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Abstract

This work investigates, for the first time, the hydrogen permeation of BaCeo.65Zr0.20Y0.1503-5-
Ce0.8Gdo.202-5 (BCZY-GDC) asymmetric membranes for 100 h, using wet 15% CO- in Ar as sweep
gas. In the same frame, ex-situ aging tests were performed for 100 h exposure at 750°C in different
atmospheres (Hz, CO,, H2+CO,), to evaluate the phase, microstructure, and mechanical long-term
stability of this system. The thermal aging in H>-atmosphere leads to lower flexural strength caused
by a microstructure embrittlement of the BCZY-GDC asymmetric membrane, due to chemical

expansion/contraction of the GDC cell after the aging cycle. Indeed, micro-cracking of GDC grains,
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that decreases the composite hardness, is observed in symmetric (pressed pellet) membranes. The
aging in CO> causes a slightly increase in flexural strength values due to the formation of sub-
micrometric Zr-doped ceria-BaCOs3 phases at the expense of the perovskite. Higher hardness values
related to the emerging of BaCOs islands on the symmetric membrane surface were also recorded.
In H2+CO; atmosphere (real testing condition), the membrane shows a slight decrease in flexural
strength and hardness while no evident morphological or structural changes (except the BaCO3
formation in traces) were observed. This study highlights that promising and stable hydrogen
permeation flux values can be recorded using the asymmetric configuration for 100 h, using wet
15% CO- in Ar as sweep gas. Neither structural nor morphological modification of the membrane

were detected after the testing.
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1. Introduction

The European Commission has recently presented the new “European Green Deal”, outlining the
main policy initiatives for reaching net-zero global warming emissions by 2050 [1]. In this context,

hydrogen is confirmed to be a key instrument for meeting the Green Deal objectives, among the
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others, i) supplying clean, affordable and secure energy, and ii) achieving a carbon neutral, clean

and circular economy.

In this direction, the development of innovative hydrogen separation technologies, and more
specifically ceramic proton-conducting membranes, is widely recognized to be an important
scientific challenge to replace the conventional expensive cryogenic distillation methods in a wide
range of application fields, such as fossil fuel processing, production of ammonia and metallurgy
engineering, advanced chemical reactors, water-gas shift implants and methane reforming, pure H:

production, etc.[2-6].

Mixed-conducting ceramic-ceramic composite membranes, based on the combination of a proton
conducting perovskite with a suitable ceramic electron conductor, has received increasing attention
[7—-13] for their capability to separate hydrogen at high temperature (500-1000°C) with 100%
selectivity, high chemical and thermal stability and their intrinsic lower cost respect to the Pd —
based counterparts. These characteristics make Mixed Proton-Electron Conductor ceramics (MPEC)

promising candidates for their easy integration into membrane reactors or pre-existent plants.

Among the MPEC ceramic membranes investigated so far, dense BaCeo.65Zr0.20Y0.1503-5-
Ce08Gdo202-5 (BCZY-GDC) composites have shown encouraging performances in terms of H»
permeation, reaching Hz flux values up to 0.68 mL min"t cm at 750 °C [14], robustness towards
CO- [15] and acceptable stability under 700 ppm of H.S containing atmospheres in operating

conditions [16].

In this regard, a lot of work has been done to assess i) the compatibility issues of the perovskite and
fluorite phases during the processing steps [17], ii) the process parameters to obtain planar BCZY -
GDC asymmetric membranes [18-21], iii) the structural evolution of the composite under real
working conditions, i.e. high temperatures and harsh reducing conditions [22]. The latter highlights

that BCZY and GDC phases show a synergic effect to reach similar volume expansion in operating
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conditions, strengthening the real application potential of this kind of membranes. However, to
effectively approach the market, the ceramic membranes must ensure long-term reliable
performances under operating conditions. In this sense, the mechanical stability and phases
preserving plays a crucial role in long-term operation of these systems [23]. Structural,
morphological, and chemical alterations may in fact occur after long time exposure at high
temperatures under operational atmospheres (that could contain CO2, CO, Hz, H20, hydrocarbons

and HS) detrimentally affecting hydrogen permeability and membrane lifespan.

In addition, it must be considered that the membrane thickness must be reduced as much as possible
to enhance the Hz permeation. A practical way is to fabricate an asymmetrical architecture in which
the active membrane layer is anchored to a porous mechanically stable support [24]. Thus, the
mechanical reliability of such a bi-layer composite design clearly depends on mechanical stability

and the structural integrity of both the membrane and substrate.

Even if thermomechanical studies and lifetime predictions have been performed in deep for oxygen-
conducting ceramic membranes also in asymmetrical configuration [25-27], to the best of our
knowledge, very few studies have been conducted onto planar ceramic membranes for hydrogen

separation, being the latter focused only onto lanthanide tungstate-based systems [28-31].

For BCZY-GDC-based membranes only one work has been published on the performance in CO-
environment for the symmetric configuration for 24 hours of operation [15]. The hydrogen
permeation rate using 15% CO- in Ar as sweep gas, 50% H: in He as the feed gas was found to be
higher than 0.005 mL min cm™. Due to the lack of information regarding the thermomechanical
aspect, this work will present for the first time an in-depth study on the mechanical and
compositional stability of these composite systems for long-term exposure in different atmosphere:
(i) Hz, (ii) CO2 and (iii) Ho+CO2 mixture. The H2+CO- atmosphere was selected mimicking the one
of the most common conditions used for permeation tests, i.e. 15 vol% CO2 in Ar (135 mL-min™)

and Hz (50 mL-min). The structural, microstructural and mechanical stability of BCZY-GDC after
4
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100 h exposure at 750 °C in the different abovementioned atmospheres was accurately investigated
to highlight the effect of each atmosphere on phase composition, microstructure and mechanical
properties. Finally, hydrogen permeation of BCZY-GDC asymmetric membrane was evaluated, for
the first time, in 100 h of operation, using wet 15% CO> in Ar as sweep gas to assess its long-term
performances. Structural stability was studied by X-ray diffraction and TG measurements whereas
microstructural properties were studied by SEM. Mechanical properties of the composite before and
after the treatments were characterized by three different techniques: 4-pt flexure strength at 750 °C,
indentation and nano-indentation at room temperature. To the author best knowledge this is the first
time that the mechanical properties of BCZY- GDC systems were investigated in real atmosphere
and temperature of operation. This work will represent therefore a huge step forward the
understanding of the structural, microstructural and mechanical behavior of BCZY-based ceramic

membrane in real conditions.

2. Experimental
2.1 Membranes production

BCZY-GDC composite membranes were produced both in asymmetrical and symmetrical
configuration as required for each specific characterization/testing technique implemented in this

work.

The asymmetric BCZY-GDC membranes were prepared by tape casting. For the porous support,
BCZY (BaCeoe5Zr0.20Y01503-5, Specific Surface Area (SSA) = 5.8 m?/g, supplied by Marion
Technology, France) and GDC powders (CeosGdo.202-5, SSA = 6.8 m?/g, supplied by
FuelCellMaterials, USA) were used as starting material in a ratio equal to 50/50 vol %. Rice Starch
(Fluka, Germany), with average particle size of 5-6 um was used as sacrificial pore forming agent.

The amount of starch added to the slurry was the 53 vol % respect to the ceramic powder as
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previously optimized in [20]. On the other hand, BCZY (SSA = 12.2 m?/g, supplied by Marion
Technology, France) and GDC powders in a ratio equal to 50/50 vol % were used to produce the
dense membrane layer. An amount of 1 wt% ZnO (Sigma Aldrich) respect to the powders was used
as sintering aid and directly added into the tape casting suspension. For a detailed description of the
slurry’s composition, preparation and casting parameters, the interested reader is referred to the

previous works [18,20].

The green tapes were punched in discs of 24 mm in diameter for the permeation test, while for
bending tests, strips of 35 x 8 mm? size were cut. An uniaxial warm press (55 °C applying a
pressure of 0.7 bar) was used to laminate the porous support with the active membrane layer to

produce the asymmetrical BCZY-GDC structure.

The bilayers were finally debinded and sintered at 1550 °C for 4 h. A 50/50 vol% mixture of
BCZY-GDC was used as source of barium during sintering following the experimental set-up

already reported in [19]. The resulting asymmetric membranes were 0.65 + 0.5 mm thick.

The symmetric BCZY-GDC membranes were prepared by die pressing. The 50/50 vol% mixture of
BCZY-GDC powders with 1 wt % ZnO was ball milled in ethanol (99 %, Sigma Aldrich) for 2 h,

dried at 50 °C and finally sieved at 75 um. The resulting powder was uniaxially pressed ina @ =12
mm die at 750 Kg/cm? and isostatically pressed at 3000 bar. The green pellets were finally sintered
at 1550 °C for 4 h, with the same sintering set-up used for the tape cast membranes. All the sintered

pellets reached relative density values of 98.4 + 0.8 %.
2.2 Aging treatments

To investigate the influence of the operating atmosphere on the thermomechanical stability of the
BCZY-GDC membranes, both symmetrical and asymmetrical membranes were aged at 750°C for
100h in different atmospheres: Hz, CO2 and H2+CO.. In the case of symmetrical membranes, one

surface side of each pellet was polished down to 0.25 um finish before the aging treatment to



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

perform the nano-indentation tests. All the samples were placed onto ad-hoc perforated alumina

setters (Keralpor 99, Kerafol) to guarantee the maximum exposure to the aging atmosphere.

The aging treatment in reducing atmosphere was performed in a tubular furnace (Nabertherm,
Germany), setting an Ar/Hz (4 vol%) flow rate equal to 50 L ht. On the other hand, samples were
aged in a saturated CO; atmosphere in a conventional furnace setting a pure CO> flow equal to 50 L
ht. The third aging treatment was performed in a tubular reactor under a stream composed by 15
vol% COz in Ar (135 mL-mint) and Hz (50 mL-min). This gas composition was selected to be

comparable with the one used during the permeation test (same gas flows).
2.3 Characterizations

The 4-pt flexural strength of the as-prepared and thermally aged asymmetric membranes was
measured at 750 °C in Ar flow (3.5 L min') using the furnace HTTF 974 (Severn Fornaces). The
tape cast bars with dimensions about 25.5 x 5.5 x 0.6 mm?® (length by width by thickness,
respectively) were tested using a universal screw-driven load frame for mechanical testing (Instron
mod. 1195, Instron). An alumina flexural jig with upper and lower span of 10 and 20 mm,
respectively was used, while the specimens were broken with a crosshead speed of 0.5 mm min™.
Before applying the load during testing at high temperature, a dwell of 15 min was set to reach

thermal equilibrium. For each set of samples, at least 5 bars were tested.

Vickers microhardness (HV) was measured on the polished surface of the as-prepared and
thermally aged symmetric BCZY-GDC membranes (pellets), with a load of 4.9 N, using a
Innovatest Falcon 505 (Innovatest, The Netherlands) indenter. The value provided (expressed in

HV) is the average of 10 indentations.

Nano-hardness of BCZY and GDC grains was investigated using a commercial nanoindenter (MTS
mod. XP, MTS Systems Corporation, Oak Ridge, TN, USA) equipped with a Berkovich diamond

tip. The tests were performed using polished samples (as prepared and thermally aged BCZY-GDC
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composite pellets) with a peak load of 5 mN. The nano-indenter was continuously loaded with a
strain rate target of 0.05 s up to the peak load and immediately unloaded with no holding time. For
each sample 90 indentations, spaced at 5 um, were made. Hardness (H) was calculated according to
a computational procedure included in the nanoindenter software TestWorks™ ver. 4.06 A, which
is based on the model of Oliver and Pharr (2004). The software automatically subtracted both the

machine compliance and thermal drift. The nano-hardness values are expressed in GPa.

Prior to X-Ray Powder Diffraction (XRPD) analyses, as-prepared and thermally aged asymmetric
membranes were ground in an agate mortar with a pestle. Data collection was performed at room-
temperature (RT) on a Bruker D8 Advance Da Vinci diffractometer working in Bragg-Brentano
geometry, and equipped with a Cu-anode X-ray tube, Ni-filter to suppress Cu K component, and a
LynxEye XE silicon strip detector (angular range of the detector window size = 2.585° 20) set to
discriminate Cu Kal,2 radiation. The powder of each sample was placed over a monocrystalline Si
low background sample holder and scanned in a continuous mode from 5-135° 26 with step size of
0.015 ° 20 and a counting time of 1.5 s per step. To minimize the preferred orientation of
crystallites, the sample was spun at 25 rpm to increase crystallite statistics, and a knife
perpendicular to the sample was placed at a suitable distance from the sample surface to reduce the
air-induced scattering. An additional measurement at RT was performed using the same
experimental setup on the bulk BCZY-GDC membrane on both dense and porous side after

permeation tests.

Qualitative phase analysis was performed by means of the Bruker AXS EVA software (v.5), while
each collected X-ray powder diffraction pattern was Rietveld refined by means of the fundamental-
parameter approach (TOPAS v.5.0). All the identified phases were modeled by carrying out
multiphase refinements in which only the scale factor, unit-cell parameters, and the crystallite size
were varied. The crystallite size was calculated by means of the "integral breadth” based LVol

calculation derived from a profile peak convolution in a Lorentzian-type broadening approximation.

8
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Results of the quantitative phases analysis for the bulk BCZY-GDC membrane after permeation

tests (Table S1) are deposited as supplemental material.

Thermogravimetric (TG) analysis (STA 449, Netzsch, Selb/Bavaria, Germany) was performed to
assess the CO> uptake of the asymmetric BCZY-GDC membrane at 750 °C for 100 h. 80 mL min‘*

of dry CO, and 20 mL min* of dry N2 were fed during the analysis.

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 pum finish. For the asymmetrical
membranes, the porosity amount of the support as well as the residual porosity and thickness of the
dense active layer were calculated via image analysis of the SEM micrographs using ImageJ
software (Java, ORACLE, Redwood City, California). The chemical composition before and after
the aging treatment was assessed by semi-quantitative analysis with an EDS probe (EDS, X-Act,

INCA Energy 300, Oxford Instruments, Abingdon, UK).

Hydrogen permeation stability of the as-prepared asymmetric BCZY-GDC membrane was
evaluated for 100 h by using as sweep side an atmosphere composed by 15 vol% CO; in Ar (135
mL-mint) at 750 °C. A mixture of 1:1 H-He (100 mL-min™) was used as feed gas. Both streams
were humidified at room temperature (3 % H20). Sweep gas was fed on the porous substrate
whereas feed gas was introduced on the dense membrane layer. The H content in the permeate side
was analyzed using micro-GC Varian CP-4900 equipped with Molsieve5A and PoraPlot-Q glass
capillary modules. Sealing was accomplished using a silver-based alloy ring.

The surface of the dense membrane and the porous support were catalytically activated with Pt. A
Pt catalytic layer was screen-printed on the dense membrane side whereas the porous support was
infiltrated with a 0.15 M solution of Pt (tetraammineplatinum (1) nitrate). Subsequently, sample

was dried at 150 °C and calcined at 750 °C.
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3. Results and Discussion

3.1 Flexural tests of asymmetric BCZY-GDC membranes

The influence of the aging atmosphere on the thermomechanical stability of the asymmetric BCZY -
GDC membranes was investigated through 4-pt flexure tests at the selected working temperature of
750°C. The results are illustrated in Figure 1.

Collected data show that the flexural strength values are in the same order of magnitude of dense
(symmetrical) lanthanum tungstate-based membranes tested at high temperatures [30], i.e., around
70 MPa for untreated samples. The nature of the aging atmosphere strongly influences the
mechanical performances of the present membranes as can be observed in Figure 1. In particular,
the membranes exposed to Ho atmosphere registers a collapse of the flexural strength values while
the membranes aged in CO- show a slightly higher flexural strength compared to the ones collected
for the as-prepared samples. Lastly, the thermal treatment in H>+CO. atmosphere leads to strength
values that are in between to those registered for the two single atmospheres (H2 and COz). This
result indicates that for the asymmetric membrane there is a balancing effect between the increase

of the flexural strength due to the CO; treatment and the embrittlement of the structure given by Ho>.
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Figure 1 Flexural strength values of asymmetric BCZY-GDC membranes registered at 750°C after

thermal aging at 750°C for 100 h in different atmospheres: as-prepared, Hz, CO2 and H>+COx.

3.2 Microstructural and morphological characterization of asymmetric membranes

To understand the as-described mechanical behaviour, the influence of the operating atmosphere on
the microstructural and morphological properties of the asymmetric BCZY-GDC membranes were

investigated through XRD and SEM-EDS analyses.

Rietveld refinement plots for collected XRPD patterns of the as-prepared and aged membranes are
reported in Figure 2, while the results of the quantitative phases analysis are shown in Table 1 and
as in-set graphs inside the corresponding plot. Refinement of the as-prepared BCZY-GDC
membrane confirms the presence of both GDC and BCZY phases with phase fractions equal to 51.7
+0.1 % GDC and 48.3 £ 0.1 % BCZY in weight. The resulting phase fraction is very closed to the

11
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nominal one, where a 50-50 vol.% corresponding to 54-46 wt% GDC-BCZY phase proportion is
expected, thus confirming that the constituting phases are preserved during the production process.
The phase fraction ratio of perovskite- and fluorite-type crystal structures is also maintained when
the membrane is exposed for 100 h at 750°C in Hz and H2+CO. atmosphere (Table 1), although in
the latter condition the partial reaction between the BCZY and CO: leads to the formation of
detectable traces of witherite BaCOs (< LoQ value). Nevertheless, a remarkable compositional
variation is detected when the asymmetric membrane is aged in pure CO2 atmosphere. Unlike the
GDC fluorite phase, which is not affected by thermal aging treatments, the BCZY perovskite tends
to completely decompose under CO> atmosphere (2.4 wt% of residual perovskite is detected) in
favour of an almost equal amount of witherite BaCOz (23.4 wt%) and Zr-doped ceria ZDC (24.2

wt%). The chemical stability against the CO, of BCZY-based compounds is in fact a well-known

critical issue [32].

BCZY 483 BCZY 47 .6°

as-prepared l H,

sqrt counts (a.u.)
sqrt counts ( a.u.)

| !

-En L | -
|\ [\ | | i | ‘ | It A
PRSI L O T L._,L':’L__ D U | W W | W | W L__JJJL___

20 25 30 35 50 55 60 65 20 25 30 35 50 55 60 65

40 45 40 45
2-8 (°) (CuKa) 2-0 (°) (CuKa)
Co, H; +CO,

BCZY 24% ‘ BCZY 479

| L

|
| | ! i

1 witherite 23.4% witherite <1%

T

l ? ‘
N \ A Al,“‘ 1" ‘ ‘ | | ‘ /
P (e 0 W G Y C ) WP 4 U TS| oSS o N0, ) (S | Ca | G | o | i 1/ €

sqrt counts (a.u.)
sqrt counts (a.u.)

|

45 50 55 60 65 20 25 0 35 40 45 50 55 €0 65

20 25 30 35 40
2-8 (°) (CuKa) 2-8 (°) (CuKa)

Figure 2 Rietveld refinement plots of the XRPD patterns collected at RT for investigated
asymmetric BCZY-GDC membranes (i.e. as prepared and aged at 750 °C for 100 h in different

atmospheres). The experimental profile is represented by black dots, the continuous red line is the
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calculated pattern, while the lower grey curve is the difference between calculated and observed

intensities. Vertical ticks mark the position of phase reflections.

Table 1. Refinement agreement factors, quantitative phase analysis, unit-cell parameters, and
crystallite size with their standard deviations for the BCZY-GDC as-prepared membrane and after
treatments at 750 °C for 100 h in different aging atmospheres (i.e., H2, CO2, and H»+CO,). BCZY,
GDC, and ZDC stand for Ba(Ceo.65Zr0.2Y0.15)O2.925 With perovskite structure and, (Ceo.sGdo.2)O1.9

and (Ce1xZrx)O2 (ZDC) with fluorite-type structure, respectively.

é b ¢ Crystallit
Phase Reragg Wt% s.g. sirzf (?]n:)e Rup
A) A) A) (A%
As- BCzY 0.043  48.3(1) Imma 6.1538(2) 8.6861(2) 6.1819(1) 330.43(1) 198(10) 0.085
repared '
prep GDC 0.040 51.7(1) Fm-3m  5.4206(2) - - 159.27(1)  225(11)
BCZY 0.049  476(1) Imma 6.1538(2) 8.6848(2) 6.1816(1)  330.38(1)  243(19)
H. GDC 0.040 52.4(1) Fm-3m  5.4209(2) - - 159.30(1)  220(15) 0.096
BCZY 0016  24(1)  Imma - - - - 32(7)
co GDC 0.039 50.03) Fm-3m 5.4201(2) — — 159.22(1) 215(5) 0.092
2 witherite 0.029  23.4(2) Pmcn 5.3053(4) 8.9109(6) 6.4490(5) 304.87(4) 32(7) '
ZDC 0.039 24.2(5) Fm-3m 5.3647(1) - - 154.40(1) 32(7)
BCZY 0.052  47.9(1) Imma 6.1543(2) 8.6863(2) 6.1813(1)  330.44(1) 148(6)
H,+CO, 0.086
GDC 0.043  52.1(1) Fm-3m 5.4204(2) — — 159.25(1) 216(9)
witherite - <l Pmen - - - - -

NOTE: since the formation of witherite and ZDC phases takes place at the expenses of the BCZY phase, the

crystallite size for those phases has been constrained to be the same.

The BaCOz formation, resulting from X-ray diffraction analysis, is corroborated by the data
registered as weight variation for the asymmetric membranes before and after the aging treatment in
CO2 and H>+CO- atmosphere (Table 2). Furthermore, the thermogravimetric curve (Figure 3)
registered for the asymmetric membrane under a CO»-N; flux (80 vol% of CO>) suggests similar
values of CO- uptake, highlighting the highest rate of carbonation reaction after 1000 min (16 h) at

750°C, reaching a weight stabilization after 5000 min (83 h).
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Table 2 Weight variation registered for the asymmetric BCZY-GDC membranes.

Aging atmosphere  CO2 uptake BaCOs
(wt%0o) (Wt%0o)
CO2 53+0.1 23.9+0.6
H2+CO2 0.09 £0.04 04+0.2
105
104 -
g
g 103 +
g
é 102 A
g
; 101 4
100 +
0 ' 1OIOO ' ZOIOO ' 30I00 ' 4OIOO ' SOIOO ' 60IOO ' 7000
Time (s)

Figure 3 Thermogravimetric curve registered at 750 °C for an asymmetric BCZY-GDC membrane

under CO; (80 mL min™) - N2 (20 mL min?) flux.

Further evidence on the effects of thermal aging treatments undergone by the BCZY-GDC
membranes can be inferred from the variation of unit-cell parameters and crystallite size of detected
phases (Table 1). While the GDC phase is unaffected from treatments in different atmospheres (i.e.
lattice parameters vary within uncertainties, and the same crystallite size is retained), the BCZY
with perovskite structure seems to be more reactive at the different external conditions. The latter
phase, that keeps almost unchanged after the treatment in Hz, shows a first evidence of phase

transformation after the aging in Ho+CO, atmosphere. Although volumetric changes are not
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observed, a 25% crystallite size decreasing (i.e. from ~200 nm of the as-prepared sample to ~150
nm) occurred. Nevertheless, as previously observed, the prolonged aging in CO> atmosphere
promotes the formation of witherite and Zr-doped ceria at BCZY perovskite expense. The new
phases as well as the residual BCZY are characterized by a crystallite size which is one seventh (i.e.
about 30 nm) of that of the BCZY perovskite phase in the as-prepared membrane. The formation of
these sub-micrometric Zr-doped ceria-BaCO3 phases at the expense of the perovskite, strengthening
the membrane microstructure due to the toughening mechanism of the matrix by sub-micrometric

particles [33-35] (Figure 1).

Summarizing, the data collected from X-ray analysis performed onto asymmetric membranes
suggest that: i) the BCZY phase tends to completely reacts with CO> at 750 °C, in saturated CO-
atmosphere, forming BaCO3z and Zr-doped ceria phases constituted by nanometric-size crystals; ii)
no remarkable evidence of changes onto membranes aged in Ho; iii) the aging treatment in H>+CO>
atmosphere leads to the formation of < 1 wt% BaCOs3 after 100 h, and to a BCZY crystallite size

decrease of about 25%.

To further investigate the effect of the operating atmosphere onto the morphological properties of
the asymmetric membranes, SEM-EDS analyses were performed before and after each aging
treatment. The micrographs of the polished cross sections of the asymmetric membranes aged at
750°C for 100 h in Hz, CO2 or H2+CO:- are reported in Figure 4. The as-prepared membrane is
constituted by a highly porous (44 £ 2%) support and a 16 + 1 um thick active layer with closed
porosity <5 % (Figure 4a). Moreover, SEM analysis of the backscattered electron (BSE) evidences
a homogeneous distribution of light grey areas related to the GDC phase as well as dark areas
attributed to BCZY. The peculiar topography of the polished cross sections shown in Figure 5 is the
result of the hardness contrast between the harder GDC (light grey) and the softer BCZY (dark) as

already observed in [14].
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When the membrane is aged in Hz atmosphere (Figure 4b), no apparent morphological differences
can be observed. However, some cracks across the active membrane layer were detected after
sample embedding/polishing. This indicates that structural changes occur in the membrane during
the thermal cycle under Hz at 750 °C for 100 h and back to ambient (oxidant) atmosphere,

favouring the embrittlement of the membrane and thus lowering its fracture strength. In fact, even if
no cell parameters variation was registered after this aging treatment due to re-oxidation phenomena
in ambient atmosphere (Table 1), it is widely demonstrated from in-situ synchrotron XRD analyses
in reducing conditions [22,36] that doped-CeO. materials show a significant non-linear expansion

of the cubic cell due to the reduction of Ce** to Ce3*, predominant at T > 600°C.

On the other hand, a morphological transformation was clearly detected for the sample aged in CO>
(Figure S1). The dark grey areas related to BCZY are in fact replaced by sub-micrometric grains
(either dark or light), mainly distinguishable on the top surface of the dense active layer and
throughout the porous support section. This phenomenon is reasonably associated to the
decomposition of the perovskite phase into BaCOs (dark grains) and ZDC (light grains) as

previously demonstrated by XRD analyses.

Finally, no morphological changes can be appreciated when the membrane is subjected to a thermal

cycle at 750 °C for 100 h in H2+CO, atmosphere (Figure 4d).

Focused electron beam EDS profiles of Ba, Gd and C elements (Figure S2) were also recorded on
the polished fractures of the active membrane layer to assess the stability towards CO. and to
confirm the distribution of BCZY and GDC. EDS profiles for Ba and Gd demonstrate the
homogeneous distribution of the fluorite and perovskite phases for the membranes investigated. On
the other hand, EDS profile of carbon confirms the lack of carbonated species in the as-prepared,
H»- and H>+CO»-aged samples, while a detectable carbon concentration profile is visible for the

membrane aged in COy, especially in the first 1.0 um starting from the upper surface.
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a) As-prepared

Figure 4 BSE-SEM micrographs of the polished cross sections of the asymmetric membranes aged

at 750 °C for 100 h in different atmospheres: as-prepared (a), Hz (b), CO2 (c), H2+CO3 (d).

Finally, the influence of the aging treatment at 750°C for 100 h in different atmospheres on the
dense active layer surface morphology of the asymmetric membranes is shown in Figure 5.
According to the previously reported results, no detectable surface modification is registered for the
membrane treated in H, atmosphere that show the same round-shape grains microstructure. On the
other hand, morphological alterations occur when the membranes are aged in H>+COz and CO>
atmospheres. Even if the former preserves the grain boundary microstructure (with respect to as-
prepared sample), small amounts of impurity phase (i.e. BaCOg, in accordance with the Rietveld
refinement results) in the nanometric range are clearly distinguished at the grains surface. A similar
surface modification has been already observed for BCZY-based ceramic pellets after CO2 exposure
at 700 °C for 10 h [37]. Indeed Cheng et al. showed a similar surface microstructure for a
BaCeo.sY0.203-5-Ce0sY0.202-5/BaCeosY0.203-5-Ni hollow fiber membrane after stability test at 850
°C (125 h), using 7% CO2>—N: as the sweep gas, even if no discussion was given about the nano-
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sized impurities formation localized at the membrane surface [38]. On the contrary, a significant
change in the microstructure of the BCZY-GDC dense surface after CO; treatment (Figure 5c¢) is
observed due to the presence of sharp-cornered grains microstructure in respect to the ones reported
in Figure 5 a) and b). The grains of this microstructure are present continuously on the upper
surface of the CO2 aged membrane and they are attributed to a witherite coating formed by the CO»-

BCZY reaction.

Figure 5 SEM micrographs of the dense active layer surface of the asymmetric membranes aged at

750 °C for 100 h in different atmospheres: as-prepared (a), Hz (b), COz (c), H2+CO3 (d).

Thereby, according to the XRD data coupled with SEM results, the mechanical behaviour of
asymmetric BCZY-GDC membranes can be explained as follow: i) the exposure of the membrane
to Hz-atmosphere (at 750°C x 100 h) leads to a lower flexural strength caused by a general
embrittlement of the structure probably consequence of chemical expansion/contraction of the GDC
cell after the aging cycle; it has been already noticed [39,40] that the reduction of Ce** to Ce®*
provokes an expansion of lattice resulting in mechanical strains that could affect the lifespan of this
material; ii) the aging in CO, atmosphere causes an increase in flexural strength values due to the

formation, especially in the porous support, of ZDC-BaCOs3 sub-micrometric phases at the expense
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of the perovskite, strengthening the membrane microstructure; iii) the membrane aged in the
operating Ho+CO> atmosphere, simulating the one used during practical permeation test, shows
only a slight decrease in flexural strength because no evident morphological or structural changes

(except the BaCO3 formation in trace amount) were observed.

3.3 Indentation/nano-indentation tests of symmetric BCZY-GDC membranes and their

morphological characterization

To further investigate the mechanical behaviour of BCZY-GDC composite, indentation and
nanoindentation tests were performed onto symmetric membranes (pressed pellets) before and after

the same aging treatments used for their corresponding asymmetric structures.

The hardness values reported in Figure 6 show a trend comparable to the one registered for the
flexural strength of the asymmetric membranes (Figure 1) apart from the values registered in
H>+CO. atmosphere. Similarly, while a thermal aging in Hz atmosphere causes a hardness decrease,
the exposure to CO; leads to hardness increase. On the other hand, hardness values of symmetric
membrane aged in H>+CO- atmosphere remain almost constant indicating a negligible influence of
the Ho+CO> atmosphere on the hardness values. This result, apparently in contrast with the trend
observed for flexural strength (Figure 1), is nonetheless roughly a balance between the values
registered after aging in H2 and CO> as observed for the flexural strengths of the asymmetric

structures.
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Figure 6 Hardness values measured by indentation tests of symmetric BCZY-GDC membranes
(pellets) registered after thermal aging at 750 °C for 100 h in different atmospheres (as-prepared,

Hz, CO; and H2+COy).

To better understand this behaviour, SEM analyses were performed onto the upper surfaces
(indented side) (Figure 7), and onto polished fracture surfaces (Figure 8) of the as-prepared and
thermally aged BCZY-GDC pellets (symmetric membranes). It is evident in this case that the

operating atmosphere strongly affects the microstructures of the membranes.

As shown in Figure 7b and 8b, the H2 atmosphere leads to the formation of micro cracks,
concentrated in the GDC grains (lighter ones). This phenomenon is caused by the abovementioned
chemical expansion/contraction of the GDC cell after the aging cycle. Differently from the
asymmetric structure, the membranes in form of pellets are constituted by a less porous
microstructure with larger BCZY and GDC grains, because of the different production process (i.e.

tape casting and die pressing respectively). For these reasons, the effects of volume cell variations
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are more pronounced and detectable at the microscopic level. However, it is worth to highlight that
the extended cracks observed in Fig. 7b are detectable only onto the aged-surface level. On the

contrary, microcracks are well-confined inside the GDC grains for the bulk of the pellet.

When the BCZY-GDC pellets are exposed to CO2 atmosphere, the formation/emerging of BaCO3
“islands” of sharped-cornered grain microstructure is observed at the upper surface of the
membrane (Figure 7¢). This is in contrast with what observed on the dense active layer surface of
the asymmetric membrane for which a uniform coating of BaCO3 was clearly observed (Figure 5c).
Moreover, the fracture surface reported in Figures 8c and S3a shows that the BCZY-CO reaction
occurs only at the first 3.8 £ 0.6 um in thickness, as clearly determined by C-, Ba-, Gd-EDS profiles
(Figure S3a). This confirms the key-role of the membrane architecture: while the carbonation
reaction drastically affects the whole asymmetric membrane due to the open porous structure, the
BCZY-GDC pellets are only aged at the surface level. The latter is confirmed by the calculated

0.0165 £ 0.0007 wt% of CO> uptake corresponding to the formation of 0.07 £ 0.003 wt% of BaCOs.

Finally, as observed for the asymmetric structure, the aging in H+CO> also causes the formation of
larger BaCO3s (micrometric in size) (Figure 7d), that could be seen as the early stage of the BaCO3
“islands” structures formation observed for surface aged in pure CO>. The cross section of the
BCZY-GDC pellet treated in H>+CO> (Figures 8d and S3b) shows no appreciable microstructural
variations. Indeed, in this case, no weight variation (i.e. below detection limit) associated to CO>

uptake was registered for the symmetric membranes before and after the aging treatment.
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Figure 7 SEM micrographs of the upper surfaces of symmetric BCZY-GDC membranes (pellets)

after thermally aged at 750 °C for 100 h in different atmospheres: as-prepared (a), Hz (b), CO2 (c),

a) As-prepared

H2+CO2 (d).
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429  Figure 8 SEM micrographs of the polished fracture surfaces of symmetric BCZY-GDC membranes
430 (pellets) thermally aged at 750 °C for 100 h in different atmospheres: as-prepared (a), Hz (b), CO2

431 (c), H2+CO2 (d).
432

433 To detect the hardness of the single perovskite and fluorite phases, nanoindentation tests were

434  performed onto the polished surface of BCZY-GDC pellets (Figure 9 a) before and after the thermal
435  aging in different atmospheres. Note that for the sample aged in CO> atmosphere, due to the lack of
436  planarity caused by the formation/emerging of BaCOs “islands”, no reliable results could be

437  registered. As shown in Figure 9b and 9c, load-displacement curves were acquired for both BCZY

438  and GDC phases.
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439
440 Figure 9 a) BSE-SEM micrograph of the BCZY-GDC membrane (pellet) surface exposed to the

441 aging atmosphere with the corresponding 90 nano-indentations. Load-displacement curves for b)

442 BCZY and c) GDC grains before and after thermal aging at 750 °C for 100 h in Hz and H>+CO>
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atmosphere. Note that the load-displacement curves were not registered for membranes aged in CO>

due to lack of planarity caused by the formation/emerging of BaCO3z “islands” (Figure 8).

The nano-hardness and Young’s Modulus values extracted from the load-displacement curves are
plotted in Figure 10 a) and b). The as-prepared composite is constituted by GDC and BCZY phases
with calculated nano-hardness of 12.8 £ 2.1 GPa and 9.2 + 1.9 GPa respectively. These data are
consistent to the ones reported in previous works [41-43]. When the membrane is exposed to
H>+CO», no evident variation in nano-hardness is registered for the BCZY and GDC phases,
confirming the hardness results previously described, whereas the thermal aging in Hz atmosphere
strongly affects the GDC nano-hardness. Its decrease is once again associated to the micro-cracking
phenomenon already observed through SEM analyses, thus proving the issue associated to cycling
treatments in these conditions. The trends registered for the Young’s Modulus (Figure 10 b)) are in

accordance with the ones showed for nano-hardness.

a)
16
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o
gl12
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3 10
c
T 8
2
S 6
& 4
z 2 As-prepared
0 H,+CO,

BCZY

Figure 10 Nano-hardness a) and Young’s Modulus values b) determined for each of the two phases
constituting the composite membrane (BCZY and GDC) determined through nano-indentation tests

onto the pellets surface before and after the aging treatments.
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3.4 Hydrogen permeation test and post-mortem analyses.

Hydrogen permeation stability of the as-prepared asymmetric BCZY-GDC membrane, with a dense
active layer 18.7 £ 1.2 um thick, was evaluated for 100 h by using as sweep side an atmosphere
composed by 15 vol% CO; in Ar (135 mL-min?) at 750 °C. Sweep gas was fed on the porous

substrate side (permeate side), and the Ho/He mixture was fed on the dense membrane layer side.

Figure 11 plots the H> permeation values as a function of time on stream. First, the permeation test
was carried out for 4 h by using Ar as sweep gas. Note that this composite possesses an important
protonic conductivity but also oxygen ionic transport under the studied conditions. Then, the Hz flux
observed is due to two different transport mechanisms: (i) H2 permeating through the membrane and
(i) H2 produced via water splitting due to the oxygen transport from the permeation side to the feed
side. The sweep gas was then switched to 15 vol% CO> in Ar stream. H> permeation flux values
steeply decrease when CO> was added in the sweep gas and then remain stable for 100 h. No products
formation or decrease of the CO> concentration was observed by the GC analysis, indicating that H»
and CO2 does not react. The Ha flux decrease agrees with that observed in a previous work for BCZY -
GDC bulk membranes [15] and the protonic material LassWO11.25- 5 [44] and it is ascribed to the
CO2/02 competitive adsorption on the membrane surface that gives rise to the decrease of the H»
formation via water splitting. CO2/O2 competitive adsorption is reported for oxygen separation
membranes based on SrCoxFeo.9-xNbo.103-5 [45] where the drop of O2 permeation flux is ascribed to
two different phenomenon: (1) CO. chemical adsorption that provokes an instantaneous drop and
agrees with the behavior observed in this work and; (2) reaction between CO2 and the ceramic
material that is characterized by a continuous drop in permeation. In our study, the lowering of the
permeation flux is attributed to the mechanism described in point (1).

On the other hand, the lower H: fluxes (0.25 mL-mint-cm when only Ar is fed in the sweep side)

as compared with previous studies (0.68 mL-min"t-cm) by using a similar membrane [14] are
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ascribed to the concentration polarization resistance in the porous substrate as Ar and CO, were fed
in the porous support side (whereas in the previous study H, and He were fed in the porous
support), where molecular diffusion is the predominant transport mechanism, and both gases
possess higher kinetic diameter than H> and He. Note that small oscillations/scattering observed in
the permeation values may be due to the variations in the temperature of the water saturator (room

temperature).
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Figure 11 H> permeation values as a function of time on stream by using wet Ar and 15 vol% CO>

in Ar as sweep gas. Line indicates the addition of CO: to the sweep.

After permeation measurements using COz in the sweep gas for 100 h, the membranes were
investigated through XRD and SEM analyses to assess any morphological and/or compositional

modifications.

The XRD plots and Rietveld refinement results shown in Figure 12 and Table S1 respectively,

confirm the preservation of the perovskite and fluorite phases, with detectable traces of witherite
BaCOs3 (< 1 wt%). This is in accordance with the results obtained for the asymmetric membrane
aged in H2+CO> atmosphere (for which the aging conditions were selected to mimic the ones the

permeation test), previously discussed.
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Figure 12 XRD patterns of the BCZY-GDC membrane on both dense (a) and porous (b) sides of

the membrane (exposed to feed (a) and sweep stream (b)) after permeation measurements.

Comparing the microstructural characterization of the as-prepared membrane (Figure 4a) with the
post-mortem results (Figure 13a and S4b), it is evident that no detectable morphological and
compositional alterations occurred during permeation tests.

No cracks were in fact discernible into the fresh cross section of the membrane, while EDS profiles
(Figure S4b) for barium and gadolinium demonstrate that the homogeneous distribution of the
fluorite and perovskite phases is preserved. On the other hand, EDS profile of carbon (Figure S4a)
confirms the lack of detectable carbonated species after the permeation test using CO-.

Finally, the SEM micrographs of the fresh fracture depicted in Figure S4b show that the Pt
nanoparticles maintained their morphology and distribution through the BCZY-GDC porous

support.
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Figure 13 SEM micrographs of the asymmetric BCZY-GDC asymmetric membrane after

permeation measurements: a) polished cross section and b) fracture surface.

It is important to notice that the H flux achieved in this work for is very promising considering the
ones reported in literature (Table 3), especially among the ceramic-ceramic composite membranes.
Even if the influence of the CO, atmosphere on the hydrogen permeation performances is generally
reported, very few information is available concerning the membrane mechanical stability after a
prolonged operating condition. Therefore, the results obtained in this work demonstrate the general
good stability of these systems under Ho+CO> atmosphere, even for long-time operation (100 h)

with promising permeation fluxes.
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Table 3 Summary of hydrogen performances for membranes tested in CO, atmosphere.

Membrane composition Architecture Thickness  Temperature H2 flux Feed (a)/sweep (b) n?ctﬁfﬁoﬁggy Thermo-Mechanical
(um) (°C) (mL mintcm?) L properties
stability
Ceramic-Metallic composite
i ctanili . . (a) 50% Hz, 30% COz2, 1% CO,
Pd-Y20s Stvagl'o'/'szelzroz' 60:40 Qr‘:‘mmgt':re 18 400-500 ~10 for 120 days 3% H20, 16% He, 500 mL min Not reported Not reported
° P (b) N2 = 500 mL min™t
. ) (a) wet 20% CO2, 80% Hz-He Sufficient stability
g' Bi(g, ?&Sg?(;oY[O:%] Symmetric pellet 266 900 0.35 for 80 h (40-60) verified by SEM in Not reported
¥d. A5 (b) 100 ppm Hz/N; [48]
BaCOs formation due
. (a) wet 20% Hz, 60% COz2, 20% to the degradation of
N'7Baz4r0°'%%e\°/';&l[\£g(]"103'5 ¢ Symmetric pellet 560 900 0.0625 He, 100 mL mint Ni— Not reported
: (b) N2 BaZro.1Ceo7Yo.1Ybo.
Oss.
Little cracks are
found in the Ni or
. . (a) wet 30% COz2, 70% H2-He Stable verified by Ba(Zro.7Pro.1Y0.2)Os
Ni Ba(Zro\.;glgzlé%z])Os 40:60 o metric pellet 400 850 0.008 for 40h (40-60) XRD and SEM surface
(o) Ar 20 mL min—t of particles due to
lattice
expansion
0, 0, i
Bao.95Ce0.85Tho.052r0.103-5 / Ni- Asvmmetric @ zsi(i‘l\(l)(\)/\ll/:atHezéfs goV%IKO r:?]’_\llv'th Stable verified by TEC evaluations in
Bao.95Ce0.85 Tho.05Z10.103-5 (40-60 Y - 14 800 0.3 for 25 days . XRD and SEM air. Sufficient
Hollow fiber (b)7 vol% of COz in N2 as sweep .
wt%) [51] S matching
gas at flow rate 80 mL mint).
BaCeo.sY0.203-5 — o o o TEC evaluations in
CeosY0202-5 (28.6-71.4 wt%) / Asymmetric 17 850 1.34 for 125 h 50 vol% Hé/LS%;/gl/o He, 100 Si?glg \éﬁgﬁsegl\ﬁy air reported in [52].
BaCeosY0.203-5 — Hollow fiber ' Good thermal

Ce0.8Y0.202-5 (90-10 wt%) [38]

(b) 7% CO2-Nz, 80 mL min~?

expansion matching
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Ceramic-ceramic composite

SrCeo.95Y0.0503-5— ZnO (90-10
wt%) [9]

LassWO11.25-—
Lao.g7Sro.13CrOz-5 50-50 vol%
[10]

BaCeo.65Zr0.20Y0.1503-5-
Ce0.8Gdo.202-5 50-50 vol% [15]

BaCeo.65Zr0.20Y0.1503-5-
Ceo.8Gdo.202-5 50-50 vol%
THIS WORK

BaCeo.sEU0.203-5 - Ce08Y0.202-5
50-50 vol% [11]

SrCeo.95F€0.0503-5-
SrCeo.05F€0.9503-5 [53]

Ce0.90Gdo.1003-5-
SrCeo.o5F€0.0503-5-
SrFeo.95Ce0.0s03-5 [54]

Symmetric pellet

Symmetric pellet

Symmetric pellet

Asymmetric
planar structure

Symmetric pellet

Symmetric pellet

Symmetric pellet

1100

370-600

660

19

500

700

700

850

750

750

700

900

940

0.002 for 24h

0.075 for 24h

~0.01 for 24h

~ (.08 for 100h

=~ 0.14 for 140h

0.25 (10% COy)
for 30h

0.33 (10% C02)
for 30h

(a) 20 vol% H2/ 80 vol% He, 80
mL min~!
() 100 mL min CO2 and 120
mL
min-t N2

(a) Wet 50 vol.% H2 in He100
mL-min? for feed
(b) Wet 15 vol.% CO2 in Ar 150
mL-min?t

(a) Wet 50% vol Hz in He (100
mL-mint)
(b) Wet 15 vol.% CO2 in Ar 150
mL-min~! for sweep

(a) Wet 50% vol Hz in He (100
mL-mint)
(b) Wet 15 vol.% CO2 in Ar 135
mL-min~! for sweep

(a) Wet 50 vol.% Hz in He100
mL-min for feed
(b) Wet 15 vol.% CO2 in Ar 150
mL-min! for sweep

40% Ha/wet Ar, 10%CO2

40% Ha/wet Ar, 10%CO2

Unstabe (CeOz,
CeZns and Sr2CeOq4
formation) verified
by XRD, SEM and

TEM

Stable verified by TG
analysis

Stable verified by
XRD, SEM and TG

Stable verified by
XRD and SEM

Stable verified by
XRD, SEM and TG

Not presented

Severe
decomposition in
SrCQOs, CeO2 and

Sr2FeQs, confirming
the formation of
carbonates for Sr-
based sample under
CO:2 atmospheres.

Not reported

Not reported

Not reported

Good mechanical
stability in terms of
flexural strength and
hardness after
operating cycle.

TEC evaluations in
air. No cracks
evaluated after

thermochemical
cycles

Non reported

Non reported
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Conclusions

The influence of thermal aging treatments (100 h at the selected operating temperature of 750 °C) in
different atmospheres (Hz2, CO2, H2+CO3) on the long-term microstructural and mechanical stability
of BCZY-GDC membranes was deeply investigated. Either tape-cast asymmetric membranes
(porous substrate supporting the dense active layer), or pellets (symmetric configuration) were

considered.

The exposure of the membrane to Ho-atmosphere leads to lower flexural strength values, i.e. 22
MPa with respect to 70 MPa of the as-prepared membrane. This is caused by a general
embrittlement of the asymmetric structure, due to chemical expansion/contraction of the GDC cell
after the aging cycle. Indeed, micro-cracking of GDC grains is clearly observed in symmetric
membranes. This phenomenon causes the decrease of GDC nano-hardness value from 12.8 (for the
as-prepared membrane) to 8.8 GPa, impacting, therefore, the composite Vickers hardness value, i.e.

354 Hv with respect to 543 Hv of the as-prepared membrane.

The aging in CO. atmosphere causes a slightly increase in flexural strength values (81 MPa) due to
the formation, especially in the porous support, of ZDC-BaCOs3 sub-micrometric phases at the
expanse of the almost total amount of perovskite, strengthening the membrane microstructure.
Higher hardness values (704 Hv) were also recorded due to the emerging of BaCO3 islands on the
symmetric membrane surface due to the same toughening mechanism of the matrix by sub-
micrometric particles. It is worth to notice, however, that the carbonation reaction drastically affects
the whole asymmetric membrane due to the open porous structure, while the BCZY-GDC pellets

are only aged at the surface level, confirming the key-role of the membrane architecture.

The membrane aged for 100 h in the operating Ho+CO> atmosphere shows only a slight decrease in

flexural strength and comparable hardness values because no evident morphological or structural
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changes (except the BaCOs formation in trace amount) were observed, regardless the membrane

configuration.

Finally, promising and stable hydrogen permeation flux values were obtained on the asymmetric
membrane at 750 °C, for 100 h, using wet 15 vol% CO- in Ar as sweep gas. Neither structural nor
morphological modifications of the membrane were detected after the testing, confirming the results
registered for the membrane aged in similar conditions (750 °C, H>+CO; atmosphere). Further work
is required to improve the catalytic activity of the support and minimize gas diffusion resistance
through the porous media to implement the final hydrogen permeation. Nonetheless, the present
results confirm the high potentiality of proton-ceramic membranes based on BCZY-GDC composite
thanks to the encouraging hydrogen fluxes, microstructural and mechanical stability in operating
atmospheres containing CO.. This is therefore a further essential step towards the future

industrialization of these systems in line with the objective defined by the “European Green Deal”.
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Supporting information of “Chemical and mechanical stability of BCZY-GDC
membranes for hydrogen separation”

Table S1. Refinement agreement factors, quantitative phase analysis and unit-cell parameters with
their standard deviations for BCZY-GDC membrane on both dense (feed stream exposition) and
porous (sweep stream exposition) sides of the membrane after permeation measurements. BCZY
and GDC stand for Ba(Ceo.65Zr0.2Y0.15)O2.925 With perovskite structure and (CeogGdo.2)O1.9 With

fluorite-type structure, respectively.

Phase Wit% s.g. (2) (R) (g\) (X:;) Rup

BCZY  453(1.0) Imma  6.1464(3) 8.6981(5) 6.1509(3) 328.84(3)

dense GDC 32.7(0.7) Fm-3m  5.4194(1) — — 159.17(1) 0122
feed stream '
Pt 22.0(1.7) Fm-3m  3.9150(1) — — 60.01(1)
witherite b.d.l. Pmcn - - - -

BCZY  50.1(1) Imma 6.1832(2) 8.6893(4) 6.1568(1) 330.79(2)
porous
sweep stream 0.106
GDC 499(1) Fm-3m  5.4217(1) - - 159.37(1)

NOTE: Although identified in the dense side of the membrane exposed to a feed stream, witherite has not
quantified as below detection limit (b.d.l.).

Figure S1. Details of the polished cross sections of the asymmetric membranes as-prepared (a) and

aged at 750 °C for 100 h in CO2 (b)
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Figure S2. Ba/Gd/C EDS profiles along the dense membrane layer thickness of the polished cross
sections of the asymmetric membranes aged at 750 °C for 100 h in different atmospheres: as-

prepared (a), Hz (b), CO2 (c), Ho+CO2 (d)
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Figure S3. SEM micrographs of the polished fracture surfaces of symmetric BCZY-GDC

membranes (pellets) thermally aged at 750 °C for 100 h in CO2 (a), H2+CO- (b). EDS Elements

mapping and profiles are reported as well.
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Figure S4. SEM micrographs of the asymmetric BCZY-GDC asymmetric membrane after

permeation measurements: a) polished cross section with Ba/Gd/C EDS profiles along the dense

layer thickness, b) fracture surface of Pt-infiltrated porous support at higher magnification.
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