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a b s t r a c t

Since its discovery in 2004, graphene has gained significant attention from both industry and academia.
Its unique properties enable us to produce novel, enhanced polymer composites contributing to envi-
ronmental and economic benefits. Graphene can improve the abrasion resistance of materials; thus, it
can increase the service life of rubber tires. This present review discusses the testing of key properties of
graphene and its elastomeric nanocomposites from a practical point of view. Graphene's layer thickness
and its oxygen content are two key factors determining nano reinforcement's success. It is vital to
monitor these properties both before and after mixing graphene with rubber to guarantee the high
quality of the resulting nanocomposites. Ultimately, the distribution of nanoparticles within the matrix
also plays a vital role in assuring strong reinforcement. Overall, we found that X-ray diffraction (XRD)
spectroscopy can detect variation in all three aspects. Furthermore, Raman spectroscopy, transmission
electron microscopy (TEM), and energy dispersive spectroscopy (EDS) can be used complementarily to
support XRD findings.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene is a single-layer allotrope of carbon, which has a
hexagonal lattice structure consisting of carbon atoms with sp2

hybridization. It is regarded as one of the most exciting material
science discoveries of the 21st century yet. It has been steadily
gaining popularity and importance over the past 10e15 years. It
was first isolated by Andre Geim and Konstantin Novoselov in 2004.
They separated graphite's layers using adhesive tapes [1], for which
they were awarded the Nobel Prize in Physics in 2010. Since then,
graphene has attracted the interest of several industries because of
its unique technical properties. It can be the basis for many inno-
vative solutions in electronics [2e7], healthcare [8e14], energetics
[15e20], filtration technology [21e24], polymer science [25e29],
and other fields.

Graphene (along with single-wall carbon nanotubes) has the
highest Young's modulus of all known materials (around 1 TPa)
[30], while its estimated specific surface area is 2630 m2/g [31].
These properties ensure that graphene is an effective reinforcing
material. Due to its molecular structure, it is compatible with non-
polar organic polymers.
Since 2004, graphene production methods have been
developed, and a wide range of options are now available, yet costs
are still too high for their widespread industrial introduction.
Graphene can be produced via micromechanical or ultrasonic
exfoliation [32], chemical vapor deposition (CVD) [33], oxidation-
reduction pathways via graphene oxide (GO) intermediate
[34e37], the cathodic electrolysis of graphite [38,39], and the
intercalation of organic solvents (i.e. tetrahydrofuran) between
graphite layers and subsequent thermal exfoliation [40,41]. The
quality of graphene depends on its production technology, which
affects its price and field of application [33,42].

In scientific literature, the term ‘graphene’ is freely used, in
many cases deviating from the original definition of a ‘single atomic
layer of graphite’. During the production of graphene, several other
derivates are also produced, such as graphene oxide (GO), reduced
graphene oxide (rGO), and few-layer graphene (FLG). In this paper,
these terms are used according to Bianco et al.'s recommendations
and the ISO/TS 80004-13:2017 standard [43,44]:

� Graphene is a single layer of carbon atoms arranged in a hon-
eycomb structure. Though solid, it does not constitute a solid
carbonmaterial but is either suspended in a liquid or adhered to
a foreign substrate;

� Graphene oxide (GO) is a chemically modified two-dimensional
material prepared via the oxidation and subsequent exfoliation
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of graphite. It is often characterized by its carbon/oxygen atomic
ratio (C/O ratio), which is approximately 2.0 depending on its
preparation method;

� Reduced graphene oxide (rGO) is a two-dimensional material
prepared via the reduction of GO, which would ideally yield
graphene. However, the oxygen content cannot be eliminated,
and the honeycomb structure may also get damaged. Reduction
methods include chemical, thermal, microwave, photo-
chemical, photo-thermal, and microbial technologies;

� Few-layer graphene (FLG) is a two-dimensional material with
fewer than 10 well-defined graphene layers;

� Graphene nanoplatelets (GNP) are similar to FLG with thickness
between 1 nm and 3 nm and lateral dimensions between
100 nm and 100 mm.

Even before the discovery of graphene, carbon derivates
(i.e. carbon nanotubes, carbon fiber, or carbon black) were already
widely used in the polymer industry. Among these, carbon black's
importance stands out, especially in the rubber tire industry, with
its annual consumption reaching 17 million tons by 2030 [45]. The
high consumption of carbon black raises the question of whether
there is an alternative reinforcing material that could replace it
while maintaining or possibly improving the properties of rubber
products. Nanoparticles, including graphene, and the nano-
composites produced from them offer such an opportunity. Their
superior mechanical properties can be explained by their size ef-
fect. At the nano scale, materials often contain single crystals rather
than bulk structures, hence voids, dislocations or microcracks are
absent. Material properties are strongly dependent on character-
istic particle size at the nanoscale. At increasing particle sizes these
properties will tend to those of bulk materials [46]. Nanoparticles
also have significantly higher surface to volume ratio than con-
ventional macrostructures. Consequently, nanocomposites contain
a higher amount of interfacial regions compared to conventional
composites, leading to more efficient stress transfer between the
phases [47,48]. This makes them more effective in improving me-
chanical properties at the same concentration in composites.
However, nanoparticles' high tendency for aggregation makes
them more difficult to disperse than regular fillers, especially at
high concentrations [47,49].

The use of graphene and its derivatives as reinforcement in
elastomers can significantly improve the abrasion resistance,
modulus, and other mechanical properties of rubber products.
Furthermore, even low concentrations of graphene can be enough
to enhance these properties. While rubber tires contain up to
100 phr of carbon black, even 5 phr of graphene may be enough to
achieve similar performance in ideal conditions. However, care
must be taken to avoid the aggregation of nanoparticles to achieve
optimal properties [50e56].

Extensive research has been conducted on how graphene-based
nanoparticles affect various properties of rubbers. In general,
graphene-based particles can change properties by several orders
of magnitude even at concentrations below 1 phr. The percolation
threshold of the nanocomposites is an important factor to consider.
Once graphene forms a single interconnected secondary network in
the composite, additional amounts no longer have such strong in-
fluence on material properties [57]. By introducing graphene into
rubber, the polymer's intrinsic electric resistance can be canceled,
thus it gives way for the production of dissipative or even
conductive elastomers. The introduction of highly dispersed gra-
phene can increase the electric conductivity of rubber by up to 10
orders of magnitude. It has been shown that aggregated graphene
particles also have similar effects, but only at larger quantities, as
their percolation threshold is considerably higher [58,59].
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Analogously, graphene can increase the thermal conductivity of
rubber by up to 50%. It has been shown that the presence of a p-
conjugated structure is essential for this property, so graphene
oxide is not suitable for this application. If the properties resulting
from the addition of graphene are desirable except for thermal
conductivity, foaming agents may also be applied to counteract its
effects [60e62]. Graphene enhances the gas barrier properties of
rubbers as well. It has been shown that oxygen permeability can be
reduced by up to 80% at 5e10 phr of graphene content. This
improvement can be attributed to a percolated, defect-free gra-
phene structure that shuts off otherwise penetrable diffusion
routes for gas molecules [63,64]. Electromagnetic shielding is also
an important application of graphene nanoparticles. This property
is heavily influenced by the dispersion and the concentration of the
filler in thematrix. Up to 45 dB of shielding is attainable at 5e10 phr
of graphene content and 2 mm sample thickness [62,65e67].

Graphene production is primarily evaluated based on particle
thickness (i.e. number of layers). Also, in the case of the oxidation-
reduction methods, graphene's oxygen content is an important
characteristic. Consequently, these properties of graphene must be
determined to ensure its successful application in elastomeric
nanocomposites. At the moment, there is no standardized testing
procedure available for these properties. Conclusions can be drawn
only from the combination of several analytic tools. It is necessary
to present their advantages, and disadvantages and how they can
be applied to these specific needs. The vast majority of them are
spectroscopic and microscopic techniques widely used in modern
analytics.
2. Testing methods for nanoparticle size and thickness

Graphene consists of flat, sheet-like particles, having much
larger extents in two dimensions than in the third one. Graphene's
potential adhesion and reinforcing performance in polymer
matrices heavily depend on its particle size distribution and spe-
cific surface area. Several techniques are overviewed in this chapter
that can quantify the size and thickness of graphene particles.
2.1. Atomic force microscopy (AFM)

AFM can be used to scan the surface of a solid specimen. This
method gives information about a small part of the top atomic
layers of a sample. Consequently, many images must be taken for
this technique to yield reliable, representative results. There are
several AFM images of graphene samples in the scientific literature.
Using this method, it is possible to determine the layer thickness of
graphene particles.

There are two common strategies for the determination of
particle thickness with AFM. The easiest way is to perform a surface
analysis at the edge of an individual particle (Fig. 1b) [68]. Another
possibility is to prepare a coating layer on the particles (i.e. by spin
coating [69], electrophoretic deposition [59,60,70,71], or CVD [72]).
This coating can be partially removed by laser [69], and the
resulting cross-section can be examined (Fig. 1a). However, it
should be noted that the removal of the coating may result in an
increase in the coating thickness at the boundary of the part not
removed. Therefore, a baseline at around 10 nm should be used to
accurately determine graphene thickness [69].

The advantage of AFM is its small size and relatively low cost.
The disadvantage is the long testing time, considering that multiple
images are needed for each sample. Sample preparation requires
special care because even the slightest contamination can under-
mine the measurement.



Fig. 1. AFM image, a) taken after GO coating and its laser removal to determine thickness. The white line shows the direction of the cross-section [69], b) the single layer graphene
with (inset) cross section graph [68].

P. Sayfo, D.Z. Pirityi and K. P€ol€oskei Materials Today Chemistry 29 (2023) 101397
2.2. Raman spectroscopy

Raman spectroscopy is an analytical technique used to identify
polarizable molecular bonds. The movements of delocalized p
electrons in graphene are limited to the 2D graphene layer. In
contrast, delocalized p electrons in graphite can move freely be-
tween different layers, allowing 3D movements. Increasing the
number of layers in graphene from a single layer to multiple layers,
the motion vector component, which is perpendicular to the gra-
phene plane for delocalized electrons, is also increased. On the
Raman spectra of single-layer or few-layer graphene, the charac-
teristic peak around 2700 cm�1 corresponds to the motion of
delocalized electrons perpendicular to the graphene plane (Fig. 2).
This peak gets wider or broken into several smaller peaks as the
number of graphene layers increases [73e85]. In the case of single-
layer graphene the peak around 2700 cm�1 has a bandwidth of
approximately 50.7 cm�1, and the intensity ratio of the two peaks
mentioned is about 1.11 [86]. Although this method is hardly
applicable for identifying the exact number of layers in few-layer
graphene samples, it is useful for proving whether the production
of single-layer graphene was successful [86].
2.3. Scanning electron microscopy (SEM)

SEM is widely used in morphological studies. Since graphene
and graphite are electrically conductive materials, there is no need
to apply a conductive coating during sample preparation. The SEM
images can visualize the shape of the particles and provide an
3

approximation of their size distribution; it can also detect the de-
gree of aggregation [74,77e97].

The SEM image of a typical graphene sample is shown in Fig. 3.
To study the particle size distribution, numerous SEM images have
to be taken, which can be a time-consuming task [75].

In addition, it must be taken into account that graphene parti-
cles are typically one to a few atoms thick. This thickness cannot be
determined by SEM with the same accuracy as their lateral extent.
An advantage of SEM is that it can be combined with energy
dispersive spectroscopy (EDS) to obtain the C/O ratio.
2.4. Transmission electron microscopy (TEM)

The morphology of an ultrathin cross-section of any material
can be analyzed by TEM. It is therefore ideal for determining the
lateral extent of graphene particles [34,57,70,79,81e83,
87e94,98e104]. On the other hand, the thickness of graphene
sheets is close to the resolution of TEM (0.1e0.2 nm), so its use for
the determination of particle thickness is constrained.

Fig. 4 shows TEM images of GO (prepared via Hummer's
method) and rGO (reduced with NaHS) particles. It can be seen that
both samples have layered structures, but the reduction process has
caused the layers to separate. The TEM imageswere used to support
and confirm findings from other measurement methods (i.e. X-ray
diffraction, Fourier transform infrared and UV-VIS-NIR spectros-
copies) [37].

Lu et al. irradiated graphite by a high current pulsed electron
beam to produce graphene [105]. With this method, the outer



Fig. 2. Raman spectra of single layer and double layer graphene [73].
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10 mm thick layer of the graphite particles exfoliated to FLG and/or
graphene nanosheets. TEM images of the pristine graphite and the
so produced graphene are shown in Fig. 5.

Since the preparation of pure graphene or GO samples for TEM
can be complex, it is advisable to embed them in some matrix
before the test.

2.5. X-ray diffraction (XRD)

XRD shows a clear difference between graphite, graphene, and
GO samples. This analytical method provides information about
crystallinity, i.e. periodic regularity in the sample. In the XRD spec-
trum of graphite, a single narrow peak at 26.4� is shown, corre-
sponding to the spacing of the graphite crystal layers (Fig. 6a). In
several cases, a second, smaller peak appears at around 54�, corre-
sponding to double the distance between layers. Due to the incor-
poration of oxygen-containing functional groups during oxidation,
the originally 0.335 nm layer spacing in graphite almost doubles in
graphite oxide. However, oxygen-containing functional groups are
formed randomly, so this increase does not appear uniformly
everywhere. The layer spacing generally becomes 0.6e1 nm,
resulting in a broadened peak on XRD spectra [35,96,106]. Further-
more, with increasing oxidation, the characteristic peak of graphite
is shifted towards lower diffraction angles (Fig. 6b). After reduction,
the layer spacing is no longer provided by the oxygen-containing
Fig. 3. SEM image of graphene powder synthesized by an ultrasonically assisted
electrochemical exfoliation method [39].
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functional groups, so graphene particles are allowed to arrange in
a structure similar to graphite. The extent of this arrangement can be
monitored by XRD [34,41,70,74,77,78,81,85e89,96e103,107e113].
With an increasing strain in thehexagonal structureof graphene, the
peak can also slightly shift to lower diffraction angles. However, in
this case, the difference is more likely to be found in the irregular
shape of the peak, caused by the strain [114]. XRD can also be useful
in cases when the goal is to produce FLG. In such cases, a graphite-
like peak must be present in the XRD spectrum of the sample for
the process to be successful.
3. Testing methods for oxygen content (in nano
reinforcement or nanocomposite)

The simplest way to determine the oxidation degree of
graphene is to evaluate the molar ratio of carbon and oxygen atoms
(C/O) [115]. Its reciprocal (O/C) is also widely used in literature, but
we chose to consistently use C/O in this review, according to the
ISO/TS 80004-13:2017 standard [44]. In the present chapter, we
discuss the most promising techniques used for this purpose.
3.1. Fourier-transform infrared spectroscopy (FTIR)

FTIR is a commonly used analytical technique to identify func-
tional groups present in the analyte. With this method, information
about the occurring functional groups in the sample can be gath-
ered. Therefore, FTIR is frequently used for checking the success of
preparing or reducing GO. Neither graphite nor pure graphene
contains any oxygen, so their FTIR spectrum is almost flat; no
characteristic peaks to oxygen-containing functional groups can be
observed.

In GO, the following oxygen-containing functional groups
occur: hydroxyl, carbonyl, carboxyl, and epoxy groups. Conse-
quently, their corresponding characteristic peaks appear on
the FTIR spectra of GO samples. The most relevant peaks are
located at the wavenumbers specified in Table 1. The number of
oxygen-containing functional groups is decreased during the
reduction of GO to rGO. Thus, the respective peaks on the FTIR
spectrum also become smaller or completely disappear (Fig. 7).
Ideally, all oxygen-containing functional groups are reduced,
and the product can be called graphene, but the restored
aromatic structure must be proven with other analytic tools
[52,78,79,88,89,97,106e109,116e119].



Fig. 4. TEM images of a) GO, b) rGO [37].
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The use of FTIR for graphene quality control is not limited to
cases when graphene is produced via traditional oxidation-
reduction pathways. An example of this is shown in Fig. 8.
Fig. 5. TEM images of a) graphite, c) graphene produced by electron irradiation, b) high magn
in c marked with a red rectangle [105] (For interpretation of the references to color in this
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Pingale et al. produced graphene via the electrolysis of graphite
[39]. However, as shown in the FTIR spectrum, graphene was
accidentally oxidized by the acidic environment. In such cases, the
ification of the area in a marked with a red rectangle; d) high magnification of the area
figure legend, the reader is referred to the Web version of this article).



Fig. 6. XRD of (a) Graphite and (b) Graphene oxide (produced by Hummer's method).
With the increasing amount of oxidizing agent (KMnO4), the peaks are shifted towards
lower diffraction angles [37].
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product should be treated with reducing agents before its appli-
cation as graphene.

Although FTIR is a commonly used analytical technique capable
of producing quick results, it is not suitable for the accurate mea-
surement of the C/O ratio.
Table 1
Characteristic peaks on the FTIR spectra of GO samples.

Vibration Peak [cm�1]

OeH stretching 3200e3500
OeH bending 1350e1650
C¼O stretching 1590e1750
CeOH stretching 1220e1410
CeO stretching 1040e1100a

CeO stretching 1200e1270b

CeO stretching 1350e1430c

CeOeC stretching 950e1250
C¼C stretching 1550e1630

eCH2estretching
2850e2980

a Hydroxyl groups.
b Epoxy groups.
c Carboxyl groups.
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3.2. Raman spectroscopy

Raman spectroscopy is capable of identifying molecules with
easily polarizable bonds. The numerous delocalized p electrons in
the structure of graphite and graphene can be identified on a Raman
spectrum as a characteristic peak at 1330e1350 cm�1 and an addi-
tional peak at 1580e1600 cm�1 (Fig. 2). Considering that graphene
production fromGO by reduction requires the reformation of the sp2

structure of the carbon layer that had been broken by oxidation, this
characteristic peak can be an indirect indicator of whether the
reduction process was successful. However, the sp2 structure cannot
be restored in every case just by removing oxygen-containing
functional groups from GO [60,64,66,70,74,75,77,80,81,
85,86,90,94,96,99,104,106e109,112,114e119,122,124e126]. Although
Raman spectroscopy is a quick and easy analytical tool requiring
simple sample preparation, it shall not be used as a standalone
technique since its findings need to be supported by other analytical
tests.

3.3. UV-VIS spectroscopy

UV-VIS spectroscopy can reveal chromophore functional groups
(i.e. molecular parts containing easily excitable non-bonding elec-
tron pairs). These include oxygen-containing functional groups. The
measurement can be performed on liquid or gaseous samples.
Therefore, graphene and GO must be dissolved in an appropriate
solvent. UV-VIS spectra of graphene and GO usually show a peak
associated with aromatic CeC bonds. This peak is near 230 nm for
GO and 270 nm for graphene, as shown in Figs. 9b and 10. In most
cases, a peak associated with C]O bonds is also observed at
~300 nm in GO samples [35,37,88,89,111,117,119,127e130]. Fig. 9a
illustrates the difference in the visible range. The different colors of
rGO and GO at the same concentration can be seen. Although the
method shows a clear distinction between rGO and GO, it is not
suitable for determining the C/O ratio of GO samples.

3.4. X-ray photoelectron spectroscopy (XPS)

When a sample is irradiated with X-rays, electrons are released
from the material. The energy of the released electrons is charac-
teristic of their original bonding state. Thus, the presence, absence,
and even concentration of different oxygen-containing functional
groups can be inferred in graphene and GO samples. C/O ratio can
be determined by this method, and thus samples with different
oxygen contents can be compared. In addition, the ratio of different
oxygen-containing functional groups can be determined with XPS.
Covalent bonds of carbon normally appear as broad peaks in the
References

[52,88,90,100,107e109,111,116,119]
[78,79,88,89,98,99,108,109,119]
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[52,90,100,106,109,111,116,119,121]
[34,52,78,88,90,97,100,106,107,109,116,119]
[34,39,90,109,121e123]
[39,85,107,111]
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Fig. 7. FTIR spectra of GO and rGO [52].
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300e280 eV binding energy range. CeC bonds have a binding en-
ergy of 284.8 eV. Oxidized functional groups are shifted to higher
binding energies: 285.8 eV for CeN, 286.7 eV for CeO, 287.7 eV for
C]O, and 288.7 eV for OeC]O groups [34,52,60,70,79e82,90,91,
93,102,107e109,111,112,115e119,121,122,124-142]. A disadvantage
of XPS is that information is gathered only from the surface of the
sample due to the short free path of the exiting electrons. Therefore,
it is mainly suitable for examining coatings and thin layers.

In Fig. 11, XPS spectra of GO samples prepared with different
reaction times are shown. It can be seen that the peak areas in-
crease with increased reaction times and hence oxidation rates.
Fig. 11b and d also illustrate how individual peaks merge and yield
the final spectrum [75].

To ensure successful measurement, special care has to be taken
to avoid contamination during sample preparation. An advantage
Fig. 8. FTIR spectrum of a graphene sam
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of XPS is that it is suitable for testing pure graphene or GO samples
as well as their composites with elastomers. Thus, in-situ GO
reduction can be evaluated.
3.5. Energy dispersive spectroscopy (EDS)

EDS is typically used as part of SEM examination; this way,
morphological information is also gathered. On the spectrum, the
intensity (relative number) of the photons leaving the samples due
to excitation are represented as a function of their energy. The
peaks can be linked with the atoms present in the sample (atomic
numbers from boron to uranium); thus, the C/O ratio of the sample
can be easily determined [64,75,78,82,85,86, 88,92,95e97,99,103,
107,109,113,129,133,138,142].

In addition to the C/O ratio, EDS can also be used to detect the
presence of impurities (e.g. residues of oxidants) in the sample. Al-
Gaashani et al. prepared GO samples by different methods and
investigated them using EDS (Fig. 12) [113]. Before oxidation, the
oxygen content of graphite was undetectable (Fig. 12a). The first
sample (Fig. 12b) was exposed to a 70:20:10 mixture by weight of
H2SO4, H3PO4, and HNO3, the second sample (Fig. 12c) to a 90:10
mixture by weight of H2SO4 and H3PO4, and the third sample
(Fig. 12c) was placed in an ultrasonic bath after acidic oxidation,
during which some reduction occurred. Accordingly, the S peak
from the H2SO4 is visible in Fig. 12b and c, while a smaller O peak
due to reduction can be seen in Fig. 12d.

The main limitation of the EDS is that it is not possible to
distinguish between functional groups. During the evaluation, it
has to be consideredwhich part of the sample has been analyzed. In
some cases, it may be necessary to compare several areas to arrive
at the correct conclusions. Morphological information from the
SEM examination can help. Since only the top layer is examined, it
is necessary to prepare and examine several specimens from
various cross-sections of the samples. Considering these, EDS is
suitable for the evaluation of the in-situ reduction of GO in
ple produced via electrolysis [39].



Fig. 9. a) GO on the left, rGO on the right b) UV spectra of the two materials [37].

Fig. 10. UV-VIS spectra of rGO and GO [128].
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elastomer composites. EDS is an excellent tool for determining the
C/O ratio in GO and graphene samples. However, it has to be
combined with other methods to obtain information about the
types of functional groups present.

3.6. X-ray diffraction (XRD)

XRD shows a clear difference between graphite, graphene, and
GO samples. Since XRD analyzes the crystallinity of samples, the
oxygen content of GO or graphene can be inferred indirectly from
XRD results. The XRD spectrum of graphite shows a single narrow
peak corresponding to the spacing of the layers in graphite crystals
(Fig.13). During oxidation, oxygen-containing functional groups are
incorporated, so the interlaminar spacing increases. Considering
the random appearance of these functional groups, the interlam-
inar space is not uniform. For this reason, the peak on the spectrum
of GO shifted to the left and broadened, compared to graphite's
[34,52,60,70,74,79,81,85,86,89,94,96,98,99,101,102,104,108e112,
114,120,122,129,131,132,134,135,140,141,143,144]. XRD is not suit-
able for distinguishing between different oxygen-containing func-
tional groups or determining their concentration; consequently,
the C/O ratio cannot be accurately quantified. However, this
method may be suitable for indirectly monitoring the efficiency of
8

oxidation since all adjacent layers must be separated during
oxidation, which is indicated by the disappearance of the peak at
26.5�.

4. Preparation of graphene-rubber nanocomposites

Due to the size of graphene, graphene-containing composites
are classified as nanocomposites. The properties of these materials
are determined by their morphology and structure. The formation
of the morphology primarily depends on the mixing technology
used. The advantage of nanocomposites is the size effect, which
implies that the reinforcing particles contain fewer defects than
their larger counterparts. Thus, they can improve the mechanical
properties of polymers to a greater extent. Nevertheless, this effect
is only achieved if the nanoparticles are homogeneously dispersed
in the matrix. Otherwise, nanoparticles form aggregates that are
more prone to defects, and hence the mechanical properties of the
composite are compromised [136,137,145,146].

Traditionally, the production of polymer nanocomposites fol-
lows three distinct strategies. Nanoparticles can be dispersed in the
matrix by mixing methods known in polymer technology
(i.e. extrusion or internal mixing). Suppose there is a solvent
available in which both the polymer and the nanoparticle are sol-
uble. In that case, the composite can be prepared bymixing the two
solutions and then removing the solvent. The third way is in-situ
polymerization. In this case, the nanoparticles are dispersed in
the monomer or oligomer, followed by the polymerization process
[147]. In the case of graphene/elastomer nanocomposites, the
possible processes are similar but not identical. The relevant
methods used for elastomer nanocomposites are discussed in this
chapter.

4.1. Melt mixing

Melt mixing is similar to the first strategy described above. Simi-
larly to extrusion, nanoparticles are directly mixed into the uncured
rubber matrix, and then the mixture is vulcanized. Melt mixing is
typically performed on a rollingmill or in an internalmixer. Themain
advantage of this process is its adaptability to current technology, as
necessary equipment is used in rubber processing plants anyway to
ensure thedispersionofotheradditives. If theelastomer isavailable in
block form, melt mixing is the simplest mixing process to apply.
However, a significant drawback of this method is the formation of



Fig. 11. XPS spectra of the GOs prepared with different reaction times. a) Complete spectra; High-resolution spectra of b) C 1s, c) O 1s and d) S 2p. Deconvolution was performed for
all spectra but is shown only for the 30-min lines [75].
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agglomerates since traditional mixing techniques cannot provide
enough shearing to separate graphene layers from each other
[41,63,90,100,110,118,120,127,139e141,148,149] . The dispersion can
be facilitatedbycompatibilizersorsurface treatmentofnanoparticles.
Thereby stronger interactions with the matrix are formed
[142,143,150,151].

4.2. Solution mixing

Solution mixing is the direct adaptation of the second strategy
describedabove.Graphenemustbeavailabledispersed inanorganic
solvent that readily dissolves the base rubber polymer. A rubber
solution must also be prepared, and nanoparticles can be dispersed
in the polymer when the two solutions are mixed, followed by sol-
vent removal and vulcanization. To achieve proper dispersion, sur-
face treatment of nanoparticles may be necessary. Mixing may be
aided with ultrasound to avoid aggregation. Altogether, solution
mixing is relatively fast yet quite challenging to incorporate into
traditional rubber compounding [148]. It can be an obvious choice if
the elastomer was produced via solvent polymerization and the
graphene was produced via solvent intercalation. Solution mixing
canyield a3D segregated graphenenetwork structure,meaning that
the graphene particles are interconnected in the nanocomposite.
9

This network can contribute to specific nanocomposite properties,
such as enhanced electrical conductivity or reduced vapor perme-
ability, compared to samples prepared via melt mixing [152]. The
most considerable disadvantage of solution mixing is the use of
organic solvents, which is expensive to recover and requires great
environmental care [34,63,91,101,106,116,141,145,146,153,154].

4.3. Latex mixing

Latex mixing is a subset of solution mixing. In this case, the
solvent used for the process is water. During latex mixing, the
aqueous dispersion of nanoparticles is mixed into rubber latex. This
is followed by coagulation, drying, compounding with other addi-
tives, and vulcanization [148]. Latex mixing may be useful for
products made of natural rubber (NR) or emulsion-type rubber
polymers, where the matrix material is obtained in the form of
latex. It may also be preferable if the graphene is produced in
aqueous dispersion and available in this form. Advantages of latex
mixing include the achievable high degree of dispersion, the
simplicity of the process, and its low cost. If additives are added
before removing the water, further agglomeration can be pre-
vented, and thus a 3D segregated graphene network can be formed,
similarly to the case of solution mixing [58,147,148,155]. Also, in



Fig. 12. EDS results: a) graphite; b) GO prepared with a 70:20:10 mixture of sulfuric acid, phosphoric acid, and nitric acid; c) GO prepared with a 90:10 mixture of sulfuric and
phosphoric acid; d) ultrasonically reduced GO [113].
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case of latex mixing, no organic solvent is required, making latex
mixing an environmentally friendly option. However, a disadvan-
tage is that high particle concentrations cannot be achieved in
aqueous dispersions of nanoparticles, resulting in high water de-
mand and an immense need for drying. In addition, the dispersion
of nanoparticles is an energy-intensive process, often performed
using ultrasound, making scalability difficult [148]. Latex mixing
may be used not only for graphene but also for GO and rGO, as most
oxidation-reduction pathways take part in an aqueous phase.
Several examples of the use of latex mixing to produce graphene/
elastomer composites are reported in literature [52,57,60,63,
78,87e89,92,97e99,102,106,107,109,114,116,124,133, 141,149,156].
Fig. 13. XRD spectra of graphite, GO, and rGO [52].
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4.4. In-situ polymerization

In-situ polymerization starts from monomers or oligomers,
which chemically react with each other in the mold to form polymer
chains and cross-linkages. The starting monomer or oligomer is
typically in liquid form, so additives (even nanoparticles) can be
easily dispersed in it. In-situ polymerization is a common process for
creating thermoset products. For the majority of elastomers, in-situ
polymerization is not applicable, as the blend preparation starts
from polymer. An exception to this is polyurethane elastomers (PUR).
Polyurethanes are a large family of materials with a wide range of
properties and are therefore used in many different applications.
Additives are added to the mold by mixing them with the diiso-
cyanate or diol (monomers of PUR). In the case of nanoparticles,
dispersion in liquid is easier to achieve than in a polymer melt.
Although mixing helped by ultrasonication may be needed for pre-
venting the aggregation of the nanoparticles. However, when adding
GO, itmust be taken into account that the hydroxyl groups on the GO
nanoparticles can react with the isocyanate groups in the same way
as the hydroxyl groups on the diol. Although in-situ polymerization
is not applicable for most elastomers, it is the most obvious way to
disperse the nanoparticles in PUR products [150e163].
5. Testing methods for nanoparticle distribution in the
composite

5.1. Scanning electron microscopy (SEM)

SEM is widely used to investigate the morphology of polymer
composites, so its application is obvious for composites containing
graphene or GO. The images can show the arrangement of particles
in the matrix, so the level of dispersion may be determined. This is
particularly important because the aggregation of particles impairs



Fig. 14. SEM images, a-a0) graphene particles, b-b0) NR, c-c0) graphene particles in NR matrix [170].
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the mechanical properties of the composite [6,78,80,88,90,
92,97,99,102,106,107,109,111,116,121,140,149,150,157e162,164e169].
The method can be beneficial when the percolation of graphene
particles is desired (typically in electrically conductive composites).

Fig. 14 contains SEM images of graphene/NR nanocomposites.
Images of these composites reveal the degree of aggregation and
show the interface between graphene and the rubber matrix [170].

5.2. Transmission electron microscopy (TEM)

TEM imaging provides an insight into the morphology of
nanocomposites at a higher resolution than SEM. TEM images
11
clearly show the size and arrangement of graphene or GO particles
in the matrix. Conclusions can be drawn about the particle-matrix
interaction, which determines the mechanical properties of the
composite [41,52,60,89,99,106,107,109,114,116,117,124,133,140,149,
160,167]. Because of the sheet-like shape of the particles, their
orientation has to be considered during sample preparation. Only a
narrow cross-section of the sample is visible in TEM images, so
several specimens must be prepared from different angles to
investigate a nanocomposite sample thoroughly.

Fig. 15 show TEM images of a GO/SBR (styrene-butadiene rub-
ber) nanocomposite. The distribution of GO particles was success-
ful; there is no sign of aggregates in the composite. Consequently,



Fig. 15. a) AFM image of GO particles b-c) TEM images of GO/SBR composite, containing 7 phr GO [171].

Fig. 16. XRD spectra of GO/SBR composites with different amounts of GO [171].
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the mixing technology used (latex mixing in this case) is proven
effective [171].
5.3. X-ray diffraction

Composites containing graphene or GO particles can be
analyzed by XRD as well. The characteristic peak of graphite is a
good indicator of the distance between graphene layers. However,
the matrix's characteristic peaks can completely alter the spectrum.
Therefore, the XRD spectrum of the purematrix has to be compared
to the spectrum of the composite to draw correct conclusions
[41,78,88,97,106,107,116,124,133,161,165,168,172].

Fig. 16 shows the XRD spectra of GO/SBR composites with
different GO contents. In the case of pure GO, one characteristic
peak can be seen, indicating the spacing between layers. Due to the
12
interlayer functional groups, its angle is lower than for graphite.
This peak does not appear in the spectra of composites, indicating
that complete exfoliation was achieved during mixing. The broad
peak of SBR around 20� also appears in the spectra of the com-
posites. This draws attention to the fact that the spectra of com-
posites carry the characteristics of the individual components, yet
are not suitable for quantitative analysis [171].
6. Conclusions

Graphene-based elastomer nanocomposites comprise an
emerging field of materials science. They are expected to be
employed in several industries for their beneficial properties.
Graphene has the largest Young's modulus of all known materials,
and as such, it has an exceptional potential in creating lightweight,
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strongly reinforced nanocomposites. Due to its electrically
conductive properties, it can play a role in electronics or even in
electric cars in the future. Considering the sheer production volume
of rubber tires, the ultimate goal would be to use graphene to in-
crease their longevity and potentially decrease their rolling resis-
tance. However, to achieve these goals, the quality of graphene and
its homogeneous dispersion in the rubber matrix must be ensured.

Some of the preparation methods of graphene include the
oxidation of graphite, as oxygen-containing functional groups in-
crease the separation of layers. Consequently, two of the most
important properties of graphene are its layer thickness and oxygen
content. Graphene's reinforcing capabilities can be exploited to the
fullest if it has the largest interface with the matrix, which can be
achieved with the lowest possible layer thickness. Functionaliza-
tion can change the quality of the graphene-polymer interaction.
Higher oxygen content may be beneficial when combined with
polar polymer matrices. However, most rubbers are non-polar, so
high oxygen contents are generally undesirable.

As graphene nanocomposites comprise a relatively new
research topic, there are no standardized tests for the accurate
measurement of their properties. In this review, we evaluated
several analytical techniques based on their applicability to the
study of graphene and graphene-based nanocomposites. We
concluded that most spectroscopic tools could only qualitatively
measure specific properties. However, quantitative analysis is also
possible. X-ray diffraction can be used to simultaneously gain in-
formation about the layer thickness and the oxygen content of
graphene. It is also suitable for determining whether graphene is
uniformly dispersed in the rubber matrix. These findings must be
validated by Raman spectroscopy, transmission electron micro-
scopy, and energy dispersive spectroscopy.
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