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Abstract: In this work, ceria-based ceramics with the composition Gdg14Prp06Cep505.5 and
Smy 14P10 06Cep 8025, were synthesized by a simple co-precipitation process using either ammonium
carbonate or ammonia solution as a precipitating agent. After the calcination, all of the produced
samples were constituted by fluorite-structured ceria only, thus showing that both dopant and
co-dopant cations were dissolved in the fluorite lattice. The ceria-based nanopowders were uniaxially
compacted and consequently flash-sintered using different electrical cycles (including current-ramps).
Different results were obtained as a function of both the adopted precipitating agent and the applied
electrical cycle. In particular, highly densified products were obtained using current-ramps instead of
“traditional” flash treatments (with the power source switching from voltage to current control at the
flash event). Moreover, the powders that were synthesized using ammonia solution exhibited a low
tendency to hotspot formation, whereas the materials obtained using carbonates as the precipitating
agent were highly inhomogeneous. This points out for the first time the unexpected relevance of the
precipitating agent (and of the powder shape/degree of agglomeration) for the flash sintering behavior.

Keywords: co-doped ceria; flash sintering; precipitation

1. Introduction

One of the main targets of solid oxide fuel cell (SOFC) research regards decreasing their operative
temperature to 500-700 °C, towards the future generation of so-called intermediate temperature SOFC.
With this in mind, it is necessary to use ceramic electrolytes with both chemical/mechanical stability
and adequately high ionic conductivity in said temperature range [1]. Ceria (CeO,)-based ceramics
are considered to be promising candidates, especially when doped with aliovalent cations (Gd or Sm)
or co-doped with other rare-earth elements (i.e., Pr, Er, Nd) or earth-alkaline elements (i.e., Ca, Sr).
These allow for an increase in the overall concentration of oxygen vacancies and a tuning of their final
electrochemical properties [2-5]. Recently, a certain interest has been generated by the very positive
effect of Pr-co-doping in terms of electric properties and sintering aptitude [6,7].

Nevertheless, ceria-based materials generally exhibit poor sinterability, meaning that high
temperatures and long timeframes are necessary to achieve adequate densification [8]. To overcome
this major drawback, many strategies have been proposed. These strategies include the use of
more reactive ceria powders synthesized by co-precipitation [9-11], the sol-gel method [12], and
hydrothermal treatments [13,14], or the improvement of the sintering cycle by using sintering aids [15],
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or using innovative densification techniques [16,17]. Among these methods, flash sintering (FS) has
recently been shown to be a very promising consolidation route suitable for densifying ceramics
at a reduced temperature via the application of an external electric field [18-20]. When a critical
combination of electric field and temperature is reached, a power surge [21,22] occurs (the so-called
flash event), which is associated with a nearly instantaneous densification. Since FS is usually carried
out by voltage-limited and current-limited power sources, and upon the rapid electrical conductivity
increase, three stages can be identified throughout the process: stage I (or incubation), where the power
source works in voltage control; stage II (or flash event), where the current abnormally increases and
reaches the limit of the system; and stage III, where the system is current-limited. One of the main
drawbacks of FS is the formation of preferential current paths, also known as hotspots [23], that can
be limited by avoiding the power spike of the flash transition through a progressive and constant
intensification of the imposed current [24-26].

Although several reports can be found in the literature concerning the application of FS to
doped-ceria materials [1,27-30], no studies concerning FS applied to ceria doped by metals with RedOx
behavior have been reported. In the present work, FS was applied to Gd/Pr and Sm/Pr co-doped ceria.
Both materials were synthesized via a co-precipitation route using ammonium carbonate or ammonia
solution as a precipitating agent, and the relevant effect on the field-assisted sintering process was
analyzed in detail.

2. Materials and Methods

Cerium(IIl) nitrate (Ce(NO3)3-6H,0, 99.0%, Sigma-Aldrich, Milan, Italy), Samarium(III) nitrate
(SM(NO3)3-6H,0, 99.9%, Sigma-Aldrich, Milan, Italy), Gadolinium(Ill) nitrate (Gd(NO3)3-6H,0,
99.0% pure, Sigma-Aldrich, Milan, Italy), and Praseodymium(IIl) nitrate (Pr(NO3)3-6HO, 99.0%,
Sigma-Aldrich, Milan, Italy) were used as metal precursors for the syntheses of the various samples.
Ammonia solution (30 wt%, Carlo Erba, Cornaredo, Italy) and ammonium carbonate ((NH4),CO3,
99.0%, Fluka-Honeywell, Sigma-Aldrich, Steinheim, Germany) were used as precipitating agents.

In a typical synthesis, the proper amount of rare-earth nitrates was initially dissolved in de-ionized
water to reach a total cationic concentration of 0.1 M (solution A). Then, an aqueous solution containing
0.5 M ammonium carbonate (solution B) or a solution containing about 2 M NHj (solution C) was
prepared as a precipitating agent. The co-precipitation was carried out at room temperature by quickly
adding solution B to solution A, or solution C to solution A, all kept in vigorous agitation, and by
using a slight excess (~ 50%) of the added base. When the two solutions were mixed, the co-precipitate
instantly formed. It was then recovered by vacuum filtration, repeatedly washed with de-ionized
water, and finally dried overnight at 80 °C.

Three different powders were prepared: Gdg14Prg06Ce 8Os with ammonium carbonate
(GPDC-AC), Smy 14Pr( 06Cen.8§0o.5 with ammonium carbonate (SPDC-AC), and Smg 14Prg 0sCe 8O>-5
with ammonia solution (SPDC-NH3).

The synthesized powders were calcined at 550 °C for 30 min under static air to induce the thermal
decomposition and the complete crystallization in the fluorite structure of ceria-based compounds.

All synthesized powders were characterized by X-ray powder diffraction (XRD) by using an
X'PERT diffractometer (Panalytical, Almelo, The Netherlands) with CuK« radiation.

The thermal behavior of the powders was analyzed by differential thermal analysis and
thermogravimetric analysis (DTA-TG) either in air or in Ar (STA 409 Thermoanalyzer, Netzsch,
Selb, Germany), with a heating rate of 10 °C/min up to 1200 °C and x-Al,O3 as a reference.

The calcined powders were subsequently used to produce cylindrical pellets (about 4 mm thick,
8 mm in diameter) by uniaxial pressing (200 MPa) which were flash-sintered in air under different
electrical conditions.

The powder morphology and sintered pellet microstructure was studied by SEM (Novasem, FEI
Co., Hillsboro, OR, USA) equipped with a standard Everhart-Thornley detector (ETD) and a through
lens detector (TLD) to improve the observation of crystal surfaces at higher magnifications.
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Flash sintering experiments were carried out within a modified Linseis L75 dilatometer using a
heating rate of 20 °C/min, from room temperature and up to 10 °C above the registered flash-onset
temperature (about 750-800 °C), with electric fields of 50 V/cm and current limits between 20 and
80 mA/mm?. The flat surfaces of the pellets were painted using silver paste and the samples were
then introduced into the dilatometer between two Pt disks used as electrodes. The electric power was
provided by a DC power source Sorensen DLM300 (Sorensen, San Diego, CA, USA). Once the power
source switched from voltage to current control the sample entered into the so-called flash state, after
which the current was left to flow for 30 s. Then, both the power source and the furnace were switched
off. The electrical data were controlled by a Keithley 2000 multimeter with an acquisition frequency of
1 Hz.

In addition to “conventional” flash experiments, flash sintering using a current-ramp approach
was also employed. In this case, treatments were carried out at a constant furnace temperature of
700 °C. Two different ramps were used. In the first one, the current was increase by 2 mA/mm? steps
every 30 s up to 12 mA/mm?, while in the second one, the current was increase by 5 mA/mm? steps
every 30 s up to 20 mA/mm?.

3. Results and Discussion

3.1. Characterization of the Samples

Through the described co-precipitation process in the presence of ammonium carbonate as a
precipitating agent, cerium-based co-precipitates are always amorphous in nature, regardless of cerium
doping, as clearly stated in our previous works [7,9]. According to these, the as-formed amorphous
phase is very likely constituted by a rare-earth (RE) hydrate hydroxide carbonate (RECO;OH-xH,O,
where in the present work RE = Pr(46Gd 14Ceq 8o, or RE = Prgg6Smg 14Cepg0). This was confirmed
by DTA-TG carried out in Ar on a GPDC-AC sample, as shown in Figure 1. The total weight loss
(32.5 wt%) was divided into three well-distinct events, clearly visible from the TG derivative curve
(DTG), where three points with a maximum weight loss rate located at about 160 °C, 400 °C, and 500 °C
were identified. This behavior agreed very well with the decomposition process of RECO;OH-xH;0O,
which can be represented by the following chemical reactions [31]:

2REOHCO3-xH,0O — REzo(CO3)2 +(2x+1)H,O 7T 1)
REzo(C03)2 i RE202CO3 + COZ T (2)
RE,O,CO3 —» RE,O3+ CO; T 3)

This mechanism applies in air when RE is a rare-earth with a fixed 3+ valency. In the case of
Ce?*, which can very easily oxidize to Ce** in air, thermal treatment in a non-oxidizing atmosphere
(such as the Ar-based atmosphere used for DTA-TG) is needed to highlight this three-step behavior.
In our case, we considered RE to be a mixture of Ce, Gd, and Pr according to the initial composition
(i.e., RE = Gdg 14Pr 06Cep.80). Therefore, reactions (1), (2), and (3) corresponded to the peaks at 160 °C,
400 °C, and 500 °C, respectively. The theoretical total weight loss depended on the x-value, and
when x = 1.5, it was equal to 32.5%, i.e., in perfect agreement with the measured value. Therefore,
it was reasonable to assume that the composition of the amorphous co-precipitate corresponded to
(Gd0_14PI‘0.06C80_80)C03OH'1.5H20.
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Figure 1. DTA (a)-TG/DTG (b) of GPDC-AC.

All thermal events occurred well below 600 °C. Therefore, the as-obtained samples were calcined
(under static air) at 550 °C for 30 min to decompose the hydroxycarbonate, oxidize Ce>* to Ce**, and
induce the crystallization of the fluorite phase. Such mild conditions for the calcination step were
selected in order to limit undesired phenomena, such as excessive (and unnecessary) grain growth and
a consequent reduction of the powders’ reactivity.

The SPDC-NH3 exhibited very different behavior. It was already partially crystallized in the
fluorite-like phase after co-precipitation, as was evident from the diffraction pattern shown in Figure 2,
where only fluorite-structured ceria peaks appeared, corresponding to a very fine nanometric structure
that grew slightly after calcination at 550 °C.
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Figure 2. XRD patterns of as-synthesized (red) and calcined (blue) SPDC-NH3.
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Thus, the presence of Pr as a co-dopant does not influence the co-precipitation behavior, as has
already been reported in the literature for pure and single metal-doped ceria produced using ammonium
carbonate [32,33] and ammonia solution [34]. The diffraction patterns of the other calcined samples
were nearly identical to those in Figure 2, thus confirming a fluorite structure as for the ICDD card
n. 75-158 (corresponding to Smy»Ce(gO1.99). Nevertheless, a very slight shift of the peaks position
was identified with respect to the reference card, and this confirmed that the Pr forms a stable, solid
solution with ceria in the considered specimens. The cell parameter of calcined SPDC-NH3, calculated
using MAUD [35], was 0.5430(1) nm. The theoretical cell parameter reported in the ICDD card n.
75-158 was 0.5433 nm. Our sample could be considered as the reference sample (Smg 20Ce 80O1.90),
where 0.06 Sm3* ions are replaced by 0.06 Pr3* ions. Now, considering that the ionic radii in eightfold
coordination for Sm3* and Pr** were 0.1079 nm and 0.1126 nm, respectively [36], the cell parameter
a (in nm) of the fluorite-structured ceria at room temperature was calculated according to Vegard’s
law [37]:

a=0.5413 + Z (0.022Ar; + 0.00015Az; ) m; 4)
1

where Ar; is the difference between the ionic radius of the dopant ions (i.e., Sm and Pr) and Cett
in eightfold coordination, Az; is the charge difference between the dopants and Ce**, and m; is the
concentration (mol%) of the i-th dopant expressed as MOx. The calculated cell parameter was 0.5437 nm.
The small but not negligible difference compared to the calculated value from the diffraction data was
very likely correlated with the partial oxidation of Pr®* to Pr** according to the following reaction:

1
2Pre, + Vi + 50a(8) © 2Prg, + O ®)

Consequently, the cell parameter varied and, in particular, decreased, as the ionic radius of
Pr** was equal to 0.096 nm. In addition, using the mixture rule and calculating the theoretical cell
parameter using Equation (4) in the extreme cases where Pr was completely 3+ or 4+, it was possible
to estimate the fraction of Pr>* with respect to the whole Pr amount. This value was equal to 0.45 and,
therefore, about one-half of the Pr3* cations were oxidized to Pr** after calcination. On this basis,
the composition of the ceria-based samples after calcination was Smg 14Pr(III)g 027Pr(IV)0,03302-5. In
addition, during any thermal treatment, the RedOx behavior represented by Equation (5) was able
to modify the ratio Pr®*/Pr** with important consequences for its electrical and transport properties,
as pointed out in previous works [7,9], where Pr was shown to improve both sintering aptitude and
electrical conductivity.

Figure 3 shows some SEM micrographs of SPDC-AC and SPDC-NH3 calcined powders.
The morphology of the samples appeared to be clearly different. SPDC-AC specimens were formed by
isometric granules constituted by very small (around a few tenths of nanometers in diameter) spherical
particles. This revealed that the calcination step induced negligible grain growth or coarsening.
Conversely, SPDC-NH3 powder was constituted by irregular-shaped particles with very variable sizes,
from less than a micron to about 10 um.
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Figure 3. SEM micrographs of calcined SPDC-AC (a,b) and SPDC-NH3 (c,d) powders.
3.2. Flash Sintering

For the field-assisted sintering runs, several pellets were produced by uniaxial pressing at 200 MPa.
The green density of the SPDC-AC and GPDC-AC samples ranged between 40%—-45%, whilst a slightly
higher green density (around 50%) was measured for SPDC-NH3. We believe that this small difference
in green density had negligible consequences on the sintering behavior of the samples.

Several tests were carried out on SPDC-AC and GPDC-AC pellets, using an electric field of
50 V/cm and different current limits (Figure 4). In all cases, the onset of the flash transition was between
700 and 750 °C for both compositions, as testified by the presence of a peak in the specific power
dissipation. The onset temperature was substantially aligned with those measured in previous works
on variously doped ceria-based ceramics [27,28]. Nevertheless, the final relative density was rather
low, ranging between 70% and 90%. In fact, even though to the best of our knowledge no data on
density after flash sintering is available for materials with the composition studied in this work, higher
densities (in the range 93-99 %) were obtained for ceria-based materials with different compositions
(i.e., not including Pr) [27,28]. The samples treated with the largest current (80 mA/mm?) appeared
broken after the flash, this pointed out an inhomogeneous response to the flash treatment with the
development of microstructural/thermal gradients and stresses.

The morphology of the flash-sintered SPDC-AC and GPDC-AC pellets is shown in Figure 5.
The micrographs confirm the rather low densification, especially for the former material, the density
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of which was around 80%. This also showed a heterogeneous microstructure. Heterogeneities in
flash-sintered components are well known and are usually due to the formation of preferential paths
where the electrical current concentrates. The measured densities are reported in Table 1. We observed
a quite large scatter in the reported values, which correlated with the formation of non-controllable and
non-reproducible current paths, which originated from casual temperature fluctuation or uncontrollable

effects on the electrodes or small heterogeneities in green density.
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Figure 4. Specific power density and deformation for SPDC-AC (a) and GPDC-AC (b) samples sintered
under 50 V/cm and with different current limits.
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Figure 5. SEM micrographs of flash-sintered SPDC-AC (a,b) and GPDC-AC (c,d) samples under a
current limit of 20 mA/mm?.

In order to reduce the inhomogeneity and improve the densification, current ramp flash sintering
was carried out by increasing the current limit by 2 mA/mm? every 30 s up to a maximum of 12 mA/mm?,
and by 5 mA/mm? steps up to 20 mA/mm? (Figure 6). Dong [23] has shown that the hotspots likely
form during the flash transition and are more stable at higher electric power peaks. Therefore, the
absence of the power peak, which is typical of the flash transition in current-ramp experiments, is
expected to reduce the formation of preferential current paths.

In the present work, current ramp flash sintering was very effective both for SPDC-AC and
GPDC-AC powders, and relative densities of around 90% or even larger were obtained. The density
measurements were confirmed by the SEM micrographs shown in Figure 7 (for the case of SPDC-AC),
which showed well-densified regions. The material had a homogeneous microstructure with an
extremely limited grain size (only some tenths of nanometers). Such a fine-grained microstructure
appeared surprising considering the rather “long” treating times used during the current ramps,
pointing out a reduction of the grain coarsening phenomena during field-assisted sintering. We can
therefore state that SPDC-AC and GPDC-AC can only be successfully flash-sintered using the current
ramp approach, whereas “traditional” flash sintering is not effective.



Materials 2019, 12, 1218 9of 14

(a) ——— (b)
120 100 4 12
F20
100 4 a— - w10
— 20 <
<
E E
— 80+ Lis E _ e
E % £ o E
L2 S . S
< > = z
- 0 2 e £
= B by 2
2 F10 c [ (7]
w g =404 °
w4 = w L« €
c @
g g
Fs S
2 5] 20 4 . ©
0 L-ﬂ 0 — fo
T T T T T T T T

T T T T T T T T T
0 20 40 €0 80 100 120 140 o 20 <0 o 80 100 120 140 160 180 200 220

Time [s] Time [s]

Figure 6. Electrical data for the two current ramps adopted in this work: up to 20 mA/mm? (a) and
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Figure 7. SEM micrographs of sintered SPDC-AC with ramp cycle; ramp up to 12 mA/mm? (a,b) and
ramp up to 18 mA/mm? (c,d).

At this point, we questioned the origin of the limited densification attained by “traditional” flash
sintering in the SPDC-AC and GPDC-AC samples. This can be a result of the composition (i.e., ceria
doped with elements with RedOx behavior, like Pr, which has not been tested before), or it can be
related to the precipitation process (i.e., with the powder morphological characteristics shown before).
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To answer this question, we carried out some “traditional” flash sintering experiments on GDC and
SDC powder (i.e., without Pr in the fluorite lattice) synthesized using ammonium carbonate as a
precipitating agent. The sintered samples were characterized by a porous microstructure after the
“traditional” flash, which suggests that Pr doping was not the real origin of the inhomogeneity and
poor densification.

Additional experiments were carried out on the SPDC-NH3 sample. The power dissipation
during the process and the dilatometric plots are shown in Figure 8, which highlights the presence of
the flash transition at 730-760 °C. The relative density of these samples was around 93% for both. The
microstructure shown in Figure 9 appears to be rather well-densified. The samples synthesized using
ammonia solution as a precipitating agent were effectively densified by “traditional” flash sintering
cycles. A summary of all of the samples produced in this work with the obtained densities is reported
in Table 1.

The results suggest that there was a strong effect of the used precipitating agent on the final
microstructure of the flash sintering sample, and that the used precipitating agent can impact
significantly on the homogeneity of the obtained materials. The origin of this effect still appears not
to be completely clear. The morphological differences between the calcined powders, as pointed
out in Figure 3, could play an important role in this regard. We can also specify that SPDC-AC and
SPDC-NH3 behave differently in the flash state. In fact, while for SPDC-AC the power dissipation
after the flash transition was 41 + 5 and 78 + 15 mW/mm? for current limits of 20 and 40 mA/mm?,
respectively, the power increased to 55 + 6 and 119 + 14 mW/mm? in the case of SPDC-NHS3 (for the
same currents). This suggests that the SPDC-AC samples became more conductive than SPDC-NH3
as they sintered upon flash. The decrease of the electrical resistivity during the flash transition is a
possible origin of inhomogeneity, any casual positive perturbation in the sample temperature would
increase the local conductivity, making the hotspot stable. Conversely, if the conductivity increases less
sharply during the flash, hotspots are less likely to be formed.

A deep understanding of the relation between the precipitating agent, morphology of
powder/agglomerates, and flash sintering behavior deserves additional future investigation.
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Figure 8. Specific power density and dilatometric plot for SPDC-NH3 samples treated using 50 V/cm
and different current limits.
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Figure 9. SEM micrographs of sintered SPDC-NH3 at 50 V/cm and 20 mA/mm? (a,b) and 40 mA/mm? (c,d).

Table 1. Summary of the different treating conditions and final densities achieved in this work.

Composition Precipitating Agent Flash Cycle Electric Data Relative Density [%]
6PrSDC20 (NH4),CO3 Traditional 50V/cm, 20 mA/mm? 81
6PrSDC20 (NHy),CO3 Traditional 50V/cm, 40 mA/mm? 61
6PrSDC20 (NHy),CO3 Traditional 50V/cm, 80 mA/mm? 74
6PrGDC20 (NH4),CO3 Traditional 50V/cm, 20 mA/mm2 88
6PrGDC20 (NHy),CO3 Traditional 50V/cm, 40 mA/mm? 77
6PrGDC20 (NHy),CO3 Traditional 50V/cm, 80 mA/mm? 60

GDC20 (NHy),CO3 Traditional 50V/cm, 15 mA/mm? 66
GDC20 (NH4),CO3 Traditional 50V/cm, 10 mA/mm? 68
SDC20 (NHy),CO;3 Traditional 50V/cm, 15 mA/mm? 84
6PrSDC20 (NH4),CO3 Ramp 5 mA/mm? steps up to 20 mA/mm? 91
6PrSDC20 (NH4),CO3 Ramp 2 mA/mm? steps up to 12 mA/mm? 88
6PrGDC20 (NH4),CO;3 Ramp 2 mA/mm? steps up to 12 mA/mm? 93
6PrSDC20 NH;j; Traditional 50V/cm, 20 mA/mm? 94
6PrSDC20 NH; Traditional 50V/cm, 40 mA/mm? 93

4. Conclusions

In this work, we investigated the flash sintering behavior of Gd/Sm-Pr co-doped ceria produced
by co-precipitation. The results indicate that there was a strong effect of the precipitating agent on the

flash sintering behavior, where the materials produced with NHj as a precipitating agent were much
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denser and more homogeneous than those co-precipitated using ammonium carbonate. The origin of
this difference is still not completely understood, but a key effect of the morphological properties of the
powder on the flash process seems to have been suggested.

We also showed that the powder that cannot be densified by “traditional” flash experiments (i.e.,
with the switch from voltage to current control), can however be sintered using a flash current-ramp.
Current ramp flash sintering appears therefore to be a powerful tool for improving the homogeneity of
flash-sintered components.

Author Contributions: Conceptualization, G.D. and V.M.S.; Methodology, M.B. and L.S.; Formal Analysis, G.D.,
G.A. and VM.S,; Investigation, L.S., M.B., L.P,; Resources, VM.S., G.D. and G.A.; Data Curation, M.B. and
L.P; Writing—Original Draft Preparation, G.D., M.B. and L.S.; Writing—Review and Editing, VM.S. and G.A.;
Visualization, M.B., L.P. and L.S.; Supervision, V.M.S. and G.D.; Project Administration, G.A.; Funding Acquisition,
G.A.

Funding: This work was supported by KRF—Korean Research Fellowship Program through the National
Research Foundation of Korea, funded by the Ministry of Science and ICT, Republic of Korea (Grant Number:
2016H1D3A1908428).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hao, X;; Liu, Y;; Wang, Z.; Qiao, J.; Sun, K. A novel sintering method to obtain fully dense gadolinia doped
ceria by applying a direct current. J. Power Source 2012, 210, 86-91. [CrossRef]

2. Jaiswala, N.; Tanwarb, K,; Sumana, R.; Uppadhyac, D.K.S.; Parkash, O. A Brief Review on Ceria Based Solid
Electrolytes for Solid Oxide Fuel Cells. J. Alloys Compd. 2019, 781, 984-1005. [CrossRef]

3.  Santos, T.H.; Grilo, ].PE; Loureiro, EJ.A.; Fagg, D.P; Fonseca, EC.; Macedo, D.A. Structure, densification and
electrical properties of Gd** and Cu®* co-doped ceria solid electrolytes for SOFC applications: Effects of
Gd,0O3 content. Ceram. Int. 2018, 44, 2745-2751. [CrossRef]

4. Anwar, M,; Muhammad Ali, S.A.; Muchtar, A.; Somalu, M.R. Influence of strontium co-doping on the
structural, optical, and electrical properties of erbium-doped ceria electrolyte for intermediate temperature
solid oxide fuel cells. Ceram. Int. 2019, 45, 5627-5636. [CrossRef]

5. Liu, Y,; Mushtaq, M.N.; Zhang, W.; Teng, A.; Liu, X. Single-phase electronic-ionic conducting Sm3*/Pr3*/Nd3*
triple-doped ceria for new generation fuel cell technology. Int. J. Hydrog. Energy 2018, 43, 12817-12824.
[CrossRef]

6. Bowman, W.J.; Zhu, J.; Sharma, R.; Crozier, P.A. Electrical conductivity and grain boundary composition of
Gd-doped and Gd/Pr co-doped ceria. Solid State Ion. 2015, 272, 9-17. [CrossRef]

7.  Spiridigliozzi, L.; Dell’Agli, G.; Accardo, G.; Yoon, S.P,; Frattini, D. Electro-morphological, structural, thermal
and ionic conduction properties of Gd/Pr co-doped ceria electrolytes exhibiting mixed Pr3*/Prét cations.
Ceram. Int. 2019, 45, 4570-4580. [CrossRef]

8.  Spiridigliozzi, L. Doped Ceria Electrolytes: Synthesis Methods. In Doped-Ceria Electrolytes; SpringerNature:
Cham, Switzerland, 2018; pp. 25-55. ISBN 978-3-319-99394-2.

9.  Spiridigliozzi, L.; Dell’Agli, G.; Marocco, A.; Accardo, G.; Pansini, M.; Kwon, Y.; Yoon, S.P.; Frattini, D.
Engineered co-precipitation chemistry with ammonium carbonate for scalable synthesis and sintering of
improved SmgCe( g§O1.99 and Gdg 16Prg 04Cep 80199 electrolytes for IT-SOFCs. J. Ind. Eng. Chem. 2018, 59,
17-27. [CrossRef]

10. Accardo, G.; Spiridigliozzi, L.; Cioffi, R.; Ferone, C.; Di Bartolomeo, E.; Yoon, S.; Dell’Agli, G.
Gadolinium-doped ceria nanopowders synthesized by Urea-Based Homogeneous co-Precipitation (UBHP).
Mater. Chem. Phys. 2017, 187, 149-155. [CrossRef]

11. Joh, D.W,; Rath, M.K.; Park, W].; Park, H.J.; Cho, HK.; Lee, S.; Yoon, J.K.; Lee, ].H.; Lee, T.K. Sintering
behavior and electrochemical performances of nano-sized gadolinium-doped ceria via ammonium carbonate
assisted co-precipitation for solid oxide fuel cells. J. Alloys Compd. 2016, 682, 188-195. [CrossRef]

12. Robert, C.L.; Long, J.W.; Lucas, EM.; Pettigrew, K.A.; Stroud, RM.; Doescher, M.S.; Rolison, D.R.
Sol-Gel-Derived Ceria Nanoarchitectures: Synthesis, Characterization and Electrical Properties. Chem.
Mater. 2006, 18, 50-58. [CrossRef]


http://dx.doi.org/10.1016/j.jpowsour.2012.03.006
http://dx.doi.org/10.1016/j.jallcom.2018.12.015
http://dx.doi.org/10.1016/j.ceramint.2017.11.009
http://dx.doi.org/10.1016/j.ceramint.2018.12.023
http://dx.doi.org/10.1016/j.ijhydene.2018.04.125
http://dx.doi.org/10.1016/j.ssi.2014.12.006
http://dx.doi.org/10.1016/j.ceramint.2018.11.144
http://dx.doi.org/10.1016/j.jiec.2017.10.001
http://dx.doi.org/10.1016/j.matchemphys.2016.11.060
http://dx.doi.org/10.1016/j.jallcom.2016.04.270
http://dx.doi.org/10.1021/cm051385t

Materials 2019, 12, 1218 13 of 14

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Dell’Agli, G.; Spiridigliozzi, L.; Marocco, A.; Accardo, G.; Frattini, D.; Kwon, Y.; Yoon, S.P. Morphological
and crystalline evolution of Sm-(20 mol%)-doped ceria nanopowders prepared by a combined
co-precipitation/hydrothermal synthesis for solid oxide fuel cell applications. Ceram. Int. 2017, 43,
12799-12808. [CrossRef]

Dell’Agli, G.; Spiridigliozzi, L.; Pansini, M.; Accardo, G.; Yoon, S.P.; Frattini, D. Effect of the carbonate
environment on morphology and sintering behaviour of variously co-doped (Ca, Sr, Er, Pr) Samarium-doped
Ceria in co-precipitation/hydrothermal synthesis. Ceram. Int. 2018, 44, 17935-17944. [CrossRef]

Zhang, X.; Deces-Petit, C.; Yick, S.; Robertson, M.; Kesler, O.; Maric, R.; Ghosh, D. A study on sintering aids
for Smg ,Ce( 3O g electrolyte. J. Power Sources 2006, 162, 480—485. [CrossRef]

Biesuz, M.; Spiridigliozzi, L.; Frasnelli, M.; Dell’Agli, G.; Sglavo, V.M. Rapid densification of Samarium-doped
Ceria ceramic with nanometric grain size at 900-1100 °C. Mater. Lett. 2017, 190, 17-19. [CrossRef]
Charoonsuk, T.; Sukkha, U.; Kolodiazhnyi, T.; Vittayakorn, N. Enhancing the densification of ceria ceramic at
low temperature via the cold sintering assisted two-step sintering process. Ceram. Int. 2018, 44, S54-S57.
[CrossRef]

Cologna, M.; Rashkova, B.; Raj, R. Flash sintering of nanograin zirconia in <5 s at 850 °C. J. Am. Ceram. Soc.
2010, 93, 3556-3559. [CrossRef]

Biesuz, M.; Sglavo, V.M. Flash sintering of ceramics. J. Eur. Ceram. Soc. 2019, 39, 115-143. [CrossRef]
Becker, M.Z.; Shomrat, N.; Tsur, Y. Recent Advances in Mechanism Research and Methods for
Electric-Field-Assisted Sintering of Ceramics. Adv. Mater. 2018, 30, 1706369. [CrossRef]

Todd, R.I.; Zapata-Solvas, E.; Bonilla, R.S.; Sneddon, T.; Wilshaw, P.R. Electrical characteristics of flash
sintering: Thermal runaway of Joule heating. J. Eur. Ceram. Soc. 2015, 35, 1865-1877. [CrossRef]

da Silva, J.G.P.; Al-Qureshi, H.A_; Keil, E; Janssen, R. A dynamic bifurcation criterion for thermal runaway
during the flash sintering of ceramics. J. Eur. Ceram. Soc. 2016, 36, 1261-1267. [CrossRef]

Dong, Y. On the Hotspot Problem in Flash Sintering; Department of Materials Science and Engineering,
University of Pennsylvania: Philadelphia, PA, USA, 2017.

Charalambous, H.; Jha, S.K,; Christian, K.; Lay, R.; Tsakalakos, T. Flash Sintering using Controlled Current
Ramp. J. Eur. Ceram. Soc. 2018, 38, 3689-3693. [CrossRef]

Kumar, P; Yadav, D.; Lebrun, J.; Raj, R. Flash Sintering with Current-Rate: A Different Approach Punith.
J. Am. Ceram. Soc. 2019, 102, 823-835. [CrossRef]

Campos, J.V,; Lavagnini, LR.; de Sousa, R.V; Ferreira, J.A.; de Pallone, E.M. Development of an instrumented
and automated flash sintering setup for enhanced process monitoring and parameter control. J. Eur. Ceram.
Soc. 2019, 39, 531-538. [CrossRef]

Biesuz, M.; Dell’Agli, G.; Spiridigliozzi, L.; Ferone, C.; Sglavo, V.M. Conventional and Field-Assisted Sintering
of Nanosized Gd-doped Ceria Synthesized by Co-precipitation. Ceram. Int. 2016,42,11766-11771. [CrossRef]
Spiridigliozzi, L.; Biesuz, M.; Dell’Agli, G.; Di Bartolomeo, E.; Zurlo, F.; Sglavo, V.M. Microstructural and
electrical investigation of flash-sintered Gd/Sm-doped ceria. J. Mater. Sci. 2017, 52, 7479-7488. [CrossRef]
Li, J.; Guan, W.; Luo, M.; Song, J.; Song, X.; An, S. Sintering behavior of samarium doped ceria under DC
electrical field. Ceram. Int. 2018, 44, 2470-2477. [CrossRef]

Jiang, T.; Wang, Z.; Zhang, ].; Hao, X.; Rooney, D.; Liu, Y.; Sun, W.; Qiao, ]J.; Sun, K. Understanding the Flash
Sintering of Rare-Earth-Doped Ceria for Solid Oxide Fuel Cell. J. Am. Ceram. Soc. 2015, 98, 1717-1723.
[CrossRef]

Kim, P; Anderko, A.; Navrotsky, A.; Riman, R.E. Trends in Structure and Thermodynamic Properties of
Normal Rare Earth Carbonates and Rare Earth Hydroxycarbonates. Minerals 2018, 8, 106. [CrossRef]
Accardo, G.; Dell’Agli, G.; Mascolo, M.C.; Spiridigliozzi, L.; Yoon, S.P. Controlled Coprecipitation of
Amorphous Cerium-Based Carbonates with Suitable Morphology as Precursors of Ceramic Electrolytes for
IT-SOFCs. Materials 2019, 12, 702. [CrossRef]

Li, J.-G.; Ikegami, T.; Wang, Y.; Mori, T. Reactive Ceria Nanopowders via carbonate precipitation. J. Am.
Ceram. Soc. 2002, 85, 2376-2378. [CrossRef]

Spiridigliozzi, L.; Dell’Agli, G.; Biesuz, M.; Sglavo, V.M.; Pansini, M. Effect of the Precipitating Agent on
the Synthesis and Sintering Behaviour of 20 mol% Sm-doped Ceria. Adv. Mater. Sci. Eng. 2016, 6096123.
[CrossRef]

Lutterotti, L.; Bortolotti, M.; Ischia, G.; Lonardelli, I.; Wenk, H.R. Rietveld texture analysis from diffraction
images. Z. Kristallogr. 2007, 26, 125-130. [CrossRef]


http://dx.doi.org/10.1016/j.ceramint.2017.06.169
http://dx.doi.org/10.1016/j.ceramint.2018.06.269
http://dx.doi.org/10.1016/j.jpowsour.2006.06.061
http://dx.doi.org/10.1016/j.matlet.2016.12.132
http://dx.doi.org/10.1016/j.ceramint.2018.08.253
http://dx.doi.org/10.1111/j.1551-2916.2010.04089.x
http://dx.doi.org/10.1016/j.jeurceramsoc.2018.08.048
http://dx.doi.org/10.1002/adma.201706369
http://dx.doi.org/10.1016/j.jeurceramsoc.2014.12.022
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.11.048
http://dx.doi.org/10.1016/j.jeurceramsoc.2018.04.003
http://dx.doi.org/10.1111/jace.16037
http://dx.doi.org/10.1016/j.jeurceramsoc.2018.09.002
http://dx.doi.org/10.1016/j.ceramint.2016.04.097
http://dx.doi.org/10.1007/s10853-017-0980-2
http://dx.doi.org/10.1016/j.ceramint.2017.10.223
http://dx.doi.org/10.1111/jace.13526
http://dx.doi.org/10.3390/min8030106
http://dx.doi.org/10.3390/ma12050702
http://dx.doi.org/10.1111/j.1151-2916.2002.tb00465.x
http://dx.doi.org/10.1155/2016/6096123
http://dx.doi.org/10.1524/zksu.2007.2007.suppl_26.125

Materials 2019, 12, 1218 14 of 14

36. Shannon, R.D. Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and
Chalcogenides. Acta Cryst. 1976, A32, 751-767. [CrossRef]

37. Nicholas, J.D.; De Jonghe, L.C. Prediction and Evaluation of Sintering Aids for Cerium Gadolinium Oxide.
Solid State Ion. 2007, 178, 1187-1194. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1016/j.ssi.2007.05.019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Characterization of the Samples 
	Flash Sintering 

	Conclusions 
	References

