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ABSTRACT

Tri-layered “porous | dense | porous” LaggSroCrosFeosOs 5-ZrogaYo0.1602-5 (LSCrF-YSZ)
oxygen transport membranes (OTMs) were fabricated and permeation resistances from
oxygen reduction and evolution reactions were determined by using Hebb-Wagner polar-
ization method after introducing additional electron-blocking YSZ thin layers within the
dense LSCrF-YSZ layers. Adding nano-scale catalysts, i.e. Lag ¢Sr0.4C00.2Fe 3035 (LSCOF) on
air side and Ce gSmg 2049 /Ni (SDC/Ni) on CH, side, into the porous LSCrF-YSZ layers
yielded substantially reduced interfacial polarization resistances, and thereby allowed for
high oxygen permeability at reduced temperatures under the air/CH, gradient, e.g., 1.1 and
43 ml cm 2 min~! at 650 and 800 °C, respectively. Analysis of the impedance spectra
suggest that the oxygen reduction kinetics on air side was probably limited by charge
transfer reaction at T > 750 °C and surface oxygen exchange at T < 700 °C. Meanwhile,

Nanostructures oxygen evolution reactions on CH, side dominated the total resistances to oxygen
Catalysts permeation through the tri-layered OTMs.
© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
- membranes to simultaneously transport oxide ions and elec-
Introduction

trons that allows for selective separation of oxygen from air at
elevated temperatures under large oxygen partial pressure

The last decade has witnessed continuously increased inter-
est in oxygen transport membranes (OTMs) due to their po-
tential applications in oxygen separation [1], CO, capture and
storage [2,3], partial oxidation of methane to syngas [4,5], se-
lective oxidation of light hydrocarbons [6], hydrogen produc-
tion [7], and direct decomposition of NOy [8]. Such an
important versatility stems from the unique feature of the
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gradients [1]. Owing to their high electrical conductivities,
superior oxygen diffusivities and low manufacturing costs,
single phase and oxygen-deficient perovskite oxides (ABO5_;)
have become the state-of-the-art OTM materials, especially
those with Sr/Ba on the A-site and Co/Fe on the B-site such as
SrCop.gFep203_5 [9], LageSrosCoooFeosOs_s [10], and
Bap sSr0.5C00.8F€0203_5 [11,12]. For instances, 1.8 mm thick
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BapsSrosCopsFep 203 3 membranes produced an oxygen
permeability flux of =1.4 mlcm 2 min ' under the gradient of
air/He at 950 °C [11]. Nonetheless, chemical and mechanic
stability of these perovskite oxides has remained problematic
during their long-term operation at the relevant operating
conditions, particularly in the reducing atmospheres or CO,/
SO,/H,0-containing atmospheres. Coating thin and dense
protective layers of doped ceria on these perovskite mem-
branes enhanced their resistances against the reducing or
corrosive gases, with the nominal oxygen permeation flux
only slightly reduced [13]. Partial substitution of the reducible
ions (e.g., Co and Fe) with valence-constant cations (such as
Zr**, Nb>*, Ga®* and AI*") also helped improve their stability,
but inevitably resulted in substantially smaller permeation
fluxes [14].

Another strategy to address the stability issues is to design
dual-phase composite membranes via appropriate choice of the
constituting oxide ionic conductors and electronic conductors
that provide independent pathways to transport oxide ions and
electrons [2,3,15]. A number of dual-phase membranes, such as
Lag gCag 2CrO;_5-CepgSmo 202 5 [16], SmygeSroaAlpsFep ;03 5-
Ceo.855M0.1502_35 [17], Y0.8Ca0.2Cr0 8C00.203_5-Ceg §SMo 2045 [18],
Lag gST02CrosFep sO3_5-Zr0 84Y¥01602-5 (LSCrF-YSZ) [2,4,19,20],
have demonstrated substantially better mechanic and chemi-
cal stability than the common single-phase OTMs under the
harsh or reducing environments. On the other hand, operation
at relatively high temperatures (typically T > 900 °C) was
required for these dual-phase OTMs to achieve acceptable ox-
ygen permeation fluxes (Jo,) due to their poor electronic and
oxide-ionic conductivities [2]. Nevertheless, such high oper-
ating temperature may introduce difficult challenges related to
seals and long-term durability. Reducing the operating tem-
perature below 800 °C can help mitigate these issues, but
inevitably produces substantially smaller J,, values due to
exponentially decreased permeation kinetics. Up to date, very
few of these dual-phase oxygen transport membranes could
meet the targeted Jo, values of 1-10 ml cm ™2 min ™" at reduced
temperatures [1].

Here, we report a nanostructured architecture for oxygen
transport membranes that allowed for high oxygen perme-
ability at reduced temperatures under the air/CH, gradient.
The new architecture featured thin dense LSCrF-YSZ perme-
ation layers sandwiched between two porous LSCrF-YSZ
layers, providing low resistances to bulk oxygen transport.
Surface oxygen exchange resistances were minimized by
coating the pore walls of LSCrF-YSZ scaffolds with nano-scale
Lap 6S10.4C00 2Fe0 8035 (LSCoF) on the air sides and with
Ce.8Smp 019 o/Ni (SDC/Ni) on the methane sides. By intro-
ducing additional electron-blocking YSZ thin films within the
permeation layers, the permeation resistances from bulk ox-
ygen transport and interfacial oxygen reduction or evolution
reactions were for the first time measured by using the Hebb-
Wagner polarization method.

The present unique OTM architecture, i.e., nano-
LSCoF@LSCrF-YSZ | LSCrF-YSZ | nano-SDC/Ni@LSCrF-YSZ,
was designed by taking account of the following observations:

(1) LSCrF and YSZ were chemically and structurally stable
in both oxidizing and reducing environments with
acceptable electronic and ionic conductivities at

700—900 °C [20], respectively. Based upon the thermo-
dynamic calculations, the decomposition oxygen par-
tial pressure of LSCrF (e.g., 6.3 x 10728 atm at 950 °C)
decreased rapidly with decreasing temperature, indi-
cating substantially better stability at reduced temper-
atures [21].

The rigid “porous | dense | porous” tri-layer ceramic
architecture has been actively under investigation in
solid oxide fuel cells (SOFCs), which can be easily scaled
up with the pore structure tailored by selecting different
pore formers [22,23]. Better connectivity of the YSZ
phases within the co-sintered structures facilitated
oxygen transport across the “porous | dense” interfaces.
Additionally, the porous layers increased the densities
of triple-phase boundaries (i.e., the contiguous contact
of electronic, ionic and gas phases), where the oxygen
reduction or evolution reactions occurred [23].

(3) LSCoF oxides were highly active for oxygen reduction
reactions, and have been widely explored as the SOFC
cathodes [24].

SDC/Ni composites can catalyze direct methane oxida-
tion in SOFCs as well as methane reforming
reactions [25].

=
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Experimental

Fabrication of “porous | dense | porous” LSCrF-YSZ
structures

The OTM architecture was based upon tri-layered structures
of “porous | dense | porous” LSCrF-YSZ, which were fabricated
using the tape casting, tape lamination and co-firing tech-
niques. LSCrF powders (Ruier Powder Material Corporation,
China), (Zr02).92(Y203)0.0s (Tosoh Corporation, Japan) and
graphite (Shanshan Technology, China) were used as the
starting materials. The tape casting slurry was xylene based
and consisted of appropriate amounts of dispersing agents,
binders and plasticizers in addition to ceramic powders.
Graphite was added as the fugitive material at 40 wt% relative
to the LSCrF-YSZ ceramic powders for the two porous layers.
The weight ration of LSCrF to YSZ was 58/42. The laminated
green tapes were co-fired at 1410 °C for 4 h to produce the final
tri-layered structures.

Fabrication of nanostructured OTMs

Nano-scale catalysts were coated inside the pore walls of the
porous LSCrF-YSZ scaffolds: CepgSmg201.o/NOi (SDC/NiO) on
the fuel side and Lag ST 4C0p 2Fe 8035 (LSCOF) on the air side.
The mixed nitrate solutions of Ni(NOs),, Sm(NOs); and
Ce(NOs); at stoichiometric ratios (SDC:Ni = 80:20 wt) were
impregnated into one of the porous LSCrF-YSZ scaffolds while
the opposite scaffolds were impregnated with an aqueous
solution containing La(NOs)s, Sr(NOs),, Co(NO3),, Fe(NOs)3, and
citric acid at molar ratios of 0.6:0.4:0.2:0.8:3, followed by cal-
cinations at 850 °C in air for 2 h. Multiple impregnation/firing
cycles were usually used in order to introduce a sufficient
amount of catalysts into the LSCrF-YSZ scaffolds.
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