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citric—nitrate combustion process. The thermal decomposition of the precursor was investigated
by simultaneous thermogravimetric analysis and differential thermal analysis experiments. The
phase structure of the calcined and sintered powders was characterized by X-ray diffraction
analysis. All of the samples were fluorite-type ceria-based solid solutions. The calcined and
sintered powders were also characterized by Fourier transform infrared spectroscopy. Scanning
electron microscopy was used to characterize the samples after calcination and sintering. A
relative density over 95 percent of the theoretical density was achieved after the sintering
process. Electrical conductivities of the sintered samples were measured using the 1mpeddnce
spectra method. The highest ionic conductivity value was found to be 5.28 x 107> S cm™! at
1023 K (750 °C) for GSDC sintered at 1673 K (1400 °C) for 6 hours.
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I. INTRODUCTION

THE solid oxide fuel cell (SOFCQ) is one of the most
attractive energy conversion devices because of its high
efficiency, flexibility of fuel choice, and environmental
friendliness. In general, conventional SOFC systems,
which use yttria-stabilized zirconia (YSZ) as an elec-
trolyte for their high conversion efficiency, are operated
at approximately 1273 K (1000 °C). However, at such
high operating temperatures, there are some problems,
such as interfacial reaction between the components,
mechanical and thermal degradation, thermal expansmn
mismatch, and high cost of materials..' * Therefore, it is
necessary to lower [773 K to 1073 K (500 °C to 800 °C)]
the operating temperature of the SOFCs Ceria doped
with a tri-valent cation, such as, Sm*", Gd*", and
Nd**, is a potential electrolyte for solid ox1de fuel cell
applications at temperatures below 1073 K (800 °C)
because of its apPr601able oxygen ion conductivity above
873 K (600 °C).

In particular, ceria doped with samarium oxide and
gadolinium oxide was found to have the highest
electrical conductivity at a fixed dopant level because
the corresFondln]g distortions of the ceria lattice are the
smallest.® Kim"' found that the expans1on of the lattice
deviation of the doped ceria from pure ceria would lead
to an increase of the lattice strain of doped ceria, thereby
resulting in an increase of the activation energy of
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conduction and a decrease of the ionic conductivity of
the doped ceria.

To further improve the ionic conductivity of ceria,
some co-doped ceria-based electrolytes have been stud-
ied.' ' Yamamura and coworkers!'” found that
co-doping might suppress the ordering of oxygen
vacancies and therefore lower the activation energy of
conduction and improve the ionic conductivity. More-
over, Wang and coworkers suggested that ceria
co-doped with two elements has a higher electrical
conductwlty in companson with single element-doped
ceria."? Andersson er al'*! reported that, among all
rare earth- doped cerla materlals Nd** and Sm’*
co-doped ceria or Pr** and Gd3+ co-doped ceria
should have the highest electrical conductivity. They
applied quantum-mechanical first-principles methods to
simulate the crystal structure and calculate the activa-
tion energy of oxygen vacancies within all types of rare
earth-doped ceria materials. They reached a conclusion
that the optimized dopants in ceria should have an
effective atomic number between 61 (Pm) and 62 (Sm).
Mori er all" found that the ionic conductivity of
(Lag 758r0.2Bag.05)0.175Ce0.82501 301 Was higher than that
of the single element-doped ceria. Similarly, Van Herle
et al" stated that co-doped ceria with three, five, or ten
dopants showed a considerably higher conductivity in
air than the best single element-doped material with the
same oxygen vacancy concentration. Wang et al. sug-
gested that Cegg5Gdg Mgy o501 electrolyte provides
evidence for the co- doplng method that could enhance
the ionic conductwlty However, Yoshida er all17!®!
found that ceria co-doped with La**and Y3 did not
show any synergistic effects on ionic conductivity. Thus,
inconsistent results are found in the literature on the
co-doping effect. Therefore, there is a need for further
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research to optimize the type of the dopant element and
to understand how they affect the ionic properties of
ceria.

Compos1t10n and microstructure pla?/ important roles
on improving ionic conductivity.! The ionic con-
ductivity of doped ceria increases with increasing
dopant concentration before reaching a maximum level
and then decreasing at higher dopant concentrations
because of the formation of micro-domains. At higher
dopant amounts, oxygen vacancies become associated
with the dopant cations and the oxygen-ion mobility
decreases. It has been stated that the ionic conductivity
reaches a maximum at a dopant cation concentration of
approx1matel¥ 20 mol pct, depending on the dopant
element.|

From the previous studies,| it was understood
that 10 mol pct to 20 mol pct is the critical dopant range.
Micro-domain formation is observed beyond this level
because of the high-temperature exposure. The doping
cations Sm> ", Y*", and Nd** have a tendency to form
large clusters with oxygen vacancies. For the doping
cation Er’", the critical dopant concentration was
reported to be approximately 10 mol pet to ach1eve
the best total conductivity value for ceria. When Er®™
was doped higher than 10 mol pct, an additional phase,
Er,0;, forms, and this s1tuat10n causes a decrease in the
conductivity of ceria.l”! There is a limited scope of
research that has been conducted to date regardmg Er
co-doped ceria. In our previous work,”® the Ceq s,
Gdg Erp 0301 91 compos1t1on showed the highest ionic
conductiv1t¥ Therefore, in the present study, the mol
pet of Nd°", Gd**, and Er’" dopant cations was
selected as 8 pct for the prepared concentrations. The
total dopant cation amount was kept at 20 mol pct,
having the general Formula CeqgRE(¢3Smg 150199
(RE*": Gd**. Nd**, Ef* ™),

In addition, both phase purity and relative density are
important factors for obtaining high performance
doped cerium oxide electrolytes Doped ceria powder
can be synthesized using various techmques such as
hydrothermal methods and combustion.””*!! These wet
chemical processes are able to produce ultrafine pow-
ders with narrow size distributions. Among the avail-
able wet chemical processes, combustion synthesis is
capable of obtaining an ultrafine powder of doped
cerium oxide eﬂimently and econom1cally ! Citric
acid is one of the most inexpensive organic acids and is
used as fuel in the combustion reaction. Citric acid is
known to act as a complexing agent for a number of
metal ions as it has three carboxyl groups and one
hydroxyl group.

In this study, Ceo'gEro'Ogsmo'lzol'go (ESDC),
Cep.8Gdg.0sSmy.12001.90 (GSDC), CegsNdg 0sSmg 120190
(NSDC), and CeygSmg100;99 (SDC) materials were
prepared by using a citric—nitrate combustion process
(CNC), and then the resulting materials were charac-
terized. The effect of the co-doping element on the
structural properties and on the ionic conductivity was
compared to single element-doped ceria
(Ce.8Smg 2001 90y. The purpose was to develop new
ceria-based solid electrolyte materials with further
improved ionic conductivities.

[23-25]
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II. EXPERIMENTAL

Cerium nitrate [Ce(NO3); x 6H,0, purity 99.99 pct,
Sigma aldrich], samarium nitrate [Sm(NO3); x 6H50,
purity 99.99 pct, Sigma Aldrich], erbium nitrate
[Er(NO3); x 5H,0, purity 99.9 pct, Sigma Aldrich],
and neodymium nitrate [Nd(NO3); x 6H,O, purity 99.9
pct, Sigma aldrich] were used as the starting materials.
To prepare the SDC, ESDC, GSDC, and NSDC
electrolyte samples, the nitrate salts were weighed and
then dissolved in deionized water to the desired concen-
trations. Citric acid anhydrous (C¢HgO,, Boehringer
Ingelheim) was added to the mixed nitrate solutions as a
fuel. The molar ratio of metal nitrates to citric acid was
set to 1:1. The solutions were heated and stirred on a hot
plate at 358 K (85 °C) for approximately 2 hours to
form a viscous gel. After heating for a longer time at 358
K (85 °C), the gel swelled into a voluminous light brown
foam and then auto-ignition of the light brown foam
occurred, accompanied with the evolution of a large
number of gaseous molecules. Afterwards, this foam
was kept at 573 K (300 °C) for 1 hours in a muffle
furnace, and then the powders obtained were calcined at
873 K (600 °C) for 3 hours in the muffle furnace to
remove the carbon residues and form a well crystalline
structure.

The thermal decomposition of the dried gel precursor
(a piece of viscous gel was dried in an oven at 343 K
(70 °C) for 24 hours) was investigated using differential
thermal analysis (DTA) and thermogravimetric analysis
(TGA), which were performed in the temperature range
300 K to 1073 K (27 °C to 800 °C) with an SII Exstar
6000 TG/DTA 6300 device at a heating rate of 5 K/min
(5 °C /min) in an air atmosphere.

The calcined powders were characterized by X-ray
diffraction (Rigaku D/Max-2200 PC) for phase analysis.
The average crystallite diameter of the calcined samples
was calculated by using the Scherrer method, d = K2/
p-cos 6, where K is a constant taken to be 0.9, d is the
crystallite size (nm), 4 is the wavelength of the radiation
(1.5418 A), p is the corrected peak at the full width at
half maximum (FWHM) intensity and 6 is the scattering
angle of the main reflection, (111).

Next, the calcined powders were isostatically cold-
pressed under 200 MPa to prepare green pellets. The
pellets were heated at 1673 K (1400 °C) for 4 hours in air
and then furnace cooled. Microstructural analysis of the
sintered samples was conducted using an FEI-QUANTA
FEG 450 scanning electron microscope (SEM).

To identify the crystal structure of the sintered
samples, XRD analysis was performed. The Archimedes
method was used to measure the relative density of the
sintered samples. The structural features of the calcined
and sintered SDC, ESDC, GSDC, and NSDC powders
were characterized by Perkin-Elmer FTIR (Spectrum
100) spectroscopy using the KBr pellet method over the
range 400 to 4000 cm ™'

Impedance was measured using the two-probe
method with an AC impedance analyzer (Solartron
1260 FRA and 1296 Interface) as a function of
temperature [573 K to 1073 K (300 °C to 800 °C)] in
air in the measuring frequency range from 100mHz to
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10MHz. The impedance data were analyzed using the
Zview software. Silver paste is one of the most com-
monly used conductive pastes to obtain a conductive
surface. There is no side-effect of silver electrode use for
high temperatures, e.g., 1073 K (800 °C).'1-2%3] There-
fore, silver conductive paste (Sigma Aldrich) was
applied on to each side of the sintered pellets for the
purpose of signal collection. Next, these pellets were
heated to 1073 K (800 °C) and kept at this temperature
for 30 min to produce solid silver electrodes on both
sides of the pellets. Curve fitting and resistance calcu-
lation were performed using Zview software. The
resistance data for each sample measured at different
temperatures are converted to conductivity data using
the relation shown in the following equation:

)
o= 1
A-RTotal [ ]

where [ is the thickness, Ryoal

(RTotal =
RGi (the grain interior (lattice) resistance) + RGb (the grain boundary
resistance)) 15 the total resistance and A4 is the effective
electrode area.

The temperature dependence of conductivity can be
expressed by the following equation:

o @ei(EdZAIZ?JrAHJ) [2]
T

where 7 is the temperature in K; o is the total
conductivity at temperature 7; o is a pre-exponential
factor; E, is the activation energy, and k is Boltzmann’s
constant. AH,,, and AH, denote the migration enthalpy
and association enthalpy of the oxygen vacancy, respec-
tively. oy is related to the oxygen vacancy concentration
and vibrational frequency of the lattice.

III. RESULT AND DISCUSSION

A. TG-DTA Analysis

Figure 1 shows the simultaneous TGA and DTA plots
obtained from a piece of viscous gel, which was dried in an
oven before the analyses. Gel combustion is an exothermic
reaction between an oxidizer and a fuel. Metal nitrates act as
the oxidizer, and citric acid is the fuel in this study. The TGA/
DTA curve of the dried gel precursors exhibited a wide
endothermic peak in the range 323 K to 428 K (50 °C to
155 °C), which was attributed to the loss of moisture. A weak
exothermic peak was observed at 476 K (203 °C), and
immediately after that, a sharp exothermic peak was
observed at approximately 560 K (287 °C), which indicates
the completion of combustion of the fuel (citric acid)-nitrate
precursor and crystallization of CeO,. Almost no remark-
able weight change was detected above 673 K (400 °C)in the
TG curve, which indicates the formation of crystalline
material. The same trends were also observed for ESDC,
GSDC, and NSDC samples. The total weight loss is 66.2 pct.

B. XRD Analysis

Figure 2(a, b) shows the XRD patterns of the calcined
and sintered SDC, ESDC, GSDC, and NSDC

2284—VOLUME 48A, MAY 2017

100 3
TG

80+

60

xothermic

40| oy

TG % ,mg

20 -

0 200 400 600 800
Temperature, °C

Fig. 1—TG-DTA curves of the thermal decomposition of Cey g
Smg.001 .00 precursors at a heating rate of 5 K min~' (5°C min~" in
air.

electrolyte samples. The XRD patterns show that all
samples crystallize to a single phase with a cubic fluorite
structure without any traces of Sm,Os, Er,Os, Gd,Os,
or Nd,Os. The dissolution of the Sm,Os3, Er,03, Gd,0;3,
and Nd»Os; in the cubic fluorite lattice can cause small
shifts in the ceria peaks because of the difference in ionic
radii of Ce*" (0.967 A), Sm®" (1.079 A), Er** (1.004
A), Nd>* (1.109 A), and Gd>* (1.053 A) in the lattice of
C602

This shift implies a change in the lattice parameters.
This situation confirms that all of the Nd**, Gd**, and
Er’* co-doped Sm-doped ceria electrolytes in this study
form complete ceria-based solid solutions. The lattice
parameter was in the range of 5.425 —5.430 (A) The
crystallite sizes were calculated using Scherrer’s Formula
and found to be between 12.2 and 19.3 nm.

As shown in Figure 2(b), after sintering at 1673 K
(1400 °C) all XRD peaks became sharper, indicating
improved crystallinity and lattice stability.

C. FTIR Analysis

Figure 3 displays the FTIR transmission spectra of
the calcined SDC, ESDC, GSDC, and NSDC powders
and the sintered GSDC powders.

The spectra indicate some strong intense bands at
approximately 3430 and 500 cm™ . In addition, some
weaker absorption peaks were also observed at approx-
imately 2920, 1610, 1380, and 1050 cm™". In the range of
3000-3600 cm ™', a band was attributed to the v(O-H)
vibration modes of the physically adsorbed water
molecules. The weak peaks observed at approximately
2920 and 1610 cm ™' were assigned to the w(C—H) and
0(CH,) vibration modes, respectively. These peaks
originated from the presence of atmospheric organic
components in the exposed samples during the sample
preparation process. The peak observed at 1050 cm
generally attributed to the cerium—oxygen groups, Wthh
have a greater double bond character. The broad bands
observed in the lower frequency region at 700 and 400
cm ™! are typical of Ce-O groups having a lower double
bond character and of Ce-O-Ce chains or Ce-O-R-
E*"(RE*": Er'", Nd*", Gd’", Sm +? symmetric
stretching of the metal oxide network .33

The FTIR spectrum of the GSDC sample that was
sintered at 1673 K (1400 °C) for 6 hours is shown in
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Fig. 2—XRD patterns of the calcined powders (a) and the sintered pellets (b) of SDC, ESDC, GSDC, and NSDC.

r T T T T T T T T T T

————
GSDC (1673 K 6h)

1
(873 K 3h) 07"
GSDC
3801060
1610

[ N T
NSDC (873 K 3h)

T%

ESDC (873 K 3h)

SDC (873 K 3h)

L n I L 1 I I 1 n
4000 3000 2000 1000
Wavenumber (cm'l)

Fig. 3—FT-IR spectra of the calcined powders of SDC, ESDC,
GSDC, and NSDC as well as GSDC powder sintered at 1673 K
(1400 °C).

Figure 3. After sintering at 1673 K (1400 °C), the O-H
stretching band was still observed at 3000 to 3600 cm
because of the water adsorbed during the KBr pellet
preparation process; however, it had a lower intensity.
The KBr salt can easily adsorb water molecules from the
air via hydrogen bond formation on its surface. The
FTIR spectra of the sintered sample indicated that the
peaks at 2920, 1610, and 1380 cm ™' disappeared. The
reason for this situation is thought to be the removal of
residual carbonaceous materials. The broad band that
corresponds to the cerium—oxygen bond is seen below
700 cm~'. This result provides clear evidence for the
formation of the RE (Er, Gd, Nd) and Sm co-doped
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ceria.’%) All sintered samples showed the same trend in
the FTIR results. These results are consistent with the
results from the DTA and X-ray diffraction analysis.

Figure 4 shows the scanning electron microscopy
images of SDC, ESDC, GSDC, and NSDC pellets.
After sintering at 1673 K (1400 °C) for 6 hours, all the
sintered samples were composed of nearly fully dense
structures and had uniform structure. It is clear that the
surfaces and fracture surfaces of the samples are highly
dense. This is in good agreement with the relative
density (RD) of the samples. Because of the residual
carbonaceous materials removed from the structure
during calcination, a denser material was obtained after
sintering. The densities of all the sintered pellets had
nearly the same RD values, which were above 95 pct.
However, the conventional solid-state method requires
temperatures higher than 1773 K to 1873 K (1500 °C to
1600 °C) to obtain highly dense ceramics of Sm-doped
ceria.*® The mean particle size of SDC was found to be
0.67 pum according to the SEM results. The mean
particle sizes changed to 0.74, 0.78, and 0.81 um when
Gd, Nd, and Er, respectively, were added to SDC. The
effects of Er, Nd, and Gd co-doping on the grain size of
Sm-doped ceria electrolyte were observed to be slight.
The gas evolution in a citric—nitrate combustion (CNC)
process helps to limit the inter-particle contact and thus
results in ultrafine powders with high purity and high
sinterability. All samples prepared from the powders
synthesized by the CNC process had good sinterability
at 1673 K (1400 °C) and relatively uniform grain size
distribution.

D. Ionic Conductivity

Impedance spectroscopy is a powerful tool to study
the electrical properties of solid electrolytes and to
analyze the grain, grain boundary, and electrode con-
tributions to the overall ionic conductivity. In this work,
the overall ionic conductivity of Nd 3, Er "3, and Gd **
co-doped Sm-doped ceria materials is reported. In
general, the total conductivity (ot) of ceria doped with
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Fig. 4—SEM images of the surface (a) and cross-sectional fracture surfaces (b) of SDC, ESDC, GSDC, and NSDC pellets sintered at 1673 K

(1400 °C) for 6 h.
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Fig. 5—Arrhenius plots for total ionic conductivity of SDC, ESDC,
GSDC, and NSDC.

a rare earth element is the sum of the ionic conductivity
(0;) and the electronic conductivity (g.). However, the
main contribution of the conductivity of rare earth
element- doped ceria in air is the ionic conductivity (o;),
and the contribution of electronic conductivitg/ gae? is
negligible [o. ~ 107> S/em <1073 K (800 °C)].l1--3738 1y
this study, all measurements were performed at temper-
atures <1073 K (800 °C) in air.

Figure 5 shows the plots of In (¢7) vs 1/T for the
SDC, ESDC, GSDC, and NSDC samples sintered at
1673 K (1400 °C) for 6 hours. A change of slope at 773
K (500 °C) is observed in the Arrhenius plots, which
indicates the presence of two activation energies
(AH,, + AH, AH,,). This change depends on the change
in the conduction mechanism at a specific temperature.
In the low-temperature (LT) range 573 K to 773 K
(300 °C to 500 °C), the activation energy (E,) is the
combination of the migration enthalpy (AH,,) and the
defect association enthalpy (AH,). However, in the
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high-temperature (HT) range 773 K to 1073 K (500 °C
to 800 °C), the activation energy is equal to only the
migration energy (AH,,) because a lar%e fraction of the
oxygen vacancies are free to migrate.[**! Similar results
were Previously reported by Zha er al*”’ and Omar
et al*”

Figure 5 shows that the GSDC, NSDC, and SDC
samples showed higher conductivities than the ESDC
sample. The highest ionic conductivity value was found
tobe 5.28 x 10 2>Scm ' at 1023 K (750 °C) for GSDC.
The activation energies for oxygen ion migration in the
SDC, ESDC, GSDC, and NSDC electrolytes at different
temperatures were calculated from the slope of in
(eT)-1/T plots. The conductivity data and activation
energies are also presented in Table I. Among all
samples, GSDC shows the highest ionic conductivity
of 392 x 1072 S em™ " at 973 K (700 °C), whereas
ESDC shows the lowest ionic conductivity of
2.64 x 1072 S em™' at the same temperature. lonic
conductivity of the GSDC electrolyte is higher than
those of the CeygSmyiMgo10s5 (2.97 x 1072 S
em H¥Y and  CepsSmo Y0010 (3.17 x 1072 S
em™ Y electrolytes at 973 K (700 °C). The activation
energy is minimal when there is no elastic strain present
in the host lattice.’! To increase the ionic conductivity,
the activation energy should be a minimum for oxygen
diffusion.

The co-doping effect is drawing increasing attention in
the field of SOFC electrolytes because of its advantage of
higher electrical conductivity and lower activation energy.
However, the mechanism of conductivity enhancement
with co—do[]i)'n% process is not well understood. Some
researchers!'**! demonstrated that the ionic conductivity
of doped ceria is related to the lattice distortion. However,
this theory cannot clarify the observation in the current
Study that Ceo.ngo_ogsmo_lzollgo has hlgher conductivity
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Table I. Total Conductivities of Co-doped Ceria at Different Temperatures and Activation Energies

Conductivity (S cm™ )

Activation energy (eV)

LT regime HT regime
Sample 973K (700 °C) 1023K (750 °C) 1073K (800 °C) 573-773K (300-500 °C) 773-1073K (500800 °C)
SDC 3.55 x 1072 4.71 x 1072 591 x 1072 0.81 0.70
ESDC 2.64 x 1072 3.90 x 1072 520 x 1072 0.80 0.86
NSDC 3.90 x 1072 5.26 x 1072 6.59 x 1072 0.79 0.63
GSDC 3.92 x 1072 528 x 1072 6.68 x 1072 0.80 0.60

than CeygSmg 0099, While the lattice constant of
Cep.8Smyg 200190 (5.425 A) is closer to that of pure ceria
(5411 A) in  comparison  with  that  of
Cey5Gdg 0sSmg 1,0 9 (5430 A) Yamamura et al.[lO]
observed that, in the Ce;_,_,La,M,0,_5 (M =Ca, Sr)
system, the co-doping effect can suppress the ordering of
oxygen vacancies, and thus can lower the activation energy
and enhance the electrical conductivity. This hypothesis
was also supported by Andersson et al'* via theoretical
calculation of the activation energy in the Sm® * and Nd**
co-doped ceria system. According to the experimental
results in the current work, it can be inferred that by adding
Sm*" and Gd*" together into ceria, more transferable
oxygen vacancies can be created; moreover, the movement
of oxygen vacancies in this co-doping structure becomes
easier, and thus the ionic conductivity is enhanced.

The ionic conductivity results appear to be in good
agreement with the Andersson’s simulation work,!"
where two selected combinations of Nd/Sm and Gd /Sm
both show enhanced ionic conductivity compared with
those of CCO.gsmO.zol_g and Ceo‘gEro'ogsmollzolgo (See
Figure 5). The average atomic numbers are 61 and 63
for Nd/Sm and Gd /Sm, respectively. These values are
close to the atomic numbers of Pm (61) and Sm (62),
which can be defined as the ideal dopants that exhibit
low activation energy for oxygen diffusion and high
ionic conductivity, as proposed by Andersson et al.l'’
Thus, it was assumed that the potential oxygen vacan-
cies that facilitate the migration of oxygen ions in the
ceria lattice increased. This situation increased the ionic
conductivity of the electrolyte material.

IV. CONCLUSIONS

Neodymium, erbium, and gadolinium co-doped
Sm-doped ceria samples were successfully synthesized
using the CNC method. Dense ceramics were obtained
by sintering the pellets at 1673 K (1400 °C) for 6 hours.
The relative densities were over 95 pct of the theoretical
density, and these results are consistent with the SEM
studies. The combustion process is suitable for synthe-
sizing complex oxide powders of high compositional
homogeneity and high purity, which is advantageous
over the conventional solid state method. The XRD
patterns of the samples prepared with the CNC method
exhibited the fluorite structure of CeO».

In accordance with the results of ionic conductivity,
two of the co-dopants, Nd and Gd, increased the
electrical conductivity of the SDC electrolyte, and the
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maximum value was observed for Gd co-doped SDC.
The ionic conductivity results showed that Er addition
into SDC reduced the ionic conductivity of SDC. The
ionic conductivity value of GSDC was found as
528 x 1072 S em ! at 1023 K (750 °C), which is 12
pet higher than that of Gd-free SDC. Because of this
higher ionic conductivity, GSDC is a better material for
IT-SOFC applications than SDC.
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