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Ultrafast synthesis of bentonite-acrylate

nanocomposite materials by UV-radiation curing
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Nanocomposite materials made of silicate platelets randomly dispersed in a crosslinked
polyurethane-acrylate have been readily produced by photoinitiated polymerization. The
mineral filler (bentonite) was treated by an ammonium salt or an acrylated amine to make it
organophilic and allow the acrylic resin containing a photoinitiator (aromatic ketone) to
penetrate into the expanded organoclay galleries. The photoinitiated crosslinking
polymerization reaction was followed in real time by infrared spectroscopy and shown to
proceed extensively (>95% conversion) within a few seconds of UV-irradiation. The flat
X-ray diffraction spectra recorded with the UV-cured material shows that the layered
silicate has been completely exfoliated, thus demonstrating that a nanocomposite material
has well been produced. This method of synthesis presents the distinct advantages
associated with the UV-curing technology, namely, a solvent-free formulation undergoing
ultrafast polymerization at ambient temperature in the presence of air.
C© 2002 Kluwer Academic Publishers

1. Introduction
Nanocomposites are a new class of particle-filled poly-
mers where the dimensions of the dispersed particles
are in the nanometer range [1]. These materials are
usually obtained by intercalation of a polymer (or a
monomer subsequently polymerized) inside the gal-
leries of the layered host crystals consisting most of-
ten of layered silicates such as clay. There has been
a growing interest in nanocomposites which, because
of the well-dispersed nanometer-size particles and the
good compatibility between the organic matrix and the
mineral filler, exhibit superior mechanical, thermal, op-
tical and barrier properties than conventional-scaled
composite materials [2]. Nanocomposites formation re-
quires a full exfoliation in the host polymer matrix of the
one nanometer thick clay platelets which must therefore
be made organophilic by an adequate pre-treatment,
usually by exchange of the alkali cations through am-
monium salts [3]. Since the first report in 1961 by
Blumstein [4] on the synthesis of vinyl polymer – mont-
morillonite nanocomposites, a large number of studies
have been reported, mainly in the past 10 years, on
the preparation, properties and applications of polymer-
layered silicate nanocomposites [5–11]. The subject has
been thoroughly covered recently by Alexandre and
Dubois in a comprehensive survey [1].

Most of the nanocomposite materials are based on
linear polymers having each their distinct mechanical
properties, e.g., polyamides [2, 12], polyolefins [6, 13,
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14], polystyrene [15, 16] and polyurethanes [17]. Be-
cause all these polymers are soluble in the organic sol-
vents, the nanocomposites made from them show a poor
chemical resistance. Although the thermal stability of
nanocomposites is generally higher than that of the par-
ent polymer, the improvement is yet limited. Moreover,
the mineral filler is usually incorporated into the melted
polymer which must be kept in the liquid state for
some time to ensure adequate swelling and intercala-
tion into (or exfoliation of ) the clay platelets. Thermo-
degradation may occur during this treatment, depend-
ing on the temperature and the environment (oxygen,
moisture, etc), thus affecting the composite heat
stability.

This drawback is avoided with the solvent-based pro-
cessing, which yet releases large amounts of volatile
organic compounds and needs a thorough drying to
eliminate the residual solvent trapped between the clay
platelets. The chemical and heat resistance of nanocom-
posite materials can be markedly enhanced by using a
binder undergoing in situ crosslinking, like with epoxy-
based thermosetting polymers [18–20].

The objective of this work was to produce highly
resistant nanocomposite materials by a fast and en-
vironment friendly process. The basic idea was to
use a solvent-free UV-curable resin and introduce a
nano-scale filler to improve its properties. In situ in-
tercalative polymerization proved to be the most ap-
propriate technique to prepare polymer layered silicate
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nanocomposites, by simple UV irradiation of the lay-
ered silicate swollen within the liquid monomer con-
taining a photoinitiator. By contrast to conventional
composite materials which are opaque, nanocompos-
ites are essentially transparent to light, thus allowing a
deep through-thickness cure of relatively thick samples
(up to a few millimeters) to be achieved by UV irra-
diation. UV-curable resins are made of multifunctional
monomers and oligomers, mainly acrylates, which gen-
erate upon radical induced polymerization in a tight
tridimensional polymer network.

Using UV-radiation to initiate the crosslinking poly-
merization of the multifunctional monomer has a num-
ber of advantages [21]:

– a solvent free-formulation, with essentially no
emission of volatile organic compounds;

– a fine control of the swelling time to ensure a per-
fect interpenetration of the resin into the lattice
layers of the clay mineral;

– operations at ambient temperature in the presence
of air;

– a precise control of the polymerization onset, sim-
ply by switching on the light;

– an ultrafast curing by using the highly reactive
acrylate-based resins and adequate photoinitiators;

– a fine control of the polymerization rate in a large
domain, simply by controlling the light intensity;

– a large range of mechanical properties, from soft
and flexible composite materials to hard organic
glasses, by a proper choice of the telechelic
oligomer;

– the production of cured polymers very resistant to
heat and chemicals because of their high crosslink
density.

While nanocomposite materials have been recently
produced by electron-beam curing [22] or by γ irradi-
ation [23], only scant information is found in the litera-
ture on UV-cured nanocomposites [24–29]. Nanocom-
posite adhesives for applications in integrated optics
have been produced by UV-curing of an epoxy-based
resin containing up to 20 wt% of nanonized silica
particle [26]. The abrasion and scratching resistance
of UV-cured coatings was found to be greatly im-
proved by incorporation into the acrylic matrix of acry-
late functionalized colloidal silica [24, 25, 28]. In a
very recent work, Huimin et al. [29] produced poly-
mer/montmorillonite nanocomposite materials by pho-
topolymerization of either methyl/methacrylate or a
m-cresol resin intercalated into the layers of the clay
mineral. However, besides the very slow cure which
makes this process ill-suited for industrial use, the
nanocomposites obtained exhibit a deep color, thus lim-
iting the penetration of UV light and therefore the thick-
ness of the cured sample.

Recently, we have obtained much better performance
with respect to both cure speed and material properties
by achieving a complete defoliation of the filler and
by using a crosslinkable polyurethane-acrylate binder
[27]. The study reported here has been focused mainly
on the optimization of the pre-treatment of the clay min-

eral to render it completely organophilic, and on the
kinetic aspect of the polymerization reaction to speed
up the process and make it well suited for industrial
applications. Exfoliation of the clay platelets, demon-
strated by X ray spectroscopy, was achieved by ex-
changing the intergallery sodium cations of bentonite
for alkylammonium cations, thus making the mineral
filler compatible with the organic resin. The photoini-
tiated polymerization of a multifunctional monomer,
which leads to a highly crosslinked polymer, can be
represented schematically as follows:

The disappearance of the reactive function, e.g., the
acrylate double bonds, was followed in real-time and
quantitatively by infrared spectroscopy to evaluate both
the formulation reactivity and the final cure extent of
the nanocomposite material thus obtained.

2. Experimental
2.1. Materials
The UV-curable resin was made of four compo-
nents. An acrylate end-capped polyurethane (Ebe-
cryl 284 from UCB) was used as telechelic oligomer
(M = 1200 g). To reduce the formulation viscosity
down to 500 mPas, a reactive diluent was added at
a weight concentration of 25% (hexanediol diacry-
late from UCB). A combination of two photoini-
tiators, Darocur 1173 (2 wt%) and Irgacure 819 (1
wt%) from Ciba Specialty Chemicals, was chosen to
achieve both surface and deep through cure, respec-
tively. The fast photobleaching of the bisacylphosphine
oxide (Irgacure 819) allows the incident radiation to
penetrate progressively deeper into the sample and thus
promote a frontal polymerization process [30].

The mineral filler selected to obtain a nanocompos-
ite material was a natural clay from Algeria (Bentonite,
BNT) which was shown by X ray diffraction to be of
a high purity grade. After being made organophilic by
an appropriate treatment (see below), organic bentonite
(OBNT) was dispersed into the UV-curable resin at a
maximum concentration of 7 wt%. To obtain a stable
suspension, the mixture was exposed to ultrasounds
(Bransonic 2250) for 7 h at 50◦C, in the dark to prevent
any premature polymerization.

2.2. Irradiation
Two types of UV irradiation equipments were used to
perform a high-speed curing of the nanocomposite for-
mulation. The first one was a Minicure set up from IST
equipped with a medium pressure mercury lamp (elec-
trical power of 80 W/cm) and a semi-elliptic reflec-
tor. It was operated at a belt speed of 5 m/min, which
corresponds to an exposure time of 1 s per pass un-
der the lamp. The maximum UV-light intensity at the
sample position was measured by radiometry (Inter-
national Light radiometer IL-390) to be 5.6 kW m−2
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Figure 1 Temperature and light intensity profiles recorded during on-
line UV-curing of an acrylate resin. Film thickness: 400 µm.

in the 250–400 nm wavelength range covered by this
radiometer. The UV-curable resin was deposited on a
glass plate at thicknesses up to 2 mm and exposed to
UV radiation by 4 successive passes. These short expo-
sures, followed each by a 1 s post-polymerization [31],
proved to be enough to transform the liquid resin into
a hard and solid material.

A second type of irradiation device (Novacure from
EFOS), equipped with a mercury lamp and an optical
guide, was used for the kinetic analysis of the poly-
merization by real time infrared (RTIR) spectroscopy
[32]. The light intensity at the sample position could be
varied between 0.15 and 4.0 kW m−2.

All the irradiation experiments have been carried out
at ambient temperature in the presence of air. It should
be noted that, because of the exothermicity of the poly-
merization reaction, the sample temperature can still
rise up to fairly high values, specially in thick samples
[33]. Fig. 1 shows a typical temperature profile recorded
in a 400 µm thick sample passing under the IST lamp
at a speed of 5 m/min. A more complete polymeriza-
tion will thus be achieved as a result of the increased
molecular mobility, specially in the ultimate stage of
the curing process.

2.3. Analysis
2.3.1. Monitoring of the

photopolymerization by RTIR
spectroscopy

A Fourier transformed infrared spectrophotometer
(Brucker IFG-66), equipped with a MCT detector, was
employed to monitor continuously the decrease upon
UV exposure of the IR band at 810 cm−1 of the acry-
late double bond (CH2 CH twisting). Up to 50 IR spec-
tra were recorded per second, thus allowing an accu-
rate monitoring of high-speed reactions. Fig. 2 shows
a typical IR spectrum of the UV-curable resin and its
variation upon UV exposure. It should be noted that
the presence of the OBNT filler is not interfering with
the acrylate IR band. The 30 µm thick sample, coated
onto a KBr crystal, was exposed simultaneously to the

Figure 2 Infrared spectra of a diacrylate monomer before and after
various exposure times up to 2 s.

UV beam that induces the polymerization of the acry-
late resin and to the IR beam which analyzes in situ
the resulting chemical modifications. Conversion ver-
sus time curves were directly recorded by following
the disappearance of the acrylate double bond. In this
kinetic study, the light intensity at the sample posi-
tion, which can be varied in a broad range, was set at
1 kW m−2.

2.3.2. Characterization by X-ray
diffraction spectroscopy

Powder X-ray diffraction patterns of natural bentonite
(BNT) and modified bentonite (OBNT) have been
recorded by means of a PX-ray diffractometer (Philips
PW 1800). The Cu Kα radiation (LFF tube 35 kV,
50 mA) was selected for the analysis, by operating with
an automatic divergence slit (irradiated sample length
of 10 mm), a graphite monochromator and an APD
1700 version 4.0 software. For the characterization of
the UV-cured nanocomposite, a 2 mm thick disk of 24
mm diameter having a very smooth surface was pro-
duced by a 4 s UV exposure and analyzed directly by X-
ray diffraction. The distance between layers (d001) was
calculated by using the Bragg equation, 2d sin θ = nλ,
where λ is the wavelength of the incident X ray beam,
n an integrer and θ the angle of incidence.

3. Results and discussion
3.1. Organoclay preparation
To obtain a true nanocomposite material, it is essen-
tial that the 1 nm thick mineral platelets be uniformly
dispersed within the polymer matrix. This can only be
achieved if the hydrophilic clay is made organophilic
so as to allow the acrylate monomer to penetrate within
the silica layers. In natural clay, bentonite or montmoril-
lonite, a central octahedral sheet of alumina or magnesia
is fused by the tip to two external silica tetrahedrons [1].
These layers organize themselves to form stacks sep-
arated by galleries and contain negative charges due
to isomorphic substitution (e.g., Al3+ by Mg2+). They
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Figure 3 Preparation of the organoclay by cation exchange, followed by
its dispersion in the UV-curable resin.

are conterbalanced by alkali cations (Na+ or Ca++)
situated in the interlayer. Exchanging these hydrated
cations by cationic surfactants, such as alkylammo-
nium salts, will render the clay organophilic and there-
fore compatible with organic molecules. Depending on
whether the lamella structure is preserved or not upon
dispersion into the UV-curable resin, one will obtain an
intercalated nanocomposite or an exfoliated nanocom-
posite, as shown schematically in Fig. 3.

An alkylammonium salt with a long alkyl chain (hex-
adecyltrimethylammonium chloride from Aldrich) was
selected as surfactant to widen sufficiently the inter-
layer and allow the resin to penetrate into the clay gal-
leries. To prepare the organoclay, bentonite was treated
with this salt according to the procedure described
in previous work [34, 35]. Hexadecyltrimethylammo-
nium chloride (1.25 g) was dissolved in distilled water
(65 × 10−6 m3) containing 10−6 m3 of concentrated
hydrochloric acid (3.9 × 10−3 mol). The mixture was
stirred at 80◦C during 30 minutes until a clear solution
was obtained, thus indicating a perfect dissolution of
the ammonium salt. Bentonite (3.25 g) was added to
this solution and the stirring was continued for another
3 hours. The white precipitate formed was recovered
by filtration and dispersed in hot distilled water by me-
chanical stirring during 1 hour. The latter process was
repeated twice to get a perfectly clean organoclay. The
final precipitate was thoroughly dried in an oven at 80◦C
for 24 h to obtain the organophilic bentonite (OBNT)
dispersible in the acrylic resin.

The same procedure was followed by using an acry-
lated amine as cationic surfactant (CN-550 from Cray-
Valley), except that this compound was initially dis-
solved in acetone. Despite its shorter chain which may
cause a smaller widening of the interlayer than with
the ammonium salt, this surfactant is still of interest in
that it will also work as a monomer and thus participate
in the photopolymerization reaction. Once they have
penetrated inside the galleries, the organic cations can
adopt different orientations, depending on their chain
length and on the clay charge density.

X-ray diffraction spectroscopy was used to evaluate
the efficiency of the organophilic treatment and quan-
tify the widening of the clay galleries. For the unmodi-
fied bentonite, the diffraction pattern shows a maximum
for the (001) plane peak at a 2θ angle of 7.1◦, which cor-
responds to an interlamellar spacing of 1.24 nm (Fig. 4),

Figure 4 X-ray diffraction patterns of natural bentonite BNT (a) and
the organo-clay OBNT treated by an alkylammonium salt (b). Numbers
refer to the interlamellar spacing.

Figure 5 X-ray diffraction patterns of natural bentonite BNT (a) and the
organo-clay (OBNT) treated by an acrylated amine (b). Numbers refer
to the interlamellar spacing.

in good agreement with previous observations [1, 29].
For the sample treated with the ammonium salt, the
diffraction peak is shifted towards lower angle val-
ues, which indicates that the distance between the clay
layers has indeed increased. According to the Bragg
equation, it has almost doubled to 2.34 nm, with the
alkylammonium ions adopting possibly a lateral bilayer
structure [36].

A similar behavior was observed with the bentonite
treated by an acrylated amine, except that the interlayer
spacing was growing here to only 1.66 nm, as calcu-
lated from the X-ray pattern (Fig. 5). This trend was
actually expected owing to the shorter alkyl chain of
the acrylated amine. Given the 33% increase only of
the interlayer distance, it is likely that the short interca-
lated chains have adopted here a more disordered lateral
monolayer arrangement.
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Chart 1 Reaction scheme of the photoinitiated polymerization of a diacrylate monomer.

3.2. Synthesis of nanocomposites
by photopolymerization

The UV-curable resin used in this study was previously
shown to polymerize rapidly and extensively upon UV-
irradiation, with formation of a tight tridimensional
polymer network. The photoinitiated crosslinking poly-
merization of a diacrylate monomer is represented
schematically in Chart 1. The crosslink density of the
fully cured polymer was calculated to be 3.3 mol kg−1,
which corresponds to an average molecular weight be-
tween branch points of 300 g.

The organoclay powder was introduced in the UV-
curable resin at a weight concentration of 7%. It was ho-
mogeneously dispersed by ultrasonication for 7 hours
at 50◦C to allow the resin to penetrate into the clay
galleries. The formulation was found to be stable upon
storage in the dark at ambient temperature, the settling
of the clay particles being observed only after several
days. A 5 minute ultrasound treatment was sufficient to
restore a homogeneous dispersion.

An important issue in this new method of prepar-
ing nanocomposite materials was to determine whether
the presence of the mineral filler was affecting the
polymerization kinetics, with respect to the reaction
rate and the cure extent. Therefore, UV-curing ex-
periments were performed on both the nanocompos-
ite formulation and a reference sample containing no
filler.

The polymerization reaction was followed in real
time by monitoring the disappearance upon UV ex-
posure of the IR band at 810 cm−1 characteristic of
the acrylate double bond. Fig. 6 shows the conversion
versus time curves recorded for the nanocomposite and
reference formulations exposed to UV light at an in-
tensity of 1 kW m−2 in the presence of air. The poly-
merization proceeds initially very fast (50% conversion
within 0.3 s), and is not affected at all by the presence
of the mineral filler which is not acting as a radical
scavenger. The similarity between the polymerization
profiles of the clear resin and the filled resin also in-
dicates that the penetration of UV radiation into the

Figure 6 Polymerization profiles recorded by RTIR spectroscopy upon
UV exposure of a diacrylate monomer either neat (a), or as a nanocom-
posite with OBNT (b), in the presence of air, or under oxygen diffusion-
free conditions (c). Light intensity: 1 kW m−2.

25 µm thick sample is not reduced significantly by the
presence of the organoclay.

After a 1 s UV-irradiation, the acrylate conversion
reaches 60% and the polymerization is levelling off in
both samples. This is due to the well known inhibitory
effect of atmospheric oxygen on the radical induced
polymerization of acrylates [37]:

When the sample was exposed to UV-radiation under
oxygen diffusion-free conditions (laminate), the cur-
ing reaction was found to proceed faster and more ex-
tensively, as shown in Fig. 6. The polymerization was
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Figure 7 On-line UV-curing in the presence of air of a diacrylate
monomer, with and without OBNT (7 wt%). Light intensity: 5.6 kW
m−2. Belt speed: 60 m/min.

still levelling off at a conversion of about 80%. The
uncomplete curing is due here to molecular mobility
restrictions brought upon by the liquid to solid phase
change. Once the glass transition temperature of the
UV-cured polymer reaches the sample temperature, the
reaction stops because the polymerization can not pro-
ceed in the glassy state. Therefore there remains a cer-
tain amount of unreacted acrylate double bonds in the
UV-cured nanocomposite (about 20%), even after pro-
longed UV exposure. Complete polymerization of the
acrylate double bonds was achieved by performing the
UV-irradiation at 80◦C, a temperature close to the Tg
of the fully cured polymer.

These photopolymerization experiments have been
repeated by working under irradiation conditions com-
parable to those found in an industrial environment,
i.e., on line processing of large samples under intense
illumination in the presence of air. The cure extent of
the 50 µm thick sample was evaluated by FTIR spec-
troscopy after repeated UV exposures. It can be seen in
Fig. 7 that a 100 ms exposure (belt speed of 60 m/min) is
already sufficient to obtain a solid nanocomposite ma-
terial, which was deep through cured by an additional
0.25 s exposure. Oxygen inhibition is less pronounced
here because of the higher intensity of the UV light
(6 kW m−2) and the shorter exposure time during which
air can diffuse into the sample. A more complete poly-
merization (over 90% conversion) was achieved under
those conditions, because of the increased temperature
of the sample undergoing such ultrafast polymeriza-
tion. It should be noted that the unreacted acrylate dou-
ble bonds are bounded to the polymer network and are
not extractable by solvents. Nearly complete polymer-
ization was achieved by performing the UV-irradiation
at 80◦C. For further X-ray diffraction analysis, up to
2 mm thick samples were readily cured on this UV-line
by operating at a web speed of 5 m/min and by passing
each side of the sample twice under the UV lamp. Such
photo-nanocomposites can be polymerized to the heart
because the photoinitiator undergoes a rapid bleaching
upon UV exposure, thus allowing the incident radiation

Figure 8 X-ray diffraction patterns of the UV-cured acrylate nanocom-
posite with OBNT and of the microcomposite with untreated BNT.

to penetrate progressively deeper into the sample and
promote a frontal polymerization [30, 38].

In another series of experiments, we have tried to ob-
tain nanocomposites by starting with a UV-curable wa-
terbased acrylate resin (Laromer PE-55 W from BASF).
The polyester-acrylate emulsion containing a water sol-
uble photoinitiator (Darocur 1173) and the organoclay
(5 wt%) was first dried at 80◦C during 5 minutes. The
30 µm dry film was then exposed to UV-radiation at
that temperature to achieve a most complete polymer-
ization. A single pass under the lamp at a speed of
20 m/min (0.3 s UV exposure), proved to be sufficient
to polymerize 96% of the acrylate double bonds and ob-
tain a nanocomposite material totally insoluble in water
and in the organic solvents.

One of the key issues in this work was to demonstrate
that exfoliation of the organoclay has really occurred
upon dispersion in the acrylate resin, in order to ensure
that the UV-cured material is indeed a true nanocom-
posite. Fig. 8 shows the X-ray diffraction pattern of the
UV-cured nanocomposite based on OBNT, in compari-
son to the UV-cured microcomposite based on untreated
BNT where exfoliation does not occur. The absence of
any Bragg diffraction peak in the sample filled with the
organoclay clearly indicates that the regular structure
of the clay layers has been totally lost upon dispersion
and polymerization of the acrylate resin. This means
that exfoliation has indeed occurred quite effectively
and that the 1 nm thick silicate platelets are randomly
distributed within the polymer matrix. A similar behav-
ior was observed in the polymer material containing the
amine-acrylate treated organoclay.

Another experimental result arguing in favor of an
effective exfoliation of the clay layers is the observed
increase of transparency of the nanocomposite, com-
pared to the microcomposite obtained with the un-
treated bentonite. Fig. 9 shows the UV-visible trans-
mission spectra of 24 µm thick films with and without
organoclay or mineral clay. In the non-exfoliated mi-
crocomposite, light scattering by the microparticles is
more important than in the nanocomposite where the
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Figure 9 Transmission spectra in the visible range of a UV-cured di-
acrylate monomer: neat (a), as a nanocomposite with OBNT (b), as
microcomposite with BNT (c).

size of the clay platelets is significantly reduced. More
transparent samples could be obtained by reducing the
dimensions of the mineral particles down to 50 nm, like
for the colloid silica/acrylate nanocomposites which
were found to be as transparent as the UV-cured clear
coating [24].

According to morphology and rheology investiga-
tions, such in situ generated anisotropic nanoparticles
assemble to form a skeleton like superstructure, which
is considered to account for the enhanced properties
[20, 39]. One can therefore expect such true nanocom-
posites, easily prepared by UV-curing, to exhibit higher
stiffness and strength, a greater thermal resistance and
improved gas barrier properties, as typically found in
this kind of material [1]. Such study will be reported in
a forthcoming article.

4. Conclusion
There is a growing interest today in nanocomposites
because of the superior properties of this type of mate-
rial. It has been shown here that layered silicate-based
nanocomposites can be produced within seconds at am-
bient temperature by UV-irradiation of a multifunc-
tional acrylate resin filled with in situ formed nanosili-
cate platelets. The layered silicates have first to be made
organophilic by exchange of the intergallery sodium
cations of bentonite for alkylammonium cations, in or-
der to improve their compatibility with the monomer.
Both the widening of the organoclay galleries and the
complete exfoliation upon dispersion in a UV-curable
acrylate resin were demonstrated by X-ray diffraction
spectroscopy. A short exposure to intense UV radiation
is sufficient to induce the crosslinking polymerization
and obtain a hard and insoluble material containing es-
sentially no residual monomer.

In these UV-cured nanocomposites, 1 nm thick sili-
cate layers are randomly dispersed within the polymer
matrix to form a skeleton like superstructure. This ex-

plains why a significant improvement in the polymer
properties can be achieved already at low filler content.
Such performance, together with a cost-effective pro-
cessing of a cheap resin, are key factors for the success
of these newly developed photopolymer nanocompos-
ites. It should be emphasized that the UV-curing tech-
nology used in this study is not restricted to layered
silicate-based nanocomposites and can be extended to
other types of layered nanoparticles, such as supercon-
ductive nanofillers [40] and magnetic particles [41, 42]
which can also be exfoliated and occluded into a poly-
mer matrix.
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