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Abstract

Silver monodispersed nanopaticles supported on�- and�-Al 2O3 have been obtained by a colloidal processing route. Precursor (silver
acetate) was transformed into Ag metallic nanoparticles deposited on Al2O3 powder after a drying and reduction process. Silver particle
size varies between 100 and 1 nm depending on the alumina phase. On the basis of HRTEM studies, and according to the nature of alumina
surface, a mechanism of nucleation and growth of silver nanoparticles has been proposed. Finally, optical spectra of these samples revealed
t
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he presence of silver surface plasmon, which supplies information about the dispersion of nanoparticles into alumina matrices.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Nanoscience and nanotechnology are two disciplines,
volving at present from an experimental state to industrial
roduction. However, up to now, the preparation of large
uantities of heterogeneous materials containing monodis-
erse nanoparticles is becoming one of the bottlenecks

hat hinders the development of commercial devices. In
hat sense, many references can be found in the litera-
ure describing nanoparticles preparation methods which
nly remain monodispersed and non-aglomerated in liquid
uspensions1–4 (colloids) or embedded in rigid matrices.5,6

oreover, it is quite common, that nanoparticles, due to their
arge surface energy, induce aggregation processes, specially
hen they appear as a powdered single-phase, for example,
fter drying a colloidal suspension. In the case that the indi-
idual character of the nanoparticles is a crucial characteristic
or the application (optical applications), colloidal methods
annot be employed straightforwardly. In fact, nanoparticles

∗

must be isolated, coated1 or “frozen” in a matrix, before bein
characterized or measured.

A similar mechanism has been used since historical t
to produce coloured glasses by dispersing very small me
particles into a melted glass and quenching it afterwards.7 The
presence of the colour is a consequence of surface pla
resonances in these nanoparticles. These excitations c
described as charge oscillations due to a large enhanc
of the local electric field inside the metallic particles. T
large local electric field is also responsible for the ano
lous large non-linear component of the optical refractive
dex of composites of Au, Cu or Ag nanoparticles embed
into a ceramic matrix. In that sense, a large increase oχ,3

the non-linear dielectric susceptibility,8 has been reporte
for composites prepared by several epitaxial prepar
procedures.

Additionally, surface plasmons present in insulator–m
nanostructured materials are responsible for the so-c
surface-enhanced Raman spectroscopy (SERS)9,10 and
surface-enhanced infrared absorption (SEIRA)11 and offer
the possibility to be applied in microelectronics12 and stor
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In this work, we have investigate the possibility to prepare
a large quantity of metallic nanoparticles supported on di-
electric matrices in order to be able to handle them avoiding
agglomeration processes and possible health problems. Re-
cently, Oberd̈orster et al.13 have reported the possible harm-
ful character of nanoparticles <100 nm in size. One of the
advantages of the proposed route is that the nanoparticles
are attached to micron-sized or submicron-sized inert (ce-
ramic) particles. Once the powder bearing nanoparticles is
prepared, it may be dispersed into transparent matrices (tak-
ing into account that their refractive index must be similar
to that of the powder particles) to be used for optical ap-
plications. In this paper, we have focused the influence of
the alumina phase on size, morphology and dispersion of
the silver nanoparticles. It should be noted, that the alu-
mina/silver system has been widely studied for catalytic
applications, specifically in the reaction of epoxidation of
ethylene through silver-catalyzed14,15and the hydrogenation
of aromatic compounds.16,17 However, to our knowledge,
there is no systematic description in the literature about the
nanoparticle morphology, which is a crucial issue in order to
employ this kind of material in emerging technologies.

2. Experimental procedure
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suspension in a Cary 500 Spectrometer fitted with a diffuse
reflectance cell. Conversion from diffuse reflectance to ab-
sorbance units were done by the well know Kulbeka–Munk
expression.19

3. Results

The X-ray diffraction patterns corresponding to the alu-
mina/nAg are shown inFig. 1. As can be observed, metallic
silver Bragg reflexions appear on the three diffractograms
considered. It is worth mentioning that the broader Ag
diffraction peak is the one corresponding to�-Al2O3/nAg
(Fig. 1B). This fact indicates that in this particular sample
the silver nanoparticles have the smallest average crystallite
size.

The optical spectra of the samples were measured by dif-
fuse reflectance from 300 to 750 nm (Fig. 2). It is well known
that silver nanoparticles display a surface plasmon around
400 nm. However, the precise position and shape of the band
depends on the environment of the nanoparticles. The�-
Al2O3/nAg sample shows a maximum and a shoulder at 404
and 368 nm, respectively. In the case of�-Al2O3/nAg, the
maximum is much wider. Finally, the�-Al2O3/nAg sample
presents a maximum centered at 400 nm but no evidence of
t
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Silver metallic nanoparticles supported on alumina w
btained by a colloidal processing route, starting from s
cetate (Aldrich) and different alumina submicron-size p
ers:�-Al2O3 (AA04 Sumitomo, Japan),�-Al2O3 (Sumit-
mo, Japan) obtained by dehydroxilation of the oxhydro
recursor (bayerite)18 and�-Al2O3 (Teclink, Germany) pro
uced by a high-temperature plasma spraying as precu

The Brunauer–Emmet–Teller (BET) specific surface
f the different aluminas was determined using FlowSo
300 equipment.

The nanoparticles were deposited on alumina powde
ixing a silver acetate solution (3 M) with a suspensio
lumina powder, so that the final relative silver concen

ion on alumina was 1 vol.%. The resulting suspension
eated at 70◦C with constant magnetic agitation to homo
ize it, and subsequently dried at 120◦C in a stove for 24 h t
liminate the solvent. As a result, silver oxide (I) nanop
les deposited on alumina particles were obtained. Onc
he powder was reduced in a 90%Ar/10%H2 atmosphere a
50◦C for 2 h to obtain finally coloured powders.

The resulting powders were analyzed by X-ray diffr
ion (Bruker AXS Mod. D8 Advance with Cu K� radia-
ion). The silver particle size and the morphological asp
f the different powders were studied by transmission e

ron microscopy using a JEOL FXII, JEM 2000 both op
ting at 200 keV and a JEOL ARM HRTEM operating up
250 keV.

Finally, the surface plasmon of the silver nanoparticles
etermined by measuring the diffuse reflectance of pure
ressed pellets painted with an acetone�-,�-,�-alumina/nAg
.

he shoulder was found.
The morphology of the samples was studied by HRT

s can be observed inFig. 3, silver nanocrystals (10–20 n
iameter) sit on the surface of the�-Al2O3 particles. A clos
iew of the silver alumina interface reveals a thin amorph
hase (∼4 nm thickness) completely covering the alum
article surface, which is in contact with silver (Fig. 4). In

act this layer covers the totality of the�-Al2O3 particles.
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ig. 1. XRD powder patterns corresponding to: (A)�-Al2O3/nAg, (B) �-
l 2O3/nAg and (C)�-Al2O3/nAg. Alumina and silver diffraction peaks ha
een indicated by vertical arrows and dots, respectively.



A. Esteban-Cubillo et al. / Journal of the European Ceramic Society 26 (2006) 1–7 3

300 350 400 450 500 550 600 650 700 750

WAVELENGTH (nm)

stinu knu
M-akeblu

K 

(A)

(B)

(C)

Fig. 2. Experimental (dots) and fitted (continuous lines) absorption spectra
taken by diffuse reflectance measurements of silver nanoparticles dispersed
on: (A) �-Al2O3, (B) �-Al2O3 and (C)�-Al2O3.

The�-Al2O3 is the least crystalline and the most porous
phase of the three phases considered as can be observed in the
X-ray diffractogram (Fig. 1) and by TEM analysis (Fig. 5).
Its specific BET surface area was found to be 151 m2/g, i.e.
about two orders of magnitude higher than that of�-Al2O3
(3 m2/g) and much higher than that of�-Al2O3 (36 m2/g). In
this sample, the silver nanocrystals are difficult to detect due
to their small size. Only a few silver single crystals was found
after several session of HRTEM (Fig. 6).

In the case of�-Al2O3/nAg powder, a large fraction of sil-
ver particles have sizes larger than 20 nm, which correspond
to those, which nucleate and grow outside the alumina parti-
cle surfaces. The smaller silver nanoparticles are located only

Fig. 4. HRTEM micrograph of�-Al2O3/nAg interphase at two different
magnifications.

in specific regions of the�-Al2O3 surfaces, corresponding to
rough regions as seen inFig. 7A and B. It is also worth men-
tioning the complete absence of an amorphous coating on the
spherical�-Al2O3 particles (Fig. 8).

4. Discussion

The mechanism operating at the silver nanoparticles de-
posit can be described as follows: the silver acetate appears
totally dissociated,20 so that silver cations are able to be
chemisorbed through OH− sites on the alumina surface.18,21

During the drying stage, the chemisorbed cations could play
the role of nucleation centres driving the silver growth pro-
cess.

In the case of the�-phase, the alumina particles seem to
be free of any hydrated coating (Fig. 8). On the other hand,
as observed inFig. 7A and B, only few silver nanoparticles
were found attached to�-Al2O3 particles, mainly at surface
regions with facetted interfaces. It is expected18 that those
places have the highest surface energy so that it is likely

opartic
Fig. 3. TEM micrographs corresponding to silver nan
 le on the surface of�-Al2O3 at two different magnifications.
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Fig. 5. TEM micrographs of�-Al2O3/nAg.

Fig. 6. HRTEM micrograph of�-Al2O3/nAg.

Fig. 7. TEM micrographs of�-Al2O3/nAg (A) and silver nano

that silver cations would precipitate there to stabilize those
regions. However, the availability of such nucleation centres
on �-Al2O3 is limited so that a large proportion of coarse
silver particles must grow outside of the�-alumina surface
(Fig. 7A).

As a consequence of the synthesis process,�-Al2O3 par-
ticles appear as poorly crystallized aggregates, with a large
fraction of open porosity (BET = 151 m2/g). In this sense,
we think that silver cations can interact over the large area
of highly active alumina to produce a large number of very
small Ag2O nucleation centres. In fact, this phase presents the
smallest particle size, <5 nm (Fig. 5), of the three Ag/Al2O3
samples considered. Moreover, according to the contrast and
texture of Ag nanoparticles, we believe that most of them lie
inside the pores of the�-Al2O3 particles.

Finally the �-phase is an intermediate case between�
and �. The crystallites are relatively large (approximately
particles attached on a facetted interface of�-Al2O3 (B).
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Fig. 8. HRTEM micrograph of�-Al2O3/nAg.

300 nm) but its surface appears to be coated by a hydroxide
layer (Fig. 4) as a consequence of the processing of powder in
distilled water, as has previously been pointed out.18 In that
sense, we think that the silver precursor tends to precipitate
over this hydroxide layer following a similar mechanism as
in the�-phase.

�-Al2O3/nAg displays a greenish tonality corresponding
to the sharp plasmon effect of silver at 410 nm (Fig. 2). The
dark brown colour of�-Al2O3/nAg is a consequence of the
large maximum observed inFig. 2, while the�-Al2O3/nAg
displays a green-brown colour, in agreement with its large
plasmon half-width maximum. Diffuse reflectance spectra of
Al2O3/nAg (named asR) were used to get quantitative in-
formation about the surface plasmon absorption maximum
and to correlate it with information about size, homogene-
ity and local environment of the silver nanoparticles. For
the sake of convenience, the reflectance spectra were trans-
formed according to the Kulbeka–Munk relationship for ab-
sorbance (A = 2R/(1− R)). In Fig. 2 the spectra of the three
alumina phases with silver nanoparticles are shown. All of
them present strong absorbance maxima corresponding to sil-
ver surface plasmons. In a system of highly diluted spherical
nanoparticles, the surface plasmon condition is verified when
the real part of the dielectric constant of the metal satisfies,

εAg(λ) = −2εm (1)
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Fig. 9. Scheme of the three-phase model: silver–alumina–air. Silver particles
are embedded into a composite matrix made of alumina and air.

Bruggeman model24 can be written as:

(1−f )

(
2(〈ε〉 − εm)

(1− Lm)〈ε〉 + Lmεm
+ (〈ε〉 − εm)

2Lm〈ε〉 + (1− 2Lm)εm

)

+ 9f
〈ε〉 − εAg

2〈ε〉 + εAg
= 0 (2)

where〈ε〉 is the effective dielectric constant;f, silver vol-
ume concentration;εAg and εm, dielectric constant and
Lm, depolarization factor of the matrix particles which be-
comes Lm = 1/3 in the case of spherical particles. This
latter condition corresponds to the original Bruggemann
approximation.24 In this paper we have disregarded the possi-
bility to have a large amount of non-spherical silver nanopar-
ticles due to the fact that the plasmon curves present a sin-
gle maximum and HRTEM does not detects the presence of
oblate or prolate particles (which present two surfaces plas-
mon resonance).4

However, special care has been taken to properly evalu-
ate the effective value of the matrix dielectric constant. Thus,
a three-phase system (air–alumina–silver) (Fig. 9) must be
considered to accurately reproduce the optical spectra of the
corresponding samples. For a sake of simplicity we have de-
termined the effective dielectric constant of the matrix by
the Bruggeeman approximation, which is very similar to that
used to calculate the optical spectrum.

(

b nd
a n
a .
a c-
t f
t ac-
c m
o tallic
s ,
T the
hereεAg and εm are the dielectric constant of silver a
f the matrix, respectively. Thus, for dilute systems, the
orption maximum depends onεm. A more precise evalu
tion of the plasmon absorption, using the quasistatic
roximationr � λ (wherer andλ are the nanoparticle radi
nd the wavelength, respectively) and an effective me
pproximation22 to calculate the dielectric constant of
etal/insulator composite, shows that for increasing m

oncentration, the position of the peak shifts to longer w
engths while the whole peak broadens.23 The effective

edium used, which is a generalization of the well kno
1 − φ)
εm − εalum

2εm + εalum
+ φ

εm − 1

2εm + 1
= 0 (3)

eingεm = 1 andεalum= 3.3 the dielectric constant of air a
lumina, respectively, andφ the local alumina concentratio
round the silver surface. The simultaneous fit of Eqs(2)
nd (3)to experimental spectrum will allow both the effe

ive concentration of silver particles,f, and the porosity o
he matrix (1− φ) to be determined due to the fact that
ording to Eq.(1), the position of the absorption maximu
f the surface plasmon corresponding to embedded me
pheres depends on the dielectric constant of the matrixεm.
his effective matrix dielectric constant is then related to
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local environment of the nanoparticles. In fact, the dielectric
constant of the matrix would be that of alumina at optical
frequencies (εm ∼3.3)25 only in case of silver particles em-
bedded into dense alumina matrices (φ = 1). However, this
is not so, because, in the case of the�-phase of alumina,
some degree of porosity is seen. Moreover, for the dense alu-
mina particles (� and�), the silver nanoparticles precipitate
on the alumina surface, in such a way that one half of the
silver surface has an alumina/silver interface, while the rest
of the nanoparticle is limited by an air/silver interface. This
situation would correspond to a value ofφ = 0.5.

In order to evaluate the effective medium approximation,
optical constant of alumina25 and silver26,27 obtained from
the literature have been used.

In the case of the�-Al2O3 matrix particles, a dielectric
constant ofεm = 1.85 successfully reproduce the experimen-
tal spectra, which approximately corresponds to a mixture
of 50/50 vol.% of air and alumina according to Eq.(3). The
silver filling factor obtained by fitting wasf = 0.025. Those
parameters suggest that all silver nanoparticles precipitated
only on the corundum grain surfaces, so that every single
particle has the same environment, i.e. air along the exterior
region of the particle and alumina in the interior. The fitted
filling factor is 2.5 times larger than that of the nominal value.
However, a similar effect has been previously found in mix-
tures with large differences in the particle size. In fact it has
b ean
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not take into account the high frequency features of the re-
fractive index due to the internal levels electronic transition.
We have labelled this term asεie(ω) and it is expected to show
no appreciably change with particle size for particles large
than 1 nm. The termεie(ω) can be easily estimated as:

εie(ω) = εexp(ω) − ε∞ + ω2
P

ω2 + iωγ0
(5)

whereεexp(ω) corresponds to the experimentally determined
dielectric constant for bulk silver.26 Introducing Eq.(5) into
(4) it can be written as:

ε(ω) = εexp(ω) − ω2
P

[
1

ω2 + iω(γ0 + vF/r)
− 1

ω2 + iωγ0

]

(6)

According to a numerical evaluation of expression(6),
only particles smaller that 7 nm will display appreciable vari-
ations of the dielectric constant for silver. In this sense, we
have found that the best fit was attained when the particle
diameter was 2r = 1.3 nm, the silver concentrationf = 0.01
and the external dielectric constantεm = 2.3 which approxi-
mately corresponds to a surrounding medium composed of
alumina/air with a porosity of 30%. These parameters agree
reasonably well with TEM observations, that is, silver par-
t d
b y the
fi
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F pres-
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i icles
o

een postulated that if small particles, which have a m
adius ofr, appears on the surface of the large particles,
ng a radius ofR, the available volume for them reduces

spherical shell of thicknessr around the spherical surfa
f radiusR.28 It can be stated that the local filling fac

s increased by a factor ofR/(3r). Taking into account tha
he ratio between the�-Al2O3 and the Ag particles (Fig. 3)
s R/r = 10, then a local concentration offlocal = f·10/3 = 0.03

ay be expected, in good agreement with the valuef = 0.025
btained from fitting to optical measurements.

The peak of the surface plasmon of�-Al2O3 is the broad
st one. This broadening may be due to: (i) the large v
f the local volume concentration or (ii) to a modific

ion of the dielectric constant of silver due to the sm
article size.29 We had to disregard the first hypothe
ecause no successful fit was obtained using the d

ric constant of bulk silver. Instead, we should use the
lectric constant deduced by Kreibig’s modification29 of

he Drude theory, in order to reproduce the experime
pectrum.

(ω) = ε∞ + εie(ω) − ω2
P

ω2 + iω(γ0 + vF/r)
(4)

hereω = 2πc/λ, ε∞ = 4, ωP = 1.4× 1016 s−1, is the plasm
requency of silver,γ0 = 1/τs = 2.94× 1013 s−1 is the recipro
al of the collision time, andvF = 1.4× 106 m s−1 is the Ferm
elocity.30 Expression(4) takes into account the modificati
f the mean free path of the electrons due to collisions

he particle surface. However, this free electron model
icles are embedded in porous�-Al2O3 particles. It shoul
e noted that according to the particle size obtained b
t of the optical spectra of silver deposited on�-Al2O3, the
egree of electronic confinement in these silver nanop
les must be very high. In fact, large enhancements o
on-linear susceptibility in this sample31 could be expecte
specially at the region of the spectrum around the su
lasmon resonance.

The spectrum of silver nanoparticles on�-Al2O3 powder
as not fitted to the expression(2) because of the wide si
istribution observed by TEM, which prevents us from us

he low wavelength approximation. In fact, the absenc
he 370 nm shoulder, present in the�- and�-Al2O3 samples
ay be related to Mie scattering from some of the large

ilver particles, which can blur the spectrum.

. Conclusions

Silver monodispersed nanoparticles supported on�- and
-Al2O3 have been obtained by a simple low cost

oidal route. Silver nanoparticle size <5 nm for�-alumina
0–20 nm for�-alumina and >20 nm for�-alumina phas
ere obtained. On the basis of HRTEM studies, a mecha
f nucleation and growth of the silver nanoparticles acc

ng to the nature of the alumina surface have been prop
inally, optical spectra on these samples revealed the
nce of a silver nanoparticle surface plasmon, which sup

nformation about the dispersion of the silver nanopart
n the different alumina powders.
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8. Ung, T., Liz-Marźan, L. M. and Mulvaney, P., Gold nanoparticle t
films. Colloids Surf. A, 2002,202, 119–126.

9. Chumanov, G., Sokolov, K., Gregory, B. W. and Cotton, T. M., C
loidal metal films as a substrate for surface-enhaced spectroscoJ.
Phys. Chem., 1995,99, 9466–9471.

0. Freeman, G. R., Grabar, K. C., Allison, K. J., Bright, R. M., Davi
A., Guthrie, A. P.et al., Self-assembled metal colloid monolayers—
approach to sers substrates.Science, 1995,267, 1629–1632.
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