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Abstract

Apatite-type neodymium silicates doped with various cations at the Si site, Nd;(SisBO,;_s (B=Mg, Al, Fe, Si), were synthesized via
the high-temperature solid state reaction process. X-ray diffraction and complex impedance analysis were used to investigate the
microstructure and electrical properties of Nd;oSisBO,;_s ceramics. All Nd;(SisBO,;_s ceramics consist of a hexagonal apatite
structure with a space group P63/m and a small amount of second phase Nd,SiOs. Neodymium silicates doped with Mg>*+ or A+
cations at the Si site have an enhanced total conductivity as contrasted with undoped Nd;(SigO,; ceramic at all temperature levels.
However, doping with Fe® " cations at the Si site has a little effect on improving the total conductivity above 873 K. The enhanced
oxide-ion conductivity in a hexagonal apatite-type structure depends upon the diffusion of interstitial oxide-ion through oxygen
vacancies induced by the Mg> " or AI*T substitution to the Si*™ site and through the channels between the SiOy tetrahedron and Nd**
cations. At 773 K, the highest total conductivity is 4.19 x 107> S cm ! for Nd;SisMgOx ceramic. At 1073 K, Nd,(SisAlO, 5 silicate
has a total conductivity of 1.55 x 1073 S em ™!, which is two orders of magnitude higher than that of undoped Nd(SicO,5.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Yttria-stabilized zirconia (YSZ) has attracted great
attention due to its good chemical stability and high
oxide-ion conductivity as solid electrolytes of solid oxide
fuel cells (SOFCs). Nevertheless, one of the major pro-
blems in the development of YSZ electrolyte is its high
operating temperature, which may cause some negative
consequences [1,2]. In recent years, oxy-apatite-type struc-
ture with the general formula of Lng 33 ,SigO264 312
(Ln=rare-earth elements) has attracted considerable atten-
tion as a new class of ideal electrolyte materials due to its
promising benefits of low operating temperature down to
773-1073 K, enhanced long-term stability, a wide range of
material selection and relatively low processing cost.
Ln(Si04)603 (Ln=La, Nd, Sm, Gd, Dy, Y, Ho, Er and
Yb) was prepared for the first time by conventional solid
reaction [3]. In apatite-type silicates of Lnjg(SiO4)¢O3
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(Ln=trivalent rare-earth elements), the structure is built
up of isolated SiO, tetrahedra with excess oxide-ions, which
are confirmed to migrate in the conduction channel by a
complex sinusoidal pathway along the c-axis [4]. Higuchi
et al. [5,6] studied single crystal growth and oxide-ion
conductivity of apatite-type Ndg 33514054 silicates by the
floating zone method. From Nakao’s study [7], the con-
ductivity of Nd;¢SicO,7 was lower than that of La;¢SicO»;
due to the difference in the capacity of excess oxide-ion
acceptance. However, Nakayama et al. [3] investigated the
ionic conductivity of different lanthanoid silicates,
Lno(Si04)603 (Ln=La, Nd, Sm, Gd, Dy, Y, Ho, Er and
YD), and found that the ionic conductivity of Nd;¢SicO»;
was quite comparable to that of La;(SigO»7.

Many cationic substitutions were usually doped at the
La site of lanthanum silicates with alkaline-earth metals or
rare-earth elements [8] and at the Si site with Ge, Ga, Al
[9,10], and some transition metallic elements [11,12].
However, to the best of our knowledge, no studies have
been performed to evaluate the influence of doping with
Mg?*, AIP" or Fe’™ cations at the Si site on electrical
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properties of neodymium silicates. Therefore, in the pre-
sent work, structure and electrical conductivity of
Nd¢SisBO,;_s (B=Mg, Al, Fe, Si) ceramics synthesized
via the solid state reaction were investigated.

2. Experimental procedures

Nd;(SisBOy;_ 5 (B=Mg, Al, Fe, Si) ceramics were synthe-
sized by the solid state reaction process. Commercially
available Nd,O3 (Grirem Advanced Materials Co. Ltd.,
Beijing, China; purity > 99.9%), SiO, (Huijing New Materi-
als Ltd., Shanghai, China; purity >99.9%), MgO, Al,O3
and Fe,O; (Wanjing New Materials Ltd., Hangzhou, China;
purity >99.9%) powders were used as raw materials. In
order to achieve complete decarbonation and dehydroxyla-
tion, Nd,O3 powders were firstly precalcined at 1173 K for
2 h before weighing. The powders in appropriate ratios were
mechanically mixed using zirconia milling media in ethanol
for 24 h at a speed of 400 rpm, and were then dried at 373 K.
The dried powder mixtures were calcined at 1623 K for 10 h,
and were then ground by hand with an agate mortar and
pestle. Afterwards, the mixed powders were uniaxially
pressed into pellets at 20 MPa. The pellets were further
compacted by cold isostatic pressing at 200 MPa for 5 min,
and were then pressureless-sintered at 1923 K for 10 h in air.
Phase identification of sintered ceramics was determined by
X-ray diffraction (XRD, Rigaku D/Max 2200VPC, Japan)
with Cu Ko radiation. The XRD patterns were recorded in a
26 range of 10°~70° at a scan rate of 5° min~".

Electrical property of Nd;(SisBO,;_s (B=Mg, Al, Fe,
Si) ceramics was investigated by AC impedance with
four-probe method using impedance/gain-phase analyzer
(Solartron™ SI 1260, UK) combined with electrochemical
interface (Solartron™ SI 1287, UK). The wafer specimen
used for impedance measurement has a diameter of 8 mm
and a thickness of 1 mm. Electrode was daubed with
platinum paste on both surfaces of the samples, and was
then heated to 1273 K for 2 h in air in order to ensure that
the platinum paste contacts the specimen surfaces and
eliminates organic components. Measurements were per-
formed in air between 673 and 1173 K with a 50 K interval
in the frequency range of 20 Hz-20 MHz. Impedance
complex data were analyzed using the Zview 3.2c software.
Total conductivity reported in this paper is designated to
be the total electrical conductivity including grain and
grain-boundary conductivity owing to the difficulty of
accurately separating the grain contribution from the grain
boundary contribution.

3. Results and discussion

XRD patterns of apatite-type Nd;(SisBO,7_s ceramics
doped with various cations at the Si site are shown
in Fig. 1. Main diffraction peaks of various Nd;oSisBO»7_s
ceramics are identified to agree with the standard XRD
spectrum of La;(SiO,7 (JCPDS no. 53-0291), and the Miller
indices are also shown in Fig. 1. Clearly, all Nd;oSisBO»7_s

ceramics consist of a hexagonal apatite structure with a space
group P63/m and a small amount of second phase Nd,SiOs.
Under most of synthesis and sintering conditions, the second
phase La,SiOs in lanthanum silicates was also reported in a
previous study [13]. Fig. 2 shows the microstructure of
Nd;¢SisBO»;_s (B=Al, Fe, Si) ceramics. Previous studies
[14,15] proved that the cations with a large ionic radius
would substitute the La site in lanthanum silicate such as
rare-earth elements or Ba, Sr and Ca alkaline-earth elements,
while the cations with a small ionic radius would substitute
the Si site such as Al, Fe, Ga, etc. The ionic radii of Mg”,
AP, and Fe** are all smaller than that of Nd, so these
cations would substitute the Si** site. From Fig. 1, only
Nd;(SisBOy;_ s (B=Mg, Al, Fe, Si) and a small amount of
Nd,SiO5 phases are found in the spectra, no starting
materials of MgO, Al,O; or Fe,O3 have been identified in
the as-sintered samples. It indicates that the doping content
used in this investigation does not cause the presence of any
impurities such as MgO, Al,O; or Fe,O; at the grain
boundaries. Table 1 shows the lattice parameters of
NdSisBO»;_s (B=Mg, Al, Fe, Si) ceramics sintered at
1923 K for 10 h. The lattice parameters of Nd;oSisBO»7_s
(B=Mg, Al, Fe, Si) ceramics are similar to those reported in
previous study [3]. Clearly, doping with Mg>™ and AP to
the tetravalent Si*™ site in Nd;SisBO,;_s does not cause a
distinct change in the cell volume due to similar lattice
parameters of a and ¢ as compared to Nd;(SigO,; ceramic.
However, doping with Fe* ™ to the tetravalent Si*™ site leads
to a significant expansion in the cell volume. The Fe’*
substitution on the Si*™ site partly expands the SiO,
tetrahedra, which will reduce the spacing of channels between
the SiOy4 tetrahedron and Nd** cations in the hexagonal
apatite structure. The bulk densities of Nd;oSisBO>7_s
(B=Mg, Al, Fe, Si) ceramics are given in Table 2.

AC impedance spectroscopy (—Z" vs. Z') of
Nd;¢SisBO,y;_s (B=Mg, Al, Fe, Si) ceramics is measured
as a function of frequency in the temperature range of
673—1173 K in air, which is characterized by the grain and
grain boundary conductivity. Typical complex impedance
plots of Nd;(SisBO,;_s (B=Mg, Al, Fe, Si) ceramics
at 673K in air are shown in Fig. 3. The grain and
grain boundary semicircular arcs of Nd;oSisMgO,s and
Nd;(SisAlO,¢ 5 are conspicuously smaller than those of
undoped Nd;(SigO,7, which indicates that doping with
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Fig. 1. XRD patterns of NdoSisBO,;_; (B=Mg, Al, Fe, Si) ceramics
sintered at 1923 K for 10 h.
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Fig. 2. Microstructure of Nd;(SisBO,;_;s (B=Al, Fe,

Table 1
Lattice parameters of NdoSisBO,;_s (B=Mg, Al, Fe, Si) ceramics
sintered at 1923 K for 10 h.

Materials Lattice parameters (A) vV (AP
a c

Nd,(Sig027 9.632 6.802 546.447

Nd(SisMgOy6 9.621 6.814 546.148

Nd,(SisAlOs 5 9.626 6.819 547.173

Nd;oSisFeOq. 5 9.682 6.859 556.868

Mg® " or A’ cations at the Si site can significantly reduce
the grain and grain boundary resistance at 673 K.

In agreement with the fitted results, a series of capacitance
values of different frequency semicircular arcs are shown in
Table 3. The corresponding grain resistance (R,) and grain
boundary resistance (Rgp) are obtained from the fitting lines.
R, and Ry, are identified by the intercepts of high frequency
semicircles and medium frequency semicircles on the Z’ axes,
respectively. Total conductivity of Nd;¢SisBO,;_s (B=Mg,
Al, Fe, Si) ceramics at different temperatures is obtained from
the following equation

o=h/RS (1)

where / is the thickness of specimen, S is the electrode area of
the specimen surface, R is the total resistance, which includes
R, and Ry,. The total conductivity of each composition can be

Si) ceramics: (a) B=Al, (b) B=Fe, and (c) B=Si.

Table 2
Bulk densities of Nd(SisBO,;_s (B=Mg, Al Fe, Si)
ceramics sintered at 1923 K for 10 h.

Materials Density (gcm ™)
Nd,0SicO27 5.069
Nd;0SisMgOa 5.168
Nd;SisAlO% 5 5.153
NdeisFCOz@s 5.299

calculated in this way. The temperature dependence of total
conductivity for each composition is analyzed from the
following Arrhenius equation

oT =ooexp(—E/kgT) 2)

where ¢ is the total conductivity, o, is the pre-exponential
factor related to the effective number of mobile oxide-ions, E
is the activation energy for the electrical conduction process,
kg 1s the Boltzmann constant, and 7 is the absolute
temperature. Fig. 3 presents the Arrhenius plots of total
conductivity of Nd;,SisBO»7_s (B=Mg, Al, Fe, Si) ceramics.
The diffusion process of oxide-ions is thermally activated
because the straight lines are well fitted to the Arrhenius
relation. £ and o, can be calculated from the slope
and the intercept of the linear fits in the Arrhenius plots
for each composition, respectively. Activation energy E
and pre-exponential factor o, of total conductivity for
Nd;(SisBOy7_s (B=Mg, Al, Fe, Si) ceramics are shown
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Fig. 3. Typical complex impedance plots of Nd;SisBO,;_s (B=Mg, Al,
Fe, Si) ceramics at 673 K in air: (a) B=Si, (b) B=Mg, (c) B=Al, and (d)
B=Fe. The grain (G), grain boundary (GB), and electrode (E) contribu-
tions are also indicated.

in Table 4. It can be seen that activation energies of
Nd(SisBO,;_s (B=Mg, Al, Fe) ceramics are higher than
that of Nd;SigO,; ceramic.

As evident from Fig. 4, doping with Mg>* or AI’* cations
at the Si site leads to an enhanced total conductivity as
contrasted with undoped Nd;(SicO,; ceramic at all tempera-
ture levels, but doping with Fe’™ cation at the Si site has
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Table 3
Fitting parameters of the Nd(SisBO,;_s (B=Mg, Al, Fe, Si) ceramics at
673 K.

Materials R, (Q) Ry, (Q)  CPE, (F) CPE,, (F)
Nd,(Sic027 181,620 106,050 4.801 x 10™°  6.4269 x 10~°
Nd;(SisMg0a 20,950 15,695  1.511x107°  1.6378 x 10~
Nd;0SisAlOx 5 11,585 106,680 1.586x 107!  1.1552x 10~%
Nd(SisFeO,s 1,061,500 — 6.453x 107"

R,—grain resistance; CPE,—high frequency semicircle constant phase
element; Ry,—grain boundary resistance; CPEg,—intermediate frequency
semicircle constant phase element.

Table 4
Activation energy and pre-exponential factor of total conductivity for
Nd,SisBO,7_s (B=Mg, Al, Fe, Si) ceramics.

Materials Total conductivity
Activation energy Pre-exponential factor
(eV) (SKem™h)
Nd,(Sic027 0.80 6.02 x 107
Nd;(SisMg0,s 0.90 2.31 x 10*
Nd,;(SisAlO5¢ s 1.07 1.88 x 10°
Nd,SisFeOs65 1.25 3.00 x 10°
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Fig. 4. Arrhenius plots of total conductivity of Nd;¢SisBO,;_s (B=Mg,
Al, Fe, Si) ceramics.

only a little effect on improving the total conductivity above
873 K. Fig. 4 shows the highest total conductivity of
419x107°>Scem™" for Nd;(SisMgO,¢ ceramic at 773 K,
however, at 1073 K, Nd;¢SisAlO-¢s silicate has a total
conductivity of 1.55x 107> Scem ™', which is two orders of
magnitude higher than that of undoped Nd;(SicO,7, and is
comparable to the value of La;SigO,7 (5.84 x 107° Scm ™)
ceramic [16]. Total conductivity of Nd;(SisBO,;_s (B=Mg,
Al, Fe, Si) ceramics sintered at 1923 K for 10 h is given in
Table 5. In the apatite-type silicates of Lnjo(SiO4)sO3
(Ln=trivalent rare-earth elements), the structure is built up
of isolated SiO, tetrahedra with excess oxide-ions, which are
confirmed to migrate in the conduction channel by a complex
sinusoidal pathway along the c-axis [4]. From Table 1,
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Table 5
Total conductivity of Ndi¢SisBO,;_s (B=Mg, Al, Fe, Si) ceramics
sintered at 1923 K for 10 h.

Materials Total conductivity (S cm™1)

773 (K) 1073 (K)
Nd 0SigO»7 481x107° 8.90 x 10~°
Nd;SisMg0- 419%x 1073 1.25%x 1073
Nd,(SisAlO5 5 3.56x 107° 1.55x 1073
Nd(SisFeOo 5 2.73%x107° 3.80 x 107*

doping with Mg®>* and AP to the Si site in Nd;(SisBO»7_
does not cause a distinct change in the cell volume due to
similar lattice parameters of @ and ¢ as compared with
Nd,SigO»; ceramic. However, doping with Fe’™ to the Si
site leads to a very significant expansion in the cell volume.
This indicates that the Fe’ ™ substitution on the Si site partly
expands the SiO, tetrahedra, which will reduce the spacing of
channels between the SiO, tetrahedron and Nd** cations in
the hexagonal apatite structure. However, the oxide-ion
conductivity in a hexagonal apatite-type structure depends
upon the diffusion of interstitial oxide-ions through oxygen
vacancies and through these channels between the SiO4
tetrahedron and Nd** cations. Therefore, the Fe** substitu-
tion on the Si site will reduce the diffusion rate of oxide-ions
through these channels, and leads to the decrease in ionic
conductivity as contrasted with those ceramics doped with
Mg>" and AP*. In addition, the substitution of Mg>* and
AP to the Si site probably induces the formation of a variety
of oxygen vacancies in the hexagonal apatite structure, which
also expedite the diffusion process of oxide-ions [17,18].

4. Conclusions

Apatite-type Nd¢SisBO,;_s (B=Mg, Al, Fe, Si) ceramics
were prepared via the high-temperature solid state reaction
route. All Nd;oSisBO,;_s ceramics consist of a hexagonal
apatite structure with a space group P63/m and a small
amount of second phase Nd,SiOs. Neodymium silicates
doped with Mg?™ and AP’ cations have a higher total
conductivity than undoped neodymium silicates. The
enhanced oxide-ion conductivity in a hexagonal apatite-
type structure depends upon the diffusion of interstitial
oxide-ions through oxygen vacancies induced by the Mg>*
or AP substitution to the Si*" site and through the
channels between the SiO, tetrahedron and Nd** cations.
At 773K, the highest total conductivity is 4.19 x 107> S
em ! for Nd,SisMgOa¢ ceramic. At 1073 K, Nd,;(SisAlO»g s
silicate has a total conductivity of 1.55 x 107> S cm ™!, which
is two orders of magnitude higher than that of undoped
Nd]oSi6027.
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