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ABSTRACT: We report a facile in situ synthesis of reduced
graphene oxide (RGO)—phenol formaldehyde (PF) compo-
sites with an interactive oxidation—reduction reaction. In this
interactive chemical reaction, graphene oxide (GO) was
reduced to RGO by phenol, and simultaneously phenol was
oxidized to benzoquinone. The noncovalently adsorbed
phenol on the RGO surface can not only serve as an effective
reductant but also participate in the in situ polymerization and
guide the formation of PF on the RGO surface. RGO—PF
composites with different RGO contents were prepared
successfully and further characterized with fluorescent spec-
troscopy, scanning electron microscopy, and transmission
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electron microscopy. The mechanical strength, electrical conductivity, thermal conductivity, and thermal resistance of the created
RGO—PF were investigated. The results indicated that the dispersity of RGO in the PF matrix and the interfacial interaction
between RGO and PF were improved greatly because of formation of the RGO—PF hybrid in the in situ synthesis. The
homogeneous dispersion and in situ polymerization of RGO sheets help to enhance the thermal conductivity of RGO—PF
composites from 0.1477 to 0.3769 W m~' K™' and endow the composites with a good electrical conductivity. In addition, the
well-dispersed RGO—PF composites are much more effective in improving their mechanical property and heat resistance.
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B INTRODUCTION

Graphene, as a single layer of carbon atoms in a hexagonal
lattice, has recently attracted much attention."* Graphene is a
potential new material for various applications because of its
high thermal conductivity,3 high mechanical properties,“’5 and
unique electronic characteristics.”” At present, graphene has
been prepared by a variety of techniques, including liquid-phase
exfoliation of graphite,8 chemical processing,9 and thermal
treatment.'® For example, Si and Samulski reported a chemical
route to aqueous solutions of isolated graphene sheets by
removing residual oxygen functionality and introducing sulfonic
acid groups in partially reduced graphene oxide (GO).'" Chen
et al. presented a very simple method to prepare graphene from
a GO suspension with the assistance of microwaves in a mixed
solution of N,N-dimethylacetamide and water."”” Among these
methods, chemical reduction of exfoliated GO is an efficient
approach to the large-scale production of graphene."”'* The
common reducing agents of GO include hydrazine,">~"” strong
alkaline,'® sodium borohydride,19 and glucose.zo For example,
Gao et al. devised a complete reduction process through
chemical conversion by sodium borohydride and sulfuric acid
treatment.”' Ren et al. investigated the reduction effect and
mechanism of the as-prepared GO reduced with hydrazine
hydrate at different temperatures and time.”” Although these
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reducing agents have the remarkable effect of producing highly
reduced RGO, some of them, like hydrazine and strong
alkaline, are harmful chemicals to both human health and the
environment. In addition, several reducing agents may easily
enrich the graphene sheets, and it is usually difficult to carry out
the purification of graphene. Thus, more environmentally,
greener alternatives to the use of such reductants have been
highly developed to benefit and facilitate the large-scale
production and application of graphene.”*** For example,
Gao et al. reported an environmentally friendly method to
produce graphene that employs Vitamin C as the reductant and
amino acid as the stabilizer.>* This may allow the application of
graphene not only for electronic devices but also for
biocompatible materials.

Previous studies indicated that the incorporation of graphene
with other polymer matrixes can extend the applications of
graphene materials. Some polymers like epoxy,”*~>* nylon,”
poly(methyl methacrylate),***" and polystyrene (PS)**** have
been utilized to combine with graphene to create graphene—
polymer hybrid materials. To achieve enhanced properties of
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graphene—polymer materials, the key issue is to obtain well-
dispersed graphene with suitable surface modification. How-
ever, homogeneous dispersion and interface interaction
between graphene and polymer matrixes seem to be the
bottlenecks with traditional blending approaches because
graphene as a bulk material has a pronounced tendency to
agglomerate.z”“_37 To solve this problem, two methodologies,
namely, the covalent and noncovalent modifications of
graphene with polymers, have been carried out>®™*' The
noncovalent modification of graphene was performed by
wrapping and adsorbing polymers under the binding force of
m—n interactions. In general, aromatic structures are known to
interact strongly with the basal plane of the graphitic surface via
7—7n stacking.”® * For instance, Shen et al. reported the
modification of graphene with PS through 7—7 stacking.*’
They found that the PS chains on PS-functional graphene
(PSFG) could effectively prevent the aggregation of graphene
sheets and the created PS—PSFG composites are homoge-
neously dispersed and exhibit improved electrical properties.
Covalent modification of graphene is performed by GO, which
consists of covalently attached oxygenated functional groups
such as hydroxyl, epoxy, and carboxyl that made GO easy to
disperse in an organic solvent and a polymer matrix. In one
typical example, Salavagione et al. reported the covalent
modification of graphene sheets with poly(vinyl alcohol)
(PVA).*" They suggested that the covalent linkages between
GO and PVA are responsible for the crystallinity and thermal
stability of synthesized GO—PVA composites.

Phenol formaldehyde (PF) is preferred in a wide range of
applications, from commodity and construction materials to the
high-technology aerospace industry. This recognition emerges
from the fact that PF has several desirable characteristics, such
an high mechanical strength, electrical insulation, flame-
retardant resistance, dimensional stability, excellent ablative
properties, and low cost.”™* On the basis of the excellent
performances of PF, its composites have been widely used as a
refractory in the field of steel and nonferrous metal smelting,*
an ablative material in the aerospace indust?f,46 braking friction
materials in the communications industry,”” and fire-resistant
insulation materials in the construction industry.*® Especially,
to meet the requirements of the ablative materials for
aerospace, PF was usually modified by incorporating carbon
materials, such as carbon nanofibers, carbon nanotubes, and
graphite.*”>' In spite of the observed thermal stability
reinforcing effect, these carbon materials were difficult to
disperse in the PF matrix, and thus the expected improvements
in thermal resistance and mechanical properties by the
incorporation of carbon materials were not fully realized.

In addition, phenol, as a typical monomer of PF, has certain
reducibility. We expect that phenol can reduce GO to RGO
during in situ polymerization without the addition of other
reducing agents, and eventually RGO—PF composites are
obtained with excellent performance. In this work, we first
proved the reduction ability of phenol on GO and investigated
the interactive oxidation—reduction mechanism with the help
of a fluorescence spectrophotometer. Then we presented a
facile and rapid synthesis of RGO—PF composites by in situ
intercalate polymerization with interactive oxidation—reduction
of phenol and GO. With the help of transmission electron
microscopy (TEM), we investigated the grafting mechanism of
RGO—-PF composites. The dispersibility of GO in RGO—PF
composites was characterized based on microscopic morphol-
ogies, and the thermal, electrical, and mechanical properties of
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RGO-PF composites with different RGO contents were
further explored. It was found that good dispersion of RGO
and its strong interfacial interaction with the PF matrix are the
key factors to improving the properties of the synthesized
RGO—-PF composites. It is expected that the synthesized
RGO—-PF composites will have potential applications in
thermal interface materials, conductive materials, and other
high-technology industries.

B EXPERIMENTAL SECTION

Materials. Natural graphite flake (99.8% purity) was obtained from
Alfa Aesar. H,SO, (95—98 wt %) and KMnO, (99.5% purity) were
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Figure 1. (a) Powder of RGO—PF composites. (b) Specimens for
impact tests. (c) Specimens for electrical conductivity tests. (d)
Specimens for thermal conductivity tests.

purchased from Beijing Chemical Co., Ltd. (Beijing, China). H;PO,
(85% purity) and H,0, (30% aqueous solution) were obtained from
Xilong Chemical Co., Ltd. Novolac PF was synthesized in our
laboratory with phenol (99%) and formaldehyde (36%) monomers
obtained from Beijing Chemical Co., Ltd. (Beijing, China). Oxalic acid
(99%), a catalyst agent, was supplied by Beijing Yili Fine Chemical
Co., China. Hexamethylenetetramine (HMTA), a curing agent, was
supplied by Beijing Yili Fine Chemical Co., China. All chemicals used
in this work were of analytical reagent grade and were obtained from
commercial sources. The water used was purified through a Millipore
system (~182 MQ cm). Carbon-coated copper grids for TEM
characterization were purchased from Plano GmbH (Wetzlar,
Germany).

Synthesis of GO. Natural graphite powder was oxidized using a
modified method®” to produce graphite oxide. In brief, a mixture of
concentrated H,SO,/H;PO, was added to a mixture of graphite flakes
(3.0 g), KMnO,, and H,0,. Then the mixture was centrifuged, and the
remaining solid material was washed in succession with deionized
water, 30% HCI, and ethanol. The remaining material was filtered and
vacuum-dried overnight at room temperature. Finally, 6.0 g of product
was obtained.

Reduction and Noncovalent Modification of GO. The
obtained GO was suspended in water (0.5 mg mL™") and exfoliated
through ultrasonication for 2 h to obtain homogeneous GO
dispersion. Then 7.5 g of phenol was added into 150 mL of the
homogeneous GO dispersion, followed by stirring for 2.5 h at 86 °C.
Finally, the resulting stable black dispersion was centrifuged (15000
rpm) and washed with water three times. The final products were
obtained after remaining in vacuum freeze drying for 2 days.

Interactive Oxidation—Reduction Reaction and in Situ
Polymerization for the Creation of RGO—PF Composites. The
detailed reaction process is as follows. The reagents 300 g of phenol,
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Figure 2. Structure characterization of GO:
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(a) AFM height image; (b) TEM image.

162 g of formaldehyde (36 wt % water solution), and 1.5 g of oxalic
acid were fed into the three-neck flask reactor, and the reaction
proceeded at 86 °C. Simultaneously, GO solutions with different
contents (0, 0.1, 0.2, 0.5, and 1.0 wt %, respectively) were treated with
a bath sonicator (100 W and 40 kHz) for 60 min. Then the solutions
were dropwise added into the reaction system. After the reaction
proceeded at 86 °C for 60 min, 52 g of formaldehyde and 0.9 g of
oxalic acid were replenished to the system and further reacted at 90 °C
for another 90 min. Finally, the reaction product was dehydrated at a
Gauge pressure of —0.1 MPa until the temperature reached 150 °C.

Characterization Techniques. Fourier transform infrared spec-
troscopy (FT-IR; Nicolet 6700, Thermo-Fisher Scientific Inc.,
Waltham, MA), X-ray diffraction (XRD; Rigaku D/max-2500 VB
+PC), Raman spectroscopy (LabRAM, Horiba JY, Edison, NJ), and X-
ray photoelectron spectroscopy (XPS; ESCALAB 250) were used to
compare the structures of GO and RGO. Atomic force microscopy
(AFM) images were recorded using a NanoWizard 3 NanoScience
atomic force microscope (JPK Instruments AG, Berlin, Germany) in
tapping mode to identify the thickness of the GO sheets. A
fluorescence spectrophotometer (PE-LS-SS, America) was used to
detect the products during the process of reduction of GO. TEM
experiments were performed on a Tecnai G*20 transmission electron
microscope (FET) with an accelerating voltage of 200 kV, RGO sheets
were dispersed in ethanol by sonication for 15 min, and some pieces
were collected on carbon-coated 200-mesh copper grids for TEM
observation. For RGO—PF composites, the reaction solution in the
late stage of polymerization was added to alcohol to dissolve PF, and
precipitates were directly disposed with vacuum freeze drying after
high-speed centrifugation. Then the precipitates were dissolved in
alcohol and dropped on carbon-coated copper grids for TEM
observation. The dispersion of RGO in the PF matrix was verified
by scanning electron microscopy (SEM; JSM-6700F).

Property Tests of RGO—PF Composites. RGO—PF composite
powders mixed with 10% HMTA were poured into molds with
different dimensions, and the molds put into a press-molding machine
(model SLY-812A, Dongguan Blue Eagle Jewelry Machinery Factory)
for curing. A four-step curing procedure was used: from room
temperature to 110 °C for 30 min under a pressure of 2—3 MPa and
then slow increasing pressure 12 MPa and increasing temperature to
170 °C within 30 min. After that, the pressure and temperature of the
system were maintained for 10 min. Then the system was cooled
naturally to 50 °C, while the pressure was kept at 12 MPa. At last, we
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obtained various test samples according to the different molds, as
shown in Figure 1.

Mechanical Property. To characterize the mechanical behavior of
the specimens (80 mm X 10 mm X 4 mm), the IZOD test was
performed using a GT-7054-1 impact machine (Gotech testing
machines). A tensile test was conducted using a Gotech TCS-2000
tensile tester. At least five specimens were tested for each sample.

Electrical Conductivity. The electrical conductivities of RGO—PF
composites were measured by an Agilent 4294A instrument. The
specimen dimensions were 10 mm X 10 mm X 2 mm. In order to
provide stable values of the resistivity, the samples were coated with a
layer of silver to ensure good electrical contact. All of the conductivity
measurements were carried out at room temperature.

Thermal Conductivity. The thermal conductivities of RGO—PF
composites were measured by a through-plane thermal conductivity
analyzer (HC-074, Japan) at room temperature. The samples with 60.0
mm jameter and 2.0 mm thickness were tightly pressed between two
parallel plates, which have a certain temperature difference.

Thermal Resistance. The heat decomposition temperature (T)
and ablative resistance were measured by thermogravimetric analysis
(TGA) with a TGA QS00 thermal analyzer at a heating rate of 10 °C
min~" from 20 to 800 °C in an atmosphere of nitrogen.

B RESULTS AND DISCUSSION

Interactive Oxidation—Reduction Mechanism of GO
and Phenol. An improved synthesis method was utilized to
prepare GO.>> Compared to the Hummers method, this new
method does not generate toxic gas and the temperature is
easily controlled. Moreover, the improved method yields a
higher fraction of well-oxidized hydrophilic carbon material and
GO possesses a more regular structure.”® To investigate the
morphology of the synthesized GO, AFM and TEM have been
utilized. The representative AFM image of the GO sheet in
Figure 2a exhibits that the measured thickness of the GO sheet
is 1.0 nm, which agrees with the previous reports on the
thickness of a single layer of the GO sheet.>**> TEM was
further used to confirm the nanosheet morphology of GO, and
the curly layer morphology of GO sheets is clearly shown
(Figure 2b).
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Figure 3. Characterizations of GO and phenol-reduced RGO: (a) photographs; (b) FT-IR spectra; (c) Raman spectra; (d) XRD spectra; C 1s XPS

spectra of GO (e) and RGO (f).

To confirm the interactive oxidation—reduction of phenol
and GO in this system, first we characterize GO before and
after reduction by phenol. Figure 3a shows the photographs of
GO and a phenol-reduced RGO solution. It can be clear found
that the color changes from yellow to black after phenol
reduction, which proved the successful formation of RGO.
Figure 3b presents the FT-IR spectra of GO and RGO. The
spectrum of GO shows several absorption peaks at 3403 and
1405 cm™' (OH), 1733 ecm™ (C=O stretching), 1622 cm™*
(C=C), and 1060 cm™" (CO).%® For the created RGO, the
characteristic absorption peaks of oxide groups (OH, C=O0,
and CO) were found to decrease dramatically, indicating that
GO has been reduced to RGO. Figure 3c gives the Raman
spectra of GO and RGO. Two peaks at about 1363 and 1594
cm™! can be assigned to the D and G bands, respectively. The
D band is related to the vibrations of sp® carbon atoms of
disordered graphene nanosheets, and the G band corresponds
to the vibrations of sp® carbon atom domains of graphite.>®
Similar to that reported for GO,* the G band (1594 cm™)
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broadens after oxidation with the appearance of the D band at
1363 cm™". In Figure 3c, it was found that I/I; increases from
0.80 to 0.89 after reduction, indicating that most of the
oxygenated groups would have been removed during the
reduction process.”’

Power XRD was further used to characterize GO and RGO,
and the typical patterns are shown in Figure 3d. The feature
diffraction peak of GO appearing at 9.50° (d spacing ~9.32 A)
was observed as a result of the introduction of oxygenated
functional groups on the carbon sheets."> For the obtained
RGO, the peak located at 9.5° disappears and shows a dramatic
shift to higher 20 angles (25.10°% d spacing ~3.54 A),
confirming the successful reduction of GO to RGO and the
possible exfoliation of the multilayered RGO.*®

To further identify the formation of RGO, XPS was
performed to characterize removal of the oxygen groups.
Figure 3e shows the C 1s spectrum of GO. Four different peaks
centered at 284.5, 285.6, 286.6, and 288.4 eV are observed,
corresponding to C=C in aromatic rings and C—OH, C-O,

dx.doi.org/10.1021/am405983a | ACS Appl. Mater. Interfaces 2014, 6, 4254—4263
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Figure 4. Fluorescence spectra of (a) phenol, (b) benzoquinone, and (c) the oxidation product.
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Figure 5. Typical TEM images of (a and b) a RGO—phenol hybrid
before polymerization and (c and d) RGO—PF extracted from
composites.

and C=0 groups, respectively. For RGO shown in Figure 3f,
the intensities of all C 1s peaks of the carbon binding to
oxygen, especially the peak of C—O, decreased dramatically,
indicating that most of the oxygen-containing functional groups
were removed after reduction. In addition, the O/C atomic
ratios of GO and RGO declined obviously from 47.45% to
29.50%, which gave a clearer indication of the extent of
reduction achieved.

On basis of the above results, we proposed a potential
interactive oxidation—reduction mechanism of the GO—phenol
system, as shown in Figure 4. We suggest that phenol promotes
the remove of oxygen functional groups of GO and the
formation of RGO; at the same time, the GO oxidizes phenol
to benzoquinone. In a previous report, Wang et al. reported the
reduction of GO with hydroquinone.*® Hydroquinone acted as
a reducing agent by losing either one H* from one of its
hydroxyls to form a monophenolate ion or two H* from both
hydroxyls to form a diphenolate ion (quinone). To test our
hypothesis, we further utilized fluorescence spectroscopy to
characterize phenol and the oxidation product, and the
corresponding florescence spectra are shown in Figure 4a—c.
Detailed analysis of the fluorescence spectra provides clear
evidence on the above hypothesis. The spectra of phenol
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(Figure 4a) and benzoquinone (Figure 4b) show characteristic
peaks at 304 and 332 nm, respectively. Figure 4c shows the
fluorescence spectra of the oxidation product; the major peaks
at 304 and 332 nm indicate the presence of phenol and
benzoquinone. Despite the fact that the intensity peak of
benzoquinone is relatively weak, it provides clear evidence of
the existence of benzoquinone.

In Situ Polymerization of PF on RGO. Parts a and b of
Figure 5 show the typical TEM images of RGO-—phenol
hybrids before in situ polymerization. It can be found that a lot
of substances were enriched by the surface folding of RGO
sheets, which were extrapolated to phenol and benzoquinone
via analysis of the interactive oxidation—reduction mechanism
of GO and phenol. It is suggested that phenol and phenol
homologues adsorb on both sides of the GO sheets via a 7—7
stacking interaction, which provides the amount of active sites
for propagation of the PF chains. As a result, the PF chains
gradually grafted onto the GO sheets in the condensation
reaction.

According to the “grafting” strategy, the interfacial
interaction between RGO sheets and the PF matrix was
enhanced, immensely improving their compatibility. Moreover,
the high density of grafting could help to reduce aggregation of
the nanoscale RGO sheets.*’

The schematic illustration of the formation of RGO—PF
composites is shown in Figure 6. At a certain temperature,
monomers were initiated by oxalic acid to conduct con-
densation polymerization (Figure 6a). Simultaneously, a GO
solution was added to the initial reaction system of PF (Figure
6b), and the interactive oxidation—reduction reaction between
phenol and GO was started. The phenol and phenol
homologues, like benzoquinone and (hydroxymethyl)phenol,
were enriched on GO sheets through noncovalent interaction
via 7—7 stacking, as shown in Figure 6c. In addition, the ester
bonds were formed through the reaction between the carboxy
group on the edge of the GO sheets and the hydroxymethyl
groups of (hydroxymethyl)phenol (Figure 6c). Because there
are many active points on the GO sheets, with the consumption
of monomers, the PF chains gradually propagated and grew
onto the GO sheets by a condensation reaction (Figure 6d).

In order to further verify this proposed mechanism, the
created RGO-PF composites after in situ polymerization were

dx.doi.org/10.1021/am405983a | ACS Appl. Mater. Interfaces 2014, 6, 4254—4263
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reaction system; (c) interactive oxidation—reduction of GO and phenol; (d) in situ polymerization.
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Figure 7. SEM photographs of the impact fracture surface of RGO—
PF composites: (a and b) untoughened; (c and d) 0.5 wt % RGO
content; (e and f) 1.0 wt % RGO content.

characterized. Figure Sc and Sd show the typical TEM images
of RGO-PF in reaction solution in the late stage of
polymerization. Based on the TEM result, we could inspect
the typical stretched and wrapped patterns of graphene sheets
which were well-distributed without congregation. The
resultant homogeneous dispersion of graphene sheets in
composites provided the utmost element to obtain superior
performances of composites. In addition, the PF-grafted
graphene sheets could be observed clearly. The PF was well-
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Figure 8. Impact strength of RGO—PF composites with different
RGO contents.

distributed on the surface of graphene sheets ascribing to the
high density of grafting, which provides good places for the
polymer to grow, as shown in Figure 6d.

Structural Characterization of RGO—PF Composites.
Figure 7 shows the morphology of fractured surfaces of RGO—
PF composites, which exhibit compatibility and dispersion of
RGO in PF. As shown in Figure 7ab, the fracture surface of
neat PF is very smooth, indicating typical brittle fracture
characteristics and revealing its nature of weak resistance to
crack initiation and propagation.®" In the case of the composite
with 0.5 wt % RGO, the fracture surface exhibits a rougher
fracture surface (Figure 7c,d), and numerous wrinkles can be
observed, which indicates good compatibility between RGO
and PF as well as good dispersion of RGO in PF. We suggest
that two main factors are responsible for this. The first factor,
immensely good compatibility, was attributed to the z—n
stacking interactions between RGO and PF, which provide
suitable sites for polymer to grow on the RGO sheets. The
second factor is that the PF chains grafted on the RGO sheets
have relatively uniform length, which thickened most of the
RGO sheets with similar extent.”” Thus, the propagating PF

dx.doi.org/10.1021/am405983a | ACS Appl. Mater. Interfaces 2014, 6, 4254—4263
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chains reduced the aggregation of RGO sheets. Comparatively,
the RGO—PF composite with higher loading (1.0 wt % RGO)
exhibits insufficient dispersion (Figure 7ef). Although the
fracture surface is relatively rough with some wrinkles, it should
be noted that the RGO sheets dispersed in PF exist in the form
of agglomerates (see the red marks in the figures).
Mechanical Strength. Figure 8 shows the impact strength
of RGO—PF composites with different RGO contents, and it is
found that the impact strength is enhanced with an increase of
the RGO content. When the RGO content increases to 0.5 wt
%, the increase of the impact strength is particularly significant.
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It is surprising that the impact strength begins to decrease when
the content of RGO was increased to 1.0 wt %. We suggest that
this phenomenon is ascribed to the aggregation of RGO sheets.
The RGO agglomerates would form steric obstacles, causing
bad interlocking with the host resin matrix and restraining
energy dissipation during the fracture process. In turn, good
dispersion of the GO sheets in composites could lead to an
increase in energy dissipation during the fracture process.®®

Figure 9a shows typical experimental stress—strain curves of
RGO—-PF composites with different RGO contents. Figure 9b
shows the average tensile strength and Young’s modulus for
RGO—PF composites. The tensile strength of RGO—PF
composites increased from 23.91% to 65.09% with 0.1-0.5
wt % RGO. However, for RGO—PF composites with 1.0 wt %
RGO, an obvious decrease of the tensile strength was observed.
For specimens with 0.1-0.5 wt % RGO, Young’s modulus of
RGO—PF composites increased from 13.74% to 37.78% and no
further increase of Young’s modulus was observed for
specimens with 1.0 wt % RGO. Such tensile properties of
RGO—-PF composites could be attributed to efficient load
transfer between RGO sheets and the PF matrix. As mentioned
before, the existence of 7—r stacking between RGO and PF
endowed RGO with good compatibility. In addition, it would
also affect the tensile strength of composites. When the content
of RGO was increased to 1.0 wt %, poor dispersion and
interface interaction were presumably responsible for the
tensile performance improvement. Therefore, the composite
with 0.5 wt % RGO exhibits a better tensile property for good
dispersion of the RGO sheets and the rich interface interaction
between RGO and PF.

It should be noted that the mechanical properties of RGO—
PF composites strongly depend on the extent of load transfer
between RGO and the PF matrix, which is closely bound with
the microstructure of the synthesized composites.

Electrical Conductivity. Figure 10 presents the log—log
plot of the conductivity with respect to frequency at room
temperature for RGO—PF with different RGO contents. It can
be seen that the conductivity of composites continues to
increase with an increase of the frequency. In addition, the
conductivity of RGO—PF composites with different RGO
contents shows a corresponding increase with 0.1-0.5 wt %
RGO. As shown in Figure 10, the conductivity of PF with 0.5
wt % RGO is nearly 1 order of magnitude higher in comparison
to that of a pure PF composite. However, for RGO—PF
composites with 1.0 wt % RGO, its conductivity shows a
decreasing trend.
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Figure 12. Thermal resistance of RGO—PF composites with different RGO contents: (a) TG and (b) DTG curves.

It is well established that the electrical properties of polymer
composites with fillers depend on properties such as the
dispersion state, filler geometry, and filler—filler interaction.**
In our work, the geometry and interaction of conductive RGO
are almost the same. Therefore, the dispersion level of RGO is
crucial to determining the final electrical properties of RGO—
PF composites. Good dispersion of RGO sheets in the PF
matrix can promote the formation of an effective network for
electron path transmittance.®> Thus, the RGO—PF composite
with 0.5 wt % RGO exhibits the highest electrical conductivity
attributed to the homogeneous dispersion of RGO.

Moreover, the electrical conductivity may also have a
connection with the arrangement and orientation of RGO
sheets in the matrix. In a previous report, Ding et al. found that
RGO sheets were mostly vertical to the cross section of
composites and the randomly distributed platelike RGO sheets
in the matrix tend to align parallel to the hot pressing plane.®>
We suggest that the homogeneous dispersion and ordered
arrangement of RGO sheets in the RGO—PF composites can
favor the formation of consecutive electrical conductive
pathways or networks.

Thermal Conductivity. Figure 11 displays the thermal
conductivity of RGO—PF composites. It can be found that the
thermal conductivity increased consistently with an increase of
the RGO loading, which is similar to the tendency of the
electrical conductivity with different RGO contents. The
thermal conductivity of the RGO—PF composites with 0.5 wt
% RGO loading increased by 155%, referring to that of neat PF
(from 0.1477 to 0.3769 W m™" K™'). Equally, the composite
with higher-loading 1.0 wt % RGO exhibits relatively low
thermal conductivity.

Usually, the changing pattern of thermal conductivity is
corresponding to that of the electrical conductivity, and the
analysis about the electrical conductivity can also be used to
explain the thermal conductivity. According to the previous
report, the thermal energy is transferred mainly in the form of
phonons in composite.® Therefore, the good coupling in
vibration modes at the filler—polymer interface will be in favor
of reducing the generation of significant interface thermal
resistance. The chemical bonding between the filler and matrix
can efficiently reduce the acoustic phonon scattering at the
interface.” In our work, the PF chains were chemically grafted
onto RGO sheets through 7—7 stacking interactions and the
ester bond. RGO—PF composites own good thermal
conductivity, which has wide potential applications in the
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high-performance thermal management systems, such as the
computer industry, auto industry, and so on.

Thermal Resistance. Figure 12 shows the TGA and
differenetial thermal analysis (DTA) curves of RGO—PF
composites with different RGO contents. The weight changes
of different RGO—PF composites can be clearly recognized
from the TGA curves (Figure 12a). The percentage of weight
reduction at 800 °C indicates the carbon residual value after the
RGO—-PF composites were degraded. In Figure 12a, it is
obvious that neat PF has the lowest carbon residual value
(55.25%) and RGO—PF composites have a higher carbon
residue consistent with an increase of the RGO loading; the
highest carbon residual weight could reach 63.25% (1.0 wt %
GO). Compared with other polymers, PF has a higher carbon
residual value and has been widely used as an ablation-resistant
material especially in the aerospace field.” In our work, it was
found that only a 1.0 wt % addition of GO could enhance the
carbon residual value of neat PF by 8% and endow PF
composites better heat resistance. We suggest that this might be
caused by two factors. First, graphene, as a kind of carbon
material, has a certain contribution to the increase of the carbon
yield. However, such a contribution should be very small
because the fraction of RGO in the composites is at most 1 wt
%.
polymerization, PF chains grown on the surface of RGO
sheets exhibit a better regularity and crystallinity, which is the
main reason for making an invaluable contribution to the

Second, in our opinion, in the in situ intercalate

improvement of the ablative resistance.

Figure 12b shows the typical DTA curves of RGO—PF
composites with different RGO contents. The peaks shown in
the DTA curves correspond to the decomposition temperature
of different constituents in the composites. In the temperature
range of 150—450 °C, the weights of the composites have a
certain loss, which may be attributed to the inadequate curing
resin with the loss of small molecules. In addition, the
temperatures corresponding to the maximum mass loss for the
RGO-PF composites with different RGO contents (0%, 0.1%,
0.2%, 0.5%, and 1.0%) have been recorded, corresponding to
500.15, 525.56, 532.21, 556.73, and 562.72 °C, respectively. It
can be observed that the decomposition temperature increased
consistently with an increase of the RGO loading, which
indicates that RGO improved the thermal decomposition
temperature of PF composites to a great extent.
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B CONCLUSIONS

In the present work, the RGO—PF composites with an
interactive oxidation—reduction reaction were synthesized by
in situ intercalate polymerization. In this chemical reaction, GO
was reduced to RGO by phenol, and simultaneously phenol
was oxidized to benzoquinone. The noncovalently adsorbed
phenol on the RGO surface can not only serve as an effective
reductant but also participate in in situ polymerization and
guide the formation of PF on the RGO surface. Furthermore,
because of noncovalent interaction via m—n stacking and
covalent bonding between GO and phenol homologues, GO
sheets have good dispersion and strong interfacial interactions
with the PF matrix. As a result, the created RGO-—PF
composites exhibit enhanced performances on the mechanical
strength, electrical conductivity, thermal conductivity, and
thermal resistance. We expect that the novel RGO—PF
composites will have wide applications in aerospace,
communications, and construction industries.
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