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Electrical conductivity of fluorite phases in the system Y,03-Ta,05-MgO has been studied.
YosTap2047 fluorite phase, having 15 mol% oxygen ion vacancies, showed the maximum
electrical conductivity. Electrical conductivity of Yy gTag 2017 fluorite phase increased
linearly with P,jlﬁ, due to the contribution of protonic conduction in water vapour. The
electrical conductivity of the fluorite phase increased more remarkably at lower
temperature, 700°C, than at higher temperatures, 800°C and 900°C. The obtained results
imply that the protonic conduction greatly contributes to the electrical conductivity of the
fluorite phases in the system Y,03-Ta;05-MgO in water vapour. © 2000 Kluwer Academic
Publishers

1. Introduction The protonic conductivity has been studied world-
The oxides of defect fluorite structure are generallywidely in 1990s, however, protonic conductors so far
solid oxide ionic conductors and are of interest for theirreported are confined only to perovskite and C-type rare
applications to electrolytes of solid oxide fuel cells, earth oxides [14—17]. The protonic conduction has not
electrolysers and gas sensors[1, 2]. Inthis fluorite strucbeen observed yet in fluorite structure oxides.
ture, cations are in eightfold coordination with their Therefore, this study is concerned with the fluo-
nearest neighbors, and each anion is surrounded tetrete phases in ¥O3-Ta,Os-MgO system to investigate
hedrally by four cations [3]. There are also many oxideswvhether the protonic conduction contributes to the elec-
such as Ce@ ThO, and UQ which have the fluorite trical conductivity of this system in water vapour, prob-
structure. HfQ and ZrQ also retain the fluorite struc- ably for the first time in fluorite structure. The research
ture down to room temperature by formation of solid for the water vapour pressure effect on the electrical
solutions with divalent cationic oxides such as MgO andconductivity in the system XOs-TapOs-MgO may be
CaO or trivalent cationic oxides such as(; [4, 5]. helpful to explain the mechanism of contribution of the
By doping the fluorite-type oxide with oxides whose protonic conduction in this system.
cationic valences are less than those of the host cations,
oxygen ion vacancies are produced, thereby achieving
electrical neutrality in the substituted fluorite lattice [6]. 2. Experiment
The formation of the fluorite and other related structuresy O3 (Kojundo Co., purity> 99.99%), TaOs (Aldrich
in the system ¥O3-Ta,05-MO (M = Mg, Ca, SrorBa) Co., purity> 99.0%), and MgO (Kojundo Co., purity
was reported by authors [7]. > 99.9%) were used as the starting materials. To pro-
Iwaharaet al.observed high protonic conductivity in duce the fluorite phasep$Tay 2017 and other related
SrCeQ at hightemperatures by doping trivalent cationsfluorite phases in ¥O3-TapOs-MgO system, ¥Os,
like Y, Yb, Sc etc. [8], and also reported that CagrO Tax,Os and MgO powders were mixed according to ex-
had gas stability and higher mechanical strength buact molar ratios corresponding to the compositions of
its protonic conductivity was lower than SrCe(®].  allrequired specimens and milled in an alumina mortar.
Iwaharaet al.also reported that SrZihad gas stabil- The mixed powder was pressed into discs before heated
ity and almost unit proton transport number and thereat 1350C for 24 h in air. The heat-treated discs were
fore it became possible to be applied to practical uspulverized into powder and pressed into discs again.
age [10]. Norbyet al. observed protonic conductivity This process of heat treatment and pulverizing was re-
at high P4,0 in C-type (cubic) rare earth metal oxides peated twice for homogenization of the compositions
containing oxygen vacancies by doping divalent metal-of the specimens. The pulverized powder was pressed
lic oxides [11-13]. into both bar-type and disc-type specimens and pressed

0022-2461 © 2000 Kluwer Academic Publishers 1685



isostatically under 200004lin~2. The specimenswere ~ As can be seen in Fig.1, 8 mol% MgO-doped
fired at 1650C for 5 h and cooled down to room tem- Yo.8Ta0201.7 fluorite specimen shows the lower elec-
perature at rate of & min~1. The specimens had the trical conductivity than the undoped one. There may be
relative density of 91%. The prepared specimens wer&any factors which cause the electrical conductivity of
analysed by the X-ray powder diffraction method to8 mol% MgO-doped ¥sTay 201 7 fluorite specimen to
confirm the formation of the fluorite phase. Electrical decrease. The excessive oxygen ion vacancies formed
conductivity of the specimens of the fluorite phases wa$h 0xygen ionic conductors by doping lower valent
measured by the 4 probe method. To observe the effeggetallic ions was reported to be the main factor which
of temperature and water vapour pressure on the eleglecreased the electrical conductivity in Zr@,03 sys-
trical conductivity of YpgTag 201 7 fluorite phase, both  tem (R means the rare earth oxides) [18]. That is, the
the temperature and the water vapour presstie ionic conductivity increased asR3; was increasingly
were varied in a reducing atmosphere ¢A¥% H, gas  added up to a critical value because of the increase
mixture) during the measurement of the electrical conin 0xygen ion vacancy. However, the ionic conductiv-
ductivity to exclude the interference of hole conduction.ity decreased when the addition of®; exceeded the
critical value [18]. Therefore, itis assumed that 8 mol%
MgO may be an excessive doping t@gffag 20 7 flu-
3. Results and discussion orite phase because 8 mol% MgO-dopef;Yay 201 7
Fig. 1 shows the results of the electrical conductivityfluorite phase specimen showed lower electrical con-
measurement for 8 mol% MgO doped and undopediuctivity than the undoped one as shown in Fig. 1.
YosTap 2017 specimens, which were all identified as  For further understanding of the effect of concentra-
the fluorite single phases, in dry and wet air atmo-tion of the oxygen ion vacancy on the electrical conduc-
spheres. 8 mol% MgO-dopedy¥Tay 2017 specimen tivity of the fluorite phases in the system@3-TapOs-
(17.8 mol% oxygen ion vacancy) showed lower elec-MgO, the concentration of the oxygen ion vacancy was
trical conductivity than the undoped one in both dry andvaried by preparing the specimens A, B, C, D, E and
wet air. It was reported that the solid solution of the flu-F of the various compositions of the fluorite phases
orite single phase could be obtained by doping MgO tdn the Y,03-TapO5-MgO system as shown in Fig. 2,
tetravalent metal oxides such as Z2f@] and HfO; [5].  which were all confirmed to be the fluorite phases in a
In this case, oxygen ion vacancies are produced to megtrevious study [7]. The effect of the concentration of
the electroneutrality with the sites of divalent cationsoxygen ion vacancy on the electrical conductivity of the
(Mg?*) substituted for tetravalent cations [6], and thefluorite phases is represented in Fig. 3. As can be seen
oxygen ionic conduction occurs through these vacanin Fig. 3, the specimen C (gTay201.7 phase), which
cies at high temperatures. The fluorite phase was redas 15 mol% oxygen ion vacancies, shows the max-
ported to be produced ing$Tag 201 7-MgO systemup imum conductivity. Other fluorite phase specimens,
to 12 mol% MgO addition [7]. which have lower or higher concentrations of oxygen
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Figure 1 Electrical conductivity of ¥ gTap201.7 and 8 mol% MgO

doped Y.8Tap 201 7 fluorite phases in dry air and wet air saturated with Figure 2 Fluorite phases A, B, C, D, E and F in,®3-Tap0s-MgO
water vapour at 28(Py,0 = 0.031 atm). ternary system.
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P, (atm
ion vacancy than 15 mol%, show the lower conductiv- HO (atm)
ity than. the specimen C_' This means that_ 15 mol% I§:igure 4 Effect of water vapour on electrical conductivity of
the optimum concentration of the oxygen ion vacancyy,4Ta,,0 ; fluorite phases at various temperatures: (a)°T0b)
in the fluorite phases in the system3-TaOs-MgO  800°C and (c) 906C.

because the maximum electrical conductivity was ob-
served at 15 mol% of the oxygen ion vacancy. The . i ,
specimens A and B, the concentration of the oxyger’i'on’ the curve-fitting of the relation between electrical
ion vacancy of which is lower than 15 mol%, show the cOnductivity and water vapour pressure shows that the
increase in the electrical conductivity with increase in€!€ctrical conductivity of ¥gTeo 2017 fluorite phase
the concentration of the oxygen ion vacancy. Howeverincreases linearly with the root of the water vapour

1/2 . .
the electrical conductivity of the speciemns A and B ispressurePHﬁ) as shown in Fig. 4. In water vapour at-
lower than that of the specimen Cq ¥T2 201 7 phase, mosphere, however, protons may be produced by the

due to the increase of the oxygen ion vacancies. On th action between water vapour and the defect fluorite

other hand, the specimens D, E and F, the concentr&tructure of ¥%sTao 201 7 by Equation 1.
tion of the oxygen ion vacancy_of which is higher than HoO + Vg = OF + 2H; 1)
15 mol%, show the decrease in the electrical conduc-
tivity with increase in the concentration of the oxygen In Y gTay 201 7 fluorite phase, negative defects formed
ion vacancy. The electrical conductivity of the speci-by doping the lower valent cations to tetravalent
mens D, E and F is lower than that of the specimercationic sites)Y,}?, in this study, are compensated by
C, probably due to the excessive oxygen ion vacanciegositive defects like oxygen ion vacancies;V elec-
Thus, 15 mol% of the oxygen ion vacancy is assumed teron holes [h] and protons [H] [20], resulting in Equa-
be the critical value, showing the maximum electricaltion 2 to meet the electrical neutrality,
conductivity in the system XO3-TapO5-MgO.

Fig. 4 shows the electrical conductivity of 2[Vg] +[h] + [Hi] =Yyl = constant  (2)
Y 0.8 Tap 201 7 fluorite phase in the reducing atmosphere

(Ar +7% H, gas mixture) as the functions of water where [v,] is the concentration of *3 ions substituted

vapour pressure and temperature. Sing@Té201 7 fﬁr tetravalent ca:]tionic sites. In the region where bolth
fluorite phase was reported to represent the holé etr)]xygen a_ndrt_]_ewa(tjer vr?pourpresgures are very low
conduction at high oxygen partial pressure [19], theahS tde case In this stu dy’ft € oxygder|1£|on \{aca;mes %re
electrical conductivity was measured in the reducing atth® dominant positive defects, and Equation 2 can be
mosphere (A#- 7% H, gas mixture) to exclude the pos- simplified to Equation 3,

sible inte_zrfergnce of the hole conduction. The electrical 2[Vg] = [Y},] = constant 3)
conductivity increased as the water vapour pressure in-

creased, as shown in Fig. 4. This result may be due ttn this case, it is quite possible that protons are easily
the contribution of protonic conduction iny¥Tag 201 7 produced by the reaction between water vapour and the

fluorite phase in the water vapour atmosphere. In addiexygen ion vacancies [y] according to Equation 1.
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If protons are produced by the reaction of Equation 1,TABLE | Activation energy values for 8 mol% MgO doped and un-

the total electrical conductivity may increase becaus&°Ped %sTa20.7 fluorite phases inwet and dry air are compared with
the mobility of the smaller protons are faster than thatother reported value for perovskites and rare earth sesquioxides

of the larger oxygen ions. In addition, the equilibrium Wetair  Dry air (oxygen
constant of Equation 1 can be written as Equation 4, (protons)  vacancies)
Composition (eV) (eV) References
H:12[05
Ki= M (4) 8 mol%MgOdoped 126 1.34 This work
Pu.olV5] Y05Ta02017 1.22 1.29 This work
. . . . 5 mol% NdQ s doped 0.57 0.61 [16]
The protonic concentration can be written as Equation gyceq
5 by rearranging Equation 4, 10 mol% YbQ s doped  0.54 0.58 [16]
BaCeQ
) : : i1 20 mol% GdQs doped  0.58 0.62 [16]
[Hi] = Kl PHzo[Vo]z[oo] 2 ) BaCeQ
. . 2 mol% CaO doped 0.98 1.9 [22]
Hence, it can be expected from Equation 25 that the py,0,
proton concentration increases linearly \Mﬂ'ﬂ'éo. Ac- 2 mol% CaO doped 1.03 13 [22]
tually, the measured electrical conductivity linearly in-  GdErG

creases in proportion ﬂaﬁlié asshowninFig. 4,im |2y 2 Ewrogm CaO doped 1.04 2.5 [22]
ing thatthe increase in electrical conductivity z/o 3

is due to the contribution of the protonic conduction.

As can be seen in Fig.4, the extrapolation of the UV iy plot of the electrical conductivity as shown in
fitting of o againstP H20 t9lzer9¥vatervapour PreSSUr€ rig 1 and are given in Table | together with other re-
gives o0 =891x 10~ Q@ *cm™ (logo =—4.05) at ported values of the perovskite oxides [16] and the rare
the point ofP,0 = 0 and 900C, which is very close to - g4rth sesquioxides [22]. As given in Table |, the activa-
the electrical conductivity valueg4 < 10°Q~tem* 5, energy values of 8 mol% MgO doped and undoped
(logo = —4.1) which was measured in the pure oxygeny T4, ,0; ; fluorite phases in the wet air were 1.26
atmosphere at 90C by Kim [19], one of the authors. 4,4 1 22 eV, respectively. Thus, the activation energy
The increase in electrical co_nductlwty with increasing;, dry air is consistently about 0.08 eV greater than that
the water vapour pressure is more remarkable at thg, \vet air for all measurements, implying that the acti-
lower temperature, 70C, than at the higher tempera- \5¢ion energy for protonic conduction is about 0.08 eV
tures, 800C and 900C, as can be seen in Fig. 4. This |over than that for oxygen ionic conduction in this sys-
means that the reaction of Equation 1 is more activgem Other reported values also show that the activation
at the lower temperatures than at the higher tempefsnergy for protonic conduction is lower than that for
atures. This is in good agreement with the fact thatoxygen ionic conduction.

the equilibrium constant of Equation 4 increases with Consequently, it can be said that the electrical
decreasing temperature [21]. Therefore, it can be Saigonductivity of 8 mol% MgO-doped and undoped
that the electrical conductivity of olsTag 201 7 fluorite Y 0.8Ta0.201 - fluorite phases is greatly contributed by

phase is greatly contributed by the protonic conductionpe protonic conduction in water vapour atmosphere.
in water vapour. BaCe9perovskite phases and rare

earth oxides were also reported to represent the elec-
trical conductivity contributed by protonic conduction 4. Conclusions
[16, 20]. Electrical conductivity of the fluorite phases in the sys-
The electrical conductivity of 8 mol% MgO- tem Y,03-TapOs-MgO was studied and the results are
doped and undopedp¥Tay 20, 7 fluorite phases mea- summarized as follows:
sured in wet air saturated with water vapour at
25°C(Pu,0 = 0.031 atm) are exhibited in Fig. 1 together 1. Y gTay 20, 7 fluorite phase, having 15 mol% oxy-
with the electrical conductivity measured in dry air. gen ion vacancy concentration, showed the maximum
The electrical conductivity of both 8 mol% MgO-doped electrical conductivity. The electrical conductivity of
and undoped ¥3gTap 20, 7 fluorite phases in air satu- the other fluorite phases, having higher or lower oxy-
rated with water vapour at 26(P4,0 = 0.031atm)was gen ion vacancy concentrations than 15 mol%, showed
higher than that in dry air. The difference of the elec-lower values than that of thep§Tag O, 7 fluorite phase
trical conductivity between in wet air and in dry air due to the excessive or deficient oxygen ion vacancy
becomes larger with decreasing temperature, as can le@ncentrations, respectively.
seen in Fig. 1. This implies that the protons are pro- 2. The electrical conductivity of y3Tay2017 in-
duced by the reaction of Equation 1 between the watecreased linearly with the root of water vapour
vapour and the oxygen vacancieg;()Vand these pro- pressureP,iié. The increase in the electrical conduc-
duced protons are considered to contribute greatly tdivity was larger at lower temperature, 7@ than at
the electrical conductivity. The proton moves more eashigher temperatures, 800 and 900C. This implies
ily and faster than the oxygen ion because the protothat the protonic conduction contributes to the electri-
is smaller than the oxygen ion. Hence, the activatiorcal conductivity of the fluorite phaseg¥Tag 2017 in
energy for the protonic conduction is assumed to behe existence of water vapour due to the formation of
smaller than that of the oxygen ion conduction. Theprotons by the reaction of water vapour with oxygen
activation energy values were measured from the Arion vacancies in the fluorite phase.
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3. The activation energy values of 8 mol% MgO 7
doped and undopedp¥Tay 20; 7 fluorite phases in the

wet air were 1.26 and 1.22 eV, respectively, and these®

values were about 0.08 eV lower than those in the dry g
air for both phases.
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