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a b s t r a c t

Elaboration of mesostructured silica films with a triblock copolymer polyethylene oxide–polypropylene

oxide–polyethylene oxide, (PEO–PPO–PEO) and controlled growth of silver nanoparticles in the

mesostructure are described. The films are characterized using UV–visible optical absorption

spectroscopy, TEM, AFM, SEM, X-ray diffraction (XRD) and Rutherford backscattering spectrometry

(RBS). Organized arrays of spherical silver nanoparticles with diameter between 5 and 8 nm have been

obtained by NaBH4 reduction. The size and the repartition of silver nanoparticles are controlled by the

film mesostructure. The localization of silver nanoparticles exclusively in the upper-side part of the

silica-block copolymer film is evidenced by RBS experiment. On the other hand, by using a thermal

method, 40 nm long silver sticks can be obtained, by diffusion and coalescence of spherical particles in

the silica-block copolymer layer. In this case, migration of silver particles toward the glass substrate-

film interface is shown by the RBS experiment.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The development of silver nanoparticles arrays has a signifi-
cant importance [1] since they have potential applications in the
fields of optics [2,3], catalysis [4], and biomedicine [5]. Silver
nanoparticles have unique optical properties coming from the
collective oscillation of conduction electrons in case of interaction
with an electromagnetic wave, which is called surface plasmon
resonance (SPR). The SPR depends on the dielectric constant of the
medium, on the size and the shape of nanoparticles. In case of
assemblies of metallic nanoparticles, the surface plasmon reso-
nance can be strongly modified [6,7].

We are interested in the fundamental aspects of the role of the
organization, size and shape of metallic nanoparticles on SPR
phenomena. New methods for controlling the growth of nano-
particles using mesostructured sol–gel films are developed and
results on hybrid silica based on copolymer PEO–PPO–PEO are
presented in this paper.
ll rights reserved.
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Block copolymers form micelles and regular self-assembled
nanostructures are easily obtained. These nanostructures can be
used as reactors for the synthesis of metallic nanoparticles [8–15].
The spatial organization of the metallic nanoparticles is then
determined by the block copolymer organization. On the other
hand, block copolymer are chemically selective, since their
different blocks will present various coordination properties with
metallic ions. For instance, the amphiphilic PEO–PPO block
copolymer has been shown to act as the same time as reducing,
stabilizing and a morphogenic agent in the growth of silver
nanoparticles in solution [14]. The hydrophilic PEO block can
slowly reduce Ag+ ions to Ag, at room temperature, resulting in
the oxidation of the oxyethylene groups [15].

There are a lot of studies concerning the growth of silver
nanoparticles inside a silica film, obtained either by the sol–gel
process [16–28] or by atom-beam sputtering [29–32]. Mesos-
tructured silica, elaborated by hydrolysis and condensation of a
silica precursor with amphiphilic compounds, such as surfactants
or block copolymers, have also been recently considered as
template for the synthesis of silver nanoparticles in silica films
[33–46].

The formation of silver nanoparticles using in situ reduction
with NaBH4 or thermal reduction in a mesostructured silica film is
reported in this article. A mesostructured silica film with a

www.sciencedirect.com/science/journal/yjssc
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triblock copolymer PEO–PPO–PEO, F127 [47,48] is used and a one
step process is followed for the synthesis of nanoparticles,
introducing silver salt during the first stage of the mesostructured
film synthesis.
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2. Experimental part

2.1. Materials

Silver nitrate (AgNO3), sodium borohydride (NaBH4), tetra-
ethoxysilane (TEOS, Si(OEt)4), block copolymer F127 ((PEO)106

(PPO)70(PEO)106) is purchased from Aldrich.

2.2. Mesostructured silica films

The silica sol is prepared by hydrolyzing TEOS in the presence
of the F127 block copolymer (PEO)106(PPO)70(PEO)106. F127
(1.14 g) is dissolved in EtOH (11.8 g). Silica sol is prepared from
TEOS (4 g) by adding an acid solution containing nitric acid at
0.055 M (1.76 g)

The sol is stirred for half an hour and the block copolymer
solution F127 is added [47,48]. Silver salt is then added by using
5% or 20% doping (the atomic ratio Ag/Si ratio is considered). The
mixture is stirred for half an hour at room temperature. Films are
prepared by dip-coating on cleaned glass slides. A 20 mm/min
dip-coating rate is used. The film is then dried at room
temperature for 24 h.

2.3. Silver nanoparticles on mesostructured silica films

Reduction of silver proceeds either through immersion of the
mesostructured silica films for 1 min into a freshly prepared
sodium borohydride solution (50 mM), rinsed in water and dried
at 100 1C, or through a thermal treatment at 200 1C (rate 1 1C/min
and 2 h stage at 200 1C). Samples are called Fag5Si and Fag20Si.
The term d2 or NaB refers, respectively, to a thermal treatment at
200 1C or to a chemical reduction with NaBH4 solution. The as-
synthesized samples Fag5Si and Fag20Si, before the reductive
treatment, are colorless. The three samples Fag5SiNaB, Fag5Sid2
and Fag20SiNaB present a yellow coloration, while the Fag20Sid2
sample presents a blue coloration (Fig. 1).

2.4. Characterization

UV–visible optical absorption spectra are recorded on a Nicolet
Instrument. The TEM images are taken with a TOPCON EM002B
transmission electron microscope operating at 200 kV. Samples
for the TEM measurement are supported on a holey carbon-coated
Fig. 1. Photos of the F127-silver-silica films. a: Fag5SiNB; b: Fag5Sid2; c:

Fag20SiNB; d: Fag20Sid2.
copper grid. The morphology of the initial and final materials is
observed with a scanning electron microscope (Hitachi S800)
operating at 15 kV. AFM pictures are recorded on a Picoplus
(Molecular Imaging) instrument with a Si tip in tapping mode.
Small-angle powder X-ray diffraction patterns are recorded using
a Philipps Xpert Pro diffractometer equipped with a monochro-
mator, using Cu Ka radiation.

Rutherford backscattering spectrometry (RBS) is performed on
the 4 MV Van de Graaff accelerator of the IPNL (Institut de
Physique Nucléaire de Lyon), delivering a 2 MeV helium beam. The
He+ backscattered particles are detected at a 1721 angle. The beam
intensity is set at 22 nA. The SIMNRA program is used to simulate
the energy spectra and to determine the atomic concentration
profiles [49].
3. Results

UV–visible optical absorption spectra are presented in Fig. 2.
For the two Fag5Si samples, a visible absorption band is noted at
430 nm, which is characteristic of the surface plasmon resonance
of spherical silver nanoparticles. The absorbance is higher (0.45)
in the case of the Fag5SiNaB than in the case of the Fag5Sid2
(0.10). The visible absorption spectrum of the Fag20SiNaB sample
consists also in a band at 430 nm with a 0.71 absorbance. It may
be seen that the Fag20Sid2 sample, exhibits a very broad
absorption band with a maximum at 510 nm and with a 0.74
absorbance.

In Fig. 3, we present TEM images of the Fag5Si samples. In the
case of the Fag5SiNaB (Fig. 3a), silver nanoparticles with a
homogeneous distribution between 5 and 7 nm and with a
spherical shape are observed. These particles are not distributed
randomly but are located along the mesostructure line with
regular intervals of about 14 nm from two respective centres of
neighbouring nanoparticles.

The TEM images of the Fag5Sid2 sample (Fig. 3b) show some
spherical silver particles with diameter comprised between 8 and
12 nm. The density is far below what is observed with the
Fag5SiNaB sample. The nanoparticles seem also more or less
randomly dispersed in the matrix.

Fig. 3 also shows the TEM images of the two Fag20Si samples.
The alignment of spherical silver nanoparticles is also clearly
observed for the Fag20SiNaB (Fig. 3c) (similarly to Fag5SiNaB),
with size between 6 and 8 nm. On the other hand, the images of
the Fag20Sid2 (Fig. 3d) reveal the formation of silver sticks with a
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Fig. 2. UV–vis absorption spectra of F127-silver-silica films. a: Fag5Sid2; b:

Fag5SiNB; c: Fag20SiNB; d: Fag20Sid2.
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Fig. 3. TEM images of F127-silver-silica films with 5% silver. a: Fag5SiNB; b: Fag5Sid2; c: Fag20SiNB; d: Fag20Sid2.
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longitudinal sizes of about 40 nm and a transversal size of about
10 nm. They are probably formed by the coalescence along a line
of few spherical nanoparticles, generally about four. Moreover,
these sticks have a common orientation. The sticks orientation
occurs with respect to the mesostructure of the silica-block
copolymer.

SEM images of the different samples are presented in Fig. 4.
Before any reductive treatment, the film Fag5Si is covered with
aggregates of about 30 nm (Fig. 4). After a NaBH4 treatment, the
formation of long aggregates of 200 nm in length is noted, while
the surface is homogenously covered with smaller aggregates of
15 nm diameter. The surface of the Fag5Sid2 is very similar to that
of Fag5Si, with 30 nm aggregates dispersed on the film; the
density of these particles is slightly decreased with respect to
Fag5Si. For a silver concentration of 20%, the surface states before
and after thermal treatment are similar and characterized by the
presence of 30 nm aggregates, with a higher density before than
after the thermal treatment. But the surface obtained after the
chemical treatment is strongly modified, with the formation of
very large silver aggregates of about 100–200 nm. These large
aggregates are constituted of smaller units of about 50 nm size.

AFM images (Fig. 5) confirm the results obtained by SEM since
the surface of the Fag20Si sample before any treatment is covered
with some particles of diameter around 60 nm. After a NaBH4

treatment, a much higher density of particles of size about
50–80 nm is noted. These particles seem to be aggregated along
strings. After the thermal treatment, some elongated
nanoparticles (length 100 nm and width between 25 and 50 nm)
are observed on the substrate which shows a 50 nm long
fissuration. The density of particles is lower than the one
observed before the thermal treatment.

Small-angle X-ray diffraction patterns of samples after chemi-
cal or thermal treatment are shown in Fig. 6. Samples with 0% and
1% silver nitrate are also considered for comparison. After a
chemical or thermal treatment, a shoulder at respectively 0.81 or
0.91 is noted for a 0% silver salt concentration. Its intensity
decreases when silver salt concentration increases and its position
is shifted to higher angles. For a 20% silver salt, the diffraction
feature has almost disappeared. It seems that the introduction of
silver salt decreases the mesostructure organization along the
direction perpendicular to the substrate and leads to a contraction
of the film. This contraction is larger after thermal than chemical
treatment. Without silver, as there is a single diffraction reflexion,
it is not possible to propose a clear indexation without any
ambiguity. Nevertheless, we believe that the mesostructuration is
probably close to a cubic Im3 m one and that the observed single
reflexion could be then indexed as (110) [50,51]. The results
obtained for a silver salt concentration of 5% are difficult to
explain. After the chemical reduction, several diffraction peaks are
noted at 0.901, 0.981 and 1.131. The X-ray diffraction pattern
becomes more complex, as if a mixture of different phases or
different contraction amplitudes was present. In the case of
thermal treatment, diffraction peaks are less intensive and shifted
to higher angles showing the mesostructure contraction. A SAXS
experimentation will be the object of a further paper to make an
unambiguous interpretation of the influence of silver on the
mesostructure organization.

X-ray diffraction patterns (Fig. 7) confirm the formation of
metallic silver in the 20% silver salt concentration. The appearance
of diffraction peaks at 2y equal to 38.41 and 43.31, is attributed to
the (111) and (200) Bragg’s reflections of the face-centered cubic
structure of metallic silver [52]. For a silver salt concentration of
5%, metallic silver formation is not detected.

Experimental RBS spectra are shown in Fig. 8. The spectrum of
the Fag5Si sample displays a rather large silver profile, at the film
surface. After reduction with NaBH4, the silver signal differs
strongly from that of the initial state Fag5Si. The silver peak
appears more intense and narrow, which means that a silver
enrichment has occured at the film surface. The spectrum of the
thermally treated Fag5Sid2 sample reveals a significant migration
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Fig. 4. SEM images of F127-silver-silica films. a: Fag5Si; b: Fag5SiNB; c: Fag5Sid2; d: Fag20Si; e: Fag20SiNB; f: Fag20Sid2.

Fig. 5. AFM images of F127-silver-silica films. a: Fag20Si; b: Fag20SiNB; c: Fag20Sid2.
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of silver toward the glass substrate. The same observations can be
made with the spectra of the sample prepared with 20% silver salt.
The NaBH4 treatment leads to the migration of silver toward the
film surface, while the thermal treatment results in a silver
migration toward the glass substrate.

The silver profiles as function of depth are presented in Fig. 9.
Silver profiles have been deducted from the RBS spectra, using the
SIMNRA software. These simulations allow measuring a silver
atomic concentration of 1.25% which is in good agreement with
the theoretical value (1.30%) calculated from the formula SiAg

0.05O2C0.8. The calculated film thickness of Fag5Si is of 165 nm
(Fig. 9a). In the case of Fag20Si, the silver atomic concentration is
of 4.80%, also coherent with the theoretical value of 5% from the
formula SiAg 0.2O2C0.8. The calculated film thickness is of 180 nm.
As shown by the silver profile (Fig. 9) and by the schematic
representation in Fig. 10, after a chemical reduction with NaBH4

(in Fag5SiNB sample), most of silver (85%) is concentrated in the
first 15 nm of the layer, while the rest of the layer is almost
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Fig. 6. Low-angle XRD patterns of F127-silver-silica films.
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Fig. 7. Wide-angle XRD patterns of F127-silver-silica films. a: Fag20Si; b:

Fag20Sid2; c: Fag20SiNB.
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completely empty of silver. After a thermal treatment at 200 1C, in
Fag5Sid2 sample, the silver profile is not so strongly modified,
with respect to the untreated one, except that a part of silver has
migrated into the glass substrate on about 400 nm depth. The
thermal migration of silver from a silica film toward the glass
substrate has already been evidenced by RBS experiments [53].
Similar evolution is observed for the Fag20Si sample, since after
the chemical reduction, 86% of silver is concentrated in the first
12 nm of the layer; after the thermal treatment, silver migration
toward the glass substrate is observed on about 400 nm depth.
The silver behaviour during the chemical and the thermal
processes is schematically represented in Fig. 10. The repartition
of ionic silver is almost homogeneous before any reductive
treatment (Fig. 10a). Ionic silver is most probably localized in
the hydrophilic part of the micelle, which is the polyethylene
oxide chain. After the NaBH4 reduction, silver nanoparticles are
localized in the first 10 nm of the layer (Fig. 10b). After the thermal
process, the silver nanoparticles are dispersed within the all layer
depth (Fig. 10c); a small part of silver is even found into the
substrate.
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Fig. 8. Experimental RBS spectra of F127-silver-silica films.
4. Discussion

The formation of spherical silver nanoparticles is evidenced
from UV–visible optical absorption spectra, by an absorption band
at 430 nm and it is then confirmed in both thermal and chemical
treatments. Nevertheless, the difference of absorbance of the
samples observed after respectively thermal and chemical treat-
ments indicates that the chemical treatment induces a higher
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density of silver nanoparticles in the film than the thermal
treatment. By increasing the silver concentration from 5% to
20%, and by using a chemical treatment, an increase of absorbance
from 0.45 to 0.71 is noted, since a higher concentration of
silver nanoparticles is obtained. But, by using a thermal process, a
broad absorption band appears at 510 nm, probably resulting
from the superposition of two bands at around 420 and
570 nm. This is an indication of the existence of quadripolar
effects in plasmon resonance, revealing the formation of non-
spherical particles. Some authors [54,55] have reported that
the growth of the band around 550 nm, concomitant with
the decrease of the band at 400 nm, is explained by the con-
version of spherical shaped particles into rectangular shaped
particles.

The TEM experiments confirm the existence of spherical
particles for the two Fag5Si samples. It reveals that an organized
array of silver nanoparticles with ranging from 5 to 7 nm is
obtained with a NaBH4 treatment. The TEM images show that
silver nanoparticles are formed without agglomeration because of
the spatial control imposed by mesostructuration due to the block
copolymer. On the other hand, in the case of thermal treatment, a
lower density of silver nanoparticles randomly organized with
size ranging from 8 to 12 nm is observed. For a higher silver
concentration, TEM experiment reveals the formation of either
spherical silver nanoparticles of about 7 nm for a NaBH4

treatment, or, 40 nm long sticks for the thermally treated samples.
The non-spherical form obtained in this last case explains the
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Fig. 9. Silver atomic concentration profile from the sim
important red-shift of the visible absorption band. The growth of
big nanoparticles, resulting from small nanoparticles fusion, is
known as a ripening process already observed in silica films [21].
The ripening mechanism can be due to an Oswald process (atomic
species from small particles are transported to larger particles) or
to a particle migration and coalescence process (small particles
migrate and coalesce) [56]. By considering the TEM images, we
believe the second mechanism (particle migration and coales-
cence) is more likely involved. By comparing the nanoparticles
obtained in the study of De et al. [21] with our results in the case
of thermal reduction, it seems that the silver nanosticks are
aligned in directions imposed by the mesostructure. It is not the
case in a simple silica system, where the particles growth is
occurring in random directions.

The SEM experiments reveal the existence of silver aggregates
on the film surface before any reductive treatment. This is
probably explained by the reductive ability of the block copoly-
mer. The SEM images have shown that by using a chemical
treatment large aggregates are formed at the film surface, while,
on the other hand, by using a thermal treatment, the disappear-
ance of silver aggregates from the film surface is noted.

Small-angle XRD results have shown that an increase in the
silver salt concentration from 5% to 20% provokes a lower
organization of the film mesostructure along the perpendicular
direction to the substrate, since low-angle diffraction peaks are no
more observable. XRD experiments have confirmed the formation
of metallic silver.
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Fig. 10. Schematic representation of the mesostructured films a: before the reductive treatment; b: after NaBH4 treatment; c: after thermal treatment at 200 1C.
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RBS analysis allows to determine the silver profile in the film
during the different steps. The intensive silver surface enrichment
is evidenced after the chemical treatment and the migration of
silver to the substrate during the thermal treatment is also
demonstrated (Figs. 9 and 10).

A comparison between the chemical and the thermal reduction
can now be drawn. We have shown that by performing a NaBH4

process within a silica-block copolymer layer containing a silver
salt, spherical silver nanoparticles with 10 nm diameter are formed.
Moreover, the repartition of these silver nanoparticles is unordinary
since they are located exclusively in the upper-side part of the
mesotructure layer. This repartition can be understood by the very
rapid nucleation of silver nanoparticles near the surface of the layer
(during 5 s) [57]. This rapid nucleation could be followed by an
aggregative growth involving diffusion of ionic silver or of small
silver clusters from the depth of the layer to the nuclei, as it is
discussed in another paper [46]. Within this sub-surface layer,
silver nanoparticles are confined by the silica-block copolymer
mesostructure so that a 2D organization of silver nanoparticles is
obtained by diffusion into a mesostructured block copolymer-silica
film. When a thermal process is involved, very different results
have been obtained, since spherical silver nanoparticles are formed
within the all depth of the layer (about 200 nm). Moreover, for
higher silver level, the coalescence of spherical nanoparticles
becomes possible, and silver nanosticks (long of 40 nm) are formed.
At the end, the organization of these silver nanosticks is not
arbitrary since a common orientation is evidenced by microscopy.
It means that the migration of silver nanoparticles is directional
and is also strongly influenced by the layer mesostructure. These
materials constituted either of a 2D array of spherical nanoparticles
at the sub-surface of a silica-polymer nanocomposite or of
organized silver nanosticks within the same nanocomposite could
both find some interest for their optical properties.

5. Conclusion

In summary, the growth of silver nanoparticles in mesostruc-
tured block copolymer F127-silica film has been studied by
two processes: a chemical route involving NaBH4 reduction
and a thermal method. Spherical nanoparticles with diameter
ranging from 5 to 8 nm are regularly disposed into the first
layer of the mesostructured silica film by using the chemical
route. The silver nanoparticles are preferentially formed at the
film sub-surface (depth of 10 nm) and a 2D array is constituted by
this way. The thermal route has allowed the formation, by
migration and coalescence of spherical nanoparticles, of about
40 nm long silver sticks which are also regularly dispersed
into the film mesostructure (depth 200 nm), conferring particular
optical properties to this material. These results show that the
block copolymer has a complex role since it contributes both
to the reduction of silver ions, to the stabilisation of the silver
nanoparticles and to their organization.
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Région Rhône Alpes for financial support.

References

[1] M. Geissler, Y.N. Xia, Adv. Mater. 16 (2004) 1249.
[2] P. Mulvaney, Langmuir 12 (1996) 788.
[3] S.A. Maier, M.L. Brongersma, P.G. Kik, S. Meltzer, A.A.G. Requicha, H.A.

Atwater, Adv. Mater. 13 (2001) 1501.
[4] A.N. Shipway, I. Willner, Chem. Commun. (2001) 2035.
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