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In this study, the effect of sintering temperature on the proton-and oxygen-ion conductivities
of a nanocomposite electrolyte based on Ca-doped ceria/carbonate was investigated. Ca-doped
ceria (CDC) nanoparticles were successfully synthesised using a sol-gel process. Ternary car-
bonate eutectic salt ((Li/Na/K).CO3) was prepared by solid-state reaction. A dual-phase nano-
composite was prepared by mixing CDC with the ternary carbonate at a weight ratio of 70:30.
The prepared materials were characterised by X-ray diffraction (XRD) and thermal analysis
(TGA-DSC). The fabricated green nanocomposite pellets were sintered at two different temper-
atures (600 and 700°C). AC Impedance spectroscopy was used to measure the ionic conductiv-
ities of the composite electrolyte within the range of temperature from 300 to 600°C. The pro-
ton ion (H*) conductivities at 600°C were found to be 0.33 and 0.37 S cm™! for samples sintered
at 600 and 700°C, respectively. The oxygen ion (027) conductivities at 600°C for samples sin-
tered at 600 and 700°C were found to be 0.35 and 0.27 S cm™}, respectively. The nanocomposite
electrolyte was thermally stable in both atmospheres (oxidising and reducing). The results sug-
gest that the nanocomposite can be used as an electrolyte material for the electrochemical de-

vices operating within low to intermediate temperature range.

© 2018 University of Benghazi. All rights reserved.

1. Introduction

Doped-ceria based oxides represent an important class of
promising materials for the application as electrolytes for interme-
diate to low-temperature solid oxide fuel cells (IT/LT-SOFCs)
(Chourashiya et al.,, 2008; Singh et al., 2007; Steele, 2000). Among
these oxides, samarium and gadolinium-doped ceria (Ceo.sSmo.2 Oz2s
and Ceo8Gdo.202-5) exhibit the highest ionic conductivity (Inaba and
Tagawa, 1996; Mogensen et al., 2000; Steele, 2000). In addition, co-
doping strategy has also been employed to further improve the
ionic conductivity of singly-doped ceria-based electrolytes such as
Sm-doped ceria (SDC) or Gd-doped ceria (GDC). In this regard, sev-
eral studies have been carried out with the aim of investigating the
effect of co-doping on the electrical properties of ceria-based elec-
trolytes (Guan et al., 2008; Wang et al., 2004). However, these do-
pants (Sm and Gd) are very expensive. In terms of material’s cost,
calcium ion (Ca2+*) is a cheap and readily available, thus, it can be
used in place of these costly dopants (Banerjee et al.,, 2007). Despite
the fact that the electrical properties of ceria were improved using
single- and co-doping strategies, these approaches could not elimi-
nate the electronic conduction in pure ceria which is resulted from
the reduction of Ce#* to Ce3+ at high temperature in Hz-containing
atmosphere (Raza et al., 2010). The issue related to Ce*+ reduction
can be overcome by mixing doped ceria (e.g., SDC or GDC) with var-
ious salts (e.g., halides, sulphates, hydrates, carbonates) (Liu et al.,
2010).

Among ceria/salt electrolytes, ceria-carbonate composites (3C)
have drawn considerable attention as promising electrolyte mate-
rials for the application in low to intermediate operating tempera-
ture electrochemical devices (Wang et al., 2012). These composite
materials are two-phase electrolytes, the first phase (host phase) is
doped ceria (e.g, SDC or GDC) and the second phase is alkali car-
bonate (e.g., NazCO3, (Li/Na)2CO0s, (Li/Na/K)2COs3) (Ali et al., 2018;
Raza et al,, 2012; Wang et al.,, 2012; Zhu et al., 2013). The addition

of carbonate phase not only results in the ionic conductivity en-
hancement but also suppresses the Ce** reduction in Hz-containing
atmosphere and at high temperature (Fan et al., 2017; Wang et al.,
2012). Compared to pure doped ceria (e.g., SDC), doped ceria com-
posite electrolytes have the following advantages; high ionic con-
ductivity (>0.1 S cm™) above 300°C, fast ionic transport, ternary
ionic (0%/H*/C0O3%) conduction, negligible electronic conduction
and thermal stability in both oxidising and reducing atmospheres
(Amar et al., 2017a; Fan et al., 2017; Raza et al,, 2012; Wang et al.,
2012; Xiaetal.,, 2009).

Because of their aforementioned properties, doped-ceria-car-
bonate composites have been used as electrolyte materials in dif-
ferent applications including; solid oxide fuel cells (SOFCs) (Khan
et al, 2017; Raza et al, 2010), ammonia synthesis (Amar et al.,
2014; Amar et al.,, 2011), direct carbon fuel cells (DCFCs) (Li et al.,
2009; Liu et al.,, 2008), water electrolysis (Zhu et al., 2006) and car-
bon dioxide (CO2) permeation membrane (Li et al. 2009). The re-
centadvances in doped-ceria carbonate composite electrolytes and
their possible applications have been reviewed, recently (Fan et al.,
2017; Fan etal, 2013; Wang et al., 2012; Zhu et al.,, 2013).

Based on the results of earlier studies, it was found out that the
ionic conductivities of ceria-carbonate composite based electro-
lytes are affected by several factors including; ceria phase (i.e., un-
doped, singly-doped or co-doped), alkali carbonate phase (i.e., sin-
gle, binary or ternary), method of preparation, carbonate content
and pellet sintering temperature, etc. (Ali et al,, 2018; Amar et al.,
2018; Fan et al., 2017; Khan et al., 2017; Liu et al., 2010; Ristoiu et
al, 2012).

In a previous work, Ca-doped ceria (CDC) was synthesised via
co-precipitation (Amar et al., 2017a). It was then mixed with ter-
nary carbonate (CDC-(Li/Na/K)2CO0s3, 80:20 wt%) and sintered in
air at 600°C. At 600°C, the oxygen-ion (02) and proton-ion (H*) con-
ductivities of the composite were about 0.12 and 0.13 S cm™, re-
spectively. In the present study, Ca-doped ceria was successfully



Amar et al./Libyan Journal of Science & Technology 7:2 (2018) 127-132

synthesised by sol-gel process. The effect of pellet sintering tem-
perature on the oxygen-ion (0%) and proton-ion (H*) conductivi-
ties of Ca-doped ceria/ternary carbonate (70:30 wt%) are investi-
gated. In addition, the ionic conductivities of the ceria-carbonate
composite electrolyte were investigated using AC impedance spec-
troscopy (IS) from 300 to 600°C.

2. Experimental
2.1 Chemicals

Calcium nitrate tetrahydrate (Ca(NO3)2-4H20, 99 %), cerium ni-
trate hexahydrate (Ce(NO3)3:6H20, 99 %), lithium carbonate
(Li2C03, 98 %), citric acid (C¢HsO7, 99 %), ethylenediaminetet-
raacetic acid, EDTA, (C10H1sN20s, 99 %) and potassium carbonate
(K2€C03, 99 %) were purchased from Alfa Aesar. Sodium carbonate
(NazC0s3, 99.5 %) was purchased from Sigma Aldrich. Nitric Acid
(HNOs3, 70 %) and ammonia solution (35 %) were purchased from
Fisher.

2.2 Synthesis of materials

CeosCao202-s (CDC) powder was synthesised via a sol-gel
method using citric acid and EDTA as complexing agents (Gao et al.
2009). In brief, stoichiometric amounts of Ce(NO3)3-6H20 and
Ca(NO03)2:4H20 were dissolved in a minimum amount of deionised
water. Citric acid and EDTA were added to the metal cations solu-
tion in a molar ratio of 1.5:1:1. A dilute ammonia solution was then
added to adjust the pH of the mixed solution to around 6. A hot-
plate was used for stirring and evaporating the mixed solution to
dryness. The formed solid product was collected and ground before
being calcined in air at 700°C for 2 h to form the desired material
(CDQ). Fig. 1 shows a flowchart for the overall sol-gel experiment
used for CDC powder synthesis. The ternary carbonate eutectic salt
(Li/Na/K)2CO3 and CDC-(Li/Na/K)2CO3 composite electrolyte
were prepared by solid-state reaction. Briefly, the ternary car-
bonate eutectic salt that composed of Li2CO3, Na2CO3, K2CO3 in a
molar ratio of 43.5:31.5:25 was calcined in air at 600°C for 1 h. The
CDC-(Li/Na/K)2C03 composite was obtained after the heat treat-
ment of the CDC and (Li/Na/K)2CO03 mixture (70:30 wt%) in the air
at600°C for 1 h. The detailed information for preparing the ternary
carbonate and the CDC-carbonate composite is described else-
where (Amar et al.,, 2014).

2.3 Characterisation

TGA-DSC analysis of the CDC dried gel (ash) and the nanocom-
posite (CDC-carbonate) was carried out using a Stanton Redcroft
STA/TGH thermal analyser (STA 1500 series). The CDC dried gel
was heated in air at constant heating/cooling rate of 10°C min-!
from room temperature up to 800°C. The CDC-(Li/Na/K)2C03)
samples were heat treated in Oz and 5% Hz-Ar atmospheres from
room temperature to 600°C with a heating/cooling rate of 10°C
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min~1. The XRD patterns were recorded at room temperature using
a Panalytical X'Pert Pro diffractometer with CuKa radiation (A=
1.5405 A). From the XRD peaks, the average crystallite sizes (D)
and the lattice parameters (a) of the materials under investigation
were estimated using the following Egs. (Fu et al.,, 2010).
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where S is the full width at half maximum (FWHM) of the peak in
radiance, A is the wavelength of the X-ray, 6 is the Bragg angle, d is
the interplanar distance and khl are the Miller indices.
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Fig. 1 A schematic representation of sol-gel process used for CeosCao.2025
(CDC) powder synthesis.

2.4 Pellets preparation for conductivity measurements

The CDC-(Li/K/Na)2CO3 powder was cold-pressed at a pres-
sure of 259 MPa into circular pellets with 13 mm diameter and~
2 mm thickness. After pressing, the green pellets were sintered in
air for 2 h at 600 and 700°C with a constant heating/cooling rate of
2°C. Then, both sides of the sintered pellets were coated with a sil-
ver paste before being fired in the air at 550°C for 30 min to form
Ag electrodes with a porous structure. A schematic representation
of pellets preparation is shown in Fig. 2
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Fig. 2 Schematic representation of pellets preparation; (a) die filling; (b) powder pressing; (c) green pellet; (c) pellet sintering.
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Impedance spectroscopy (IS) technique was used to investigate
the AC ionic conductivity using a Solartron Analytical instrument
(1470E) with AC amplitude of 100 mV, over the range of frequency
from 1 MHz up to 0.01 Hz and 10 points per decades. The measure-
ments were carried out using a pseudo 4-probe configuration in the
presence of either dry Oz or wet 5% Hz-Ar from 300 to 600°C. Eq. 3
(Jaiswal et al., 2015) and Eq. 4 (Fu et al,, 2010) were used to esti-
mate the AC ionic conductivities and the activation energies of the
proposed electrolyte, respectively.

o R ©
E,
oT = ggexp (— ﬁ) (4)

where o is the conductivity (S cm™), L is the sample thickness (cm),
Ris the resistance (Q), A is the cross-sectional area of the specimen
(cm2), T'is the absolute temperature, o, the pre-exponential factor,
E. is the activation energy (eV) and k is Boltzmann constant.

3. Results and discussion
3.1 Thermal analysis characterisation

The thermal decomposition of the CDC gel precursor (ash) in
air from room temperature up to 800°Cis shown in Fig. 3. The TGA-
DSC graph shows different weight loss processes accompanied by
endothermic or exothermic events. Upon heating (from 25 to
250°C), a small endothermic peak, which could be due to the loss
of the residual water in gel precursor, was observed at 120°C
(Zarkov et al., 2016). At the temperature of 250 to 500°C, a strong
exothermic peak was observed at 334°C. This event could be due
to the pyrolysis of the metal nitrates and organic compounds (citric
acid and EDTA) complexes (Patra et al, 2011). In addition, from
700 to 800°C, no obvious weight change was noticed, as shown in
the TGA curve (Fig. 3). Thus, the as-prepared CDC powder was cal-
cined at 700°C.
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Fig. 3 TGA-DSC curves of the as-prepared CDC powder.

Figs. 4a & b show the TGA-DSC curves of CDC-(Li/K/Na)2CO3
nanocomposite from room temperature to 600°C in Oz and 5% H:-
Ar, respectively. Upon heating, two endothermic events accompa-
nied with weight losses were observed in both tested atmospheres
(02 and 5% Hz-Ar). The first peak was located at 104 and 106°C for
samples tested in Oz (Fig. 4a) and 5% H2-Ar (Fig.4b), respectively.
This peak could be ascribed to the loss of adsorbed water. The sec-
ond peak was observed at 385 °C and 383 °C for samples studied in
02 and 5% Ha-Ar, respectively. This event can be due to the ternary
carbonate ((Li/K/Na)2C03) melting point (~400 °C) (Janz and
Lorenz, 1961). Upon cooling, one exothermic peak was observed at
356 and 345°C for samples tested in Oz and 5% Hz-Ar, respectively.
This event can be ascribed to recrystallization of the ternary car-
bonate (Amar et al,, 2017b). In addition, the total weight loss in the
composite electrolyte under the heat treatment was about 2% in
02 and 3% in 5% Hz-Ar. This means that the composite electrolyte

(CDC-(Li/K/Na)2C03) is thermally stable in the oxidising and re-
ducing atmospheres within the measured temperature range.
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Fig. 4 TGA-DSC curves of CDC-carbonate composite electrolyte; (a) in Oz;
(b) 5% Hz-Ar.

3.2 XRD analysis

The X-ray diffraction patterns of pure CDC and CDC-carbonate
composite electrolyte are shown in Figs. 5a & b, respectively. A sin-
gle phase of CDC was obtained after firing its corresponding gel
precursor at 700 °C in air for 2 h (Fig. 5a). In addition, the all de-
tected peaks in XRD patterns of CDC and CDC-carbonate are in-
dexed to a cubic fluorite structure of CeO2 (JCPDS 34-0394). Apart
from CDC phase, no additional peaks were observed in the case of
CDC-carbonate composite electrolyte (Fig. 5b). This means that the
ternary carbonate exists in the composite electrolyte as an
amorphous phase (Ali et al., 2018; Khan et al,, 2017). The average
crystallite size of pure CDC was found to be 10.52 nm and that of
CDC-(Li/Na/K)2CO3 was about 19.33 nm. The lattice parameters
(a=b=c) were 54219 A and 5.4135 A for CDC and CDC-
(Li/Na/K)2CO0s3, respectively. These lattice parameters values are
similar to that reported for CDC (5.4157 A) (Tanwar et al., 2018),
and slightly larger than that reported for Ce02 (5.4019 A) (Kim,
1989). This increase in the lattice parameters is resulted from the
partial substitution of Ce*+ by Ca2* that has a large ionic size (1.12
A) compared to Ce# (0.97 A) (Cho et al, 2008; Shannon and
Prewitt, 1969). In addition, the volumes of the unit cells (a3) of CDC
and CDC-(Li/Na/K)2CO3 were about 159.389 (A)3and 158.65 (A)3,
respectively.

3.3 Electrical conductivity

AC impedance spectroscopy (IS) technique was used to meas-
ure the CDC-carbonate ionic conductivities. Fig. 6a & b show the
typical impedance spectroscopy plots in dry Oz and wet 5% Hz-Ar
atmospheres at 300 and 600°C, respectively. Under dry Oz, two
semicircles were observed in both cases (300 and 600°C). At high
frequency, small incomplete semicircle was resolved at each tem-
perature. This semicircle is corresponding to the electrolyte contri-
bution. At low frequency, a large depressed semicircle related to
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the electrode process was resolved when the impedance was rec-
orded at 300 and 600°C. Under wet 5% Hz-Ar, only large depressed
semicircle related to electrode process and long tail corresponding
to electrode/electrolyte interface were resolved at low frequency
when the impedance was recorded at 600 and 300°C, respectively
(Di et al., 2010; Jaiswal et al., 2015). The electrolyte contribution
was not observed due to the short time constant of bulk and grain
response (Di et al., 2010).
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Fig. 5 X-ray diffraction patterns of; (a) CDC calcined at 700°C for 2 h, (c)
CDC-ternary carbonate calcined at 600°C for 1 h.
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Fig. 6 AC impedance spectra of CDC-carbonate nanocompo-
site in dry Oz and wet 5% Hz-Ar. (a) at 600 °C; (b) at 300°C.

The total ionic conductivities of the CDC-carbonate nanocom-
posite was measured in the presence of either dry Oz and wet 5%
Hz-Ar within the operating temperature range of 300 to 600°C. The
green pellets of CDC-carbonate were sintered at two different tem-
peratures (600 and 700°C) with the aim of studying the effect of
sintering temperature on their ionic conductivities. It is clearly
seen that the electrical conductivities follow the similar trend in
both tested atmospheres. It can be noticed from Figs. 7a and b that,
the ionic conductivities for samples sintered at 600 and 700°C in-
creased significantly by increasing the measuring temperature
from 300 to 600°C. It can be also seen that there was a jump in the
ionic conductivities above the carbonate melting point. This en-
hancement in the ionic conductivities could be due to the compo-
site effect which will provide a fast conduction pathway for all
mobile ions (i.e. 027, H*, Na*, K*, Li*, HCO3 and CO%‘) at interfacial
region between the two phases (ceria and carbonate) (Li et al,
2007).

Under 0z and Hz-containing atmospheres, the overall measured
ionic conductivities are attributed to the oxygen-ion (02-) and pro-
ton-ion (H*) conductivities, respectively. In the case of dry O, at
600 °C, the 02-ion conductivity of pellet sintered at 600°C (0.35 S
cm™1) was slightly higher than that sintered at 700 °C (0.27 S cm™1),
as presented in Fig. 7a. These values are higher than that of Ca-
doped ceria (~1073 S cm™1) at 600 °C (Ma et al.,, 2012). However,
below 500°C, the sample sintered at 700°C exhibits the highest
ionic conductivity (Fig. 7a). In doped-ceria/carbonate composite
electrolytes, the 0% ions are transported via the ceria phase and
interfacial region between the two phases (Khan et al, 2013; Wang
etal,2011).

Under Hz-containing atmosphere, the H*-ion conductivity of
the sample sintered at 700°C was higher than that sintered at
600°C (Fig. 7b). This can be due to the fact that, at the high sintering
temperature, a better contact was formed at the interface between
Ca-doped ceria and the ternary carbonate which in turn resulted in
a high ionic conduction pathway (Xia et al, 2011). Recently,
Muhammed et al,, (2015) have examined the effect of the sample
sintering temperature on the surface morphology and the electrical
properties of SDC-(Li/Na)2C0O3) composite. In that study, the
observed ionic conductivity enhancement was due to the fact that
the right sintering temperature resulted in getting better surface
morphology, carbonate distribution, interfacial microstructure,
etc. At 600°C, the H*-ion conductivity was about 0.33 S cm™ for
sample sintered at 600°C and 0.37 S cm™ for sample sintered at
700°C. These values of ionic conductivities are higher than that
reported for GDC-(Li/Na/K)2CO3 (0.29 S cm™) and lower than that
reported for CGDC-(Li/Na/K)2C03 (0.52 S cm™) (Amar et al., 2014;
Amar et al.,, 2017b). In contrast to oxygen-ion conduction, the pro-
ton-ion conduction in doped-ceria/carbonate composite occurs
only at interfacial region between ceria and the carbonate phase
(Khan et al,, 2013; Wang et al.,, 2011).

In general, the ionic conductivities (02- and H*) of the CDC-car-
bonate composite electrolyte were higher than those of CDC-
(Li/Na/K)2CO03 (80:20 wt%), as reported in a previous work (Amar
et al,, 2017a). This variation in the ionic conductivities can be due
to the difference the carbonate contents and sample sintering tem-
peratures. Fig. 8 shows a comparison between the oxygen-ion and
proton-ion conductivities for the sample sintered at 700°C. It is
clearly seen that the proton-ion conductivities of the CDC-car-
bonate composite were higher than oxygen-ion conductivities. This
indicates that CDC-carbonate composite electrolyte is mainly pro-
ton-ion conductor at this operating condition.

The activation energies (E«) of the CDC-carbonate nanocompo-
site in two atmospheres (dry Oz and wet 5% H2-Ar) were calculated
from Arrhenius plots (insets of Figs. 7a & b) within the temperature
range of 450-600°C. In the case of dry Oz, the activation energies
were about 0.55+0.22 eV and 0.4310.05 eV for pellets sintered at
600 and 700°C, respectively. In wet 5% Hz-Ar, the activation ener-
gies were about 0.60£0.17 eV and 0.44+0.06 eV for pellets sintered
at 600 and 700°C, respectively.
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Fig. 7 AC conductivity plot of CDC-carbonate composite against tempera-
ture: (a) in dry Oz; (b) in wet 5% H-Ar.
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4. Conclusion

In summary, Ca-doped ceria (CDC) was successfully synthesised
via sol-gel process. A nanocomposite electrolyte composed of two
phases was prepared by mixing 70 wt% of CDC powder with 30
wt% of (Li/Na/K)2C03) eutectic salt. A pure phase of CDC with
fluorite-type structure was obtained after the heat treatment of its
corresponding ash in the air at 700°C for 2 h. The obtained results
revealed the thermally stability of the CDC-carbonate composite in
the tested atmospheres (oxidising and reducing environments).
The electrical properties of CDC-carbonate composite electrolyte
were investigated for the sample sintered at two different temper-
atures (600 and 700°C). The sample sintering temperature played

an important role in the electrical properties of the CDC-carbonate
nanocomposite electrolyte. At 600°C, the oxygen-ion (027)
conductivity of the sample sintered at 600°C (0.35 S cm-1) was
higher than that of sample sintered at 700°C (0.27 S cm™1). By con-
trast, at 600°C, the proton ion (H+*) conductivity of the composite
electrolyte for sample sintered at 600°C (0.33 S cm™1) was lower
than that of sample sintered at 700°C (0.37 S cm™).
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