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Abstract 
 

 

In this work we report on the combined use of microwave (MW) heating sources for the 

powder synthesis and the ceramic sintering of Sm and Ca co-doped ceria Ce0.8Sm0.18Ca0.02O1.9 

polycrystalline materials for potential application as an electrolyte in intermediate- 

temperature solid oxide fuel cells (IT-SOFCs). We investigate the crystal structure, ceramic 

microstructure and the oxygen ion conductivity in detail and compare the latter to 

conventionally sintered ceramics. MW sintering of ceramic pellets leads to only slightly 

increased resistivity as compared to conventional sintering, but offers massive energy and 

time savings for potential industrial production processes. Exceptionally high oxygen ion 

conductivity without any significant electronic contribution was found in MW synthesized 

and MW sintered pellets, where the total resistivity, composed of grain boundary and bulk 

contributions, was found to be in the range of 0.5-1 k at 500 o C. Sm- and Ca co-doped ceria 

may be well-suited for electrolyte materials in IT-SOFCs. 

. 

 
 

 

 

 
 

 

Introduction 

 
Solid oxide fuel cells (SOFCs) allow the electrochemical con- 

version of hydrogen and oxygen gases into electrical power 

and heat, and only H2O remains as a by-product. Therefore, 

SOFCs constitute an environmentally friendly option to 

replace conventional engines based on fossil fuels with 

problematic CO2  carbon emissions. The desired temperature 

of operation of SOFCs depends on the application, where in 

the case of domestic use or in the automotive industry a 

reduced value is desired for practical reasons. Therefore, sig- 

nificant research effort is dedicated nowadays to reduce the 

operating temperature of current state-of-the-art SOFCs from 

800 - 1000 o C to 500 - 800 o C in order to develop 

operational intermediate temperature SOFCs (IT-SOFCs) [1, 

2]. In addition to the reduced operating temperature, IT-

SOFCs would be cheaper to fabricate, more rapid to start-

up and shut-down, 
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and exhibit reduced corrosion rate of metallic components 

and an improved durability. 

The development of an appropriate electrolyte material 

with sufficiently high oxygen ion conductivity at lower oper- 

ating temperatures is one of the major challenges to develop 

IT-SOFCs. An ideal electrolyte material for IT-SOFCs should 

have the following characteristics [3-7]: 

 

- High ionic and negligible electronic conductivity at the 

operating temperature 

- Good  thermal  and  chemical  stability  in  relation  to  the 

adjacent anode and cathode materials 

- Low cost 

- Environmentally benign material characteristics 

 

A promising choice of electrolyte materials may be the 

system with the fluorite-type crystal structure and chemical 

formula AO2, which may be considered the archetype system 

for materials with high oxygen ion conductivity [8-12]. The 

unit cell is a face-centered cubic arrangement of tetravalent A- 

cations with oxygen anions occupying tetrahedral sites, 

leading to a large number of octahedral interstitial voids [13]. 

Thus, this structure may be regarded as a rather open one 

[14,15]. Doped ceria materials with the fluorite structure have 

been extensively studied as potential electrolytes in IT-SOFCs 

[16-20], where oxygen vacancies can be introduced into the 

system when Ce4þ cations are substituted by divalent alkaline 

and/or trivalent rare earth (RE) cations [21-24]. Ideally, the 

oxygen vacancies are randomly distributed throughout the 

oxide sublattice, which is an essential feature required for 

homogenous oxygen vacancy conduction. The highest con- 

ductivity is observed at the highest oxygen vacancy concen- 

tration when the aliovalent doping cation occurs in the 

highest concentration possible close to the solid-solution 

limit, and has an ionic radius (i.r.) close to that of the host 

cation. In the case of Ce4þ (i.r. = 0.097 nm), this may be Sm3þ 

(i.r. = 0.107 nm) or Gd3þ (i.r. = 0.105 nm) [1,14,22-25] 

[3,17,25-28]. It was recently shown that (i) Sm-doped ceria 

ceramics provide higher oxygen ion conductivity than Gd 

doped or Sm-Gd co-doped ceramics, and (ii) MW chemical 

synthesis leads to higher ionic conductivities in the sintered 

pellets as compared to conventional synthesis [29,30]. 

Furthermore, Moure et al. have demonstrated that the re- 

sistivity of the grain boundary (GB) areas can be reduced when 

RE-doped ceria are co-doped with a small quantity of Ca 

[30,31]. The reduction of the GB resistivity is in fact essential, 

because the GBs constitute barriers for the oxygen ion charge 

transport, although they may be relatively thin. The GB bar- 

riers are often described in the framework of a Schottky-type 

barrier model [32]. 

It had been shown previously that the synthesis of nano- 

particles helps to achieve better ceramic sintering densifica- 

tion due to the increased sintering activity of high surface area 

powders [19,20,33], which then leads to reduced GB resistivity. 

In this context, microwave-hydrothermal synthesis has 

emerged as a time and energy efficient technique to produce 

nanosized ceria-based powders for IT-SOFC applications 

[34-37]. 

Furthermore, the option to extend the use of microwave 

(MW) radiation as a heat source to the sintering process of 

ceramics has recently appeared as an additional interesting 

possibility to further reduce energy and time consumption in 

environmentally friendly ceramic processing technology [38-

42]. The MW sintering process works equivalent to the 

synthesis, where heat is generated internally in the reactants 

or the pressed green pellets through the interaction of the 

MWs on a microscopic level with atoms, ions and dipoles in 

the material. This produces an inverse heating profile as 

compared to the conventional heat transfer by heat convec- 

tion, i.e. in MW heating processes the material is heated 

directly “from inside”. By switching on the microwave radia- 

tion source, the interior areas of the sample will be heated first 

but the heating profile becomes more uniform after few sec- 

onds of MW irradiation and the outer areas will be heated as 

well [43]. 

In the present work, microwave-hydrothermal nano- 

powder synthesis and single-mode MW ceramic sintering as 

well as conventional sintering of optimally doped 

Ce0.8Sm0.18Ca0.02O1.9 materials are studied in detail, including 

structural and microstructural characterization, and ionic 

conductivity measurements of the resulting ceramic pellets. 

Throughout this work it was intended to utilize all possible 

means to reduce the GB barrier resistivity as much as possible 

to optimize the overall ionic conductivity: 

 

(a) Synthesizing nanopowders with  increased sintering 

activity using MW heating 

(b) Use the preferred Sm cation for RE-doping 

(c) Apply additional Ca doping to a small extent 

 

By following this strategy we obtain ceramics with oxygen 

ion conductivities that are among the highest values reported 

so far in ceramic oxygen ion conductors [30]. Therefore, MW 

synthesized and MW sintered Ce0.8Sm0.18Ca0.02O1.9 ceramics 

may be strong candidates for the use as electrolyte materials 

in IT-SOFCs. 

 
 

Experimental procedure 

 
Synthesis 

 
The synthetic procedure for Ce0.8Sm0.18Ca0.02O1.9 is equivalent 

to the one described previously in Ref. [26] for different RE- 

doped ceria. Here, the starting chemicals were Cerium (III) 

nitrate hexahydrate Ce(NO3)3·6H2O, ≥99% (Sigma-Aldrich), 

Samarium (III) nitrate hexahydrate Sm(NO3)3·6H2O, 99.9% 

(Sigma-Aldrich), Calcium (II) nitrate tetrahydrate Ca(N- 

O3)2·4H2O, ≥99% (Sigma-Aldrich) and Potassium hydroxide 

KOH flakes, 90% (Sigma-Aldrich). Aqueous solutions were 

prepared by dissolving the nitrate salt in the desired ratios in 

distilled water and 1.2 M KOH under constant stirring. In a 

typical experiment z40 ml solution was produced, which was 

then ultrasonically dispersed for 2 min. The synthesis re- 

actions were carried out in double-walled vessels consisting of 

an inner Teflon sealed autoclave and an outer shell of high 

strength polymer. The double-walled vessels were placed in a 

commercial Milestone ETHOS 1 microwave system, which 

was operated at 2.45 GHz and was equipped with a stirring 

motor. The heating ramp up to 200 o C was z10 o C/min and the 
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holding time at 200 o C was 30 min, which was followed by 

switching off the microwave power to furnace cool to room 

temperature at z 5 oC/min. The reaction vessels were con- 

nected to a pressure transducer in order to monitor the 

autogenous pressure, which was found to amount to z16 bars 

during the 30 min holding time at 200 o C. Power was limited to 

500 W. The crystallized powder obtained was decanted 3 

times, rinsed with distilled water and dried at 80 o C. 

 
Sintering process 

 
Two different sintering processes have been employed. In 

both cases, MW synthesized nano-powders were compacted 

into pellets in a uni-axial 2 ton die press for 5 min with a 

nominal diameter of 5 mm and green-pellet thicknesses of 

around 2 mm were obtained. 

 

1) In the first instance densification sintering was carried out 

at 1450 o C (heating ramp 5 o C/min) in a conventional 

furnace for either 4 h or 8 h followed by slow cooling with a 

cooling rate of z1.5 o C/min. 

2) Alternatively, the pellets were placed into a crucible made 

of SiC, which strongly absorbs microwaves to improve the 

heating process. The SiC crucible was partially filled with 

Ce0.8Sm0.18Ca0.02O1.9 powder to avoid direct contact of the 

green pellet and the SiC to avoid cross-contamination. MW 

sintering was performed using different holding times of 5, 

30 and 60 min in a single-mode microwave applicator 

(SAIREM Company) working at 2.45 GHz. The radiation was 

guided along a commercial TE10p waveguide equipped with 

two circulators that absorb the reflected power to protect 

the generator. The length of the microwave cavity was 

tuned to excite the TE102 mode. The temperature was 

measured using a pyrometer (modline 5 from IRCON - 

from 350 o C to 2000 o C) focused on the sample surface. The 

thermal cycle included a ramp of z300 oC/min and holding 

at 1450 oC by adjusting the 3 stub tuners and the incident 

power. The incident power to achieve z1450 o C was 

z300 W. After the desired holding time at 1450 o C (from 

5 min - 60 min), the power was switched off and the 

sample was cooled down to room temperature. 

 

In both sintering procedures, the density of the obtained 

pellets was estimated from the pellet dimensions to be satis- 

factory in the range of z95% ± 5% of the theoretical density. 

 
Characterization 

 
Structural and microstructural characterization 

Powder X-ray diffraction (XRD) patterns were collected on a 

Philips XPert PRO ALPHA1 of Panalytical B.V. diffractometer 

with Cu Ka1 monochromatic radiation ( = 1.54056 Å ) equip- 

ped with a curved Ge111 primary beam monochromator and a 

speed X'Celerator fast detector, operating at 45 kV and 40 mA. 

The diffractometer is calibrated weekly by recording data 

from a standard Si powder to exclude any experimental ar- 

tefacts. XRD patterns were collected in the 2 range of 20 - 120o 

at room temperature with an angle step size of 0.017o (2) and 

8 sec counting time to ensure sufficient resolution for struc- 

tural refinements. Fullprof software was employed to carry 

out structural refinements from the XRD patterns employing 

Rietveld refinement analysis [44]. 

Samples for transmission electron microscopy (TEM) were 

prepared by ultrasonic dispersion of the powder in n-butanol. 

Drops of this dispersion were deposited on a carbon-coated 

copper grid. A Jeol-2000FX electron microscope operating at 

200 kV was used to collect bright field images and perform 

selected area electron diffraction (SAED). Sintered pellet 

samples were mounted on metal studs and were dc sputter 

coated with Au (EMITECH K550) for scanning electron micro- 

scopy (SEM) using a Jeol 6400 microscope equipped with an 

attached detector for energy-dispersive analysis of X-rays 

(EDAX). 

Specific surface area (SSA) measurements were carried out 

by the Brunauer, Emmett and Teller (BET) method [45]. Ni- 

trogen adsorption-desorption isotherms were recorded using 

a Micromeritics ASAP 200 surface analyzer at 77 K (-196 oC). 

Prior to the measurements the powder samples were placed in 

a glass cell and heated in vacuum at 110 oC for 180 min in order 

to achieve the removal of water and other contaminants by 

degassing which is essential to facilitate accurate surface area 

determination. The BET analysis port was cooled by immer- 

sion into a liquid nitrogen dewar to maintain the temperature 

of 77 K (-196 oC) during the measurement. The low temper- 

ature is required to ensure sufficient interaction between the 

gas molecules and the surface of the sample for measurable 

amounts of nitrogen adsorption to occur. Nitrogen adsorption 

layers were formed on the particle surfaces, the sample was 

removed from the nitrogen atmosphere and the release of the 

adsorbed nitrogen was quantified during heating. The data 

collected were displayed in the form of BET isotherms, which 

show the amount of gas adsorbed as a function of the relative 

pressure [46]. 

 
Ionic conductivity measurements 

For ionic conductivity measurements by impedance spec- 

troscopy (IS), electrodes were deposited onto the two faces of 

the sintered pellets using Au dc sputtering and were covered 

with Ag paint. IS measurements were carried out at 400 K - 

560 K (127 o C - 287 o C) using a Novocontrol Alpha-A High 

Performance Frequency Analyzer equipped with a liquid ni- 

trogen cooled sample chamber. A 100 mV amplitude alter- 

nating voltage signal of various frequency (f) between 1 Hz 

- 1 MHz was employed. IS measurements at 573 K - 873 K 

(300 o C - 600 o C) were carried out using a Solartron SI 1255 

equipped with a Dielectric Interface 1296 and a Eurotherm 

controlled tube furnace. A 100 mV amplitude alternating 

voltage signal of various frequency (f) between 0.1 Hz - 1 

MHz was employed. 

At selected temperatures the f-dependent spectra were 

measured with several dc bias voltages (0 V -20 V), which were 

superimposed over the ac amplitude using the standard 

routine available from the Novocontrol equipment. Further- 

more, the impedance was measured at different gas flow at- 

mospheres using N2 rich gas flow and air gas flow. In each case 

the sample was exposed to the gas flow for z30 min prior to 

the measurements. The impedance was then measured at 

selected temperatures to detect the possible reduction or 

oxidation of the Ce3+/Ce4+ redox pair, which would be man-

ifested by a change in resistance. 
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IS data were obtained at each temperature in terms of the 

real and imaginary parts (Z', Z''
 ) of the complex impedance 

Z* = Z' - iZ''. The data were converted into the complex 

dielectric permittivity notation ε* = ε' - iε'' using the standard 

conversion: Z* = (iC0ε*)-1, where  is the angular frequency 

and C0 the capacitance of the empty measuring cell. Equiva- 

lent circuit fitting of the data obtained was performed by using 

Z-View software. The values extracted from the equivalent 

circuit fits were plotted vs temperature in various notations 

(see below Section 3.2), but only the values were considered 

that were extracted from a good fit with sufficiently low fitting 

errors (<5%). 

 

 
 

Results and discussion 

 
Structural and microstructural characterization 

 
The XRD pattern of Ce0.8Sm0.18Ca0.02O1.9 powder is shown in 

Fig. 1 (red symbols), as well as the Rietveld refinement fit 

(black solid line) and the difference between data and model 

(blue solid line underneath). Phase purity and the fluorite CeO2 

crystal structure were confirmed. The diffraction peaks were 

indexed to the cubic Fm-3m (#225) space group. The percep- 

 
 

 
 

Fig. 2 - TEM micrograph of Ce0.8Sm0.18Ca0.02O1.9  nano- 

powder. Inset: SAED pattern. 

tible diffraction line broadening is consistent with the nano-    

metric  size  of  the  MW  synthesized  powder, which is  

confirmed in the TEM picture presented in Fig. 2. The cell 

parameter obtained from the Rietveld refinement is a = 

5.4372(1) Å . The atom positions are all fixed by the sym- 

metry of the Fm-3m space group. Sm3+ and Ca2+ cations are 

situated at the 4a site with the atomic coordinate (0, 0, 0) and 

oxygen is at the 8c site corresponding to the (¼, ¼, ¼) position. 

The agreement factors of Rp = 2.38, Rwp = 3.31, Rexp = 2.69 and 

2 = 1.52 were sufficiently low to indicate a good fit. 

 
 

 

Fig. 1 - Rietveld refinement of powder X-ray diffraction 

patterns: experimental data (red dotted line), fitted 

curve (black solid line), and their difference (blue line 

underneath). Green vertical bars indicate the positions 

of the X-ray reflections.  

Fig. 2 shows a TEM image from the MW synthesized pow- 

der. All particles are in the nanometric range with an average 

particle size of less than 20 nm. The corresponding EDAX 

microanalysis from a larger area containing several grains 

reveals experimental Ce, Ca and Sm atomic proportions of 

80.1(2) %, 2.3(1) % and 17.6(2) % respectively, which are in good 

agreement with the nominal ones (80%, 2% and 18%) within 

experimental error. 

BET analysis of the powder yielded a specific surface area 

of 57.4 (1) m2/g, in good agreement with the powder obtained 

previously by microwave-hydrothermal synthesis of other RE- 

doped ceria [45]. The BET nitrogen absorption isotherm 

 
 

 
 

Fig. 3 - BET N2 adsorptionedesorption isotherms at 77 K    

(-196 o C) for Ce0.8Sm0.18Ca0.02O1.9 nano-powder. The 

amount of gas adsorbed and desorbed (cm3 g-1) is plotted 

vs. the relative pressure (P/P0). 
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presented in Fig. 3 corresponds to type IV, which is the typical 

isotherm for mesoporous materials [47]. The isotherm ex- 

hibits a hysteresis loop, where the lower branch represents 

measurements obtained by progressive addition of gas to the 

adsorbent, and the upper branch by progressive withdrawal. 

Such hysteresis is usually associated with mesoporous ma- 

terials, which exhibit pores of the size of 2 nm - 50 nm, ac- 

cording to the definition from the International Union of Pure 

and Applied Chemistry (IUPAC) [48]. Our particles have a size 

of z20 nm, which implies a relatively large pore size as 

compared to the total particle size. We believe that smaller 

pores <2 nm may also exist in our particles to a certain extent, 

in which case our particles may be just on the brink of the 

classification as a mesoporous rather than a microporous 

material. 

 

 
 

Fig. 5 - Grain size distributions obtained from the SEM 

micrographs shown in Fig. 4. 

The microstructure of the sintered pellets is shown in the    

SEM micrographs in Fig. 4, which were chosen to be good  

representations for the total sample. For all the different sin- 

tering procedures employed, the pellets indicate a dense 

microstructure and relatively uniform grain size. Grain 

growth was indicated in terms of an increase in the mean 

grain size when the microwave irradiation time was increased 

(Fig. 5). The smaller grains visible on the surface of the MW 

sintered pellets (Fig. 4) can be associated with the 

Ce0.8Sm0.18Ca0.02O1.9 powder that was used to physically 

separate the green pellet and the SiC crucible to avoid cross- 

contamination during sintering. 

 

Ionic conductivity measurements by impedance spectroscopy 

 
Equivalent circuit fitting 

Fig. 6 displays a complex impedance plane plot of imaginary 

vs real part of the impedance -Z''
 vs Z'

 collected at 440 K 

(167 o C) from an 8 h conventionally sintered ceramic pellet 

with composition Ce0.8Sm0.18Ca0.02O1.9. The figure inset 

displays the equivalent plot at 523 K (250 o C) for a ceramic of 

the same composition but MW sintered for 30 min. The two 

semicircles displayed for each sample represent the bulk and 

GB contributions, whereas the pike-like shape of the low fre- 

quency interface contribution (“Interface Pike”) is a manifes- 

tation of the typical blocking type electrodes in ionic 

conductors [49,50]. The -Z''
 vs Z'

 complex impedance plots for 

all other samples (not shown) display the equivalent low fre- 

quency “interface pike”, typical for oxygen ion conductivity. In 

the MW sintered sample (Fig. 6 Inset) considerable overlap 

between the GB semicircle and the interface-pike is shown, in 

a way that the GB semicircle is not fully developed. 

All 3 relaxation processes (bulk, GB, interface) are clearly 

visible at the same time only around the selected tempera- 

tures of 440 - 523 K. By increasing the temperature all dielectric 

relaxations shift to higher frequencies, because all 3 relaxa- 

tion processes are Arrhenius activated and get accelerated at 

 

 
 

Fig. 4 - EDAX spectrum of a Ce0.8Sm0.18Ca0.02O1.9  ceramic for elemental detection. SEM micrographs of conventionally 

sintered pellets at 1450 o C for 8 h and 4 h (upper row), and MW sintered pellets for 60, 30 and 5 min (lower row). 
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Fig. 6 - Complex impedance plot of -Z''
 vs. Z' at 440 K (167 

o C) for a Ce0.8Sm0.18Ca0.02O1.9  ceramic sintered 

conventionally at 1450 oC for 8 h. Inset: -Z''
 vs. Z′ at 523 K 

(250 o C) for Ce0.8Sm0.18Ca0.02O1.9  MW sintered for 30 min. 

The plots in the main figure and in the figure inset both 

demonstrate bulk, GB and interface contributions. Open 

be associated with a higher “non-ideality” of the dielectric 

relaxation process and a broader distribution of . A more 

obvious manifestation of the CPE behavior is shown below 

(Fig. 8), using the notation of ε' vs f. 

An almost ideal fit of the data was obtained at intermediate 

and high frequencies using 2 R-CPE elements in series, 

whereas at lower f the interface contribution is not accounted 

for and the GB values from the fits were extrapolated to lower f 

values (Fig. 6). The blocking type interface could not be 

modelled with standard RC or R-CPE elements, because its 

resistance is dominated by diffusion processes that do not 

follow the behavior of resistors or capacitors. 

The temperature dependence of the ionic charge transport 

is illustrated in Fig. 7 for the Ce0.8Sm0.18Ca0.02O1.9 ceramic 

sample sintered conventionally at 1450 o C for 4 h, where the 

data are represented in the notation of the imaginary part of 

the impedance -Z''
 vs f. The height of the bulk and GB relax- 

ation peaks displayed is proportional to the resistance of the 

respective R-CPE element, and the thermal activation of bulk 

and GB ionic charge transport is demonstrated by solid lines in 

Fig. 7. In the intermediate and high frequency regime where 

the bulk and GB contributions are dominant, the equivalent 

circuit model and the data show again excellent agreement. 

symbols (  represent measured data, squares  and The same -Z''
 vs f plots for all other samples (not shown) 

solid lines represent equivalent circuit fits at 

intermediate/ high frequency using two series R-CPE 

elements. 

display the equivalent features. 

The data represented in Fig. 8 were collected from the 

   Ce0.8Sm0.18Ca0.02O1.9 ceramic sample sintered by MW for 

5 min. The data are plotted in the format of the dielectric 

permittivity ε' vs f. Again, three distinct regimes are displayed, 

which were assigned to bulk, GB and interface contributions. 

higher temperature [29]. This implies that the high frequency 

bulk relaxation will gradually disappear and finally 

completely fall out of the high frequency measurement limit 

by increasing the temperature. Ultimately, the bulk semicircle 

would not be visible anymore, but the non-zero intercept of 

the data with the real Z'
 axis would still allow us determining 

the bulk resistivity at elevated temperatures whereas the bulk 

dielectric permittivity would not be accessible anymore. In the 

same way, the interface-pike and then the GB relaxation 

would disappear gradually below the low frequency mea- 

surement limit by reducing the measurement temperature. 

The standard equivalent circuit model of two non-ideal 

resistor-capacitor (RC) elements [29] was used to fit the data 

at various temperatures at intermediate and high frequencies 

where the bulk and GB relaxations are dominant. The bulk 

and GB contributions were each represented by one non-ideal 

RC element, and the two are then connected in series. The 

ideal capacitor in each RC element had been replaced by a 

constant phase element (CPE) [50], which accounts for the 

non-ideality of the respective dielectric relaxation process. 

On a microscopic level the CPE behavior is usually explained 

in the framework of a jump-relaxation model [51], or in 

simpler terms by a broadening of the distribution of relaxa- 

tion times  across the sample [52], where  = R·C, with R 

The bulk and GB contributions are manifested by one slightly 

frequency dependent ε' plateau each as indicated by the blue 

 

 

 
 

 

Fig. 7 - Imaginary part of the impedance (-Z''
 ) plotted vs. 

frequency for a Ce0.8Sm0.18Ca0.02O1.9 ceramic sintered 

conventionally at 1450 o C for 4 h. Two dielectric relaxation 

peaks for the GB and bulk dielectric contributions are 

displayed. Both peaks exhibit thermal activation as 

being the resistance and C the capacitance of an ideal RC indicated by the solid lines. Open symbols   represent 

element [53]. In the -Z''
 vs Z'

 data (Fig. 6), the CPE behavior is 

manifested by the impedance semicircles which have their 

semicircle centers slightly suppressed below the real Z'-axis. 

In the data set for the MW sintered sample (Fig. 6 Inset) the GB 

semicircle seems to be slightly more suppressed, which can 

measured data, squares and solid lines represent equivalent 

circuit fits using the equivalent circuit model based on a 

series of two R-CPE elements. Data were collected at 440 K 

(167 oC), 460 K (187 o C), 480 K (207 o C), 

500 K (227 o C) and 520 K (247 o C). 
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Fig. 8 - Relative dielectric permittivity ε′ vs. f for 

Ce0.8Sm0.18Ca0.02O1.9 ceramics sintered with MW 

techniques at 1450 oC for 5 min. Open symbols  

represent measured data, squares and solid lines 

represent equivalent circuit fits to the data using the 

equivalent circuit model based on a series of two R-CPE 

elements. Data were collected at 400 K (127 oC), 420 K 

(147 o C), 440 K (167 oC), 460 K (187 o C) and 480 K (207 o C). 

The blue solid lines are guide to the eye to visualize the 

bulk and GB capacitance plateaus.  

the pellet dimensions. The temperature dependence of the GB 

and bulk resistivity are displayed in Figs. 9 and 10 respectively, 

for a Sm-doped Ce0.85Sm0.15O1.925 ceramic sintered conven- 

tionally for 4 h at 1450 oC and for co-doped Ce0.8Sm0.18Ca0.02O1.9 

ceramics sintered under various conditions (see figure 

caption). The activation energies (EA) were determined from 

the slope of the respective Arrhenius plots, giving approximate 

values of EA z 0.9 - 1 eV for the GBs, and EA z 0.85 - 0.95 eV 

for the bulk, which are typical values for bulk and GB oxygen 

ion charge transport in doped ceria [15,29,30,54]. The total 

resistivity and conductivity values, composed of GB and 

bulk contributions, at 300 oC and 500 oC, and all EA 

values are summarized in Table 1. The EA values are given 

in eV and additionally in K, where the latter refers to the 

thermal activation energy given as a characteristic 

temperature T0, which is connected to the former via EA = 

kBT0. The GB resistivity displayed in Fig. 9 shows a clear 

reduction with the Ca doping, in contrast to the intrinsic 

bulk resistivity (Fig. 10), which is affected only marginally 

by Ca doping. From our Figs. 9 and 10 it can be deduced that 

Ca doping effectively reduces the GB resistance without any 

significant changes to the intrinsic bulk resistance in the grain 

interior areas. 

The GBs in oxygen ion conducting RE-doped ceria are 

commonly interpreted as Schottky-type barriers [32,55], 

impeding higher oxygen ion conductivities. However, we 

refrain from the quantitative application of the Schottky- 

barrier model to our polycrystalline ceramics for extracting 

the barrier height and width, because it may not be reliable. 
   This is a well-known and long-standing issue in poly- 

crystalline ionic conductors and may arise from the existence 

of multiple grain boundaries, varying grain boundary 
solid lines in Fig. 8; the bulk plateau at high f and the GB 

plateau at intermediate f. The f-dependence of these plateaus, 

especially for the GB contribution, is now a quite clear mani- 

festation for the CPE behavior, whereas for ideal RC elements 

the two plateaus would be strictly f-independent. 

The step-like decrease from the intermediate-f to the high- 

f plateau is expected for two conventional dielectric contri- 

butions in ionic conductors, as compared to interface contri- 

butions that are dominated by diffusion processes. The 

electrode interface contribution appears in Fig. 8 at the low-f 

end in form of a continuous increase of ε' with decreasing f, 

which cannot be represented by standard equivalent circuits 

based on RC or R-CPE elements. This uniform slope of the ε' vs 

f curve at low f in Fig. 8 is again the typical behavior of a 

blocking electrode interface and suggests that the charge 

carriers are oxygen ions. The ε' vs f plots for all other samples 

(not shown) display the equivalent uniform slope in ε' vs f at 

low f, typical for oxygen ion conductivity. 

The equivalent circuit fitting procedure was repeated on 

data collected at various temperatures, atmospheres and 

under several super-imposed dc-biases. In this way, the 

temperature, atmosphere and dc-bias dependence of the bulk 

and GB resistance and capacitance can be determined, where 

their values at various temperatures can be extracted from the 

equivalent circuit resistors and capacitors. 

 
Resistivity data 

The GB and bulk resistance values from the equivalent circuit 

model were converted into resistivity  by taking into account 

 
 

 

 
 

 
 

Fig. 9 - GB resistivity values from equivalent circuit fits for 

ceramic Ce0.85Sm0.15O1.9 ceramics sintered conventionally 

for 4 h (black), and Ce0.8Sm0.18Ca0.02O1.9 ceramics sintered 

conventionally for 4 h (green) and 8 h (red) and sintered 

with MWs for 5 min (blue). The resistivity values were 

obtained from the respective resistor in the equivalent 

circuit model and are plotted vs. reciprocal temperature 

1/T.  
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Fig. 10 - Bulk resistivity values from equivalent circuit fits 

for Ce0.85Sm0.15O1.925 ceramics sintered conventionally for 

4 h (black), and Ce0.8Sm0.18Ca0.02O1.9  sintered 

conventionally for 4 h (green) and 8 h (red) and sintered 

with MWs for 5 min (blue). The resistivity values were 

obtained from the respective resistor in the equivalent 

circuit model and are plotted vs. reciprocal temperature 1/ 

T. 

 

properties and unknown ionic pathways across but also along 

grain boundaries that are contributing and being averaged in 

the grain boundary response measured by impedance spec- 

troscopy in a macroscopic ceramic sample [32,56-58]. 

In Fig. 9 we demonstrate that  different sintering pro- 

cedures alter the GB resistivity only slightly and the conven- 

tional 8 h sintering process appears to be optimal for the 

lowest GB resistivity measured. Since the GB resistivity of MW 

sintered ceramics is only marginally higher than for conven- 

tional sintering, we conclude that the MW sintering processes 

may be relevant for potential industrial applications due to 

the massive time and energy savings despite the small trade- 

off for a slightly higher resistivity. The bulk resistivity values 

shown in Fig. 10 indicate a higher resistivity for the Sm-doped 

Ce0.85Sm0.15O1.925 ceramic, which may be associated with the 

slightly smaller doping level. The lowest bulk resistivity is 

displayed again by the 8 h conventionally sintered co-doped 

Ce0.8Sm0.18Ca0.02O1.9 ceramic, equivalent to the GB resistivity. 

The GB and bulk resistivity data for Ce0.8Sm0.18Ca0.02O1.9 

ceramics sintered with MW radiation for various amounts of 

time are summarized in Figs. 11 and 12. The data are displayed 

over a large temperature range to include the operation tem- 

perature of IT-SOFCs. It is noted that the bulk resistivity ap- 

pears approximately identical for the different sintering 

times, whereas the GB resistivity seems to change due to the 

different heat exposure. This indicates that the densification 

sintering process serves the intended purpose to only modify 

   the microstructure which is related to the GB behavior, but 

does not affect the intrinsic bulk properties. Changes in the 

 
 

 

Table 1 - Total resistivity  and conductivity  (GB + bulk) at 300 o C and 500 oC, and activation energies for 

Ce0.85Sm0.15O1.925 and Ce0.8Sm0.18Ca0.02O1.9 ceramics sintered at 1450 o C by different techniques (Conventional & MW) and 

for different amounts of time. 

(A)    
Composition Conv. sintering  (tot.) 300 o C in cm  (tot.) 300 o C (cm)-1

 

Ce0.85Sm0.15O1.925 4 h 1.62·105
 6.16·10-6

 

Ce0.8Sm0.18Ca0.02O1.9 4 h 2.08·104
 4.81·10-5

 

Ce0.8Sm0.18Ca0.02O1.9 8 h 2.01·104
 4.97·10-5

 

(B)    
Composition MW sintering  (tot.) 300 oC  (tot.) 300 o C  (tot.) 500 o C  (tot.) 500 o C 

 in cm in (cm)-1
 in cm in (cm)-1

 

Ce0.85Sm0.15O1.925 5 min 1.02·105
 9.80·10-6

 8.92·102 1.12·10-3
 

Ce0.8Sm0.18Ca0.02O1.9 30 min 5.77·104
 1.73·10-5

 5.58·102 1.79·10-3
 

Ce0.8Sm0.18Ca0.02O1.9 60 min 1.04·105
 9.62·10-6

 1.18·103 8.48·10-4
 

(C)    
Composition Conv. sintering T0 (bulk) in Kelvin EA (bulk) in eV T0 (GB) in Kelvin EA (GB) in eV 

Ce0.85Sm0.15O1.925 4 h 9555 0.82 10,850 0.94 

Ce0.8Sm0.18Ca0.02O1.9 4 h 10,030 0.87 12,470 1.08 

Ce0.8Sm0.18Ca0.02O1.9 8 h 9962 0.86 11,810 1.02 

(D)    
Composition MW sintering T0 (bulk) in Kelvin EA (bulk) in eV T0 (GB) in Kelvin EA (GB) in eV 

Ce0.8Sm0.18Ca0.02O1.9 5 min 9671 0.83 9929 0.86 

Ce0.8Sm0.18Ca0.02O1.9 30 min 9528 0.82 12,310 1.06 

Ce0.8Sm0.18Ca0.02O1.9 60 min 8507 0.73 11,470 0.99 
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Fig. 11 - GB resistivity values from equivalent circuit fits 

for Ce0.8Sm0.18Ca0.02O1.9  ceramics MW sintered for 5 min 

(blue), 30 min (brown) and 60 min (violet). The resistivity 

values were obtained from the respective resistor in the 

equivalent circuit model and are plotted vs. reciprocal 

temperature 1/T.  

 

 
 

 

 
bulk resistivity would indicate a modification of the intrinsic 

bulk properties, which would be an unwanted effect of the 

sintering process. Since we do not observe bulk changes our 

sintering process may be regarded as a viable ceramic pro- 

cessing step. 

 

 

 
 

 

Fig. 12 - Bulk resistivity values from equivalent circuit fits 

for Ce0.8Sm0.18Ca0.02O1.9 ceramics MW sintered for 5 min 

(blue), 30 min (brown) and 60 min (violet). The resistivity 

values were obtained from the respective resistor in the 

equivalent circuit model and are plotted vs. reciprocal 

temperature 1/T.  

 

 
To summarize, the exceptionally low resistivity values for 

GB and bulk presented here are in good agreement with pre- 

vious work on mechano-synthesized samples of the same 

composition [27]. The absolute values of GB resistivity + bulk 

resistivity confirm exceptionally low resistivity for oxygen 

ionic charge transport in our Sm and Ca co-doped ceria ce- 

ramics. Sm and Ca co-doping, MW synthesis and MW sinter- 

ing seem to be promising and complementary strategies to 

obtain highly ionically conducting materials for potential 

application as a solid electrolyte in IT-SOFCs using environ- 

mentally friendly processing routes. 

 
Effects of dc-bias and gas atmosphere on the ionic conductivity 

Since the low oxygen ion resistivity discussed above would be 

relevant for industrial application, it is important to confirm 

the purely ionic character of the conduction. A possible elec- 

tronic contribution is unwanted and would harm the opera- 

tion of the electrolyte in a potential IT-SOFC. Therefore, we 

have studied the effect of a dc-bias voltage signal (0 V, 1 V, 2 V, 

5 V, 10 V and 20 V), which was super-imposed on the standard 

100 mV ac voltage signal. Fig. 13 demonstrates that the addi- 

tional dc-bias voltage leads to a decreasing GB resistance 

when increasing the dc-bias, as indicated by a decreasing size 

of the GB semicircle in the -Z'' vs Z'
 complex plane plot at 473 K 

(200 oC) for a Ce0.8Sm0.18Ca0.02O1.9 ceramic sample, MW sin- 

tered at 1450 oC for 30 min. The observed effects also occurred 

in all other samples (not shown). This dc-bias dependence of 

the GB resistivity is a typical feature of ionic conductors, 

where the GBs are often interpreted in terms of charge 

blocking Schottky-type barriers. On the other hand, the ionic 

conduction within the grain interior areas is unaffected by the 

 
 

 

 
 

 

Fig. 13 - Complex impedance plot of -Z''
 vs. Z′ at 473 K (200 

o C) for a Ce0.8Sm0.18Ca0.02O1.9  ceramic, MW sintered at 1450 
o C for 30 min. The data were collected with various dc bias 

voltages (0 V, 1 V, 2 V, 5 V, 10 V, 20 V) superimposed over 

the regular 100 mV ac voltage signal as indicated. The 

figure demonstrates the dc bias dependence of the GB 

resistance but not the bulk resistance. This is consistent 

with oxygen ion conduction, where the GB areas act as 

Schottky type barriers for ionic charge transport. Open 

 symbols    and solid lines represent measured data. 
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dc-bias as expected. This is indicated in Fig. 13 by an 

approximately constant size of the bulk semicircle. 

Another common test for ionic conductivity is the depen- 

dence of the resistivity upon the oxygen partial pressure. In 

case of an electronic contribution from a hypothetical Ce3+/ 

Ce4+ mixed valence state the resulting resistivity is expected 

to change perceptibly with the oxygen partial pressure [59]. 

This is due to the strong dependence of the resistivity on the 

balance between the redox-pair Ce3+/Ce4+. Under air gas flow 

with increased oxidation the expected trend would be towards 

Ce4+ and increasing resistance, whereas partial reduction 

under N2 gas flow would result in a trend towards Ce3+ and 

decreasing resistance. No significant resistivity changes were 

observed by measuring the impedance of a 4 h conventionally 

synthesized Ce0.8Sm0.18Ca0.02O1.9 ceramic under air and ni- 

trogen gas flows. The same effect was also observed in a MW 

sintered sample investigated under the same conditions. 

Fig. 14 shows the complex impedance plots at 393 K (120 o C), 

where only marginal changes in the resistivity are indicated. 

These subtle changes can be interpreted as a result of a small 

temperature discrepancy during the two measurements, and 

a significant electronic contribution is not indicated. On the 

other hand, the low frequency interface contribution shows a 

clear change with the air or N2 gas flow, which we explain in 

terms of the diffusive type charge transport across the sample 

electrode interface. It may be concluded that the oxidation 

state of Ce is predominantly Ce4+ and a hypothetical Ce3+ 

oxidation state cannot be confirmed within experimental 

error. 

In Figs. 13 and 14 all 3 relaxation processes (bulk, GB, 

interface) are clearly visible at the same time only around the 

 

 

 
 

 

Fig. 14 e Complex impedance plot of -Z00 vs. Z′ at 393 K 

(120 o C) under Air (black) and N2 (red) gas flow for a 

Ce0.8Sm0.18Ca0.02O1.9   ceramic,  conventionally  sintered  at 

1450 o C for 4 h. The figure demonstrates marginal 

dependence of the bulk and GB resistivity on N2  or air gas 

flow. This is consistent with oxygen ion conductivity, and 

no perceptible Ce3þ  concentration is evident to open an 

selected temperatures due the equivalent argument brought 

forward above in context with Fig. 6: By increasing the tem- 

perature all dielectric relaxations shift to higher frequencies, 

because all 3 relaxation processes are Arrhenius activated and 

get accelerated at higher temperature [29]. The effect of DC 

bias and different atmosphere on all 3 relaxations can be fully 

visualized only at the selected optimum temperatures. 

To summarize, the findings of a typical interface “pike” in 

the -Z'' vs Z' plots (Fig. 6), the linear increase of ε' with 

decreasing f in the ε' vs f curves (Fig. 8), the typical activation 

energies in the range of EA z 0.8 - 1 eV (Table 1), the dc bias 

dependence of only the GB resistance but not the bulk (Fig. 13) 

and the negligible effect of the gas flow atmosphere on the 

resistivity (Fig. 14), are all consistent with pure oxygen ion 

conductivity without any significant electronic contribution. 

Previous reports have detected an additional or even domi- 

nating electronic contribution in doped ceria ceramics [60], 

which we have not observed here in our work. We believe that 

our samples may be oxygenated to a high extent with almost 

exclusive Ce4þ valence state, or in other words our samples may 

strongly tend towards a higher oxidation state of Ce4+ within 

the possible redox-pair Ce3+/Ce4+. 

 

 
 

Conclusions 

 
MW synthesized Ce0.8Sm0.18Ca0.02O1.9 ceramics exhibit 

exceptionally high oxygen ion conductivity without any sig- 

nificant electronic contribution. MW assisted sintering leads 

to only slightly increased resistivity, but offers massive energy 

and time saving for potential industrial production processes. 

Exceptionally high oxygen ion conductivity without any sig- 

nificant electronic contribution was found in MW synthesized 

and MW sintered pellets, where the total resistivity, composed 

of grain boundary and bulk contributions, was in the range of 

0.5 - 1 k at 500 o C. Sm- and Ca co-doped ceria may be 

regarded strong candidates for electrolyte materials in IT-

SOFCs. MW synthesis and Ca doping of ceria ceramics 

can effectively reduce the resistance of the GBs, which 

constitute barriers for oxygen ion charge transport. The 

exact mechanism for this efficient reduction of the GB 

resistivity is unclear at this point and may deserve further 

research work. 
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