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Ultra-high thermally conductive and rapid heat
responsive poly(benzobisoxazole) nanocomposites
with self-aligned graphene†
Weifeng Zhao,a,b Jie Kong,*a Hu Liu,c Qiang Zhuang,a Junwei Gua and
Zhanhu Guo*c
Self-alignment of thermally reduced graphene sheets (TRG) that enable highly eﬃcient heat transfer paths
in their poly( p-phenylene benzobisoxazole) (PBO)-based nanocomposite ﬁlms along the in-plane
direction was achieved for the ﬁrst time without any assistance of an external magnetic or an electric
ﬁeld. In the in-plane direction, the nanocomposite ﬁlms possess an ultra-high thermal diﬀusivity
(900–1000 mm2 s−1) and a thermal conductivity (50 W m−1 K−1) with a TRG concentration <5.0 vol%,
setting a new record for polymer composites with such a low graphene ﬁller loading. The arranged TRG
was also found to display a high eﬃciency for PBO reinforcement. A 64% increase in the Young’s
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modulus was achieved by the addition of only 0.35 vol% of TRG, corresponding to a reinforcement value
as high as 747 ± 38 GPa, due to eﬀective load transfer between the PBO matrix and TRG sheets via strong
interfacial interactions. Moreover, the highly ordered graphene in PBO could provide good candidates
for eﬀective heat shielding barriers, and thus the prepared PBO composites exhibit a thermal stability
remarkably higher than that of neat PBO resin.

Introduction

With a growing demand for miniaturization and multifunctionalization in electronics such as micro- and nano-electromechanical systems (MEMS and NEMS), integrated chips,
and lab on chips, the increased heat accumulated inside an
insulating polymeric encapsulant or a substrate might damage
the performances of the final devices. As a result, polymer
materials with high thermal conductivity have been studied
rapidly.1–10 Motivated by the high thermal conductivity of
single-layer graphene in the range of 3000–5000 W m−1 K−1,11–13
increasing attention has been paid to the use of graphene
to achieve thermally conductive polymeric composites.14–21
For example, Chen and coworkers recently used a ball
milling method to in situ separate graphene from graphite
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flakes in the presence of polymer solution and prepared
its polymer nanocomposites.22,23 A thermal conductivity of
2.65 W m−1 K−1 was reported for the as-prepared epoxy composites containing 25 wt% graphene nanoplatelets (GNPs).19
Furthermore, the GNPs were fabricated by exfoliating acidintercalated graphite flakes via thermal shock upon rapid
exposure to a high temperature in nitrogen, and subsequently
sonicating the exfoliated graphite in acetone.20 A thermal conductivity up to 6.44 W m−1 K−1 was obtained from epoxy composites with a 25 vol% GNP content. Li et al. cured epoxy resin
with preformed aligned multilayer graphene (MLG) networks
to construct high thermal conductive pathways, and reported a
thermal conductivity of ∼33.5 W m−1 K−1 at 90 °C and an
11.8 wt% MLG content.21
Although thermal conductivity has been substantially
improved in the reported polymer graphene nanocomposites,
a large amount of graphene additives is usually required,
which might damage the mechanical performance dramatically because of severely agglomerated graphene acting as
defects in the polymer matrix.21,24 More importantly, thermal
conductivity improvement is still very limited in comparison
with the expectation from the intrinsic thermal conductivity of
single-layer graphene. To enable ultra-high thermal conductivity of polymer composites especially at a low graphene
loading, the following four aspects should be considered.
First, the graphene platelets should be fully exfoliated as a
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single or near-single layer. The thermal conductivity of graphene dramatically decreased with increasing atomic plane in
the graphene sheets.25 Thus, single layer graphene has
emerged as the most promising carbon fillers for ultra-high
thermal conductive polymer composites. Second, the graphene
sheets should be uniformly dispersed in the polymer matrix.
A poor dispersion usually limits their potential in enhancing the
polymer properties. The dissociation of agglomerated nanofillers is thus presumed to maximize the properties of polymer
composites including thermal conductivity.26–28 Third, the
polymer matrix should possess good wettability to the graphene
surface. A weak interface compatibility will cause large interfacial heat resistance and make the heat conductivity poor.
Fourth, the graphene in polymer should be arranged as
continuous thermal conductive networks with low contact
resistance between the adjacent sheets. Ideally, the welldispersed single-layer graphene sheets should be arranged in a
gap-free manner and in contact with each other with a large
contact area, giving an eﬀective maximization of continuous
thermal conductive paths in the polymeric matrix.
Poly( p-phenylene benzobisoxazole) (PBO) is a high performance heterocyclic aromatic polymer with a fully conjugated
rod-like backbone (Fig. S1†). Due to its ladder-like rigid chemical structure, PBO is more heat durable than common heatresistance polymers such as polyimides and polybenzimidazoles (PBI). In particular, PBO fibers, commercialized as Zylon,
are known to possess the highest mechanical strength
(Young’s modulus: 270 GPa) and thermal stability (decomposition temperature: 650 °C) among all commercially available
polymers. In addition, a high thermal conductivity of 19–23
W m−1 K−1 was also observed in Zylon,29 suggesting the advantages of PBO over other polymers in heat transfer. However,
the thermal conductivity of PBO based composites has been
rarely reported, probably due to the extremely low solubility
and high temperature resistance of the PBO resin that
seriously limit the preparation of its nanocomposites via the
traditional methods, such as melt blending and solution
compounding.
Attracted by the significant dimensional anisotropy of
graphene sheets, significant eﬀorts have been made over the
past few years to control the orientation of graphene in order
to form tailored structures with novel properties. For example,
the formation of a liquid crystal phase in an aqueous dispersion of GO was presented, giving a new avenue for the fabrication of highly aligned graphene-based composites.30–33
Moreover, graphene sheets can also be aligned in polymer
composites under shear forces34 or inducing an electrical/magnetic field.35,36 In this study, a self-organization strategy was
used to align thermally reduced graphene oxide (TRG) sheets
in PBO without any assistance of an external magnetic or electric field. Highly eﬀective in-plane heat transfer pathways with
an extremely high thermal diﬀusivity (900–1000 mm2 s−1) were
built spontaneously in the matrix, indicating that the polymer
nanocomposites could display a very fast response to a heating
impulse. Moreover, the resultant PBO nanocomposites presented a significant thermally conductive anisotropy with an
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ultra-high eﬀective thermal conductivity (keﬀ ) of 50 W m−1 K−1
along the TRG alignment direction at a low loading (<5.0 vol%);
whereas, the keﬀ in the direction perpendicular to the TRG
alignment was very low (0.35 W m−1 K−1). The ultra-high
thermal diﬀusivity and thermal conductivity were achieved for
the first time, setting a new record for polymer composites
with such a low graphene filler loading.

2. Experimental section
2.1

Materials

Natural graphite with an average diameter of 30 μm was purchased from a graphite company (Qingdao, China). The PBO
precursor (see the ESI†) was synthesized according to the
literature.37 Fig. S2† shows the synthetic scheme. Briefly, 4,6-di
(tert-butyldimethylsilylamino)-1,3-di(tert-butyldi-methyl-siloxy)benzene (TBS-DAR), a white powder, 1H NMR (400 MHz,
CDCl3/δ ppm): 6.28 (1H, Ar–H), 6.24 (1H, Ar–H), 3.65 (2H,
N–H), 1.01–0.97 (36H, CH3)3, 0.25–0.19 (24H, Si(CH3)2), synthesized from 4,6-diaminoresorcinol dihydrochloride (DAR,
analytically pure, purchased from TCI company) with tertbutyldimethylsilyl chloride (TBS, analytically pure, purchased
from TCI company), was chemically reacted with terephthaloyl
chloride (analytically pure, purchased from TCI company) in
an N-methyl-2-pyrrolidone (NMP) solution with mechanical
stirring at room temperature for 48 h. The solution was poured
into methanol to precipitate the PBO precursor (TBS-prePBO)
product, which was then filtered, rinsed several times with
water, and dried at 80 °C for 24 h in a vacuum. N,NDimethylformamide (DMF), H2SO4 (98%), H2O2 (30%) and
hydrazine hydrate (50%) were supplied by Zhenxin Chemical
Company (Shanghai, China).
2.2

Preparation of fully exfoliated GO dispersion

GO was prepared from natural graphite via a modified
Hummers’ method.38 Briefly, natural graphite (3.0 g) in concentrated H2SO4 (80 mL) was chemically oxidized by treatment
with KMnO4 (9.0 g) with stirring at 35 °C in a water bath for
3 hours. The mixture was then diluted with purified water
(200 mL) and 30% H2O2 was added slowly until no bubble was
observed. Subsequently, the precipitate in the reaction system
was recovered by filtration, washed with 1 M HCl solution to
remove the residual metal oxides and then washed with deionized water until the decantate became neutral. The solid
was finally dried at 60 °C overnight to obtain GO. The GO
(10 mg) was dispersed and exfoliated in 1.0 mL deionized
water by ultrasonication for 20 min. Subsequently, 9.0 mL
DMF was added and sonicated for another 5 min to give a
stable dispersion of graphene oxide with a concentration of
1.0 mg mL−1.
2.3

Preparation of PBO/TRG nanocomposites

The TBS-prePBO (200 mg) was dissolved in a DMF solution
(5.0 mL), into which the as-prepared GO dispersion (1.0
mg mL−1, 1.0–4.0 mL) was gradually added and stirred
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mechanically, and then the mixture was stirred at 120 °C for
24 h to thermally reduce the suspended GO into its reduced
counterpart TRG. After ultrasonication for 2 min, the resulting
homogeneous TRG dispersion in the TBS-prePBO DMF solution was cast onto the glass substrate followed by heating in
an air oven at 150 °C to form a film on glass. After immersion
in water, a TBS-prePBO/TRG composite film was peeled oﬀ
from the glass substrate and then dried at 80 °C under
vacuum for 5 h. The free-standing prePBO/TRG composite film
was then sandwiched between two glass slides and gradually
heated at 250 °C for 1 h, 300 °C for 1 h, and 350 °C for 1 h
under a protective argon atmosphere to produce the PBO/TRG
composite film.
2.4

Characterization

The viscosity measurement was performed using the
Ubbelohde viscometer. The 1H NMR spectra were measured
with a Bruker Avance 500 spectrometer (Bruker BioSpin,
Switzerland). The chemical shifts were referred to tetramethylsilane (TMS). The scanning electron microscopy imaging was
performed using a Zeiss SUPRA 55 scanning electron microscope at an acceleration voltage of 10 kV. The X-ray diﬀraction
(XRD) measurements were conducted using an X’Pert Pro
Powder diﬀractometer (PANalytical B.V., Netherlands)
equipped with a Cu Kα radiation source (40 kV, 40 mA) with
an X-ray wavelength (λ) of 1.5418 Å. Fourier transform infrared (FTIR) spectra were obtained on a Nicolet Avatar 330
(Thermo Electron Corporation, USA). The Raman spectra were
collected on a Raman Microprobe Instrument (Renishaw,
UK) equipped with a 514.5 nm Ar+ laser excitation.
Thermogravimetric analysis (TGA) was measured with a STA
449 F3 Jupiter simultaneous thermal analyzer (NETZSCH,
Germany) by applying a heating rate of 20 K min−1 under an
argon flow of 50 mL min−1. To measure their mechanical properties, the composite films were cut into strips with typical
lengths, widths and thicknesses of about 10 mm, 50 mm and
30 μm, respectively. The measurement was conducted with an
Instron OP336-43 Instrument (Instron Corporation, US) at
ambient temperature with a crosshead speed of 5 mm min−1.
Photographs of the samples were taken by using a digital
camera. Eﬀective thermal conductivities were obtained by
measuring thermal diﬀusivities with a Netzsch laser flash
apparatus (LFA447). The heat capacity was measured using
a diﬀerential scanning calorimeter (DSC, TA Instruments
Model 2910).

3. Results and discussion
As an advanced heterocyclic aromatic polymer with a full conjugated backbone, the PBO main chain or side groups would
give advantages over other polymers in graphene wetting
owing to the theoretically good compatibility between the
phenyl rings and the graphene skeleton. However, PBO has an
extremely low solubility in common organic solvents and it
also possesses a high temperature resistance (decomposition
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temperature, 650 °C). These seriously limit the preparation of
the PBO nanocomposites via the traditional methods, such as
melt blending and solution compounding.
The as-synthesized TBS-prePBO can be well dissolved in
N,N-dimethylformamide (DMF) at room temperature. PBO precursor composites with graphene sheets were prepared by
using a convenient solution casting strategy (the detailed protocol is described in the ESI†). The intramolecular cyclization
of TBS-PBO at elevated temperatures can result in the formation of PBO with an excellent thermal resistance, mechanical properties and multi-functionalities.
The prepared graphite oxide (GO) from natural graphite via
a modified Hummers’ method can readily undergo complete
exfoliation in water to yield stable dispersions mostly consisting of single-layer graphene oxide sheets by simple sonication.39 However, the exfoliation of GO in organic solvents
such as DMF is not easily accomplished, even though graphite
crystals can be directly exfoliated in such a solvent under external forces.40 As shown in Fig. 1A (bottle b), with a large
number of hydrophilic functional groups, the dispersion of
graphene oxide is not stable in DMF at a concentration of
1.0 mg mL−1 even after sonication over one hour. In this
instance, a sediment layer of aggregated graphene oxide particles is clearly seen at the bottom of the container after an
undisturbed period of 24 h. To solve this problem, we adopted
a similar method reported by Ruoﬀ et al.41 The as-prepared
GO particles were dispersed in a mixed solvent of DMF and
water (9 : 1 (v/v)) by a short sonication of 5 min, forming a
stable dark-brown dispersion with a concentration of 1.0
mg mL−1 (Fig. 1A, bottle a). In comparison with the GOs
directly dispersed in DMF, the solubility of the GOs was greatly
improved in this case, and no visible precipitates were
observed after several weeks. The thickness of the suspended
graphene oxide sheet was measured as ∼1.2 nm (Fig. 1C),
which is in accordance with the thickness of individual singlelayer graphene oxide, indicating a full exfoliation of GO in the
solution.
The full exfoliation and high stability of graphene oxide
sheets in the DMF/water medium greatly facilitated the homogeneous dispersion of single-layer graphene in TBS-prePBO
polymers. After a direct solution compounding with TBSprePBO dissolved in DMF, the suspended graphene oxide
sheets were reduced at 120 °C, generating a homogeneous
black suspension, from which no visible TRG precipitates were
observed even after several weeks (Fig. 1B, bottle b). Whereas,
a clear contrast of the TRG dispersion in the absence of the
TBS-prePBO showing serious aggregation (Fig. 1B, bottle a)
indicates the successful dispersion of TRG with the aid of TBSprePBO. Since the TBS-prePBO possesses an aromatic moiety,
the high stability of TRG in the TBS-prePBO solution is
believed mainly to arise from strong π–π interactions between
TBS-prePBO backbones and TRG sheets. As a confirmation,
the TRG sheets dispersed in the TBS-prePBO solution were filtered and then characterized by Raman spectroscopy after
extracting them with DMF in a Soxhlet extractor to remove any
unbound and weakly bound TBS-prePBO.
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Fig. 1 Digital photograph (A) of graphene oxide dispersed in a DMF/water mixture (bottle a) and DMF (bottle b); digital photograph (B) of TRG in
DMF (bottle a) and TBS-prePBO DMF solution (bottle b) after curing at 120 °C; and (C) AFM image of the graphene oxide deposited on mica from
bottle (a) in photograph (A), the right side is the height proﬁle along the drawn line where the value of ΔZ (ΔZ = Z2 − Z1) reveals the thickness of the
graphene is 1.19 nm.

As shown in Fig. 2, the Raman spectrum of TRG reduced in
DMF at 120 °C exhibits two prominent characteristic peaks at
1578 and 1350 cm−1, corresponding to the D and G bands,
respectively. They are associated with the vibration of sp2
carbon atoms in the graphitic 2D hexagonal lattice and the
vibrations of sp3 carbon atoms of defects and disorder,
respectively.42–44 While, the spectral peaks of the extracted

TRG (TRG@TBS–prePBO hybrids) from their dispersion in the
TBS-prePBO DMF solution were much broadened and composed of six components, from which the D and G bands
derived from TRG sheets were also observed. However, in
comparison with the peaks of the pristine TRG, the G band of
graphene for the TRG@TBS–prePBO hybrids blue shifted
from 1578 to 1585 cm−1. This change originated from the

Fig. 2 (A) Raman spectra at 514 nm for TRG, TRG@TBS-prePBO and TRG@PBO (A), and (B) the components of the bands in the Raman spectra of
the TRG@TBS–prePBO hybrid are also shown in details.
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charge-transfer between graphene and TBS-prePBO π-systems,
suggesting the formation of non-covalent π–π stacking between
the phenyl rings of TBS-prePBO backbones and the basal
planes of TRG sheets. Moreover, the intensity ratio of the D
and G bands, ID/IG, decreased from 1.407 for TRG to 0.992 for
TRG@TBS-prePBO. It can be attributed to the increase of the
size of the sp2 domains, mainly resulting from the π–π stacking
of the phenyl rings in the TBS-prePBO backbones with the
graphene skeleton. In fact, the π–π stacking between the π orbitals
of the graphene carbon layer and polymers has also been
claimed by others.45–47
The existence of interactions between the TRG and TBSprePBO polymer could also be confirmed by the characteristic
peaks of PBO at 1615, 1544, 1305, 1270, 1180 and 928 cm−1 in
the of Raman spectrum of the corresponding TRG@PBO
hybrids obtained by heat treatment of the extracted TRG.
Moreover, the characteristic peaks of TBS-prePBO were also
observed in the FT-IR spectrum of the TRG@TBS–prePBO
hybrids, which further confirm the adsorption of TBS-prePBO
polymers onto the extracted TRG sheets (Fig. S4†).
The homogeneous and stable TRG dispersion in the TBSprePBO DMF solution facilitates the fabrication of TRG/TBSprePBO nanocomposites by the solution casting procedures.
After removing the DMF solvent, a fine free-standing film
(∼50 µm thick) of TBS-prePBO/TRG nanocomposites was
obtained. Subsequently, the as-prepared TBS-prePBO/TRG
composite film was treated at 350 °C to convert the TBSprePBO into PBO (Scheme 1), thereby creating a smooth,
uniform and flexible TRG/PBO nanocomposite film (Fig. 3A).
After the 350 °C treatment, the oxygen content remaining in
TRG could dramatically decreased from 30.4 atomic% in GO to
16.5 atomic% (Fig. S5 and Table S1†), and the thermal stability
of the graphene fillers significantly improved (Fig. S6†).
Interestingly, it is found that the TRG sheets in the nanocomposites spontaneously self-assembled in a highly ordered
alignment during the fabrication. As shown in Fig. 3B and
S7,† similar to the cross-sectional SEM image of aligned
graphene reported by others,48 a well-ordered parallel stacking
of graphene sheets was observed from the fracture surface of
the composite film, clearly revealing that the embedded TRG
sheets were well aligned with their sheet plane parallel to the
surface of the nanocomposite film, resulting in a denselypacked layered structure dispersed uniformly in the matrix.
Besides, the TRG sheets are thickly coated with the adsorbed
polymer matrix, and no interface de-bonding can be observed
(Fig. 3B). This suggests a good wetting of PBO on the TRG

Scheme 1

Fig. 3 (A) Digital photograph of a TRG/PBO nanocomposite ﬁlm
bended by using a pair of tweezers, (B) SEM images of the fracture
surface of the TRG/PBO nanocomposite ﬁlm, the red arrows show the
dispersed TRG sheet with folding at the edges, and (C) XRD patterns of
PBO, GO, TRG and the TRG/PBO nanocomposites with a TRG content
of 4.2 vol%.

Synthesis of PBO from its precursor TBS-prePBO.
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sheets and strong interactions between them. In addition, as
indicated by the red arrows in Fig. 3B, a number of protruding
graphene sheets tend to be folded at their edges due to their
enormous surface area, indicating a good exfoliation of the
graphene sheets in the PBO matrix.
XRD has been justified as an important tool to determine
the exfoliation of graphite or graphene layers in
composites.20,49–51 The XRD characteristic diﬀraction pattern
of TRG sheets in Fig. 3C displays a broad peak at about 2θ =
24.5° close to the (002) diﬀraction peak of pristine graphite at
2θ = 26.4°, indicating that a rather high reduction degree of
the graphene sheets has been achieved. In contrast, the characteristic diﬀraction peak for TRG totally disappeared in the
XRD pattern of the PBO/TRG nanocomposites with a high TRG
content of 4.2 vol%, indicating that the embedded TRG sheets
were well exfoliated.36,37 Intrinsic disc-like shape anisotropy
(Fig. 4) gives a proposed mechanism for the alignment of TRG
in the nanocomposite film. The strong π–π interaction
between the PBO precursor (TBS-prePBO) and graphene
enhanced the dispersibility of TRG sheets in DMF, resulting in
a homogeneous and stable TRG dispersion in the TBS-prePBO
DMF solution. When DMF was evaporated gradually by
heating in an air oven during the film fabrication, the concentration of the TRG/TBS–prePBO hybrid was increased to drive
the TBS-prePBO coated graphene sheets closer. When all the
DMF was evaporated, the TBS-prePBO coated graphene sheets
might be overlapped in some degree. Simultaneously, driven
by the strong π–π interaction between TBS-prePBO backbones
and TRG sheets, the modified graphene sheets were re-aligned
into a layer-stacked structure, which is thermodynamically
favorable in a matrix. Finally, the TRG/PBO nanocomposite
film with mainly aligned graphene sheets was obtained after
intramolecular cyclization at a high temperature of 350 °C.
In order to demonstrate the thermal transfer properties of
the TRG/PBO nanocomposites, the laser flash technique was
employed, Fig. S8,† to measure their in-plane (the heat flow
parallel to the aligned graphene) and through-thickness (the

Fig. 4
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heat flow perpendicular to the aligned graphene) thermal
diﬀusivities (α). For carrying out measurements, the lower
surface of the TRG/PBO nanocomposite film was irradiated
with a short laser pulse (10 J per pulse), meanwhile the temperature increase on the upper surface of the specimen was
detected. A highly sensitive signal on a response to the temperature change of the upper surface of the sample was then
recorded versus the heat transfer time by the apparatus, giving
a curve as shown in Fig. S9a.† For the in-plane heat transfer
(Fig. 5A), the temperature of the pure PBO film at the upper
side was detected at about 100 ms and increased linearly from
100–500 ms, and then reached a constant value at about
1700 ms after the laser pulse irradiation. Compared with the
curve of the pure PBO film showing only one temperature
rising stage (from 100 to 1700 ms), a two stepwise temperature
rise was detected from the aligned TRG/PBO nanocomposite
films. The first-stage incensement took place very quickly after
the laser irradiation, and reached a constant value at the time
of about 120–250 ms ascribed to the very quick heat wave
transfer from the conductive chains formed by the aligned graphene sheets. Subsequently, the second-step temperature
incensement starts until reaching the highest value at about
1700 ms which is believed due to the heat flow transferred via
the PBO matrix. What is more important is that a more precise
measurement of the first-step temperature incensement gives
a typical temperature evolution curve shown in Fig. S9b.† The
in-plane thermal diﬀusivities for the thermal conduction pathways and for the PBO component were then measured respectively by using the laser flash apparatus. By the mathematical
elaboration of the temperature increase curve shown in
Fig. S9b,† the thermal diﬀusivity for the heat conduction paths
parallel to the aligned TRG was finally measured (see the ESI†)
precisely, and the results showed an increasing linear relationship with an increase of the TRG volume fraction due to the
enhanced conduction routes (Fig. 5B). The thermal diﬀusivity
reaches up to 1000 mm2 s−1 with graphene loadings higher
than 3.0 vol%. It implies that the TRG/PBO nanocomposites

Schematic illustration of the graphene alignment process to form highly ordered nanocomposites.
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are ready to “smooth out” temperature concavity at a rate almost
10 times faster than that of copper (∼110 mm2 s−1) at room
temperature,52 which enables these nanocomposites a rapid
response ability to a heating impulse. Whereas, the in-plane
thermal diﬀusivity of the PBO matrix in the nanocomposites is
relatively low, and shows a slow decrease with an increase of the
TRG volume fraction because of the enhancement of the interfacial thermal resistance at a higher filler content.
Here, we assume that the aligned graphene thermal conductive network and the PBO matrix have the same heat
capacity (Cp) and density (ρ) within the whole nanocomposite.
The respective thermal conductivity for the aligned graphene
networks (kg) and for the PBO matrix (km) can be calculated
according to eqn (1).53
k ¼ αCp ρ

ð1Þ

where α is the thermal diﬀusivity. The results of thermal diﬀusivity discussed above suggest the overall thermal conduction
of the composite films in the graphene alignment direction
can be interpreted reasonably by a parallel model, where each
component is assumed to contribute independently to the
overall conductivity.54,55 The overall in-plane eﬀective thermal
conductivity keﬀ of the nanocomposite film can then be calculated by eqn (2).
keff ¼ ð1  V g Þkm þ V g kg

Fig. 5 (A) In-plane direction temperature evolution of the nanocomposite ﬁlm surface at diﬀerent times after pulsed laser heating; (B)
plots of the thermal diﬀusivity for conductive paths formed by aligned
TRG and PBO-based composite matrix along the in-plane direction of
the composite ﬁlms at room temperature versus the volume fraction of
graphene; and (C) in-plane and through-thickness overall thermal conductivities of the composite ﬁlms as a function of TRG content.

19990 | Nanoscale, 2016, 8, 19984–19993

ð2Þ

where km is the thermal conductivity of the PBO matrix phase,
and Vg is the volume fraction of the aligned TRG in the composites, which is taken as the TRG filler content. As shown in
Fig. 3c, the as-calculated overall thermal conductivities of the
composite films are highly anisotropic. Their in-plane thermal
conductivities are generally about two orders of magnitude of
the cross-plane value due to the highly aligned graphene
sheets in the matrix. Especially, at 4.2 vol% TRG loading, an
ultra-high thermal conductivity of 50 W m−1 K−1 was obtained
and was the highest value for polymer/graphene nanocomposites reported at such a low filler loading (Table S2†).
The TRG alignment also benefits the enhancement of
mechanical strength. The typical stress–strain curves of the
PBO and PBO/TRG composite films with diﬀerent amounts of
the graphene fillers are presented in Fig. 6A, and the corresponding mechanical properties are summarized in Table 1.
Both tensile strength and the Young’s modulus increased at a
low TRG content (0.07–0.35 vol%), due to the eﬀective load
transfer between the PBO matrix and TRG sheets via strong
interfacial interactions. For example, the Young’s modulus of
the composite containing 0.35 vol% TRG is 7.4 GPa, while that
of the PBO parallel sample is 4.5 GPa; i.e., a 64.4% increase in
the Young’s modulus was achieved in comparison with the
pure PBO film. Then the tensile strength decreased gradually on
further increasing the graphene content from 0.7 to 1.4 vol%,
which can be attributed to the huge filler-matrix contacting
interface at a high graphene loading.
The Halpin–Tsai model was adopted to analyze the mechanical results. This model assumes that there is a perfect
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Table 1 Mechanical properties of as-prepared PBO and their nanocomposite ﬁlms containing diﬀerent TRG contents of 0.07–1.40 vol%

Sample

Tensile strength
(MPa)

Young’s modulus
(GPa)

Elongation
(%)

PBO
PBO/TRG_0.07
PBO/TRG_0.18
PBO/TRG_0.35
PBO/TRG_0.70
PBO/TRG_1.05
PBO/TRG_1.40

43.0 ± 3
62.8 ± 5
52.8 ± 3
45.9 ± 9
35.2 ± 4
25.6 ± 6
19.2 ± 4

4.5 ± 0.16
5.2 ± 0.12
6.0 ± 0.18
7.4 ± 0.21
7.5 ± 0.17
7.6 ± 0.24
7.6 ± 0.18

1.52 ± 0.22
1.05 ± 0.34
0.89 ± 0.14
0.57 ± 0.12
0.49 ± 0.13
0.34 ± 0.18
0.25 ± 0.12

modulus of the monolayer graphene, LG and TG represent the
length and thickness of graphene, and VG is the volume fraction of TRG in nanocomposites.
In the calculation, 5 µm and 0.76 nm, detected by AFM,
were taken as LG and TG respectively. The EG is assigned to 1
TPa.57 The VG can be calculated from their corresponding
weight fraction according to eqn (5):
VG ¼

Fig. 6 (A) Strain–stress curves for the ﬁlms of PBO and their composites with diﬀerent graphene loadings; and (B) the experimental Young’s
modulus of the TRG/PBO nanocomposite ﬁlms as a function of the
volume fraction of TRG, and theoretical data calculated from the
Halpin–Tsai model. The green and blue lines are linear ﬁt of the theoretical and experimental data in the lower graphene content range,
respectively. As the theoretically calculated Young’s modulus have a
linear relationship with graphene content, the theoretical data for the
higher graphene loading are thus not provided.

adhesion between the fibrous or flake-shaped filler and
matrix.39,44 For the nanocomposites with TRG aligned parallel
to the surface of the composite film, the Young’s modulus can
be calculated following eqn (3) and (4):56
Eparal ¼



1 þ ð2LG =3TG ÞηL VG
EP
1  ηL VG

ηL ¼

ðEG =EP Þ  1
EG =EP þ 2LG =3TG

ð3Þ

ð4Þ

where Eparal is the Young’s modulus of the PBO composite
with TRG aligned parallel to the surface of the film, EP is the
Young’s modulus of the polymer matrix, EG is the Young’s

This journal is © The Royal Society of Chemistry 2016

wρP
wρP þ ð1  wÞρG

ð5Þ

where w is the weight fraction of the graphene nanosheets in
the matrix, and ρP and ρG represent the densities of the PBO
matrix and TRG, which are taken as 1.56 and 2.2 g cm−3,
respectively.31,39,44
As shown in Fig. 6B, at a low graphene concentration, an
excellent agreement was observed between the experimental
Young’s modulus (Yc) of the TRG/PBO nanocomposites and
the theoretical results predicted by the Halpin–Tsai model,
which shows that the TRG are aligned parallel to the surface of
the nanocomposite film. This good consistency further confirms the alignment of TRG in the PBO matrix. The reinforcement eﬃciency, which is quantitatively evaluated by measuring the increasing rates of the Young’s modulus (dYc/dVf ) at a
low filler volume fraction (Vf ), is dYc/dVf = 747 ± 38 GPa by calculation. It is almost 7 times as high as the reported values of
either PVA or PBI composites with aligned GO sheets,58,59
suggesting a remarkable eﬀective reinforcement of the
reduced graphene for the PBO matrix. This can be attributed
to the advantageous π–π interaction between the one-dimensional polyaromatic structure of PBO and the 2D sp2-hybridized domain of the TRG.60–62
It is notable that the thermal stability of the TRG/PBO
nanocomposites was also increased on increasing the loading
of aligned TRG sheets. Fig. 7 displays the TGA curves of the
pure PBO resin and its nanocomposites with diﬀerent TRG
contents. All the curves exhibit a similar single-stage degradation behavior due to the thermal decomposition of PBO.
However, the TGA curves of the nanocomposites were shifted
toward a higher temperature when compared to that of pure
PBO. To examine this thermal degradation behavior in detail,
the corresponding first derivative TGA curves were also
obtained. A notable trend of the improved maximum
decomposition temperature (Tmax) was detected upon increasing

Nanoscale, 2016, 8, 19984–19993 | 19991
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way to maximize thermal conductive networks along the heatflow path in graphene nanocomposites and demonstrates the
remarkable reinforcement eﬃciency of TRG for the PBO polymers experimentally. The presented approach potentially
opens up new avenues to design and prepare advanced
polymer-based nanomaterials with extremely eﬃcient heat
transmission and high temperature resistance.
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Fig. 7 TGA and DTG thermograms of PBO and their nanocomposites
with various TRG contents.

Table 2 Thermal decomposition temperatures at the points of 5 wt%
and 10 wt% weight loss (T10%) and the maximum degradation rate (Tmax)
for PBO and their TRG nanocomposites

Sample

T5% (°C)

T10% (°C)

Tmax (°C)

PBO
PBO/TRG_0.35
PBO/TRG_0.70
PBO/TRG_1.40

589
607
617
629

628
646
652
662

665
675
680
687

the content of TRG. As summarized in Table 2, the thermal
degradation temperatures of 5% (T 5% ) and 10% (T 10% )
weight loss, as well as the maximum peak temperatures of the
pristine PBO resin, are remarkably lower than that of their
composites with TRG loadings of 0.35–1.4 vol%. For example,
the T5% of the PBO composite containing 1.4 vol% TRG
reached a temperature as high as 630 °C, which is even 50 °C
higher than the value of neat PBO. This significant improvement of thermal stability can be interpreted by eﬀective heat
shielding derived from the aligned graphene sheets, which
act as multiple barriers to minimize the permeability of the
volatile degradation products generated from the TRG/PBO
nanocomposites.

4.

Conclusion

In summary, by synthesizing a soluble PBO precursor (TBSprePBO), TRG/PBO nanocomposites with graphene sheets selfaligned parallel to each other along the composite film surface
were facilely fabricated, generating eﬀective in-plane heat
transfer pathways with extremely high thermal diﬀusivity in
the composites at a relatively low graphene content. The
graphene fillers’ alignment enables rapid heating impulse
response, high thermal conductivity, remarkable reinforcement eﬃciency and combined thermal stability enhancement
of the TRG/PBO nanocomposites. This work develops a novel
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