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Abstract

The adoption of an eco-friendly approach to reduce graphene oxide (GO) and the employment of the obtained
reduced graphene oxide (rGO) to prepare high-performance polymer nanocomposites represent a considerable
challenge. Vacuum assisted low temperatures were used to obtain rGO from GO. GO was reduced at 130, 165
and 200 °C for 24 h to produce rGOs of different degrees of reduction. Fourier infrared spectroscopy (FTIR), X-
ray diffraction (XRD), Raman spectroscopy, thermogravimetric analysis (TGA) and X-ray photoelectron
spectroscopy confirmed a successful reduction of GO and the preparation of rGOs with different degrees of
reduction. To study the effect of rGOs on the structure and properties of polymers, rGOs were mixed with
polystyrene (PS) at 1.0 wt. % loading to prepare nanocomposites using a solution blending method. The results
of FTIR, XRD, and scanning electron microscopy showed a possible interaction and good dispersion of GO and
its reduced forms within the host medium of PS. Differential scanning calorimetry, TGA, and dynamic mechanical
analysis showed that thermal and thermomechanical behaviour were improved with the incorporation of rGOs as
compared with nanocomposite reinforced with pristine GO and the neat polymer. The higher values of thermal
degradation temperature, glass transition temperature and storage modulus for PS/rGOs as compared with PS/GO

and the neat polymer confirmed the role of rGO in achieving better performance for the nanocomposites.
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1. Introduction

Graphene, a two-dimensional carbonaceous material derived from graphite, is a planar monolayer with a two-
dimensional hexagonal honeycomb lattice [1]. Since its discovery, graphene has become a promising candidate
in a wide array of potential applications ranging from electronics to nanocomposites due to its remarkable thermal,
electrical and mechanical properties and the possibility of being incorporated as a nanofiller in polymer matrices

12, 3].

To realize the full potential applications of graphene, technologies to produce graphene at large scale are required.
Many approaches have been adopted during recent years such as micromechanical cleavage, chemical vapour
deposition, epitaxial growth, chemical reduction and thermal reduction of graphene oxide GO [4]. The nano-
sheets of GO can be prepared by oxidation of graphite using strong oxidizers. The oxidation process is of low cost
and can be readily scaled up. Therefore, GO is a single atomic layered material that includes a range of oxygen
functional groups both on its periphery and in the basal plane. It is amphiphilic and compatible with polar and
non-polar polymers. The high surface area is an advantageous feature for both GO and its reduced form [5].
Removal of all or part of the oxygen functional groups from GO, which is known as reduction, has emerged as a
powerful platform for obtaining graphene like materials, namely reduced graphene oxide (rGO), which restores

all or part of the properties of pristine graphene [6].

Many routes of reduction, including chemical and thermal methods, have been used to obtain rGO [7]. The
reduction process increases the ratio of carbon to oxygen (C: O) with an associated increase in
hydrophobicity [8]. Some researchers [9, 10] studied the reduction of GO using sodium borohydride and hydrazine
respectively as chemically reduction agents. Other kinds of chemical reductants, which could compete with
hydrazine, include sulphur-containing compounds [11]. However, there is a growing body of literature concerning
the thermal approach for reducing GO. Reducing time and temperature are the most important actions associated
with the preparation of thermally rGOs (TRGOs) for the enhancement of polymer matrices [12, 13]. For instance,
a previous study [14] reported the effective reinforcement of polymethyl methacrylate (PMMA) nanocomposites
using TRGO. Hot pressing at 200 °C was used to obtain in situ thermal reduction for GO nano-sheets. The results

showed a clear improvement in mechanical, viscoelastic and thermal properties of PMMA.

Melt mixing was employed by many researchers [15] to prepare the nanocomposites of polystyrene (PS) with
TRGOs reduced at 200, 500 and 800 °C, respectively. The storage modulus and flame-retardant performance were

significantly improved for the nanocomposites containing TRGOs reduced at 500 and 800 °C.



Microwave assisted exfoliation is another thermal approach that was investigated by a research group [16]. The
obtained rGO via this approach was named as microwave exfoliated reduced graphene oxide (MERGO) with
residual functional groups on the sheet surface. These functional groups provide fair dispersion of rGO in the
matrix as well as a possible chemical bonding between the polymer matrix and graphene. For these reasons, the
aforementioned researchers used MERGO to reinforce epoxy and found that tensile and flexural moduli as well
as the fracture toughness were improved with the incorporation of low loadings of MERGO in the epoxy matrix.
In addition, microwaves were used to induce thermal reduction of GO in aqueous media. A research group [13]
used a mixed solution of N, N-dimethylacetamide and water as a medium for producing rGO under heating at 165
°C. The produced suspension was stable for many months at room temperature and the conductivity of the
graphene paper produced from this rGO was considerably higher than that of GO paper. To avoid the harmful
effect of reduction by chemicals and reduce energy consumption by using high temperatures, vacuum-assisted
thermal reduction was used to reduce GO in a vacuum oven at lower temperatures. A previous study [17] reported
the employment of 135, 165 and 1050 °C to obtain rGO with the assistance of vacuum oven. The obtained rGO
was mixed with PMMA using solution blending and the resultant nanocomposites were hot-pressed at 200 °C.
The conductivity increased with the incorporation of rGO in the matrix and recorded at 0.3 S cm™ for the
nanocomposites blended with rGO obtained by applying 1050 °C. The conductivity for the other samples of

PMMA blended with tGOs obtained at 135 and 145 °C showed low values of 6.0 x 10~} and 0.1 S m™!, respectively.

This work aims to investigate the effects of rGO and the reduction degree of rGO on the structure and properties
of polystyrene/rGO nanocomposites. Three different very low temperatures, 130 °C, 165 °C and 200 °C, were
studied for the reduction of GO in a vacuum oven for energy saving, in comparison with the standard GO reduction
processes employing high temperatures (e.g., >1000 °C) [17]. The selection of PS in this work was due to its low
cost and wide variety of applications such as construction, decoration, packaging, and household. PS also has
good mechanical properties, processing easiness and water resistance [18, 19]. The structure and morphologies of
the rGOs reduced at different temperatures were characterized, along with the structure, thermal, and

thermomechanical behaviour of PS/rGO nanocomposites, using a range of techniques.



2. Materials

PS pellets (Styron 634, Dow Chemicals) were obtained from RESINEX, UK. The following chemicals were from
Sigma-Aldrich UK: graphite powder (< 20 pum), sulphuric acid (95 — 98%), potassium permanganate (97%),
sodium nitrate (>99%), hydrochloric acid (36.5% in water), hydrogen peroxide (29 — 32% in H,O), and

tetrahydrofuran (THF, >99.5%). All the materials were used as received.

2.1. Preparation of rGOs

Graphite oxide was prepared according to a reported protocol [20], and freeze-dried GO powder was obtained
according to a previously published method [21]. Three rGOs of different reduction degrees were prepared under
different heat treatments. Briefly, 0.2 g of GO powder was placed inside a loosely tighten flask and heated in a
vacuum oven for 24 h under 0.1 mPa at 130, 165 or 200 °C. After 24 h of heat treatment, the reduced materials
rGO130, rGO165 and rGO200 were obtained as a dark black fluffy powder with an apparent volume expansion

compared to GO.

2.2. Preparation of PS/rGO nanocomposites

The nanocomposites samples were prepared using THF as the solvent. 20 g of PS pellets were dissolved in 200
ml of THF using magnetic stirring for 2.0 h at 600 rpm. 0.2 g of GO and rGOs were separately suspended in 200
ml of THF, which was stirred for 2 h at 600 rpm and sonicated for 30 min. Then, the GO/THF or rtGO/THF
suspensions were added to the PS/THF solution. The mass fraction for GO and rGOs in PS was 1.0 wt. %, and all
of the mixed suspensions were stirred for 1.5 h. 0.5 h of bath sonication using a water bath sonicator and 1.0 h of
shear mixing (Silverson, UK) at 1600 rpm were then applied. The obtained suspensions of PS/GO and PS/rGOs
were poured into covered glass Petri-dishes for slow evaporation of the solvent to ensure the formation of flat and
smooth polymer nanocomposite films. All samples were left in a fume cupboard at ambient temperature for a

week and then in vacuum oven for 36 h at 50°C to be fully dried.

2.3. Characterization

Fourier transform infrared spectroscopy (FTIR, Spectrum 100 Perkin Elmer, USA) with the range of 400 — 4000
cm™! was used for characterizing GO, rGOs, the neat polymer, and PS nanocomposites at a resolution of 4.0 cm™.
The scan number was 16, and the scan speed was 0.2 cm s*'. X-ray diffraction (XRD, Bruker, and D2 Phaser) was
employed with a Ni filter and Cu K, radiation. The size of the slit was 1.0 mm, with an operating current 10 mA,

operating voltage 30 kV, scanning range 28 of 5° to 50°, step size 0.012°, and scanning time 0.3 s for each step.
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XRD was used to characterize GO, rGOs, the neat polymer, and PS nanocomposites. Raman spectra were recorded

for GO and rGOs on a Reinshaw in Via Raman microscope (England) using a 514.5 nm argon-ion laser.

Thermogravimetric Analysis (TGA, Pyris 1, Perkin Elmer, USA) was used to measure thermal degradation
behaviour for GO, rGOs and nanocomposites. The TGA used N, atmosphere, a heating rate of 10 °C min™!, and a
range of test temperatures from 28 to 600 °C. For testing the quality of dispersion of GO in PS, transmission
electron microscopy (TEM, FEI Tecnai) was performed for the sample of PS/GO 1.0 wt. % using an accelerating
voltage of 100 kV. Ultrathin sections of 90-100 nm for the aforementioned samples were obtained using a cryo
ultra-microtome (Leica Gmbh, Vienna, Austria). Cryogenic fracture surfaces were obtained via snapping samples
in liquid nitrogen. Fractured samples were coated manually with silver dag before coating them with gold using
a sputter coater (Emscope SC500, England). Scanning electron microscopy (SEM, Inspect F, Poland) was used to

characterize the fracture surface for the samples with an accelerating voltage of 3.0 kV.

Differential Scanning Calorimetry (DSC, DSC 6, Perkin Elmer, USA) was used to measure glass transition
temperature (7,) of the polymer and nanocomposites. The mass of samples used in this experiment was 10 mg.
The temperature was ramped from 25 °C to 240 °C at a heating rate of 10 °C min’!, and nitrogen gas purging was
used at a rate of 50 ml min™!. Two heating-cooling cycles were performed on each sample, and T, was measured

from the middle point of the 2" heating run to remove any thermal history.

To confirm the presence of functional groups, and to highlight the change in the atomic ratio of carbon to oxygen
for graphite, GO and rGOs, X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Ultra instrument
using focused mono-chromatized Al K, radiation (1486.6 eV). The samples were prepared by placing a small
amount of powder into soft indium foil, which had been previously adhered to a sample holder using double sided
carbon tape. Survey scans were collected between 1200 to 0 eV binding energy, at 160 eV pass energy and 1.0
eV intervals. In addition, high-resolution C 1s, O 1s, and N 1s spectra were collected over an appropriate energy

range at 20 eV pass energy and 0.1 eV intervals.

The analysis area was 700 um by 300 pm. The data collected was calibrated in intensity using a transmission
function characteristic of the instrument (determined using software from the National Physical Laboratory, NPL)
to make the values instrument independent, and data was quantified using theoretical Scofield relative sensitivity

factors. The binding energy data was calibrated by making the main carbon peak C 1s at 285.0 eV.



Dynamic mechanical analysis (DMA, Perkin Elmer, DMA 8000, USA) was used to study the thermomechanical
behaviour of the neat polymer and nanocomposites, using 0.1% strain, temperature range 40 — 130 °C, heating

rate 3.0 °C min’!, and oscillatory frequency 1.0 Hz. The used geometry was a single cantilever.

3. Results and discussion

3.1. rGOs

Theoretical calculations showed that the maximum pressure that needed to overcome van der Waals forces that
bind graphene nano-sheets together is about 7.2 MPa [17]. To obtain the required exfoliation of GO nano-sheets
under the influence of atmospheric pressure, the expansion force accompanying the thermal decomposition of GO
must be higher than van der Waals forces between nano-sheets and higher than the atmospheric pressure. Vacuum
plays a major role as it makes the exfoliation of GO easier [17]. The FTIR spectra for GO and the rGOs thermally
reduced in vacuum are shown in figure 1. In the spectrum of GO, the peak at 1387 cm™! originates from the O-H
deformation in the C-OH group, and the peak at 1224 ¢cm™! represents the C-OH stretching vibration. The other

peaks associated with GO were reported previously in the literature [21].
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A significant decrease in intensity of the peaks for the oxygenated functional groups of GO is witnessed after the
thermal reduction. The peak at 3200 cm™! associated with hydroxyl groups of GO reduced its intensity for the rGO
reduced at 130 °C and it totally disappeared for the rGOs reduced at 165 and 200 °C. Other peaks of GO, at 1600
cm! related to unoxidized graphitic domain, 1720 cm™ attributed to carbonyl and carboxylic acid group, 1220
cm! related to C-O group, and 1042 cm! related to epoxy group, became weaker after thermal reduction at
different temperatures which confirms a successful thermal reduction. The reported FTIR results from a published
study [22] also showed clear removal for the majority of oxygen functional groups after exposing GO to 800 °C

in N> atmosphere for 1.0 h and heating rate of 5.0 °C min™!.
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Fig. 2 Raman spectra for graphite, GO and rGOs reduced under different temperatures in a vacuum oven. Spectra

have been shifted vertically for clarity

Raman spectroscopy was used to characterize the structure of graphite, and its derivatives GO and rGOs, as shown
in Figure 2 D and G bands can be seen in all Raman spectra. D band is due to the breathing of k point phonons of
Agsymmetry, while the G band represents first order scattering of the £, phonons. The defective disorder of the
crystalline graphite and the quality of graphitization are important factors that can be evaluated by finding the
ratio between intensities of D and G bands (Ip/I) [23, 24]. Here, the D band for graphite is 1350 cm!, whilst the

G band is at 1575 cm™! which is slightly lower than that reported in a previous work [7]. The D band of GO is at



1357 cm’! which can be attributed to disorder originating from defects. The G band of GO is at 1589 cm™! and is
correlated to C sp? in plane vibration [25, 26]. In the GO, the structure of graphene sheets has been drastically
disordered due to the oxidization process. An increase of Ip/Ig from 0.092 for graphite to 0.97 for GO gives clear
evidence of oxidization. Similar observations regarding the increment of /p/Ig for the reduced forms of GO
compared to graphite were reported in the literature [4, 13]. All the spectra of rGOs have prominent D and G
bands. Compared to GO, there is a slight difference in the positions of D band whilst G band for all rGOs remain
at the same position. D band can be found at 1353 cm! for all rGOs. This slightly lower shifting can be related to
the size of in plane sp? domain and formation of defects in the samples [13]. There is a slight increase in Ip/Ig for

all rGOs (0.99) as compared with that of GO (0.97).

Some researchers [27] ascribed this tiny increase to the generation of small graphitic domains after reduction.
A reported study [13] showed that /p/I; increased from 0.95 for GO to 0.96 for rGO which is similar to the current
study. Moreover, some researchers [28] elucidated that these new graphitic domains are smaller in size as

compared with those present in GO before reduction, but the number of these domains is higher.
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XRD analysis (Figure 3) demonstrates a sharp peak for pristine graphite at 260 = 26.3°, and a wider (001) peak of
GO at 260 = 10.7° due to the increased separation of the (001) plane [13]. The interlayer spacing (d-spacing)
increased from 0.33 nm for pristine graphite to 0.82 nm for GO which can be attributed to the attachment of

oxygen functional groups to the (001) plane and edges during the oxidation process [19, 29].

For the rGO, the broad XRD peaks at 20 28.8°, 29°, and 29.2° associated with reduced forms of GO obtained at
130, 165, and 200 °C, respectively, are consistent with the reduction of GO to graphene [30]. For rGO130, there
is also a relatively intensive peak at 260 = 12.3°, corresponding to a d-spacing of 0.73 nm. Two shoulder peaks
appeared at 260 = 18.3° and 19.5° for rGO165 and rG0O200, indicating smaller d-spacing of 0.49 and 0.46 nm,
respectively, and higher reduction degrees. The oxidation of graphite leads to a considerable increase in d-spacing
for GO due to the functionalisation of graphene sheets. Applying reduction by adopting any approach (thermal,
chemical, etc.) means the removal of part or all of the functional groups. As a result, depending on the reduction

degree rGO may have a similar structure to graphene with corresponding physical characteristics.
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XPS was used to examine the chemical composition of the composites. Figure 4 shows the XPS spectra for
graphite, GO and rGOs. Table 1 shows the corresponding C and O mass percent, and the calculated C/O mass
ratios. The XPS spectrum for graphite shows a tiny peak of O 1s which can be attributed to slight atmospheric
oxidation. The sharp peak of C 1s that can be seen for the bare graphite centred at 284.1 eV is due to the IT bond
shake up satellite [31]. For the XPS spectrum of GO, it can be clearly seen that the O 1s peak at 540 eV is of

significantly higher intensity due to the presence of oxygen containing side groups.

Table 1 Calculated carbon (C) and oxygen (O) mass percentage, and C/O of samples according to XPS

Sample Graphite GO rGO130 rGO165 rG0200
C% 98.39 65.88 67.10 80.90 81.39
0% 1.61 31.81 24.87 17.88 17.43
C/O 61.11 2.06 2.69 4.52 4.66

From Table 1, it can be seen that the mass percentage of carbon in the rGO increases with increasing GO reduction
temperature, and corresponding mass percentage of oxygen decreases with increasing temperature. As a result,
the C/O mass ratio for all rGOs is higher than that for GO confirming a successful thermal reduction. The C/O
ratio for GO was found to be 2.06. For the GO reduced at 130 °C, the C/O ratio was 2.69, and the C/O ratios were
4.52 and 4.66 for the GO reduced thermally using 165 and 200 °C, respectively. The C/O ratios after reduction
are still significantly higher than that of graphite due to the residual oxygen atoms in graphene sheets. The reduced
forms of GO retained some oxygenated functional groups on the surface, in line with the results described above,
and these groups might contribute to chemical functionalisation when preparing polymer nanocomposites at the
next stage [17, 32]. In figure 5, more details on the components contributing to the C 1speaks in the XPS spectra
were obtained by NPL software referring to the functional groups in the raw materials, graphite and GO (a and
b), and the reduced forms of GO obtained by applying different temperatures (c, d and e). Table 2 shows the
binding energy for different functional groups measured from the XPS spectra for graphite, GO and rGOs (Figure
5). For graphite, and as shown in figure 5 (a), the main peak of C=C or C-C relating to sp? and sp* hybridized
species are located at the binding energy of 284.6 eV [33]. Other low intensity peaks can be seen at the binding
energies of 286.4 and 288.3 eV due to oxygenated functional groups C-O and O=C-OH respectively [19, 33]. For
GO, the contributions of C-O and C=0 bonds to the XPS spectrum become much more significant as shown in
figure 5(b). The GO spectrum was de-convoluted into C-C or C=C located at 285.0 eV, C-O or carbonyl located

at binding energy of 287.1 eV and C=0 located at 288.0 eV [14].

10



la b
C-C,C=C
s )
2 =
:I.’ x
»
S &
z =
Z Z
2 5
z i k|
C.JL\
0C-OH..
T T T T T T T T T 4 r T - T T T T T T
300 295 290 285 280 300 295 230 285 280
Binding energy/eV Binding energy/eV
c d
C-C,C=C
|C-C,C=C
@ ©
C E
@ *
S S
z z co
w
B g
C| B c
Cloc=
T T T T T T T T T y T ¥ T ¥ T Y T ¥
300 295 290 285 280 300 295 290 285 280 275
Binding energy/eVv Binding energy/ev
€
CL,C~C
brd
e
»
S
z
é c0
8
C=0
C(O0-C=0)
==re - L
1 ¥ 1 & ] ¥ 1 ¥
300 295 290 285 280

Binding energy/eV

Fig. 5 XPS spectra for (a) graphite, (b) GO, (c) rGO 130, (d) rGO165 and (e) rGO200. Fitting has been carried
out to evaluate the components in C 1s from C-C, C=C, C-O, C=0, and C (O-C=0) functional groups

11



Table 2 The binding energies of functional groups in graphite, GO, and rGOs obtained by XPS

Sample C-C, C=C/eV C-0O/eV C=0/eV COOH/eV
Graphite 284.6 286.4 288.3 288.3
GO 285.0 287.1 288.0 -
rGO 130 285.0 286.0 288.6 290.0
rGO 165 285.1 286.4 288.1 289.4
rGO 200 285.1 286.0 288.5 289.9

As shown in figure 5 (c-e), all the rGOs contained C-O and C=0 functional groups as for GO, but the relative
intensities of these groups compared to the graphite C-C and C=C groups are lower in the rGOs than for GO. This
is attributed to the successful de-oxygenation of the GO using the vacuum assisted low temperature treatment. An
additional peak can be seen for the reduced GOs corresponding to the peak of the carboxylic C (O-C=0) group
that appears at higher binding energies 289.4 —290.0 eV. A research group [34] carried out a thermal reduction
for GO at 200 °C using hot pressing for a couple of hours following in-situ reduction approach, and obtained a

carboxylic group for the reduced form at 289 eV which is similar to this work.
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Fig. 6 TGA thermograms for graphite, GO, and reduced graphene oxides rGO130, rGO165, and rGO200
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Figure 6 shows the TGA thermograms for graphite, GO, and the three rGOs. From the analysis, graphite has a
high thermal stability up to 600 °C (the maximum measurement temperature in this work) due to its highly
graphitized structure so there is no mass loss even at a high temperature [16, 32]. By contrast, a significant mass
loss is observed for GO between around 200 — 250 °C. The main reason for this loss is the pyrolysis of the unstable
oxygen functional groups on the GO surfaces, which is accompanied by emission of gases such as CO, CO, and
H,O [32]. GO continuously loses mass after 400°C. The remaining functional groups are more stable, and require
higher temperatures to be totally removed [35]. In fact, the mass loss of GO commenced below 100°C, due to
adsorbed moisture and experimental setup. Compared to GO, TGA analysis demonstrates that the rGOs are more
thermally stable than GO, especially rGO165 and rGO200 from which the majority of the functional groups have
been removed by reduction. The rGO130 has a higher mass loss, particularly over the 150 — 300 °C temperature

range, due to more remaining oxygen functionalities on the graphene surface and edges after 130 °C reduction.

After TGA heating, the residual mass percentage for GO at 600 °C is 43.5%, compared to 59.3%, 77.0% and
82.9% for rGOs prepared at 130, 165 and 200 °C respectively. This improved thermal stability of rGO compared
to GO over the temperature range 25 — 600 °C is consistent with a higher degree of reduction of GO achieved as

the reduction temperature under vacuum is increased from 130 °C to 200 °C.

Fig. 7 SEM images of: (a) GO, and (b) rGO130 reduced in vacuum at 130 °C

The microstructure of the GO and rGO materials was examined by low voltage secondary electron imaging in a
SEM. Figure 7 a and b shows SEM images for GO and rGO130, respectively. The morphology of the prepared
GO (Figure 7a) is a highly exfoliated lamella sheet that has a folded layered structure with obvious wrinkles, and
sheet size > 30 pm. In comparison, the rGO130 consists of markedly smaller 2 — 10 um diameter particles in the

form of thin sheets with highly irregular edges as shown in (Figure 7 b).
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The separate sheet-like rGO particles are crumpled and wrinkled due to van der Waals interactions between the
graphene sheets. Following the reduction process, the surface of rGO130 has become rougher compared with the
mildly wrinkled morphology of GO. The morphology of the rGO130 surface can be ascribed to the elimination
of oxygen functional groups after the process of reduction [36, 37, 7]. The rGO165 and rGO200 exhibited the
same sheet-like particle morphology as rGO130.

A research group [35] reported similar crumpled and wrinkled morphology of rGO nano-sheets in an investigation
where GO was reduced thermally in a polycarbonate matrix by in situ thermal processing of the nanocomposite

at 280 °C.

3.2. PS/rGO nanocomposites

Figure 8 shows the main FTIR peaks of the PS, PS/GO and PS/rGO nanocomposites. Nanocomposites were
prepared by mixing PS with 1.0 wt. % of GO, rGO130, rGO165, and rGO200. In the spectrum of PS, the peaks
at 698 and 755 cm! are related to C-H out of plane bending vibrations of benzene ring, peaks at 902, 1027, 1447,
1491 and 1607 cm™ are related to the stretching vibration of the benzene ring C=C, peaks at 2920 and 2849 cm™!
are associated with asymmetric and symmetric stretching vibrations of CH», and the peak at 3022 cm™ is related

to =C-H aromatic stretching vibration from the benzene ring.
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of PS. The green dash lines refer to peaks associated with possible interactions between PS and GO/rGO
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The small FTIR peak at 1370 cm™, related to —OH, in the spectrum of PS, is seen to increase in intensity in the
spectrum of PS/GO, and may be evidence of the presence of GO in the PS [38]. In the spectra of PS/rGO
nanocomposites, the main peaks of rGOs shown in figure 1 (mainly C=C and C=0) are undetectable because of

their low intensity and/or overlapping of the peaks with the absorption peaks of PS [15].
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Fig. 9 XRD patterns for PS, PS/GO and PS/rGO reinforced with rGOs reduced under different temperatures in a

vacuum oven

Figure 9 depicts the effect of GO and rGOs additions on the XRD patterns of PS nanocomposites. Two main peaks
can be seen in the diffraction pattern of PS. The first one at around 10.5° known as “the polymerization peak™ can
be attributed to the size of the group and the intermolecular backbone-backbone correlation [39]. The second
broad peak of PS seen at around 19.3°, is related to the amorphous halo ascribed to the amorphous structure of the
PS [40]. The two XRD peaks became weaker in the PS/rGO nanocomposites than those of neat polymer and the
PS/GO nanocomposite, attributable to the rGO addition. Due to the low loading of GO and rGO, and the similar
peak location of the GO and rGO to that of PS, the peaks of GO and rGO are not identifiable in the XRD curves
of their PS nanocomposites. This is consistent with that reported for PS reinforced with holey reduced graphene

oxide [39] and PMMA reinforced with rGO [36].



Fig. 10 TEM images of: (a) neat PS, and (b) PS/GO 1.0 wt. %. SEM images of the cryogenically fractured surface

of: (c) neat PS, (d) PS/GO, (e) PS/rGO130, (f) PS/rGO165, and (g) PS/rGO200
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Figure 10 a and b shows TEM images of PS and PS/GO 1.0 wt. %, whilst Figure 10 c-g are SEM images for the
cryogenically fractured surfaces of PS, PS/GO and PS/rGOs. The neat polymer shows no recognizable
morphology related to nano-fillers (Figure 10a). On the other hand, curved and partially peeled nano-sheets of
GO are finely dispersed in the PS with hardly any aggregation as shown in Figure 10b, suggesting a good
dispersion [26]. Figure 10c and d refers to cryogenically fractured surfaces of PS and PS/GO 1.0 wt. %,
respectively. Figure 10c appears to have no specific microstructure [21].

It can be seen from figure 10d that the cryogenically fractured surface of PS/GO 1.0 wt. % shows sheet-like
features with irregular flakes due to the presence of GO sheets. Generally, the comparison between the
cryogenically fractured surface of the pristine PS and PS reinforced with GO and rGOs shows that the latter have
rougher surfaces. A research group [24], who employed a thermal reduction process, reported the same surface
roughness observation from SEM images of pristine polyvinylidene fluoride (PVDF) compared with PVDF/rGO.
The rGO130 nano-sheets (image ¢) are adhered to PS, with some stacks of sheets in random positions. These
stacks of sheets are not clearly seen in the PS/rGO165 (image f) and the PS/rGO 200 (image g), presumably due
to better adhesion in these two samples than in the PS/rGO sample. The decreased oxygenated functional groups
in PS/rGO165 and PS/rGO 200, caused by thermal reduction at higher temperatures, increased the n-n interaction

between the graphene nano-sheets and PS [15].
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Fig. 11 TGA traces for PS, PS/GO and PS/rGO nanocomposites, with DTG curves for the samples together with

GO
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Figure 11 shows the TGA traces of PS, PS/GO, and PS/rGO nanocomposites and derivative thermogravimetric
(DTG) curves for these samples together with GO. The onset thermal degradation temperature, 7,°*¢, determined
from the TGA curves, for PS is lower than the values for the nanocomposites with GO and rGOs. It increases as
the reduction temperature goes higher, indicating improved thermal stability for the nanocomposites. The peak
thermal degradation temperature, 7,7°, determined from the DTG curves, of PS is 426.8 °C, similar to what was
previously reported [19]. The T,7°* of PS becomes 427.4 °C after the incorporation of GO. This temperature is
further improved with the incorporation of rGOs in the matrix to 428.2,433.3 and 435.1 °C for the nanocomposites

of GO reduced using temperatures of 130, 165 and 200 °C, respectively.

A higher thermal reduction temperature leads to an improvement in 7,7° for the nanocomposites compared to
the neat polymer. The higher 7,7°* can be ascribed to the strong interfacial interaction between the nano-sheets
and the matrix. The barrier effect of the nano-sheets, in both the pristine and reduced GOs, may also play a crucial

role in inhibiting the heat and diffusion of low molecular mass produced by thermal degradation [41, 42].
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Fig. 12 DSC curves of for PS, PS/GO and PS/rGO nanocomposites
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In Figure 12, glass transition temperature, 7y, obtained by DSC can be shown for the polymer and the
nanocomposites. T, is higher for the nanocomposite of PS/GO (99.6 °C) compared with PS (98.1 °C) and more so
for the PS reinforced with rGOs. There is a trend of higher 7, for a higher temperature of reduction from 101.0 to
102.5 °C. Similar observations were reported in the literature by other researchers [15] who attributed this
increasing T, trend to the significant effect of the rGO nano-sheets on the restriction of the motion of polymer
chains. Higher 7, values confirm the strong interfacial interaction between the polymer matrix and the nano-sheets

described above [14, 35, 43].
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Figure 13 shows the thermomechanical behaviour for the neat polymer, PS with GO and PS reinforced with rGOs.
Storage modulus is the elastic response upon the action of deformation. There is a significant increase in the values
of this parameter for the nanocomposites that include GO and rGOs compared with the pristine polymer from 1.1
to 2.4 GPa at 40 °C (Figure 13a). The considerable increase in the values of storage modulus can be attributed to
the high modulus and a good dispersion of the GO in its pristine and reduced forms in the matrix [15]. Similarly,
some researchers [35] found the storage modulus of polycarbonate exhibited a gradual increase with increasing
mass fraction of rGO. Figure 13b shows the loss factor (Tan J) versus temperature curves for the materials. Tan
0 is an indicator for energy dissipation or damping of the material. It increases in the nanocomposites and with
higher reduction degree, attributable to the increasing intermolecular friction in the presence of GO or rGOs. T,
determined at the peak position of the curves, goes higher as the reduction temperature increases, and 7, for
nanocomposites is higher than that of the neat polymer. The trend of 7,, measured by DMA, is the same as by
DSC. As described above, the enhancement in 7, is ascribed to the strong interfacial interaction between the
nanofillers and the polymer matrix, and the restriction in the movement of polymer chain segments [21, 44]. Table
3 gives a summary of the values of 7,7, T2, T, obtained by both DSC and DMA, and storage modulus for the

neat polymer, and the nanocomposites.

Table 3 Summary of thermal and thermo-mechanical properties for PS, PS/GO and PS/rGO nanocomposites.

Sample T"4/°C T#°%/°C T.(DSC)C | T, (DMA)rc | Storage modulus
at 40 °C/GPa
PS 380.9 426.8 98.1 90.1 11
PS/GO 385.1 4274 99.6 97.5 16
PS/GO 130 397.8 4282 101 99.8 1.8
PS/GO 165 402.1 4333 101.1 100.1 23
PS/rGO 200 404.9 435.1 102.5 101.9 24
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4. Conclusions

A graphene like material was obtained under the influence of vacuum and low temperatures, which was a greener
approach compared with techniques involving hazardous chemical reductants that generate highly reactive species
with high toxicity and techniques involving the use of much higher heat treatment temperatures. Successful
reduction for GO was obtained for all the low temperatures employed in this study that were 130, 165, and 200
°C. The reduction was confirmed by several techniques of FTIR, Raman spectroscopy, XPS, XRD, and TGA. GO
and its reduced forms were embedded in PS and a range of characterization was carried out for the prepared
nanocomposites. The outcome of the study revealed an improvement in the thermal and thermo-mechanical
properties for the nanocomposites compared with the neat polymer. The polymer nanocomposites that were made
of the reduced forms of GO showed better performance compared to the nanocomposite of the neat polymer and
the pristine GO. The reduced form of GO obtained by the highest reducing temperature of 200 °C showed high
performance in terms of thermal and thermo-mechanical parameters including T,, T,7%¢, T/°*, and storage
modulus. The prepared nanocomposites by the aforementioned green approach may find potential applications in

supercapacitors, electronics, fire retardance, and automotive.
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