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Abstract

Single crystal of hexagonal apatite type Ndo.s;3
(Si04)s05 which is an oxide ionic conductor was
prepared by the FZ method and an anisotropy of its
conductivity was investigated. The conductivity of a
parallel component to a c-axis (2-1x10~% Sem~! at
30°C) was higher about one order of magnitude,
compared with that of perpendicular component.
© 1999 Elsevier Science Limited. All rights reserved
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1 Introduction

A number of oxide ionic conductors having poten-
tial applications to sensors, fuel cells and oxygen
pumps have been prepared. Among these ionic
conductors, it is well known that the fluorite
type oxides such as (ZrO;)p.9(Y203)01 (6-3 x 1074
Scm~! at SOOOC), (C602)0.79(Er203)0421 (13 x 1073
Scm~!at 500°C) and (Bi,03)0.8(Ery03)0.2 (22 x 10°
Scm~! at 500°C) and the perovskite type oxides
such as Lag.oSrg.1GagsMgp.,03 (6:3 x 1073 Sem™!
at 500°C) and BaCeysGdp,03 (2:0 x 107% Scm™!
at 200°C and 1 x 1072 Scm~! at 500°C) show the
high conductivities.'~> Besides these conductors, we,
very recently, prepared the new type oxide ionic
conductors, RExSigOj».1.5x (RE=La, Pr, Nd, Sm,
Gd or Dy; X=8-11) and found their high con-
ductivities at low temperature.® The conductivities
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of La;0SigO»7 at 200, 300 and 500°C were 1-3 x 107>,
2-4x 10~% and 4-3 x 1073 Scm~!, respectively, and
the activation energy was estimated at 62kJ mol~!.
The major phase in RExSigOj241.5x has a hex-
agonal apatite structure (space group: P6;/,,) with
a composition of REx(Si04)¢O0;.5x_12 in the range
of X=28-9-33.7 In this apatite structure, the oxygen
ions, which are not a member of the SiO,4 tetra-
hedron, are located at the 2a site of the channel
along the c-axis, and thence are responsible for the
ionic conduction, as can be seen in Fig. 1.%7 Thus,
an anisotropy of the conduction is expected
between parallel and perpendicular components
to the c-axis. An investigation of such anisotropy
by the use of single crystal will give basic and use-
ful informations about the development of new
functional materials.

In the present work, we will report the prepara-
tion of single crystal of Ndg33(SiO4)sO, by the
floating zone (FZ) method and its anisotropy of
ionic conduction.

2 Experimental

Single crystal was prepared as follows: Nd,Oj
(99-9%) and SiO, (99-9%) as the starting materials
were mixed in ethanol with a ball-mill and plastic
pot. The mixture was dried and then calcined in air
at 1500°C for 2h. After the resultant powder was
again ball-milled into fine powders and dried, a rod
was prepared under 100 MPa with the cold isostatic
press and sintered in air at 1650°C for 2 h. The sin-
gle crystal growth was accomplished at 1900°C in
the N, stream by the FZ method using an infrared
furnace, where the growth and rotation rates were
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Fig. 1. Hexagonal apatite structure proposed for Ndo.3;
(Si04)60; single crystal.®

5mm h~! and 80 rpm, respectively. Two kinds of
sample discs for electrical measurements (the con-
ductivity components parallel and perpendicular to
the c-axis of single crystal of Ndo.33(SiO4)6O, and
were manufactured from this single crystal rod,
after the crystal-axes were determined by X-ray
diffraction method. The diameter and thickness of
disc were 5 and 1 mm, respectively. After both sides
of disc were coated with Pt paste, the disc was
baked at 950°C. The electrical properties were
measured using YHP 4276A and 4277A LCZ
meters. The electromotive force, EMF, of the O,
concentration cell, O,+N,, Pt/Ndg.33(Si04)c0,
single crystal/Pt, air, was measured using an
Advantest TR8652 electrometer in the partial
pressure range of 1x10° to 8 x 10*Pa by the
method reported in the previous paper,® where the
single crystal used is the disc manufactured for the
measurement of conductivity component parallel
to the c-axis.

3 Results and Discussion

Figure 2 shows the appearance of a as-grown single
crystal of Ndg.33(SiO4)O,. The color is dark pur-
ple characteristic of neodymium(Ill) ion. It was
confirmed from X-ray diffraction measurement

10 mm

Fig. 2. Appearance of as-grown Ndy.33(SiO4)O3 single crystal.

that the single crystal is a single phase of apatite
structure with space group P63y,

Conductivities were determined by a complex
plane impedence analysis. Typical complex impe-
dence plots for the components parallel and per-
pendicular to the c-axis of single crystal of
Nd9.33(SiO4)602 and for Nd10$i6027 ceramic are
shown in Fig. 3. Hereafter, o|| and oL are defined
as the conductivity components parallel and per-
pendicular to the c-axis, respectively. In the lower
temperatures, the low-frequency plots are repre-
sented by a spur and the high frequency plots by a
semicircle which passes through the origin. When
temperature was increased, the semicircle probably
corresponding to the electrolyte itself deminished
and only a spur probably arising from electrolyte-
electrode behavior was observed. From these
results, the conductivity was determined by the
extrapolation to zero reactance of the complex
impedence plot. The conductivity data were para-
meterized by the Arrhenius equation,

oT = opexp(—E/kT)

where o, 0y, E, k and T are the conductivity, pre-
exponential factor, activation energy, Boltzmann
constant and absolute temperature, respectively.
Arrhenius plots of the o|| and oL of single crystal
of Ndo.33(Si04)cO, are shown in Fig. 4, together
with plots of Nd;oSigOy; ceramic sintered at
1750°C.¢ Table 1 summarizes the estimated elec-
trical parameters. The o] -value is higher about ten
times than the oL -value. The activation energy of
o| (defined as E|| hereafter) in the higher temp-
erature is lower than that of ol (defined EL
hereafter), though the E| -value in the lower
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Fig. 3. Complex impedance plot of Ndg.33(SiOy4)6O; single
crystal (component parallel to c-axis) at 100°C.
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Fig. 4. Temperature dependence of conductivity.

Table 1. Parameters of electrical properties

Activation Conductivity|S cm™!
energy/
W moll 100°C 300°C 500°C
Ndo.33(5104)60;
single crystal
|| c-axis 60 30) 1-5x107% 1.7x1073 6:4x 1072
L c-axis 59 (48) 1-5x1077 1-1x107% 1.3x1073
Nd;0SigO027 59 (47) — 2:1x107° 3.8x10~*
ceramic

Parentheses denote the activation energy estimated in a higher
temperature region.

temperature is equal to the £1 -value. Thus, as was
expected, an anisotropy of conductivity was con-
firmed for the single crystal of Ndg.33(SiO4)60,. It
is surprising that the present o| -value at 30°C is
2-1 x 10~® Secm~! which is higher compared with the
(Zr02)0.9(Y203)0.1, (Ce02)0.79(Erz03)0.21, (Bi203)o.5
(EI’203)0.2, Lao.g Sro.lGao.gMg0.203 and BaCeO_g
Gdy.,O5 ceramics which are known to exhibit rela-
tively high oxide ionic conductivities. Furthermore,
the of -value of the present Ndy.33(Si04)sO; is
higher, about 80-170times than that of con-
ductivity of NdSigO,7; ceramic. The appearance
of inflection point in the Arrhenius plot may be
due to the change in structures of oxygen vacancies
which are ordered at lower temperature and dis-
ordered at the higher temperature.

Table 2. Theoretical and experimental Nernstian slopes and

electron transfer number (1) for O, gas concentration cell

using Ndo.33(Si04)¢O, single crystal (disc manufactured for

measurement of conductivity component parallel to c-axis) as
a solid electrolyte

Temperature/°C Slope/mV decade™!
Theoretical (n=4) Observed n
250 2591 18-5 59
300 28-39 22-4 51
350 30-87 309 39
400 33-35 345 39
500 38:30 372 4.1

Since the o| -value is very high as described
above, the property as an O, gas concentration cell
was investigated using the cell mentioned in the
experimental section. The EMF between two elec-
trodes obeys the Nernst equation,

EMF = (RT/nF)In(Poy/Poy’)

where R, T, n, F, Po, and P, are the gas con-
stant, absolute temperature, electron transfer
number, Faraday constant, partial pressure of O,
at the measuring electrode, and partial pressure of
0, (Poy' =2-1 x 10*Pa) at the reference electrode,
respectively. Table 2 summarizes the theoretical
and experimental Nernstian slopes and the electron
transfer numbers at each temperature. The
observed EMF values are in good agreement with
the theoretical values calculated assuming that # is
4, indicating that the response must be derived
from the four electron reaction associated with O,
molecules at the electrodes above 350°C. Further-
more, the conductivity determined by the dc
method was considerably lower than that deter-
mined by the ac method. (The lower dc con-
ductivity is probably attributable to the formation
of the electric double-layer of electrolyte—electrode
boundary.) The conductivity in a moist atmosphere
was the same as that in a dry atmosphere. These
results suggest that electrons, holes and protons are
not the major charge carrier in the single crystal of
Ndo.33(Si04)605, though it can not be clarified at
present that oxide ions are the conductive ions.

Further studies of the relationship between the
electrical properties and the oxide ion vacancy or
the oxide ion concentration are in progress, in
order to understand the mechanism of oxide ionic
conduction in more detail.
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