CHAPTER VI

| nvestigation of AC Conductivity and Electric
Modulus of Bi,,yMe,V,04.1.5 (Me=Ca, Li, Ba) Solid

Solutions

Until man duplicates a blade of grass, nature can laugh at his so-called scientific
knowledge.
Thomas A. Edison
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6.1 Introduction:

Impedance Spectroscopy (IS) has been extensively ilsmeasure and analyze the
response from the electrode and electrolyte as althe interface. Initially, this
method was applied to the determination of the twldyer capacitancel{4]. IS
studies the system response to the applicationpafriadic small amplitude ac signal
and the measurements are carried out at differerftemuencies. Analysis of the
system response contains information about thefawe, its structure and reactions
taking place there. The different individual elense(R, C and L) representing the
electrochemical processes in the material are éecy dependent and possess
different relaxation times due to various procesdgs6-7]. This chapter briefly
describes the temperature dependent ac conducémiyelectric modulus studies to
understand ion dynamics of Li, Ca and Ba substititismuth vanadate. For better

clarity, all the graphs are plotted in logarithragale.
6.2 Experimental

Polycrystalline ceramic samples of pure and dopeg\Be.V 0115 (Me = Ca, Li, Ba)
series of compounds have been synthesized by sthedhkd state reaction method.
The details procedure for the preparation of peket samples had been discussed in
chaptersll.

6.3 Results and discussion
6.3.1 Frequency dependent conductivity

The ac conductivity is calculated from the measuesl & imaginary parts of the
impedance data and pellet dimensions for the sangblthe series of compounds,Bi
xCaV 20115 BisxlixV20:115 and BixBaV20115 Fig. 6.1 (a-g) show the frequency
dependence of conductivity at various temperattmethe highest and lowest dopant
compositions along with the parent compound (x =o0)the three series of

compounds.
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Fig.6.1 (a) Log o vs, logoyc plots for the parent compoumil,V,0;; at different

temperatures.
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Fig.6.1 (b, c): Log o Vs, logo,c plots for (b) highest conducting (x = 0.2) and (c)
lowest conducting (x = 0.4) dopant compositioh8i4xCa\V,0,15at different

temperatures.
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Fig.6.1(d, €): Log ® vs, logoac plots for (d) highest conducting (x = 0.3) and (e)
lowest conducting (x = 0.4) dopant compositioh8i,xBa\V,0,15at different

temperatures.
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Fig.6.1 (f, g): Logw Vs, logoyc plots for (f) highest conducting and (g) lowest
conducting dopant compositiongBi,«LixV20;15at different temperatures.
It is noticeable that, for both pure and doped coumgls the ac conductivity plots
show three distinct regime a) low frequency dispens) an intermediate plateau and
c) conductivity dispersion at high frequency whisha typical frequency dependent
conductivity spectrum exhibited by solid electrelyf--10). At very low frequencies,
more and more charges are accumulated at theazleetdectrolyte interface and as a

result drop in conductivity is observed. In theeimbediate frequency plateau region,
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the conductivity §o) is found to be frequency independent and is araqsal to dc
conductivity which originates from the random d#ffon of the charge carriers
through activated hopping. At the high frequencgior, the conductivity increases
with frequency. The, obtained on extrapolation to lower frequencies faehd to be

in good agreement with the dc conductivity obtaifreth the impedance analysis. In
the Fig. 6.1(a-g) of loga,. vs. logw plots, the frequency at which the dispersion
region starts from the dc conductivity plateau @@ndefined as the characteristic
frequency o), where the relaxation effects of the ions occihis characteristic
frequency is termed as hopping frequency or coy&s frequency ). With rise in
temperature, the hopping frequency, i.e. the fregueat which the conductivity
begins to disperse, shifts towards the higher feqy. In the conductivity plot, a
little deviation from o4c Observed in the plateau region is a sign of eldetro
polarization. As temperature increases, the logueacy electrode polarization effect
become more pronounced and thereby the plateaornregid hence the hopping
frequency shifts towards the higher frequency negithe frequency dependence of
conductivity in the dispersive regions for all thempositions of the compounds
BisV 201, BisgxCaV201135, BiaxlixV20115 and BiBaV 0115 at various temperatures

were analyzed using the Universal Jonscher's ptamef10-13],

Oac =0+ A" (6.1)
Where,g,. is the ac conductivityg, is the frequency independent conductivity
corresponding to the plateau regidk,is a pre-exponential factogy = 27f is the
angular frequency and is the power law exponent related with the degvée
interaction among the moving ions and the surraumdiFor ionic conductors,
generally the value of the exponent ranges betWeeand 0.112, 14]. The value of
the power law exponent calculated for the high cetidg compositions x = 0.2, x =
0.3 and x = 0.1 of the compounds. BLg\V 20115, BisxLixV20115 and BixBaV20;;-
5 along with the undoped compouBd,V,0;; are shown irFig. 6.2. In our study the

value of n ranges between 0.58 and 0.89 whichftisarrange of ionic conductor.
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Fig. 6.2: Temperature dependence of power law exponentf@jred the parent as
well as the high conducting samples of the dopedsef compounds.

Fig. 6.3 (a-g) shows the scaled behaviour of the frequency dep¢rmeductivity,
I.e., log(cadoo) Vs log @/mp) plots at various temperatures, whexgis the hopping
frequency. For all compositions, the scaled plotddterent temperatures almost
merges to a single curve. The mergiridog (cadoo) VS log (/wp) curves at various
temperatures suggests that the conductivity ramxamechanism in these compounds

is found to be temperature independdsi.|
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Fig.6.3 (a) Logw/mg VS, logoadop plots for the parent compoumil,V,0;; at different

temperatures.
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Fig.6.3 (b, ¢): Log w/mwg Vs, logoadoo plots for (b) highest conducting and (c) lowest

conducting dopant composition§Bi,Ca\V,0,15at different temperatures.
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Fig.6.3 (d, €): Log w/wg VS, logoadop plots for (b) highest conducting and (c) lowest
conducting dopant composition§ BisxBaV20115at different temperatures.
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Fig.6.3 (f, 9): Log w/wg VS, logoadop plots for (b) highest conducting and (c) lowest
conducting dopant compositiongBi,4LixV20:15at different temperatures.

6.3.2. Electric modulus

The electric modulus data is evaluated from thd &amaginary parts of the
measured impedance data and pellet dimensionsctesgg using the equations 1.40
& 1.41 in chapter-1 for all the three series of positions Bi.xCa\V:0115 Bis-
xLixV20115 and BiBaV20:15. The relaxation behaviour is analyzed using the
complex electric modulusM* = M’ + jM'") formalism and the decay functiab(t)

given by the expression
-n\PB
o = exp|(Z)] (6.2)

whereo(t) is the Kohlrausch—Williams—Watts (KWW) functievhich represents the
relaxation time distributionT, is the conductivity relaxation time arfl is the
stretched exponent paramet&s][

Fig.6.4 (a-g) shows respectively the frequency dependent behagidmaginary part
of electric modulus M" for the undoped compoundhhand low conducting dopant

CompOSitionS of the samples ofsBCaV201135, BisylixV20:115 and BiyBaV,011

series of compounds at various temperatures.
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Fig.6.4 (a): Log® vs M" plots for the parent compoud,V,0;; at different

temperatures.
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Fig.6.4 (b,c): Log ® vs M" plots for the high and low conducting saegpbf the
series BjiCaV.015at different temperatures.
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Fig.6.4 (d, e): Log® vs M" plots for the high and low conducting sanspbé the

series BixBa\V,0115at different temperatures.
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Fig.6.4 (f, g): Logw vs M" plots for the high and low conducting sanspdé the

series Bi4Li«V20;15at different temperatures.

In our present work, all the modulus studies wedricted to a temperature below

430°C since at higher temperature the peak of theslag M graph shifted towards

higher frequency which is beyond the limit of thetrument used. It is observed that,

at each temperature the imaginary part of the rtentodulus is associated with a

clearly resolved peak at unique frequency. The esirare asymmetric in nature
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exhibited non-Debye type of behaviour. With theréase of temperature, the
modulus peak maximaofxy) shift towards the high frequency region. The geaile a
sign of transition from long range to short rangebitity of oxygen ions. The low
frequency regions of the peak indicates temperatependent hopping mechanism of
the charge carriers over a long distance and thle fnequency regions of the peak
correspond to the relaxation process in which trege carriers can make localized
motion within their potential wells. 1], 18-19]. For x = 0.4 compound of Ca doped
composition (fig3c and 4c), one more peak is oleemwhich is diffused in nature in
the low frequency side which also shifts towardghhifrequency region with

increasing temperature.

The value off in equation (6.2) can be calculated from the fuitlth at half
maximum (FWHM) oflog w versus M plot. By applying the method explained by
Sidebottom 20]. The values of are calculated by following the relati@r= 1/ (1 is
the FWHM line width in decades) and are plottedirssgatemperature for undoped
and the high conducting specimens of the respectwepounds which are shown in
Fig.6.5. Itis evident from the figure that the valuefidior the specimens turns out to
be less than unity which confirms that the dieleatelaxation process involved in the
system is non-Debye type and the compounds arephlnonic in nature 20].
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Fig.6.5: Temperature dependencefigbarameter for the parent as well as the high

conducting samples of the doped series of compounds
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Fig.6.6 (a-g) shows the normalized plots of electric modulusNW ax versus log
(w/omay for the parent as well as high conducting samplieshe three series of
compounds. Except for the composition x = 0.4 ofdGped series, all the normalized
plots for different temperature data overlaps aokhpsed to a single master curve.
This indicates that all possible relaxation mech@s associated with different
frequencies possess the same thermal energy ancaotinesponding dynamical

processes are temperature independdit [

On the other hand, in addition to the high freqyepeak, the temperature curves for
x = 0.4 composition of Ca-doped seridgy.6.6c) exhibit a diffused peak in the
middle frequency region which is more pronounced3a® °C and 400°C. The
additional peak that occur at the middle frequeregyjon in both logo versus M and
log (©/omay Versus MIM™ may plots can be correlated with the dominant roleyeda
by grain boundary contribution over the bulk cdmition. This is also evident from

M versus M plot for different compositions.
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Fig.6.6 (b, C): M /M maxVs. log (/omay plots for the highest and lowest conducting
samples of the seri&i,;«Ca\V,0,; at different temperatures.
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A typical M versus M" plot at 400C for different compositions are shown Fig.

6.7, where the peak of the plot for x = 0.4 is obsdraethe middle frequency range

(~kHz range).
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Fig. 6.7: Real modulus (M versus imaginary modulus (Mor x = 0, 0.2 and 0.4
compositions of Bi,Ca\V-0115 series of compound at 480. Inset shows dominant
grain boundary effect for x = 0.4 specimen.
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It has been observed that both the hopping frequerssociated with frequency
dependent a.c conductivity and the modulus peakim@aXomay Shift towards the

higher frequencies with increase in temperaturemrFthese observations, it may be
concluded that the conduction process within thstesy is associated with ion

hopping mechanisn2]].

6.4 Conclusion:

1. Polycrystalline ceramic samples of pure and dopggNBe,V 0115 (Me = Ca, Li,
Ba) series of compounds have been synthesizedagatd solid state reaction

method using high purity oxides.

2. The frequency dependent conductivity (the ac cotnty) for both pure and
doped compounds show three distinct regions a)ftequency dispersed b) an
intermediate plateau and c) high frequency condiigtdispersion region which

is typical spectrum exhibited by solid electrolyte

3. The oo obtained from a.c conductivity is in good agreemeaith the dc

conductivity obtained from the impedance analysis.

4. The value of the power law exponent ‘n’ ranges leetw0.58 and 0.89 which lie

in the range of ionic conductor.

5. The scaled behaviour of the frequency dependendwsivity suggests that the

conductivity relaxation mechanism is temperatudependent.

6. The imaginary part of the electric modulus is agged with a clearly resolved
peak at unique frequency which shifts towards Higlgquency region with rhe

increase of temperature.

7. The calculated values @fparameter are much less than unity which confitras
the dielectric relaxation process involved in tiistem is non-Debye type and the

compounds are primarily ionic in nature.
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8. The normalized plots of electric modulus for difiet temperature data indicates
that relaxation mechanisms associated with diffefr@guencies possess the same
thermal energy and the corresponding dynamical gases are temperature

independent
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