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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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included: conventional XRD to identify the ob-
tained compounds, measurement of the mean
crystallite size by the broadening of XRD diffrac-
tion peaks (Scherrer technique), refining of
crystallographic parameters by the Rietveld
method evaluation of BET specific area and ob-
servation techniques to study the morphology
of crystallites (like: ESEM-Environmental Scan-
ning Electron Microscopy, TEM, HRTEM or
SEM). In case of electrical characterization of
ionic materials to be used as electrolytes of fuel
cells, EIS measurements were required. With re-
gards to the characterization of pure and doped
ZnO for optical measurements, in case of pure
ZnO and Al-doped ZnO [59] nanomaterials were
characterized with conventional XRD, grazing
incidence XDR (to observe the nanostructures
formation), reflectivity (XRR) and grazing inci-
dence low angle diffusion (GISAXS) techniques
with synchrotron radiation. It was possible to
determine a mean thickness of films by XRR. The
films density decreases with doping. No relation
between the layers quantity and the thickness
was found, thus probably indicating that succes-
sive coatings wash the previous deposited mate-
rial. In case of lanthanides-doped ZnO, only con-
ventional XRD was used to identify the materi-
als and Scherrer technique to measure the
crystallite mean size [60].

In the reference [69] the first synthesis
and characterization of nanomaterials obtained at
CINSO were reviewed. In this section, we shall
refer to papers in which different techniques of
characterization were reported applied to func-
tional nanomaterials usually synthesized by the
gel-combustion method.

Nanostructured ZrO,-Y,0,, ZrO,-CeO, or
Zr0,-CaO systems were intensively studied and
different techniques were applied to characterize
them: for ex. compositionally homogeneous nano-
crystalline yttria-, ceria- or CaO-doped zirconia
powders mainly studied by conventional XRD [70-
73] or XRD with synchrotron radiation [74-76];
the metastable t”-form of the tetragonal phase
Zr0,-10mol% Y,0, powders using the Hyperfine
characterization - Perturbed Angular Correla-
tions technique (we shall refer again to the re-
sults of this work upon considering the tetrago-
nal phases of these system) [77]; the distribution
of grain size in nanocrystalline systems by TEM

[78]. Also absorption techniques with synchrotron .

radiation were applied to characterize the above

mentioned nanocrystalline systems, for ex. the.

EXAFS technique to determine: the local struc-
ture of the metal-oxygen bond in compositionally
homogeneous nanocrystalline ZrO,-CeO, solid
solutions [79] being the characterization com-
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pleted with Raman spectra analysis; the crystal
structure of nanocrystalline compositionally ho-
mogeneous ZrO,-Y,0,, ZrO,-CeO, or ZrO,-CaO
powders or the study of the nanostructured solid
solutions of the two former systems [80-83]; the
local structure of the tetragonal phase in
nanostructured ZrO,-based materials” [84]; the
structure of nanoporous zirconia based powders
synthesized by different gel-combustion routes [85]
and more generally the crystalline structure and
local order in based on zirconia nanos-tructured
materials [86]. The nanoporous structure of the
zirconia based powders was studied in [87].

LSCO nanotubes [63, 64] for IT-SOFCs,
were characterized by conventional XRD, proving
that the desired perovskite structure was ob-
tained. The application of Scherrer technique
enabled to evaluate the crystallite size: 20nm and
BET technique the specific area: 43 m?/g, show-
ing that nanotubes are formed by disagglo-
merated crystallites. The high specific surface
area is expected to be very useful to prepare high
performance cathodes. CeO,-10 mol% Sm,O,
(SDC) electrolytes pellets were painted with an
ink made with LSCO nanotubes calcined at 8002C
and commercial Nextech Ink Vehicle (NIV).
Known processes to attach the electrodes on the
electrolyte involve temperatures ~ 1000 °C and
times of ~ 1 or 2 hours with slow heating and
cooling rates, being this option improper for the
preparation of a nanostructured cathode. An
original method was then developed attaching the
cathodes by heating the sample at 1000-1200 °C
with very fast heating and cooling rates (around
200 °C/min) and dwell times of 1-10 min. In ad-
dition, this method allowed us to obtain a cath-
ode in only several minutes. Electrical behavior
of cathodes was studied with EIS.

Ce,,Zr,, 0, was used as supporting
nanomaterial for Ni-catalyzers employed as an-
odes of IT-SOFCs [67]. The template was synthe-
sized by gel-combustion [68] and characterized by
BET (specific area and total volume of pores).
Analysis to determine the carbon content in the
fresh specimen was performed by the complete
and instantaneous oxidation of specimen by a
flash combustion identifying the combustion
gases by chromatography. Conventional XRD was
used to characterize the templates, being these sup-
porting materials tested by Temperature Pro-
grammed Reduction-TPR in an usual laboratory
equipment. The quantity of consumed H, (reducing
agent) was determined from the signal of a thermal
conductivity detector (TCD) thermostated in an oil
bath. The catalytic functioning of these anodes will
be considered in the Application paragraph re-
ferred to IT-SOFCs performance.
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3.3. Metastable Phases Retention in
Nanostructured Materials

It was already mentioned that zirconia-
based ceramics are widely used because of their
electrical and mechanical properties, exhibiting
for ex. a high ionic conductivity at high and in-
termediate temperatures (as it will be considered
in the next paragraph of this article) allowing
their use in solid oxide fuel cells (conventional
HT- SOFCs and IT- SOFCS), oxygen sensors,
oxygen pumps, etc. [88, 69]. On the other hand,
they are though, wear resistant and they show a
low heat conductivity, so these materials are also
useful as structural ceramics [89, 90]. Besides, if
zirconia-based ceramics are nanostructured, new
or improved properties were found: the retention
of unstable phases, enhanced ionic conductivity,
superplasticity, among others, being some of
them intensively studied at CINSO [17-22, 40-
57, 61-62, 67-87] and used for new applications:
solid electrolytes [91,92], electrode materials [61,
62] and catalysts [67, 93] for intermediate tem-
perature fuel cells IT-SOFCs or improved gas sen-
sors [19-21, 34, 45-48]. It is interesting to point
out that the conventional HT-SOFCs operate at
high temperature (800-1200°C) using as solid elec-
trolyte: the HT cubic phase of ZrOz—YZO (with
high yttria concentrations: 8-10 mol%) and con-
duction is produced by oxygen vacancies (0O2).
The retention of metastable tetragonal phases
(good O% conductors too) enabled to decrease the
operation temperature of fuel cells IT-SOFCs) to
an intermediate temperature working range of
550-750 °C saving energy, increasing the mean life
of cell materials, avoiding the use of noble mate-
rials and, consequently, decreasing their cost.

3.3.1. Pure ZrO,

At the atmospheric pressure, pure
zirconia exhibits three polymorphs of monoclinic
(P21/c space group) [9_4, 95], tetragonal (P4,/nmc)
[96] and cubic (Fm3m) [97] symmetries. The
monoclinic phase (m) is stable at room tempera-
ture and transforms to the tetragonal phase (t)
at 1170 °C during heating. At 2370 °C, the t-phase
transforms to the cubic one (¢). Both transforma-
tions are martensitic in nature and reversible on
cooling and the t — m transformation occurs at
a lower temperature (about 950 °C). The tetrago-
nal structure is derived from the fluorite type
structure of the cubic phase by elongating one of
the three equal crystallographic axes of the cu-
bic structure and displacing the oxygen ions from
their ideal positions in this phase along the same
axis. For high pressures, an orthorhombic phase
has been found [98].

The high temperature tetragonal and
cubic phases can be retained at lower tempera-
tures (evenat T ) by doping with metal oxides
(MO or M203) forming solid solutions with
zirconia. The doping cations with a lower valence
state, replace the Zr** creating vacancies in the
oxygen sublattice (major carriers for conduction
at higher temperature). The compositional range
for the stabilisation of the tetragonal and/or cu-
bic phases is narrow and depends on temperature
and doping, being Y,0,, CaO, MgO some usual
stabilizers.

CeO, is also used but, in this case, the
valence state of the doping cation is usually the
same that for Zr (+4) creating controversies in
the stabilisation mechanisms of the t and ¢ phases
[89]. A large change of volume (3-5%) occurs dur-
ing this transformation, which can lead to the dis-
integration of a ceramic body during cooling
from the sintering temperature but, the “trans-
formation toughening mechanism” is produced
[90] avoiding the fracture of material.

For high temperatures, zirconia-based
binary systems usually present three regions ac-
cording to their composition. For low doping con-
centrations, the tetragonal phase can be stabi-
lized; at intermediate concentrations a mixture of
tetragonal and cubic phases is retained [90, 99].
At T, the stable phase is the monoclinic one
but, under certain conditions, the tetragonal
phase can be retained. Zirconia-based ceramics
can be classified into three groups according to
present phases [90, 99]: TZP (Tetragonal Zirconia
Polycrystal) with tetragonal phase, PSZ (Partially
Stabilised Zirconia) with a mixture of tetragonal
and cubic phases and FSZ (Fully Stabilised
Zirconia) with cubic phase.

In spite that the t-phase is not stable at
room temperature, it was found that this struc-
ture can be retained in case of ceramics exhibit-
ing a mean grain size lower than a critical value.
For ex., in case of ZrOz-YZO3 ceramics, this criti-
cal size varies from 0.2 to Imm for 3 mol% Y0,
compositions [100]. Considering the required
small grain size to retain the t-phase, it is con-
venient to prepare ceramics starting from
zirconia-nanocrystalline powders, which are syn-
thesized by numerous different methods, among
them: co-precipitation [101-103], amorphous
citrate process [103], sol-gel [104-106], polymer-
ised complex method [102, 107-109] or gel-com-
bustion [18, 20, 49, 53, 110-114].

Although, it is believed that the surface
free energy has an important role for stabilisation

[90], stresses and defects cannot be disregarded
[115].
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Most of these studies are based on the
relation between the crystallite size and micros-
trains as studied by X-ray line profile analysis
[116].

Conditions to retain the t-phase in case
of ceramic powders is not clearly understood yet,
but it was accepted that a crystallite mean size
between 10 to 20nm was required to stabilize t-
phase of pure (undoped) zirconia nanopowders.
However, in recent works at CINSO [117, 118]
the crystal structure of these nanopowders was
reported. Nanopowders were synthesized by dif-
ferent wet chemical routes, using synchrotron X-
ray diffraction demonstrating that: I) pure
zirconia nanopowders with average crystallite
sizes ranging from 5 to 10nm exhibited the t-
phase and II) that a t — ¢ transition for decreas-
ing crystallite could eventually occur at a very
small critical crystallite size.

Phases of pure zirconia are:

- Monoclinic phase (m-phase):
Yardley [119] determined the space group P2 /c,
formed by four Zr0O, molecules per unit cell (re-
sulting from a distorsion of fluorite structure)
being the structure of m-phase evaluated in [120,
121]. Figures 3a, 3b and 3c report the three
zirconia polymorphs. Figure 4 shows the Zr coor-
dination polyhedron in m-phase. Zr**ions have
seven-fold coordination with oxygen forming a
tetrahedron and being the four O, nearly on a
plain and with triangular coordination with three

fel

Figs. 3a, 3b and 3c. Schematic representation of
the three zirconia polymorphs: a) monoclinic, b)
tetragonal and c) cubic. Only cubic has fluorite-
type structure, the other two exhibit the pseudo-
fluorite type structure.

Noemi Elisabeth Walsée de Reca. Nanonstructured materials

O, which are nearly on a plain parallel to that
formed by the O,.

- Tetragonal phase (t-phase): Teufer
[122] determined that the t-phase belongs to the
P4,/nmc space group and that it exhibits the
slightly distorted fluorite type structure, which is
described as a non primitive face-centered t-phase
or as 'pseudo-fluorite’ with a unit cell twice the
volume of the primitive cell, Figure 5. In t-phase,
each Zr is surrounded by 8 oxygen ions, four at a
distance of 2.065 A (thin tetrahedron) and four
at 2.455A (larger tetrahedron rotated 90° to the
former) Figure 6.

- Cubic phase (c-phase): It has the
pure fluorite type structure and corresponds to
the Fmm space group and has a lattice parameter:
5.080A being this value similar to a = \/2_at and
¢, = ¢ parameters of the t-phase. In consequence,
it is very difficult to quantitatively differentiate
between the two phases by X-ray or electron dif-

Fig. 4. Zr** ions coordination polyhedron in m-
phase. O, and O, : oxygen in different positions.

=

Fig. 5. Crystal structure of t-phase showing the
relationship between the ‘pseudo-fluorite’ and the
primitive t-cell. Solid circles: Zr** and dopant
cations, open circles: O% anions. Arrows: displace-
ment of O% anions along the c-axis.
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fraction when both polymorphs are present. But,
the separation of peaks corresponding to both c-
and t-phase was possible by higher energy X-ray
diffraction (Synchrotron Light) [117, 118] and
results of these works were compared with those
of [123, 124]. Materials synthesized at CINSO by
different routes of gel-combustion method, always
exhibited the tetragonal phase at room tempera-
ture [117, 118] in contrast with results of above
mentioned works [123, 124] which reported the
retention of the cubic phase at room temperature
from conventional XRD measurements. Other
XRD studies reported in the literature on pure
ZrO, nanopowders synthesized by other methods
[125-128] also informed the retention of the cu-
bic phase at room temperature. However, results
at CINSO [117-118] suggest that the retained
phase in these materials - with crystalline sizes
ranging from 5 to 10 nm - is the tetragonal one.
This contradiction of previous works can be ex-
plained by the higher quality of synchrotron XRD
data that made possible the detection of small
Bragg peak splittings and very weak Bragg reflec-
tions that cannot usually be detected using con-
ventional XRD, Figures 7a, 7b and 7c. Though
monoclinic is the stable polymorph of pure ZrO,
at room temperature, it could be clearly demon-
strated that, in nanopowders (5-10 nm), the te-
tragonal phase is retained at room temperature

c
l__¢
ava
o Zr
Oo
r_.a
a
O Zr
Qo

Fig. 6. Schemes showing the octahedral
coordination of Zr* ions in tetragonal zirconia
(a), projection along (110) and in cubic zirconia
(b), projection along (100) [121].

and only traces of the monoclinic phase may
eventually be present. In spite of the fact that the
XRD studies has demonstrated the retention of
the tetragonal phase, these results show that
both, the axial ratio and the displacement of the
O?% anions from their positions in the cubic phase
decrease with decreasing crystallite size, suggest-
ing the existence of the tetragonal-to-cubic tran-
sition with a very small critical crystallite size.

3.3.2. Doped zirconia: Zr0O,-Y,0,, ZrO,-MgO,
Zr0,-Ca0 and ZrO,-CeO, systems

In spite of being published in a previous
authors' review [69] the equilibrium phase dia-
grams of the three systems are included to clarify
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Figs. 7a, 7b and 7c. a) XRD patterns of pure ZrO,
(synthesized by different routes of gel-combustion
method), counting time:2s/step, all the peaks have
been indexed using a tetragonal cell, b) Detail of
the splitting of the (400) and (004) reflections,
counting time: 12s/step and c) Detail of the (112)
reflection, counting time: 12s/step.
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the present phases. The ZrO,-Y,0, equilibrium
phase diagram by H. G. Scott [129], Figure 8 is
analyzed and it is pointed out that it is the most
accepted diagram since it agrees with all the re-
ported experimental data. It shows wide t and (t
+ c) fields, which allow the TZP and PSZ synthe-
sis. If the grain size is small enough, the t-phase
can be stabilized by the low eutectoid tempera-
ture and the high solubility limit predicted by the
equilibrium phase diagram [89]. As it was above
reported, for compositions from 2 to 3mol% Y,0,
[87], the critical grain size to retain the t-phase
was between 0.2 to 1 um. For rapid cooling from
high temperatures, a new t-phase (t”) with differ-
ent characteristics of the usual one was found.
The ‘tetragonality’ or axial rate:

(c/a); = 1.003-5 is lower that of the t-phase
(c/a), = 1.010-15 with an yttria content similar to
that of c-phase. The t-phase is resistant to trans-
form to m-phase but, it is nevertheless metastable
transforming to t and c-phases.

Researchers at CINSO have found a t”-
form in compositionally homogeneous nanocrys-
talline powders of ZrO,-12mol%Y,0, t-phase by X-
ray diffraction and applying the Rietveld method
[130, 131]. These powders exhibited a t-phase,
with an axial ratio of unity but with the oxygen
ions displaced from their ideal fluorite positions
along the c-axis. Previously, Yashima et al. [102,
103, 108] have studied arc melting Zr0,-Y.0,
powders finding that the t’/t” boundary was lo-
cated at 9mol%Y,0, and the t’/c boundary at

Liquid (L)

Fig. 8. Equilibrium phase diagram of ZrO,-Y,0,
system by H. G. Scott [129].
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11mol%Y,0,. Lamas et al. [130] applied the
Rietveld method to XRD data discriminated be-
tween t” and c-phases by refining of the fractional
z coordinate of oxygen ion in the tetragonal asym-
metric unit. Comparing results of [130] with
Yashima's data [102, 103, 108] Lamas et al. have
found that nanocrystalline powders present a
larger oxygen displacement in comparison with
arc-melted material. This displacement decreases
with increasing calcination temperature depend-
ing, consequently, the composition range of the
t”-region of the crystallite size, which result
larger for nanocrystalline materials.

If the metastable t”-form of nanocrys-
talline t-phase ZrO,-10mol%Y,0, powders is
characterized by Perturbation Angular Correla-
tions (PAC) technique [77], the evaluated
hyperfine interaction allows a clear distinction
between the Zr surroundings in the t”-form and
those corresponding to the other forms of the t-
phase. Oxygen vacancies are moved by diffusion
involving a very low activation energy. As the
powders are heated, a transformation occurs at
~ 560 °C consistent with a t”— c-transition, as
evaluated by DSC technique suggesting a trans-
formation of a higher order than the first one.
Nanostructured solid solutions of Zr0O,-Y,0, were
analysed by EXAFS technique at the LNLS, SP,
Brazil [73, 132] in order to determine the neigh-
bours (0%) of the Zr** ions in both, cubic and te-
tragonal phases. This technique enables to ac-
quire information of near-neighbour distance dis-
tributions, coordination numbers and, less di-
rectly, bond angles. EXAFS proves only the first
few coordination shells and, therefore, it does not
reveal nanometer-scale structure, however
EXAFS contains crucial chemical-specific local
structural information but together with simul-
taneous quantitative diffraction it still exhibits
the highest importance [87].

The equilibrium phase diagram of ZrO,-
MgO system was proposed by Grain [133], Figure
9. It shows nearly no solubility in m-zirconia up
to 900 °C, appearing some solubility at higher
temperatures: maximal value 1.6mol% MgO at
1120 °C and dropping to zero at 1190 °C. On the
opposite, a higher solubility is found in t-zirconia
with a maximal value of 1.7mol% MgO at 1400 °C.
The solubility of MgO in c-zirconia is higher and
by this, PSZ and FSZ ceramics are obtained while
TZP ceramics have not been obtained at room
temperature. The preparation of Mg-PSZ ceram-
ics requires thermal treatments at high tempera-
ture (~ 1800 °C depending on composition) fol-
lowed by a fast cooling. This procedure retains
the c-phase but very fine t- particles precipitate
by cooling.

- 69 -



Anales Acad. Nac. de Cs. Ex., Fis. y Nat., tomo 59 (2017): 59-93.

The most frequently reported equilib-
rium phase diagram of ZrO,-CaO system is the
one proposed by Stubican et al. [134]. In this
system as in ZrO,-MgO, Figure 10, the presence
of large (t+c) and c-regions allows the PSZ and
FSZ ceramics preparation but, in ZrO,-CaO phase
diagram, the t-field is wider than that of the
former and Ca-TZP could also be obtained by
Lamas et al. [49] for the first time. These mate-
rials present a very small critical grain size to
retain the t-phase (~ 150 nm for a ZrO,-
4mol%Ca0) being necessary to use a fast-firing
treatment of samples at high temperatures (1400-
1500°C) which allows densification of materials
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Fig. 9. Equilibrium phase diagram of ZrO,-MgO
system by C. F. Grain [133].
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Fig. 10. Equilibrium phase diagram of Zr0O,-CaO
system by V. S. Stubican et al. [134].

avoiding however a significant grain growth. In
case of Ca-PSZ ceramics, a similar procedure to
that described for Mg-PSZ, is used to prepare
them from the mixture of raw oxides. However,
fine-grained and dense Ca-PSZ ceramics could be
prepared by a fast-firing treatment applied to
compacted pellets obtained from nanocrystalline
powders [134].

The equilibrium phase diagram of the
Zr0O,- CeO, system was proposed by P. Duran et
al. [135], Figure 11. This system exhibits a wide
tetragonal region allowing the preparation of Ce-
TZP ceramics with CeO, contents ranging from
12 to 18 mol%, showing a wider compositional
range than in case of Y-TZP compounds. At first,
powders were produced with large grain sizes (a
few microns). On 2000 and 2001, the t-phase of
ZrO,- 2-15mol%CeO, [136, 137] with an average
crystallite size of 8-14 nm was synthesized by
nitrate-glycine gel-combustion and found phases
were studied with X-ray diffraction and Raman
Spectroscopy. Fully tetragonal materials were
obtained for a CeO, contain of 5mol% or higher
maintaining a very low crystallite mean size. At
the same time, compositionally homogeneous,
nanocrystalline ZrO,-35mol% CeO, was synthe-
sized at CINSO by gel combustion [52] exhibit-
ing the t’-form of the tetragonal phase. The X-ray
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Fig. 11. Equilibrium phase diagram for ZrO,-CeO,
by P. Durén et al. [135].
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diffractogram of calcined at 600 °C powders ex-
hibited the t-phase by the splitting of the (400),
and (004), reflections, Figure 12. The splitting is
characteristic of the t or t"-forms since the t”-
form and the c-phase only presents one reflection.
Since these powders composition is larger than
the solubility limit predicted by the equilibrium
phase diagram [135], powders calcined at 600 °C
exhibited the t’-form of the t-phase. Crystallite
size was ~ 13nm as evaluated X-ray line broad-
ening method.

On 2003, powders of compositionally
homogeneous, nanocrystalline ZrO, -10, 30, 50,
70 and 90mol% CeO, powders have been synthe-
sized and characterized by X-ray diffraction and
Raman Spectroscopy [110]. All powders with
CeO, content up to 70mol% exhibited the t-phase
whereas the ZrO,-90mol% CeO, presented the c-
phase. The axial ratio c¢/a decreased with the in-
creasing CeO, content and became the unity for
Zr0,-70mol% CeO,. Analyzing the X-ray diffrac-
tion data using the Rietveld method, it was found
that this material exhibited the t”-form of the t-
phase (the oxygen atoms were displaced from
their ideal sites in the c-phase along the c-axis).
Raman spectroscopy confirmed X-ray data.

The crystal structure of numerous
nanocrystalline ZrO,-CeO, solid solutions (as syn-
thesized by a pH controlled nitrate-glycine gel-
combustion process) were studied at CINSO [76].
By the use of synchrotron XRD, small peaks of
the t-phase, corresponding to forbidden reflec-
tions in case of the ‘perfect cubic fluorite struc-
ture’, were clearly detected. By monitoring the
most intense of these reflections, 112, as a func-

Fig. 12. Diffractogram of the nanocrystalline
Zr0,-35 mol% CeO, powders calcined at 600°C.
The inset shows the splitting of the (400), and
(004), reflections.
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tion of the CeO, content, the tetragonal-cubic
phase boundary was found to be at 85mol% CeO,
For a CeO, content up to 68mol%, a tetragonal
phase with c¢/a >1 (known as the t’-form) was
detected, whereas, between 68 and 85mol% CeO,,
the existence of a t-phase with c/a = 1 and oxy-
gen anions displaced from their ideal positions in
the cubic phase (the t”-form) was also verified.
Solid solutions with higher CeO, contents exhibit
the cubic fluorite-type phase.

Besides, local structure of metal-oxygen
bond in compositionally homogeneous, nanocrys-
talline zirconia-ceria solid solutions (as synthe-
sized by the same above mentioned gel-combus-
tion technique) [76] were characterized by Raman
also by Extended X-ray Absorption Fine Struc-
ture (EXAFS) spectroscopies [79]. These tech-
niques revealed once again a tetragonal to cubic
phase transition as a function of CeO, content, as
it was observed in the previous synchrotron X-ray
diffraction study [76]. The t/c phase boundary
was found at (85 * 5) mol% CeO,. The EXAFS
study demonstrated that this transition is related
to a tetragonal-to-cubic symmetry change of the
Zr-O first neighbour coordination sphere, while
the Ce-O coordination sphere preserves its cubic
symmetry over the whole composition range.

Zr0,-CeO, solid solutions are exten-
sively used as promoters in catalysts which are
applied to control the emissions of NO_, CO and
hydrocarbons from automotive exhausts [138]. If
pure CeO, is compared with ZrO,-CeO, materials,
the last exhibit higher thermal stability and oxy-
gen storage capability.

3.4. Fast Ionic-Transport in Nanostructured
Oxide-Ion Solid Electrolytes

In conventional polycrystalline solid
electrolytes, the grain boundaries partially block
the ionic transport, causing an extra contribution
to the total resistance and, therefore, the total
conductivity decreases with decreasing grain size.
Then, the total conductivity is limited by the bulk
conductivity of the material, which only depends
on its crystal structure and composition. In the
case of nanostructured solid electrolytes, it is to
be expected that the grain boundary diffusion
plays an important role, since it is much faster
than bulk diffusion [139-141]. Even though this
prediction is widely accepted, only a few authors
have experimentally confirmed it. For ex.,
Kosacki and coworkers observed a remarkable
enhancement of the total ionic conductivity in
nanostructured yttria-stabilized zirconia (YSZ)
and Ce0,-Gd,0, thin films, between one or two
orders of magnitude, compared to that of micro-
crystalline ceramics or single-crystals [142, 143].
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These authors also found that this phenomenon
is related to the reduction of the activation en-
ergy for ionic transport, E, and attributed this
change to the segregation of impurities, mainly
Si, to the grain boundaries. Differently, such en-
hancement of the ionic conductivity of ceria or
zirconia-based ceramics has not been observed in
other works [144, 145]. Recent reviews pointed
out this strong controversy [140, 141, 146].

In a recent paper [91] we reported the
enhancement of the total ionic conductivity in
nanostructured heavily-doped ceria dense pellets.
It was shown that the total ionic conductivity (as
measured with EIS) increases in about one order
of magnitude in these nanoceramics compared to
the intrinsic bulk conductivity of these materials,
evaluated in conventional microcrystalline ceram-
ics. Figure 13 a and b show a) the Arrhenius plots
of CeO,-10mol% Y,0, (CYO) and b) CeO,-10mol%
Sm,0, (CSO) ceramics for different grain sizes
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since the total ionic conductivity has been fitted
as a function of temperature (T) following the
classical Arrhenius plot:

6 = (0,/T) exp (- Ea/ kB T) (4)

where: Ea is the activation energy for ionic mi-
gration, k; is the Boltzmann constant and ¢, is
the pre-exponential factor (a constant related to
the density of charge carriers which are oxide va-
cancies in this case). Table I. reports the pre-ex-
ponential factor and activation energy for total
ionic conductivity for all the studied samples. It
was observed that both, Ea and o, decrease with
the decreasing average grain size. For the sam-
ples with the smallest grain size it has been noted
a change in the Ea as a function of the tempera-
ture and Table I reports the results found for the
two regimes at higher and lower temperatures. In
all cases, this change was found at ~ 190 °C. The
Ea values at higher temperatures are similar to
those Ea values corresponding to the microcrys-
talline ceramic taken as reference, exhibiting the
Ea a sharper change with decreasing grain size.
This fact indicates that the lower temperature
regime is controlled by grain boundary conduc-
tion (with a low activation energy) and at higher
temperatures, the volume conduction predomi-
nates.

We also showed that the impedance spec-
tra observed for nanoceramics is very different to
that generally found for conventional microcrys-
talline materials, Figure 14 exhibiting only one
flat arc instead of the usual two semicircles at-
tributed to bulk and grain boundary conduction
processes. This behavior, also observed in other

Table I. Pre-exponential factor and activation energy
for total ionic conductivity for all the studied samples

Figs. 13 a and b. Arrhenius plots of a) CeO,-
10mol% Y,0, (CYO) and b) CeO,-10mol% Sm,O,
(CS0) ceramics for different grain sizes.

Samples Pre-exponen- Activation
tial factor energy
(K/Qcm) (eV)
CYO 700 °C; high temp. 1.4%10°  0.88 = 0.02
CYO 700 °C; low temp. 2.5%10*  0.72 = 0.02
CYO 800 °C; high temp. 4.8*10%  0.94 + 0.02
CYO 800 °C; low temp. 5.8%10° 0.86 + 0.02
CYO 1000 °C 8.0*106 0.98 = 0.01
CYO 1300°C 1.2*107 1.02 = 0.01
CYO 1300 °C; grain interior 1.0¥107  1.00 = 0.01
CYO 1300 °C; grain boundary 1.9*10® 1.08 = 0.01
CSO 700 °C; high temp. 1.1*105  0.82 = 0.02
CSO 700 °C; low temp. 1.6*10°  0.74 = 0.02
CSO 800°C 8.6*10° 0.81 = 0.01
CSO 1300°C 5.5%10° 0.92 = 0.01
CSO 1300 °C; grain interior 2.5*10° 0.87 = 0.01
CSO 1300 °C; grain boundary 3.6*107 0.96 = 0.01
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phenomena dominated by grain boundaries,
strongly suggests the predominance of grain
boundary conduction in nanoceramics. As
Kosacki et al [142, 143], we have found that E_
is lower for the nanoceramics in comparison with
that of microcrystalline materials. Differently to
these authors, we proposed that the enhancement
of the total ionic conductivity can be accounted
for by the raise of the parallel grain boundary
conductivity in the nanostructured samples, cou-
pled to an increase of the grain boundary ionic
diffusivity with decreasing grain size.

We proposed, then, a physical mecha-
nism behind the remarkable enhancement of the
ionic conductivity reported in nanostructured
oxide-ion solid electrolytes. Interestingly, the
behavior of these nanoceramics at low tempera-
tures resembles that of other families of solid
electrolytes (materials with delocalized carriers),
which are expected to have a different conduction
mechanism. In the present case, the delocalized
carriers in the nanoceramics have been identified
as free oxygen vacancies located at the grain
boundaries, which dominate the ionic transport
due to the high volume fraction of the grain
boundaries.

The transport properties of heavily-
doped CeO,-based nanoceramics were studied by
electrochemical impedance spectroscopy (EIS)
measurements in air for temperatures ranging
from 125 to 250 °C. In our previous work [91] it
has been demonstrated that the electronic con-
ductivity is negligible in this temperature range
for all the studied samples and, therefore, the
conductivity determined by EIS measurements is
only due to ionic transport. Ce0,-10 mol% Y,0,
(CYO) and CeO,-10 mol% Sm,0, (CSO) dense

1.0x10°
Ce0,-10 mol% Y, 0,
— 7.5x10" T=130°C
o HO © ¢
> o 2 )
= 5.0x107 a - o
‘} o © . REFERENCE
) “o  1300°C
i 2,
2.5x10° 4 K~ oz,
5 . a3
S— L s
1 o
0.0 F 700°CH, . i
0.0 5.0x107 1.0x10° 1.6x10% 2.0x10°
p' (Cxecm)

Fig. 14. EIS spectra of nanostructured CeO,-
10mol% Y,0, ceramics (fast firing at 700°C),
measured in air at 130°C. The spectrum of
microcrystalline CeQ,-10mol% Y,0, (reference)
prepared by conventional sintering at 1300°C is
given for comparison.

Noemi Elisabeth Walsée de Reca. Nanonstructured materials

nanoceramics with average grain sizes in the
range of 25-50 nm were prepared from high-spe-
cific surface area nanopowders by a fast-firing
process. The relative density was higher than 92%
in all the samples. Microcrystalline specimens,
prepared by conventional sintering at high tem-
peratures, were also studied for purpose of com-
parison.

It was possible to investigate the differ-
ences in the conduction mechanism between
nanoceramics and conventional microcrystalline
materials by studying the angular frequency de-
pendence of the AC ionic conductivity, o(®), in
EIS measurements. In most of electronic materi-
als (semiconductors, solid electrolytes, ete.), it has
been established that o(w) follows the “univer-
sal dielectric response” (or “universal dynamic
response”, UDR) law [147-149]:

o(w) = o, + Aw" (5)

where: o,,1s the DC conductivity and A and n are
temperature-dependent parameters. This law is a
universal property of materials that is related to
the dynamics of hopping conduction [147]. Its
applicability to ionic conductors has been demon-
strated by several authors for a large variety of
materials, such as Na-p-Alumina [150], Nasicon-
type materials [151, 152], ceramic oxides [149,
153], etc. Equation (5) can also be written as:

o(w) = o,.*[1 + (/e )] (6)
where: the reduced frequency, ©, is calculated by
o, = (Op A" (7)

It has been proposed that the power, n,
has a physical meaning [154] if n is greater than
1, the transport mechanism involves a localized
hopping of the species with a small hop without
leaving the neighborhood, while n smaller than
1 indicates a delocalized, translational motion
with a big hop. This last case is typical for ionic
conductors containing channels or layers in the
crystal structure, allowing the fast migration of
the carriers (Na-f-Alumina, NASICON-type ma-
terials, ete.) [160-153, 155]. Figure 15 shows the
curves of o(w) vs. 0, obtained at 135 °C, and the
corresponding fittings using equation (5) for all
the samples. It can be clearly observed that the
nanoceramics follow the UDR law. As it can be
noted in Table II, n was found to be greater than
1 for microcrystalline CYO and CSO, indicating
that the diffusion process of the mobile ions is
based on the localized hopping in the vicinity of
their initial site, as proposed in zirconia-based
electrolytes [156]. Differently, for CYO and CSO
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nanoceramics, n resulted much smaller than 1,
showing that the ionic transport is dominated by
delocalized carriers. Similar values were obtained
for temperatures lower than the critical tempera-
ture at which the activation energy changes
(hereafter called T ). In addition, n also resulted
smaller than 1 for the grain boundary (intergrain)
conduction of the microcrystalline ceramics sug-
gesting that the transport mechanism of the
nanostructured samples involves the diffusion of
the carriers through the grain boundaries. For
temperatures higher than T, it was found that n
increases with increasing temperature, until a
value of 0.96 for CYO nanoceramics and of 0.83
for CSO nanoceramics, in both cases at tempera-
tures about 230 °C (it is not possible to perform
this analysis for higher temperatures because
electrode reactions dominate the EIS spectrum).
In the case of the bulk conduction of the micro-
crystalline materials, n decreases slowly with
temperature, but keeping higher than 1 in the
whole temperature range. The variation of n with
temperature observed in the nanoceramics agrees
with the change in the transport mechanism ob-
served in the Arrhenius plots [147].
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Fig. 15. Curves of ac conductivity o vs angular
frequency w measured (symbols) at 135 °C and
fitted (solid lines) with the UDR law (Eq. 5). Top:
35 nm (0),41nm(Q) and micrystalline (A) CYO.
Bottom* 25 nm (0),43nm(d) and micrystalline (A)
CSO.

The DC conductivity of crystalline ma-
terials can be determined using the random walk
theory [155]:

= (Ne*d*/6kT) w, (8)

where: N and e are the carrier concentration and
charge, d is the characteristic hopping distance,
oy, is the hopping rate, y is a geometrical factor,
k is the Boltzmann’s constant and T is the tem-
perature. Almond and West proposed that w, can
be identified as o, [156]. Even though this inter-
esting suggestion is supported by several experi-
mental studies, it has been a matter of intense
debate and some generalizations have been pro-
posed [157, 158]. However, several authors have
used it as a tool for the investigation of the mi-
gration process in a large number of materials,
among them [159-161]. In the following, with the
above reservations, we will make the same as-
sumption: w, =, In the case of nanostructured
ionic conductors the applicability of this formal-
ism has not been clearly established yet, so this
subject deserves further investigation. However,
it is worth to mention that Nowick and Lim have
suggested that it is valid when the ionic transport
is dominated by free carries [157] which is the
case of the nanoceramics studied in this work.

The values of w_[Hz] obtained by eq.(8)
for the different CeO,-based ceramics are summa-
rized in Table II. Surpnsmgly, w, decreases with
decreasing grain size in more than an order of
magnitude compared to the values for bulk con-
duction in the microerystalline materials. Then,
assuming that o, = o, the enhancement of the
ionic conductnnty n tﬁe nanoceramics is not re-
lated to an increase of the hopping rate.

The characteristic frequencies can be
also investigated by studying the angular fre-
quency dependence of the imaginary part of the
electric modulus, M”(m), or that of the imaginary
part of the impedance Z”(w). In case of conven-

Table II. Power of the UDR law n, reduced frequency
(0,) as determined by Eq. (8) (which is assumed to
be equal to the hopping rate) and the Nd2y factor in

Eq. (8) for the transport process of the CYO and CSO

nanoceramics and for the bulk conduction in the
microcrystalline materials

Samples n o, (Hz) Nd?% (em™)
CYO bulk 1.23 1060 1.5 107
CYO 41 nm 0.91 240 1.4 108
CYO 35 nm 0.85 130 7.0 10¢
CSO bulk 1.15 3900 7.4 107
CSO 43 nm 0.69 650 5.7 108
CSO 25 nm 0.63 250 2.4 10°
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Table III. Activation energies for conduction (E,) and

hopping (E ) processes of nanoceramics and

microcrystalline materials (in this last case, only the

bulk conductivity data is presented)

Sample E, (eV) E, (eV)
CYO bulk 1,00 0,81
CYO 41 nm 0,86 0,83
CYO 35 nm 0,72 0,71
CSO bulk 0,87 0,78
CSO 43 nm 0,81 0,79
CSO 25 nm 0,74 0,72

 (Hz)

Fig. 16. -Z” and M” as a function of frequency,
measured at 135°C, for the nanostructured CYO
ceramics. Circles: 35 nm sample; squares: 41 nm
sample.

tional microcrystalline ceramics, both curves ex-
hibited similar characteristic frequencies as ex-
pected according to [162]. In contrast, the
nanoceramics exhibited a different behavior, as it
can be observed in Figure 16 for CYO nano-
ceramics. It is well-known that the frequency of
the peak in M”(w), n,, represents a characteris-
tic frequency of the conductivity relaxation. In
Figure 16, it can be observed that n,, increases
with decreasing grain size, as expected consider-
ing that the enhanced conductivity effect. How-
ever, it is worth to remark that n, should not be
identified as the hopping frequency [151]. The
same holds for the frequency of the peak in Z”(w),
n, in conventional microcrystalline materials.
However, in the present case, it can be demon-
strated that n, is close to the reduced frequency
W, - determined from Eq. (7) - because the arc in
the Nyquist plot is very flat. This is easy to be
understood noting that, in the limit case in which
Z” is negligible for the whole arc, o(w = n,) tends
to 20, while o(w = u)p) is equal to 20, by defi-
nition. It can be observed that the values of n,
determined from Figure 16 are in very good
agreement with the values of w, presented in
Table II.

Using the values of o, and w, calculated
from Eq. (6) and (7), it is possible to determine
the factor Nd2y in equation (8). It increases in a
factor of 32 and 47 for CSO and CYO na-
noceramics, respectively, compared to the values
determined for bulk conductivity of the microe-
rystalline samples (see Table II). If it is assumed
that the carrier concentrations in micro and
nanoceramics are similar, it can be deduced that
characteristic hopping distance increases in a fac-
tor of about 6-7 in the nanoceramics. Therefore,

the enhancement of ionic conductivity in the
nanostructured CeO,-based ceramics seems to be
related to an increase of the hopping distance.
However, a possible increase of N for decreasing
grain size should also be considered, as it will be
explained below.

According to Almond and West [156], the
hopping rate is thermally activated:

w, = o, exp(-E_/kT) (9)

where: E_ is the activation energy for the hopping
process and o _; is an effective frequency. By re-
placing this expression for m,; in Equation (9), it
becomes apparent that E_and E  are equal only
if the carrier concentration, N, is not thermally
activated. For example, this is the case of free
oxygen vacancies in oxide-anion solid electrolytes
(observed in ceria and zirconia-based materials at
high temperatures) [149, 160, 161]. Differently,
if N is thermally activated, its activation energy
should be added to E , increasing E . For ex., this
occurs in the case of ceria and zirconia-based solid
electrolytes at intermediate temperatures, since
vacancies associate to doping cations and, there-
fore, the activation energy for the disassociation
process must be considered [149, 160-161].
Table III summarizes the values of E_
and E_ for all the nano and microcrystalline sam-
ples studied in this work. Remarkably, both en-
ergies are almost equal for the nanoceramics for
the low-temperature regime, while they differ in
the case of the microcrystalline samples. This
important result implies that free oxygen vacan-
cies dominate the low-temperature conduction
process in the nanostructured samples, while the
dissociation energy cannot be neglected in the
microcrystalline materials. The Arrhenius plot of
w, for the CYO nanoceramic with smallest aver-
age grain size (35 nm) and for the CYO microc-
rystalline material shows that the slope is smaller
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for the nanoceramic material, indicating that it
has a lower E_. The results of Table III also in-
dicate that the association energy is lower for
CSO materials, which explains the higher ionic
bulk conductivity of these materials compared to
that of CYO ceramics.

All the above results are consistent al-
lowing to propose a model for the transport pro-
cess in the nanostructured ceria-based solid elec-
trolytes: it is dominated by the delocalized hopping
of free oxygen vacancies, which are probably lo-
cated at grain boundaries. Since the concentra-
tion of free vacancies is usually higher at the
grain boundaries [161] and the grain boundary-
to-bulk ratio increases for decreasing grain size,
it is to be expected that the concentration of free
oxygen vacancies increases for decreasing grain
size, which could be partially responsible for the
above mentioned increase of the Nd?y factor.

Now, we shall discuss the nature of the
transition observed in the conductivity measure-
ments as a function of temperature. In most of
thermally activated phenomena in physics, chem-
istry and biology, it has been found a simple re-
lationship between the pre-exponential constant
and E, known as the Meyer-Neldel rule or the
compensation law. In the case of the ionic con-
ductivity in solid electrolytes that satisfies the
Arrhenius law [(eq. (4)], it can be expressed as
[149,156]:

In(c,) =aE, +p (10)
where: o and 3 are constants. From the value of
the slope, it can be defined a characteristic tem-
perature, T, = (ok)?, which, in the case of met-
als, has been identified as the melting point [163].
For ionic conductors, it has been shown that T 9
corresponds to an order-disorder transition in the
mobile ion sublattice [156].

Figure 17 shows In(c,) vs. E_ for the
studied nanoceramics and also for the bulk and
grain-boundary conductivities in the microcrys-
talline samples. For the samples with the lowest
grain size, it has been included the data corre-
sponding to both the high-temperature and low-
temperature regimes. It can be noted an excellent
linearity between both magnitudes. The values of
T, determined from the slope of the straight lines
in Figure 17 resulted in excellent agreement with
T,, determined from the Arrhenius plot [91]. In
the present case, T, should be associated to a
change in the transport mechanism, from the
high-temperature, bulk-controlled conductivity to
the low-temperature, grain boundary-controlled
conductivity. In Figure 17, it can also be observed
that the nanostructured samples correlate very

well with the grain boundary transport, while, on
the other hand, bulk diffusion mechanism does
not fit with Mayer-Neldel curve. This accords
with our statement that the ionic transport is
controlled by grain boundaries in the nanos-
tructured samples.

In summary, we have investigated the
tonic transport process in heavily-doped ceria-
based nanoceramics proposing that it is based on
the fast grain-boundary diffusion of free oxygen
vacancies migrating with a delocalized transla-
tional motion with a big hop, differently to the
case of conventional microcrystalline materials,
for which the carriers exhibit a localized jump. It
was also studied the transition observed in the
Arrhenius plots of the nanostructured ceria-based
ceramics which is probably caused by a competi-
tion between the localized and delocalized carries
in the transport mechanism. It is controlled by
the bulk diffusion of localized oxide vacancies at
intermediate temperatures, while free oxygen
vacancies at the grain boundaries dominate the
conductivity at low temperatures.

The present investigation on the trans-
port mechanism in the studied nanoceramics
opens the way for searching new ultrafast solid
electrolytes, which could be very important from
the technological point of view in order to reduce
the operating temperatures of several devices,
such as solid-oxide fuel cells, gas sensors,
electrochemical reactors, solid-state batteries, etc.

4. Applications of nanostructured
materials

From the numerous applications of the
studied nanostructured materials at CINSO, we
shall refer in the following to Gas Sensors and
Solid Oxide Fuel Cells (operated at medium tem-
peratures) IT-SOFCs, exhibiting both devices the
most important advancement in their develop-
ment.

4.1. Gas Sensors built with
Nanostructured Semiconductors

We shall describe sensors built with
semiconductive materials (for ex. SnO,) detecting
gases by the variation of surface resistance. The
ceramic semiconductor previously reacts with the
oxygen of air forming, at the semiconductor sur-
face, oxygen adsorbates, such as O, O,, O* [164].
These adsorbates which play an important role in
the gas sensing (being the O the most active) are
known to cover the semiconductor surface and
grain boundaries and they react, at an operation
temperature of ~300-450 °C if the sensor is built
with a microcrystalline semiconductor. In case of
n-type semiconductive metal oxides, the forma-
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Fig. 17. In (0, ) vs Ea for the studied nanoce-
ramics and the volume and grain boundary con-
ductivity for the microcrystalline specimen. For
samples with smaller grain size the data from the
high and low temperature were included.

tion of these adsorbates builds a space-charge
region, resulting in an electron-depleted surface
layer (space-charge) due to the electron transfer
to the adsorbates as follows:

1/2 O,(g) + 2e = 20" (adsorb.) (11)

The depth of the space-charge (L) is a
function of the surface coverage of oxygen adsorb-
ates and of the intrinsic electron concentration in
the bulk. The resistance of the n-type semicon-
ductor is, in consequence high, because a poten-
tial barrier to electronic conduction is formed at
each grain boundary [165] as shown in Figure 18.
If the sensor is exposed to a reducing (or inflam-
mable) gas (for ex. CO) at the operation tempera-
ture, the gas reacts with oxygen adsorbates ac-
cording: to: .

CO+ 0 =CO, + e (12)

The oxygen adsorbates are consumed by
the subsequent reactions, so that a lower steady-
state surface coverage of the adsorbates is estab-
lished, the potential barrier height decreases and
a drop in resistance is produced. The resistance
change is used as the measurement parameter of
the semiconductor gas sensor. In general, the

. o
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Fig. 18. A model of a potential barrier to
electronic conduction at a grain boundary.

resistance variation (Ap) can be defined as
Ap = n.e.AL, where: n is the number of charges,
e: charge of mobile species and L is the change
of space-charge thickness. Otherwise, sensitivity
(S) can be defined as:

S=Rair/Rair+gas

where: R is the resistance in air and and R, . -
is the resistance in a sample gas containing a re-
ducing component. The reactivity of the oxygen
adsorbates is a function of the kind of reducing
gas and the sensor temperature. In case of n-type
semiconductor gas sensors in the presence of oxi-
dizing gases (O, or NO, for ex.), the sensor resist-
ance increases upon exposure to these gases as a
result of their negatively charged chemisorption
on the grain surfaces or boundaries. Conse-
quently, sensitivity is a function of the amount
of chemisorption, since oxygen adsorbates cover-
age on the surface remains constant.

Usually n-type semiconductive metal
oxides are employed as sensor materials for a re-
ducing gas detection. In case of p-type semicon-
ductive metal oxides, the charge carriers are holes
(positive) being then the resistance in air low
because of the formation of negatively charged
oxygen adsorbates. Otherwise, the extraction of
electrons from the bulk enhances the holes con-
centration in the grain surface and boundaries.
The consumption of oxygen adsorbates by reac-
tion with the reducing gas leads to an increase of

(13)
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the resistance which represents the reverse of n-
type metal oxides behaviour.

Gas sensors were built at CINSO with
microcrystalline and nanocrystalline semicon-
ductive SnOz, as it will be seen below. In every
case, it was observed that the sensttivity of sensors
built with nanocrystalline material resulted al-
ways 30-37% higher than the one of sensors built
with the microcrystalline conventional semicon-
ductor and the operation temperature decreased lo
180-220 °C for sensors with nanomaterial in com-
parison with usual temperature range: 350-450 °C
for microcrystalline semiconductor.

If a simple model is considered assum-
ing that a sensor consists of a chain of uniform
grains (with diameter D) connected by grain-
boundaries, the core area presents a low resist-
ance and the space-charge region (thickness: L)
a high resistance as it is possible to observe in
Figure 19, which shows the schematic models for
grain-size effects [164]. In case of D >> 2L, there
is a grain-boundary control. If D > 2L, there is a
neck control, since grains are connected by necks
(usually ~ 0.8D) and if D < 2L, it appears that
the active space-charge region is considerably
major than the grain diameter and sensor be-
comes evidently more sensitive since a larger
quantity of adsorbates can react with the gas to
be detected. It is easy to conclude that sensor
sensitivity increases as grain size decreases.
Semiconductive metal oxides are used for sensors
either pure or doped (doping contributes to in-
crease the selectivity to certain gases) [165, 166].

Sensors to detect CO (g), VOCs (Volatile
Organic Compounds) and hydrogen were built at
CINSO with nanocrystalline tin oxide. As it was
shown above, the sensor performance improves
not only when D (grain diameter) decreases but
also with increasing L (space-charge region thick-
ness) since a major proportion of material inter-
acts with the target gas, even if the grain size is
not excessively small. These concepts were used
to build a sensor for CO (g) with nanocrystalline
SnO, [167]. The doping of SnO, with trivalent
cations enabled to increase the response since the
carriers concentration was reduced and, conse-
quently, L increased. Doping of SnO, with Al O,
enabled C. Xu et al. [166] to build sensors for H,
detection but they did not report data on CO(g)
sensing. They have prepared the semiconductive
material by coprecipitation, followed by calcina-
tion at high temperature and could not evaluate
the Al solubility in the SnO, lattice, in spite of
reporting that it had to be lower than 1% as de-
termined by resistivity measurements. The aim
of Cabezas et al. work [167] was to study the pos-
sibility of increasing the Al solubility in the SnO,

lattice because this fact could improve the gas
sensor sensitivity since carriers concentration
could decrease even more. Nanocrystalline SnO,
was synthesised by the nitrate-citrate gel-com-
bustion method [19, 20] since the use of similar
routes in other systems made possible to increase
the solubility limit of the dopant, in a metastable
condition, while retaining the homogeneity in
composition of materials [70, 110]. This is due to
the fact that the powder is obtained by the rapid
disintegration of the homogeneous gel, so the
system cannot evolve towards its equilibrium
state.

In Figure 20, the response of pure, 2 at%
and 5 at% Al doped SnO, is plotted versus T(°C)
for 200 ppm CO in air. If pure SnO, sensors were
compared with 2 at% Al doped SnO, sensors, it
was observed that the latter exhibited a higher
sensitivity for the whole considered temperature
range. The maximal sensitivity resulted: ~8 for
non-doped Sn0O,and 10 for 2 at% Al doped SnO,.
The optimal working temperature (T} resulted
~ 375 °C for both types of sensors. However, 5
at% Al doped SnO, sensors exhibited a lower op-
timal working temperature: ~ 325 °C and their
sensitivity resulted of 8. This decrease of T, may
be assigned to a shift of the characteristic forma-
tion temperature of adsorbates O- by the incor-
poration of Al in the SnO, lattice. Results indi-
cate that the gel-combustion method enables to
increase the Al solubility in nanocrystalline SnQO,
in comparison with the co-precipitation method
[167] and, at the same time, it reduces the
crystallite size. Both facts improve the sensitiv-
ity of the sensors built with the gel-combustion
synthesised nanomaterials as it was proved with
the built thick film sensors. The response of the
sensors reported in this work was considerably
high, between 8 and 10 for 200ppm CO in syn-
thetic air. Furthermore, it is possible to reduce

D >> 2L (grain-boundary control)

D= 2L (neck control) Core region

S (low resistance)

= ) Space-charge region
D < 2L (grain control) (high resistance)

Fig. 19. Schematic models for grain size effects.
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the operation temperature of sensors by increas-
ing the Al concentration.

Thick filin sensors with microcrystalline
and nanocrystalline pure or In,0 s-doped SnO,
were built at CINSO [168] ﬁndmg a major sen51-
tivity (33-37%) in sensors built with doped
nanocrystalline material with regards to those
built with microcrystalline doped Sn0O,,. In case of
nanocrystalline material, it was proved that
crystallite size of pure or doped SnO, decreases if
the doping concentration increases. Sensors per-
formance improved for low In,0, doping concen-
tration (1% of the mass ratio Sn/In). It was
demonstrated that a thermal treatment of 3 h at
700 °C was suitable to stabilise the sensor, which
optimal working temperature resulted 270 °C (ap-
proximately 50 °C minor than that of sensors
built with microcrystalline material). Sensitivity
and response of sensors was determined for gas
in thermal equilibrium with ethanol solutions (50,
000 ad 5000 ppm) in water, Figure 21 shows the
resistance variation with time of a (1% In O
doped SnO,) sensor in which it appears: the curve
taken durmg the first functioning day of a non
stabilised sensor (below) and that of the same
sensor as measured on the second day after
stabilisation treatment. Figure 22 is the response
variation of a (1% In,0, doped SnO ,) sensor for
different ethanol concentratwns (ppm) in air.

Another thick film sensing device, devel-
oped at CINSO as a result of performed research
on nanocrystalline semiconductor SnO,, was a
hydrogen sensor detecting 5 ppm H,in azr [169,
170]. Pure nanocrystalline SnO, was synthesized
with a novel method developed at CINSO [169]
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Fig. 20. Gas sensor response with pure, 2 at% and
5 at% Al-doped SnO, vs T(°C) for 200 ppm CO in
air,
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by vigorous oxidation of SnCl,.2 H,0 with H,0,
(30-250 vol.) obtaining an 1n1t1al c:rystalhte 51ze
of 1-2 nm and a final size of 5-6nm after sintering
(as revealed, in both cases, by XRD peaks broad-
ening with Scherrer technique). Figure 23 is the
sensitivity versus the operation temperature (in
°C) of the sensor for hydrogen. Sensitivity re-
sulted 30-35% higher than that of sensors built
with microcrystalline SnO, (as synthesised by the
usual calcination method) and the highest sensi-
tivity is reached at an operation temperature of
~ 180-200 °C. It is interesting to point out that
commercial sensors as obtained with microcrys-
talline SnO, operate in a range 350-450 °C.

The three above described thick film
sensors as well as the commercial sensors require
a heater circuit to provide the adequate operation
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temperature. Usually, conductive pastes are pre-
pared with the metal oxide semiconductor and
deposited by serigraphy on the top face of an elec-
tronic purity AlSiMg substrate (provided with two
interdigitated Pt electrodes previously deposited
by screen printing). In case of sensors built at
CINSO, the conductive pastes were prepared with
free of glass own formulations to reach the ad-
equate tyxotropic properties required to deposit
them by microelectronic techniques. On the bot-
tom face is deposited a meandering Pt heater
track also by microelectronic techniques.

An innovative heater and measurement
device, developed at the Semiconductors Labora-
tory-CITEFA and CINSO, with MEMS technique
(considered among the nanotechnology tech-
niques [1]) was incorporated to one of the above
described resistive sensors (sensor for hydrogen).
This device consists of a Si micro-etched or mi-
cro-machined structure, Figure 24, similar to
those used for thin film sensors [171, 172]. The
micro-machined area is obtained by the wet-etch-
ing technique on a Si wafer coated with a N Si_
layer to stop the etching of the micromachining
process and to provide a mechanical support. On
the N Si_layer, a Pt film is deposited in high
vacuum and a double meander structure (heater-
contacts system) is built with the lift-off tech-
nique. This circuit enables the commutation of
the same Pt structure to be used as contact to
extract the sensor signal or as heater. The ad-hoc
necessary electronic circuit is detailed in Figure
25. The functioning principle of the associated
electronics may be described as follows: the con-
trol logic is programmed with the PC (core of the
system) to commutate the electrodes to act as
heater or contacts. The sensor electrodes are ex-
cited through the Heater Block for a given time,

providing the necessary power to activate the
sensing nanocrystalline SnO, thick film. The film
exhibits a thermal capacity enabling, once re-
moved the feeding, to maintain the sensor tem-
perature for a while (~ 1s). During this short
time the circuit commutates the contact to Bias
Block to excite the terminals with the adequate
polarization levels. The PC acquires the data and
the process is continually repeated.

With this new system [173], the same
functional results of conventional heaters depos-
ited on Si substrates are obtained but, using en-
ergy data from 10 to 15 times lower, which ena-
bles its application to portable equipments.

Before performing the above men-
tioned research on nanocrystalline SnO, and its
application to the described resistive sensors, the
study of phenomena generated at the triple inter-
face [nanocrystalline SnO /nanocrystalline ion-
conducting oxide/gas] was considered in the first
PhD thesis on nanocrystalline materials per-
formed in our country in the nineties [22]. Gas
sensors (detecting ppm of CO) of two types re-
sulted from this study [174] and they cannot be
grouped with the above described sensors since
they apply a new sensing way. Previous research
considered the [Y-TZP/SnO,] interface in contact
with a reducing gas (CO). This interface used Y-
TZP (yttria-stabilized tetragonal zirconia poly-
crystal with composition ZrO,-2.8 mol% Y,0,)
making possible to operate it at lower tempera-
tures in comparison with the cubic FSZ (fully sta-
bilized zirconia). The retention of this tetragonal
phase was possible because it was a nanocrys-
talline material. Two identical nanostructured
SnO, electrodes were deposited with a symmetri-
cal geometry on both sides of the Y-TZP disk. In
sensor of type I, the electrodes consisted of thick
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Fig. 23. Sensitivity (S) vs the operation tempe-
rature (°C) of the sensor for hydrogen.

Fig. 24. (Si + NXSi;) micromachined structure.
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Fig. 25. Circuit enabling the commutation of the
same Pt structure to be used as contact to extract
the sensor signal or as heater.

films deposited by screen-printing from conduc-
tive SnO, paste and in the sensor of type II, the
electrodes were SnO, deposited by flash-pyrolisis.
The sensor I proved to detect from 50 to 350 ppm
of CO in air in a temperature range from 400 to
550 °C with an optimal working temperature of
450 °C at a frequency of 6.3 Hz, as determined by
EIS measurements. The sensors of type II de-
tected between 10 and 350 ppm of CO in air in a
temperature range 400-550 °C with an optimal
operation temperature: 550 °C and a maximal fre-
quency f = 0.10Hz or even smaller. In spite of
exhibiting a higher operation temperature, sen-
sors II resulted more sensitive than sensors I.

In spite of being the operation tempera-
ture of the nanosemiconductor lower than the
usual working temperature (350-450 °C) in the
conventional microcrystalline material, the ionic
oxide required a higher temperature range to re-
tain the tetragonal phase and this range of tem-
perature was convenient to operate the interface
as sensor.

4.2. Fuel cells with nanostructured materials
Fuel cells are electrochemical devices
enabling to generate electrical energy from a
chemical reaction, which generally is the water
formation from H, and O,. Solid oxide cells are
detached because they replace H, by hydrocar-
bons, for ex. CH,, as fuel. Conventional fuel cells
use ceramic electrolytes, usually Y,0, stabilized
ZrO, (YSZ), in the cubic phase conducting at high
temperature by the O% ion. The reduction reac-
tion of O, to O* is produced at the cathode and,
usually, manganites like (La; Sr)MnO, are used
to catalyze it. In the anode, the fuel oxidation is
produced and materials based on Ni are used to
catalyze the reforming from CH, to H, and CO in
presence of H,0 or CO,:
CH, + H,0 - 3H, + CO (14)

CH, + CO, - 2H, + 2CO (15)

Noemi Elisabeth Walsoe de Reca. Nanonstructured materials

This process is known as internal re-
forming (it is produced in the same anode of cell).
The resulting gases, H, and CO, react with the O*
ions coming from the electrolyte to produce wa-
ter and CO,. The main difficulty of these conven-
tional SOFCs (Solid Oxide Fuel Cells) is that they
must operate at temperatures from 900 to 1000 °C
since the used materials to build them are efficient
at high temperatures. We shall refer in this re-
view to high temperature fuel cells (HT-SOFCs)
only as a reference to compare their performance
with that of fuel cells developed at CINSO. It is
obvious that nanomaterials are used for IT-
SOFCs but they cannot be employed in conven-
tional SOFCs, because of grain growth at high
operation temperatures. A considerable important
research subject consists in looking for materials
efficient at intermediate temperatures (500-700 °C).
Convenient materials were found for electrolytes,
such as the Sm,0,, Gd,0, or Y,0, doped CeO, or
(La;Sr)(Ga;Mg)0O, perovskytes. In case of the
cathode, numerous materials have been evaluated
and, for example, it was found that several
cobaltites [(La;Sr)CoO,, (Sm;Sr)Co0,] favour the
O, reduction at intermediate temperatures. Oth-
erwise, till now no completely adequate anodes
have been found since the internal reforming re-
quires of high temperatures. Consequently, new
concepts are analyzed at the present, such as:
SOFCs working by the direct oxidation of hydro-
carbons [175, 177] or one-chamber cells like the
cells presented in this work [178-184]. Usually,
fuel and O, (air) are in separated chambers. How-
ever, Hibino et al. have proposed “one-chamber”
solid oxide cells working in mixtures of hydrocar-
bons and air. These cells are based on the use of
catalyzers which are selective for reactions in
each electrode. In the anode, instead of the inter-
nal reforming, the environmental 0, is used to
produce the partial hydrocarbon oxidation. The
reaction for CH, is:

CH, + %0, - 2H, + CO (16)

Produced by the following reactions:

CH, + 20, - 2H,0+ CO, (@)
CH, + H,0 - 3H, + CO (b)
CH, + CO, - 2H,+ 2CO ©

Differently from the internal reforming,
a probable solution is to catalyze the reaction (16)
at intermediate temperatures.

In spite of the importance of one-cham-
ber cells related to the possibility of simplifying
the cell design (with the consequent weight de-
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crease and cost reduction), there are still few
publications confirming the reliability of these
new devices [183, 184]. One-chamber cells, oper-
ated at high (HT) and intermediate (IT) tempera-
tures, similar to those studied by Hibino et al.
were evaluated at CINSO [185]. Synthesized and
characterized (at CINSO) materials were used to
build them. In spite of not reaching the high
power density reported by Hibino et al., power
density values resulted acceptable showing the
possibility of generating energy in cells operated
with hydrocarbons and air mixtures as fuel. In
case of the one-chamber cells of this work func-
tioning at high temperatures, new compound
materials of NiO and ZrO,-CeO, were used for
anodes. The interest on these anodes is due to the
fact that ZrO,-CeO, materials are mixed conduc-
tors (conducting by O% ions and by e, due to the
Ce** reduction to Ce®*) in reducing atmosphere
and by this fact, the oxidation reaction of fuel is
produced on its whole surface while in electronic
conductors occurs only in the [anode/electrolyte/
gas] triple points. In consequence, in this work,
the behavior of Zr0O,-CeO, solid solutions was
studied in methane/air mixtures as catalyzers of
the whole oxidation stage of fuel (reaction a).

Materials for both type of fuel cells
(SOFCs and IT-SOFCs): ZrO,-8 %mol Y,0, and
Ce0,-10 %mol Sm,0, powders were synthesized by
gel-combustion method using lysine as fuel. Thisis
a novel route proposed at CINSO [23]. The result-
ing powders were characterized by X-ray diffraction
(XRD). The crystallite mean size was determined
with the Scherrer equation. The specific area was
evaluated with the Brunauer-Emmett-Teller (BET)
technique. Powders were used to prepare the elec-
trolytes by uniaxial pressing and sintering at high
temperature (1600-1700 °C for ZrO,-Y,0, ceramics
and 1400-1500°C for CeO,-Sm,O, ceramics). These
materials were characterized by XRD, density meas-
urements, environmental scanning electron mi-
croscopy (ESEM) and electrochemical impedance
spectroscopy (EIS).

Synthesis and structural characteriza-
tion of ZrOz-CeO2 solid solutions Zr02—50, 70 and
90 %mol CeO, were synthesized by gel-combus-
tion nitrate-glycine technique [110]. Phases were
identified by XRD with synchrotron radiation
experiments performed in the D12A-XRD-1 line
of the Laboratorio Nacional de Luz Sincrotrén
(LNLS, Campinas, Brasil) using an incident ra-
diation with a wavelenght of 1.50060A. A high
intensity and low resolution configuration was
used, without analyzer crystal in order to reach
good statistics. Conventional XRD studies were
also performed.

Study of redox and catalytic properties
of Zr0,-CeO, solid solutions was studied by Tem-
perature Programmed Reduction (TPR) carried
out with a conventional laboratory equipment
provided with a thermal conductivity detector
and a mixture of 4.5 % mol H,/N, yield as reduc-
ing agent. Catalytic essays were performed in a
conventional fix bed reactor, isothermally oper-
ated at atmospheric pressure. The feeding and the
reactor efluent compositions were evaluated by
on-line gaseous chromatography.

The building and evaluation of one-
chamber solid oxide fuel cells was performed in
high end intermediate temperature fuel cells:

- High temperature one-chamber fuel
cells: YSZ (Yttria Stabilized Zirconia) was used
for the electrolyte, La, Sr  ,MnO, (LSM) for the
cathode. In case of the anode, NiO or Zr02-50, 70
or 90%mol CeO, compound material were used.
Synthesis, structural and electrical characteriza-
tion of all these materials are described elsewhere
[185, 186]. For the cathode and the anode, conduc-
tive pastes were prepared with glycerine as solvent
and painted on the surface of the electrolyte pel-
let (cylindrical shape: 8 mm diameter and 1 mm
thick) after polishing both surfaces. LSM/YSZ/NiO
cells were chosen as reference cells since their
performance had been already informed in [178].
New anodes (developed at CINSO): NiO/ZrOZ-C&O2
were prepared from NiO and ZrO,-50, 70 or
90%mol CeO, mixtures in a 3:1 weight ratio.

- Intermediate temperature one-chamber
fuel cells: CeO,-10 %mol Sm,0, (CSO) ceramics
were prepared with powders obtained by the gel-
combustion method. A based on NiO anode was
used, forming a composite material with CSO
(30% weight proportion) and PdO (7% weight
concentration). PdO was chosen because it
catalyzes the methane oxidation at intermediate
temperatures [182]. These materials were synthe-
sized by gel-combustion. Conductive pastes were
got mixing the powders in the convenient propor-
tion and using glycerine as solvent. Sm, Sr, .CoO,
(SSC) powders were synthesized by the liquid-mix
method and calcined at 800°C to be used for cath-
odes. Glycerine was used as solvent for conduc-
tive pastes preparation. Sintering was made at
1000°C for 2 h.

- Electrical evaluation of one-chamber
fuel cells: Cells were evaluated with an EG&G-
PAR 273A galvanostat-potentiostat, for [air +
CH,] mixtures in proportions CH,:O, of 1:1 to 2:1.
The total gas flux was varied between 300 and
800 cm?®min. Working temperature varied from
800 to 950 °C for high temperature cells and be-
tween 500 and 650 °C for intermediate tempera-
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ture cells. Pt and Au wires were used as output
terminals for anode and cathode, respectively.

With regards to the structural properties
of the nanostructured homogeneous in composi-
tion Zr0,-CeO, solid solutions used in [T-SOFCs,
this subject was considered before in this article.
Homogeneity in composition of the synthesized
materials was observed and it is due to the used
synthesis method since the system remains homo-
geneous during the process and the final combus-
tion stage is too short, enabling the homogeneity
retention in the resulting material.

Redox and catalytic properties of nanos-
tructured homogeneous in composition ZrO,-CeO,
solid solutions are considered because they are
tightly related to the IT-SOFCs performance. In
this case, Zr02-50, 70 and 90 %mol CeO2 powders,
calcined at 600 °C and at 800 °C, were studied.
The specific area values of the analyzed powders
are reported in Table IV. It can observed that
specific area data are similar with exception of
that of Zr0,-70 %mol CeO, specimen calcined at
600 °C. Containing Ce oxides can store oxygen if
they are in contact with an oxidizing atmosphere
and they can deliver oxygen if they are in a re-
ducing atmosphere. This process is able by the
redox Ce**/Ce’* couple presence. Consequently,
the solid reduction profile in a H, containing at-
mosphere is tightly related with this redox proc-
ess and with the easy oxygen deliver. In Figure
26 the TPR profile of pure CeO, is shown. It is
observed that reduction is produced in two steps.
The maximal values appear at 380 and 800 °C,
respectively. These data are similar to those re-
ported by other authors [187]. The first peak in-
volves the reduction of the surface sites and the
second one the reduction of the solid bulk sites.
TPR results of Zr0,-CeO, specimen are reported
in Table V.

It is possible to observe that for an equal
composition, the calcination temperature slightly
moves the TPR profile to the higher temperatures
range. On the other side, a strong composition
effect on the profiles is observed. Comparing the
peaks position in Figure 26 with results of Table
V, it is possible to conciude that the peak appear-
ing at 380 °C (T1) for CeO, moves to lower tem-
peratures for the ZrO,-CeO, solid solutions show-
ing that the reduction of surface sites was very
favoured. A similar conclusion may be reached
comparing the peak position at 800 °C for CeO,
with the signals of higher temperature in the
Z1*02-C36502 (T3) specimen, then concluding that
the ZrO, adding does not only improves the sur-
face sites reduction but also the reduction of the
bulk sites. In consequence, the Zr'* presence in
the solid structure has strongly changed the CeO,
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reducibility. Besides, the Zr0,-90 %mol CeO, cal-
cined at 600 °C and 800 °C specimen, show a third
peak in the TPR profile, reported as T2 in Table
V, appearing at 472 °C and 494 °C, respectively.
These signals correspond to intermediate redu-
cibility centers which can play an important role
in the oxidation reactions.

The CH, conversion versus the reaction
temperature is reported in Figures 27a and 27b.
The results for calcined solids at 600 °C are
shown in Figure 27a and results for the calcined
at 800 °C specimen are reported in the Figure
27b. The CH, conversion at 5002C for Zr0O,-90
%mol CeO, catalyzers calcined at 600 and 800 °C
is 0.05 and 0.13, respectively and it is negligible
for the Zr0,-50 and 70 %mol CeO, specimen. The
conversion values for the last specimen become
important at higher temperatures. It is interest-
ing to point out that, the formed products under
the used working conditions of this work, were
CO, y H,0, being observed a good C equilibrium
between the reactor input and output. In conse-
quence, the formation of carbonous residues is
discarded.

The Zr0,-90 %mol CeO, catalyzers
present mayor CH, conversion values than the
other specimen in the whole temperature range
used for these essays. The different behavior can-
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Fig. 26. Reduction profile at a programmed
temperature for pure CeO,.

Table IV. Specific area data of Zr0,-50, 70 and
90mol% CeO, powders, calcined at 600°C and at 800 °C

Specimen Specific area (m?%/g)
Zr0,-50%Ce0,; 800 °C 81
Zr02-50%0802; 600 °C 28
Zr0,-70%Ce0,; 800 °C 30
Zr0,-70%Ce0,; 600 °C 60
Zr0,-90%Ce0,; 800 °C 28
Zr0,-90%Ce0,; 600 °C 28
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Table V. TPR profiles of ZrO,- CeO, catalyzers

Specimen T1 T2 T3

Zr0,-50%Ce0,; 600°C  187°C R 569 °C
Zr0,70%Ce0,; 600 °C 181 °C 530°C
Zr0,90%Ce0,; 600 °C 108 °C 472°C 719°C
Zr0,-50%Ce0,; 800°C 194 °C 582°C
Zr0,-70%Ce0,; 800 °C 247 °C 597°C
Zr0,-90%Ce0,; 800 °C 197 °C 494°C 747°C

not be associated to differences in the specific
areas because, as it was previously indicated, all
the specimen present similar values of this pa-
rameter. On the other side, the TPR results for
the Zr0,-90 %mol CeO, solids have shown a third
peak at intermediate temperatures, suggesting
the existence of more labile oxygen ions in the
structures, which could easily oxidize the CH,.

Comparing the plotted results of Figures
27a and 27D, it is possible to conclude that the
Zr0,-90 %mol CeO, calcined at 800 °C specimen
present a more convenient behavior than the cal-
cined at 600 °C specimen and, consequently, it
would be interesting to study the behavior of the
first solid as anodic material in the one-chamber
cells operated with CH,. However, this fact was
not possible since the electrodes built with this
material were detached during the operation,
prebably due to a volume change induced by the
Ce reduction. In consequence, ZrO,-70 %mol CeO,
catalyzers were used since, as it was mentioned
before, the ZrO,-70 %mol CeO, materials are de-
graded at high temperatures. It was necessary to
use them with NiO compound materials because
the electronic conductivity of the ZrO,-CeO, solid
solutions is not enough to collect the current. The
study of the catalytic properties of the NiO/ZrO,-
CeO, compound materials for anodes is still run-
ning at the present.

In Figure 28a the discharge curves of
one-chamber cells are shown. Cells were built
with YSZ-Tosoh electrolyte (sintered at 1600 °C
for 3 h), LSM as cathode and NiO and NiO/ZrO,-
70 %mol CeO, as anodes. Both curves were meas-
ured at 950 °C for mixtures with a CH, and O, rate
of 1:1, which resulted the optimal mixture for both
cells. In Figure 28b, power density versus current
density curves are reported. Cells with NiO anode,
already reported in the technical literature [178],
enabled to adjust the cells building and the meas-
urement conditions. In spite of not reaching the
maximal expected power density (121 mW/em?),
the measured value of this work (39 mW/cm?3) is
acceptable considering that the electrodes were
prepared with analytical purity regents,
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Figs. 27a. and 27b. Methane conversion vs.
Reaction temperature for Zr02-50, 70 and 90
%mol CeO, calcined at 600 °C (a) and 800 °C (b)
powders.

Severe adhesion difficulties were found
for NiO/ZrO,-CeO, anode, not only during the
cells building but during their operation too. This
fact is already known and reported in the litera-
ture and it is due to the expansion produced when
the Ce transform from Ce** to Ce*® in reducing
atmosphere [185, 186]. These difficulties were
more important in case of Zr0,-90 %mol CeO,
solid solutions. On the other side, as it was al-
ready discussed, the Zr0,-50 %mol CeO, solid
solutions loose their homogeneity in composition
at 950°C or even at higher temperatures. By this
reason, it was decided to study cells with NiO/
Zr0,-70 %mol CeO, anode (sintered at 1000°C for
1.5 h to avoid the degradation of the used solid
solution).

It resulted also difficult to take out cur-
rent with the proposed anode being this fact prob-
ably due to the low electronic conductivity of
Zr0,-CeO, materials. Though in Ref. [183], it is
not reported this difficulty for NiO/CeO,-Sm,0O,
anode (with weight proportions similar to those
of this work), as it was mentioned before, it was
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decided to deposit a porous Pt film on the anode
as current collector in place of a Pt mesh (this
process is known and reported in the literature
[188]) enabling to solve the above mentioned
problem. Figures 28a and 28b corresponding to
the cell with NiO/Zr02~70 %mol CeO, anode were
measured in this way. As it can be observed, this
anode exhibits a better performance in compari-
son with the NiO anode, enabling to reach a maxi-
mal power: 53 mW/cm? meaning an improvement
of 36%.

This performance improvement of the
cells with NiO/ZrOz-CeO2 anode, in comparison
with those with NiO anode, is due to the excel-
lent catalytic properties of the Zr0,-CeO, solid
solutions for the total CH, oxidation in O, pres-
ence. The H)O and CO, favour the CH, reform-
ing of the non reacted methane (due to the NiO
presence), generating H, and CO in a more effi-
cient way. In consequence, the power density of
the cell increases. The catalytic properties of the
NiO/ZrO,-CeO, compound material for anode are
still studied at present.

With regards to the preparation and
electrical properties of Ce0,-Sm, 0, solid electro-
lytes for intermediate temperature IT-SOFCs.
The CSO powders, as synthesized by gel-combus-
tion, only exhibited the expected fluorite type
cubic phase with a crystallite mean value of 10
nm. A high specific area of 30 m?%g was measured
for calcined at 400 °C powders. It is important to
point out that the proposed gel-combustion syn-
thesis route with nitrate-lysine as fuel was ap-
plied to synthesize CSO powders for the first time
in this work. Ceramics prepared from above de-
scribed powders by unilaxial pressing and
sintering at temperatures between 1400 and 1500
°C, exhibited high relative densities, between 98
and 100%. Studies of EIS showed a considerable
grain-boundary resistance, in spite of their excel-
lent relative density. CSO electrolyte was used to
build one chamber IT-SOFCs. The electrodes
were synthesized from analytical purity reagents.
Once again, the current collectors were based on
porous Pt and Au films for anode and cathode,
respectively. Figure 29a shows the discharge
curve of a one-chamber cell operated at interme-
diate temperature, with SSC cathode, CSO elec-
trolyte and NiO-CSO-PdO anode, measured at
600 °C for fuel mixtures with a CH,:0, ratio of
2:1. Figure 29b presents the power density ver-
sus current density curves for the same cell. The
maximal power density was 97mW/ecmz2.

It is important to discuss the usefulness
of adding PdO to the anode. As it is reported in
[179, 180], the use of conventional anodes based
on NiO (i.e. NiO/CSO) is not sufficient to reach
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Figs. 28 a. and 28b. Voltage versus Current
density (a) and Power density versus Current
density (b) for HT-fuel cells with NiO and NiQ/
ZrQ,-70%mol CeO, anodes, operated at 950°C in
CH, + air mixture (CH:O, ratio of 1:1).

high voltage and power density values if the cell
is operated with CH, and at temperatures lower
than 700 °C. The PdO addition enables to catalyze
the CH, partial oxidation at intermediate tem-
peratures, forming H, and CO which react with
the O anions coming from the electrolyte. Be- .
sides, it is important to point out that, differing
from the case of HT-SOFCs, there are not papers,
with exception of [185], confirming the possibil-
ity to reach high power densities for intermedi-
ate temperature cells as Tomita et al. [182] have
reported, indicating this fact the importance of
the present results.

Actually; an experimental one-chamber
IT-SOFC (Figure 30) was built at CINSO and its
evaluation is in process. It consists of a nanos-
tructured ceria-based electrolyte, ZrO,-CeO,
mesoporous anode impregnated with an adequate
catalyzer and using cebaltites or ferro-cobaltites
nanotubes as cathode [189]. Larrondo et al [93]
synthesized mixed Zr and Ce oxides of nominal
composition Cej Zr; O, by the gel-combustion
method using glycine as fuel [187] so as to obtain
materials with nanometric particles. Ceria and

-85 -



Anales Acad. Nac. de Cs. Ex., Fis. y Nat., tomo 59 (2017): 59-93.

0.9
= (a)
074 TR
0.6 4 L

05 'y

0.4 m

0.3 LN

0.2 4 ™

Voltage (V)
/-

0.1 4 L
0.0 \\

0 50 100 150 200 250 300 350 400 450

Current density (mA/cm 2)

110

100 - (b)

g 888388
™
-

10 / '\
T T T T T T .
0 50 100 150 200 250 300 350 400 450

Current density (mA/cm 2)

Power density (mW/cm 2)

Figs. 29a. and 29b. Voltage versus Current
density (a) and Power density versus Current
density (b) for one chamber [SSC/CSO/NiO-CSO-
PdO] IT-fuel cell, operated at 600°C in a CH, +
air mixture [CH,:0, ratio of 1:1).

Zr0,-Ce0, oxides were chosen by their structural
en electronic properties which make them useful
as catalyzers [188-190]. Besides, ceria is able to
storage oxygen because of cerium cation capabil-
ity to easily change between their reduced and
oxidized states (Ce®**/Ce**). The synthesized mate-
rial was impregnated with a Ni solution so as to
reach 9% and 50% (w/w). Catalyzers were charac-
terized (evaluating texture, structure and catalytic
behavior) in the reaction of methane partial oxi-
dation. It was that synthesis method was effective
because materials exhibited good morphologic
characteristics (specific area, composition and ho-
mogeneity). Otherwise, catalyzers resulted active,
showing a stable behavior during the operation
period and showing a methane conversion of 90%
for temperatures between 500 and 700 °C, being
hydrogen and CO the main observed products.

5. Conclusions

The aim of this review is to report the
sequential steps of the Nanostructured Materials
Project which is performed at CINSO-CONICET-
CITEFA, being this purpose presented in the In-
troduction of this article. In this part, nanoma-
terials are introduced and defined and references
to their unusual properties are given.

In the Experimental Methodology Part,
a review on the synthesis of nanoceramics is ex-
posed, including the preparation of solid ionics
(solid electrolytes) and electrode materials (even
perovskite nanotubes and mesoporous materials)

Hydrocarbon (CH4;C3Hg; CsHy)

Z1r0,-CeO, mesoporous anode

zirconia composites

nanostructured ceria-based —
electrolyte or ceramic ceria-

Cathode: Fe-Cobaltites Nanotubes ™

Air (0) Q 2

Fig. 30. Experimental one-chamber IT-SOFC built at CINSO.

- 86 -



for solid oxide fuel cells and semiconductors (II-
VI metallic oxides) for gas sensors and optoelec-
tronic devices. Several synthesis methods of
nanostructured materials are described, classify-
ing them by the process used for their prepara-
tion. Several papers on synthesis methods are
reported.

Characterization techniques are briefly
described reporting the main used approaches,
such as: conventional X-ray diffraction, Rietveld
refining method of crystallographic parameters,
Scherrer peak broadening technique to evaluate
the nanomaterials particle size, BET (Brunauer-
Emmett-Teller) method to determine the surface
area and the electron microscopies (SEM, TEM
and even HRTEM) to study the nanostructure of
these materials.

SAXS (Small Angle X-Ray Scattering)
EXAFS (Extended X-Ray Absorption Fine Struc-
ture) are other mentioned interesting tools for
characterization using the synchrotron radiation;
numerous articles on the subject are reported.
Other physical characterization techniques for
nanomaterials as electron diffraction or positron
annihilation spectroscopy are only mentioned.
Methods of chemical characterization are briefly
described. A list of general papers on the men-
tioned or described techniques is given.

The results of synthesised nanostruc-
tured materials at CINSO are described in the
third part of the article and they are mainly re-
ferred to the gel-combustion preparation method
which is particularly described. In the first PhD
thesis on nanocrystalline materials performed in
our country in the nineties, the study of phenom-
ena produced at the triple interface [nanocrys-
talline semiconductor (SnOZ)/nanocrystalline ion-
conducting oxide (Y-TZP)/ gas] was performed
(being Y-TZP: Yttria-stabilized Tetragonal
Zirconia Polycrystal and the gas: CO). The reten-
tion of the metastable tetragonal Y-TZP phase
was possible because it was a nanocrystalline
material according to mechanism afterwards de-
scribed. Both materials: SnO, and Y-TZP were
synthesised at CINSO by the gel-combustion
method. Several papers are reported on these
subjects. Gel-combustion technique was also used
to prepare novel calcia-stabilized TZP nanocera-
mics, ZrO, -AlLO, and CeO ,-Y,0,, to synthesize
composmonally homogeneous nanocrystalline
ZrQ,-35 mol% CeO, powders or ZrO,-15 mol%
CeO, nanopowders, to prepare solid electrolytes
for fuel cells (ZrO,-Y,0, and ZrO,- Sc,0,). The
different use conditions (starting reagents, fuels,
temperature, etc.) of this method were studied in
a second PhD work completely devoted to gel-
combustion. Otherwise, the nanosemiconductor

Noemi Elisabeth Walsée de Reca. Nanonstructured materials

SnO, was synthesized at CINSO for the first time.
Another semiconductor, ZnO, was synthesized by
gel-combustion and dip-coating methods in order
to evaluate the optical properties variation with
the crystallite size.

Special synthesis methods for functional
nanomaterials with a determined morphology
were developed at CINSO, such as cobaltite
(Lao'GSro_“CoOs-LSCO) nanotubes, to be success-
fully used for high performance cathodes for IT-
SOFCs (Solid Oxide Fuel Cells operated at Inter-
mediate Temperature) due to its significant
mixed ionic-electronic conductivity in this tem-
perature range. The performance of LSCO
nanotubes was advantageous in comparison with
that of tubular structures formed by assembling
manganite nanoparticles nanotubes. Another spe-
cial nanomaterials synthesis method was used for
Ni catalyzers to produce the catalytic oxidation
of methane in anodes of one-chamber IT-SOFCs.
CeO, and CeO,-ZrO, were chosen by their conven-
ient structural and electronic properties.

In the paragraph of the 3.2 Part of this
article, characterization results of nanostructured
materials synthesized at CINSO are described.
Usual characterization techniques included: con-
ventional XRD, measurement of the mean
crystallite size by the broadening of XRD diffrac-
tion peaks (Scherrer technique), Rietveld refin-
ing method, BET specific area and observation
techniques to study the crystallites morphology
(ESEM-Environmental Scanning Electron Mi-
croscopy, TEM, HRTEM and SEM). In case of
electrical characterization of ionic materials EIS
(Electrochemical Impedance Spectroscopy) was
required. Besides, nanosemiconductors charac-
terization also included: grazing incidence XRD,
reflectivity (XRR) and grazing incidence low an-
gle diffusion (GISAXS) techniques. In the particu-
lar case of the metastable t”-form of the tetrago-
nal phase ZrO,-10mol% Y,0, powders was found
using the Hyperﬁne characterlzatlon Perturbed
Angular Correlations technique and in case of
compositionally homogeneous nanocrystalline
ZrQO,-CeO, solid solutions, the usual characteriza-
tion was completed with Raman spectra analysis.

The supportmg nanomaterial for Ni-
catalyzers (CeZr  O,) was characterized by BET
(specific area and total volume of pores) and the
carbon content analysis by a flash combustion fol-
lowed by chromatography. Templates were tested
by Temperature Programmed Reduction-TPR. The
consumed H, (reducing agent) was evaluated by
thermal conductivity detector (TCD).

A wide bibliography of results on synthe-
sis and characterization of the nanomaterials
(published at CINSO) is given.
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In the 3.3. Paragraph the first of the two
research works: Metastable Phases Retention in
Nanostructured Materials is considered. The dif-
ferent phases of the pure ZrO, are carefully de-
scribed. The high temperature tetragonal and
cubic phases retention at lower temperatures
(even at T, ) by doping with metal oxides (MO
or Mzoa) to form solid solutions with zirconia, is
considered. Doping oxides (Y,0,, CaO, MgO) with
lower valence state cations than Zr** create va-
cancies in the oxygen sublattice, favoring their
conduction. The compositional range for the
stabilisation of the tetragonal and/or cubic phases
is narrow and depends on temperature and dop-
ing. Besides, these structures can be retained in
case of ceramics exhibiting a mean grain size
lower than a critical value. For ex., it was found
that in case of ZrO,-Y,0, ceramics, the critical size
varies from 0.2 to Imm for 3 mol% Y,0, compo-
sitions. In the special case-of CeO, doping (with
a doping cation valence state equal to that of Zr**)
the mechanisms of t and ¢ phases stabilization
result controversial. It is pointed out the advan-
tage of retaining the tetragonal phase stabili-
zation at intermediate temperature to use these
materials as electrolytes for IT-SOFCs. Other-
wise, it is not convenient to retain the low tem-
perature stable phase (monoclinic) because it is
a bad conducting form.

Doped zirconia: ZrO,-Y,0O,, ZrO,-MgO,
Zr0,-Ca0 and ZrO,-CeO, systems are reviewed
and the equilibrium phase diagrams of different
systems are included to clarify the appearing
phases. Conditions under which the retention of
metastable phases is produced in each system,
synthesis methods to prepare the different
phases, chemical composition, critical crystallite
size and crystallographic properties of retained
phases are introduced and discussed. New re-
tained phases were reported at CINSO using dif-
ferent characterisation techniques and a wide
bibliography on these subjects is given. Data are
compared with those of the scarce technical lit-
erature.

In the 3.4. Paragraph: Fast Ionic- Trans-
port in Nanostructured Oxide-Ion Solid Electro-
lytes is considered. The electrical properties of
nanostructured heavily yttria or samaria-doped
ceria ceramics were studied as a function of grain
size by electrochemical impedance spectroscopy.
A remarkable enhancement in the total ionic con-
" ductivity, of about one order of magnitude, was
found in nanostructured samples compared to the
intrinsic bulk conductivity of these materials as
evaluated in conventional microcrystalline ceram-
ics. This effect is attributed to the predominance
of grain boundary conduction in the nanostruc-

tured materials, coupled with an increase in the
grain boundary ionic diffusivity with decreasing
grain size. It was shown that, at low tempera-
tures, the total ionic conductivity of nanostruc-
tured heavily doped ceria solid electrolytes in-
creases in about one order of magnitude com-
pared to that of conventional microcrystalline
materials. This result is attributed to the pre-
dominance of the grain boundary conductivity in
the nanostructured ceramics. It was also found
that the enhancement of the total ionic conduc-
tivity is associated to a reduction of the activa-
tion energy, probably caused by an increase in the
grain boundary ionic diffusivity with decreasing
grain size. For the samples with the smallest av-
erage grain sizes (35-50 nm), a change in the
transport mechanism as a function of tempera-
ture was established, which is attributed to a
transition from bulk-controlled (at high tempera-
tures) to grain boundary-controlled (low tempera-
tures) ionic conduction.

Afterwards, an enhancement of the total
ionic conductivity in nanostructured heavily-
doped ceria dense pellets has been found. It was
showed at CINSO that the total ionic conductiv-
ity increases in about one order of magnitude in
these nanoceramics compared to the intrinsic
bulk conductivity of these materials, evaluated in
conventional microcrystalline ceramics. We also
showed that the impedance spectra observed for
nanoceramics is very different to that generally
found for conventional microcrystalline materials.
The different behavior, also observed in other
phenomena dominated by grain boundaries,
strongly suggests the predominance of grain
boundary conduction in nanoceramics. In agree-
ment with literature results it was found that the
activation energy E_ is lower for the nanoceramics
than for microcrystalline materials. It is proposed
that the enhancement of the total ionic conduc-
tivity can be accounted for due to the raise of the
parallel grain boundary conductivity in the
nanostructured samples, coupled to an increase
of the grain boundary ionic diffusivity with de-
creasing grain size. It is proposed a mechanism
that it is based on the fast grain-boundary diffu-
sion of free oxygen vacancies that migrate with
a delocalized translational motion with a big hop,
differently to the case of conventional microcrys-
talline materials, for which the carriers exhibit a
localized jump. A transition is observed in the
Arrhenius plots at ~ 190 °C of the nanostructured
ceria-based ceramics and it is probably caused by
a competition between the localized and delo-
calized carries in the transport mechanism. It is
controlled by the bulk diffusion of localized ox-
ide vacancies at intermediate temperatures, while
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free oxygen vacancies at the grain boundaries
dominate the conductivity at low temperatures.
This investigation on the transport mechanism in
nanoceramics opens the way for searching new
ultrafast solid electrolytes, which could be very
important from the technological point of view in
order to reduce the operating temperatures of
several devices, such as solid-oxide fuel cells, gas
sensors, electrochemical reactors, solid-state bat-
teries, etc.

4. Part deals with the Applications of the
studied nanoceramics: in 4.1 Part, for Gas Sen-
sors. The mechanism by which gas sensors built
with semiconductive materials (for ex. Sn0O,) de-
tect gases by the variation of surface resistance
1s described. Nano-semiconductive metal oxide,
either pure or doped (doping contributes to in-
crease the selectivity to certain gases) is used to
build thick film type gas sensors: to detect CO (g)
[Al doped 8Sn0,], VOCs (Volatile Organic Com-
pounds) [In doped SnO,] and hydrogen [pure
SnOZ]. In every case, the sensor sensitivity re-
sults 30-37% higher in comparison with that of
sensors built with the microcrystalline conven-
tional semiconductor and the operation tempera-
ture decreases to 180-220 °C in the first case in
comparison with the usual operation temperature
range: 350-450 °C for sensors built with a micro-
crystalline semiconductor. As the development of
these gas sensors is original, applications for pat-
ents are presented and some of them are still in
study. The sensor to detect hydrogen, built with
pure, non-doped SnO, and provided with a con-
tact conmutation circuit which can measure al-
ternatively the resistance variation (sensor meas-
urement) and the operation temperature, gener-
ated two patents applications: the first referred
to a new synthesis method to prepare the pure
nanocrystalline SnO, (which still in process) and
the second: the patent of the sensor itself (which
was already granted). The text also refers to a
new way of sensing developed at CINSO (which
patent is in process). It is a sensor to detect ppm
of CO(g) by the variation of some parameters at
the triple interface [nano-ionic oxide/nano-
semiconductive oxide/gas] when the gas is
adsorbed.

In 4.2. Paragraph: Fuel Cells with
nanostructured materials are described. SOFCs
electrolyte and electrode materials were synthe-
sized and their structural, electrical and catalytic
properties have been evaluated giving details of
these processes and numerous references on
reasearch performed at CINSO. Analysis and
characterization of these materials reveal their
excellent charactheristics to be used in high and
intermediate temperature cells. Conventional two

Noemi Elisabeth Walsée de Reca. Nanonstructured materials

chamber SOFC cells, built with conventional mi-
crocrystalline materials, operating at high tem-
perature (800-1100 °C) are carefully described to
compare its performance with that of SOFC type
cells, built with nanocrystalline materials and
operating at intermediate temperature (550-750 °C).
Otherwise, the advantages of using one-chamber
fuel cells, either functioning at high or low tem-
perature ranges are discussed. Results of litera-
ture for one chamber HT-SOFCs are discussed
and compared with results of one-chamber IT-
SOFCs. The latter fuel cells have been built with
materials completely synthesised and character-
ised at CINSO to work in methane and air mix-
tures. Their evaluation and shown results con-
firmed the possibility to reach considerably high
power densities even for intermediate tempera-
ture cells. In this case, the addition of PdO to the
anode resulted important to favour the methane
oxidation. Actually, an experimental one-chamber
IT-SOFC was built at CINSO and its evaluation
is in process. It consists of a nanos-tructured ce-
ria-based electrolyte, ZrO,-CeO, mesoporous an-
ode impregnated with an adequate catalyzer and
using cobaltites or ferro-cobaltites nanotubes as
cathode.
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