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Abstract
Purpose: Ceria-based ceramics can be considered among the most promising solid electrolytes
for intermediate temperature solid oxide fuel cells (IT-SOFC). In the present work, variously-
doped nanocrystalline ceria powders were flash sintered and the role of doping (Gd and Sm, 5-20
mol%) and sintering aid (Li and Co) on the final microstructure and the electrical behaviour was
investigated.
Method: Gd- or Sm-doped nanocrystalline ceria powders were synthesized by co-precipitation
method using ammonia solution as precipitating agent. The synthesized nanopowders were
characterized by DSC-TG, XRD and nitrogen physisorption analysis. The nanopowders were
isostatically pressed and flash sintered. The relative density was measured by hydrostatic balance
and the corresponding microstructure was observed by SEM. The electrical behaviour was
studied by EIS.
Results: Flash sintered powder pellets showed different behaviour depending on the dopant and
sintering aid. The electrical conductivity of the samples increased by increasing the relative
density.
Conclusions: Fully-dense Gd-doped ceria samples, synthesized by co-precipitation, were
obtained by flash sintering in very short times at 700°C. The total conductivity was comparable
to that measured on samples sintered with conventional route at much higher temperatures such

as 1500°C.

Keywords: Doped-Ceria; Co-Precipitation; Flash Sintering; lonic Conduction;

Electrochemical Impedance Spectroscopy.
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Introduction

Materials with fluorite structure AB», such as ceria (CeOz), have been extensively investigated
for many environmental-friendly applications such as solid oxide fuel cells (SOFC), hydrolyzers
for hydrogen production, oxygen sensors, ultraviolet absorbers etc. [1-5].

The conductivity and chemical reactivity are governed by the A** site-substitutions. If cerium is
replaced by a lower-valence rare-earth cation (Re*"), oxygen vacancies concentration increases
and, consequently, ionic conductivity becomes larger, according to the reaction (using Kroger-

Vink notation [6]):

Re, 05 =% 2Re(, + 305 + V3 (1)
where Re(, is the rare-earth cation (Re*") substituting for cation Ce**, 0% the lattice oxygen
anion and Vj; the oxygen vacancy.

Among lanthanides, Gd and Sm are the dopants inducing the largest ionic conductivity with
limited activation energy because their ionic radius, i.e. Gd* (0.105 nm) or Sm*" (0.108 nm), is
very similar to the one of the host cation, Ce*" (0.097 nm) [7-9]. For this reason, very recently
the authors have carried out several works about the synthesis, the sintering and the electrical
characterization of Gd- and Sm-doped ceria [10-13].

Usually, the ionic conductivity of ceramics depends also on their microstructure, strongly related
to processing. For example, a densified material without any interconnected porosity is
fundamental as electrolyte for SOFC applications. Unfortunately, fully-dense ceria-based
ceramics are very challenging because of the high firing temperatures and long required thermal
treatments [14]. Several previous works reported about the sintering of ceria-based materials; as
an example, Van herle [15] pointed out that 95% relative density for yttrium-doped ceria is
typically obtained at 1500-1600°C. Using more reactive powders, sintering temperature can be
reduced down to 1200-1300°C, although long treatments remain necessary: for example, very
recently, Dong [16] sintered GDCI10 at 1250°C by a 8 hours thermal treatment. Moreover,
sintering and densification behavior of ceria-based ceramics strongly rely on raw powders
properties (e.g., particle size and particle-size distribution) [17]. An innovative technique named
Flash Sintering (FS) has been recently established as a very promising method to get fully-dense
ceramics at low temperature in a very short time under the effect of an external electrical field.

FS has been successfully used for a large number of ceramic materials, including also the most
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typical materials as electrolytes for SOFC, such as zirconia-based and ceria-based ceramics [18-
22].

In the present work, FS was employed to sinter Gd- and Sm-doped ceria powders, synthesized by
a co-precipitation route. The effect of the dopant concentration (5-20 mol%) and of the addition
of sintering aids (Li and Co) on sintering behavior, microstructure and electrical behavior was

investigated.

Materials and methods

Cerium (III) nitrate [Ce(NO3);6H20 99.0 % Carlo Erba, Italy], gadolinium nitrate
[GA(NO3)36H20 99.0 % Carlo Erba, Italy] and samarium nitrate [Sm(NO3)3'6H20 99.0 % Carlo
Erba, Italy] were used as raw materials for the synthesis of hydrous gadolinium-doped cerium
oxides and hydrous samarium-doped cerium oxide by co-precipitation. The gadolinium content
was varied between 5 and 20 mol% thus the reference composition of the various samples in the
anhydrous form was CeixGdxOz2-x2 with x = 0, 0.05, 0.10, 0.15 and 0.20. The samples were
named C, GDC5, GDC10, GDC15 and GDC20, accordingly. The reference composition
Ce0.9Smo.101.95 (labelled as SDC10) was obtained by using 10 mol% of samarium. The proper
nitrate amount was dissolved in deionized water to get a total cationic concentration equal to 0.1
M. Then, the solution was vigorously stirred for 1 h. To induce co-precipitation, an excess
ammonia solution (~ 4 M) was added and the suspension was aged for 1 h under vigorous
stirring. The co-precipitates were filtered, washed several times with deionized water and finally
dried overnight at 80°C. Some GCD10 samples were prepared by adding 1 mol% Li,O or CoO
as sintering aids. LiO was added to GDC10 by impregnation in a concentrated solution of
LiNOs;; the corresponding sample was labelled LiGDCI10. For producing CoGDC10
composition, proper amount of Co(NO3)2 was dissolved into Ce and Gd nitrates solution before
the co-precipitation. Hydrous cobalt oxide was formed together with the hydrous gadolinium-
doped cerium oxide.

The synthesized powders were calcined at 400°C for 1 h to promote the complete crystallization
of the fluorite structure but limiting grain growth and agglomeration phenomena.

The thermal behavior of the samples was ascertained by simultaneous differential scanning
calorimetry and thermogravimetric analysis (DSC and TGA, Thermoanalyzer STA 409, Netzsch)

carried out in air up to 1200°C using heating rate of 10°C/min and a—Al>Os as a reference. The



O Joy Ul Wb

AT OO0 B DD DS DRSNS DNWDWWWWWWWWWWNNNNNNNNNNNNR R P 2R R R R
B WNHFRFOWOJONOdWNHFRFOWVWOMJONUTEWNHFEFOWOWOMJIANOEWNHFEFOWOW®OJIAUD™ WNRE OW®JU S WNR O O

synthesized powder was also characterized by X-ray diffraction (XRD) using a Panalytical
X'PERT MPD diffractometer. To identify the cell parameter (¢) and the primary particle size
(Dxrp) of the samples, Rietveld refinement using MAUD suite [23] was carried out.

The specific surface area of the synthesized powders was obtained by nitrogen adsorption
analysis (BET method) using a Micromeritics Gemini apparatus and using nitrogen as adsorbate
gas; the sample was preliminarily dried under vacuum at 100°C.

The calcined powders were compacted into cylindrical pellets by cold isostatic pressing at 160
MPa to be used for FS. The green specimens were inserted between two platinum disks (¢ =9
mm, h = 4 mm) connected to a DC power supply (Sorensen DLM300). To ensure a good
electrical contact with platinum disks, the flat surfaces of the specimens were painted with a
silver-based conductive paste (Agar Scientific). A multimeter (Keithley 2100) recorded the
applied voltage and the electrical current vs time.

The sample and the electrodes were placed in a dilatometer (Linseis L75) and heated at constant
heating rate (20°C/min). Once the sample reached 200°C, the power supply was switched on,
starting in this way the voltage control. In the present work, the electric field was applied in the
range 25-250 V/cm. During FS phenomenon the system switched from voltage to current control,
being the current limit set at 13.5 mA/mm?. After that the current flowed for 2 min and finally
the power supply and the furnace were switched off.

The apparent density of the sintered pellets was measured by using a hydrostatic balance
(Archimedes’ principle) and the microstructure was analyzed by SEM (Philips XL30) after
careful polishing and thermal etching of the flat pellets surface.

Electrochemical impedance spectroscopy (EIS) measurements were performed on sintered
pellets using symmetric electrodes. Both faces of the pellets were painted using gold conductive
paste before a thermal treatment at 600°C for 1 h to ensure good adhesion and proper electric
contact. EIS measurements were carried out in the 300-800°C temperature range using a
frequency response analyzer (FRA, Solartron 1260), coupled with a dielectric interface
(Solartron 1296), in a frequency range between 0.1 Hz and 1 MHz with an AC voltage amplitude

of 100 mV. Fitting of impedance plots was carried out by ZsimpWin software.

Results and discussion
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Gd and Sm-doped ceria co-precipitates

Figure 1 shows the XRD patterns of as-synthesized GDC10 and SDC10 powders, where the
fluorite peaks are clearly detectable and their broadness indicates a nanometric crystallites size.
These findings are in agreement with the results of Shih et al. [24] who reported that precipitated
ceria begins to crystallize even at 0°C. Moreover, the diffraction patterns shape suggests the
presence of a certain amount of amorphous phase, as also previously reported [10,18]. All
coprecipitated samples showed similar XRD diffractograms. The nanometric size of the powders
is confirmed by their specific surface area, which is 105 m?/g and 96 m?/g for GDC10 and
SDCI10, respectively. From such values, the particles average diameter can be estimated being
equal to about 8 nm and 9 nm for GDC10 and SDC10, respectively. DSC-TG analysis confirms
the presence of a certain amount of amorphous phase. The thermal behavior of as-synthesized
SDC10 powder is reported in Figure 2 and it is similar to that of other co-precipitated compounds
[10,18]. An exothermic peak at 284°C can be associated to the crystallization of the amorphous
phase and the corresponding weight loss is ascribable to the decomposition of the amorphous
hydrated compound to anhydrous crystalline oxide [10,18].

As also reported in a previous work [18], after the crystallization of the amorphous phase, no
additional phase transformation or formation of secondary phases occurred even at temperatures
as high as 1000°C, indicating that the solid solution of Gd or Sm within the CeO: fluorite
structure is stable over a wide temperature range.

The calcination at 400°C for 1 h allows the complete formation of a single fluorite phase as
shown by XRD patterns of GDC10 and SDC10 powders reported in Figure 3. The cell parameter
and the crystal size, calculated by using Rietveld refinement method, are reported in Table 1 for
both as-synthesized and calcined GDC and SDC powders. As evident in this Table, the mild
calcination step preserves the nanometric size of the powders. The calculated cell parameter is in
good agreement with literature data, being equal to 0.5418 nm (ICDD reference pattern n. 75-
161) and 0.5423 nm (ICDD reference pattern n. 75-157) for GDC10 and SDC10, respectively.

Flash sintering
The FS phenomenon was observed in all tested samples. The onset temperature for FS, defined
as the temperature at which the power supply switches from voltage to current control, is

reported in Figure 4 as a function of the electric field. In agreement with previous results [25], FS
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temperature decreases when a larger electrical field is applied. In any case, the flash sintering
temperature is always well below the values typically required for conventional sintering.

The onset temperature is influenced by the presence of dopants and sintering aids. Specifically, a
larger Gd or Sm doping accounts for lower FS temperatures being the reduction particularly
significant up to 10 mol% doping (about 200°C). The use of sintering aids such as LiO
drastically reduces FS temperature by more than 100°C, while CoO does not seem to
significantly affect the behavior (less than 35°C).

It is well-known that the onset temperature for FS is related to the specific power dissipation (P)
trend. Figure 5 shows how P changes with the furnace temperature for samples subjected to 100
V/em. For all samples, a deviation from linearity occurs for P~15 mW/mm?, in agreement with
previous results [19,22,26,27,28]. The flash phenomenon is observed ~ 30-60 s (10-20°C) after
that the power dissipation value is reached. This behavior is very likely due to the fact that, once
the threshold specific power is reached, the sample is no more able to dissipate the internal heat
generated by Joule effect and it undergoes to a rapid and uncontrolled heating [25]. After that,
the system switches from voltage to current control and the “flash event” occurs. One can also
observe that, during the incubation, when the system is under voltage control, the specific power
dissipation increases with Gd or Sm content up to 10 mol%, while further dopant additions do
not lead to significant changes. Also Li addition drastically increases power dissipation during
FS incubation, while no regarding effects can be observed in Co-containing material.

From comparison of Figures 4 and 5, the onset temperature is lower for the specimens that
showed a higher power dissipation during FS incubation. When the system is under voltage
control (FS incubation stage), power dissipation linearly increases by increasing the green body
conductivity; in other words, green pellets with larger conductivity are characterized by larger P
values and lower onset temperature (for the same electric field). Therefore, controlling the type
and the amount of dopant, it is possible to change the green body conductivity and decrease the
onset sintering temperature further.

An analytical correlation between the onset temperature for FS (T,) and the electrical

parameters of the system was developed by Dong et al. [29, 30] and is reported in Eq. (2):

ln(E—z) —fap )

T4 RT,
where E, is the activation energy for conduction in the green body, R is the perfect gas constant

and B is a constant depending on the geometrical and radiative parameters of the system.
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In Figure 6 the parameters measured during the FS are reported. According to Eq. (2), a linear
behavior (R? > 0.976) is obtained. The activation energy for conduction in the green specimen
can be estimated from the slope of Figure 6 and it can be compared to the activation energy
measured from the power dissipation during the incubation of flash sintering (Figure 5). E,
values estimated by the two methods are reported in Table 2. E, ranges between 0.93 and 1.65
eV in good agreement with the activation energy measured in dense electrolytes [27, 31-34]. The
activation energy values obtained by the two methods are pretty similar, supporting the validity

of the developed model to evaluate the onset temperature for flash sintering.

Microstructure of the sintered samples

In the presence of Li as sintering aid, the FS temperature decrease plays a negative role on
densification. The temperature at which the flash sintering occurs is probably too low and the
sample cannot attain a satisfactory densification. The fracture surface at different magnifications
of the sample flash sintered at 100 V/cm is shown in Figure 7(a,b). A homogenous grain size of
about 500 nm is clearly revealed. In Table 3 the grain size values of pellets sintered at 100 V/cm
and calculated by Rietveld refinement are reported. The calculated value for LiGDC10 sample is
in agreement with the microstructural investigation. A distributed nanosized porosity is also
revealed, and it causes a relatively low density of 67%, as reported in Table 4 showing the
relative density values of flash-sintered samples. Moreover, the sample sintered at 50 V/cm has a
relative density of 71 %. This feature can be considered as a further confirmation of the fact that
the reduced FS temperature is the main reason of the quite poor densification. Therefore,
according to our results, the use of Li as sintering aid in FS of Gd-doped ceria ceramics appears
not only useless, but even counterproductive. As shown in Figure 7 and confirmed by the values
reported in Table 4, the grain size of the other FS samples is definitely smaller and similarly for
the pores size. Thus, it seems that coarsening rather than densification occurs during FS of
LiGDC10 samples.

The other samples CoGDC10, GDC10 and SDC10 are quite similar from a microstructural point
of view (Figure 7). CoGDC10 and SDC10 are not completely homogeneous and are formed by
nearly fully-dense regions alternated to porous regions (Figures 7(c) and (g)) although relatively
high density is achieved especially for the former sample (Table 4). The microstructure of the

dense regions in CoGDC10 and SDC10 is reported in Figures 7(d) and 7(h), respectively, where
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a very limited grain size is evident, further confirmed by the calculated grain size values reported
in Table 3 (being 95 nm and 51 nm for CoGDC10 and SDC10 respectively). Conversely, GDC10
sample is properly densified (98-99% relative density) with a fine and homogeneous grain size of
200-300 nm, as reported in Figure 7(e) and (f). To justify the different behavior of SDC10 and
GDC10 samples, it can be considered the crystal size before and after calcination. From data
reported in Table 1, calcination is responsible for the growth of crystal size of about 85 % and
about 190 % for GDC10 and SDC10, respectively. As reported by some authors of this paper
[35] the ratio between crystal size after and before calcination can be used as a rough estimation
of the agglomeration degree. Thus, SDC10 powders are much more agglomerated than the
GDC10 ones and this fact can inhibit a full densification.

Finally, it is important to point out that no macroscopic inhomogeneity was present in the
electrode areas. During DC flash sintering experiments YSZ was previously shown to be
partially reduced, producing “blackened zones”; such areas are generally concentrated in the
cathodic region and they can be easily observed by naked eye [36]. These are not visible on the
samples prepared in the present work. This can be very likely associated to the fact that the used
current limit (13.5 mA/mm?®) is lower than that typically used for YSZ flash sintering
experiments [37]; therefore, reduction phenomena are more unlikely to occur. Moreover, no
second phase associated to ceria reduction (i.e. Ce203) can be detected from XRD patterns.
However, this is not excluding that some Ce*" can be reduced to Ce*" during the process,

forming a dilute solid solution.

Electrical characterization

The electrical behavior of sintered samples was measured in the temperature range between 300
and 600°C in synthetic air. As an example, Figure 8 shows the Nyquist plots for GDC10 at
300°C, revealing two separated semicircles associated to bulk and grain boundary contribution at
low temperature; conversely, only one semicircle was measured at high temperature. The same
behavior was recorded also on the other materials. The total resistivity was calculated by using a
(R-CPE)s(R-CPE)g(R-CPE)el equivalent circuit at low temperature and a R(R-CPE). equivalent
circuit at high temperature, being R; the total resistivity. In the former case, the main contribution
to the total resistivity is due to the low frequency arc associated with a capacity of 10 F and,

therefore, correlated to the grain boundary contribution. The large grain boundary resistance
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revealed at low temperature for GDC10 is in agreement with the nanometric morphology
reported in Figure 7 (e,f).

Figure 9 shows the Arrhenius plot of the ionic conductivity of GDC10, CoGDC10, SDC10 flash
sintered under electric field of 100 V/em. GDC10 sample shows the highest conductivity equal to
1.13x10 S/cm at 600°C with an activation energy E. equal to 1.1 eV. Such values are
comparable to literature data for GDCI10 conventionally sintered at 1500°C [28, 31-34].
CoGDCI10 sample, having a relative density of 93%, shows slightly lower conductivity.
Conversely, conductivity decreases significantly in SDC10 sample, this being related to the
lower density.

For all samples (except LiGDC10), a reduction of the electric field intensity (from 100 to 50 V)

accounts for lower conductivity, as it is expected from microstructural features.

Conclusions

Nanocrystalline Gd and Sm-doped ceria powders synthesized by co-precipitation method were
successfully consolidated by flash sintering procedure at temperatures between 600 and 900°C
under an electric field ranging from 5 to 250 V/cm. Quite surprisingly, the addition of Li>O and
CoO as sintering aids does not improve the densification. Fully-dense (99%) GDC10 samples
with grain size of about 200-300 nm can be flash-sintered at temperatures slightly lower than
600°C. The total conductivity at 600°C was 1.13x102 S/cm a value comparable to that measured
on samples conventionally sintered at 1500°C. Conversely, SDC10 samples processed using the
same conditions maintain a certain amount of porosity, which is responsible for lower

conductivity values.
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FIGURE CAPTIONS

Figure 1:
Figure 2:
Figure 3:
Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

XRD pattern of as-synthesized GDC10 (a) and SDC10 (b) powders

DSC (dashed line) and TG (solid line) of as-synthesized SDC10 powder
XRD pattern of GDC10 (a) and SDC10 (b) powders calcined at 400°C for 1 h
Onset temperature for FS as a function of the applied electrical field

Specific power dissipation as a function of the furnace inverse temperature (for
electrical field equal to 100 V/cm).

Relation between electric field (E) and onset flash sintering temperature (T,) in the
Ln(E%/To*) vs 1000/T, plots. The interpolation using Eq. (2) is represented by the

dashes lines.

SEM micrographs of samples flash-sintered under 100 V/ecm: LiGDC10 (a,b),
CoGDCI10 (c,d), GDC10 (e,f) and SDC10 (g,h)

Nyquist plot of GDC10 at 300°C

Arrhenius plot of GDC10, CoGDC10 and SDC10 samples flash-sintered under 100
V/em
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