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Abstract

Oxide+salt composites can be used in,@G@d NQ separation membranes, where
high oxide-ion conductivity is crucial to improveeniormance. Pursuing this goal, the
stability of three different bismuth oxide-basedottolytes (Cu+V, Y and Yb-doped) against
molten alkali carbonates (Li, Na, K) or nitratesa(NXK) was tested firing them in the 450-550
°C temperature range, and with endurance testsoupO® h. A well-known ceria-based
composite was used as reference (CGO ;¢Gé)10:195). Oxides and composites were
studied by X-ray diffraction, scanning electron ragcopy and impedance spectroscopy (in
air, 140-650 °C temperature range).@b 10V0.000s.35 €asily reacts with molten salts.
Bio.75Y 02015 and Bp75Ybo 25015 have higher stability against molten carbonates and
complete stability against molten nitrates. The opeld oxide stability against the molten
carbonates was enhanced changing the molten safiasition (O3 additions) and using
lower firing temperatures. Above all, compositesdzhon Y or Yb-doped BD; with molten
alkali nitrates showed impressive 6x or 3x highecteical conductivity at 290 °C, in air
(4.88x10% and 2.41x18 S.cni', respectively) than CGO-based composites (7.72>8.0m

1, qualifying as promising materials for ly@eparation membranes.
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Highlights
* Bi-based ceramic electrolytes show high stability dontact with molten
nitrates
» Suitable dopants (oxide and/or salt) enhance Higlgy of Bi-based ceramics
against molten alkali carbonates
* Bi-based composites (ceramic+alkali nitrates) slnbgher conductivity than
state of the art ceria-based composites

* Y or Yb-doped BjOz are promising candidates for N&eparation membranes



Introduction

Greenhouse gas emissions and climate changes i@l ceoncerns threatening a
sustainable development. Gas separation is anneslyeimportant and fast developing
scientific and industrial area aiming at removalgas pollutant emissions. The high ion-
based selectivity of electrochemical processesiguely suited for these purposes.

In the last decade composite £€eparation membranes (molten salt within an oxide
skeleton) showed promising results [1-4], with tafece to temperatures typical of some
exhaust combustion gases. More recently S€paration membranes were introduced by
Zhang et al. [5], extending the field of compositembranes to the removal of the nitrogen
oxides from gas mixtures, again a crucial envirom@eissue. In both cases the membrane
should provide easy pathways for a variety of chacgrriers, depending on the specific
application.

CO, separation membranes include a solid oxide (S@) donductor (ceramic
skeleton), and molten carbonates (MC) as providecarbonate-ion transport (either directly
or based on counter transport of alkali metal iand neutral alkali carbonate molecules).
CO, combines with & (forming CQ?) on the membrane feed side, while on the permeate
side this process is reversed. Ambipolar condudtameeded inside the membrane, with O
transport proceeding in the opposite direction ef £Q7 transport [1, 6]. The phase
distribution in composite membranes is schematiqaikksented in Figure 1 while the role of
each phase and surface reactions are describegble T. These composites depend strongly
on the ceramic phase oxide-ion conductivity, whighate determining for typical ceramic
and molten salt ionic conductivity values and wogkiemperatures in the 400-600 °C range
[7-9].

NO, membranes are based on a ceramic substrate wkednaxygen-ionic and
electronic conductivity (MIEC) and molten nitrat¢sIN). As alternative, an oxide-ion
conductor can also be combined with an electroonitdactor (EC), besides the salt phase.
The working principle is slightly more complex digeextra electrons needed to compensate
distinct ionic charges involved. Reaction of N@ith oxygen (or ®) to yield NQ+1” must be
balanced with release of an electron {{® the membrane feed side, with an opposite i@act
in the permeate side. Presence of oxygen in ttek dke might generate a parallel transport
of this species besides NQwith the exact oxygen flow depending on the oxygetivity
gradient across the membrane [5]. Complete, Nd@paration can be achieved with an

additional oxygen separation membrane, yieldinggexy as side product. The phase



arrangement is again presented in Figure 1, whéeaale of phases and surface reactions are
described in Table 1.

Table 1. Membrane types (see Figure 1), composition, sarf@actions and inner charge
transport in composite gas separation membranes.

Type Materials Feed side net surfacdnner net charge mef
ef.

Gas Scheme Salt Oxid®thers reaction transport

CO; Fig.1(1) MCO® Sd? None CO,+0O*=CO> COZandG [3,4, 6]

NO« Fig.1(2) pNno, MIECY None
NO,+ O = NOu1 + €NOyy, 0P and & [5]

NO, Fig.1(3) (MNO2® 5o E@®

WM corresponds to an alkali metal (e.g., Na, LiKOr but eutectic salt mixtures are often used to
lower operating temperature$ solid oxide-ion conductor® at each temperature the exact salt
composition is a result of the thermodynamic eftiiim between salt and gas phase species involved
(e.g., NO, N@, O,); “ mixed (oxide) ionic and electronic conductBrglectronic conductor (ceramic

or metal).

With typical molten salt ionic conductivities fab@e those reported for standard
ceramic oxide-ion conductors [7-9], the searchifoproved membrane performance must
rely on a judicious optimization of phase contend amicrostructures, and utilization of
premium oxide-ion conductors. Bismuth oxide-basettemals show extremely high oxide-
ion conductivity at comparatively low temperatuss,such being the obvious candidates. For
instance, BiCu1V0.d0s35 has an ionic conductivity of ~1 mS/cm at 300 °©][which is
50-100 times higher than commonR @onductors (CGO-Gd-doped ceria, (La,Sr)(Ga,Mg)O
or even yttria stabilized zirconia). However, thgplécation of Bi-based materials seems
limited by high reactivity with common alkali canb&te eutectic compositions. As a
consequence, published literature on bismuth okaled materials for GOseparation
membranes is scarce. For instance, asBj;Sny 03 (BYS)/ternary carbonate eutectic
system was used by Li et al. [11]. The permeatiorek reached only 6.50x%@.60x10?
ml.cmzmin® in the 500-650°C temperature range. Unfortunately, the exact mangr
stability is unknown.

Rui et al. [12] used BYS as skeleton but part & dhannel in the skeleton was
covered byy-Al,O; in order to increase wettability by the moltent.sRermeation rates of
6.50x10° ml.cmiZmin’ were obtained at 500 °C. Additionally, it was shothat when
holding the BYS membrane at 650 °C, the flux insegafrom 0.026 to 0.066 ml.¢mmin™,

situation ascribed to the rhombohedral (low conigig)-fluorite (high conductivity) BYS



phase transition. This surprising result was exgldiby the known increased stability of the
fluorite phase at high temperature [13, 14]. Agaigns of reactivity between the Bi-based
material and the molten carbonates were not regpoHewever, alumina particles covering
(at least partly) BYS might act as coating, prewantirect contact of BYS with the molten
phase.

Dong et al. [15] used an asymmetric ceramic-cartaodaal phase membrane where
ceria was mixed with the salt eutectic compositiand BYS was used as non-wetting
support. Permeation at 900 °C reached 1.56 rifliaiim™. Finally, BYS was also used with
samarium doped ceria as a non-wetting support dat ghase membranes [16]. The high
stability of the CQ permeation flux (0.18-0.88 ml.cfrmin™ at 550-700 °C) for more than
160 h was demonstrated. In this system there wais ag direct contact between the molten
carbonates and BYS. In all these examples coafjalgsnina) or a comparatively lower
conductivity ceria-based electrolyte were limitithgg membrane performance, reaching well
below what might be predicted for Bi-based oxid&s [

Irrespective of the expected advantage of Bi-basades as composite membrane
scaffolds, distinct oxide compositions were nevaesned with respect to basic aspects like
reactivity and electrical conductivity. Thus, thverk addresses the possible use of three Bi-
based oxides as ceramic skeletons for gas separagmbranes. Nominal B uy 10V 0.9605.35
(BICUVOX), Big.75Y0.2015 (BYO) and Bi.75Ybo 24015 (BYbO) were selected for tests.
BICUVOX and BYO are obvious options since they @sssa high oxide-ion conductivity at
low temperature (42 and 26 mSZnat 500 °C correspondingly [10, 14]). BYbO has
moderate ionic conductivity at low temperature (©%.cnm' at 500 °C [17]). However,
besides this, YiD; is quite stable in contact with alkali carbonatéeetic compositions up to
700 °C [18], an interesting feature deserving pr@ssessment.

With respect to the selection of molten salts, updw large attention was dedicated
to the NaCO; + Li,CO; (NLC) eutectic composition [2-4, 6, 18]. Here teenary carbonate
eutectic (including also ¥COs;, KNLC) will be considered as molten phase becanfsa
much lower melting temperature (around 400 °C) wehpect to NLC (500 °C) [8]. This
advantage coupled with a high oxide-ion condugtivf the skeleton at low temperature
should allow a lower membrane working temperatuith Wwigh permeability. Additionally,
the same skeleton materials will be tested as datel for NQ separation membranes, using
KNN as molten phase (KNQO+ NaNG eutectic composition, melting at 238 °C only),
allowing membrane operating temperatures as lov255300 °C [19]. While part of a

materials screening procedure, emphasis in thidyswill be dedicated to the chemical



stability between phases (including endurance tesig electrical conductivity. CGO will be
used as reference composite ceramic matrix to lmeaththe performance of these new Bi-

based composites [4, 20].



2. Experimental

Bismuth oxide (BiOs;, >99.5%, Riedel-de Haen), yttrium oxide 2%, 99.99%,
Aldrich), ytterbium oxide (YBOsz; 99.9%, Alfa Aesar) vanadium oxide {05, >99.0%,
Fluka), copper oxide (CuO, for analysis, Merck),-@xped ceria (CGO, GeGd 101 95
99.9%, average particle size <200 nm, Praxairjagstim carbonate (KC,,KO3, >99.0%,
Sigma-Aldrich), sodium carbonate (NC, 883, >99.0%, Sigma-Aldrich), lithium carbonate
(LC, LioCOs, >99.0%, Sigma-Aldrich), potassium nitrate (KN, &) >99.0%, Sigma-
Aldrich), and sodium nitrate (NN, NaN(>>99.0%, Sigma-Aldrich), were used as precursors.

Bio.75Y 0.2501.5, Bio75Ybo 25015 and BpCuoy .10V 0.0005.35 were synthesized by a classical
solid state route [21, 22]. For the synthesis ofB¥nd BYbO, ¥O3; and YBO; were
calcined at 1000 °C for 2 h before weighing the gers. A simple mortar was used to mix
the initial components and to hand grind the pows#ween consecutive firings (700 °C for
5 h and 750 °C for 10 h, respectively). The heating cooling rates were 5 °C.rififor both
stages. X-ray diffraction (XRD) showed, that atieo firings, single phase fluorite structures
were obtained. The synthesis of BICUVOX was dontniee stages (500, 600, 700 °C for 5,
5 and 12 h respectively). The heating and coolatgs were also 5 °C.mitnThe mixture of
initial powders (BiOs, V205 and CuO) and intermediate grinding were againgperéd in a
mortar. XRD confirmed the presence of only one phas

KNLC was prepared by mixing KC, NC and LC in a 250.5 and 43.5 mol% ratio
[8], respectively, while KNN was prepared by mixid$§y and NN in a 56.0:44.0 mol% ratio
[19], respectively using in both cases high endyaly milling at 650 rpm, for 30 min. These
compositions were stored in a desiccator and useddsage with the oxides without any
additional treatment.

A mortar was used again to mix the distinct cerapiases and the salts in a 50:50
and 70:30 vol% ratio, for reactivity and electricadnductivity tests, respectively. The
powders were uniaxially pressed (100 MPa) as disits 8 mm in diameter and about 1.5-2
mm thick, before firing.

A high vol% of both phases (50:50 vol%) resultsaim easier detection of new
products in reactivity tests performed in air inea sets of (temperature/time) conditions. The
first tests were done at 450 °C for 1 h. This terapge is slightly higher than the melting
point of KNLC (400 °C). The second test (long-termas also performed at 450 °C but

during 100 h. The last test, exploiting accelerategradation conditions, was done at 550 °C



for 1 h. Notwithstanding the fact that the meltipgint of KNN is much lower than for
KNLC, all reactivity tests were performed in thergaconditions.

Samples for electrical conductivity measurementsevwaso isostatically pressed at
200 MPa before sintering at 550 °C (5 °C.thimeating-cooling rate) for 1 h (except when
mentioned in the text). Electrochemical measurememre performed using an HP 4284A
LCR Meter with ac signal amplitude of 0.5 V (rmsithin the 20 Hz to 1 MHz frequency
range (with 10 points per decade). Prior to thetetal measurements, samples were painted
with Au paste and the electrodes fired in air @ %5 (3 °C.mif* heating-cooling rate) for 10
min. Gold wires were used as current collectorghwill measurements performed in air
within the 140-650 °C temperature range.

Investigation of the composites microstructure wadormed using a Hitachi SU-70
scanning electron microscope (SEM) coupled withrgnelispersive spectroscopy (EDS,
Bruker Quantax 400 detector). XRD of all samples warformed at room temperature using
a PANalytical XPert MPD PRO diffractometer (Ni-fl; Cuko radiation, PIXcél detector,
and exposition corresponding to about 200 s pgr sted.02 ° over 10-80 °62, at room

temperature.

3. Resultsand discussion

3.1 Reactivity

Figure 2a shows typical XRD patterns of the inipalwvders before reactivity tests. It
is clearly seen that initial ceramic powders armglsl phase, corresponding taBiY 0.2601 5,
Bio.75Ybo 26015 and BpCul10Vo0.9d0s.35 (see Table 2). The salt eutectic mixture patterns
include several peaks that can be ascribed tondistihases, including precursor salts and
compounds (mixed salts) formed during high energliing. Mixed salts are easily formed
by mechanochemical synthesis, as previously reppd28]. For this reason, a cumbersome
indexation of peaks was skipped in this case. Bwvgh these limitations, main peaks in
KNLC and KNN precursor patterns facilitate phasentification after reactivity tests. All
phases detected in the systems after firing arerarimed in Table 2.

The first oxide/salt couple investigated was BICUX/QNLC. During reactivity
tests, BICUVOX showed substantial degradation Viatmation of new phases already at
450 °C after 1 h only. At 450 °C/100 h extensivedural changes can be noticed, more than
observed at 550 °C/1 h (Figure 2b). Longer reactiores result in the formation of an
undesirable specific cubic bismuth oxide symmeloyér conductivity). Decomposition of

BICUVOX could occur with formation of bismuth anénadium compounds (e.g., oxides,



orthovanadates [24, 25]), but there is no evidefocethe presence of vanadium related
compounds. In fact, these systems include an additidifficulty resulting from the presence
of significant amounts of amorphous phases formethd cooling of the molten phase. This
will become evident during the analysis of microstures. In these circumstances distinct
cations can be dissolved in the abundant molterseghveithout formation of crystalline
compounds. From these tests, BICUVOX revealed aestqabtential as ceramic skeleton for

composites with molten KNLC.

Table 2. Summary of phases detected by XRD and correspgndiernational Centre for
Diffraction Data (ICDD) Powder Diffraction Files [HF). For salt mixtures, files
corresponding to best peak matches are listed.

Peak Compound Crystalline structure PDF
1  Bismuth Ytterbium Oxide _ 04-013-0015
2 Bismuth Yttrium Oxide Cuble, Fm-3m/(225) 00-040-0320
3  Copper Bismuth Vanadium Oxide Tetragonal, 14/m(iB80) 04-015-0753
4  “KNLC”
Potassium Lithium Carbonate Monoclinic, P21/c (14) 04-009-6084
Lithium Sodium Carbonate Anorthic, P1 (1) 04-011-4058
5 “KNN”
Sodium Nitrate Rhombohedral, R-3c (167) 04-007-5272
Potassium Nitrate Orthorhombic, Pmcn (62) 01-071-1558
6  Bismuth Yttrium Oxide Rhombohedral, R-3m (166) -@m-1021
7  Bismuth Oxide Cubic, Pn-3m (224) 04-015-0028
8  Bismuth Oxide Cubic, 123 (197) 01-081-0563
9  Bismuth Vanadium Oxide Monoclinic, C2/c (15) 01704952
10 Bismuth Ytterbium Oxide Orthorhombic, | 00-05713
11 Bismuth Oxide Monoclinic, P21/c (14) 04-011-1986
12 Yttrium Oxide Cubic, 1213 (199) 04-019-6322

Nitrate eutectic mixtures look less reactive agaiB&CUVOX, with the oxide
preserving the initial structure after 1 h of tegtat 450 °C (Figure 2c). Only after long-term
testing and at higher temperature BICUVOX changesadnoclinic bismuth vanadium oxide.
This secondary compound also has poor electriGalsport properties. Hence, it was
deliberately decided to remove this system fronthiertests.
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The BYO/KNLC composite showed better stability whe&ompared to the
BICUVOX-based couple. The XRD analysis of BYO/KNLigzated at 450 °C for 1 h
showed no changes in the structure of BYO (Figaje Revertheless, a longer exposure time
(200 h) or higher temperature (550 °C) lead to ftram of rhombohedral bismuth yttrium
oxide (Figure 3a). This newly formed rhombohedtalcure still has interesting oxide-ion
conducting properties and can be a candidate farduinvestigation [26].

Bismuth yttrium oxide showed excellent stabilitythvino structural changes after
testing with KNN under all conditions (Figure 3Bhis result clearly means that BYO is an
interesting material for NOmembranes.

Previous results obtained with BYO/KNLC justifiechaw set of experiments. In fact,
yttrium oxide is used to stabilize the high tempam BpLO; fluorite phase [13, 14]. The
cubic phase can be stable at room temperatureifotilg concentration of yttrium is higher
than 25 at% (metal position). Accordingly, the BYghase transition from cubic to
rhombohedral (Figure 3a) can be explained by Idsgttaum, resulting in a sub-critical

concentration in the skeleton material. The procassbe schematically written as:

(1+4X) Bio.75Y 0.2501.5 + X/2 MoCO3 = Bio.75(14x)Y 0.2501-3x1.5 + X MYO, + x/2 CQ (1)

with M being an alkali metal cation, x<1/3, and wsfg that all KNLC alkali metal
carbonates behave as reported faxClO; in contact with ¥Os in air at high temperature
[27].

Yttrium losses from BYO were difficult to assess XiRD. Besides, patterns showed
no evidence of other phases after reactivity téstghow, in order to avoid potential yttrium
loss from BYO, %03 was added to KNLC aiming at a change in the dgviorce for
reaction (1). In line with this reasoning, mixtudsKNLC with 5 and 15 vol% ¥O; showed
a positive effect on the preservation of the cliistastructure of the scaffold (Figure 3c). In
fact, the XRD pattern obtained from the KNLC sampith 5 vol% of Y,O3; showed partial
stabilization of the cubic phase, even if with d#igant rhombohedral phase content.
Increasing the YOz concentration in KNLC to 15 vol% lowered rhombotadBYO
formation and enhanced the preservation of thalritiorite structure.

Oxide additions to molten carbonates are effecdmations to change the acid-basic
characteristics of the salt and improve the chelmioanpatibility against specific oxide
phases. This procedure was extensively adoptediar to try to improve the stability of NiO
as cathode material in Molten Carbonate Fuel J2Bs30]. The positive impact of 203
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additions shown in Figure 3c indicates that theridesign of similar composites might also
exploit adjustments in the composition of the molfhase to increase the stability of the
oxide.

The third composite, BYbO/KNLC, showed excellergbglity at 450 °C. The XRD
patterns (Figure 4a) obtained from the samples altert and long-term tests (1 h and 100 h,
respectively) at 450 °C show only fluorite BYbO keand, additionally, some small peaks
from the salt. However, exposure of the oxide toLKNat higher temperature (550 °C)
results in conversion of the initial BYbO fluorifhase to orthorhombic bismuth ytterbium
oxide and monoclinic bismuth oxide (Figure 4a). iEwvéth this temperature constraint, the
potential of Yb-doped materials for G@eparation membranes exceeds clearly all other
materials tested in this work.

Bismuth ytterbium oxide also showed excellent d$itgband no structural changes
when exposed to KNN under all testing conditiongyFe 4b). This result also indicates that

BYDbO is an excellent candidate material for,N@embranes.

3.2 Microstructure

SEM was used to inspect samples after extremeividadest conditions (550 °C/1
h). Figure 5 shows typical SEM images of crossigestof selected samples. Oxide particles
appear light grey while a continuous dark greyagagiorresponds to the molten salt.

For BICUVOX-based composites, the usual ceramideste flooded by a molten
phase (KNLC) is hardly discerned, with the matec@isisting of large compacts where light
grey sub micrometric particles are immersed in fdrened molten phase (Figure 5a). The
oxide particles seem to be homogeneously distriibutigh multiple contact points between
them, suggesting a new phase formed by precipitasifter dissolution and decomposition of
BICUVOX in the molten salt. Overall, these featura®e consistent with the reported
BICUVOX high reactivity against KNLC and likely dislution of copper and vanadium in
the molten phase.

BYbO/KNLC, BYO/KNLC and BYO/KNN under the same cotions, also show
complex microstructures (modest phase contrasbimesregions) but with totally distinct
features. Now oxide particles are clearly detacfreth the molten phase, (Figure 5b-d),
situation consistent with the higher stability betoxide phases during reactivity tests. The
microstructure of CGO-based composites is skippad kince this issue was treated in detalil

in previous publications [31-33].
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EDS mapping was also performed under slightly lomegnification to complement
the above information on the characteristics oessvsamples (Figure 6). It is clearly seen
that BICUVOX/KNLC has distinct bismuth and vanadiumech areas (Figure 6a). This
confirms the high reactivity and decomposition dCBVOX. On the contrary, elemental
atomic mapping of BYO/KNLC and BYbO/KNLC demonsesta higher consistency
between the distribution of bismuth and dopant elets (Figure 6b through 6d). Only in the
specific case where yttria was added to the saftum, local spots of Y can be observed
besides the homogeneous distribution within théded phase (Figure 6d). In the three last
cases, K mapping indicates that the corresponduegiic areas tend to complement the
oxide phase dominant areas (Figure 6b through 6d).

3.3 Electrochemical characterization

The electrochemical characterization of most systemas performed using
impedance spectroscopy measurements in air. Aalypit of results obtained for samples
fired at 550 °C for 1 h, is shown in Figure 7a,luniing all oxide+KNLC composite
materials. The main plot includes data obtaine@5& °C, when all phases are in the solid
state. For the CGO-based composite, needing aclistiagnification, data is shown as left-
hand side inset. Results obtained at 450 °C, withdalt already in the molten condition
(about 50 °C above the melting point) are showa small inset (right hand side). At this last
temperature the BICUVOX-based sample showed no amechl integrity, preventing any
measurement.

Results obtained with impedance spectroscopy meamunts were consistent with the
reactivity effects previously presented. BICUVOXdrnced extensive reaction with KNLC
and the desirable mechanical stability of the ce&raskeleton vanished entirely under the
setup light spring loading conditions. The remagniBi-based electrolytes preserved their
mechanical integrity even when some reaction oecurr

Analysis of impedance spectra assumed that therlén@guency tail corresponds to
the electrode arc. Deconvolution of higher freqyesgectra into distinct contributions was
not even attempted. The composite nature of theaterials is the source of mixed
contributions of both phases and microstructuregh® overall cell impedance. Common
designations like bulk and grain boundary arcs makesense in these circumstances even
when the spectra somehow resemble typical polya&ityst ceramic electrolyte spectra. This
issue was studied in great detail using CGO-basetposites and further details are hereby
skipped for this reason [23, 34].
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From the relative magnitudes of composite impedsite low temperature (350 °C)
conductivity followed the sequence CGO>BYbO>BYO>BINIOX, using the oxide phase
designation to distinguish these composites. Tésslilt is in obvious contradiction with the
relative conductivity of the ceramic phases, wigi@UVOX is the best conductor and CGO
the least conducting oxide phase. These resultsv he importance of reactivity and
microstructure on the total conductivity. This ieswill be addressed again during the
analysis of temperature trends.

At higher temperature the composites conductivitgrged to a smaller range of
values with BYbO and BYO-based composites approgckihe conductivity of the CGO-
based composite, the latter still the best condudiwe relevance of the molten phase in these
results is obvious, with KNLC acting as dominanarge carrier.

The limited stability of Bi-based electrolytes whan contact with KNLC at high
temperature is confirmed with these results. Tleegssing route adopted (joint milling and
firing of both phases) offers a large surface doeaxide+salt reaction. Besides, impedance
spectroscopy measurements involved an additionatl@ctrode firing step (550 °C), and
tests up to 650 °C. All these aspects influencexd réported modest electrical properties
observed with these composites.

Complementary strategies are conceivable to avoifoa decrease this problem.
Initial consolidation of the ceramic skeleton befampregnation with the molten salt allows
lower joint firing temperatures. In fact, impregioat of the skeleton can be obtained slightly
above the salt eutectic temperature (around 400@jding the 550 °C sintering step, thus
decreasing the rate of reaction. As alternativafing of a Bi-based ceramic skeleton with a
thin ceria-based film (core-shell type of microsture) could fully protect the core phase and
enhance the wettability of the molten salt withpexs to the oxide skeleton. This strategy is
in line with previously reported attempts to coabBsed scaffolds.

Impedance spectroscopy results obtained with KN&l @resented in Figure 7b.
Again, data is grouped in two sets, the main plmtresponding to a temperature below
melting (190 °C), and the inset corresponding teraperature above melting (290 °C). Cell
impedances now correspond to a conductivity treM@BBYbO>CGO, in close agreement
with what might be expected from the conductivityle oxide phases only.

While the relative conductivity magnitudes seem nmay looking at exact
conductivity levels the results are surprising. Toaductivity of all Bi-based composites
exceeds significantly (minimum of one order of miagge) the conductivity of the

corresponding single-phase materials (oxides aiftd) sased as precursors. Table 3 lists
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conductivity data values at 190 °C (this exact terafure is not available from all literature
sources), to highlight this fact. Considerable tggan literature data simply emphasizes the
distinct nature and purity of samples but in alesadata values remain well below the results
obtained in this work. Cases where extrapolatiorhigh temperature data was used to
estimate lower temperature data tend to be overattd due to usual changes in activation
energy with temperature observed in some of thes¢emals. So, even when direct
measurements are missing, the magnitudes of taloutiztta offer and effective reference for
comparison purposes.

Reasons for a conductivity enhancement in oxidé+s@hposites with respect to
single phases are a source of debate for many .y&mse comparison is between a
composite with respect to nominally pure phases fitist issue deserving attention is on the
potential cross doping between phases. Bi-basexrdrelges are already doped materials,
with compositions ideally adjusted to yield maxim@anductivity levels. The solubility of
alkali metal ions in the distinct Bi-based phasesinknown and only speculation based on
size and coordination of potential dopants is \@aBlor a similar coordination (V1) Nand
Bi** have comparable ionic radii but i much larger [35]. On the contrary, the formatid
MBIiO3; compounds (M-Li, Na, K) is well established, wBirions forced to the pentavalent
oxidation state [36]. These materials find prongsapplications as electrodes for alkali metal
batteries only, but not as oxygen-ion conductorg.[3

With respect to salt doping, the few results knowdicate a negative effect on
conductivity of salts with higher valence catiomssts involving NaN@doped with barium,
nickel or chromium nitrates, showed always lowecgical conductivity. This was explained
as a consequence of the annihilation of metalstited cations, assumed as dominant charge
carriers [38]. This would be the expected (negatiesult if some Bi* somehow acted as salt
dopant.
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Table 3. Conductivity of distinct single-phase materiaigl acomposites for gas separation

membranes.
Material T(°C) o (S.cn’) Sample Data source Ref.
NN 190 1.1x10 polycrystalline Plot [39]
NN 190 1.8x13°  solution grown (sg) Plot [38]
NN 190  2.5x1d° melt grown (mg) Plot [38]
NN 190 1.6x10 mg + cooled Plot [38]
NN 190 7.1x10 polycrystalline Plot [38]
NN 190 4.5x10 polycrystalline plot [40]
KN 190 7.9x10 polycrystalline plot [39]
KN 190 4.1x10 mg plot (extrapol.) [41]
KN 190 2.0x10 single crystal plot (extrapol.) [41]
KN 190 2.0x10 polycrystalline plot [40]
BYO fluorite 190 8.9x16 polycrystalline plot this work
BYO rhomb. 190 1.4x1H polycrystalline plot (extrapol.) [26]
BYO 190 2.0x10 polycrystalline plot (extrapol.) [17]
BYbO 190 8.4x10 polycrystalline plot (extrapol.) [17]
BYO/KNN 190 1.7x10 composite EIS this work
BYbO/KNN 190 4.2x16 composite EIS this work
CGO/KNN 190 2.5x18 composite EIS this work

Unusual composite effects are known when salts aides are mixed, due to the

formation of mobile metal vacancies accumulateth@a space charge region adjacent to the

oxide/salt interface [42-44]. Also, easy decompositof these salts under mild thermal

treatment, with easy formation of hydroxides aftmmbination with the surrounding

humidity, could explain the presence of molten plaat temperatures below the expected
nitrate eutectic. Molten phases would easily explanhanced conductivity at modest
temperatures (e.g., KNQGand KOH mixtures have melting temperatures in2h@-220 °C
range [45]). Whether or not similar phenomena caepglain the observed conductivity
enhancement in the present composites remains em aueestion. Since we are examining
low temperature performance, below the target dipgraemperature of gas separation

membranes, this discussion will be discontinued.
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The high temperature spectra of all composites sldownly an electrode arc,
extending slightly to negative Z” values becauseseaifip self-inductance. Even so, the high
frequency (Z) intercept of these high-temperatwspectra (Figure 7) allowed the
determination of the total conductivity. Since tio¢al conductivity is the sum of parallel
contributions of skeleton and molten phase [33, ¢loser vicinity of all sets of data with
respect to lower temperature data indicates againldminant role of the molten salt in these
higher temperature ranges.

Figure 8 shows typical Arrhenius-type (total) coaility plots for the systems under
investigation. The well-studied and stable CGO-asemposites were also included as
reference. Typical results at selected temperatmesactivation energies {Eare presented
in Table 4.

Figure 8a contains the results of KNLC based systesith all ceramic phases. As
reference, a few extra lines were also introduceshbw the exact performance of selected
Bi-based oxide phases (BYO, fluorite structureqtiiork], and BYO, rhombohedral [26]).
Figure 8a stresses why the BICUVOX/KNLC system vedmandoned. Extremely low
conductivity after reaction between the ceramicsghand the ternary eutectic is evident,
besides the absence of higher temperature dateboduechanical collapse of the sample. For
the remaining composites (CGO, BYO and BYbO-bastu®e regions are easily noticed,
corresponding to the performance below the sa#datigttemperature, above the eutectic, and
when the eutectic temperature is crossed.

At low temperature, before salt melting, all compess possess a relatively large
activation energy for electrical conductivity. Rble BYO/KNLC system this value is 107.3
kJ.mol*. This activation energy matches closely the atitmaenergy of pure rhombohedral
bismuth yttrium oxide (105.3 kJ.mYland is slightly smaller than observed for BYOhnt
fluorite-type structure (118.1 kJ.mYl Due to the phase transition from fluorite to
rhombohedral, the total conductivity of the comp®ss lower than observed for the CGO
based membrane.

Conversion from the fluorite into the rhombohedgtase should impact the
magnitude of the conductivity but should have a IsreHiect with respect to activation
energy. Core-shell like particles of BYO after natetion of the ceramic with KNLC are also
possible, where the shell is rhombohedral and tre bas a fluorite structure. These two
layers could easily cooperate with respect to ciodetransport.

The BYbO/KNLC system shows a similar behavior. Tdativation energy at low

temperature (105.8 kJ.mYlcorrelates well with the corresponding valuesdtrer bismuth
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oxide-based materials. The conductivity at low temagure is higher than observed for the
BYO-based system, but not enough to compete wigh@QEO-based composite. Overall,
since we have conflicting trends between the redadrders of magnitude of conductivity for
all composites and for the ceramic phases onlyorteg reactivity and microstructural

constraints cannot be ignored.

Table 4. Selected values of electrical conductivity) @nd activation energy {Fat low
(EaL7) and high temperatures{Ey) obtained for distinct composites and for singiage Bi-
based oxides.

Fiing T o6at350 °C  Eair  04at450 °C  Eapr

Oxide Salt ooyt (Sen)  (kImolY)  (S.emid)  (kJ.molY)
BYO fluorite - 550 °C/1 h 1.42x10*  118.1  2.71x18 -
X X
rhorrl?l:oohedral ) 550 °C/L h 1.6[36]105 109 2.1[;6]10‘1
BYO KNLC 550°C/1h 4.99x10°  107.3  1.11x18 55.0
BYO KNLC+Y,05; 550 °C/1 h 5.20x10°  109.2 2.63x18 67.6
BYO KNLC 450°C/1h 2.27x10°  116.6 9.37x18 56.4
BICUVOX KNLC 550°C/1h 1.08x1C° - - -
BYbO KNLC 550°C/1h 1.70x10°  105.8  1.89x18 48.3
CGO KNLC 550 °C/1h 1.80x10" 87.9 5.34x16 41.4
Firng T cat190°C Eair 0at290°C  Eaur
COMt(h) (S.cm?) (kI.mo™) (S.cmb)  (kJ.molY)
BYO KNN  550°C/1h 1.66x10° 129.8  4.88x18 23.3
BYbO KNN  550°C/1h 418x10° 117.1  2.41x198 13.0
CGO KNN 550°C/1h 245%x19°  100.7  7.72x18 19.2

The electrical conductivity results of the compeswith 15 vol% yttrium oxide
addition to KNLC are presented in Figure 8b. Wlifile conductivity of the composite in the
low temperature region is almost the same as witbrina YOz addition, the conductivity of
the system at high temperature is lower than it bef®re. This conductivity drop can be
explained by a decreasing amount of liquid phasetdyartial combination of KNLC with
the oxide addition and a likely drift in compositiof the salt phase (e.g., formation of LiYO
with CO;, release).

Due to the positive stability of cubic BYO when espd to KNLC at 450 °C, it was
also decided to try to sinter BYO/KNLC membrane$yat 450 °C, for 1 h. The electrical
conductivity results are presented in Figure 8lke @bnductivity of this system is higher than

for the remaining composites even if lacking propensification of the pellet at lower



18

temperature. The activation energy calculated fréime low temperature slope is
116.6 kJ.mot. Since the activation energy of pure BYO, fluoptease, is 118.1 kJ.mblthe
similarity suggests that cubic BYO prevails as exidn conductor in theompositesintered

at low temperature. This result confirmed thatraldéve processing routes (e.g., preliminary
consolidation of the ceramic skeleton before impegign) and lower operating temperatures
can circumvent the reactivity problems.

At high temperature, above melting, the low actoaatenergy of molten salts
conductivity prevails. In between these two regjookse to the eutectic temperatures
(398 °C =1.49x18 K™ for KNLC or 238 °C =1.96xI8 K™ for KNN), huge step-like
conductivity changes can be explained by the daise transition from solid to the molten
state.

The results of conductivity measurements with cositps for NQ separation
membranes, based on BYO and BYbO, are presentdelgure 8c. It is clear that the
conductivity of the bismuth-based systems is alwagher than found for the corresponding
CGO-based composite. While the low temperatureopsidnce might indicate the relevance
of oxide/salt interfacial conductivity effects, preusly discussed, the high temperature
conductivity trend clearly indicates the relevaoterof the ceramic phase nature on the
composite performance. These data confirm the grpenaracteristics of BYO and BYbO
with respect to ceria-based electrolytes as saffdr NQ separation membranes. Based on
this preliminary materials screening, future waslkplanned to assess the impact of gas phase

composition on the stability of the oxide phas¢hiese composite materials.

4. Conclusions

Several Bi-based electrolytes tested for compd3ide separation membranes show a
poor stability with respect to molten alkali metafbonates. However, specific oxide dopants
(e.g., YbOs), moderate working temperatures (up to 450 °C) saldcted oxide additions
(e.q., Y203) to the molten salt, can be used to circumvenddHemitations. The stability of
tested Bi-based oxides with respect to molten atkrates seems fully consistent with their
potential application in N separation membranes, including chemical stabidihyd
electrical conductivity. Furthermore, total conduity levels reached with these systems at
potential working temperatures clearly exceed \@ahigtained with the state-of-the-art ceria-
based electrolytes.
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Captions:

Figure 1. Schematic representation of phases in, @O and NQ (2-3) gas separation
membranes (SO-Solid oxide; MC — Molten carbonadMbl — Molten nitrates; MIEC —

Mixed ionic and electronic conductor; EC — Electcoononductor). Transparency of a few
particles is used to stress the 3D percolationl gffeases. See Table 1 for additional details.

Figure 2. XRD patterns of: (a) — precursor composite malgr{@) and (c) - BICUVOX after
reactivity with KNLC and KNN, respectively, at difent temperature/time combinations.
The three main peaks in each phase are indexedb&mgntorrespond to phases listed in
Table 2.

Figure 3. XRD patterns of BYO after reactivity testing witfa) - KNLC; (b) - KNN (450
°C/1 h, 450 °C/100 h, 550 °C/1 h); (c) KNLC3®5 (c) at 450 °C/1 h. The three main peaks
in each phase are indexed. Numbers correspondasgephisted in Table 2.

Figure 4. XRD patterns of BYbO after reactivity testing wikNLC (a) and KNN (b) at
different temperatures and time. The three mairkp&a each phase are indexed. Numbers
correspond to phases presented in Table 2.

Figure 5. Typical SEM micrographs of BICUVOX/KNLC, BYbO/KNL@nd BYO/KNLC
(a, b, ¢) and BYO/KNN (d) composites after reatyivesting at 550 °C for 1 h.

Figure 6. SEM micrographs and matching elemental EDS mapd\ifC-based composites
after 1 h of reactivity testing at 550 °C.

Figure 7. Typical impedance spectra of: (a) KNLC-based systat 350, 450 °C and (b)
KNN-based systems at 190, 290 °C.

Figure 8. Arrhenius-type plots of: (a, b) KNLC-based and K&yN-based composites in air.
The sintering conditions of composites were 550dICL h (a,c) or as detailed in (b). In (a)
also shown data for single phase BYO with distgtaictures (see text for details).
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