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Abstract:

Fluorite-type zirconate compositions of the form Gd,(Zr1-xMy)207.s (M =Scand Y; x =0, 0.1,
0.2, 0.3, 0.4) were prepared by a solid state reaction route and the influence of aliovalent
cation substitution on the structural and electrical properties were investigated using Powder
X-ray diffraction, Raman spectroscopy, transmission and scanning electron microscopy and
impedance spectroscopy techniques. Despite being in the same group of elements, the two
substituent cations introduced oxygen vacancies with contrasting influence on the parent
lattice and ionic conductivity. Larger ionic radius of Y** forced the lattice to expand which
along with the increased anion defects lowered the energy barrier for charge transport
enhancing the ionic conductivity. Whereas, in Sc-substituted compositions, oxygen vacancies
dominated over ionic size causing the lattice to contract and their cooperative behavior turned
out to be disadvantageous for long range conduction process with increased activation energy
resulting in lowering the ionic conductivity. The changes in rigidity of the inter-ionic bonds
and the lattice volume introduced by the substituent cations also influenced the thermal
expansion behavior of the materials. This work demonstrates that the influence of oxygen

vacancies on the ionic conductivity is also dependent on the size of aliovalent substituent ion.
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Introduction

On the backdrop of diminishing energy resources, a quest for efficient solid oxide electrolyte
materials to be used for fuel cell applications have been going on since the last few decades.
Electrolyte is the heart of a solid oxide fuel cell.! Since fuel cells constitute a promising
category of non-conventional energy resources, material development for them, especially
electrolytes, has gained much attention.* ® The electrolyte materials should possess some
specific features like high electrical conductivity, adequate thermal and mechanical properties
like strength, creep, etc., thermodynamic and structural stability.* Apart from this, properties
like thermal expansion should match with the other fuel cell components, which poses

limitations in changing to completely new ceramic systems.*

Various zirconate ceramics having a general formula A;B,07 have been studied extensively
in this respect wherein attempts to enhance the electrical properties have been made by means
of substitution or addition of foreign cations in already known chemical systems.>® These
zirconate compositions mostly crystallize in either a pyrochlore-type or a fluorite-type lattice
depending on the difference in size between the two cations.*® The larger the ionic size
difference, higher will be the structural order within the lattice and the ordering or
disordering transitions between the two structures induced by cation-substitution are found to
have some influence on the electrical properties of these compounds.*™ Among the various
zirconate systems reviewed, Gd,Zr,0y is reported to be one of the best with respect to the
electrical characteristics.**° It is known to exist both in fluorite and pyrochlore structures
with various preparation conditions.'” There have also been many attempts to tailor the

properties of this chemical system with varying results, some being positive and some
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negative. % 182% gybstitution of Gd** by Sm*®" and then co-substitution by Ca?* had positive
effects on the properties of parent composition.'® ?* Substitution by Eu** also was helpful for
improved electrical properties.'® Nb>* while substituting Zr** led to an enhancement in the
electrical conductivity whereas Ce** and Mo®* in that place were found to bring it down.*?*
22 In most of these studies, there were certain optimum levels of substitution that
corresponded to the maximum value of conductivity, which depended on many other factors
like lattice order, lattice volume, point defects, etc. Thus, despite extensive attempts, there

does not exist any general rule that can guide to the best direction to achieve desired

properties.

Since defect-fluorite structures involve more than one type of cations, they can inherently
contain some amount of order. Most of the aforementioned substitution attempts are focused
on the A-cation site. Here in the present work two cations, Sc** and Y**, were independently
chosen to substitute the Zr** partially in the B-site of Gd,Zr,0;. The differences in ionic size
can influence the crystal order and the lattice volume. That, along with the difference in
valence, was expected to influence various physical properties. Crystal structure and
electrical properties were given prime focus in the present investigation. The independent
substitution would help to contrast between ions and to understand the various mechanisms

distinctly.
Experimental

Solid solutions of general formula Gd,(Zr1xMy)207.s (M =Sc, Y; x=0, 0.1, 0.2, 0.3, 0.4)
were prepared. Conventional solid state reaction route involving choice of oxides of the
cations as reactants and wet mixing followed by heat treatment was adopted for the synthesis
of the samples. Homogenous mixture of Gd,O3 (Aldrich, 99.9%), ZrO, (Aldrich, 99%), Sc,03

(Alfa Aesar, 99.99%) and Y,03 (Sigma-Aldrich, 99.99%) weighed according to
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stoichiometry was calcined at 1300°C and recalcined at 1600°C, both for 6 h each. The
product powders were then made to green pellets with a hydraulic press applying uniaxial

compaction at 2.5 MPa. The pellets were then sintered at 1650°C for 24 h.

The prime tool to investigate structural features was an X-ray diffractometer (X’Pert Pro,
PANalytical) making use of Cu Ka radiation of wavelength 1.54 A. The diffractograms were
recorded in a 260 range of 10° to 90°. FT-Raman spectra of samples were obtained by exciting
with an argon laser of wavelength 784 nm using a Labram HR 800 spectrometer (Horiba
Scientific). Morphological features were examined through electron microscopic technique,
namely a scanning electron microscope (SEM, model: JEOL JSM-5600LV) and a
transmission electron microscope (TEM, TECNAI 30G2 S-TWIN, the Netherlands), which
were also helpful in confirming the crystallinity of prepared samples. The response of the
crystals to high temperature was analyzed through high-temperature X-ray diffraction
(Anton-Paar High-temperature attachment to XRD). Impedance spectroscopy was used to
probe the electrical properties. Cylindrical pellets were subjected to two-point impedance
measurement using an impedance analyzer (Solartron SI 1260) through a dielectric interface
(Solartron 1296). Electroding was done at polished end-faces painted with silver-paste and
the measurement frequency was varied from 1 MHz to 1 Hz, in a temperature range of 473 K

to 1023 K.
Results and Discussion

In coming sections, the Sc®* and Y** substituted samples of the form Gda(Zr1xMy)207.5 (M =
Sc,Y;x=0,0.1,0.2, 0.3, 0.4) will be respectively labelled with the codes GZS and GZY

with a numeral representing the value of x for each sample. GZ will stand for Gd,Zr,05.
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Crystal structure

Powder X-ray diffraction was made use of to understand the maximum feasibility of solid
solution formation and to analyze the crystal structure of the synthesized materials. Sharp X-
ray reflections could be seen in the recorded diffraction pattern that indicated the crystalline
nature of the samples. A comparison with standard ICDD powder pattern No. 01-080-0471
showed that all the single phase compositions crystallized in a cubic fluorite-type structure

with Fm3m space group.

Cubic
coordination
of cation

/ Cation at 4a

Tetrahedral
—— coordination
of anion

Unit cell edge
e .

Anion at 8¢

Figurel: Cubic fluorite structure. Blue spheres represent cations and red spheres represent anions.
The polyhedra represent the coordination environments of both species.

In the cubic fluorite-type crystals, the cations constitute a face centered lattice and are
cubically coordinated by eight anions as shown in figure 1. The anions, whereas, are
coordinated by four cations which form a tetrahedron about each of them. The
crystallographically different lattice positions are designated by Wyckoff notations 4a (0, 0,
0) and 8¢ (0.25, 0.25, 0.25) occupied respectively by cations and anions. In Gd,Zr,07, which

is considered to be a defect fluorite-type crystal, the Gd and Zr ions are disordered over an
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fcc lattice. The XRD patterns of the Gd,(Zr;-xMy).07.s compositions are shown in figure 2

and 3. It could be observed that the Gd,Zr,0- lattice accommodated the aliovalent M ion (M

=Sc* Y**) in the Zr** site to a fairly good extent of x = 0.3. Although both Sc**and Y**

showed maximum solubility in solid solution formation at x = 0.3, a close observation of the

peak patterns showed that the overall influence the substitution had on the crystal structure

was different from one another.
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Figure 2: Powder X-ray diffraction patterns of Gd,(Zr;.,Y,),0;.s. Side panel shows the expanded view

of (111) peak.

With substitution of Zr** by Y**, the X-ray reflections were found to shift towards lower

angles as seen in the side panel of figure 2, indicating an increase in the interplanar spacing of

various miller planes. But the trend observed for substitution by Sc** was different, and there

the reflections moved towards higher angles (as in figure 3) with increasing amount of

substitution. In both cases there was no appreciable change in the width of diffraction peaks.

Page 6 of 25



Page 7 of 25

RSC Advances

- -
- Rl
- =
-
o o
_ S N =
=: o
3 Lm s =8
B GZ Jl ~ G
wv
5 G251 L L
=
= GZS2 l . .
GZS3 _ e _—
aezsa L1 all o ol -
L] L] L L L] L] L] 29.2 29.'8
10 20 30 40 50 60 70 80 920

20 (degree)

Figure 3: Powder X-ray diffraction patterns of Gd,(Zr;..Sc,),0;.s. Side panel shows the expanded view
of (111) peak

A more detailed and quantitative analysis of the XRD data was carried out by Rietveld
simulation and refinement method using commercially available X pert Highscore plus®
software. A standard peak-matching procedure with the ICDD crystal structure database
helped constructing starting models for pattern simulation, with the stoichiometry providing
an intuitive idea about the ionic occupancies. Fitting of diffraction peaks demanded a pseudo-
Voigt line profile function which is essentially a linear combination of Gaussian and
Lorentzian functions. The Caglioti parameters, flat background and two background function
coefficients were chosen for refinement along with the unit cell identities. Various refinement

parameters including the agreement indices are listed in Table 1.

Table 1: Important results from Rietveld analysis (Refined fitting parameters are presented in S|,
Table S1)

Gz GzY1 GZY2 GZY3 GZY4 Gzs1 GZS2 GZS3

Unit cell Cubic Cubic Cubic Cubic Cubic Cubic Cubic Cubic
Space group Fm3m Fm3m Fm3m Fm3m Fm3m Fm3m Fm3m Fm3m
Scale Factor 0.000181 0.000187 0.000158 0.000161 0.000133 0.000181 0.000175 0.000164
Cell a[A] 52729(1) 5.2831(1) 5.2932(1) 5.3011(1) 5.3028(2) 5.2659(1) 5.2581(1) 5.2516(1)

Rp(%) 6.45 6.23 6.15 6.02 6.91 6.04 5.48 5.84
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Rexo(%0) 6.76 6.63 6.88 6.84 7.21 6.89 7.15 7.13
pr(%) 9.2 8.65 7.93 7.64 8.97 7.9 7.01 7.43
GOF 1.87 1.7 1.32 1.24 1.54 1.31 0.96 1.08

It can be observed from the result of Rietveld refinement that the influence on the
fundamental lattice vector of the Gd,Zr,0Oy lattice is different for Sc and Y ions. While
considering the lattice volume in substitution processes, the most commonly reported
influence comes from the radius of the substituent ion. According to Vegard’s law?*, a larger
ion substituting a smaller ion is expected to increase the lattice volume and vice versa. The
ionic radii of Gd**, Zr**, Sc® and Y*" under the eight-coordination condition in a fluorite
type lattice are 1.053 A, 0.84 A, 0.87 A and 1.019 A respectively.?® Although both these
substituent cations are larger in radius than Zr**, substitution by Sc®* decreases the effective

lattice parameter while substitution by Y** increases it.

For Y*" substitution, the incorporation of larger ions into the 4a sites previously occupied by
smaller Zr** ions forces the lattice to expand. This is evident in figure 4(a) where there is a
linear increase in the lattice parameter with increase in Y** substitution. For the GZY4
sample, the peak is seen to swerve from this trend. This may be because, beyond the limit of
solubility, substituent ions tend to form other impurity phases without causing much strain to
the parent lattice. The last data point of the lattice parameter plot in figure 4(a) illustrates this,

where the increase in lattice parameter beyond x = 0.3 is comparatively very less.
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Figure 4: Variation of lattice parameter with substitution for (a) GZY series (b) GZS series

On the contrary, the lattice parameter is decreasing substitution by Sc** as evident in figure
4(b). This may be attributed to the effect of Schottky defects in the anionic sublattice caused
by aliovalent substitution. When tetravalent Zr is substituted by trivalent Sc, oxygen
vacancies will be created in the lattice for electrostatic balance. Substitution of every two Zr
ions will create one oxygen vacancy in the vicinity, and can be represented in Kroger-Vink

notation as
2Zr* — 2MPY + V-

This will reduce the average coordination number of the 4a site cation which is 8 for an ideal
fluorite-type lattice. Marrochelli et al. established through molecular dynamics simulation
and a meta-analysis of literature that the size of an oxygen vacancy is smaller than an oxygen
ion.? They report that for host cations smaller than Ce** in fluorite-structure, the asymmetric
cation relaxations around an oxygen vacancy can lead to a significant contraction of the
lattice.?” This is observed by the shift of X-ray reflection peaks towards higher angles. Such
an effect has been observed in some other similar chemical systems t00.?® ? A close
examination of the XRD patterns showed that there is no considerable change in the width of
diffraction peaks with respect to both substitutions. Instrumental broadening, crystallite size

effect and lattice strain are the key factors that contribute to the line width in diffraction
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pattern. Since the first two factors were made as equivalent as possible for all the samples
through same measurement conditions and similar crystallite sizes, any change in the line
width could be loosely attributed to the lattice strain. Absence of such an effect may be
indicating that the substitution process does not introduce much strain to the lattice. In this
context, it is reasonable to assume that when the cationic size difference is comparatively
smaller, the effect of oxygen vacancies becomes dominant as far as substitution by Sc®* and

Y3* are compared.

A parallel way to understand the structural influence of the ionic substitution was attempted
through FT-Raman analysis. In the cubic fluorite structure, the site symmetry of the 4a site
cation is Oy, and that of the 8c anion is T4.*° Factor group analysis had shown that an ideal
cubic fluorite lattice would possess only one Raman active mode Ty which is generally

found at ~470 cm™.313

GZY3

Intensity (a.u.)

200 300 400 500 600 700 800

Raman shift (cm™)

Figure 5: FT-Raman spectra showing the effect of cation substitution.

However in figure 5, more than one peak could be distinguished in the Raman spectra which

are generally broad in nature. The broad nature of Raman modes cannot be a result of small
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crystallite size since the sharp X-ray reflections and the images in the SEM and TEM
analyses indicate the contrary. The broadness is a result of inherent deviations from the
translational periodicity in the lattice of a disordered fluorite structure.*** Presence of some
additional vibrations below and above the T4 frequency can be justified by acknowledging
the deviation of the present system from an ideal fluorite lattice. In such defect fluorite-type
crystals some degree of ordering will always be present due to the different cations occupying
the same crystallographic site and this is expected to give rise to some additional vibrational
modes as visible in figure 5.3 *° As observed in the present system, T,y mode in defect
fluorites is reported to be generally very weak and broad in nature.*> ¥ Broadening of
vibrational modes is often an indication of increasing disorder in a crystal lattice. The
cationic size difference is a crucial factor deciding the extent of order in fluorite-related
structures like pyrochlores. In pyrochlore type structures with a general formula A,B,0y, the
ratio of radii of A and B cations (ra/rg) gives a measure of order. In the discussions regarding
the order-disorder transitions in such chemical systems, ordered pyrochlore structure is said
to be stable in the ra/rg range of 1.76 to 1.46 and a decrease in ra/rg is a driving factor of
disorder.* %% Considering the size of the cations involved in the present system, it can be
inferred that substitution by Sc and Y, both being larger than Zr and smaller than Gd, would
in effect bring down the cationic size difference in the lattice thereby leading to more
disorder. This can be understood from the observation that Y** substituted system, it being
the larger of the two substituent cations, show more broadening than the Sc®* substituted

one.3

A contrast between two substitutions is seen when the peak position is analyzed. With Sc-

substitution, the T,q mode is found to show a small positive shift in frequency whereas with

|32

Y-substitution it is showing a small negative shift. McBride et. al* had observed and

explained a positive frequency shift of Raman modes in fluorite structure due to the
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formation of oxygen vacancies in the lattice. According to their model oxygen vacancies can
give rise to another peak at ~570 cm™ which was later reported by Li et. al also.** A small
hump can be observed in our Sc substituted system too, at an adjacent frequency, which can
be interpret to emphasize the dominance of oxygen vacancies in deciding the structural
properties of those chemical compositions. A small negative shift of vibrational modes in Y
substituted compositions can be attributed to the increase in lattice volume caused by the

considerably larger substituent cation.*
Thermal expansion behavior

High-temperature X-ray diffraction study was carried out to investigate the response of the
crystal lattice to change in temperature. Powder XRD patterns of various samples were
recorded at intervals of 200 degrees from 298 K to 1273 K and the evolution of various
structural features were observed. These materials retained their crystallinity and crystal

structure at all measuring temperatures and did not show any structural transition.

The effect of increase in temperature is reflected in two aspects of the X-ray diffraction peak;
position and intensity (Data of a representative sample is illustrated in Sl, figure S1). As the
temperature increases from 298 K towards 1273 K, the peaks progressively shift towards
lower diffraction angles and at the same time their intensity dwindle. The shift of peaks is
quite obvious since the phonon frequencies in real crystals depend on the amplitude of lattice
vibrations hence making the phonon gas pressure a temperature-dependent parameter. The
ultimate reason for this is the anharmonic nature of lattice potential which in a vast majority
of real crystals lead to an expansion of linear dimensions with increase in temperature. Thus
the progressive shift of X-ray diffraction peaks towards lower angles is the direct indication

of thermal expansion behavior.
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The decrease in peak intensity can be explained by the effect of lattice vibrations on the
coherent scattering of X-rays from the crystal. As the prime role in X-ray scattering from a
crystal is played by the electron cloud around various atoms, the vibration of atoms about
their equilibrium positions has an effect of smearing the electron cloud into larger volumes in
effect bringing about a decrease in electron charge density. Thus, the increase in vibration
amplitude with increase in temperature should lead to a decrease in scattering intensity. This
effect has been formulated as the Debye-Waller factor (DWF) that appears as an exponential
term in the theoretical expression for Bragg peak intensity.*® The concept of DWF is quite
involved and its calculation warrants more sophisticated instrumentation.* Even then, it is
reasonable to assume that the rate of decrease of intensity is connected to the rigidity of the
lattice, since the amplitude of atomic vibrations are dependent on it. It is observed that the Sc-
substituted samples are more susceptible to loss of scattering intensity with respect to
temperature (See figure S2 in SI). With increase in Y-substitution the rate of decrease in

intensity shows a decrease. This can be an indication of increase in rigidity of the lattice.
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Figure 6: Lattice parameter vs temperature plot for three representative samples
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The recorded X-ray diffraction patterns of all the samples at all temperatures were analyzed
by carrying out Le-Bail fitting using X’Pert HighScore plus software which yielded the
corresponding lattice parameter values. Lattice parameter showed a linear increase with
temperature as shown in figure 6. The slope of the respective plots could be used to calculate

their thermal expansion coefficient through the equation,

o=1/a,.(da/dT) K - (1)

298

where o is the thermal expansion coefficient (TEC), a,, is the original lattice parameter

measured at room temperature and da/dT is the slope of the lattice parameter variation with

respect to temperature.
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Figure 7: Variation of thermal expansion coefficient (TEC) with substitution.

Effect of cationic substitution on the thermal expansion behavior is reflected in the plot of
TEC against the substituent mole fraction (x), as shown in figure 7. It can be seen that the

TEC decreases with increase in substitution for both Sc and Y. Although both cations
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introduce the same effect, the mechanisms through which these effects are brought about
seem to be different. The decrease in TEC with Y-substitution can be explained by the
change in ionic nature of the average diatomic bonds in the crystal. The electronegativity of
Zr, Sc, Y and O in Pauling scale are 1.33, 1.36, 1.22 and 3.44 respectively.** Since the ionic
nature, and hence the strength of bonding, is proportional to the difference in
electronegativities of the participant atoms, substitution of Zr atoms by less electronegative Y
atoms is going to increase the ionic nature of the average diatomic bond in the crystal. This
will increase the ionization energy of the electrons involved in the bonding process which is
connected to the phonon frequency. There exists a theoretical proof that the square of the
phonon frequency is directly proportional to the exponential of the ionization energy of the
bond-forming electrons.*® Hence in the Y-substitution scenario of the present system, the
phonon frequency is expected to increase thereby making the lattice more rigid. This can
explain the decrease in thermal expansion coefficient. But in the case of Sc-substitution,
direct influence of ionic nature is not seen since, Sc being more electronegative than Zr
should in that case increase the TEC. The reverse trend observed here may be attributed to
the oxygen vacancies. As we have noted the dominance of oxygen vacancies in Sc-
substituted system, this decrease in TEC may be due to the clustering of oxygen vacancies as

14
l.

was earlier reported by Liu et al.”™ The lattice contraction caused by these vacancies may also

contribute to this phenomenon.
Morphology:

The powder X-ray diffraction pattern serves to indicate only the average crystalline nature of
a bulk sample and hence transmission electron microscopy (TEM) was used to confirm the
crystallinity of the chemical systems in small domains. HR-TEM images of some

representative samples are given in Sl (figure S3).



RSC Advances

The surface morphology of sintered pellets were examined using scanning electron
microcopy. The SEM images of polished surfaces of three representative samples are shown
in figure 8. The typical polycrystalline morphology consisted of grains varying in size,

generally in 2 pm to 6 pm range. Distinct grain boundaries could be seen along with some

amount of porosity.

Figure 8: SEM images of the polished surfaces of two representative samples (a) GZY3 (b) GZ53

Electrical behavior:

The sintered pellets of the prepared samples were given a small ac signal (100 mV) of
varying frequency (1 Hz — 1 MHz) and their response was analyzed using impedance
spectroscopic technique. The measurements were made on heating conditions, from 473 K to
1023 K. A polycrystalline material in such a scenario is often considered a series of parallel
RC-circuits, with the resistor (R) corresponding to conduction and the capacitor (C)
corresponding to the charge accumulation effects. A Nyquist plot of imaginary part of
impedance against the real part of an RC parallel circuit is a semicircle with radius R. Since
the capacitance values associated with charge accumulation depends on where it happens,
whether it is within the bulk of grains, in the grain boundaries or in the sample-electrode
interface, the Nyquist plot for a polycrystalline material will ideally consist of three

semicircular arcs.
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Figure 9: Complex plane representation of ac impedance of representative sample, GZY3, at two
temperatures.

Figure 9 shows this complex plane representation of ac impedance of a representative sample,
GZY3, at two different temperatures. Two semicircles could be distinguished, the
mechanisms responsible for which can be identified from the capacitance values associated
with them. Grain boundaries offer higher capacitance due to bigger chances of charge
polarization and therefore the relaxation associated with the grain boundary phenomena falls
in lower frequency region, whereas the grain relaxation happens in higher frequencies.**
Depending on the range of measurement frequency and the difference in relaxation
frequencies between grain and grain boundary phenomena, the semicircles may appear
incomplete or merged as observed in figure 9. The intercept of an impedance semicircle with
the real axis gives the ohmic resistance, R, offered against the conduction process associated

with it. With increase in temperature, the semicircles diminish in radius indicating a decrease
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in resistance. Considering the sample thickness () and the electroding area (A), the

conductivity o can be calculated as
o = l/RA ------- (2)

Since the grain and grain boundary semicircles were not always well-resolved, only their total
resistance was considered to calculate the conductivity at various temperatures. The
conductivity value increases with increase in temperature. This dependence is generally

described by the Arrhenius equation,
o = (ool T)exp(-Ea/kgT) -------- (3)

where T stands for absolute temperature. E, is the activation energy for the conduction
process, og is the pre-exponential factor which is a rough measure of the availability of charge

carriers and kg is the Boltzmann constant.
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Figure 10: Arrhenius plots of various samples (a) GZY series (b) GZS series.
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Figure 10 shows the Arrhenius plots of various samples, where the straight lines are the least
squares fit of the conductivity data with the linearized form of equation (3). The slopes of the
straight line fits would yield the values of activation energy. The values of conductivity at

maximum measuring temperature (1023 K) and the activation energy of various samples are

shown in figure 11.

3
24x10°{ (@) - (b) =
1.004
£ 20a0° : - =—czy | g -
@, [ ] ®  GIS - ® (IS
o & 0.6 o
o ® )
S 1.6x10° = u
- =
® =]
2 =
£ o § 02 s
f et H
g 1.2x107 4 e é
E
S 0.88 =
8.0x10™
e L
0.0 01 02 03 0.0 0.1 0.2 0.3
x (mol%) X (mol%)

Figure 11: Effect of substitution on (a) conductivity and (b) activation energy of various samples.

It can be seen that, for GZY series, the conductivity increases with increase in substitution
along with a corresponding decrease in activation energy. But in the case of GZS series, the
trend is different. With substitution of Sc** the activation energy decreases at first and then it

starts to increase which reflects directly in the trend of conductivity variation also.

For a better understanding of the processes involved, analysis was extended to electric
modulus function, M*, which is essentially the reciprocal of dielectric permittivity and is

connected to complex impedance (Z*) as,*

where Cy is the vacuum cell capacitance and w is the frequency. The advantage of modulus
formalism is that it highlights the bulk processes and does not receive much contribution

from electrode polarization effects.
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Figure 12 shows a frequency plot of the imaginary part (M) of the electric modulus at
various temperatures measured on the representative sample GZY3. Its value is nearly zero in

the low frequency region for all temperatures, but shows a peak at a particular frequency

which shifts towards higher values with increase in temperature.
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Figure 12: Frequency plot of imaginary part of electric modulus of representative sample GZY3.

The peak is obviously an indication of the dielectric relaxation behavior which in oxide ionic
conductors is often attributed to the charge re-orientation of ions involving the vacancies.
The low-frequency side of the relaxation peak corresponds to long-range conduction of ions
whereas the higher frequency side to spatially confined ions.*® The peak-shift to higher
frequency implies a thermally activated ionic transport to which Arrhenius fitting is possible
and activation energy could be calculated from that. The activation energies calculated from
modulus and conductivity considerations were similar in values which indicated that the

conduction mechanism in these materials is primarily through ion hopping.

48,49
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The trend in conductivity as observed in figure 11 can now be explained in terms of the
oxygen vacancies and the lattice disorder. The reason for enhanced conductivity in GZY
series with substitution of Y*" is apparently obvious. It has already been noted that both the
cation substitutions are inducing a disorder to the lattice, driving the radius ratio (ra/rg) from
1.46 for Gd,Zr,0; towards 1, the value for ideal fluorite structure. This is in effect
necessitating an increase in average coordination number of the cations. Y** being larger in
radius compared to Sc** will be able to cooperate with this more, since it will have a larger
surface area to afford the increased coordination number. Although oxygen vacancies are
formed by both aliovalent substitutions, Y -substituted compositions will be able to facilitate a
lower energy pathway for ionic transport within the crystal due to ease of coordination and
increase in lattice volume. However, the effect of Sc®* substitution in GZS series is different.
Although the activation energy decreases at first due to increase in available oxygen

vacancies, the system fails to keep that up for higher substituent concentration.
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Figure 13: Broadening of modulus relaxation peak of GZS samples at 523 K. (plots were shifted along
the abscissa for clarity)
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It may be due to the cooperative behavior of ions in the lattice as conceived by Jonscher™
where hopping of one ion can cause a time-dependent movement of other charge carriers in
the neighborhood leading to additional relaxations. This would lead to a broadening of

relaxation peaks in the modulus spectra >

as can be seen in figure 13, which shows a plot of
imaginary part of electric modulus (normalized by maximum, M /M " nax) of various GZS
samples at 523 K. Various plots were shifted along the abscissa for clarity and beyond x =
0.1, a broadening of peak can be observed indicating a correlated ionic motion. This ion-ion
interaction is generally reported to be detrimental to the overall electrical conductivity by
posing a higher activation energy for long range ionic transport.> This increased cooperative
behavior of oxygen vacancies in Sc-substituted compositions may be a result of the negative
chemical expansion. Thus it comes out that, although Sc and Y belong to the same group,

their influences on the overall behavior of the parent lattice are different from one another.

Conclusion:

Gdy(Zr1xMy)207 solid solutions were prepared to investigate the effect of substitution by M
cation (M = Sc**, Y**) on structure and electrical properties. Both systems crystallized in
fluorite-type lattice, showing similar extent of solid solution formation. Sc** lead to a
contraction of the lattice via lattice defects, while Y** forced the lattice to expand due to its
larger ionic radius. Both systems had oxygen vacancies due to aliovalent substitution, but
their effect was more pronounced in the Sc-substituted compositions, as was evident in X-ray
diffraction and Raman analysis. Oxygen vacancies in the expanded lattice aided in enhanced
electrical properties in Y-substituted system by reducing the energy barrier for thermally
activated conduction. Whereas for Sc-substituted system, cooperative behavior of ions in the
contracted lattice acted in the reverse direction. Thus it could be concluded that, despite them
being in the same group of d-block elements, the ultimate influence in physical aspects

depended on the identity of the substituent ions.
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