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Polyimide (PI) ﬁlm is usually considered as a valuable pyrolysis precursor of graphitized ﬁlms applied in
various electrodes and batteries. In this work, reduced graphene oxide (RGO) sheets were chosen as the
catalysts to improve the graphitization properties of PI ﬁlm. To analyze the structural evaluations, the
crystalline growth process with RGO increasing was carefully investigated by transmission electron
microscope (TEM) and the crystalline sizes were calculated by X-ray diffraction (XRD) and Raman
spectra. The obvious induced effects were conﬁrmed in graphitization of RGO/PI composites at 2300  C.
Finally, the electrical properties of as-prepared RGO/graphite composites were also improved with RGO
increasing.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Polyimide (PI) ﬁlms, as one of the most outstanding pyrolysis
precursors, are widely used to prepare the carbon ﬁlms by
carbonization and graphitization [1], which exhibit the promising
applications in thin ﬁlm electrodes [2], radiating of integrated circuits (IC) [3], high-temperature structural materials [4] and
Lithium-ion batteries [5]. In past three decades, a series of commercial PI ﬁlms, such as Kapton, Novex, Uplix, etc., have been systematically investigated [6e8]. The researches have revealed that
these commercial PI ﬁlms exhibits the semi-crystalline or amorphous structures, which are not well-deﬁned oriented structures
[9e11]. Thus, the carbonized ﬁlms also exhibit the non-crystalline
structures, which would greatly limit the formation of graphitized districts [12]. To improve the non-gaphitized feature of PI
ﬁlms, the nanoparticles, such as nickel [13], SiC [14], carbon
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nanotubes [15], and hybrid atoms, such as B [16], Fe [17], rare earth
elements [18], were doped into PI composite ﬁlms. However, the
important problem is that the graphitized temperatures of these PI
composite ﬁlms are still more than 2800  C.
Recently, graphene (RGO sheets) based composites have been
constantly attracted plenty of interests, which could be prepared by
many methods, such as mechanical blending [19,20], in situ polymerization [21,22]. RGO/PI composite ﬁlms usually exhibit the
remarkable enhancements of physical properties. However, the
graphitized mechanism of RGO sheets is almost not reported at
ultra-high temperature (>2300  C) [23]. Thus, the intrinsic graphitization mechanism is necessary to be clearly understood and
revealed.
Furthermore, RGO sheet, as a typical two dimensional materials,
is consisted of the hexagonal structures with p-p bonds [24e26].
Due to the p-p interactions between RGO sheets and PI molecules
are presented in RGO/PI composite ﬁlms, the PI molecules would be
forced to locally oriented on the surface of RGO sheets [27]. Catalytic and induced effects were mainly supported by speciﬁc surface
districts [28] and surface defects of the catalysts [29]. Thus, RGO
sheets could be used as an excellent reinforcement for graphitization of PI composite ﬁlms, owing to the tremendous layered
structures.
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Here the RGO/PI composite ﬁlms were designed and prepared
by in situ polycondensation and ﬁnally graphitized at 2300  C for
2 h. Then, the structural evolution of the as-obtained graphitized
ﬁlms with different RGO contents would be quantitatively investigated by X-ray diffraction (XRD), Raman scattering and high
resolution transmission electron microscope (HRTEM). The
induced effects of RGO sheets were further conﬁrmed by the
graphitization yield. The graphitization mechanism of RGO/PI
composite was clearly explained and the electrical property was
futher evaluated by a four-point probe method.
2. Experimental
2.1. Preparation of RGO/PI composite ﬁlms
Graphite oxide were prepared by Hummers method and
dispersed in dimethylacetamide (DMAC) solvent by sonication to
obtain the graphene oxide (GO) suspensions [30]. Polyamic acid
(PAA) was polymerized by 3,30 ,4,40 -benzophenonetetracarboxylic
dianhydride (BTDA) and 4,40 -diaminodiphenyl ether (ODA). The
equal molar ratio of BTDA and ODA were gradually added into the
DMAC solvent and kept stirring for 3e5 h. We could obtain the
yellow PAA solution. Added the different dosages of GO suspensions into PAA solution and kept stirring at room temperature for
1 h, GO/PAA complex solutions with different GO content were
prepared. Then, cast these solutions on a clean glass and treated
them at 100, 200 and 300  C for 2 h in a vacuum furnace. After pretreatment at 400  C for 2 h, we could obtain the RGO/PI composite
ﬁlms with 0.5 wt%, 1 wt%, 2 wt%, and 3 wt% RGO content [31].
2.2. Carbonization and graphitization of RGO/PI composite ﬁlms
Fig. 1 shows the carbonization and graphitization processes of PI
and RGO/PI composite ﬁlms. The carbonization process were carried out at 1000  C and 1600  C for 2 h under N2 atmosphere at a
heating rate of 10  C$min1, respectively. The graphitization process of carbonized ﬁlm was carried out at 2300  C for 2 h under Ar
atmosphere between two graphite plates. After naturally cold it to
room temperature, the as-obtained graphitized ﬁlms were
collected and for measurements.
2.3. Characteristics
The crystalline structures of graphitized ﬁlms were carefully
performed by XRD test (D/max-rB, Rigaku) and characterized by
Raman scatting spectrometer (HR-800, Jobin Yvon). The structural
evolutions of different RGO/PI composites were futher measured by
HRTEM (Tecnia G2F20, FEI) with a accelerating voltage at 100 kV.
The morphology and fracture toughness of graphitized ﬁlms were
investigated by scanning electron microscope (SEM, Qunta 200,
FEI). The electrical conductivity of graphitized ﬁlms was evaluated

by the four-point probe method (Keithley 2400, Keithley).
3. Results and disscussion
To precisely evaluate the structural evolutions and degrees of
graphitization, Fig. 2a shows the XRD patterns of the graphitized
ﬁlms with different RGO contents. With the increasing of RGO
contents, the diffraction peak of (002) plane is changed to sharper
and narrower. The central position of diffraction peak shifted from
25.5 (non-graphitized carbon) to 26.1 (graphitized carbon) with
the RGO content up to 3%. The crystalline sizes would be enlarged
and the defects, i.e. crystalline grains, dislocation, were gradually
decreased [32]. It indicates that the graphitization of RGO/PI composite ﬁlms would easily be performed and achieved at a temperature of 2300  C. The crystalline parameters could be calculated by
the Bragg (1) and Scherrer (2, 3) formulas [33].

l ¼ 2d002 sin q

(1)

D¼

0:89l
B cos q

(2)

Lc ¼

0:45l
B sin q

(3)

Where l is X-ray wavelength of Cu ka(¼ 0.154178 nm), q is the Bragg
diffraction angle of graphitized ﬁlm, d002 is the d-spacing of (002)
plane, D is average crystalline size, Lc is the crystalline at c axis
direction, B is the full width at half maxima (FWHM) of the (002)
peak.
Furthermore, the degree of graphitization (G) could be quantitatively described by Mering-Maire formula (4) [34].

G ¼ ð0:3440  d002 Þ=ð0:3440  0:3354Þ  100%

(4)

The structural parameters of graphitized ﬁlms were shown in
Table 1. These calculated values demonstrated that the as-obtained
RGO/graphite (RGO/G) composite ﬁlms were grown and enlarged
in different directions, because of the obvious inducedgraphitization of RGO sheets [35].
In particular, the extent of graphitization was promoted by the
increasing of RGO sheets. For the graphitized product of pure PI
(BTDA-ODA) ﬁlms, the degree of graphitization (G) was near zero,
which means the pure PI ﬁlm is a non-graphitized precursor. But for
the RGO/PI composite ﬁlms with 3% RGO content, G value could be
added up to 37.2%. It means that RGO sheets took a critical role on
the graphitization of RGO/PI composite ﬁlms. In graphitization
process, RGO sheets improved the aggregation structures of PI
molecules to obtain the locally ordered districts. Raman scattering
spectra (shown in Fig. 2b) could also precisely evaluate the crystalline structures and sizes of RGO/G composites. The ﬁrst order
scattering peaks (D band and G band) were obviously presented in

Fig. 1. Diagram of the carbonization and graphitization processes of PI and RGO/PI composite ﬁlms.
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Fig. 2. (A) XRD patterns and (B) Raman spectra of the RGO/G composite ﬁlms with different RGO contents.

Table 1
Structural parameters of RGO/G composite ﬁlms graphitized at 2300  C for 2 h.
Sample

2q ( )

d002 (nm)

B

D(nm)

Lc(nm)

G(%)

Pure
1% RGO
1.5% RGO
2% RGO
3% RGO

25.5
25.94
26
26.1
26.12

0.3490
0.3432
0.3424
0.3411
0.3408

0.04188
0.02583
0.01710
0.01296
0.01257

3.3567
5.4472
8.2292
10.8602
11.1976

7.5006
11.9585
18.0226
23.6903
24.4069

0a
9.32
18.6
33.7
37.2

a

The G value is beyond the scope of formula (4).

the all graphitized products. The average crystalline sizes (La) in
plane could be calculated by following formulas (5, 6, 7) [36].

CðlÞ ¼

560
4
Elaser

Elaser ¼ hy ¼

(5)

hc

(6)

l

 1


I
4
La ¼ 2:4  1010 llaser D
IG

(7)

Where, Elaser is the laser energy of Raman testing, h is Planck constant (6.626069  1034 m2 kg$s1), c is speed of light
(2.997  108 m$s1), y is the frequency of laser, llaser is wavelength
of laser in Raman testing.
Table 2 shows the crystalline parameters of RGO/G composite
ﬁlms calculated by Raman scattering. Obviously, the crystalline
sizes were gradually enlarged with the increasing of RGO content.
The La value of RGO/G composite ﬁlms with 3% RGO content was
increased two times more than the graphitized product of pure PI
ﬁlm. It was also conﬁrmed that the RGO sheets could improve the
nucleation and supply the crystalline growth platform [37].
Fig. 3 shows the structural evolution of RGO/G composite ﬁlms
Table 2
Crystalline parameters of RGO/G composite ﬁlms with different RGO contents.
Sample

Raman shift/cm1
D(cm

Pure
1.0% RGO
1.5% RGO
2.0% RGO
3% RGO

1

1350.6
1350.6
1350.6
1350.6
1350.6

)

a

BD

38.4
40.1
36.7
33.4
33.39

G(cm

1

1584.2
1581.2
1582.6
1581.0
1582.6

)

a

ID/IG

La/nm

0.534
0.298
0.272
0.255
0.233

36.51
65.43
71.69
76.47
83.69

BG

30.8
22.7
24.32
24.32
22.7

a
BD and BG were the full width at half maxima (FWHM) of the D band and G band,
respectively.

with the increasing of RGO contents. For pure PI ﬁlm, the crystalline
structures were consisted of non-crystalline glassy carbon [38]. As
shown in Fig. 3c, only a few of short-range order structures were
belonged to the non-graphitized phases, which was only 7.5006 nm
and 36.51 nm calculated by XRD and Raman scattering. With the
increasing of RGO contents, the ordered structures corresponding
to the graphitizable districts were gradually increased. As described
by HRTEM in Fig. 3f, 3i, 3l and 3o, the ordered graphitized districts
were in good agreement with the graphite crystal [39]. It means
that the graphitizable districts were enlarged with increasing of the
RGO sheets, which also is a important evidence of induced graphitization of RGO sheets. For 3% RGO content in Fig. 3m, 3n and 3o,
the RGO/G composite ﬁlms obviously presented the graphitized
structures and RGO sheets. Furthermore, these inner RGO sheets
would enhance the physical properties of RGO/G composite ﬁlms
[40,41]. It also suggested a novel approach to fabricate the RGO/
carbide composites, i.e. silicon carbide (SiC), zirconium carbide
(ZrC), tungsten carbide (WC), which are valuable in high performance structural materials.
Fig. 4a ~ e shows the cross sectional morphologies of the layered
structures of RGO/G composite ﬁlms. Most of RGO sheets were
obviously oriented and homogenously distributed in the RGO/G
composite ﬁlms. It indicated that these RGO/G composite ﬁlms
would possess the good physical properties due to the orientation
behavior of RGO sheets [42]. The cross-sectional morpholoy of
graphitized PI ﬁlms displayed a typical brittle fracture. With RGO
increasing, the fracture toughness of RGO/G composite ﬁlms were
improved and enhanced due to RGO sheets restricted the crack
propagation and reinforced the fracture properties. Fig. 4f shows
the surface morphology of the RGO/G composite ﬁlm with 1.0 wt%
RGO content. The wrinkles on the surface were caused and
remained by the presence of RGO sheets [43]. The wrinkle scales
and sizes were well consisted with the diameter of RGO sheets. It
also indicated that RGO sheets did not change before and after the
graphitization.
Fig. 5 shows the schematic illustrations of induced graphitization mechanism of RGO/PI composite ﬁlms. The interfacial coupling
and induced effects between RGO sheets and PI molecules were
presented in RGO/PI composite ﬁlms. For pure PI ﬁlm, the interactions between different PI molecules were main intermolecular force [44]. When RGO sheets were gradually added, the
tremendous plane structures would induce the PI molecules to
orient along the surfaces of RGO sheets. The p-p interactions between RGO sheets and PI molecules would dominate in RGO/PI
composite ﬁlms [45]. In the graphitization process, RGO sheets
would supply the reaction platforms to improve the nucleation and
oriented growth of carbonized PI molecules.
Fig. 6 shows the graphitization yields of RGO/PI composite ﬁlms
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Fig. 3. TEM micrographs of (A), (B) and (C) graphitized ﬁlms for pure PI ﬁlms, (D), (E) and (F) RGO/G composite ﬁlms for 0.5 wt% RGO, (G), (H) and (I) RGO/G composite ﬁlms for 1 wt
% RGO, (J), (K) and (L) RGO/G composite ﬁlms for 2 wt% RGO, (M), (N) and (O) RGO/G composite ﬁlms for 3 wt% RGO.

with different RGO contents. Theoretically, the graphitization yields
were related to the carbon content of these ﬁlms, which were
almost more than 65% [46]. However, the practical yields were
usually inﬂuenced by the consuming of pyrolysis of non-carbon
atoms. Due to the induced effects of RGO sheets, the different
graphitization processes were carried out. RGO sheets could reduce
the graphitization temperature and improve the aggregation
structures of PI matrix. The graphitization yields quickly increased
with the RGO content increasing, where the incomplete pyrolysis
took place in the graphitization process. The graphitization yields
maintained the certain level between 51 and 52%, when the RGO
content is more than 2%. Fig. 6b shows the currentevoltage (I-V)
curves of these ﬁlms measured by a four-point probes method. The
resistivity (r) could be calculated by formula (8) [47].

r ¼ 2pS

 
V
I

(8)

Where, r is the resistivity of graphitized ﬁlms, V is the potential
difference between two electrodes, I is the current value between
the two probes, S is the distance between two neighbouring probes,
which is 1.0 mm in this measurement.

For 3 wt% RGO content, the r value of its graphitized ﬁlm was up
to 4.8  102 U m. This r value was much lower than that of pure PI
ﬁlm and RGO/PI composites with 1 wt% and 2 wt% RGO content, of
which the r values are 21.8, 10.2, 5.9  102 U m, respectively. It
conﬁrmed that the graphitized structures were largely formed,
which displayed the higher electrical conductivity than glassy
carbon (non-graphitized carbon). These advantages would improve
the electrical properties of high-performance electrodes and electrical devices.
4. Conclusions
In summery, RGO/PI composite ﬁlms were successfully graphitized at 2300  C for 2 h. The structural evolutions of RGO/G composites were quantitatively evaluated by XRD and Raman
scattering. For 3% RGO content, the average crystalline size of
graphitized ﬁlm was reached to 83.69 nm and the degree of
graphitization was 37.2%. It is conﬁrmed that the obvious induced
effects of RGO sheets were presented in graphitization process of
RGO/PI composite ﬁlms. The induced graphitization mechanism of
RGO sheets was futher determined by SEM and HRTEM. The electrical properties of RGO/G composites displayed the obvious
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Fig. 4. Cross-sectional SEM micrographs of (A) pure graphitized ﬁlms, (B) RGO/G composite ﬁlms with 0.5 wt%, (C) 1 wt%, (D) 2 wt% and (E) 3 wt% RGO content, (F) surface
morphology of RGO/G composite ﬁlms with 1 wt% RGO content.

Fig. 5. Schematic illustrations of the induced graphitization mechanism of RGO/PI composite ﬁlms.

Fig. 6. Inﬂuence of RGO sheets on the as-produced RGO/G composite ﬁlms. (A) Changes of theoretical and practical graphitized yields with increasing of RGO contents. (B) I-V curves
of the RGO/G composite ﬁlms with different RGO contents.

enhancement with RGO content increasing. Here, the r value of its
graphitized ﬁlm of 3 wt% RGO sheets was up to 4.8  102 U m.
These results were signiﬁcantly valuable for the non-graphitized
processors. We believed it would be greatly improve the applications of the high-performance graphitized ﬁlms.
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