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Ce, _Nd,O,_5 (x = 0.05 to 0.55) nanocrystalline solid solutions were prepared by

a sol-gel route. X-ray diffraction analysis showed thai (}d,O,_; crystallized in a

cubic fluorite structure. The lattice parameter for the solid solutions increased linearly
with the dopant content. The solid solubility of Ridin ceria lattice was determined to
be aboutx = 0.40 in terms of the nearly constant lattice parameters at a dopant level
larger thanx = 0.40. First-order Raman spectra for,C#&d,O,_5 at a lower dopant
content exhibited one band associated with thgrkode. At higher dopant contents,

F,y mode became broadened and asymmetric, and a new broad band appeared at the
higher frequency side of the,f-mode. This new band was assigned to the oxygen
vacancies. The electron paramagnetic resonance spectrum=fo0.05 showed the
presence of @ adsorbed on sample surfacegat= 2.02 and 2.00 and of C&with a
lower symmetry ag = 1.97 and 1.94. Further increasing dopant content led to the
disappearance of the signals fo, Olmpedance spectra showed the bulk and grain
boundary conduction in the solid solutions. The bulk conduction exhibited a
conductivity maximum and an activation energy minimum with increasing dopant
content. Cg gNd, .{O,_5 Was determined to give promising conduction properties such
as a relatively high conductivity af,o,.c = 2.44 x 102 S cni* and moderate

activation energy oE, = 0.802 eV. The variations of conductivity and activation
energy were explained in terms of relative content of oxygen vacancgiesnd defect
associations {Cg.'Va}{Nd .V}

|. INTRODUCTION of Ce*/Ce™* in the doped ceria, which might account

Solid electrolytes are crucial components for electrofOr the electronic component in the total conduction,
ger\{vhlle the'ex'tr|n3|c oxygen vacancies are contro!led by
separation membrané&nhanced ionic conductivity and the substitution of aliovalent ions for_é:*eln th_e Iatt|c_e.
highly thermal stability are two important parameters for, N general, the doped fluorite solid solutions with a
the applications of electrolytes. The electrolytes widely!@rger lattice parameter allow a higher ionic conductivity.
investigated are fluorite-type oxides such as yttrium-AS & consequence, strong correlation can be expected
stabilized zirconia (YSZ§;however doped ceria has been Petween the ionic conduction and dopant size in the fluo-
shown to be an alternative electrolyte due to its mucHit€ lattice.” Aliovalent dopants in ceria could produce
higher oxide-ion conductivity than YSZ and relative- [attice distortions due to the differences in charge and
ly high thermal stability*~® It is well known that oxide- ionic size from C&". It is reasona_ble that the lattice
ion hopping in the doped ceria is determined by thedistortions have some pronounced influences on the rela-

intrinsic and extrinsic oxygen vacancies. Intrinsic oxygent!V€ content of C&', ionic conductivity, and thermal sta-

vacancies can be produced via the reduction equilibriun!lity- Recently, we studied igdetail the preparation and
transport properties of Gg M~",0,_5 (M = Bi, Eu, Tb)

and found that (i) relative content of €& in

Ce,_Bi** 0,_; solid solutions decreased with the incre-
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solid solutions are metastable phases, which would bd88 nm. The resolution was 1 ¢m Energy dispersive
destabilized at high temperatures into fluorite phases ac<ray analysis (EDX) for the pellet samples obtained af-
companied by a partial oxidation from Thto Th**, even  ter heating at 800 °C was examined by electronic micros-
though both solid solutions contain some amounts otopy (H-8100IV transition electronic microscopy)
Ce** .2 In combination with the thermal stability and (Hitachi Ltd., Tokyo, Japan) under an accelerated voltage
relative ionic size of these trivalent dopants t¢'Cg.e.,  of 200 kV. The quantitative analysis results confirmed
0.117 nm for B?*, 0.1066 nm for E&', 0.104 nm for that the molar ratios of Nd to Ce in the solid solutions
Th**, and 0.097 nm for C¥ in 8-fold),'®it is interesting  were very near to the initial ones.
to find that the doped ceria with a larger dopant probably Electron paramagnetic resonance (EPR) measure-
has a relatively high thermal stability. To further confirm ments were performed on a Bruker ER200D spectrom-
such a trend, we selected the dopanfNdith an inter-  eter. A frequency of approximately 9.61 GHz was used
mediate ionic size (0.1109 nm) between those of'Bi for a dual-purpose cavity operation. The magnetic field
and Ed* with an aim of obtaining a series of ceria-basedof 0.32 mT was modulated at 100 KHz. A microwave
solid solutions showing both enhanced ionic conductivitypower of about 2.05 mW was employed. Reference sig-
and high thermal stability. nals of Mrf* ions in MgO crystals were used as the
Ce, _,Nd,O,_5 solid solutions by solid-state reactions standard for the precise effectigefactor value.
usually exhibit some second phases even at a dopant The opposite sides of the pellet samples were coated
level of 10 mol%, which is lower than the solid solubility with silver paste and heated at 550 °C in air for half
of the rare-earth ions in ceria lattiédn this paper, we an hour so the organic components in the paste could
prepared single-phase CeNd,O,_s nanocrystalline be completely removed. The ionic conductivity for the
solid solutions over a wide composition range by a solpellet samples was measured using Solarton 1260
gel route. The solid solubility, ionic conductivity, and impedance/gain-phase analyzer (Hampshire, UK) with
thermal stability for these solid solutions were deter-the alternating current having a frequency between 5 Hz
mined and discussed. and 13 MHz at an amplitude of 50 mV in the temperature
range of 350-750 °C in air.

[I. EXPERIMENTAL PROCEDURE

Ce,_.Nd,O,_5 nanocrystalline solid solutions were ll. RESULTS AND DISCUSSION
prepared by a sol-gel route using analytic reagent grade XRD patterns for Ce Nd,O,_s samples obtained
chemicals Ce(NQ; - 6H,O and NdO; as the starting when the dried gels were heated at 800 °C are shown in
materials. The mixture of Ce(NQ, - 6H,O and NdO;  Fig. 1, while XRD data for NgO,, (JCPDS No. 45-87)
with the molar ratios of Cg,Nd,O,_5 (x = 0.05, 0.10, are illustrated for comparison. All diffraction peaks for
0.20, 0.30, 0.35, 0.40, 0.50, 0.55) was first dissolved intaCe; _,Nd,O,_s at x < 0.4 were highly symmetric and
1 M nitrate solution. A given concentrated citric acid wasmatched well with the diffraction data for the standard
added dropwise into the mixture during stirring. The mo-fluorite structure. The average grain sizes of all samples
lar ratio of Nd to citric acid was fixed as 1.0:1.2. The wet were within a range of 23—32 nm, as they were calculated
gel was formed after the solution was mixed by magnetidrom the main peak (111) by using the Scherrer formula.
stirring at 80 °C for 6 h. A dried gel was obtained after No XRD peak was observed for the impurity phases,
the wet gel was baked at 150 °C for 2 h. The dried gebuch as the component oxidesJ8d and CeQ, by scal-
was heated at 800 °C in air for 10 h. The powderedng up the XRD patterns in Fig. 1. This result is clearly
samples were pressed into pellets with a dimensioi of different from that by solid-state reactions. In the latter
13 x 1 mnt, and then the pellet samples were sintered atase, some second phases were readily formed even at a
1100 °C for 10 h. All pellets were found to have densitiesrelatively low dopant content. Therefore, the XRD data
higher than 93% of theoretical values. in Fig. 1 for the present solid solutions could be in-

The structures for the solid solutions were identifieddexed in a cubic symmetry. With increasing dopant con-
by means of powder x-ray diffraction (XRD) on a tent, the diffraction peaks systematically shifted toward
Rigaku, D/maxyA 12kW XRD diffractometer (Tokyo, lower angles, as clearly seen in Fig. 2 by the enlargement
Japan) with Cu K radiation at room temperature. The of the peaks (220) of Fig. 1, which indicated the forma-
lattice parameters were calculated by least-squares mettien of Ce _,Nd,O,_5 nanocrystalline solid solutions.
ods using the diffraction peaks below 80°. The averagé-igure 3 shows the relationship between the lattice
grain sizes (D) were calculated from the XRD peak (111)parameter and dopant content. It can be seen that all
using the Scherrer formula. lattice parameters for Gg Nd,O,_; solid solutions were

Raman spectra of the solid solutions were obtainediarger than the value of 0.5411 nm for pure ceria (JCPDS
with a J-YT64000 spectrometer (Jobin Yvon Ltd., No. 34-394), and that the lattice parameter increased lin-
Hampshire, UK) with an Af-ion laser at an excitation of early with the increment of dopant content. At dopant
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contents higher thax = 0.40, the lattice parameter results from the cation substitution of Ridfor Ce**. It
remained nearly the constant, which indicated that theshould be noted that in the doped fluorite lattice, there
solid solubility of N&f* in ceria is probablyx = 0.40.  exist some changes of the relative contents of the oxy-
The broadening effect from the nanocrystalline solid sogen vacancy ¥ and the localized defect associatidfis
lutions probably obscure the diffraction peaks from the(i.e., {Ces. 'V} and {Nd.. 'V} for the present
second phase of N®,, due to its strongest peak being Ce,_,Nd,0,_s) with increasing dopant contents; e.g., the
very close to the main peak (111) of the solid solution ainumber of oxygen vacanciesaxMn the solid solutions
x = 0.40 (see Fig. 1). would first increase with the dopant content and reach a
For an understanding of the linear relationship inmaximum at a certain dopant content, and then the defect
Fig. 3, one should take into account the effects from thessociations begin to forfhiWhen the dopant content
oxygen vacancy ¥, relative content of C¥, and sub- was increased up t& = 0.40, the linear increase of
stitution of NdP* at Cé™ sites in the solid solutions. In lattice parameter was mainly determined by the increase
Ce,_,Nd,0,_;, every two Nd* or Ce" arising from the of effective ionic size and by the small lattice constraint
reduction equilibrium of C&/Ce&** would generate one from oxygen vacancies. Further increasing dopant con-
oxygen vacancy ¥, while localized defect associations tent abovex = 0.40 probably led to a constant content of
{Cec Ve{Nd -./V&} appeared at the higher dopant
contents. The oxygen vacancieg, ¥re expected to ex-

hibit some lattice constrairit: this is the opposite of what _
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FIG. 1. XRD patterns for Ce,Nd,O,_s nanocrystalline solid solu- 20/
tions obtained by heating the dried gels at 800 °C for 10 h. FIG. 2. Enlargement of the diffraction line (220) of Fig. 1.
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Nd**in ceria lattice, while the excess Ridvas separated with the dopant content, which was confirmed by the
in the form of N@O,, as described above. The oxygenincreased relative intensity of the oxygen vacancy band
vacancies and defect associations are determined by the the F; band shown in Fig. 4.
following Raman and impedance spectra. Our previous studies have shown that EPR technique
Typical Raman spectra for ¢gNd,O,_; nanocrystal- s efficient in identifying C&" in the bulk of ceria-based
line solid solutions are shown in Fig. 4. It can be seersolid solution$® EPR spectra for Ce,Nd,O,_s solid
that only one predominant band was observed asolutions recorded at room temperature are shown in
448 cmi* with a dopant content lower thaxn = 0.10, Fig. 5. At a dopant level ok = 0.05, the EPR spectrum
which is assigned to the,fmode. In fact, for the cubic showed four signals witlg = 2.02, 2.00, 1.97, and
fluorite structure with a space group &m3m, group  1.94, respectively. According to the literatdrethe sig-
theory predicts one triply degenerate Raman active optinal with g = 2.02 and 2.00 can be assigned to the O
cal phonon of "5 symmetry () and two infrared active adsorbed on the sample surface, which probably fol-
phonons ofl’;5 symmetry (F,).*? Therefore, the first- lowed such a path:
order Raman spectra for CeNd,O,_s should consist of
only one Raman band of,F mode. However, as shown O, (g) +€& = O, (ads)
in Fig. 4, with increasing dopant content above: 0.10, o _ '
the F,, mode broadened and became asymmetric, whild he adsorption is considered to be reversible. The for-
a new broad peak appeared at above 550'cirhis new ~Mmation of G~ could lead to a reduction in the concen-
peak can be assigned to the oxygen vacancies in tHgation of conduction electrons and hence a lowering
fluorite lattice™® Further increasing dopant content did
not lead to any obvious shift of ,F mode. It is well
known that the E; mode can be viewed as a symmetric

breathing mode of the oxygen atoms around the frame-

work cerium ions. The mode frequency should be nearly
independent of the cation maddecause the lattice ex-

pansion due to larger cation substitution would cause a

red shift of the B, mode and a blue shift of the oxygen 0,05
vacancy modé? For x = 0.05, the phonon mode of =
oxygen vacancies was very weak and could barely be

observed due to the extremely low concentration of oxy-

gen vacancies. The phonon mode began to appeasat

0.10, which could be the result of doping effects from
Nd** as well as the intrinsic reduction equilibrium of
Ce**/Ce™. The content of oxygen vacancies increased>
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FIG. 3. Lattice parameters for CeNd,O,_s nanocrystalline solid so- FIG. 4. Raman spectra for ¢eNd,O,_s nanocrystalline solid solu-
lutions as a function of dopant content. tions at room temperature.
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electronic component in the total conductivity of the with a g value of about 2.6.For the present nanocrys-
solid solutions, which would be confirmed by following talline solid solutions, the lattice distortions could be in-
impedance spectra. The assignment of the signal at aboateased with dopant content due to the oxygen vacancies
g = 1.97 remained in controversy; some authors asand larger Nd", as reflected by the lattice expansion in
signed this signal to the quasi-free electrons while other&ig. 3. Therefore, a single broad signal could be expected

assigned it to C&.2® In fact, C€" located in the lattice

for the present solid solutions at higher dopant contents.

site with an axial symmetry is characterized by the EPRn combination with others’ work?® we assigned the sig-

signal withg, = 1.96 andg, = 1.948 We also find that

Ce** in an asymmetric field gives a broad EPR signal

g=2.02 ‘,,/ /

g=2.00
x=0.10
g=2.25
x=0.20

Relative Intensity / arb.unit

x=0.40

2500 3000 3500 4000
H / Gauss

FIG. 5. EPR spectra for GgNd,O,_; solid solutions recorded at
room temperature.

nal withg = 1.97 and 1.94 to G& with a low symmetry.

When the dopant content was increasex o 0.10, as
shown in Fig. 5, the signals for €eatg = 1.94 and
those for @ atg = 2.02 and 2.00 were absent, while a
new signal with a higheg-factor of 2.25 appeared. The
signal observed a = 1.97 indicated that the solid so-
lution contained some amount of €eFurther increase
in dopant content led to weakening of the new signal at
g = 2.25 and of the C¥ signal atg = 1.97. As dis-
cussion above, the substitution of Ndfor Ce** intro-
duces oxygen vacancies to maintain the charge
equilibrium. In such a defective fluorite lattice, Rfd
could be more stable than €e while most oxygen
vacancies would probably be localized around®Noly
forming defect associations {Nd'V}, which would
lead to an increase in the coordination number of' Qe
an axial symmetry. As the content of Rfdwas larger
thanx = 0.10, great amount of oxygen vacancies were
introduced in the solid solutions, which could destroy the
axial symmetry of electronic field around €eThe sig-
nal withg = 2.25 forx = 0.10 could be associated with
the CE€™" in a distortion polyhedron of defect associations
{Cec V). When the dopant content was larger than
x = 0.30, the signal witlyg = 2.25 became very weak,
which was probably due to the reduction of relative con-
tent for defect associations {GgV s}. Accordingly, the
signal for O,” disappeared. On the other hand,
the EPR signal centered gt = 1.97 shifted to about
g = 2.00 and broadened, which indicated the strong
interactions among the defect associations {O€:}
and {Nd..'V}. Similarly, EI-Mallawany et al*” found
a broad signal ofg 0 2.00 in the EPR spectrum of
(TeD,)o.04CeD)y 05 and ascribed this signal to €e
The present results also showed the reduction equilib-
rium of Ce**/Ce&** existing in the solid solutions even at
higher dopant levels.

The ionic conductivities for Ce,Nd,O,_5 solid solu-
tions were determined by alternating current impedance
technique on the sintered pellet samples. A typical im-
pedance spectrum for gefNd, >dO,_s at 500 °C was
clearly divided into two semicircle¥ The small de-
pressed semicircle at the higher frequencies is due to the
bulk effect, and the larger semicircle at the low frequen-
cies is ascribed to the grain boundary conduction. It
should be noted that no electrode arc was observed,
which indicated the absence of the oxygen exchange
processes occurred in the interface between electrodes
and samples. Such a behavior could be due to the partial
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electronic nature of the conductivity in the ceria-basedor Ce,_Nd,O,_5 solid solutions increased from =
solid solutions arising from the reduction equilibrium of 1.12 x 102S cmi* atx = 0.10 tooc = 2.44 x 10%S
ce¥jce*.? cmt at x = 0.20. When the dopant content was in-
The intersections of the semicircles with the real parcreased above = 0.20, the ionic conductivity decreased
of the impedance (7 axis were taken to determine the continuously. By contrast, the activation energy showed
bulk and gain boundary resistance. Here we emphasizesd minimum of E;, = 0.801 eV atx = 0.20. Further
the bulk conduction in Ce,Nd,O,_; solid solutions. The increasing dopant content led to an increase of the acti-
temperature dependence of the bulk conductivity fowvation energy. The activation energy®f = 1.96 eV for
the solid solutions is shown in Fig. 6. It is clear that theceria® exactly follows such a trend. It is shown that
conductivity data for these solid solutions gave only oneCe, _Nd,O,_5 solid solution was the most conductive
linear region and followed the Arrhenius behavior overphase among all compositions in CNd,O,_; with an
the temperature regions studied. These results showednic conductivity comparable to that af = 2.8 x
that the conductivity was primarily by oxide ion and the 102S cm™* for Cg, ¢Gd, 0,5 at 700 °CZ° the best
electronic component could be negligible at higher do-conductive phase in GgGd,0,_s solid solutions***
pant contents consistent with EPR analysis. No break For a good understanding of the mechanism for the
was observed in the conductivity data up to 1000 °Cyariation trend in the conductivity data for CeNd,O,_;
indicating that Ce_ Nd,O,_5 solid solutions had a rela- solid solutions, the defect characteristics for the solid
tively high thermal stability. The conductivity at 700 °C solutions should be considered. As revealed by XRD
and activation energy obtained are given in Table |. Thenalyses, there exists some amount of oxygen vacancies
activation energy for ceria in Ref. 19 is also shown forV and defect associations {INdV s}{Ce .V} in the
comparison. It can be found that the ionic conductivitysolid solutions. With increasing dopant content o*Nd
the content of oxygen vacanciess\increased, which
accounted for the gradual increase in conductivity and
decrease in the activation energy. At a dopant level
higher thanx = 0.20, the localized defect associations
{Nd . Vel{Ce .V} formed at the expense of the mo-
bile oxygen vacancies, which accounted for the decrease
of conductivity and increase of activation energy. The
variation of the relative content of the oxygen vacancies
and defect associations could be used to explain the con-
ductivity maximum and activation energy minimum at
x = 0.20. Similar results had been found in other doped
ceria solid solutiong?

In( 6T)/ S.K.cm”

IV. CONCLUSIONS

This work reports on the solid solubility and transport
properties of Ce Nd,O,_5 (x = 0.05 to 0.55) nanocrys-
T . . talline solid solutions by a sol-gel route. It was found that
0.8 1.0 1.2 1.4 1.6 cubic Cg_Nd,O,_; solid solutions had a solid solubility

1000/T /K as high as about = 0.40. The content of oxygen va-

cancies in the solid solutions increased with the dopant
content, as was confirmed by Raman spectra. EPR spec-
tra further revealed the presence of @n the sample
TABLE I. Conductivity data ¢) at 700 °C and activation energy data gyrface and of C¥ with a low symmetry at lower dopant

o4 pOn

FIG. 6. Temperature dependence of the ionic conductivity for
Ce,,Nd,O,_; solid solutions.

() for Ce,.NdO,, solid solutions. content. C¢_Nd,O,_ nanocrystalline solid solutions

Dopant contentx) o (S cntd) E.ev) exhibited both relatively high thermal stability and en-
0.00 0 x10° 196 hanced ionic conductivity. A_mong all compositions,
0.10 112 x 10 og2a  Ce agdNdy -5 Was determined to be a good con-
0.20 2.44 x 107 0.802 ductive phase with a relatively high conductivity of
0.30 8.10 x 10° 0976  0,00-c = 2.44 x 10°S cni' and activation energy
0.35 6.96 x 10° 1071 of E, = 0.802 eV. The variations of the conductivity and
g‘gg ‘1“(1);' : 1834 iigg activation energy could be closely related to the relative
: : : content of oxygen vacanciessvand defect associations

2The activation energy for ceria in Ref. 19. {Nd . VeH{Ce . Vel in the solid solutions.
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