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Abstract In this study, we have proposed a rather simple approach to achieving graphene oxide/polyimide (GO/
PI) composite films using pre-in situ polymerization. The
mechanical, electrical, and carbonization properties of
the films were significantly enhanced in the presence of
GO. With an addition of 1.0 wt% GO, the tensile strength
and Young’s modulus were dramatically increased by
103 and 230% respectively when compared with pure PI
film. Besides that, composite films show excellent electrical insulative. Especially, the GO/PI film with 1.0 wt%
of GO possesses a high carbonization yield about 64.2%
(1000 °C). According to the excellent performance, this
approach is believed to afford broad application potential in
GO–polymer composite materials.
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1 Introduction
As an important class of high performance polymers, polyimides (PIs) are widely applied in optics, microelectronics,
aerospace engineering, liquid crystal displays, non-linear
optical devices and electronics industry, because of their
outstanding mechanical properties, good chemical stability,
high glass-transition temperature, excellent thermo-oxidative stability [1–3]. However, with the rapid development
in some particular applications, such as microelectronics
and spacecraft industries, the electrical, mechanical and
thermal properties of PI films should be enhanced to meet
the extreme requirements. Thus, PI-based composites with
inorganic nanofillers have been paid more attention to further improve the properties of PI materials [4–10].
Recently, PI-based nanocomposites containing carbonbased nanofillers have generated significant industrial and
scientific interest due to the optimized properties provided
by nanofillers. With their unique structures and extraordinary properties, carbon-based nanofillers, such as carbon nanotubes (CNTs) [11–14], graphene and graphene
oxide (GO) [15–20], and chemically modified graphene
(CMG) [21–26] can improve the mechanical, electrical,
and thermal properties of PI materials. Akbar et al. [15]
described the synthesis, characterization and applications
of graphene in nanophotonics, nanoelectronics and nanosensing. Thuau et al. [11] prepared PI/CNTs nanocomposites with an increase in conductivity from 1.0 × 10−15
to 4.5 × 10−3 S m−1 at a CNTs loading of 5 wt%, and the
storage modulus of PI was increased by 2.06 GPa with the
incorporation of 2 wt% CNTs. Wang and co-authors [24]
achieved high tensile strength (844 MPa) and Young’s
modulus (20.5 GPa) for the PI composite film reinforced
with 3 wt% GO (GO-PI). Chen et al. [23], Huang et al.
[22], and Liao et al. [24] prepared a series of CMG based
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PI nanocomposites and investigated their morphological
and physical properties.
However, due to the poor dispersion of carbon-based
nanofillers, most of them have been chemically modified
before combining with PI matrix. The complex methods of
modification can cause other potential problems in practical
use. From above consideration, we proposed a simple and
efficient method to prepare high-performance carbon-based
PI composites via a pre-in situ polymerization process.
Firstly, the solution of GO was blended with 4,4′-diamino
diphenyl ether and the mixture was refluxed under mechanical stirring. After that, it reacted with 4,4′-diamino diphenyl ether and 3,3′,4,4′-benzophenonetetracarboxylic dianhydride (BTDA). Then we investigated the incorporation
effect of GO on their mechanical, electrical and carbonization properties. We found that our proposed approach
provides excellent compatibility of GO sheets to PI films.
They showed a remarkable enhancement of mechanical
properties including Young’s modulus and tensile strength
compared with pure PI film, indicating that GO is valuable
in the pre-in situ preparation of GO/PI composite films.
Moreover, composite films showed a good insulative. Furthermore, it is further demonstrated that the composite film
with 1.0 wt% of GO had a higher carbonization yield than
the pure PI. Developed GO/PI composite films with excellent mechanical, electrical and carbonization properties
can find potential uses in microelectronics and aerospace
industries.

2 Experiential
2.1 Materials
Natural graphite powder was provided from Qingdao
Graphite Materials Co., Ltd (China). The 3,3′,4,4′-BTDA
and 4,4′-diaminodiphenyl ether (ODA) were purchased
from J&K Scientific Co., Ltd. (China). N,N-dimethylacetamide (DMAC) was supplied from Kermel, Tianjin
Chemical Reagent Co., Ltd (China). All agents were analytical reagent grade and used as received without further
purification.
2.2 Preparation of GO/PI composite films
GO/PI composite films were prepared by pre-in situ polymerization method. First, GO was synthesized by the modified Hummers method from natural graphite [27]. GO
(0.2 g) diluted with a DMAC (40 mL) in a pre-equilibrated
100 mL 3-necks round bottom flask, followed by ultrasonication for 2 h. Then ODA (22 mmol, 4.4 g) was added, and
the mixture was refluxed and stirred at 50 °C for 18 h under
a nitrogen atmosphere. Subsequently, BTDA (22 mmol,
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6.4 g) was added in six in six portions, and the mixture
was further stirred vigorously for 4 h to yield a sticky and
homogeneous GO/PAA mixture in DMAC. After that,
the mixture was coated onto a clean glass plate and then
heated at 60 °C for 2 h in a vacuum oven, followed by a
thermal imidization at 100, 200, and 300 °C for 1 h in a dry
air-flowing oven. The film thickness is about 30–45 µm.
Finally, the GO/PI composite films with 0.2–2.0 wt% GO
loading were obtained using the above-mentioned steps.
Figure 1 displays the procedure for preparing GO/PI composite films.
2.3 Characterization techniques
Scanning electron microscopy (SEM) (FEI Quanta
200FEG) and transmission electron microscopy (TEM)
(Hitachi 7650) were used to characterize the morphology of GO and GO/PI composite films. X-ray diffraction
(XRD) spectrometry (Rigaku Dmax-rB), X-ray photoelectron spectroscopy (XPS, PHI-5400, Physical Electronics)
and Fourier transformation infrared (FT-IR) spectrometry
(Nicolet Avatar-360) were performed to investigate the
microstructures of the prepared samples. Here, XRD was
tested using Cu Kα radiation (λ = 1.5406 Å). Micro control electronic universal testing machine (WDW-20) and
high megohm micro electric current tester (ST2255) was
used to measure tensile properties and resistivity of the
films, respectively. Moreover, carbonization of the GO/PI
composite films were carried out in a vacuum tube furnace
(OFX-1500X) at a heating rate of 2 °C min−1, under nitrogen (N2) flowing rate of 10 L min−1 and at 600, 700, 800,
900 and 1000 °C for 2 h.

3 Results and discussions
3.1 Morphology of GO and GO/PI composite films
The morphology images of the GO and GO/PI composite
films are displayed in Fig. 2. Figure 2a shows the TEM
image of GO; we can see GO sheets possess a size of several micrometers with some corrugations. Fractured images
of samples were used to investigate the compatibility and
dispersion of GO in PI matrix after tensile testing. It can
be noticed that the cross-section of pure PI is rather smooth
and flat (Fig. 2b), whereas the composite films possess
rough surfaces. This could be attributed to the strong interfacial adhesion and good compatibility between the GO
sheets and PI matrix. Therefore, pre-in situ polymerization
provides excellent compatibility of GO sheets in films and
is an effective method to maximizing the reinforcing efficiency of GO to prepare high performance composites.
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Fig. 1  Synthesis procedure for
GO/PI composite films

3.2 Characterizations of GO and the GO/PI composite
films
FT-IR, XRD, and XPS characterization methods were
used to investigate the physical and chemical structures
of the GO and GO/PI materials. The chemical structures
of PI films were tested by FT-IR spectroscopy as given
in Fig. 3a. The peaks at 719, 1376, 1718 and 1774 cm−1
were observed in Fig. 3a, corresponds to C=O bending,
C–N stretching, C=O symmetric stretching and asymmetric stretching, respectively, suggesting the formation of
imide in the preparation process. Figure 3b shows the XRD
spectra of GO, PI, and the GO/PI composite films. A broad
peak of pure PI could be found in the range 2θ = 20°, which
shows partial crystallization of the amorphous PI. The GO
display the peak centers at about 2θ = 10°, corresponding
to an interlayer spacing of 0.88 nm. The interlayer spacing
shows a larger spacing between GO layers, which could be
attributed to wrinkling or presence of functional groups in
the interlayer structure [24]. After blending PI with GO, the
XRD peaks of the GO/PI films shows left shift, which may
owe to GO sheet enhance crystal interlayer distances of the
ordered region in PI, indirectly confirming the PI and the
GO mix successfully [28]. To further characterize the GO,

the sample was analyzed by XPS to illuminate the surface
composition and structure. The XPS spectra of GO samples
are displayed in Fig. 3c, d. As shown in Fig. 3d, numerous oxygen-containing groups, such as carbonyl (C=O),
–O–C=O–, epoxides (C–O–C) and C–OH are noticed,
demonstrating a high degree of oxidation.
3.3 Mechanical and electrical properties of GO/PI
composite films
The mechanical and electrical properties of GO/PI composites are displayed in Fig. 4. Figure 4a reveals the dependence of resistivity on the electric field of GO/PI composites
with various GO content in the electric field strength rang
of 0.8–4.0 kV mm−1 at room temperature. The resistivity
of the pure PI film is about 1014 Ωm under ambient conditions. As shown in Fig. 4a, a decrease in the resistivity
of the composite films could be obviously observed with
increasing GO loading. This could be ascribed to the higher
electrical conductivity of the GO sheets, compared to pure
PI film [20]. However, when the GO concentration is as
high as 2.0 wt%, the resistivity of the film is still greater
than 108 Ωm at room temperature. The results confirm that
no conducting network was formed, and show the good
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Fig. 2  TEM image of GO (a),
SEM images of fractured crosssection of pure PI (b), c 0.2 wt%
GO/PI, d 0.5 wt% GO/PI, e
1.0 wt% GO/PI, f 2.0 wt% GO/
PI composite films

insulation of the GO/PI composite film, which is better
than other grapheme-based films in the previous reported
[20, 24–26].
Figure 4b–d illuminates the tensile strength, tensile
modulus, and elongation at break of GO/PI composites. As expected, incorporation GO into PI significantly
enhances the tensile strength and tensile modulus of pure
film. One can notice that by the incorporation of only
1.0 wt% GO, the tensile strength was clearly improved
from 103 to 210 MPa and Young’s modulus was remarkably improved from 2.6 to 8.6 GPa, corresponding to 103
and 230% of enhancements compared to the pure PI film,
respectively. The improvement of mechanical performance tensile strength of GO/PI composite films could be
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attributed to the excellent dispersion and compatibility of
sheets in the PI matrix, thereby producing a valid stress
transfer from polymer matrix to GO fillers. In addition,
the noncovalent interaction (e.g., van der Waals attraction force or hydrogen bonding) between the functional
groups of GO and PAA suppresses phase separation
during the thermal imidization of PAA, maximizing the
polymer reinforcing efficiency of GO to ensure the excellent performance of composites [20, 28, 29]. Upon the
incorporation of 2 wt% GO, however, the Young’s modulus and tensile strength were decreased slightly, probably
because the GO loading exceeds the critical level (maybe
1 wt%).

J Mater Sci: Mater Electron (2017) 28:14515–14521

14519

Fig. 3  FT-IR spectra (a) and XRD patterns (b) of GO/PI composite films with different GO content, XPS spectrum (c) and C 1s XPS spectrum
of GO (d)

3.4 Carbonization properties of GO/PI composite films

4 Conclusions

Figure 5 shows the carbonization yields of the composite films at the temperature from 600 to 1000 °C. The
carbonization yields of the pure PI film were 63.6 and
60.3% at 800 and 1000 °C, respectively. With the adding
of the GO, the GO/PI films exhibit higher carbonization
yields. The carbonization yields of the composite films
increase steadily with increasing GO content, and maximum carbonization yields of around 65.7 and 64.2% are
attained for a GO concentration of 1.0 wt% in precursor
at 800 and 1000 °C. The increase in carbonization yields
occurs because of the presence of GO sheets, which play
a similar background role in the carbonization since their
honeycomb-like stacked structures. In addition, due to
accelerating the pyrolysis rate, the small molecules were
quickly released as a saturated state [30].

In conclusion, we have developed a novel and effective
approach for the fabrication of high-performance GO/PI
composite films. Improved mechanical, electrical, carbonization properties are achieved with the addition of
small amount of GO as functional filler. The GO/PI film
with 1.0 wt% of GO exhibits a 103% increase in tensile
strength and a 230% raise in Young’s modulus, suggesting a high interfacial stress transfer from PI matrix to GO
fillers. The enhanced mechanical properties are mainly
attributed to the excellent dispersion of GO and their
compatibility to PI matrix. When the amount of GO is
up to 2 wt%, Young’s modulus and tensile strength were
decreased slightly, which is probably due to exceeding
the threshold. Meanwhile, the composite films can keep
the electrical insulative even when the GO concentration
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Fig. 4  Variations of a dielectric permittivity and conductivity, b tensile strength, c tensile modulus, and d percent elongation at break of the
GO/PI composites films, as a function of GO content

is as high as 2.0 wt%, i.e. the resistivity of the film is still
greater than 108 Ωm at room temperature. Moreover, the
1.0 wt % GO/PI composite film shows a high carbonization yield about 64.2% (1000 °C) because of the presence
of GO sheets which play a similar background role in the
carbonization since their honeycomb-like stacked structures. Therefore, pre-in situ polymerization to produce
GO/PI films provides a facile method to prepare GObased polymer composite materials and shows promise
for broad application in electronics, microelectronics and
aerospace industries.

Fig. 5  Carbonization yields of GO/PI composite films carbonized at
different temperature
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