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a b s t r a c t

Graphene oxide (GO) modified with furfuryl alcohol and (3-aminopropyl) triethoxysilane (GOFASi) was
used in two separate ways for preparation of novolac resin nanohybrids. In the first procedure, graphene-
containing silica aerogel (GA) was obtained by incorporation of GOFASi into silica aerogel network using
tetraethyl orthosilicate (TEOS). Then, GA was used as an additive in novolac resin matrix. In the second
procedure, the synthesis of a hybrid novolac resin was accomplished by network formation via the re-
action of GOFASi with (3-glycidyloxypropyl)trimethoxysilane-modified novolac resin and TEOS. The
thermal stability and the carbon yield of the hybrid resins obtained by the two procedures were
compared. Fourier transforms infrared spectroscopy, X-ray photoelectron spectroscopy, and thermog-
ravimetric analysis showed that both GO and the novolac resin were successfully modified. Aerogel
formation was proved by Raman, X-ray diffraction, N2 adsorption and desorption isotherms, and by
scanning and transmission electron microscopies.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Organic-inorganic hybrids materials have been have been
extensively studied in the past few decades because of their unique
properties. Polymer matrices can be improved remarkably in their
thermal, mechanical, physical, and other characteristics by incor-
poration of metal oxide clusters via various coupling agents [1e3].
Content of additive, its dispersion uniformity, and interaction with
the host polymer matrix are important factors in properties of such
products. These hybrid materials were commonly prepared via
solegel process, which provides the possibility of polymer chains
incorporation into silica domains. Inorganic domains are mainly
formed from the hydrolysable multifunctional alkoxysilanes.
Interconnected networks are formed by using appropriate coupling
agents which provide covalent bonding between a polymer matrix
and inorganic domains.
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Solegel process is commonly used for synthesis of silica-based
mesoporous materials known as aerogels. Silica aerogels because
of high porosity, large pore volume, low density, and high surface
area were commonly used as thermal and acoustic insulators in
hybrid composites with polymers [4,5]. Microstructure of aerogels
is constructed by hydrolysis and condensation processes, which
mainly controlled by pH of the reaction medium. At lower pH
values, higher hydrolysis rates results in a highly extended network
structures. In contrast, higher condensation rates results in a highly
condensed structures at higher pH values [6]. In addition to pH,
alkoxide type, water amount, temperature, and drying methods are
the other important factors in microstructure of aerogels.

Reinforcement of silica aerogels was previously carried out by
multifunctional coupling agents of alkoxysilanes [7]. Also, alkox-
ysilanes were used to incorporate SWCNT and graphene into the
silica aerogel network for improving its mechanical properties
[8,9]. However, preparation of graphene aerogels with high surface
area and low density were reported by hydrothermal [10,11],
resorcinol and formaldehyde solegel polycondensation [12], and
chemical reduction methods [13e15]. Self-assembly of graphitic
layers into three-dimensional aerogel structure is observed in these
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methods, which prevents from restacking of layers in various
polymer matrices. The latter is very attractive because of its simple
reaction conditions and no requirement of binder moieties. It is
noteworthy that preparation of carbon nanotube and graphene-
carbon nanotube aerogels were also reported [16e19].

Phenolic resins were commonly synthesized from the source of
a phenol and an aldehyde in two forms of resol and novolac, which
is different in phenol and formaldehyde ratio and also type of the
acidic or basic catalyst. Phenolics can be used in ablative thermal
protection applications as thermal resistant thermosets. Structural
modification of phenolics results in high thermal stability and high
carbon yield values upon pyrolysis in nitrogen (TGA). Incorporation
of boron and phosphorous moieties [20e24] and inorganic modi-
fiers [6,25,26] into the phenolics structure are some important
examples of structural modificationmethods. Additionally, thermal
properties of phenolics were improved by the addition of graphene
and carbon nanotube as carbon fillers [27e30].

In this study, phenolic resin structural modification with inor-
ganic silane moieties by solegel process, incorporation of silane-
and furfuryl alcohol-modified graphene and silane-modified
phenolic resin into a silica network, and addition of GA into
phenolic resin has been considered to increase the thermal prop-
erties and carbon yields of phenolic resin products. Herein, GA has
been prepared by a solegel process. Also, graphene and phenolic
resin formed a network by a solegel process similar to GA. Silane
coupling agents of (3-glycidyloxypropyl) trimethoxysilane (GPTES)
for phenolic resin and (3-aminopropyl) triethoxysilane (APTES) for
furfuryl alcohol-modified graphene were used to increase phenolic
resin and graphene compatibility and also network formation. This
can also result in lowering phase separation between the organic
and inorganic media. Designation of samples is given in Table 1.
2. Experimental

2.1. Materials

Novolac resin (IP502, Resitan), graphite (Merck), potassium
permanganate (KMnO4, SigmaeAldrich, 99%), sodium nitrate
(NaNO3, SigmaeAldrich, 99%), sulfuric acid (H2SO4, Merck), furfuryl
alcohol (SigmaeAldrich, 98%), N,N0-dicyclohexylcarbodiimide
(DCC, Aldrich, 99%), 4-dimethylaminopyridine (DMAP, Aldrich,
99%), (3-aminopropyl) triethoxysilane (APTES, SigmaeAldrich,
99%), tetraethoxysilane (TEOS, Merck), (3-glycidyloxypropyl) tri-
methoxysilane (GPTES, Aldrich, 99%), hexamethyldisilazane
(Aldrich, 99%), and hexamethyltetramine (HMTA, SigmaeAldrich,
99%) were used as received.
Table 1
Designation of the samples.

Sample Description

APTES (3-aminopropyl) triethoxysilane
GPTES (3-glycidyloxypropyl) trimethoxysilane
G Graphite
GO Graphene oxide
GOFA Furfuryl alcohol-functionalized GO
GOFASi APTES-functionalized GOFA
GA Graphene-containing silica aerogel
SA Silica aerogel
R Novolac resin
MR GPTES-functionalized R
CR Cured R
RGAX GA/R cured composite with X wt% of GA
MRGAX GOFASi/MR cured composite with X wt% of GOFASi
2.2. Oxidation of graphite to prepare graphene oxide (GO)

Modified Hummers' method was used for preparation of GO
[31]. Accordingly, graphite (3.0 g) and NaNO3 (1.5 g) were mixed
with H2SO4 (180 mL) in a 300-mL flask for 15 min at room tem-
perature. Subsequently, KMnO4 (9.0 g) was slowly added to the
flask and stirring was continued at 35 �C for 7 h. After addition of
the second part of KMnO4 (9.0 g), stirring was continued for 12 h.
Subsequent addition of deionized water (600 mL) and H2O2 (30 v%,
30 mL) results in the reduction of unreacted KMnO4. Wet graphite
oxide with pH of about 7 was obtained by centrifugation, washing
the paste with HCl solution (10 v%), and washing the product three
times with distilled water. Exfoliation of graphite oxide dispersion
by a probe ultrasonic, filtration, and drying the product in vacuum
at 65 �C gives GO.
2.3. Preparation of furfuryl alcohol-functionalized GO (GOFA)

Furfuryl alcohol was attached to the edge of GO by an esterifi-
cation reaction. Accordingly, GO (0.2 g) and DMF (120 mL) were
stirred in a flask for 24 h and then ultrasonically agitated for 30 min
to reach a homogeneous dispersion. Subsequently, furfuryl alcohol
(0.47 mL, 5.41 mmol) was added into the flask and the dispersion
was stirred for another 30 min. Then, DCC (4.0 g, 20.87 mmol) and
DMAP (0.3 g, 2.46 mmol) were added slowly and the mixture was
agitated for 16 h. At the end, GOFA (0.16 g, 80%) was obtained after
filtration, washing the product with DMF for three times, and
drying the solid in vacuum at 65 �C for 24 h (Fig. 1, Part I).
2.4. Preparation of (3-aminopropyl) triethoxysilane-functionalized
GOFA (GOFASi)

APTES was attached to the surface of GOFA by addition of amine
moieties of APTES on the epoxy groups which frequently occur on
GOFA surface [32]. Accordingly, GOFA (0.1 g) and ethanol (50 mL)
were stirred in a flask for 24 h and then ultrasonically agitated for
30 min to reach a homogeneous mixture. Subsequently, after
addition of DCC (0.1 g, 0.52 mmol), APTES in ethanol (1.6 in 10 mL)
was slowly added into the flask and stirring was continued at 70 �C
for 20 h. Then, the product was filtered through a 0.2 mm PTFE filter
and washed with ethanol for three times. After drying the product
in oven at 65 �C, GOFASi was obtained (0.072 g, 72%) (Fig. 1, Part II).
2.5. Preparation of graphene-containing silica aerogel (GA) and
silica aerogel (SA)

GA was prepared by an acid-catalyzed solegel process. GOFASi
(0.25 g) and furfuryl alcohol (8 mL) were stirred in a flask for 24 h
and then ultrasonically agitated for 30min to reach a homogeneous
mixture. Then, TEOS (1.25 g) and deionized water (0.024 g) were
added to the flask. Subsequently, HCl was added in 0.03 wt% of the
solution as the catalyst and stirring was continued for 1 h. Then, GA
was obtained by letting the mixture to remain at the room tem-
perature for 12 h and 60 �C for 72 h (Fig. 1, Part III). SA was also
prepared by an acid-catalyzed solegel process similar to GA.
Accordingly, TEOS (1.25 g) and deionized water (0.024 g) were
added to a flask and after stirring for 30 min, HCl was added in
0.03 wt% of the solution as the catalyst. For simplification of drying
process, surface modification was carried out by immersion of the
product in hexamethyldisilazane (1.10 mL) and n-hexane (10 mL)
for 24 h. SA was obtained after washing the product with n-hexane
for three times and drying the product at 50 �C for 3 h, 150 �C for
2 h, and 200 �C for 1 h.



Fig. 1. General scheme for synthesis of GO, GOFA, GOFASi, and GA.
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2.6. Preparation of (3-glycidyloxypropyl) trimethoxysilane-
modified novolac resin (MR)

Novolac resin modification was carried out by a ring opening
reaction between epoxy groups of GPTS and hydroxyl groups of
novolac resin, as reported previously [6]. Novolac resin (5 g) was
dissolved in THF (5 mL) in a flask. Subsequently, GPTES (2 g) was
added dropwise into the flask and the mixture left under stirring at
70 �C for 24 h. The solution of modified resin was subsequently
used in the preparation of GOFASi/MR composites (Fig. 2, Part I).
2.7. Preparation of GA/novolac composites (RGA)

Calculated amounts of GA (50 and 25 mg for 1 and 0.5 wt%
respectively) and furfuryl alcohol (5 mL) were stirred in a flask for
24 h and then ultrasonically agitated for 30 min to reach a homo-
geneous mixture. Resin compounds were obtained by the addition
of novolac resin solution (5 g resin in 5 mL furfuryl alcohol) and
0.7 g HMTA to the mixtures after agitation for 24 h. The compounds
are molded and cured as follows [6]: the mold temperature was
increased to 80 �C by the rate of 2 �C/min for drying the samples
and remained in this state for 2 h. Then, the mold temperature was
held at 120 �C for 4 h and 180 �C for 2 h for curing and 230 �C for 8 h
for post-curing.
2.8. Preparation of GOFASi/MR composites (MRGA)

Calculated amounts of GOFASi (50 and 25 mg for 1 and 0.5 wt%
respectively) and furfuryl alcohol (8 mL) were stirred in a flask for
24 h and then ultrasonically agitated for 30 min to reach a homo-
geneous mixture. Modified novolac resin solution (5 g modified
resin in 5 mL THF) and HMTA (0.7 g) were added into the flask and
agitated for 24 h. In a beaker, TEOS (1.25 g) and deionized water
(0.024 g) were agitated. HCl was added in 0.03 wt% of the solution
as the catalyst and stirring was continued for 1 h. The resin com-
pounds were obtained by the addition of flask and beaker contents.
The compounds were molded and cured as follows [6]: the mold
temperature was increased to 80 �C by the rate of 2 �C/min for
drying the samples and remained in this state for 2 h. Then, the
mold temperature was held at 120 �C for 4 h and 180 �C for 2 h for
curing and 230 �C for 8 h for post-curing (Fig. 2, Part II).
2.9. Characterization

A Fourier transformed infrared (FTIR) spectrophotometer
(Bruker, Germany) was used to collect the spectra at a 4 cm�1

resolution in the range of 500e4000 cm�1. An average of 32 scans
for each sample was taken in a constant cell path length at room
temperature. Samples were dispersed in KBr pellets and dried in
vacuum desiccators.

Surface composition of the samples was analyzed by an X-ray
photoelectron spectroscopy (XPS, Gammadata-Scienta Esca 200)



Fig. 2. General scheme for modification of novolac resin and its incorporation into the silica and graphene network using GOFASi and TEOS.
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equippedwith an Al Ka (1486.6 eV photons) x-ray source in an ultra
high vacuum at pass energies of 20 and 100 eV for region and
survey scan spectra.

Raman spectra were obtained in the range from 3500 to
100 cm�1 on a Senterra Dispersive Raman spectroscope (Bruker
Optics, Germany) fitted with a 785 nm laser source, a CCD detector,
and a confocal depth resolution of 2 mm. Laser power at the sample
and spectral resolution was 50 mW and 3e5 cm-l respectively. The
laser beamwas focused on the sample using an optical microscope.

Powder X-ray diffraction (XRD) spectra were recorded by a
D5000 X-ray diffractometer (Siemens, Germany) equipped with a
scintillation counter and Cu Ka radiation (l ¼ 0.1540 nm) at an
accelerating voltage of 35 kV and a current of 20 mA. Samples were
scanned from 2 to 40� at the step scan mode. The basal spacing of
the samples was calculated using the Bragg's equation (l¼ 2dsin q).

Thermogravimetric analysis (TGA) was carried out with a PL
thermal analyzer (Polymer Laboratories, TGA 1000, Shropshire, UK)
on a sample of about 10 mg. All TGA data were recorded from
ambient temperature to 700 �C at a heating rate of 10 �C/min and
under N2 atmosphere at a flow rate of 50 mL/min.

Nitrogen gas adsorption and desorption measurements were
carried out using a Micromeritics ASAP 2010 surface analyzer
(Micromeritics Instrument Corporation, USA) at 76.09 K.
Adsorption-desorption isotherms, BET (BrunauereEmmetteTeller)
and Langmuir specific surface area, BJH (Barret-Joyner-Halenda)
surface/volume mesopore analysis were obtained. Removal of any
adsorbed species from the samples was carried out prior to the
analysis at 250 �C and low vacuum for 12 h.

Morphology of layers and aerogels was studied by scanning
electron microscopy (Vega Tescan SEM instrument, Czech Repub-
lic). The specimens were prepared by precipitation of a thin sample
layer on a mica surface using a spin coater (Modern Technology
Development Institute, Iran) and its subsequent gold-coating using
a sputtering coater.

The transmission electron microscope (Philips EM 208, Eind-
hoven, the Netherlands) with an accelerating voltage of 80 kV was
used to study themorphology of the layers and aerogels. Specimens
were prepared by deposition of a thin sample layer on lacy grades
from the ultrasonically agitated sample and ethanol dispersions.
3. Results and discussion

Graphite was used to prepare GO by an oxidation reaction. As
shown in Fig. 1, furfuryl alcohol moieties were attached to the edge
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of GO by an esterification reaction to yield GOFA. Subsequently,
APTES moieties were attached at the surface of GOFA by addition of
amino groups on epoxy groups of GOFA, thus yielding GOFASi.
Then, GA was obtained by incorporation of GOFASi into aerogel
structure by using TEOS. GA at two different contents was used in
novolac resin matrix to improve its carbon yield value and thermal
properties. As shown in Fig. 2, another procedure was used for
thermal improvement of novolac resin. Accordingly, MR was ob-
tained by structural modification of novolac resin by GPTES. Sub-
sequently, MR, GOFASi, and TEOS were used as reactants in
formation of graphene-containing silica aerogel network. This
finally results in incorporation of novolac resin and graphene layers
into the silica/siloxane aerogel network.

FTIR spectra of G, GO, GOFA, GOFASi, and GA are shown in
Fig. 3(A). Accordingly, GO adsorption spectrum shows some peaks
at wave number of 1219 cm�1 (CeOH stretching vibration),
1722 cm�1 (C]O carboxyl stretching vibration), 1053 and 850 cm�1

(CeO vibration of epoxide groups), and 1623 cm�1 (C]C in aro-
matic ring) [33,34]. The bands at 3412 and in the region of
2817e2972 cm�1 for GOFA, GOFASi, and GA are attributed to the
stretching vibration of OeH and CeH respectively [35,36]. The
bands at 743, 1088, 1208, and 1554 cm�1 in the spectrum of GOFA
are assigned to furan rings [37,38]. Out of the plane bending of CeH
and also C]C linkages of furan rings are observed at 798 and
1650 cm�1 respectively. The bands at 1386 and 1727 cm�1 arise
from aliphatic segments and from carbonyl groups, respectively
[37]. The appearance of the intense band at 1093 cm�1 (SieO
stretching) is an evidence for successful attachment of APTES
moieties to GOFA by a nucleophilic displacement reaction between
epoxy groups of GO and amine moieties of APTES [9]. Additionally,
the peak at 1568 cm�1 represents NeH bending and CeN stretching
and confirms the successful ring opening reaction [39e42]. The
shoulder at 1208 cm�1 for GOFASi and GA originates from
SieOeCH3 symmetric stretching. Also, SieCH2 asymmetric
stretching is observed at 795 cm�1 for GOFASi and GA [42,43]. The
band at 1622 cm�1 in the spectrum of GA also shows that sp2 car-
bon bonds are still remained in the aerogel structure.

Fig. 3(B) shows FTIR spectra for the neat, modified, and cured
novolac resins, and also RGA1 and MRGA1. In all the resin-
containing samples, the bands at 1092, 1500, about 1610 and in
the 2793e2997 cm�1 region are assigned to asymmetric CeH
bending vibration of CH3 and CH2 groups, stretching vibration of
C]C bonds, CeO vibration of phenol groups, and CeH stretching
vibration of CH3 and CH2 groups respectively [27,44]. The bands at
757, 816, and 905 cm�1 show that the aromatic rings of R and MR
contain a considerable amount of substituent groups [45]. After
modification of R with GPTES, the shape of hydroxyl peak in
Fig. 3. FTIR spectra for (A) G, GO, GOFA, GOFASi, and
3000e3700 cm�1 varies, since different hydroxyl group types are
generated by the ring opening reaction [46]. Additionally, a peak at
1048 cm�1 is appeared, which is assigned to SieOC2H5 vibration of
GPTES moieties. These observations clearly show that GPTES moi-
eties are successfully attached to the backbone of R. The vibration of
SieO groups are also observed in RGA1 and MRGA1 spectra at
1010 cm�1, which confirms the presence of siloxane (or silica)
networks in both of the samples. In addition, other characteristic
peaks of R and MR with lower intensities can be observed in the
spectra of RGA1 and MRGA1 respectively.

As displayed in Fig. 4, XPS was used to study the surface
elemental composition of GO and GOFASi. Survey scan spectra for
GO and GOFASi are displayed in Fig. 4(A). Additionally, N 1s, Si 2p,
and Si 2s core-level spectra of GOFASi are presented in higher
resolutions. It is clear that appearance of the bands for N 1s at about
404.6, Si 2p at 105.5, and Si 2s at 157.1 eV is a result of successful
functionalization of GO with APTES moieties [9,42,47]. Partial
reduction of GO can easily be observed by the increase of C 1s peak
area, as shown in Fig. 4(B). Besides the partial GO reduction during
the modification, which was proven also by Raman spectroscopy
(see below), the newly attached alkyl groups of APTES also likely
contribute to the increased area of the C 1s peak. In Fig. 4(C), C 1s
core-level spectrum is deconvoluted to some distinguished peak
components. Appearance of SieC and CeN peaks at 286.5 and
290.0 eV clearly confirms the successful grafting of APTES moieties
by the ring opening of epoxy functional groups [48,49]. Table 2
summarizes the results of XPS as the amount of each functional
group and atom content. Carbon to oxygen ratio is increased after
functionalization of GO, which is a result of partial reduction of GO
layers. Carbon to silicon ratio of 15.48 from the survey scan spec-
trum of GOFASi shows that about 1molecule of APTES was attached
to every 2.5 aromatic rings of graphene. In addition, the reduction
in the relative intensity of CeO peak component and the increase in
the relative intensities of sp2 and sp3 hybridized CeC peak com-
ponents are consistent with successful attachment of furfuryl
alcohol and APTES moieties.

Raman spectroscopy is highly sensitive to electronic structure in
double bond-containing carbon materials. Thus, it was used to
study the ordered and disordered carbon crystal structures in G,
GO, GOFA, GOFASi, and GA (Fig. 5). According to the results, three
characteristic peaks of G can be observed. Diamond (D) band at
1311 cm�1 comes from the breathing mode of k-point phonons of
A1g symmetry and is assigned to the defects (sp3 carbon) and also to
the edge effect of graphene platelets. Graphitic (G) band at
1578 cm�1 originates from the first order scattering of the E2g
phonons of sp2-carbon atoms and is attributed to the ordered ar-
omatic domains. 2D band at 2640 cm�1 is related to the stacking
GA and also (B) R, MR, CR, RGA1, and MRGA1.



Fig. 4. (A) Survey scan XPS spectra for GO and GOFASi, (B) C 1s core-level spectra for GO and GOFASi, and (C) deconvoluted C 1s core-level spectrum for GOFASi.

Table 2
Surface elemental composition of GO and GOFASi resulted from XPS (Data of GO is
extracted from Ref. [50]).

Graphene type XPS data

Composition (%) Ratio

O C N Si C/O C/Si

GO 58.07 41.93 e e 0.72 e

GOFASi 28.40 63.62 3.87 4.11 2.24 15.48

Composition of C in groups
O]CeO, C]O CeO CeC C]C CeN SieC

GO 36.19 33.89 8.69 21.23 e e

GOFASi 13.61 9.62 16.31 45.28 8.99 6.19

Fig. 5. Raman spectra for G, GO, GOFA, GOFASi, and GA.
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order of carbon layers and commonly used for determination of
graphene layers number [33e35,51]. The shape of 2D band and its
position are important factor in distinguishing between the single
layer, bilayer, and multilayer graphenes. Single layer graphene
shows a single 2D peak below 2700 cm�1; however, bilayer gra-
phene displays a broader up-shifted 2D peak near 2700 cm�1. The
2D peak for multilayer graphene appeared at higher than
2700 cm�1 [52]. By oxidation of G, D and G bands are appeared at
1299 and 1595 cm�1 respectively. In addition, the intensity ratio of
D to G bands (ID/IG) increases considerably (from 0.58 for G to 1.45
for GO), which indicates the decrease of graphitic network size
upon the oxidation process [53]. ID/IG values for GOFA and GOFASi
(1.19 and 1.03 respectively) show that GO layers are partially
reduced upon the functionalization processes. Partial reduction of
GO by functionalization was also reported previously [33,54]. In
addition, the lower ID/IG ratio for GOFASi compared with GOFA
indicates that the graphitic crystallite size is higher in GOFASi. Also,
2D peak disappeared by the oxidation and functionalization of
graphene with furfuryl alcohol and APTES moieties. This clearly
shows that stacking order is reduced and layers are exfoliated
[34,53]. GOFASi shows a small peak at 512 cm�1 which corresponds
to the presence of silicon [55,56]. Interestingly, GA shows a very
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different spectrum compared with the others. Disappearance of 2D
and G bands, severe decrease of D band intensity, and also
appearance of some peaks at below 1000 cm�1 show that layered
structure of graphene is destroyed and can be an evidence for
aerogel formation. Sever decrease of D and G band intensities upon
the formation of aerogel was also reported by Zhang et al., who
prepared aerogels by hydrothermal method [57]. Very high value of
ID/IG for GA shows that the size of continuous areas of sp2 carbon is
very small while sp3 carbon is dominant, which is also resulted
from the aerogel network formation. Additionally, the peaks at 545
and 1060 cm�1 are attributed to SieO network [55,58] and the
peaks at 742 and 946 cm�1 are assigned to SieC group [59,60].

Evaluation of graphene structure and its interlayer expansion
upon the oxidation, modification, and aerogel formation processes
was carried out using XRD patterns. The XRD patterns for G, GO,
GOFA, GOFASi, GA, R, RGA0.5, and MRGA0.5 are displayed in Fig. 6.
Results show that oxidation of graphene layers expands their
interlayer spacing from 0.34 to 0.93 nm (variation of diffraction
angle from 26 to 9.52�) as a result of formation of oxygen-
containing functional groups. Additionally, decrease of sp2-hy-
bridized crystalline domains size and therefore looser stacking of
layers upon the oxidation results in broadening of XRD peak, which
justifies the Raman results [61]. Attachment of furfuryl alcohol
moieties to the edge of GO further expands the interlayer spacing to
the value of 1.10 nm (diffraction angle of 8�). Ring opening reaction
of GOFA epoxy groups by APTES amine moieties results in further
increase of the interlayer spacing to the value of 1.64 nm (5.37�). As
described, there is not any peak related to GO in the diffraction
pattern of GOFA and GOFASi, which clearly shows that layers are
disordered during the modification processes [62]. The peak at
30.12� originates from APTES moieties [47]. GA shows a broad peak
at diffraction angle of 21.16� which corresponds to the (002)
reflection of the graphene layers and indicating the poor ordering
of layers along their stacking direction [63,64]. The interlayer
spacing of GA is calculated to be 0.41 nm. These results confirm
pep stacking in aerogels [65]. It originates from the coherent
diffraction of SieO based domains and is an evidence for the for-
mation of aerogel structure [66,67]. It is also observed that no
characteristic peak of GO or modified GOs is observed in the
diffraction pattern of GA, which is an indication of a good disper-
sion of layers in the aerogel matrix without any overlap [68,69].
Additionally, the broad peak of GA strongly confirms the formation
of aerogel structure [70]. In the case of R, the amorphous peak at
around 19.5� is characteristic of phenolic resins [71]. According to
the fact that there is not any peak other than GA and the amorphous
R peak in the XRD patterns of RGA0.5 and MRGA0.5, it can be
Fig. 6. XRD patterns for G, GO, GOFA, GOFASi, GA, CR, RGA0.5, and MRGA0.5.
concluded that there is not any stacked form of graphene layers in
the GA/novolac and GOFASi/modified novolac hybrids different
from GA stacking.

Thermogravimetric analysis of various graphenes, novolac resin,
and its composites is carried out in N2 atmosphere and the results
are displayed in Fig. 7 and Table 3. According to the results of
Fig. 7(A) and (B), G is almost stable till 700 �C with char value of
about 93.2%. However, GO is unstable and losses mass upon heating
in three stages. The first decomposition step occurs at below 100 �C
and originates from absorbed water in its p-stacked structure
[72,73]. The second step, between 150 and 220 �C, is attributed to
release of CO and CO2 from the most labile oxygen-containing
functional groups. The third step, between 200 and 350 �C, is
assigned to the degradation of more stable oxygen functionalities
[74]. Finally, GO reaches to char value of about 35.3% at 700 �C.
Successful functionalization of GO with furfuryl alcohol and APTES
moieties from the edge carboxyl groups and surface epoxies is also
reflected by TGA curves. The content of oxygen functional groups is
reduced during the edge and surface functionalization processes;
therefore, a different decomposition patterns are observed for
GOFA and GOFASi. The char value of about 41.5% for GOFA at 700 �C
is related to the decomposition of furfuryl alcohol and remained
oxygen functionalities. GOFASi thermogram reaches to 47.3% at
700 �C as a result of degradation of APTES moieties in addition to
furfuryl alcohol and remained oxygen functionalities. Decrease of
weight loss at the second and third steps for GOFA and GOFASi with
respect to GO arises from the decrease of the content of oxygen-
containing functional groups and confirms the successful func-
tionalization processes [33,34]. This is also confirmed by the
reduction of weight loss at the first step by further functionalization
of GO by furfuryl alcohol and APTES moieties as a result of lower
water adsorption. The differences between the char yields of GOFA
and GOFASi with GO can be a rough estimation of modifier content.
Consequently, weight ratio of furfuryl alcohol in GOFA and APTES in
GOFASi is estimated to be 6.2 and 5.8% respectively. Interestingly,
weight loss and its derivative thermograms for GA are different
from the others. This mainly originates from the presence of SieO
groups and network formation. The weight loss below 100 �C is
very low for GA, which shows very low amount of water adsorption
as a result of removal of thermally labile oxygen functionalities
after two modification processes and a silane network formation.
Fig. 7(B) shows that GA decomposition occurs at two steps. The
weight loss of about 17.3% at about 305 �C can be assigned to the
decomposition of remained oxygen functionalities. The low weight
loss at this step shows that most of oxygen functional groups have
been converted during the reactions with furfuryl alcohol and
APTES and also silane network formation. The second step with a
weight loss of 30.6% can be assigned to the pyrolysis of silane
moieties and carbon skeleton [9,67] at two stages (respectively at
about 480 and 575 �C). DTG peak of GA shows that the second
degradation step mainly occurs by the decomposition of carbon
skeleton. This proves that graphene layers are the dominant
component in GA and that siloxane moieties or silica from TEOS act
as agents supporting aerogel formation. From the char value of
about 50.4% for GA, one can estimate that about 3.1 wt% of GA is
composed of silane moieties. Fig. 7(B) and Table 3 shows that the
decomposition temperatures of GO is lower than GOFA and GOFASi
as a result of its higher content of oxygen-containing functional
groups. The weight and molar ratio of furfuryl alcohol and APTES
moieties in the graphene layers can be calculated from TGA ther-
mograms using Equations (1) and (2) [35,75,76].



Fig. 7. (A) TGA and (B) DTG curves of G, modified graphenes, and GA and also (C) TGA and (D) DTG curves of CR and its composites.

Table 3
Summary of TGA results.

Sample DTG peak point (�C) Char (%) Sample DTG peak point (�C) Char (%)

G e 93.2 R 448 55.3
GO 69, 161, and 257 35.3 RGA05 451 60.7
GOFA 171, 266 41.5 RGA1 455 60.1
GOFASi 179, 279 47.3 MRGA05 475 67.9
GA 301, 485, and 579 50.4 MRGA1 492 70.6
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Gr;Mðweight ratio of modifier on grapheneÞ ¼ w%M

100�w%M
(1)

Gp;Mðmolar ratio of modifier on grapheneÞ ¼

�
w%M

100�w%M

�

MM
(2)

where, w%M and MM denote the weight loss and molecular weights
for the modifier respectively. In the case of GOFA, considering
modifier content of 6.2 wt% and furfuryl alcohol molecular weight
of about 97.10 g mol�1, Gr,FA and Gp,FA are calculated to be
6.61 � 10�2 and 680.7 mmol/g respectively. Regarding GOFASi,
APTES content of 5.8 wt% and its molecular weight of about
221.37 g mol�1 results in Gr,APTES and Gp,APTES values of 6.15 � 10�2

and 278.1 mmol/g respectively.
In accord with the results of Fig. 7(C) and (D), char value for the

novolac resin is about 55.3%. By the addition of 0.5 wt% of GA, this
value is increased to 60.7%. However, the synthesis of the hybrid
novolac by molecularly blending and condensing modified resin
with GOFASi and TEOS results in a much higher char value of 70.6%
in the presence of 1 wt% of GOFASi. This clearly shows that in
addition to the increase of char value by the addition of GA content,
structural modification of novolac resin and its incorporation into
the aerogel network can increase the char value significantly. Char
value of 70.6% at 700 �C confirms the structural stability at higher
temperatures. Our previous work on novolac composites with GO
and GOFA showed that char value increases to 60.6 and 62.1% by the
addition of GO and GOFA respectively [27]. This confirms that
functionalization of GO with furfuryl alcohol moieties makes it
more compatible with the novolac and furfuryl alcohol mixture
before curing. Also, GOFA is involved in the curing reaction via its
furfuryl alcohol moieties and results in higher char values. Inter-
estingly, char value increases considerably in the case of MRGA
samples. Higher compatibility of furfuryl alcohol-modified gra-
phene layers with novolac resin mixture, incorporation of GPTES-
modified novolac resin in the silane network of GOFASi and TEOS,
and subsequent curing of novolac resin result in a cured hybrid of
graphene, novolac resin, and silane networkwith such an improved
thermal properties. This newmaterial is further compared with the
other novolac resins with improved thermal properties in Table 4.
Additionally, thermal stabilities of the entire composites are higher
than the neat novolac resin. DTG peak point, as an indication of
degradation temperature, increases by the addition of GA content.
Noticeably, resinmodification and its incorporation into the aerogel
network increases thermal stability of novolac resin. Finally,
degradation temperature of novolac resin increased from 448 to
496 �C by the addition of only 1 wt% GOFASi, modification of resin,
and hybrid aerogel formation.

Table 4 shows increase of carbon yield value in thermally-



Table 4
Increase of carbon yield values in various structural modification of novolac resins and nanofiller addition.

Method Resin chara (%) Final char (%) Additive content (wt%) Increase (%) Ref

Additives Boron-containing chemical 64.2 75.4 10 11.2 [20]
Boron-containing chemical 63.8 71.3 10 7.5 [21]
Boron-containing chemical 63.8 73.1 20 9.3 [21]
Boron-containing chemical 63.8 71.3 10 7.5 [22]
Boron-containing chemical 63.8 62.1 50 �1.7 [22]
Boron-containing chemical 63.8 78.4 80 14.6 [22]
Boron structural modification 63.0 76.4 10 13.4 [23]
Phosphorus modification 12 39 3.46 27 [24]
Phosphorus modification 12 43 5.50 31 [24]
Phosphorus modification 12 47 7.79 35 [24]

Nano GO-containing 55.29 60.55 0.4 5.26 [27]
GOFA-containing 55.29 62.09 0.4 6.8 [27]
Reduced GO-containing 55.25 63.25 1 8.0 [28]
Carboxylated MWCNT 59.6 62.7 0.95 3.1 [29]
GA-containing 55.3 60.7 0.5 5.4 This Work
GA-containing 55.3 60.1 1 4.7 This Work

Additives & Nano MWCNT and Boron modification 66b 68.7 0.25 2.7 [30]
MWCNT and Boron modification 66b 70.9 0.5 4.9 [30]
MWCNT and Boron modification 66b 72.2 1 5.2 [30]

Solegel Novolac resin/GOFASi hybrid 55.3 67.9 0.5 12.6 This Work
Novolac resin/GOFASi hybrid 55.3 70.6 1 15.3 This Work

a Heating rate of 10 �C/min except for MWCNT/Boron modification with 20 �C/min.
b For boron-containing resin.
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reinforced novolac resins with three methods of conventional
chemical additives, nanofiller addition, and combination of chem-
ical additives and nanofiller addition. It can be seen that the
chemical additivesmethod requires a considerable additive content
compared with the nanofiller method. Commonly, boron- and
phosphorous-containing chemicals were used in chemical addi-
tives method to improve the thermal properties and most impor-
tantly carbon yield value. In the case of boron-containing chemical
additives, mixture of boric acid terminated hyperbranched poly-
borate (HBp) and phenolic resin was prepared by Liu and Jing [20].
They showed that char value is increased from 64.2 to 75.4% for the
neat and modified phenolic resins respectively. Xu and Jing used
HBp as an additive and reached carbon yield value of 71.3 and 73.1%
by the addition of 10 and 20 wt% of HBp [21]. They also reported
variation of char value from 63.8% to 71.3, 62.1, and 78.4% by the
addition of 10, 50, and 80 wt% of HBp [22]. Wang et al. reported an
aryl-boron-containing phenolic resin prepared by reacting phe-
nylboronic acid with phenolic resin [23]. They showed that 10 wt%
of phenylboronic acid addition resulted in carbon yield value of
76.4% at 800 �C, which is much higher than phenolic resin char
value of 63.0%. In a similar work, they also showed that an aryl-
boron-containing phenolic resin synthesized from phenol, form-
aldehyde, and phenylboronic acid has carbon yield value of 70.0% at
1000 �C, which is also higher than phenolic resin char value of
60.0% [77]. Considering phosphorous-containing phenolic resins,
Hsiue et al. improved the char value of a selected phenolic resin by
35% with the addition of only 7.79 wt% of diethylphosphoryl chlo-
ride. However, low char value of unmodified resin results in a low
carbon yield value for these materials at 700 �C [24]. On the other
hand, a very lowcontent of carbon nanofillers results in high carbon
yield values. In our previous work, we reached to the carbon yield
value of about 60.55 and 62.09% by the addition of only 0.4 wt% of
GO and GOFA respectively [27]. We concluded that modification of
GO with furfuryl alcohol improved the final char value to some
extent, because of involving graphene layers in the curing reaction
via its furfuryl alcohol moieties. Similar results were obtained by
Zhao et al. in the in situ synthesis of reduced GO/phenol formal-
dehyde composites [28]. Phenol adsorption on the surface of
reduced GO via noncovalent pep stacking and its subsequent
participation in the polymerization result in the arrangement of
resin chains on the reduced GO surface. They reached to the char
value of 63.25% by the addition of 1 wt% of reduced GO. Cui et al.
used MWCNT and carboxylated MWCNT in the in situ polymeri-
zation of phenol formaldehyde and observed 59.6, 60.1, and 62.7%
carbon yield values for the neat, MWCNT-, and carboxylated
MWCNT-loaded phenol formaldehydes respectively [29]. Consid-
ering additive and nanofiller methods, an improvement of thermal
properties of a boron-containing phenolic resin was carried out by
Liu and Ye [30] and 5.2% increase of carbon yield valuewas achieved
by addition of only 1 wt% of MWCNT. We showed that addition of
only 0.4 wt% of GOFA results in 6.8% increase of char value of
novolac resin [27]. In the current work, we studied the effect of GA
addition and also resin incorporation in graphene-containing silica
aerogel network on char value of novolac resin and we increased
the char value by 4.4%. To increase this value, in addition to furfuryl
alcohol and APTES functionalization of graphene layers, phenolic
resin incorporation into the graphene-containing silica aerogel
network was accomplished by silane modification of resin. Inter-
estingly, 15.3% increase for char value was observed by the network
formation. We think that the final carbon yield value of this resin
network can be increased by using resins with higher char values or
using structural modified resins with boroneor phosphorous-
containing materials. It is an ongoing work in our group to use a
structural-modified phenolic resin with boron and silane moieties
to form aerogel with furfuryl alcohol- and silane-modified gra-
phene for more increase of final carbon yield value. We guess to
reach a higher carbon yield values compared with MRGA1.

As shown in Fig. 8(A), microstructural feature of GA is investi-
gated by multilayer nitrogen adsorption-desorption isotherms at
76.11 K (BrunauereEmmetteTeller (BET) technique [78]). The
isotherm is type IV with a pronounced type H3 hysteresis loop
attributed to the capillary condensation and suggesting meso-
porous structures [70,79]. According to IUPAC, mesopores are pores
with diameters between 2 and 50 nm. Pores with diameters less
than 2 nm are named micropores and macropores is ascribed to
pores of diameters larger than 50 nm [17]. The rapid increase of gas
adsorption at low relative pressures (P/P0 < 0.01) is attributed to
micropores [16,17]. This shows that GA contains a little amount of
micropores. Cumulative pore volume plot and also pore size dis-
tribution curve, dV/dD as a function of D, are obtained from the



Fig. 8. (A) Nitrogen adsorption-desorption isotherm for GA, (B) BJH desorption cumulative pore volume of SA and GA, and (C) pore size distribution curves of SA and GA.
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Barret-Joyner-Halenda (BJH) method using nitrogen adsorption-
desorption data [80] and the curves for SA and GA are shown in
Fig. 8(B and C). Interestingly, incorporation of graphene layers into
the aerogel network results in higher cumulative pore volume
values and also broader pore diameter distribution curve with a
larger peak point value. This means that pores are increased in
diameter and they become more heterogeneous in size in the
presence of graphene layers. The pore size of SA and GA ranges from
2 to about 100 nm; however, size of a large number of pores is
between 2 and 10 nm in both of them. This shows that SA and GA
can be included in the mesoporous materials category. Higher pore
size of GA may result from the heaping of graphene layers [70].
Considering cylindrical pore geometry, pore diameter of a material
can be estimated form the volume of the gas required to fill all the
pores as D ¼ 4Vp/SBET, where D is the average pore diameter and Vp
is the pore volume [81]. BET surface area (SBET) for SA and GA is
calculated from the linear plot of 1/[VA � (P0/P)-1] against relative
pressure (P0/P) (SI: Fig. 1(A)), where VA is assigned to the volume of
adsorbed gas [78,81]. Additionally, Langmuir surface area (SLang-
muir) for SA and GA is obtained from the linear plot of 1/[VA� (P0/P)]
against relative pressure (P0/P) (SI: Fig. 1(B)) [82]. Specific surface
area by BET, Langmuir, and BJH methods, pore volumes, and pore
diameters are calculated from the BET, Langmuir, and BJH plots and
the results are presented in Table 5. Accordingly, the average pore
sizes of 5.90 and 6.58 respectively for SA and GA show their mes-
oporous structure. High surface area and suitable pore size are
characteristics of both SA and GA products.

SEM images of G, GO, SA, and GA are displayed in Fig. 9 (AeD).
According to the images (A and B), flat layers of G are wrinkled
during the oxidation process and lots of curvatures are appeared.
Spherical particles with uniform size distribution in the aggregated
spongy form, which is characteristics of aerogel materials
[43,83,84], are observed for SA (Fig. 9(C)). Interestingly, spongy
silica aerogel network formation at the surface of graphene layers
can easily be observed in the GA image (Fig. 9(D)).

TEM images of G, GO, and GA are shown in Fig. 10(AeD). Ac-
cording to the images (A and B), G and GO are two-dimensional
layers, where flat surface of G is converted to a wrinkled surface
with lots of creases and foldings in GO, as also shown in SEM im-
ages. Fig. 10(C) and (D) show the micrographs for GA. Silica aerogel
network in the presence of silica aerogel-coated graphene layers
can easily be observed in Fig. 10(C). Accordingly, silica aerogel has
porous structure; whereas, graphene layers are much larger than
the pores in silica aerogel. However, Fig. 10(D) only shows a gra-
phene layer with homogeneous distribution of mesoporous silica
aerogel particles. Similar results are reported by Chandrasekaran
et al. in TEMmicrographs of silica aerogel attached-graphene layers
[85]. They obtained their product through the reaction of amine
groups present in the silica aerogel network and carboxylic acid
groups at the edge of GO layers.
4. Conclusions

Graphene oxide modified with furfuryl alcohol and APTES
(GOFASi) was used in two separate ways for preparation of novolac
resin nanohybrids. In the first procedure, GA was obtained by
incorporation of GOFASi into silica aerogel network by using TEOS.
Then, GA was used as an additive in novolac resin matrix. In the
second procedure, incorporation of novolac resin and graphene
layers into a hybrid material was carried out by network formation
of GOFASi, GPTES-modified novolac resin, and TEOS. The products
obtained from incorporation of GA in the novolac matrix and those
obtained by molecular blending followed by crosslinking of modi-
fied graphene, modified novolac resin, and the silica precursor
TEOS, were compared. Successful modification of GO by furfuryl
alcohol and APTES moieties was confirmed by FTIR bands of furan



Table 5
Detailed results of nitrogen adsorption-desorption isotherms for SA and GA.

Sample SBET (m2g�1) SLangmuir (m2g�1) SBJHa (m2g�1) VBJH
b (cm3g�1) DBJH

c(nm) Dave, BET
d(nm)

SA 857.2 1275.5 1082.5a 1.324a 4.89a 5.90
1172.7d 1.297d 4.42d

GA 802.7 1208.1 1008.3a 1.357a 5.38a 6.58
1152.9d 1.348d 4.68d

a BJH adsorption (a) and desorption (d) cumulative surface area of pores.
b BJH adsorption (a) and desorption (d) cumulative pore volume of pores.
c BJH adsorption (a) and desorption (d) average pore diameter (4V/A).
d Average Pore Diameter (4V/A by BET).

Fig. 9. SEM images of (A) G, (B) GO, (C) SA, and (D) GA.
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rings and SieO stretching and also XPS bands for N 1s, Si 2p, and Si
2s. Raman ID/IG values for GOFA and GOFASi (1.19 and 1.03) show
that GO layers are partially reduced upon the functionalization
processes. Fading of 2D and G bands, sever decrease of D band in-
tensity, and also appearance of some peaks at below 1000 cm�1 in
GA Raman spectrum show that layered structure of graphene is
destroyed as a results of aerogel network formation. Expansion of
interlayer spacing of GO by every modification process is clearly
observed in XRD patterns. GA shows a broad peak at diffraction
angle of 21.16� indicating the poor ordering of layers along their
stacking direction. The char yields of about 41.46% for GOFA and
47.33% for GOFASi at 700 �C (for comparison: char yield of neat GO:
37%) are related to the decomposition of furfuryl alcohol and APTES
and also the remained oxygen functionalities. Weight loss and its
derivative thermograms for GA are different from the ones of GO
and modified GO as result of hybrid network formation. Char yield
for the novolac resin is increased to 60.65% by the addition of 0.5 wt
% of GA. However, the preparation of the novolac/GOFASi/silica
hybrid resin via molecular blending followed by crosslinking re-
sults in a much higher char value of 70.58% in the presence of 1 wt%
of GOFASi. Interestingly, incorporation of graphene layers into the
aerogel network results in higher cumulative pore volume values
and also broader pore diameter distribution curve with a larger
peak point value. The pore sizes of SA and GA range from 2 to about
100 nm; however, size of a large number of pores is between 2 and
10 nm in both of them. Pores are increased in diameter and they
become more heterogeneous in size in the presence of graphene
layers.



Fig. 10. TEM images of (A) G, (B) GO, and (C and D) GA.
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