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Abstract : Co-doped sample of electrolyteCey Smg o5P1.0501.95have been preparedby Sol-
gel method and characterized to explore its use as a solid electrolyte for intermediate
temperature solid oxide fuel cells (IT-SOFCs).The crystal structure, microstructure, and ionic
conductivity have been determined by X-ray diffraction (XRD), Scanning electron microscopy
(SEM), Energy dispersive X-ray spectrometer (EDX), Raman Spectroscopy (Raman), and
impedance spectroscopy, respectively. The XRD result reveals that the sample is single phase
with cubic fluorite-type structure. The relative density of sample sintered at 1400°C isabout98%
of theoretical density. The average grain size of CeyqSmg 5P 050195 Sample found from
SEM image is 451.4nm. The Raman spectra result showed formation of two distinctive peaks in
the Cey 9SMg o5 PT0,0501 oslattice. The peak at lower wavenumber (463) cm™) can be attributed
to F,4 vibration mode (O-Ce-O) of the fluorite-like structure of pure CeO,. Besides, the peak at
higher wavenumber (564) cm™ can be ascribed to the oxygen vacancies extrinsically introduced
into Ceg oSmy o5 P10 050195 fOr maintaining the charge neutrality. The ionic conductivity and
activation energy of Ceg 9Smy o5PTo 0501 9sfound at 500°C was(5.95 x10°S/cm, Ea = 0.64eV)
respectively. All the results confirmed that Ceg oSmg o5P100501.95iS @ promising alternative
electrolyte for intermediate temperature solid oxide fuel cell (IT-SOFC) applications.
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1. Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy directly into electrical energy with high
efficiency and eco-friendly manner[1-9].However, in spite of these advantages, SOFC still has
commercialization related problems such as its cost of fabrication at high temperature and durability [10-13].
One of the strategies which is supposed to be addressed to over come the bottle-neck of operating temperatures
of SOFCs is finding an alternate solid electrolyte for intermediate temperature SOFCs (IT-SOFCs)[14-16].Ceria
based oxides are explicitly being investigated for intermediate temperature applications due to their various
advantages over ZrO, -based materials [17- 19].Among the various dopants of ceria studied, samaria doped
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ceria (SDC) has received great attention as a potential 1T-SOFC electrolyte due to its high ionic conductivity
[20-24]. However, literature results indicated that the single-doped ceria based oxides have limitations for its
application as solid electrolytes due to the tendency of reduction of Ce*" (ionic conduction) to Ce** (electronic
conduction)[25,26]. Furthermore, such low temperatures (500°C-700°C) are not still suitable for singly doped
ceria as electrolyte in SOFC due to high grain resistance [27].

The author aimed on the preparation of co-doped ceria materials by Sol-Gel method in
the Cey oSm o5 P1y.0501.9smaterial to investigate its structural and electrical properties for use as an electrolyte
for IT-SOFC application.

2. Experimental

The sample with the general formulaCeg oSmg ¢5P1y.0501.95Was synthesized through sol-gel method.
High purity cerium(lll) nitrate hexahydrate (Ce(NOz):.6H,0, 99.9%, Otto, India),Samarium(lIl) nitrate
hexahydrate(Sm(NO3); .6H,0,99.9%, Otto, India) and Praseodymium(lIl) nitrate hexahydrate(Pr(NOs);.6H,0,
99.9%, Otto, India) were used as the starting materials.

Stoichiometric amounts of all nitrates were dissolved in distilled water under continuous stirring. Citric
acid was added to the whole mixture of precursors in 1:1 molar ratio to maintain the total molar ratio of metal to
citric acid. In order to adjust the pH to =7, ammonium hydroxide was added drop by drop to the solution.

After adjusting pH value, the whole mixture was stirred at 80°C for 2-3h and a homogenous solution
was then formed. After 2-3h, a pale orange viscous gel was formed. The gel was placed in an oven to form ash.
As the gel was put in an oven, slowly the gel started to foam, swell and finally burn with glowing flints and the
evolution of large amounts of gas occurred. This auto ignition was slowly propagated until the whole sample
was fully burnt to produce a light yellow colored ash. Ash was calcined at 700°C for 2 h to remove the
carbonaceous materials and the most stable mixed oxide phase was found. The resultant ash was ground
continuously for 1h in agate mortar to get a fine homogeneous powder. The powders were pressed with the help
ofa hydraulic press under a pressure of 200MPainto a circular pellet (8mm in diameter and 2 mm in thickness).
Finally, the pellets were sintered in furnace at 1400°Cfor 2h and prepared for other measurement techniques.

The structural characterization of all the sintered sample was done at room temperature using Philips X-
ray Diffractometer with Cuk, radiation (A=1.54 A°) operated at 40 kV and 30 mA in the 26 range 0f20-80° with
a step size of 0.02 and a time for step is 2s. Experimental density was determined with Archimedes principle
using xylene as a medium. Theoretical density was calculated from the molecular weight and uint cell volume
(a%). Relative density was calculated from the experimental density and theoretical density.

The morphology of sintered pellet wastaken by field- emission scanning electron microscope (FE-SEM,
Carl Zeiss, Supra 40 VVP).Ramanspectra of sintered pellets were recorded at room temperature with (a confocal
WITec CRM 200, Germany, A = 532nm).AC impedance measurements were carried out on pellets coated
with silver paint on both surfaces employing Auto lab impedance Analyzer in the frequency range 1Hz-
1MHzand in the temperature range of 300°C-500°C.

3. Results and Discussions
3.1 XRD Analysis

Fig. 1 shows the XRD patterns obtained from sampleCeq 9Sm g5P7p 050195 Sample that was prepared
by sintering at 1400 °C for 2 h. Eight symmetrical diffraction peaks were observed in the XRD spectra, and all
samples can be indexed to single-phase cubic fluorite structure. It was found that the experimental lattice
parameter of Cey oSMg o5 Py 0501 ossamplewasslightly larger than that of CeO, (5.411A°), as expected from the
effective ionic radii of Pr** and Sm*. Sine, the radii of Pr** (r= 1.126A% and Sm*" (r= 1.08A°) are greater than
the radius of Ce*" (r=0. 97A°). Consequently, replacing Ce** with Pr** and Sm*" cations in the lattice would lead
to lattice expansion.

The experimental attice parameter ‘a’ can be calculated from the equation:
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a=dJh?+k2+ 12 (1)

where, °‘d’ the inter planner distance and ‘hkl’ are the Miller indices of the plane obtained in XRD
measurement. Using Eq.1, the experimental lattice parameters of CegoSmgsPro0501.0s, Calculated was 0.5447nm
and depicted in Tablel. This value is slightly larger than lattice parameter of pure CeO, (0.5411 nm) [28], as
expected from the effective ionic radii of Pr** and Sm** (0.1103nm).

The crystallite size (D) is estimated using the Debye Scherrer’s formula:

092
~ Bcos6

(2)

where, in the above equation ( 2), ‘D’ is the average particle size, ‘B’ is the full width at half maximum
(FWHM) of X-ray reflection in terms of 26 expressed in radians, ‘0’ is the position of the diffraction peak in the
diffract grams, A is wave length of X-ray.

The average crystallite size of sample calculated using (Eq.2) was 14 nm. This result is consistent with
the crystallite size found in previous literature[29]. It is clearly evident from the XRD pattern that only the
peaks correspond to the ceria alone and that the absence of any other impurities was not reflected in the
spectrum. Hence the single phase of CeyqSmg osPry.0501.95Sample was used for further characterization
techniques to test its electrical properties.
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In this study, the density measurement was carried out to determine the extent of porosity in prepared
sample. Theoretical density was calculated using the formula which is given as [30]:

D, = [(1—x)Mp +xMg + (2 — 0.5x)Mp] (3)

NA33

Where, ‘X’ is the average mass of samarium and ytterbium content, ‘a’ the lattice parameter at room temperature
of samples, Na the Avogadro number(6.023x1023),MA, Mg, and Morefers atomic weights of cerium, average
weights of samarium and praseodymium, oxygen respectively.

The relative density n is calculated as a relation in percentage of the sample density (D) to the
theoretical density (Dy):
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D,
n= D—x 100% (4

t

The theoretical, experimental and relative densities of CeygSmg o5P7.0501.95 Samplewere shown in
Table 1. As it can be observed from Tablel,the calculated relative density of Cey oSmg ¢5P7g.0501.955amplewas
about 98% of the theoretical density and this finding was supported by SEM image.

Table 1. Grain size, lattice parameter and relative densities of CepeSMg0sPro0501.955ample.

Crystallite Size(nm) 14
Grain size (nm) 451.4
Grain size (nm) 5.447
Theoretical 7.22186
Density(g/cm®)

Experimental 7.12768
Density(g/cm3)

Relative density 98.7

3.2. SEM and EDS Analysis

The surface morphology and chemical composition of CegeSmgesProosO1.95, Which were observed and
analyzed by SEM and EDS are shown in Fig.2a and Fig.2b respectively.SEM micrograph clearly shows the
presence of uniform grains with clean and distinct grain boundaries. As shown in Table 1, the average grain
size of the material found from SEM graphs was 451.4(nm). As indicated in Fig 2b, the EDX graph reveals that
all elements like Pr, Sm, Ce and O are entered in the lattice as per stochimetry and depicted in Table 2.
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Fig.2 (a)SEM, (2b) EDX- graphs of CeqeSmy o5Pro0501.95

Table 2EDX quantitative analysis of elements O, Ce, Sm and Pr.

Element Weight (% Atomic(%)
OK 19.26 67.76

Cel 67.90 27.87

PrL 6.38 2.25

SmL 6.46 2.12
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3.3. Raman Spectroscopy

Fluorite structure-metal dioxides have only a single allowed Raman mode, which has F2g symmetry
and can be viewed as a symmetric breathing mode of the oxygen(O) atoms around each cation. Since only the
oxygen (O) atoms move, the mode frequency should be nearly independent of the cation mass. In CeO,, this
frequency is 465 cm™[31].

Raman spectra of the CegoSmoosProesO105 Sample, presented in Figure 4,show the presence of two
characteristic peaks. The peak at lower wavenumber 463 (cm™)can be attributed to F, vibration mode (O-Ce-
0) of the fluorite-like structure of pure CeO,. Besides, the peak at higher wavenumber (564) cm™ can be
ascribed to the oxygen vacancies extrinsically introduced into CepgSMoesProesO1.95 fOr maintaining the charge
neutrality. The changes in the Raman spectra are related to oxygen(O) vacancies introduced into the cation
lattice (bivalent Pr®* and Sm®* is substituted for Ce™). This behavior of result was also found in previous
literature [32-34]. Interestingly, with Pr doping, there is a slight, but systematic, shift of the F2g band to lower
wavenumber accompanied by a decrease in the peak intensity compared with CeO,.This is due to the larger
ionic radius of Pr** (1.126 A) relative to Ce** (0.97 A), which, as seen from XRD analysis in an increase in the
lattice parameter with increasing Pr doping. From the Raman spectroscopy, analysis, no indications can be
found regarding the presence of impurities which is in good agreement with the XRD analysis depicted in

(Fig.1).
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Figure3 Raman spectra of Ceg9SMg osPT 0501 9ssamplesintered at 1400°C.
3.4. Impedance Spectroscopy

The complex impedance spectra for Cey oSm o5 Pro.0501 osSample measured at 300°C-500 °C in air are
shown (Fig.4a —e). As illustrated in (Fig.4a-€), the intercept from starting point of high-frequency semicircle to
real axis is the grain resistance Rg, the diameter of medium- frequency semicircle corresponds to the grain
boundary resistance Rgb, the intercept of low-frequency end of medium-frequency semicircle to real axis is the
total resistance R=Rg+Rgb, the low-frequency curve can be attributed to the interface resistance Re between
electrolyte and electrode.

The total resistance is given by-
R =Ry, + Ry (5
Where Rg and Rgb stand for the resistance of grain interior and grain boundary respectively.

The ionic conductivity (g) of each sample was calculated using the equation:
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l

U:ﬁ

(6)

where | is the thickness of sample and Ais the cross-sectional area. Through fitting the data and using Egs. (5)
and(6), the ionic conductivity of sample at different temperatures was obtained. This result is presented in Table
3.

Table 3 Resistance and conductivity of CegeSmoesPro0s01.05 sample sintered at1400°C .

Temperature(’C) | Rg(Q) | Rgb(Q | Ry(Q | o(S/cm)
300 260.85 | 2225.75 |2486.16 | 2.87x10™
350 146.53 | 931.9 1078.43 | 6.62x10
400 7854 | 361.87 | 440.41 1.62x10°
450 52.4 168.38 | 220.8 3.23x10°
500 4427 | 75.73 120.0 5.95x10°

As shown in Tables3, the conductivity of CegoSmg o5P70 050195 Sample increases with the rise of
measuring temperature and a maximum conductivity of 5.95x10 (S/cm) was obtained at 500°C. This is due
thermal excitations which enhances the kinetic energy of carriers and force oxygen ions to pass through oxygen
vacancies in a higher speed.
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Figure 4lmpedance plots of Ceq 9Smg o5P100501 95 Sample measured in air at (a) 500 °C (b) 450°C (c)
400 °C (d) 350°C (e) 300°C

The temperature dependence of ionic conductivity often follows an Arrhenius relation:

oT = aoe_Ea/kT (7
where Ea is the activation energy for conduction, T is the absolute temperature, k is the Boltzmann’s constant
and g, is a pre-exponential factor.The total ionic conductivity of CeqqSmg o5P7p 050105 Sample sintered at

1400°C for 2h was presented in Fig.6 in the form of In(cT) versus(loa/T). The value of activation energy
(Ea) of CeyoSmg g5P1p 0501.95Sample calculated using (Eq.7) and slope fitting of (Fig.6) is 0.64eV.
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Figure.6 Arrhenius plots of total conductivity of Ceg.9Smg 5P 0501 955ample.

4. Conclusion

Cep.9Smg o5 P1y.0501.95 Was successfully prepared through sol-gel method. The sample pellet was
sintered at 1400°C for 2h to obtain dense ceramic and the calculated relative density was about 98% of the
theoretical density. The ionic conductivity and activation energy of CeqgSmgsProos01.95 Sample found at 500°C
was (5.95 x10°S/cm, Ea = 0.64eV) respectively. The ionic conductivity value obtained at such a lower
operating temperature, 500°C in this work was found to be higher than those of the values reported earlier in the
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literature for singly doped ceria with praseodymium or samarium. Moreover, all the experimental results
showed that the material prepared from Cey oSmy o5P100501.95Can be used as an electrolyte for intermediate
temperature SOFC (IT-SOFCs) application.
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