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a b s t r a c t
New polymeric nanocomposite ﬁlms containing graphene and Ag, Au or ZnO nanoparticles were synthesized, and their morphological, thermal, surface and dielectric properties were studied. Graphene was
obtained by the sonication method, which allows to obtain ‘‘real’’ graphene, without any chemical
manipulation of graphite. This method preserves graphene lattice symmetry, which is responsible for
its exceptional properties. The interaction between graphene and the other nanoparticles (NPs) confers
to these polymeric ﬁlms interesting characteristics, thus making them suitable for different applications.
For example, the wetting property can be tuned by the insertion of nanoﬁllers. Furthermore, the presence
of these latter increases the dielectric strength of the polymer ﬁlms.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
In recent years, graphene, a monolayer of carbon atoms packed
into a honeycomb network, has attracted great attention from
scientiﬁc community for its outstanding properties that can be
successfully exploited in many advanced applications [1–6].
Graphene-based polymer composites can also be used in packaging
for food, medicine, electronics and beverages due to low permeability of gas molecules [1], in energy storage [2], and electrically
conductive polymers [3], in making transparent conductive electrode for dye-sensitized solar cells with conducting polymer [4],
and electrode for electrochromic devices [5]. Recently, poly(tetraethyleneglycoldiacrylate) (PTEGDA) has shown to be an interesting
candidate to obtain few-layer graphene in a reactive medium
[6–12].
The so obtained few-layer graphene is easily exploitable to
obtain polymeric nanocomposites. In fact, graphene is formed
directly into the monomer, thus allowing for the direct, in situ polymerization of the graphene/monomer dispersion. It should be
underlined that the nanomaterial obtained by this method is ‘‘real
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graphene’’. This means that, unlike the traditional methods for
obtaining it, the direct sonication method does not involve the synthesis of graphite oxide and, more generally, any chemical manipulation of graphite; actually, it has been demonstrated that
graphite oxidation results in considerable damaging of graphene
electronic structure, which is only partially restored by reduction
processes [13]. In addition, the chemical agents which are commonly used for reducing graphene oxide can leave contaminations
in the ‘‘so-called graphene’’ (often named reduced graphene oxide)
that may induce restacking of the sheets [14]. Furthermore, several
studies demonstrated that graphene oxide is potentially cytotoxic
[15], while graphene obtained by direct exfoliation in liquid media
does not seem to be so [16]. These latter ﬁndings should be taken
into proper account when some of more or less reduced forms of
graphene oxide are used in biomedical applications instead of ‘‘real
graphene’’. Various metals, metal oxides and semiconducting
nanoparticles have been used together with graphene to achieve
exceptional properties and impart new functionalities aiming at
catalytic, energy storage, photocatalytic, sensor, and optoelectronics applications [17,18].
Herein, we report on the synthesis of a new type of polymeric
nanocomposite ﬁlms by combining ‘‘real graphene’’ and Ag, Au or
ZnO nanoparticles embedded into a PTEGDA matrix. Their morphological, thermal, electrical and surface properties were
investigated.
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2. Experimental

2.4. Polymeric nanocomposite ﬁlms

2.1. Materials and methods

Ag, Au, or ZnO nanoparticles were homogeneously dispersed in
the TEGDA/graphene dispersion obtained previously. The nanoparticle/graphene dispersion in TEGDA was diluted to obtain different
ratios of graphene and nanoparticles; then, the so-obtained dispersions were used to synthesize the polymeric nanocomposite ﬁlms.
For each dispersion, TETDPPS radical initiator was added (1 wt.%
respect to the monomer); the polymerization of a few drops of
mixture was performed on silicon wafers (3 cm  3 cm) located
on a heating plate at ca. 100 °C for some minutes. The composition
of the polymeric nanocomposite ﬁlms is reported in Table 1. The
polymeric nanocomposite ﬁlms were characterized by DSC, using
a DSC Q100 Waters TA Instruments and a TA Universal Analysis
2000 software, by performing on each sample a cycle heat/cool/
heat from 80 to 300 °C, with a heating and cooling rate of
10 °C/min, under argon atmosphere. The ﬁrst heating was carried
out to calculate the eventual residual polymerization enthalpy,
the second one allowed obtaining the Tg values.
The morphological characterization was investigated by using a
Zeiss EVO LS 10 ESEM, in high vacuum modality with secondary
electron detector. Before the examination, the samples were
mounted on a carbon stub, coated with a carbon ﬁlm using an
auto-carbon coater evaporator (Agar Instruments) and observed
with back scattered electron detector in high vacuum modality.
The microanalysis was carried out using a Zeiss EVO LS 10 ESEM
with an energy dispersive system (EDS), Inca X-Act (Oxford
Instruments).
The absorbance was studied in the 200–3200 nm range with a
Cary 5 UV–VIS-NIR spectrophotometer by Varian.
The surface wettability was investigated by measuring water
contact angles (CAM 200 optical Contact Angle Meter, KSW LTD
Instruments, Helsinki).
The dielectric measurements have been carried out using an
EG&G 273A galvanostat-potentiostat/impedentiometer controlled
by the impedance software M398 in order to acquire the real
(ReZ) and imaginary (ImZ) parts of impedance in the frequency
range of 1 mHz–100 kHz with a maximum applied voltage of
1.4 V (RMS). No bias voltage was applied.

Tetraethyleneglycol diacrylate (TEGDA), graphite ﬂakes, silver
nitrate (AgNO3), tetrachloroauric acid (III) trihydrate zinc choride,
and sodium carbonate anhydrous were purchased from Sigma–Aldrich and used as received. Trihexyltetradecylphosphonium persulfate (TETDPPS) was synthesized according to the method
described in the literature [19].
2.2. Graphene dispersion
To prepare a graphene dispersion, 5 wt.% of graphite ﬂakes were
added to TEGDA, placed into a tubular plastic reactor (i.d. 15 mm)
and ultrasonicated (Ultrasound bath EMMEGI, 0.55 kW, water temperature  40 °C) for 24 h. Then, the dispersion was centrifuged for
30 min at 4000 rpm; ﬁnally, the gray-to-black liquid phase containing graphene was recovered. The concentration of the dispersion, determined by gravimetry after ﬁltration through
polyvinylidene ﬂuoride ﬁlters (pore size 0.22 lm), was found to
be 9.45 mg/mL and the calculated absorption coefﬁcient was 436
mL/(m mg) [12].
The graphene dispersion was diluted (0.05 mg/mL) and analyzed by UV–VIS spectroscopy, using a Hitachi U-2010 spectrometer (1 mm cuvette) to determine the concentrations of the diluted
dispersions.
Raman spectroscopy was carried out with a Bruker Senterra Raman microscope, using an excitation wavelength of 532 nm at
5 mW. The spectra were acquired by averaging 20 acquisitions of
5 s with a 50 objective.
High resolution TEM images were obtained with a TEM FEI Tecnai G12, with an acceleration voltage of 120 kV. TEM analyses were
performed, under vacuum at room temperature for 2 h, on the
samples after solvent evaporation.
2.3. Ag, Au and ZnO nanoparticles
Ag and Au nanoparticles were synthesized by the chemical
reduction method with sodium citrate of metal precursor, as described in literature [20]. In a typical experiment, 100 mL of
1 mM AgNO3 or 1 mM HAuCl4 aqueous solution was heated to boiling and 10 mL of trisodium citrate aqueous solution (1 wt.%) was
added. The reduction of the metal ions to yield silver and gold
nanoparticles was conﬁrmed by the immediate appearance of a
pale yellow and red color colloidal solutions, respectively. The obtained nanoparticles were lyophilized and stored at ambient
temperature.
ZnO nanoparticles were synthesized by modiﬁcation of the direct precipitation method from aqueous solutions of ZnCl2
(10.0 mL, 0.5 M) e Na2CO3 (10.0 mL, 0.25 M) [21]. After precipitation, the nanoparticles were aged several hours and washed for
three times with distilled water and ethanol. Finally, the nanoparticles were dried in oven at 60 °C overnight, and then calcined at
450 °C for 3 h.
The optical absorption spectra of all the nanoparticles were obtained using an UV–Vis spectrophotometer (Hitachi U-2010).
The morphology and particle size were analyzed by Transmission Electron Microscopy FEI Tecnai G12. The samples were analyzed on a copper grid (400 mesh), coated with Formvar ﬁlm,
operating with an acceleration voltage of 120 kV.
X-ray diffraction (XRD) analysis of ZnO nanoparticles was carried out by Bruker D8 Advance diffractometer using Cu Ka radiation (k = 0.15418 nm) the operating conditions were 40 kV and
30 mA in a 2h scanning range from 20° to 80°.

3. Results and discussion
3.1. Graphene/TEGDA dispersion characterization
The masterbatch dispersion of graphene in monomer was obtained as described in an our previous work [12]. For this study,
a dilution of the masterbatch dispersion was used and deeply analyzed. In particular, Raman characterization was performed to
determine the number of graphene layers (Fig. 1).
Through a comparison of the relative intensity of the characteristics G peak (at 1580 cm1) and the 2D peak (at
2680 cm1), and by the symmetry of the 2D peak in the Raman
spectra, it is possible to make an unambiguous distinction among
single, bi- and multi-layer graphene [22,23]. As it is well known
in literature, the 2D peak of graphite is made of two components;
by contrast, the peak of graphene is symmetric. The inspection of
the shape and position of the peaks of the Raman spectra of
graphite and graphene obtained by us after ﬁltration of TEGDA/
graphene dispersion suggests that the sample under examination
is constituted of few-layer graphene [22]. The disorder-related D
peak at ca. 1350 cm1 is higher for graphene; this can be attributed to the new edges produced during the sonication process;
the ultrasonic treatment causes the decrease in size of the
ﬂakes compared to the original graphite, with a consequent increase of the total edge length [24]. The noise registered in the
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Table 1
Polymeric nanocomposite ﬁlms containing graphene and one type of nanoparticles
(ZnO, Ag or Au).
Sample

Description

Graphene/
TEGDA (wt.%)

NPs/TEGDA
(wt.%)

Tg
(°C)

41.1
41.10
41.4
41.6
41.8
41.9
68.6
68.2
68.5
67.6
67.2
67.5

PTEGDA
PTEGDA + graphene
PTEGDA + ZnO
PTEGDA + ZnO + graphene
PTEGDA + ZnO + graphene
PTEGDA + ZnO + graphene
PTEGDA + Ag
PTEGDA + Ag + graphene
PTEGDA + Ag + graphene
PTEGDA + Au
PTEGDA + Au + graphene
PTEGDA + Au + graphene

0
0.0045
0
0.0018
0.0036
0.0045
0.0045
0.0045
0.0045
0.0045
0.0045
0.0045

0.09
0.09
0.09
0.09
0.09
0.09
0.045
0.023
0.009
0.045
0.023
0.009

38 ± 1
37 ± 1
40 ± 1
39 ± 1
37 ± 1
43 ± 1
38 ± 1
36 ± 1
32 ± 1
37 ± 1
35 ± 1
37 ± 1

Fig. 1. Raman spectra of graphene obtained from ﬁltration of TEGDA/graphene
dispersion (0.05 wt.%) (bottom line), and graphite (top line).

graphene curve is attributed to the high dilution of the analyzed
dispersion.
The TEGDA/graphene dispersion was also analyzed by TEM
(Fig. 2) to conﬁrm the Raman results and study the shape and size
of graphene sheets. The micrographs show some superimposed
graphene sheets, in which the symmetric edges of each sheet are
clearly visible. This evidence indicates that the ultrasonic process
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did not disrupt the graphene sheets, but is responsible only for
graphite exfoliation.
It should be noticed here that AFM cannot be used in order to
characterize the graphene dispersion. Indeed, it was demonstrated
that this technique is not a reliable method if applied to graphene
obtained by liquid exfoliation in highly-boiling liquids [25]. As a
matter of the fact, when graphene is obtained by liquid exfoliation,
AFM largely overestimates the height of the steps because of the
presence of a large number of solvent layers among those of graphene. For this reason, since TEGDA is not only a highly boiling liquid,
but also a monomer, which may polymerize upon heating, AFM
was not used in this work.
3.2. Nanoparticle characterization
The nanoparticle morphology was investigated by TEM analysis.
Fig. 3 shows that the nanoparticles have spherical shape and are
characterized by good degree of dispersion with a homogeneous
size distribution. In particular, as ZnO nanoparticles are concerned,
some aggregates are observed (Fig. 3C). The measured dimensions
were 33.6 ± 3.7 nm, 23.2 ± 2.4 nm and 41.7 ± 8.2 nm for the Ag, Au
and ZnO nanoparticles, respectively.
The aqueous dispersion of nanoparticles was analyzed by UV–
Vis spectroscopy (not shown). As concerned Ag (A) and Au (B)
nanoparticles, the presence of typical plasmonic bands of absorption are present at 417 [26] and at 550 nm [27], respectively. The
spectrum of ZnO nanoparticles, (C) reveals a characteristic absorption peak at 377 nm which can be due to the intrinsic band-gap
absorption of ZnO due to the electronic transitions from the valence to the conduction band [28].
The reﬂection peaks of the XRD pattern (not shown) of calcined
ZnO nanoparticles at the scattering angles (2h) of 31.7, 34.4, 36.3,
47.5, 56.6, 62.8, 66.4, 67.9, and 69.1 correspond to the reﬂection
from the (100), (002), (101), (102), (110), (103), (112), (201), and
(103) crystalline planes, respectively. The diffraction peaks can
be well indexed to a hexagonal (wurtzite) structure of ZnO [29].
No peaks of impurities are observed, suggesting that high purity
ZnO was obtained.
3.3. Synthesis and characterization of polymeric nanocomposite ﬁlms
3.3.1. Morphological analysis
The results coming from SEM analysis performed on polymeric
nanocomposite ﬁlms put in evidence that the morphology of all
samples is similar, despite of the presence of nanoparticles and/
or graphene. As an example, we report the micrographs of sample
41.6 (Fig. 4a) and 68.2 (Fig. 4b) with the elemental analysis.

Fig. 2. TEM images of TEGDA/graphene dispersion.
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Fig. 3. TEM micrographs of Ag (A), Au (B) e ZnO (C) nanoparticles.

Fig. 4. SEM and elemental analysis of sample 41.6 (a) and 68.2 (b).

Even if the image contrast is not high, it is evident that the
nanoparticles are present in form of nanospheres (lighter spots)
that are homogeneously dispersed in the polymer matrix. Elemental analysis was performed by focusing on the nanoparticles.
3.3.2. Thermal analysis
In general, Tgs remain almost constant (series 1  39 °C, series
2  36 °C, series 3  37 °C), thus indicating that the type of nanoparticle does not inﬂuence the thermal property of the resulting
ﬁlm (see Table 1).
3.3.3. Spectrophotometry
The insertion of inorganic nanoﬁllers can effectively modify
many physical properties of polymers. The absorbance spectrum
of the PTEGDA ﬁlm (Fig. 5a) shows features at 1202, 1423, 1735,
1910, 2136, 2300, 2492, 2776, 2835, 2900, and 3080 nm. Features
between 2776 and 3080 nm are due to O-H stretching, while bands
at lower wavelength are ascribed to electronic excitation typical of
the polymer matrix. The presence of O–H features is related to
water contamination in the surface region [30,31]. It should be also
noticed that the cross section for the excitation of vibrational O–H
features is very high in dipole scattering, thus it is quite expected
that O–H bands dominate the absorbance spectrum.
The same polymer-derived features are recorded also in the
presence of nanoﬁllers (graphene and/or ZnO, Ag, Au) without

any wavelength shift. For the PTEGDA-Au nanocomposite, a wellresolved Au surface plasmon resonance (SPR) has been observed
around 550 nm (Figs. 5b and 6), as for other samples containing
Au nanoparticles [32]. According to Mie theory [33], nanoparticles
show an SPR at minor energies with respect to bulk Au or Au thinﬁlms (480–490 nm [34]). SPR is an optical phenomenon arising
from the interaction between an electromagnetic wave and the
conduction electrons in a metal. The SPR spectrum depends on
the nanoparticles itself (i.e. its size, shape and material) but also
on the external properties of the nanoparticle environment. The
difference in the peak position and bandwidth can be attributed
to dissimilar particle density or interparticle distance [35]. This
aggregation-induced effect could also be driven by interaction with
the polymer matrix.
A ﬁt procedure of the SPR spectrum of the Au-graphene nanocomposite samples reveals that two different Au SPR’s exist peaked
at 543 and 572 nm, respectively (Fig. 6). Thus, two different environments exist for Au NP in the PTEGDA matrix: the core of Au
NPs which does not interact with polymer and the boundary region
for which a charge transfer between Au NP and the polymer matrix
occurs. A comparison with the case of the aqueous dispersion of Au
NPs (Fig. 5b) indicates that the shoulder at 572 nm is related to Au
nanoparticles interacting with PTEGDA matrix. The reduced plasma energy indicates a diminished electron charge density inside
Au nanoparticles.
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373 nm, typical of ZnO [36]. Thus, the sample shows wavelengthselective response to near-UV.

Fig. 5. (a) Absorbance of the various investigated samples (see Table 1 for their
description); (b) magniﬁcation of the spectral region of Au SPR for sample 67.6; (c)
magniﬁcation of the spectral region of the cut-off of ZnO for sample 41.4. The inset
of panel (a) shows a magniﬁcation of the 1000–2200 nm spectral range. In panels
(b) and (c) the dotted lines represent the absorbance spectrum of the aqueous
dispersion of Au and ZnO nanoparticles reported in Fig. 4. Note that we cannot
provide quantitative information as a consequence of the different thickness of the
various samples.

3.3.4. Contact angle analysis
Good hydrophilicity is mandatory in many applications, including the biomedical ones but superhydrophilicity should be avoided
in many cases [37]. Thus, tailoring the wetting, that is the spreading of water on a solid surface, is very useful in technological
applications.
We investigated wettability properties of our samples using
large water droplets with size signiﬁcantly exceeding those of
the nanoparticles. The water droplets were placed on the sample
using a precision injection allowing the formation of droplets of
a ﬁxed volume (2.0 lL). The contact angle has been estimated by
ﬁt procedures performed in the framework of the Young–Laplace’s
theory. The contact angle recorded for pristine PTEGDA was
34 ± 1°. This is a consequence of the hydrophilic nature of the ethyleneglycole units [38]. Interestingly, the presence of graphene
nanoﬁllers does not induce remarkable changes in the contact angle as a consequence of the wetting transparency of graphene, recently demonstrated by Koratkar and co-workers [39]. By contrast,
the insertion of gold nanoﬁllers in the PTEGDA-graphene nanocomposites lowers the contact angle up to 24 ± 1°. This is a consequence of the hydrophilic nature of Au [40]. Similar results have
been attained for the insertion of Ag (h = 27 ± 1°).
The contact angle after the insertion of ZnO nanoparticles in the
PTEGDA-graphene nanocomposite decreases down to 30°. As a
comparison, ZnO wafers have a contact angle of about 13° [41].
However, a wide variety of surface wettability for ZnO nanoﬁllers
in polymer matrices can be achieved [42].
3.3.5. Dielectric properties
One of the most promising prospects of graphene-based materials is their potential use in micro- and nano-electronics, owing
to their high electrical conductivity [43]. The analysis of the dielectric properties of the various samples by electrochemical impedance spectroscopy (EIS) experiments was carried out. The
behavior of the dielectric function for selected samples, characterized by the same graphene/TEGDA ratio, is reported in Fig. 7. The
real and the imaginary part of dielectric constant have been calculated from impedentiometric output by using the following
equations:

e0 ¼

e00 ¼

ImZ
ðImZ 2 þ ReZ 2 Þ
ReZ
ðImZ 2 þ ReZ 2 Þ

d

1

e0 A 2pf
d

1

e0 A 2pf

where Z, d, A and f are respectively the impedance, the cell thickness, the area of the cell surface and the frequency of the applied
electric ﬁeld. The complex dielectric constant is:

Fig. 6. Absorbance spectrum for the sample 67.6 after the subtraction of an
exponential background. The resulting spectrum has been ﬁtted with two Gaussian
line-shapes. The thick solid line represents the sum spectrum of the two Gaussian
components, which are peaked at 543 and 572 meV.

For the sake of completeness, it should be noted that the Ag SPR
in graphene-Ag nanocomposites could not be resolved in our
absorbance spectra.
The PTEGDA ﬁlm modiﬁed with ZnO nanoparticles exhibits a
highly selective UV light response with a cut-off wavelength at

e ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðe0 Þ2 þ ðe00 Þ2

The insertion of graphene and nanoparticles in the polymeric matrix causes an increase of the dielectric strength of the material at
frequencies greater than 1 Hz. In fact, the ﬁller – free sample
(41.1) exhibits complex dielectric constant values that are lower
than those of the nanocomposite samples. In particular, the complex dielectric constant increases as follows (graphene content is
constant): Ag < Au 6 ZnO. As expected, such increase is higher with
the insertion of metals rather than of ZnO. On the other hand, for
frequencies lower than 1 Hz, the behaviour of the nanocomposites
is essentially the same of the neat PTEGDA matrix.
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Fig. 7. Complex dielectric function e* as a function of the frequency. The large value
of the dielectric strength of the sample 67.5 at frequencies below 10 Hz is due to the
fact that this sample was prepared on a thin silicon layer. Clearly, as the frequency
of the applied voltage increases, the role of silicon tends to become gradually less
important until disappearing (sample 68.5: PTEGDA with 4.5 wt.% of graphene/Ag;
sample 41.1: neat PTEGDA; sample 41.9: PTEGDA with 4.5 wt.% of graphene/ZnO;
sample 67.5: PTEGDA with 4.5 wt.% of graphene/Au).

4. Conclusions
In this work, we explored the synergic effects of both graphene and Ag, Au or ZnO nanoparticles on the properties of polymer-based ﬁlms containing the above nanoparticles. The results
indicated that the nanoparticles were dispersed homogeneously
within the polymer matrix of PTEGDA (this result was conﬁrmed
also by the Au surface plasmon resonance); namely, graphene
did not reaggregate during the polymerization reaction (which
is something that often may occur although is not always properly taken into account in many published works). It should be
reminded here that this result can be attributed also to the
use of graphene obtained directly from graphite without any
chemical manipulation, thus avoiding the use of reducing agents,
which have been found to be responsible for favouring graphite
layer restacking [44].
It was found that the presence of both graphene and nanoparticles inﬂuences the ﬁlm surface properties. In particular, the wettability increases when the nanoparticles are added to the PTEGDA/
graphene composites, thus paving the way for advanced applications, for instance in the biomedical area.
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