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Abstract: One of the applications of graphene in which its

scalable production is of utmost importance is the develop-

ment of polymer composites. Among the techniques used
to produce graphene flakes, the liquid-phase exfoliation

(LPE) of graphite stands out due to its versatility and scala-
bility. However, solvents suitable for the LPE process are

generally toxic and have a high boiling point, making the
processing challenging. The use of low boiling point sol-

vents could be convenient for the processing, due to the

easiness of their removal. In this study, the use of poly(meth-
yl methacrylate) (PMMA) as a stabilizing agent is proposed

for the production of graphene flakes in a low boiling point

solvent, that is, acetone. The graphene dispersions produced

in the mixture acetone-PMMA have higher concentration,
+ 175 %, and contain a higher percentage of few-layer gra-
phene flakes (<5 layers), that is, + 60 %, compared to the
dispersions prepared in acetone. The as-produced graphene
dispersions are used to develop graphene/acrylonitrile-buta-

diene-styrene composites. The mechanical properties of the
pristine polymer are improved, that is, + 22 % in the Young’s

modulus, by adding 0.01 wt. % of graphene flakes. Moreover,
a decrease of &20 % in the oxygen permeability is obtained
by using 0.1 wt. % of graphene flakes filler, compared to the
unloaded matrix.

Introduction

Graphene is a two-dimensional material with potential applica-

tions in various fields, for example, electronics,[1–7] optoelec-
tronics,[8–10] energy[11–13] and polymer composites.[14–19] The large

scale production of graphene, as well as other 2D materials,[20]

is still an open issue, both at the academic and particularly at

the industrial level, to guarantee its promising for the afore-
mentioned applications.[20, 21] Graphene can be produced by

both bottom-up and top-down approaches.[22, 23] In the first

case, the atom-by-atom assembling of the graphene honey-
comb lattice is carried out through techniques as the chemical

vapour deposition (CVD),[24–27] and growth on SiC.[28–32] The top-

down approach, instead, consists in peeling-off the layers of
graphite,[22, 23] by exploiting methods as the micromechanical

cleavage (MC)[33, 34] and the liquid-phase exfoliation (LPE).[23, 35–42]

The LPE process of graphite fulfils the industrial scale demand

of graphene for the production of inks and the development
of graphene-based polymer composites, due to its scalabili-
ty.[20, 21]

A key requirement for the LPE process relies on the minimi-
zation of the interfacial tension between the solvent and the
exfoliated flakes.[43–45] This means, in the case of graphite, that
the solvents should have a surface tension (g) of about

40 mn m@1.[35] Following this requirement, N-methyl-2-pyrroli-
done (NMP, g= 40.21 mn m@1)[46] and g-butyrolactone (GBL, g=

46.5 mn m@1)[46] can be considered, for example, suitable sol-
vents for the exfoliation of graphite.[35] However, the solvents
that are generally used for the exfoliation of graphite are

mostly toxic (NMP has been reported to be teratogenic,[47] GBL
causes severe respiratory problems[48]), and have a high boiling

point (boiling point Tb+200 8C).[49] High boiling point solvents
suffer several issues also from the technical point of view for

their exploitation in different applications, such as coatings

and polymer composites.[50–52] In particular, for the latter appli-
cation, high boiling point solvents are difficult to remove

during the processing. In fact, the presence of trapped solvent
causes the formation of voids,[53, 54] compromising the perform-

ances of the composite, for example, mechanical, electrical and
thermal properties.[53, 54]
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In an ideal scenario, the production and the processing of
graphene should be performed by using low boiling point sol-

vents. Solvents possessing a boiling point lower than about
90 8C are desirable, in order to avoid side effects in the devel-

opment of graphene-based polymer composites, for example,
incipient degradation and shrinkage of the polymer

matrix.[55, 56] Moreover, an easy removal of the solvent is pref-
erable, as the solvent residues affect the physical and chemical
properties of the composite material.[57, 58] Low boiling point
solvents could also facilitate the use of the graphene disper-
sions in printing methods as inkjet printing,[20, 59, 60] flexogra-
phy[61] or spray coating.[62] In this regard, low boiling point sol-
vents, such as isopropanol (IPA) (Tb &82 8C[49]) and ethanol (Tb

&78 8C[49]), have limitations for polymer composites produc-
tion, due to the fact that they are able to dissolve just a few

polymers, for example, polyvinyl butyral (PVB),[63] ethyl cellu-

lose (EC)[64] and polyvinyl pyrrolidone (PVP).[65] Among the low
boiling point solvents, acetone stands out because it is harm-

less,[66] and has the capability to dissolve many polymers, for
example, cellulose acetate (CA),[67] acrylonitrile butadiene sty-

rene (ABS),[68] poly(methyl methacrylate) (PMMA),[69, 70] styrene-
acrylonitrile,[71] poly(ethylene oxide)[72] and poly(vinyl ace-

tate),[73, 74] just to cite a few.

Nevertheless, the aforementioned low boiling point solvents
do not fulfil the requirement of minimizing the free Gibbs

energy for the exfoliation of graphite,[46] for example, gacetone =

26.67 mn m@1.[75] As a matter of fact, the LPE process carried

out in low boiling point solvents has been demonstrated to
achieve lower exfoliation yield by weight, that is, the ratio be-

tween the weight of the final graphitic material and the one of

the starting graphite flakes,[22, 23] compared to the exfoliation
carried out in high boiling point solvents.[60, 76] For example,

O’Neill et al.[76] compared the exfoliation of graphite in IPA and
NMP processed in the same conditions, in terms of concentra-

tion (Cg), obtaining Cg-IPA&50 mg L@1 in IPA and Cg-NMP

&200 mg L@1 in NMP.

In general, the stabilization of exfoliated graphene flakes in

low boiling point solvents is assisted by using polymers
through steric stabilization.[64, 65, 77, 78] The polymeric aliphatic

chains bind to the basal plane of graphene, either covalently
or through van der Waals forces.[77] Consequently, repulsive
forces are present between the polymer chains, hindering the
restacking of the flakes during and after the exfoliation pro-

cess.[77] For example, PMMA, which is an inexpensive (&E 150
per ton[79]) and nontoxic polymer,[80] forms p–p bonds between
the carbonyl groups and the graphene, promoting the attach-

ment of the polymer chains onto the graphene flakes.[81–83]

Moreover, PMMA is able to form homogeneous blends with

other polymers, for example, polyvinyl chloride (PVC),[84] poly-
aniline (PANI),[85] polyethylene glycol (PEG),[86] ABS[87] among

others. The polymer miscibility of PMMA can be exploited to

obtain a homogenous distribution of the graphene flakes into
the polymeric matrix.

In this work, we demonstrate the LPE of graphite using ace-
tone as the solvent and PMMA as the stabilizing agent. The as-

produced graphene-based dispersions in the acetone-PMMA
mixture are characterized by increased concentration, that is,

+ 175 %, and contain a higher percentage of few-layer gra-
phene (FLG) flakes (<5 layers), that is, + 60 %, compared to the

dispersions prepared in acetone.
The FLG dispersions produced using acetone–PMMA are

tested as fillers in ABS composites, measuring their per-
formance in gas barrier membranes. The graphene-PMMA/ABS

composites (0.01 wt. % of FLG flakes) show an improvement of
&22 % and &17 % in the Young’s modulus and tensile
strength, respectively, compared to the bare ABS. Furthermore,

the oxygen permeability (OP) is reduced by approximately
20 % in the composites with 0.1 wt. % of FLG flakes loading

compared to the unfilled ABS.

Results and Discussion

Characterization of the exfoliated graphite dispersions

The graphite exfoliation is carried out in pure acetone and ace-

tone with 1 % wt. PMMA. The obtained dispersions are both
further processed at three different centrifugal accelerations:

200, 4300 and 17 000 g.

The two dispersions are analyzed through Raman spectros-
copy, in order to obtain an indication concerning the flake

thickness, to give an information regarding a possible doping
effect and to identify the type of defects.[88–90] The Raman spec-

trum of graphene presents the characteristic G, D and the 2D
peaks, more information regarding the origin of these features

are reported in the Supporting Information.[88, 89]

Among the features of the Raman spectrum of graphene,
the 2D peak is composed by various components in few-layer

graphene (FLG) and multi-layer graphene (MLG), in which the
main components are 2D1 and 2D2.[88] In graphite, the intensity

of the component 2D1 [I(2D1)] , is roughly half of the intensity
of the component 2D2 [I(2D2)] .[88, 89] During the exfoliation pro-

cess, the I(2D1) increases and the I(2D2) decreases, due to a re-

duction of the thickness of the flakes.[88]

Figure 1 a represents the Raman spectra for the dispersions

FLG (blue line) and FLG-PMMA (red line) obtained using a cen-
trifugal acceleration of 17 000 g. The spectra of graphite (black
line) and PMMA (green line) are also plotted for comparison.

All the spectra, except the bare PMMA, are normalized to

the graphitic G peak. The normalized intensity ratios I(2D1)/I(G)
expressed as function of I(2D2)/I(G) gives an insight of the

thickness of the flakes.[20] In fact, the points on the dashed line
in Figure 1 b–d are considered as multi-layer flakes (MLG)
[I(2D1)/I(G) = I(2D2)/I(G)] , while the points below the line [I(2D1)/

I(G)< I(2D2)/I(G)] are considered as graphitic flakes.[20, 88, 91] The
flakes with 5 layers or less, for example, FLG, are represented

by points located above the few-layers condition I(2D1)/I(G)>
I(2D2)/I(G).[20, 88, 91] In this study, the percentage of the points sat-

isfying the FLG condition over the total number of points are

approximately 36, 53 and 93 % for the dispersions in acetone
and about 58, 70 and 98 % for the ones in acetone-1 wt. %

PMMA, centrifuged at 200, 4300 and 17 000 g, respectively.
Therefore, the dispersions in acetone and acetone-1 wt. %

PMMA will be called “FLG” and “FLG-PMMA”, respectively. The
reduction in the number of layers of the flakes leads to a drop
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of the I(2D2)/I(2D1) ratio, as the intensity of the component 2D1

increases,[88] (see Figure S1). Thus, the FLG-PMMA dispersions
present a higher percentage of FLG flakes compared to the

FLG dispersions. In addition, as reported above, the processing

conditions clearly influence the morphology (i.e. , lateral size
and thickness) of the flakes in both dispersions. In fact, the

percentage of FLG flakes in both dispersions increases with the
centrifugal acceleration (see Figure 1 b–d), although the per-

centage of FLG flakes is higher in the one containing PMMA.
The presence of defects on the basal plane, for example, va-

cancies,[92] damage the properties of graphene, for example,

decrease in the Young’s modulus.[93, 94] Thus, in order to distin-
guish between edge defects with the basal plane ones, we
considered the correlation between the FWHM(G) and the
ratio of the intensities and the area of the D peak and the G

peak, that is, I(D)/I(G) and A(D)/A(G). In fact, a linear correlation
between the FWHM(G) and I(D)/I(G), as well as with A(D)/A(G)

indicates that the defects are located on the basal plane rather

than on the edges.[95] In Figure S2, the I(D)/I(G) and A(D)/A(G)
versus the FWHM(G) of the dispersions show no correlation.

Therefore, the defects are mainly due to flake edges.[95]

The PMMA is supposed to hinder the re-stacking of the exfo-

liated graphite flakes during and after the exfoliation process,
by binding with graphene through p–p interactions with the

carbonyl groups (C=O),[82, 83, 96] providing repulsive forces

among the flakes.[97] The results of Raman spectroscopy indi-
cate that the PMMA does not cause a doping effect (Figure S3),

so that the possible interaction between graphene and PMMA
is not influencing the electrical properties of graphene.

The thickness of the as-produced flakes are also analyzed by
atomic force microscopy (AFM). Considering substrate effects,

solvent and polymer residuals, the thickness of the FLG flakes

(measured with AFM in tapping mode) is, on average, lower
than 4 nm.[98–101] Therefore, the flakes having a thickness

<4 nm will be referred as exfoliated flakes. The number of ex-

foliated flakes is calculated as a percentage over the thickness
of 100 flakes measured with the AFM.

Representative AFM images of the exfoliated flakes are
shown in Figure 2 a,b and Figure S4 a–d, reporting the thick-

ness statistics in the insets. Nevertheless, the presence of
PMMA residue in the samples (demonstrated by thermogravi-

metric analysis, TGA, Figure S5), overestimates the flake thick-

ness. The percentages of exfoliated flakes are 13, 35 and 53 %
for the FLG dispersions, and 30, 42 and 88 % for the FLG-

PMMA dispersions, centrifuged at 200, 4300 and 17 000 g, re-
spectively. The FLG-PMMA dispersion contains a higher per-

centage of exfoliated flakes compared to the FLG one, for all
the three centrifugal accelerations, in agreement with the

Raman data.
The lateral sizes of the exfoliated flakes are evaluated using

TEM. Representative TEM images of the exfoliated graphite
flakes are shown in Figure 2 c,d and Figure S6 a–d with their
corresponding lateral size statistics reported in the insets. The

statistical analysis of the TEM images indicates that the lateral
sizes of the flakes are: 520 nm (log normal S.D. 0.57), 400 nm

(log normal S.D. 0.50), 300 nm (log normal S.D. 0.60) for the
FLG dispersions, and 600 nm (log normal S.D. 0.40), 370 nm
(log normal S.D. 0.43), 270 nm (log normal S.D. 0.33) for the

FLG-PMMA dispersions, centrifuged at 200, 4300 and 17 000 g,
respectively.

These data indicate that the distribution of the lateral size of
the flakes is more homogeneous, for example, log normal S.D.

Figure 1. (a) Raman spectra of the dispersions FLG PMMA (red) and FLG (blue) obtained with a centrifugal acceleration of 17 000 g, graphite (black) and bare
PMMA (green). The normalized intensities I(2D2)/I(G) vs. I(2D1)/I(G) shows the distribution of FLG and graphitic flakes for the dispersions FLG and FLG-PMMA
obtained with centrifugal accelerations (b) 200 g, (c) 4300 g and (d) 17 000 g.
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0.40 for the FLG-PMMA dispersion at 200 g, than in the flakes
of the FLG dispersion, that is, log normal S.D. 0.57 for 200 g.

The lateral size distributions of the FLG and FLG-PMMA disper-

sions are represented through the intervals of confidence in
Figure S7. The selected area electron diffraction (SAED) pattern

is presented in the insets of Figure 2 c,d, showing the typical 6-
fold pattern of graphene,[102–104] demonstrating that the crystal-

line structure of the flakes has not been damaged during the
exfoliation process.

The concentration is measured through vacuum filtration

(see “Vacuum filtration” section in the Experimental Section).
The concentrations obtained in the exfoliated graphite disper-
sions are 80:20 mg L@1, 30:10 mg L@1 and 1:0.2 mg L@1 for
the FLG dispersions, and 220:40 mg L@1, 90:20 mg L@1 and
30:6 mg L@1 for the dispersions FLG-PMMA, centrifuged at
200, 4300 and 17 000 g, respectively. It can be noticed that the

concentration of the FLG-PMMA dispersions is higher com-
pared to the FLG dispersion, that is, there is an improvement
of + 175, + 200 and + 2900 %. To assess that the presence of
PMMA is not affecting the concentration measurements, we
carried out TGA (see the Experimental Section). The residual of

the TGA gives information regarding the mass of FLG in the
dispersion (check the Supporting Information). The measured

mass of the exfoliated graphite is averaged from five TGA runs,
resulting in the FLG mass for the FLG-PMMA dispersion centri-
fuged at 200 g of 227:8 mg L@1 (Figure S9).

The measured mass of exfoliated graphite is in agreement
with the previous results, for example, the mass of the exfoliat-

ed graphite is 227:8 mg L@1 for the sample FLG-PMMA centri-
fuged at 200 g (Figure S8).

In order to calculate also the effective concentration of the
FLG-PMMA dispersions, the extinction coefficient of the FLG-

PMMA dispersion is evaluated using optical extinction spec-

troscopy (OES), considering the exfoliated graphite mass mea-
sured through the TGA. The estimated extinction coefficient is

0.04954:0.00135 L mg@1 m@1. (Figure S10; see Experimental
Section and Supporting Information). Therefore, the concentra-

tions of the FLG-PMMA dispersions centrifuged at 4300 and
17 000 g obtained through OES are 74.6:0.1 mg L@1 and
30.1:0.2 mg L@1, respectively, in agreement with the concen-

tration measurements obtained through vacuum filtration.
The obtained results, summarized in Table 1, highlight the

fact that the FLG-PMMA dispersions contains thinner flakes and
present a higher concentration compared to the FLG ones.

We propose that the difference in the morphology and con-
centration between the two dispersions is due to the presence

of PMMA. Both acetone and the mixture of acetone-1 wt. %

PMMA have a surface tension that do not match the surface
energy of the flakes, being 23.8:0.4 mn m@1 and 23.3:
0.2 mn m@1, respectively. The surface tension is measured
through contact angle, for more information see the Experi-

mental Section. Therefore, in the FLG-PMMA dispersions, the
re-stacking of the flakes is hindered due the steric repulsion

between the polymer chains, attached to the flakes.[77]

In order to explain the increase in the concentration of
flakes in suspension associated to the presence of PMMA, the

density (1) and the viscosity (h) of the mediums used for the
exfoliation process are measured (Table 2). The results show

that the presence of PMMA does not affect the 1 of the mix-
ture, while the h is increased by 90 %.

Figure 2. AFM images of exfoliated graphite flakes in the dispersions a) FLG and b) FLG-PMMA centrifuged at 17 000 g. The thickness distribution is given as
inset. TEM images of exfoliated graphite flakes in the dispersions c) FLG and d) FLG-PMMA centrifuged at 17 000 g. The lateral size distribution and the SAED
patterns are given as insets.
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The PMMA can affect also the sedimentation behavior of the

exfoliated flakes during the purification step, carried out
through sedimentation-based separation (SBS).[35, 105]

The SBS technique is usually performed on particles dis-

persed in a solvent, applying a force field.[106, 107] Among the
forces acting during SBS, there is the centrifugal force Fc = mp

w2 r, which is proportional to the mass of the particle (mp), the
distance from the rotational axes (r) and the square of the an-

gular velocity (w2).[107] The buoyant force Fb =@ms w2 r, in
which ms is the mass of the displaced solvent, and the friction-

al force Ff =-fs, which depends on the friction coefficient be-

tween the solvent and the particle (f) and the sedimentation
velocity of the particle itself (s).[107] The sedimentation coeffi-

cient is defined as in Equation (1):[107, 108]

S ¼ s

w2r
¼

mp 1@ 1s

1p

0 /
f

ð1Þ

in which the 1 of the solvent and the particle are expressed as
1s and 1p, respectively. Thick and large flakes possess higher
sedimentation coefficients compared to the small flakes, thus

having a fast sedimentation.[107–109] It is possible to prepare dis-
persions containing flakes with different lateral size, by chang-
ing the parameters of the centrifugation.[108, 110]

The sedimentation coefficient depends also on the features
of the medium, as the density 1s and the viscosity hs. The hs is

present in the friction coefficient, which can be obtained
through Equation (2).

F ¼ 6phsr ð2Þ

The sedimentation coefficient is inversely proportional to
the h, so that the higher is the h of the solvent, the slower is

the sedimentation of the particles.[107] Therefore, a higher
quantity of flakes is retained in the supernatant in the FLG-

PMMA dispersion compared to the FLG dispersions, after the
centrifugation.

Moreover, the FLG percentage is increasing, while the con-

centration has a drop with the increase of the centrifugal ac-
celeration. In fact, when the centrifugal acceleration is in-

creased, the flakes are subjected to a higher centrifugal force,
promoting the faster sedimentation of thicker flakes compared

to the thinner flakes.[107] Hence, the concentration of the over-

all flakes and the population of thick flakes in the supernatant
decrease, as the centrifugation acceleration passes from 200 to

17 000 g. A scheme of the observed phenomena is represented
in Figure 3.

The results achieved by exfoliating graphite in acetone and

PMMA indicate that the exfoliation yield (Yw) has an improve-
ment of 200 %, in the same experimental conditions, that is,

the same centrifugation speed. Table 3 presents the values of

Table 1. Concentration, percentage of FLG and lateral size of the FLG and FLG-PMMA dispersions. The corresponding standard deviations for the concen-
tration and lognormal standard deviation for the lateral size are reported in parentheses.

FLG FLG-PMMA FLG FLG-PMMA FLG FLG-PMMA
@200 g @4300 g @17 000 g

C [mg L@1] 80 (20) 220 (40) 30 (10) 90 (0.20) 1 (0.2) 30 (6)
FLG [%] 36 58 53 70 93 98
Lateral size [nm] 520 (0.57) 600 (0.40) 400 (0.50) 370 (0.43) 300 (0.60) 270 (0.33)

Table 2. ’
Density (1) and viscosity (h) of acetone and the mixture acetone-PMMA
with the corresponding standard deviations in parenthesis.

1 [g cm@3] h [mPa s]

Acetone 0.80 (0.02) 0.295 (0.001)
Acetone-1 wt. % PMMA 0.77 (0.03) 0.559 (0.001)

Figure 3. Scheme of the production of the FLG and FLG-PMMA dispersions:
the graphite is dispersed in acetone and acetone-1 wt. % PMMA.

Table 3. FoM of this study compared with other studies about exfoliation
of graphite in acetone with the same centrifugal acceleration (4300 g for
30 min).

Reference Solvent Sonication
time

Yw

[%]

[76] Acetone 48 h 0.003
Our study Acetone 6 h 0.003
Our study Acetone-1 wt % PMMA 6 h 0.009

Chem. Eur. J. 2020, 26, 6715 – 6725 www.chemeurj.org T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6719

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202000547

 15213765, 2020, 29, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202000547 by U

niversity O
f Szeged, W

iley O
nline L

ibrary on [24/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.chemeurj.org


the FoM of this study compared with the work of O’Neill
et al.[76]

Table S1 presents a comparison between our study and the
other studies focused on the exfoliation of graphite in low

boiling point solvents (Tb<90 8C), using a polymer as a stabiliz-
ing agent.

Exfoliated graphite flakes as fillers in ABS composites

The ABS is a thermoplastic polymer which is used to improve

the mechanical properties of polymer blends for the produc-
tion of membranes for gas separation,[111–113] for example,

CO2.[113] The exfoliated flakes are used to improve both the me-
chanical and gas barrier properties of the pristine ABS.[114]

Moreover, the ABS, or its component styrene acrylonitrile, is
known to form miscible blends with PMMA.[87, 115–119] The FLG

and FLG-PMMA dispersions centrifuged at 200 g are chosen to

prepare the composites. Although the chosen dispersions con-
tain the lowest percentage of few-layer graphene flakes

among the produced dispersions, the concentration obtained
is the highest, that is, 220 mg mL@1 for the FLG-PMMA disper-

sion and 80 mg mL@1 for the FLG one.

FLG and FLG-PMMA as mechanical reinforcement in ABS com-
posites

The mechanical properties of the composites are evaluated

through tensile test. Two FoM are evaluated, that is, the
Young’s modulus, defined as the slope of the stress versus the
strain curve in the elastic region,[120] and the tensile strength,

defined as the highest value of stress reached during the test-
ing.[120] In the literature, FLG[121] and graphene nanoplatelets

(GnPs)[122–124] are used as fillers to improve the mechanical
properties of ABS. Waheed et al.[121] produced ABS composites

by using FLG and obtained improvements in the Young’s mod-
ulus and the tensile strength of 71 and 43 %, compared to the

unloaded ABS by using 0.24 vol % of loading, respectively.
However, in the same study, both the Young’s modulus and

the tensile strength decrease, when the loading is >0.5 vol %,

probably due to the agglomeration of the FLG flakes.[121] The
ABS composites containing 8 wt. % GnPs in the studies of Du
et al.[122, 124] also present a drop in the tensile strength, that is,
10 %, compared to the pristine ABS, associated to the poor ad-

hesion between the matrix and the filler. In our study, the
Young’s modulus and the tensile strength are enhanced by ap-

proximately 22 % and 17 %, respectively (Figure 4 a,b), com-

pared to the pristine ABS, by using a FLG loading of 0.01 wt. %.
The tensile strength value of the ABS-FLG-PMMA remains con-

stant as the loading of FLG flakes is increased. On the contrary,
there is no improvement of the tensile strength in the ABS-

FLG composites compared to the unfilled polymer when the
amount of filler is increased. These results indicate that the

presence of PMMA in the ABS-FLG-PMMA composites may pro-

mote a homogeneous distribution of the FLG flakes into the
polymeric matrix. Control samples ABS-PMMA are also tested

for comparison purposes, to assess the impact of PMMA on
the mechanical properties of the composite material. In this

case, the Young’s modulus and the tensile strength do not
show any improvement compared to the pristine ABS (Fig-

ure S11 a,b).

Figure 4. a) Young’s modulus and b) tensile strength of the pristine ABS (black rhombuses), ABS-FLG (blue dots) and ABS-FLG-PMMA (red squares) composites
with increasing loading of FLG; comparison of the OP of c) the pristine ABS vs. the composites ABS-FLG and ABS-FLG-PMMA and d) of the composites ABS-
FLG-PMMA and of the ABS-PMMA samples (green triangles).
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FLG and FLG-PMMA as fillers for gas barrier applications in
ABS composites

The incorporation of the graphene flakes hinders the diffusion

of gases through the polymer matrix, by forming a “maze-like”
structure in the matrix.[125, 126] In the literature, FLG flakes are
used in the polymer composites to decrease the gas permea-
tion.[127–129] In our study, the OP of the composites ABS-FLG

and ABS-FLG-PMMA with a loading of 0.1 wt. % FLG is reduced

by approximately 13 % and 20 %, respectively, compared to the
pristine ABS (Figure 4 c). In the composites ABS-FLG-PMMA, the
OP is about 7 % lower than in the ABS-FLG composites, as
both PMMA and FLG may hinder the oxygen passage. To dem-
onstrate that PMMA is playing a main role in the OP decrease
in the ABS matrix, a control sample ABS-PMMA not containing

FLG is tested. The ABS-PMMA sample containing 6.8 wt. % of

PMMA presents an OP, which is about 17 % lower compared to
the pristine ABS. This data proves that also PMMA has an influ-

ence on the gas barrier properties in the composites ABS-FLG-
PMMA (Figure 4 d).

Conclusions

In this study, we exploited poly(methyl methacrylate) (PMMA)
to aid the exfoliation of graphite in acetone. The presence of
PMMA in dispersion prevents the re-stacking of the exfoliated

flakes, improving their stabilization. In fact, the concentration
of the dispersions increases from 80 mg L@1 to 220 mg L@1,

when PMMA is present for the samples prepared with a centri-
fugal acceleration of 200 g. Moreover, the percentage of few-
layer graphene (FLG) flakes (<5 layers) is 60 % higher in ace-
tone-PMMA compared to the dispersions prepared in acetone.
By Raman analysis, it is observed that the PMMA has no

doping effect on the flakes. Composites with ABS are prepared
with the obtained exfoliated flakes, attaining an enhancement
in both the Young’s modulus (&22 %) and tensile strength (
&17 %) by using only 0.01 wt. % of filler loading. The oxygen

permeability was also tested, showing an improvement in the
gas barrier properties of the composite material, as the oxygen

permeability is reduced of approximately 20 % with 0.1 wt. %

of FLG loading. In future, the effect of PMMA on the exfoliation
of other two-dimensional crystals, such as hBN, MoS2, and so

on, and their use in polymer composites will be studied.

Experimental Section

Materials

Natural graphite flakes (+ 100 mesh) and acetone (ACS reagent,
+99.5 %) are purchased from Merck, poly(methyl methacrylate)
powder (PMMA, molecular weight 550 000) from Alfa Aesar, acrylo-
nitrile butadiene styrene pellets (ABS, TerluranS GP22) from Ineos
Styrosolution. All the materials are used without purification.

Production of the exfoliated graphite dispersions

Exfoliation of graphite : Two graphite dispersions are prepared,
i) graphite (0.5 g) dispersed in acetone (0.05 L) and ii) in an ace-

tone-PMMA mixture (0.05 L) containing 1 wt. % of PMMA with re-
spect to acetone, in a glass vial. Graphite flakes are then exfoliated
using an ultrasonic bath (VWR-Ultrasonic cleaner USC-THD) for
6 hours at a temperature ranging between 25 and 35 8C. The exfoli-
ated graphite and PMMA dispersions in acetone are labelled “FLG-
PMMA”, while the dispersions produced in bare acetone are
named “FLG”.

Purification of the exfoliated graphite dispersions : We choose
three centrifugal accelerations, that is, &200 g (gravitational accel-
eration corresponding to 1000 rpm for the rotor used), 4300 g
(5000 rpm) and 17 000 g (10 000 rpm) for 30 minutes. The SBS is
performed using a Beckman Coulter Optima XE-90 Ultracentrifuge
(SW32Ti rotor). The 80 % of the supernatant is collected after the
centrifugation, while the precipitate is discarded.

Vacuum filtration : The concentration of the dispersions is mea-
sured through vacuum filtration, using polytetrafluoroethylene
(PTFE) filters with a pore size of 0.2 mm (Merck Millipore). The mass
of the filter is measured before (Minitial) and after (Mfinal) the vacuum
filtration of a known volume (VG) of the exfoliated graphite disper-
sion. The concentration is calculated by using Equation (3).

C ¼ Minitial @Mfinal

V G

ð3Þ

In order to avoid the moisture weight and the acetone in Mfinal, the
filters are dried before and after the filtration in a vacuum oven
(Binder VLD 115) for 24 hours at 40 8C. Moreover, after the filtration
of the dispersions FLG-PMMA centrifuged at 200, 4300 and
17 000 g, the filters are washed with 50, 100 and 150 mL of ace-
tone, respectively, so that the presence of PMMA does not affect
the concentration.

Production of acrylonitrile butadiene styrene-exfoliated
graphite composites

Six different ABS composites are prepared by using the solution
blending method with different exfoliated graphite loadings with
respect to ABS, ranging from 0.005 to 0.1 wt. %. The composites
are prepared by using both FLG and FLG-PMMA dispersions. An
ABS dispersion in acetone (30 wt. % of ABS) is prepared and mixed
with both the FLG and FLG-PMMA dispersions and cast into glass
petri dishes (diameter = 7.5 cm). Firstly, the films are dried in air
(16 hours) and then in a vacuum oven (Binder VLD 115) at 30 8C
(16 hours). Finally, the films are prepared by compression molding
(Specac-Atlas Auto T8) by applying one metric ton of load at
180 8C. The thickness of the films is measured by using a caliper
(Mahr 16EX) and it is about 200 mm.

Similarly, control samples are prepared containing the same
amount of PMMA present in the FLG-PMMA and ABS composites,
that is, 0.34, 0.68, 3.4 and 6.8 wt. % of PMMA with respect to ABS.
The amount of PMMA used in the control samples corresponds to
the same quantity present in the ABS-FLG-PMMA composites, e.g.,
the volume of FLG-PMMA dispersion used to prepare the compo-
sites having 0.05 wt. % of filler, contains 3.4 wt. % of PMMA. The
prepared ABS dispersions (30 wt. %) are mixed with the acetone
PMMA solution (1 wt. %), mixed using a sonic bath (VWR-Ultrasonic
cleaner USC-THD) for 1 hour at a temperature ranging between
25–35 8C. The obtained mixtures are cast into the petri dishes. The
acetone is removed by evaporation at room temperature over-
night. Subsequently, the films are dried in a vacuum oven (Binder
VLD 115) for 16 hours at 30 8C. Finally, the dried films are compres-
sion molded (Specac-Atlas Auto T8) applying 1 Ton of load at a
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temperature of 180 8C, obtained a sample of &200 mm in thickness.
The thickness of the film is measured with a calliper (Mahr 16EX).

Characterization

Characterization of the exfoliated graphite dispersions

Concentration of the exfoliated graphite dispersions : To confirm the
concentration of exfoliated graphite flakes in the FLG-PMMA dis-
persions found through the vacuum filtration method, TGA and
optical extinction spectroscopy are carried out on the FLG-PMMA
sample centrifuged at 200 g.

Thermogravimetric analysis : The TGA analysis is carried out using a
TGA Q500-TA Instrument in nitrogen atmosphere at a flow rate of
50 mL min@1. Five samples are prepared by casting 1 mL of disper-
sion in the TGA Palladium pan. The analysis starts with an isother-
mal at 60 8C for 15 minutes to remove the solvent. Then, the tem-
perature is decreased at 30 8C, followed by a heating ramp of
10 8C min@1 up to 800 8C.

Optical extinction spectroscopy (OES): Optical extinction spectrosco-
py is carried out in a Cary Varian 5000UV-Vis spectrophotometer.
The C are evaluated using the optical extinction coefficient at
660 nm, using the Lambert law A =alC in which l [m] is the light
path length and a [L g@1 m@1] is the extinction coefficient. Four
samples are analyzed for each FLG-PMMA dispersion.

Viscosity and density measurements : The viscosity of acetone and
the mixture acetone-1 wt. % PMMA is measured with a Discovery
HR-2 Hybrid Rheometer (TA instruments), using a double-wall con-
centric cylinder geometry (inner diameter of 32 mm and outer di-
ameter of 35 mm), designed for low-viscosity fluids. The shear rate
is set at 50 s@1 with a temperature of 25 8C throughout all the
measurements, three for each sample. The density is measured by
weighing the mass of 1 mL of acetone and 1 mL of the mixture
acetone-1 wt. % PMMA. The measure is repeated three times for
each sample.

Contact angle: The surface tension measurements are performed
with a Dataphysics OCAH200 contact angle goniometer equipped
with a 2/300 CCD Chip camera at laboratory conditions (tempera-
ture 22–25 8C and relative humidity 50–60 %). The surface tension
is evaluated through the pendant drop method dispensing 12 mL
of the different solutions at ambient temperature.[130, 131] Moreover,
the Young-Laplace equation is used for the calculations of the sur-
face tension.[130, 131]

Atomic force microscopy : The FLG-PMMA dispersions are filtered
through vacuum filtration and washed with acetone. Then, the fil-
ters are sonicated for 30 minutes, re-dispersing the FLG flakes in
acetone. The obtained dispersions are diluted 1:30 in acetone and
10 mL of the diluted dispersions are drop-cast onto Si/SiO2 wafers
and dried at 60 8C for 24 hours in a vacuum oven. AFM images are
acquired with Bruker Innova AFM in tapping mode using silicon
probes (frequency = 300 kHz, spring constant = 40 N m@1). The
thickness of 100 flakes is measured from the AFM images to per-
form the thickness statistics. Statistical analyses are fitted with log-
normal distributions. Analysis of PMMA traces by TGA: The presence
of PMMA residues on the AFM samples of the FLG-PMMA disper-
sion centrifuged at 200 g is evaluated using TGA. The FLG-PMMA
dispersion rinsed from PMMA is deposited on the pan for an analy-
sis and followed the same protocol used for the determination of
concentration.

Transmission electron microscopy : The diluted exfoliated graphite
dispersions are drop-cast onto TEM grids (Ultrathin C film on holey
carbon on copper support film 400 mesh from Ted Pella Inc.). The
TEM images and selected area electron diffraction (SAED) patterns

are acquired in a Jeol JEM 1101 and the lateral sizes are measured
using the software ImageJ. The lateral size statistics are performed
on &100 flakes and fitted with log-normal distributions.

Raman spectroscopy : Raman measurements are carried out by
means of a Renishaw inVia confocal Raman microscope using an
excitation line of 514.5 nm (2.41 eV) with a 100 V objective lens,
and an incident power of 1 mW on the samples. Lorentzian func-
tions are used to fit the peaks and 15 spectra are collected for
each sample. The as-prepared exfoliated graphite dispersions are
drop-cast onto a Si/SiO2 wafer (LDB Technologies Ltd.) and dried
under vacuum.

Characterization of acrylonitrile butadiene styrene-exfoliated
graphite composites

Tensile testing: The tensile tests are carried out on dog-bone
shaped specimens obtained from the compression moulded films.
Fifteen specimens are tested for each composite. The specimen di-
mensions are chosen according to ASTM D882 Standard Test Meth-
ods for tensile properties of thin plastic sheeting. The tensile tests
are performed using an Instron Dual Column Tabletop Universal
Testing System 3365, with 3 mm min@1 cross-head speed.

Gas barrier measurements : The oxygen permeation tests of the as-
prepared samples are performed using an Oxysense 5250i device
(Oxysense, USA) equipped with a film permeation chamber. This
machine is operated according to ASTM Method F3136-15 (ASTM
1989). The test is performed under the standard laboratory condi-
tions, i.e. , 23 8C and 50 % relative humidity. The compression-
moulded films are cut into a square piece (6 V 6 cm) and then
placed inside the chamber. The OxySense fibre optic pen measures
the oxygen reading from the oxydot, at specific time intervals. The
oxygen transmission rate (OTR) of each film is measured by moni-
toring the oxygen uptake with time. Oxysense OTR software used
this oxygen evolution to determine the OTR of films. Ten readings
are taken for each sample with a minimum coefficient of determi-
nation (R2) value of 0.995. The oxygen permeability, OP, of the films
is then calculated according to Equation (4):

OP ¼ OTRFt

Dp
ð4Þ

in which, OP is the oxygen permeability, OTR is the oxygen trans-
mission rate, Ft is the film thickness, and Dp is the oxygen partial
pressure.[132]
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