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Abstract

The high ionic conductivity of stabilized zirconia by substitutional doping of lower valent metal oxides (MgO, G&g), Y605 etc.)
found applications in fuel cells, gas sensors etc. The Mg stabilized zirconia has been synthesized by co-precipitation method. The formation of
the compound has been confirmed by X-ray diffractogram (XRD) analysis. The electrical characterization is carried out using the impedance
spectroscopy method in the frequency range of 50-5 MHz. The conductivity isotherm of the conductance spectra is falling onto one master
curve, which suggests a temperature independent relaxation mechanism. The impedance analysis shows depressed semicircles, due to tt
bulk and grain boundary effects. The bulk and grain boundary resistance of the material has been extracted from the impedance analysis and
it is found to be 73 x 10* Q cm™! and 2x 10° Q@ cm™2, respectively, at 773 K. The modulus peak maximum shifts to higher frequency with
increase in temperature and broad nature of the peaks indicate the non-Debye nature of the material.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction 22 mol%-ZrQ. The electrical properties using impedance
spectroscopy are studied at 5@ with special significance

High temperature tetragonal and cubic polymorphs of given to conductance spectra. The literature survey reveals

ZrO, can be stabilized at room temperature by adding the that for crystalline ionic conductors the discussions of con-

stabilizing agents like MgO, CaO, and®3 with appropri- ductance master plot which gives the details about the re-

ate proportion$l]. Mg-partially stabilized zirconias are fa- laxation mechanism are very rai@. Hence in the present

vored for technological applications because of their better study an attempt has been made to analyze the relaxation

mechanical propertid2]. Relatively few investigations have  mechanism in stabilized ZrOmaterials from scaling prop-

dealt with their electrical properties above 10@0)[3,4]. It erties of conductance spectra.

was reported that below 100Q stabilized zirconia exists

as a mixture of different crystallographic phases: cubic (c),

tetragonal (t), monoclinic (m), and orthorhombic (&). 2. Experimental
But only the cubic phase of zirconia is found to have high
ionic conductivity. In the present study, pure 28 and The samples pure Z&) 18 and 22 mol% Mg stabilized

22 mol% of Mg stabilized zirconia have been synthesized by ;jrconia have been prepared by co-precipitation method. The
cp—precipitgtion method. A cubic phase of stabilized zirco- 5 material ZrOGH-8H,0 (>99% purity), was dissolved in
nia along with traces of tetragonal phase has been formed forgiggilled water and stirred well. Precipitation of the powder
was done using aqueous NaOH as the hydrolyzing agent.
* Corresponding author. Tek:91-422-2422222x422; The precipitat'ion solution was washed thoroughly with wa-
fax: +-91-422-2422387. ter and dried in an oven at 12Q for 5h. The resultant ag-
E-mail address: sekarapandian@yahoo.com (S. Selvasekarapandian). glomerates were ground into fine powder using the mortar
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and pestle. The fine powder has been calcined at6580r However 22 mol% Mg stabilized Zrfhas only cubic and
the preparation of the 18 and 22 mol% of Mg stabilized zir- tetragonal phases. The formation of multiple phases may be
conia the appropriate amount of precursors Zr8H,0 due to the slow diffusion of magnesium atoms in to the host

and MgC} has been added to the distilled water and the samematerial[7]. The unit cell parameters and the particle size

procedure mentioned above is followed. The samples arefor all the three samples have been reported elsewBgre

annealed at 80TC for 24 h in open-air atmosphere. X-ray The particle sizes for all the samples are in the order of nm

diffractogram (XRD) has been taken to confirm the forma- which confirms the formation of nano crystalline phases in

tion of samples with desired phase, by using Philips X-ray the present samples.

diffractometer PW 1830. The annealed samples are crushed

into fine powder and sprayed in a die. A pressure around 3.2, Conductivity spectra analysis

4000 kg cmi? is applied to form pellets with 0.1 cm thick-

ness and 1.0cm diameter. Aluminum has been coated on The frequency and temperature dependant conductivity

both sides of the pellet by thermal evaporation method us- spectra obey the time temperature superposition princi-

ing HINDHIVAC 12 AD coating unit. The ac impedance ple. This means that for a given material, the conductivity

measurements are made in the temperature range of 100 angotherms can be collapsed to a master curve upon ap-

500°C. The impedance analyzer HIOKI 3532 controlled by propriate scaling of the conductivity and frequency axes.

a computer is used to obtain the electrical measurements inRecently, Roling et a[9] reported that separation of strong

the frequency range of 50 Hz-5 MHz. and weak electrolytes concerns how the ionic relaxation
mechanism depends on the total ionic concentration. This
indirectly indicates the dependence of relaxation mecha-

3. Results and discussions nism on temperaturglQ]. It has also been reported that
appropriate scaling mechanism of conductance spectra and
3.1. XRD analysis modulus spectra results in a master curve suggesting a

temperature independent relaxation mechanism. The impor-
The X-ray diffraction patterns of all the samples are shown tance of scaling both the axes for glassy ion conductors has
in Fig. 1 Pure ZrQ is dominated by monoclinic crystal —been reported by Funke et §l1]. It has been reported that
structure. The 18 mol% Mg stabilized Zs@hows the pres-  the scaling relationships are not restricted to ion conducting
ence of cubic and tetragonal phases along with the mono-glasses, but has also found in the case of amorphous semi-
clinic phase of Zr@. The presence of monoclinic phase may conductors and crystalline ionic conduct¢g§. However,
be due to the presence of unreacted Zif this sample. ~ in the present study, the time temperature superposition
principle using the conductivity master plot alone is dis-
cussed.Fig. 2 shows the normal conductivity spectra for

22 mol% Mg stabilized zirconia.
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Fig. 1. XRD pattern for all the samples at room temperature (M: mono- Fig. 2. Conductivity spectra at various temperatures for 22mol%
clinic; C: cubic; T: tetragonal). Mg—ZrQ,.
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Fig. 3. Conductivity master curves at various temperatures for 22mol% gemicircles, due to the bulk and grain boundary effects. The
Mg—2rC,. circular fitting of the complex impedance plot has been done
by using the programme EQ developed by Boukdir#y13]

The frequency dependence of the real part of the con-yields the value oh and it is used to find the depression
ductivity (o), shows a low frequency plateau, which cor- angle from the formula &n) (w/2). The off axis angles are
responds to the dc conductivity of the bulk material, and a of the order of 14 and F9 respectively, for the high and
dispersive region at high frequency, which corresponds to low frequency semicircles. The depressed semicircle indi-
the ac conductivity. This response is similar for all the three cates the non-Debye nature of the material. The associated
samples. The cross-over frequency from dc to ac conductiv-capacitance value for the two semicircles has been calcu-
ity is defined as lated using the formul@RC = 1. The capacitance value
o (1) = 2040 (1) is found to be in the order of pF & nF and therefore they

have been attributed to a conduction process through the
With increasing temperature the cross-over regime from the bulk and the grain boundary of the matefia#]. The large
dc to dispersive conductivity shifts to higher frequencies difference in time constants allows the grain interior resis-
while the dc conductivity increases by the same amount. In tance semicircle to be clearly separated from that of the
order to analyze the relaxation mechanism of the presentgrain boundary curve. The bulk and grain boundary resis-
samples master plot has been drawn for all the samples. Thdance of the material 22 mol% Mg-ZpQt is found to be
cross-over frequencies are connected, a straight line with a7-3x 10* @ cm™tand 2<10° Q@ cm™, respectively, at 773 K.
slope of one has been obtained, and the scaling has been donEhe bulk resistance is found to decrease with increase in Mg
by shifting the conductivity isotherms along the straight line doping.
of slope of one i.e. by scaling both the axis with the factor

odcT. The resulting scaling plot is shown litig. 3. The mas- 3.4. Modulus analysis
ter plot for pure ZrQ shows that the individual curves are
shifted to higher values afloqycT as temperature increases. The ion transport process in ionic conductors has been

This confirms that the relaxation mechanism is tempera- studied in terms of electrical modulus spectra as well as
ture dependant and it obeys weak electrolyte theory. For 18conductivity spectra. The modulus formalism in which an
and 22 mol% Mg stabilized zirconia it has been observed electric modulugM* is defined in terms of the reciprocal of
that all the isotherms falling onto one master curve. This the complex relative permittivity*

confirms that the time temperature superposition principle

is fulfilled suggesting a temperature independent relaxation M* = — = M’ + j M" 2
mechanism and also it indicates that both the samples 18 and €

22 mol% Mg stabilized zirconia obeys the strong electrolyte Well defined asymmetric peaks are observed for all the sam-

theory. ples and the peak position shifts towards higher frequency
with increasing in temperature. The broad nature of the peaks
3.3. Impedance analysis indicates the non-Debye nature of the mateFad. 5. shows

the modulus master plot. The non-exponential conductivity
Fig. 4 shows the complex impedance diagram for all the relaxation can be described by a Kohlrausch Williams Watt
samples at 500C. The impedance data shows depressed (KWW) function ¢(t), which represents the distribution of
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16 4. Conclusion
14 | O 448K
| [—*%—523K The Mg stabilized zirconia has been prepared by
1.2+ _g_ggﬁ co-precipitation method. The formation of the mixed cu-
i bic and tetragonal face has been confirmed from X-ray
; diffractogram studies. The relaxation mechanism in stabi-
§ 084 lized ZrO, materials from scaling properties of conductance
g G spectra indicates that 22 mol% Mg—Zr@beys the time
= ; temperature superposition principle. The impedance anal-
04 ysis gives the details about the bulk and grain boundary
s . Fee resistance. The modulus spectrum indicates the increase of
0o gﬁf@ et non-Debye nature with increase in Mg doping.
02 IR VRN N SR SIS (R RN SIS (R N N
0.2 04 0.6 0.8 1.0 1.2 14 1.6 1.8 References

Log (f/f )

[1] R. Muccillo, R.C.B. Netto, E.N.S. Muccillo, Synthesis and charac-
terization of calcia fully stabilized zirconia solid electrolytes, Mater.
Lett. 49 (2001) 197-201.

[2] R.H.J. Hannnik, R.C. Garvie, Sub-eutectoid aged Mg-PSZ alloy with

relaxation time in ion conducting materidlb]. The electric enhanced thermal up-shock resistance, J. Mater. Sci. 17 (1982) 2637—

modulus can be represented as 2643. _ N
[3] T.L. Wen, N.X. Li, C. Kuo, W. Weppner, Conductivity of MgO-doped

Fig. 5. Plots ofM "IM” max Vs. log (/fmax) for 22 mol% Mg—ZrG.

o do ZrO,, Solid State lonics 18/19 (1986) 715-719.
M* = Mo [1—/0 dr exp(—wt)a} ®3) [4] EW. Poulsen, J.B.B. Sorensen, K.G. Ahari, G.G. Knab, M. Hart-
manova, Oxygen ion conduction in ternary zirconia mixtures: effect
and, of SrO on MgSZ, Solid State lonics 40/41 (1990) 947-951.
[5] E.N.S. Mucillo, M. Kleitz, lonic conductivity of fully stabilized Zr@
t B MgO and blocking effects, J. Eur. Ceram. Soc. 16 (1996) 453—-465.
¢ = ¢goexp| — <_> (4) [6] B. Roling, What do electrical conductivity and electrical modulus
spectra tell us about the mechanism of ion transport process in melts,
. . . . . lasses and crystals? J. Non-Cryst. Solids 244 (1999) 34-43.
where,rg is conductivity relaxation time anglis Kohlrausch 7] g Bohac, A. yOrIiukas, K. Saysaki’ L. Gau(ckler’) The effect
exponent. The smaller the value @fthe greater the devia- of the second phase precipitation on the ionic conductivity of
tion with respect to Debye-type relaxation. THAgarame- Zrg.g2Mgo 1501 85, in: B.V.R. Chowdri, et al. (Eds.), Proceedings of

ter Corresponding to the studied Samp|es was established for the Fourth Asian Conference on Solid State lonics, World Scientific
each composition as a function of temperature using modu- ___ €°mpany, Singapore, 1994, pp. 55-160.

. . . S [8] M. Vijayakumar, S. Selvasekarapandian, M.S. Bhuvaneswari, G.H.
lus formalism. Using Fhe modu]us formallgm, i spec—. Kumar, G. Ramprasad, R. Subramanian, P.C. Angelo, Synthesis and
trum, the corresponding full-width-half-height (FWHH) is ion dynamics studies on nano crystalline Mg stabilized zirconia,
wider than the breadth of the Debye peak (1.14 decades) Physica B 334 (2003) 390-397.
and thus results in a value @gf= 1.14/FWHH. The mod- [9] B. Roling, A. Happe, K. Funke, M.D. Ingram, Carrier concentrations
ulus peaks are fitted by using the software PEAKFIT and and relaxation spectroscopy: new information from scaling properties

. . of conductivity spectra in ionically conducting glasses, Phys. Rev.
the full-width-half-height values are extracted and the cor- Lett. 78 (1997) 2160-2163.

respondings values have been calculated. Th@arameter [10] D.P. Almond, G.K. Duncan, A.R. West, The determination of hopping
does not depend on the temperature in the range studied. rates and carrier concentrations in ionic conductors by a new analysis
The value off decreases with increase in Mg doping. The of ac conductivity, Solid State lonics 8 (1983) 159-164.
B parameter for all the samples shows the same trend. Thiglt] K. Funke, B. Roling, M. Lange, Dynamics of mobile ions in crystals,
indicates the increase of charge carrier concentration and Solid State lonics 105 (1998) 195-208.
Indica 9 . 1 7[12] B.A. Boukamp, A nonlinear least squares fit procedure for analysis
more non-Debye nature to the host material. The resulting of immittance data of electrochemical systems, Solid State lonics 20
high ionic conductivity for 22 mol% Mg stabilized zirconia (1986) 31-44.
may be due to the h|gh Charge carrier concentration and thel13] BA Boukamp,_A package for impedance/admittance data analysis,
behavior of the sample as strong electrolyte. Since in strong _ Solid State lonics 18 and 19 (1986) 136-140.

lectrolvt h t if not all th . ti [14] X. Guo, Z. Zhang, Grain size dependent grain boundary defect
e eclro Yy e§ w ere. most It no .a € anions or cations are structure: case of doped zirconia, Acta Mater. 51 (2003) 2539-2547.
mobile. This fact is also confirmed from the conductance [15] s. Selvasekarapandian, M. Vijayakumar, AC impedance spectroscopy

spectra as already discussed. studies on LiDyQ, Mater. Chem. Phys. 9720 (2002) 1-5.



	Ionic conductivity studies on Mg stabilized zirconia by impedance spectroscopy
	Introduction
	Experimental
	Results and discussions
	XRD analysis
	Conductivity spectra analysis
	Impedance analysis
	Modulus analysis

	Conclusion
	References


