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Abstract

Nanosized ceria doped zirconia solid solution is the material of attraction for
the intermediate temperature solid oxide fuel cell. A systematic study has been
carried out on Cei.xZrx02 with the composition of x = 0.2, 0.4, 0.5, 0.6, 0.8 by
co-precipitation method. Structural elucidations were made through XRD to
ascertain the attainment of phase and nano-crystallite size. The electrical
properties of CeixZrx02, employing ac impedance spectroscopy, show that the
size dependence brings change in transport property. The reduction in size
brings "higher grain boundary impedance which is a contrary behavior
observed In nanosized particles.

KeyAvords: 1T-SOFC, Nanocrystalling, Cerium/Zirconium solid solution.
Impedance analysis.

Introduction _ |

A major technolo%ical breakthrough in developing intermediate temperature solid
oxide fuel cells (SOFC) is employing Ceria hased electrolytes in order to reduce the
cost and increase the fuel cell lifetime. Nevertheless, decrease in the operating
temperature leads to losses in cell performance mainly due to the ohmic drop through
the electrolyte. [1] Yttria stabilized zirconia (YSZ{ is the most commonly used
electrolyte but its ionic conductivity falls from 0.1 Sem™ at 1273 K'to 0.02 Scm™ at
1073 K'[2] on c?]/clic operation. However at lower temperatures, the ionic conductivity
of YSZ 'is much lower than that of ceria-hased electrolytes. Horita et al., [3] have
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reported ceria-zircoiiia-ceria_sandwich structured composite film electrolytes to
possess high ionic conductivity compared to YSZ and have reported two orders of
magnitude increase from bulk to thin film. The need of an alternative electrolyte
which has higher ionic conductivity than YSZ and more stable for thermal operation
has resulted in cerium doped zirconia. _ . _

At this juncture, the nanocrystaliine materials have superior powder properties
such as large surface area and better sinter ability etc. The nanosized electroceramic
particles are exFected to improve the ionic conductivity making the system more
suitable as an electrolyte with better thermal expansion. But ver?]/ few literatures are
avaHagIe for the preparation of nanosized Cei xZrx02 from the low temperature
method.

Many methods have been employed for the preparation of nanosized Ce02-Zr02.
In this earliest work, the precipitation of Zirconia-based solid solutions involved high
temperature (900-1_500°Cs)techmques, resulting in unrestrained grain growth, thus low
surface area materials, segregation of dopant and possible loss of stoichiometry due to
volatilization of a reactant at hlgh temperatures. [45 Hori et al.[5] have prepared Ce02-
Zr02 employing (NH4)2Ce(N03)6 and Zr0 (NO3)2 as precursors bg calcinations at
500°C,which was claimed as the lowest temperature used so far obtain Ce02-Zr02
solid solution. But they have reported the Qartlcle sizes of the samples aged at 1000°C
in the range of 19-73nm detennined by XRD. Letichevsky et al. [6] have prepared
Ce02-Zr02 solid solution according to the procedure followed by Hori et al. [55) and
also they have reported the more relevant experimental parameters such as pH, aging,
drying, calcination condition and Ce precursor. It has been found that the particle size
is In range of 39nm - 44nm from XRD. Zhang et al. [7] have reported the synthesis of
Ce0.62r0402 solid solutions by different methods. It has been found that the co-
precipitated powders calcined at 500°C having the particle diameter of
45.99pm.Grover et al.[8] have prepared nanocrystaliine ceria-doped-zirconia powder
(Zro 80Ce0 200020) by combustion technique which provides more results for oxidation
and wide particle size distribution. Potdar et al. [9] have prepared nanosized
Ceo.75Zr0.2500 0porous powders via an auto ignition process. _

The electrical Bropertles of Cei xZrx02 solid solutions are inadequately
investigated. It is believed that these solid solutions possess electronic-ionic
conductivity.[10] However, it remains unclear whether their ionic conductivity
depends on the crystal size.

The present work focuses on the preparation of CeixZrx02 (x = 0.2-0.8) by co-
precipitation method which is a simple route with optimized process for attainment of
nanosize and the zirconia was doped with Ce02 to see whether the grain conductivity
increases and to investigate the factors controlling the grain conductivity of ceria.
Here, we report the effect of Zr addition on structural and especially the effect of
grain size on the electrical condudivily of Zr doped Ce02 at room temperature. The
structural properties, m_orphology of the powders were studied by XRD and SEM
respectively, fthe electrical conductivity and the dielectric properties of the calcined
powders have been investigated by AC Impedance Analyzer.



Experimental Details | _ _

The Cc|xZrx02 (x = 0.2, 0.4 05, 0.6, 0.8) solid solutions were prepared at five
different composition by co-precipitation method according to the procedure followed
by Letichevsky et al.,[6] with the optimized parameters such as pH control, a%_mg of
solution. Basically, a solution of NH4OH was quickly added to agueous solution of
ammonium cerium (IV) nitrate and zirconium nitrate in the desired Ce: Zr (wt %

ratio under vigorous stirring. The pH value was adjusted for 12 usmgi H:0
solution. After 48 h of aging at room temperature, a pure precipitate was filtered and
washed with deionized water repeatedly until no pH change to ensure the complete
removal of the base. Then the precipitate was dried under ventilated conditions at
room temperature overnight. Finally, the yellow precipitate was calcined in air at
500°C for 2 h in a muffle furnace. The sintering temperature was set below 500°C
without allowing the grain growth thus preservmgi the size of the particles as
precipitated. Since the non-calcined powders resulted in poor crystallinity, the
powders were calcined at 500°C. .

_ X-ray diffraction analysis was performed by Shimadzu-Model XRD-6000
diffractometer, operating voltage of 40KV and current of 30mA, using Cu-Ka
radiation &1.5406A) for an angular range of 10°-100% with increments of 0.1° and
counting time of 1.2 s per step. Scanning Electron Microscope (SEM Model-
JEOL.JSM-6390% was used for microstructural analysis such as size, shape and
morphology of the calcined powder and its agglomerates. For electrical conductivity
measurements the calcined powders were ground in @ mortar and then pressed into
pellets with 10mm diameter via hydraulic pressmg under a pressure of 200MPa. The
Impedance anal>{ses were performed using a HP 4284a LCR meter over the frequency
range 20 Hz - IMHz at room temperature for all the compositions using the silver

electrodes.

Results and Discussion
X-ray diffraction (XRD;< _ _
Fig. L shows the broad XRD peaks of Cei xZrx02 (x=0.2-0.8) powders calcined at
500°C. According to Scher\rer equation Eq. (1)
0.9

pcos0 0

where D is the crystallite size, 1 the wavelength of the radiation (1.5405A for Cu-Ka
radiation), p the full width at half maximum of the feak, and 0 1s the peak position.
The calculated avera%e crystallite size of the CeixZrx02 powder was 1-10nm after
being calcined at 500" C for Ih.The XRD npattern has four main reflections
corresponding to cubic structure namely [111], &200, {220 and [311] planes and
corresponding to tetragonal structure namely [101], [110], [112] and [211] planes
[JCPDS card:28-0271,38-1439,38-1436,80-0785] as indicated In the Figure L



Figure 1: XRD pattern of Cei.xZrx02 (x = 0.2, 0.4, 0.5, 0.6, 0.8)

; EWHM values from XRD pattern with various concentration of Ce (0.2,



Table 1: Calculated lattice parameters for Cei.xZrx02 (x = 0.2, 0.4, 0.5, 0.6, 0.8)

Sample name  Crystal structure Lattice constant  Particle size from
A C XRD Innm

Ce0.2Zr0.g02 Tetragonal 5201 3601 2-8
Ce04Zr0602  Tetragonal 5252 3.653 14
Ce0.52r0.502 Tetragpnal 5310 3.660 2-10
Ce0.62r0402 Cubic 5.87 2-1
Ce0.gZr0.202 Cubic 5331 - 4-10

The lattice parameters were calculated and are shown in Table. L It is seen from
the Figure 1that the increasing concentration of Ce in Zr02 lattice results in alteration
of atomic arrangement resulting in a phase transition from tetragonal to cubic due to
the substitution of Ce in the tetrahedral sites. [L1] It is to be noted here that the
composition reported in the reference stated above 15 a non-stoichiometric one where
there is ample of chances for impurity driven activities concerned. In the ratio of
Ce0.52r0.502, a mixed Phase of both cubic and tetragonal are found. After which the
phase has no traces of the cubic phase. It can be evident from the phase diagram of
zirconia-ceria system, it is shown that there exists an expanded two-phase region
around the equimolar composition of the system [12, 13]. Accordingly, the lattice
parameter is found to decrease linearly from 5.337 A to 5.201 A with increase in Zr02
content followed the Vegard’s law except for x = 0.5. Ranga Rao et al. [14] have
prepared the Ce02-Zr02 solid solutions by combustion method. They have reported
that the lattice parameter is linearly decreased from 5.44A-5.20A with increase of
Zr02 content. Figure.2. shows the variation of the peak broadening (FWHM) for the
corresponding 20 values from XRD of each concentration of Ce. The particle size
effects can be observed through the peak broadening. The peak broadening is
obviously seen from the XRD spectra indicating that smaller crystallite size have
resulted in this preparation.

Scanning Electron Microscope (SEM)

The Fig. 3(a-e) shows the morphology of Ce|xZrx02 (x = 0.2-0.8) powders calcined at
500“C. From the SEM analysis, the particle size of the powders is in the range of 80-
125nm for Ce0.2Zr0.802 50-100nm for Ce0.52r0502 and 80-150nm for CeogZro.202. In
CeodZro.602 and Ce0.6Zro402 composition, the agglomeration could not be prevented
by any of the employed processes. Hence it is suggested that specific processes need
to be employed for the unfoliation of the agglomerated particles which is not
presented in this paper.



Figure 3: (a-e).SEM images of Ce|.xZrx02 powders calcined at 500°C. (a) x = 0.2, (b)
x=04,(c)x=05,(d) x=06, (&) x=08

It is found in the literature, [9] that nanosized Ceo7Zro.2502 powders were

Brepared via an auto ignition methoql which resulted in severe agglomeration. It is to

e noted that the Tprocess of co-precipitation have yielded better isolated particles in
this present work for the same composition.

Electrical conductivity _ _

Impedance spectroscopy helps to resolve the grain and grain-boundary effects as well
as the electrode kinetic properties. The response of these processes manifests as semi-
circles in a Nyquist plot. [15] Usually the high frequency semicircle is mainly



contributed by bulk, while the low frequency semicircle is by grain boundaryr. With
the increase of frequency, the intercept on the real axis, viz Re(% decreases. g ical
impedance spectra of pelletlze_d samples of CeixZrx02 QXZO._Z-O. ) calcined at 500°C
are shown in Fig.4. Each semi-circle response on the Nyquist plot was fitted with a
simple circuit using the Z-View software. The equivalent circuit includes a series

resistance (Rs) with a Constant Phase Element (CPE) at room temperature.

Figure 4: Impedance spectrum with fitting curve of Cei xZrx02 (x = 0.2, 0.4, 0.5, 0.6,
0.8) at room temperature

R R R

Figure 5: Equivalent circuit for Cei.xZrx02
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Table 2: Equivalent circuit values for Cc|.xZrx02

Sample name  Rs Ri R2 . CPE 1 - . CPE2 -

CeoZZro802 10 1.84E+06 190E+07 134E-10 0.7721 4.27E-10 0.6743
CeodZrof02 - 247E+06 8.55E+07 4.67E-11 0.6512 8.68E-12 0.9900
CeonZro502 10 2.15E+06 193E+07 122E-10 0.7438 2.13E-10 0.7263
Ce06Zro402 10 3.14E+06 355E+08 9.29E-11 0.8260 227E-11 0.7721
CeogZro202 - A477E+06 9.42E+06 8.29E-11 0.8200 152E-10 0.8852

The values acguwed usm%]the_theoretlcal fit to the equivalent circuits are shown in
Table.2. Fig.4 and 5 shows the fitted graPh and the equivalent circuit of the sample
Ceux Zrx02, The equivalent circuit suggests that the material contains grain and grain
boundary resistances by two CPE elements in parallel to resistances respectively. The
total electrical conductivity of all the composition were calculated and found to be
aplprommately same conductivity in the range of 8.57 X 10"*-28.45x10'® S/m. The
calculated conductivity values are shown in Table.3. Xu et al. [16] have_reported the
conductivity of cubic” Ceo,5Zro502. It can be found that the conductivity enhances
radually with temperature inereasing (0 =1.2x10'® S/cm at 823 K and a =2.1x10'
Slem af 1123 K), which is the same as that of pure Ce02 at 823 K, but smaller than
that of doped-zirconia at 1123 K. Chiodelli et al. [17] have reported the electrical
pr%pertles 0f Zr02-Ce02 solid at the temperature range of 200-1000°C. 900“C, pure
Ce02, exhibits a conductivity a = 19x 10™ f2cm", whereas in the 80 mol% Ce02,
solid solution the conductivity is 0 = 1 x 10"*\Qcm". Bin Zhu et al. [18] have reported
the electrical Propertles of the Zr02-Ce02 at Intermediate temperatures. The thin films
have very different properties, e.g. they are less affected by reduced atmospheres and
are high )(] conductive, two orders of magnitude higher than the bulk materials (10"
Slem of the films compared to 10 S/em of the bulk samples at 600°C. Takahisa et al.
[19] have reported the review works on Nanocrystals (NC) of zirconia and ceria-hased
solid electrolytes. According to the electrical conductivity studies of the YSZ
microcrystallines, the total conductivity decreased with decreasing grain size, because
the grain boundary conductivity decreased with decreasing grain size. In contrast to
the microcrystalline case, the énhanced conductivity upon decreasing the grain size
was observed for the YSZ NCs, whose grain size was less than 100 nm. Lee et al. [20&
have rePorted the electrical conductivity and defect structure of Ce02-Zr02 mixe
oxide. The electrical conductivity increased as Ce02 concentration increased and
maximum value of electrical conductivity was found at 90m/oCeO2 system and then
decreased for pure Ce02.The ionic conduction prevailing in the Zr02 rich phase due
to the increase of ionic defect concentration via homovalent doping effect. The
enhancement of n-type electronic conductivity was observed in Intermediate and
Ce02 rich phase compared with loure Ce02, which originated either from homovalent
dopwg effect of Increase of electronic mobility due to the change of transport
mechanism.



Table 3: Calculated conductivity values for Cei xZrx02 (x = 0.2, 0.4, 0.5, 0.6, 0.8)

Sample  Thickness Area in Grain Grain Grain Grain Totai
name in meter  meter®  Resistance Conductivity Boundary  Boundary  conductivity
Resistance Conductivity in S/m

CCq 872 3.41E-03 7.85E-05 1.84E+06 2.3550E-05 1.90E+07 2.2819E-06 2.5832E-05
CeodZro602 4.21E-03 T7.85E-05 2.41E+06 2.2235E-05 1.84E+07 2.9098E-06 2.5145E-05
CCo 502 4.32E-03 7.85E-05 2.15E+06 2.5601E-05 i93E+07 2.8519E-06 2.8453E-05
Ce0.6Zro402 3.71E-03 T7.85E-05 3.14E+06 1.5053E-05 3.55E+08 1.3331E-07 1.5186E-05
Ce0.8Zr0202 2.13E-03 7.85E-05 4.77E+06 5.6928E-06 9.42E+06 2.8810E-06 8.5738E-06

Concentration dependence of ionic Conductivity _ |
The ionic conductl\///la/bvglues of the electrolytes are calculated by using the equatlc%rzlj
0=

where / and A are the thickness and known area of the electrolyte and Ro is the bulk
resistance of the electrolyte. Fig.6 shows the variation of the total conductlwt}/ of Cei.
xZrxOa with respect to the concentration of Ce. It has been found that the total
conductivity decreases as the concentration of Ce increases.

Figure 6: Ce Concentration dependence of Conductivity



“However an increase in conductivity is observed only for Ce0.5Zro502 sample.
This may due to the formation of ion clusters, thus decreasm%_the scatterln? sites for
the mobile charge carriers. The “brick-layer” model calculations suggest that grain
interior and grain boundary arcs will be virtually indistinguishable at the small grain
sizes involved in the present work.[21]

Dielectric analysis | o
The dielectric response is generally described by the complex permittivity,
e*=5°(co) - "(03) (3)

where real 8'(®) and Imaginary e”ﬁco,) components are the storage and loss of ener%y
in each cycle of the applied “electric field. 22} Figure 7(a and b) represents the
frequency . dependence of e’(co) and e”&co for Ce doped Zr with different
concentrations at room temperature. From the _flﬂures, it is clear that the values of
e’ (co) are very high at low frequency. Such high value of dielectric ermlttIV_I'[% at
low frequencies has been explained by the presence of space charge effects, which is
contributed by the accumulation of charge carriers near the electrodes. At higher
frequencies, e'(*) has been found to be relatively constant with frequency.

logtu (Hz)



Figure 7: Frequency dependence of (a) real part 8'(* ) “nd (b) imaginary part £7(<) of
die%ectric perrﬁittiviry foFr] Cei.erxOZ((x):O. ,0.4,0.{5 3.6,0.8()) ginary part£()

This is because periodic reversal of the field takes place so rapidly that the c_har%e
carriers will hardly be able to orient themselves in the field direction resulting in the
decrease in dielectric constant. The Iar?e value of ¢”(co) is also due to the motion of
free charge carrier within the material.[23] According to the theqr?/, the dielectric
behavior “of the nanostructured material is_mainly due to different types of
polarizations present in the material.[24] The nanostructured material” posses
enormous number of interfaces, and the large number of defects present in these
interfaces can cause a change of positive or negative space charge distribution. When
an electric field is applied these space charges move and are trapped by these defects
resulting in the formation of dgoole moments. This is called space charge polarization.
Interface in the nanostructured materials posses many oxygen ion vacancies, which
are equivalent to positive charges giving dipole moments. Exposed to an electric field,
these dipoles will rotate, |V|n9 a resultant dipole moment in the direction of the
applied field. This is called rotation direction polarization.[25] Thus the high value of
dielectric constant at low frequencies is primarily due to the space charge polarization
and rotation direction polarization.[26] It can be seen from the values of dielectric
constant decreases with increasing concentration of Ce. On the other hand, at high
frequencies the non-Debye behavior is observed, which indicates the possmle cation
motion through the conduction pathways. [27, 28]



Conclusion | | o

Cei-xZrx02 solid solutions have been synthesized by co-precipitation method. The
XRD results show the crystalline nature of the substance. The XRD patterns of Cei,
xZr02 (x=0.2-0.8) shows the cubic [phase. The SEM analysis reveals a range of
particle size between 50-150nm for all the powders and Ceo.4Zr0.602 and Ceo.6Zr0.402
are well agglomerated to a size of 05 - 2 pm. The |mFeda,nce confirmed the
contribution of grain and grain boundary resistances and the electrical conductivity of
the samples ranging between 8.57 x 10®-28.45 xIO0'"AS/m. The regular understanding
of stating that the nanosized particles would bring higher conduction is true however
the grain boundary resistance contribution is more which indicates that the ionic
conduction when employed in fuel cell applications would be still limited due to this
factor and also the phase change with oxidation.
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