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Abstract

Dense samarium doped ceria (SDC) thin films are deposited using electrostatic
spray deposition (ESD) technique. The influences of nozzle shape on the distribution
of liquid jet at the nozzle tip and the morphology of the deposited SDC films are
elucidated. Geometries of three nozzles employed are flat, sawtooth and wedge tips.
From the observation of jet formation, the nozzle in flat shape gives the highest
distribution of emitted droplets. The deposited films are characterized using a
combination of XRD, SEM and AFM techniques. XRD results reveal that the single-

phase fluorite structure forms at a relatively low deposition temperature of 400°C. The



flat spray tip provides the most uniform and smooth thin films, and also presents the

lowest agglomeration of particles on thin film surface.

Keywords: Samarium doped ceria; Electrostatic spray deposition; Thin film; Solid

oxide fuel cells
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1. Introduction

Recently, solid oxide fuel cells (SOFCs) have attracted a great deal of
attention because they can produce electricity directly by electrochemical
combination of a gaseous fuel with an oxidant in an efficient energy-conversion and
environmental friendly technology. While several researchers emphasize on the
development of SOFCs for operating at extremely high temperatures (900-1000°C), it
becomes increasingly important to reduce the operation temperature of the fuel cell to
the intermediate range of 500-800°C to increase the operational life and reduce the
thermal mismatch between cell components [1-3]. Consequently, great efforts have
recently been taken to decrease the operating temperature of SOFCs. Two approaches
are widely used to decrease the resistance of dense electrolyte thin films, either by
reducing the thickness of the traditional yttria-stabilized zirconia (YSZ) electrolyte or
employing the alternative electrolytes of higher ionic conductivity at lower
temperature. Doped ceria is considered to be one of the most promising electrolytes
for SOFCs operating at intermediate temperature range due to cheaper materials, less

thermal mismatch, and lower degradation problems [4-8].



Various thin-film fabrications, such as chemical vapor deposition [9], rf
magnetron sputtering [10], laser deposition [11], plasma coating [12] or flame-
assisted vapor deposition [13], have been used to prepare the components of SOFCs.
In the past few years, a novel spray pyrolysis technique, electrostatic spray deposition
(ESD), was employed to produce thin films of many oxide materials. This technique
is superior to other film formation methods due to its simplicity, non-vacuum
deposition condition and an economical and effective deposition with simple setup
and inexpensive and non-toxic precursors [14-16].

In principle, dense and thin ceramic films are needed for SOFC electrolytes.
Therefore, the preparation of dense and thin SDC films appears to be a valuable
means to achieve such a challenge. In this contribution, the application of electrostatic
spray deposition to fabricate dense SDC thin films was investigated. The shape of
nozzle requires a special attention resulting in the homogeneous thin film and the
control of deposition area. Therefore, the effect of nozzle shapes on the distribution of
liquid jet at the nozzle tip and the morphology of the deposited SDC films were
discussed. Furthermore, the effect of calcination temperature on the crystallinity of

the films was also elucidated.

2. Experimental
2.1 Electrostatic spray deposition (ESD) setup

The configuration of ESD setup employed to deposit SDC thin films was
schematically demonstrated in Fig. 1(a). It consists of a precursor feeding unit, a
power supply unit and a temperature control unit. Precursor solution was pumped
towards a spraying nozzle by means of a peristaltic pump (Watson Marlow, 101U/R).

When high positive voltage was applied on the precursor solution, electrostatic field



was established between metal capillary nozzle and grounded substrate. Owing to
electrostatic force generated, precursor solution was atomized into charged droplets.
These charged droplets were attracted to the heated substrate, and then deposited on

the substrate to form a thin solid layer.

2.2 Preparation of precursor solution

Smy ;Cep 90195 material was prepared using samarium nitrate hexahydrate
(Sm(NO3)3.6H,0, 99.99 % purity, Aldrich Chemical) and cerium nitrate hexahydrate
(Ce(NO3)3.6H,0, 99.99 % purity, Aldrich Chemical) as starting materials. The
appropriate quantities of metal nitrates were dissolved in ethanol (C,HsOH, 99 %
purity, Fluka) as the chemical precursor solution. The molar ratio Sm/Ce was equal to

0.1:0.9. The total molar concentration of metal ions was 0.02 mol dm™.

2.3 Spray patterns at the nozzle tip and deposition of samarium doped ceria film

The spray patterns with various types of nozzles were monitored using a CCD
digital video camera (Sony DCR-TRV17E). Precursor solution was deposited on
aluminum foil for studying area coverage of deposition or on stainless steel (316L) for
fabricating SDC thin films. The substrate temperature was kept at 400°C. The
deposition time was 2 h under ambient atmosphere, and the flow rate of the precursor
solution was controlled at 0.84 ml h™". The applied voltage was set at 15 kV. The
substrate was placed above the tip of nozzle at 13 cm on a heater controlled by
temperature controller. Three different nozzle configurations employed were
demonstrated in Fig. 1(b). After deposition, the calcination was also carried out at

700°C for 2 h to investigate the crystallization formation.



2.4 Characterization

Thermogravimetric analysis (Perkin Elmer, TGA7) was performed on the
precursor solution with a heating rate of 5°C min™. The phase compositions and the
crystal structures of the as-deposited and annealed films were characterized by X-ray
diffraction (XRD) with an automated Rigaku D/Max 2000HV diffractometer
equipped with Cu-Ka radiation source. The film morphology and composition were
examined by scanning electron microscope (SEM, Cam Scan, Maxim 2000S) coupled
with energy dispersive X-ray (EDX) analyzer. The film roughness was measured by
atomic force microscope (AFM, Seiko, SPI 400 DFM mode). To examine the film
thickness, scanning electron microscope (SEM, Hitachi, S3400N) was employed for
films deposited on glass substrate. Additionally, the effect of temperature on the
crystallinity was investigated. Therefore, the resultant thin films were annealed for 2 h

in air at 700°C.

3. Results and discussion

To determine an indication of suitable deposition temperature for this study,
precursor solution was elucidated using TGA. TG-DTG thermograms in Fig. 2 show
the thermal behavior of this precursor solution heated up to 1000°C. The major weight
losses below 300°C were attributed to evaporation of solvent and water, and
decomposition of nitrate [17]. Therefore, the substrate temperature in this observation
was controlled at 400°C. Spray patterns and droplet dispersion with three different
nozzle configurations were recorded as images (Figs. 3 and 4). With using the wedge-
shaped and sawtooth-shaped tips, the precursor solution was emitted from the orifice
of the nozzle apex. Therefore, the nozzle with the wedge outlet appeared one position

of atomization, whereas the nozzle with the sawtooth outlet exhibited two positions of



atomization. Furthermore, the deviation of the spray emission from the center axis of
the nozzle was observed for the wedge tip. For using the flat tip, the precursor
solution was ejected into spray as it emanated from the orifice exit with large spray
angle. Similar spray pattern obtained from flat tip was reported by Nomura et al. [18].
This was due to the nozzle tip nearer to the substrate surface than other regions of the
nozzle, which resulted in the maximum surface charge density at the apex of the
nozzle. Therefore, the highest electric field generated by the potential difference
between nozzle and substrate was achieved at the nozzle apex, indicating the spray
position of precursor solution [19]. In addition to these spray patterns at the nozzle
tips, the deposition patterns deposited on substrate were also considered. Fig. 5
reveals photographs of various deposition patterns acquired at different nozzle
geometries. It can be seen that the wedge and flat outlets presented the deposition
patterns in circle shape (Figs. 5(a) and (c)), while the sawtooth outlet gave the
deposition pattern in ellipse shape (Fig. 5(b)). Due to two positions of atomization for
sawtooth tip, the pattern of deposition was shown as two rings with some overlap,
which resulted in an ellipse pattern. Moreover, the flat tip gave the largest area
coverage of deposition compared to sawtooth and wedge tips, respectively. It might
be because that precursor solution was emitted along the circumference of orifice
outlet with higher spray angle leading to the uniformity of aerosol plume atomization.

The SEM micrographs of SDC thin films fabricated using different nozzle
shapes were illustrated in Fig. 6. All as-deposited coatings were fully dense and
crack-free. However, the film prepared by flat tip showed lower powder-like
agglomerates of tiny particles than those obtained by sawtooth and wedge tips,
respectively. This is due to the uniformity of dispersion spray observed with the use

of flat tip, as described above. Fig. 7 displays the cross-sectional SEM images of the



films deposited using various shapes of nozzles. The dense microstructures without
cracks were observed in these images corresponding to the top-view SEM
micrographs. In the case of using sawtooth tip, the resultant films had higher
thickness than the films deposited using wedge and flat tips, respectively. It is
probably due to an overlapping deposition area was observed containing two circle
shaped-coatings, which resulted in a non-homogeneous deposition. The film
thicknesses were approximately 560, 440 and 240 nm for sawtooth, wedge and flat
tips, respectively. In the cross-sectional micrographs, it can be also noted that the
substrate layer in Fig. 7(c) is different from those in Figs. 7(a) and (b) because some
defects of the glass substrate layer was obtained from the fracture of the bi-layer film
for SEM sample preparation.

Fig. 8 demonstrates two and three-dimensional AFM images of the surface
topography of thin films deposited by different nozzle shapes at 400°C. Root mean
square (RMS) roughnesses of the films deposited using flat, wedge, and sawtooth tips
were 47.53, 67.84, and 77.94 nm, respectively. Obviously, the film fabricated by flat
tip was smoother than those produced by wedge and sawtooth tips. These
observations indicated that flat outlet is optimal for the feeding and spraying of SDC
precursor solution to achieve thin dense films with uniformity and free of pinholes
and cracks.

The elemental composition of the resulting thin films was identified using
EDX analysis. At least eighteen points on the observed films were measured and the
average values were reported. The observed Sm/Ce atomic ratio of SDC thin films
was equal to 0.13:0.87, which is consistent with that of the precursor solution

(0.10:0.90).



The XRD patterns of SDC thin films deposited at 400°C and then heat-treated
at 700°C were illustrated in Fig. 9. It was found that both as-deposited and annealed
films exhibited single phase crystallite with cubic fluorite structure. As the annealing
temperature was increased to 700°C, stronger and sharper peaks were attained. This
means that the overall crystallinity of SDC thin films was enhanced with the
increment of thermal treatment. After applying the Scherrer formula to the (1 1 1)
diffraction peak of SDC, the crystallite size for the as-deposited film are growing

from 7.4 to 12.9 nm after heat treatment.

4. Conclusions

Nanocrystalline SDC thin films with dense microstructure and free of cracks
have been successfully deposited on stainless steel substrate at a relatively low-
temperature fabrication using ESD technique. The geometry of the nozzle tip
drastically influenced the spray pattern during spraying and the agglomeration of
particles on thin layers. The nozzle with flat tip resulted in the greatest uniformity and
smoothness of dense coating with the lowest thickness of 0.24 um. The as-deposited
films were crystalline. After an annealing of 700°C for 2 h, the crystallinity of SDC

films was enhanced.
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Figure Captions
Figure 1. (a) Schematic diagram of electrostatic spray deposition setup, (b) geometry
of three nozzles for the feeding of precursor solution. (6 = tip angle, ¢; =
inner diameter and ¢, = outer diameter)
Figure 2. TG-DTG thermograms of precursor solution.
Figure 3. Photographs of electrospray plume during spray at (a) wedge tip; (b)
sawtooth tip; (c¢) flat tip.
Figure 4. Schematic sketches of spray patterns during spray at (a) wedge tip; (b)
sawtooth tip; (¢) flat tip.
Figure 5. Photographs of deposition patterns sprayed with various nozzle geometries
(a) wedge tip; (b) sawtooth tip; (c) flat tip.
Figure 6. SEM micrographs of the SDC films prepared using (a) wedge tip; (b)
sawtooth tip; (c) flat tip.
Figure 7. SEM cross-sectional images of the SDC films prepared using different
nozzle geometries (a) wedge tip; (b) sawtooth tip; (c) flat tip.
Figure 8. AFM topologies of the surface of the SDC thin films deposited using (a)
wedge tip; (b) sawtooth tip; (c) flat tip.
Figure 9. XRD patterns of SDC films (a) as-deposited at 400°C; (b) after annealing

at 700°C.
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