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Abstract: Partial oxidation of methane (POM) is a prominent pathway for syngas production, wherein
the hydrogen in syngas product can be recovered directly from the reaction system using a hydrogen
(Hp)-permeable membrane. Enhancing the efficiency of this H, separation process is a current major
challenge. In this study, CepgY(20,.5-BaCegY 2055 (YDC-BCY) hollow fiber (HF) membranes
were developed and characterized for their H, permeation fluxes. Firstly, YDC and BCY ceramic
powders were synthesized using the sol-gel method, followed by the fabrication of YDC-BCY dual-
phase ceramic HF membranes using a combined phase inversion-sintering process. Characterization
using SEM, powder XRD, EDS, and electrical conductivity tests confirmed the phases of the prepared
powders and HF membranes. Well-structured YDC and BCY powders with uniform particle sizes
were obtained after calcination at 900 °C. With the addition of 1 wt.% Co0,0j3 as a sintering aid, the
YDC-BCY dual-phase HF membrane achieved densification after sintering at 1500 °C. Subsequently,
the influences of sweep gas composition and temperature on the hydrogen permeation of the YDC-
BCY HF membranes with YDC/BCY molar ratios of 2:1, 3:1, and 4:1 were investigated. At 1000 °C
and a sweep-gas flow rate of 120 mL-min~!, the YDC-BCY HF membrane with a YDC/BCY molar
ratio of 4:1 exhibited a peak hydrogen flux of 0.30 mL-min~! cm~2. There is significant potential
for improving the hydrogen permeation of dual-phase ceramic membranes, with future efforts
aimed at reducing dense layer thickness and enhancing the membrane material’s electronic and
proton conductivities.

Keywords: sintering aid; sol-gel; phase inversion; dual-phase; syngas; POM

1. Introduction

Hydrogen (Hj) is a promising sustainable energy carrier to replace fossil fuels which
has been extensively used in chemical production, such as ammonia and methanol [1-3].
Currently, H; is mainly produced through fossil fuel cracking and methane-reforming
reactions, which mainly include the dry reforming of methane (DRM), steam reforming of
methane (SRM), and partial oxidation of methane (POM), as shown in Figure 1. By using
different methane-reforming methods, syngas with different CO/H, ratios can be obtained,
which can be used for further industrial processes such as hydrogen separation, methanol
preparation, and Fischer—Tropsch synthesis, depending on the actual conditions [4]. In
the last decade, researchers have gradually studied methane double reforming [5,6] and
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triple reforming reactions [7-10] on the basis of single reforming. This type of multi-
reforming reaction process is more complex with more side reactions. The introduction of
gas separation membranes into the reactor not only allows for precise control of the feed
of reactants and the extraction of products to control the progress of the reaction, but also
achieves an even distribution of gases on the permeate side and avoids the occurrence of
hot-spots. Syngas production via POM is one of the most suitable reactions for industrial
hydrogen production due to its mildly exothermic reaction, which avoids the high energy
consumption that may result from other reforming reactions [11].
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Dry
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Figure 1. Classification of methane reforming.

However, the products of POM are Hj-containing gas mixtures that require fur-
ther separation and purification to obtain pure H, [12]. Various technologies are em-
ployed for H; separation and purification, including pressure swing adsorption, cryo-
genic separation, and membrane separation [1,13]. Among these, membrane separation
stands out by utilizing the selective permeability of membranes to separate Hy. Com-
pared with the other methods, membrane separation offers advantages such as a com-
pact equipment footprint, simplified operation, and reduced operation costs and energy
consumption [14,15]. Membrane separation can be categorized into three types based on
the membrane material: organic, metallic, and ceramic membranes. Although organic
membranes have been used commercially, their mechanical stability in corrosive atmo-
spheres, such as HCl, SO, and COy, is limited [13]. Metallic membranes, especially Pd
and its alloys, effectively separate and purify Hy at a temperature range of 300-600 °C
to obtain high-purity Hy. However, they suffer from irreversible phase transitions and
degradation after multiple thermal cycles, leading to membrane failure [13]. In contrast,
at high temperatures, mixed protonic—electronic conducting (MPEC) ceramic membranes
exhibit a theoretical H; selectivity of up to 100% and do not require external circuits. MPEC
membranes outperform the other membranes with their superior strength and excellent
chemical and physical stabilities [1,16,17]. When used in sustained product-separation
membrane reactors, MPEC hydrogen-permeable ceramic membranes are capable of selec-
tively separating hydrogen to the permeate side to accomplish enrichment, which can not
only purify the product but also enable the reversible reaction to proceed in the desired
direction. In addition, MPEC hydrogen-permeable ceramic membranes can also be used
in multi-reaction coupled membrane reactors. Reactions take place on both sides of the
membrane in this type of membrane reactor, and the products of the reaction on one side
of the membrane happen to be the raw materials of the reaction on the other side; the
membrane has selective permeability to this material. Hence, a certain product from one
side of the membrane permeates to the other side and is consumed by another reaction,
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causing the two reactions to promote each other, greatly improving the conversion rate of
the two reactions.

MPEC membrane materials typically comprise alkaline earth metal-containing
perovskite-type oxides, with ABO3-type perovskite oxides being the most commonly
used. In these materials, the B-site ions are partially replaced by trivalent cations, gen-
erating oxygen vacancies to maintain electrical neutrality [18]. The presence of oxygen
vacancies and electron defects allows them to react with hydrogen, leading to the gener-
ation of protonated lattice oxygen, which confers protonic conductivity to the material.
Perovskites also exhibit electronic conductivity as their cations undergo valence changes in
reducing atmospheres [14]. Despite the promising features of MPEC ceramic membranes,
their practical application is hindered by low hydrogen permeation and instability under
a reducing atmosphere. Researchers are actively addressing this challenge by exploring
various modification strategies, including optimizing material compositions and membrane
structures [1,14,17].

In terms of material compositions, the oxygen vacancies, the ratio of variable valence
ions, and the basicity of the material can be adjusted using elemental doping strategies,
which in turn improve the protonic—electronic mixed conductivity as well as the resis-
tance to acid gases such as carbon dioxide. In some perovskite solid solution systems,
non-systematic changes in structural parameters occur due to the cation deficiencies or
substitutions, as observed in A-site deficient Sri.4Cep9Ybg 1035 [19]. A-site deficiency
results in the formation of A-site cation defects and oxygen vacancies as follows:

Srg. + O — Vg, + Vy+SrO (1)

This decreases the chemical potential of alkaline ions in the A-site, reducing their
susceptibility to carbonation. In addition, the presence of unreacted alkaline oxides present
at grain boundaries is minimized, thereby enhancing the chemical stability of the material.
Furthermore, electronic conduction can be regulated by doping with multivalent cations,
facilitating the transfer of free electrons between low- and high-oxidation-state cations [20].
In addition to elemental doping, the preparation of composite materials offers an effective
strategy to optimize the fluxes in hydrogen-permeable ceramic membranes. Single-phase
BaCeOj3 or SrCeO3 ceramic membranes doped with rare earth or transition metal elements
suffer from limited electronic conductivity, hampering high hydrogen permeation flux.
Therefore, researchers have turned to dual-phase composite membranes, introducing
metals as electronic conducting phases to enhance hydrogen permeation flux [21]. Ni
was used as an electronic conductor and catalyst to boost the electronic conductivity and
the surface-exchange reactions. However, Ni is prone to carbon accumulation, which
severely limits the application of ceramic membranes. Although the addition of a metal
phase optimizes the hydrogen permeation flux of the ceramic membrane, the difference in
the thermal expansion coefficients between metals and ceramics and the metal oxidation
reduces the thermo-mechanical stability and densification of metal-ceramic dual-phase
membranes [22]. Moreover, the interactions between metals and ceramics occur at high
temperatures, especially the interdiffusion between ions, complicating the preparation of
metal-ceramic dual-phase membranes [23,24].

The preferred strategy for the preparation of dual-phase composite membranes in-
volves transitioning the second phase to a ceramic phase with good electronic conductivity.
This strategy enhances the electronic conductivity of the material and decreases the thermal
expansion mismatch between the electron-conducting phase and the proton-conducting
phase. Fabricating ceramic—ceramic dual-phase membranes simplifies the process with-
out needing inert or reducing gas protection [25]. Rare-earth-doped CeO, improves the
chemical stability and offers both oxygen ion conduction and desirable electronic con-
ductivity [26]. As for the membrane structure, an asymmetric design with independent
proton—electron conductive phase distribution, including a porous support layer and
ultra-thin dense layer, enhances the hydrogen permeability and stability [27-30]. Form-
ing continuous proton-conducting and electron-conducting phases in dual-phase ceramic
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membranes is an effective strategy to improve the hydrogen permeation performance of
ceramic membranes [31]. This membrane benefited from the low bulk-phase diffusion
resistance and minimal interaction between phases due to their uniform distribution.

The hydrogen permeation mechanism in ceramic hydrogen-permeable membranes is
governed by bulk diffusion and surface-exchange reactions. Enhancing hydrogen perme-
ation involves reducing the membrane thickness and adjusting the surface structure, which
is often achieved using asymmetric membranes with thin dense layers and porous support
layers. Hollow fiber (HF) membranes, particularly with around 200-pum thick transport
layers, offer advantages in high-temperature sealing and effective membrane area per unit
volume [20,32,33]. Dual-phase HF membranes with thin dense layers benefit from the phase
inversion-sintering technique, synergizing reduced membrane thickness and increased
surface reaction rates to enhance perovskite ceramic membrane hydrogen permeation [34].
This work focuses on synthesizing high-purity, small-size, and uniform Ce gY(,0;-5 (YDC)
and BaCe; gY( 2035 (BCY) ceramic powders through the sol-gel route, and fabricating YDC-
BCY dual-phase HF membranes using a combined phase inversion-sintering process. The
structure and hydrogen permeation fluxes of the YDC-BCY dual-phase MPEC ceramic
hydrogen-permeable membrane were systematically investigated. The influence of syn-
thesis conditions on the hydrogen permeability of the HF membrane was examined, and
the optimal synthesis process and parameters of ceramic powders and HF membranes, as
well as the relationship between the membrane structure and the hydrogen fluxes, were
determined, serving as a foundation for membrane reactor development.

2. Experimental Section
2.1. Synthesis of YDC-BCY Dual-Phase Ceramic Powders

YDC and BCY powders were synthesized using the sol-gel method [35,36]. Taking the
preparation of 0.1 mol YDC and BCY as an example, the required amounts of raw materials
are shown in Table 1. The synthesis process involved adding Ba(NO3),, Ce(NOs3)3-6H,0,
and Y(NOj3)3-6H,O in a stoichiometric ratio to a mixture of 100 mL ammonia and 100 mL
deionized water at 80 °C under stirring. Ethylene glycol and citric acid were used as
chelating agents for the YDC powder precursor, according to the molar ratio of total
metal ions/ethylene glycol/citric acid of 1:1:2. For the BCY powder precursor, glycine was
employed as the chelating agent, promoting dissolution of Ba>* and serving as a combustion
aid. Following water evaporation, a dark-brown gel gradually formed, and after adding
ammonia and stirring for 15 min, the gel was heated to 380 °C in a stainless-steel container
for further water evaporation and spontaneous combustion, yielding YDC and BCY powder
precursors. The obtained powder precursors were placed into crucibles and calcined at
900 °C for 5 h to burn off the residual organic matter and to obtain the ceramic powders.
The powders were then wet milled using anhydrous ethanol as a dispersant in a planetary
ball mill for 48 h with a molar ratio of YDC/BCY of 2:1, 3:1, and 4:1, respectively. The
YDC-BCY mixed powders with homogeneous particle size were dried and sieved with a
200-mesh sieve. Additionally, during ball milling, a portion of the powder was combined
with 1.0 wt.% cobalt (III) oxide (Co,0O3) as a sintering additive to investigate the effect of
the sintering additive on the membrane densification.

Table 1. Composition of raw materials required for the preparation of 0.1 mol BCY and YDC powder.

BCY YDC
Materials
Quantity/mol Quantity/g Quantity/mol Quantity/g
BaNO3 0.10 26.13 0.00 0.00
Ce(NO3)3-6H,0 0.08 34.73 0.08 34.73
Y(NO3)3-6H,O 0.02 7.66 0.02 7.66
Ethylene glycol 0.00 0.00 0.20 12.41
Citric acid monohydrate 0.00 0.00 0.40 84.06
Glycine 0.40 30.03 0.00 0.00
Water 5.56 100 (mL) 5.56 100 (mL)

Ammonia - 100 (mL) - 100 (mL)
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2.2. Fabrication of YDC-BCY Dual-Phase HF Membrane

The YDC-BCY HF membrane was prepared using a combined phase inversion—
sintering process [37,38]. The specific parameters to fabricate the YDC-BCY HF mem-
brane are summarized in Table 2. The fabrication process of the HF membrane involved
the following steps: polyethersulfone (PESf) was dissolved in 1-methyl-2-pyrrolidinone
(NMP) with a PESf/NMP mass ratio of 1:4 under stirring to form a light-yellow transparent
solution. Then, ceramic powder, either with or without 1.0 wt.% Co,03, was added to
the solution in a PESf to powder mass ratio of 1:10, and the mixture was continuously
stirred for 48 h to achieve a uniform casting solution. The casting solution was introduced
into a stainless-steel cylinder and subjected to a 1.5 h vacuum degassing treatment. After
degassing, the stainless-steel cylinder was connected to compressed nitrogen and pressur-
ized to 0.1 MPa. Deionized water and tap water were used as the internal and external
coagulants, respectively. The flow rate of the internal coagulation bath was 30 mL min~!.
The HF membrane precursor obtained by spinning was fully solidified in the external
coagulation bath for 24 h. After solidification, the HF membrane precursor was cut into
small sections of 45-50 cm in length, followed by straightening at both ends, and allowed
to dry in air. The HF membrane precursor was then sintered in a high-temperature furnace
with a heating and cooling rate of 2 °C min~!, and the dwell time at sintering temperature

was 5 h.

Table 2. Fabrication parameters of YDC-BCY HF membrane.

Experimental Parameters Values
Composition of the spinning solution (wt.%)

YDC-BCY 61.54
NMP 30.77
PESf 7.69
Extrusion pressure (MPa) 0.1

Air gap distance (cm) 0
Spinning suspension flow rate (mL min~1) 5.0
Internal coagulant flow rate (mL min—1) 30
Sintering temperature (°C) 1500, 1550
Dwelling time at sintering temperature (h) 5
Heating/cooling rate (°C min~1) 2

2.3. Characterization

The crystalline structure of the materials was characterized using a powder X-ray
diffractometer (XRD, D8-Advance, Bruker, Mannheim, Germany) equipped with a Cu-Ko
ray source (A = 0.15404 nm), operating at tube voltage and current of 40 kV and 30 mA,
respectively. The scanning range spanned 20-80° with a scanning speed of 8° min~1.
Microstructural analysis of the powder and HF membranes was conducted using a field-
emission scanning electron microscope (FESEM, Apreo, Thermo Scientific, Waltham, MA,
USA), or a scanning electron microscope (SEM, EM-30N, COXEM, Daejeon, Republic of Ko-
rea). Energy-dispersive spectroscopy (EDS) was used to analyze the elemental distribution
on the material surface. Gold spraying was conducted prior to SEM characterization.

The four-electrode direct current (DC) method was used to measure the electrical
conductivity of the samples at different temperatures and atmospheres (nitrogen and
hydrogen), within the range of 600-850 °C with a temperature interval of 50 °C. For
electrical conductivity tests, 1.4 g of YDC-BCY powder was pressed into a cuboid shape with
a stainless-steel mold (30 mm x 8 mm x 4 mm) under static pressure, followed by sintering
at 1400 °C for 3 h. Double-stranded silver wires were attached to the ends of the cuboid
sample and secured with silver paste that also functioned as current-voltage collecting
electrodes. Conductivity measurements were performed using a digital source meter
(Keithley 2400, Cleveland, OH, USA). During tests, the current was varied from 0.00 mA
to 10.00 mA, leading to corresponding voltage changes based on current and temperature.
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Each condition was tested three times to take the average value. The conductivity was
calculated using Equation (2), given below:

L

U:Ri,S

@)
where L is the effective length of the sample, cm; S is the cross-sectional area of the sample,
cm?; and R is the resistance of the sample, ().

The mechanical strength was obtained using a mechanical testing machine (WDW-500
N, Jinan Zhongluchang Testing Machine Manufacturing Co., Ltd., Jinan, China) via a
three-point bending method and was calculated as follows:

8FLD

= DT )

®)
where o is the mechanical strength, MPa; F is the critical force at which sample fracture
took place, N; L is the span distance of the sample, fixed at 30 mm in this experiment; and
D and d are the outer and inner diameters of the HF membrane, respectively, mm.

2.4. Hydrogen Permeation Flux of YDC-BCY Dual-Phase HF Membrane

Dense HF membranes were assembled into membrane reactors, using fittings to
connect and isolate the atmosphere of shell side from fiber lumen. Hydrogen permeation
tests were performed with Hy-He mixture as the feed gas in the shell side and N as the
sweep gas in the fiber lumen. The flow rate of the gas was calibrated using a soap bubble
flow meter. The reactor was fixed in a tube furnace and stabilized for about 15 min after
heating to target temperature before testing. The exhaust of sweep gas was connected
to a gas chromatograph (GC, 6890N, Agilent, Santa Clara, CA, USA) to detect the gas
composition, and the hydrogen permeation flux through the HF membrane was calculated
according to Equations (4) and (5):

Jiy = e @
_ nl(D —d)

where [, is the permeation flux of hydrogen, mL min~! cm~?2; F is the exhaust gas flow rate
of N sweep gas, mL min~!; and xp, and xp, are the hydrogen and helium concentration
detected by GC, %. Ay, is the effective area of the membrane, cm?; D and d are the outer
diameter and inner diameter, respectively, of the membrane, cm; and [ is the effective length
of the YDC-BCY membrane, which is equal to the length of the thermostatic zone, i.e., 5 cm.

3. Results and Discussion
3.1. Crystalline Structure and Morphology of YDC-BCY Dual-Phase Ceramic Powders

Figure 2 shows the powder XRD patterns of BCY and YDC powders calcined at 900 °C
and YDC-BCY HF membranes with 1.0 wt.% Co,03 as a sintering additive sintered at
1500 °C. Comparative analysis with the Powder Diffraction File (PDF) cards for YDC
(PDF#:01-075-0175) and BCY (PDF#:04-011-8649) [39] revealed that the YDC and BCY
powders corresponded to the fluorite and perovskite phases, respectively, exhibiting no
other secondary peaks. This suggests that the powders attained pure phases after 5 h
of calcination at 900 °C. The powder XRD patterns of the three HF membranes, with
varying molar ratios of YDC/BCY of 2:1, 3:1, and 4:1, displayed diffraction peaks at 20
of 33.1°, 47.5°, 56.5°, and 76.7°, corresponding to the fluorite phase of YDC, and at 26
of 41.1°, 50.8°, 59.4°, and 67.5°, corresponding to the cubic perovskite phase of BCY. No
additional diffraction peaks were observed. Despite the addition of sintering additive at a
mere 1.0 wt.%, no corresponding crystal diffraction peaks were detected in the patterns. A
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comparison between the patterns of the calcined powders and the sintered HF membranes
substantiates three key points: (1) High-temperature sintering at 1500 °C did not lead to
chemical reactions between the YDC and BCY phases, confirming their good chemical
compatibility. (2) The sintering additive did not compromise the integrity of the YDC
and BCY phases during the sintering process. (3) As the molar ratio of YDC and BCY
powder in the YDC-BCY HF membrane increased from 2:1 to 4:1, the diffraction peak
intensity of the BCY perovskite phase decreased, while the intensity of the YDC fluorite
phase gradually increased.

111

*YDC %104; (420)
(220) (400) (331

vyBCY| (200 = 311 (331)

i A Gl - RN Y

4:1 YDC-BCY HF membrane

3:1 YDC-BCY HF membrane

2:1 YDC-BCY HF membrane
L)L A_ A A e o gl
800°C calcined YDC powder

Jl P Arn
800°C calcined BCY powder

L A A A A ’

Intensity (a.u.)
.

20 30 40 50 60 70 80
20 ()

Figure 2. Powder XRD patterns of YDC and BCY powders and YDC-BCY HF membranes.

Figure 3 depicts the SEM images of the YDC and BCY powders, along with the 4:1
YDC-BCY powder mixture, accompanied by EDS mapping of the 4:1 YDC-BCY powder
mixture. In Figure 3A-C, it is evident that the small particles in the YDC and BCY powders
had a particle size of less than 1 um, and the fine particles in all the samples coalesced into
larger agglomerates due to the decreased surface energy resulting from particle interaction
and agglomeration. The diameter of the YDC aggregates was 5-10 um, while the diameter
of the BCY aggregates was 1-5 um. It is clear that the diameter of the YDC aggregates
was larger. These larger agglomerates can be further reduced into fine particles through
subsequent ball milling treatments. By examining the elemental distribution of Ba with that
of Ce and Y in Figure 3D, a uniform and continuous distribution of the YDC and BCY phases
is discernible. This consistent distribution facilitated rapid carrier transport. Furthermore,
the elements were uniformly dispersed within their corresponding phases without distinct
segregation regions, which also proved the stability of the material. In addition, Figure 3C,D
show that the BCY and YDC powders can still be basically distinguished in the mixture by
SEM morphology and elemental distribution.
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Figure 3. SEM images of (A) YDC, (B) BCY, and (C) 4:1 YDC-BCY powder mixture, and (D) EDS of
4:1 YDC-BCY powder mixture.

3.2. Particle Size Distributions and Electrical Conductivities of YDC-BCY Dual-Phase
Ceramic Powders

The particle size distributions of the YDC and BCY powders synthesized using the
sol-gel method, along with YDC-BCY powder mixtures at three different YDC/BCY molar
ratios of 2:1, 3:1, and 4:1, are shown in Figure 4. It is evident that the particle size of the
powders synthesized using the sol-gel method was in the nanometer range. This could be
attributed to the significant gas release during the gel combustion process, leading to the
formation of porous structures, which consequently reduced the particle sizes. In addition,
the particle size of the YDC powder was smaller than that of the BCY powder, and the
particle size of the YDC-BCY powder mixture decreased with the increase in the content of
YDC powder. For instance, the average particle sizes of the YDC and BCY powder particles
were approximately 164 nm and 531 nm, respectively. When the YDC and BCY powders
were mixed in molar ratios of 2:1, 3:1, and 4:1, the resulting powder particle sizes ranged
from 255 to 615 nm, 190 to 295 nm, and 164 to 255 nm, respectively. Corresponding average
particle sizes were 342 nm, 220 nm, and 190 nm, respectively. The presence of small particle
sizes proved advantageous for fabricating dense hollow fiber (HF) membranes, allowing
for lower sintering temperatures, reduced energy consumption, and cost savings.

Figure 5 illustrates the electrical conductivities of three distinct compositions of sin-
tered YDC-BCY cuboids (YDC/BCY molar ratios of 2:1, 3:1, and 4:1). As shown, the
conductivities of the three distinct compositions in Hy and N, atmospheres show an in-
creasing trend with the increase in the YDC/BCY molar ratio. Under the Nj atmosphere,
the materials displayed electronic conduction. Notably, the electronic conductivity of
all three materials remained low, measuring below 0.1 S cm~!. Upon transitioning to a
Hj, atmosphere, the conductivity of the three materials experienced varying degrees of
increase, showcasing a combination of both electron and proton conduction, and the proton
conduction played the leading role. The conductivity of all three materials increased with
a rise in temperature from 600 to 850 °C and showed strong protonic conductivity. At
850 °C, the YDC-BCY material with a YDC-BCY molar ratio of 3:1 exhibited the highest
conductivity of 0.31 S cm™~!. It is known that the electrical conductivity links to the results
of the membrane’s potential H, permeation; hence, the combined proton and electronic
conduction should be as high as possible so as to achieve a high H, permeation flux.
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Figure 4. Particle size distribution of YDC, BCY, and YDC-BCY powder mixtures (YDC/BCY molar
ratios of 2:1, 3:1, and 4:1).
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Figure 5. Temperature-dependent electrical conductivities of YDC-BCY materials with different
YDC/BCY molar ratios of 2:1, 3:1, and 4:1 under N, and H; atmospheres.

3.3. Morphologies of YDC-BCY Dual-Phase HF Membranes

Figure 6 shows the effect of a cobalt (III) oxide (Co,03) sintering additive on the
surface morphologies of 4:1 YDC-BCY HF membranes. When the YDC-BCY dual-phase
ceramic HF membranes with a molar ratio of 4:1 were sintered without a sintering additive,
a dense membrane structure could not be achieved even at a sintering temperature of
1550 °C. As shown in Figure 6(A1,A2), the inner and outer surfaces of the YDC-BCY
HF membrane still had numerous holes, and thus were unsuitable for the hydrogen
permeation test. In addition, elevated sintering temperatures not only increased the energy
consumption, but also risked over-sintering the ceramic material. In contrast, Figure 6B
shows the microstructure of the HF membranes after sintering with the addition of 1.0 wt.%
Co0,03 at 1500 °C. Co,O3 acted as a sintering aid, which significantly lowered the sintering
temperature of the materials. As can be seen from Figure 6(B1,B2), the inner and outer
surfaces of the sintered YDC-BCY HF membranes with 1.0 wt.% Co,O3 were structurally
dense, which was further corroborated by gas tightness testing of the sintered membranes.
The YDC-BCY fluorite-perovskite oxide grain was small in size with a high surface energy,
and the grains gradually grew with temperature. Co,O3 was amorphous and easy to
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decompose at high temperatures. Therefore, it was beneficial for the densification and
sintering of YDC-BCY fluorite-perovskite [40]. In addition, the amount of Co,O3 was a
mere 1.0 wt.%, which was so insignificant that the impact on the crystal structure of the
membrane was not apparent.

Figure 6. Surface morphology of 4:1 YDC-BCY HF membranes after sintering ((A) sintered at 1550 °C
without a sintering aid; (B) sintered at 1500 °C with 1.0 wt.% Co0,0O3 as a sintering aid; 1, inner surface;
2, outer surface).

The cross-section and surface morphologies of YDC-BCY dual-phase ceramic HF
membranes with three different molar ratios (YDC/BCY molar ratios of 2:1, 3:1, and 4:1)
sintered at 1500 °C with a 1.0 wt.% sintering additive are shown in Figure 7. The membrane
walls of these HF membranes exhibited distinctive features, as shown in Figure 7(A1,B1,C1).
The central and near-surface regions of the membrane walls displayed dense structures,
with finger-like pore layers sandwiched between them. This configuration contributed to
an evident asymmetric membrane-wall structure, facilitating the conduction of hydrogen-
oxygen species and enhancing hydrogen permeation. The thicknesses of dense separation
layers and finger-like pore layers were almost the same; each occupied half of the total
thickness of the membrane wall. The porosity gradually decreased with the increment of
YDC/BCY from 2:1 to 4:1. Additionally, there were no potential defects or irregularities
observed in the membrane walls and surfaces. The inner and outer surfaces of the HF
membranes were dense, as shown in Figure 7(A2,A3,B2,B3,C2,C3). The grains exhibited a
closely packed arrangement with well-defined grain boundaries, showcasing two crystal
structures with distinct grain sizes. As the molar ratio of YDC-BCY increased, the content
of the YDC phase in the membrane increased. At the same temperature, YDC was more
prone to sintering than BCY, so the particle size of YDC was larger than that of BCY (as
demonstrated by EDS mapping on the membrane surface after the stability test). Therefore,
there were more YDC with large particle sizes on the membrane surface, while there were
fewer BCY with smaller particle sizes.
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Figure 7. Cross-section and surface morphologies of YDC-BCY HF membranes sintered with the
addition of 1.0 wt.% Co,0O3 (YDC/BCY = (A) 2:1, (B) 3:1, and (C) 4:1; 1, membrane wall; 2, inner
surface; 3, outer surface).

Figure 8 shows the mechanical strengths of YDC-BCY HF membranes with different
YDC/BCY molar ratios. The mechanical strength of the HF membrane gradually increased
with the increase in the molar ratio. The YDC-BCY HF membrane with a molar ratio of
4:1 reached maximum mechanical strength after sintering at 1500 °C, reaching 188.95 MPa.
During the phase inversion spinning process, there were sponge-like and finger-like pores
in the membrane wall. As the sintering process progressed, organic compounds such as
PESf in the membrane structure decomposed, and the grains also began to fuse and grow
as the temperature increased, causing the micropores between the grains to gradually
decrease. This reduced the porosity of the membrane and increased its mechanical strength.
When the dense layer and sponge-like pores of the membrane were completely filled with
growing grains, the HF membrane became dense. Continuing to increase the sintering
temperature may lead to over-sintering and melting of the membrane, resulting in a
decrease in its mechanical strength. Therefore, based on SEM characterization and gas
tightness measurement results, the sintering temperature of YDC-BCY HF was determined
to be 1500 °C.
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Figure 8. Mechanical strength of YDC-BCY HF membranes sintered at 1500 °C with the addition of
1.0 wt.% Co0,O3 (molar ratios of YDC/BCY = 2:1, 3:1, and 4:1).

3.4. Hydrogen Permeation of YDC-BCY Dual-Phase HF Membranes

The evaluation of hydrogen permeation fluxes for the three different YDC-BCY HF
membranes involved flowing a mixture of H, and He through the shell side at a flow
rate of 15-15 mL min—!, while N, flowed through the fiber lumen, with the results as
shown in Figure 9. The temperature had a great influence on the hydrogen permeation
flux, where increased temperature led to improved gas diffusion, surface reactions, and
bulk phase diffusion, resulting in a significant increase in the hydrogen permeation flux.
For instance, considering the YDC-BCY HF membrane with a YDC/BCY molar ratio of
2:1, the hydrogen permeation flux at 1000 °C reached 0.20 mL min~! cm~2 under the
flow rate of 120 mL min~! sweep gas, while the hydrogen permeation flux at 750 °C
was only 0.03 mL min~! cm 2. The change in the sweep-gas flow rate also affected the
hydrogen permeation flux. With the increase in the sweep-gas flow rate, the hydrogen
permeated to the sweep side was quickly removed by the sweep gas, elevating the surface-
exchange rate of the membrane. This, in turn, maintained a higher hydrogen partial
pressure difference between the membrane’s two sides, leading to increased hydrogen
permeation due to the enhanced pressure gradient. However, this increase in permeation
was limited, with the membrane’s permeation rate stabilizing as the sweep-gas flow rate
reached a certain threshold. This stabilization occurred because the rate-determining step
of hydrogen permeation transitioned from the surface exchange to the bulk-phase diffusion.
In addition, a study by Leng et al. [41] found that with the addition of sintering additive,
more electron holes formed in the ceramic material, which was helpful for the proton
conduction. At 900 °C, an improvement in the hydrogen permeation flux was obtained in
this work compared with that of 0.08 mL min~! cm~2? measured by Rosensteel et al. [39].
The conductivity of the dual-phase YDC-BCY materials is also one of the important factors
affecting the permeation performance of the membrane. Figure 9 also shows the effect of
the YDC/BCY ratio on the hydrogen permeation of ceramic dense HF membranes. It can be
seen that the 1:4 BCY-YDC hollow fiber membrane had the highest hydrogen flux under the
same conditions, and reached 0.30 mL min—! em~2 at 1000 °C. Based on the conductivities
of the BCY-YDC materials with three different YDC/BCY ratios in different atmospheres
shown in Figure 5, it can be found that the proton and electron mixed conductivity of the 1:4
BCY-YDC material was less than that of the 1:3 BCY-YDC material in a hydrogen-containing
atmosphere. However, its electronic conductivity was the highest in Nj. This revealed
that the proton and electronic conductivity should match each other so as to reach high
hydrogen permeation flux.
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Figure 9. Hydrogen permeation performance of YDC-BCY dual-phase HF membranes with different
molar ratios ((A) 2:1, (B) 3:1, (C) 4:1).

The hydrogen permeation flux of the dual-phase MPEC material was also affected
by the ratio of its two phases. From Figure 9, the 4:1 YDC-BCY HF membrane had the
highest hydrogen permeation flux under identical conditions. At 1000 °C and 120 mL
min~! sweep gas, the hydrogen permeation reached 0.30 mL min~! cm~2. By comparing
the conductivities of the three compositions of YDC-BCY sintered cuboids in different
atmospheres, as shown in Figure 5, it becomes evident that the proton—electron mixed
conductivity of the 4:1 YDC-BCY material was lower than that of the 3:1 YDC-BCY material
in the hydrogen atmosphere. However, its electronic conductivity was the highest in the
N, atmosphere, aligning with the hydrogen permeation requirement of MPEC hydrogen-
permeable membrane, which necessitates a matching of proton and electron conductivities.

Acid gases such as CO, would be adsorbed on the feed surface of the hydrogen per-
meation membrane, hindering surface-exchange reactions, thereby affecting the proton
permeation and even corroding the hydrogen permeation membrane, reducing its mechan-
ical strength. In industrial applications, hydrogen permeation membranes are required to
have good resistance to acidic atmospheres. Therefore, the effect of CO; on the hydrogen
permeation and short-term hydrogen permeation stability of the 4:1 YDC-BCY HF membranes
in CO,-containing atmospheres was tested, the result of which is shown in Figure 10.
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Figure 10. (A) Hydrogen permeation fluxes of 4:1 YDC-BCY HF membrane at different temperatures
and CO, concentrations (Hy-He/CO; = 15-15 mL-min !, N + CO5 = 60 mL-min—!); (B) short-term
hydrogen permeation stability of 4:1 YDC-BCY HF membrane.

The results indicated that the increase in hydrogen permeation flux when CO, was
used as the sweep gas was due to the presence of a reverse water—gas shift (RWGS) reaction
on the sweep side, which consumed Hj, reduced the H; partial pressure on the sweep side,
and increased the partial pressure gradient between the feed side and the sweep side. This
reaction is thermodynamically advantageous and may occur on the membrane surface
above 750 °C [33]. CO was also detected in the sweep gas, and water droplets were also
observed in the cold trap used to condense steam in the gas flow to prevent water from
entering the GC. The decrease in hydrogen permeation when CO, was in the feed gas was
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attributed to the adsorption of CO, on the membrane surface, which reduced the surface
active-sites of hydrogen and hindered its adsorption, thereby affecting the surface-exchange
reaction. It was not because the YDC-BCY hydrogen-permeable membrane underwent
a chemical reaction with CO; to generate carbonates, causing irreversible damage to the
membrane structure. Therefore, hydrogen permeation could be restored with the removal
of CO,. This can also be verified via SEM and EDS characterization of the hydrogen-
permeable membrane after the stability test.

In Table 3, the highest Hj flux of the 4:1 YDC-BCY HF membrane in this work is
compared with those of some representative ceramic composite membranes reported in the
literature. As shown, the performance of the 4:1 YDC-BCY HF membrane is comparable
with that of the reported work.

Table 3. Hydrogen permeation flux comparison of 4:1 YDC-BCY HF membranes with reported
composite membranes.

Membrane Composition Thickness (mm) T(C) Feed/Sweep Gas H; Flux (mL min-1 cm~2) Ref.
Ce90Gdo.1003-5-
SI‘CEQ_Q5FEU,0503_5 - 0.7 940 40% Hz/WEt Ar 0.54 [26]
SrFeg.05Ce.0503-5
SrCegs5Feq0503-5- o
SrCep gaFeq oeOng 0.7 900 40% Hy /wet Ar 0.33 [42]
SrZrOs.5-SrFeOs. s 1.0 900 H,/wet Ar 0.048 [43]
BaCe.652102Y01503-5- )

. 7 % H. A 27 44
Gdo15Cens50n.5 0.65 55 Wet 50% H /wet Ar 0 [44]
BaCeg,sEuo,203.5 -Ceoleo_z 02.5 0.5 700 Dry 50% HZ /wet Ar 0.61 [45]
BaCeO,sYolz 03,5 -CE(),ng‘zOz,z; 1.44 900 10% Hz /Ar 0.0744 [39]
BaCes5Fe01503-5- o
BaCe 1sFeq 5505 ¢ 1 950 50% H, /Ar 0.76 [46]
BaCe2Zr07Y0.103.5- o
SroesTinsNb; Os.s 1 700 Wet 50% H, /wet Ar 0.011 [47]
Las5WOq1.25.5-Lagg7S1r0.13CrOs.5 0.37 700 Wet 50% H, /wet Ar 0.15 [48]
CeU_3Y0_202,5 -BaCeo_ng_zO}g 0.2 900 50% Hz /Nz 0.21 This work

3.5. Post-Test Characterization

Figure 11A displays a comparison of the powder XRD patterns of YDC-BCY HF
membranes with a YDC/BCY molar ratio of 4:1 before and after hydrogen permeation tests.
The crystalline phase structure of the YDC-BCY fluorite-perovskite remained unchanged
after hydrogen permeation, indicating stability without new diffraction peaks or phase
alterations. The SEM images in Figure 11B,C show minimal changes to the inner and outer
surfaces of the dual-phase HF membranes (compared with Figure 7(C2,C3)), maintaining
their dense structure. This confirms the membranes’ stability and resistance to high-
temperature reduction in a hydrogen-containing atmosphere.
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Figure 11. (A) Powder XRD patterns and (B,C) SEM images of 4:1 YDC-BCY HF membrane after
hydrogen permeation test: (B) inner surface; (C) outer surface.

In Figure 12, the surface SEM of the sweep side shows that using a mixture of CO,-
containing gas as the sweep gas, the surface morphology of the membrane was no longer
smooth, making it easy to distinguish two-phase particles. The rough particles should
belong to the BCY phase, while the particles that remained smooth should belong to the
YDC phase. However, the membrane surface still maintained a dense structure without
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cracks due to the attack of CO,, which can be attributed to the presence of the YDC phase
limiting the reaction between the BCY phase and CO;. The distribution of the Ba element
on the surface of the sweep side was basically the same as the distribution of small particles
with rough surfaces, indicating that only the BCY phase reacted with CO,, which was
also the reason why the stability of the dual-phase membrane was better than that of the
single-perovskite-phase membrane.

Figure 12. Inner surface SEM image and EDS mapping of 4:1 YDC-BCY HF membrane after hydrogen
permeation stability test.

4. Conclusions

In this work, YDC and BCY ceramic powders were successfully synthesized using
the sol-gel method. Dual-phase YDC-BCY HF hydrogen-permeable membranes were
then fabricated through a combined phase inversion—sintering technique, followed by an
investigation into the membrane performance and influencing factors. The key findings
are outlined below:

e YDC and BCY powders with fluorite and perovskite phases, respectively, were suc-
cessfully synthesized using citric acid-ethylene glycol and glycine as chelating agents,
followed by calcination at 900 °C for 5 h.

e  The addition of 1.0 wt.% Co,03 as a sintering additive significantly lowered the sinter-
ing temperature, resulting in dense YDC-BCY HF hydrogen-permeable membranes
after sintering at 1500 °C for 5 h.

e  Temperature, sweep gas, and molar ratio of YDC/BCY had a significant effect on the
hydrogen permeation flux of HF membranes. At 1000 °C, the HF membrane with
a BCY/YDC molar ratio of 4:1 exhibited the highest hydrogen permeation flux of
0.30 mL min—! em 2, which was 1.5 times higher than that of the HF with a BCY/YDC
molar ratio of 2:1.

e The hydrogen separation efficiency achieved by a single hydrogen-permeable mem-
brane was limited. In future work, integrating multiple hydrogen-permeable mem-
branes and collecting permeated hydrogen by vacuum could enhance the separation
efficiency and purity.
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