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Ce;.,Nd, O3 (x = 0.05—0.55) solid solutions prepared by
sol-gel route were crystallized in a cubic fluorite structure.
The solid limit was determined to be as high as x =0.45. Ra-
man spectra of the solid solutions with lower composition ex-
hibited only one band, which was assigned to F,; mode. In-
creasing composition produced broad and asymmetric F,,
mode with an appearance of low frequency tail. The new
broad peak observed at higher frequency side of the F,, mode
associated with the oxygen vacancy in the lattice. The
impedance spectra of the solid solutions showed definitely ionic
conduction, and Cey g Ndy 29 O, 5 solid solution possessed a
maximum conductivity. At 500 °C, the conductivity and acti-
vation energy were 2.65 x 103S/cm and 0.82 eV, respectively.

Keywords Ce;.,Nd, 0.5, Raman spectrum, ionic conductivity

Introduction

Preparation of solid electrolytes containing rare
earth metals is a key point for solid-state electrochemical
applications.! In the last decades, several solid elec-
trolytes were developed such as ceria doped with divalent
or trivalent ions to further increase the efficiency of the
electrochemical device and to decrease the operation
temperature. This is because ceria-based solid solutions
doped with lower valence ions usually possess conductiv-
ity much higher than yttrium-stabilized zirconia (YSZ).?
The ionic conductivity for ceria-based electrolytes is
strongly dependent on the oxygen vacancy content,
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which can be effectively adjusted by doping aliovalent
ions or reducing valence of cerium ions.> The charge
compensation when introducing lower valence ions in ce-
ria lattice might be achieved by producing oxygen vacan-
cy (extrinsic vacancy) . The previous studies have shown
some percentages of intrinsic oxygen vacancies in ceria
lattice arising from the reduction equilibrium of Ce**/
Ce®*, which can much improve the ionic conduction.*
Soft chemistry routes often yield new solid solutions hav-
ing controllable valence states and defects. We have re-
cently obtained very high solid solubility and excellent
ionic conductivity in ceria based solid solutions by hy-
drothermal condition.? In this paper, we report the re-
sults about the preparation of Ce;_, Nd,0,5 solid solu-
tions by sol-gel route, the determination of the solid sol-
ubility, and the discussion of Raman spectra, oxygen
vacancy and ionic conductivity.

Experimental

The solid solutions were prepared by sol-gel route
using Ce(NO; )3 *6H,0 and Nd, 05 as the starting materi-
als. Firstly, the mixture of Ce(NO;);+6H,0 and Nd,0;
with a molar ratio of Ce:Nd = (1-z) : x (% = 0.05,
0.75, 0.10, 0.125, 0.15, 0.20, 0.30, 0.35, 0.40,
0.45, 0.50, 0.55) was dissolved into 5 mL of 1 mol/L
nitrate solution. The citric acid was added in dropwise
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into the mixture while stirring. The concentration of cit-
ric acid was controlled as the ratio of rare earth : citric
acid=1:1.2. The wet gel was formed after the solution
was mixed with magnetically stirring at 80 °C for ca. 6
h. The dry gel obtained after baking the wet gel at 150
«C for 2 h was sintered at 800 °C in air for 10 h. The
products were then pressed into $13 x 1 mm pellet under
a pressure of 8 MPa and sintered at 1100 °C for 10 h.

The structures for the solid solutions were identified
by powder X-ray diffraction (XRD) on a Rigaku, D/
max-YA 12 kW XRD diffractometer (Cu K, radiation) at
room temperature. The lattice parameters for the samples
were refined by least-squares method.

Raman spectra for the solid solutions were recorded
using a J-YT64000 spectrometer with an Ar* -ion laser.
The excitation wavenumber employed is 488 nm. The
resolution is 1 em™. Elemental analysis was performed
by energy dispersive X-ray analysis (EDX) using Elec-
tronic Microcopy (H-8100IV transition electronic micro-
copy) under an accelerated voltage of 200 kV. The mo-
lar ratios of Nd to Ce in the resulting solid solutions were
closely near to the initial ones.

The opposite sides of the pellet samples were coated
with silver paste and heated to 550 °C in air for half an
hour so as to remove completely the organic components
in the paste. The ionic conductivities for the pellet sam-
ples were measured using Solarton 1260 impedance/ gain-
phase analyzer with the altemnating current having a fre-
quency between 5 Hz and 3.1 MHz with the amplitude of
50 mV in the temperature range of 350—750 °C in air.

Results and discussion

XRD patterns for the samples obtained by sintering
the dry gels at 800 °C are shown in Fig. 1. All diffrac-
tion peaks were highly symmetric and matched well with
the diffraction data for standard fluorite structure. No
XRD peaks for the component oxide Nd, O3 were detected
(x<0.45). This result confirmed the formation of Ce;_,-
Nd, 0,5 solid solutions. At higher composition ( x >
0.45) the separation of a second phase based on Nd,0,
was observed in the magnified X-ray pattemns. XRD data
shown in Fig. 1 were indexed in a cubic symmetry. The
relationship between lattice parameter and composition x
is shown in Fig. 2. The lattice parameters of all doped
solid solutions were larger than the lattice parameter

(0.5413 nm) of pure ceria (JCPDS, 34-394) . With in-

creasing composition the lattice parameters increased,
that is in good agreement with effective ionic radii con-
sideration which effective ionic radius of Nd** ions
(0.1249 nm) is larger than that (0.111 nm) of Ce**
jons.> When the composition was higher than x =0.45,
the lattice parameters kept near the same. This result
may be related to the oxygen vacancy Vg, the localized
defect associations and solubility limit. In the ceria-
based solid solutions Ce;,Nd,0,5, every two Nd&**
dopants or Ce** ions from reduction equilibrium, Ce**/
Ce** , will generate one oxygen vacancy Vo,? the influ-
ence of oxygen vacancy on the lattice parameter is in
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Fig. 1 XRD patterns of Ce;,Nd, 0,5 (x = 0.10—0.55)
solid solutions obtained by sintering the dry gel at

800°C for 10 h.
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Fig. 2 Dependence of lattice parameter upon dopant content
of Ce,.,Nd, 0, 5 solid solutions.

an opposite way to that of ionic radii. On the other
hand, in the doped fluorite lattice there exist some
changes of the relative contents of the oxygen vacancy Vg
and the localized defect associations®*(e. g., {Ndg,
Vol and {Cec, Vo! for the solutions of Ce;.,Nd,Ops.
With the increasing composition, the number of oxygen
vacancy Vg in the solutions will first increase with com-

position, and reach a maximum at certain dopant content -

x, then the defect associations begin to form.> When «
< 0.4 the change of lattice parameter is mainly decided
by the increasing of effective ionic size. However, when
x >0.4, the influence of oxygen vacancy and the local-
ized defect associations may become predominant. In ad-
dition to the ionic size, oxygen vacancy content, and de-
fect associations, the solid solubility is another important
factor.® The previous studies have shown that rare earth
oxides are highly soluble in ceria lattice.”'® The lattice
parameter of doped ceria should follow the Vegard’ s
rule, a linear relationship between lattice parameter and
composition. The solubility limit can be determined from
the intersection between the Vegard line and the horizon-
tal line for the saturated value. In the solid solutions,
the solid limit is as high as x = 0.45. Tt is far larger
than x = 0.20 for Ce;_, Eu, 0,5 solutions by hydrother-
mal conditions.® X-ray diffraction (Fig. 3) shows no
transformation of the fluorite structure nor precipitation
phase of Nd,0; in solid solutions Ce;., Nd,Op5 (x =
0.1—0.45) after sintering at 1100 C for 10 h.

Ceria crystallizes in cubic fluorite structure with the
space group O3,(F,,3,,) . Group theory analysis of such
a crystal symmetry predicts one triply degenerate Raman

active optical phonon of T',s symmetry ( F,,) and two in-
frared active phonons of I'js symmetry ( Fy,), corre-
sponding to the LO and TO modes.!® Therefore, the
first-order Raman spectrum of CeQ, often shows only one
Raman line. The Raman spectra for the present Ce;_,-
Nd, O, solid solutions are shown in Fig.4. It can be
seen that only F,, mode is observed at ca. 465 cm™ for
lower composition. However, with increasing x , the F 2%
mode became broad and asymmetric with the appearance
of a frequency tail. It is worth to note that a new broad
peak appeared on higher frequency side of the Fy,
mode. This peak was closely related to the oxygen va-
cancy in the lattice.!! With increasing dopant content,
the Raman shift for F,, mode remained the same. This
result can be understood on the basis of the facts that
F, band corresponds to the symmetric breathing mode of
the oxygen atoms around the framework ions, and the
mode frequency is nearly independent on cation mass. 2
The dilation of lattice can cause red shifting of mode fre-
quency while increasing of oxygen vacancy content leads

to blue shift.!! The total consequence gives no obvious
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Fig. 3 XRD patterns of Ce;., Nd,Op5 (x = 0.10—0.55)

solid solutions obtained by sintering the dry gel at
1100°C for 10 h.
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Fig. 4 Raman spectra of typical Ce, ,Nd, 0,5 (x = 0.05—
0.30) solid solution.

shift of the F,, mode for our solid solutions.

The ionic conductivity of the solid solutions was
measured by ac impedance spectroscopy. All impedance
diagrams of the solid solutions consisted of two distinct
semicircles (Fig. 5). The larger depressed semicircle at
higher frequency was due to the bulk effect, while the
smaller one at lower frequency was ascribed to the grain
boundary conduction.’® Fig. § shows typical impedance
plot for the solid solution Cey gy Ndo._zo 0,5 measured at
500 °C. The intersection of the semicircles with the real
part of the impedance (Z') axis was taken to determine
the bulk and gain boundary resistance. Here we empha-
sized the bulk conduction. The temperature dependence
of the bulk conductivity for solid solutions was shown in
Fig. 6. It is clear that the bulk conductivity data for
these solid solutions gave only one linear region and ex-
hibited Arrhenius behavior over the temperature region,
showing primarily oxide ion conduction. The ionic con-
ductivities of Ce;_,Nd, 0,5 solutions at 500 C are 1.08

x 107, 1.14x 10?, 2.65x 107, 0.503 x 103, 0.325
x10?, 0.011 x 10® S/em for x = 0.05, 0.1, 0.2,
0.3, 0.35, and 0.4, respectively. That is, ionic con-
ductivity increased gradually with increasing Nd substitu-
tion, reached a maximum at x = 0.2, and then de-
creased. The activation energy for the solution with x =
0.2 was 0.82 eV, which was much lower than that for
undoped ceria.? It is clear that some amount of Nd,0,
doped in ceria lattice would produce considerable amount
of extrinsic vacancy which significantly enhance the ionic
conduction within the solid solutions. At a lower compo-
sition, the amount of oxygen vacancies increased with x,
and therefore the conductivity increased. When composi-
tion is larger than x = 0.2, the higher concentration of
oxygen vacancies would be accompanied by formation of
defect associations {Nd¢, V] which reduces the relative
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Fig. 5 Impedance spectra measured at 500°C for sintering
the dry gel at 1100°C for 10 h.
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Fig. 6 Temperature dependence of the ionic conductivity for
Cey.,Sm, 0, _,, solid solutions.
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content of effective oxygen vacancies for oxide ion hop-
ping. Therefore, the conductivity decreased for the solid
solutions with higher composition. Similar trends have

been found in the Ce;_,Sm,0,_,; and Ce;., Ca,0,., solid

solutions .3
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