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Abstract

Ceramic hydrogen separation membranes are promising devices to be integrated in industrial hydrogen-based
technologies using fossil fuel as feedstock. Among all, BaCeos5Zr0.20Y0.1503.5 — Ce0.8Gdo.2002-5 composite membrane is
the most promising ceramic-ceramic system for such application. However, one of the main issues in Ba-containing
perovskites is related to Ba loss at the high sintering temperature needed for the complete densification of the material.
This work reports the influence of the sintering atmosphere and temperature on the membrane’s densification and phase
purity. BaCeOs; (BC), BaCeos5Zr020Y 015035 (BCZY) and a BaCege5Zr0.20Y0.1503-5 — Ce08Gdo2002-5 (BCZY-GDC)
mixture were used as Ba-sources to modify the sintering atmosphere. The more reactive BC and BCZY systems
promoted a solid-state reaction between BCZY and GDC leading to an undesired single mix-phase enriched in barium
on the membrane’s surface. The desired asymmetric architecture with the correct stoichiometry was obtained using

BCZY-GDC as Ba-source and sintering the membrane at 1550°C.
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1. Introduction

The worldwide increasing environmental concern is a strong incentive for using hydrogen (H) as a sustainable and

clean energy source. To date, H, for industry has been mainly produced through the processing of the carbon-based



feedstock as schematized in Figure 1 [1]. As showed, the main product of the main processes is the syngas, therefore the
separation step is mandatory to obtain pure H..

The associated H, separation processes that are based on pressure swing adsorption (PSA) or cryogenic distillation
nonetheless are cost and energy intensive [2,3]. A low cost H, separation process is thus required to promote the large
scale Hy production and to realize the future hydrogen economy. Membrane separation technology can provide high H»

permeation flux, small environmental footprint, and process intensification opportunity with low operational cost [2,4].

Among the available Hj-selective membrane candidates, the all-ceramic based ones are the most promising

to obtain low-cost membranes with high chemical and thermal stability. In this context, doped perovskites, in particular
the solid solutions of barium cerate and barium zirconate, have been exploited in recent years as proton conducting
electrolytes in intermediate-temperature solid-oxide fuel cell (IT-SOFC) [5,6] and hydrogen separation membranes
[7,8]. Among the others, yttrium-doped barium cerate zirconate solid solution represents a suitable compromise
between good stability in CO, and H,O containing atmosphere and high proton conductivity [9,10]. However, the low
electron conductivity of these systems in reducing atmosphere strongly limits their applicability in pressure-driven
hydrogen separating membrane technology. To overcome this issue, efforts have been made to couple a proton
conducting perovskite with a suitable ceramic electron conductor (such as CeO; or Ce1xGdxO2-5) to produce a dense
ceramic-ceramic (cer-cer) composite [11,12]. In this way, the membrane can separate hydrogen without the aid of an
external circuit. The proton and electron species formed by the hydrogen dissociation can, in fact, migrate through the
membrane driven by the gradient of hydrogen partial pressure. Among the other cer-cer systems whose compositions
and performances have been recently summarized by Wang et al. [13], Rebollo et al. reported exceptional performances
for a =650 um-thick BaCeo52r0.20Y 015035 — Ceo.85Gdo.1502-5 (BCZY-GDC, 50-50 vol.) all-dense membrane, reaching
hydrogen fluxes as high as 0.27 mL min™ cm at 755°C [14]. Since the hydrogen permeation is generally inversely
proportional to the thickness of the membrane, performances may be enhanced with an asymmetric membrane
architecture comprised of a thin membrane layer supported by a thick porous substrate. Hamakawaet al. [15] evaluated
the effectiveness of this approach measuring the hydrogen flux for a 2 um dense SrCep g5Y bo.0s03.5 membrane supported
on a porous layer having the same composition. Such asymmetric membrane showed hydrogen fluxes 500 times higher
than the one achieved by a 1 mm thick dense membrane of the same material. It is therefore possible to assume a strong
increase in the hydrogen flux of the BCZY-GDC membrane in an asymmetric architecture.

Previous studies [16], however, highlighted some issues linked to the densification of the supported active thin
membrane when in asymmetric configuration. The work showed that BaO loss from the BCZY lattice occurred during

the sintering step with a detrimental effect on the densification of the 20 um thick BaCegesZro20Y015035 —
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Ceo.80Gdo.2002-s membrane layer. This phenomenon is attributed to the favorable formation energy of Ba and O vacancy
pairs [17] that consequently modify the BCZY stoichiometry and properties [18,19]. Since BaO evaporation starts from
the surface, only the superficial portion of the material is involved in compositional and microstructural changes.
Therefore, a light mechanical abrasion of the surface is sufficient and commonly considered to obtain a 1-2 mm thick
disc with the desired composition and stoichiometry [20]. This expedient, however, cannot be applied for asymmetric
architectures, due to the low thickness of the dense membrane layer.

In the present work, cer-cer asymmetric membranes consisting of a dense 20 um thick active BCZY-GDC layer and a
porous 600 um thick BCZY support were produced by tape casting and lamination. The sintering atmosphere during the
thermal treatment of the tape cast membrane was modified using different Ba-sources. An accurate evaluation of the
effect of different barium sources on the density and phase purity of the thin BCZY-GDC membrane layer was done
assessing the importance of the right amount of Ba in the sintering atmosphere for the production of dense separation

membranes with the correct stoichiometry in asymmetric configuration.

2. Experimental

The asymmetric BCZY-GDC/BCZY membranes were produced as described elsewhere [16]. For the production of the
dense membrane, ZnO (Sigma Aldrich) was directly added to the BCZY-GDC tape casting suspension to promote the
membrane densification. The total amount of the sintering aid was fixed at 0.7 wt %. Samples were then debinded and
sintered at 1450°C or 1550°C for four hours.

Three different powder systems were used as sources of barium during sintering: BaCeOs (BC, dsp = 0.9 um and SSA =
3.65 m?/g, supplied by Praxair), BaCeoesZro20Y015035 (BCZY, dso = 0.25 um and SSA = 12.2 m?/qg, supplied by
Marion Technology) and a 50/50 vol% mixture of BaCeoe5Zr0.20Y0.1503-5 and Ceg.g0Gdo.2002-5 (BCZY-GDC; GDC with
SSA = 6.8 m?/g, supplied by Fuel Cell Materials).

To control the sintering atmosphere, the Ba-containing powders were placed onto green asymmetric membranes of 26
mm in diameter and encapsulated with a zirconia crucible to seal the atmosphere. In this way, the active BCZY-GDC
layer was put directly in contact with the Ba-source.

Thermogravimetric (TG) analyses (STA 449, Netzsch, Selb/Bavaria, Germany) were performed to assess the thermal
stability of the three powders used as Ba-sources in the range 25-1550°C in air flux and with a heating rate of 5°C/min,
while their chemical composition before and after the thermal treatment at 1550°C for 4 hours was assessed by semi-

quantitative analysis with an EDS probe (EDS, X-Act, INCA Energy 300, Oxford Instruments, Abingdon, UK). The



microstructure of the sintered membranes was investigated by scanning electron microscopy (SEM-FEG, Carl Zeiss
Sigma NTS GmbH, Oberkochen, Germany), embedding the cross sections under vacuum in epoxy resin and then
polishing them down to 0.25 um finish. The microstructure of the samples was observed and Ba- and Gd-element
profiles were recorded using the EDS probe. To check the composition of the cer-cer membrane layer, XRD analyses
were performed on the dense surface at room temperature using a Bruker D8 Advance diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany) on a Bragg-Brentano geometry with an X-ray tube operating at 40 kV and 40 mA. Data
were collected through a one-dimensional LynkEye detector based on silicon strip technology, set to discriminate Cu
Ko, radiation, in the 10-80° 26 measuring range, with an equivalent counting time of 10s per 0.02° 20 step anode X-
ray. Phase analysis of XRD collected data were performed by means of HighScore Plus v.3.0 (PANalytical B. V.,
Almelo, The Netherlands). EXPGUI v.1208 interface [21] for the GSAS [22] was used to achieved quantitative phases
analysis and unit-cell parameters perovskite main phase from X-ray diffraction data of the dense layer surfaces of the
samples sintered at 1450°C and 1550°C used as Ba-source. The chemical composition of the dense membrane surfaces
was assessed by semi-quantitative analysis with EDS probe. The porosity of the BCZY-GDC membrane layers and of

the BCZY support layers were determined by image analysis of the polished cross-sections using the software ImageJ.

3. Results and Discussion

3.1 Ba-sources characterization
To assess the thermal stability of the different Ba-sources, the as-received powders were characterised through
thermogravimetric analysis. The thermal stability of the selected systems is, in fact, a crucial parameter that must be
considered in order to modify and control the sintering atmosphere at high temperatures. The TG curves of the three

powders are reported in Figure 2.

The mass loss in the 25-200°C range is due to the evaporation of the water adsorbed on the surface of the powders,
while the 200-700°C range is related to the dehydration of the perovskite lattice, mainly due to the water incorporation
promoted by the oxygen vacancies. As reported by Kruth et al. [22] in fact, the amount of water contained in ambient
condition is enough to fully hydrate Ba containing perovskites. Since the water incorporation into oxygen vacancies is

fully reversible, a weight loss then occurs heating up the sample as described by the Equation:

2OH'O<—>H20 +V+03 (1)



In the 700-1550°C range two distinct events may occur: the BaCO3; decomposition and the BaO evaporation (Equations

(2) and (3)):

BaCO;<Ba01+CO,(2)

BaCeO; <—>xBaOT+Ba(1_x) Ce0(3_6) ®)

The presence of the barium carbonate is due to the low chemical stability of the barium cerate materials that under

atmospheric condition, undergo to easy carbonation:
BaCeO;+ xCO,>xBaCO;+Ba; CeO 3. (4)

As described by Equation (4) the carbonation of the material leads to oxygen vacancies which cause added water

uptake, in accordance with Equation (1).

According to equations (2) and (3), the mass loss in the range 700-1550°C is strictly related to the tendency of the Ba-

source to release barium into the sintering atmosphere.

TG analyses show that the un-doped BC displays the lowest chemical stability, followed by BCZY and BCZY-GDC [9,
17]. The overall BC weight loss is 7.7 wt. %, of which 5.6 wt. % is due to H,O evaporation/dehydration and 2.1% is
due to decarbonation and Ba loss events.

The presence of BaCOj; as associated phase in the BC system and its decomposition at elevated temperatures was also
verified by the XRD analyses (Figure 3): the main peak attributed to the orthorhombic BaCOj3 phase at about 24° (26)

disappeared after thermal treatment at 1550°C.

XRD analysis also revealed a slight shift of the diffraction pattern towards higher 26 values after the TG analysis: this
result is consistent with other works [9, 24], that report a contraction as a consequence of the barium loss from the BC
lattice. It is worth to note that for the sacrificial systems, the BaCO3z; decomposition and the lattice contraction due to

barium loss, are both sign of a enrichment in barium of the sintering atmosphere.

As expected, BCZY undergoes a lower weight loss: 2.7% in total and only 1.07 % related to decarbonation and BaO

loss. The incorporation of Zr** in the perovskite lattice it is well-known to increase the perovskite structural stability



against carbonation and water uptake [24, 25]. As previously reported for the BC sample, XRD analysis in Figure 4
confirmed the presence of the barium carbonate also in the starting powder of BCZY.

Figure 4 further highlights that the peaks of the main perovskite phase after TGA undergoes a clear sharpening
associated with an intensity increasing after the thermal treatment. The XRD spectrum of perovskite phase in the BCZY
before the TG analysis presents broad peaks that seem to be splitted as indication of two perovskite phases with
different chemistry. This can be explained by the carbonisation reaction of barium-based materials with the atmospheric
CO, that according to Equation 4, leads to the coexistence of two perovskite phases containing different Ba amount, as
already observed in literature [9, 11]. The powder after thermal treatment however (i.e. after TGA) is monophasic with

an enhanced crystallinity.

Finally, the thermogravimetric curve of the BCZY-GDC mixture (Figure 2) showed lower weight loss than the single
BCZY phase for the presence of GDC that reduces the total amount of BCZY. Even in this case, traces of BaCO3; were
detected by XRD analyses (Figure 5). Analogously to what reported for BCZY, the untreated BCZY-GDC system
shows broad and splitted diffraction peaks for the BCZY phase that, after the thermal treatment, become monophasic.

After TGA, peaks of BCZY and GDC are detectable, and no-secondary phases appear.

To evaluate the Ba evaporation from the different sources of barium during sintering, semi-quantitative EDS analyses
were carried out on the powders of the three systems before and after being thermally treated at 1550°C for 4 hours (to
mimic the sintering conditions). Table 1 reports the Ba/Ce atomic ratio values of the EDS results before and after the

thermal treatment.

Semi-quantitative EDS analyses revealed that the Ba/Ce atomic ratio of the BC system decreased from 1.20 + 0.02 to
1.04 + 0.01 due to a 5 molar % of Ba loss at the high sintering temperature. As predicted by the TGA, the BCZY was a
more stable Ba-source than BC, in fact the Ba loss assessed by EDS was only 1.5 molar %. In the case of BCZY-GDC,
no Ba loss was detected. This may be due to the low amount of the BCZY phase in the overall system: the Ba loss
results in this way below the detection limit of this technique.

Therefore, the analyses confirmed the general trend in terms of thermo-chemical instability: BCZY-GDC < BCZY <

BC (from the most to the less stable Ba-source). As it will be discussed in the next paragraph, this different stability



differently affects the sintering atmosphere and therefore the microstructures and phase purity of the asymmetric

membrane.

3.2 Effect of the Ba-sources on the asymmetric BCZY-GDC/BCZY microstructure

Figure 6 reports the SEM analysis performed onto the cross section of the membranes sintered with the three different
Ba-sources at 1450°C and 1550°C for four hours.

The microstructural investigation shows that the modification of the sintering atmospheres highly affected the
densification level. Only BC system led to a fully densified membrane layer at 1450°C. SEM micrographs at higher
magnification of the fracture section (Figure 7) shows the presence of an intergranular glassy-phase, probably due to the
formation of a liquid Ba-enriched phase, which promoted the grain mobility enhancing, as a consequence, the
densification [26-27]. For sake of comparison, Figure 7 reports also the fresh fractures at higher magnification of the

membranes sintered with BCZY': as shown, the glassy phase is seen only in the samples sintered with BC.

Increasing the sintering temperature to 1550°C, led to a substantial grain coarsening, and the fracture morphology
switched from intergranular to transgranular, clear indication that the glassy-phase in the intergranular region weakened
the grain boundaries.

On the other hand, the more thermally stable BCZY and BCZY-GDC systems led to a fully densified membrane layer
only at 1550°C (Figure 6).

Table 2 summarizes the residual porosity calculated by the image analysis of the membrane layers sintered at the two

temperatures under different atmospheres.

All the samples sintered at 1550°C showed a residual porosity < 1%, while at 1450°C the membrane sintered using

BCZY displayed a residual porosity around 5% and the one with BCZY-GDC had a residual porosity of about 10%,



demonstrating that the BCZY-GDC system inadequately enriched the sintering atmosphere in barium at this
temperature.
The influence of the different Ba-sources on the membrane grain size was evaluated analyzing the SEM micrographs of

the dense membrane surfaces (Figure 8 and 9).

The BC system led to the lowest grain size at 1450°C for the presence of the glassy phase previously mentioned which
promoted the grain mobility but hindered the grain growth. These results are consistent with those of Babilo et al., that
reported that enriching in barium the sintering atmosphere of sintered yttrium-doped barium zirconate pellets led to
fully densified materials with a slightly smaller grain size [28]. However, the average grain size increased from 0.3
0.1um to 1.8 + 0.2um at 1550°C due to the higher amount of barium released in the atmosphere. The more stable BCZY
system led to a slightly higher grain size at 1450°C, with the average value of 0.4 + 0.1um, that increased up to 0.9 *
0.1um at 1550°C. Finally, he most stable BCZY-GDC system followed the same trend of BCZY, even if the registered
average grain sizes were smaller at the two temperatures investigated (0.4 + 0.1um at 1450°C and 0.6 = 0.1um at

1550°C), probably as a consequence of a globally lower amount of Ba containing compound.

Also the influence of the sintering conditions on the porosity and shrinkage of the supporting layer was accurately
investigated. Figure 10 a) and b) report the variation of porosity and shrinkage of the support under the different two

sintering conditions.

It is evident that the sintering atmosphere not only affected the microstructure of the dense layer, but also influenced the
porosity of the BCZY substrate and the shrinkage of the bilayer.

The membrane sintered with BC at 1450°C showed, in fact, the lowest shrinkage, maintaining a support porosity as
high as 45%. However, the shrinkage strongly increased with the temperature, reaching at 1550°C the highest value
among all the membranes studied. This behavior is due to the high quantity of barium released by BC. The formation of
the glassy-phase at 1450°C promotes the grain mobility of the membrane layer without affecting the support porosity.
Increasing the sintering temperature up to 1550°C, the high amount of barium released lead to the densification of the
support with a consequent higher shrinkage of the bilayer. On the other hand, BCZY and BCZY-GDC systems slightly
affected the support porosity even with the temperature increase, in accordance with their higher thermal stability.
Samples sintered with BC at 1450°C and with BCZY and BCZY-GDC at 1550°C showed a sufficiently dense

membrane layer, with a porosity of the support higher than 40%.



2.3 Effect of the sintering atmosphere on the membrane phase composition

The evaporation of Ba could, in principle, affect the stoichiometry of the dense layer and therefore its properties. In
order to check that, XRD and semi-quantitative EDS analyses were carried out on the dense surfaces of the membranes
sintered in different Ba-enriched atmospheres. The EDS profiles of Ba and Gd elements were also recorded on the
polished fractures to evaluate the distribution of BCZY and GDC along the membrane layers.

Figure 11 a) and b) show the backscattered SEM micrographs of the polished section and Ba/Gd-EDS profiles of the
BC 1450 and BC_1550 membranes. The analyses revealed that although the BCZY and GDC phases are not
discernible from the backscattered image, the Gd and Ba elements are evenly distributed along the whole thickness of
the membrane. Thus, the sintering atmosphere modified with BC not only promoted the densification of the membrane
layer even at low temperature, but it also produced an undesired single mix-phase as a consequence of a solid-state
reaction between the two starting systems. Such reaction can be explained by the barium migration through the
membrane layer and its dissolution into the BCZY and GDC lattices. This phenomenon led to an increase of the defect
concentration which boosted the grain mobility and cation migration from one lattice to the other, promoting the
formation of the new undesired phase. A similar solid-state reaction between CeosGdo201.9 and BaCOswas exploited by
Serra et al. to obtain a BaCeosGdo 2035 protonic electrolyte [24]. As reported in Figure 11 c), the XRD patterns of the
membranes sintered with BC_1450 and 1550 revealed the presence of a single perovskite orthorhombic phase (s.g.,

Pmcn) confirming the formation of a single phase.

Unlike with BC, samples sintered using BCZY retain at least some of the dual phase composition (Figure 12).

In the sample treated at 1550°C, the XRD analysis revealed the presence of the single perovskitic phase (s.g., Pmcn) in
the superficial part, while the two phases were still detected in the inner part of the dense layer. This result confirms that
the Ba coming from the BCZY promotes the solid-state reaction only in the very top of the dense surface, physically in
contact with BCZY. In the 1450°C samples, on the other hand, (Figure 12 c)) there is clearly some GDC even if the
phase content is only 3.4%.

Figure 13 shows that BCZY-GDC allowed the preservation of the dual phase composition throughout the whole
membrane layer at both temperatures. The XRD analyses performed on the top of the dense layer confirmed in fact the

presence both of the perovskite (BCZY) and fluorite-type (GDC) phases.



Phase composition and lattice parameters of the main perovskite phase of the dense layer surfaces of all samples are

listed in Table 3.

The data obtained suggest that, since Ba?* is the biggest cation among the elements constituting the BCZY-GDC
material, the Ba dissolution into the lattice lead to cell expansion. The BC_1450 and 1550 membranes showed the
highest cell volumes. The perovskite unit-cell volume for the sample sintered at 1550°C was equal to 335.8 A3, slightly
higher than that obtained for the membrane sintered at 1450°C (335.3 A). The single phase produced by the solid-state
reaction of the BCZY_1550 membrane displayed a lower unit-cell volume (334.6 A%), showing that the dense layer of
the new undesired phase detected by SEM analysis had a lower amount of Ba. This is due to higher stability of BCZY
in respect to BC. Only BCZY-GDC samples showed unit-cell volume values comparable to the ones reported in
literature [30,31]. In this case, a unit-cell volume increasing id detected from low to high sintering temperature, i.e., the
perovskite unit-cell undergoes an expansion from 328.3 A3 to 329.7 A3, respectively, meaning that a higher sintering
temperature promoted both Ba evaporation from the Ba-source and the Ba dissolution into the membrane lattice.

The different Ba content in the dense membrane surface was confirmed by semi-quantitative EDS spectra. Figure 14
reports the Ba/Zr atomic ratio values of the EDS results. A green BCZY-GDC pellet was also analyzed for comparison

and the Ba/Zr value obtained (Ba/Zr = 4) was taken as reference.

The Ba amount in BC_1450 is more than double than the one of the reference, and it triplicates at 1550°C. Similarly,
the dense membrane sintered with BCZY, showed a Ba/Zr value of 6 at 1450°C and a value closed to 8 at 1550°C. Only
the less reactive BCZY-GDC allowed to achieve a Ba/Zr ratio value close to the reference one at both sintering

temperatures.

4. Conclusions

To face Ba loss from the BCZY phase of the asymmetric membrane dense layer, the sintering atmosphere was modified
introducing different Ba-sources during the thermal treatment. This study proves that the sintering atmosphere is a
crucial parameter to obtain thin and dense membrane layer with the needed phase composition. The highest reactive Ba-
source BC, other than promote the densification of the membrane layer, led to the formation of a single-phase material
due to Ba dissolution into the BCZY and GDC lattices. Even the membrane sintered using BCZY as Ba source was
completely densified at higher temperature (1550°C) but the formation of the undesired single phase occurred in the

10



first 3-4 um of the dense membrane. The Ba dissolution into the perovskite and fluorite lattices due to the solid-state
reaction was also confirmed by the unit-cell parameters of the phases considered. Only using the BCZY-GDC as Ba
source, the desired phase composition was achieved and a membrane of suitable microstructure (20 um-thick dense

layer and 42 vol.% porous support) was obtained.
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Figure 1 Schematic illustration of hydrogen production and separation [1].
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Figure 2 TGA of the BC, BCZY and BCZY-GDC powders used as Ba-sources.

——BC before
—— BC after
3
&
z
w
£
: l
E L
Ingma Y | W \ A J A
L—-«.J-‘ J A A
T T T T T T
10 20 30 40 50 60 70
26(°)

80

Figure 3 XRD analyses of the BC powder before and after the TGA. The arrow indicates the main peak of the BaCO3

orthorhombic phase.
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Figure 4 XRD analyses of the BCZY powder before and after the TGA. The arrow indicates the main peak of the

BaCOj3; orthorhombic phase.
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Figure 5 XRD analyses of the BCZY-GDC powder before and after the TGA. The arrow indicates the main peak of the

BaCOj3; orthorhombic phase.
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Figure 6 SEM micrographs of the fresh (on the left) and of the polished (on the right) cross sections of the asymmetric

membranes sintered at 1450 and 1550°C using BC, BCZY and the mixture BCZY-GDC as Ba-sources.
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Figure 7 SEM micrographs at high magnification of the fresh cross section of the dense layer of the membrane sintered

at 1450°C and 1550°C with BC and BCZY as Ba-sources.
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Figure 8 SEM analysis of the dense layer surfaces sintered at 1450 and 1550°C using: BC, BCZY and BCZY-GDC as

Ba-sources.
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Figure 9 Average grain size of the membrane dense layers considered in this study.
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Figure 10 Porosity a) and values of shrinkage b) of the membrane support considered in this study.

18



1550°C

Intensity

- 3 1450°C
Intensity \

—BC 1450
—BC 1550

Intensity [a.u.]

0[]

Figure 11 Back scattered SEM micrographs and Ba and Gd elements EDS profiles of the polished membrane section of
the samples a) BC_1450 and b) BC_1550; ¢) XRD analyses of theBC_1450 and BC_1550 dense layer surface. The

squares indicate the main peaks of the perovskite phase.
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Figure 12 Back scattered SEM micrographs and Ba and Gd elements EDS profiles of the polished membrane section of
samples a) BCZY_1450 and b) BCZY_1550; ¢) XRD analyses of the BCZY_1450 and 1550 dense layer surfaces. The
squares and the dots indicate the main peak of the perovskite and GDC phase respectively
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Figure 13 Back scattered SEM micrographs and Ba and Gd elements EDS profiles of the polished membrane section of
samples a) BCZY-GDC_1450 and b) BCZY-GDC_1550; c) XRD analyses of the BCZY-GDC_1450 and 1550 dense

layer surfaces. The squares and the dots indicate the main peak of the perovskite and GDC phase respectively.
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Figure 14 Ba/Zr atomic ratio values determined by EDS semi-quantitative analysis of the asymmetric membranes

considered in this study.
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Table 1 Ba/Ce atomic ratio values of the Ba-sources powders before and after being thermally treated at 1550°C for 4

hours determined by EDS semi-quantitative analysis.

BC BCzZY BCZY-GDC

atomicBa/Ce atomic Ba/(Ce+Zr+Y) atomic Ba/(Ce+Zr+Y+Gd)
before 1.20+0.02 1.11+0.01 0.33+0.01
after 1.04+0.01 1.08 +£0.02 0.33+0.01

Table 2 Porosity of the membrane layers calculated by image analysis of the SEM polished section’s micrographs.

Residual Residual Residual porosity
porosity BC porosity BCZY BCZY-GDC
[vol.%] [vol.%] [vol.%]

1450°C undetectable 47+0.2 10.4+0.2

1550°C undetectable 0.7+£0.3 0904

Table 3 Phase composition, and lattice parameters of the main perovskite phase (prv) from XRD analyses on the dense

surfaces of the sample considered in this study. Standard deviation is indicated within parentheses.

Sample name Phase/s System Space group a[A] b [A] c[A] V [A7]
BC_1450 BCZY-like __ orthorhombic Pmen 8.7260(11) 6.1840(8) 6.2143(8)  335.33(13)
BC_1550 BCZY-like orthorhombic Pmcn 8.7238(19) 6.1960(13) 6.2122(13) 335.78(21)
BCZY_1450 BCZY-like orthorhombic Pmcn 8.7077(6) 6.1790(5) 6.1980(4) 333.48(6)
BCZY_1550 BCZY-like orthorhombic Pmcn 8.7183(6) 6.1841(4) 6.2057(5) 334.58(7)

BCZY orthorhombic Pmen 8.6679(3) 6.1461(3) 6.1632(3)  328.34(2)
BCzY-GDC_1450

GDC cubic Fm-3m 54107(1) - - 158.40(1)

BCZY orthorhombic Pmen 8.6812(5) 6.1534(4) 6.1717(4)  329.69(4)
BCZY-GDC_1550

GDC cubic Fm-3m 54151(2) - - 158.79(2)
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