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Mobilities of electrons (it,) and holes () in 2, 5, and 10 mol% TiO,-doped yttria stabilized zirconia (TD-YSZ)
have been estimated by a non-steady state gas permeation method using models proposed by Weppner and
Maruyama. Values of u, and p, were found to be closed to those in non-doped YSZ reported earlier. The con-
centration of electrons and holes were caleulated from |, and p, values and the partial conductivities of elec-
trons and holes measured by a de-polarization method. The concentration of electrons at unit oxygen partial
pressure increased with increasing TiO, concentration,while the hole concentration was almost independent of

TiO, concentration.
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I. Introduction

ixed conductors of oxide ion-electron have attracted
M attentions for the energy conversion materials such as
an electrode material for the solid oxide fuel cell (SOFC) and
gas permeation membrane.” Although the partial conduc-
tivity of clectrons, 6, at the same temperature and oxygen
partial pressure condition in yttria stabilized zirconia (YSZ)
doped with TiO, has been known to increase with increas-
ing TiO, concentration,™® it is not clear whether the
inerease in the concentration of electrons or in the mobility
of electrons is responsible for the enhancement of the elec-
tronic conductivity. In this study, mobilities of electrons and
holes in TiO, doped YSZ were estimated from the non-
steady state gas permeation measurements and the concen-
trations of electrons and holes were calculated from the
mobilities and the partial conductivities of electronic defects
reported earlier.®?

I1. Experimental

2.1 Experimental procedure

The oxygen gas permeation under non-steady state condi-
tion was subjected for 2, 5, and 10 mol% TiO, doped YSZ
using the Heb-Wagner's de-polarization cell with an asym-
metric electrode configuration. Details of the cell configura-
tions have been reported earlier.*® Nominal compositions
of the samples measured were 90.0 mol% Zr0,-7.8 mol%
Y,0,-2.2 mol% TiO,, 92 mol% ZrO,-8 mol% Y,0,-5 mol%
TiO,, and 87 mol% Zr0,-8 mol% Y,0,-10 mol% TiO,, and
the samples were denoted as 2TD-YSZ, 5TD-YSZ, and
10TD-YSZ, respectively.
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The non-steady state oxygen permeation experiment has
been made by a current interruption method, where oxygen
gas permeates by opening the de-polarization circuit after a
steady state was attained, and the relaxation of the open
circuit voltage between reversible electrode and blocking
electrode, K., was measured. The experimental runs were
made at 1273, 1173, and 1073 K under the unit oxygen
fugacity at reversible electrode, Py, between E,,=0.25 and
1.1 V. Oxygen fugacity at the vicipity of reversible electrode
is defined as P‘g&vz(p’&:’/Pa)/(Pg/Pa), where pf{zv and P°
are oxygen partial pressure at the reversible electrode and
the standard pressure, 1.01325%x10% Pa, respectively. Eopen
was measured at intervals of 15 or 30 ms for 5TD-YSZ and

10TD-YSZ, and 5 or 10 s for 2TD-YSZ.

2.2 Mathematical models for the analysis

When the asymmetric cell with blocking and reversible
electrodes, which is kept under a steady state at an applied
voltage E_ is de-polarized by opening the circuit, the slow
relaxation of the open circuit voltage, E_ . is observed due
to the electrochemical permeation of oxygen into the small
cavity of blocking electrode through the electrolyte. (YSZ in
the present case) This oxygen permeation is governed by
the internal diffusion of electronic species in the electrolyte.
If the transference number of oxide ions (to_,_) is cloge to
unity, theoretical relationships between E,,,, and t can be
derived from the Fick’s second low,™®
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Eopen= Eapp+%1n%—-D;;2iTt,(When t>>]g—e), (1-2)
where R, F, L, and D, are the gas constant, Faraday con-
stant, the distance between blocking electrode and revers-
ible electrode, and electronic diffusion constant respectively.
D, is given by the following equation using the diffusion
coefficients of electrons (D) and holes (D) and concentra-
tion of electrons (1) and holes (p).

D D
D =_._1}£+_P_p’ @

¢ n+p

D, is equal to D, when n>>p, and D, is D, when p>>n.
From the partial conductivities of electrons (c,) and holes
(0,) measured by dc-polarization, ¢, is much larger than o,
in low Pg regime for 2TD-YSZ, 5TD-YSZ, and 1OTD-
Y8729 D, values can be estimated from the relaxation
curves of hlgh E,,» which is corresponding to low Pg , and
D, values from the curves of low E_  (high P, ). The mobil-
ity of electronic defects can be calculated from the diffusion
coefficient by the Nernst-Einstein relation,

D=SuT.G=np). ®

where I, and p, are the mobilities of electrons and holes,
and %k and e are Boltzman constant and electronic charge,
respectively. The model described above is abbreviated as
W-model, hereafter.

Maruyama proposed a new model (M-model for abbrevia-
tion) for the analysis of the relaxation curves obtained by
the non-steady state gas permeation measurements for non-
doped Y37, taking into account of the annihilation reaction
of oxygen vacancies by the change of the oxygen fugacity
profile in the electrolyte. Using the assumption of the linear
profile of Py, in YSZ, the following relation has been deriv-
ed,” when 6, >>6,>>0,,
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where V, A, and 03 are volume of interior cavity of the polar-
ization cell, electrode area, and the partial conductivity of
holes at unit Py, , respectively. P3 " can be calculated using
E_ . by the following Nernst (,quatlon.
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From the plot of [(PFF*™)"*- (P5) Py vs
Po"y ¥ one can obtain p, and o) simultaneously from
the blope and the intercept of the plot if the plot exhibits
linear relationship. Therefore, p, and p at unit Py (%),
which can be caleulated from the u, and (5; values using the
relation of G; =efl p°, can be estimated from a single experi-
ment. M-model can be estended to the calculation of the
mohility of electrons. However, since erroneous results were
obtain possibly due to the presence of buffering gas species
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in the cavity, the analysis was only made for hole. Because
of other limitations that the accurate value of the cavity vol-
ume 1s necessary and that ¢, is comparable or much higher
than o, under the present experimental conditions for
10TD-YSZ. M-model was only applied for the analysis of 1,
in 5TD-YSZ.

III. Results and Discussions

3.1. Relaxation curves

Relationship between E,, , and time (¢) after the polariza-
tion circuit was open at 1273 K with the initial applied volt-
age (E, ) of 1.1 V under Py =1.0 for 5TD-YSZ is shown in
Fig. 1 (a). In the analysis using W-model (Eqgs (1-1) and (1-
2)), D values were calculated from the results of relazation
measurements in the E,  between 0.7 and 1.0 V for 10TD-
YSZ, between 0.7 and 1.2 V for 5TD-YSZ, and between 1.3
and 1.6 V for 2TD-YSZ, respectively. D_ values were calcu-
lated from the plot of E - t"” (Fig. 1 (b)) as well as the
Lum" -t plot (Fig. 1 (a)) for the examination of the condition,
t>>L‘/DF, since the total period of the relaxation measure-
ments was about 5 s. D, values were calculated from the
results of relaxation measurements at D, of 0.25 and 0.3 V
for 5TD-YSZ and 0.5, 0.6 and 0.7 V for 2TD-YSZ. Dp values
for 10TD-YSZ can not be calculated from the present
results, since there is no E,,, condition where G, is much
larger than 6,.* Fig. 2 (2) and Fig. 2 (b) shows Epen-t and
Bt £ plots of the relaxation experiment at 1273K for

5TD-YSZ under the condition of B, =0.25V and Py, =1.0.
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Fig. 1. Relationship between open circuﬂ Voltago Eopen and
(a) time, t and (b) square root of time, t"% by the non-steady
state gas permeation measurements afte}" the steady state at

1273 K under  E,,,=1.1 V and Py =1.0 for 5TD-YSZ.
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Fig. 2. Relationship between E,, and (a) t and (b) t¥* by the
non-steady state gas permeation measurements after the
steady state at 1273 K under E,=0.25 V and P, =1.0 for
5TD-YSZ.
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Fig. 3. Varlatlon of [(POpen)V4 (Procv) ](dPOWX/C“?)_1 with
(P‘(’)p,““) using the data obtained by the non-steady state
gas permeation measurements after the steady state at 1273
K under E,, =0.25 V and Pg =1.0 for 5TD-YSZ.
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Fig. 4. Relationship between the product of the partlal con-
ductivity for holes at unit P (o )) and temperature, S, °T and
reciprocal temperature for BTD-YSZ calculated by Eq 4
shown by open circle. Reported GPT values estimated by the
de-polarization measurements® (closed circle) are also plotted
for comparison.

In both cases for the estimation of eleetrons and holes, data
of £>3 s was used for the fitting using Eq. (1-1) and those of t
<0.25 g for Eq. (1-2).

On the other hand, the measurement period of 2TD-YSZ
was longer than 100 s, which was long enough to assumed
the condition of t<<L*D,. Therefore, the D, and D, values
were calculated from the slope of E_ -t plot at £>30 s in the
case of 2TD-YSZ.

In the analysis using M-model (Eq (4)), since linear rela-
tionships between POpEm and t is obtained from the experi-
mental results, the value of dPy™ /dt was constant in each
measurement.

As shown in Fig. 3, the plot of [(Pg onyY/

open

P

values for 5TD-YSZ by W-model show good agreement
except for the result at 1073 K. u, Ts calculated by M-model
are larger by 0.5-1 order than those by W-model. Further-
more, the T values of 2I'D-YSZ and 5TD-YSZ can be
regarded to be identical, if one takes into account of the
experimental errors. Reported p, values for non-doped YSZ
by Maruyama® showed large difference with the present
one.

Values of the activation energy for p T( E, ) of 5TD-YSZ
are 1.39 eV by W-model and 1.23 eV by M-model. Those
EM» values seem to be too large for EPn anticipated for the
hopping conduction of small polarons, whose typical values
range from 0.1 to 0.3 €V.* One possible explanation for
such a high E, is the existence of hole traps as proposed by
Maier.'? However further experiments will be necessary
for detail discussion.

Arrhenius plot of p° caleulated from p and o} for 2TD-
YSZ and 5TD-YSZ is shown in Fig. 6. The p° values of non-
doped YSZ and C8Z are also plotted for comparison.®'? The
p° values of 2TD-YSZ and 5TD-YSZ are smaller by about
one order than the values of non-doped YSZ and CSZ. Val-
ues of the apparent activation energy for p°(E) in 2TD-YSZ
and 5TD-YSZ are about 0.83 eV estimated by the W-model
and 0.61 eV by M-model, and are almost 1ndepond0nt of
both TiO,, concentration and model employed.

Although there are some differences in transport proper-
ties, such as the magnitudes of 1, and p’ values, between
non-doped YSZ and TiO,-doped YSZ, the transport proper-
ties of holes in TiO,-doped YSZ are considered to be almost
independent of TiO, concentration, since values of the o)
and the activation energy are almost independent of TiO,
concentration,®® 10

3.3 Mobility and concentration of electrons

Fig. 7 shows the Arrhenius plot of p_T for 2TD-YSZ, 5TD-
YSZ, and 10TD-YSZ calculated by W-model. u T values of
non-doped YSZ are also plotted in Fig. 7 for comparison #0149
Although the p T values for 5TD-YSZ and 10TD-YSZ are
found to be almost the same, W, T values for 2TD-YSZ are
about a half order smaller than the values for 5TD-YSZ and
10TD-YSZ. The present results suggest that the electronic
structure of conduction band in TiO,-doped YSZ is differ-
ent from non-doped ¥YS8Z, which is supported by both elec-
tronic conductivity and optical measurements.*®

Activation energy of pu T for 2TD-YSZ, 5TD-YSZ, and
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Fig. 5. Variation of product for the mobility of holes and tem-

perature (1, T) with reciprocal temperature for 2TD-Y5Z and

5TD-YSZ. The T values of non-doped YSZ*'® and CSZ'
are also plotted for comparison.

10TD-YS3Z calculated from the slope of the Arrhenius plot,
are 0.16, 0.19, and 0.38 eV, respectively, which are close to
the value for a typical small polaron condition (0.3 eV).*?

The concentration of electrons at unit Pg, (n°) in 2TD-YSZ,
5TD-YSZ, and 10TD-YSZ are plotted in Fig. 8 in comparison
with n°® values of non-doped YSZ.5 1% 1419 1° shows a strong
dependency of TiQ, concentration.

Oxygen nonstoichiomet;f'y (®) and the concentration of the
trivalent titanium ions ([Tiz,) ) I Zry g0 Yo 1480 ThO1 0260075
at 1273 K under Py =107 have been examined by both
weight loss measurement and XPS analysis on the quench-
ed sample. The values of & and [ Ti;r] m Z¥y 7795 134 %0 0004
01 4s3.5 Which of titanium composition is the same with
10TD-YSZ, are found to be 0.0129 and 0,0094, respectively.
From the defect chemical consideration for TD-YSZ report-
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Fig. 6. Arrhenius plots of concentration for holes at unit
Py (p°) calculated from p, shown in Fig. 5 and the partial
conductivity for holes at unit P, measured by the de-polar-
ization measurements. The p° values of non-doped YSZ¥'®

and CSZ'" are also plotted for comparison.
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Fig. 7. Variation of product for the mobility of electrons and
temperature (4 T) with reciprocal temperature for 2TD-YSZ
and 5TD-YSZ. The p T values of non-doped YSZ3101419 ape
also plotted for comparison.

ed in previous paper [3, 4], value of the concentration of
electrons in TD-YSZ is determined by the following quasi-
chemical reaction,

05=30,+Vy+2e @)
and Tiy,+e'=Tig, , (B)

where 0, Vg,e' are oxide ions on normal site, doubly-posi-
tive charged oxide vacancy, and free electron, respectively,
and Tiy, and Ti/z,. are neutral titanium ion, and single nega-
tively-charged titanium ion on zirconium site, respectively.
The concentration of free electron at 1273 Kunder Pg =10
18 (m*) can be caleulated from the following relationship using
the volume of the unit cell (V) and Avogadro number (),

_ 28-[Tiz,]

*
L AN (6)
n* value in 10TD-YSZ can also be calculated by the follow-

ing relationship, since 4 is proportional to P[)lf 2

n*=n’x10"" (7

The valus of log (n*/mol-m'g) calculated by Egs. (6) and
(7) are 2.31 and 2.50£0.08, respectively, and both show a
good agreement with each other.

The activation energy of n°(E) for 2TD-YSZ, 5TD-YSZ,
and 10TD-YSZ calculated from the slope of the Arrhenius
plot decreased with increasing TiO, concentration from 3.2,
2.5, 10 2.6 €V, respectively. E, values of 5TD-YSZ and 10TD-
YSZ are found to be close to the value of TiO, (2.2 €V),'®
while the E value of 2TD-YSZ is in the range between E_
values of non-doped YSZ and 5TD-YSZ or 10TD-YSZ. From
the defect chemical view point, the E_ is given by the follow-
ing relationship,'”

1
E,= QAHVn (8)



154 The Korea Journal of Ceramies - Kiyoshi Kobayashi ef al.

T/K
1273 1173 1073 973 873

C 112

E A STD-YSZ (Eypert™ | ]
0.0_ ref. 10 A 5TD-YSZ (Eu:n'[) b
- F O 2TD-YSZ Boperd) | ]
‘s 20 ® 10TD-YSZ (Bapert | |
5 40 O 10TD-YSZ (Boper?) E
g - h
- o E
= 00 . E
g o CO
-10.0F 4
_12'0'—« PRV [T SR S S N ST SV Y R S SN RS ]
0.70 0.80 0.90 1.00 1.10 1.20

7' /10°%. k!
Fig. 8. Arrhenius plots of concentration for electrons at unit

Poz(no) calculated from p, shown in Fig. 7 and the partial

conductivity for electrons at unit P, measured by the dc-
polarization measurements. The n° values of non-doped YSZ
210115 are also plotted for comparison.

where AHy, is the enthalpy change for the quasi-chemical
reaction (A). The experimental fact that the AH.; values of
5TD-YSZ and 10TD-YSZ are closed to that of TiO, suggests
that the oxide ion vacancy is preferably formed in the nei-
bouring sites of Ti ions. Similar suggestion is reported for
YSZ doped with Nb,O, or MnO, doped YSZ.® The decrease
in AHV_0 leads to the increase of the concentration of V; and
n from Eq. (A), since the increase of n by the Ti0, doping is
estimated as being responsible for the increase in the par-
tial conductivity of electrons.

IV. Conclusions

Mobilities of electrons and holes in 2TD-YSZ, 5TD-YSZ,
and 10TD-YSZ were estimated from the non-steady state
gas permeation measurements employing the models pro-
posed by Weppner and Maruyama. Also the concentrations
of electrons and holes at unit Py, have been calculated from
the mobility and the partial conductivities at unit Py, . The
mobilities and the activation encrgies of electrons and holes
are almost independent of T1i0, concentration. In contrast,
n°® and p, show a strong Ti0,-concentration dependence that
n’ increase with increasing TiO, concentration. p, values of
5TD-YS8Z and 10TD-YSZ are slightly larger than those of
2TD-YSZ. The E,_ value decreases by the addition of TiO,,
approaching to the value of TiO,.

References

1. 8. 8. Liou and W. L. Worrell, “Electrical Properties of Novel
Mixed-conducting Ceramics,” Appl. Phys. A., 49, 25-31
(1989).

2. A, Kopp, H. Nife, W. Weppner, P. Kountouros and H.
Schubert, “Tonic and Electronic Conductivity of Ti0y Y,0,-

Vol. 6, No. 2

Stabilized Tetragonal Zirconia Polycrystals,” in Proceeding
of the International Conference on Zirconia V, Ed. 8. P. 8.
Badwal, M. J. Bannister and R. H. J. Hannink (Technomic,
Landaster, PA, 1993), pp. 567-575.

3. K. Kobayashi, Y. Kai, 8. Yamaguchi, N, Fukatsu, T.
Kawashima and Y. Iguchi, “Electronic Conductivity Mea-
surements of & mol% TiO, Doped YSZ by a De-polarization
Technique,” Solid State Ionics, 93, 193-199 (1997).

4. K. Kobayashi, Y. Kai, S. Yamaguchi, N. Fukatsu, T.
Kawashima and Y. Iguchi, “Partial Conductivity of YSZ
Doped with 10 mol% Ti0,,” J. Kr. Ceram. Soc., 4, 114-121
(1998).

5. K. Kobayashi, 8. Yamaguchi, T. Higuchi, 8. Shin and Y.
Iguchi, “Electronic Transport Properties and Electronic
Structure of Ti0,-Doped YSZ,” Accepted in Solid State Ton-
1c8.

6. X. J. Huang and W. Weppner, JJ. Chem. Soc., “Characteris-
tics of Transition Metal Oxide Doping of YSZ: Structure
and Electrical Properties,” Faraday Trans., 92, 2173-2178
(1996).

7. W. Weppner, “Electronic Transport Properties and Electri-
cally Induced p-n Junction in ZrO,+10 m/o Y,0,,” J. Solid
State Chem., 20, 305-314 (1977).

8. W. Weppner, “Electrochemical Transient Investigations of
the Diffusion and Concentration of Electrons in Yttria Sta-
bilized Zirconia-solid Electrolytes,” Z. Natufforsh., 3la,
1336-1343 (1976).

9. T. Maruyama, “Electron-hole Concentration in Yttria-sta-
bilized Zirconia,” Abstract of the 60th meeting of japanese
electrochemical society, Tokyo, p. 108, 1993.

10. J. H. Park and R. N. Blumenthal, “Electronic Transport in
8 Mol Percent Y,0,-7v0,," J. Electrochem. Soc., 136, 2867-
2876 (1989).

11. L. Heyne and N. M. Beekmans, “Electronic Transport in
Calcia-stabilized Zirconia,” Proc. Brit. Ceram. Soc., 19, 229-
263 (1970).

12. 1. G. Austin and N. F. Mott, “Polarons in Crystalline and
Non-crystalline Materials,” Adv. Phys., 18, 41-102 (1969).

13.J. Maier, “Mass Transport in the Presence of Internal
Defect Reactions-concept of Conservative Ensembles: I11,
Trapping Effect of Dopants on Chemical Diffusion,” .J. Am.
Ceragm. Soc., 76, 1223-1227 (1996).

14. L. D. Burke, H. Rickert and R. Steiner, “Elektrochemische
Untersuchungen zur Teilleitfihigkeit, Beweglichkeit und
Konzentration der Elektronen und Defektelektronen in
dotiertem Zirkondioxid und Thoriumdioxid,” Z. Phys. Chem
(NF), 74, 146-167 (1971).

15. A. Kopp, H. Nife and W. Weppner, “Characterization of
the Electronic Charge Carrier in TZP,” Solid State Ionics,
53-56, 853-858 (1992).

16. J.-F. Marucco, J. Barutron and P. Lemasson, “Thermo-
gravimetric and Electrical Study of Non-stoichiometric
Titanium Dioxide TiO,, between 800 and 1100°C,” /.
Chem. Phys. Solids., 42, 363-367 (1981).

17. 8. Yamaguchi, K. Kobayashi, Y. Iguchi, N. Yamada and T.
Kato, “Electronic Transport Properties of ZrTiO, at High
Temperature,” Jpn. J. Appl. Phys., 33, 5471-5476 (1994).



