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Abstract
A synthetic exfoliated nanoclay smectite type, Laponite® S482, was incorporated as a functionalized load in a silica hybrid
matrix synthesized by the sol–gel route. The previous functionalization was carried out through a “grafting” reaction with (3-
glycidoxypropyl)trimethoxysilane (GPTMS) assisted by ultrasonic dispersion. The precursor sols were synthesized by acid-
catalyzed hydrolytic condensation between tetraethoxysilane (TEOS) and functionalized GPTMS, a silver ions source was
added in order to obtain a coating material with controlled silver releasing properties. Coatings were obtained by “dip-
coating” on different substrates. Structural characterization of the coatings was conducted by SAXS and SEM-EDS, the
results revealed a complex silica matrix with intercalated nanoclays, an organic fraction and a homogeneous content of Ag+.
The electrochemical characterization was realized by EIS tests on stainless steel coated substrates AISI 316L type; the results
showed good barriers properties and a high integrity of the coatings loaded with nanoclay. The evolution of the release of Ag+

ions was studied by XRF, through exposing the coatings to a leaching process at steady state and determining the residual
content of Ag within the coat at different immersion times. It was found that the addition of 1.5 wt. % of clay, in respect to
condensed silica, decreased the initial diffusion rate of Ag+ ions at near the half part, allowing its potential use in the
development of antibacterial coatings with longer terms of life.
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Highlights
● Successful incorporation of exfoliated clay nanoparticles in silver-rich hybrid coatings.
● Obtained hybrid matrices present a spinodal-like bi-continuous structure highly favorable to the Ag+ ions mobility.
● Incorporation of low amounts of Laponite® S482 limited the superficial agglomeration of silver in the coatings.
● The addition of clay nanoparticles had a diffusional-control effect on the mobility of Ag+ ions within the hybrid

materials.
● Low concentrations of Laponite® S482 improved the silver releasing behavior and extended the lifespan of the material,

allowing a potential antibacterial application.

1 Introduction

The development of thin coatings through the sol-gel
chemistry has reached a huge range of applications that
deals with the optical requirements, corrosive processes,
energy storage and biologic functionalities among others.
In many cases, the coating functionality works on basis
of the ionic diffusion through the sol–gel structure. In
this sense, the control of such ionic mobility is highly
encouraged to ensure an optimum behavior of the functional
film.

The diffusive properties of sol-gel coatings can be sub-
stantially improved by controlling the crosslinking density
of its structure or by incorporation of denser nanoparticles
that, at the same time, work as mechanical reinforcement
[1, 2]. Certainly, in recent years, the development of new
nanocomposites was highly explored by the use of nano-
clays thanks to its highly availability and economical con-
venience. Those nanoparticles are highly employed as
rheological modifiers in the industry of cosmetic and paints
and, at the same time, their use as load for composite
materials can improve both the mechanical and diffusive
properties [3–5]. However, the use of clay nanoparticles in
the field of sol–gel thin coatings is an area that has not been
extendedly analyzed [6–8]. The synthesis of a sol with an
appropriated load of well-exfoliated clay nanoparticles, and
its deposition as a thin coating, could carry to the devel-
opment of a high performance sol–gel material. Recently,
Santana et al. developed an anticorrosive coating that take
the advantage of exfoliated clay nanoparticles to enhance
the self-healing performance of cerium-doped sol-gel films
[9]. In the field of antibacterial coatings, the same
mechanism of diffusion control could be applied to extend
to longer terms its capacity through avoiding an unne-
cessarily excessive releasing of the antibacterial compound.
Silver is a well-known biocide component due to the
activity of Ag+ ions [10–14]. Silver ions have an effective
action against bacteria life inhibiting their DNA replication
process, increasing the permeability of the cytoplasmic
membrane and inhibiting the respiratory enzymes, causing
asphyxia of the bacteria. So, the development of silver-
based coatings is in focus for the prevention of

periprosthetic infections in surgical prosthesis and ortho-
pedic devices [15–20].

In this work, the study of the effect of exfoliated clay
nanoparticles on the thermal evolution and on the silver
release behavior of hybrid organic-inorganic sol–gel coat-
ings was addressed. The resulting relationship between the
aggregation state of silver and the structure of the hybrid
matrix was also studied. Using a synchrotron radiation
source, small angle X-ray scattering (SAXS) was performed
to analyze the physical structure of the hybrid matrix as a
function of the temperature of the thermal treatment. The
developed coatings were also analyzed by electrochemical
impedance spectroscopy (EIS) and scanning electron
microscopy with energy dispersive X-ray spectrometry
(SEM/EDS), while the silver release behavior was studied
through X-ray fluorescence (XRF) along immersion time.

2 Experimental

Hybrid organic–inorganic sols [2] were synthesized in order
to analyze the silver releasing behavior of hybrid coatings
with a stratified laminar structure: a base epoxy-silica
hybrid sol enriched with ionic silver [TGAg] and sols with
the same composition and loaded with different amounts of
laminar nanoparticles [TGAg-Lx]. Hybrid sols were syn-
thesized from the hydrolytic condensation of tetra-
ethoxysilane (TEOS, Aldrich 99%) and glycidoxypropil-
trimetoxysilane (GPTMS, Aldrich 98%) in acidic media
using concentrated HNO3 as catalyzer. In order to incor-
porate the laminar nanoparticles in the precursor solution,
hydrolysis of TGAg-Lx sols was performed in presence of
an aqueous suspension of synthetic exfoliated clay nano-
particles (Laponite® S482, Rockwood Specialties, Inc.).
AgNO3 salt was used as supplier of silver. In every case,
TEOS/GPTMS molar ratio was kept to 60/40, Laponite was
incorporated at a 0.5, 1.0, and 1.5 wt.% in respect to con-
densed silica and Ag+ was added, from silver nitrate, to
attain an Ag/Si molar ratio of 3/97. Precursor sols were
deposited by the dip coating process on AISI 316L stainless
steel and glass plates. After deposition, a group of coated
substrates was subjected to a drying period of 7 days at
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room temperature without thermal treatment, and other
group was thermally treated up to 150 °C in air atmosphere
during 1 h, with a previous shorter drying time (30 min).

Morphology of the obtained coatings, on glass sub-
strates, was analyzed through SEM/EDS (Jeol 6460, Japan).

X-ray powder diffraction (XRD) analysis was performed
on a XRD (X´Pert PRO, PANalytical) equipped with a back
monochromator and a copper cathode as the X-ray source
(λ= 0.154 nm). Diffractograms were recorded at a speed of
2°/mm with a counting time of 5 s for step.

Silver-enriched coatings were analyzed with an
ultraviolet-visible spectrophotometer (UV-Vis-NIR, Shi-
madzu 3600Plus) equipped with integrating sphere. Spectra
were recorded in absorbance mode in the wavelength ranges
from 200 to 1000 nm, with a resolution of 1 nm, using
barium sulfate as reflexivity standard.

Electrochemical behavior of the hybrid-coated AISI
316L samples was evaluated by means of EIS measure-
ments in 0.35 wt.% NaCl solution prepared from p.a. grade
chemicals (Sigma-Aldrich) and bidistilled water (Millipore,
18.2 MΩ cm). All measurements were carried out at room
temperature (20 ± 1 °C) using a typical three-electrode
configuration, with a saturated calomel electrode (Radio-
meter Analytical, France) as the reference electrode, a pla-
tinum wire of convenient area as counter electrode and the
material to be tested as the working electrode. The latter
was placed at the bottom of the cell, exposing an area of
3.54 cm2. EIS was performed at sweeping frequencies from
100 kHz to 0.1 Hz and modulating 10 mV (rms) around the
corrosion potential (Ecorr). EIS fitting was performed using
ZView software and EIS conventional theories [21, 22]. All
electrochemical potentials in this work are referred to the
saturated calomel electrode (0.241 vs. standard hydrogen
electrode).

The release profile of silver ions through both types of
consolidated coating matrices was analyzed by XRF spec-
trometer, PANalytical Minipal). With the aim of determin-
ing the rate of release of Ag+ ions over time, leaching
stationary tests were carried out in deionized water at con-
stant temperature (30 °C) setting the initial content of
AgNO3 at [Ag+]0= 3% and a fixed area/volume ratio of
approximately 0.2 cm2 mL−1 with samples of 6 cm2. The
obtained XRF spectra made it possible to verify the release
capacity of Ag+ ions over time by deconvolution of the
characteristic signal for Ag Lα1 (2.98 keV) and subsequent
construction of leaching profiles over time.

The structural evolution of the hybrid matrix was ana-
lyzed by SAXS, as a function of the thermal treatment; the
experiments were carried out using the SAXS1 beamline of
the National Laboratory of Synchrotron Light (LNLS,
Campinas, Brazil). Coatings were taken out from glass
substrates by mechanical scratching. The resulting glassy
powder was placed in the sample holders by adhesive

polyimide film (Kapton®, DuPont). In order to subtract the
contribution of the adhesive tape from SAXS patterns,
Kapton® film was used as background. The collimated
beam crossed the samples through an evacuated flight tube
and was scattered to 2D bump-bonded hybrid-pixel Pilatus
detector with an active area of 28 cm2 and pixel size of
172 × 172 μm2. The geometrical configuration was set up
with the sample detector distance of 473.5 mm with
monochromatic light of λ= 1.55 Å. The q range was cali-
brated with silver behenate, which has a well-known
lamellar structure with d= 5.848 nm [23]. The isotropic
2D scattering patterns were collected after exposure times of
10 s. Images were corrected taking into account the detector
dark noise and normalized by the sample transmission
considering the 360 azimuthal scan. This procedure was
carried out using the FIT2D software [24].

3 Results and discussion

3.1 Structural characterization

Scanning electron microscopy was utilized to analyze the
microstructure of as-received clay nanoparticles and to
verify its ability to exfoliation in aqueous media in order to
expose its lamellar structures to further silanization with
alkylalkoxides. Figure 1 shows the microstructures of both
as-received clay nanoparticles and its stratified arrangement
achieved after an exfoliation and re-precipitation process in
water solution.

With the aim of determine the effect of thermal treatment
and the hybrid structure of sol-gel coatings on the aggre-
gation state and stability of Ag+ ions, small angle X-ray
scattering analysis and scanning electron microscopy were
performed on TGAg samples dried at 50 °C and thermally
densified at 100 and 150 °C. Figure 2 shows the obtained
SAXS curves in the region 0.24 < q < 5.2 nm−1, while Fig. 3
shows the SEM micrograph of the TGAg coating surface
and the image obtained from backscattered electrons.

SAXS curves present, on one hand, a wide and stable
peak at 3.7 nm−1 characteristic of hybrid organic-inorganic
sol-gel structures with a bi-continuous spinodal-like phase
separation [25, 26]. On the other hand, a shoulder below 1
nm−1 is also observed. This shoulder is attributed to the
presence of a polydisperse distribution of spherical silver
nanoparticles with a radius of gyration lower than 5 nm. It is
clearly observed that the shoulder diminishes and shifts to
lower q values for samples densified at higher temperatures
because of silver nanoparticles growing.

SEM micrographs of TGAg coatings (Fig. 3), revealed,
in case of samples stored at room temperature and without
thermal densifying treatment, a precipitation of bladed
crystalline structures, growing in a three member star-like
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formation. The image obtained from backscattered electrons
(Fig. 3b) and the EDAX microanalysis (Table 1) revealed
the composition of its silver-rich zones.

Table 1 shows the quantitative results of the EDAX
microanalysis on different zones of both TGAg and TGAg-
L1.5% samples showed in the Fig. 4. A silver segregation
effect is observed, since the matrix surrounding the crystals
has a lower content of total silver compared than the surface
crystals. This can be confirmed in Fig. 4a, where almost
98% of the total silver content are embedded in the crys-
talline structures of TGAg sample. Whereas for the TGAg-
L1.5% type sample (Fig. 4b) a much lower segregation is
observed with some Ag-rich zones with three times higher
atomic percent of silver, but with less amount of zones and
smaller area than the bladed crystalline structures in TGAg
samples. In this case, the matrix with added Laponite® S482
can be considered much more homogeneous, being this a
direct effect of the addition of nanoclay in the morphology
of the material. It is noteworthy that, in both cases, with and
without Laponite® S482, long drying periods carried to the
development of structural defects in coatings due to the easy

ionic mobility, producing silver segregation with corre-
sponding formation of precipitates.

SEM images of Fig. 5 from TGAg and TGAg-L1.5%

samples densified at 150 °C, present homogeneous struc-
tures, without the development of bladed crystalline struc-
tures or Silver-rich zones. Presumably, the thermal
consolidation process favored the growing of inner silver
particles in both type of hybrid materials, avoiding the
development of bigger surface crystalline structures and the
agglomeration of Silver-rich deposits in zones around of the
defects of the coating. However, nanometric particles were
formed in both coatings, with similar morphology but with
different amount of particles per area unit, being sig-
nificantly more visible in the coatings type TGAg (Fig. 5a).

In Fig. 5b, it can be observed a lower amount of super-
ficial particles on the coating. This phenomenon is related to
the presence of clay nanoparticles in TGAg-L1.5% samples.
This phenomenon is attributed to the tortuous path effect
given by the arrangement of clay nanoparticles in the
matrix, which limits the mobility of silver atoms and,
consequently, reduces the growing of superficial silver
particles during the consolidating thermal treatment.

From the observed nanoparticles through SEM, a faceted
geometry, typical of crystalline structures is suggested.
Certainly, from silver ions and its surrounding chemical
neighborhood several crystalline structures, as metallic sil-
ver, silver oxide or ionic salts, could be expected [27, 28].
XRD of TGAg sample, Fig. 6a, besides the broad band
attributed to the amorphous matrix of the coating, reveals
the presence of peaks at 38.2°, 44.3°, 64.5°, and 77.4°,
which are attributed to the (111), (200), (220), and (311)
reflections planes, respectively, of the face-centered cubic
structure of metallic silver (JCPDS no. 65-2871). In sample
TGAg-L1.5%, the presence of Laponite® S482 produced the

Fig. 1 Scanning electron microscopy of Laponite® S482 (a) as-
received and (b) stratified after its exfoliation in water and a re-
precipitation process

Fig. 2 SAXS curves of TGAg coatings treated at different
temperatures
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appearance of a new crystalline phase with diffraction peaks
at at 28°, 32.5°, 46.7°, 55°, and 57°, which are assigned to
the reflection planes (110), (111), (200), (220), and (311),
respectively, of the cubic phase of Ag2O (JCPDS no. 76-
1393). The development of silver oxide could be attributed,
presumably, to an alkalinisation of the composite material
during its drying and densification process.

UV-Vis spectra of TGAg and TGAg-L1.5% samples, Fig.
6b, reveal the effect of clay nanoparticles on the develop-
ment of silver nanoparticles from its ionic state. Besides the
strong absorbance below 350 nm, attributed to silica bonds,
with the densifying thermal treatment Ag+ ions reduce
giving place to the development of the characteristic plas-
monic bands attributed to silver nanoparticles. Although in
both silver loaded samples the maximum is developed at
422 nm, in TGAg-L1.5% sample, were clay nanoparticles
provide a diffusion barrier, the resulting plasmonic band is
considerably more intense and narrow than the observed in
absence of clay nanoparticles. This phenomenon, eviden-
cing a narrower size distribution and a higher density of

silver nanoparticles in clay-containing coatings, could be
attributed to a strong limitation of silver ions to migrate
inside the nanocomposite coating and grow bigger silver
nanoparticles.

Although both SEM pictures and a crystallographic
study, performed through the intensities ratios of the
reflection planes (200)/(111) of silver nanoparticles, suggest
the development of cubic silver nanoparticles [27], it is not
the observed by UV-Vis spectroscopy. In agreement with
the result obtained from SAXS studies, and according to
Mie’s theory, the development of single surface plasmonic
bands suggest the development of mainly spherical nano-
crystals of silver; anisotropic particles should exhibit two or
three bands, depending on their shape [29]. This incon-
sistency may be attributed to the presence of bigger silver
particles that do not fit to the nanoscale range.

In order to analyze the distribution of silver in the matrix
and the Ag-rich particles in the consolidated films, an
EDAX line scan analysis (Fig. 7) was performed. The result
shows a homogeneous distribution around the particles, and
a concentration of silver in the particle at least three times
higher, based on the intensity of the L-α line of Ag atoms in
the coating. This distribution of silver concentrations in the
coating is similar to that obtained in matrices type TGAg-
L1.5% without thermal treatment. Therefore, it can be
assumed that, in samples treated at 150 °C with short drying
period, the presence of Laponite® S482 also limits the
surface particle growth and promotes the homogenization of
the silver distribution in the coating.

3.2 Silver release

Capability of silver to be released from the coatings in
aqueous media was studied through EIS and lixiviation tests
by analysis of silver retained in the coating after different
immersion times through XRF.

Figure 8 shows the EIS results for TGAg and TGAg-
L1.5% coatings. The nanoclay-free coating reveals a wide
curve at high frequencies, related to a high barrier effect,
indicating the presence of a continuous and integral coating

Table 1 EDAX microanalysis of TGAg and TGAg-L1.5% samples
stored at RT without thermal treatment

Element TGAg (RT) TGAg-L1.5% (RT)

(At. %) Crystal Matrix Ag-rich zone Matrix

C 31.14 26.76 30.93 34.13

O 33.34 39.84 37.38 37.09

Si 28.24 29.93 24.87 24.96

Na 1.71 1.12 3.22 1.48

Ca 0.90 0.87 1.07 0.92

Ag 2.37 0.05 1.02 0.35

Fig. 3 a SEM micrograph of TGAg coating stored at RT, without
thermal treatment, and b image obtained from backscattered electrons
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on the stainless steel substrate [30, 31]. These two time
constants, at an angle near to 90°, suggests a dielectric
capacitive behavior with some grade of porosity as evi-
denced in the decrease of the angle in the low frequency
region [32]. Incorporation of clay nanoparticles, as observed
for sample TGAg-L1.5%, becomes the coating less resistive
in all the frequencies range tested. In the phase angle
representation, incorporation of clay nanoparticles causes
the rising of a second time constant at lower frequencies
presumably associated to the presence of defects in the
coating [33–35]. Moreover, the appearance of the second
time constant may be caused by the change in the structure
of the matrix due to the presence of nanoclay, causing a
reordering of the silver particles.

Lixiviation tests show the higher loosening rate of silver
during the first hours of immersion for both thermally
consolidated samples. Figure 9 displays the lixiviation
curves of TGAg and TGAg-L1.5% samples. In TGAg coat-
ing, the silver releasing process starts, fast, at a rate of 13.5
± 1.25%/h. At the 24 h of immersion, the 27 ± 1.3% of the

silver initially available was released, reaching a stationary
state of saturation where the 80% of silver in solution was
released in the firsts 3 h of the test. Incorporation of clay
nanoparticles revealed a strong effect on such releasing
parameters: the starting rate of silver releasing was of 7.5 ±
1.25%/h and its stationary sate of saturation was reached at
the 6 h approximately. In this case, only a 20 ± 1.3% of the
initially available silver was released during the 24 h of
immersion.

Leaching results reveal a clear retardant effect produced
by the nanoclay addition to the hybrid matrix on the silver
mobility and release. This effect can be explained by the
tortuous-path provided by the arrangement of the nanoclays
into the matrix, to the mobility of silver ions and particles,
and the limitation that these introduce to the formation of
crystalline and silver-rich deposits on the surface. O.
Akhavan [36] found a similar behavior of silver releasing
from purely inorganic sol-gel coatings, where the addition
of a second layer of titania-based film produced a barrier
effect introducing significant changes in time and con-
centration of saturation. Immobilization of silver ions and

Fig. 5 Scanning Electron Microscopy of (a) TGAg and (b) TGAg-
L1.5% surfaces thermally densified at 150 °C

Fig. 4 a SEM micrograph of crystal formation on TGAg coating stored
7 days at RT without thermal treatment and b SEM micrograph of
TGAg-L1.5% coating stored 7 days at RT displaying Ag-rich zones
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nanoparticles in denser structure matrixes allows to obtain
longer term releasing properties. So, in cases where silver
nanoparticles are imbedded in films based on dense silicon
or titanium oxides, or within multi-wall carbon nanotubes,
releasing rates are lets to extent lixiviation tests along sev-
eral days, or weeks, of immersion [37–41]. On the contrary,
when the internal structure of the coating, that containing
the silver nanoparticles or silver ions, is less dense, due to
lower thermal densification temperatures or the introduction
of organic components, the leaching of silver proceeds at a
much higher rates [42–44].

3.3 Influence of the nanocomposite structure on
silver aggregation and mobility

As could be observed from Fig. 2, the epoxy-silica hybrid
structure developed from TEOS and GPTMS present, near
independently from the densifying thermal treatment, a bi-
continuous phase separation whose domains are at the

Fig. 6 a XRD and b UV-visible spectra of TGAg and TGAg-L1.5%

samples thermally densified at 150 °C

Fig. 7 a SEM image of a TGAg surface particle and EDAX line scan
microanalysis, the white line is the pathway where EDS analysis was
performed, and b Ag L-α line profile in the scan microanalysis

Fig. 8 Bode representation for TGAg (red dots) and TGAg-L1.5% (blue
dots) coatings exposed at 0.01 mol L−1 NaCl aerated solution
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nanometric scale. This structure is highly favorable to make
enable the ionic mobility into its structure. On the other
hand, the aggregation state of silver is extremely sensitive to
the temperature. As temperatures rises, silver ions tend to
reduce and aggregate in bigger particles that could carry to a
loosening of its antibacterial effect [44, 45]. However, the
absence of thermal densifying treatment, beside to max-
imize the presence of silver ions and small clusters, causes
an incomplete silica condensation of the hybrid matrix
allowing the recrystallization of silver nitrate. Figure 3
shows the growing of big crystals, rich in silver, inside a
hybrid organic-inorganic matrix with barely detectable sil-
ver in its atomic composition. It is worthy to note that those
developed silver nitrate crystals have a high aspect ratio
since the coating is about only 2 µm thickness.

Taking into account the behavior of silver in the epoxy-
silica matrix, arises the need to introduce a mobility
restraint. Exfoliated clay nanoparticles, as thin sheets with
crystalline structure, could diminish the ionic mobility with
only a few amounts of exfoliated nanoparticles into thin
sol–gel coatings. Incorporation of clay nanoparticles, with a
good enough level of exfoliation into the sol–gel matrix,
requires its capability to be exfoliated and dispersed in the
sol. Moreover, in order to obtain a physicochemically stable
sol, isolated clay nanosheets should be organically func-
tionalized to become compatible with its chemical sur-
rounding. The microstructural differences between Laponite
particles as-received and its stratified structure after its
further re-precipitation from aqueous dispersion, Fig. 1,
allows to verify its capability to be introduced to the sol–gel
composite thanks to the possibility to be dispersed as
exfoliated sheets and then, after drying, re-precipitate in a
stratified arrangement.

Thus, introduction of clay nanoparticles in the formula-
tion of silver enriched epoxy-silica material was performed
obtaining homogeneous coatings. As could be observed
through SEM, Fig. 4, TGAg-L1.5% coatings present a much
more homogeneous surface without the strong development
of silver particles as in TGAg coatings. Such superficial
difference could be indicative of the restrained ionic
mobility provided by clay nanoparticles; ionic silver has not
enough to reach the external surface of the coating, where
silver particles could grow without structural limitations.

Electrochemical tests revealed better barrier properties in
coatings without Laponite® S482. This result could be a
consequence of the development of a more crosslinked
network due to the releasing of silver towards the external
surface in clay-free coatings. Nevertheless, as the objective
of this kind of coating is to provide a controlled silver
release, instead of anticorrosive properties, the presence of
such structural defects should not mean a concerning result.

Finally, although coating without clay nanoparticles
presented a more crosslinked network, as electrochemical
tests revealed, the silver release behavior was considerably
restrained with the addition of just 1.5% of Laponite® S482.
Typically, this kind of materials with silver releasing
properties, present a huge importance in applications as
antibacterial coatings. In such cases, both the capacity of the
substrate to tolerate the deposition procedure and the use
conditions of the functionalized material will be determin-
ing in the selection of coating composition.

4 Conclusions

Exfoliated clay nanoparticles were successfully incorpo-
rated in silver-enriched hybrid organic-inorganic thin
sol–gel coatings. The hybrid matrix developed from TEOS
and GPTMS present a spinodal-like bi-continuous structure
which is highly favorable to mobility of silver ions towards
the external coating surface, allowing, in certain cases, an
unnecessary early silver release.

Besides, to work as a control to silver diffusion, as
electrochemical tests suggest, clay nanoparticles have a
complementary effect on the silver ions behavior avoiding
its losing by superficial agglomeration during the thermal
densification of coatings.

Incorporation of just 1.5 wt.% of Laponite® S482, in
respect of condensed silica, improved the silver releasing
behavior, allowing to extend its term of life five times
longer and allows a potential application in the field of
antibacterial materials.
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