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Oxygen Permeability Measurement of ZrO,-Ti0,-Yb,0, Mixed Conductor
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Electrical properties of ZrO,-TiO,-Yb,0, mixed conductor (Ti-YbSZ) were investigated. This mixed conductor can
be applied as a membrane for gas separation at high temperatures. The total conductivity decreased with
increasing the TiO, concentration. At high temperatures, the rate of the conductivity degradation became smaller
than that at low temperatures. From the oxygen partial pressure dependence of the total conductivity of Ti-
Yh8Z, the electronic conductivity increased with increasing TiO, concentration at low oxygen partial pressures
and at high temperatures. Both 15 and 20 mol% TiO, doped YbSZ showed high oxygen permeability. Mixed con-
ductors, which has high TiO, concentration in YbSZ, are promising materials for using as a membrane for gas

separation at high temperatures.
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I. Introduction

1zed ionic and electronic conductors have many appli-
M cations such as electrodes and membrane for gas sepa-
ration.” A zirconia (Zr0,)-based mixed conducting matcrial
iz stable at high temperatures and exhibits high oxygen
ionic conductivity. This material can be used as a mem-
brane, which separates hydrogen and oxygen produced by
the water digsociation at high temperatures, and other ther-
mochemical processes.”® Ti0, doped yttria stabilized zirco-
nia (Ti-YSZ) shows mixed conduction and its electrical
properties have been studied by several researchers.”” The
electronic conductivity of Ti-YSZ increased with increasing
Ti0, concentration and decreasing oxygen partial pressure.
On the basis of this result, we carried out the hydrogen pro-
duction from direct water splitting at high temperatures
using Ti-YSZ membrane and revealed that hydrogen was
produced under strongly reducing condition and at high
temperatures.”

Congidering the energy revenue and expenditure, this
hydrogen production system should be operated at rela-
tively high oxygen partial pressure and low temperatures.
Therefore, to produce hydrogen effectively, a membrane,
which has high ionic and electronic conductivity, should be
used. Ytterbia(Yh,0,) stabilized zirconia (YbSZ) exhibits
high ionic conductivity in zirconia based electrolytes and it
is stable at high temperatures. TiO, doped YbSZ (Ti-YhSZ)
is also expected to show high ionic and electronic conductiv-
ity and be used for a membrane for direct water splitting at
high temperatures.

In this paper, we report the electrical properties and oxy-
gen permeability measurement of Ti-YbSZ. From the
results, we also discuss the applicability of Ti-YbSZ to a
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membrane of the hydrogen production system.

II. Experimental Procedure

1. Sample Preparation

Samples were synthesized by means of a solid state reac-
tion. Zr0,, and Yb,0, powders with a level of purity of
99.99%, and TiO, with 99.5% were used as starting materi-
als. The Yb,O, concentration was set to 10 mol% to keep the
ionic conductivity higher and the oxygen vacancies at con-
stant level. Powders weighed at the appropriate proportions
were mixed and ball-milled in methanol for 24 h, using zit-
conia balls. After drying, the mixtures were ground and iso-
statically pressed into rods undex a pressure of 200 MPa
and sintered using a Mo furnace at 1973 K for 5 h in air.
The crystal structures of the synthesized samples were
identified using X-ray diffractometer (JEOL, JDX-3530).
Sintered rods were cut into 1.5%3x15 mm® parallelepipeds
as the samples for electrical conductivity measurements. A
part of mixtures were pressed into tubes closed at one end
and sintered as the same manner as described above for
oxygen permeability measurements. The sample size of the
sintered tubes had an outer diameter of 13 mm, wall thick-
ness of 2 mm, and length of 35 mm. The tube was joined
with a commercially available Y,0, stabilized ZrO, tube
(Nikkato, ZR-8Y) using a Pt-ring at 1973 K in air. The gas
tightness of the tube before and after the experiments was
checked and no leakage was found.

2. Electrical Properties Measurement

The temperature dependence of the total electrical con-
ductivity was measured by standard de four-probe tech-
nique in the temperature range from 873 to 1673 K. The
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oxygen partial pressure dependence of the total conductivity
was also measured in the oxygen partial pressure (Po,)
range from 0.21x10° (air) to 1%10™ Pa and temperature
range of 1273-1673 K. The control of Po, was performed by
flowing the mixtures of H, and CO, gases. The value of Po,
wae determined from the thermodynamic data from the
reactions given in the JANAF Tables.?

3. Oxygen Permeability Measurement

The experimental apparatus for measuring oxygen perme-
ability is shown in Fig. 1. Sample tube was heated by a zirco-
nia furnace. He +10.1%0, gas was introduced into the inner
side of the tube. Po, of the outer side was controlled to be
lower than that of inner side by flowing H, and CO, mixed
gases. Oxygen permeates from inside to outside of the tube.
The amount of the oxygen permeation was calculated by mea-
suring the oxygen remained in the inner side of the tube using
gas chromatograph (Shimadzu, GC-94). Oxygen permeability
was measured at 1623, 1869 and 1933 K and Po, range of the
outer side of the tube was from 10° to 107 Pa.

II1. Results and Discussion

1. Phase Characterization

X-ray diffraction (XRD) patterns of TiQ, doped Yb,0, sta-
bilized ZrO, (Ti-YbSZ) are shown in Fig. 2. This indicates
that the samples which contain TiO, up to 20 mol% show
single cubic fluorite structure. Samples which containg TiO,
more than 20 mol% show two phases, that is, «-PbO, struc-
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Fig. 2. XRD patterns of Ti-YbSZ.
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Fig. 3. Relationship between TiO, concentration in Ti-YbSZ
and lattice parameter.

ture phase which indicates the existence of ZrTiO,, and
cubic fluorite structure phase. Fig, 3 shows the measured
lattice parameters of Ti-YbSZ. The lattice parameter de-
creases linearly with increasing TiO, concentration up to 20
mol%. This indicates that Ti ion replaces Zr ion on normal
lattice sites. The solubility range of TiQ, into YbSZ is larger
than that in the case of YSZ. A sample with higher TiO,
concentration is expected to exhibit high electronic concen-
tration. A relative density of 98% was obtained for each
sample.

2. Electrical Properties
The temperature dependence of the total electrical con-
ductivity of Ti-YbSZ measured in air is shown in Fig. 4.
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tivity in Ti-YbSZ are shown in Fig. 5. In this Po, range, the
conductivity of YbSZ was constant. This means that the
ionic conductivity is dominant in YbSZ. Conductivity in-
creased with decreasing Po, for samples which contains
TiO,. Furthermore, this phenomenon is remarkable as the
TiO, concentration increases. At higher temperatures, the
increase of the conductivity occurs at the higher Po,. This
conductivity change is caused by the increase of n-type elec-
tronic conduction by doping of TiO,.

The appropriate defect model of this system is discussed
and the oxygen partial pressure dependence of the electrical
conductivity is predicted. In this Po, range, the charged car-
riers are considered to be electrons and oxygen ions. Oxygen
vacancy Vo, is generated in the sample as follows,

OB@V6+2e_+%02, @)

Oxygen Partial Pressure Po; [Pa]

Fig. 5. Oxygen partial pressure dependence of total electrical
conductivity in Ti-YbSZ. (a) 1273 K and (b) 1673 K.

“ 2.1/2
k- Yol To, @
[0p)
where K is the equilibrium constant, [M] is the concentra-
tion of the component M, and the Krdger-Vink notations are
used'”. The charge neutrality condition is given by

[Yb,l+n = 2[V] ®)

When the concentration of the electrons, which are pro-
duced by the reduced atmosphere, are small, [VE)] stays at
a constant level, which is equal to 1/2[Yhb,,_ 1, and the follow-
ing relation is derived;
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In this case, the total conductivity is expressed as

0 = 0;+0,=0;+ 02P612/4 (5

where 0, G,, G_ are ionic conductivity, electronic conductiv-
ity, and electronic conductivity at Po,=1 atm (1.013x10° Pa),
respectively. When n is very large compared to [Yblzr]
(> Yb'Z]C ), the electronic conductivity is proportional to —1/
6 power of Po,. From the results of electrical conductivity
measurements, the concentration of electrons produced by
changing Po, is considered not to be negligible compared to
[Yblzr ], that is, the concentration of oxygen vacancies is
increased. The further investigations such as measurement
of the ionic conductivity and the electronic conductivity sep-
arately, are required for determine the Po, dependence of
the ionic and electronic conductivity.

The produced electrons are considered to be trapped by Ti
ions changing their valence state from tetravalent to triva-
lent according the reaction,

Tij, +e  Tig, (6)

In this case, the electronic conduction mechanism is
described by small polaron hopping process. The existence
of both tri- and tetravalent Ti ions in the sample quenched
at the reduced condition are confirmed by the electronic
Raman spectroscopy. Vohrer et al., however, indicated that
no remarkable electronic conduction nor trivalent titanium
ions in zirconia-titania-yttria system were found in the tem-
perature range 873-1173 K, and oxygen partial pressure
below 107" Pa.”® Whereas, they also reported that the band
gap decreased by increasing titania concentration. As YbSZ
containing titania exhibits higher conductivity compared
with that of YSZ doped with titania®, smaller hand gap and
the valence change of Ti ions from tri- to tetravalent in this
system in reduced condition and at higher temperatures are
expected.

3. Oxygen Permeability

Fig. 6 shows a result of the oxygen permeability of Ti-
YbSZ as a function of lower side of oxygen partial pressure
Pozn. The oxygen permeability increased with inereasing
TiO, concentration and decreasing Po,". Oxygen permeabil-
ity of this system is larger than that of a zirconia-titania-
yttria system.'® As the solubility of titania, which promotes
electronic conduction, into YbSZ was larger than that into
YSZ, it was considered that the electronic conductivity was
the rate determining step of the oxygen permeability in this
study. As mentioned in the sample preparation, a Pt-ring
was used to joint the sample tube and ZR-8Y tube. There-
fore, there is a possibility that Pt ring works as a short cux-
rent circuit, that is, electrons conduct in Pt ring and oxygen
permeation is promoted. 1t is considered that the oxygen
permeation in this study includes a short current circuit
effect. However, the oxygen permeation in Ti-YbSZ samples
by this effect was less than 10% of the total oxygen perme-
ation, which is estimated from the oxygen permeability of
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Fig. 6. Oxygen permeability. (a) Comparison of several sam-
ples at 1933 K. and (b) Temperature dependence of 20
mol%Ti0, doped YbSZ.

YbSZ and our previous work.?
As the conducting species in Ti-YbSZ are oxygen lons and
electrons, the oxygen permeability Jo, is given as follows'?;

Jo, = —S5tetio gradite, %)
8e

where, t, and t, are electronic and ionic transference num-

ber, respectively, and u, is chemical potential of oxygen.

The relationship between the oxygen permeability and the

oxygen partial pressure is calculated by substituting the fol-

lowing relation.
Lo, = o, +RTIn Py, ®)

where, “‘(C))z is the chemical potential of oxygen at standard
condition. The oxygen permeability of this sample is calcu-
lated from the experimental results of electrical conductiv-
ity of Ti-YbSZ and the eq. (7). The electronic conductivity
can be determined using these equations and experimental
results.'® Fig. 7 shows a temperature dependence of elec-
tronic conductivity at oxygen partial pressure of 1x10° Pa (=
1 atm). The electronic conductivity of Ti-YSZ calculated in
our previous study are also plotted in the same figure."” The
electronic conductivity calculated from the oxygen perme-
ahility shows good agreement with that derived from the
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Fig. 7. Temperature dependence of electronic conductivity of
Ti-YbSZ ( at Po,=1x10° Pa).

total electrical conductivity measurement, though this cal-
culation was performed under the condition that the ionic
conductivity was independent on the oxygen partial pres-
sure In the subjected oxygen partial pressure range. The
electronic conductivity increased with increasing titania
concentration and Ti-YbSZ shows higher electronic conduc-
tivity than that of Ti-YS8Z. Therefore, Ti-YbSZ can be a can-
didate for a membrane for gas separation.

IV. Conclusions

Titania was soluble into YbSZ up to 20 mol% by substitut-
ing Ti ions with Zr ions. This solubility limit of titania is
larger than that of YSZ. Ti-YbSZ shows high electronic con-
ductivity at high temperatures and low oxygen partial pres-
sures. The electronic conductivity increases with increasing
titania concentration, and enhanced by the existence of
trivalent Ti ions. The oxygen permeability of Ti-YbSZ was
higher than that of Ti-YSZ. This mixed conductor can be a
candidate for a membrane for a gas separation.
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