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ABSTRACT: We report an enhanced X-ray shielding effect related to graphene. The mass
attenuation coefficients measured for nanocomposites made of poly(vinylidene fluoride)
(PVDF) filled with 1.88 wt % functionalized graphene oxides (GO), pyrolytic graphite
(PG), multiwalled carbon nanotubes (MWCNT), and amorphous carbon (soot) have
been compared. For 6.9 keV photons, the value measured for graphene-based
nanocomposite was found to be four times higher than that encountered for the other
graphitic-based nanocomposites. The mass attenuation coeflicients were measured for X-
ray photons with 6.9, 8.1, 17.5, and 22.1 keV, respectively. Fourier transform infrared data
revealed that all graphitic composites casted from solution are in the ferroelectric f-phase
of PVDEFE. It is demonstrated that thin films of ferroelectric PVDFE/1.88 wt % GO
nanocomposite, with thickness of only 0.1 mm, can attenuate 82.9% and 48.5% of X-ray
beams with energies of 6.9 and 8.1 keV, respectively. Thus, lightweight, very thin, and lead-
free PVDF/GO radiopaque films can be manufactured, offering efficient protection against
X-ray radiation for patients and devices in radiology procedures.

X-ray Attenuation

804

60

40

204

NTCs Graphite

PVDF/IMWCNT
PVDFIPG

1. INTRODUCTION

In simple terms, graphene is a thin layer of pure carbon; it is a
single, tightly packed layer of carbon atoms that are bonded
together. It is an allotrope of carbon in the form of a two-
dimensional, atomic-scale, hexagonal lattice. Graphene has
many unusual properties. It is about 200 times stronger than
the strongest steel. It efficiently conducts heat and electricity, is
nearly transparent, and shows a large and nonlinear
diamagnetism.' > Another notable property of graphene is
related to the absorption of electromagnetic radiation:
monolayer graphene absorbs ~2.3% of incident white (visible)
light.® Graphene also presents some distinctive features for
microwave isolation applications.” Interestingly, graphene has
attracted both academic and industrial interest because it can
produce a dramatic improvement in properties of nano-
composites, at very low filler content. The modification of
graphene/graphene oxide and the utilization of these materials
in the fabrication of nanocomposites with different polymer
matrixes have been explored elsewhere.”

One of the promising future applications of NTCs or
graphene-based nanocomposites is in the field of X-ray
attenuation. Interventional radiology procedures such as
fluoroscopy provide high doses to skin of patients. Digital
mammography and radiography also Erovide radiation doses to
the skin, above the established limits.”'° Thus, nowadays, there
is great interest in developing new radiation attenuator
composites that shield part of the X-ray incident beam, aiming
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to minimize patient skin injuries. In this context, enhanced X-
ray shielding effects of carbon nanotubes (CNTs) have been
reported by Fujimori et al, when compared with highly
oriented pyrolytic graphite (HOPG). They also demonstrated
that CNT-coated fabrics could efficiently absorb 17.5 keV X-ray
photons by using polyester fibers coated with only 8
multiwalled carbon nanotubes MWCNTs."!" It was reported
that a textile fabric with thickness of 25 mm attenuated 70% of
the X-ray beam. Unexpectedly, the attenuation coefficient of
CNTs increased by reducing the sample thickness. This
phenomenon cannot be interpreted by the already established
X-ray absorption theory. In this context, it is well-known that
different nanomaterials have been actively studied using X-ray
absorption spectroscopy and that there is an anomaly in X-ray
absorption data.'”"? Additionally, it should be noted that
Sawada et al."* reported that there is a necessity of carrying out
further fundamental studies related to the interaction of X-rays
with nanostructured materials.

Encouraged by the above results, the recent discussion about
the X-ray absorption features of CNTs and also taking into
account that CNTs can be thought of as a graphene sheet (a
hexagonal lattice of carbon) rolled into a cylinder, we started a
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specific investigation about the attenuation coeflicients of
graphene-based nanocomposites applied to X-ray shielding. We
note that graphene-based materials have biomedical applica-
tions such as drug/gene delivery, photothermal, photodynamic,
and multimodality therapies.'> Among composites, the
polymer-matrix nanocomposites are the most widely studied,
with applications in food packaging, medical and optical
devices, and microelectronics, among others.'°™** Poly(vinyl
alcohol), poly(methyl methacrylate), and silicones are among
the most used polymers in these nanocomposites. In the past
two decades, there has been a growing interest in polymer-
composite materials for radiation protection, and several studies
have reported application of nano- and microcomposite
materials to attenuate or absorb high-energy radiation.'"'**’
Particularly, poly(methyl methacrylate) (PMMA)/MWCNT
nanocomposites have been reported to have enhanced shielding
attenuation for 105 SEM proton radiation.”’ One of the most
radiation-resistant polymer in the market is the poly(vinylidene
fluoride) (PVDF) homopolymer. It has attracted interest in the
technology and industrial sectors because of its mechanical and
ferroelectric properties, its resistance to weathering, and its
thermostability. It is a linear semicrystalline homopolymer, and
its polymeric chain is composed by the repetition of CH,—CF,
monomers. There are five possible distinct crystalline phases,
the p-ferroelectric phase being that with many technological
applications, finding applications as sensors and transducers.””
PVDEF-based nanocomposites have been highly explored for
several applications in order to improve features such as
dielectric properties,” pressure sensors,”* electrical conductiv-
ity, and dielectric permittivity.”> The synthesis of PVDF—
graphene nanocomposites and their properties have been also
explored for applications in several fields.”***~**

Here we report that PVDF/GO nanocomposites, filled with
only 1.88 wt % GO, could attenuate X-rays, showing a mass
attenuation coefficient similar to the coefficient of aluminum,
for photon energies of 6.9, 8.1, 17.5, and 22.1 keV. The mass
attenuation coefficients for PVDF-based composites filled with
1.88 wt % pyrolytic graphite, MWCNT, and soot were also
investigated for comparison purposes.

2. EXPERIMENTAL SECTION

PVDF was solved in n,n-dimethylacetamide (DMAc) (0.03 g/
mL) with 1 wt % acetic anhydride at 60 °C. Subsequently, the
solution was mixed with 1.88% graphitic materials dispersed in
solution by sonication. The resulting solution was evaporated.
Films of PVDEF/graphitic materials with ca. 20 ym were
produced. Samples of PVDG/GO filled with 0.5 and 1.0 wt %
graphene oxide were also produced.

Concerning the GO production, we have used an improved
Hummers’s method reported by Marcano et al.”’ The
Hummers’s method (KMnO,, NaNO,, H,S0,) is the most
common method used for preparing graphene oxide. However,
the improved method used here is done by excluding the
NaNO;, increasing the amount of KMnO,, and performing the
reaction in a 9:1 mixture of H,SO,:H;PO,. This improved
method provides a greater amount of hydrophilic oxidized
graphene material as compared to Hummers’s method.
Concerning its dispersing state, GO was dispersed in aqueous
medium (pH 12, 0.8 mg/mL) by sonication in a Sonics
Vibracell VCX 500, with 750 W — 20 kHz, for 30 min.

The dispersion of MWCNTSs (S mg), supplied by Nanocil
(NC3100), was done in DMAc (10 mL) and poly-

(vinylpyrrolidone) [PVP] (5 mg). The dispersion was then
mixed with PVDF dissolved in DMAc.

Each film sample was divided into five parts in order to
perform the experiments. PVDF homopolymer was supplied by
Atochem (France). Graphene oxide (GO) nanosheets were
synthesized by the Hummers’s method, using graphite supplied
by Aldrich as the starting material. Pyrolytic graphite grade-I
was supplied by JCM with code number JCM1106.

For photon energies ranging from 6.9 to 22.1 keV, the
radiation shielding characterization was performed using an
incident monochromatic X-ray beam from the Rigaku
diffractometer. In order to generate a monochromatic incident
X-ray beam, a nonmonochromatic X-ray was first directed to a
single crystal of Si(111). The constructive diffraction from Ka
lines of Co (E = 6.9 keV), Cu (E = 8.04), Mo (E = 17.5 keV),
and Ag (E = 22.1 keV) X-ray beams were obtained at 26
approximately equal to 33.13°, 26.60°, 12.96°, and 10.25°
respectively. Different virgin parts of the same film sample were
used for irradiation in each photon energy, in order to avoid
radio-induced damages by overexposure. For radio-degradation
studies, the samples were irradiated with a “’Co source at a
constant dose rate (12 kGy/h), with doses up to 1000 kGy.

Composite characterization was performed with Field-
emission electron microscopy (FE-SEM), differential scanning
calorimetry (DSC), X-ray diffraction (XRD), infrared (FTIR)
and ultraviolet—visible (UV—vis) spectroscopy techniques. The
FTIR spectra were collected by a Bomem 100 spectrometer in
the transmission mode by directly exposing the films to the
FTIR beam, for wavenumbers ranging from 200 to 4000 cm™,
The beam was always focused in the center of each ca. 20 ym
film sample. UV—vis spectra were taken in a Shimadzu UV-
2401 PC spectrometer, for wavelengths ranging from 190 to
900 nm. Thermal behavior studies were made by using a DSC
TA QI0, with heating and cooling rates of 10 °C/min, in the
second run, from 25 to 200 °C. Typical sample weight ranged
from 5 to 10 mg. FE-SEM microscopy was performed on a
Sigma VP field emission scanning electron microscope (Zeiss).

3. RESULTS AND DISCUSSION

The mass attenuation coefficient of a volume of a material can
be thought of as a variant of absorption cross section, where the
effective area is defined per unit mass instead of per particle.
The photon mass attenuation coefficients are generally
expressed as yt/p, where y is the linear attenuation coefficient
(in em™) and p the material density (in g-cm™). They are
essential in radiological physics and are dependent upon the
absorption and scattering of the incident radiation. Thus, y/p is
a function of the photon energy. It is commonly expressed in
cm?>g~". The attenuation of an X-ray beam by any material can
be written as a function of this coeflicient as

I= Ioe—(/l//))/’x (1)

where I and I are the X-ray intensities of the incident and
transmitted beams, respectively, and « is the material thickness.
This equation is well-known as the Beer—Lambert law. The
term (u/p) has been widely used as an intrinsic value shown in
tables containing the X-ray mass attenuation coefficients.”
This work aims to investigate the X-ray shielding features of
PVDE/GO nanocomposites. We have prepared nanocompo-
sites filled with 0.5, 1.0, and 1.88 wt % graphene oxide.
Functionalized graphene was used instead of pure graphene in
order to enhance the chances of interaction with the PVDF
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main chains, because GO contains COOH and OH bonds
mainly linked to the graphene sheet borders. For comparison
purposes, we also produced PVDF-based nanocomposites filled
with 1.88 wt % other graphitic materials: PVDF/PG, PVDEF/
MWCNT, and PVDF/soot.

The experimental evaluation of the mass attenuation
coefficient for each nanocomposite sample was done by
measuring I, and I (X-ray intensities of the incident and
transmitted beams) following the same setup described by
Fujimori et al.'' and using X-ray tubes made of Co (E = 6.9
keV), Cu (E = 8.04), Mo (E = 17.5 keV), and Ag (E = 22.1
keV). The I, and I intensities were obtained at 26
approximately equal to 33.13°, 26.60°, 12.96°, and 10.25° for
each tube, respectively. From eq 1 it is possible to determine
the linear attenuation coefficient y as

ﬂz_g{i)
X IO (2)

The mass attenuation coefficient (1/p) of each nanocomposite
is then obtained by dividing p by its density. The density of a
composite made of PVDF filled with graphitic material is
calculated in terms of volume fractions as

pcomp = Ppvpr* WpVDF +p Graph.Mat,WGraph.Mat. (3)

where wpypp and Weaphva. are the volume fractions of PVDF
and the graphitic material used to fill the nanocomposite,
respectively. For nanocomposites filled with 1.88 wt % graphitic
material, wpypg = 0.9812 and wg,aphpar. = 0-0188.

We started the shielding characterization by irradiating the
nanocomposites with 6.9 keV X-ray photons. The results are
displayed in Figure lab. Strikingly, a significant X-ray
attenuation was observed for the PVDF/GO nanocomposite,
when compared to the attenuation observed for nano-
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Figure 1. Mass attenuation coefficients of (a) PVDF-based nano-
composites filled with 1.88 wt % graphitic materials (GO, MWCNT,
PG, and soot), evaluated for photons with energy of 6.9 keV (Co
tube) and (b) of PVDF/GO nanocomposites with different GO
concentrations.

composites filled with pyrolytic graphite, carbon nanotubes,
and soot. We remark that the mass attenuation coefficient
observed for pure PVDF, ie. u/p = 19.3 cm’/g, is in good
agreement with the theoretical value (18.4 cm*/g) calculated by
using the NIST photon cross section database. The NIST tool
is a web database that can be used to calculate photon cross
sections for scattering, photoelectric absorption, and pair
production, as well as total attenuation coefficients, for any
element, compound, or mixture. The values observed for
PVDF/PG and PVDF/soot, 21.4 and 20.5 cm?*/g, respectively,
are similar and a little bit higher than that of PVDF. The
coefficient observed for the nanocomposite with MWCNT was
267 cm?/ g. However, the value observed for PVDF/GO
material was much larger than this, ie. u/p = 84.3 cm®/g.

In view of the above unexpected mass attenuation coefficient
observed for PVDF nanocomposite filled with only 1.88 wt %
GO, we extended the experiment for X-ray photon energies
beyond 6.9 eV. The idea was to check if the behavior of this
attenuation coefficient at different energies was in agreement
with the theoretical predicted values. We then irradiated the
film samples with X-ray photons with energy of 8.04 keV (Cu
tube), 17.5 keV (Mo tube), and 22.1 keV (Ag tube). The
observed mass attenuation coefficients are displayed in Figure
2. It is seen in this figure that the observed values for pure
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Figure 2. Experimental mass attenuation coefficients of PVDF-based
nanocomposites filled with 1.88 wt % graphitic materials (GO,
MWCNT, PG, and soot), evaluated for photons with energy of 6.9,
8.04, 17.5, and 22.1 keV.

PVDF and PVDF/PG, PVDE/MWCNT, and PVDEFE/soot
nanocomposites behave as expected. Their mass attenuation
coefficients are similar or even a little bit larger than the value
for pure PVDF, calculated using the NIST database, for all
photon energies studied. There is one exception for E = 6.9
keV, where the value for PVDF/MWCNT is enhanced around
35% when compared to PVDEF.

Concerning the above results, an increased value of u/p for a
polymer-based nanocomposite filled with MWCNTs was
observed by Fujimori et al. They reported that CNT-coated
fabrics could efficiently absorb 17.5 keV X-ray photons by using
polyester fibers coated with only 8.0 wt % MWCNT and 2.5 wt
% ZrO,."' However, as displayed in Figure 2, there is no
enhanced value for PVDF/MWCNT at 17.5 keV. That is true
only for 6.9 keV photons. In order to explain this apparent
divergence, we remark that our composite is filled with only
1.88 wt % MWCNT, without ZrO, particles. Additionally, the
geometry of the NTCs distribution inside the polymer matrix is
different because they used polyester filaments coated with
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MWCNT, and in this work, we mixed solved PVDF with NTCs
dispersed in solution.

We may now discuss the anomaly in the mass attenuation
coefficients observed for PVDF/GO nanocomposites. For
comparison purposes we also plotted in Figure 2 the theoretical
values for aluminum published in the NIST database. Both
PVDFE/GO and aluminum have similar attenuation coefficients
in the energy interval studied. As can be seen in Figure 2, the
PVDE/GO attenuation coefficients start to become larger than
those coeflicients observed for pure PVDF, and also for the
nanocomposites filled with MWCNT, PG, and soot, for photon
energies below ~22 keV. We note that, according to the
simulation performed using the NIST database in order to
calculate the GO and PVDF attenuation coefficients shown in
Figure 3, this is around the energy value where the
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Figure 3. Mass attenuation coeflicients calculated using NIST database
for (a) graphene oxide and (b) PVDF. The dotted lines delimit the
energy range where the experimental values of y/p for PVDF/GO are
larger than those measured for PVDF/MWCNT, PVDF/PG, and
PVDE/soot, i.e., from 6.9 to 17.5 keV.

photoelectric absorption starts to predominate against coherent
and incoherent scattering, toward lower energies. Recall that
one of the notable properties of graphene is related to the
absorption of electromagnetic radiation. Nair et al.’ reported
that one monolayer of graphene absorbs &2.3% of incident
white (visible) light, and also, as reported by Rubrice et al,’ it
presents some distinctive features for microwave isolation
applications.” Thus, we see now that graphene also has a
distinctive property to absorb electromagnetic radiation, with
higher mass attenuation coeflicient than predicted by the
theoretical models, for X-rays photons with energies below 22
keV.

As reported by Fugimore et al,'' cylindrically rolled
graphene structures (nanotubes) revealed an increased

attenuation coefficient for decreasing sample thickness, when
exposed to 17.5 keV X-ray photons. According to the authors,
this phenomenon does not follow any conventional rule stating
that the mass attenuation coeflicients are inherent to the type of
elements contained within the material. In the same experi-
ment, graphene oxide exhibiting a flat sheet structure did not
show any significant dependence of mass attenuation coefficient
with respect to thickness. In our work, we have detected an
anomaly in the mass attenuation coefficients observed for
PVDF/GO nanocomposites: the addition of 1.88% graphene
oxide in a PVDF matrix resulted in an increased X-ray
attenuation, when compared to the attenuation of PVDF alone,
for X-ray photons with energies ranging from 6.9 to 17.5 keV.
However, PVDF nanocomposites filled with 1.88% MWCNT
did not show any relevant change in the X-ray attenuation,
except for a small increase when exposed to photons with
energy of 6.9 keV. In order to explain these conflicting results,
we note that, in our experiment, the graphene oxide and
MWCNT were dispersed into a polymeric matrix, differently
from the Fujimori experiment where the X-ray attenuations
were measured for pure samples.

In this context, Bludov et al.”" performed a theoretical work
and reported an unusual reflection of electromagnetic radiation
from a stack of graphene layers at oblique incidence. The
interaction of electromagnetic (EM) radiation with single-layer
graphene and a stack of parallel graphene sheets at arbitrary
angles of incidence was found to behavior qualitatively
differently for transverse magnetic (or p-polarized) and
transverse electric (or s-polarized) waves. In particular, the
absorbance of single-layer graphene attains minimum (max-
imum) for p (s) polarization, at the angle of total internal
reflection when the electromagnetic radiation comes from a
medium with a higher dielectric constant. In the case of equal
dielectric constants of the media above and beneath graphene,
for grazing incidence, graphene is almost 100% transparent to
p-polarized waves. We remark that in our experiment, the
graphene sheets (¢ = ~3.0) are imbedded in a dielectric
medium with higher dielectric constant, the PVDF homopol-
ymer (¢ = ~9.5), opening a possible way to explain the
increased X-ray attenuation of PVDF/OG nanocomposites.
However, Bludov et al. also reported that the results were
simulated to EM fields just for energies in the terahertz to far-
infrared (FIR) range, which is far below the energy range used
in our work.

Another possible and more plausible explanation comes from
an interesting anomalous behavior observed for graphene
sheets related to the thermal expansion coefficient (TEC). We
remark that the linear attenuation coefficient (u) is dependent
on the number of atoms inside a fixed volume. For instances, a
cube of ice has an attenuation coefficient higher than the water
vapor, because in the same volume of vapor there will be a
smaller number of atoms. In this sense, y is dependent on TEC
for all materials. In nature, the TEC for known materials
increases for increasing temperatures, and consequently, the
linear attenuation coeflicient, which is expressed as I = I,e™"
(eq 1), decreases as the temperature is increased. Recently,
Yoon et al.*” estimated the temperature dependence of the
TEC of single-layered graphene with temperature-dependent
Raman spectroscopy in the temperature range between 200 and
400 K. It was found to be negative in the whole range, which is
in contradiction to a previous estimate, and it varies strongly
with temperature with a room-temperature value of (—8.0 +
0.7) X 107 KL At 400 K, the TEC decreases to —40 X 107
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K", This means that the graphene lattice retracts when the
temperature arises, diminishing the number of atoms inside a
virtual volume, in the same way that it happens when ice is
turned to water vapor. In other words, the linear attenuation
coefficient of graphene sheets will increase for increasing
temperatures above room temperature. The above observations
lead us to consider the behavior of the graphene sheet
temperature when it is exposed to X-rays. We remark that the
two-dimensional carbon material graphene possesses a number
of unique and extraordinary properties, such as high charge
carrier mobility, an electronic energy spectrum without a gap
between the conduction and valence bands, and frequency-
independent absorption of EM radiation. When a material is
exposed to X-ray radiation, electron—hole pairs are produced
and their motion generates the photothermal effect. When
electrons move through a metal, they carry electric charge and
energy. The former is responsible for the electric current, the
latter for the heat current. In graphene sheets, a photon
absorption excites an e—h pair that leads to the ultrafast heating
of the lattice, due to its high charge carrier mobility. Assuming
that the TEC of graphene is negative, different from other
materials including carbon nanotubes where TEC is positive,
the ultrafast heating would then increase the linear attenuation
coefficient during the X-ray irradiation.

The investigation about the distribution of the different
graphitic materials into the PVDF polymeric matrix and their
influence in the PVDF crystalline structure and chain
conformation was done performing SEM micrographs, FTIR
spectrometry, and DSC scans.

SEM micrographs of pure PVDF and PVDF nanocomposites
filled with 1.88 wt % GO, MWCNT, PG, and soot are shown in
Figure 4. The spherical surfaces seen in the PVDF micrograph

PVDF PVDF/GO

PVDF/PG

— b}

PVDF/MWCNT PVDF/Soot

Figure 4. SEM micrographs of PVDF homopolymer filled with 1.88 wt
% GO, PG, MWCNT, and soot. The scale bar is 2 pym.

are spherical aggregates of lamellar crystallites, called
“spherulites”. We remark that spherulite is a big crystalline
structure when compared to a crystalline lamella. In fact,
spherulites are made of radial fibers that grow radially outward
from the crystalline nuclei in the melt upon cooling or
recrystallization from casting. These fibers are in reality stacks
of very thin platelet-like crystals called lamellae, which are ~10
nm thick and several micrometers in lateral extension. It is
interesting to observe that among all nanocomposites, the
spherulites are not seen in the PVDF/GO nanocomposite.
Thus, we may say that there is a different interaction among the

functionalized GO nanosheets and PVDF chains that prevents
the formation of big crystalline structures. On the other hand,
the micrograph of PVDF/PG nanocomposite shows clearly the
nanosheets accommodated between adjacent spherulite surfa-
ces, as shown in Figures 4 and S. In this case, the presence of
pyrolytic graphite seems to provide special conditions that
allow the formation of bigger spherulites.

PG PVDF/PG

Figure S. Pure pyrolytic graphite (left) and PVDF/PG nanocomposite
(right) micrographs, showing how the PG is accommodated between
adjacent spherulite surfaces.

To check why spherulites are not seen in the PVDF/GO
nanocomposite, SEM micrographs of pure PVDF and PVDEF/
GO nanocomposites filled with 0.5, 1.0, and 1.88 wt %
graphene oxide are shown in Figure 6 (upper and midle). It
becomes clear that, for lower amounts of GO, 0.5 and 1.0 wt %,
the spherulites are still formed. Thus, it seems that amount of
GO in the PVDF matrix has fundamental influence in the
formation of larger crystalline structures. On the other hand, it

PVDF PVDF/0.5% GO

PVDF/1.88% GO

PVDF/188% GO PVDF/1.88% GO

Figure 6. SEM micrographs of PVDF pristine and filled with 0.5%,
1.0%, and 1.88% GO (upper). Two magnified micrographs for PVDF/
GO filled with 1.88% (bottom) showing four large GO layered
aggregates and several small ones dispersed on the surface (left) and a
zoomed-in view of the larger layered aggregate (right).
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has been reported that the size of solution crystallized
spherulites of PVDF depends on initial polymer concen-
tration,> temperature,34 and also on the substrate used.*®
However, it is interesting to observe that among these three
parameters, only one refers to the mixing of PVDF with
another material, in this case the initial polymer concentration.
In fact, Ma et al. reported that when PVDF (w = 0.7) is mixed
with poly(methyl methacrylate) (PMMA) (w = 0.3), the size of
spherulites decreases for increased initial concentration.”® We
remark that, in our experiment, the parameters temperature and
substrate were the same for all samples produced. Thus, it
seems that the changes in the initial polymer concentration
caused by the addition of GO could be linked to the lack of
spherulites for GO amounts higher than 1 wt %. Also in Figure
6 (bottom) two magnified SEM micrographs of PVDF/GO
nanocomposite filled with 1.88% GO are shown. The SEM
image in the left panel reveals a good homogeneous dispersion
of GO into the PVDF matrix. It is possible to observe GO
aggregates ranging from very small (smaller than 30 nm) to
larger ones (~300 nm). This kind of dispersion has been
reported in other GO-based polymeric nanocomposites,
revealing homogeneous dispersion along their cross section.*®
We think that it is the strong interactions between oxygen-
containing groups, especially carbonyl groups (C=0) in GO
surface and fluorine group in PVDF, that lead to the
homogeneous dispersion of GO in the PVDF matrix.

The dispersion state of the four graphitic fillers are quite
different. The pyrolytic graphite is dispersed in the space
between spherulites. The NTCs are linked to the surface of
spherulites. Both PG and MWCNTs seem to be chemical
bonded to the spherulite surfaces. The aggregates of soot
particles are mainly deposited in the holes (empty spaces)
along the PVDF film and seem to be not bonded to the
polymer chains. The nanocomposites made with these three
fillers present porosity. The PVDF/GO with 1.88 wt % GO
shows no porosity, which could indicate stronger interaction
with the PVDF matrix.

The collected FTIR spectra for pure PVDF and PVDF-based
nanocomposites filled with 1.88 wt % graphitic materials (GO,
MWCNT, PG, and soot) are displayed in Figure 7a for
wavenumbers ranging from 300 to 900 cm™ and in Figure 7b
for wavenumbers ranging from 900 to 3600 cm~'. The
absorption bands present in the wavenumbers range in Figure
7a are very important because they allow us to check the
crystallographic phase of the PVDF nanocomposites. There are
five possible distinct PVDF crystalline phases known as @, /3, 7,
0, and € phase; the f-ferroelectric pahse being the one with
many technological applications, as for instance in sensors and
transducers.”> A compilation of the infrared vibrational modes
related to the spectra in Figure 7 is shown in Table 1, for a, f,
and y crystalline phases. In Table 1 it is seen that, although
some vibrational modes are active in the three phases, there are
seven vibrational modes between 552 and 813 cm™' that are
active in the a and/or y phases but are not active in the f-
PVDF. Most of these vibrational modes are bending (6-mode)
or rocking (r-mode) of CF, and CH, molecules. Back to Figure
7, we see that in all spectra, including that for pure PVDF, these
absorbance peaks are not present in this spectral range. This
result means that all nanocomposite samples are in the f-
terroelectric phase of PVDF. In fact, the addition of nanofillers
to PVDF is often performed aiming at the nucleation of the
electroactive B-phase.””** However, the film samples produced
by casting below 80 °C show high degree of porosity and are
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Figure 7. FTIR spectra spectra for pure PVDF and PVDF-based
nanocomposites filled with 1.88 wt % graphitic materials (GO,
MWCNT, PG, and soot) for wavenumbers ranging from (a) 300 to
900 cm™ and (b) 900 to 3600 cm™.

Table 1. Infrared Absorption Modes for Crystalline Phases
a, 7, and f§ of PVDF for Wavenumbers Ranging from 287 to
874 cm™'¢

@ r p
phase phase phase
874 v, (CC) + v, 880 v, (CC) + v, 880 v, (CC) + v,
(CEy) (CEy) (CEy)
855 r (CH,) 838 1 (CH,) 840 r (CH,) - v,
(CE,)
813 r (CH,)
796 r (CH,) 796t (CH,)
765 5 (CE,) + 6 776 & (CE,)
(cce)
723 5 (CE,)
688 & (CF,)
615 & (CF,) + ¢ 656 & (CF,)
(cce)
552 5 (CE,)
532 8 (CF,) 511 & (CE,)
490 6 (CF,) +w 482 6 (CF,) +w 508 & (CF,)
(CEy) (CE,)
410 r (CE,) 490
430 r (CE,) 470w (CE,)
400 r (CE,) 445 1 (CE) +r
(CH,)
355 t(CF,) +r 348 t(CF,) +r
(CEy) (CEy)
287 t(CF) +w 300 t(CF,) +w
(CEy) (CEy)

“The symbols v, and v, represent antisymmetric and symmetric
stretching modes, respectively. 6, r, w, and t represent bending,
rocking, wagging, and twisting modes, respectively.
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not suitable for technological applications. We note that, as
shown in Figures S and 6, among all micrographs of PVDF
filled with graphitic materials, the PVDF/GO is the only one
that has no apparent porosity.

The DSC thermograms of pure PVDF and PVDF-based
nanocomposites filled with 1.88 wt % graphitic materials (GO,
MWCNT, PG, and soot) are displayed in Figure 8 for the

1 O 4 ——PVDF Pristine
PVDF/Soot
PVDF/HPG
PVDF/MWCNT

~——— PVDF/GO

8

6
44
2

dQ/dT (J/g)
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Temperature (°C)

Figure 8. DSC thermograms of pure PVDF and PVDEF-based
nanocomposites filled with 1.88 wt % graphitic materials (GO,
MWCNT, PG, and soot) for the second thermal run. Two complete
cycles were made for each sample, between 25 and 200 °C, at 10 °C/
min heatin and cooling rates.

second thermal run (two complete cycles were made for each
sample, between 25 and 200 °C, at 10 °C/min heating and
cooling rates). Note that the thermograms of the pure
ferroelectric copolymer show one anomaly on heating
corresponding to the melting of crystallites. The anomaly on
cooling corresponds to the crystallites recrystallization. The
temperature of crystallization (Ty) and the corresponding
melting latent heat (Ly,) are displayed in Table 2. The addition

Table 2. Temperature of Crystallization (Ty,) and Melting
Latent Heat (L)) Taken from Figure 8 for Pure PVDF and
PVDF-Based Nanocomposites Filled with 1.88 wt %
Graphitic Materials (GO, MWCNT, PG, and Soot)

PVDF/ PVDE/ PVDE/ PVDE/

PVDF GO PG MWCNT soot
melting latent heat 44.1 39.57 30.28 28.8 344
U/g)
melting temperature  160.0 159.3 150.8 1585.7 155.9

(°C)

of graphitic materials on the PVDF polymeric matrix leads to a
decrease in both Ty and L. Taking into account that Ly is
proportional to the crystalline volume fraction, we see that this
addition accounts for a decrease of the degree of order in the
crystalline cells and a reduction in the crystallite sizes. The data
in Table 2 reveal that filling PVDF with graphene oxide has
practically no effect on the crystallization temperature (160.0
°C against 159.3 °C). Also, GO is the one among the graphitic
materials that provokes the lower decrease in Ly, and,
consequently, in the crystalline fraction.

Once it is reported that one monolayer of graphene absorbs
~2.3% of incident white (visible) light, we may now check if
the addition of a small amount of graphene oxide into the
PVDF matrix changes its transparence in the ultraviolet—visible
spectral region by collecting the optical absorbance spectra of
the nanocomposites. These spectra are shown in Figure 9. We
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Figure 9. UV—vis absorbance spectra of pure PVDF and PVDF-based
nanocomposites filled with 1.88 wt % graphitic materials (GO,
MWCNT, PG, and soot) for wavelengths ranging from 200 to 800
nm.

see that the addition of pyrolytic graphite and soot makes
practically no changes in the absorbance spectrum of PVDF
above 400 nm. However, from 240 to 400 nm, the
nanocomposites decrease the original optical absorbance.
Interestingly, the addition of GO increases the absorbance in
the 400—700 nm, which is the visible region, in agreement with
the data reported by Nair et al.’° The wide absorption peak at
250 nm is a sum of the graphene oxide absorption at 230 nm
and the doublet of conjugated C=C bonds (223 nm) and
triplet (274 nm) of PVDF. The spectrum of PVDF/MWCNT
is very similar to the GO spectrum. MWCNT also has an
absorption peak at 230 nm.

Finally, we discuss the estimation of radio-induced damages
in PVDF/GO nanocomposites, filled with 1.88 wt % GO,
provoked by exposure to high doses of ionizing radiation
beams. This issue is directly linked to the economic practical
aspects involved in the life cycle of safety instruments and
radiopaque fabrics used for protection against X-ray radiation.
The defects induced by ionizing radiation in macromolecules
are well-known to be cumulative for successive radiation
exposures. In this context, PVDF homopolymer is one of the
most radiation resistant polymers commercially available. Its
radiation stability is reported to be maintained for y doses as
high as 1000 kGy.” In the case of PVDF membranes, its
integrity is reported to be unaltered until SO MRad (500
kGy).*

In order to obtain preliminary information about the radio-
resistance of PVDF/GO nanocomposites, we have irradiated
pure PVDF and PVDF/GO samples with increased y doses
until 1000 kGy and evaluated the associated radio-damage by
FTIR spectrometry. The FTIR spectra for samples irradiated
with 1000 kGy are displayed in Figure 10 for wavenumbers
ranging from 1500 to 1950 cm™'. The wide absorption peak
observed at 1730 cm™' in the irradiated PVDF spectrum is
attributed to the sum of the radio-induced peaks at 1715 cm™
(C=C stretching), 1730 cm™' (C=O dimer stretch), and
1754 cm™ (C=C stretching), and the peak at 1853 cm™' is
attributed to stretch of C=0 bonds."' The wide peak observed
in the PVDF/GO spectrum is attributed to graphene oxide. We
remark that the radio-induced peaks present in the irradiated
PVDF spectrum are not present in the PVDF/GO spectrum.
This result means that the GO structures are resistant to the
radiation dose applied (1000 kGy) and, more importantly, their
presence in the polymeric matrix improves the radiation-
resistance of PVDF by preventing radio-oxidation and the
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Figure 10. FTIR spectra of y-irradiated (1000 kGy) samples of PVDF/
GO nanocomposite (upper) and pure PVDF (bottom).

formation of C=C bonds. We believe that this phenomenon is
a preliminary indication that the PVDF/GO nanocomposite
maintains the original radiation integrity of PVDF homopol-
ymer until 1000 kGy or even more. However, we think that a
complete structural integrity test should be performed to
confirm this conclusion.

4. CONCLUSIONS

We have demonstrated the increased X-ray attenuation
efficiency of graphene-based nanocomposites. For 6.9 keV
photons, the mass attenuation coefficient value measured for
PVDF/GO nanocomposite filled with 1.88 wt % GO was found
to be four times higher than that encountered for nano-
composites made of PVDF filled with 1.88 wt % functionalized
graphene oxides, pyrolytic graphite, multiwalled carbon nano-
tubes, and amorphous carbon (soot). The mechanisms of these
observations are not clear and need further elucidation. The
mass attenuation coefficients were measured for X-ray photons
with 6.9, 8.1, 17.5, and 22.1 keV, respectively. The enhanced
attenuation appears in the region where photoelectric
absorption starts to predominate against coherent and
incoherent scattering, toward lower energies. FTIR data reveal
that all nanocomposites studied are in the ferroelectric f-phase
of PVDEF. After irradiation with 1.0 MGy of y dose, it was
demonstrated that the addition of graphene oxide to the PVDF
matrix improves its radiation resistance by preventing radio-
oxidation and the formation of C=C bonds. Lightweight, very
thin, and highly efficient PVDF/GO radiopaque films can be
now manufactured, aiming to minimize patient skin injuries in
high-dose interventional radiology procedures.
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