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a b s t r a c t

Graphene materials often are obtained through thermal reduction of graphite oxide. This is due to the
fact that other synthesis methods are more difficult and generally render lower yield. The structure and
morphology of these graphene materials could affect their performance in different applications. Herein,
thermally reduced graphite oxide (TRGO) was obtained from thermal reduction of graphite oxide pre-
pared by using the methods reported by Brodie and Hummers. The oxidation method greatly affects the
structure and morphology of the resulting TRGO. TRGO obtained by the Brodie's method generates a
morphology comprised of rather exfoliated galleries while that obtained by the Hummers method
presents randomly distributed sheets. The influence of structural differences on the dispersion of TRGOs
in natural rubber latex (NR) and on the resulting mechanical and electrical properties of the TRGO/NR
nanocomposites is studied. The TRGO prepared by the Brodie's method (TRGO-B) showed a more ho-
mogeneous dispersion in the polymerematrix, rendering enhanced mechanical and electrical properties
of their nanocomposites. TRGO-B/NR nanocomposites showed higher electrical conductivity, which is
attributed to the formation of an electrically conducting filler network through the polymerematrix. This
is consequence of the morphology presented by TRGO produced by the Brodie's method.

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

Graphite is a carbon allotrope with planar layered structure
widely available in nature [1]. An isolated layer of graphite is known
as graphene. In graphene the carbon atoms are bonded by sp2 hy-
bridization and the single atomic layer character renders its
outstanding physical properties [2]. Although an isolated layer of
graphene is normally not found in nature, the group of Novoselov
and Geim [3] are well known for isolating stable graphene. The
micromechanical exfoliation used by Novoselov et al. is not feasible
for large scale preparation of graphene. Therefore, othermethods to
produce graphene or a few layers of exfoliated graphene materials
have been proposed [3,4]. The method known as “top-down”
comprises in the production of graphene materials from graphite.
Bolados).
Examples of “top-down” methods are ultrasound treatment of
graphite in suspension [4] and the exfoliation of graphite oxide by
thermal or chemical reduction [5]. The exfoliation process of
graphite oxide through a quick thermal expansion is probably the
most used method owing to facility, viability and high yield [6]. The
graphite oxide frequently used for obtaining graphene materials
are those obtained by oxidation of graphite bymethods reported by
Brodie [7], Staudenmaier [8] or Hummers and Offerman [9].

Brodie [7] proposes the use of potassium chlorate (KClO3) and
fuming nitric acid (HNO3), without formation of perchlorates,
where the chloric acid (HClO3) is probably the main oxidizing
species [10]. The Hummers' method [9] consists in the use of po-
tassium permanganate (KMnO4), sodium nitrate (NaNO3) and
concentrated sulfuric acid (H2SO4). The oxidizing species in the
Hummers' method could correspond to manganese heptoxide
(Mn2O7) [11]. Botas et al. [12] studied the thermal reduction of
graphite oxide prepared by the Brodie's (GO-B) and Hummers' (GO-
H) methods, demonstrating that GO-H presents higher oxygen
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content than GO-B. However, thermal reduction of GO-H and GO-B
upon 1000 �C produced TRGO-H with lower oxygen content than
TRGO-B.

The excellent intrinsic properties of graphene [13] are probably
the main reason for the huge interest of using graphene materials
as mechanical reinforcement and/or electro-conducting filler for
polymer matrices [14]. However, the difficulty to produce graphene
monolayer and to prevent such an individual layers from recom-
bining within the polymerematrix has induced researchers to
employ graphene materials obtained either by chemical (CRGO) or
thermal (TRGO) reduction of graphite oxides as fillers for polymer
matrices [15e23]. Different authors have reported the use of nat-
ural rubber (NR) as matrix for the preparation of electrically con-
ducting elastomeric nanocomposites by using TRGOs or CRGOs as
fillers [24e31]. Some of these reports have employed natural rub-
ber latex at some stage of the nanocomposite preparation [26e33].
Zhan et al. [26] reported the homogeneous dispersion of CRGO in
NR obtaining nanocomposites with excellent mechanical proper-
ties. These nanocomposites were prepared by coagulation of NR
latex in presence of CRGO, mixed in a two roll mill and then vul-
canized. Similar works were developed by Potts et al. [28,29],
where they observed that processing of coagulated NR containing
TRGO in a two roll mill yields better mechanical and electrical
properties compared with the properties of those prepared by the
direct addition of TRGO to NR during two roll milling. Aguilar-
Bolados et al. [31] reported a simple and more efficient method
for the preparation of TRGO/NR nanocomposites by the addition of
aqueous suspension of TRGO and surfactant to prevulcanized nat-
ural rubber latex. The use of prevulcanized natural rubber latex
allows the production of homogeneous films with improved me-
chanical and electrical properties, without the need of post-
processing stages.

In spite of these research progresses, there is no clear under-
standing of how the method of synthesis of TRGO affects the
electrical and mechanical properties of nanocomposites. Therefore,
this work reports on the synthesis of graphite oxides produced by
using the methods reported by Brodie [7] and Hummers [9]. The
graphite oxides are subsequently thermally reduced to obtain TRGO
for investigating their effect on the mechanical and electrical
properties of NR composites. The aim of this work is to study the
effect of the morphology of both TRGO on the mechanical and
electrical properties of TRGO/NR nanocomposites prepared by latex
technology.

2. Materials and methods

2.1. Materials

Commercial natural graphite powder supplied by Sigma-
eAldrich was used for the preparation of graphite oxides. The
carbon content was 99.9 wt.%. Fuming nitric acid (�99.5%), potas-
sium chlorate (�99%), sulfuric acid (98%), sodium nitrate (�99.5%)
and potassium permanganate (�99%) were from SigmaeAldrich
and were used as received.

2.2. Synthesis of graphite oxide

2.2.1. Brodie's method
5 g of graphite were added to 100 ml of fuming nitric acid into a

flask with a cooling jacket and cooled to 0 �C in a cryostat bath.
Next, 40 g of potassium chlorate was slowly added for 1 h and the
reaction mixture was stirred for 21 h at 0 �C. Once the reaction
finished, the suspension was centrifuged (3700 rpm for 30 min),
washed with distilled water and vacuum filtered until the pH of the
filtrate was neutral.
2.2.2. Hummers' method
44 ml of sulfuric acid, 1 g of sodium nitrate and 2 g of graphite

were added to a refrigerated reactor and cooled down to 0 �C. Next,
6 g of potassium permanganate was slowly added to keep the re-
action temperature below 20 �C. This mixture was then heated to
37 �C under stirring for 3 h, followed by the addition of 88 ml of
distilled water. Then, 3% H2O2 was slowly added until a color
change was observed. The mixture was then washed with distilled
water and vacuum filtered until the pH was neutral. Finally, the
suspension was dried at 70 �C.

2.3. Synthesis of thermally reduced graphite oxide

The thermal exfoliation and reduction of GO-B and GO-H for the
preparation of thermally reduced graphite oxide (TRGO) was per-
formed in a Carbolite® TZF 12/65/550 horizontal furnace tube at
1000 �C under an argon atmosphere (500 ml/min). 0.3 g of GO was
introduced into the furnace and heated first to 200 �C at a rate of
20 �C/min and then at 10 �C/min up to 1000 �C, maintaining this
temperature for 1 h. The corresponding samples obtained were
labeled as TRGO-B and TRGO-H, where the last letter indicates the
oxidation method used.

2.4. Preparation of TRGO/NR nanocomposites

For the preparation of TRGO/NR nanocomposites, a colloidal
suspension of TRGO in an aqueous solution of 22.5 mM of dode-
cyltrimethylammonium bromide (DTAB) fromMerck was prepared
and subjected to ultrasound for 30 min at room temperature. This
suspension was added to prevulcanized natural rubber latex from
Química Miralles S.A. with 49.62 wt.% rubber content. This sus-
pension was immediately poured to a Petri dish and then dried at
70 �C to form a film. The diameter and thickness of the films were
around 15 cm and 200 mm, respectively. Specimens for mechanical
and electrical testing were obtained from these films. The content
of TRGO in the nanocomposites was 2, 3 and 4 wt.% with respect to
the NR. Each of these nanocomposites contained 4.6, 6.9 and
9.3 wt.% of DTAB as surfactant with respect to the NR.

2.5. Characterization of TRGOs and TRGO/NR nanocomposites

TRGOs were characterized by Raman spectroscopy using a
Renishaw Invia Confocal Raman Microscope equipped with an
argon laser of 514.5 nm excitation wavelength and 0.02 cm�1 res-
olution. The spectra were recorded from 750 to 3500 cm�1. To
determine the interlayer distance of TRGO, X-ray diffraction (XRD)
analysis of the powdered samples was performed using a Bruker D8
Advance diffractometer with a CuKa radiation source, wavelength
l¼ 0.154 nm and a power supply of 40 kV and 40mA. The incidence
angle (2q) was varied between 1� and 60� and the scan rate was
0.02�/s. The interlaminar sheet distance was obtained from the
(002) reflection of the XRD patterns of the TRGOs. The morphology
of the TRGOs was studied using a scanning electron microscope
(SEM) Vega 3 Tescan.

Tensile stressestrain properties of vulcanized NR latex and its
nanocomposites weremeasured in an Instron dynamometer model
3366 at 25 �C using a cross-head speed of 500 mm/min and
following the ASTM D412 specification [34]. Rectangular-shaped
specimens were cut from the vulcanized films. Five specimens of
each material were tested.

Broadband dielectric spectroscopy (BDS) measurements were
performed in a Novocontrol ALPHA high resolution dielectric
analyzer. Vulcanized film disc-shaped samples were mounted in
the dielectric cell between two parallel gold-plated electrodes. The
film thickness (nominally 100 mm) was considered as the distance
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between electrodes and measured using a micrometer gauge. The
dielectric response of each sample was assessed by measuring the
complex permittivity, ε*(u) ¼ ε

0(u) þ jε00(u) where j2 ¼ �1, as a
function of the frequency (u), over a frequency range of 10�1 to
107 Hz at 25 �C. The amplitude of the alternating electric voltage
applied to the samples was 1 V. The AC conductivity (s(u)) was
measured in the same conditions as ε*. In a conducting composite,
the conductivity is composed of two terms, i.e. s(u) ¼ sdc þ Aux,
where sdc is the direct current conductivity, A is a constant and x is
an exponent which describes the frequency (u) dependence of
s(u). The term sdc appears as a plateau at low frequencies in the
experiments and is obtained by extrapolating the broadband AC
conductivity to 10�1 Hz, when such a plateau is reached.

3. Results

3.1. Characterization of graphene materials

Fig. 1 shows XRD patterns of natural graphite (NG) and graphite
oxides prepared by two oxidationmethods, viz. Brodie's one (GO-B)
and Hummers' one (GO-H). NG exhibits a strong crystalline peak at
26.2� which corresponds to the d002 diffraction plane. This peak is
shifted towards lower angles when NG is oxidized, and the inter-
layer distance increases from 0.34 nm for NG to 0.60 nm and
0.84 nm for GO-B and GO-H, respectively. This increase in the
interlayer distance is the result of the presence of oxygenated
functional groups. It has been reported that the increase of inter-
layer distance in graphite through an oxidation process is propor-
tional to the oxidation degree of graphite [35]. Therefore, the larger
interlayer distance of GO-H evidences a more extensive oxidation.
When the GOs are thermally reduced, the diffraction peak related
to the d002 plane disappears in both TRGO-B and TRGO-H. This
suggests that a partial elimination of oxygen-containing groups
occurs from the graphitic structure during the thermal reduction
process, which promotes the exfoliation of TRGO layers [36].

Fig. 2 shows the Raman spectra of natural graphite, GO-B, GO-H,
TRGO-B and TRGO-H. NG displays a weak band at 1348 cm�1

attributed to the so called D band, which is associated to “defects”
or functionalities, and a prominent G band at 1573 cm�1 corre-
sponding to the first-order scattering of the E2g phononmode of sp2

carbon atoms [37]. The D band of both TRGOs is more intense and
the D and G bands of TRGO-B and TRGO-H are significantly
broadened and shifted with respect to the corresponding D and G
bands of graphite. The increase in intensity of the D band suggests
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Fig. 1. X-ray diffraction patterns of natural graphite (NG), GO-B, GO-H, TRGO-B and
TRGO-H.
an increase of functional groups and/or defects generated in the
TRGO layers as a result of the oxidation process used [38]. Never-
theless, after reduction, a decrease of the D band intensity is
observed with respect to those of GOs. This decrease in the in-
tensity of the D band could indicate the recovering of the in-plane
sp2 domains, possibly due to the reduction process [39]. In addition,
the Lorentzian fitting analysis of the G band of TRGO indicates the
presence of a band around 1610 cm�1 which can be attributed to
theD0 band (Fig. 2). TheD0 band has been associated to the presence
of defects in graphitic planes [38e40].

Table 1 summarizes the Raman features of the observed bands,
including the position (shift), full width at half-maximum (FWHM)
and the ratio of intensities of the D to G bands (ID/IG). Differences
between the location of the D, G and D0 bands for GO-B and GO-H
could be attributed to different morphology and interlayer dis-
tance obtained by using different oxidation processes [38]. The
intensity ratios of the D and G bands (ID/IG) have been used to
describe the defect density in graphene and other carbon nano-
structures [39]. GO-H exhibits the highest ID/IG, almost twice of that
of GO-B. This suggests that GO-H contains more structural defects
and probably functionalities as a result of the oxidation method
used. After thermal treatment, both TRGO-B and TRGO-H have
similar ID/IG values, much higher than that of graphite. ID/IG ratio
indicates that both TRGOs contain structural defects and some re-
sidual oxygen functionalities [41]. The GO-H shows an important
decrease of ID/IG after thermal treatment, which could indicate the
occurrence of a partial loss of oxygen functionalities, which occurs
with a recovering of sp2 carbon lattices [12,40]. On the other hand,
GO-B shows a slight increase of ID/IG after thermal treatment due
probably to two facts i) the residual oxygen functionality [12] and
ii) higher structural defects, such as a decrease of the size of a
nanocrystallite and point of defects on sp2 carbon lattices [40,42]. It
has been reported that GO-H and GO-B have different profiles of
thermogravimetric analysis. The maximum weight loss of GO-H
occurs at 200 �C while for GO-B occurs at 250 �C [12]. This could
indicate that there are differences in the kinetics of oxygen elimi-
nation. Hence, the decrease or increase of ID/IG ratio experimented
by both GOs (GO-H or GO-B, respectively) after the thermal treat-
ment could mainly be attributed to the behavior of oxygen elimi-
nation kinetics for both GOs, which could be further studied. These
structural defects and oxygen functionalities may promote bonding
between the TRGOs and the NR during the nanocomposite
preparation.

Important morphological differences between the samples
prepared by using different oxidation methods can be observed by
SEM (Fig. 3). TRGO-B (Fig. 3a and b) exhibits small areas showing
stacked galleries typical of expanded graphite, indicating a partial
exfoliation of GO [12]. On the other hand, TRGO-H (Fig. 3c and d)
shows randomly oriented sheets without visible sheet stacking.
Botas et al. [12] showed that the partially exfoliated stacked gallery
morphology of TRGO-B present higher surface area than TRGO-H.
This could facilitate the adsorption of the surfactant on TRGO-B
layers. The surfactant is used for stabilizing the aqueous TRGO-B
suspension employed for nanocomposite preparation. Conse-
quently, a higher dispersion of TRGO-B in the NR matrix may be
expected, resulting in a better interaction between the TRGO-B
particles and NR.

3.2. Morphology of TRGO/NR nanocomposites

Fig. 4 shows TEM images of different TRGO/NR nanocomposites.
At the nanoscale, the TRGO-B layers (Fig. 4a and b) have a consid-
erable larger separation among them than the TRGO-H (Fig. 4c and
d), although both tend to form small aggregates at the microscale.
Moreover, TRGO-B layers form an interconnected network in the
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Fig. 2. Raman spectra of NG, GO-B, GO-H, TRGO-B and TRGO-H. Inset shows a close-up of the D band of graphite (top left) and examples of Lorentzian fitting analysis of the G band
for GO-B, GO-H, TRGO-B and TGO-H.

Table 1
Raman shift, FWHM and ID/IG ratios for NG, TRGO-B and TRGO-H.

Raman shift (cm�1) FWHM (cm�1) ID/IG

D G D0 D G D0

NG 1349 1573 e 44.0 19.9 e 0.06
GO-B 1361 1575 1604 73.4 55.4 36.8 0.83
GO-H 1344 1570 1601 63.0 62.7 39.6 1.61
TRGO-B 1345 1582 1607 91.9 62.7 37.1 0.89
TRGO-H 1350 1583 1608 87.7 64.9 43.8 0.92
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polymerematrix, which could be promoted by its exfoliated gallery
morphology which facilitates the adsorption of the surfactant, and
possibly p-electron transfer. On the other hand, the TRGO-H layers
appear randomly distributed without a clear stacking pattern,
presumably rendering less formation of interconnected networks.
3.3. Mechanical properties of TRGO/NR nanocomposites

Table 2 shows the tensile mechanical properties of TRGO/NR
nanocomposites. The mechanical properties of natural rubber
control samples containing different amounts of DTAB as surfactant
are also shown in Table 2. The surfactant behaves as a plasticizer
favoring the coalescence of latex particles [43], which is reflected in
a decrease of stiffness, expressed as the stress at several de-
formations, and strength. The addition of TRGO enhances the me-
chanical properties of NR, especially the stiffness when TRGO-B is
used as nanofiller. Improvements in the stress at 500% strain of
more than twice are achieved when 2 wt.% TRGO-B is added to the
NR matrix. This stiffening effect is similar to that observed for NR
when othermethods for the preparation of nanocomposites such as
melt mixing by two roll milling of coagulated NR containing TRGO
were used [29]. However, when two roll milling of coagulated NR is
used, the ultimate strain of the nanocomposite is greatly sacrificed,
while the reduction for the composites prepared by TRGO
dispersion in prevulcanized NR latex is only minor. The improved
mechanical properties observed for composites prepared by using
TRGO-B with respect to those with TRGO-H could be attributed to
the morphology of stacked galleries of TRGO-B with highly inter-
connected graphene layers, which promotes rubber-TRGO in-
teractions. In the case of TRGO-H, the randomly oriented graphene
layers with low interconnection among the layers may hinder the
homogeneous dispersion in the NR matrix, causing stress
concentrations.
3.4. Electrical properties of TRGO/NR nanocomposites

Fig. 5 shows the variation of the electrical conductivity and
dielectric permittivity in the frequency domain with increasing
nanofiller content at 25 �C. It is accepted that the electrical prop-
erties of nanocomposites depend primarily on the way that the
conductive fillers are distributed within the polymerematrix [31].
The electrical conductivity of TRGO-B nanocomposites (Fig. 5a)
gradually increases with increasing filler content, achieving a
maximum value of 10�4 S/cm at 4 wt.% of TRGO-B. At 2 wt.% filler
loading, the conductivity of the TRGO-B nanocomposites is only
slightly higher than that of NR, because the filler particles are
separated by the insulating rubber matrix. Since the filler is
conductive and the matrix is insulating, NR and TRGO-B/NR com-
posites containing 2 wt.% of TRGO present capacitance effects,
which are evidenced by the dependence of the electrical conduc-
tivity with frequency. However, at low frequencies, an increase in
electrical conductivity of about 6 orders of magnitude is observed
for nanocomposite containing 3 wt.% nanofiller, indicating that a
percolated network has been achieved. The curve corresponding to
TRGO-B/NR composites containing 3 wt.% of TRGO-B is also char-
acterized by two zones, an Ohmic or frequency independent zone
at low frequencies and a second at higher frequencies where
capacitance effects play a role. For higher TRGO-B loadings (4 wt.%)
a fairly constant conductivity independent of the frequency is



Fig. 3. SEM images of TRGO-B (a and b) and TRGO-H (c and d).

Fig. 4. TEM images of nanocomposites. TRGO-B/NR (a and b) and TRGO-H/NR (c and d).
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Table 2
Mechanical properties of TRGO/NR nanocomposites.

Sample Stress at 100%
strain (MPa)

Stress at 300%
strain (MPa)

Stress at 500%
strain (MPa)

Maximum
Stress (MPa)

Deformation
at break (%)

NR 0.49 ± 0.01 0.83 ± 0.02 1.39 ± 0.10 14.0 ± 1.01 892 ± 61
DTAB (4.6 wt. %)/NR 0.39 ± 0.01 0.62 ± 0.01 0.94 ± 0.01 10.9 ± 0.58 1044 ± 74
DTAB (6.9 wt. %)/NR 0.38 ± 0.01 0.58 ± 0.02 0.97 ± 0.02 9.69 ± 0.37 958 ± 72
DTAB (9.3 wt.%)/NR 0.36 ± 0.01 0.57 ± 0.01 0.90 ± 0.04 9.16 ± 0.38 962 ± 53
DTAB (4.6 wt. %)/TRGO-B (2 wt.%)/NR 0.57 ± 0.02 1.20 ± 0.06 3.12 ± 0.48 13.1 ± 0.64 778 ± 31
DTAB (6.9 wt. %)/TRGO-B (3 wt.%)/NR 0.65 ± 0.01 1.28 ± 0.02 3.02 ± 0.07 15.1 ± 1.04 806 ± 23
DTAB (9.3 wt.%)/TRGO-B (4 wt.%)/NR 0.65 ± 0.03 1.32 ± 0.03 3.22 ± 0.06 12.0 ± 0.87 751 ± 41
DTAB (4.6 wt. %)/TRGO-H (2 wt.%)/NR 0.44 ± 0.01 0.72 ± 0.01 1.31 ± 0.04 12.0 ± 0.01 877 ± 39
DTAB (6.9 wt. %)/TRGO-H (3 wt.%)/NR 0.42 ± 0.02 0.72 ± 0.03 1.48 ± 0.02 10.3 ± 0.04 867 ± 14
DTAB (9.3 wt.%)/TRGO-H (4 wt.%)/NR 0.43 ± 0.02 0.75 ± 0.02 1.64 ± 0.06 9.63 ± 0.34 853 ± 14
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observed, evidencing that the electrically percolation threshold is
densified beyond percolation, with contacting fillers and hence
presenting an Ohmic behavior.

This information is complemented by the dielectric permittivity
(Fig. 5b), which presents curves with a negative slope for 4 and
3 wt.% filler loading. This behavior suggests an effect associated to
the MaxwelleWagnereSillars effect for heterophasic systems,
consisting in interface polarization of insulating polymer/conduc-
tive filler systems [44e46]. On the other hand, the NR nano-
composites based on TRGO-H (Fig. 5c and d) do not present
significant changes in electrical conductivity or dielectric permit-
tivity, which indicates that the percolation threshold is not reached.
This is again correlated with the morphology of the TRGO-H (Fig. 3c
and d), which presents small aggregates with low interconnection
among the TRGO-H layers. On the contrary, the exfoliated stacking
galleries provided by the Brodie's method seem to provide more
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opportunity for electron transfer among overlapping p-bonds in
TRGO. Hence, the morphology of TRGO plays a key role in the for-
mation of the percolation network and consequently in the
resulting electrical properties of NR nanocomposites.

4. Conclusions

Thermally reduced graphite oxides (TRGO) were produced from
thermal reduction of graphite oxide prepared by two methods
previously reported by Brodie and Hummers. Important morpho-
logical differences were observed for TRGOs synthesized by those
two different graphite oxidation processes. X-ray diffraction and
Raman spectroscopy analyses showed that both TRGOs had similar
diffraction patterns and comparable structural ordering. However,
TEM investigations revealed that the morphology of the TRGO
synthesized by the Brodie's method (TRGO-B) is comprised
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partially exfoliated stacked galleries, while TRGO produced by the
Hummer's method (TRGO-H) showed randomly oriented layers,
which seems to be less interconnected. TRGO-B also showed amore
homogeneous dispersion and distribution through the natural
rubbermatrix, contributing to the improvement of the stiffness and
particularly the electrical properties of these nanocomposites.
TRGO-B/NR nanocomposites showed higher AC electrical conduc-
tivity compared to TRGO-H/NR nanocomposites, reaching electrical
percolation at TRGO-B concentrations between 2 and 3 wt.%. The
maximum conductivity reached by using TRGO-B as nanofiller was
of the order of 10�4 S/cm at 4 wt.% nanofiller loading. This fact
suggests that the stacked morphology of TRGO-B may promote the
electron transfer through delocalized p-electrons. On the other
hand, the use of TRGO-H rendered only moderate improvements in
stiffness and electrical conductivity of the nanocomposites at
4 wt.% nanofiller loading. The results of this research indicate that
the morphology of thermally reduced graphite oxides plays a key
role in the formation of a percolated network in natural rubber
composites, and hence in the resulting electrical and mechanical
properties of the nanocomposite.
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