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ABSTRACT

A synthetic route for the production of graphene oxide is described, in which
the commonly used potassium permanganate (KMnO,) is replaced by chro-
mium trioxide (CrO;) as the oxidizing agent. Raman spectroscopy, thermo-
gravimetric analysis and X-ray photoelectron spectroscopy demonstrate that the
product is characterized by a reduced level of oxidation and a reduced defect
content, compared to conventional graphene oxide (GO). We therefore term the
product moderately oxidized graphene oxide (mGO). In comparison with GO, it
is shown that when introduced into an epoxy matrix, mGO offers significant
potential benefits. These include: excellent compatibility with the epoxy matrix
leading to a low percolation threshold for electrical conductivity (~ 0.5 vol%);
an associated increase in electrical conductivity of about eight orders of mag-
nitude; no adverse influence on the epoxy curing reactions; potentially simpli-
fied material processing strategies.
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Introduction

Graphite is a natural layered material, the crystal
lattice of which consists of an assembly of two-di-
mensional sp” hybridized graphene sheets stacked
together. A key prerequisite for the exploitation of
graphite’s properties as a polymer filler [1] is, there-
fore, layer separation and dispersion within the host
matrix. One strategy for this led to so-called expan-
ded graphite (EG), which is commonly produced by
acidic intercalation of graphite, followed by exposure
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to elevated temperatures and thermal shock [2]. The
isolation of graphene in 2004 [3] has subsequently
generated vast global interest regarding its extraor-
dinary properties [4, 5], and the technological uti-
lization of graphene nanoplatelets (GNP) has, over
the last decade or so, been extensively explored [6, 7].
These layered structures can be produced by several
routes, as reviewed by Jang et al. [8], which usually
include a further step after the production of EG in
order to reduce the size to the nanometric scale. An
alternative route to layer exfoliation is through acidic
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oxidation and synthesis of oxidized graphite, con-
sisting of graphene oxide (GO) layers [9]. GO exhibits
a layered structure in which the surfaces are deco-
rated with a range of oxygen-based functionalities,
resulting in a mixed configuration composed of both
sp® and sp® hybridized carbon atoms [10]. Despite
debate concerning the precise chemical structure of
graphene oxide, the most widely adopted configu-
ration (Lerf-Klinowski model) [11] involves basal
planes decorated with epoxide and hydroxyl groups,
while the peripheral planes contain carbonyl and
carboxyl groups. The existence of these groups,
which can be considered as defects within an ideal
graphite layer, adversely affects the intrinsic electrical
[12, 13] and thermal [14] properties of the material,
while beneficially increasing hydrophilicity [10],
inter-layer distance [15], organic solvent solubility
[16] and compatibility with polymer matrices [17]. All
of these latter factors enhance dispersion within polar
solvents/polymers [18, 19] and can ease the produc-
tion of polymer-based nanocomposites.

While many methods for the exfoliation/disag-
gregation of graphite have been described, these can
broadly be divided into five main categories [20]. The
basic principle of these processes involves the inter-
calation of graphite in an acidic medium, combined
with reaction with an oxidant. The earliest recorded
method was reported by Brodie [21], utilizing
potassium chlorate (KCIOs) as an oxidant and fuming
nitric acid (HNO3) as the reaction medium. Later, the
reaction medium was modified, first by Stauden-
maier [22] by the addition of sulphuric acid (H,SO,4)
and then by Hofmann [23] by the usage of non-
fuming HNO;. All of these methods were hazardous
and protracted (about 4 days). The mostly commonly
used method was developed by Hummers [24] and
involves the use of potassium permanganate
(KMnQ,) and sodium nitrate (NaNQO3) as oxidants in
sulphuric acid (H,SO,) and, in this way, the duration
of the process was reduced to just a few hours.
Recently, it was shown that omission of the highly
toxic NaNOj results in the same quality of product
[25]. Finally, further refinement was reported by Tour
[26] with the usage of only KMnO, as oxidant and a
mixture of H,SO,4 and phosphoric acid (H3PO,) as the
acidic reaction medium. The final two methods are
the safest, since they exclude the usage of KCIO;,
which can be explosive, HNOj;, which can produce
acidic fog, and NaNO;.
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Since KMnO, in acidic solution produces highly
oxidizing species [9, 25], GO produced using associ-
ated methods are characterized by high oxygen con-
tents [25, 26]; this equates to a high degree of
structural disruption, which can have adverse con-
sequences for the physical properties of the system.
Also, if directly incorporated into epoxy resins at
significant loading levels, crosslinking of the system
can be disrupted [27, 28], resulting in reduced glass
transition temperature (Tg) of the matrix polymer.
The associated reactions between GO and epoxy were
investigated and presented elsewhere [29]. Therefore,
GO produced in this way is either used sparingly to
modify mechanical performance [30] or further pro-
cessed by reduction [31, 32] or functionalization
[33-35]. In some cases, even the functionalization of
GO was not sufficient to prevent alteration of the
epoxy stoichiometry [36, 37]. Where high filler load-
ing levels are required in order to form percolating
structures, for example, to enhance electrical or
thermal conduction, the direct usage of GO in epoxy
nanocomposites is problematical. Consequently, in
order to avoid such phenomena, EG/GNP or
reduced GO (rGO), should be ideally used, which
exhibit reduced defect contents and do not disrupt
the epoxy crosslinking. Alternative methods such as
electrochemical exfoliation [38—40] could be used, in
order to tailor the oxygen content. The downside
(apart from poor compatibility for the two former
systems) is that the production of such systems
involves multistep processing/synthesizing routes,
which both adds complexity and reduces yields.

The study reported here was undertaken to explore
the effectiveness of graphite oxidation by chromium
in place of manganese. Chromium trioxide (CrO3) is
known as an effective intercalant [41, 42] but has
previously been reported only weakly to react with
graphite [43]. Therefore, by using CrO;, we sought to
reduce the extent of graphite oxidation, resulting in a
moderately oxidized graphene oxide (mGO), in
order: (a) to reduce the defect content of the GO
layers; (b) to minimize perturbation of the epoxy
matrix crosslinking reactions; (c) to maintain suffi-
cient compatibility with the matrix polymer.
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Experimental methods
Materials

Chromium (VI) trioxide was purchased from Fischer
scientific (11390939, supplied by Alfa Aesar™),
KMnO, was purchased from AnalaR (26910 VWR
International) and H,SO, from Sigma-Aldrich
(79620). The precursor graphite and the hydrogen
peroxide (H,O,) solution (35%) were also supplied by
Sigma-Aldrich (496596 and 349887, respectively). The
epoxy resin used was an amine-cured, bisphenol
A-based system, namely Epilox™ Infusion System
5300 (LEUNA-Harze GmbH). This resin was chosen
for this study because its low viscosity (~ 275 mPas/
25 °C) makes it appropriate for structural fibre-rein-
forced composites in wind energy applications, the
application of interest. The two parts used are ER
5300 as epoxy monomer (epoxy equivalent weight:
170 g/eq) and EC 5310 as hardener (amine value:
520 mg KOH/g) components, respectively.

Synthesis of graphene oxide

A modified Tour method was used to synthesize GO,
to provide a comparator system for the chromium-
synthesized mGO. For this, 40 ml of a H,SO4/H3PO,
mixture (5:2 per volume) was mixed with 1.8 g of
KMnO, and stirred at 50 °C to give a homogeneous
solution. Afterwards, 300 mg of graphite were added
to the solution and left for 4 h under mild shaking.
Another batch was prepared and left for 30 min to
demonstrate the effect of the process duration. The
system was neutralized by transferring into 100 ml of
cool distilled water, to which, 10 ml of the H,O,
solution was added. Centrifugation (Heraeus™
Megafuge™ 8) at 8872 g for 10 min was used to
retrieve the GO and remove the supernatant acid.
The sediment was re-dispersed and washed in dis-
tilled water (three times), ethanol (once) and acetone
(twice); after each step, the GO was recovered from
the suspension using centrifugation. A final GO/
acetone solution was obtained and probe sonicated
(UP 200S) for 30 min with a 7-mm-diameter tip; the
resulting GO could be incorporated into the epoxy
only within this solvent, since subsequent drying led
to a material that was too agglomerated to be dis-
persed. Henceforth, the resulting oxidized graphite
will be referred to as GO.
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Synthesis of moderately oxidized graphene
oxide

For this synthesis, the graphite/acid ratio was the
same as in the previous method, but now, only H,SO,
was used as the reaction medium. A saturated solu-
tion was produced by adding ~ 20 mg of CrO; per
ml of H,SO, under continuous magnetic stirring at
50 °C; to assist dissolution of the CrOj, the as-re-
ceived crystals were first ground to a fine powder
using a mortar and pestle. The resulting orange-
coloured solution was poured into a glass flask con-
taining the appropriate amount of graphite and was
placed on a shaker for 30 min for the oxidation to
proceed. After this time, the system was neutralized,
centrifuged, washed and sonicated using the same
conditions described above. Finally, the mGO was
dried at 100 °C overnight since, in this case, this
procedure did not lead to a highly agglomerated
product. Visual comparison of suspensions in ace-
tone of GO (yellowish suspension to the left in Fig. 1)
and mGO (greyish suspension to the right in Fig. 1)
reveals a marked difference in colour, which we
interpret in terms of a shift in the band edge resulting
from changes in the functional group density on the
GO surface [44].

Epoxy nanocomposite preparation

Epoxy/mGO nanocomposites were prepared as fol-
lows: the epoxy was first mixed for 5 min with the

Figure 1 Suspensions in acetone of GO (yellowish suspension to
the left) and mGO (greyish suspension to the right).
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appropriate amount of dry filler, using a planetary
mixer (Speedmixer™ DAC 150.1 FV) operating at
3000 rpm. Although it is more normal initially to
distribute GO in a solvent to aid dispersion, this was
found to be unnecessary in the case of our mGO,
which beneficially obviates the need for subsequent
solvent removal. From a technological perspective,
direct dispersion without the need for the involve-
ment of additional processing steps may be advan-
tageous [34]. Furthermore, in our experience, the use
of solvent-based preparation methods in conjunction
with low-viscosity epoxy resins, like the one used in
this study, can increase the propensity for particle
sedimentation [45] and deteriorated final material
performance, particularly when the GO is lightly
functionalized. Subsequently, the hardener was
added in a stoichiometric weight ratio of 10/2
(epoxy/hardener), as suggested by the supplier. The
mixture was then vacuum degassed to remove
entrained air and cast into moulds with the required
dimensions. Curing was conducted at 70 °C for 6 h,
as suggested by the epoxy manufacturer.

Characterization techniques

The dry graphite, GO and mGO powders were
characterized by Raman spectroscopy, in order to
evaluate the structural alterations induced by the
imposed oxidation process. For this, a Renishaw
RM1000 confocal microprobe system was used, using
a 780 nm excitation wavelength and operating at 2.5
mW power. A Perkin-Elmer Pyris 1 was used to
assess the extent of the graphite oxidation via ther-
mogravimetric analysis (TGA). Graphite, GO and
mGO samples were first held at 70 °C for 10 min
before being heating at 10 °C/min to 700 °C in a
nitrogen atmosphere. Elemental analysis of the
examined powders was performed with a
monochromated Al Ko X-ray photoelectron spec-
troscopy (XPS) instrument (Kratos Axis Ultra DLD),
with a typical resolution of 047 eV. The
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nanocomposite systems were morphologically char-
acterized via scanning electron microscopy (SEM)
using an EVO LS25, Zeiss instrument, and transmis-
sion electron microscopy (TEM) using an FEI Tecnai
T12, instrument. For TEM, sections were prepared
using a Leica Ultracut E ultramicrotome together
with a Diatome 45° diamond knife.

The glass transition temperature (Ty) of all the
epoxy-based systems (unfilled resin and nanocom-
posites) was determined by differential scanning
calorimetry (DSC), using a Perkin-Elmer DSC7. For
this, T, was evaluated from the point of inflection of
the step-like transition of the heat flow while heating
up to 120 °C at a rate of 10 °C/min. Prior to this, the
respective system’s thermal history was erased [46]
by heating and cooling over the same temperature
range at the same scan rate. A total of three repeats
were used to calculate average and standard devia-
tion values for the Ty of each material system. DC
electrical conductivity was determined by means of
two-probe methods using two different sample
thicknesses for repeatability purposes and to exclude
possible geometric factors from influencing the
derived values. The thick samples were disc-shaped,
3 mm in thickness, and their surfaces were polished
with abrasive paper (grade 1000) and then gold-
coated. An Agilent 34401A digital multimeter and
guarded, disc-shaped, aluminium, sample holders
were used; the applied voltage was 150 V. The thin
samples were rectangular shaped, ~ 200 pm in
thickness and their surfaces were, again, polished
with abrasive paper (grade 1000). A Keithley 6517B
electrometer/high resistance metre fitted with an
8009-resistivity fixture was used with the applied
voltage being 100 V for 6 min. Both evaluation
methods produced comparable results, indicating
that conduction at the chosen voltage was Ohmic; the
values quoted are the average of all measurements,
together with the associated standard deviation.
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Table of Abbreviations

J Mater Sci (2019) 54:8302-8318

Abbreviation Meaning Abbreviation Meaning
KMnO, Potassium permanganate GNP Graphene nanoplatelets
CrO; Chromium trioxide KCIO; Potassium chlorate
TGA Thermogravimetric analysis HNO; Nitric acid
XPS X-ray photoelectron spectroscopy H,S0,4 Sulphuric acid
mGO Moderately oxidized graphene oxide NaNO; Sodium nitrate
GO Graphene oxide H;PO, Phosphoric acid
EG Expanded graphite T, Glass transition temperature
rGO Reduced GO SEM Scanning electron microscopy
H,0, Hydrogen peroxide TEM Transmission electron microscopy
DSC Differential scanning calorimetry Ioy Raman intensity ratio
We Weight fraction FWHM Full width at half maximum
Ve Volume fraction Pm Matrix density
Ot Filler density 0. Electrical conductivity of the composite
of Electrical conductivity of the filler t Critical exponent for electrical conductivity
V. Critical volume fraction P, Percolation threshold
fGO Functionalized graphene oxide Om Electrical conductivity of the unfilled matrix
Omax Maximum electrical conductivity reported UV/O3 Ultraviolet/Ozone
THF Tetrahydrofuran CHCl, Chloroform
Results ' G Col \' Graphite
Effect of oxidant chemistry on graphite H G peak FWHM: 18.9 em”
oxidation 1o/l 0.724
™ AL

The research hypothesis that underpins the work
reported here is that changing the oxidizing medium ] GO @ h)
from a widely used manganese-based system to one — v G G peak FWHM: 83.49 e’
based upon chromium leads to a change in the oxi- >
dation state of the oxidized graphite: specifically, the 3:; Lo/l 1347
production of material that is characterized by a é I —— |
reduced degree of oxidation/disorder. This issue will 2 A e —
therefore be addressed first, using three comple- % D \M
mentary approaches. % G G peak FWHM: 87.64 cm’

Raman spectra obtained from the graphite pre- g 1o/l 1312
cursor, the two GO specimens and the mGO are z
presented in Fig. 2. A total of four characteristic N .
bands can be observed at 1307, 1569, 1602 and mGO
2610 cm™?, namely D, G, D’ and 2D, respectively. The b G G peak FWHM: 7101 em”
G band is associated with the first-order scattering of
Eyg phonons, representing the in-phase vibrations of lo/le? 1277 o
the sp2 carbon lattice [47, 48], while the D and D’ o,
bands are associated with the extent of disorder - — L -

500 1000 1500 2000 2500 3000

[49, 50]. The 2D band, also termed the G’ band, is the
overtone of the D band and is associated with the
highly ordered stacking sequence of crystalline gra-
phite [50].
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Figure 2 Raman spectra (excitation 780 nm) of the precursor
graphite (black), mGO (red) and GO obtained by 4 h (blue) and
30 min (pink) oxidation duration.
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The Raman response of the precursor graphite is
dominated by vibrations of the carbon atoms (sharp
and intense G band) but also contains evidence of
defects, as evinced by the presence of the D and D/
bands. In contrast, the GO Raman spectra reveal
broad G bands shifting slightly to higher wave
numbers with increasing oxidation duration. The
sample oxidized for 30 min displayed a G peak at
1583 cm™!, while the respective peak for the sample
oxidized for 4 h was located at 1586 cm™'. This
indicates resonance at higher frequencies, which has
been attributed to the presence of isolated double
bonds compared to the graphite [47]. Reasonably,
here, this phenomenon parallels changes in oxidation
time while, elsewhere, it has been reported to occur
as a result of increasing the amount of KMnO;, [51].
Both GO samples exhibit considerably broadened D
bands, which are more pronounced than the respec-
tive G bands. This is an indication of oxygen-based
groups being attached on the graphitic lattice,
decreasing the size of the in-plane sp> domains [47]
through sp® bonding [51]. Also, the 2D band is not
visible in either GO sample, which is reasonable
given that the stacking order will be heavily dis-
rupted by the inherent structural imperfections [51].
In the case of mGO, the G band is located at 1576
cm™!, a lower wave number than in the GO samples
but higher than graphite. Nevertheless, the G band is
still broadened and less intense compared to the
sample’s D band and, in this respect, the mGO mir-
rors the Raman behaviour of the GO. This indicates
that while the graphitic structure is disrupted, the
extent of the disruption is reduced compared with
the GO. The latter is also confirmed by the presence
of the 2D band (albeit weak) in the mGO Raman
spectrum, which suggests that some stacking order is
preserved after the oxidation process, contrarily to
both GO samples. The Ip)/ (G, intensity ratios for the
precursor graphite, GO (4 h oxidation), GO (30 min
oxidation) and mGO were: 0.724, 1.347, 1.312, 1.297,
respectively, as portrayed in Fig. 2. This ratio is
commonly used as an indication of the induced dis-
order in the system, and the acquired results clearly
align with this, showing smaller I(p)/ () values for the
mGO compared to both GO samples. Nevertheless,
discrepancies have been observed before [51], leading
to the assumption that there is no straightforward
relation between the intensity ratio and the oxidation
level. Full width at half maximum (FWHM) of the
observed G peaks (see Fig. 2) were 18.9, 83.49, 87.64,
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71.01 cm™! for the precursor graphite, GO (4 h oxi-
dation), GO (30 min oxidation) and mGO, respec-
tively. This value has also been used [51] to reflect the
oxidation level, by showing increasing dependency
with it. It is apparent that the precursor graphite
displays the smallest values among the examined
samples. While a slight discrepancy was observed for
the two GO samples, the mGO shows a considerably
lower FWHM value compared to them.

TGA is commonly used to evaluate the concentra-
tion of oxygen groups attached to the graphitic
structure, since this determines the weight loss at
specific temperatures [52]. Figure 3 compares TGA
data obtained from the precursor graphite, the mGO
and the samples of GO prepared using the two dif-
ferent oxidation times. When heated up to 700 °C, the
graphite displays a minimal mass loss; the small
observed reduction in mass is ascribed to the pres-
ence of impurities/defects and therefore aligns with
the evidence of defects provided by the Raman data
shown above. In contrast, all the systems that were
subjected to oxidation (both GO and mGO) show
three weight loss processes. The small mass loss that
occurs up to 200 °C is ascribed to removal of adsor-
bed water [16, 25]. Between 200 and 300 °C, the rate
of mass loss is increased, while further heating results
in a gradual, monotonic reduction in sample mass;
these two processes have, respectively, been related
to the removal of labile and stable oxygen-based
groups [26]. In the case of both GO powders, removal
of labile oxygen-based moieties leads to a mass

100 —Je———————————————————————e—— :
= Graphite
90 = GO (4h)
fr= GO (30 min)|
e MG O
804

Mass %

o] e

60 - Sl
0 KQ

T T T v T T T v T T T
100 200 300 400 500 600 700
Temperature (°C)

Figure 3 TGA plots for precursor graphite (black), mGO (red)
and GO obtained by 4 h (blue) and 30 min (pink) oxidation
duration. Heating rate 10 °C/min, nitrogen environment.
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reduction of more than 30%, a figure that aligns well
with published data [25, 26]. Evidently, varying the
oxidation time within the range considered here does
not lead to very different changes in sample mass
between 200 and 300 °C, albeit that the mass loss
does appear to be slightly larger in the case of the
system oxidized for the longer time. This implies that
the graphite surface chemistry is rapidly disrupted
by the manganese-based oxidizing agent, since
extending the duration of the process by eightfold
results in only a minor change in the product. For this
reason, only one oxidation time (30 min) was used
for the synthesis of the mGO, since it leads to a saving
in processing time and aligns with the objective to
reduce the extent of oxidation. The TGA data shown
above indicate that using CrO; in place of KMnO,
leads to a significant reduction in mass loss (~ 10%)
between 200 °C and 300 °C, implying that the mGO
structure contains proportionally fewer labile oxygen
groups. Indeed, our directly synthesized mGO (i.e.
without being subjected to any subsequent reduction
process) displays a smaller related mass loss than
either chemically reduced GO (via reaction with
hydrazine hydrate) [53] or microwave reduced GO
[32].

Figure 4 shows XPS data obtained from the pre-
cursor graphite, the GO and the mGO powders.
Figure 4a shows the overall spectra, while Fig. 4b

J Mater Sci (2019) 54:8302-8318

Table 1 Percentage elemental contents calculated from the XPS

analysis

Sample C (%) O (%) S (%)
Graphite 96.8 3.2 0.00
GO 72.8 26.3 0.9
mGO 83.3 16.3 0.4

presents the Cls peak at high resolution. Derived
elemental ratios are presented in Table 1.

It can be seen that the precursor graphite contains
some minor oxygen impurities, resulting in a C/O
ratio of ~ 30, which is consistent with the Raman
data presented above. The synthesized GO shows a
much lower C/O ratio of ~ 2.8 and an oxygen con-
tent of ~ 26%. These values are typical for conven-
tional GO, where C/O ratio values between 2 and 4
have been reported [54]. The C/O ratio for our mGO
is ~ 5.1 with an oxygen content of ~ 16%, confirm-
ing the above Raman and TGA results, both of which
indicate a moderate degree of oxidation. It should be
noted that the small S content seen in both GO and
mGO is consistent with published data, where the
effect has been attributed to covalently bonded sul-
phates or absorbed sulphuric acid [55]. In compar-
ison, rGO typically shows C/O values of ~ 7.5 [38]
but can reach up to ~ 12 [54]. Furthermore, the
oxygen content for GNP is usually around 7% [56] or

Figure 4 a XPS survey plots (a) [Graphite
on precursor graphite (black),

GO obtained by 4 h oxidation
duration (blue), and mGO
(red), b deconvolution of Cls

C/O=30.55

(b) [ —sp?c (76.71%)
Cis ——sp° C (2.15%)
——C-0 (6.8%)
——C=0 (2.17%)
—— 0=C-0 (2.15%)

Graphite

XPS spectra.

1 " 1 " 1

1 " 1 1 L

GOl

C/O=2.77

Intensity (A.U.)

——sp? C (17.27%)
C1s ——sp° C (42.47%)
——C-0 (21.64%)
——C=0 (8.89%)
—— 0=C-O (7.62%)

-
—~—
-’

L _ et <

Intensity (A.U.)

mGO

C/0=5.12

Eenunhuy XN

1 L 1
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Cis ——C-0 (17.69%)
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——0=C-O (4.14%)
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lower [57]. The electrochemical exfoliation approach
mentioned earlier has shown, under specific cir-
cumstances, similar oxygen contents to mGO, albeit
with more complex production [39].

The deconvolution of the Cls core-level spectra
(Fig. 4 b) shows 5 different peaks located at: 284.4 eV
(sp*> hybridized carbon), 285.04 eV (sp® hybridized
carbon), 286.72 eV (C-O bonds from hydroxyls or
epoxides), 288 eV (C=0O bonds from carbonyls) and
289.06 eV (O=C-O bonds from carboxyls). As
expected, the GO shows a significant amount of sp’
hybridized carbon atoms compared to the intact sp*
ones, which is a result of severe oxidation by KMnO,.
Furthermore, the pronounced presence of epoxides
and hydroxyls, as discussed earlier, can react with
the epoxy matrix [29]. The relatively increased car-
bonyl and carboxyl presence is also a typical result of
the permanganate method [20]. Conversely, mGO
shows a significantly reduced extent of sp® carbon
hybridization and a decreased amount of functional
groups compared to the GO. It is noteworthy that the
dominant functionalities present on the mGO surface
are epoxide and hydroxyl groups, with the presence
of carbonyls and carboxyls being weaker compared
to the GO but stronger compared to the graphite.
Overall, the chromic method resembles the chlorate
method in terms of functionalities present [20], but in
a much lower amount, leading to the moderately
oxidized graphene.

Structure and properties of epoxy/mGO
nanocomposites

The evidence obtained above by Raman spec-
troscopy, TGA and XPS presents a consistent picture,
whereby we conclude that the use of our chromium-
based oxidant has indeed led to the production of
oxidized graphite (termed mGO here) that is char-
acterized by reduced disorder and a reduced level of
oxidation, compared with GO produced using the
widely used approach first reported by Tour in 2010.
The impact of this on the structure and physical
properties of a range of mGO/epoxy composite sys-
tems will now be described.

SEM images of fracture surfaces of the sample
containing 0.5 vol% of mGO can be seen in Fig. 5a—c,
from which a fine dispersion within the epoxy matrix
is revealed. Image analysis undertaken for 74 indi-
vidual flakes (Fig. 5d) shows a size distribution
between 0.75 and 1.1 pm for 45% of them, while 23%

8309

of the flakes exhibit a lateral size between 1.3 and
1.7 pm. Figure 5e, f illustrates TEM images of isolated
tactoids found in the 1 vol% mGO-filled sample, with
maximum lateral sizes ~ 1.6 pm and ~ 0.8 pm,
respectively, aligning with the abovementioned size
distribution.

Typical TEM images showing the range of struc-
tural states of the mGO when dispersed at 2 vol%
within the epoxy matrix are presented in Fig. 6. A
satisfactory dispersion of the mGO forming a gra-
phitic network within the matrix is shown. From the
variation in contrast from image to image, it is evi-
dent that some areas are characterized by well-exfo-
liated structures (red arrows) while, in others, the
mGO retains a graphitic multilayered configuration
(red circle). This conforms to the Raman spectra
presented above, which implies that some degree of
stacking order has been preserved due to the weak
oxidation. Analysis of tactoid dimensions reveals a
thickness distribution with the highest probability
(>40%) between 5nm and 6 nm. Assuming a
monolayer thickness of ~ 0.8 nm [6] for oxidized
graphite, the majority of the examined structures
contain less than 10 layers. The aggregated struc-
tures, such as that circled in red in Fig. 6, typically
appeared to be ~ 60 nm in thickness.

Figure 7 presents the effect of filler content on the
T, of all the nanocomposite samples considered here.
In this, both weight fraction (W) and volume fraction
(Vg values are presented, the latter being derived
from the former using Eq. 1 [19]:

_ Wfpm
Wippm + (1 — Wr)pg

where py, is the matrix density (1.16 g/ cm®) and py is
the filler density (2.2 g/cm? [12, 19]).

From the above, it can be seen that the glass tran-
sition temperature of the epoxy matrix is not detri-
mentally affected by the inclusion of mGO, albeit that
a statistically significant increase in Ty is observed
from 4 to 12.5 wt%. Increased Ty values have previ-
ously been reported at small GO filler contents (> 0.5
wt%) and have been ascribed either to strong filler—
matrix interactions [30, 34] or to the presence of
wrinkled GO morphology [33], both of which serve to
constrain matrix chain mobility. Here, comparable
effects are seen at higher filler contents, compared to
the abovementioned studies. Ultimately, at the
highest filler content considered here, the T value
drops, which has been observed before, albeit at

(1)

Vi
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Figure 5 a—c Representative SEM images taken from the 0.53 vol% mGO-filled nanocomposite. d Lateral size distribution determined by
analysing 64 different flakes from the SEM images. e, f TEM images of isolated mGO flakes found at the 1 vol% mGO-filled samples.

considerably lower filler fractions and ascribed to the
high concentration of reactive functional groups that
influences the stoichiometry of the epoxy crosslinking
reaction [29]. Considering the latter interpretation,
the Ty dependence on mGO content presented in
Fig. 7 is consistent with the previous conclusion that
the density of functional groups grafted onto the
mGO surface is limited compared with conventional

@ Springer

GO. Evidently, mGO can be incorporated into epoxy
matrices at much higher loading levels than con-
ventional GO without adversely affecting the curing
reaction of the matrix polymer.

Figure 8 shows the dependence of electrical con-
ductivity on mGO volume fraction. At the lowest
loading levels (0.1-0.4 vol%), an increase in conduc-
tivity of about two orders of magnitude progressively
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Figure 6 TEM images of the 2 vol% mGO-filled sample at different magnification as well as thickness distribution determined by
analysing 17 individual flakes.
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samples and their respective glass transition temperatures.
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occurs while, between 0.40 and 0.53 vol%, the con-
ductivity sharply increases by a factor approaching
10°.

In general, the conductivity of an insulating matrix
containing an electrically conductive phase varies
according to [58-60]:

Oc = Gf(vf - Vc)t (2)

where ¢. and of are the electrical conductivity of the
composite and the filler, respectively, ¢ is a constant
representing a critical exponent of the electrical con-
ductivity and V. is the critical fraction for which the
composite exhibits a sharp conductivity increase.
That is, V. represents the percolation threshold (Py).
Theoretically, a system containing randomly dis-
persed spherical, conductive particles would be
expected to be characterized by a percolation
threshold at about 15 vol% and a value of t =~ 2 but,
in practice, significant divergences occur [61]. Lower
percolation thresholds are expected from fillers with
high aspect ratios [62]; t values can vary significantly
[63-65]. Also, definitions of percolation threshold
vary in the literature, with different studies variously
defining this as follows: the volume fraction at which
the particles form contiguous paths through physical
contact, sharply increasing the electrical conductivity
[66]; when the conductivity surpasses the antistatic
limit (10~® S/cm) [62]; or even when the system starts
behaving nonlinearly [61]. Since the testing voltage
used in this study was chosen to be low and also
because the investigated systems do not display
metallic behaviour, we take the percolation threshold
to be determined by the first definition given above.
By linearly fitting Eq. 2 to the obtained results (log-
log plot inset in Fig. 8), with a fixed parameter of
V. = 0.0053, the other two parameters o¢ and t were
calculated 10762 * 972 g/cm and 1.44 =+ 0.38,
respectively (Table 2).

Comparison of these results with published data
reveals that the exponential factor t derived from the
mGO-based systems considered here is in reasonable
agreement with reported values [65], while the

Table 2 Conductivity parameters, as calculated from the
percolation behaviour of mGO-filled epoxy nanocomposites

or (S/em) V. t

10—(:29 + 0.72)

0.0053 1.44 £ 0.38
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calculated conductivity of the mGO (g¢) is, unsur-
prisingly, low compared to pure graphite [67] but is
in reasonable agreement when compared to values
derived from systems based on GO [12, 68, 69].

Discussion

In considering the significance of the results pre-
sented above, we will contrast these with the beha-
viour of epoxy-based systems based upon
conventionally synthesized GO, such materials after
reduction (rGO), after functionalization (fGO) and,
finally, epoxy/graphite composites. Such systems
differ from one another in a number of significant
ways: surface chemistry/filler matrix interac-
tions/filler dispersion; intrinsic electrical conductiv-
ity; influence of the included filler on the epoxy
curing reaction and consequent matrix properties;
complexity of filler synthesis procedure and conse-
quent yield; ease of composite processing.

Epoxy/GO nanocomposites

The direct usage of conventional GO as a means of
tailoring the electrical conductivity of epoxy-based
nanocomposites has, to our knowledge, only previ-
ously been considered in the following four studies.
Mancinelli et al. [70] achieved an increase of almost 2
orders of magnitude (filler content up to 0.5 wt%)
only by thermally treating the nanocomposite par-
tially to reduce the GO; before thermal treatment no
increase in conductivity was seen, compared with the
unfilled epoxy matrix. Similar results were presented
in our previous study [29] with the usage of GO in
the same epoxy formulation as in the present study.
Even though the filler content was extended up to 2
wt%, the electrical conductivity of the respective
nanocomposite was the same (slightly reduced)
compared to the neat epoxy, while further GO addi-
tion reduced the epoxy’s T; below ambient temper-
ature. Kim et al. [71] did not achieve any significant
conductivity increase with the usage of up to 3 wt%
GO. Only the study presented by Tang et al. [72]
achieved a modest conductivity enhancement (up
to ~ 107'° S/cm) with a percolation threshold of 6
vol%. It is of considerable significance to note that the
GO contents mentioned above have been reported
[27-29] to affect the epoxy curing reactions as men-
tioned earlier. A summary of the abovementioned



] Mater Sci (2019) 54:8302-8318 8313
Table 3 Electrical conductivity parameters related to Epoxy/GO nanocomposites found in the literature
P, Omax (S/cm) Comments References
- - Filler content up to 2 wt% [29]
T, dropped below ambient temperature at higher filler contents
o/om ~ 0.83
- - Filler content up to 0.5 wt% [70]
Oofom ~ 2.4
- - Filler content up to 3 wt% [71]
Ofom ~ 2.2
6 vol% ~1071"° At the same filler contents of GO our epoxy was already rubbery [72]

review is presented in Table 3. Since in most cases the
achieved conductivity values were relatively low, the
respective data are presented as a o /o, ratio, where
om is the electrical conductivity of the unfilled matrix.

Thus, previous studies of systems based upon GO
in epoxy indicate, at best, percolation onsets at high
volume fractions, relatively small improvements in
electrical conductivity and adversely perturbed
matrix curing. In contrast, the mGO system devel-
oped in our work resulted in significantly lower
percolation threshold (around 12 times smaller filler
in terms of vol%), higher achieved electrical con-
ductivity and had no adverse effects on matrix
curing.

Epoxy/rGO and epoxy/fGO nanocomposites

In view of the ineffective nature of GO as a means of
increasing electrical conduction through epoxy-based
materials, alternative strategies with this aim have
used more convoluted multistep synthesis proce-
dures to address the limitations of using GO directly.
For example, Thachil et al. [32] used microwave
exposure to reduce GO and, consequently, achieved a
percolation threshold of 0.27 vol%; the maximum
conductivity value reported (oma.x) was, however,
relatively low (107" S/cm). A similar percolation
threshold was achieved by Hsiao et al. [73], who
employed thermal reduction of GO at 700 °C in an
argon atmosphere; in this study the on,,x reached
107® S/cm. Liang et al. [53] utilized an extensive,
two-step, GO reduction process involving an initial
chemical reaction with hydrazine hydrate, followed
by subsequent annealing at 250 °C under N,. The
resultant composite systems exhibited an oy of 107!
S/cm and a percolation threshold of 0.52 vol%.

In the case of functionalized GO, Bao et al. [36]
utilized a two-step chemical process to attach

glycidol groups to the GO surface and, in this way,
increased the electrical conductivity to 10~'' S/cm
with a percolation of 2 wt%. Tang et al. [69, 72]
achieved a much greater increase in conductivity (up
to ~ 107> S/cm) with similar, albeit gradual perco-
lation onset, through surface functionalization of GO
with polyetheramines. A summary of the above-
mentioned review is presented in Table 4.

Comparing the above results in their entirety with
the behaviour of the epoxy/mGO systems reported
here, it is evident that many studies report compa-
rable behaviour with that described here while, in
two cases, further processing of GO has led to sys-
tems with high bulk conductivity values (0.01-0.1
S/cm). Also, in all of these cases, the rGO/fGO was
introduced into the epoxy resin in a solvent, the
removal of which may introduce limitations on
industrial implementation [34].

Epoxy/graphite-based composites

Finally, it is worth considering the published litera-
ture concerning epoxy matrices including EG and
GNP, despite the rather different chemistries and
processing methodologies involved. Many studies
have considered systems based upon EG, which is
prepared by acidic intercalation followed by thermal
expansion and then extensive sonication and solvent
mixing with epoxy. Such work has reported perco-
lation thresholds of 3 wt% [74], 1.3 vol% [75], 0.5
vol% [76], and 1 phr [77]. The o,.x Values reported in
these studies were, respectively: 1072 S/cm; 107°
S/cm; 107°S/cm; 1073 S/cm. Elsewhere, Li et al. [67]
used an additional UV/O; surface treatment proce-
dure and achieved a oy of 107* S/cm, albeit with
gradual percolation. Attempts to disaggregate gra-
phite directly through prolonged sonication in sol-
vent, whilst leading to systems that exhibit high
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Table 4 Electrical

J Mater Sci (2019) 54:8302-8318

conductivity parameters Filler P, Omax (S/cm) Comments References
Z;lzie; ft((}) Oel; (;);}Z(r:fn?pzrslges rGO  0.27 vol% ~107"° Microwave treatment [32]
found in the literature ~025 wt% ~ 107j4 Thermal treatment; argon atmosphere [73]
0.52 vol% ~10™ Chemical reduction followed by thermal treatment [53]
fGO 2 wt% ~107" Glycidol groups attached on the GO surface [36]
~2 vol% ~1072 Amine functionalization [69]
Rubbery epoxy
Gradual Percolation
~2 vol% ~1072 Amine Functionalization [72]

Gradual percolation

conductivity values approaching 107> S/cm, were
shown to be characterized by percolation thresholds
> 8 wt% [78], a result we associate with low com-
patibility with the solvent, limited levels of disag-
gregation and poor dispersion.

In the case of studies of GNP/epoxy systems,
direct dispersion within a solvent prior to introduc-
tion of the GNP into the resin has been reported to
result in a percolation threshold > 1 wt% and an o.ax

of 107 S/cm [79]. More complex dispersion strate-
gies have, however, been described, including three-
roll milling [80], encapsulation with poly(vinyl
pyrrolidone) combined with freeze-drying [81], spin
coating (up to 12,000 rpm) [82] and AC-field induced
alignment [56]; the resulting data vary widely, with
Omax Values ranging from 107 S/cm to 107* S/cm. A
summary of the abovementioned review is presented
in Table 5.

Table 5 Electrical conductivity parameters related to epoxy/EG and epoxy/GNP nanocomposites found in the literature

Filler P, Omax (S/cm) Comments References
EG ~ 3 wt% ~1073 Acetone suspension [74]
Ultra-sonicated for 10 h
~ 1.3 vol% o, ~ 107 Cyclohexane suspension [75]
oy~ 10° Grinded and ultra-sonicated
Anisotropic composites
0.5 vol% ~107¢ Acetone suspension [76]
Ultra-sonicated for 20 h
1 phr ~1073 Epoxy-ethanol suspension and ultrasound bath at elevated temperatures for 3 h  [77]
Incorporation of milled EG resulted in P, ~ 5 phr
~ 1 wt% ~107* Acetone suspension [67]
Ultra-sonicated for 8 h
UV/O; treatment for 25 min
8 wt% 1072 Ethanol suspension [78]
Ultra-sonicated for 3 h
GNP ~1 wt% ~1076 CHCIl; or THF suspension ultra-sonicated for 2 h [79]
0.3 wt% ~107* Three-roll milling process [80]
0.088 vol% ~1077 Freeze-drying of polymer-stabilized graphene dispersions [81]
0.1 vol% ~107* Epoxy suspension [82]
Ultra-sonicated for 20 min
Films obtained via spin coating with speeds 900—12,000 rpm
0.22 vol% o, ~ 107 Epoxy suspension [56]

Oy~ 1077

Ultra-sonicated for 30 min; then, three-roll milling followed by
AC-field-induced alignment

P, without alignment was 0.52 vol%
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Therefore, the usage of mGO as an epoxy filler
offers similar or smaller percolation thresholds than
EG or GNP. However, the production of EG and GNP
includes more than one step and is generally char-
acterized by reduced yields, compared with mGO,
which was synthesized with a one-step process and
approaching 100% of the starting material being
recovered and used, without any fractionation, in
preparing the final nanocomposites.

Conclusions

Moderate oxidation of graphite was successfully
achieved utilizing CrO; instead of KMnO, as the
oxidizing agent, in a reaction medium of H,SO,.
Raman spectroscopy, TGA and XPS demonstrated
that the CrO;/H,SO, solution mildly oxidizes the
graphite, compared to previous synthetic routes.
Epoxy-based nanocomposites were produced via a
solvent-free method, using mGO directly produced
by the above single-step synthesis method, without
any subsequent chemical processing or fractionation
to remove large agglomerates or other unwanted
components. SEM and TEM images revealed good
dispersion, suggesting that the mGO contains suffi-
cient oxygen-based functional groups to render it
compatible with the epoxy matrix. DSC determina-
tion of the influence of the mGO on the glass transi-
tion temperature of the matrix polymer revealed no
detrimental effects, which indicates that the concen-
tration of reactive groups introduced into the system
as a consequence of adding the mGO was not suffi-
cient materially to alter the epoxy curing reaction
stoichiometry. The electrical conductivity measured
just beyond the percolation threshold (0.53 vol%)
was ~ 107®S/cm, an increase of some eight order of
magnitude compared with the unfilled resin. Signif-
icantly, this increase surpasses the antistatic limit, a
result that, to our knowledge, has not thus far been
achieved with conventional GO. Indeed, comparison
of the behaviour of mGO with a range of other gra-
phite-based filler systems reveals an attractive com-
bination of properties, particularly when ease of
synthesis, yield and processing convenience are taken
into account. As such, we believe that scope exists for
future utilization or further modification.
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