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ABSTRACT

The addition of graphene as an efficient nano-filler to different polymer matrices lead to a sub-
stantial improvement in different physical properties which, as a result, pave the way towards
promising applications. In this work, Polystyrene (PS) was reinforced with different low loadings of
graphene oxide (GO). The latter was prepared according to the Hummers method. The incorpo-
rated weight fractions were (0.01, 0.05, 0.1, 0.25, 1.0) wt. %. Solution blending was the adopted
approach to prepare the nanocomposites. The resulted nanocomposites were characterised com-
pared to the neat polymer. Many tools were employed to investigate the structure, morphology,
thermal, and thermo-mechanical behaviour of GO, neat polymer, and the nanocomposites. The
structural and morphological outcome for GO and PS was confirmed compared to the literature.
The outcome confirmed as well the good dispersion of GO nano-sheets in the PS. The thermal
and thermo-mechanical properties were enhanced for the nanocomposites compared to the neat
polymer. The results emphasised the improvement of nanocomposites’ performance as the inclu-
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sion of GO went higher.

1. Introduction

Carbon based nano-fillers for a range of applications have
recently attracted a considerable attention due to their
exceptional mechanical and physical properties such as high
strength, high stiffness and high thermal and electrical con-
ductivities. Many of research groups have prepared and
study the features of these materials according to their low
cost, low weight and ease of processing.[l] Graphite, fuller-
ene, carbon nano-tubes and the recently discovered material,
graphene, are derived from this fascinating material, carbon,
and they are the most widely studied allotropes of interest
to technologists and researchers due to their unique applica-
tions in various fields.'

Graphene is a planar honeycomb lattice that is a two
dimensional, one atom thick carbon sheet. Its properties
include high thermal conductivity, high intrinsic electron
mobility, optical transmittance of 98%, large specific surface
area and high Young’s modulus.®’ These properties offer
graphene the potential for numerous different applications
in many disciplines such as sensors, energy conversion, stor-
age devices, solar cells and reinforced composites.! To
enable the exploitation of these unique properties in applica-
tions, graphene and its derivatives have been successfully
prepared using different routes such as bottom-up chemical
vapour deposition and top down exfoliation of graphite by
means of oxidation, intercalation and/or sonication.”

As a consequence of their high Il-IT interactions (kind of
non-covalent interaction between electron rich IT system

and another molecule), graphene sheets are not directly
mixed with the polymer matrices to produce polymer nano-
composites as the graphene sheets tend to stack into large
aggregates. For this reason, graphene oxide is usually incor-
porated into polymer matrices for making high quality poly-
mer nanocomposites, as it has better compatibility with
polymers, forms a uniform dispersion and offers a possibil-
ity of mass production.!®’

The structure of GO may be considered as a graphene
sheet with attached oxygen functional groups in the forms
of carboxyl and hydroxyl groups at the edges and epoxy
groups and some carbonyl groups in the basal plane
(Mkhoyan et al. 2009; Liao et al. 2011).17%]

Polystyrene (PS) is one of the most common widely used
thermoplastics. It can be used in many kinds of applications
such as construction, automotive, protective packaging etc.
The annual commercial consumption for this material has
exceeded the barrier of billion kilogram.!”’ The combination
of nano-fillers that have at least one dimension in the nano-
scale (1-100) nm and the polymer matrix are known as
nanocomposites.''”’ Nanocomposites have been synthesised
by university researchers and private sector organisations
with a view to developing applications in a number of mar-
kets such as aerospace, sports products, automobiles etc..!"]
A substantial improvement in polymer nanocomposites’ per-
formance can be achieved at very low loadings of nanofil-
lers. The GO based graphene materials are showing a
remarkable improvement in different properties at very low
loadings as these nano-fillers possess high aspect ratio and
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large interfacial area that makes the low loadings of these
nano-fillers sufficient to achieve the required improve-
ment.""?! This will be important for manufacturing materials
that have lighter weight but that are also stronger.”

A research group!*! was confirmed that adding only
1.0wt. % of GO to polyethylene oxide PEO led to a 260%
improvement in thermo-mechanical stability for the polymer
that was used in lithium-ion battery applications. This result
was achieved according to the superior properties of GO
and the strong interfacial interaction between GO and the
surrounding PEO.

2. Experimental section

2.1. Materials, preparation of graphite oxide, GO, and
nanocomposites

Materials employed in this work were reported previously in
a recent literature."” Improved Hummers method was
adopted to prepare graphite oxide as reported by collabora-
tors in their co-work.'® 6 g of graphite was mixed with 3 g
of NaNO; in a beaker. 138 ml of high concentrated H,SO,
(98%) was added to the beaker which was put in an ice bath
to keep the reaction temperature below 35°C. Then, 36 g of
KMnO, was added cautiously over 2 days. A magnetic stirrer
was employed to mix the aforementioned chemicals at a
speed of 200 rpm.

This resulted in a yellow brown viscous mixture. To
which 10-15ml of H,O, was added in order to quench the
reaction. 400 ml of distilled water and 100ml of HCL was
then used for reducing the acidity of the graphite oxide. A
centrifugation process was performed as centrifuges of
(Richmond scientific limited, UK and Eppendorf, Germany)
were utilised for many times after adjustment to 8000 rpm
for 1hour each time and the graphite oxide was washed
with distilled water over 18h till the pH of the solution
reached 5.5. The GO was then prepared by freeze drying
technique according to a specific procedure adopted by
some researchers.!"”! The graphite oxide was sonicated for
1h (Fisher brand Elma, Germany) and centrifuged for
30 minutes at 6000 rpm. The suspension was then casted
into Teflon coated metal tray and left to be frozen in a
freezer for 24h at —40°C. The GO then was then kept
inside the chamber of a freeze drying machine (Bradley
refrigeration. Edwards, UK) for 48h under a pressure
around 10~ 'bar. The final product of GO by this procedure
was a fluffy powder (porous foam) material. The nanocom-
posites samples were prepared by solution blending using
THF. An optimum approach of preparation concluded by
co-authors!"* was adopted to prepare samples.

20 g of PS pellets were dissolved in 200 ml of THF using
magnetic stirring for 2h at 600 rpm. Different amounts of
GO were suspended in specific volumes of THF for each
concentration. The weight fractions for GO in PS/GO nano-
composites were (0.01, 0.05, 0.1, 0.25 and 1.0) wt. % beside
the neat polymer.

The suspensions of GO/THF were stirred for 2h at
600 rpm and pre-sonicated for 30 min. Each concentration
of GO/THF suspension was mixed with 200 ml of PS/THF

solution. The mixed solutions were stirred for 1:30 h. Then,
to ensure a good dispersion of GO nanosheets in PS matrix,
a bath sonication (Fisherbrand, Germany) was used for 0.5h
and shear mixing (Silverson, UK) was used for 1h at mixing
speed of 1600 rpm/Amp 0.3. The obtained suspension of PS/
GO was poured in a glass covered Petri-dishes to ensure a
slower evaporation for the solvent. All samples were left in a
fume cupboard for 1week and then in a vacuum oven for
3 hours at 40 °C to be fully dried.

2.2. Characterisation

For AFM, 2ml of graphite oxide was mixed and stirred with
200ml of distilled water. This mixture has sonicated and
centrifuged for 30 minutes each. An aqueous suspension of
GO was formed via sonication in bath sonicator which led
to direct exfoliation. This approach was adopted by some
researchers.!"®! Small drops were taken from the solution
and precipitated over small black sheet that had been taped
over a slide of glass and this was followed by mechanical
exfoliation using scotch tape. The slide was left overnight to
dry for AFM imaging purposes. The AFM measurements
were carried out on a (3100 dimension, CLI digital instru-
ment, USA) for finding the lateral size and thickness of gra-
phene sheet. Real time scanning was carried out at ambient
temperature and the image was recorded using
Nanoscope software.

Non-contact-tapping mode was used to characterise the
graphene. The tip used for imaging was made from silicon
by Nanosensors "™ (Switzerland) and it had a ‘diving board’
shape with resonant frequency of 210-490 KHz.

An optical microscope (Swift, New York Microscope Co.
USA) was used for imaging the nanocomposite samples to
determine the distribution of GO in the PS matrix. The
microscope had a resolution of 10X with a magnification
scale of 0.5 mm.

For investigation the quality of dispersion of the nano-
sheets in the matrix, and to obtain an idea about the
morphology of the pristine polymer, transmission electron
microscopy (TEM) was used. Samples of PS and PS/GO
1.0wt. % were snapped frozen in Liquid Nitrogen and
placed in the FC6 cryo chamber to equilibrate for around
30 minutes. Ultrathin sections, approximately 90-100nm
thick, were cut using a Leica UC 6 ultra-microtome and
FC6 cryo-box both manufactured by Leica Gmbh (Vienna,
Austria) and supplied by Leica microsystems (Cambridge,
UK). The cryo-box was attached onto uncoated 200 mesh
copper grids at temperatures of between —60 to —100°C.
Sections were examined using a FEI Tecnai TEM at an
accelerating voltage of 80kV and 100kV. Electron micro-
graphs were recorded using a Gatan Orius 1000B digital
camera and Gatan digital micrograph software. The camera
and the related software were manufactured by (Gatan Inc.
USA) and supplied by (Gatan, Abingdon, UK).

A Scanning Electron Microscopy (SEM Inspect F,
Poland) was used to characterise the fracture surface for the
samples using different magnification powers. Cryogenic
fracture surfaces were obtained via snapping samples in



liquid nitrogen. The neat polymer and the PS/GO 1.0wt. %
were soaked in a container of liquid nitrogen for 5minutes
and snapped inside the container to obtain a clean frac-
ture surface.

A gold sputter coater (Emscope SC500, England) was
used for coating the polymer and the nanocomposite frac-
ture surfaces. Samples were mounted to the sample holder
of 25mm diameter, 16 mm height with doubled angle 90"
made from aluminium manufactured by Agar scientific,
Germany. Polymer and nanocomposite sample were coated
manually with silver dag before coating them with gold
using the sputter coater machine. Coating started when the
vacuum inside the chamber was about 0.06 Tor. The current
utilised for coating process was 15 mA and the time required
for accomplishing coating process was 3 minutes apart of
the time consumed to reach the required pressure inside the
chamber which was about 10 minutes. GO powder was dis-
tributed over an aluminium pin stub of high purity and it
was taken to SEM imaging after making gold coating only.
There was no need for coating GO powder by silver dag.

Fourier ~Transform Infra-red Spectroscopy (FTIR
Spectrum 100 Perkin Elmer, USA) which had a wavenumber
coverage of range of 400-4000 cm™' was used for character-
ising graphite, graphite oxide, GO, PS and PS/GO nanocom-
posites. Accumulations was 16 scans. The used source
attached to the machine was MIR 8000-30cm ' and the
detector was MIR TGS 15000-370 cm ™', The scan speed was
0.2 cm/sec and the resolution was 4cm ™.

Raman spectra were recorded with equipping a CCD
detector for graphite, GO, PS and the nanocomposites using
the Reinshaw inVia Raman microscope, England.

The wavelength of the source was 514.5nm argon-ion
laser at a power of 20mW and resolution of 1cm™'. To
investigate the crystal structure of graphite, GO, PS and its
nanocomposites D2 Phaser, X-ray diffraction analyser
(Bruker, USA) was employed with Ni filter and Cu target.

The size of the slot was 1 mm, operating current 10 mA,
operating voltage 30kV and scanning range (20) was from
°5 to ° 50. The time was 0.3 and the steps was 3700. The
detector was Lynxeye (1D mode) and the wavelength
was 0.154 nm.

Thermal Gravimetric Analysis (TGA Pyris 1, Perkin
Elmer, USA) was used to measure thermal degradation tem-
perature. The atmosphere used in the test was N, and the
heating rate was 10°C/min. The range of temperature used
with graphite, GO, PS and PS/GO nanocomposites was from
28 to 600 °C. The weight of each sample inside the pan was
5mg except the weight of GO powder that was
few milligrams.

Differential Scanning Calorimetry (DSC 6 Perkin Elmer,
USA) was used to determine the value of the glass transition
temperature (T,) which is the temperature at which the
polymer transforming from glassy state to rubbery state.
10mg of each sample was placed in a sealed pan of alumin-
ium with an empty sealed aluminium pan used as a refer-
ence. Aluminium was selected as a sample holder and as a
reference as it has a high heat capacity over a range of tem-
peratures. Both of the sample and the reference were placed
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inside the machine and subjected to a nitrogen gas purge at
a rate of 50 ml.min~'. The range of temperature was ramped
from 25°C to 240°C at a rate of 10°C. min~".

Dynamic Mechanical Analysis (DMA Perkin Elmer,
DMA 8000, USA) was used to find the storage modulus for
the neat polymer and nanocomposites where strain was
0.5% (0.05mm), the range of temperature was 40 — 130 °C,
the heating rate was 3 °C/min. and the oscillatory frequency
was 1 Hz. The deformation mode utilised in this test was
single cantilever bending.

3. Results and discussion

A dilute and clear colloidal suspension of GO was obtained
in distilled water. In order to overcome the attractive
Vander Waal forces between the graphitic layers, liquid
phase exfoliation was applied and assisted by mechanical
exfoliation to obtain small graphene nano-particles that have
lateral sizes up to 1 pum. The use of liquid phase exfoliation
generally, and sonication specifically leads to detrimental
effects on the nano-sheets in terms of defect formation in
the periphery of the sheets. However, the approach is still
desirable and extensively applied because single layer GO
sheets can be obtained and it is an environmentally friendly
approach.!”'&1]

Figure 1 shows the dimensions of GO flakes. It confirms
the thickness of the GO sheets varies between 0.7 and
1.1 nm and the lateral size varies between 863 nm to 1.2 um
for the different sheets. Some researchers'*”’ had shown that
the thickness of a monolayer GO nano-sheet is 1- 1.4nm,
whilst the thickness of a single layer of graphene is about
0.34nm. The reason behind this variation can be attributed
to the presence of adsorbed molecules and functional
groups. The same authors elucidated the reasons behind the
wide range of lateral sizes for the GO nano-sheets as follows:
The multistep oxidation process for the large crystals of
graphite increase the possibility of obtaining large GO sheets
with lateral size up to 3mm. A research group'® were iden-
tified another reason why GO sheet is thicker than graphene
sheet. They suggested that it is due to the presence of cova-
lently bound oxygen atoms. Furthermore, the slight displace-
ment of SP> hybridised carbon atoms above and below the
original graphene plane also led to thickness differences.

Figure 2 refers to the relative even distribution of GO in
the polymer matrix. The images that were taken by optical
microscopy for the neat polymer film, and different
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Figure 1. AFM image and the section analysis for the GO nano-sheets.
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PS

Figure 2. The OM images for the PS and the nanocomposites with different weight fractions.

concentrations of GO in the matrix, clarify the nature of
nano-fillers distributed in the polymer. The optimum prop-
erties of the nanocomposites are only achievable with a
homogeneous distribution for the nanofillers in the poly-
mer matrix.

The performance of the nanocomposites is severely
affected as the nano-scale reinforcements tend to coalesce
into macro size agglomerates.”!! Some authors'*?! had used
OM to study the dispersion of carbon nanofibers in an
€poxy matrix.

Figure 3a shows the IR of graphite, graphite oxide and
GO. The sophisticated IR instruments are recording the data
within the range of 400-4000 cm™' .The spectrum of graph-
ite does not display any peaks that appear in its oxidised
forms.?*! This result was confirmed in literature.**! For the
graphite oxide and GO spectra, the effect of oxidation pro-
cess is clearly recognised as the peaks are attributed to the
presence of oxygen functional groups.

For the graphite oxide spectra, two main peaks can be
found, the first one is the most prominent one that has a
peak in 3286cm ™' which is formed according to the C-OH
stretching vibrations of the hydroxyl group. The other peak
that can be seen for the graphite oxide is nearly at
1620 cm ™" which is formed due to C=C skeletal vibration
for the graphite which is not oxidised.'””’ Some research-
ers?* were confirmed similar results for graphite oxide as
they were reported a presence of broad peak located
between 3000-3700 cm ™ 'due to free and adsorbed hydroxyl
functional groups. They also reported the presence of peak
that was located at 1620 cm ™, and this peak was ascribed to
the deformation vibration of adsorbed water molecules. The
peaks of GO can be explained as: hydroxyl, epoxide and car-
boxylic acid groups and can be shown as a rich collection of
absorption bands. The O-H stretching vibration can be seen
in 3500cm ~'. The other absorption peaks of C=0 from
the absorption of carbonyl and carboxylic acid groups,
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Figure 3. a: IR spectra for graphite, graphite oxide, GO, PS and its nanocompo-
sites. b: IR spectra for PS and its nanocomposites. The black dash lines are refer
to PS, whereas the blue dash lines are refer to interaction between PS and GO.

= C from the unoxidised graphitic domain, C - H and C
- O from the absorption of epoxy groups can be seen at the
wavenumbers (1720, 1450, 1340 and 1100) cm ~' respect-
ively. All of the vibrations are stretching vibrations apart
from the C - H group which has a bending vibration.!'”*!
The literature was reported via some collaborators®”! the
presence of O-H, C=0, C=C, and epoxy C-O in their
sample of GO.

Figure 3b shows the peaks related to PS which refer
to=C-H aromatic stretching vibration in the range of
3100-3000cm . Asymmetric and symmetric stretching
associated with vibration stretching of CH, can be noticed
at peaks of 2929 cm ™' and 2849 cm ™' respectively. Peaks at
1600, 1580, 1491 cm™ " are attributed to the stretching vibra-
tion of benzene ring. The C-H out of plane bending vibra-
tion of the benzene ring can be seen at 753 and 697 cm ™.
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Figure 4. a: The crystal structure for graphite and GO by Raman spectroscopy.
b: Raman spectra for PS and its nanocomposites.

The weak shoulder at 1073cm ™' confirms the interaction
between PS and GO but a typical peak for GO cannot be
found due to an overlap with PS peaks, or it is a weak
peak.?®! Co-authors'**! were reported that the peak of
1023cm ™' is another peak of interaction between PS and
GO and the type of interaction is most likely to be
IT-IT stacking.

Raman spectroscopy is a non-destructive technique for
investigating the structure, electronic properties, doping
level, defect structures and defect density of graphitic mate-
rials. It is also an efficient tool for characterising and analy-
sing the order crystal structure of graphite’s derivatives. The
crystal structure for graphite and GO using Raman spectros-
copy is shown in Figure 4a and b shows the crystal structure
of PS and the nanocomposites. The G band is usually related
to E,g phonons by SP* carbon atoms at 1575cm™'. The D
band is associated with the breathing mode of k point pho-
tons of A,y symmetry and this band is at 1350cm ™’ [25:30]
These peaks referred to by the latter co-authors>” 300 that
are related to the G and D band were found in the current
sample of graphite used in this research. The spectrum of
graphite includes few Raman invisible active bands as it is a
highly ordered material.



6 Z. G. MOHAMMADSALIH AND N. S. SADEQ

The weaker band (D band) in Figure 4a is caused by
graphite edge defects, bond length disorder, bond angle dis-
order and vacancies. On the other hand, the sharp band (G
band) appears due to in-phase vibrations of the graphitic
lattice.*"*%

At around 2680 cm ™', the D band has an overtone peak
which is called the 2D peak. The shape and shift of this
peak is intimately associated with the number of graphene
layers and its position in the current graphite sample is
appearing at around 2700 cm ™', The reason for the appear-
ance of this peak is due to the double resonance transitions
resulting in the production of two photons with opposite
momentum. Another important feature of this peak is that
it is a clear and prominent peak even with the absence of
defects in graphene sheet which is unlike the D band peak
that is only active when defects are present.”*”!

Co-authors”®” were confirmed the D and G band for
graphite at 1594cm™" and 1358cm ™' respectively with a
clear 2D peak at around 2700 cm ™.

The oxidation process for the graphite caused a consider-
able change in the lattice structure of graphite due to the
formation of oxygen functional groups at the edges and at
the basal plane. It can be seen that the peak of the G band
is shifted higher to 1589 cm ™' in accordance to the oxida-
tion of graphite as a new SP> carbon atom is formed in the
graphitic lattice. In addition, the D band is shifted slightly
higher (1357 cm ') and the intensity of the D band is also
higher compared with its intensity in the graphite spectrum.
These outcomes observed in GO can be attributed to the
formation of disorder and defects such as aliphatic chain,
grain boundaries and the presence of in-plane hetero-atoms.
The oxidation reaction is behind the weakening or dis-
appearance of the 2D peak as the stacking order is bro-
ken.*?! The intensity ratio between the D band and G band
(ID/IG) is used to evaluate the defective disorders or the
graphitisation quality for the crystalline graphite. The signifi-
cant increase for this ratio as compared with graphite from
0.092 to about 0.97 refers to the increase of disorder struc-
ture in the graphene sheet as a result of the oxida-
tion process.[33]

The literature reported by a research group® confirmed
the peaks of GO with a slight variation in the values of
Raman shift and there was an increase in the ratio of (ID/
IG) for GO as compared with pristine graphite.

The Raman peaks of PS obtained by some collabora-
tors”®*! are similar to what has been achieved for PS used in
the current study. The C-H vibration is about
3000 cm (2900 and 3052 cm™). Figure 4b shows Raman
peaks for PS and nanocomposites. The carbon in the former
is related to the aliphatic chain, but in the latter to the aro-
matic chain. About 800cm ™" the low frequency C-C can be
seen. At around 1600cm ™' a strong C=C is noticed. The
sharp peak at 1000 cm ™' is due to the aromatic carbon ring.
As the loading fractions are very low, no shift can be seen
for the Raman peaks of nanocomposites. The peaks of PS
are still the prevailing peaks.

Some authors®**! confirmed that the G band peaks of PS
reinforced with Multi Wall Carbon Nano-Tubes MWCNT

1//\__
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Figure 5. XRD patterns of graphite, GO, PS and its nanocomposites.
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are shifted to lower wavenumbers in (8.0 and 10.0) wt.% in
spite of the identical shape of the peaks as compared with
the sample that was reinforced with 6.0wt.% and neat PS.
The PS/MWCNT of 1.0wt. % did not show any shift for
any band.

Figure 5 shows the XRD patterns of graphite, GO, PS
and the nanocomposites. It is worth mentioning here that
some researchers are using XRD which is a powerful and
efficient tool in characterising layered materials such as GO,
and as a reliable provider for the completion of oxidation
process.!*>*7]

The natural graphite peak shows a sharp characteristic
peak at 20 of 26.3° This peak verifies the abundance of
unoxidised graphite substances. A new peak is formed at
10.7° which indicates the disappearance of a sharp peak of
graphite, reduction in graphite’s crystal structure and forma-
tion of GO sheets which consequently refer to a successful
oxidation process. These peaks for graphite and GO were
found by a research group.*® Another research group'®”
found that the interlayer spacing was shifted higher from
0.33 nm for graphite to 0.81 nm for GO.

The same approach is found here as the interlayer spac-
ing is going higher from 0.33 nm for graphite up to 0.82 nm
for GO which confirms the accommodation of oxygen func-
tional groups in the graphitic gallery that led to this result.
The peaks of PS at 19.5° with the very broad and weak peak
at 10° confirm the amorphous structure of PS.

The same peaks for PS were found by co-authors.*”! For
the nanocomposites, the only prominent peak is that related
to PS and no obvious peak for GO can be found. This can
be attributed to exfoliation of GO in the matrix with
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Figure 6. SEM micro-graphs of cryogenic fractured surface for neat PS” top images” and PS/GO 1.0 wt. %.

random dispersion, and the decline in the peak intensity of
GO is due to dilution of the polymer matrix and the broad
peak of PS. For all of the aforementioned reasons, the peri-
odic structure of GO could not be found in the XRD pat-
terns of the nanocomposites.?*74!]

Co-authors'*?! were reported that the incorporation for
(0.5 and 1.0) wt. % of GO to PSF did not result in clear
appearance for a peak related to GO in the XRD patterns
for these nanocomposites. Instead a single broad peak was
observed that indicated a factual change in the structure of
the polymer which indicated the dispersion of GO in the
amorphous structure of polysulfone.

Figure 6 shows SEM micrographs that clarify the morph-
ology of the neat polymer and the 1.0 wt. % of GO reinforc-
ing the polymer matrix. It can be concluded that the
cryogenically fractured surface for PS is rough and uniform
which is totally different to the micrographs of the nano-
composite where the roughness decreases with the incorpor-
ation of GO nano-particles. Aggregates of GO in a few
random places can be seen in the morphology of the lower
couple of images for the nanocomposites. Interesting find-
ings were assured in the literature!*® referred to the same
approach for the morphology of the cryogenically fractured
surface of PS and its nanocomposites that included different
weight fractions of graphene nano-powder.

A research group'*¥ obtained findings using SEM that
referred to aggregations of graphene nano-platelets in a
Polyurethane PU matrix with loading up to 2.0 wt. %.

In Figure 7a and b the thermal degradation behaviour is
investigated for graphite, GO, PS and the nanocomposites.

No weight loss for graphite powder was observed even at
high temperature (around 800°C) because of the highly
graphitised structure.*”) Another study in the same year!*®!
indicated the good thermal stability of graphite up to
800°C. It can be noted for GO that it is thermally unstable
due to significant mass reduction with increasing tempera-
ture.l*”) There is a gradual weight loss with the increment of
temperature up to (170-180) °C and this rising weight loss
is ascribed to the evaporation of water molecules in the GO
structure. The major weight loss occurs at around 204°C
which is attributed to the decomposition of different kinds
of oxygen functional groups in the structure of GO.*® This
drastic weight loss is accompanied by the emission of H,O
and CO, gases as the main decomposed functional groups
are hydroxyl and carboxylic functional groups.

The third stage starts from around 350°C up to 800°C
and here maximum weight loss appears which is around
60%. At this stage, the generation of CO gas is associated
with the decomposition of carbonyl functional groups as a
consequence of thermal treatment up to 500 °C.1*! Some
collaborators'*”!  observed that the thermal degradation
behaviour for GO includes two main steps, the 1" one is the
mass loss up to 100°C due to the removal of absorbed
water, and the 2™ step occurred around 200°C due to the
decomposition of the oxygenated functional group. The
thermal degradation temperature T4 for GO in the current
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Figure 7. a: Thermal degradation behaviour for Graphite and GO. b: TGA curves
for PS and its nanocomposites. The background figure is the DTG curves for GO,
PS and its nanocomposites.

study is 224°C. This is different to that found by some
authors*”) when they measure T4 for GO when it was found
to be 161°C. A possible explanation for the obtained result
(high Td for the GO in the current study) is the abundance
of functional groups that led to this high T4 temperature.
On the other hand, the T4 temperature obtained by some
co-authors¥ is in accord with the current study.

For PS and nanocomposites shown in Figure 7b, it is
clear that the incorporation of GO nano-sheets in the poly-
mer matrix contribute positively in improving the thermal
stability of the nanocomposites compared with pristine PS.
It is clear there is a delay in onset decomposition for the
PS/GO 1.0 wt. % compared with the neat PS.

The pristine PS starts to decompose at around 142°C
and it is fully decomposed at around 450 °C. The main rea-
son for the PS decomposition is the main chain pyrolysis.!*"’
The T4 temperature gradually increases with increasing
weight fraction addition to the polymer. This represents an
improvement in thermal stability for the nanocomposites
and can be attributed to the homogeneous distribution of
the GO nanosheets in the matrix. This leads to a more effi-
cient dissipation of heat throughout the polymer matrix,
and  better retardation in  terms of  thermal
decomposition.!*!!
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Figure 8. DMA curves for PS and the nanocomposites.

This behaviour was emphasised by a research group'®?!
when they showed that the T4 temperature is increased for
PS when it is reinforced with different weight fractions of
functionalised GO (0.1, 0.5 and 1.0) wt. %. Here the
improvement in thermal stability was successfully obtained
for the PS nanocomposites under the influence of air and
nitrogen atmosphere respectively. Hence, it could be con-
ceivably demonstrated that the incorporation of low loadings
of graphene or its derivatives or reductants into different
polymer matrices may lead to improve thermal performance
as confirmed by research groups.l**>*!

Figure 8 illustrates the thermomechanical behaviour for
the PS and its nanocomposites. It should be emphasised that
the polymer and nanocomposites are in a glassy state at
room temperature as the chains are frozen and motionless
but they transform to the rubbery state as the temperature
is raised.”>!

The inverse relationship between temperature and storage
modulus can be clearly seen. As the temperature increases,
cooperative motion for the polymer chains occurs and this
motion of the chains is accompanied by energy dissipation
leading to a decrease in storage modulus. The former meas-
ures the stored energy, representing the elastic portion of
the curve.

The second set of analyses discusses the assessment of
the GO addition to the polymer in terms of storage modulus
improvement. The storage modulus increases consistently
with the addition of increasing weight fractions of GO to
the neat polymer, consistent with an increase in the rigidity
of the nanocomposites compared with the pristine polymer.

The restricted movement of the polymer chains, the
larger aspect ratio of GO nanosheets, the higher modulus
for GO nanosheets, the stronger interfacial interaction
between the polymer and the nanofillers, and the homoge-
neous distribution of GO nanoparticles in the polymer
matrix are the most important reasons for the consistent
improvement of the thermomechanical performance for the
nanocomposites compared with the neat polymer.!*>*"4°]
Some collaborators!®®! were confirmed the same behaviour
for the PS when it is reinforced with different very low
weight fractions of graphene.
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Different findings compared to the literature had been
reported by some authors®® when they highlighted the
negative thermomechanical performance for the PS when it
was reinforced with higher weight fractions of MWCNT.
They highlighted a decrease in storage modulus for PS with
the incorporation of 8.0 and 10.0wt. % of MWCNT com-
pared with 6.0wt. % and other lower concentrations. The
authors attributed this to the agglomeration of nanoparticles
that led to poor interfacial interaction between the nanopar-
ticles and polymer molecules.

Figure 9 shows the values of T, that were recorded by
the DSC measurements as part of this study. It can be seen
that there is a slight increase in the values of the glass tran-
sition temperature T, with increasing weight fraction of GO
in the PS. This behaviour can be explained by the retard-
ation of the molecular motion due to interaction with the
GO nanosheets that have high surface area.

The observed increase in the values of T, can be attrib-
uted to the fine dispersion of GO in the PS because several
dispersive techniques have been employed. The large surface
area of the nanosheets produced confinement in the poly-
mer chains and this leads to a higher glass transition tem-
peratures for the nanocomposites compared with the neat
polymer.**) It is important to report that no surface treat-
ment is carried out for the GO. Despite the fact that some
SP, network of graphite sheets is damaged by the process of
oxidation, the residual hexagonal honeycomb lattice might
form conjugations with the PS adding more confinement for
the GO with the plate structure of PS segments. This will
result in an improvement in the values of T, for the nano-
composites higher than PS."*!) A research group®”! were
reported the effect of low loadings of GO on the PS matrix,
and they confirmed what has been observed in the current
study. As the loading of GO increases from (0.3 to 2.0) wt.
%, so the T, increases which is a consequence of the strong
interfacial interaction between the nanosheets and
the polymer.

This strong interfacial interaction inhibits free mobility of
the adsorbed polymer chains in the interface. The following
table shows the improvement in thermal and thermo-mech-
anical properties for the nanocomposites compared to the
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Table 1. Thermal and thermo-mechanical properties of neat polymer and its
nanocomposites.

Storage modulus

Sample Td / °C Tg /°C at 30 °C/ GPa
PS 425.58 99.4 141
PS/GO 0.01 wt.% 426.90 100.6 1.56
PS/GO 0.05 wt.% 427.70 101.1 1.69
PS/GO 0.1 wt.% 427.90 101.2 2.0
PS/GO 0.25 wt.% 427.50 101.3 2.19
PS/GO 1.0 wt.% 428.70 102.2 223

neat polymer. As the weight fraction of GO going higher,
the performance is improved (Table 1).

Figure 10 shows the spatial dispersion for GO nanosheets
in the PS matrix as well as the morphology of the nanocom-
posite and the neat polymer.

The black sheets represent the nanosheets and the grey
background are the results obtained with the polymer. In 1%
couple of images and at higher magnifications, curved and
partially peeled nanosheets can be seen which provide an
impression of the morphology of the nanocomposite mater-
ial. At the lower magnifications of 100 and 50 nm the indi-
vidual and finely dispersed sheets can be seen in the matrix.
No stacking or aggregations for the nanosheets of GO can
be found in the PS matrix.

These findings are in line with the disseminated litera-
ture.’” In order to show the difference in morphology
between the neat polymer and the nanocomposite, images
for pristine PS were also recorded. Figure 10 shows a series
of TEM images and it can be clearly seen from the bottom
two that no interesting nanosheets or recognisable morph-
ology for the nanofillers can be confirmed. The images look
more like that of a neat polymer with no reinforcing GO
nanosheets, and the prevailing style for the images is the
traces of cryo-micro sectioning that are due to preparation
of the samples for imaging using TEM.

4. Conclusions

In this study, different low loadings of GO were incorpo-
rated homogenously into a PS matrix and different struc-
tural, thermal properties were studied as well as the
nanomechanical behaviour for the polymer, and the nano-
sheets imaged in the cryogenically fractured surface. The
incorporation of low loadings of the GO led to improvement
in thermal and thermomechanical performance as the results
of TGA, DSC and DMA indicated. As the homogenous dis-
persion for the nanosheets in the polymer matrix is a pre-
requisite for a good performance, this kind of dispersion
was verified via different microscopic techniques carried out
in this study. These techniques included OM, SEM and
TEM. According to the very low weight fractions used in
this study, no sharp peaks of GO appeared in Raman spec-
troscopy for the nanocomposites. Weak shoulders appeared
in FTIR diagram and tiny humps can be seen in the curves
of XRD. These can be attributed to the low loadings of GO
in the PS that led to dilution of GO in the polymer matrix.
In general, the incorporation of GO in PS using low load-
ings led to improve thermal and thermomechanical
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Figure 10. TEM micrographs of PS/GO 1.0 wt. % and pure PS.

performance for the nanocomposites compared to the neat
polymer. T4, T,, and storage modulus were increased as the
weight fraction of GO went higher.
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