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Abstract

Structure and electrical conductivity in the doutdee-earth substituted system¥Bi«YbyOs
(0.00 < x < 1.00) is discussed. Structural characterisatignXkray and neutron powder
diffraction, confirms a fulld-Bi,O3 type solid solution. This structure is maintaingal to
850°C, with no visible evidence for phase separatioardhe timescale of the diffraction
experiments. Small compositional changes in oxate distribution are observed, with Yb
rich compositions favouring a more centralised exidn distribution in the tetrahedral
cavities. Electrical characterisation, by a.c. iohgo&ce spectroscopy, reveals the system to be
highly conducting, with measurements of transfeeemember indicating this conductivity to
be almost purely ionic at temperatures abce60CC. At lower temperatures, transference
number decreases with increasing ytterbium cont®taxima in activation energy and
conductivity pre-exponential factor at high temperas are observed at= 0.50 and are
discussed in terms of changes in configurationdatopy. This behaviour resembles the
“mixed alkali effect” frequently observed in glassélowever, in the present case there is no
corresponding minimum in conductivity and the effféex associated with the immobile

sublattice.

Keywords: Bismuth oxide; bismuth yttrium ytterbium oxide; dlite structure; neutron

diffraction; X-ray diffraction; a.c. impedance spescopy; transference number.



1. Introduction

Despite their relative instability under reducirmnditions, bismuth oxide based electrolytes
have attracted a great deal of attention, due fr tlexceptionally high oxide ion
conductivities at relatively low temperatures. Rebg it has been shown that through careful
design of the electrolyte and device constructitmese materials can be utilised in
intermediate temperature solid oxide fuel cells-S@DFCs) [1,2]. Thed-phase of BiOs
exhibits the highest known oxide ion conductivifyaoy solid and represents the benchmark
for oxide ion conducting solid electrolytes. Untorately, this high temperature polymorph is
stable only at elevated temperatures (abmave73C0C [3]) and readily transforms to more
poorly conducting phasesa,( 3 and y) at lower temperatures, depending on cooling
conditions. Stabilisation of thé-phase to room temperature, can be achieved by soli
solution formation with other metal oxides, in peutar the rare-earth oxides RB; [4-9]. It
has been argued that many of these so called fist&bi phases are in fact metastable and
that annealing at intermediate temperatures, aré®X®C, invariably leads to the formation
of stable phases or phase separation [10,11]. Hemvedouble substitution has been
acknowledged as a route to truly stablgype phases [12-15]. In these systems, it has been
argued that the increased stability arises fromeased configurational entropy [16,17].

Both the systems BDs-Y .03 [3,10,11,18-21] and BDs-Yb,03 [20,22-27] yield face
centred cubic (fcc) fluorite phases over wide cosijpanal ranges. The widely studied
Bi»0s-Y 103 system shows exceptionally high conductivity ashdeviewed elsewhere [7]. At
25% Y,03 substitution, the fcc phase is readily obtainesbam temperature and its structure
has been confirmed as a fully disordedei,Os type phase [28,29].

Despite early claims that the fcc phase could bettabilised in the BD3-Yb,03
system [20], it was later found that this phaseld¢tdndeed be obtained, depending on
composition and thermal treatment [22]. In the mostent study of the BDs-Yb,Os
equilibrium phase diagram [24], the fcc phase reed to be stable at higher temperatures,
in compositions around 25% substitution of Bi by, ¥ilith phase separation occurring at
lower temperatures. Of the rare earth substitutechiith oxides, the Yb substituted system
shows the highest conductivity decay on prolongedealing at 500C [25-27]. This has
been associated with a redistribution of the oxis as well as vacancy ordering.

In the present study, structure and conductivitythie double rare-earth substituted
pseudo-binary system £O¢-BisYbOs is investigated. ¥ and YB* have similar ionic radii
(0.900 A and 0.868 A, for six-coordinate geometithvoxide ions [30]) and being isovalent



with Bi**, this system allows for a study of the effectslofible substitution in isolation from

changes in nominal vacancy concentration and lange ordering.

2. Experimental

2.1 Preparations

Samples of general composition3Bi,YbOs (0.00 < x < 1.00) were prepared using
stoichiometric amounts of BD; (Sigma Aldrich, 99.9%), ¥Os (Sigma Aldrich, 99.99%) and
Yb,O3 (Sigma Aldrich, 99.9%). The starting mixtures wegeund in ethanol using a
planetary ball mill with agate balls in an agate ¢or 24 h at 400 rpm. The dried mixtures
were heated at 738G for 24 h, then cooled and reground. The sampte When reheated at
950°C for a further 24 h, before cooling in air to rodemperature, over a period of
approximately 5 h. For electrical measurementsthegised powders were pelletised, pressed
isostatically at a pressure of 400 MPa and sintate2b0C for 10 h, before cooling in air to

room temperature over a periodoaf 5 h.

2.2 Electrical measurements

Electrical parameters were determined by a.c. irapeel spectroscopy up ta.
84(C°C, using a fully automated Solartron 1255/1286esystin the frequency range 1 Hz to 5
x 10° Hz, with a signal strength of 50 mV. Samples ifopedance measurements were
prepared as rectangular blocka.(6 x 3 x 3 mnT) cut from sintered pellets, using a diamond
saw. Platinum electrodes were sputtered by cathddicharge on the two smallest faces.
Impedance spectra were acquired over two cycleseaiting and cooling at stabilised
temperatures. Impedance at each frequency was mdaspeatedly until consistency (2%
tolerance in drift) was achieved or a maximum nundf€5 repeats had been reached, using
an algorithm described earlier [31]. We have praesip reported electrical parameters for the
x = 0.00 composition [29]. These have been re-medsir the present study over a greater
temperature range.

For thex = 0.00, 0.50 and 1.00 compositions, the ionic @edtronic contributions to
the total conductivity were measured using a medifEMF method, with an external
adjustable voltage source in the concentration@gpO, = 1.01x 10° Pa): Pt | oxide | Pt:
0O, (pO, = 0.2095x 10° Pa), as described in detail elsewhere [32]. Measants were

performed on cooling betweea. 820°C andca. 45C0C at stabilised temperatures.



2.3 Diffraction

X-ray powder diffraction data were obtained on alig$ X'Pert Pro diffractometer
fitted with an X'Celerator detector, using Ni fiteel Cu-Ka radiation j; = 1.54056 A and.
= 1.54439 A). Data were collected in flat pl&# geometry and calibrated against an
external Si standard. Room temperature data, selifabdetailed Rietveld refinement, were
collected in the @ range 5-12% in steps of 0.0167 with an effective scan time of 250 s per
step. Elevated temperature measurements were msidg an Anton Paar HTK-1200
camera. Samples were mounted on a Pt coated cesamigle holder and data collected in
steps of 50C from 100C to 850C, in the B range 5-12% with a step width of 0.033and

an effective scan time of 50 s per step.

Neutron powder diffraction data were obtained oa Holaris diffractometer at the
ISIS Facility, Rutherford Appleton Laboratory atoro temperature. Data collected on the
back-scattering (130-16f) and low-angle (28-42 detectors were used in subsequent
refinements. Samples were contained in cylindricahadium cans of 11 mm diameter,
located in front of the back-scattering detect@rata were collected foza. 200 uA h for

each sample.

Structure refinement was carried out by Rietveldlgsis using the GSAS suite of
programs [33]. For the room temperature structuwres)bined refinements using X-ray and
neutron data were carried out. A cubic model incepgroupFm-3m was used for all
refinements, with Bi, Y and Yb located on the idéakite (0,0,0) [34]. O atoms were refined
on three crystallographically distinct sites, 8% and 48. Isotropic thermal parameters for
the oxygen atoms were tied to a single value atudah oxide occupancy constraint applied.
Crystal and refinement parameters for the room &atipre analyses are summarised in
Table 1, with the fitted diffraction profiles given Fig. 1. For elevated temperatures, where
only X-ray data were available, the oxygen atonrdmates were not refined.

2.4 Thermal Analysis

Differential thermal analysis (DTA) was carried auging a TA Instruments Q600 scanning

differential thermal analyser. Approximately 60 m§ powdered sample in an alumina



crucible was monitored over heating and coolingeg,cbetween ambient temperature and

1000°C, at a heating rate of 20 min™in flowing air.

3. Results and discussion

As seen in Fig. 1, all peaks in the diffractionteats at room temperature can be indexed on
a cubicFm-3m cell, with no evidence for superlattice ordering pthase separation. The
compositional variation of the cubic lattice paraeneat room temperature and at 800s
shown in Fig. 2. Despite the small difference initoradius for ¥* and YB* cations, a
general decrease in cubic lattice parameter witreasing Yb content is observed. There is a
small increase in lattice parameter betwren0.75 and =1.00, although it should be noted
that this apparent increase may be due to smddérdifces in the instrument calibration, as
the data forx =1.00 were collected earlier as part of anothed\s{35]. The plots appear to
confirm full disorder of the dopant cations, witlo ®vidence of clustering (such as the
appearance of a miscibility dome).

Variable temperature X-ray results confirm that filnerite structure is maintained up
to 850C in all the studied compositions. Fig. 3 shows tiiermal variation of the X-ray
diffraction pattern for the = 0.50 composition, which is typical. Again no dsmce is seen
for phase separation, a problem that is known toiom ytterbium substituted bismuth oxide
[24,36]. The thermal variation of cubic lattice paweter for the studied compositions is
shown in Fig. 4. The plots can be described asgbéivided into two approximately linear
regions, one at higher temperatures and anothéswadr temperatures, with a transition
between the two regions at around 400 to°8&0d his type of transition has previously been
associated with changes in the oxide ion/vacansyriblution in the two end member
compositions BYOg [29] and BgYbOg [35].

The DTA thermograms for the studied compositionswad no major thermal
features up to 100C that would account for the change in the thermadansion of the
cubic lattice parameter at intermediate temperatuféat for thex = 0.50 composition is
representative and is shown in Fig. 5.

Table 2 shows the refined structural parametedssagnificant contact distances for
the studied compositions at room temperature. Oxales are distributed over three
crystallographically distinct sites. O1 correspoimishe ideal fluorite 8site, while O2 (3B
is a position close to thec&ite, but shifted in the <111> direction towarke torner of the

tetrahedral cavity of the fcc lattice. O3 is lochia an interstitial site (48 which is only



found to be occupied in substituted bismuth oxialed is associated with the dopant cation
coordination environment [29,34,36]. The composaio variation of the oxide ion site
occupancies is shown in Fig. 6. There is a smalleimse in the 48site occupancy with
increasingx-value abovex = 0.50. This increase is at the expense of iornthentetrahedral
cavity. The most significant change is the increias8Z site occupancy at the expense of
that of the 8 site, with increasing level of ytterbium contetitshould be noted here, that
since both these sites reside within the tetralhecksity of the fcc lattice, their site
occupancies are highly correlated with each otherthat the relative occupancies of these
two sites reflects the degree of positional/therdisbrder of the oxide ions in the tetrahedral

cavity. Oxide ions in the 4&ite may be considered as Frenkel interstitiads,

O - Vo' +Q (1)

As a result, the vacancy concentration in the bettleal cavity increases with respect to the
nominal vacancy concentration of two vacanciescpéi{29,36].

Arrhenius plots of total electrical conductivityeashown in Fig. 7. For compositiors
< 0.50, plots are fully reproducible on heating atmbling and essentially show two
approximately linear regions, with different actiea energies and transitions between these
two regions in the rangea. 500°C to 650C. For the Yb rich compositions, some thermal
hysteresis is observed at intermediate tempera{uae$00 to 650°C for x = 0.75 andca.
550 to 700C for x = 1.00). Fig. 8 shows the Arrhenius plots for #he 1.00 composition
after successive heating and cooling runs. Thenthkehysteresis is clearly visible at
intermediate temperatures, with a knee shapedrieatuhe transitional region. This feature
is much less pronounced in tke 0.75 composition. We have previously attributad type
of feature in a more bismuth rich ytterbate comipasj Bi,YbO; 5 to the onset of phase
separation at intermediate temperatures [36]. éncdse of BiYbOg, no evidence of phase
separation was seen in the X-ray and neutron dtfra patterns at these temperatures [35].
Similarly, the X-ray data for thex = 0.75 composition showed no evidence of phase
separation. It is likely that the hysteresis saethex = 1.00 andk = 0.75 compositions is
analogous to that seen in4BbO;5 but that the kinetics of the phase separation are
significantly slower in these more heavily subsgé&tlcompositions. These results appear to

confirm the metastability of th&phase at temperatures beloaw 60C°C in this system and



are consistent with the high conductivity decaynégrmediate temperatures [25-29] and the
Bi»Os-Yb,0O3 equilibrium phase diagram [24].

Table 3 shows the electrical parameters derivedh fthe Arrhenius plots of total
conductivity. The conductivity in the low tempenauegion, characterised by that at 300
(0300), @and that in the high temperature region, charasd by that at 80C (ds00), both
show decreasing trends with increasing Yb confEm.ggoo values are high, especially in Y-
rich compositions.

There is little compositional variation in the Iaamperature activation energy, T,
in yttrium containing compositions, with only thdlf Yb substituted composition showing a
small decrease in activation energy. In contrast activation energy in the high temperature
region,AEyT, shows a maximum at= 0.50 (Fig. 9). Another characteristic parametehe
pre-exponential factorgy in the Arrhenius expression for conductivity. Tlnarameter is

related to configurational entropi%):

AS
o, U ex;{—Tj (2)

wherek is the Boltzmann constant. In double substituieesns, such as in the present case,
the values for configurational entropy are highent in single substituted analogues. Fig. 9
shows that a maximum igp is obtained at high temperatures for the compmsitiontaining
equal amounts of Y and Yb. These maxima in activagnergy and pre-exponential factor
are somewhat reminiscent of the well-known “mix#dak effect” that occurs particularly in
glasses [37], where a minimum in electrical conglitgtand a maximum in activation energy
are observed in ternary glass systems containiogdigsimilar modifying oxides [38,39], at
a fixed total cation content. The effect is notmokn in crystalline solids [40]. In most cases
the mixing effect is associated with the more n®lsUblattice and is also known as the
“mixed mobile ion effect” [41]. However, in the [@@nt case it is associated with the
immobile sublattice, rather than the mobile suldatand there is no corresponding minimum
in conductivity.

Fig. 10 shows the ionic and electronic contribugido total conductivity for the =
0.00, 0.50 and 1.00 compositions. In all casegdta conductivity is found to be constituted

almost entirely of the ionic component. Interediyndor the x = 1.00 composition a large



10

drop in total conductivity is observed at aroun®@%®D) which is associated with a change in
ionic conductivity, rather than with any signifitachange in electronic conductivity. This

temperature corresponds to the region of thermatengsis shown in Fig. 8 and the

difference in the plots of total conductivity fdretx = 1.00 composition between Figs. 7 and
10 results from the different time scales of th® @xperiments; the transference number
experiments were taken over a much longer timeogemllowing for a greater degree of

phase separation.

Fig. 11 shows the thermal variation of ionic tramsehce number for the= 0.00, 0.50
and 1.00 compositions. The plots show that at teatpees aboveea. 600C all samples
possess oxide ion transference numbers close tty. uBelow 600C, the x = 1.00
composition shows a significant decrease in oxate transference number to a value of
around 89% ata. 470°C. This correlates with the decrease in ionic catidily seen in Fig.
10 below 600C. The decrease in ionic transference number agrildemperatures is also
reflected, but to a much lesser extent, in thesgiot thex = 0.00 andk = 0.50 compositions,
with the ionic contribution to total conductivityt dow temperatures decreasing with

increasing Yb content.

4. Conclusions
A full solid solution is observed in the pseudodyn system BiYOgs-BisYbOs, which

exhibits a fully disordere@-Bi,Os type structure. Substitution of*Yby Yb*" is found to
favour a more centralised distribution of oxidesan the tetrahedral cavity. Maxima in the
high temperature activation energy and the pre-+egptial factor are seen at the composition
with equal amounts of Yb and Y. This can be assediaith a maximum in configurational
entropy. This effect may be analogous to the “miali@li effect” in glasses, but in this case
is associated with the immobile sublattice.

Compositions in the BY1xYbiOs system show high conductivities at elevated
temperatures, with oxide ion transference numblexsedo unity abovea. 600FC. There is
evidence for conductivity decay in Yb rich compimsis, which is probably associated with

phase separation over long timescales.
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Table 1. Crystal and refinement parameters fg¥ BiYb,Og at room temperature.

Composition
Chemical formula
Formula weight
Crystal system
Space group

Unit cell dimension
Volume

Z

Density
(calculated)

1 (CuKa X-ray)
F(000)

Sample description
R-factor$

No. of variables
No of profile points
used

No of reflections

x=0.25
BiYDg.7:Y Do 2:06
832.873
Cubic

Fm-3m

a=5.48207(3) A
164.753(3) A

1

8.395 Mg n?

169.40 mrit
343.75

Yellow powder
Neutron (back-scattering)
Rwp = 0.0278, R= 0.0401
Rex = 0.0097, R2 = 0.0576
Neutron (low angle)
Rwp = 0.0245, R= 0.0197,
Rex = 0.0271, R2 = 0.0547
X-ray
Rwp = 0.0437, R=0.0290,
Rex = 0.0231, R2 = 0.0752
Totals
Rwp = 0.0316, R= 0.0289
X% = 4.004

124
3247 (Neutron,back-
scattering)
3521 (Neutron,low-angle)
6282 (X-ray)

41 (Neutron,back-scattering) 39 (Neutron,back-scattering)

46 (Neutron,low-angle)
31 (X-ray)

®For definition of R-factors see [33].

x=0.50
BizYbosYbo O
853.908
Cubic
Fm-3m
a=5.47634(8) A
164.237(7) A
1
8.634 Mg

173.40 mrit

351.50

Yellow powder
Neutron (back-scattering)
Rwp = 0.0129, R=0.0186
Rex = 0.0083, R2 = 0.0564
Neutron (low angle)
Rwp = 0.0213, BR= 0.0170,
Rex = 0.0229, R2 = 0.0614
X-ray
Rwp = 0.0645, BR= 0.0500,
Rex = 0.0507, R2 = 0.1229
Totals
Rwp = 0.0171, R= 0.0463
x> =1.628

124
3248 (Neutron,back-
scattering)
3572 (Neutron,low-angle)
3141 (X-ray)

48 (Neutron,low-angle)
31 (X-ray)

x=0.75

BizY Do 2:YDg 7:06
874.940
Cubic

Fm-3m

a=5.47060(9) A

163.722(9) A

1

8.874 Mg

177.43 mrit

359.25

o&ll powder

Neutron (back-scattering)
Rwp = 0.0158, BR= 0.0239
Rex = 0.0073, R2 = 0.0706
Neutron (low angle)
Rwp = 0.0206, BR= 0.0165,
Rex = 0.0200, R2 = 0.0571
X-ray
Rwp = 0.0651, BR=0.0510,
Rex = 0.0533, R2 = 0.0796
Totals
Rwp = 0.0183, R= 0.0467
X% = 2.408

124
3248 (Neutron,back-
scattering)
3521 (Neutron,low-angle)
3141 (X-ray)
38 (Neutron,back-scattering)
41 (Neutron,low-angle)
30 (X-ray)



Table 2. Refined structural parameters and sigmificontact distances (A) for $3i1..Yb,Osg

at room temperature.

Composition
Chemical formula
Bi/Y/YD site
Bi/Y/Yb Occ.
Bi/Y/Yb Uis (A%
0O(1) site

0O(1) Occ.

O(l) Uisc (AZ)
0O(2) site
Oo(2)x,y,z

0O(2) Occ.

0(2) Uisc (AZ)
O(3) site

O@Q)y, z

0O(3) Occ.

0(3) Uisc (AZ)

Bi/Y/Yb-O(1)
Bi/Y/Yb-O(2)
Bi/Y/Yb-O(3)

x=0.25
BiYDo.7:Y Do 2:06

4a
0.75/0.188/0.063
0.0482(4)

8

0.396(9)
0.0655(10)

32
0.3101(12)

0.071(2)
0.0655(10)

48
0.2024(25)

0.012(1)
0.0655(10)

2.37381(1)
2.2489(12)
1.973(4)

x = 0.50

Bingo.EYbo,EOe

4a
0.75/0.125/0.125
0.0459(3)

8c

0.371(6)
0.0644(6)

32f

0.3069(7)
0.078(2)
0.0644(6)

48

0.1997(15)
0.011(1)
0.0644(6)

2.37133(3)
2.2497(7)
1.9750(22)

x=0.75

BizYbg.2:YDg 7:06

4a

007/663/0.188

0.0475(3)

8c

0.355(7)

0.0654(6)

3
0.3067(7)
0.081(2)
0.0654(6)

48
0.1980(16)
0.012(1)
0.0654(6)

2.36884(3)
2.2475(8)
1.9756(25)
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Table 3. Electrical parameters forsBixYbxOs: low temperature activation energiH, 1),
high temperature activation energyEyr), total conductivity at 300°C oggg), total
conductivity 800°C @goo) and pre-exponential factep. Parameters correspond to the second
cooling run.

X o300/ ScCNi' ogoo/ Scni' AEr/eV  AEur/eV  6oat300°C 6o at 800°C
0.00 6.1(5)x 10° 0.77(3) 1.147(4) 0.679(3) 4.29x1¢  1.27x 1
0.25 4.3(1)x10°  0.57(4) 1.140(2) 0.676(6) 2.64x10F  9.13x 10°
0.50 4.1(2)x10°  0.55(5) 1.148(2) 0.690(9) 2.90x10¢°  1.03x 10°
0.75 2.2(6)x 10° 0.38(4) 1.140(1) 0.674(9) 1.37x10  6.01x 10°
1.00 1.9(3)x10°  0.21(15) 1.009(9) 0.59(7) 7.98x1¢  1.37x 10
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Figure Captions

Fig.1. Fitted diffraction profiles for BY 1YbxOg at room temperature for= 0.25 (a) to (c),
x = 0.50 (d) to (f) anck = 0.75 (g) to (i). Neutron back scattering (a),4dd (g), neutron low
angle (b), (e) and (h) and X-ray (c), (f) and (gtal are shown. Observed (+ symbols),
calculated (line) and difference (lower) profilee ahown, with reflection positions indicated

by markers.

Fig. 2. Compositional variation of cubic lattice rpaeter in BiY14YbOs at room
temperature and 800. Results forx = 0.00 andx = 1.00 are taken from previous studies
[29,35].

Fig. 3. Variable temperature X-ray powder diffractipatterns for Bl 5Ybos0s on heating

and cooling.

Fig. 4. Thermal variation of cubic lattice parameteBisY 1Y b,Os.

Fig. 5. DTA thermogram for BY ¢5Ybos0s. Heating and cooling directions are indicated by

arrows.

Fig. 6. Compositional variation of oxide ion sitecapancies in BY;.YbiOs at room
temperature, derived from combined X-ray and neutrefinements. Plotted values are

fraction of total oxide content. Estimated standdadiations are indicated.

Fig. 7. Arrhenius plots of total conductivity foompositions in the system $i;YbOe.

Data correspond to second cooling run.

Fig. 8. Arrhenius plots of total conductivity forifbOs (x = 1.00) from two successive

heating and cooling cycles.

Fig. 9. Compositional variation of high temperatwuetivation energyAEyr and total

conductivity pre-exponential factasy.
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Fig. 10. Arrhenius plots of conductivity for i1 4Yb,Os (a) X = 0.00, (b)x = 0.50 and (cx =

1.00, showing total, ionic and electronic condutigg on cooling.

Fig. 11. Thermal variation of ionic transferencentoer in BgY 1Y bxOg.
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Fig.1. Fitted diffraction profiles for BY 1.xYbxOgs at room temperature for= 0.25 (a) to (c)x = 0.50 (d) to (f) anck = 0.75 (g) to (i). Neutron
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temperature and 800. Results forx = 0.00 andx = 1.00 are taken from previous studies
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Fig. 6. Compositional variation of oxide ion sitecapancies in Bl i,YbOs at room
temperature, derived from combined X-ray and neutrefinements. Plotted values are

fraction of total oxide content. Estimated standdadiations are indicated.



25

T(°C)

900800 700 600 500 400 300
AgTT—T T T T T T

log(cT) (S cm™ K)

-4 — :
1.0 12 1.4 1.6 1.8 2.0

1000/T (K™

Fig. 7. Arrhenius plots of total conductivity fobmpositions in the system $3i;.xYbxOe.
Data correspond to second cooling run.



26

T (°C)
900 800 700 600 500 400 300
3T T T ' | ' T
1 %QQ —e— | heating
27 8800 —o— 1| cooling
- 8520 —— Il heating
1- **A-ﬁ& —a— 1l cooling
<
£ 0-
O
2
= -1
)
(@]
(o)
S .
-3
| ! | ! | ! | ! | !
1.0 1.2 1.4 1.6 1.8 2.0

1000/T (K™

Fig. 8. Arrhenius plots of total conductivity forif8bOg (x = 1.00) from two successive
heating and cooling cycles.



27

- 6.6
0.68 - o ]
1 / 4164
0.66 iy
e 16.2
J o i
0.64 - . \ 460 =
O/ ® h ‘_x
S o 158 "¢
@ 062 o 1 o
— —156 »
LL]I [ ] ] \./o
<1 0.60 454 5
—o— ALy o S
452 —
0.58 - —0—o, ]
450
0.56 las
| ! | I ! | ! |
0.00 0.25 0.50 0.75 1.00
X

Fig. 9. Compositional variation of high temperatuaetivation energyAEyr and total

conductivity pre-exponential factagy.



28

(a) T(C)
850 800 750 700 650 600 550 500 450
5 L L T T T T T T T T T T T
3.0 —O— total
25 —A—fjonic
] —o— electronic
2.0
e 1.5-4
o
v 1.0
€ o5
c j
L 0.0
(o2} 4
2 054
1.0
-1.5 4
T T T T T T
0.9 1.0 1.1 1.2 13 14
1000/T (K™)

(b) T(C)

850 800 750 700 650 600 550 500 450
30 T T T T T T T T T
254 —O— total

1 —A—jonic
2.0 —o— electronic
~ 157
A 1
O 1.04
X |
L 054 o
[= \D\D\
L 00 N
3 o
~ 054 \D\\:\
\D
—
1.0 \n
15 T T T T T T
0.9 1.0 1.1 12 13 1.4
1000/T (K™)
(c) T (-C)
850 800 750 700 650 600 550 500
30 i T GI\Q T T T T T T T
25 Toe, —Ototal
4 —A—jonic
2.0 \O\Q\‘ —o— electronic
. 15
REE N
X 05 \”\
o 09579 o
£ 00 \“\
tg,) 01 D\D\D
3 -0.5—. \u 0\@
-1.0 \n
] \EI
154 T~
_20 T T T T T
0.9 1.0 1.1 12 13
1000/T (K")

Fig. 10. Arrhenius plots of conductivity for £i14YbxOs (a)x = 0.00, (b)x = 0.50 and (cx =
1.00, showing total, ionic and electronic condutgg on cooling.
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Fig. 11. Thermal variation of ionic transferencentoer in BgY 1.,YbxOg.



