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Abstract
Composite ceramic membranes were prepared according to two routes: i)
vacuum impregnation of molten eutectic sodium-lithium carbonates (NLC) into
porous ceria-20 mol% gadolinia (20GDC) solid electrolytes; ii) electric field-
assisted sintering of a 25 wt.% NLC/75 wt.% 20GDC mixture. Porous 20GDC
ceramics were obtained by controlled thermal removal of 40 vol.% KCI added
as pore former. Electric field-assisted (flash) sintering was carried out
monitoring thickness during application of 200 V cm™ to the specimen
positioned in a sample chamber inserted in a vertical dilatometer. The surfaces
of the sintered membranes were cbserved in a scanning electron microscope.
Electrochemical impedance spectroscopy measurements were performed in the
5 Hz-13 MHz frequency range in the 280-580°C range. Arrhenius plots showed
the transition from oxide ion conduction (due to the solid electrolyte) to
carbonate ion conduction (due to the molten NLC). Membranes flash sintered at
420°C in 2 min showed electrical conductivity similar to membranes

conventionally sintered at 690°C for 2 h.
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1. Introduction

Ceramic membranes find a wide range of application in devices for gas
separation, particularly for carbon dioxide, which is considered a main
responsible for the greenhouse effect [1-3]. Among several approaches to
efficiently separate carbon dioxide, a promising one operating at high
temperature is the composite dual-phase membrane consisting of an oxide ion
conducting matrix with a eutectic mixture, i.e. a mixture such that all
components melt simultaneously, without separation, of carbonate ion
conducting alkali carbonates [4-8]. Several extensive reports were published on
the properties of those membranes, showing methods for preparation,
microstructural analysis, electrochemical properties, permeation rates, etc. [9-
11].

Processing of composite membranes is not trivial. After conformation,
sintering is the step required to produce the membrane with microstructure and
mechanical strength adequate for handling and operating at temperatures
higher than the carbonates eutectic temperature. However, there is a problem in
sintering a compaosite ceramic membrane with large difference between their
conventional sintering temperature. Low temperatures would not be appropriate
to sinter the matrix and high temperatures would promote evaporation of the
carbonates. This problem is circumvented by producing a porous matrix and
impregnating it with molten carbonates [6].

Since 2010 a new pressureless sintering technique is intensively
explored to obtain dense ceramics by applying an electric voltage at
temperatures and times lower than those used in conventional sintering in

green pellets, named flash sintering. The time elapsed while the specimen
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shrinks ranges from seconds to a few minutes [12]. This technique requires an
electric current limited power supply, connected via platinum leads to a sample
inserted in a furnace [13]. Even though detailed mechanisms responsible for
that sintering technique are still under debate, Joule heating promoted by the
electric current is unambiguously the primary contribution to neck formation
among particles and densification [14-18].

In this work we report for the first time the preparation of electric-field
assisted pressureless sintering of composite dual-phase membranes of
gadolinia-doped ceria and lithium-sodium carbonates. A comparison with

samples conventionally sintered is also presented.

2. Experimental

CeO,: 20 mol% Gd,03 (> 100 m? g* specific surface area, 20GDC, Fuel
Cell Materials, USA), sodium and lithium carbonates mixed to 52 mol%:48
mol% Na,COs:Li,CO3 (NLC, Alfa Aesar, 99%) and KCI (Alfa Aesar, 99%) were
used as precursors. Composite ceramic membranes were prepared following
two different routes:

1) Impregnating porous 20GDC with NLC.

To prepare porous 20GDC, 40 vol.% KCI was added and the composition
was ball milled with zirconia grinding media (Tosoh, Japan) for 2 h in ethanol;
afterwards, the mixture was uniaxially (50 MPa) and isostatically (200 MPa)
pressed to 14 mm diameter pellets, heated at 1°C min™ up to 800°C for 3 h for
thermal removal of KCI, followed by heating to 1450°C for 1 h, and cooling to
room temperature at 1°C min™. The apparent density of the sintered pellets was

determined by the Archimedes technique.
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For impregnation with NLC, the 20GDC sample was positioned on one
end of an L-shaped quartz tube covered by NLC powder. The quartz tube was
inserted in a resistive furnace and heated to 550°C (higher than the NLC
melting point, 501°C). At that temperature the other side of the tube is
connected to a vacuum pump to improve impregnation of the molten carbonates
into the pores of the matrix. The sample surfaces were cleaned ultrasonically in
distilled water.

2) Electric field-assisted sintering of a mixture of 20GDC with NLC.

A mixture of 75 wt.% of 20GDC and 25 wt.% of NLC (49:51 vol.%)
obtained by ball milling for 2 h in ethanol was uniaxially and isostatically
pressed into a 5 mm diameter cylindrical shape and sintered at 420°C by
applying 200 V cm™ AC electric field, 1 kHz, limiting the electrical current to 1 A.
For the electric field-assisted (flash) sintering experiments, the ceramic green
pellet was positioned between two platinum electrodes connected to a
commercial power supply (Pacific Power Source 118-ACX, Irvine, CA, USA)
with 20 A and 100 V. as current and voltage limits, respectively, and inserted in
the sample holder of a vertical dilatometer (model 1161, Anter, USA) as shown

in Figure 1.
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Figure 1. Schematic view of the dilatometer furnace with the sample positioned
between platinum electrodes for flash sintering experiments.

Some samples were also sintered at different temperatures in a resistive
furnace for further comparison of shrinkage levels with and without the
application of an electric field.

Scanning electron microscopy (Inspect F50 FEG-SEM, FEI, Brno, Czech
Republic) was used to observe surfaces of sintered and impregnated samples.

The electrical behavior of all samples was analyzed by impedance
spectroscopy. Measurements were carried out in the 250 °C-580 °C range with
a Solartron Sl 1260 Impedance/Gain-phase Analyzer in the 1 Hz-10 MHz
frequency range with 200 mV signal amplitude. The specimens had the parallel
surfaces covered with silver paste with the organic binder thermally removed at
250°C. Afterwards they were positioned inside an Inconel 600 sample chamber
with platinum leads and a chromel-alumel thermocouple located close to the

sample. The entire cell was inserted in a programmable resistive furnace.
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3. Results and Discussion

Figure 2 shows the linear thickness shrinkage of a 20GDC + 25 wt.%
NLC pellet upon heating from room temperature to 420°C. After reaching
420°C, an electric field was applied, as described in the experimental section. In
the same figure, the reductions of the thickness of a similar sample heated to
420°C without applying the electric field and of another sample sintered at

690°C for 2 h, are also depicted.
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Figure 2. Dilatometric curves of 20GDC + 25 wt.% NLC for samples sintered at
420°C (0); sintered at 690°C for 2 h: (x); and sintered with an applied electric
field (200 VV.cm™, 1 kHz, at 420°C for 2 min, limiting electric current 1 A) at
420°C (0).

The application of the AC electric field for 2 min at 420°C promoted 8.3%
thickness shrinkage. The explanation is that the sample reached temperatures
higher than 400°C due to the Joule heating produced by the electric current
through the sample. Those temperatures were sufficient to melt the eutectic

mixture of the carbonates, facilitating the percolation of an electric current,
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leading to an abrupt decrease of the electrical resistivity of the composite
membrane. Electric field assisted sintering at higher temperatures could
produce denser membranes, but Joule heating would be large enough to
remove the carbonates by combined decomposition, vaporization and capillarity
effects. Without applying the electric field at 420°C, the sample thickness
shrank only 0.3%. Sintering at 690°C for 2 h [19], that value was 4.2%,
approximately half the value attained with electric field-assisted sintered
samples.

Figure 3 shows the electric field and current versus time profiles collected
during the electric field-assisted sintering experiment. There was a short time
delay for the occurrence of a voltage spike due to the decrease of the electric
resistivity produced by the increase of the temperature (Joule heating). The
electric field decreased afterwards to maintain constant the pre-set electric

current value.
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Figure 3. Electric field and current during electric field-assisted sintering of
20GDC + 25 wt.% NLC. Inset: exploded view of the first 8 s.
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For the membranes prepared by impregnation with molten carbonates,
the ceramic porous matrix was first prepared by adding an alkali halide as
sacrificial pore former, as described. Figure 4 shows SEM images obtained at
the surface of these samples. The addition of KCI promoted macro and
micrometer pore sizes in the sintered sample. Impregnation depends on the
wettability of the oxide phase and the viscosity of the molten phase. Larger and
open pores are easily filled during impregnation with lithium-sodium carbonates.
Smaller and isolated pores are not so easily impregnated. The ceramic grains

show a narrow average grain size, in the 1-2 um range.

Figure 4. FEG-SEM image of the surface of a porous 20GDC skeleton.

Figure 5 shows typical FEG-SEM images of the sample surface after
impregnation showing that the sodium-lithium carbonates composition was
apparently not evenly distributed. These figures show a region fully covered
with the carbonate (5a) and another with visible neck formation of grains on the

20GDC ceramic surface poorly covered with carbonate (5b).
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Figure 5. SEM images of surfaces of porous 20GDC at two regions (a and b) of

the sample surface after impregnation with molten sodium-lithium carbonates.

Figure 6 shows typical SEM images collected at the outer parallel
surfaces (6a and 6c¢) and internal (fracture) suriaces of the electric field-assisted
sintered sample. Figures 6a and 6b are micrographs taken at the ceramic pellet
surfaces while Figures 6¢ and 6d were obtained after ultrasonically cleaning the

ceramic pellets for removal of the carbonate phase.
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Figure 6. SEM images of 20GDC + 25 wt.% NLC sintered at 420°C with
application of 200 V cm™, 1000 Hz, 1 A electric current limit. (a) outer surface;
(b) fracture surface. (c) and (d) are images of the same samples after
ultrasonically cleaning.

At different regions of the samples sintered by applying an electric field at
420°C, both carbonate and 20GDC ceramic phases are observed. Unlike the
samples impregnated with molten carbonate, which looked like cooled molten
salt, the eutectic mixture of carbonates in the flash sintered samples consists of
bars/fibers, produced by instantaneous melting due to Joule heat promoted by
the sudden flow of the electric current.

Figure 7 shows Arrhenius plots of the electrical conductivity of the
composite membranes produced by electric field-assisted sintering, by
impregnation with molten carbonates, and of a pure (without pore former)
20GDC dense sample sintered according to the same temperature profile used
to produce porous matrices. Data taken for 20GDC+NLC sintered

conventionally at 690°C for 1 h is also plotted for comparison purposes [19].
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Figure 7. Arrhenius plots of the electrical conductivity of the composite 20GDC

with molten carbonates produced by impregnation of porous 20GDC matrix and
by electric field-assisted sintering (EFAS). Also shown data of a dense 20GDC

and from Ref. 19.

The Arrhenius plot of the electrical conductivity of the dense 20GDC
sample exhibits mostly a linear behavior in the logarithmic scale for the entire
temperature range, with an activation energy of 0.87 eV, showing that the
electrical conductivity of the sample is dominated by conduction only by oxide
ions through the oxide. The ceramic pellets containing carbonates have
dominant mechanisms depending on the temperature range. At temperatures
below 400°C the electrical conductivity of the membrane is basically due to
oxide ion conduction via the 20GDC ceramic phase with an activation energy of
0.91 eV, in agreement with published results (0.907 eV [20], 0.90 eV [21], 0.88-
0.99 eV [22]). From approximately 400°C to 500°C the electrical conductivity
increases steeply due to the contribution of the molten alkaline carbonates,
enhancing charge transport. Between temperatures around 400°C and higher

than 500°C, the conductivity increases up to four orders of magnitude. In the

11
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upper temperature range the conductivity follows again an Arrhenius behavior,
situation ascribed to carbonate and alkali ions using molten salt pathways, with
an activation energy of 0.32 eV, in good agreement with reported values for the
eutectic mixture of potassium, lithium and sodium carbonates (0.326 eV [23]).
Carbon dioxide separation using composite membranes relies on the
ambipolar transport corresponding to the net counter flow of oxide and
carbonate ions in the distinct phases. Since at working temperatures the
conductivity of the molten phase is much higher than the conductivity of the
ceramic, ideal microstructures are those providing the best ceramic oxide
percolation and minimum interfacial (grain boundary) resistance, as the oxide-
ion transport is rate determining. Observation of lower temperature data, where
the oxide phase has a superior ionic conductivity, provides a strong indication
on the relative quality of ceramic skeletons used in distinct membranes. In these
conditions the electric field-assisted sintered sample shows a performance
slightly higher than previously reported [19]. On the contrary, the relatively
modest high temperature performance of the hereby impregnated sample with
respect to literature data suggests a poor percolation of the NLC phase,
probably due to the disparate pore sizes with poor connectivity, observed in
Figure 4. Overall, pressureless sintering at relatively low temperature with
application of low voltages may be an alternative technique for preparing
composite membranes with oxide ion conducting solid electrolytes and mixtures

of alkali carbonates.

4. Conclusions

12
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Gadolinia-doped ceria / sodium-lithium carbonates (20GDC-NLC)
composite membranes, proposed for carbon dioxide separation, were
successfully sintered at 420°C under the application of a low AC electric field
(200 V cm™, 1 kHz). Their electrical conductivity was similar to reported values
for membranes sintered at 690°C and higher than that of membranes obtained

by impregnation of molten NLC into porous 20GDC matrices.
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