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Abstract. Chemically modified graphene-reinforced polybenzimidazole (PBI) nanocomposites were prepared by liquidphase exfoliation of graphene oxide (GO) and reduced graphene oxide (rGO) in methanesulphonic acid (CH4O3S),
followed by in-situ polymerization using GO–CH4O3S and rGO–CH4O3S suspensions as reaction media. Various
reducing agents were used to produce rGOs and their reducing efficiency was examined to attain highly graphitic structure
and excellent electrical conductivity of the resulting rGOs. The results of Raman, Fourier transform infrared and X-ray
photoelectron spectroscopy indicate higher extent of reduction of GO with hydrazine compared to other reducing agents.
The PBI nanocomposite containing 10 wt% rGO derived from hydrazine reduction reaction (rGO–H) exhibits the highest
dc conductivity of 2.77 9 10-3 S cm-1 at room temperature, which is 11 orders of magnitude higher than pure PBI. The
thermal annealing treatment at 350°C resulted in a substantial increase in dc conductivity of the PBI/GO nanocomposite,
whereas the enhancement of conductivity is much less for the PBI/rGO nanocomposites. Compared to pure PBI, both
tensile strength and Young’s modulus enhanced by 3.4 times and 6.9 times, respectively, for the PBI nanocomposites with
10 wt% GO content, which is ascribed to strong interfacial interactions and subsequent effective stress transfer between
the PBI matrix and GO. The PBI/rGO nanocomposites exhibited relatively lower tensile strength/modulus compared to
the GO-reinforced nanocomposite. The thermal stability of PBI was significantly improved upon the incorporation of both
GO and rGO nanosheets, whereas higher thermal stability was achieved for rGO-reinforced nanocomposites.
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Introduction

In recent years, aromatic heterocyclic polymers have
attracted significant attention of polymer researchers and
industry because of their high thermal and chemical stability, excellent mechanical strength and good solution
processability. However, very limited attempts have been
made to explore their electrical properties compared to
traditional conducting polymers. Polybenzimidazole (PBI)
is one of the most potential aromatic heterocyclic polymers,
and it exhibits good proton conductivity at doped state, high
thermal stability ([500°C), excellent chemical resistance
and good solution processability, which makes it a potential
candidate for applications in fuel cells, aerospace industry,
protective clothing, astronaut flight suits, firefighter suits,
etc. [1,2]. Pure PBI possesses inferior electrical properties
(10-12 to 10-14 S cm-1 at room temperature) even though
its backbone chain consists of extended p-conjugation [3,4],

which consequently limits its wide spread applications in
the electronics sector. There are inadequate attempts made
to improve its electronic transport properties compared to
conventional conducting polymers. Few researchers have
attempted to enhance its proton conductivity by using
approaches such as chemical/electrochemical doping [5–8]
and chemical functionalization [9,10]. However, they have
found poor stability of proton conductivity at high temperature for the doped PBI. Recently, it has been reported
that the dc conductivity of PBI increased from 10-13 to
10-4 S cm-1 and to 10 S cm-1 by the addition of 1 and
10 wt% multi-walled carbon nanotubes (MWCNTs),
respectively [11,12]. Cai et al [13] have used graphene
oxide (GO) as a conductive nanofiller to improve proton
conductivity of PBI. In our earlier study, the dc conductivity
of PBI was enhanced to 10-2 S cm-1 upon inclusion of 5
wt% exfoliated graphene [14]. However, there are some
challenging issues related to the dispersion and alignment of
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the dispersed graphene nanosheets in the polymer matrix,
and filler–matrix interfacial adhesion, which rather restricted development of advanced nanocomposite materials. In
this context, chemically modified graphene nanosheets have
opened up a new prospect by introducing them into the PBI
matrix for development of PBI-based nanocomposites with
superior properties. To the best of our knowledge, the
enhancement of electrical conductivity of PBI by incorporation of different chemically modified graphene nanosheets
has not yet been reported. The p–p stacking interactions
between p-conjugated PBI macromolecular chains and
graphene basal plane can improve the electrical conductivity of the nanocomposite.
During the past few decades, various types of conductive
nanofillers including carbon nanotubes (CNTs), graphene,
and metallic nanoparticles have been explored to improve
the electrical conductivity of polymers. Among the nanoscale
carbon fillers, CNT is the most promising conductive
reinforcement used to improve the electrical conductivity
and mechanical properties of rigid-rod aromatic polymers
[11,15]. However, the performances of most CNT-reinforced polymeric composites were not satisfactory because
of the inferior dispersal ability of CNTs in the polymer
matrix. Since discovery in 2004, graphene nanofillers have
attracted substantial research interest in the area of materials
science and engineering owing to their interesting structural
features and unique physical properties such as high tensile
strength (130 GPa) and Young’s modulus (*1 TPa) [16],
high thermal conductivity (*5,000 W m K-1), excellent
charge-carrier transport properties (mobility up to
*100,000 cm2 V-1 s-1 at room temperature), etc. Graphene nanosheets with a large specific surface area
(2,630–2,965 m2 g-1) [17] and high aspect ratio ([2,000)
[18] enable excellent reinforcement in polymer matrix
composites [19–23]. Recently, graphene-reinforced polymer
composites are facing some challenges in the dispersion of
reinforcements and interfacial bonding between graphene
nanosheets and polymer matrix. One of the most effective
approaches to attain homogeneous dispersion of graphene
nanosheets is to introduce functionalized graphene into the
polymer matrix, which can form strong interfacial interactions at the cost of cohesive interactions between graphene
sheets [24–27]. The oxygen-functionalized graphene, i.e.,
GO has been widely used as the starting material for the
fabrication of polymer-based nanocomposites [28–32]. The
GO-derived graphene possesses excellent mechanical
properties compared to many other conventional nanofillers
[33,34]. During the past few years, few investigations have
been conducted to improve electrical conductivity and
mechanical performances of various aromatic heterocyclic
polymers. For the PBI/GO nanocomposite, the highest tensile modulus of 8.88 GPa and tensile strength of 220.2 MPa
were found for GO loading of 40 and 20 wt%, respectively
[35]. Similarly, the tensile strength, Young’s modulus and
toughness of poly[2,20 -(p-oxydiphenylene)-5,50 -bibenzimidazole] were found to increase by 33, 17 and 88%,
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respectively, upon reinforcement with only 0.3 wt% GO
[36]. The poly(p-phenylene benzobisoxazole) (PBO)
nanocomposite with 1.5 wt% GO content revealed an
increase of 39.6% in tensile strength and 72.2% in Young’s
modulus [37]. We have observed in our earlier study that the
tensile properties and dc conductivity of poly-p-phenylene
benzobisthiazole were remarkably improved upon inclusion
of 5 wt% thermo-chemically reduced graphene oxide (rGO)
[38]. Many authors have explored rGOs to improve different
physical properties of metal oxides [39–41].
In this investigation, our aim is to improve the dc conductivity of PBI without serious compromise with its
excellent mechanical strength and high thermal stability.
The PBI nanocomposites with various concentrations of
GO/rGOs were fabricated by a facile one-pot synthesis
approach based on ultrasonic exfoliation of GO/rGOs in
methanesulphonic acid (CH4O3S) and in-situ chemical
polymerization using GO–CH4O3S or rGO–CH4O3S solution as a reaction medium. Different rGO nanosheets were
synthesized by using different reducing agents and liquidphase chemical reduction process. The reinforcing efficiencies of GO and various types of rGO nanosheets were
compared in terms of their degree of dispersion in PBI
matrix and filler–matrix interfacial interactions. The different surface chemistry of GO and rGO nanosheets were
anticipated to produce different levels of interfacial adhesion and dispersion and accordingly influence the electrical
conductivity and mechanical properties of the resulting
nanocomposites. The effects of long-term isothermal ageing
treatment on the electrical conductivity and thermal stability of the nanocomposites were evaluated.

2.
2.1

Experimental
Materials

Terephthalic acid (TA, 98% pure) and 3,30 ,4,40 -tetraaminobiphenyl (DAB, 99% pure) were procured from
Alfa Aesar, India and used as received. Graphite powder
(99.95% pure, 20–25 lm particle size) was obtained from
Sigma Aldrich, India. Methanesulphonic acid, potassium
permanganate (KMnO4), hydrogen peroxide (H2O2),
sodium nitrate (NaNO2) and sodium bicarbonate (NaHCO3)
were procured from Alfa Aesar, India. Sodium borohydride
(NaBH4, 98.5%), hydrazine hydrate (N2H4H2O, 85%) and
L-ascorbic acid (LAA) were collected from Sigma Aldrich.

2.2 Synthesis of graphene oxide and reduced graphene
oxide
The modified Hummers method was used to synthesize GO
from graphite powder [42]. In brief, graphite powder (4 g),
NaNO3 (2 g) and H2SO4 (92 ml) were mixed under vigorous
stirring in an ice bath (\3°C) for 30 min, followed by
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addition of KMnO4 (12 g). After continuous stirring of the
mixture for 24 h at room temperature, 300 ml aqueous
H2SO4 solution (5 wt%) was slowly added to the reaction
mixture and allowed a maximum temperature rise of 90°C.
After 3 h, the excess unreacted KMnO4 was reduced by
treating the yellowish-brown colour solution with 50 ml
H2O2 (30 wt%). The solution was thoroughly washed with
deionized (DI) water and filtered through a PTFE membrane (pore size: 0.2 lm). The yellowish-brown precipitate
was then dried at 70°C for 24 h using a vacuum oven. The
as-prepared GO powder was then used to prepare rGO using
different chemical reducing agents such as NaBH4, N2H4
and LAA.
For the reduction process with NaBH4, the as-prepared
GO (500 mg) was first dispersed in dimethylformamide
(DMF; 250 ml) using ultrasonication and mechanical stirring. Two separate solutions of NaBH4 (250 ml, 1.2 mg ml-1)
and AlCl3 (160 ml, 3.12 mg ml-1) were prepared by
dissolving them in DMF, followed by mixing together
under vigorous stirring and reflexed at 150°C for 6 h. The
resulting rGO–Na suspension was then filtered over a PTFE
membrane, followed by washing with DI water and drying
at 50°C for 24 h.
The reduction of GO with hydrazine hydrate was
accomplished as follows: initially, GO suspension was
obtained by dispersing 200 mg of solid GO in 200 ml of DI
water under ultrasonication for 1 h. The GO suspension was
then treated with hydrazine hydrate (2 ml) under vigorous
stirring and the reaction mixture was heated to 100°C for
12 h. The hydrazine-reduced GO (rGO–H) was filtered over
a PTFE membrane followed by washing with a water/
ethanol mixture and drying at 50°C for 24 h.
For the reduction of GO by LAA, the as-prepared GO
(0.1 mg ml-1) was first exfoliated in DI water under
ultrasonication for 1 h. The above suspension was then
treated with LAA (200 mg) under constant stirring for
30 min and then heated to 80°C for 24 h. After reduction
reaction, the solution was cool down to room temperature
and sonicated for 1 h. The solid LAA-reduced GO (rGO–
LAA) was collected after subsequent filtration, washing and
drying at 50°C.

2.3

Preparation of PBI nanocomposite films

PBI nanocomposites with varying concentrations (1, 3, 5, 7
and 10 wt% with respect to mass of the monomers) of GO
and rGO nanosheets were fabricated by in-situ chemical
polymerization using the GO–CH4O3S or rGO–CH4O3S
suspension as a reaction medium. The as-prepared GO was
initially exfoliated in CH4O3S (1 mg ml-1) under ultrasonication for 2 h to obtain the GO–CH4O3S suspension. Then,
phosphorus pentoxide (P2O5) was dissolved in the GO–
CH4O3S solution (P2O5/GO–CH4O3S weight ratio of 1:10)
under mechanical stirring. The equimolar quantity (5 mmol)
of monomers (i.e., DAB and TA) was added into the above
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GO–CH4O3S solution (50 ml) and then stirred vigorously
until a homogeneous mixture was obtained. The reaction
mixture was heated under argon for 20–24 h at 140°C. The
resulting viscous solution was poured onto a smooth glass
substrate and spread evenly using a casting knife, and then
dried at 130°C for 36 h. The film (thickness around 30 lm)
was immersed into DI water and then peeled off from the
glass plate, followed by washing with 10% aqueous solution
of NaHCO3 at 70°C and DI water for 6 h. Finally, the
nanocomposite film was oven dried at 100°C for 24 h.
Scheme 1 demonstrates schematic illustration of the fabrication of high-performance PBI/graphene nanocomposites.

2.4 Characterization of PBI/GO or rGO nanocomposite
films
Fourier transform infrared (FTIR) spectra were obtained
using a Thermo Nicollet Nexus 870 spectrophotometer.
Raman spectra were recorded in a Renishaw 3000 Raman
spectrometer using a He–Ne laser (k = 632.8 nm) as an
excitation source. X-ray photoelectron spectroscopy (XPS)
was conducted on a ESCA MultiLab 2000 spectrometer,
using a monochromatized Al Ka X-ray source (1,486.6 eV).
Wide-angle X-ray diffraction (WAXD) analysis was performed with a Rigaku SmartLab 9 kW diffractometer using
Cu-Ka radiation at an accelerated voltage of 40 kV.
Microscopic techniques such as field-emission scanning
electron microscopy (FE-SEM, ZEISS-Sigma 300) and
transmission electron microscopy (TEM, JEM2100F,
JEOL) were employed to study the morphological features
of the nanocomposites. Thermal characterization was performed using a thermogravimetric analyzer (DTG-60, Shimadzu) under both nitrogen and air atmospheres. The
electrical conductivity studies were carried out on the
nanocomposite films at different temperatures using an
Ecopia HMS-3000 electrometer with a four-probe configuration. The dc conductivity (r) was determined by using
the equation: r ðS cm1 Þ ¼ 1=tRs , where t and Rs are film
thickness and film resistance, respectively. The conductivity
measurements were also performed for the thermally
annealed samples. Tensile measurements were carried out
using an Instron 5848 Micro Tester at a cross-head speed of
5 mm min-1. The measurements were conducted on five
different samples (L 9 W = 10 9 2 cm2) for each film in
accordance with the method under ASTM D882-10
standard.

3.

Results and discussion

The FTIR spectra of pristine graphite, the as-prepared GO
and different chemically modified rGOs are presented in
figure 1a, and the results clearly show the successful
transformation from graphite to GO by oxidation of graphitic structure and GO to rGO nanosheets through
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Scheme 1. Schematic illustration of fabrication of the PBI/graphene nanocomposite film.
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Figure 1. (a) FTIR spectra and (b) Raman spectra of pure graphite, GO and different rGOs, XPS spectra of (c) GO and (d) rGO–H and
(e) dc conductivity and C/O ratio of GO and different rGOs at different temperatures.

reduction reactions. In contrast to pristine graphite, the IR
spectrum of GO exhibits several absorption peaks corresponding to oxygen-containing functional groups, wherein
the main broad absorption band centred at 3,312 cm-1 is
assigned to the stretching vibrations of the O–H group. The
absorption peaks at 1,721 and 1,629 cm-1 are assigned to

the stretching vibrations of the carboxyl C=O and unoxidized sp2 aromatic C=C groups. The in-plane O–H bending
deformation appears at 1,373 cm-1. The two peaks at 1,219
and 1,031 cm-1 correspond to the stretching vibrations of
the C–O (epoxy) and C–O (alkoxy) groups, respectively. As
observed in the IR spectra of rGOs, the intensities of
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peak, whereas the peak related to C–C/C=C becomes
dominate. The N2H4 is a highly effective reducing agent
towards epoxy and carbonyl species, and moderately efficient in reducing carboxylic acid groups. The XPS analysis
was used to evaluate the surface carbon-to-oxygen (C/O)
atomic ratio for GO and different rGOs, and the results
showed that the C/O atomic ratio of the GO substantially
increased from 1.98 to 12.3 upon reduction by N2H4. The
C/O atomic ratio of rGO–Na and rGO–LAA are measured
to be 10.7 and 7.06, respectively. Figure 1e shows the
correlation between atomic compositions and electrical
conductivities before and after thermal annealing of the asprepared GO and different rGOs. It can be observed from
figure 1e that the electrical conductivity of GO/rGOs is
directly proportional to the C/O atomic ratio of the graphene
nanosheets, because the presence of oxygen atoms influences the electronic and bonding states in the GO/rGOs.
The XRD patters of the as-synthesized different GO and
rGOs are shown in figure 2. The characteristic crystalline
peak (001) of GO nanosheets was observed at 2h = 11.9°
with a d-spacing of 0.74 nm, whereas the carbon peak (002)
for the rGO nanosheets is around 2h = 24.1° corresponding
to the d-spacing of about 0.36 nm. The d-values were
determined by using Bragg’s equation (nk = 2d sin h).
The FTIR spectra of the GO- and rGO-reinforced PBI
nanocomposites are presented in figure 3a. In the spectrum
of pure PBI, the characteristic IR peaks of benzimidazole
are located at 1,629, 1,585, 1,442 and 1,297 cm-1, which
are assigned to the C=C/C=N bond stretching, ring vibration
of the conjugation between benzene and imidazole rings, inplane deformation of benzimidazole ring and breading
mode of imidazole ring, respectively [47]. The IR bands
found in the range of 1,250–1,000 cm-1 correspond to the
in-plane C–H bending [47]. The peaks at 806 and 703 cm-1
are attributed to the out-plane C–H bending and heterocyclic ring vibration, respectively. The absorption peaks at
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absorption peaks corresponding to the oxygen functional
groups become weaker compared to GO together with the
disappearance of the O–H stretching band. The results
clearly infer that rGOs were successfully obtained by the
chemical reduction of GO with NaBH4, N2H4 and LAA.
However, the degree of chemical reduction of rGO depends
on the chemical identity of the reducing agent. By comparing the IR results, it can be observed that the N2H4 is the
most efficient reducing agent showing the highest extent of
deoxygenation efficiency towards the reduction of GO
nanosheets. The epoxy peak at *1,219 cm-1 is disappeared in the IR spectrum of rGO–H, indicating that
majority of the epoxy groups of GO were susceptibly
reduced upon hydrazine reduction, because N2H4 is most
effective in the reduction of epoxy species [43].
The Raman spectra of the as-prepared GO and different
rGOs are depicted in figure 1b. The Raman spectra of
GO and rGO exhibit two characteristic peaks at 1,355 and
1,599 cm-1, which corresponds to the E2g vibration mode of
sp2 carbon atoms on graphene surfaces and structural
defect/disorder of graphene. The intensity ratio of D band to
G band, i.e., ID/IG ratio, is inversely related to the size of the
sp2 domains present in the graphene [44,45]. The higher
ID/IG ratio of the rGOs compared to GO indicates the
elimination of oxygen-containing functional groups during
reduction reactions and subsequent generation of C–C
double bonds, i.e., restoration of p-conjugated carbon networks in the graphene nanosheets. Moreover, the increase in
the intensity of the D band in GO compared to that in
pristine graphite is indicative of reduction in size of in-plane
sp2 graphitic domains as a result of destruction of structural
symmetry. The Raman spectra of rGOs reveal red-shift of G
band, i.e., from 1,599 to 1,590 ± 2 cm-1, compared to GO
(figure 1b), which further confirms the removal of lattice
defects upon chemical reduction of the GO nanosheets and
subsequent recovery of the sp2 graphitic networks [46]. The
highest ID/IG ratio of the rGO–H suggests the presence of
lowest level of residual oxygen functional groups in the
rGO–H nanosheets. Hence, the chemical reduction with
N2H4 can eliminate oxygen functional groups from the GO
nanosheets with maximum efficiency.
XPS analysis was carried out to confirm the chemical
structure and elemental composition of GO and rGO.
Figure 1c and d shows the C 1s spectra of GO and rGO–H,
respectively. The C 1s spectrum of GO indicates that the
pristine graphite was successfully converted into GO with a
considerable amount of oxygen functionalities. The C 1s
XPS signal of the GO in figure 1c exhibits two major
components which corresponds to C–C/C=C at 284.7 eV
and C–O (epoxy and hydroxyl groups) at 286.5 eV and two
minor components assigned to C=O (carbonyl groups) at
287.8 eV and O–C=O (carboxyl groups) at 289.6 eV. As
observed in figure 1d, the chemical reduction of GO with
N2H4 greatly suppressed the intensity of peaks associated
with the oxygen functional groups such as C–O and O–C=O
groups together with disappearance of the carbonyl (C=O)
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Figure 3. (a) FTIR spectra, (b) Raman spectra and (c) XRD patterns of PBI nanocomposites reinforced with GO
and different rGO nanosheets.

3,367 and 3,152 cm-1 are due to the self-associated N–H
bonds (N–HN) stretching and free N–H bond stretching,
respectively. The IR spectra of PBI nanocomposites exhibit
nearly identical absorption pattern to those of pure PBI,
indicating that the incorporation of graphene nanosheets did
not noticeably affect the PBI backbone structure. However,
the intensities of most of the IR peaks of nanocomposites
were noticeably reduced compared to pure PBI, which
could be attributed to the reinforcing effects of graphene
incorporation into the PBI matrix. The non-bonding interaction like p–p stacking interaction between graphene surfaces and PBI chains might restrict the vibrational modes of
polymer backbone chains, and thereby widen the IR bands
with reduced band intensity. For the rGO–Hreinforced PBI nanocomposites, the highest suppression of
peak intensity indicates more pronounced p–p interactions
between graphene surfaces and PBI macromolecular chains.
The Raman spectra of pure PBI and its nanocomposites
are presented in figure 3b. The characteristic Raman-active
bands for pure PBI are observed at 1,619 and 1,557 cm-1,
which are assigned to the C=N and C=C stretching vibrations of benzimidazole rings, respectively [48,49]. The

Raman peaks at 1,444 and 1,389 cm-1 are also assigned to
the stretching vibrations of benzimidazole rings [48]. The
C–H in-plane bending vibrations are detected at 1,280 and
1,232 cm-1 [48]. The peaks at 1,174 and 1,139 cm-1 are
related to the C–C skeletal stretching. In the Raman
spectra of PBI/GO and PBI/rGO nanocomposites, the
peaks related to the G-band and D-band for graphene are
hardly appeared. The Raman peaks of the nanocomposites
are shifted towards higher frequencies (blue shift) compared to that of pristine PBI indicating the existence of p–
p interactions between the conjugated PBI chains and
graphene surfaces. It can be further noticed that the extent
of blue shift for the PBI/rGO nanocomposites is slightly
higher than that of the PBI/GO nanocomposites, which
indicate that the rGO basal plane with more sp2 carbon
networks possesses stronger p–p interactions compared to
GO nanosheets. The Raman peak intensities of the
nanocomposites were significantly suppressed compared
to those of pristine PBI (figure 3b), which might be due to
the physical constraints imposed on polymer chains by
graphene nanosheets and subsequent restriction of the
vibrational modes.
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The reinforcing effects of GO/rGOs on crystalline
structure of PBI were studied by WAXD analysis. The XRD
patterns of pure PBI and its nanocomposites are demonstrated in figure 3c. The XRD pattern of pristine PBI consists of two diffraction peaks at around 2h = 11° and
2h = 27°, which are assigned to the (200) and (010) lattice
planes, respectively. The diffraction peaks at around
2h = 11° and 2h = 27° are characteristic of the planes
constructed by the side-by-side and face-to-face packing of
PBI chains, respectively. The intermolecular p–p interactions between aromatic rings in the PBI backbones are the
main driving force for formation of closed-pack structure.
The side-by-side and face-to-face distances between the
neighbouring PBI chains in the crystalline domains are
0.407 and 0.170 nm, respectively, as determined from
Bragg’s equation (nk = 2d sin h). The diffraction pattern of
the PBI/GO or rGO nanocomposites exhibits two characteristic crystalline peaks associated with the PBI crystalline
phase without any additional diffraction peaks. The results
indicate that the graphene nanosheets are uniformly dispersed throughout the PBI matrix without affecting the
crystalline structure of the PBI matrix. The diffraction peak
positions of the nanocomposites were shifted towards lower
diffraction angles compared to pure PBI. This is an
indicative of enlargement of interchain spacing between
two neighbouring PBI chains. The nonbonding p–p interactions between the graphene basal plane and PBI chains
weaken the intermolecular interaction forces in PBI chains
and thereby expand interchain distances. The greater shifting of 2h values for the PBI/rGO nanocomposites compared
to PBI/GO suggests stronger p–p interactions between the
PBI macromolecules and rGO plane with more sp2 carbon
networks than those between GO and PBI. The stronger p–p
interactions can be effective for superior electrical conductivity of the PBI/rGO nanocomposites.
Figure 4 presents SEM images of the cryo-fractured
surface of pure PBI, PBI/GO and PBI/rGO–H nanocomposites with a graphene load of 10 wt%. The fractured
surface of pure PBI is relatively smooth and featureless in
contrast to the coarse and rough fracture surface of the
nanocomposites, shown in figure 4. The rough surface
together with several protruded graphene nanosheets of the
nanocomposites might be associated with the result of crack
distortion and consequent absorption of greater fracture
energy during crack propagation. It can be observed from
the SEM image of PBI/GO nanocomposite that the GO
nanosheets are well covered or wrapped with a thin PBI
layer, indicating strong interfacial adhesion of GO
nanosheets to the PBI matrix induced by the functional
groups on the GO surface and p–p stacking interaction
between the conjugated PBI macromolecular chain and GO
plane [50]. This interfacial interaction is largely responsible
for efficient stress transfer from the PBI matrix to GO sheet
and subsequent result of high tensile properties of the
PBI/GO nanocomposites (figures 9 and 10). The SEM
image in figure 4b also exhibits a good dispersion of GO
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nanosheets in the PBI matrix with an intercalated-exfoliated
morphology, indicating good compatibility between the GO
nanosheets and PBI matrix. As shown in figure 4c, the
fracture surface of PBI/rGO nanocomposite shows almost
similar morphological features to the PBI/GO nanocomposite. However, the PBI/rGO nanocomposite demonstrates
a more compact structure with smaller intersheet spacing
compared to the PBI/GO nanocomposite (figure 4b and c),
indicating that the level of exfoliation of rGO nanosheets is
rather lower than that of GO nanosheets. The smaller
intersheet spacing in the PBI/rGO nanocomposite favours
intersheet charge hoping and subsequently increases the
electrical conductivity of the nanocomposite. The level of
dispersion of GO and rGO nanosheets in the PBI matrix was
verified by TEM analysis. The TEM images of PBI/GO and
PBI-rGO nanocomposites are presented in figure 4d and e.
The TEM image of the PBI/GO nanocomposite (figure 4d)
displays a good dispersion of GO nanosheets throughout the
PBI matrix with almost no large GO-stacking, which is due
to the good interaction between the polar groups in the PBI
backbone chain and the oxygen functionalities on the GO
sheets. In contrast, the PBI/rGO nanocomposite is appeared
to show the presence of few numbers of multi-layered rGO
stacks or bundles (low aspect ratio) (figure 4e), suggesting
that the elimination of oxygen functional groups during the
reduction process leads to partial re-stacking of the graphene sheets.
It can be observed from figure 1e that the electrical
conductivity of GO is remarkably increased by both
chemical reduction treatment and thermal annealing under
an N2 atmosphere. The maximum dc conductivity of
7.14 S cm-1 at room temperature was obtained for the hydrazinereduced rGO. The thermal annealing treatment at 350°C
leads to an increase in the dc conductivity of GO by three
orders of magnitude, whereas a smaller enhancement in
electrical conductivity was observed for the rGOs. The
thermal treatment restored the p-conjugated carbon network
of GO nanosheets, i.e., transformation from sp3- to sp2hybridized carbon, and subsequently enhanced the electrical
conductivity of the GO nanosheets. The above results
indicate that the as-synthesized modified graphene is a
promising conductive filler, and thereby it is used to
improve the electrical conductance of the PBI polymer. The
room temperature dc conductivity of GO- and rGO-reinforced PBI nanocomposites at a nanofiller loading of 10 wt%
is presented in figure 5a. The pristine PBI is an insulating material having a dc conductivity of *10-14 S cm-1
[3,4]. The inclusion of GO enhanced the electrical conductivity of the PBI by nine orders of magnitude, which is
due to the higher dc conductivity of the GO compared to the
pristine PBI matrix. In contrast to GO, the rGOs as a conductive reinforcement exhibit greater efficiency to improve
the electrical conductivity of PBI. The room temperature
dc conductivity of the rGO–H (10 wt%) reinforced PBI
nanocomposite is measured to be 2.77 9 10-3 S cm-1,
which is more than two orders of magnitude higher than that
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Figure 4. Cryo-fractured SEM images of (a) pure PBI, (b) PBI/GO and (c) PBI/rGO–H nanocomposites at a graphene loading of
10 wt%. TEM images of (d) PBI/GO and (e) PBI/rGO–H nanocomposites at a graphene loading of 10 wt%.
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Figure 5. (a) Electrical conductivity of GO and different rGO-reinforced PBI nanocomposites and (b) variation
of dc conductivity of PBI/GO and PBI/rGO nanocomposites as a function of annealing temperature.

of the PBI/GO nanocomposite. The greater improvement of
conductivity with inclusion of rGO–Na could be ascribed to
the extensive p-conjugated networks in the rGO nanosheets,
which is practically absence in the GO sheets. Moreover,
the p–p interactions between the PBI backbone chain and
rGO basal plane lead to expansion of their p-conjugation
and thereby increase electrical conduction of the PBI/rGO
nanocomposites over that of the PBI/GO nanocomposite.
The presence of higher fraction of distorted sp3-hybridized
carbon over the planar sp2-carbon unit in the GO nanosheets
considerably restricts the p–p interactions between the PBI

macromolecules and GO plane and thus reduces the
conducting network in the PBI/GO nanocomposites. In
contrast to rGOs, the wide band-gap energy of the GO due
to the presence of excessive saturated sp3-carbon atoms
attached to electronegative oxygen atoms and other
defects make it non-conducting. The dc conductivities
achieved for the PBI nanocomposites reinforced with GO
and different rGO nanofillers (10 wt%) are in the following order: PBI/GO (1.25 9 10-5 S cm-1) \ PBI/rGO–
LAA (2.56 9 10-4 S cm-1) \ PBI/rGO–Na (1.21 9
10-3 S cm-1) \ PBI/rGO–H (2.77 9 10-3 S cm-1). The
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higher order of dc conductivity of the PBI/rGO nanocomposite could be ascribed to the lower concentration of
oxygen functionalities in the rGO nanosheets compared to
GO (based on data found in the XPS analysis, figure 1e),
because the oxygen atoms on the graphene sheets could
influence its electronic density of states. The strong p–p
stacking interactions between rGO nanosheets with greater
restored C=C bonds and PBI backbone chains with aromatic
p electrons is responsible for the higher order of dc conductivity for the PBI/rGO nanocomposites. The PBI
nanocomposite with rGO–H nanosheets, which have a
maximum C/O ratio (12.3), i.e., greater restored C=C bond
compared to other rGOs, exhibits the highest electrical
conductivity. This can be ascribed to the good dispersion of
hydrophobic rGO–H nanosheets in the PBI matrix induced
by the strong interfacial interactions (p–p stacking interaction) between them. The higher electrical conductivity of
the rGO-reinforced PBI nanocomposites is also well correlated with the higher Raman intensity ratio of D and G
bands, i.e., ID/IG ratio of the rGOs. Depending on the target
specific application, the dc conductivity of the PBI/rGO
nanocomposite material could be easily controlled by the
manipulation of sp2/sp3 domains in the rGO nanofillers.
The temperature-independent electrical conductivity is
one of the main features of high-performance materials. In
the present investigation, we have studied the effects of
thermal annealing on the electrical conductivity of the asprepared PBI nanocomposite films in the temperature range
of 25–350°C, and the results are presented in figure 5b. The
dc conductivity of the PBI/GO nanocomposite noticeably
enhances with increasing annealing temperature; dc conductivity increases by around 2.5 orders of magnitude to
4.77 9 10-3 S cm-1 when the annealing temperature raised
from 25 to 350°C. As the PBI matrix is stable up to 350°C,
the raise of dc conductivity with increasing annealing
temperature is mainly related to the structural deformations
of the GO. The thermal ageing treatment restored the sp2hybridized C=C bonds in the GO nanosheets, i.e., conversion from sp3-hybridized carbon to sp2-hybridized carbon
and likely promote the p–p interactions with PBI macromolecular chains to form extensive p-conjugated networks,
and thus increase the electrical conductivity. However, the
temperature dependence of the electrical conductivity is
more pronounced for the PBI/GO nanocomposites compared to the PBI/rGO nanocomposites. With an increase in
the annealing temperature from 25 to 350°C, a lower order
enhancement (C1 order of magnitude) in the dc conductivity was observed for the PBI/rGO nanocomposites.
Among these PBI/rGO nanocomposites, the PBI/rGO–H
nanocomposite exhibits a lowest level change in the dc
conductivity upon thermal ageing treatment at 350°C. This
small improvement in electrical conductivity could be
attributed to the thermal reduction of small fraction of
unreduced oxygen functionalities, which still remained in
the rGO nanosheets after chemical reduction. It means that
the major fraction of oxygen functionalities in GO was
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already reduced upon chemical reduction process. For the
PBI/rGO nanocomposites, the gradual raise of dc conductivities within the temperature range of 25–200°C is associated with the thermal reduction of remaining oxygen
functionalities in the corresponding rGO nanosheets. This
result indicates the thermosensitive behaviour of the PBI/
GO nanocomposite within the above temperature range.
However, at ageing temperature above 200°C, the conductivity almost remains unchanged. The aforementioned
results indicate that the rGO nanosheets could be explored
as efficient conducting nanofillers in the fabrication of PBIbased nanocomposites with a high order stable conductivity
over the wide range of temperature.
Figure 6a and b presents the variation of dc conductivity
of PBI/GO and PBI/rGO–Na nanocomposites as a function
of annealing temperature, respectively. The inset of figure 6a shows that the dc conductivity of the PBI/GO
nanocomposite is substantially enhanced with an increase in
the GO concentration, whereas the degree of increase in
conductivity is rather decelerated at higher GO content
([ 5 wt%). The dc conductivity of the PBI/GO nanocomposite
significantly enhanced with increasing thermal annealing
temperature, whereas the enhancement appears to be greater
within the temperature range of 25–350°C (figure 6a). For
instance, with increasing the annealing temperature from 25
to 350°C, the dc conductivity increased from 6.38 9 10-7
to 8.34 9 10-6 S cm-1 for the nanocomposite with 3 wt%
GO loading, whereas the same enhanced from 1.25 9 10-5
to 4.77 9 10-3 S cm-1 for the nanocomposite with 10 wt%
GO loading. In contrast to PBI/GO nanocomposites, a small
enhancement in dc conductivity was observed upon thermal
annealing of the PBI/rGO–H nanocomposites, as shown in
figure 6b. The conductivity of PBI nanocomposite with
10 wt% rGO–H increased by less than one order of magnitude as the annealing temperature increased from 25 to
350°C. The slight improvement in conductivity could be
ascribed to the partial restoration of sp2-carbon units by the
removal of residual oxygen functionalities during thermal
ageing. Figure 7a shows the variation of electrical conductivity of the PBI nanocomposite as a function of the GO/
rGO–H content. In contrast to PBI/GO nanocomposites, the
rGO–H-reinforced PBI nanocomposites exhibit higher
extent of enhancement in the dc conductivity with
increasing rGO loading. The room temperature dc conductivity of PBI/rGO–H nanocomposites remarkably
increased from 10-14 to 2.77 9 10-3 S cm-1 when the
rGO–H loading increased from 0 to 10 wt%. The high
electrical conductivity of the PBI/rGO–H nanocomposite
could be ascribed to the electron hopping from one rGO–H
nanosheet to another by tunnelling through the thin PBI
layer. The extended p-conjugation between the PBI
macromolecular chain and RGO–H nanosheets by p–p
stacking interactions considerably lowered the energy barrier for electron hopping between the rGO–H nanosheets.
On contrary, the major fraction of sp3-hybridized carbon
units on the GO surfaces restricted the formation of
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Figure 6. Dependence of dc conductivity of (a) PBI/GO and (b) PBI/rGO–H nanocomposites on annealing temperature.
The inset of (a) shows variation of dc conductivity of PBI/GO nanocomposite with GO loading at room temperature and
350°C.
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Figure 7. (a) A comparative demonstration on the effects of GO and rGO–H nanosheets on the improvement
of dc conductivity of the PBI nanocomposite and (b) the best fit of the dc conductivity to equation (1).

extended p-conjugation between PBI and GO and subsequently destroyed the electron-transport networks in the
nanocomposite, and thus limiting the improvement of
electrical conductivity.
The power law model was used to evaluate the electrical
percolation threshold for the as-prepared PBI nanocomposites and it can be expressed as:
reff / r0 ðfrGOH  fc Þt

for frGOH [ fc ;

ð1Þ

where reff is the effective conductivity of the nanocomposites, r0 the conductivity of filler, frGO–H the volume
fraction of rGO–H, fc the critical volume fraction at percolation threshold and t is the conductivity exponent, which
depends on the dimensionality of the nanocomposite [51].
Figure 7b shows a good linear fit between the experimental
data and the power model in the log–log plot, which yields
fc = 0.338 vol% (i.e., 0.745 wt%) and t = 2.32 for the PBI/
rGO–H nanocomposite. The percolation threshold value

obtained for the present PBI/rGO–H nanocomposite is
considerably lower than those recently reported for the
similar rigid-rod polymer-based nanocomposites, i.e.,
fc = 3.7 wt% for PBO/graphene [52] and fc = 1.2 wt%
polybenzimidazobenzophenanthroline/r-GO nanocomposite
[53]. The t value of the PBI/rGO–H nanocomposite (i.e.,
2.32) is rather higher than that of the universal value of 2.0
for three-dimensional percolating systems. The high conductivity exponent value of the PBI/rGO–H nanocomposite
suggests that the electrical conduction is governed by the
electron tunnelling among the graphene nanosheets separated by the thin non-conductive PBI layer [49,50]. Moreover, the minimal tunnelling resistance might be one of the
major factors for the lower fc values of the PBI/rGO–H
nanocomposites.
The non-oxidation thermal degradation studies of pure
PBI and its nanocomposites with different GO and rGOs
were conducted by thermogravimetric analysis (TGA)
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under an N2 atmosphere, and the resulting thermograms are
presented in figure 8a. The TGA data are given in table 1.
The thermal degradation patterns of both pure PBI and GO/
rGO-reinforced PBI nanocomposites are nearly similar, and
they are consisting of two step weight loss in different
temperature regions. The thermogram of pure PBI exhibits
an initial weight loss of 16.4 wt% in the temperature region
of 25–270°C, followed by a major mass loss of 21.3 wt% in
the temperature range of 428–519°C. The weight loss in the
first step is associated with evaporation of moisture and loss
of residual volatile element and by-product of polycondensation reaction including oligomers, whereas the second-step weight loss is related to the catastrophic
decomposition of the polymer backbone. On contrary, the
PBI/rGO or GO nanocomposites exhibit relatively lower
mass loss, i.e., 4.4–9.1 wt% in the temperature range of
25–270°C, indicating that the PBI nanocomposites have
lower moisture-absorbing tendency compared to pure PBI.
The impermeable graphene nanosheets produce longer diffusion paths across the PBI matrix and subsequently
enhance the moisture barrier performance of the
nanocomposites. The smallest weight loss was found for the
rGO-reinforced PBI nanocomposites, indicating that the
highly hydrophobic rGO nanosheets are more efficient
impermeable obstacles. The major weight loss between 428
and 519°C is associated with the catastrophic decomposition of the PBI matrix. Both onset decomposition temperature (Tonset) and maximum rate decomposition temperature
(Tmax) of the nanocomposite samples were shifted towards
higher temperatures compared to pure PBI, indicating that
the carbon surface graphene nanosheets in the nanocomposites might effectively scavenge the radicals generated
from chain scission degradation of PBI macromolecules and
subsequently delay the onset of degradation and hence,
improve the thermal stability of the PBI matrix. Moreover,
the graphene nanosheets with high thermal conductivity
could allow for efficient heat dissipation within the
nanocomposites and consequently enhance the thermal
stability of the PBI matrix. The higher thermal

Figure 8.
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decomposition temperatures (Tonset and Tmax) of the PBI/
rGO nanocomposites suggested their superior thermal stability compared to those of PBI/GO nanocomposites.
Because rGO nanosheets contain smaller concentration of
unreduced oxygen functionalities (defect density) they
possess higher thermal stability, which is consistent with the
higher thermal stability of PBI/rGO nanocomposites compared to the PBI/GO nanocomposite. The differential
scanning calorimetry (DSC) thermograms of pure PBI and
its nanocomposites with GO and rGOs are shown in figure 8b. It can be noticed that the glass transition temperature (Tg) of the PBI is shifted towards higher temperatures
upon inclusion of graphene nanofillers (GO and rGOs). The
maximum Tg value was found for the GO-reinforced PBI
nanocomposite. This could be attributed to strong interfacial
adhesion between the GO nanosheets and PBI macromolecules, which restrict the chain relaxation process at Tg.
However, in contrast, the decrease in Tg is slightly lower for
the rGO-reinforced nanocomposites compared to GO/PBI
nanocomposite, indicating lower extent of polar interaction
between the rGO plane and PBI macromolecular chains as
rGOs contain lower concentration of functional groups
compared to GO.
The reinforcing effects of GO and different rGOs on
various tensile properties of PBI nanocomposites were
studied. The strass–strain curves of pure PBI and its
nanocomposite films with 10 wt% GO and rGOs are shown
in figure 9a. The slope of the stress–strain curve of PBI
polymer significantly increased upon inclusion of graphene
nanosheets. The tensile properties of pure PBI and its
nanocomposites are given in table 2. Figure 9b presents
variation of tensile strength and modulus as a function of
compositions of the nanocomposites. The neat PBI film
exhibits a tensile strength of 872 MPa, Young’s modulus of
2.28 GPa and percent elongation of 7.23%. Table 3 shows
the comparison of tensile properties of present PBI
nanocomposites and various identical aromatic heterocyclic
polymer-based nanocomposites. The tensile properties of
PBI were substantially increased upon incorporation of GO

(a) TGA thermograms and (b) DSC curves of pure PBI, PBI/GO and different PBI/rGO nanocomposites.
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Table 1.
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Selected results of TGA measurements.
Nitrogen atmosphere

Sample

Tonset (°C)

Tmax (°C)

Char yield at 900°C (wt%)

421
428
434
443
457

470
476
481
484
488

36.1
38.2
40.4
50.0
50.9

Pure PBI
PBI/GO
PBI/rGO–LAA
PBI/rGO–H
PBI/rGO–Na

Tonset, onset degradation temperature; Tmax, maximum mass loss temperature.
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Figure 9. (a) Typical stress–strain curves and (b) comparison of tensile properties of PBI, PBI/GO and different
PBI/rGO nanocomposites at a graphene loading of 10 wt%.

Table 2.

Mechanical properties of pristine PBI and its nanocomposites with different GOs and rGOs.
PBI/GO

GO/rGO–H content (wt%)
0
1
3
5
7
10

PBI/rGO–LAA

PBI/rGO–H

PBI/rGO–Na

TS (MPa)

TM (GPa)

TS (MPa)

TM (GPa)

TS (MPa)

TM (GPa)

TS (MPa)

TM (GPa)

872.4
1,509.3
2,128.7
2,583.8
2,789.2
2,983.6

2.3
6.2
9.6
13.1
14.7
16.1

—
1,422.1
1,839.9
2,133.8
2,245.2
2,455.1

—
5.4
8.8
11.3
12.2
13.5

—
1,234.7
1,503.1
1,845.5
1,983.1
2,087.4

—
4.3
6.3
8.4
8.9
9.7

—
947.6
1,083.9
1,239.8
1,289.3
1,497.8

—
3.1
3.6
4.5
4.7
5.6

TS, tensile strength; TM, tensile modulus.

and rGO nanosheets. Compared to neat PBI film, the PBI
nanocomposite film with 10 wt% GO exhibited a dramatic
improvement in Young’s modulus (*6.9 times) and a
significant enhancement in tensile strength (*240%). The
strong interfacial interactions (p–p stacking and hydrogen
bonding) between the PBI backbone chains and GO basal
plane might promote the stress transfer efficiency at the
interface, which in turn enhanced the tensile strength and
modulus of the nanocomposites. A homogeneous dispersion

of GO nanosheets throughout the PBI matrix (as observed in
TEM images) together with strong interfacial interaction
restricted segmental mobility of the PBI chain during tensile
stretching, and consequently reduced the percent elongation
of the PBI nanocomposite. Figure 10 demonstrates the
variation of tensile properties of the nanocomposites as a
function of graphene content. The PBI nanocomposite
exhibits 71% enhancement in the tensile strength (i.e., from
1,509 to 2,583 MPa) with increasing GO loading from 1 to
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Comparison of tensile strength and tensile modulus for various similar polymeric nanocomposites.

Composites

Filler loading (wt%)

Tensile strength (MPa)

Tensile modulus (GPa)

10
5
5
5
1.7
10
5
1.5
2
10

2,646
2,076
2,667
1,529
151
105
119
148
570
2,983.6

4.16
3.4
14.8
8.9
8.1
2.1
5.2
6.2
28.5
16.1

PBI/GO–MWCNT (1:1) [54]
PBI/exfoliated graphene [14]
Poly-p-phenylene benzobisthiazole/GO [38]
Poly-p-phenylene benzobisthiazole/rGO [38]
Polybenzoxazole/CNT [55]
PBI/MWCNT [56]
PBO/MWCNT–COOH [57]
PBO/graphene [37]
PBO/graphene fibre [58]
PBI/GO (in present study)

(a) 4000
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Figure 10. (a) Variation of tensile strength and (b) tensile modulus of the PBI nanocomposites as a function of
GO/rGO content.

5 wt%, whereas only 12% improvement is observed when
GO content was increased to 10 wt% (figure 10a). Similarly, with an increase in GO content from 1 to 5 wt%,
Young’s modulus increased from 6.23 to 13.16 GPa
(*111%), followed by a gradual enhancement in modulus
of about 23% with the further increase of GO content
(10 wt%) (figure 10b). The small enhancement of tensile
properties at higher loading of GO is owing to the
increasing agglomeration tendency of the GO nanosheets
and subsequent formation of the defects in the nanocomposites. It can be noticed that in contrast to PBI/GO
nanocomposites, the rGO-reinforced PBI nanocomposites
exhibit relatively lower tensile strength and Young’s modulus. For instance, the inclusion of 10 wt% rGO–LAA,
rGO–H and rGO–Na into the PBI matrix enhanced the
tensile strength from 872 to 2,315, 1,957 and 1,358 MPa,
respectively, which is 24.9, 47.8 and 113%, respectively,
lower than the values obtained for the GO-reinforced
nanocomposites. The variation of Young’s modulus with
rGO content follows a similar increasing trend. The
reduction of tensile properties of rGO-reinforced

nanocomposites suggests a lower reinforcing efficiency of
the rGO nanosheets into the PBI matrix compared to GO. In
contrast to GO, the small fraction of residual functional
groups on the rGO might reduce the interfacial adhesion
between the PBI macromolecular chain and rGO plane. The
highest tensile properties were recorded for the PBI/rGO–
LAA nanocomposite compared to those obtained for rGO–
H and rGO–Na-reinforced nanocomposites. Because the
reduction efficiency of hydrazine and sodium borohydride is
much higher than that of LAA, the concentration of unreduced oxygen functional groups in the N2H4- and NaBH4reduced rGOs is relatively lower than that of rGO–LAA,
which makes them different in terms of their reinforcing
efficiency and state of dispersion into the PBI matrix. The
inferior reinforcing efficiency of the strongly reduced GO
(i.e., rGO–H and rGO–Na) might limit the enhancement of
tensile properties of the nanocomposites. The tensile properties (strength and modulus) of the PBI/rGO nanocomposites increased significantly with an increase in the rGO
content from 1 to 5 wt% followed by gradual enhancement
at higher rGO loading ([5 wt%) (figure 10).
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Conclusions

We have demonstrated a simple in-situ polymerization
approach using GO–CH4O3S and rGO–CH4O3S suspensions as reaction media to fabricate high-performance PBIbased nanocomposites with exfoliated GO and different
rGOs. Raman, FTIR and XPS studies confirmed that
hydrazine is the most efficient reducing agent showing the
highest extent of deoxygenation efficiency towards the
reduction of GO nanosheets. SEM analysis confirmed that
the exfoliated GO nanosheets are uniformly dispersed
throughout the PBI matrix, whereas the TEM results
showed retention of stacked structure of rGO nanosheets
when compared with GO due to partial exfoliation of rGO
nanosheets. Among different GO and rGOs, the rGO–H
nanosheets were proved to be more efficient conductive
fillers to achieve maximum electrical conductivity of the
PBI nanocomposite. The dc conductivity of the GO and
rGO–H (10 wt%) reinforced PBI nanocomposite was
increased by 11 and 9 orders of magnitude, respectively,
compared to pure PBI. After thermal annealing at 350°C,
the conductivity of the PBI/GO and PBI/rGO–H (10 wt%)
nanocomposites was increased by *2 orders and \1 order
of magnitude, respectively. The thermal stability of PBI was
significantly improved upon incorporation of both GO and
rGO nanosheets. However, the highest thermal stability was
achieved for the rGO–H-reinforced nanocomposite. The
tensile strength and Young’s modulus of the PBI matrix
could be enhanced up to 3.4 times and 6.9 times, respectively, by inclusion of 10 wt% GO nanosheet. In contrast to
GO, the rGOs exhibited inferior reinforcing efficiency to
PBI. The superior tensile properties with GO nanosheets
over the rGO could be ascribed to strong interfacial adhesion between the PBI matrix and GO nanosheets.
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[8] Jang J K, Kim T H, Yoon S J, Lee J Y, Lee J C and Hong Y
T 2016 J. Mater. Chem. A 4 14342
[9] Jones D J and Roziere J 2001 J. Membr. Sci. 185 41
[10] Yu S and Benicewicz B C 2009 Macromolecules 42 8640
[11] Shao H, Shi Z, Fang J and Yin J 2009 Polymer 50 5987
[12] Park J and Jeong Y G 2015 Polymer 59 102
[13] Cai Y, Yue Z, Teng X and Xua S 2018 Eur. Polym. J. 103
207
[14] Ahmad M W, Dey B, Sarkhel G, Bag D S and Choudhury A
2019 Mater. Chem. Phys. 223 426
[15] Zhang L, Ni Q Q, Shiga A, Natsuki T and Fu Y 2011 Polym.
Eng. Sci. 51 1525
[16] Geim A K and Novoselov K S 2007 Nat. Mater. 6 183
[17] Li D and Kaner R B 2008 Science 320 1170
[18] Thostenson E T, Li C and Chou T W 2005 Compos. Sci.
Technol. 65 491
[19] Idowu A, Boesl B and Agarwal A 2018 Carbon 135 52
[20] Ji X, Xu Y, Zhang W, Cui L and Liu J 2016 Compos. Part A
87 29
[21] Araby S, Meng Q, Zhang L, Kang H, Majewski P, Tang Y
et al 2014 Polymer 55 201
[22] Mittal G, Dhand V, Rhee K Y, Park S J and Lee W R 2015
J. Ind. Eng. Chem. 21 11
[23] Tripathi S N, Rao G S S, Mathur A B and Jasra R 2017 RSC
Adv. 7 23615
[24] Ferreira F V, Brito F S, Franceschi W, Simonetti E A N,
Cividanes L S, Chipara M et al 2018 Surf. Interfaces 10 100
[25][ Layek R K and Nandi A K 2013 Polymer 54 5087
[26] Punetha V D, Rana S, Yoo H J, Chaurasia A, McLeskey Jr
J T, Ramasamy M S et al 2017 Prog. Polym. Sci. 67 1
[27] Kuila T, Bose S, Mishra A K, Khanra P, Kim N H and Lee
J H 2012 Prog. Mater. Sci. 57 1061
[28] Papageorgiou D G, Kinloch I A and Young R J 2015 Carbon
95 460
[29] Lv J, Zhang G, Zhang H and Yang F 2018 Chem. Eng. J. 352
765
[30] Li F, Qu C B, Hua Y, Xiao H M and Fu S Y 2017 Carbon
119 339
[31] Zhang M, Yan H, Yuan L and Liu C 2016 RSC Adv. 6 38887
[32] Woodward R T, Markoulidis F, Luca F D, Anthony D B,
Malko D, McDonald T O et al 2018 J. Mater. Chem. A 6
1840
[33] Alexandre M and Dubois P 2000 Mater. Sci. Eng. R 28 1
[34] Tang Q, Zhou Z and Chen Z 2013 Nanoscale 5 4541
[35] Wang Y, Chen L, Yu J, Zhu J, Shi Z and Hu Z 2013 RSC
Adv. 3 12255
[36] Wang Y, Shi Z, Fang J, Xu H and Yin J 2011 Carbon 49
1199
[37] Hu Z, Li N, Li J, Zhang C, Song Y, Li X et al 2015 Polymer
7 14
[38] Choudhury A 2014 RSC Adv. 8 8856
[39] Botsa S M and Basavaiah K 2019 Nanotechnol. Environ.
Eng. 4 1
[40] Mohan B S, Ravi K, Balaji R A, Sree G S and Basavaiah K
2019 Physica B 553 190
[41] Balaji R A, Mohan B S, Naidu G P and Muralikrishna R
2019 Physica E 108 105
[42] Hummers W S and Offeman R E 1958 J. Am. Chem. Soc. 80
1339

Bull Mater Sci (2020)43:207
[43] Gao X, Jang J and Nagase S 2010 J. Phys. Chem. C 114 832
[44] Ferrari A C and Robertson J 2000 Phys. Rev. B: Condens.
Matter Mater. Phys. 61 14095
[45] Guo Y, Sun X, Liu Y, Wang W, Qiu H and Gao J 2012
Carbon 50 2513
[46] Tuinstra F and Koenig J L 1970 J. Chem. Phys. 53 1126
[47] Yin J and Elsenbaumer R L 2005 J. Org. Chem. 70 9436
[48] Conti F, Majerus A, Noto V D, Korte C, Lehnert W and
Stolten D 2012 Phys. Chem. Chem. Phys. 14 10022
[49] Quartarone E, Magistris A, Mustarelli P, Grandi S, Carollo
A, Zukowska G Z et al 2009 Fuel Cells 9 349
[50] Tang Z, Lei Y, Guo B, Zhang L and Jia D 2012 Polymer 53 673
[51] Zhang H B, Zheng W G, Yan Q, Yang Y, Wang J W, Lu Z H
et al 2010 Polymer 51 1191

Page 15 of 15

207

[52] Chen Y, Zhuang Q, Liu X, Liu J, Lin S and Han Z 2013
Nanotechnology 24 245702
[53] Park J H, Choudhury A, Farmer B L, Dang T D and Park S Y
2012 Polymer 53 3937
[54] Dey B, Ahmad M W, Almezeni A, Sarkhel G, Bag D S and
Choudhury A 2020 Compos. Commun. 17 87
[55] Fukumaru T, Fujigaya T and Nakashima N 2013 Macromolecules 46 4034
[56] Zhou D, Zhang Y, Zhu J, Yu J and Hu Z 2019 Carbon 148
297
[57] Zhou C, Wang S, Zhuang Q and Han Z 2008 Carbon 46
1232
[58] Jeong Y G, Baik D H, Jang J W, Min B G and Yoon K H
2014 Macromol. Res. 22 279

