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Abstract. Ce0.8Gd0.2−yPryO2−δ (y = 0–0.05) and Ce0.8Gd0.2−ySmyO2−δ (y = 0–0.05) SOFC electrolyte mate-
rials were prepared using a reverse-strike co-precipitation method. The resulting powders were characterized using
X-ray diffraction, Raman spectroscopy and electrochemical methods. XRD confirmed a single fluorite phase for all
compositions. Increased Pr and Sm dopant level was found to cause a shift in the peak positions to slightly higher
d-spacings with respect to pure CeO2. The experimental lattice parameter was calculated using the peak positions
determined from the XRD patterns. Raman spectra, for all dopant levels, showed two distinctive band features,
namely a band at ca. 460 cm−1 and a broader, weaker band at ca. 570 cm−1. As the proportion of praseodymia
dopant is increased, the oxygen vacancy band shifts to a slightly lower wavenumber and decreases in relative inten-
sity to the F2g band. However, an anomaly occurs at the 1% dopant level; the oxygen vacancy band having a very
low relative intensity. The conductivity was determined using AC—impedance spectroscopy, and it was found that
for praseodymia, a maximum is observed at y = 0.015, while for samaria the maximum is observed at y = 0.01. It
is also observed that the ionic conductivity for the samaria doped samples are lower than those of the praseodymia
doped samples.
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Introduction

Stabilized zirconia has been the traditional solid elec-
trolyte material used for high temperature solid ox-
ide fuel cells (SOFC); operational temperature for yt-
tria stabilized zirconia is typically 1000◦C, having an
ionic conductivity of approximately 0.1 S/cm [1]. In
order to achieve higher SOFC power densities and bet-
ter longevity through lower operating temperatures, al-
ternative electrolyte materials are under investigation.
To date doped ceria electrolytes have shown promise
as new intermediate temperature electrolyte materials.
Doped ceria electrolytes have been reported as hav-
ing much higher ionic conductivities than stabilized
zirconia [2–5]. Substitution of the Ce4+ cation with
aliovalent cations results in the incorporation of oxy-
gen vacancies for charge compensation in the lattice
structure. CeO2-Sm2O3, [2, 6] CeO2-Gd2O3 [3–5] and
CeO2-Gd2O3-Pr6O11 [4,7], for example, have been ex-

amined and have shown to have excellent potential as
electrolytes in SOFCs. Maricle et al. [4] studied the ef-
fect of the addition of praseodymia to gadolinia doped
ceria in order to extend the ionic domain boundary.
The authors found that the ionic conductivity was en-
hanced, and the oxygen partial pressure below which
n-type conductivity became significant was lowered
by two orders of magnitude with respect to gadolinia
doped ceria. Lubke and Wiemhofer [8] also investi-
gated the effect of praseodymia in CeO2-Gd2O3(CGO),
and again found an increase in the overall ionic con-
ductivity. It was found that the addition of Pr increased
the grain boundary conductivity and hence the overall
ionic conductivity and that this increase was postulated
as being due to the reduction of dopant segregation at
the grain boundaries.

Huang et al. [9]. also investigated the effect of
praseodymia doped CeO2-Sm2O3 (CSO), which at
equivalent dopant levels is equal to or possibly superior
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to CGO [10]. The authors found that an increase
in the conductivity occurred with praseodymia dop-
ing, due to an increase in the electronic conductiv-
ity, while the ionic conductivity remained unchanged.
Further, the work by Shuk and Greenblatt [11] on
praseodymia doped ceria showed that while the ad-
dition of praseodymia increased the ionic conductiv-
ity, there was still significant electronic conductivity.
This was expected as it is known that praseodymia ex-
hibits mixed valency [12] at atmospheric pressure, and
hence an equilibrium would exist based on the oxygen
partial pressure. Steele [13] commented on the results
of Huang et al. [9], and questioned whether the addi-
tion of the praseodymia to high purity gadolinia doped
ceria gave any benefit, since grain boundary conduc-
tivity is influenced by impurities, fabrication method
and processing variables. Thus, praseodymia poten-
tially influences the grain boundary conductivity of the
materials which in turn may be affected by the dif-
ferences in impurity levels and fabrication methods.
Raman spectroscopy has been used to investigate the
structure of undoped and doped ceria materials, giv-
ing information of the phase and the defect chemistry
of the material. For example McBride et al. [14] stud-
ied rare earth doped ceria using Raman spectroscopy.
For the fluorite symmetry a single Raman allowed
mode (F2g) is observed. For pure ceria, this mode oc-
curs at ca. 465 cm−1 while it is observed to shift to
lower wavenumbers with doping as shown in Table 1.
Table 1 summarizes the Raman band positions of the

Table 1. Raman band positions for undoped and doped ceria.

F2g band Defect induced
Composition position (cm−1) Raman bands (cm−1) Ref.

CeO2 468 [15]
CeO2 465 [15]
Ce0.95Gd0.05O2−x 460 555, 595 (V..

O) [15]
Ce0.90Gd0.10O2−x 460 549, 592 (V..

O) [15]
Ce0.85Gd0.15O2−x 460 545, 593 (V..

O) [15]
Ce0.80Gd0.20O2−x 462 539, 594 (V..

O) [15]

Ce0.96Y0.04O2−x ca. 460 540, 610 (V..
O) [15]

Ce0.82Y0.18O2−x ca. 460 540, 610 (V..
O) [15]

Ce0.96La0.04O2−x ca. 460 540, 600 (V..
O) [15]

Ce0.96Zr0.04O2−x ca. 460 590 (V..
O) [15]

Ce0.80Pr0.20O2−x 458.6 570 (V..
O) [14]

Ce0.90Tb0.10O2−x 462.1 [14]
Ce0.85Gd0.15O2−x 464.2 [14]
Ce0.90Eu0.10O2−x 464.5 [14]
Ce0.80Nd0.20O2−x 461.8 [14]
Ce0.80La0.20O2−x 458.5 550 (V..

O) [14]
Ce0.80Sm0.20O2−x ca. 460 540-600 (V..

O) [16]

F2g and defect induced bands observed for undoped
and doped-ceria materials. Secondary bands at ca. 500–
600 cm−1 have been attributed to defect induced Raman
shifts, namely due to the oxygen defects [15]. For
Y3+ doped ceria, four type of oxygen defects have
been assigned [15] to the fluorite lattice. These may
induce Raman shifts in the spectrum of yttria doped
ceria.

Moreover, Mineshige et al. [16] observed an in-
crease in the relative intensity of the oxygen vacancy
bands, in the range 540–600 cm−1, for Ce0.8Sm0.2O2−δ ,
with decrease in oxygen partial pressure. There is a di-
rect relationship between the vacancy band area and the
oxygen partial pressure,upon annealing; these results
are also summarized in Table 1.

In this present study we will examine the affect
on the structure and conductivity of Ce0.8Gd0.2O2−δby
double doping with praseodymia and samaria, using
X-ray diffraction, Raman spectroscopy and ac-
impedance spectroscopy.

Experimental

Ce0.8Gd0.2−yPryO2−δ (y = 0–0.05) and Ce0.8Gd0.2−y-
SmyO2−δ (y = 0–0.05) powders were synthesized
using a reverse-strike co-precipitation method, as de-
scribed by Van herle et al. [17]. Stoichiometric quan-
tities of the required metal nitrates (Aldrich all greater
than 99.9% pure) were dissolved in distilled water
and stirred to form an aqueous solution of 1 M to-
tal metal ion concentration. The nitrate solution was
added drop-wise to 0.06 M oxalic acid (adjusted to
pH 6.7–6.9 using ammonia solution). The precipitant
was maintained in the pH range of 6.7–6.9 by addi-
tion of further ammonia solution during the nitrate ad-
dition. The resultant precipitate was filtered, washed
with de-ionized water and isoproponal, and finally oven
dried.

Calcination was performed at 700◦C for 1 h fol-
lowed by uniaxial pressing at 14 MPa to form a pellet
(14 mm diameter) and wet-bag isostatic pressing at
200 MPa. 3 wt% oleic acid was added to the powder,
using a milling process for 12 h, to increase the green
compact strength of the pellet.

Sintering was undertaken at 1300–1600◦C for 2–
10 h. All samples had percentage theoretical densi-
ties greater than 96%, as observed using the standard
Archimedes method. All measurements were per-
formed on samples after equilibrating in air at 1200◦C
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for 2 h. Powder X-ray diffraction was performed on
the samples using a Philips X’Pert diffractometer us-
ing Cu Kα radiation. Philips analytical software was
used for instrument control and data acquisition. Peak
positions were determined from fitted profiles obtained
using Philips ProFit software. Crystallite size measure-
ments were performed using the (400) peak, a step size
of 0.005◦2�, and a scan time of 1.25 seconds per step.
The software obtained half width values from which
the crystallite size was calculated. Lattice parameters
were determined from the peak positions in the XRD
patterns and refined using UnitCell software. High tem-
perature XRD measurements from 500–1000◦C were
performed using a high temperature camera (HTK-16
Anton-Paar) fitted to the Philips X’Pert XRD.A plat-
inum strip heating filament was used equipped with
two Pt-Pt10%Rh thermocouples.

Particle size analysis was performed on the powders
using a Mastersizer S lazer diffraction system (Malvern
Instruments) equipped with a MS17 sampler, using wa-
ter as the dispersant.

Raman spectroscopy was performed on the sintered
pellets using a Raman spectrometer (System 2000 Ren-
shaw), equipped with a microscope stage for analyzing
small samples with 180◦ incident geometry. A 782 nm
near infrared laser line, with an 8 mW incident power
was employed to excite laser Raman spectra. Spectra
were obtained using an uncoated Olympus x50 objec-
tive lens with spectra being the average of 5 scans at
60 seconds per scan.

Impedance spectroscopy was performed on the sam-
ples using a Solatron 1260 Impedance Gain-Phase an-
alyzer from 0.1 Hz to 10 MHz, with 10 mV AC am-
plitude applied. Zplot©R software was used to control
the system, while Zview©R program was used to collect
and analyze the data. The compacts used in the mea-
surements were coated on both sides with platinum
ink and sintered at 1000◦C for 1 h. Analysis was per-
formed on the samples as a function of both tempera-
ture (between 300–600◦C) and oxygen partial pressure.
Change in oxygen partial pressure was performed using
calibrated N2/H2 and H2/water. Changes in oxygen par-
tial pressure using the H2/water systems was performed
by bubbling hydrogen through a temperature controlled
gas bubbler and using heated gas lines to the cell to pre-
vent condensation occurring. Samples were given an 8
h equilibration time between each measurement, and a
number of measurements were performed at the same
oxygen partial pressure to ensure that equilibrium had
occurred.

Results and Discussion

In this work we will use the following terminology;
CGP and CGS stand for Ce0.8Gd0.2−yPryO2−δ and
Ce0.8Gd0.2−ySmyO2−δ respectively, while the number
stands for the dopant concentration of y (0.005, 0.01,
0.015, 0.03, 0.05 stand for y = 0.005, 0.01, 0.015,
0.03 and 0.05 respectively). Thus, CGP03, for exam-
ple, means Ce0.8Gd0.17Pr0.03O2−δ , while CGS05 means
Ce0.8Gd0.15Sm0.05O2−δ .

Figures 1(a)–1(b) shows the room temperature pow-
der X-ray diffraction patterns for Ce0.8Gd0.2−yPryO2−δ

(a)

(b)

Fig. 1. (a) Room temperature powder X-ray diffraction patterns for
Ce0.8Gd0.2−yPryO2−δ (y = 0–0.05). (b) Room temperature powder
X-ray diffraction patterns for Ce0.8Gd0.2−ySmyO2−δ (y = 0–0.05).
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(a)

(b)

Fig. 2. (a) The effect of lattice parameter on the value of y in
Ce0.8Gd0.2−yPryO2−δ . (b) Effect of lattice parameter on the value of
y in Ce0.8Gd0.2−ySmyO2−δ .

(y = 0–0.05) and Ce0.8Gd0.2−ySmyO2−δ (y = 0–0.05)
respectively. The patterns confirm that all the mate-
rials were single phase. Increased Pr and Sm dopant
level was found to cause a shift of the peak positions to
slightly higher d-spacings with respect to pure CeO2.
This was attributable to the dissolution of the dopant
species with a larger ionic radii than Ce4+ (0.97 Å); the
presence of these larger species (Gd3+ (1.053 Å), Sm3+

(1.097 Å) and the mixed valence species Pr4+/Pr3+

(0.96/1.126 Å)) causes expansion of the lattice [18].
Figure 2(a) shows the effect of lattice parameter on
the value of y in Ce0.8Gd0.2−yPryO2−δ . The experi-
mental lattice parameter was calculated using the peak
positions determined from the XRD patterns of the
samples, using Eq. (1), where a is the lattice parameter,
x is the dopant concentration, rm , rCe, and rO are the
ionic radii of the dopant metal ion (m), Ce4+, and O2−

respectively. The effective ionic radius of an oxygen
vacancy, rvo, was determined by Hong and Virkar [19]
to be 1.164 Å, and represents a contraction compared
to the ionic radius of the oxide ion, 1.42 Å.

a = 4√
3

xrm + (1 − x)rCe + (1 − 0.25x)rO

+ 0.25xrvo (1)

The three theoretical lattice parameter lines are
based on calculations assuming Pr to be in the Pr3+,
Pr4+ or Pr6O11 mixed valence state. It can be seen that
the experimental data falls within the range of lattice
parameters possible, though does not match any of the
theoretical values. The variance in lattice parameter is
postulated as being due to the ratio of Pr3+ to Pr4+,
which, although assumed to be constant, is potentially
a variable in this work.

Figure 2(b) shows the effect of lattice parameter on
the value of y in Ce0.8Gd0.2−ySmyO2−δ. It can be seen
that the lattice parameters determined experimentally
are lower than the theoretical values, although show a
similar trend; again dependant upon the ratio of Pr3+

to Pr4+.
Figure 3 shows the Raman spectra of Ce0.8Gd0.2−y-

PryO2−δ , y = 0.005–0.05. Spectra for all dopant levels
show two distinctive band features, namely a band at
ca. 460 cm−1 and a broader, weaker band at ca. 570
cm−1. This is consistent with the results obtained by
McBride et al. [14] for ceria doped with a single rare
earth species. McBride et al. [14] found that in addition
to the one Raman active mode for the fluorite struc-
ture, there was also a new band present in the doped
samples when compared to pure ceria. The allowed
Raman mode has F2g symmetry and occurs at 465 cm−1

in pure ceria. The additional band observed in spec-
tra of doped samples was attributed to oxygen vacan-
cies formed by doping with an aliovalent species [15].
This band was found to occur at a Raman shift of ca.
570 cm−1.

It can be seen that, in general, as the proportion of
praseodymia dopant is increased, the oxygen vacancy
band shifts to a slightly lower wavenumber and de-
creases in relative intensity to the F2g band. However,
an anomaly occurs at the 1% dopant level; the oxy-
gen vacancy band having a very low relative intensity.
This anomaly could be ascribed to an increase in the
Pr4+ oxidation state. Samples from this powder have
shown similar effects in crystallite size determination
at this dopant level (1%), as shown in Fig. 4. The de-
crease in the oxygen vacancy band intensity may be
explained by the fact that praseodymia is likely present
as a mixed valence species. Therefore substituting the
mixed valence Pr4+/Pr3+ would decrease the overall
amount of M3+ present, and hence decrease the num-
ber of oxygen vacancies introduced from charge com-
pensation. Alternatively, it could be postulated that at
the 1% Pr dopant level a critical size-charge effect oc-
curs between the Pr cation, the Gd cation and the Ce
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Fig. 3. Raman spectra of Ce0.8Gd0.2−yPryO2−δ , y = 0.005, 0.01, 0.015, 0.03, 0.05.

Fig. 4. Graph of oxygen vacancy band position compared to crystal-
lite size with change in Pr dopant percentage.

cation affecting the crystallite size and oxygen vacancy.
A shift to lower frequencies for the oxygen vacancy
band indicated a vibration associated with a lower en-
ergy. It has been observed by Huang et al. [20] that a
maxima occurs in the ionic conductivity at a dopant
level of ca 1 mol% praseodymia in CSO. This could be
postulated as being due to the cation interaction giving
rise to a weaker bonding oxygen vacancy site. Huang et
al. [20] found that 5 mol% praseodymia doping in CSO
gave a maxima in crystallite size. The maxima in ionic
conductivity for Sm-doped ceria occurs at 17 mol%
Sm, while the maxima in conductivity for gadolinia
doped ceria occurs at ca. 20 mol% Gd [21].

It can be seen that the addition of the praseodymia
has little effect on the position of the F2g band at ca.
460 cm−1, with only a slight increase at the 1 mol%
praseodymia dopant level. It should be noted that this
band (and the oxygen vacancy band) appears to be a
composite of two bands from the shoulders at ca. 475
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Fig. 5. Isothermal plot of total ionic conductivity versus dopant con-
centration at 500◦C.

and 600 cm−1 respectively. The additional shoulder
bands have been assigned to the presence of the dopant
[22].

Figure 5 shows an isothermal plot of total ionic con-
ductivity versus dopant concentration at 500◦C. It can
be seen that a maximum in conductivity is obtained
for both systems. For praseodymia, this maximum is
observed at y = 0.015, while for samaria the maxi-
mum is observed at y = 0.01. It is also observed that
the ionic conductivity for the samaria doped samples
is lower than those of the praseodymia doped samples.
At low temperatures (300◦C) it is possible to resolve
the individual lattice and grain boundary components

(a)

(b)

Fig. 6. (a) Conductivity components of Ce0.8Gd0.2−yPryO2−δ , y =
0–0.05. (b) Conductivity components of Ce0.8Gd0.2−ySmyO2−δ ,
y = 0–0.05.

of the overall conductivity, as clearly resolved arcs are
present in the complex plane impedance plots. The re-
sulting values of grain boundary and lattice conduc-
tivity are displayed in Fig. 6(a). It can be seen that
the addition of Pr has an effect on both the lattice and
grain boundary conductivities, with the grain bound-
ary conductivity affected more than the lattice. There
is an anomalous conductivity measured for the 10%Pr
(sample) grain boundary conductivity, indicating that
at this composition the Pr doping has a critical effect on
the grain boundaries. This result is in agreement with
Steele [13], namely, that with increase in Pr doping,
there is an increase in the grain boundary conductivi-
ties. However, there is also an increase in the intrinsic
conductivity of the materials with Pr doping.

(a)

(b)

(c)

Fig. 7. (a) Effect of oxygen partial pressure on the total conductivity
of ceria-gadolinia, at 800 K. (b) Effect of oxygen partial pressure on
the total conductivity of CGPO15, at 800 K. (c) Effect of oxygen
partial pressure on the total conductivity of CGSO15, at 800 K.
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Similar results were observed for the samaria doped
samples, as shown in Fig. 6(b). It can be seen that at
the 10%Sm doping level, there is a significant increase
in the grain boundary conductivity. For doubly doped
CGO with Pr and Sm, at the 10% dopant level, a critical
structural effect occurs affecting the crystallite size and
the grain boundary conductivity.

Figures 7(a)–(c) show the effect of oxygen partial
pressure on the total conductivity of CGO, CGPO15
and CGSO15, respectively. What is quite apparent is
that there appears to be no discernible effect on the ionic
domain boundary (towards n-type conductivity) with
oxygen partial pressure, as was observed by Maricle
et al. [3]. This was the case for both praseodymia and
samaria doped systems, at all levels of doping. Thus it
is quite apparent that the only effect of doping is on the
ionic conductivity,

Conclusions

1. Ce0.8Gd0.2−yPryO2−δ (y = 0–0.05) and Ce0.8-
Gd0.2−ySmyO2−δ (y = 0–0.05) electrolyte
materials were prepared using the reverse-strike co-
precipitation method. XRD confirmed a single flu-
orite phase for all compositions.

2. Increased Pr and Sm dopant levels was found to
cause a shift of the XRD peak positions to slightly
higher d-spacings with respect to pure CeO2. The
experimental lattice parameter was calculated us-
ing the peak positions determined from the XRD
patterns.

3. Raman spectra for all dopant levels show two dis-
tinctive band features, namely a band at ca. 460 cm−1

and a broader, weaker band at ca. 570 cm−1. As
the proportion of praseodymia dopant is increased,
the oxygen vacancy band shifts to a slightly lower
wavenumber and decreases in relative intensity to
the F2g band. However, an anomaly occurs at the
1% dopant level; the oxygen vacancy band having a
very low relative intensity.

4. The conductivity was determined using AC–
impedance, and it was found that for praseodymia
doped CGO, a maximum is observed at y = 0.015,
while for samaria doped, the maximum is observed
at y = 0.01. It is also observed that the ionic conduc-

tivity for the samaria doped samples are lower than
those of the praseodymia doped samples. At 10%
Pr dopant, a decrease in the grain boundary con-
ductivity is observed, however, a maxima in grain
boundary conductivity occurs for the Sm doped
samples.
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