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Abstract 

Oxide+salt composites can be used in CO2 and NOx separation membranes, where 

high oxide-ion conductivity is crucial to improve performance. Pursuing this goal, the 

stability of three different bismuth oxide-based electrolytes (Cu+V, Y and Yb-doped) against 

molten alkali carbonates (Li, Na, K) or nitrates (Na, K) was tested firing them in the 450-550 

°C temperature range, and with endurance tests up to 100 h. A well-known ceria-based 

composite was used as reference (CGO - Ce0.9Gd0.1O1.95). Oxides and composites were 

studied by X-ray diffraction, scanning electron microscopy and impedance spectroscopy (in 

air, 140–650 °C temperature range). Bi2Cu0.10V0.90O5.35 easily reacts with molten salts. 

Bi0.75Y0.25O1.5 and Bi0.75Yb0.25O1.5 have higher stability against molten carbonates and 

complete stability against molten nitrates. The Y-doped oxide stability against the molten 

carbonates was enhanced changing the molten salt composition (Y2O3 additions) and using 

lower firing temperatures. Above all, composites based on Y or Yb-doped Bi2O3 with molten 

alkali nitrates showed impressive 6× or 3× higher electrical conductivity at 290 °C, in air 

(4.88×10-2 and 2.41×10-2 S.cm-1, respectively) than CGO-based composites (7.72×10-3 S.cm-

1), qualifying as promising materials for NOx separation membranes. 

 

Keywords: Gas separation membranes; bismuth oxide; molten alkali carbonates; 

molten alkali nitrates; reactivity; impedance spectroscopy. 
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Highlights 

• Bi-based ceramic electrolytes show high stability in contact with molten 

nitrates 

• Suitable dopants (oxide and/or salt) enhance the stability of Bi-based ceramics 

against molten alkali carbonates 

• Bi-based composites (ceramic+alkali nitrates) show higher conductivity than 

state of the art ceria-based composites 

• Y or Yb-doped Bi2O3 are promising candidates for NOx separation membranes 
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Introduction  

Greenhouse gas emissions and climate changes are central concerns threatening a 

sustainable development. Gas separation is an extremely important and fast developing 

scientific and industrial area aiming at removal of gas pollutant emissions. The high ion-

based selectivity of electrochemical processes is uniquely suited for these purposes.  

In the last decade composite CO2 separation membranes (molten salt within an oxide 

skeleton) showed promising results [1-4], with tolerance to temperatures typical of some 

exhaust combustion gases. More recently, NOx separation membranes were introduced by 

Zhang et al. [5], extending the field of composite membranes to the removal of the nitrogen 

oxides from gas mixtures, again a crucial environmental issue. In both cases the membrane 

should provide easy pathways for a variety of charge carriers, depending on the specific 

application. 

CO2 separation membranes include a solid oxide (SO) ion conductor (ceramic 

skeleton), and molten carbonates (MC) as providers of carbonate-ion transport (either directly 

or based on counter transport of alkali metal ions and neutral alkali carbonate molecules). 

CO2 combines with O2- (forming CO3
2-) on the membrane feed side, while on the permeate 

side this process is reversed. Ambipolar conduction is needed inside the membrane, with O2- 

transport proceeding in the opposite direction of net CO3
2- transport [1, 6]. The phase 

distribution in composite membranes is schematically presented in Figure 1 while the role of 

each phase and surface reactions are described in Table 1. These composites depend strongly 

on the ceramic phase oxide-ion conductivity, which is rate determining for typical ceramic 

and molten salt ionic conductivity values and working temperatures in the 400-600 °C range 

[7-9]. 

NOx membranes are based on a ceramic substrate with mixed oxygen-ionic and 

electronic conductivity (MIEC) and molten nitrates (MN). As alternative, an oxide-ion 

conductor can also be combined with an electronic conductor (EC), besides the salt phase. 

The working principle is slightly more complex due to extra electrons needed to compensate 

distinct ionic charges involved. Reaction of NOx with oxygen (or O2-) to yield NOx+1
- must be 

balanced with release of an electron (e-) in the membrane feed side, with an opposite reaction 

in the permeate side. Presence of oxygen in the feed side might generate a parallel transport 

of this species besides NOx, with the exact oxygen flow depending on the oxygen activity 

gradient across the membrane [5]. Complete NOx separation can be achieved with an 

additional oxygen separation membrane, yielding oxygen as side product. The phase 
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arrangement is again presented in Figure 1, while the role of phases and surface reactions are 

described in Table 1. 

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

Type Materials Feed side net surface 

reaction 

Inner net charge 

transport 
Ref. 

Gas Scheme Salt Oxide Others

CO2 Fig. 1(1) M2CO3
(1) SO(2) None CO2 + O2- = CO3

2- CO3
2- and O2- [3, 4, 6] 

NOx Fig. 1(2) MNO3 

(MNO2)
(3) 

MIEC(4) None 
NOx + O2- = NOx+1

- + e- NOx+1
-, O2- and e- [5] 

NOx Fig. 1(3) SO EC(5) 

(1) M corresponds to an alkali metal (e.g., Na, Li or K), but eutectic salt mixtures are often used to 
lower operating temperatures; (2) solid oxide-ion conductor; (3) at each temperature the exact salt 
composition is a result of the thermodynamic equilibrium between salt and gas phase species involved 
(e.g., NO, NO2, O2); 

(4) mixed (oxide) ionic and electronic conductor; (5) electronic conductor (ceramic 
or metal). 

With typical molten salt ionic conductivities far above those reported for standard 

ceramic oxide-ion conductors [7-9], the search for improved membrane performance must 

rely on a judicious optimization of phase content and microstructures, and utilization of 

premium oxide-ion conductors. Bismuth oxide-based materials show extremely high oxide-

ion conductivity at comparatively low temperature, as such being the obvious candidates. For 

instance, Bi2Cu0.1V0.9O5.35 has an ionic conductivity of ~1 mS/cm at 300 °C [10], which is 

50-100 times higher than common O2- conductors (CGO-Gd-doped ceria, (La,Sr)(Ga,Mg)O3, 

or even yttria stabilized zirconia). However, the application of Bi-based materials seems 

limited by high reactivity with common alkali carbonate eutectic compositions. As a 

consequence, published literature on bismuth oxide-based materials for CO2 separation 

membranes is scarce. For instance, a Bi1.5Y0.3Sm0.2O3 (BYS)/ternary carbonate eutectic 

system was used by Li et al. [11]. The permeation fluxes reached only 6.50×10-3-6.60×10-2 

ml.cm-2.min-1 in the 500-650 oC temperature range. Unfortunately, the exact membrane 

stability is unknown. 

Rui et al. [12] used BYS as skeleton but part of the channel in the skeleton was 

covered by γ-Al 2O3 in order to increase wettability by the molten salt. Permeation rates of 

6.50×10-3 ml.cm-2.min-1 were obtained at 500 °C. Additionally, it was shown that when 

holding the BYS membrane at 650 °C, the flux increased from 0.026 to 0.066 ml.cm-2.min-1, 

situation ascribed to the rhombohedral (low conductivity)-fluorite (high conductivity) BYS 
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phase transition. This surprising result was explained by the known increased stability of the 

fluorite phase at high temperature [13, 14]. Again, signs of reactivity between the Bi-based 

material and the molten carbonates were not reported. However, alumina particles covering 

(at least partly) BYS might act as coating, preventing direct contact of BYS with the molten 

phase. 

Dong et al. [15] used an asymmetric ceramic-carbonate dual phase membrane where 

ceria was mixed with the salt eutectic composition, and BYS was used as non-wetting 

support. Permeation at 900 °C reached 1.56 ml.cm-2.min-1. Finally, BYS was also used with 

samarium doped ceria as a non-wetting support for dual phase membranes [16]. The high 

stability of the CO2 permeation flux (0.18-0.88 ml.cm-2.min-1 at 550−700 °C) for more than 

160 h was demonstrated. In this system there was again no direct contact between the molten 

carbonates and BYS. In all these examples coatings (alumina) or a comparatively lower 

conductivity ceria-based electrolyte were limiting the membrane performance, reaching well 

below what might be predicted for Bi-based oxides [6].  

Irrespective of the expected advantage of Bi-based oxides as composite membrane 

scaffolds, distinct oxide compositions were never screened with respect to basic aspects like 

reactivity and electrical conductivity. Thus, this work addresses the possible use of three Bi-

based oxides as ceramic skeletons for gas separation membranes. Nominal Bi2Cu0.10V0.90O5.35 

(BICUVOX), Bi0.75Y0.25O1.5 (BYO) and Bi0.75Yb0.25O1.5 (BYbO) were selected for tests. 

BICUVOX and BYO are obvious options since they possess a high oxide-ion conductivity at 

low temperature (42 and 26 mS.cm-1 at 500 °C correspondingly [10, 14]). BYbO has 

moderate ionic conductivity at low temperature (13 mS.cm-1 at 500 °C [17]). However, 

besides this, Yb2O3 is quite stable in contact with alkali carbonate eutectic compositions up to 

700 °C [18], an interesting feature deserving proper assessment. 

With respect to the selection of molten salts, up to now large attention was dedicated 

to the Na2CO3 + Li2CO3 (NLC) eutectic composition [2-4, 6, 18]. Here the ternary carbonate 

eutectic (including also K2CO3, KNLC) will be considered as molten phase because of a 

much lower melting temperature (around 400 °C) with respect to NLC (500 °C) [8]. This 

advantage coupled with a high oxide-ion conductivity of the skeleton at low temperature 

should allow a lower membrane working temperature with high permeability. Additionally, 

the same skeleton materials will be tested as candidates for NOx separation membranes, using 

KNN as molten phase (KNO3 + NaNO3 eutectic composition, melting at 238 °C only), 

allowing membrane operating temperatures as low as 250-300 °C [19]. While part of a 

materials screening procedure, emphasis in this study will be dedicated to the chemical 



6 

 

stability between phases (including endurance tests) and electrical conductivity. CGO will be 

used as reference composite ceramic matrix to benchmark the performance of these new Bi-

based composites [4, 20]. 
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2. Experimental  

Bismuth oxide (Bi2O3, >99.5%, Riedel-de Haen), yttrium oxide (Y2O3, 99.99%, 

Aldrich), ytterbium oxide (Yb2O3, 99.9%, Alfa Aesar) vanadium oxide (V2O5, >99.0%, 

Fluka), copper oxide (CuO, for analysis, Merck), Gd-doped ceria (CGO, Ce0.9Gd0.1O1.95, 

99.9%, average particle size <200 nm, Praxair), potassium carbonate (KC, K2CO3, >99.0%, 

Sigma-Aldrich), sodium carbonate (NC, Na2CO3, >99.0%, Sigma-Aldrich), lithium carbonate 

(LC, Li2CO3, >99.0%, Sigma-Aldrich), potassium nitrate (KN, KNO3, >99.0%, Sigma-

Aldrich), and sodium nitrate (NN, NaNO3, >99.0%, Sigma-Aldrich), were used as precursors.  

Bi0.75Y0.25O1.5, Bi0.75Yb0.25O1.5 and Bi2Cu0.10V0.90O5.35 were synthesized by a classical 

solid state route [21, 22]. For the synthesis of BYO and BYbO, Y2O3 and Yb2O3 were 

calcined at 1000 °C for 2 h before weighing the powders. A simple mortar was used to mix 

the initial components and to hand grind the powder between consecutive firings (700 °C for 

5 h and 750 °C for 10 h, respectively). The heating and cooling rates were 5 °C.min-1 for both 

stages. X-ray diffraction (XRD) showed, that after two firings, single phase fluorite structures 

were obtained. The synthesis of BICUVOX was done in three stages (500, 600, 700 °C for 5, 

5 and 12 h respectively). The heating and cooling rates were also 5 °C.min-1. The mixture of 

initial powders (Bi2O3, V2O5 and CuO) and intermediate grinding were again performed in a 

mortar. XRD confirmed the presence of only one phase. 

KNLC was prepared by mixing KC, NC and LC in a 25.0, 31.5 and 43.5 mol% ratio 

[8], respectively, while KNN was prepared by mixing KN and NN in a 56.0:44.0 mol% ratio 

[19], respectively using in both cases high energy ball milling at 650 rpm, for 30 min. These 

compositions were stored in a desiccator and used for dosage with the oxides without any 

additional treatment. 

A mortar was used again to mix the distinct ceramic phases and the salts in a 50:50 

and 70:30 vol% ratio, for reactivity and electrical conductivity tests, respectively. The 

powders were uniaxially pressed (100 MPa) as disks with 8 mm in diameter and about 1.5-2 

mm thick, before firing. 

A high vol% of both phases (50:50 vol%) results in an easier detection of new 

products in reactivity tests performed in air in three sets of (temperature/time) conditions. The 

first tests were done at 450 °C for 1 h. This temperature is slightly higher than the melting 

point of KNLC (400 °C). The second test (long-term), was also performed at 450 °C but 

during 100 h. The last test, exploiting accelerated degradation conditions, was done at 550 °C 
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for 1 h. Notwithstanding the fact that the melting point of KNN is much lower than for 

KNLC, all reactivity tests were performed in the same conditions. 

Samples for electrical conductivity measurements were also isostatically pressed at 

200 MPa before sintering at 550 °C (5 °C.min-1 heating-cooling rate) for 1 h (except when 

mentioned in the text). Electrochemical measurements were performed using an HP 4284A 

LCR Meter with ac signal amplitude of 0.5 V (rms) within the 20 Hz to 1 MHz frequency 

range (with 10 points per decade). Prior to the electrical measurements, samples were painted 

with Au paste and the electrodes fired in air at 550 °C (3 °C.min-1 heating-cooling rate) for 10 

min. Gold wires were used as current collectors, with all measurements performed in air 

within the 140–650 °C temperature range. 

Investigation of the composites microstructure was performed using a Hitachi SU-70 

scanning electron microscope (SEM) coupled with energy dispersive spectroscopy (EDS, 

Bruker Quantax 400 detector). XRD of all samples was performed at room temperature using 

a PANalytical XPert MPD PRO diffractometer (Ni-filter, CuKα radiation, PIXcel1D detector, 

and exposition corresponding to about 200 s per step of 0.02 ° over 10–80 ° 2θ), at room 

temperature. 

 
3. Results and discussion  

3.1 Reactivity 

Figure 2a shows typical XRD patterns of the initial powders before reactivity tests. It 

is clearly seen that initial ceramic powders are single phase, corresponding to Bi0.75Y0.25O1.5, 

Bi0.75Yb0.25O1.5 and Bi2Cu0.10V0.90O5.35 (see Table 2). The salt eutectic mixture patterns 

include several peaks that can be ascribed to distinct phases, including precursor salts and 

compounds (mixed salts) formed during high energy milling. Mixed salts are easily formed 

by mechanochemical synthesis, as previously reported [23]. For this reason, a cumbersome 

indexation of peaks was skipped in this case. Even with these limitations, main peaks in 

KNLC and KNN precursor patterns facilitate phase identification after reactivity tests. All 

phases detected in the systems after firing are summarized in Table 2. 

The first oxide/salt couple investigated was BICUVOX/KNLC. During reactivity 

tests, BICUVOX showed substantial degradation with formation of new phases already at 

450 °C after 1 h only. At 450 °C/100 h extensive structural changes can be noticed, more than 

observed at 550 °C/1 h (Figure 2b). Longer reaction times result in the formation of an 

undesirable specific cubic bismuth oxide symmetry (lower conductivity). Decomposition of 

BICUVOX could occur with formation of bismuth and vanadium compounds (e.g., oxides, 
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orthovanadates [24, 25]), but there is no evidence for the presence of vanadium related 

compounds. In fact, these systems include an additional difficulty resulting from the presence 

of significant amounts of amorphous phases formed during cooling of the molten phase. This 

will become evident during the analysis of microstructures. In these circumstances distinct 

cations can be dissolved in the abundant molten phase without formation of crystalline 

compounds. From these tests, BICUVOX revealed a modest potential as ceramic skeleton for 

composites with molten KNLC. 

Table 2. Summary of phases detected by XRD and corresponding International Centre for 
Diffraction Data (ICDD) Powder Diffraction Files (PDF). For salt mixtures, files 
corresponding to best peak matches are listed. 
Peak Compound Crystalline structure PDF 

1 Bismuth Ytterbium Oxide 
Cubic, Fm-3m (225) 

04-013-0015 

2 Bismuth Yttrium Oxide 00-040-0320 

3 Copper Bismuth Vanadium Oxide Tetragonal, I4/mmm (139) 04-015-0753 

4 “KNLC” 

Potassium Lithium Carbonate 

Lithium Sodium Carbonate 

 

Monoclinic, P21/c (14) 

Anorthic, P1 (1) 

 

04-009-6084 

04-011-4058 

5 “KNN” 

Sodium Nitrate 

Potassium Nitrate 

 

Rhombohedral, R-3c (167) 

Orthorhombic, Pmcn (62) 

 

04-007-5272 

01-071-1558 

6 Bismuth Yttrium Oxide Rhombohedral, R-3m (166) 00-040-1021 

7 Bismuth Oxide Cubic, Pn-3m (224) 04-015-0028 

8 Bismuth Oxide Cubic, I23 (197) 01-081-0563 

9 Bismuth Vanadium Oxide Monoclinic, C2/c (15) 01-077-4952 

10 Bismuth Ytterbium Oxide Orthorhombic, I 00-057-0113 

11 Bismuth Oxide Monoclinic, P21/c (14) 04-011-1986 

12 Yttrium Oxide Cubic, I213 (199) 04-019-6322 

Nitrate eutectic mixtures look less reactive against BICUVOX, with the oxide 

preserving the initial structure after 1 h of testing at 450 °C (Figure 2c). Only after long-term 

testing and at higher temperature BICUVOX changes to monoclinic bismuth vanadium oxide. 

This secondary compound also has poor electrical transport properties. Hence, it was 

deliberately decided to remove this system from further tests. 
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The BYO/KNLC composite showed better stability when compared to the 

BICUVOX-based couple. The XRD analysis of BYO/KNLC treated at 450 °C for 1 h 

showed no changes in the structure of BYO (Figure 3a). Nevertheless, a longer exposure time 

(100 h) or higher temperature (550 °C) lead to formation of rhombohedral bismuth yttrium 

oxide (Figure 3a). This newly formed rhombohedral structure still has interesting oxide-ion 

conducting properties and can be a candidate for further investigation [26].  

Bismuth yttrium oxide showed excellent stability with no structural changes after 

testing with KNN under all conditions (Figure 3b). This result clearly means that BYO is an 

interesting material for NOx membranes. 

Previous results obtained with BYO/KNLC justified a new set of experiments. In fact, 

yttrium oxide is used to stabilize the high temperature Bi2O3 fluorite phase [13, 14]. The 

cubic phase can be stable at room temperature only if the concentration of yttrium is higher 

than 25 at% (metal position). Accordingly, the BYO phase transition from cubic to 

rhombohedral (Figure 3a) can be explained by loss of yttrium, resulting in a sub-critical 

concentration in the skeleton material. The process can be schematically written as: 

(1+x) Bi0.75Y0.25O1.5 + x/2 M2CO3 = Bi0.75(1+x)Y0.25(1-3x)O1.5 + x MYO2 + x/2 CO2 (1) 

with M being an alkali metal cation, x<1/3, and assuming that all KNLC alkali metal 

carbonates behave as reported for Li2CO3 in contact with Y2O3 in air at high temperature 

[27].  

Yttrium losses from BYO were difficult to assess by XRD. Besides, patterns showed 

no evidence of other phases after reactivity tests. Anyhow, in order to avoid potential yttrium 

loss from BYO, Y2O3 was added to KNLC aiming at a change in the driving force for 

reaction (1). In line with this reasoning, mixtures of KNLC with 5 and 15 vol% Y2O3 showed 

a positive effect on the preservation of the crystalline structure of the scaffold (Figure 3c). In 

fact, the XRD pattern obtained from the KNLC sample with 5 vol% of Y2O3 showed partial 

stabilization of the cubic phase, even if with significant rhombohedral phase content. 

Increasing the Y2O3 concentration in KNLC to 15 vol% lowered rhombohedral BYO 

formation and enhanced the preservation of the initial fluorite structure. 

Oxide additions to molten carbonates are effective solutions to change the acid-basic 

characteristics of the salt and improve the chemical compatibility against specific oxide 

phases. This procedure was extensively adopted in order to try to improve the stability of NiO 

as cathode material in Molten Carbonate Fuel Cells [28-30]. The positive impact of Y2O3 
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additions shown in Figure 3c indicates that the future design of similar composites might also 

exploit adjustments in the composition of the molten phase to increase the stability of the 

oxide. 

The third composite, BYbO/KNLC, showed excellent stability at 450 °C. The XRD 

patterns (Figure 4a) obtained from the samples after short and long-term tests (1 h and 100 h, 

respectively) at 450 °C show only fluorite BYbO peaks and, additionally, some small peaks 

from the salt. However, exposure of the oxide to KNLC at higher temperature (550 °C) 

results in conversion of the initial BYbO fluorite phase to orthorhombic bismuth ytterbium 

oxide and monoclinic bismuth oxide (Figure 4a). Even with this temperature constraint, the 

potential of Yb-doped materials for CO2 separation membranes exceeds clearly all other 

materials tested in this work. 

Bismuth ytterbium oxide also showed excellent stability and no structural changes 

when exposed to KNN under all testing conditions (Figure 4b). This result also indicates that 

BYbO is an excellent candidate material for NOx membranes. 

 

3.2 Microstructure 

SEM was used to inspect samples after extreme reactivity test conditions (550 °C/1 

h). Figure 5 shows typical SEM images of cross sections of selected samples. Oxide particles 

appear light grey while a continuous dark grey region corresponds to the molten salt.  

For BICUVOX-based composites, the usual ceramic skeleton flooded by a molten 

phase (KNLC) is hardly discerned, with the material consisting of large compacts where light 

grey sub micrometric particles are immersed in the formed molten phase (Figure 5a). The 

oxide particles seem to be homogeneously distributed with multiple contact points between 

them, suggesting a new phase formed by precipitation, after dissolution and decomposition of 

BICUVOX in the molten salt. Overall, these features are consistent with the reported 

BICUVOX high reactivity against KNLC and likely dissolution of copper and vanadium in 

the molten phase. 

BYbO/KNLC, BYO/KNLC and BYO/KNN under the same conditions, also show 

complex microstructures (modest phase contrast in some regions) but with totally distinct 

features. Now oxide particles are clearly detached from the molten phase, (Figure 5b-d), 

situation consistent with the higher stability of the oxide phases during reactivity tests. The 

microstructure of CGO-based composites is skipped here since this issue was treated in detail 

in previous publications [31-33]. 
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EDS mapping was also performed under slightly lower magnification to complement 

the above information on the characteristics of several samples (Figure 6). It is clearly seen 

that BICUVOX/KNLC has distinct bismuth and vanadium rich areas (Figure 6a). This 

confirms the high reactivity and decomposition of BICUVOX. On the contrary, elemental 

atomic mapping of BYO/KNLC and BYbO/KNLC demonstrates a higher consistency 

between the distribution of bismuth and dopant elements (Figure 6b through 6d). Only in the 

specific case where yttria was added to the salt mixture, local spots of Y can be observed 

besides the homogeneous distribution within the Bi-based phase (Figure 6d). In the three last 

cases, K mapping indicates that the corresponding specific areas tend to complement the 

oxide phase dominant areas (Figure 6b through 6d). 

3.3 Electrochemical characterization 

The electrochemical characterization of most systems was performed using 

impedance spectroscopy measurements in air. A typical set of results obtained for samples 

fired at 550 °C for 1 h, is shown in Figure 7a, including all oxide+KNLC composite 

materials. The main plot includes data obtained at 350 °C, when all phases are in the solid 

state. For the CGO-based composite, needing a distinct magnification, data is shown as left-

hand side inset. Results obtained at 450 °C, with the salt already in the molten condition 

(about 50 °C above the melting point) are shown as a small inset (right hand side). At this last 

temperature the BICUVOX-based sample showed no mechanical integrity, preventing any 

measurement. 

Results obtained with impedance spectroscopy measurements were consistent with the 

reactivity effects previously presented. BICUVOX evidenced extensive reaction with KNLC 

and the desirable mechanical stability of the ceramic skeleton vanished entirely under the 

setup light spring loading conditions. The remaining Bi-based electrolytes preserved their 

mechanical integrity even when some reaction occurred.  

Analysis of impedance spectra assumed that the lower frequency tail corresponds to 

the electrode arc. Deconvolution of higher frequency spectra into distinct contributions was 

not even attempted. The composite nature of these materials is the source of mixed 

contributions of both phases and microstructure to the overall cell impedance. Common 

designations like bulk and grain boundary arcs make no sense in these circumstances even 

when the spectra somehow resemble typical polycrystalline ceramic electrolyte spectra. This 

issue was studied in great detail using CGO-based composites and further details are hereby 

skipped for this reason [23, 34]. 
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From the relative magnitudes of composite impedances, the low temperature (350 °C) 

conductivity followed the sequence CGO>BYbO>BYO>BICUVOX, using the oxide phase 

designation to distinguish these composites. This result is in obvious contradiction with the 

relative conductivity of the ceramic phases, where BICUVOX is the best conductor and CGO 

the least conducting oxide phase. These results show the importance of reactivity and 

microstructure on the total conductivity. This issue will be addressed again during the 

analysis of temperature trends. 

At higher temperature the composites conductivity merged to a smaller range of 

values with BYbO and BYO-based composites approaching the conductivity of the CGO-

based composite, the latter still the best conductor. The relevance of the molten phase in these 

results is obvious, with KNLC acting as dominant charge carrier. 

The limited stability of Bi-based electrolytes when in contact with KNLC at high 

temperature is confirmed with these results. The processing route adopted (joint milling and 

firing of both phases) offers a large surface area for oxide+salt reaction. Besides, impedance 

spectroscopy measurements involved an additional Au-electrode firing step (550 °C), and 

tests up to 650 °C. All these aspects influenced the reported modest electrical properties 

observed with these composites. 

Complementary strategies are conceivable to avoid and/or decrease this problem. 

Initial consolidation of the ceramic skeleton before impregnation with the molten salt allows 

lower joint firing temperatures. In fact, impregnation of the skeleton can be obtained slightly 

above the salt eutectic temperature (around 400 °C), avoiding the 550 °C sintering step, thus 

decreasing the rate of reaction. As alternative, coating of a Bi-based ceramic skeleton with a 

thin ceria-based film (core-shell type of microstructure) could fully protect the core phase and 

enhance the wettability of the molten salt with respect to the oxide skeleton. This strategy is 

in line with previously reported attempts to coat Bi-based scaffolds. 

Impedance spectroscopy results obtained with KNN are presented in Figure 7b. 

Again, data is grouped in two sets, the main plot corresponding to a temperature below 

melting (190 °C), and the inset corresponding to a temperature above melting (290 °C). Cell 

impedances now correspond to a conductivity trend BYO>BYbO>CGO, in close agreement 

with what might be expected from the conductivity of the oxide phases only.  

While the relative conductivity magnitudes seem normal, looking at exact 

conductivity levels the results are surprising. The conductivity of all Bi-based composites 

exceeds significantly (minimum of one order of magnitude) the conductivity of the 

corresponding single-phase materials (oxides and salts) used as precursors. Table 3 lists 
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conductivity data values at 190 °C (this exact temperature is not available from all literature 

sources), to highlight this fact. Considerable scatter in literature data simply emphasizes the 

distinct nature and purity of samples but in all cases data values remain well below the results 

obtained in this work. Cases where extrapolation of high temperature data was used to 

estimate lower temperature data tend to be overestimated due to usual changes in activation 

energy with temperature observed in some of these materials. So, even when direct 

measurements are missing, the magnitudes of tabulated data offer and effective reference for 

comparison purposes. 

Reasons for a conductivity enhancement in oxide+salt composites with respect to 

single phases are a source of debate for many years. Since comparison is between a 

composite with respect to nominally pure phases, the first issue deserving attention is on the 

potential cross doping between phases. Bi-based electrolytes are already doped materials, 

with compositions ideally adjusted to yield maximum conductivity levels. The solubility of 

alkali metal ions in the distinct Bi-based phases is unknown and only speculation based on 

size and coordination of potential dopants is viable. For a similar coordination (VI) Na+ and 

Bi3+ have comparable ionic radii but K+ is much larger [35]. On the contrary, the formation of 

MBiO3 compounds (M-Li, Na, K) is well established, with Bi-ions forced to the pentavalent 

oxidation state [36]. These materials find promising applications as electrodes for alkali metal 

batteries only, but not as oxygen-ion conductors [37]. 

With respect to salt doping, the few results known indicate a negative effect on 

conductivity of salts with higher valence cations. Tests involving NaNO3 doped with barium, 

nickel or chromium nitrates, showed always lower electrical conductivity. This was explained 

as a consequence of the annihilation of metal interstitial cations, assumed as dominant charge 

carriers [38]. This would be the expected (negative) result if some Bi3+ somehow acted as salt 

dopant. 
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Table 3. Conductivity of distinct single-phase materials and composites for gas separation 
membranes. 

Material T (°C) σ (S.cm-1) Sample Data source Ref. 

NN 190 1.1×10-8 polycrystalline Plot [39] 

NN 190 1.8×10-10 solution grown (sg) Plot [38] 

NN 190 2.5×10-10 melt grown (mg) Plot [38] 

NN 190 1.6×10-9 mg + cooled Plot [38] 

NN 190 7.1×10-9 polycrystalline Plot [38] 

NN 190 4.5×10-8 polycrystalline plot [40] 

KN 190 7.9×10-8 polycrystalline plot [39] 

KN 190 4.1×10-7 mg plot (extrapol.) [41] 

KN 190 2.0×10-7 single crystal plot (extrapol.) [41] 

KN 190 2.0×10-7 polycrystalline plot [40] 

BYO fluorite 190 8.9×10-8 polycrystalline plot this work 

BYO rhomb. 190 1.4×10-8 polycrystalline plot (extrapol.) [26] 

BYO 190 2.0×10-6 polycrystalline plot (extrapol.) [17] 

BYbO 190 8.4×10-7 polycrystalline plot (extrapol.) [17] 

BYO/KNN 190 1.7×10-5 composite EIS this work 

BYbO/KNN 190 4.2×10-6 composite EIS this work 

CGO/KNN 190 2.5×10-6 composite EIS this work 

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

formation of mobile metal vacancies accumulated in the space charge region adjacent to the 

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

treatment, with easy formation of hydroxides after combination with the surrounding 

humidity, could explain the presence of molten phases at temperatures below the expected 

nitrate eutectic. Molten phases would easily explain enhanced conductivity at modest 

temperatures (e.g., KNO3 and KOH mixtures have melting temperatures in the 210-220 °C 

range [45]). Whether or not similar phenomena could explain the observed conductivity 

enhancement in the present composites remains an open question. Since we are examining 

low temperature performance, below the target operating temperature of gas separation 

membranes, this discussion will be discontinued. 
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The high temperature spectra of all composites showed only an electrode arc, 

extending slightly to negative Z” values because of setup self-inductance. Even so, the high 

frequency (Z’) intercept of these high-temperature spectra (Figure 7) allowed the 

determination of the total conductivity. Since the total conductivity is the sum of parallel 

contributions of skeleton and molten phase [33], the closer vicinity of all sets of data with 

respect to lower temperature data indicates again the dominant role of the molten salt in these 

higher temperature ranges.  

Figure 8 shows typical Arrhenius-type (total) conductivity plots for the systems under 

investigation. The well-studied and stable CGO-based composites were also included as 

reference. Typical results at selected temperatures and activation energies (Ea) are presented 

in Table 4. 

Figure 8a contains the results of KNLC based systems with all ceramic phases. As 

reference, a few extra lines were also introduced to show the exact performance of selected 

Bi-based oxide phases (BYO, fluorite structure [this work], and BYO, rhombohedral [26]). 

Figure 8a stresses why the BICUVOX/KNLC system was abandoned. Extremely low 

conductivity after reaction between the ceramic phase and the ternary eutectic is evident, 

besides the absence of higher temperature data due to mechanical collapse of the sample. For 

the remaining composites (CGO, BYO and BYbO-based), three regions are easily noticed, 

corresponding to the performance below the salt eutectic temperature, above the eutectic, and 

when the eutectic temperature is crossed. 

At low temperature, before salt melting, all composites possess a relatively large 

activation energy for electrical conductivity. For the BYO/KNLC system this value is 107.3 

kJ.mol-1. This activation energy matches closely the activation energy of pure rhombohedral 

bismuth yttrium oxide (105.3 kJ.mol-1) and is slightly smaller than observed for BYO with a 

fluorite-type structure (118.1 kJ.mol-1). Due to the phase transition from fluorite to 

rhombohedral, the total conductivity of the composite is lower than observed for the CGO 

based membrane. 

Conversion from the fluorite into the rhombohedral phase should impact the 

magnitude of the conductivity but should have a small effect with respect to activation 

energy. Core-shell like particles of BYO after interaction of the ceramic with KNLC are also 

possible, where the shell is rhombohedral and the core has a fluorite structure. These two 

layers could easily cooperate with respect to oxide-ion transport. 

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

temperature (105.8 kJ.mol-1) correlates well with the corresponding values for other bismuth 
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oxide-based materials. The conductivity at low temperature is higher than observed for the 

BYO-based system, but not enough to compete with the CGO-based composite. Overall, 

since we have conflicting trends between the relative orders of magnitude of conductivity for 

all composites and for the ceramic phases only, reported reactivity and microstructural 

constraints cannot be ignored. 

Table 4. Selected values of electrical conductivity (σ) and activation energy (Ea) at low 
(Ea,LT) and high temperatures (Ea,HT) obtained for distinct composites and for single phase Bi-
based oxides. 

Oxide Salt 
Firing T 
(°C)/t (h) 

σ at 350 °C 
(S.cm-1) 

Ea,LT 
(kJ.mol-1) 

σ at 450 °C 
(S.cm-1) 

Ea,HT 

(kJ.mol-1) 
BYO fluorite - 550 °C/1 h 1.42×10-4 118.1 2.71×10-3 - 

BYO 
rhombohedral 

- 550 °C/1 h 
1.62×10-5 

[26] 
105.3 

2.11×10-4 
[26] 

- 

BYO KNLC 550 °C/1 h 4.99×10-6 107.3 1.11×10-2 55.0 

BYO KNLC+Y2O3 550 °C/1 h 5.20×10-6 109.2 2.63×10-3 67.6 

BYO KNLC 450 °C/1 h 2.27×10-5 116.6 9.37×10-3 56.4 

BICUVOX KNLC 550 °C/1 h 1.08×10-6 - - - 

BYbO KNLC 550 °C/1 h 1.70×10-5 105.8 1.89×10-2 48.3 

CGO KNLC 550 °C/1 h 1.80×10-4 87.9 5.34×10-2 41.4 

  
Firing T 
(°C)/t (h) 

σ at 190 °C 
(S.cm-1) 

Ea,LT 

(kJ.mol-1) 
σ at 290 °C 

(S.cm-1) 
Ea,HT 

(kJ.mol-1)  

BYO KNN 550 °C/1 h 1.66×10-5 129. 8 4.88×10-2 23.3 

BYbO KNN 550 °C/1 h 4.18×10-6 117.1 2.41×10-2 13.0 

CGO KNN 550 °C/1 h 2.45×19-6 100.7 7.72×10-3 19.2 

The electrical conductivity results of the composite with 15 vol% yttrium oxide 

addition to KNLC are presented in Figure 8b. While the conductivity of the composite in the 

low temperature region is almost the same as without extra Y2O3 addition, the conductivity of 

the system at high temperature is lower than it was before. This conductivity drop can be 

explained by a decreasing amount of liquid phase due to partial combination of KNLC with 

the oxide addition and a likely drift in composition of the salt phase (e.g., formation of LiYO2 

with CO2 release). 

Due to the positive stability of cubic BYO when exposed to KNLC at 450 °C, it was 

also decided to try to sinter BYO/KNLC membranes only at 450 °C, for 1 h. The electrical 

conductivity results are presented in Figure 8b. The conductivity of this system is higher than 

for the remaining composites even if lacking proper densification of the pellet at lower 
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temperature. The activation energy calculated from the low temperature slope is  

116.6 kJ.mol-1. Since the activation energy of pure BYO, fluorite phase, is 118.1 kJ.mol-1, the 

similarity suggests that cubic BYO prevails as oxide-ion conductor in the composite sintered 

at low temperature. This result confirmed that alternative processing routes (e.g., preliminary 

consolidation of the ceramic skeleton before impregnation) and lower operating temperatures 

can circumvent the reactivity problems. 

At high temperature, above melting, the low activation energy of molten salts 

conductivity prevails. In between these two regions, close to the eutectic temperatures  

(398 °C =1.49×10-3 K-1 for KNLC or 238 °C =1.96×10-3 K-1 for KNN), huge step-like 

conductivity changes can be explained by the salt phase transition from solid to the molten 

state. 

The results of conductivity measurements with composites for NOx separation 

membranes, based on BYO and BYbO, are presented in Figure 8c. It is clear that the 

conductivity of the bismuth-based systems is always higher than found for the corresponding 

CGO-based composite. While the low temperature performance might indicate the relevance 

of oxide/salt interfacial conductivity effects, previously discussed, the high temperature 

conductivity trend clearly indicates the relevant role of the ceramic phase nature on the 

composite performance. These data confirm the superior characteristics of BYO and BYbO 

with respect to ceria-based electrolytes as scaffolds for NOx separation membranes. Based on 

this preliminary materials screening, future work is planned to assess the impact of gas phase 

composition on the stability of the oxide phase in these composite materials. 

 

4. Conclusions 

Several Bi-based electrolytes tested for composite CO2 separation membranes show a 

poor stability with respect to molten alkali metal carbonates. However, specific oxide dopants 

(e.g., Yb2O3), moderate working temperatures (up to 450 °C) and selected oxide additions  

(e.g., Y2O3) to the molten salt, can be used to circumvent these limitations. The stability of 

tested Bi-based oxides with respect to molten alkali nitrates seems fully consistent with their 

potential application in NOx separation membranes, including chemical stability and 

electrical conductivity. Furthermore, total conductivity levels reached with these systems at 

potential working temperatures clearly exceed values obtained with the state-of-the-art ceria-

based electrolytes. 
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Captions: 
 
Figure 1. Schematic representation of phases in CO2 (1) and NOx (2-3) gas separation 
membranes (SO-Solid oxide; MC – Molten carbonates; MN – Molten nitrates; MIEC – 
Mixed ionic and electronic conductor; EC – Electronic conductor). Transparency of a few 
particles is used to stress the 3D percolation of all phases. See Table 1 for additional details. 
 
Figure 2. XRD patterns of: (a) – precursor composite materials; (b) and (c) - BICUVOX after 
reactivity with KNLC and KNN, respectively, at different temperature/time combinations. 
The three main peaks in each phase are indexed. Numbers correspond to phases listed in 
Table 2. 
 
Figure 3. XRD patterns of BYO after reactivity testing with: (a) - KNLC; (b) - KNN (450 
°C/1 h, 450 °C/100 h, 550 °C/1 h); (c) KNLC+Y2O3 (c) at 450 °C/1 h. The three main peaks 
in each phase are indexed. Numbers correspond to phases listed in Table 2. 
 
Figure 4. XRD patterns of BYbO after reactivity testing with KNLC (a) and KNN (b) at 
different temperatures and time. The three main peaks in each phase are indexed. Numbers 
correspond to phases presented in Table 2. 
 
Figure 5. Typical SEM micrographs of BICUVOX/KNLC, BYbO/KNLC and BYO/KNLC 
(a, b, c) and BYO/KNN (d) composites after reactivity testing at 550 °C for 1 h. 
 
Figure 6. SEM micrographs and matching elemental EDS maps of KNLC-based composites 
after 1 h of reactivity testing at 550 °C. 
 
Figure 7. Typical impedance spectra of: (a) KNLC-based systems at 350, 450 °C and (b) 
KNN-based systems at 190, 290 °C. 
 
Figure 8. Arrhenius-type plots of: (a, b) KNLC-based and (c) KNN-based composites in air. 
The sintering conditions of composites were 550 °C for 1 h (a,c) or as detailed in (b). In (a) 
also shown data for single phase BYO with distinct structures (see text for details). 
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