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Abstract

In this review, some aspects of the Project: “Nanostructured Materials” developed at
CINSO-CONICET-CITEFA from more than ten years ago are considered. At first, nanomaterials
are defined and references if their amazing properties are reported. Afterwards, different synthetic
methods are mentioned, particularly, the synthesis of ionic conducting and semiconductor
nanoceramics and techniques used for their characterization are reported. With regards to the study
of the nanostructured materials properties, two interesting subjects were selected: the retention
of metastable phases and the enhancement of the ionic conductivity related to the crystallite size
decrease in nanoceramics. Finally, among the varied applications of nanostructured materials, two
original developments are described: the application of nanosemiconductors in gas sensors and that
of nanoceramics to build fuel cells of the type IT-SOFC (Solid Oxide Fuell Cells).

Key words: Nanostructured materials, synthesis, characterization, applications, gas sen-
sors, fuel cells.

Resumen

Materiales nanoestructurados. En este trabajo de revision se tratan algunos aspectos
del proyecto de “Materiales Nanoestructurados” que se desarrolla en el CINSO-CONICET-CITEFA
desde hace més de una década. En primer lugar, se definen los nanomateriales y se comentan
algunas razones de sus sorprendentes propiedades. Luego, se mencionan diferentes métodos de
sintesis, particularmente la sintesis de nanoceramicos de conduccién iénica y de semiconductores
y las técnicas empleadas para su caracterizacién. En cuanto a los estudios de las propiedades de
los materiales nanoestructurados se han seleccionado dos temas de interés: la retencién de fases
metaestables y el aumento de la conductividad iénica en relacién con la disminucién del tamarno de
cristalita de los nanoceramicos. Finalmente, se describen dos aplicaciones de esos materiales que
han generado sendos desarrollos originales: la aplicacién de nanosemiconductores en sensores de
gases y la de nanoceramicos en la construccion de celdas de combustible de tipo IT-SOFC (Solid
Oxide Fuell Cells).

Palabras clave: Materiales nanoestructurados, sintesis, caracterizacién, aplicaciones,
sensores de gases, celdas de combustible.

1. Introduction

Nanomaterials are systems containing
particles with one dimension in the nanometer
(10° meter) regime. Nanotechnology deals with
materials or structures in nanometer scales and
it is defined as the design, fabrication and appli-
cation of nanostructures or nanomaterials and

the fundamental understanding of the relation-
ships between physical properties or phenomena
and material dimensions. Micro-electromechani-
cal systems (MEMS) and lab-on-a chip are also
considered as nanotechnology [1]. There are
many definitions used by people working in
nanotechnology, to define the field and these defi-
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nitions are true to certain specific field-areas, but
none of them covers the full spectrum of
nanotechnology. This fact reflects that it only
covers a broad spectrum of research field, requir-
ing true interdisciplinary and multidisciplinary
efforts. Currently there is intense interest of bi-
ologists, chemists, physicists and engineers in the
application of these materials and the so-called
nanotechnology is sometimes referred as “the
next industrial revolution” [1]. The reason for the
interest is the unusual properties, very often with
useful applications, exhibited by these materials
when compared to their bulk counterparts [2-6].
Only very few examples will be considered here:
among the physical properties distinctively differ-
ent from that of bulk, it is possible to mention
that ecrystals in the nanometer scale have a low
melting point (temperature differences as large as
1000 °C), sintering at lower temperatures and
reduced lattice constants, metastable phases in
nanoceramics systems can be retained at lower
temperature, ferroelectrics and ferromagnetics
may lose ferroelectricity or ferromagnetism when
the materials are shrunk to the nanometer scale,
bulk semiconductors become isolators when their
characteristic dimension is sufficiently small.

In nanostructured systems, the origin of
the unusual properties lies in two facts: I) the
dimension of the particles is similar or even
smaller than the critical length for certain phe-
nomena, like the de Broglie wavelenght for the
electron, the distance required to form a Frank-
Reed dislocation loop, the thickness of a space-
charge layer, the mean free path of electrons, the
maximum size of a magnetic domain, ete.; II) sur-
face effects dominate the thermodynamics and
energetics of the particles like crystal structure,
reactivity, surface morphology, etc. The first of
these facts leads, for ex., to special electric prop-
erties in nanostructured ionic materials and in
nanosemiconductors to special electrical, mag-
netic and optical properties and the possibility of
quantum dots devices. The second factor can lead
to nanocrystals adopting different morphologies
with regards to bulk crystals with different ex-
posed lattice planes leading to an astonishing sur-
face chemistry [7, 8] and catalytic activity [9, 10].

The objectives of this article are to intro-
duce the sequential steps of the Nanostructured
Materials Project at CINSO-CITEFA-CONICET.
At first, the synthesis and characterization of
nanostructured materials is described in the Ex-
perimental Methodology paragraphs. These
items will be focused, in general, on the usual
synthesis and characterization methods of
nanomaterials and, particularly, they will refer to
nanrostructured inorganic solids, mainly ionics

and semiconductors, synthesised, characterized
and applied at CINSO from 1992. In Research
paragraphs, results on synthesis and characteri-
zation of these nanomaterials will be discussed
and two particular research subjects on: Metas-
table Phases Retention and Anomalous Diffusion
in Nanostructured Electrolytes will be consid-
ered, analysing the properties useful for later
applications in gas sensors and fuel cells. In the
Applications paragraph only two types of de-
vices (gas sensors and fuel cells) will be described
because of the actual advancement degree of
these developments. The reasons and advantages
of choosing nanestructured materials for their
building will be discussed.

2. Experimental methodology

2.1. Synthests of Nanostructured Materials

Synthesised nanoceramic materials at
CINSO include solid ionics for electrolytes and
electrode materials (mainly nanostructures:
perovskites nanotubes and mesoporous materials)
to be used in solid oxide fuel-cells and semicon-
ductors for gas sensors and optoelectronic de-
vices.

Only few of the numerous techniques
[11-13] to synthesize nanopowders of ceramic
materials will be considered here, classifying
them by the preparation process:

- Synthesis: starting from a gaseous
phase [14-16] includes plasma, laser-ablation,
spray-pyrolisis and electro-explosion, being the
most used the RF or CC plasma technique. It is
possible to synthesise a wide variety of nanoma-
terials and, as temperatures of processes are con-
siderably high, not only ceramics can be prepared
but also refractory materials. Even though, the
laser-ablation enables to obtain practically any
nanomaterial, as this technique is a mixture of
physical erosion and evaporation, it results very
slow and, consequently, it is mainly confined to
research work. The gel-combustion technique,
which can be classified inside the same process
type was intensively used at CINSO to synthesise
nanoceramics [17-18] and nanosemiconductors
[19, 21]. This method is based on the gel forma-
tion and later combustion of nitrates of the cho-
sen metals with an organic fuel (glycine, urea,
lysine, citric acid, ete.) [22, 23]. The combustion
process is due to the exothermic redox reaction
among the oxidizing ions and the reducing fuel.
The vigorous gases liberation disintegrates the
gel precursor, which nanoparticles size mainly
depends on the reaction velocity. Polymerization
complex methods are also used, being among
them the liquid method which results similar to
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that of gel-combustion with citric acid as fuel.
Amorphous citrates are formed but, it is necessary
in this case, to add ethylenglycol to the nitrates
and citrates mixture. This causes a polymerization
process enabling to get an homogeneous gel and
due to the resulting polymeric network, it is pos-
sible to avoid the segregation precipitation or the
evaporation of some cations of interest.

- Abrasion and milling (mechanical proc-
esses) are the oldest techniques [24]. They are
based on the milling of coarse powders to obtain
very fine particles (balls and planetary-rotation
milling). These techniques enable to mill metals
or inorganic materials, being obviously not use-
ful for organic materials.

- Processes via humid chemistry include
the colloidal chemistry, the hydrothermal meth-
ods, sol-gel and other precipitation techniques
[24]. They consist in mixing solutions of differ-
ent ions in adequate proportions controlling some
parameters like solubility and temperature to
precipitate insoluble compounds, which are fil-
tered and dried to produce a powder (the process
is completed getting fine powders by milling). The
sol-gel technique is particularly investigated be-
cause it enables to prepare very fine powders with
a low agglomerating degree though, it is usually
necessary to start from expensive raw materials
and its application results difficult compared with
other humid via techniques. It is based on the
hydrolysis of an alcoholic solution of a metal
alcoxyde which oxyde has to be prepared, result-
ing a gel by concentration of the hydrolized solu-
tion. The gel is finally dried and calcined [25, 26].

- The in-situ synthesis methods [24] in-
clude the lithography, the physical or chemical
deposition from a vapor phase and the spray coat-
ing [27]. The particles are obtained by the depos-
its scraping. These methods are not frequently
used for nanocompounds production since they
are not too efficient due to the inhomogeneous
particles size.

The few considered methods refer to the
synthesis of nanopowders but, to get nanoma-
terials with special forms: nanospheres, nanotu-
bes, nanorods, nanowires, nanobelts, etc., there
are a lot of techniques to get them according to
their specific applications. Some of these tech-
niques will be mentioned in other paragraphs of
this article.

2.2. Characterization Techniques for
Nanostructured Materials

Among the physical characterization
measurements the defermination of particle size
of a material is usually the first step in any in-
vestigation of a nanocrystalline sample. There are
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generally three approaches that can be employed:
X-ray diffraction (XRD), measurement of the sur-
face by BET gas adsorption and electron micros-
copy. XRD is a very important experimental tech-
nique that has long been used to determine the
crystal structure of solids, including lattice con-
stants and geometry, identification of unknown
materials, orientation of single crystals, preferred
orientation of polycrystals, defects, stresses, etc.
Diffraction peaks positions are accurately meas-
ured with XRD, which makes it the best method
to characterize homogeneous and inhomogeneous
strains [28]. In nanomaterials, the peak broaden-
ing as the particle size decreases is a well known
phenomenon [29] and can be used to determine
the particle size, s, by the Scherrer equation:

s= kA/BcosH (1)

where k is a constant (usually taken as 0.9), A is
the wavelength of the X-ray beam, f is the full
width at half maximum height (FWHM) of a
given peak (after removal of the instrumental
broadening) and 6 is the diffracted angle of the
peak. Eq. (1) represents the simplest treatment
of peak broadening and it can be extended to in-
clude the effect of strain broadening of the peaks
[30]. Clearly, this method will only yield an av-
erage particle size and will not provide informa-
tion on the dispersion of the size or the extent of
agglomeration of the grains. One of the disadvan-
tages of XRD compared to electron or neutron
diffraction is the low intensity of diffracted X-
rays, particularly for low-Z materials. It is possi-
ble too to use synchrotron radiation diffraction
methods, thus avoiding problems related to low
intensity of diffracted rays.

SAXS (Small Angle X-ray Scattering) is
another powerful tool to characterize nanos-
tructured materials. Strong diffraction peaks re-
sult from constructive X-rays interference scat-
tered from ordered arrays of atoms. A lot of in-
formation can be obtained from the angular dis-
tribution of scattered intensity at low angles.
Fluctuations in the electron density or in compo-
sition (or both) not necessarily periodic, over
lengths of about 10nm or larger can be sufficient
to produce appreciable scattered X-ray intensities
at angles is 20 < 5°[31]. The amount and angu-
lar distribution of scattered intensity provides in-
formation, such as the size of very small particles
or their surface area per unit volume, regardless
of weather the sample or particles are crystalline
or amorphous.

Gas absorption measurements are usu-
ally performed with nitrogen or an inert gas and
cooling the sample (-196 °C). The surface area, A,
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is determined using the classical Brunauer-
Emmett-Teller (BET) approach [32]. The parti-
cle size, s from these measurements is given
by [33]:

BET?

Sger= 6/pA (2)

where: p is the density. The factor 6 applies for
spherical and cubic particles.

Transmission electron microscopy (TEM),
particularly the high resolution HRTEM, is essen-
tially the ideal method of determining the parti-
cle size, however, sample preparation can present
difficulties. Provided a large number of grains in
the sample are observed, the size dispersion and
degree of agglomeration can be measured. The
high magnification or resolution of TEM is a re-
sult of the small effective electron wavelengths,
A, which is given by the de Broglie relationship:

A =h/Y 2mqV 3)

where: m and q are the electron mass and charge,
h is the Planck s constant and V is the potential
difference through which electrons are acceler-
ated in the microscope (Fig. 1a and 1b).

The Scanning Electron Microscopy
(SEM) is a widely used technique to characterize
nanostructured materials. The resolution of a
modern SEM approaches a few nanometers and
the instruments can operate at magnifications
that are easily adjusted from ~10 to 300,000x.
Not only does the SEM produce topographical
information but chemical composition near the
surface by the electron microprobe.

The determination of microstructure is
the most important knowledge related to the
properties of nanocrystalline materials. Simple
geometric considerations lead to the conclusion
that a large fraction of atoms are in the surface
of a nanocrystalline sample but it is important to
analyse the nature of the surface in terms of the
level of atomic order and the structure of grain
boundaries. There are two different types of in-
terfaces (or grain boundaries) which have been
assumed in nanomaterials. One extreme is that
there is an extensive disorder in the interface
(several atoms in width). The interfaces, with a
high defects density, could be considered as “gas-
like” or “liquid-like” regions. The enhancement
of diffusion in nanoestructured materials (that
will after be widely discussed in this article) was
at first explained accepting such an image of the
interface. The alternative view is that the inter-
face is similar to a grain boundary in normal bulk
materials. In this case, the interfaces would ex-
hibit the usual behaviour, although they would be
presenting unusually large number of defects.

Fig. 1a and 1b. HRTEM images of nanostructured
SnO, (after [34]).

Unfortunately, HRTEM studies are relatively
sparse and other structural techniques have had
to be used to investigate the nanostructure, such
as: electron diffraction [35], positron annihilation
spectroscopy [36] and Extended X-ray Absorption
Fine Structure (EXAFS) measurements [37, 38].
EXAFS are the oscillations in the X-ray absorp-
tion (a plot of absorption coefficient m versus the
incident photon energy) occurring beyond the
absorption edge for the emission of a core (K or
L shell) electron [39]. The oscillations arise from
the emitted photoelectron wave being backs-
cattered and interfering with the outgoing wave.
There will be constructive interference if the two
waves are in phase (with lower final state energy
and a higher probability for absorption) and de-
structive interference if the waves are out of
phase (with higher final state energy and a lower
probability for absorption). Thus, as the incident
photon energy increases so does the energy of the
emitted photoelectron with subsequent changes
on its wavelength. Since the distance between the
target atom and its neighbours is fixed there will
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be shifts in and out of phase and, consequently,
the observation of EXAF'S oscillations. The oscil-
lations intensity depends on the type and number
of neighbours giving rise to the backscattering
and an EXAFS Debye-Waller factor (an uncer-
tainty in the distance between target and scatter-
ing atoms). EXAFS does not rely on long-range
order and is sensitive to the local environment of
the target atom out of 5 A. The Fourier transform
of the EXAFS yields a partial radial distribution
function in real space with peak areas propor-
tional to average coordination numbers and the
Debye-Waller factors. For nanocrystalline sam-
ples, the EXAF'S signal could be attenuated for
two reasons: I) the particle is so small that the
average coordination numbers for the neighbour-
ing shells is reduced or II) there is sufficient dis-
order in the sample (for ex., at the interfaces) so
that the Debye-Waller factors are increased. For
I) to be operative the particle size has to be very
small, typically < 5nm. Chemical characterization
techniques are the spectroscopies which are usu-
ally employed for microcrystalline as well as for
nanocrystalline materials and they will be only
mentioned in this article. The optical spec-
troscopy is commonly categorized into two
groups: absorption/emission spectroscopy and vi-
brational spectroscopy. The former determines
the electronic structures of atoms, ions, molecules
or crystals through the exciting of electrons from
the ground to excited states (absorption) and re-
laxing from the excited to ground states (emis-
sion). Optical spectroscopy includes absorption
and photoluminescence (PL) techniques. Vibra-
tional spectroscopy provides the information of
chemical bonds in the detecting samples and it
includes Infrared and Raman spectroscopies.
Electron spectroscopy includes the methodology
of Energy Dispersive X-Ray Spectroscopy (EDS),
Auger Electron Spectroscopy (AES) and X-Ray
Photoelectron Spectroscopy (XPS) and the Ionic
Spectrometry considers the Rutherford Backs-
cattering Spectrometry (RBS) and the Secondary
Ton Mass Spectrometry (SIMS).

3. Research on nanostructured
materials at CINSO

3.1. Synthesis Results of
Nanostructured Materials

In the first PhD thesis on nanocrys-
talline materials performed in our country in the
nineties [22] the study of phenomena produced at
the triple interface [nanocrystalline Sn0O,/
nanocrystalline ion-conducting oxide/gas] was
performed. In the Applications Item of this ar-
ticle, it will be described the gas sensor (detect-
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ing ppm of CO) resulting from this research. The
study considered the pherromena produced at the
[Y-TZP/SnO,] interface in contact with a reduc-
ing gas (CO), being the Y-TZP: Yttria-stabilized
Tetragonal Zirconia Polycrystal with ZrO,-2.8
mol% Y,0, composition, operating at lower tem-
peratures in comparison with the cubic FSZ
(Fully Stabilized Zirconia) stable at 800-1200 °C.
The retention of this metastable tetragonal phase
was possible because it was a nanocrystalline ma-
terial as it will be described below. Both materi-
als Y-TZP [17-18, 22-23, 40-44] and SnO, [19-21,
34, 45-48] were synthesised by the gel-combustion
method.

The gel combustion method is based on
the formation of an initial gel by thermal concen-
tration of an aqueous solution of nitrates of the
desired cations, followed by a combustion proc-
ess. The reaction between the nitrate ions and the
organic fuel is strongly exothermic. The large
volume of gases produced during the combustion
disintegrates the precursor gel, being this proc-
ess followed by calcination, which eliminates the
organic residues yielding small crystallites of
nanometric size. Parameters to be adjusted are,
among others, the initial purity and type of ni-
trates, the organic fuel type, temperature and
duration of combustion, being important to evalu-
ate after the synthesis the crystallites size and
homogeneity, their morphology and if impurities
were retained during the synthesis process.

The gel-combustion method was not only
used to obtain Y-TZT or SnO, but to prepare a
novel calcia-stabilized TZP nanoceramics [49], to
obtain ZrO,-AL 0, [50] or CeOZ-YzO3 [61], to syn-
thesize compositionally homogeneous nanocrys-
talline ZrO,-35 mol% CeO, powders [52] or ZrO,-
15 mol% CeO, nanopowders by a pH-controlled
nitrate-glycine process [63]. A study of nanocrys-
talline Zr ,.Ce O, nanopowders comparing ma-
terials synthesized by this method and by spray-
pyrolysis, was also performed in [54]. Gel-combus-
tion method enabled to obtain the electrolyte
Zr0,-Y,0, using stoichiometric routes with differ-
ent aminoacids as fuels [565, 56]. Recently, ZrO,-
Sc,0, nanopowders were synthesized by gel-com-
bustion to be proved as solid electrolyte for fuel
cells [67].

Nanostructured ZnO is a very interest-
ing material because it exhibits semiconductive,
piezoelectric and pyroelectric properties [58] gen-
erating a wide variety of industrial applications
(varistors, transparent conductors, UV protective
films, gas sensors, etc.). Recently, a project was
proposed at CINSO to study the wariation of the
optical properties of based on ZnO nanomaterials.
Pure ZnO and Al-doped ZnO were synthesized by
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the transference of sols containing the desired
nanoparticles by the dip-coating method. In order
to study the variation of films properties differ-
ent ZnO precursor solutions were prepared from
solutions of di-hydrated zinc-acetate in absolute
alcohol, adding in some cases lactic acid to pro-
mote the zinc-acetate hydrolysis and diethano-
lamine and acetylacetone to improve the films
homogeneity [59]. ZnO has applications as mate-
rial of optical emitting devices in a wide wave-
length range and its doping with lanthanides
causes the improvement of luminescent proper-
ties in comparison with transition elements (Al,
for ex.) doped materials. This is due to the fact
that transitions inside the 4f levels generate very
thin and intensive emission lines which can be
selected in the whole range of interest: blue
(Tm?*, Ce?®*), green (Er®*, Th**), red (Eu®*, Pr3+,
Sm3*) and the near infrared (Nd3*, Er3*). Re-
cently, the systematic study of rare earths doping
in ZnO was proposed synthesising the nanocrys-
talline material by gel-combustion methods [60].

With regards to special synthesis meth-
ods for functional nanomaterials with a deter-
mined morphology, we shall refer to cobaltite
nanotubes obtained at CINSO to be used for high
performance cathodes for IT-SOFCs (Solid Oxide
Fuel Cells operated at Intermediate Tempera-
ture) [61, 62]. A new type of highly porous nanos-
tructured cathodes exhibiting very low polariza-
tion resistance, prepared from La Sr,  CoO,
nanotubes following a very simple procedure, is
presented here and SOFCs performance will be
described in the Applications paragraph of this
article.

Tubular structures formed by assem-
bling manganite nanoparticles have already been
successfully synthesized by Leyva et al. [63, 64]
presenting these structures a very high specific
area and having recently been suggested as cath-
odes for SOFCs [65]. However, manganites are
not good candidates for IT-SOFC because they
are poor ionic conductors in the intermediate
temperature range [66]. In this case, it is better
to choose cobaltites for this type of SOFCs. The
chosen material to obtain nanotubes was the
La,Sr, ,CoO, (LSCO) compound since it is nowa-
days one of the most used cathodes in IT-SOFCs
due to its significant mixed ionic-electronic con-
ductivity in this temperature range [66]. In case
of LSCO nanotubes, they were synthesized using
the pore wetting technique to obtain tubular
structures. Commercial polycarbonate mem-
branes with pore size of 800 nm were used as
template and filled with a nitrate precursor so-
lution. The membranes were further treated un-
der microwave radiation for a few minutes and

Fig. 2. SEM micrograph of LSCO nanotubes (after
[62]).

then calcined for 10 min at 750-900 °C, obtain-
ing the perovskite desired structure, as confirmed
by X-ray diffraction. Nanotubes sintered at 800 °C
(Figure 2) exhibited a crystallite size of about 20
nm and BET specific surface area of 43 m?%g,
showing that nanotubes are formed by disagglo-
merated crystallites. The high specific surface area
resulted useful to prepare a high-performance
cathode.

Another special synthesis method to ob-
tain nanomaterials was used for the preparation
of Ni catalyzers to produce the catalytic oxidation
of methane in anodes of one-chamber IT-SOFCs
[67]. CeO, and CeO,-ZrO, were chosen by their

. convenient structural and electronic properties.

Besides, ceria exhibits the capacity for oxygen
storage because of cerium cation possibility to
easily change between their reducing and oxidiz-
ing states (Ce®*/Ce**). Ceria and zirconia oxide,
with a nominal composition: Ce, Zr, O,, was syn-
thesized by gel-combustion method using glycine
as fuel [68] to obtain a nanometric particle size.
Solids were impregnated with a Ni solution so as
to obtain two nominal contents of Ni: 9% and
50% (m/m).

3.2. Characterization Results of
Nanostructured Materials

Previously it was mentioned that several
ionic nanomaterials: Zr0,-Y,0, (cubic and te-
tragonal phases), CaO-TZP, ZrO,-CeO, solutions,
Zr0,-Sc,0, and the nanosemiconductive SnO,
were synthesized at CINSO [17-23, 40-57]. In all
these cases, the usual characterization techniques
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