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Abstract

Nanopowdered solid solution Ce;_,Y(Nd),O,_s samples (0.1 < x < 0.25)
were made by self-propagating room temperature (SPRT) synthesis. The
first-order Raman spectra of Ce;_,Y(Nd),O,_s samples measured at room
temperature exhibit three broad features: the main Raman active F,, mode at
about 450 cm™! and two broad features at about 550 (545) and 600 cm™!. The
mode at ~600 cm~! was assigned to the intrinsic oxygen vacancies due to the
nonstoichiometry of ceria nanopowders. The mode at about 550 (545) cm™!
was attributed to the oxygen vacancies introduced into the ceria lattice whenever
Ce** ions are replaced with trivalent cations (Y>*, Nd**). The intensity of this
mode increases with doping in both series of samples, indicating a change of
O’ vacancy concentration. The mode frequency shifts in opposite direction in
Y- and Nd-doped samples with doping level, suggesting that different types of
defect space can occur in Y- and Nd-doped ceria nanopowders.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices which combine hydrogen fuel
with oxygen to produce electric power, heat and water. SOFCs usually consist of three main
components: anode, cathode and electrolyte layers. The main focus of investigation is aimed
at the optimization of SOFCs to operate at reduced temperatures (<500 °C) thus enabling the
use of less costly materials for the cell interconnect and system components. This optimization
can be performed with the use of new electrolyte materials having high ionic conductivity
and low electronic conductivity at moderate temperatures. Ceria-based electrolytes offer many
advantages (notably higher conductivities at lower operating temperatures and compatibility
with high performance cathode materials) over traditional zirconia-based electrolytes that
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require a high temperature (>1273 K) for the onset of ionic conductivity [1-5]. Nanosized
ceria (CeO,) doped with oxides of di- or trivalent metals is a promising solid electrolyte with
excellent ionic conductivity at low temperature: partial replacement of Ce** ions with di-
or trivalent rare earth ions produces a large density of oxygen vacancies in the ceria lattice,
enhancing the conductivity of these materials [6-8].

The purpose of this work was to show that ceria nanopowders doped with trivalent (Y,
Nd) cations over the range 0.1 < x < 0.25, fabricated by a simple and cost-effective self-
propagating room temperature synthesis (SPRT) method, can be used as a potential electrolyte
material in SOFC applications. We focused our attention on the concentration ranges of each
dopant for which solid solutions with a fluorite structure of CeO, are obtained. The samples
were studied by Raman scattering, x-ray diffraction (XRD) and scanning electron microscope
(SEM) methods. Raman spectroscopy at room temperature was used to identify and distinguish
the increasing concentration of intrinsic and extrinsic oxygen vacancies in doped nanopowder
samples since XRD is almost insensitive to the concentration of O vacancies.

2. Experimental aspects

The solid solutions of yttrium- and neodymium-doped samples were prepared by a SPRT
method using metal nitrates and sodium hydroxide as the starting materials [9]. Preparation
of Ce;_, Y(Nd),O,_s powders was performed by hand mixing chemicals according to:

2[(1 — x)Ce(NO3)3-6H20 + xMe(NO3)3-6H,0] + 6NaOH + (1 — §)0,
— 2Ce;_Me,0,_s + 6NaNO; + 15H,0. (1

The compositions of the reacting mixtures were calculated according to the nominal
composition of the final reaction product. Compositions of Ce;_,Y(Nd),O,_s were
synthesized with x ranging from O to 0.25. The described reaction belongs to a group of
double exchange reactions, and develops spontaneously after being initiated, coming to an end
extremely rapidly. After the mixture of reactants was mechanically activated (by hand mixing
instead by heating) the reaction took place at room temperature and terminated very quickly.
The obtained mixtures of reaction products according to (1) were subjected to centrifuge
treatment to eliminate NaNOj3. After drying, the structure of the solid solutions was identified
by means of powder XRD on a Siemens D-5000 XRD diffractometer with Cu Ko radiation at
room temperature. The average grain size was measured from the (111) XRD peak using the
Scherrer formula. SEM analysis using Zeiss DSM 982 Gemini scanning electron microscope
proved that the obtained powders were in the nanometric size range.

The Raman spectra were obtained using a U-1000 (Jobin-Ivon) double monochromator in
the backscattering geometry. The Raman spectra were excited by the 488 nm line of an Ar™
ion laser and taken at room temperature. In order to avoid sample heating we used a line focus
and the laser power was kept lower than 100 mW.

3. Results and discussion

XRD results for Y- and Nd-doped samples, summarized in a recent publication [9], appeared
to be single phase for the whole doping range retaining the CeO, fluorite structure. Diffraction
lines of starting oxides Y,03 and Nd,Oj3 are not registered in the whole doping range. The
XRD patterns for two doped samples, Cep75Y0.2502—5 and Cep75Ndg250,_s, are shown in
figure 1.

The standard XRD pattern of CeO,_s nanopowder is also illustrated for comparison. The
broadened XRD peaks suggest that the particles are within the nanometre scale with an average
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Figure 1. X-ray diffraction pattern of Cep75Y(Nd)p2502—s, nanopowdered samples. Pure
CeO;_s nanopowder is presented as the reference sample. Inset: the lattice parameter change in
Cej_x Y(Nd),Os_s nanopowders.

crystallite size of between 4 and 6 nm [9]. The change in lattice parameter against the dopant
concentration is plotted in the inset of figure 1. The change in the lattice constant in doped
samples is directly correlated with the ionic size of the dopants: larger Nd dopants dilate
while the smaller Y dopants contract the lattice, obeying Vegard’s law. From the change in
lattice parameter of pure and doped ceria samples, and bearing in mind Tsunekawa’s work
about the dependence of the lattice parameter on crystalline size in ceria nanoparticles [10],
we assumed that there are no compositional and structural changes from CeO, to C-type
sesquioxide, Ce,O3, usually formed in small ceria nanoparticles. On the other hand, Zhou
and co-workers showed [11] that the formation of the defects on the lattice, especially oxygen
vacancies, can induce lattice relaxation in ceria nanopowders.

SEM images of Ce75Y02502_s and Ce(75Ndg250,_s powder samples are shown in
figures 2(a) and (b), while the particle size distribution (PSD) derived from a SEM photograph
of Ce(.75Ndo250,_5 is presented in figure 2(c). SEM images show that the particle diameters
of both series of samples are in a narrow range with a PSD maximum centred on 10 nm. The
discrepancy between XRD [9] and SEM results could be due to the fact that XRD method
allows us to determine an average size of the individual crystallites (Scherrer formula) whereas
the SEM images reflect the dimension of whole agglomerated particle composed of a few
nanocrystallites.

Room-temperature first-order Raman spectra of the nanostructured ceria samples doped
with yttrium and neodymium show a strong peak at ~454 cm~! corresponding to the triply
degenerate F», mode of fluorite CeO, structure [12, 13]. This mode has a strong shift to
lower energies in comparison with its bulk counterpart, increasing linewidth with pronounced
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Figure 2. SEM images of (a) Cep75Y0.2502-5 and (b) Cep.75Ndp250,_5 samples together with
the particle size distribution function (PSD) obtained from SEM image of an Cep 75Ndg2502—s
sample (c).

asymmetry on the low-energy side. In Nd-doped samples there is a systematic, small shift of
the F», mode to lower frequencies (in Ceg 75Ndp 25025 this mode is positioned at ~450 cm™ D)
with increasing doping level. In Y-doped samples this mode has a slight blueshift with
maximum dopant concentration (I1-2 cm™!). In a recent publication [14] we have shown
that the strong shift and asymmetric broadening of the Raman F,, in pure and doped ceria
samples could be well explained by combined size and inhomogeneous strain effects including
the dispersion in particle size that explains the asymmetry of the Raman F,, mode. We have also
demonstrated that Richter’s [15] and Campbell’s [16] confinement models, as well as Spanier’s
model [17] for average strain, were incapable of explaining our experimental Raman spectra.
As well as the inclusion of the effects of inhomogeneous strain we were forced to introduce a
different boundary condition for the Gaussian localization function i.e. 8 ~ 4m? for our doped
nanopowders. The Raman spectra of Y(Nd)-doped samples are given in figures 3 and 4.

The calculated Raman line shape functions using our proposed model [14] can be

written as:
3 oo exp (_%;Lz) d*q
1 = F(L dL 2
@ Z/o " /Bz [0 — (@i(g) + Awi(g, L)1 + (To/2)? @

and are also presented in figures 3 and 4 with full lines. The best fit was obtained when the
average particle size for Y(Nd)-doped ceria nanopowders was taken to be Ly = 7 nm. The
effects of inhomogeneous strain are included through the Gaussian size distribution function
F (L) centred at the mean grain size Ly. The variable parameter during the fitting procedure,
the Gaussian width (w), is also given for each series of samples in figures 3 and 4.
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Figure 3. Raman spectra of Y-doped ceria nanopowders (dashed line) together with calculated
spectra (full lines) according to the spatial correlation model, equation (2).

The most interesting features of the Raman spectra of Y(Nd)-doped nanopowders is the
appearance of two additional Raman modes. The shape of these two modes can be described
well by a Lorentzian form, as can be seen from figures 3 and 4. The Raman peak around
600 cm~! is already seen in pure ceria nanopowders [14, 18] and is attributed to the defect
spaces which include oxygen vacancies [19, 20]. This intrinsic O*~ vacancies originate
from increased non-stoichiometry of nanocrystalline ceria powders. In Y- and Nd-doped
nanopowdered samples this mode is at almost the same position and its intensity does not
vary much with doping level. A new weak shoulder on the high frequency side of the F,,
band appears in both series of doped ceria samples. This feature evolves into a broad peak
whose intensity tends to increase with increasing Y or Nd content. The position of this mode
in Y-doped samples changes from ~550 cm~! for the lowest Y content to ~556 cm™! for
the highest Y content. In Nd-doped samples this mode appears at lower frequencies changing
position from ~545 to ~540 cm~! with Nd doping level from 10% to 25%, respectively. The
intensity and position of this mode in Y3*- and Nd*"-doped ceria nanopowders are presented
in figures 5 and 6.

To the best of our knowledge this mode was found for the first time in the work of Nakajima
et al regarding the single crystals of Y-doped CeO; [13]. They found a pronounced Raman shift
of this mode (from 540 to 560 cm™!) upon varying the dopant concentration from x = 0.09
to 0.18. Nakajima and co-workers attributed this mode to the defect spaces which include O*~
vacancies, while its position changes with different atomic surrounding, i.e. they proposed four
kinds of defect space in such a system. The presence of this mode is also evident in the work
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Figure 4. Raman spectra of Nd-doped ceria nanopowders (dashed line) together with calculated
spectra (full lines) according to the spatial correlation model, equation (2).

of Lin et al [20] in solid solutions of Nd3+-doped CeO, with small particle size ~7.2 nm,
but without any explanation for its origin. Having in mind these two papers, we concluded
that in our Y- and Nd-doped nanostuctured samples the appearance of a new mode can be
ascribed to the oxygen vacancies introduced into the ceria lattice in order to maintain charge
neutrality when Ce**" ions are replaced with trivalent cations. The different mode frequency
shift in Y- and Nd-doped samples is in accordance with the compression and extension of unit
cell parameters by Y and Nd doping (see the inset in figure 1). We also suggest that the mode
position is probably influenced by a change in the type of defect space in Ce;_, Y(Nd),O,_s.
In Y-doped samples the defect space includes an O?~ vacancy and the two nearest-neighbour
dopant cations [21] while in a case of Nd-doped samples the defect space can be decomposed
to the space with and without an o~ vacancy [13]. On the other hand the F,, mode, whose
frequency is attributed to the symmetrical stretching mode of the Ce-O8 vibrational unit, should
be very sensitive to any disorder in the oxygen sub-lattice [22]. The increased concentration of
oxygen vacancies usually influences the position, shape and width of the Raman line. Bearing
in mind the asymmetrical broadening of the F,, mode, from ~10 to ~40 cm~! for single
crystal and doped nanostructured samples, we assumed that such a broadening of the F,, mode
in Ce;_, Y(Nd),O,_; solid solutions is mainly due to the presence of a high concentration of
oxygen vacancies.
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Figure 5. Position and intensity change of the Raman mode, associated with introduced 0>~
vacancies, with doping fraction for Ce;_,Y,0Os_5 nanopowders (0.1 < x < 0.25) (a) and
Cej_,Nd,O,_s nanopowders (0.1 < x < 0.25) (b).

4. Conclusion

In summary, Ce;_, Y(Nd),O,_s solid solutions (0.1 < x < 0.25) with fluorite structure were
prepared by the SPRT method. The Raman spectra are described using a spatial correlation
model with combined size and inhomogeneous strain effects. It has been found that the
Raman spectra are influenced by the defect spaces associated with the oxygen vacancies.
These O~ vacancies originate from the non-stoichiometry of ceria nanopowders (intrinsic
vacancies) or from the substitution of Ce** ions with trivalent Y>* and Nd>* cations (extrinsic
vacancies). The concentration of extrinsic O?~ vacancies increases with doping in both series
of samples, probably followed by a change in the type of defect space in Y- and Nd-doped
ceria nanopowders. Therefore Raman spectroscopy is a very effective diagnostic method for
detecting the presence of oxygen vacancies as well as the dependence of the defect spaces on
dopant type.
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