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Abstract

Silver monodispersed nanopaticles supportedxvoandm-Al,Oz; have been obtained by a colloidal processing route. Precursor (silver
acetate) was transformed into Ag metallic nanoparticles deposited & pbwder 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 revealec
the 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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1. Introduction must be isolated, coatédr “frozen” in a matrix, before being
characterized or measured.

Nanoscience and nanotechnology are two disciplines, A similar mechanism has been used since historical times
evolving at present from an experimental state to industrial to produce coloured glasses by dispersing very small metallic
production. However, up to now, the preparation of large particles intoa melted glass and quenching it afterwafdise
quantities of heterogeneous materials containing monodis-presence of the colour is a consequence of surface plasmon
perse nanoparticles is becoming one of the bottlenecksresonances in these nanoparticles. These excitations can be
that hinders the development of commercial devices. In described as charge oscillations due to a large enhancement
that sense, many references can be found in the litera-of the local electric field inside the metallic particles. This
ture describing nanoparticles preparation methods which |arge local electric field is also responsible for the anoma-
only remain monodispersed and non-aglomerated in liquid |ous large non-linear component of the optical refractive in-
suspensiors* (colloids) or embedded in rigid matricé8.  dex of composites of Au, Cu or Ag nanoparticles embedded
Moreover, itis quite common, that nanoparticles, due to their into a ceramic matrix. In that sense, a large increasg df
large surface energy, induce aggregation processes, specialljhe non-linear dielectric susceptibilfyhas been reported

when they appear as a powdered single-phase, for examplefor composites prepared by several epitaxial preparation
after drying a colloidal suspension. In the case that the indi- procedures.

vidual character of the nanoparticles is a crucial characteristic ~ Additionally, surface plasmons present in insulator-metal
for the application (optical applications), colloidal methods nanostructured materials are responsible for the so-called
cannot be employed straightforwardly. In fact, nanoparticles surface-enhanced Raman spectroscopy (SERSREnd
surface-enhanced infrared absorption (SEIRAnd offer

the possibility to be applied in microelectrontésand stor-

* Corresponding author. Tel.: +34 913349000; fax: +34 913720623. .
age of optic data.

E-mail address: jsmoya@icmm.csic.es (J.S. Moya).

0955-2219/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2004.10.029



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

In this work, we have investigate the possibility to prepare suspension in a Cary 500 Spectrometer fitted with a diffuse
a large quantity of metallic nanoparticles supported on di- reflectance cell. Conversion from diffuse reflectance to ab-
electric matrices in order to be able to handle them avoiding sorbance units were done by the well know Kulbeka—Munk
agglomeration processes and possible health problems. Reexpressiort®
cently, Oberdrster et alt3 have reported the possible harm-
ful character of nanoparticles <100 nm in size. One of the
advantages of the proposed route is that the nanoparticle. Results
are attached to micron-sized or submicron-sized inert (ce-
ramic) particles. Once the powder bearing nanoparticles is  The X-ray diffraction patterns corresponding to the alu-
prepared, it may be dispersed into transparent matrices (tak-mina/nAg are shown iffig. 1. As can be observed, metallic
ing into account that their refractive index must be similar silver Bragg reflexions appear on the three diffractograms
to that of the powder particles) to be used for optical ap- considered. It is worth mentioning that the broader Ag
plications. In this paper, we have focused the influence of diffraction peak is the one correspondingeAl,Os/nAg
the alumina phase on size, morphology and dispersion of (Fig. 1B). This fact indicates that in this particular sample
the silver nanoparticles. It should be noted, that the alu- the silver nanoparticles have the smallest average crystallite
mina/silver system has been widely studied for catalytic sjze.
applications, specifically in the reaction of epoxidation of The optical spectra of the samples were measured by dif-
ethylene through silver-catalyz&tf°and the hydrogenation  fuse reflectance from 300 to 750 nfid. 2). It is well known
of aromatic compound®1’ However, to our knowledge,  that silver nanoparticles display a surface plasmon around
there is no systematic description in the literature about the 400 nm. However, the precise position and shape of the band
nanoparticle morphology, which is a crucial issue in order to depends on the environment of the nanoparticles. &he
employ this kind of material in emerging technologies. Al,03/nAg sample shows a maximum and a shoulder at 404
and 368 nm, respectively. In the caserpAl,03/nAg, the
maximum is much wider. Finally, th&Al,Os/nAg sample

2. Experimental procedure presents a maximum centered at 400 nm but no evidence of
the shoulder was found.

Silver metallic nanoparticles supported on alumina were  The morphology of the samples was studied by HRTEM.
obtained by a colloidal processing route, starting from silver As can be observed iRig. 3, silver nanocrystals (10—20 nm
acetate (Aldrich) and different alumina submicron-size pow- diameter) sit on the surface of theAl ,03 particles. A close
ders:a-Al203 (AA04 Sumitomo, Japan)-Al203 (Sumit- view of the silver alumina interface reveals a thin amorphous
omo, Japan) obtained by dehydroxilation of the oxhydroxide phase {4 nm thickness) completely covering the alumina
precursor (bayerité§ ands-Al 03 (Teclink, Germany) pro-  particle surface, which is in contact with silveFig. 4). In
duced by a high-temperature plasma spraying as precursorstact this layer covers the totality of the Al ;03 particles.

The Brunauer—-Emmet-Teller (BET) specific surface area
of the different aluminas was determined using FlowSorb I
2300 equipment.

The nanoparticles were deposited on alumina powders by
mixing a silver acetate solution (3 M) with a suspension of
alumina powder, so that the final relative silver concentra-
tion on alumina was 1vol.%. The resulting suspension was
heated at 70C with constant magnetic agitation to homoge-
nize it, and subsequently dried at 1ZDin a stove for 24 h to
eliminate the solvent. As a result, silver oxide (I) nanoparti-
cles deposited on alumina particles were obtained. Once dry,
the powder was reduced in a 90%Ar/10%#&tmosphere at
350°C for 2 h to obtain finally coloured powders.

The resulting powders were analyzed by X-ray diffrac-
tion (Bruker AXS Mod. D8 Advance with Cu K radia-
tion). The silver particle size and the morphological aspects
of the different powders were studied by transmission elec-
tron microscopy using a JEOL FXII, JEM 2000 both oper- - : i i e
ating at 200 keV and a JEOL ARM HRTEM operating up to 10 20 30 40 50 60 70
1250 keV. 200

Fina_lly, the surface plasmon thhe silver nanoparticles was Fig. 1. XRD powder patterns corresponding to: g&Al,0s/nAg, (B) -
determined by measuring the diffuse reflectance of pure KBr aj,0,/nAg and (Cjp-Al,05/nAg. Alumina and silver diffraction peaks have
pressed pellets painted with an acetane-, 3-alumina/nAg been indicated by vertical arrows and dots, respectively.
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Fig. 4. HRTEM micrograph ofv-Al,O3/nAg interphase at two different
magnifications.

in specific regions of th&-Al 03 surfaces, corresponding to
300 350 400 450 500 550 600 650 700 750 rough regions as seenfiig. 7A and B. It is also worth men-
tioning the complete absence of an amorphous coating on the
sphericab-Al 03 particles Fig. 8).

WAVELENGTH (nm)

Fig. 2. Experimental (dots) and fitted (continuous lines) absorption spectra
taken by diffuse reflectance measurements of silver nanoparticles dispersed
on: (A) a-Al,03, (B) 1-Al,03 and (C)8-Al 0. 4. Discussion

Them-Al,03 is the least crystalline and the most porous The mechanism operating at the silver nanoparticles de-
phase of the three phases considered as can be observed in thmsit can be described as follows: the silver acetate appears
X-ray diffractogram Fig. 1) and by TEM analysisHig. 5). totally dissociated? so that silver cations are able to be
Its specific BET surface area was found to be 15igni.e. chemisorbed through OHsites on the alumina surfaég?!
about two orders of magnitude higher than thatefl .03 During the drying stage, the chemisorbed cations could play
(3 m?/g) and much higher than that &Al ,03 (36 n?/g). In the role of nucleation centres driving the silver growth pro-
this sample, the silver nanocrystals are difficult to detect due cess.
to their small size. Only a few silver single crystalswas found  In the case of th@-phase, the alumina particles seem to
after several session of HRTENi(. 6). be free of any hydrated coatingi¢. 8). On the other hand,

In the case 08-Al,03/nAg powder, a large fraction of sil-  as observed ifrig. 7A and B, only few silver nanoparticles
ver particles have sizes larger than 20 nm, which correspondwere found attached #®-Al,O3 particles, mainly at surface
to those, which nucleate and grow outside the alumina parti- regions with facetted interfaces. It is expecdfethat those
cle surfaces. The smaller silver nanoparticles are located onlyplaces have the highest surface energy so that it is likely

Ag 20nm Ag

Fig. 3. TEM micrographs corresponding to silver nanoparticle on the surfacé\bfO3 at two different magnifications.
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Fig. 5. TEM micrographs of|-Al,03/nAg.

that silver cations would precipitate there to stabilize those
regions. However, the availability of such nucleation centres
on 8-Al,03 is limited so that a large proportion of coarse
silver particles must grow outside of tlealumina surface
(Fig. 7A).

As a consequence of the synthesis procgsil O3 par-
ticles appear as poorly crystallized aggregates, with a large
fraction of open porosity (BET =151%y). 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 AgO nucleation centres. Infact, this phase presents the
smallest particle size, <5 nrkiQ. 5, of the three Ag/AIO3
samples considered. Moreover, according to the contrast and
texture of Ag nanoparticles, we believe that most of them lie
inside the pores of thg-Al,O3 particles.

Finally the a-phase is an intermediate case between
and 3. The crystallites are relatively large (approximately

Fig. 6. HRTEM micrograph of;-Al,03/nAg.

Fig. 7. TEM micrographs 08-Al,03/nAg (A) and silver nanoparticles attached on a facetted interfadeAd$O3 (B).
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| \ \ . \ Fig.9. Scheme ofthe three-phase model: silver—alumina-—air. Silver particles
o200 O y are embedded into a composite matrix made of alumina and air.

Fig. 8. HRTEM micrograph 08-Al ,03/nAg.

Bruggeman modéf can be written as:

300 nm) but its surface appears to be coated by a hydroxide(1 n ( 2((e) — &m) N (&) — &m) )
layer (ig. 4) as a consequence of the processing of powder in {4+ —
distilled water, as has previously been pointed’§un that (1= Lm)(e) + Lmem  2Lm{e) + (1= 2Lm)em
sense, we think that the silver precursor tends to precipitate (e) — eag _ )
over this hydroxide layer following a similar mechanism as 2(e) + eag
in them-phase.

a-Al203/nAg displays a greenish tonality corresponding
to the sharp plasmon effect of silver at 410 rag( 2). The
dark brown colour ofn-Al>,03/nAg is a consequence of the
large maximum observed fRig. 2, while thed-Al>,03/nAg
displays a green-brown colour, in agreement with its large
plasmon half-width maximum. Diffuse reflectance spectra of
Al>03/nAg (named aR) were used to get quantitative in-

where (¢) is the effective dielectric constarny; silver vol-
ume concentrationgag and ey, dielectric constant and
L, depolarization factor of the matrix particles which be-
comesL,,=1/3 in the case of spherical particles. This
latter condition corresponds to the original Bruggemann
approximatior?? In this paper we have disregarded the possi-
bility to have a large amount of non-spherical silver nanopar-
formation about the surface plasmon absorption maximum ticles dqe to the fact that the plasmon curves present a sin-
gle maximum and HRTEM does not detects the presence of

ﬁnda;% ﬁggs:aéﬁv'itrxmﬂogfnfﬁfZiﬁ,t;?urfasr'\ie'a?ggeosge:; oblate or prolate particles (which present two surfaces plas-
y P : mon resonance).

the sake of convenience, the reflectance spectra were trans- .
' P However, special care has been taken to properly evalu-

Lﬂgzgcaefgrg;gglm ;h)()e IT;IIE_e kaz—tl\rfl:r;k ;i?;oorf‘t?]g :r?rre?ab- ate the effective value of the matrix dielectric constant. Thus,
N L '9. P a three-phase system (air—alumina—silvéiig( 9 must be

?Azmln':16222?;?;#“2522%;&”:&22:%Zscg:ree:hng(;]ihAl[locgiI considered to accurately reproduce the optical spectra of the
P 9 ) esp g corresponding samples. For a sake of simplicity we have de-
ver surface plasmons. In a system of highly diluted spherical

; L - termined the effective dielectric constant of the matrix by
nanoparticles, the surface plasmon condition is verified when - o o
the real part of the dielectric constant of the metal satisfies the Bruggeeman approximation, which is very similar to that
P ' used to calculate the optical spectrum.
eag(h) = —2em 1) 1—¢) &m — €alum I em—1

wheresag and em, are the dielectric constant of silver and 26m+ gaum Z2em +1
of the matrix, respectively. Thus, for dilute systems, the ab- beingem =1 andeaym= 3.3 the dielectric constant of air and
sorption maximum depends om,. A more precise evalu-  alumina, respectively, angithe local alumina concentration
ation of the plasmon absorption, using the quasistatic ap-around the silver surface. The simultaneous fit of Eg}.
proximationr < A (wherer anda are the nanoparticle radius  and (3)to experimental spectrum will allow both the effec-
and the wavelength, respectively) and an effective medium tive concentration of silver particles, and the porosity of
approximatioR? to calculate the dielectric constant of the the matrix (1— ¢) to be determined due to the fact that ac-
metal/insulator composite, shows that for increasing metal cording to Eq(1), the position of the absorption maximum
concentration, the position of the peak shifts to longer wave- of the surface plasmon corresponding to embedded metallic
lengths while the whole peak broadedsThe effective spheres depends on the dielectric constant of the maffix,
medium used, which is a generalization of the well known This effective matrix dielectric constant is then related to the

0 3)
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local environment of the nanoparticles. In fact, the dielectric not take into account the high frequency features of the re-
constant of the matrix would be that of alumina at optical fractive index due to the internal levels electronic transition.
frequenciesgm ~3.3¥° only in case of silver particles em-  We have labelled this term ag(w) and it is expected to show
bedded into dense alumina matricgs=(1). However, this no appreciably change with particle size for particles large
is not so, because, in the case of tghase of alumina, than 1 nm. The termie(w) can be easily estimated as:
some degree of porosity is seen. Moreover, for the dense alu-
mina particles¢ andd), 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 valueg@£ 0.5.

In order to evaluate the effective medium approximatio

2
“p
. — _ 5
gie(w) 8exp(w) €00 T w2 T Yo )
wheresexp(w) corresponds to the experimentally determined
dielectric constant for bulk silvé€ Introducing Eq(5) into
n (4) it can be written as:

optical constant of alumirfa and silvef®27 obtained from 1 1
the literature have been used. £(w) = eexpl®) — W | —— -

In the case of the-Al,O3 matrix particles, a dielectric @ +iolo+ve/r) o +ioy
constant ok, = 1.85 successfully reproduce the experimen- (6)
tal spectra, which approximately corresponds to a mixture ) ) _ ]
of 50/50 vol.% of air and alumina according to E8). The According to a numerical evaluation of expressi@),

silver filling factor obtained by fitting wag= 0.025. Those only particles smaller that 7 nm will display appreciable vari-

parameters suggest that all silver nanoparticles precipitatec@tions of the dielectric constant for silver. In this sense, we
only on the corundum grain surfaces, so that every single have found that the best fit was attained when the particle

particle has the same environment, i.e. air along the exteriordiameter was 2=1.3nm, the silver concentratigf0.01
region of the particle and alumina in the interior. The fitted @nd the external dielectric constami=2.3 which approxi-
filling factor is 2.5 times larger than that of the nominal value. Mately corresponds to a surrounding medium composed of
However, a similar effect has been previously found in mix- &lumina/air with a porosity of 30%. These parameters agree
tures with large differences in the particle size. In fact it has réasonably well with TEM observations, that is, silver par-
been postulated that if small particles, which have a meanticles are embedded in porowsAl20s particles. It should
radius ofr, appears on the surface of the large particles, hav- P& noted that according to the particle size obtained by the
ing a radius ofR, the available volume for them reduces to fit Of the optical spectra of silver deposited 9/l 203, the
a spherical shell of thicknessaround the spherical surface degree of electromc_ confinement in these silver nanoparti-
of radiusR.28 It can be stated that the local filling factor ~Cles must be very high. In fact, large enhancements of the
is increased by a factor @#/(3r). Taking into account that non-linear susceptibility in this sampfecould be expected

the ratio between the-Al,03 and the Ag particlesHig. 3) especially at the region of the spectrum around the surface

is R/r=10, then a local concentration fifeai=7-10/3=0.03 plasmon resonance. _

may be expected, in good agreement with the v£#@.025 The spectrum of silver nanoparticles &#l .03 powder

obtained from fitting to optical measurements. was not fitted to the expressi@p) because of the wide size
The peak of the surface plasmompfl,0s is the broad- distribution observed by TEM, which prevents us from using

est one. This broadening may be due to: (i) the large value the low wavelength approximation. In fact, the absence of
of the local volume concentration or (ii) to a modifica- the 370nm shoulder, present in #teandn-Al O3 samples,
tion of the dielectric constant of silver due to the small May be related to Mie scattering from some of the large free
particle size?® We had to disregard the first hypothesis Silver particles, which can blur the spectrum.

because no successful fit was obtained using the dielec-

tric constant of bulk silver. Instead, we should use the di-

electric constant deduced by Kreibig’'s modificaé®rof 5. Conclusions
the Drude theory, in order to reproduce the experimental
spectrum. Silver monodispersed nanoparticles supported-oand
n-Al2,03 have been obtained by a simple low cost col-
wl% loidal route. Silver nanoparticle size <5nm fgralumina,
£(0) = 00 + i) — — ¥ io(o + ve/7) ) 10-20 nm fore-alumina and >20nm foB-alumina phase

were obtained. On the basis of HRTEM studies, a mechanism
wherew = 2rc/A, oo =4, wp=1.4x 106571, is the plasma  Of nucleation and growth of the silver nanoparticles accord-
frequency of silveryg = 1/ts=2.94x 103 s Lis the recipro- ing to the nature of the alumina surface have been proposed.
cal ofthe collisiontime, ande = 1.4x 10°mstistheFermi  Finally, optical spectra on these samples revealed the pres-
velocity3° Expressiorf4) takes into account the modification ~ence of a silver nanoparticle surface plasmon, which supplies
of the mean free path of the electrons due to collisions with information about the dispersion of the silver nanoparticles
the particle surface. However, this free electron model does0n the different alumina powders.
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