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Abstract

Pr-doped ceria-based electrolyte for intermediate temperature solid
oxide fuel cell (IT-SOFC) was successfully synthesized by Pechini process
(citric acid process). All the Pr-doped ceria (CPO) of the formula
Ce | <PryO,.5 where x = 0.05-0.35 and those co-doped with alkaline earth of

the formula Ce(7Pr3,M;O,5, 0.01 = y =0.05 after calcination at
1500°C were ceria based solid solution. A portion of Pr’” ions doped in
ceria was oxidized to Pr*" during the calcination process at 700°C in air,

based on the Pr Lz-edge x-ray absorption near-edge spectra (XANES). As

a result, lower number of oxygen vacancies was created in the samples
than that expected from the original doping ratios. By using AC
impedance spectroscopy, Ceg;Pro30,5 (30CPO) was found to give the
highest conductivity of 0.0668 Scm™, which was higher than 0.0316 Scm’'
for Ce(3Gdy,0,.5 (CGO) and 0.041 Sem™ for Cey,.Sm,O,.5 (CSO), and the
latter two have been reported to give the highest conductivities among

ceria-based materials applied in IT-SOFC. Alkaline earths were co-doping
3



to CPO to reduce the cost of the materials. It was found that the crystalline
phases and the oxidation states of Ce and Pr were not affected by the
co-doping. Among them, Cey;ProosMgo020,5 gave the highest
conductivity. The Mg co-doping material also showed high stability in
reducing environment.

We also tried to assemble single cell. Comparison was made on the
CGO electrolyte powders in diameters of 10 and 22 nm prepared by citric
acid method with and without auto-ignited process, respectively. The
anode and cathode were 60wt%-NiO/CGO and LajgSry,CopsFep,05.5. By
using anode-supported method with the aid of flour, the resultant ITSOFC

gave peak power density (PPD) and open circuit voltage (OCV) of ~250
mA/cm” and ~0.76V at 700°C using 5 ml/min 100%H, as the fuel under
static air. The PPD and OCV were raised to 504 mA/cm® and 0.82V using

50 ml/min 100%H, and 90 ml/min 100%0, instead of air.

Keywords : intermediate temperature, solid oxide, fuel cell, ceria, assemble,

single cell
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Fig. 2-1. Schematic diagram showing the general operating principles of a SOFC [1]
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Fig. 2-2. Scheme of the cathode/electrolyte electrochemical reaction
system [10].
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Fig. 2-3. Ideal and actual fuel cell voltage-current characteristic [11].
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Fig. 3-1. Scheme of the electrochemical testing system.
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Figure 4-1. Powder XRD patterns of CPO and CPMgO, sintered at
1500°C for 14h.
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Figure 4-2. Lattice parameter as a function of x and y in Ce;Pr,O,5 and

Ceo.7Pro3,Mg,0,; sintered at 1500°C for 14h, respectively.
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Figure 4-3. Ce and Pr Ls-edge XANES of Ce,,Pr,O,; after different

treatments, in comparison to those of standard oxides.
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Figure 4-4. Conductivities of Ce;Pr,O,, x = 0.05-0.4, as a function of
x at 400-700°C 1n air.
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Figure 4-9. The PPD and OCYV versus flow rate of 100%H, of single cell
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fine-CGO powders as electrolytes in Sml/min 100%H, and static air at

700-C.
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Study of Pr doped Ceria based Electrolytes for ITSOFC
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Pr-doped ceria materials were synthesized by Pechini method
using citric acid as chelating agent, and the resultant materials
were examined for possible application as electrolyte in ITSOFC.
The XRD patterns of Pr doped ceria with the formula Ce; <PryOa;
(abbreviated as xCPQ) showed that all the samples with x < 35%
were fluorite-type solid solutions. The Pr Lz-edge XANES profiles
of xCPO after calcination at 700°C and sintering at 1500°C were
similar to that of PrgOy;. For 30CPO, the Pr*"/(Pr’ +Pr*") molar
ratio determined by XPS profile analysis was ca. 57%. These
results implied that the number of oxygen vacancies created in the
samples was lower than originally expected. Among the doped
samples with x 5-40%. 30CPO gave the highest conductivity of
0.067 S/cm, which exceeded those of CGO and CSO. Moreover,
with Mg co-dopant the conductivities were enhanced, while the
contrary was seen with Ca co-dopant.

Introduction

Llectrolyte is the key component of solid oxide fuel cells (SOFCs). Stabilized
zirconia has been investigated extensively as the electrolyte material (1-7); however,
stabilized zirconia electrolytes have to be operated at about 1000°C to achieve high oxide
ion conductivity. At such high operating temperatures, cell performance and stability may
decrease due to severe interfacial interactions or cracking between interconnector and
electrolyte, electrolyte and electrodes, or electrodes and interconnector. In order to lower
the operation temperature, several other solid materials have been studied and used as
electrolytes, such as doped Bi;O;, CeO; and LaGaO; materials (8-14). Among them,
doped ceria is considered one of the most promising as the electrolyte for intermediate
temperature solid oxide fuel cells (ITSOFCs), which can be operated at 500-700°C.
Among the doped ceria electrolytes, the highest conductivities were obtained on materials
doped with 10-20% Gd (termed as GDC or CGO) or Sm (termed as SDC or CSO) (10-
12). In addition to singly doped ceria, many studies have been carried out on co-doped
samples (15-20). Among the various co-dopants, it has been shown that CGO or CSO co-
doped with small amount of Pr exhibited better conductivities than singly doped ceria
(15,16,22). CepsGdgo.xPrvO72.5 was found a little better than CegsGdy207.5 In both anti-
reduction and ionic conductivity at 700°C (16). In 2005, Liu and coworkers also reported
that a little amount of Pr co-doped with CSO could enhance ionic conductivity (22).

The singly Pr-doped ceria materials (CPO) have been reported to have applications as
catalysts, as well as cathode and electrolyte materials for SOFCs (23-28). The Pr-doped
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ceria materials examined as electrolytes were prepared by either conventional solid state
reaction or hydrothermal method. The optimal ionic conductivity obtained by Pr-doped
ceria has been close to but still lower than Gd or Sm-doped ceria (26-28). The Pechini
method (29, 30), based on polymeric precursors, can be used to prepare mixed metal
oxides of single phase without high temperature calcination with good stoichiometric
control as well as reproducibility. The present study focuses on the preparation of Pr-
doped ceria by the Pechini method and investigation of their efficiencies as electrolytes
for ITSOFCs. Moreover, in order to lower the cost of raw materials and to increase the
oxide vacancies, co-doping CPO with alkaline earth metals was also studied.

E perimental

The starting materials were the nitrate salts of reagent grade (Acros) and used as
purchased. The aqueous solutions of each metal ion of ce*', pr't, Mgg‘ and Ca®" were
prepared by dissolving the nitrate salts in diluted nitrate acid and diluting them to desired
concentrations. An aqueous solution of citric acid (CA) and polyethylene glycol (PEG) in
a CA/PEG weight ratio of 60 was also prepared and termed as CP solution. According to
the composition of the electrolyte material, different volumes of metal nitrate solutions
were taken and mixed in a beaker. Then, CP solution containing citric acid of equal molar
number to the total number of the metal ions in the beaker was added. The mixed solution
was evaporated under stirring at 80°C until the solution became gelled. The gel was dried
at 100°C, ground and calcined in air at 700°C for 4 h. The calcined sample was ground to
fine powder and uniaxially pressed under 10 ton pressure into a green pellet using a
stainless steel die with 13 mm diameter. The green pellet was further sintered at 1500°C
for 14 h in air to form dense pellet. For structural analysis, the dense pellet was ground to
powder again and a small amount of quartz powder was added as peak position reference.
The X-ray diffraction (XRD) patterns were taken using a PANalytical X-ray
diffractometer (Cu Kay, 45 kV, 40 mA). For conductivity measurement, Ag paste was
brushed onto both sides of the dense pellet, and then sintered at 800°C for 30 min to form
Ag electrodes. Ag wire was attached to the electrodes using Ag paste and sintered again
at 800°C for 30 min. Impedance was measured using the two-probe method with a
Autolab Impedance Analyzer in the frequency range of 0.01 Hz~1 MHz and with a
voltage amplitude of 50 mV. The measurements were taken at constant temperatures
within 400~700°C in air (50 sccm).

Results and Discussion

Characterization of Crystal Structure

The Ce «PryO5 was abbreviated as xCPO, where x was the molar percentage of pr
in the range of 5 to 40. All the xCPO materials with x < 0.35 sintered at 1500°C for 14h
were fluorite-type solid solutions, as shown in Figure [. When the Pr content was
increased to 40%, PreOq; phase was observed in addition to fluorite structure. Figure 2
reveals the lattice parameter of xCPO materials as a function of Pr content. The lattice
expands with Pr content, due to the substitution of Ce*" ions by Pr'” of larger ionic radius
(1.11 A vs. 1.266 A) (31). The variations in the crystalline structure and lattice parameter
of CPO as a function of Pr content were similar to those synthesized by the hydrothermal
method reported by Shuk and Greenblatt (28).
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Figure 1. Powder XRD patterns of Ce;.<PryOx5, sintered at 1500°C for 14h, wherein

x=0.05~0.4.
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Figure 2. Lattice parameter as a function of x in Ce.«PryOy; sintered at 1500°C for

14 h.

Oxidation State of Pr

Oxidation states of Ce and Pr in CPO compounds were investigated by X-ray
absorption near-edge spectroscopy (XANES) technique at beamline 17C of National
Synchrotron Radiation Research Center (NSRRC), Taiwan. The Ce and Pr Lji-edge
XANES spectra of CeO,, PryO; and PrgO;; were also taken as the references and are
shown in Figure 3a. All the CPO compounds have similar XANES spectra as that of
PrgO1 (Figure 3b). Both Ce and Pr in the synthesis precursors were in 3+ valence.
However, a mixed valence of 3+ and 4+ was observed for Pr and only 4+ valence for Ce
in the CPO compounds after they were sintered at 1500°C for 14h. In other words, all the
Ce ions were oxidized from 3+ to 4+, while only a portion of the Pr ions was oxidized
from 3+ to 4+. Similar phenomena were also observed by Rambabu, ef al. (32). Since the
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final electrolyte material went through three heating treatments: drying at 100°C
calcination at 700°C and sintering at 1500°C during the synthesis process, the changes in
the oxidation state after these heating treatments were examined. Figure 3¢ shows the
XANES spectra of sample 30CPO after various heating treatments. The spectrum of as-
made 30CPO was similar to that of Pr;Os, while those after calcination and sintering
were similar to that of PrgO;;. These results imply that a portion of Pr’’ jons doped in
ceria was oxidized to Pr*’ during calcination at 700°C. As a result, much lower number
of oxygen vacancies was created in the samples than would be expected from the original
doping ratio.
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Figure 3. Ce and Pr L;-edge XANLS of Ce;,Pr,0,; after different treatments, in
comparison to those of standard oxides.

The exact Pr*'/(Pr* + Pr*') ratio in the Pr-doped ceria material was determined by
analyses of XPS (X-ray photoelectron spectroscopy) profiles. Figure 4 shows Pr 3d
spectra of Pro0Os, PrgOq; and sample 30CPO after sintering at 1500°C for 14 h in air. The
spectra are basically similar to those reported in the literature (33-35). The spectra of
PrsO1; and 30CPO were deconvoluted using Voigt line profiles and a combined
polynomial and Shirley-type background. According to the analysis by Borchert et al.
(35), three spin-orbit split doublets labeled a/b, a'/b’, and a"/b” were found in the
spectrum of PrgOq. The 3da2 sublevel gave an additional feature labeled "t"’, which was
explained by a multiplet effect (36). Furthermore, at the high-binding-energy side, a
strong oxygen Auger peak was seen. The doublet a’/b"” has been absent in the spectrum
of Pr,O4, and therefore is assigned to Pr*" ions. However, the doublets a/b and a'/b’ were
present in both Pr,O; and PrO,, and they could not be assigned to either 3+ or 4+
oxidation state (36). The pr N Prit+ Pr4‘) ratio was estimated using the equation reported
by Sinev et al. (33).

[P )/[Pr*" +Pr*" )= 1- area(a”)/0.28area(a’) [1]

Accordingly, the P /(P + Pr*Y) ratios for PreOq; and 30CPO were 42.2% and
56.7%, respectively. Theoretically, the Pr3',-"(Pr3'+ Pr4') ratio for PrgO11 should be 33.3%.
Therefore, the ratios estimated from equation [1] are probably overestimated.
Nevertheless, these results imply that about a half of the Pr ions was oxidized to 4+ after
the calcination and sintering processes.
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Figure 4. Pr 3d XPS spectra of (a) 30CPO after sintering at 1500°C for 14 h in air
Pr,0; and PrqOyy, and the deconvolution analyses of the spectra of (b) 30CPO and (c
PI‘(;OH.

Conductivities

Figure 5 shows the conductivity (in S/em) of xCPO measured at 400-700°C in air a
function of x. It was found that the conductivity of CPO materials increased w
increasing the Pr content. The maximum conductivity of 0.067 S/cm was obtained
30CPO at 700°C. This conductivity value is higher than that of CGO (Gd-doped cer
and CSO (Sm-doped ceria), which are considered to give the highest conductivity amo
the electrolyte materials for ITSOFC (10, 11). Similar trend in increasing conductiv
with Pr content up to 30% was also observed by Shuk and Greenblatt (28), where t
CPO solid solutions were synthesized by the hydrothermal method. In comparison to t
conductivity (a790ec of 0.014 S/em) of 30CPO prepared by the hydrothermal method (2
its counterpart prepared by the Pechini method in the present study has a conductiv
(G700°c ~ 0.067 S/cm) about five times higher. However, the conductivity was found
drop rapidly when the Pr content was greater than 30%. Since CPO with 35% Pr contc
is still a solid solution of fluorite structure, these results are elucidated by two possil
reasons: one is the decrease in movable oxide concentration as the oxygen vacan
increases; the other is the increase in difficulty of oxide transportation as the latti
expands with Pr content. On the other hand, the presence of an optimal Pr content in {
conductivities of xCPO solid solutions also indicates that the contribution of electroi
conductivity to the overall conductivity in air should be negligible. The relatively hi
doping Pr content (30%) to achieve maximal oxide ion conductivity of CPO,
comparison to those of CGO and CSQO, is attributed to that about a half of the Pr dopai
is oxidized to 4+ valence. As a result, the oxygen vacancies formed in the fluorite latti
should be only a half of the expected value based on the Pr content.

6.5 M
501 —m—a00°c /
' —0—500°C

5 45] —&—B00°C
4.0 ——700°C

conductivity (*10°S.cm™)
N oW
W o
1 1

-0.5
0.00 DDS 010 015 020 025 030 035 040 0.45

Figure 5. Conductivities of Ce|xPry025, x = 0.05-0.4, as a function of x at 400- 700°C
in air.
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Influence on Alkaline Earth Co-dopants

In order to reduce the cost and increase the oxygen vacancies, alkaline earth metal
ions were co-doped to CPO materials. Since 30CPO gave the highest conductivity among
the Pr-doped ceria. The alkaline earth co-doped CPO malterials were basically replacing a
small portion of Pr in 30CPO by either Mg or Ca. The materials formulated as CegPry3s.
yMyO2.5. were abbreviated as x,y-CPMO, where x was the molar percentage of Prand y is
that of alkaline earth metal. The structure of CPMO materials with Mg up to 5% and Ca
up to 10% were all fluorite type solid solutions, characterized by the XRD patterns shown
in Figure 6. Figure 7 compares the conductivity performance of CPMO and CPO
materials. Based on the equal amount of dopants, the preliminary results revealed that
28.,2- and 29,1-CPMgO samples which were CPO co-doped with 2% and 1% Mg, gave
higher conductivities than 30CPO, while those co-doped with Ca gave lower
conductivities than 30CPO, or even lower than 25CPO. Because Mg” has lower
oxidation state than Pr’" or Pr*", and smaller radius (].03;&} than that of Pr*’ (1.1 ]A}.
I\a’IgE' can well dissolved in the fluorite lattice and more oxygen vacancies were expected
in 28.2- and 29,1-CPMgO than in 30CPO. In contrast, Ca® (1.26A) has larger radius than
Pr* (1.11A). and co-doping Ca may result in longer distance between oxygen-oxygen
vacancies. As a result, the oxide transportation is more difficult in CPCaO than in either
CPMgO or CPO materials. Thus, the conductivities of CPCaO were lower than those of
CPMgO and CPO.

[1:CPMO, M= Mg, Ca
¥ : Quartz
v v
- I L TR L 20,10-CPCa0
3 | Ny J o n d_u y . 24,6-CPCSO
= . 1 I ol L 282-CPCa0
c
15} ] l A - -
g l 25,5-CPMgO
) L Nt L 26,4-CPMgO
L 1 " " 273-CPMgO
A ] L . A . 28,2-CPMgO
] | | . . 29,1-CPMgO
— T L T (— — 1 — T I T
20 30 40 50 60 70 80 90 100 110

20 (degree)

Figure 6. Powder X-ray diffraction patterns of Ceq;Pro3,My;0Os5 M= Mg and Ca,
sintered at 1500°C for 14h in air.

Conclusions

Pr-doped ceria materials were successfully prepared by Pechini method and used as
electrolytes for ITSOFC. The Ce ions in Pr-doped ceria materials were all oxidized from
3+ to 4+ during the calcination process, while only about a half of the Pr ions was
oxidized based on the XPS analysis. Thus, the oxygen vacancy concentration created by
Pr-dopant was only a half of the original doping value. The CPO materials doped with up
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—=—29,1-CPMg0
| —e—282-cPMgo
;] —~—282-CPCa0

8-
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Figure 7. Comparison of the conductivities of CPO, CPMgO and CPCaO at 400-
700°C in air.

to 35% Pr were solid solutions of fluorite structure. The optimal conductivity of 0.067
S.cm™ was observed at 700°C in air on CPO doped with 30% Pr. That conductivity value
was about five times higher than that of counterpart material prepared by the
hydrothermal method (28). The presence of an optimal Pr content in the conductivities of
xCPO solid solutions indicates that the contribution of electronic conductivity to the
overall conductivity should be negligible. Preliminary results also revealed that the
conductivity could be further enhanced by co-doping with small amount of Mg*". Ir
contrast, co-doping with Ca®" would decrease the conductivity.
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