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In this work, the synthesis and the structural, morphological and electrical characterization
of Ce;_xSmy0,_; solid solution, with x=0, 0.10, 0.15, 0.20, 0.25 and 0.30 mol, are reported.
Nanocrystalline, homogeneous, and adherent samarium doped cerium oxide thin films
were deposited onto glass (Pyrex®) substrates by a simple and cost effective ultrasonic
spray pyrolysis system, at a low substrate temperature of 450 °C and further annealing treat-
ment at 500°C for 2h. For all the samples, X-ray diffraction results showed the formation
of single phase and well crystalline thin films, with cubic fluorite type structure. Scanning
electron microscopy analyses showed homogeneous surfaces for all the samples; from SEM
micrographs crystallite sizes were found to be in the range 23-37 nm. From atomic force
microscopy, surface roughness in the range of 20-95nm was measured and the formation
of smooth films with an average grain size of 45 nm was observed. For the best sample in the
solid solution, high oxygen ion conductivity of 1.71 x 10~ Scm™?, at 450°C, was determined
by impedance spectroscopy, with an activation energy of 0.93 eV. Results suggest that these
films may have a potential application as electrolytes in intermediate temperature solid

oxide fuel cells, IT-SOFC.
© 2018 SECV. Published by Elsevier Espania, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Caracterizacion estructural, morfolégica y eléctrica de peliculas delgadas
nanoestructuradas a base de ceria, obtenidas por rocio pirolitico
ultrasénico
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En este trabajo se reporta la sintesis y caracterizacién estructural, morfoldgica y eléctrica
de la solucién sélida Ce;_xSmy0,_;, con x=0, 0,10, 0,15, 0,20, 0,25 y 0,30 mol. Se depositaron
peliculas delgadas de 6xido de cerio dopado con samario nanoestructuradas, homogéneas
y con buena adherencia sobre sustratos de vidrio (Pyrex®) mediante un sistema de rocio
pirolitico ultrasénico sencillo y econdmico, a una baja temperatura de 450°C y con un
tratamiento térmico adicional a 500°C por 2h. Para todas las muestras, los resultados
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0366-3175/© 2018 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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obtenidos por difraccién de rayos X mostraron la presencia de peliculas delgadas cristalinas

monofasicas, con estructura cuiibica tipo fluorita. Los andlisis de microscopia electrénica de

barrido mostraron superficies homogéneas para todas las muestras; a partir de las micro-

grafias SEM se determiné que los tamanos de los cristales se encontraban en el intervalo

de 23-37 nm. A partir de microscopia de fuerza atémica se midi6 la rugosidad superficial en

el rango de 20 a 95nm y se observé la formacién de peliculas homogéneas con un tamano

promedio de grano de 45 nm. Para la mejor muestra, mediante espectroscopia de impedan-

cias se determiné una alta conductividad de iones de oxigeno de 1,71 x 10~ Scm~1, a 450°C,

con una energia de activacién de 0,93 eV. Los resultados sugieren que estas peliculas pueden

tener una potencial aplicacién como electrolitos en celdas de combustible de 6xidos sé6lidos
de temperatura intermedia, IT-SOFC.

© 2018 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In recent years, solid oxide fuel cells (SOFC) have been of inter-
est to the scientific community due to their ability to promote
clean, green and high efficiency energy conversion [1-5]. How-
ever, the high operating temperature, around 1000 °C, makes
the selection of materials very limited. On the other hand, two
of the main research goals for SOFC are the efficiency improve-
ment and the reduction of the operation temperature of these
devices, by an appropriate selection of materials [6-8]. Effi-
ciency is mainly related to the improvement of electrolyte
materials, which must have high ionic conductivity, high
chemical stability, high density and must to be thin materials.
Among those materials that can be used as solid electrolytes,
because of their important advantages like long-term stabil-
ity and economical competitiveness [9], ceria-based materials
have been widely studied as the alternative for yttrium sta-
bilized zirconia (YSZ) commonly used as electrolyte in SOFC.
Furthermore, samarium doped cerium (SDC) thin films may
reduce not only the resistance but also the operation temper-
ature of SOFC [10-15].

Several techniques have been used to prepare thin film
electrolytes, such as screen printing [16], tape casting [17],
pulse laser deposition [18], cathodic sputtering [19], electron
deposition (EB-PVD) [12], and spray pyrolysis [20-26]. Among
these methods, spray pyrolysis is a simple, low cost and inte-
grated process to produce large area and well adherence films
with controlled morphology and uniform thickness.

Spray pyrolysis consists of three consecutive steps, after
atomization of a liquid precursor containing metal salts into
droplets, they travel toward a heated substrate and film for-
mation occurs and, finally, the evaporation of the solvent and
decomposition of the deposited material takes place [27-30].

This technique, under ambient pressure, provides high
flexibility in terms of the materials composition, itis an appro-
priate method for the deposition of a wide variety of thin films
since the addition of dopants to the spray solution is simple it
is easy to prepare films of any composition by simply mixing
the components in the appropriate ratios [20].

In this research, dense and homogeneous nanocrystalline
Ce;1_xSmy0,_s thin films, with x=0, 0.10, 0.15, 0.20, 0.25 and
0.30mol, were successfully deposited by ultrasonic spray
pyrolysis technique, at low substrate temperature of 450°C.

The structural, morphological and transport properties of
annealed films, at 500 °C for 2 h, are reported.

Experimental procedure
Thin films preparation

A typical ultrasonic spray pyrolysis (USP) system is shown in
Fig. 1. The nebulizer delivers ultrasonic waves generated by
the high frequency vibration (1.7 MHz) of a piezoelectric trans-
ducer in order to atomize the precursor chemical solution into
a stream of fine droplets, 1-5 um.

Cerium (III) acetylacetonate hydrate Ce(CsH;03)3-xH,0
(Sigma Aldrich, 99.9%) and Samarium (III) acetylacetonate
hydrate Ci5Hp1SmOg-xH,0 (Sigma Aldrich, 99.9%) in appro-
priate amounts, and dissolved in 0.036 M dimethylformamide
HCON (CHs); (J. T. Baker, 99.93%), were used as reactive pre-
cursors.

To obtain Ce;_xSmyO,_s thin films, after precursor chem-
ical solutions were prepared they were carried under an air
flow of 120 mL/min and a scanning speed of 0.005m/s to the
substrates, which were kept at 1cm from the nozzle. Films
were deposited onto glass substrates (2cm x 2 cm) previously
ultrasonically cleaned, in ethanol, for 10 min. Deposited films
were allowed to cool slowly and then placed in a desiccator.

In the ultrasonic spray pyrolysis method, the substrate
temperature plays an important role for phase formation and
crystallinity of the films. To obtain the optimal value, sub-
strate temperature was varied in the range 350-450 °C with an
interval of 50 °C. In order to study the effect of annealing tem-
perature on phase formation and crystallinity of the products,
films, which were deposited under above mentioned substrate
temperature, were annealed at 450 °C and 500°C, for 2h each.

Structural and morphological characterization

X-ray diffraction (XRD) is a powerful technique not only to
identify the crystalline structure of materials but also to ana-
lyze several structural properties such as phase composition,
grain size, preferred orientation, strain, and defect structure.
Thin films were analyzed by XRD technique using a Siemens
D500 diffractometer, with CuKeq radiation, A =1. 54056 A. The
operation conditions of the diffractometer were 34kV and
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Fig. 1 - Experimental setup used for ultrasonic spray pyrolysis depositions.

25mA to produce an intense X-ray beam whose incidence
angle was 1°. Step size and time/step were 0.02° and 1.2s,
respectively. Measurements were performed from 20 to 70 26
degrees. Phases in all compounds were identified using EVA
software and ICDD data base (JCPDS cards). OriginLab software
was employed for measuring the Full Width at Half Maximum
(FWHM) of the most intense peaks to calculate the crystallite
size (d) by using the Scherrer equation

09
T Bcos@’

(1)

where 2 is the X-ray wavelength, g is the FWHM of the peaks
and 0 is the diffraction angle.

Morphological characterization of thin films was per-
formed with a field emission scanning electron microscopy
(SEM) JEOL JSM 7600F, equipped with X-ray energy detector
X_ACT Oxford INCA for chemical analyses. Working conditions
included a low accelerating voltage from 1 to 5kV, and work
distances in the range 4-10mm. The obtained images were
acquired with secondary electrons.

In order to complete the morphological characterization,
atomic force microscopy (AFM) technique was carried out.
Analyses were performed with a microscope JEOL JSPM-4210.
Images were obtained in tapping mode and results were ana-
lyzed using the WinSPM DPD software version 2.0.

Transport properties

Transport properties of thin films were performed by
impedance spectroscopy technique. Impedance measure-
ments of films were carried out in air between 150 and 500°C
in the frequency range from 0.1 Hz to 10 MHz, using a Solartron
1260 Impedance Analyzer attached with a 1296 Dielectric
Interface. Two small parallel areas, which were used as elec-
trodes, were made on the surface of thin films with carbon
paste (PELCO high temperature carbon paste, Ted Pella, Inc.).
Conductivities of thin films were determined using the Z-View
software, from Nyquist plots results were modeled as parallel
equivalent circuits connected in series.
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Fig. 2 - XRD patterns of Ce goSmo.2002-s, at different
synthesis temperatures, showing the kinetic growth of
deposited films.

Results and discussion
Structural analysis

To obtain high quality Ce1_xSmyxO;_s compounds, the sub-
strate temperature for the deposition of thin films was varied
in the range 350-450°C, with steps of 50°C, and the kinetic
growth was analyzed by XRD to identify the best substrate and
annealing temperatures. For 350 °C, compounds showed a par-
tial amorphous nature probably because the decomposition
of the precursor solutions have not been completed, however
the substrate temperature strongly affects the growth of (111)
and (200) peaks, when temperature reaches 400°C the pre-
ferred orientation changes to (200) plane. When the substrate
temperature increases, the films become more crystallite, as
indicated by the increased intensity of the (200) peak how-
ever the corresponding FWHM decreased, Fig. 2. From these
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Fig. 3 - XRD patterns of Ce;_xSmy;0,_; thin films
synthesized al 450°C and sintered at 500 °C for 2 h.

Table 1 - For Ce1_xSmy;0,_; thin films: (a) average grain
size, d, calculated from Scherrer’s equation. (b) Lattice

parameters, a, obtained with CELREF software. (c)
Average grain size, d, obtained from SEM images.

X (@) d (nm) (b) a (&) (c) d (nm)
0 31 5.407 + 0.004 23
0.10 31 5.422 + 0.004 35
0.15 41 5.436 + 0.004 37
0.20 34 5.447 + 0.004 37
0.25 38 5.459 + 0.004 32
0.30 31 5.465 + 0.004 24

results, optimized substrate temperature for the deposition of
Ceq1_xSmyx0,_; thin films was found to be 450 °C, also the crys-
tallinity was enhanced with a further thermal treatment at
500°C for 2h. From now these conditions, 450°C for synthe-
sis and 500 °C for annealing temperatures will be taken for all
Ce1_xSmy0,_s thin films.

XRD patterns of samarium doped ceria thin films are shown
in Fig. 3.1t was found that all compositions are well crystallized
single phase products with a cubic fluorite type crystal struc-
ture, (ICDD file 04-013-4361), which corresponds to a space
group Fm-3m (225). For all compositions, wide peaks in the
XRD patterns indicate nanocrystalline products. Also, from
XRD results it can be observed that under the deposition con-
ditions, all the samples exhibit preferential orientation along
the (200) plane [15,31-33].

The average size of crystallites was calculated by using the
Scherrer formula, Eq. (1), to the (111), (200), and (220) diffrac-
tion peaks. For all compositions, peak shapes were fitted to
a pseudo Voigt function profile. For the most intense peaks,
(200), average grain sizes are shown in Table 1a.

Indexing of diffraction patterns was performed using
DICVOL [34,35] software with WinplotR/Fullprof package, the
cell type and the lattice parameters were determined by the

X 10,000 1.50kV SEI

GB_HIGH WD 3.3mm

Fig. 4 - SEM micrograph of Ceg gSmg >0,_; thin film
synthesized at 400 °C without heating treatment.

least squares method (CELREF software) [36]. After obtaining
the cell parameters a refinement of these values were carried
out to minimize the dispersion between experimental and
calculated values. Table 1b shows the lattice parameters of
Ce1_xSmy0,_s, thin films.

Morphological results

SEM micrograph of CepgSmg 0,5 thin film, which was syn-
thesized at 400 °C without further heating treatment is shown
in Fig. 4. This image shows a surface morphology free of cracks
with small agglomerates probably because the decomposition
of the precursor solution has not been completed.

SEM micrographs of Ce;_xSmxO,_s thin films prepared
at 450°C and sintered at 500°C for 2h show no cracks,
Fig. 5(a)-(d). Uniform surfaces composed of fine grains are
clearly observed, which indicate a complete decomposition
and evaporation of precursor deposited on the substrates.
Screen Caliper software, version 4.0, was used to measure the
grain sizes observed in SEM micrographs; results are shown in
Table 1c.

High magnification SEM images revealed that
Ce1_xSmyx0,_s compounds consist of nanostructured particles
around 30nm in size. This size calculation is rather consis-
tent with the crystallites size determined by XRD using the
Scherrer’s equation, i.e. the broad peaks appeared in the XRD
patterns are due to the presence of nanosized Ce;_xSmyxOy_s
crystallites in the films. For all compounds, micrographs show
a rough morphology with popcorn shaped clusters, it seems
that the addition of samarium promotes a grain growth with
triangular shape. At higher magnification, 50000x, grains of
Ceo.g5Smp 150,_s and Ceg ggSmg 200,_s are Slightly larger than
those of the other compositions, Fig. 6.

EDX spectra of Ce;_xSmy0O,_;s thin films were carried out;
for x>0 results confirmed the presence of Ce, Sm and O in all
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Fig. 5 - SEM micrographs of Ce;_xSmy0,_; thin films (synthesized at 450 °C and sintered at 500 °C for 2h) at 10 000x
magnification: (a) x=0, (b) x=0.15, (c) x=0.20, and (d) x=0.30.

100nm ITIM-UNAM
SEM

£
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X 50,000 5.0kv SEI  SEM WD 3.9mm

Fig. 6 - SEM micrographs of Ce;_,Smy;0,_; thin films (synthesized at 450 °C and sintered at 500 °GC for 2 h) at 50 000x
magnification: (a) x=0, (b) x=0.15, (c) x=0.20, and (d) x=0.30.

films. The EDX spectrum of Ce;_xSmx0O,_s, for x=0.2, synthe- with adequate adhesion to the substrate. The cross-section

sized at 450°C and annealed at 500°C is shown in Fig. 7. micrograph of Ceg goSmg 20025 thin film is shown in Fig. 8.
Cross-section micrographs were obtained to determine Additional morphological studies by AFM were carried out.

the thickness of deposited thin films, measured values are For all samples, the surface roughness and grain sizes of

in the range 100-350nm; images also showed dense films the products were determined. Values for grain sizes were
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Fig. 7 - Analyzed area, and EDS spectrum of Ceg .goSmy 2002 thin film; the most intense peak corresponds to Si (1.739 keV)

from the glass substrate.
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Fig. 8 - SEM micrograph of Ceg goSmg 2005 profile.

obtained using WinSPM DPS software V2.0, and the average
roughness of thin films by the formula

1 Xmax Ymax
Ro= o |(Fx.y) - Zo)| dxdy, @
So /o 0

f(x, y) it is the height of the peaks in the analysis plane, Zj is
the average height of the peaks in terms of analysis and Sy is
the plane area analysis.

Fig. 9 shows three-dimensional AFM images of the thin
films surface topography. In Fig. 9(a) and (c), which belongs
to CeO, and CepgsSmg150,_5 respectively, high surface
homogeneity can be observed. For these films, the surface
morphology is composed of small granules with almost spher-
ical shape, which average sizes are 80 and 95 nm. Fig. 9(b) and
(d) shows images of CepgoSmp 20025 and Cep70Smo3002—s,
respectively; regular surfaces are also observed but now the
average sizes of the agglomerates, 190 and 210 nm, are larger
compared to those observed for x=0 and x=0.15. Average
roughness (Rq) was calculated from Eq. (2) for all the films,
these values are in the range of 20-95nm. In this work,
the surface morphology shows the formation process of the
thin films by using the USP method. After the atomized
particles are dispersed toward the surface of the glass, the

temperature of the substrate is such that the finest droplets
are likely to react chemically before reaching the substrate and
they are grouped one on top of the other until they crystallize,
however the homogeneity is adversely affected producing the
profile and roughness (Rq) observed on the surface of the films
[37], these morphological results are similar to those previ-
ously reported by Sriubas and Kwak [12,38].

Two-dimensional AFM images were used to determine the
grain sizes of all compounds, measurements indicated that
these values are in the range 30-60 nm and agreed those values
obtained from SEM micrographs. Fig. 10 shows the AFM profile
of Cep.goSmo.2002-s.

Transport properties

Impedance measurements of thin films were performed in
air, in the temperature range 200°C-500°C. Typical complex
impedance plots (Z' vs -Z”), at 400°C, are shown in Fig. 11.
These Nyquist graphs showed only one incomplete arc, which
corresponds to grain resistance (Rp). Above 300°C these arcs
are well-resolved, however at higher temperatures bulk resis-
tances gradually decrease and approximately at 500°C the
arcs disappeared. The contribution of the bulk was clearly
identified from its high frequency response and characteristic
capacitance, calculated of the pF order of magnitude.

Conductivity data were used to calculate the activation
energy of thin films with the Arrhenius equation

oT = 0p exp (;—?) ®3)

where E, is the activation energy for conduction (eV), T is the
absolute temperature (Kelvin), k Boltzmann’s constant and o
is a pre-exponential factor. In this work, electrode resistances
were not considered for the total conductivity calculations.
From the logoT vs 1000/T plots, linear adjustments by least
squares were carried out to obtain the activation energies,
Fig. 12; these values are in the range reported by Sriubas and
Li [13,39] and also even lower than those reported by Virbukas
[14].

Although the best conductivity was observed for the sam-
ple Cep 80Smg 20025, results showed that the activation energy
was minimum for the composition CepgsSmy 1502_s. The dif-
ference in activation energies of Ce;_xSmyO;_s, in the range
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Fig. 9 - 3D AFM micrographs of Ce;_xSmy0,_; thin films (synthesized at 450 °C and sintered at 500 °C for 2h): (a) x=0,

(b) x=0.15, (c) x=0.20, and (d) x=0.30.
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Fig. 10 - AFM profile of Cep .goSmg.2002—_;s thin film, synthesized at 450 °C and sintered at 500 °C for 2 h.

of 0.93 to 1.27 eV, may be attributed to an order-disorder tran-
sition of the oxygen sublattice. This decrease is due to the
presence of attractive interactions between dopant cations
and oxygen vacancies. In fact, it has been mentioned that
the activation energy of oxygen vacancy concentration may
depend on the dopant since a high concentration of dopants
can generate doping grouping and associated oxygen vacan-
cies, which may reduce their mobility. An increase in the RE
dopant content for the Ce1_xSmxO;_; solid solution prevents

oxygen-ordering leading to an increase in activation energy
and decrease in ionic conductivity in ceria. Thus, the maxi-
mum ionic conductivity and the minimum activation energy
are not always associated with the same concentration of
dopant [40-43].

Impedance responses were modeled by equivalent circuits
using the Zview 3.3 program. The equivalent circuit that fitted
the impedance data consisted of a resistor, Ry, and a constant
phase element, CPE, connected in parallel. Due to depression
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Fig. 11 - Nyquist plots of Ce;_xSmy0,_; thin films,
synthesized at 450 °C and sintered at 500 °C for 2 h.
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Fig. 12 - Arrhenius plots of total ionic conductivity of
Ce1_xSmy0,_; thin films, synthesized at 450°C and
sintered at 500 °C for 2h.

of arcs, the use of a simple capacitor was not sufficient to
model the electrical response of thin films, thus a CPE was
used to fit these results [44].

Conclusions

The ultrasonic spray pyrolysis technique was satisfactory
to deposit nanocrystalline Ce;_xSmyx0O,_; thin films on glass
substrates by simple and low cost ultrasonic spray pyroly-
sis technique. Uniform and dense films were synthesized at
temperatures as low as 450°C, and based on the behavior
of the most intense peak, (200), well crystallized compounds
were obtained with a further annealing at 500 °C. For all com-
pounds, XRD results showed single phase products with cubic
fluorite type structure with space group Fm-3m; it was possi-
ble to determine the lattice parameters, and a slight shift to

higher angles was observed with composition, i.e. at higher
concentration of the dopant the lattice parameter of the com-
pound increased systematically. The average crystalline size
calculated by the Scherrer equation was 35nm. The SEM
morphological characterization of thin films depicted uni-
form homogeneous and crack-free surfaces with pop-corn like
structure for all compositions with grain sizes between 23
and 37 nm. For all the films, AFM results showed homoge-
neous surfaces composed of agglomerates with average sizes
in the range 90-210 nm. The transport properties of thin films,
which were analyzed by impedance spectroscopy, indicated
that the conductivity of these compounds, from 1.71 x 1071
to 4.43 x 10~*Scm~! at 450°C, was dominated by grains, with
activation energies in the range 0.93-1.27 eV. Results suggest
that these films, in particular those with x=0.15 and 0.20, may
be used as solid electrolytes in intermediate temperature solid
oxide fuel cells (IT-SOFC).
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