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Electrical Conductivity of the Solid Solutions 
X ZrO2+(l-X) Yb2O3; 0.01<X<0.09
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ZrO2-doped Yb2O3 solid solutions containing 1, 3, 5, 7 and 9 m이% ZrO2 were synthesized from spectroscopically 
pure 丫也。3 and ZrO2 powders and found to be rare earth C-type structure by XRD technique. Electrical conductivities 
were measured as a function of temperatures from 700 to 1050t and oxygen partial pressures from IX10-5 to 
2 X 10_ 1 atm. The electrical conductivities depend simply on temperature and the activation energies are determined 
to be 1.56-1.68 eV. The oxygen partial pressure dependence of the electrical conductivity shows that the conductivity 
increases with increasing oxygen partial pressure, indicating 力-type semiconductor. The P® dependence of the system 
is nearly power of 1/4. It is suggested from the linearity of the temperature dependence of 은lectr记al conductivity 
and only one value of 1/m that the solid solutions of the system have single conduction mechanism. From these 
results, it is concluded that the main defects of the system are negatively doubly charged oxygen interstitial in low 
ZrO2 doping level and negatively triply charged cation vacancy in high doping level and the electrical conduction 
is due to the electronic h이e formed by the defect structure.

Introduction

Oxides of the rare-earth elements generally have the rare- 
earth C-type structure when the ratio of the radius of oxygen 
anion to that of met지 cation is between 0.60 to 0.891. And 
the number of oxygen anions occupied on the lattice sites 
is six and two of eight lattice oxygen sites become vacancies2. 
Accordingly, the oxides of these rare-earth elements have 

similar physical properties. It was reported that Sm2O3( Gd2O3 
and other oxides belonging to these rare-earth C-type oxides 
have mixed conduction mechanism that ionic conduction oc­
curs predominantly over electronic conduction3,4, whereas in 
the case of 丫位。3, there were few experimental data because 
of thermal instability.

Kang et al.5 reported that above 700t, pure 丫也。3 has 
the activation energy of from 1.92 to 1.95 eV and shows 
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the 力-type semiconducting character, but the ionic conduction 
in the temperature range less than 700t. According to the 
report of Dutta et al.,6 studying d.c. electrical property of 
thin film, Yb2°3 is a w-type semiconductor. Using emf me­
thod, Tare et al.7 reported that Yb2O3 is ionic conductor 
where the oxygen pressure range is from 10~6 to 10 atm 
at 800t. Also, Rao et 이.& reported that from 나le result of 
a.c. study, it has 力-type electronic conduction at the oxygen 
pressure of 150 mmHg, and 1/n of the oxygen pressure de­
pendence of electrical conductivity is power of 3/16. Also, 
they observed that main defect is metal vacancy and the 
activation energy is 1.61 eV when ionic contribution is about 
10% at the temperature ranges of 400 to 900t. Carpentier 
et al? have reported that it has mixed conduction that both 
ionic conduction and electronic conduction occur simulta­
neously at the temperature region of 1423 to 1623 K and 
the oxygen pressure region of 10~12 to 1 atm. And the de­
fects are electron, electronic hole and Frenkel disorder of 
Vn and Yb‘.

Hitherto, although many studies have been widely carried 
out to observe the conduction mechanism and defect struc­
ture for pure Yb2O3f their results bring an contradiction in 
many cases. So, in this paper, we are going to reveal the 
conduction mechanism and defect structure of the ZrO2- 
doped Yb2O3 solid solution in which ZrO2 is doped into pure 
YbzOa.

Experimental

Sample Preparation. Pure Yb2O3 (99.99%, Aldrich 
Chemical Co.) and ZrQ (99.99%, Aldrich Chemical Co.) pow­
ders were weighed to give ZrO2-doped Yb2O3 solid solutions 
containing 1, 3, 5, 7 and 9 mol% of ZK》. These materials 
were ground and mixed well on agate mortar for 3 hours 
and then calcined at 650t to remove H2O and CO2 adsorbed. 
These mixtures were made into pellets under a pressure 
of 8X105 Pa. To form solid solution they were sintered for 
48 hours at 1250t： and annealed for 24 hours at 1200C 
then quenched to room temperature. Each pellet analyzed 
by XRD was made into rectangular form with dimensions 
of 1.1X0.6X0.15 cm3. For a four-probe contact, four holes 
were drilled in a row on face.

Sample Analysis. To examine the formation of solid 
solutions, X-ray diffractometer (Philips PW 1710, CuKa) 
equipped with graphite monochromator are employed. DTA 
and TG (Rigaku PTC-10 AC) measurements were performed 
to investigate any phase transition and mass change due 
to the concentration change of defect.

Electrical Conductivity Measurements. The electri­
cal conductivity was measured as a function of temperatures 
from 700 to 1050t and oxygen partial pressures from IX 
1(厂5 to 2X10-1 atm according to Valdes' four-probe techni­
que10. The sample was placed in a quartz cell with Pt/Pt- 
13% Rh thermocouple. The cell has four Pt probes, 사le inner 
two probes were used to measure the potential difference 
by a Leed & Northrup 7555 K-5 type digital multimeter, 
and the outer two probes were used to measure the current 
by a Keitheley 610C digital electrometer.

In order to remove polarization effect, the current through 
the sample was maintained between IO-8 and 10-2 A by 
a rheost죠t and the potential across the two inner probes

Figure 1. X-ray diffraction patterns of 1(a) and 9 m시% (b) ZrO2- 
doped Yb2O3 system.

was maintained les옹 than 0.8 V. If the distances(S) between 
each probe are same and the ratio of L/S is more than 2, 
where L is distance between end probes and sample edge, 
the conductivity can be calculated by Eq. (1).

°=^s 4 ⑴

Results and Discussions

Sam미e Analysis. The results of DTA and TG for 9 
m이% ZrO2-doped Yb2O3 imply that in the experimental tem­
perature and oxygen partial pressure regions, no mass 
change and phase transition occur. So, these samples are 
thermodynamically stable in experimental region.

X-ray diffraction patterns of 1 and 9 mol% ZrO2-doped 
丫1成)3 samples are shown in Figure 1. A determination of 
the a-value for each sample was performed using the Nelson- 
Riley method11 in order to reduce physical absorption error. 
The results are shown in Figure 2 and Table 1 for 1 mol% 
ZrOs-doped Yb2O3 and the lattice parameters(a) of the 1, 3, 
5, 7 and 9 mol% Zr02-doped Yb2O3 samples are plotted 
against ZrO2 doping mol% in Figure 3. The lattice parame­
ters of ZrO2-doped YbaOs system are linearly decreased as 
the contents of ZrO2 increase, which implies that this system 
forms s이id sohition with cubic structure. But, this trend is 
deviated from the pure Yb2O3 which has the value of 10.436 
A in ASTM. So, it is expected that the conducting mecha­
nism of pure and ZrO2-doped Yb2°3 systems are different.

Conductivity Results. Figure 4 아lows a plot of log 
o vs 1000/T for the 1 mol% ZrO2-doped Yb2O3 sample in 
various oxygen partial pressures. As the temperature de­
pendence of conductivity is represented by the equation o
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Hgure 고. Nelson-Riley plot for 1 m이% ZrO?서oped Yb2O3 sam­
ple.

Table 1. Indexation of XRD Diffraction Pattern of 1 m시% ZrO2-
Doped Yb2O3

20 h k I F (0) a I/Io

21.113 2 1 1 2.6834 10.307 9
29.855 2 2 2 1.8435 10.367 100
34.569 4 0 0 1.5607 10.378 31
36.673 4 1 1 1.4566 10.396 6
40.708 3 3 2 1.2852 10.396 4
44.428 4 3 1 1.1528 10.397 8
47.930 5 2 1 1.0453 10.395 4
49.542 4 4 0 1.0005 10.408 27
51.204 4 3 3 0.95692 10.402 3
54.339 6 1 1 0.88125 10.407 4
57.353 5 4 1 0.81545 10.411 5
58.840 6 2.2 0.78519 10.410 25
60.347 6 3 1 0.75586 10.402 6
61.724 4 4 4 0.73016 10.412 6
63.075 5 4 3 0.70591 10.422 3
65.995 7 2 1 0.65646 10.402 1
67.285 6 4 2 0.63581 10.413 1

= o0-exp (一EJkT), the Ea value for each oxygen partial pre­
ssure can be calculated from the slope in a plot of log condu­
ctivity against the reciprocals of the abs이ute temperatures. 
The results for other mol% ZrO2-doped Yt^CA samples show 
the same trend as for 1 mol% in Figure 4, and calculated 
Ea values under various oxygen pressure동 are also listed 
in Table 2.

The dependence of 이ectrical conductivity on oxygen par­
tial pressure for 1 mol% ZrOz-doped Yb2()3 sample is shown 
in Figure 5 as a plot of log conductivity against log P02 at 
various temperatures. The 1/m values calculated from the 
slopes in Figure 5 obtained at various temperatures are 
about 1/4, and other mol% ZrO2-doped Yb2()3 samples shows 
the same tendency which are listed in Table 3.

Consideration of Conduction Mechanism. Non- 
stoichiometric phases have been observed in almost all metal 
oxides with increase in temperature. So, defect structures

1000/T(K)

Hgure 4. Temperature dependence of electrical conductivity 
of 1 mol% ZrO2-doped Yb?()3 sample at various oxygen partial 
pressures.

System
Table 2. Activation Energies (eV) for Various ZrO2-Doped 奂。3

Doping
ZrO2 mol%

P02 (atm)

2XW1 1x10-2 1X10-3 1X10 4 IXIO^5

1 1.62 1.63 1.67 1.62 1.63
3 1.57 1.59 1.62 1.57 1.63
5 1.63 1.60 1.59 1.58 1.61
7 1.66 1.59 1.64 1.56 1.59
9 1.68 1.62 1.65 1.61 1.64

which can be predicted in this nonstoichiometry can be clas­
sified into oxygen deficiency (or metal excess) and metal 
deficiency (or oxygen excess). The suggested predominant 
defect in the case of oxygen deficiency are oxygen vacancies 
or interstitial metal ions and in the case of metal deficiency 
are metal vacancies or interstitial oxygen atoms. Thus, de­
fects based on thermodynamic data and microscopic techni­
ques are needed to understand the nature of this system 
and to provide fair interpretations of the conduction pheno­
mena12. The conductivities of ZrO2-doped Yb2)3 system are 
shown in Figure 6. Bacause the slopes of plots for 1, 3, 5, 
7 and 9 m이% are nearly the same, samples have the same
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Figure 5. Oxygen partial pressure dependence of electrical con­
ductivity of 1 mol% ZrO2-doped Ybg sample at various 
temperature. Figure 6. Temperature dependence of electrical conductivity 

of various ZrO2-doped Yb2O3 samples under 2X IO-1 atm oxygen 
partial pressure.

Table 3. P(g Dependence (n) of Electrical Conductivity for ZrO2-
Doped YbaQ System

Doping
ZrO2 mol%

T CO

700 750 800 850 900 950 1000 1050

1 4.035 3.998 4.009 4.025 4.004 3.963 3.952 3.998
3 4.007 4.039 4.079 3.994 3.984 3.989 4.066 4.004
5 4.032 3.957 3.994 4.025 4.085 3.979 4.055 4.016
7 4.100 4.026 3.963 4.094 3.994 4.104 4.103 3.899
9 4.078 4.087 3.958 4.023 4.008 4.103 4.173 4.043

conductivity properties, but as the amount of doped ZrO2 
increases, the conductivity decreases. From our results for 
P02 dependence of electrical conductivities and the reported 
results12-15, it is concluded that they are all 力-type semicon­
ductors and the pure Yb2O3 is a metal deficient compound. 
From the above observation, disorder reactions could be pro­
posed for our samples.

In an intrinsic region, a metal vacancy is formed by the 
moving of an oxygen atom from the gaseous state into a 
normal lattice site. The disorder reactions can be expressed 
as following Kroger notation in which a metal vacancy is 
ionized and creates electronic holes:

3/4・Q< 互tV帛+3/2 • Oo+3 • h' (2)

where VyJ is negatively triply charged ytterbium vacancy, 
Oo is lattice oxygen and * is electron h이e. In this case, 
the equilibrium constant of (2) can be written as follows

珂=[\述・。.]3.0/勺 (3)

If law of mass action is applied to equilibrium (2), at fixed 
temperature and pressure the concentration of metal vacancy 
can be represented as

1/3 - [Vy身=[力• ] = const. (4)

The electrical conductivity dependence on oxygen partial 
pressure can be represented in terms of electronic hole con- 
centration(p) through Eq. (5)

K】 = 3 pML (5)

and

P-K/-Po23/16 (6)

where K/ = (Ki/3)1/4. So, 하出 electrical conductivity depend­
ence on oxygen partial pressure is

o oc Po21/5-3. (7)

In an extrinsic region which can be influenced by impuri­
ties, the mechanism get very complicated. When the doping 
mol% of ZrO2 is very low, ZrO2 reacts with cation vacancies 
as follows

ZQ2 +VyS ^二^ Zr?b+/2 ・ 0； ⑻

where ZrJb is singly positively charged Zr atom in Yb lattice 
site and 0； is doubly negatively charged interstitial oxygen. 
Since the conductivity is the sum of intrinsic and extrinsic 
conduction, equilibria (2) and (8) can be expressed as fol­
lows

K2
ZiQ + 3/4 • Ow=±Zr*+3/2 • Oo + 2 • 0； + 3 •矿. ⑼

For this reaction, the equilibrium constant is
&=[ZKb]・[O；乎 B・]3.Ps-3/4 (10)

and the electronic hole concentration is represented as

P=K《 PO21/4 (ID

where K.2 — K21/3 • [Zr?b] -1/3 , [OJ]'2/3. Therefore, 1 mol% 
ZrC^-doped sample has larger lattice parameter than pure 
Y&O3 due to interstitial oxygen and their conductivities are 
proportional to Po21/4-

As the mol% of ZrO2 doped increases, many interstitial 
oxygens get thermodynamically unstable and are introduced 
to lattice sites.

3・0淫=크3・O°+2・ VW (12)

So, the overall reaction becomes the sum of three times 
of Eq. (8) and twice of Eq. (12) such that

3.ZrO 2 ；——> 3・ Zr?b+6 ・ 0。+ 腿 (13)

and the disorder reaction which governs the electrical con­
duction is expressed as follow equation.
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3・ZrO2 + 3/4・O2G쯔 3・Zr布+ 2・V^

+ 15/2-Oo+3 -h* (14)

In this case, the lattice parameters are decreased because 
the interstitial oxygen are depleted and the ionic radius of 
Zr is smaller than that of Yb, which are well fitted with 
the results of X-ray diffraction. The equilibrium constant of 
Eq. (14) can be expressed by

K尸[Z電3・[V紀2Q .吳p°2-3勺 (15)

Then the electrical conductivity dependence on oxygen par­
tial pressure can be represented in terms of electronic hole 
concentration

p=K3,-Po21/4 (16)

where Ks* = Kj173 - [Zryb * ] ~1/3 • rVYb,,F] ~1/3. So, the electrical 
conductivity dependence on oxygen partial pressure (x/m) 
is 1/4. This value agrees well with the experimental 
value.

From this agreement, we can conclude that the effectively 
negatively doubly charged oxygen interstitial and the effecti­
vely negatively triply charged metal vacancy are predominant 
in low and high doping level, respectively and that the 
charge carrier is electronic hole originated from the metal 
vacancy in Yb2O3 system. The fact that the conductivity de­
creases as the mole fraction of dopant increases as shown 
in Figure 6 means that metal vacancy formed from equilib­
rium (14) moves the equilibrium (2) toward left-hand side. 
Therefore, heavy Zr4 + substitution reduces the charge carrier 
(electronic hole) concentration, so does electrical conducti­
vity.
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Preparative methods for and catalytic activities of monoaza-18-crown-6 or monoaza- 15-crown-5 in the reaction of 1- 
bromooctane with aqueous KI or Nal were investigated. Monoazacrown ethers were prepared by debenzylation of 
N-benzylmonoazacrown ethers, obtained from the reaction of N-benzyldiethanolamine and oligoethylene glycol ditosy­
late. The phase-transfer catalytic activity of N-benzylmonoazacrown ethers was higher than that of the corresponding 
monoa2acrown ethers.

Introduction

Since pioneering works by Pedersen1 a large variety of 
macrocyclic compounds have been prepared and their cation 

complexation properties have been investigated extensively2. 
The aza-crows have complexation properties that are inter­
mediate between those of the all-oxygen crowns, which 
strongly complex alkali and alkaline earth matal ions, and


