ELSEVIER

SOLID

STATE
IONICS

Solid State lonics 135 (2000) 643-651 —_—
www.elsevier.com/locate/ ssi

Electronic transport properties and electronic structure of
TiO,-doped YSZ

Kiyoshi Kobayashi®*, Shu Yamaguchi® Toru Higuchi®, Shik Shin®, Yoshiaki Iguchi®

“Department of Materials Science and Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan
®Facility of Science, Science University of Tokyo, Kagurasaka I-3, Shinjuku, Tokyo 162-0825, Japan
‘Ingtitute of Solid Sate Physics, University of Tokyo, Tanashi 188-8501, Japan

Abstract

Electronic conductivity of yttria-stabilized zirconia (YSZ) doped with 2 mol% of TiO, was measured by the dc-
polarization technique using the Hebb—Wagner's asymmetric cell. The X-ray absorption spectroscopy (XAS) was aso
employed for 2, 5 and 10 mol% of TiO,-doped Y SZ in order to investigate the electronic structure near the band gap. The
partial conductivity of conduction electrons equilibrated at unit oxygen partial pressure (o) increased with increasing TiO,
concentration and the apparent activation energy of ¢, decreased by the TiO, doping. In contrast, the partial conductivity of
holes and the apparent activation energy were aimost independent of TiO, concentration. These results suggest the band-gap
narrowing by TiO, doping, which is consistent with the results of the X-ray absorption spectroscopy measurements, where
unoccupied t2g states of Ti3d below the conduction band grew with the increase of the TiO, concentration. The change in
the electronic conductivity with TiO, concentration was discussed based on the percolation theory. [0 2000 Elsevier
Science BV. All rights reserved.

Keywords: TiO,-doped yttria-stabilized zirconia; Mixed conductor; Electronic conductivity; Dc-polarization; XAS

Materials: TiO,-doped yttria stabilized zirconia; YSZ; TiO,

1. Introduction

Mixed electronic and oxide ion conductor has
attracted attentions due to potential applications as
anode materials in solid oxide fuel cell, gas
separators for oxygen, and other electrochemical
devices for energy conversion systems [1]. Among
potential candidates, titania-doped yttria stabilized
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zirconia (TD-YSZ) has been focused on since the
report on the mixed conductivity by Liou and
Worrell [1]. Although enhancement of the partia
conductivity of electrons (o) by the TiO, doping to
yttria-stabilized zirconia has been observed by total
conductivity measurements [2—4] and electronic
conductivity measurements by the dc-polarization
technique using Hebb—Wagner's asymmetric cell
[5,6], no experimental evidence has been given for
the explanation of enhanced electronic conductivity
by the TiO, doping.

With regard to the influence of the electronic
structures of TD-Y SZs, narrowing of the band-gap
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(E;) was observed by the electron energy loss
spectroscopy (EELS) and ultraviolet photoelectron
spectroscopy (UPS) [7], which aso suggested that
no effect of O2p states on the TiO, doping to YSZ
within the solid solubility limit.

The percolation model has been proposed in order
to explain the enhancement of the electronic con-
ductivity by the TiO, doping from the electrochemi-
cal measurements [8]. Employing this model, activa-
tion energy for the conduction of electrons have to
show a drastic change at the TiO, concentration of
percolation threshold. In this paper, for the purpose
of the investigation about the validity of the percola-
tion model and discussion on the cause of enhance-
ment for the electronic conductivity by the TiO,
doping, the electronic conductivity measurements of
2 mol% TiO,-doped Y SZ have been made using the
dc-polarization method in addition to the results of
previous reports for the electronic conductivities of 5
and 10 mol% TiO,-doped YSZ [5,6]. Furthermore,
X-ray absorption spectroscopy (XAS) was measured
for 2, 5 and 10 mol% of TiO,-doped yttria-stabilized
zirconia to clarify the effects of the TiO, doping to
Y SZ on the electronic structure near the conduction
band.

2. Experimental
2.1. Dc-polarization measurements

Dc-polarization measurements of 2 mol% TiO,-
doped yttria stabilized zirconia (denoted as 2TD-Y SZ
hereinafter) were made using the disk-shaped sample
synthesized by a conventional solid-state reaction
method. Starting materials are 8 mol% yttria-stabi-
lized zirconia powder with 99.9% purity supplied by
Tosoh Co. Ltd. (Tokyo, Japan) and TiO, with
99.99% purity supplied by Rare Metallic Co. Ltd.
(Tokyo, Japan). Nominal composition of the sample
was expressed 8s Zr g55Y o 145 110.0201.027-

Dc-polarization cell used in this study is shown in
Fig. 1. The blocking electrode was fabricated using
the gold plate, alumina disk, and Pyrex glass gasket.
The experimental procedures for the dc-polarization
measurements were almost identical to the previous
report [5]. The measurements were made at 1273,
1223, 1173, 1123 and 1073 K. Oxygen fugacity, Po,:

spring loaded

Au plat
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o ©
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Fig. 1. Schematic illustration of the dc-polarization cell used for
the electronic conductivity measurements of 2TD-Y SZ.

at the reversible electrode side (P, ) was fixed at 1.0
by flowing the oxygen gas. The authors defined the
oxygen fugacity as P, = (po,/Pa)/(P* /Pa), where
P is the standard pressure of 1.013 X 10° Pa. The
potentiostatic dc voltage, E,,,, ranging from 0.3 to
1.7 V was applied between the reversible electrode
and blocking electrode, and the value of external
current, i, was recorded after the steady state was

1 Text?

achieved.
2.2. X-ray absorption spectroscopy measurements

The X-ray absorption spectroscopy (XAS) was
carried out at undulator beamline BL-19B in the
Photon Factory at High Energy Accelerator Research
Organization, Tsukuba, in Japan. Synchrotron radia-
tion from the undulator was monochromatized using
a grating monochrometer VLM 19. The resolution of
the beamline was smaller than about 50 mev at
hy = 500 eV. The XAS spectra were measured by the
XUV silicon photodiode.

The XAS measurements were made for 2TD-Y SZ,
5 mol% TiO,-doped YSZ (denoted as 5TD-YSZ),
and 10 mol% TiO,-doped YSZ (10TD-Y SZ). Before
the measurements, the samples were annealed at
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1873 K for 10 h in air to obtain the single fluorite
phase [9].

3. Results
3.1. Electronic conductivity

Typical results of the dc-polarization measure-
ments between 1073 and 1273 K under P’ =1.0
are shown in Fig. 2. Values of i, are almost
independent of E,,, below 1.0 V, while the rapid
increase of i, with increasing E,,, is found in the
region between 1.0 and 1.7 V. Tota electronic
conductivity, a¢°*(= b+ o)°*), under oxy-
gen fugacity at the blocking dlectrode, P2e*, and the
partial conductivities of electrons and holes o, and
o, equilibrated at Pg, can be calculated from the
foIIowmg relat|onsh|ps [10,11]. Detailed calculation
procedures using the following relationships have
been discussed in the previous reports [5],
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Fig. 2. Relationship between applied voltage, E,,,, and steady-

state external current, i, of 2TD-YSZ at 1273, 1223, 1173, 1123
and 1073 K under Pg, =1.0.

where, L and A are the thickness of sample and the
electrode area. R and T are gas constant and Faraday

constant, and oy and o} are the partial conduc-

tivities of electrons and holes in equilibrium with

rev

Po, respectively. Relationship between E,,, and

Pb"’Ck is also given by the Nernst equation as
_RT PO
Eapp—Em—Pg;, . 3)

Variation of the logo,, logo, and logo, with
log Po, calculated using the Egs. (1)—(3) are illus-
trated in Fig. 3. Similar to the 5TD- and 10TD-Y SZ,
o, and o, ae proportiona to Po)'* and Py,
respectively, in the region of IogP —20, while
the deviation of P** proportlonahty was found at
low Pg_ region. One possible explanation of the
deviation of the P_ o, " proportion is the effect of
non-ohmic contact at solid electrolyte/blocking elec-
trode interface, so-called Schottky barrier [12,13].

32 X-ray absorption spectra

Ols X-ray absorption spectra of 2TD-, 5TD- and
10TD-Y SZ are shown in Fig. 4. In the lightly 3d and
4d transition metal compounds, the dipole selection
rules indicate that the O1s XAS spectra correspond
to transitions into O2p character hybridized into the
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Fig. 3. Variations of log o, (closed symbol with solid curve form
the sope of the polarization curve in Fig. 2), log o, and log o,
(shown by the open symbol determined from Eq. (2)) with log P,
for 2TD-YSZ.
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Fig. 4. Ols X-ray absorption spectra of 2TD-, 5TD- and 10TD-
YSZ.

unoccupied metal states. The peak at ~531.5 &V is
the t2g subband of the unoccupied Ti3d states. The
peak at ~533.5 e/ is the t2g subband of the
unoccupied Zr4d states. The eg subbands of Zr4d
and Ti3d states which are located at higher energy
side are not shown in this figure, because electronic
transport properties are not affected by the eg
subbands.

4. Discussion
4.1. Defect model

As described in the previous reports [4—6], the
experimental condition of the polarization measure-
ments is in the extrinsic defect predominant region,
where the oxygen vacancy formed by the charge
compensation of Y®" replacing (Zr/Ti)*" ion is
predominating defect. The quasi-chemical reaction of
oxygen vacancy formation can be written using the
Kroger—Vink notation [14] as,

1
(O =50, + Vg +2€, (A)

where OF and VJ, and €' are neutral oxide ion on
the normal sites, oxide ion vacancy, and free elec-

tron, respectively. The equilibrium constant of Eqg.
A), Ky is also given using the concentration of V J
([Vg]) and €' (n) as following,

~1.2p1/2 B AHV'cS
= [Vo]n PO2 = KV'C; eXp< - KT >, (4)

where K3,.. and AH,,.. are the constant including the
entropy term and enthalpy change of Eg. (A),
respectively. The intrinsic ionization reaction,

0=¢ +h, (B)

yields the following relationship using the concen-
tration of electrons, holes and the equilibrium con-
stant for the reaction (B), K, as,

AH.
K, =np=K}’exp<—k—T'>, (5

where h” and p are free holes and the concentration
of h', respectively, and AH, and K; are enthalpy
change of the reaction (B) and the constant, respec-
tively.

The Ti*" ions reduced from Ti** ions are formed
at high temperature under low Po, condition, since
gquenched samples equilibrated a 1273 K under
logP, =—18 are blackened. The Ti*" formation
reaction and the equilibrium constant, K;; are given
as following,

Tij, +€ =Ti}, ©
and
[Tiz]
Ky =, 6
Ti [ler]n ( )

where Ti . and TiJ, are the neutral titanium ion on
the zirconium sites and singly negative-charged
titanium ion on zirconium sites, and [Ti,] and [TiJ,]
are the concentration of TiJ, and TiJ,, respectively.
From Eq. (6), [Tiy,] is given by

[TiZ] = Kq[TizIn. (6-1)

As discussed previously, [Ti,,] is much lower than
[Ti] in Pg range of this experimental condition
[4]. In this case [Tis] is approximately equal to the
initial doped concentration of TiO,. Therefore, Po,
dependency of n is not affected by Tis, formatlon

The overall electrical neutrality condition is ap-
proximately given as following,
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[Yz]=2[Vg] > n, p, [Tiz]. ()

Combination of Egs. (4)—(7), n and p can be
expressed as,

) 2 \1/2 AHV5/2 4
n:KVb‘(m) e&xp\ — 7 Po, " (8)

and

_ K|< 2 >1/2ex <_AHi_AHV6/2>P1/4

Pk vzl o kT o
)

Partial conductivities of eectrons and holes can be
given using the mobilities of electrons and holes (u,
and u,) as,

o7 =ew j.(j =", p) (10)

where e is the unit electronic charge. Because of the
reasonable assumption that mobilities of electrons
and holes (u, and w,) are independent of Po,: the o,
and o, are expected as being proportional fo Po, &
and Pé’ *. respectively.
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Fig. 5. Arrhenius plots of the partlal conductivities for electrons
and holes a P,,=10, o, and o, for 2TD-, 5TD- [5] and

10TD-YSZ [6]. The results of non- doped YSZ [15-17] and yttria
partial stabilized zirconia [18] are also plotted for comparison.

4.2. Egtimation of the band-gap

Arrhenius plots of the partial conductivities for o,
and o, a P, =10, o, and o, are shown in Fig. 5
together with those of non-doped YSZ [15-17],
yttria partially stabilized zirconia [18], 5TD-YSZ [5]
and 10TD-YSZ [6]. o, increased with increasing
TiO, concentration, while o, is amost independent
of TiO, concentration. The same tendency of the
temperature and TiO, concentration for o, and o,
has been reported for TiO,—Y ,0,-stabilized poly-
crystalline tetragonal zirconia [19]. The apparent
activation energies for o, E,,, caculated from the
slope of the Arrhenius plots decreased by the TiO,
doping, while that of o, E,,, is amost independent
of TiO, concentration. E,, and E,, are related to the
AH, ., AH;, and activation energies of u, and w,
(E,, and Eup) from Egs. (8)—(10)

AHV.C.)
Em=—7"+E, (10)
and
AHV&5
E,=AH ——~+E,. (11)

The physical meaning of E_, is the activation
energy for the formation of one electron in the
oxides with the assumption that the E, value is
small enough compared to the value of AH / 2. E,,
values of 5TD- and 10TD-YSZ are caIcuIated to be
2.80 and 2.73 eV, respectively, which are close to the
vaue of TiO, with rutile structure (2.2 /) [20].

The band-gap between conduction and valence
band, E,, can be also estimated from sum of Egs.
(10) and (11) as,

Ea+Ep=E;+E, +E,, (12)

because AH,; is identica to E;. If the values of E,

and E, were independent of X, the dependence of
the E,, % E,, corresponds to the E; dependence on x
from Eq (12) From the experlmental results, the
vaue of E,+E,, for non-doped YSZ has been
reported to be close to the E; value estimated by the
optical method, and therefore, the E, suggested to be
estimated by E,,+E,, which is presented as Ej
hereinafter, in this paper. Variation of the EJ with
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Fig. 6. Variation of E; with molar fraction of TiO, in TD-YSZs,
X, calculated from the dc-polarization and total conductivity
measurements. The relationship between the band-gap, E;, and x
iN (YO, 5)018:—(Zro815-<T1,)O, estimated by the electron energy
loss spectra [21] is aso plotted for comparison.

molar fraction of TiO,, X, isillustrated in Fig. 6. The
E,, values of TD-Y SZs with x higher than 0.07 can
be calculated from the total conductivities [2,4]. Ej
plotted in Fig. 6 were estimated by assuming the
constant value for E,, of 1.87 eV for the sample of
x=0.07, which was the average E,, value of 2TD-,
5TD- and 10TD-YSZ. The E; vaues obtained from
the EELS measurements [21] are also plotted for
comparison. The E7 values are found to depend on x
only and independent of YO, . concentration as
shown in Fig. 6.

Gap energy between Zr4dd states and Ti3d states
(AE) in'YSZ doped with 150 ppm of TiO, measured
by the coloration method has been suggested as 1.8
&V [22], and the AE value is found to be close to the
difference between the E; values of non-doped Y SZ
and the values of 5TD- and 10TD-YSZ (1.6-1.8 &/)
as shown in Fig. 6. Ti3d states in YSZ doped with
150 ppm of TiO, are suggested to work as a
localized electron-trapping level and, therefore, the
Eg value of YSZ doped with 150 ppm of TiO, is
suggested to be the same with the value of non-
doped YSZ [22]. On the other hand, E; values of
2TD-, 5TD- and 10TD-YSZ decreased by the in-

crease in TiO, concentration. Hence, electronic
structure of the conduction band in TD-YSZ is
suggested to be different from that of non-doped
YSZ in high TiO, concentration region.

Assuming that the electrons in the Ti3d states and
holes in O2p states in TD-YSZs are in thermal
equilibrium through the intrinsic ionization reaction
given by Eqg. (B), the E; values of 5TD- and 10TD-
YSZ are suggested to be about 2.0 &/ smaller than
the E; value of non-doped YSZ estimated from the
difference of the lower edges for Zr4d and Ti3d
states shown in Fig. 4. Both of the Ej values
calculated from the electronic conductivity measure-
ments and O1s-XAS measurements are found to
show good agreements with each other, and the main
reason for the enhancement of the partial conduc-
tivity of electrons is suggested to be the narrowing of
band-gap by the Ti3d band below the lower edge of
the Zr4d states.

4.3 Percolation model

As shown in Fig. 6, the variation of the Eg with x
can be distinguished into three regions; (I) con-
centration region of 0<x<0.04 where the E values
are continuously decreased with increasing x; (1) the
region of 0.04<x<0.13 where the E_ values are
amost independent of x; and (111) further decrease of
Eg with increasing x is shown in x>0.13 region. The
x dependence of Ej can be explained using a
percolation model as follows.

The bond percolation threshold (P,) for fcc struc-
ture which corresponds to the cation coordination in
fluorite structure is approximately given using the
site coordination number, Z, as follow [8],

ZP,=15 (13)

Using this relationship, threshold values of x for the
formation of Ti ion network of third, second, and
first nearest neighbors (x,,,, X,;, X,) are 0.036, 0.05
and 0.125, respectively. The values of the boundary
concentrations at region (1)/(11) and region (I11)/(111)
show good agreement with x,,, and x,, respectively.

Varigtion of EJ with x estimated from the simple
percolation model with the assumption €' that can
migrate through Ti—O bonds is also plotted in Fig. 6.
From this model, the E; should be a@most indepen-
dent of x below 0.036 because Ti*" ions are isolated.
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It should be noted that Ti®" ions are not identified by
analysis of the electron paramagnetic resonance
(EPR) for YSZ with various amounts of TiO,
equilibrated between 893 and 1133 K from P, =

estimated by the simple percolation model shows the
disagreement with the experimental results as shown
in Fig. 6.

In order to explain the variation of the EJ with x

10" to 10~ ** [8]. However, x dependency of E’ obtained in this study, the modified percolation

9
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Fig. 7. Schematic illustration of (a) the cation coordination on (100) plane and (b) the electronic structure in this path. Percolation path of
second and third nearest neighbors are also shown in this figure using the clusters formed by the Ti ions and the nearest neighbor cations in
(@). Deformed Zr4d states in —Ti—O—Zr—O—-Ti— network are shown by dotted curve and non-deformed Zr4d states are also shown by broken
curve.
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model, taking account of the relationship between
local crystal and electronic structure was proposed
using a cluster constructed by the Ti ion and the first
neighboring Zr ions in TD-YSZs. Existence of Y>*
ionsin TD-Y SZ are neglected, because the electronic
transport properties and E; values are independent of
YO,  concentration. From the experimental results,
the new electron conduction path is suggested to be
formed in TD-Y SZs when the clusters are connected
by one or more common Zr ions that correspond to

K. Kobayashi et al. / Solid Sate lonics 135 (2000) 643—-651

the higher concentration of the threshold for third
nearest neighbors.

Region (I1) isfound to be in the range between x,,,
and x,. Schematic illustration of (100) plane of ZrO,
with fluorite structure and the distribution of the
clusters are shown in Fig. 7a where the paths are
connected by clusters sharing one or two common Zr
ions. The network formed in the x regions from x,,,
to x,, and between x,, and x, is the same (-Ti—O-
Zr—O-Ti-), and the difference is whether or not the

TS TS Tik

E

g

I, S

05 0o

T TTi3d
O2p
05 0%
(b)

Fig. 8. Schematic illustration of (a) the cation coordination on (100) plane and (b) the electronic structure in this path. Percolation path of
first nearest neighbors is aso shown in this figure using the clusters formed by the Ti ions and the nearest neighbor cations.
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network is collinear or noncollinear. In this paths,
electrons on Ti ions have to migrate over the Zr ion
from a Ti ion to the nearest Ti ones. It seems
reasonable that Zr4d orbital in —Ti—O—Zr—O-Ti—
network is deformed due to the different ionic radii
between the Ti and Zr ions as shown in Fig. 7b.
Because the deformed Zr4d is the saddle point of the
migration path for electrons, the apparent activation
energy for the migration of electrons will decrease.
In this case Ti3d states works as a local defect band
and therefore, E_ in region (I1) is smaller than that
of non-doped YSZ.

In region (I11), percolation paths connected by the
first nearest neighbor Ti ions are formed as shown in
Fig. 8a with the electronic structure of this paths in
Fig. 8b. The electrons can migrate only on Ti3d band
and therefore, the Ti3d states work as a conduction
band in this region.

5. Conclusion

The o, values increase with increasing TiO,
concentration, while the activation energy (E,,)
decrease by the TiO, doping. In contrast to the o,
the o, and E,, are amost independent of the TiO,
content. The unoccupied Ti3d states are found to
form at the lower edge of the unoccupied Zr4d states
for 5TD- and 10TD-Y SZ by the XAS measurements,
and the gap energy of the Zr4d states and Ti3d states
show good agreement with the EJ difference be-
tween the values of non-doped YSZ and 5TD- or
10TD-Y SZ. Variation of the Ej with x was discussed
using the modified percolation model taking account
of the relationship between the local crystal structure
and electronic structure.
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