance by visual inspection,

indicating the uniform dispersion of FGNS in the PI matrix.

Thus, PI molecular chains were successfully grafted onto the

surface of graphene.

The dispersion of FGNS in PI matrix was also investigated by

TEM. The TEM image [Figure 4(A)] of the microtomed cross-

sections of the PI composites with a 1.5 wt % FGNS loading

shows a well-exfoliated and fine dispersion without any agglom-

erates. This can be attributed to the strong interfacial adhesion

and good compatibility between APTSi-GO sheets and PAA

during the in situ polymerization, as well as the high dispersion

of FGNS after the imidization. AFM measurements were carried

out to further confirm the uniform grafting of PI chain on the

surface or edge of graphene sheets. Figure 4(B) shows the

tapping-mode AFM image of PI-based FGNS. The PI chains

grafted on the FGNS have a height of �5 nm, compared with

the thickness of GO (�0.8 nm) and APTSi-GO (�1.2 nm)

shown in Supporting Information Figures S2 and 3(B), respec-

tively. Furthermore, the polymer matrix covers the entire plane

of nanofillers, indicating the homogeneous dispersion and good

compatibility of FGNS in PI matrix with the present grafting

approach.

The XRD patterns of graphite, GO, APTSi-GO, pure PI, and PI/

FGNS composite films with various FGNS loadings are shown

in Figure 5. The XRD pattern of graphite platelets shows an

Figure 4. (A) TEM image and (B) AFM height image of 1.5% FGNS/PI. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5. XRD patterns of graphite, GO, APTSi-GO, neat PI, and PI-

based composite films. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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intense diffraction peak at 2h 5 26.58, indicating an interlayer

spacing of 0.34 nm between the platelets. After the chemical

oxidation, the XRD pattern of GO shows a sharp diffraction

peak centered at 11.28 corresponding to the C (002) face, and

the interlayer spacing calculated from the Bragg equation was

0.8 nm. This is consistent with the AFM result (Supporting

Information Figure S2), indicating the complete exfoliation of

graphite into the single-layered GO. After the modification with

APTSi, the diffraction peaks assigned to the interlayer distance

significantly shifted to a smaller angle region at 8.078 (corre-

sponding to the interlayer spacing of �1.1 nm) compared with

that of GO, indicating that APTSi successfully inserted into the

GO interlayer via chemical bonding. This result is consistent

with that of AFM [Figure 4(B)]. However, only a broad XRD

peak for the PI-based composite films at �208 was observed.

The XRD results show that the stacking and regular structure of

APTSi-GO disappeared, further confirming the complete exfoli-

ation of FGNS in PI matrix. Moreover, a broad XRD peak can

be attributed to the amorphous feature of the cross-linked poly-

mer matrix. These results indicate that disordered FGNS are

dispersed in the polymer matrix.

Mechanical Properties

Defect-free graphene is the strongest material ever reported with

a Young’s modulus of 1.1 TPa and an ultimate strength of 130

GPa.15 Even with some structural distortion of chemical reduced

graphene sheets (CMG), the elastic modulus of CMG is still as

high as 0.25 TPa. The incorporation of graphene by the covalent

bonding of graphene with PI at the interface and the homoge-

neous dispersion of graphene in the PI matrix are effective

approaches to enhance the mechanical properties of PI-based

composites.56 The typical stress–strain curves of the pure PI and

PI/FGNS composite films with various loadings of fillers are

illustrated in Figure 6(A), and the change in the mechanical

properties with various FGNS contents is shown in Figure 6(B).

Clearly, the composites showed higher tensile strength and

modulus compared with pure PI. Moreover, both the stress and

modulus of FGNS/PI composites increased with increasing load-

ing of FGNS. Compared with that of pure PI, the modulus and

stress of 1.5% FGNS/PI composite film sharply increased by

132% from 1.42 to 3.29 GPa and 79% from 80.11 to 143.43

MPa, respectively. Such an interesting reinforcement can be

mainly attributed to two aspects: (1) The strong interfacial

adhesion between the FGNS and PI matrix. The amino groups

of APTSi (organosiloxane with active end-group) grafted to the

surface of GO can react with BPDA to form PAA and generate

many strong covalent bonds between the nanofillers and PAA.

After the imidization, the load may be transferred successfully

from the PI matrix to the FGNS in the composites. (2) Good

Figure 6. (A) Typical stress–strain curves of pure PI (a) and PI/FGNS com-

posite films containing (b) 0.3 wt %, (c) 0.6 wt %, (d) 1.0 wt %, and (e)

1.5 wt % of FGNS loadings. (B) Relationships of stress (blue line), tensile

modulus (green line), and elongation-at-break (red line) with various

FGNS contents. (C) A typical image of the 1.5 wt % FGNS/PI composite

film. (D) Effect of FGNS loading content on toughness. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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compatibility between the FGNS and PI matrix. The well-

dispersed state of the fillers in the PI matrix was formed

because the grafted organic molecules, organosiloxane chains,

on the GO surface can prevent their stacking and aggregation.

However, the value of the elongation at break decreased with

increasing FGNS loading from 19.86% (pure PI film) to 8.29%

(1.5% FGNS/PI composite). This is because the FGNS within

the PI matrix and the strong PI-FGNS interfacial interaction

hindered the free movement of the PI chains during the exten-

sion. Fortunately, the resulting FGNS/PI composite films still

retain flexibility as shown in Figure 6(C). The typical photo-

graphic image illustrates that the incorporation of a small

amount of FGNS did not deteriorate the flexibility of the result-

ant composite films.

To reveal the phenomenon that the composite films possess

flexibility, the toughness was calculated from the area under the

stress–strain curve. It is quite attractive that the toughness

improved a little from 10.25 to 10.32 MJ/m3 with adding 0.3 wt

% FGNS [Figure 6(D)]. The toughness then decreased to 7.73

MJ/m3 with increasing FGNS loading to 1.5 wt %. The excellent

flexibility and toughness are attributed to the strong covalent

bonding to the polymer matrix which can effectively retard

crack propagation during deformation.57,58

Thermal Properties

Thermal stability is one of the most important parameters for

PI-based composite materials in high-performance engineering

plastics application. Figure 7(A) shows the TGA curves of pure

PI and its composites with different FGNS loadings. All the

films possess excellent thermal stability. The decomposition

temperature of 10% weight loss (T10%) gradually shifted to a

higher temperature with increasing FGNS fraction as shown in

the inset of Figure 7(A) and (C). Upon the incorporation of 1.5

wt % FGNS, the T10% increased by 188C compared with that of

the pure PI film (5468C). This can be attributed to the uniform

dispersion of FGNS and strong covalent adhesion between the

fillers and polymer matrix.

Figure 7(B) shows the results of typical damping spectra and

the corresponding glass-transition temperatures (Tg) of the pure

PI and PI-based composites with various FGNS loadings. The

tand peaks broaden and the peak heights decreased with

increasing FGNS loadings. Moreover, the Tg of the FGNS/PI

composites displays an obvious increasing trend with increasing

the content of FGNS. The PI with 1.5 wt % FGNS has an

18.48C higher Tg than that of the pure PI (Tg 5 2678C) as illus-

trated in Figure 7(C). The increased Tg of the composites was

due to the existence of covalent bonding at the FGNS/PI inter-

faces and the efficient dispersion of FGNS in the nanocompo-

sites, which caused the restricted segmental motions at the

polymer chain and FGNS fillers interface. As a result of restric-

tion effect, natural segmental motion and relaxation can only

occur at higher temperatures and over a broader temperature

range,59 proving the two main features observed above.

The excellent thermal conductivity of pristine graphene encour-

ages us to investigate the effect of the resultant FGNS/PI nano-

composites. Figure 8 shows that the thermal conductivity of

neat PI and its nanocomposites with various FGNS loadings.

With increasing FGNS concentration, thermal conductivity dis-

plays a clear increasing trend. Upon the incorporation of 1.5 wt

% FGNS, the thermal conductivity value became double than

that of the neat PI film (0.165 W/m�K). This significant

improvement can be ascribed to the excellent thermal

Figure 7. (A) TGA curves of (a) pure PI and PI/FGNS composite films

containing (b) 0.3 wt %, (c) 0.6 wt %, (d) 1.0 wt %, and (e) 1.5 wt % of

FGNS loadings at a heating rate of 108C/min. Inset: high magnification of

the light yellow section. (B) Damping spectra of pure PI and FGNS/PI

nanocomposites obtained from the DMA measurements on the mem-

branes. (C) Relationship of Tg and T10% (the decomposition temperature

at 10% weight loss) with content of FGNS. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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conductivity of FGNS and the formation of a conducting net-

work due to the chemical covalent adhesion and homogeneous

dispersion in the composites.

Electrical Conductivity and Water Absorption Properties

Single-layer graphene has a very high electrical conductivity up

to 6000 S/cm,26 therefore it can improve the electrical conduc-

tivity of the resultant composites. Large-scale graphene-based

composites have been demonstrated for industrial applications

with reasonable cost and productivity,60 such as high barrier

and gas sensing properties,61 amplified colorimetric sensors for

target DNA detection,62,63 glucose detection,64 energy conver-

sion/storage,65 high performance, and flexible electromagnetic

shielding nanocomposites.66

Figure 9 shows that the electrical conductivity of the FGNS/PI

composites sharply increased with increasing filler content. The

electrical conductivity of the pure PI, graphite, the derivatives

of graphite, and PI-based composites are listed in Table I. Upon

the addition of 1.5 wt % FGNS, the conductivity increased

remarkably from 2.6 3 10213 to 2.8 3 1023 S/m (Table I)

which is 10 orders of magnitude higher than that of pure PI.

This might be attributed to the higher electrical conductivity of

FGNS (5.6 3 103 S/m) and the formation of a conductive net-

work through the PI matrix. In this study, it is found that the

FGNS conductivity is higher than those of chemical reduced

graphene oxide (CRGO) and electrochemical reduced graphene

oxide (ERGO).67 When the FGNS content is over 1.0 wt %, the

conductivity improved smoothly with increasing filler content.

Luong et al.30 achieved an electrical conductivity of 8.9 3 1025

S/m by the incorporation of 0.75 wt % functionalized graphene

sheets into PI. However, a much higher electrical conductivity

of 1.6 3 1024 S/m by the addition of 0.6 wt % FGNS was

achieved in the present study. This can be attributed to the uni-

form dispersion of FGNS and strong covalent adhesion between

the fillers and polymer matrix during in situ polymerization,

which will be propitious to loose network formation and effec-

tive conductive improvement compared with that of pure PI.

In general, PI with low water absorption is in urgent need for

advanced microelectronic devices. All the samples show low

water uptake as shown in Table I. With increasing FGNS con-

tent from 0 to 1.5%, the water uptake of the FGNS/PI compo-

sites decreased from 2.82 to 1.29%. This phenomenon may be

related to the increase in hydrophobicity caused by adding

FGNS via covalent bonding.

CONCLUSION

We developed, for the first time, a facile and effective approach

to prepare high-performance PI-based nanocomposites via

in situ polymerization and thermal imidization. The APTSi-GO

exhibited good dispersion and compatibility with the polymer

matrix due to the strong interfacial covalent interaction. The

FGNS/PI composites show a 79% improvement in the tensile

strength and a 132% increase in the tensile modulus by adding

1.5 wt % of FGNS, indicating the efficient load transfer between

the reinforcing fillers and PI matrix. Moreover, the thermal sta-

bility and Tg of the PI/FGNS composites are effectively

improved by taking the advantages of the unique properties of

FGNS. Notably, the electrical and thermal conductivities of the

composites are significantly improved by adding 1.5 wt % of

FGNS, which are �1010 and two times higher than those of

Table I. Data of Electrical Conductivity, Water Uptake of Pure PI, and

FGNS/PI Composites

Samples
Electrical
conductivity (S/m)

Water
uptake (wt %)

Pure PI film 2.6 3 10213 2.82

0.3% FGNS-PI 1.9 3 1027 2.31

0.6% FGNS-PI 1.2 3 1025 1.97

1.0% FGNS-PI 8.6 3 1024 1.53

1.5% FGNS-PI 2.8 3 1023 1.29
56CRGO 3.2 3 103 _
56ERGO 3.5 3 103 _
This workFGNS 5.6 3 103 _

Figure 9. Electrical conductivity of pure PI and FGNS/PI films.

Figure 8. Thermal conductivity of pure PI films and FGNS/PI films.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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pure PI, respectively. The success of this approach has great

application potential in graphene-based polymer nanocompo-

sites, especially in multifunctional and high-performance PI-

based composite materials.
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