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PUBLIC SUMMARY

A triple conducting membrane was derived from automatic phase-separation of a single precursor.

= Protonic and electronic permeation can be efficiently cooperated with the counter-permeation of oxygen ions.

The moderate reduction of Ce and Ti ions endows the membrane with robust stability under reducing atmospheres.

This membrane delivers exceptional performance in both of hydrogen permeation flux and chemical stability.
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Hydrogen-permeable ceramic membranes with low cost and infinite hydro-
gen selectivity are promising for hydrogen purificiation. A major challenge
in this field is the scarcity of membrane materials with both high hydrogen
permeability and excellent chemical stability under practical conditions.
Here, we report a tailored triple-conducting (H*/0*/e’) membrane consist-
ing of a mixed oxygen-ionic and electronic conducting phase Ceq4Gdg;0,.5
(CGO), a primarily proton-conducting phase Gd,Sr;Ti,Ce;,0;5 (GSTCe)
and a primarily electron-conducting phase Gd,Sry.,Ce,Ti;.,05.5 (GSCTi),
The three-phase membrane is derived from the automatic phase-separa-
tion of a single precursor with a nominal compositon of Ce;qGdy;0,.5-
Gdg;SrgqCeq5Tig505.5. Benefiting from the homogeneous distribution of
three phases and the moderate reduction of Ce and Ti ions under reducing
atmospheres, proton and electron transport in the CGO-GSTCe-GSCTi
membrane efficiently cooperates with the counter-transport of oxygen ions
originating from water splitting, thus achieving an exceptional hydrogen
permeation flux of 5.62 cm® min™ cm™ and maintaining excellent stability of
= 300 h under harsh conditions containing H,0, H,, CO, and H,S. This work
paves a new way for designing advanced ceramic membranes for high-
purity hydrogen production.

INTRODUCTION

Hydrogen is a clean and efficient energy carrier that has attracted increas-
ing attention over the past decades.'™ To date, about 96% of global hydrogen
is produced from fossil fuels, which also contains significant concentrations
of impurities such as CO,, CH,, CO and H,S."* These impurities can severely
compromise the performance and suitability of hydrogen for its intended
applications such as fuel cells. Therefore, hydrogen purification is essential to
enable its broad adoption across energy and industrial sectors. Membrane-
based gas separation offers notable energy efficiency advantages for hydro-
gen purification, yet traditional polymetric membranes are often hindered by
the inherent trade-off between permeability and selectivity. Although Pd-
based membranes exhibit excellent selectivity toward H,, their high cost
remains a major limitation for their widespread applications. Thus, it is imper-
ative to develop advanced separation membranes with low cost and high
efficiency.

On the other hand, ceramic hydrogen-permeable membranes with mixed
protonic-electronic conductivity have shown a great promise for hydrogen
purification, owing to their advantages of high thermal stability, cost effi-
ciency and infinite hydrogen selectivity.”'? For instance, Serra et al reported
that high-purity hydrogen (>39.9995%) can be obtained from steam methane
reforming in a single-stage process with near-zero energy loss by using a
BaZrOs-based hydrogen-permeable membrane.®'” However, perovskite-type
oxides such as (Ba, Sr)ZrOs a family of prototypical hydrogen-permeable
membranes, often suffer from low hydrogen permeation flux (< 0.05 cm?®
min™" cm™) due to their limited electronic conductivity."'® To enhance the
electronic conductivity of these membranes, substantial efforts have been
devoted to either doping transition metal ions (e.g. Fe*”* or Co*”*") into the B-
sites of perovskite oxides or adding a secondary metallic phase (e.g. Ni or Pd)
as an electronic conductor.'™ Although significantly enhanced hydrogen
permeation fluxes (e.g. 1.25 cm® min™ cm™ for Pd-BaCeg 4Zry4Gdg 1DYq103.5)

were achieved, these metal-containing composite membranes often show
poor thermochemical stability, such as mismatched thermal expansion and
inevitable hydrogen embrittlement issue in hydrogen-containing atmo-
spheres. The chemical stability of such membranes has been enhanced to
some extent by developing ceramic-ceramic dual-phase composites,”
such as BaCeg,Zro7Yq105.5-Srog5 TigoNDg105.5.”" Nevertheless, the formation
of miscellaneous phases resulting from undesired cation diffusion in these
composites often restricts the transport of protons and electrons, thus
depressing the hydrogen permeation flux (e.g., only 0.074 cm?® min™' ¢cm™2).%
Recently, Wang et al. developed a novel auto-separation strategy that enables
the formation of a well-percolated network of electronic and protonic
conducting phases (BaCeg sFeggs03.5-BaCeggsFeq15055), resulting in an
improved hydrogen permeation flux of 0.76 cm® min™ cm™ at 950 °C.”’
Unfortunately, the above Co- and Fe-containing composite membranes
generally show poor chemical stability in fossil-derived hydrogen atmo-
spheres containing CO, CO, and H,S, due to the deep reduction of cobalt and
iron ions (Co*"* — Ca®, Fe™** — Fe"), leading to membrane structure degra-
dation.”” Therefore, a major challenge in developing high-performance
hydrogen-permeable membranes is to design of membrane materials that
enable precise regulation of the percolating network, well-matched conduc-
tivities and robust chemical stability under atmospheres containing H,, CO,
and stlzan—e'/

Departing from traditional dual-phase composite membranes with mixed
H*/e” conductivity for hydrogen separation (Figure 1A), herein, we propose a
three-phase membrane with synergistic triple (H*/0%*/e") conductivity by
introducing a typical oxygen ionic conductor, Ce;qGdy;0,.5, into a chemically
stable mixed protonic-electronic conductor (6STCe-GSCTi) via an automatic
phase-separation approach, as shown in Figure 1B. In the resulting compos-
ite membrane, the homogeneously distributed Ce;4Gdy;0,.5 phase not only
shows good chemical compatibility with the other phases but also provides
extra oxygen vacancies and electrons, thereby synergistically facilitating the
simultaneous transport of 0> and H* throughout the membrane. When the
opposite sides of such triple-conducting membrane are subjected to low-
purity hydrogen (e.g. industrial by-product hydrogen) and steam, respectively,
in-situ hydrogen removal as protons occurs across the membrane. Concur-
rently, an extra hydrogen is produced via water splitting, coupled with reverse
0% transport, thus an exceptional overall hydrogen production flux can be
achieved.

RESULTS

To demonstrate our concept, we employed 60 mol % CeyqGdy;0,.5 -40
mol % GdySroeCesTins0s5 (CGO-GSCT) as the precursor composite for
fabricating the triple-conducting membrane via automatic phase separation
strategy (Figure S1). The selection of GSCT was motivated by three key
considerations. First, it was found that GSCT could auto-decompose on
calcination into two homogeneously dispersed oxides: a cerium-rich
perovskite (GSTCe) with predominant protonic conductivity and a titanium-
rich perovskite (GSCTi) with predominant electronic conductivity (Figure S2).
This in situ phase-separation process potentially overcomes the percolation
network issue commonly encountered in conventional composite
membranes prepared by physical mixing method. Second, Ce- and Ti-based
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Figure 1. Design of the three-phase composite membrane with H'/ 0%/ e conductivity (A) Schematic illustration of hydrogen permeation in a traditional dual-phase
membrane with H" and e” conductivity; (B) Schematic illustration of efficient hydrogen production by using a new three-phase membrane with synergistic H'/ 0*/ €™ conductivity.

oxides exhibit excellent chemical stability under reducing atmospheres
compared to traditional Co- or Fe-based oxides.” Third, CGO is chemically
compatible with GSCT and shows favorable 0*/e” conductivity under reduc-
ing atmospheres,™ ™ thereby expected to endow the resulting CGO-GSTCe-
GSCTi composite with synergistic H*/ 0% /e~ conductivity. ™'

After a single calcination process, the stoichiometric precursor automati-
cally separated into three distinct phases. As shown in Figure 2A-D, Rietveld
refinement of the X-ray diffraction (XRD) data, high resolution transmission
electron microscopy (HRTEM), back-scattered electron microscopy (BSEM)
and corresponding energy-dispersive X-ray spectroscopy (EDX) collectively
confirm the homogeneous distribution of the three phases resulting from the
auto-separation of a single CGO-GSCT precursor. Rietveld refinement of the
XRD pattern (Figure 2A and Table S1) indicates that the calcined membrane
was composed of three phases, cubic fluorite CGO (space group: Fm-3m,
649 Wt% a = b = c= 54427 A PDF#046-0507), orthorhombic Ce-rich
perovskite Gd,Sry,Ti,Ce;,035 (GSTCe, space group: Pbnm, 16.0 wt.%, a
=5.9998, b =6.1373 and ¢c=8.5715 A, PDF#023-1412), and cubic Ti-rich
perovskite Gd.,Sry.mCe,Tiy.,04.5 (GSCTI, space group:Pm-3m, 19.1 wt.%, a = b
= ¢= 39069 A PDF # 086-0177). This three-phase formation is further
evidenced by HRTEM analyses (Figure 2B and Figure S3), which show inti-
mately intermixed CGO, GSTCe and GSCTi phases with no detectable
secondary phases at their interfaces. Based on EDXS analyses (Figure S4
and Table S2), the nominal average compositions of the resulting GSCTi,
GSTCe and CGO phases are close to GdypsSroguCeossTinesOs-s
GdosSragsTin11C€0g903.5 and  CeggsGdyq50,.5 respectively. Furthermore,
BSEM images combined with EDXS line scanning and elemental mapping
(Figure 2C-D, Figure S5 & S6) reveal that the CGO phase (bright grains), Ce-

rich GSTCe phase (pale gray grains) and Ti-rich GSCTi phase (dark grains)
distribute uniformly in the composite, forming a well-percolated network.
TEM and EDXS mapping (Figure 2E) also confirm that the GSTCe crystallites
are rich in Ce and deficient in Ti, whereas GSCTi crystallites are characterized
by a substantial enrichment in Ti along with Ce ions doping. Overall, these
results indicate that the initial ceramic precursor with the composition
CepoGdy10,.5-Gdy1SroeCeqsTigs055 could auto-decompose on calcination
into three thermodynamically stable oxides with a fluorite-structured CGO, an
orthorhombic Ce-rich perovskite GSTCe, and a cubic Ti-rich perovskite
GSCTi. It is well known that doped SrCeO;5 is a proton-dominated mixed
protonic and electronic conductor,'” doped SrTiOs 5 is an electron-dominated
mixed oxygen ionic and electronic conductor, while CGO features mixed
oxygen ion and electron conductivity under reducing atmospheres.**
Therefore, the hybrid triple-phase CGO-GSTCe-GSCTi membrane is expected
to exhibit synergistic triple (H'/0%/e’) conduction, rendering it a promising
candidate for high-performance hydrogen production.

As a prerequisite for the practical use of hydrogen-permeable ceramic
membranes, the chemical stability of the CGO-GSTCe-GSCTi composite
membrane under H, atmosphere was evaluated. The in-situ high-tempera-
ture XRD (HT-XRD) patterns and BSEM images (Figure 3A and Figure S7) of
the membrane clearly indicate that the phase composition of the CGO-
GSTCe-GSCTi membrane remained unchanged after H,-treatment, still
maintaining its original triple-phase feature (CGO, GSTCe and GSCTi) even
though the annealing temperature was increased up to 900 °C. Furthermore,
the phase structure was unchanged after treatment in wet hydrogen atmo-
sphere (Figure S8). Thus, the triple-phase system of the composite
membrane was chemically stable under H,-containing atmosphere in the
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Figure 2. Phase composition and micromorphology of the CGO-GSTCe-GSCTi composite membrane (A) Rietveld-refined XRD profiles of the membrane after sintering at 1450
°C for 10 h; (B) HRTEM images; (C-D) BSEM images and corresponding EDXS line-scan analyses along the red line in the BSEM image; (E) TEM-EDX elemental mapping of the

sintered composite membrane (The dashed lines are shown for guidance only).

entire temperature range from 25 to 900 °C. This stability is further supported
by the closely matched thermal and chemical expansion coefficients derived
from the in-situ XRD data: CGO (4.131x107%/K), GSTCe (4.740x10°%/K) and
GSCTi (2.807x107%/K). Meanwhile, the excellent chemical stability of CGO-
GSTCe-GSCTi can be also emphasized by the comparison with those of a
conventional Fe-containing membrane. Due to the deep reduction of iron ions
(Fe"® — Fe% under reducing atmosphere, the Fe-rich GSCFe phase was
seriously decomposed and the Fe-contained Ce-rich GSFCe was clearly
corroded after H, treatment at 900 °C for 10 h (Figure 3B and Figure S9 &
S10). These findings collectively demonstrate that the Co/Fe- free CGO-
GSTCe-GSCTi membrane shows superior reduction tolerance compared to
prevalent Fe-containing membranes, which will encourage outstanding long-
term operational stability in practical hydrogen-containing atmospheres.
Apart from its robust chemical stability, the hydrogen permeation perfor-
mance and mixed conducting properties of the three-phase membrane were
deeply investigated. As shown in Figure 4A, the hydrogen permeation fluxes
of the dual-phase membrane GSTCe-GSCTi (with 0% CGO) and the three-
phase CGO-GSTCe-GSCTi membranes were measured under a H, / wet He
gradient across the membranes. A low hydrogen permeation flux of 0.1
cm® min™' cm™ was obtained at the He side for the dual-phase mixed
protonic-electronic (H*/e’) membrane GSTCe-GSCTi (0% CGO), which was
primarily ascribed to the sole contribution of proton transport for hydrogen
production through the membrane. In contrast, after introducing the CGO
phase into the GSTCe-GSCTi membrane via an automatic phase-separation
strategy to form the three-phase membrane, a significantly increased hydro-

gen permeation fluxes up to 0.40 and 0.55 cm® cm™ cm™ were achieved
when the molar fractions of CGO phase in the three-phase membrane were
30% and 60%, respectively. Therefore, the enhanced hydrogen production
rates may be attributed to the synergistic triple (H/0*/e) conductivity
enabled by the introduction of CGO into the GSTCe-GSCTi membrane.

In order to elucidate the origin of the enhanced hydrogen production, the
oxygen and hydrogen permeabilities of the CGO-GSTCe-GSCTi composite
membrane were separately investigated (Figure S11). An oxygen permeation
flux of 0.0 cm® min™" cm™ under an Air/He gradient and a hydrogen perme-
ation flux of 0.05 cm® min™ cm™ under a wet H,/dry He gradient were
observed, respectively. These results confirm that the CGO-GSTCe-GSCTi
membrane simultaneously enables the transport of proton (H*), electron (e")
and oxygen ions (0%) at elevated temperature under corresponding chemical
potential gradients of oxygen and hydrogen across the membrane.”*
Combined with the obviously enhanced hydrogen production rates due to
CGO addition in Figure 4A, it can be deduced that the CGO phase as a typical
oxygen ionic conductor endows CGO-GSTCe-GSCTi membrane with simul-
taneously protonic, electronic and oxygen ionic conductivities under a H,/wet
He gradient. Therefore, in-situ hydrogen removal as proton through the
membrane is accompanied by an extra hydrogen production from water
splitting coupled with reverse oxygen ion transport, collectively resulting in
the enhanced overall hydrogen production rate. In this context, to obtain a
deep insight into the bonus of the CGO phase in the CGO-GSTCe-GSCTi
composite membrane, characterizations techniques including oxygen
temperature-programmed desorption (0,-TPD) and electron paramagnetic
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Figure 3. Chemical stability of the CGO-GSTCe-GSCTi composite membrane under a H, atmosphere (A) In-situ high temperature XRD patterns of the CGO-GSTCe-GSCTi
membrane under a H, atmospheres, along with BSEM images of the membrane before and after treatment under 20 vol.% H, at 900 °C for 10 h; (B) XRD patterns of the Fe-

containing CGO-GSFCe-GSCFe membrane before and after the same H, treatment.
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Figure 4. CGO-GSTCe-GSCTi composite membrane with synergistic triple (H*/0%*/e’) conductivity (A) Influence of CGO content on the hydrogen permeation flux of the
composite membrane; (B) 0,-TPD profiles of GSTCe, GSCTi and CGO-GSTCe-GSCTi samples; (C) EPR profiles of GSTCe, GSCTi and CGO-GSTCe-GSCTi samples; (D) H,-TPR
results of CGO, GSTCe-GSCTi and CGO-GSTCe-GSCTi samples; (E) In-situ XPS spectra of the Ce 3d level in the CGO-GSTCe-GSCTi sample under H, atmosphere at 25, 500 and

900 °C.

resonance (EPR) were employed. As shown in Figure 4B, both GSTCe and
GSCTi oxides exhibited only weak, broad oxygen desorption peaks as the
temperature increased from 500 to 900 °C within 40 minutes, with corre-
sponding O, desorption amounts of 5.6 cm® g™ and 3.8 cm® g™', respectively.
In contrast, after introducing CGO into the GSTCe-GSCTi oxide, a sharp and
intense desorption peak was observed at 870 °C, accompanied by a substan-
tial oxygen desorption of 17.8 cm® g™'. Moreover, the obviously enhanced
oxygen desorption rate of 26.7 cm?® g™ h™' for the tailored three-phase oxide,
compared to those of the individual phases (8.4 cm?® g™ h™' for GSTCe and
5.7 cm® g™ h™' for GSCTI), can be attributed to the synergistic effect induced
by the CGO introduction. These results also indicated that the lattice oxygen
inthe CGO-GSTCe-GSCTi composite became more active than that in GSTCe-

GSCTi,**“* implying a lower oxygen vacancy formation energy and a higher
oxygen vacancy concentration in CGO-GSTCe-GSCTi, as evidenced by EPR
and thermogravimetry (TG) results (Figure 4C and Figure S13). On the other
hand, according to the H,-TPR profiles in Figure 4D and Figure S14, CGO
introduction caused much more hydrogen consumption for CGO-GSTCe-
GSCTi compared to GSTCe-GSCTi. This should be attributed to the moder-
ate reduction of Ce* ions under a reducing atmosphere, as evidenced by the
in-situ XPS of the Ce 3d level in the CGO-GSTCe-GSCTi (Figure 4E).““** The
significantly increased Ce* proportion relative to air exposure not only
confirms the reduction of Ce ions,™" but also correlates well with the
concurrently enhanced electrical conductivity of the Ce/Ti-based membrane

3

under the reducing atmospheres (Figure S12).% These comprehensive analy-
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ses demonstrate that the CGO introduction not only endows the CGO-GSTCe-
GSCTi membrane with additional oxygen-ionic conductivity, but also
enhances its electronic conductivity. This synergy enables in-situ removal of
oxygen from water splitting, thereby facilitating an extra hydrogen production
beyond the hydrogen flux ascribed to proton transport across the membrane.

Taken together, the in-situ and ex-situ characterization results clearly
demonstrated that the auto-separated three phases in the CGO-GSTCe-
GSCTi composite were homogeneously distributed with a uniform percola-
tive network. Benefiting from the oxygen-ionic conductivity and the moderate
reduction of Ce* ions in the CGO phase in reducing atmospheres, introduc-
ing CGO into the GSTCe-GSCTi membrane boosts the synergistic triple
(H*/0*/e") conductivity of the resulting three-phase composite membrane.
Based on these observations, the hydrogen permeation process through the
CGO-GSTCe-GSCTi membrane can be inferred. When the opposite sides of
the membrane are subjected to low-purity hydrogen (feed side, with rela-
tively lower pO, and higher pH,) and steam (sweep side, with relatively higher
pO, and lower pH,), respectively, as shown in Figure 5, hydrogen is trans-
ported as protons (H") across the membrane from the feed side to the sweep
side (Part 1, representing the hydrogen separation process). In the meantime,
oxygen generated from H,0O dissociation at the sweep side counter-passes
as oxygen ions (0%) through the membrane to oxidize the low-purity hydro-
gen at the feed side (Part 2, representing the oxygen separation process). To
maintain electrical neutrality, the proton and oxygen ion flows are charge-
compensated by a simultaneous flow of electrons through the homoge-
neously distributed CGO, GSTCe and GSCTi phases. As a result, an enhanced
hydrogen production rate is achieved at the sweep side, originating from both
the hydrogen permeation through the membrane (Part 1) and an extra hydro-
gen production from water splitting (Part 2).

Hydrogen purification was carried out using the rationally designed triple-
conducting CGO-GSTCe-GSCTi membrane. As shown in Figure 6A, the
hydrogen production rate of CGO-GSTCe-GSCTi membrane remained stable
during an approximately 140-hour test under a steam/low-purity H, gradient.
Subsequently, H,S and CO, were successively introduced to the feed side,
and the CGO-GSTCe-GSCTi membrane continued to operate stably for
another 120 h without obvious performance degradation. Once H,S and CO,
were shut off, the hydrogen production rate recovered to its original level and
remained stable for 50 hours until the test was manually terminated. These
results indicate that the CGO-GSTCe-GSCTi membrane is stable under harsh
conditions containing H,0, H,, CO, and H,S which are the main constituents

of coke oven gas (COG) in the steel industry, and is therefore expected to be a
promising candidate for upgrading fossil fuel-derived hydrogen. In order to
further improve the hydrogen production rate, asymmetric CGO-GSTCe-
GSCTi membranes with porous catalytic layers were prepared (Figure S15 &
S16 and Table S3). After the investigation on the operating temperature and
hydrogen concentration in the feed stream (Figure 6B), an exceptional hydro-
gen production rate of 5.62 cm? min™' cm™ was achieved at 940 °C. The rela-
tively low activation energy (E,) derived from Figure 6B suggests a reduced
energy barrier for ionic transport in the present membranes (Table S4).
Furthermore, the membrane exhibited stable operation of 240 h at 920 °C
under the same harsh operating conditions (Figure ST17 & S18) until the test
was manually terminated. To the best of our knowledge, this is the first
ceramic membrane material which possesses both excellent chemical stabil-
ity and high hydrogen production performance. As summarized in Figure 6C
and Table S5, the hydrogen production rate of our CGO-GSTCe-GSCTi
membrane is significantly higher than those of existing typical hydro-
gen-permeable ceramic membranes, including single-phase membranes
(e.9. SrCeyg5Y00503.5 BaZrggFeq;05.5), metallic-ceramic composite membr-
anes (e.g. Ni-BaCey-Zry,Yp,1Ybg1055), and ceramic-ceramic composite
membranes (BaCeg gsZrg2Y01503-5-CE0gGdg 0p-g). 22 20324560

CONCLUSION

In summary, a novel three-phase ceramic membrane with triple H*/0* /e”
conductivity has been developed by readily introducing a mixed O?/e”
conductor CGO into a dual-phase H*/e” conductor GSTCe-GSCTi via the auto-
separation of a precursor. Benefiting from the homogeneous distribution of
the three phases and the moderate reduction of Ce/Ti ions under reducing
atmospheres, proton and electron permeation in the CGO-GSTCe-GSCTi
membrane can be efficiently cooperated with the in-situ removal of oxygen
ions derived from water splitting. This synergistic mechanism results in an
outstanding hydrogen production rate of 5.62 cm?® min™ cm™, surpassing the
performance of other state-of-the-art (Ba,Sr)(Zr,Ce)Os-based hydrogen-
permeable ceramic membranes. Furthermore, the membrane displays excel-
lent durability over approximately 300 hours of continuous operation under
harsh conditions containing H,0, H,, CO, and H,S, with no noticeable perfor-
mance degradation. This study provides a promising design strategy for
developing high-performance hydrogen-permeable membranes for hydro-
gen purification. It is also expected to inspire further advances in mixed-
conducting materials for energy-related applications, such as membrane
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Figure 6. Hydrogen permeation performances (A) Long-term stability of CGO-GSTCe-GSCTi membrane at 920 °C under four different service conditions. The insets show a
schematic diagram of hydrogen production by using a CGO-GSTCe-GSCTi triple-conducting membrane, and a table showing the operation conditions of the membrane; (B)
Effects of H, concentration on the feed side and operating temperature on hydrogen permeation flux by using CGO-GSTCe-GSCTi membranes, feed side: 50 cm?® min™" mixture
gas (60 vol.% H, diluted by Ar), sweep side: 35 cm® min™' H,0 balanced by 75 cm?® min™' He; ¢) Comparison of hydrogen permeation fluxes of ceramic membranes including single
ceramics, ceramic-metallic as well as ceramic-ceramic composites, the details of membranes can be found in the Table S5.

reactors, gas sensors and solid oxide cells. Nevertheless, practical imple-
mentation of these devices will necessitate continued efforts to overcome the
remaining hurdles in catalyst design and membrane fabrication.
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