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Abstract: Graphene is a promising nanofiller for producing polymer nanocomposites with enhanced mechanical,
electrical, thermal, electromechanical, and flame retardancy properties, leading to applications in aerospace,
automotive, ballistics, medicine, electronics, and smart materials. Solvent-assisted top-down methods, including
mechanical exfoliation of graphite, show great potential for scale-up and mass production of graphene dispersions
for use in the fabrication of nanocomposites. However, these approaches can suffer from poor efficiency, which
limits the concentrations of graphene/polymer dispersions that can be produced using in situ methods. As such, it
is important to find new ways of making more effective use of these low concentrations of graphene nanofillers.
Possible approaches include chemical modification of the graphene or finding synergies with other nanofillers to
form hybrid nanocomposites. In this work, we demonstrate results that make use of each approach. Specifically,
we demonstrate a low-cost and simple method for producing carbon nanotube dispersions and creating hybrid
nanocomposites with substantial enhancements to mechanical properties. We also extend the scope of our
previously reported semi-in situ exfoliation method by demonstrating its application in the production of a
nanocomposite that incorporates chemically modified graphene. The superior mechanical properties exhibited by
the nanocomposite are attributed to increased interaction strength between the polymer and nanofiller.
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1. Introduction

Graphene combines a range of exceptional electrical, thermal, and mechanical properties within a single
material [1-3]. It has demonstrated excellent performance as a nanofiller when combined with a wide range of
polymers to form nanocomposites [4-13]. The inclusion of graphene has been shown to confer enhanced properties,
including increased mechanical strength and hardness, electrical and thermal conductivity, flame retardancy, high
gas barrier performance, and enhanced electromechanical properties [9,14-18]. Graphene-polymer
nanocomposites with these enhanced properties have strong prospects for applications in additive manufacturing,
aerospace, automotive, ballistics, corrosion protection, medicine, electronics, energy, and smart materials [9,19-
26].
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A major challenge in the manufacture of graphene-polymer nanocomposites is scaling up the production of
the graphene nanofiller at low cost [27,28]. Whilst a range of approaches exist, solvent-assisted exfoliation of
graphite offers several advantages and can be incorporated into various approaches such as high shear mixing
(HSM), ultrasonication, and three-roll milling/calendering [9,15,29]. Such approaches can yield a combination of
graphite microplatelets (GMPs), graphite nanoplatelets (GNPs), few-layer graphene (FLG), and graphene, with
unexfoliated material removed [15]. Top-down approaches (graphite to graphene) are simple, low cost, and easier
to scale up compared to the alternatives, such as bottom-up approaches (hydrocarbons to graphene) [28,30].
Mechanical solvent-assisted exfoliation does not require the harsh chemical conditions required by chemical
exfoliation and it makes use of solvents that can be recovered and recycled rather than reagents that are depleted
[15,31]. Furthermore, solvent system viscosity and surface energy can be modified to optimise exfoliation
performance [15,29]. To this end, scalable and versatile in situ and semi-in situ methods have recently been
developed, such that the graphite is mechanically exfoliated within a solvent/polymer system [15,29]. The
inclusion of the polymer matrix prior to exfoliation allows tuning of the solvent system properties, namely surface
energy and viscosity, resulting in stable and homogenous dispersions [15]. However, the approach can suffer from
low yields and poor efficiency, severely limiting the concentration of graphene that can be obtained; a common
weakness of mechanical exfoliation methods [32,33]. Typically, a solvent-assisted exfoliation method would
remedy this by processing large amounts of graphite dispersion, allowing the accumulation of graphene prior to
its use as a filler [34]. This is prohibitive for in situ or semi-in situ methods since the uncured polymer matrix is
already present. As such, alternative approaches are required to make more effective use of the limited
concentrations of graphene nanofillers attainable.

Carbon nanotubes (CNTs) are known to improve the mechanical properties of polymer nanocomposites [35],
with CNT-matrix interactions affecting reinforcement efficacy and, accordingly, these have been subject to
extensive prior study [36,37]. Furthermore, graphene has been shown to exhibit synergy with CNTs when both
nanofillers are used to fabricate hybrid graphene/CNT polymer nanocomposites [5]. This is due to the formation
of a supporting network between the two fillers. Thanks to their high surface area, graphene platelets prevent the
agglomeration of CNTs and act as bridging agents [38,39]. Agglomeration of nanofillers significantly deteriorates
the performance of nanocomposites leading to inferior mechanical properties and increased percolation thresholds
[39]. Recent findings indicate that the enhancement of hybrid nanocomposite properties is most pronounced when
the concentration of graphene filler is lower than that of CNTs [39,40]. As such, the low-concentration graphene
dispersions obtained via the semi-in situ methods, as discussed above, could be ideally suited to the fabrication of
hybrid graphene/CNT nanocomposites.

The enhancement of the properties of nanocomposites is strongly dependent on the interaction strength
between the filler and polymer matrix [41]. Therefore, one of the most effective methods of increasing the efficacy
of graphene filler is to modify its surface with chemical groups that strongly interact with surrounding polymer
molecules [41,42]. For example, the variety of oxygen-rich functional groups in graphene oxide (GO) enhance its
interaction strength with epoxy matrices [43,44]. However, the sp? structure of graphene becomes highly distorted
during the oxidation process resulting in decreased mechanical, electrical, and thermal performance of the filler.
Furthermore, the increased hydrophilicity of the filler can impede the formation of homogenous dispersions in
resins. Wei et al. prepared epoxy/GO nanocomposites with varying content of oxygen groups (from 29.4 to 37.5
at%) and examined enhancements to properties [44]; mechanical performance improved with increasing oxygen
content to a limit before falling away. This suggests a balance exists between increased load transfer via enhanced
nanofiller/matrix interaction and degradation of filler mechanical strength. Overall, it would appear that careful
utilisation of mildly oxidized graphene oxide (m-GO) fillers is one potential route to further improving graphene-
polymer nanocomposite performance, even with the low concentrations achieved via solvent-assisted mechanical
exfoliation. Furthermore, the exfoliation of mildly oxidized graphite as a source for m-GO filler is likely to be
more efficient due to increased interlayer spacing [34].

This work demonstrates two approaches to compensate for the low yields of graphene obtained by solvent-
assisted graphite exfoliation via high-shear mixing. Firstly, we show how the low-concentration graphene/epoxy
dispersions obtained in the semi-in situ process can be applied to increase the performance of CNT/epoxy
nanocomposites. Secondly, we demonstrate enhancements to the mechanical properties of epoxy/m-GO
nanocomposites prepared by the exfoliation of edge-oxidized graphite via high-shear mixing. Epoxy was selected
as the host matrix since it has been demonstrated to be a versatile polymer for the creation of nanocomposites
[6,8,45,486].

2. Materials and methods
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2.1 Materials

Graphite flakes (—325 mesh) were obtained from Alfa Aesar. CNTs (single-walled) were obtained from
TUBALL™ with a 2 nm diameter, length of at least 5 um, and iron catalyst content <20 wt%. The epoxy resin
used in this research was supplied by EasyComposities (EP-L2-S-05) along with a room-temperature curing agent
(hardener). Both the epoxy resin and hardener are formulated products. The epoxy resin is based on bisphenol A
diglycidyl ether and trimethylolpropane triglycidyl ether. The hardener is marked as ‘slow’, in reference to the
curing speed, and is based on aliphatic and cycloaliphatic amines. Chemicals for the purification and dispersion
of CNTs and production of m-GO were obtained from Fisher Scientific: >95% H,SO, (10667422), 70% HNO;
(N/2300/PB08), 30% H,0, (10121810), 37% HCI (10000180), KMnO4 (207745000), NaNO; (15603430),
isopropanol (IPA) (10588630), tetrahydrofuran (THF) (T/0700/17).

2.2. Preparation of CNT and hybrid epoxy nanocomposites

Graphene/epoxy dispersions were obtained using the same semi-in situ method presented in our previous
work [15], the specific conditions were the same as those used to produce the EpAct120 samples, except that the
HSM exfoliation step was run at 15<C for this work instead of the 25<C used previously. Prior to use, CNTs were
treated with nitric acid to remove the iron catalyst, in line with a previously proposed protocol [47]. In brief, 1 g
of CNTs were refluxed in 150 cm?® of 3 M HNOg(.q for 10 hours and then vacuum filtered on a 47 mm circular
Durapore® PVDF membrane with 0.22 pm pore size. The residue was washed with deionised water on the
membrane with the vacuum on. Washing continued until the filtrate became neutral in pH. The residue underwent
a final wash with IPA and was then allowed to air dry. The purified CNTs were dispersed in THF using mechanical
stirring at 900 rpm for 20 minutes, followed by 10 minutes of ultrasonication in 20 ml batches using a BioLogics
3000MP ultrasonic probe (300 W) at 55% power amplitude. The CNT/THF dispersion was then combined with
either neat epoxy resin (to form samples CNT0.05 and CNTO0.1) or graphene/epoxy dispersions (to form sample
HCO0.05) and mixed with the mechanical stirrer at 600 rpm for 72 hours. The mixtures were placed in a vacuum
oven at 60<C for 24 hours to remove the THF. Afterward, the epoxy/nanofiller dispersions were placed in a 45
Hz ultrasonic bath at 50<C for 5 hours and then mixed with the mechanical stirrer at 600 rpm until cast (at least
another 24 hours). The steps of the production process are summarised visually in Figure 1. The final
epoxy/nanofiller dispersions were black in appearance with a metallic reflection and did not contain any visible
CNT clusters, confirmed by spreading a small portion on a glass slide. Epoxy/nanofiller dispersions were
manually mixed with the hardener (100:30 mass ratio) and cast into dog-bone shaped silicone moulds, degassed
in a vacuum desiccator, and cured at room temperature overnight.

THF removal

¢ /Y |

Y > |
>N
CNT dispersion  Ultrasonication Addition of Ultrasonic bath, Further stirring,
in THF in 20 ml batches  a) epoxy or b) 50°Cfor5h 24 h
epoxy/graphene
72 h stirring

Figure 1. Preparation of epoxy nanocomposites: a) CNT nanofiller; b) hybrid nanocomposites containing CNTs and graphene nanofillers.

2.3. Preparation of epoxy/m-GO nanocomposite

Edge-oxidized graphite (EOG) was prepared using a scaled-up version of a previously proposed method [48].
In brief, 10 g of graphite and 1 g of NaNO; were dispersed/dissolved in a 230 cm?® solution in H,SO,4 (>95%)
using an overhead Teflon stirrer. An ice bath was used to maintain the temperature at 20<C, while 8 g KMnO,
was gradually added. The mixture was heated to 35<C and held for 30 minutes. 460 cm?® of deionised was gradually
added to the mixture and stirred for 15 minutes. The mixture was then poured into a beaker containing 1400 cm?
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of deionised water and 75 cm? of concentrated H.O,. The mixture was allowed to sediment, and the liquid was
decanted. The wet slurry was centrifuged for 15 minutes at 3000 g and then dispersed in 5 litres of 5% HCl(,g and
left overnight to sediment. The slurry was centrifuged and redispersed in deionised water three times. The slurry
was then transferred to dialysis membranes and placed in a 10 litre bucket filled with deionised water and stirred.
During the dialysis, water was regularly changed, and its conductivity was monitored. The process was conducted
for around 10 days until the conductivity of water was below 2 LS. The contents of the membranes were filtered
using filter paper, washed with water and methanol, and dried to produce the final EOG product.

The m-GO/epoxy composites were prepared as follows. EOG was exfoliated in batches of 2 g in 100 cm? of
IPA in a 150 cm?® beaker at 15<C using a L5M Silverson High Shear Mixer set at 9500 rpm for 120 minutes. The
dispersion was then transferred to 50 cm? falcon tubes and centrifuged at 2100 g for 30 minutes. The supernatant
was collected and mixed with 12 g of epoxy resin. The IPA was then removed using a rotary evaporator. The steps
of the production process are summarised visually in Figure 2. The final epoxy/m-GO dispersion was manually
mixed with the hardener (100:30 mass ratio) and cast into dog-bone shaped silicone moulds, degassed in a vacuum
desiccator, and cured at room temperature overnight.
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Figure 2. Production of mildly oxidised graphene epoxy composites via liquid exfoliation.

2.4. Analysis

The concertation of graphene species in the dispersions was determined using UV-Vis absorption
measurements at 660 nm. The absorption coefficients were determined experimentally: 1099 + 32 g'mg*-m™ for
graphene dispersions used to make hybrid composite [15] and 1234 + 52 g-mg *-m* for m-GO/IPA dispersions.
EOG was analysed using a Bruker D2 Phaser X-ray powder diffractometer (XRD) and Cu-K, radiation (A =
1.54184 A°) source. A Renishaw inVia Raman Microscope, with a 520 nm laser, was used to assess the structure
of m-GO produced. The size distributions of graphitic platelets in the supernatants were measured using a Malvern
Mastersizer 2000. An Instron universal testing machine was used to test the mechanical properties of the
nanocomposites. Three tensile properties of the nanocomposites were determined and compared with neat epoxy
resin: Young’s modulus (E), ultimate tensile strength (UTS), and elongation at break (¢max). Young’s modulus
determines the stiffness of a material and is calculated as a slope of a linear region of the stress-strain curve. UTS
is the maximum stress that a material can withstand before fracture, and emax is the maximum extension before
fracture. The properties of nanocomposites cast as dog-bone shapes were measured using an Instron universal
testing machine. The dimensions of the dog-bone shapes were measured before the tensile tests with callipers to
calculate the cross-sectional area of the samples. The applied measurement gap was 75 mm, and the elongation
speed was set to 0.3 mm min™l. The software recorded force versus displacement curves, and these were
transformed into stress versus strain curves to obtain E, UTS, and emax. All the calculations were conducted using
a MATLAB program. All specimens were measured in triplicate with mean values reported along with standard
deviation. The hardness measurements of composites were conducted using a Vickers micro indentation tester
according to 1SO 6507-1 with an applied load of 300 gf for 15 seconds.

3. Results and Discussion

3.1. CNT and hybrid nanocomposites

CNT/epoxy nanocomposites containing 0.05 and 0.1 wt% of the filler were prepared according to the method
described above, referred to as CNT0.05 and CNTO.1 respectively. Hybrid nanocomposites containing 0.05 wt%
of CNT and 8 x<102% graphene were also prepared according to the method described above and are referred to
as HCO0.05. The tensile and hardness properties of the nanocomposites are reported in Table 1 and the tensile
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properties alone are compared in Figure 3. Typical stress-strain curves for each sample series are presented in
Figure 4.

Table 1. Measured properties of the CNT and hybrid epoxy nanocomposites.

sample Graphene /102% | CNT/% | gapmpa | uTstiMPa | emacio6 | HVOS
CNT0.05 n/a 0.05 | 23124252 | 41.0+169 | 1.8£05 | 19.4 0.3
CNTO.1 n/a 01 | 2386214 | 492491 | 22209 | 198205
HC0.05 0.8 0.2 005 | 2308445 | 49.9+36 | 2.4+02 | 19.6 0.3

Neat epoxy n/a n/a 2217 119 | 455435 | 22+0.2 | 18.3+0.2

2Young’s modulus, Pultimate tensile strength, elongation at break, 9Vickers hardness.
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Figure 3. Comparison of the tensile and hardness properties of CNT and hybrid epoxy nanocomposites.
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Figure 4. Examples of strain-stress curves of CNT/epoxy and hybrid epoxy nanocomposites.

The inclusion of either nanofiller improves the hardness of the material, as shown by the Vickers hardness
data in Table 1. The tensile properties of both CNT nanocomposites (CNT0.05 and CNTO0.1) exhibit considerable
variability, as indicated by the large uncertainties in Table 1 and Figure 3. This could potentially be due to the
agglomeration of the nanofiller or hindered degassing resulting in the presence of air bubbles. The latter is thought
to be a dominating factor since the viscosity of the CNT/epoxy dispersion was significantly increased compared
to epoxy/graphene dispersions, which forced the time for degassing to be reduced by around 30% to ensure reliable
casting. The uncertainties of Young’s modulus for both CNT nanocomposites are around £10%. In terms of UTS,
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CNTO0.05 shows a higher degree of variability than CNTO.1, with uncertainties in UTS of 3#41% and #18%,
respectively. In contrast, for elongation at break, CNT0.05 shows a lower degree of variability than CNTO0.1, with
uncertainties in elongation at break of #28% and 241%, respectively. It is difficult to make exact comparisons
with such a spread of data; nonetheless, some general inferences can be drawn. First of all, the rigidity, tensile
strength, and elongation at break of CNT composites increase with the increasing filler content, which corresponds
with the reports of other researchers [6]. At 0.05% CNTs, the composites exhibit lower tensile strength and
elongation at break than neat epoxy; however, they are more rigid. On average, the CNT0.1 composites have an
improved Young’s modulus and UTS of 8% each, compared to neat epoxy; however, elongation at break is
unchanged. Considering the amount of effort and extra solvents needed to disperse CNTSs in epoxy resin, it is not
a profound improvement. As mentioned above, the high degree of uncertainty in results, and the limited
improvements in properties, are potentially attributable to issues with degassing and agglomeration during the
curing process, and these factors would merit further investigation.

The spread of Young’s modulus and UTS data for the hybrid composites (HC0.05) is lower compared to the
CNT composites and is comparable to that reported in our previous work, at around *10% or less [15]. It is
unlikely that the degassing process of the hybridised composites was vastly different from the composites with
CNTs alone. The epoxy/graphene dispersions are subjected to rotary evaporation before CNTSs are dispersed in
them. However, the nanofiller/epoxy dispersions for CNT0.05, CNTO0.1, and HCO0.05 each spend 24 hours under
vacuum at 60<C to remove any traces of THF; as such, the final amount of trapped air in the hybrid dispersions
(HCO0.05) should not be greatly affected by the prior treatment of graphene dispersions. The presence of GMPs,
GNPs, and FLG can potentially prevent the re-agglomeration of CNTSs in the epoxy matrix as these materials can
interact via m-m stacking resulting in more reproducible results [39,49]. The hybrid nanocomposites (HCO0.05)
exhibit a comparable rigidity and tensile strength to the CNTO0.1 nanocomposite, but demonstrate a 9%
improvement in elongation at break, even though the CNT content is 50% lower in HC0.05 compared to CNTO.1.
These results demonstrate that graphene dispersions obtained through the semi-in situ exfoliation process can aid
the dispersion of CNTSs to produce hybrid nanocomposites with enhanced properties. Furthermore, this method
could reduce the amount of CNTs needed in a composite, which could be highly beneficial for large-scale
manufacture, since dispersing CNTs in epoxy is not straightforward. Furthermore, the manufacturing process of
graphene/epoxy dispersions with epoxy/acetone systems is relatively simple compared to the dispersing
requirements of CNTs. Consequently, the use of graphene/epoxy dispersions should have a lower impact on the
cost of production compared to incorporating CNTSs.

3.2. Characterization of EOG

Edge-oxidized graphite (EOG) was synthesized via mild oxidation of graphite powder using a modified
Hummers’ method, as described above. The XRD pattern for EOG presented in Figure 5 incorporates a broad
amorphous peak superimposed over the entire signal range and indicates that the mild oxidation has perturbed the
crystalline structure of the graphite. Furthermore, the 002 graphite peak has shifted from 26.5<to 25.8as a result
of the increased graphite interlayer spacing [48]. An average 26 value from four XRD patterns from two different
batches of EOG is 25.8 °+0.2< which corresponds to an increase in interlayer spacing from 0.336 nm (for pristine
graphite) to 0.345 nm £0.005 nm. The peak at 12.9<is due to the partial intercalation of micrographite platelets
with water [48]. It is challenging to assess whether some particles are fully intercalated and some just mildly
oxidized or if partial intercalation is present in all of the graphite platelets. The interlayer spacing calculated from
the 12.9°peak position is 0.686 nm £0.014 nm.

The method of synthesis was scaled up from a method proposed by Bai et al [48]. Interestingly, the 25.8<
peak was also reported in their work, along with a smaller peak between 10=and 15 “with much lower intensity
than the peak reported here. When they examined the XRD pattern for GO, they reported only one peak at 11.1<
which corresponds to fully intercalated graphite with an interlayer spacing of 0.79 nm. These results suggest that
the EOG produced in this work is not fully oxidized but that it is potentially oxidized to a greater extent than the
EOG produced by Bai et al [48]. There are two critical stages during the scaled-up synthesis which could have
resulted in enhanced oxidation. Firstly, the synthesis was conducted in five times the volume of concentrated
H>S04, resulting in five times more water in the last stage of synthesis. The heat generated by mixing this larger
volume of concentrated acid with water could have accelerated the oxidation of graphite platelets [50]. Secondly,
the increased amount of H,O, used for quenching could have facilitated the intercalation and partial exfoliation of
oxidized graphite [51].
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Figure 5. XRD pattern of EOG. Peaks at 12.9°and 25.8 “are (002) diffraction lines of respectively fully intercalated graphite and mildly
oxidized phase. The peaks visible between 40 and 50 °correspond to (100) and (101) diffraction lines of graphite.

3.3. Epoxy/m-GO nanocomposites

The exfoliation of EOG was conducted in IPA, without epoxy present, which has several benefits. IPA
exhibits preferential surface properties for the exfoliation of EOG, resulting in stable dispersions [48]. Adding
epoxy to the IPA is likely to create less favourable wetting properties for exfoliation, meaning the process would
be less efficient compared to using the neat polar solvent. Furthermore, IPA has a much better safety profile
compared to many other solvents recommended in the literature for the exfoliation of graphite [30,52]. Finally,
several routes for the effective recovery and reuse of IPA have been demonstrated [53].

The HSM process was conducted on IPA/EOG dispersions containing 2 wt% EOG for 120 minutes at 15<C.
Then the resulting dispersions were centrifuged for 30 minutes to obtain final m-GO dispersions.
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Figure 6. m-GO characterisation (a) Raman spectrum of m-GO on a filter membrane, (b) Average size distribution graph of m-GO
dispersion.

The average concentration of m-GO dispersions was 0.015 +0.004 mg-g~* which corresponds to an average
yield of 0.08 £0.02 %, which is typical for graphite exfoliation [54]. Raman spectra of m-GO proved challenging
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to register, perhaps due to the number of defects introduced. Nevertheless, the spectrum presented in Figure 6 a)
contains characteristic G and 2D peaks and perhaps a small D peak, suggesting that at least some of the graphitic
structure is persevered [55]. Retaining this graphene/graphitic structure could be advantageous since graphene has
amuch higher intrinsic strength compared to graphene oxide [56]. It is not possible to draw any further conclusions
from the Raman spectrum, since the intensity of the peaks is barely above the baseline. The size of m-GO platelets
is significantly larger compared to platelets obtained in our previous work [15]. The average Sauter mean diameter
calculated by MasterSizer is 3.6 microns, which is over three times greater than observed in our previous work
[15]. This appears to be an additional benefit of the current approach since increasing the lateral size of graphene-
based nanofillers can further improve nanocomposite properties [34]. The size distribution presented in Figure 6
b) suggests a bimodal distribution with over 50% of platelets smaller than 5 microns and nearly 40% of platelets
larger than 10 microns.

Nanocomposites containing 1.1 %1072 wt% of m-GO were prepared according to the method described
above and are referred to as EpmGO. The tensile and hardness properties of the EpmGO nanocomposites are
reported in Table 2, along with comparator values for neat epoxy and EpAct120. EpAct120 is a nanocomposite
prepared under very similar conditions to EpmGO and with a similar level of filler content, as reported in our
previous work [15], the key difference is that EpAct120 contains a graphene-based nanofiller that has not been
oxidised. Furthermore, the EpAct120 platelet size is much smaller, at 0.22 microns [15]. Typical stress-strain
curves for each sample series are presented in Figure 7.

Table 2. Measured properties of EpmGO nanocomposites, including comparison with EpAct120 and neat epoxy.

sample Filler /1029 | E*/MPa | UTS/MPa | enat /6 | VO3
EpmGO | 11403 | 2395429 | 622428 | 30202 | 20004

EpActi20® | 13205 | 2380+50 | 503441 | 2.4+04 | 190203

Neat epoxy n/a 2217 +119 | 455435 | 2.2+02 | 18.3+0.2

2Young’s modulus, "ultimate tensile strength, Selongation at break, ®Vickers hardness, cresults from previous work [15].
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Figure 7. Typical stress-strain curves of EpmGO nanocomposite, neat epoxy, and EpAct120.

The EpmGO nanocomposites exhibit the most prominent enhancement of all tested properties amongst all
studied nanocomposites in this work. The increase in Young’s modulus, UTS, elongation at break, and Vickers
hardness are respectively 8%, 37%, 36%, and 9%, versus neat epoxy. Moreover, the uncertainty of the calculated
tensile properties is the lowest among all the tested samples, which affirms the repeatability of this method. Given
that the mean platelet size of the EpmGO is approximately sixteen times larger than that of the platelets in
EpAct120, the composite would be expected to have a much higher Young’s modulus and reduced flexibility [34],
however, this behaviour is not observed here. Instead, the mechanical property profile is more in line with previous
work that used chemically modified nanofillers, with the potential for stronger interaction or even cross-linking
with the polymer matrix [57,58]. In one case, graphene platelets modified with polybenzimidazole exhibited a
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12%, 20%, and 4.4% increase in Young’s modulus, UTS, and elongation at break respectively, versus neat epoxy,
but required ten times the level of nanofiller used in EpmGO to achieve this [57]. In another example, epoxy
chains were grafted onto GO, resulting in a 6.3%, 79%, and 72% increase in Young’s modulus, UTS, and
elongation at break respectively [58]. Again, this required ten times the level of nanofiller used in EpmGO. Further
examples utilise graphene grafted with various oxygen and amine functional groups, resulting in nanocomposites
with a similar improvement in mechanical properties [43,59]. Overall, the results indicate that the improved
performance of EpmGO is due to the introduction of functional groups during the mild oxidation process and that
these groups participate in the curing process either by forming covalent bonds with the epoxy or by increasing
the strength of interaction between graphene and epoxy resins with H-bonds or other polar interactions.

3.4. Comparison with literature

Table 3 correlates the improvement in tensile properties of epoxy resins achieved in this research with results
reported in previous investigations of epoxy nanocomposites with low filler content.

Table 3. Comparison of the enhancements of mechanical properties of the epoxy nanocomposites with the literature.

Filler/sample Filler wt. content E increase UTS increase Emax INCrease Ref.
) (*0) (*0) ()
CNT0.05 0.05 4.3 9.9 -18.2
CNTO.1 0.1 7.6 8.1 0.0 This work
HCO0.05 (CNT/Graphene) 0.05/0.01 4.1 9.7 9.1
EpmGO 0.01 8.0 36.7 36.4
FLG/GMPs/GNPs EpNMPWc60 0.02 3.0 —4.2 4.5 Our previous
FLG/GMPs/GNPs EpNMPT15 0.01 9.4 3.1 42 work[15]
FLG/GNPs 0.1 2 2 11 [60]
FLG/GNPs 1 24 -41 - [61]
GMPs 25 25 9 5 [62]
Expanded GIC (GNPs and FLG) 0.5 3 -5 - [63]
GO 0.1 31 40 - [64]
GO 0.1 12 4 - [65]
GO 0.1 3.8 35 13 [58]
GO 0.1 7 8 22 [43]
Covalently functionalized GO 0.1 6.3 79 72 [58]
Covalently funcgcl)galized expanded 01 12 20 44 [57]
SWCNTs 0.1 -12 4 -16 [66]
SWCNTs 0.1 3 11 - [64]
MWCNTSs 0.3 - 17 -14 [40]
FMWCNTS/FLG 0.05/0.05 9 ~25 ~—20 [67]
MWCNTSs/GNPs 0.24/0.26 ~11 14 ~-25 [68]
MWCNTS/FLG 0.3 (1/1) - 3 -13 [40]
MWCNTS/FLG 0.3 (3/1) - 29 -14 [40]

Abbreviations: CNTs, carbon nanotubes; FLG, few-layer graphene; FMWCNTS, functionalized MWCNTSs; GMPs, graphite microplatelets;
GNPs, graphite nanoplatelets; GIC, graphite intercalation compound; GO, graphene oxide; MWCNTSs, multi-walled CNTs; SWCNTs,
single-walled CNTs; UTS, ultimate tensile strength.

The mechanical properties of nanocomposites with CNTSs reported in this work have high uncertainties and
the changes in properties shown in Table 8 for CNT0.05 and CNTO.1 should be treated with caution. They exhibit
similar changes and issues to those exhibited by nanocomposites reported elsewhere that incorporate CNTs. For
example, Li et al. reported an 8% increase in Young's modulus, a 15% improvement in UTS, and a 16% reduction
in elongation at break for epoxy composites containing 0.5 wt% multi-walled carbon nanotubes (MWCNTSs). A
similar reduction in elongation at break was also reported by Dutta et al. for epoxy composites containing single-
walled carbon nanotubes (SWCNTSs) at 0.1 wt%. This issue was further exacerbated by increasing the nanotube
content, with epoxy containing 1 wt% SWCNTSs showing a 59% reduction in elongation at break. Both Li et al.
and Dutta et al. attribute the observed reductions in elongation at break to agglomeration of nanofillers, resulting
in voids and defects that cause localised stress concentration and ultimately increased brittleness of the composites.
Previously reported hybrid nanocomposites suffered similar issues with compromised elongation at break and
brittleness. Data presented by Moosa et al. suggests that hybrid composites containing a combination of
functionalised MWCNTSs and GNPs have a reduced elongation of break of anywhere between 12 to 18%. Li et al.
observed that materials containing 0.24 wt% MWCNTSs and 0.26 wt% GNPs had a 28% reduction in elongation
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at break. These observations are again attributed to increased brittleness resulting from flaws that localise stress
concentration. In sharp contrast, the hybrid nanocomposites produced in this work (HCO0.05) exhibit increased
ultimate tensile strength without compromising elongation of break. As such, the approach taken here provides a
promising route to producing hybrid nanocomposites with improved strength without the brittleness that has
compromised previously reported materials.

Nanocomposites prepared with m-GO (EpmGO) successfully compete in terms of tensile properties with
nanocomposites reported elsewhere that incorporate modified graphene. Nanocomposites containing 0.1 wt% GO
prepared by Wan et al. and Li et al. exhibit a lower overall increase in all tensile properties compared to EpmGO
samples [43,58]. Wan et al. also functionalized GO platelets with epoxy chains to improve interaction with the
epoxy resin, resulting in nanocomposites that surpassed the performance of EpmGO, with a 79% improvement in
tensile strength and 72% improvement in elongation at break, but this required ten times the filler loading of that
used for EpmGO [58]. Zhang et al. prepared nanocomposites containing 0.1 wt% graphene platelets modified
with polybenzimidazole but observed only limited improvements in mechanical performance, with an increase in
tensile strength of 20% and elongation at break of 4.4%, which are outperformed by EpmGO, even though its
filler content is a factor of ten lower [57].

4. Conclusions

Two approaches to improving the mechanical performance of low filler content graphene/epoxy
nanocomposites were investigated: mild oxidation of the graphene filler and creating hybrid nanocomposites that
incorporate CNTs along with graphene. The nanocomposites exhibited improved mechanical properties and
hardness, therefore demonstrating the utility of these approaches for improving the mechanical performance of
low filler content graphene/epoxy nanocomposites. As such, these approaches could serve as viable routes for the
scalable industrial production of epoxy/graphene nanocomposites, especially, given their versatility and simplicity.

Focusing on the production of the hybrid CNT/graphene epoxy nanocomposites, the application of the
epoxy/acetone systems in the semi-in situ exfoliation process demonstrates several potential advantages. Firstly,
acetone is inexpensive, and straightforward to recycle, making this method economically viable. Secondly, the
application of graphene/epoxy dispersions to the production of CNT nanocomposite counteracted the deterioration
of tensile properties observed with nanocomposites that incorporated CNTs alone. As a result, a material with
better properties than a CNT nanocomposite containing twice as much filler was obtained. As such, the proposed
method could aid the manufacturing process of CNT/epoxy nanocomposites by decreasing the concentration of
CNTs while preserving the mechanical properties of the nanocomposite.

The nanocomposites prepared from functionalized graphene dispersions (EpmGO) exhibit a notable
improvement of tensile properties at low filler content without becoming brittle; 37% increased tensile strength
and 36% increased elongation at break at 0.01 wt% of the filler and only an 8% increased Young’s modulus. This
enhancement is comparable with some reported in the literature for nanocomposites containing ten times more
filler. Results show that the EOG used to produce the nanocomposites contains oxygen-based functional groups
on the surface and is at least partially exfoliated, as shown by XRD studies. The introduced functional groups give
EOG two crucial advantages over natural graphite. Firstly, EOG is hydrophilic, meaning that exfoliation is
possible in solvents that have a better safety and environmental profile compared to solvents more commonly
used for graphene exfoliation. Secondly, the new functional groups can interact with the epoxy matrix either by
forming covalent bonds or by H-bonds and dipole-dipole interactions, which improves load transfer and nanofiller
efficacy.
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