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Preface

The results given in this thesis were achieved in the period of my Ph.D. study, since Oct. 2013, at
the Institute of Physical Chemistry and Electrochemistry at the Gottfried Wilhelm Leibniz
Universitdt Hannover, under the supervision of Prof. Dr. Armin Feldhoff. In this time, I have been
a scientific co-worker with subject on dense ceramic oxygen- as well as hydrogen-separating
membranes. Seven research papers, in which I am the first author or second author, are included in
this thesis. The following statement will clarify my contribution to the seven articles collected in
this thesis. For all these articles, I would like to thank the valuable discussions and suggestions
from the co-authors and the referees. Special thanks for their kind help and instructions are to Prof.
Dr. Jiirgen Caro, Prof. Dr. Haihui Wang, Prof. Dr. Henny J. M. Bouwmeester and Prof. Dr. Yanying
Wei.

Four articles, studying the dense ceramic oxygen-permeable membranes, form chapter 2 of this
thesis. The first article, The phase stability of the Ruddlesden-Popper type oxide
(Pro.oLao.i)2.0Nio.74Cuo21Gao.osO4+s in an oxidizing environment, published in the Journal of
Membrane Science, was written by me and modified by all the co-authors, especially Prof. Dr.
Haihui Wang and Prof. Dr. Armin Feldhoft. The materials synthesis and permeation test were done
by myself. And I obtained technical support on in-situ XRD characterizations by Alexander
Wollbrink. The second paper, 4 new CO:z-resistant Ruddlesden-Popper oxide with superior oxygen
transport: A-site deficient (Pro.sLao.1)1.9(Nio.74Cuo.21Gao.0s)O4+s5, published in the Journal of
Materials Chemistry A, was written by me. The materials were prepared by myself and the oxygen
permeation measurements were complete by Dr. Liao and me. Moreover, 1 got support from Dr.
Wei Chen and Prof. Dr. Henny J.M. Bouwmeester for oxygen content test and the theoretical
explanation for the influence of A-site deficiency on the oxygen transport. I wrote the first draft,
the co-authors helped in correcting and improving the manuscript. The third article, Improvement
of the oxygen permeation and stability of Ruddlesden-Popper-type membrane by surface
modification, which has been submitted to the Journal of Membrane Science, was written by me.
The materials were synthesized by myself, and the oxygen permeation measurements were done
by Yanpeng Suo and me. I obtained support on the thermogravimetry tests by Li Chen. The fourth
paper, Ambient air partial internal reduction of NiO in a mixed ionic-electronic conducting ceramic,
published in the Journal of the European Ceramic Society, was written by me. I got technical and
theoretical support from Prof. Armin Feldhoff.

Three articles, about dense ceramic hydrogen-permeable membrane reactors, are collected in
Chapter 3. The first two articles, Enhanced stability of Zr-doped Ba(CeTb)O3-s-Ni cermet
membrane for hydrogen separation, which has been published in the Chemical Communications,
and Hydrogen permeability and stability of BaCe.s5Tbo.05Zro.10s.s asymmetric membranes, which
has been published in the Journal of Membrane Science, with my colleague Prof. Dr. Yanying
Wei being the principal author. My contribution was to carry out hydrogen permeation
measurements and to share experimental knowledge. The third paper, Gas to liquids: Natural gas
conversion to aromatic fuels and chemicals in a hydrogen-permeable ceramic hollow-fiber
membrane reactor, which has been published in ACS Catalysis, was written by me. The catalysis
measurements and characterizations were conducted by me. And I got help from Prof. Dr. Yanying
Wei and Prof. Dr. Jiirgen Caro on correcting and improving the manuscript. The hollow-fiber
membrane employed in this work was prepared by Dr. Yan Chen.
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Abstract

Dense ceramic membranes with mixed conductivity for oxygen ions and electrons or protons and
electrons enable the separation of oxygen or hydrogen, respectively, from gas mixtures with
unrivalled selectivity when a chemical potential gradient of oxygen or hydrogen is applied at high
temperature. These membranes have attracted increasing interest due to their potential applications
in gas sensors, oxygen or hydrogen pumps, gas separation units and catalytic membrane reactors.
For industrial applications, the dense ceramic membranes should possess a high permeation flux,
good phase stability and good chemical stability under the practice conditions. Based on these
requirements, this thesis presents seven original research articles, in which oxygen-permeable
membranes and hydrogen-permeable membranes were investigated, respectively. A general
fundamental overview on the separation process, materials, preparation and applications of dense
ceramic membranes is depicted in Chapter 1.

Chapter 2 focuses on the development of oxygen-permeable membranes with good separation
performance. The Ruddlesden-Popper oxide (Pro.9Lao.1)2.0Nio.74Cu021Gao0504+5 possesses good
chemical stability under CO;-containing atmosphere, while its permeation flux is low and it
demonstrates a reversible phase decomposition at intermediate temperature. As proven by in-situ
X-ray diffraction, the phase decomposition conditions as function of temperature and oxygen
partial pressure were examined. The influence of calcination temperature and A-site deficiency on
the material’s phase stability are discussed to guide the development of Ruddlesden-Popper type
materials with improved phase stability. The A-site deficient Ruddlesden-Popper oxide
(Pro.9Lao.1)1.9Nip.74Cu021Gag.0504+5, which was developed in this work, exhibits stable and twice
higher oxygen transport rate compared to its cation-stoichiometric parent phase. The high oxygen
transport rate is attributed to highly mobile oxygen vacancies, which compensate the A-site
deficiency. To further improve the oxygen permeation flux and the phase stability of the A-site
deficient Ruddlesden-Popper membrane, a catalytic layer was coated on the membrane surfaces.
The modified membranes show both enhanced permeability and phase stability under practice-
relevant conditions. In course of membrane preparation, during the cooling process in ambient air,
partial internal reduction of NiO precipitates was firstly observed in a mixed ionic-electronic
conducting oxide. No highly reducing atmosphere is needed. Instead the mixed ionic-electronic
conducting oxide acts as local oxygen sink.

Chapter 3 includes the development of stable hydrogen-separating membranes and the application
of hydrogen membrane reactor in nonoxidative dehydroaromatization of methane. Among the
reported hydrogen-permeable membranes, Ni-BaCeo.0sTbo.05O3-5 1s a state of the art material due
to its good hydrogen permeability, while it bears a phase segregation, which results in a sharp
decline to half the hydrogen permeation flux after a few days of operation. Remarkably enhanced
phase stability and good hydrogen permeation flux could be achieved through a Ni-
BaCeo.85Tbo.05Zr0.103-5 cermet membrane, which was developed by partial substitution of Ce with
Zr. Moreover, the Zr-doped BaCeos5Tbo.0sZr0.1035 hydrogen-permeable membrane was firstly
reported, which can be steadily operated for hydrogen separation for more than two weeks. To
overcome the thermodynamic constraints, a hydrogen-permeable ceramic hollow-fiber membrane
was combined with the nonoxidative methane dehydroaromatization reaction, which could in-situ
remove the produced hydrogen so that the methane conversion and aromatics yield were improved.

Keywords: dense ceramic membrane, oxygen separation, hydrogen separation, catalytic
membrane reactor.






Zusammenfassung

Gasdichte keramische Membranen mit gemischter Leitfdhigkeit fiir Sauerstoffionen und
Elektronen oder Protonen und Elektronen ermdglichen die Abtrennung von Sauerstoff oder
Wasserstoff aus Gasgemischen mit unerreichter Selektivitdt, wenn bei hoher Temperatur ein
chemischer Potentialgradient des Sauerstoffs oder Wasserstoffs angelegt wird. Wegen ihrer
Anwendungsmoglichkeiten in Gassensorik, Sauerstoff- oder Wasserstoffpumpen, Gastrennvor-
richtungen und katalytischen Membranreaktoren, erfahren diese Membranen ein wachsendes
Interesse. Fiir industrielle Anwendungen miissen die gasdichten keramischen Membranen einen
hohen Permeationsfluss (von Sauerstoff bzw. Wasserstoff), eine gute Phasenstabilitit sowie eine
gute chemische Stabilitét unter praxisrelevanten Bedingungen aufweisen. Die vorliegende Schrift
biindelt sieben Forschungsartikel, in denen sauerstoffdurchldssige und wasserstoffdurchlissige
Membranen im Lichte der zuvor geschilderten Erfordernisse behandelt werden. Kapitel 1 gibt
einen grundlegenden Uberblick iiber Gastrennprozesse sowie keramische Membranmaterialien,
Membranherstellung und Membrananwendungen.

Kapitel 2 ist auf die Entwicklung sauerstoffpermeabler Membranen mit guten Trenneigenschaften
fokusiert. Das Ruddlesden-Popper-artige Oxid (Pro.9Lao.1)2.0Ni0.74Cu021Gao.0s04+5 hat eine gute
chemische Stabilitit in CO»-haltiger Atmosphdre, wohingegen sein Sauerstoffpermationsfluss
maifig ist und im mittleren Temperaturbereich eine reversible Phasenzersetzung auftreten kann.
Mittels in-situ Rontgenbeugung bei Variation der Temperatur und des Sauerstoffpartialdrucks
wurden Stabilititsfenster bestimmt. Untersuchungen zum Einfluss der Kalzinierungstemperatur
und der A-Gitterplatz-Kationenunterstochiometrie fiihrten zur Entwicklung des A-Platz-unter-
stochiometrischen Ruddlesden-Popper-Oxids (ProoLao.1)1.9Nio.74Cu0.21Gao0504+5, welches eine
stabile und doppelt so hohe Sauerstofftransportrate aufweist wie die kationenstochiometrische Aus-
gangsphase. Die hohe Sauerstofftransportrate konnte auf die hohe Mobilitdt von Sauerstoffleer-
stellen zurlickgefiihrt werden, die die A-Platz-Unterstochiometrie kompensieren. Durch eine Mo-
difizierung der Membranoberflichen mit einer pordsen katalytischen Schicht konnten eine
nochmals verbesserte Sauerstoffpermeation sowie Phasenstabilitdt unter praxisrelevanten Be-
dingungen erreicht werden. Im Zuge der Membranherstellung konnte wiahrend des
Abkiihlprozesses in Umgebungsluft erstmals eine partielle innere Reduzierung von NiO-
Ausscheidungen in einer sauerstoffionisch-elektronisch gemischtleitenden Oxidmatrix, die als
lokale Sauerstoffsenke wirkt, beobachtet werden. Hierbei ist keine stark reduzierende Atmosphére
erforderlich.

Kapitel 3 behandelt die Entwicklung stabiler Wasserstofftrennmembranen und deren Anwendung
in einem Membranreaktor zur nicht-oxidativen Dehydroaromatisierung von Methan. Unter den
wasserstoffpermeablen Membranen stellt Ni-BaCeo.95Tbo.0sO3.5 den Stand der Technik dar. Es hat
eine gute Wasserstoffpermeabilitét aber ist anféllig fiir eine Phasensegregation, die zu einem Abfall
des Wasserstoffpermeationsflusses auf die Hilfte innerhalb weniger Tage des Betriebs fiihrt. Durch
die partielle Substitution von Ce durch Zr, hin zu einer Ni-BaCeo.85Tbo.05Z10.103.5 Komposit-
membran, konnte eine verbesserte Phasenstabilitét bei gutem Wasserstoffpermeationsfluss erreicht
werden. Zudem ermoglichte die erstmals berichtete Zr-dotierte BaCeo.s5Tbo.05Zr0.103-5-Membran
einen stabilen Betrieb von mehr als zwei Wochen. In einem Membranreaktor konnte mit einer
wasserstoffpermeablen Hohlfasermembran die nicht-oxidative Dehydroaromatisierung von
Methan demonstriert werden, welche auf der in-situ-Entfernung des erzeugten Wasserstoffs beruht
und die Aromatenausbeute in der Methanumsetzung deutlich erhoht.

Schlagworter: gasdichte keramische Membran, Sauerstoffabtrennung, Wasserstoffabtrennung,
katalytischer Membranreaktor.
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Mixed protonic and electronic conducting
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Oxidative coupling of methane
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Partial oxidation of methane
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Ruddlesden-Popper oxide

Gas chemical potential

Temperature

Reference gas partial pressure

Gas partial pressure in the feed side
Gas partial pressure in the sweep side
Gas permeation flux

Gas constant,

Faraday constant
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0,(9)

Membrane thickness
Electronic conductivity
Ionic conductivity
Molar volume
Concentration of the oxygen-ionic or protonic carriers
Diffusion coefficient
Characteristic thickness
Surface exchange coefficient
Gaseous oxygen
Oxygen vacancy

Lattice oxygen
Interstitial oxygen
Electron

Electron hole

Gaseous hydrogen
Proton

Oxygen concentration
Nitrogen concentration
Membrane active area
Hydrogen concentration
Helium concentration

Concentration of hydrogen in the feed gas

Concentration of helium in the feed gas
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1. Motivation

Chapter 1
Introduction

1.1 Motivation

A membrane is a selective barrier that allows some components in a mixture to pass
through but stops others. This makes membranes a suitable mean to separate a mixture
of components. Gas separation membrane science and technologies are recognized as
powerful tools in solving some important global problems [1-3]. Based on the
separation mechanism, gas separation membranes can be classified as porous
membranes and dense membranes [4, 5]. Porous membranes contain voids, which allow
small molecules to move through the membrane while the big molecules are left.
Selectivity of the porous membranes is determined primarily by the relative molecular
sizes of the gases being separated, so that the selectivity is low [4-6]. In dense
membranes, the permeated molecule is adsorbed on one side of the membrane,
dissolves in the membrane material, diffuses through the membrane and desorbs on the
other side of the membrane [7, 8]. So that dense membranes possess much higher
selectivity as compared to the porous membranes.

Dependent on the composition, dense membranes can be divided into polymer
membranes, metallic membranes and ceramic membranes [2, 5, 8]. The selectivity and
flux of dense polymer membranes are competitive while these membranes are unstable
when the temperature is higher than 100 °C [5]. Dense metallic membranes (Pd, Pd
alloys) can be applied at intermediate temperature (300-600 °C) and exhibit good
selectivity and high flux, however, their chemical stability is poor and the cost is often
too high for practical applications [7]. Recently, dense ceramic membranes have
attracted a lot of attentions as they possess unrivaled selectivity and can be operated at
600-1000 °C and, moreover, be coupled with several reactions for process
intensification [7, 9, 10].

Dense gas separation ceramic membranes are oxygen-ionic or protonic conducting
materials and have been applied in oxygen separation from air and hydrogen separation
from hydrogen containing gases in the past 30 years [9, 10]. These membranes could
be integrated with some reactions to overcome the thermodynamic limit and simplify
the reaction system and saving energy [11]. For practical applications, dense gas
separation ceramic membranes should possess high flux, good phase stability, and good
chemical stability under practical conditions such as CO»-containing gas [10, 11].

The main aim of this thesis is to develop dense ceramic oxygen-permeable membranes
and hydrogen-separating membranes with high flux and good chemical and phase
stability, and integrate the separation and catalysis process for a practical reaction.



Chapter 1 Introduction

1.2 Concepts of dense ceramic separation membranes

1.2.1 General separation process in dense ceramic separation
membranes

Dense ceramic membranes can separate gas from a gas mixture at elevated temperatures
under a chemical potential gradient [9-12]. The gas molecules pass the membranes
through mobile point defects in the crystal lattice, which results in an unrivalled
selectivity. Therefore, the dense ceramic membranes are the ideal separation units for
practical applications [10, 11, 13].

In the dense ceramic membranes, the gas separation process includes three major
progressive steps (gas insertion on the feed side, bulk diffusion and gas release on the
sweep side), as described in detail below as shown in Figure 1 [9, 10, 14].

F 3 i

W' (T,p) = (T,p°) + RTin (z—o

feed gas separated gas

s 13
=
=
=
5]
5 ; ; ras reledse
2 gas insertion g4
=
=
(=
2
) depleted gas sweep gas
I o P,
g (T,p)=p (T.p°)+RTIn o
J 1 J
Y T Y
(1) surface exchange (i) bulk diffusion (111} surface exchange
on the feed side membrane on the sweep side

Figure 1. Schematic diagram of the different sections involved in the dense ceramic separation
membranes during separation process. In this figure, 1, T, p°, p~, p are chemical potential, temperature,
reference gas partial pressure, gas partial pressure in the feed side and gas partial pressure in the sweep

side.

Firstly, the gaseous molecules adsorb, disassociate, ionize and combine with the crystal
lattice defects on the feed side. Then the charged species of the gas diffuse from the
feed side surface to the sweep side surface under the gas chemical potential gradient.
The overall charge neutrality is maintained by the transport of electrons or electron
holes simultaneously. Finally, charged species of the gas associate and desorb to a
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gaseous molecules on the sweep side surface.

The overall permeation process is limited by the slowest step among abovementioned
three (gas insertion, bulk diffusion, gas release) [10, 14, 15]. For a relatively thick
membrane, the bulk diffusion process plays a dominant role in the separation process,
which can be expressed by the Wagner equation [10, 14, 16, 17]:

RT fllnp 00 dlnp (1)

J = Ty’ o

where j is the gas permeation flux, R is gas constant,, F is Faraday constant, T is
temperature, L is the membrane thickness, c. is the electronic conductivity, respectively.
p’ is the gas partial pressure maintained at the feed side, while p’is the gas partial
pressure at the sweep side. The ionic conductivity o; can be described by the Nernst-
Einstein equation [10, 14]:

4F2

RTVyy,

cD )

g; =

where Vi is the molar volume, C is the concentration and D is the diffusivity of the
charged carriers, respectively.

In this case, as shown in Eq. 1, the gas permeation flux j is proportional to the reciprocal
of the membrane thickness 1/L, so that reducing the membrane thickness could result
in increased gas permeation flux. In the meantime, the relative limiting effect of surface
exchange also increased, as shown in Figure 2 [10, 15].

<
;('\0
Q,‘b'
QO
)
&

&

Gas permeation flux

Bulk diffusion limited Surface exchange limited

A J

1L
Reciprocal membrane thickness

Figure 2. Dependence of gas permeation flux on the inverse membrane thickness as described in Eq. 1.
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If the thickness is reduced below a critical value Lc, the surface exchange process
becomes the rate-controlling step [10, 15]. The characteristic thickness Lc which is
defined as a theoretical thickness at which the gas separation process is equally affected
by both the surface-exchange kinetics and the bulk diffusion, as described by following

equation [15]:
D

Lc = % 3)
D is the diffusion coefficient and k is the surface exchange coefficient, respectively. Lc
is a theoretical value which depends on the materials and test conditions, and can be
used to distinguish the rate controlling step during the gas permeation process. The gas
permeation process is determined by bulk diffusion when L > Lc, and by surface-
exchange when L < Lc. To obtain higher gas permeation flux, both surfaces of the
membrane should have good catalytic effects for the gas insertion and release, and the

membrane should be as thin as possible to decrease the transfer resistance in the bulk.

1.2.2 Oxygen-permeable membrane

Oxygen is one of the most widely used commodity chemicals in the world as its
numerous applications in modern society such as the production cycle of steel, plastics
and textiles, brazing, welding and cutting of steels and other metals, rocket propellant,
in oxygen therapy and life support systems in aircraft, submarines, spaceflight and
diving. Nearly 100 million tons of oxygen are produced every year so that the separation
of oxygen from air is a big business [12]. Nowadays, there are three fundamental
approaches for air separation, which are cryogenic distillation, electrolysis of water and
pressure swing adsorption using molecular sieve adsorbents [18, 19]. The first two
methods are energy-consuming as the cryogenic distillation requires ultra-low
temperature and electrolysis of water needs larger amount of electricity, while the last
approach cannot produce high purity oxygen [18, 19].

Recently, a new advanced category for oxygen separation has emerged, which is based
on specialized dense ceramic mixed oxygen-ionic and electronic conducting (MIEC)
oxides. The MIEC membrane can separate oxygen from air or oxygen-containing
atmosphere at elevated temperatures under an oxygen partial pressure gradient (oxygen
chemical potential gradient) with unrivalled selectivity [9-12]. Therefore, the dense
ceramic oxygen-permeable membranes are the ideal oxygen supply for some high-
temperature reactions like partial oxidation of methane, oxidative coupling of methane,
oxidative dehydroaromatization and oxyfuel combustion [10, 11, 13].

In the dense ceramic MIEC oxygen-permeable membranes, the oxygen separation
process includes three major progressive steps, as described in detail below as shown
in Figure 1 [10, 15, 20]:

1) Surface exchange on the feed side (high oxygen chemical potential): Firstly
gaseous oxygen adsorbs, disassociates, ionizes and then combines with crystal lattice
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defects. This is an oxygen insertion period, which can be described by using Kroger-
Vink defect notation as follows [21]:

0,(g) + 2V, + 4e' - 207 4)
0,(g) + 2V, - 20% + 4h (5)
0,(g) + 4e' - 20/’ (6)
0,(g) = 20;' + 4h’ (7)

Where 0,(g), Vy, 0%, 0/, e’and h' are gaseous oxygen, oxygen vacancy,

lattice oxygen, interstitial oxygen, electron and electron hole in the respective oxides.
Here, different equations are used for different materials with various oxygen-ionic
and electronic carriers. The oxygen source in the feed side can be not only air, but
also some oxygen-containing gases like NO, N>O, H>O, CO» [22-30]. These oxygen-
containing gases could decompose at high temperature, and the produced oxygen can
be selectively removed by the dense ceramic oxygen-separating membrane, which
results in improved conversion [22-30].

2) Bulk diffusion of charged oxygen species (oxygen vacancies or interstitial oxygen)
and electrons or electron holes simultaneously. During this period, oxygen-ionic
carriers will be transported from the high oxygen chemical potential side to the low
oxygen chemical potential side, whilst the overall charge neutrality is maintained by
a counterbalancing flux of electrons or electron holes [10, 15].

3) Surface exchange on the sweep side (low oxygen chemical potential): Charged
oxygen species associate and desorb to a gaseous oxygen. This is an oxygen release
process as described below:

205 - 0,(g) + 2V, + 4e’ (8)
20% + 4k - 0,(g) + 2V} 9)
20{' - 0,(g) + 4¢€’ (10)
207 + 4k > 0,(g) (11)

Oxygen release is a reverse process compared with the reaction in the feed side. The
sweep gases can be inert gases (e.g. He, Ar) or some reducing gases (e.g. CHa, C2Hg)
[11, 23, 28, 31, 32]. Some oxygen-consuming reactions like partial oxidation of
methane (POM), oxidative coupling of methane (OCM), oxidative
dehydroaromatization and oxyfuel combustion can be coupled with the oxygen
separation process in this side [11, 23, 28, 31-35].

1.2.3 Hydrogen-permeable membrane

Hydrogen is not only a sustainable eco-friendly energy carrier with high energy density,
high conversion efficiency and recyclability but also an important raw material for
modern industry, large amounts of hydrogen are used in the petroleum and chemical
industries like production of ammonia [36, 37]. Currently, most commercial hydrogen
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is produced by the steam reforming of natural gas, and the product mixture is synthesis
gas (CO + H») rather than pure hydrogen [38, 39]. Therefore, hydrogen separation and
purification from the mixtures are necessary.

Traditionally metal alloy films possess good hydrogen selectivity and permeability,
while its brittle property, poor mechanical strength, bad chemical stability in practical
conditions and high costs limit their applications [40-44]. Recently, mixed protonic and
electronic ceramic conductors (MPEC) have attracted increasing attention due to their
potential applications in hydrogen separation and relative catalytic membrane reactors
[45-47]. The mixed protonic and electronic ceramic can be applied as a hydrogen-
permeable membrane with unrivaled selectivity, high flux and good chemical stability.
The dense ceramic hydrogen-permeable membranes can selectively separate hydrogen
rather than other gases from a H-containing atmosphere under the driving force of a
hydrogen chemical potential gradient across the membrane, so that these membranes
could be coupled with some high-temperature reactions such as steam reforming of
natural gas or nonoxidative methane dehydroaromatization [48-54].

The hydrogen separation process through a dense proton-electron conducting ceramic
membrane under a hydrogen chemical potential gradient is schematically illustrated in
Figure 1. In this membrane, hydrogen moves from the high partial pressure side (feed
side with H-rich gas), to the low partial pressure side (sweep side). Overall, there are
three steps are involved in this process [14]:

1) Surface exchange on the feed side (high hydrogen chemical potential): Hydrogen
absorbes on the surface of the membrane, then dissociates with electrons or electron
holes into protons. This is a hydrogen insertion period, which can be described by
using Kroger-Vink defect notation as follows [21]:

H,(g) + 2h - 2H (12)

H,(g) - 2e' + 2H (13)
Here, H,(g), H , e’ and h’ are gaseous hydrogen, proton, electron and electron
hole respectively. The feed gas could not only be hydrogen-containing gases, but also
be coupled with some hydrogen producing reactions such as steam reforming of
natural gas to syngas or nonoxidative methane dehydroaromatization (MDA) [38, 40,
55, 56]. In the hydrogen-permeable membrane reactor, the produced hydrogen is
removed continuously, so that the equilibrium limitation of the reactions could be
broken to get high product yield and pure hydrogen is obtained [56].

2) Bulk diffusion of protons and electrons or electron holes at the same time under
the hydrogen chemical potential gradient. During this period, protons will be
transported from the high hydrogen chemical potential side to the low hydrogen
chemical potential side, whilst the overall charge neutrality is maintained by a
counterbalancing flux of electrons or electron holes.
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3) Surface exchange on the sweep side (low hydrogen chemical potential): Protons
associate with electrons or electron holes to hydrogen. This is a hydrogen release
process as described below:

2H — H,(g) + 2k (14)

2e' + 2H - H,(g) (15)
Normally, inert gas (Ar) is used as sweep gas, while it could not provide low enough
hydrogen chemical potential. Some hydrogen-consuming reactions could be
combined with the hydrogen-permeable membrane in this side, such as reduction
emission of some oxidative greenhouse gases like NO, NO», and N>O which are
combusted with hydrogen to eco-friendly nitrogen and water.

1.3 Materials of dense ceramic separation membranes
1.3.1 Mixed oxygen-ionic and electronic conducting materials

1.3.1.1 Perovskite oxides

Perovskites take their name from a mineral oxide of CaTiOs, which was first discovered
in 1839 [57]. Since Teraoka et al. reported the oxygen permeation properties of Laj.
S1xCo1.yFeyOs.s membrane, perovskite oxides (ABOs) became the mostly studied
MIEC materials due to their high oxygen permeation flux [58]. The performance of the
MIEC membranes is dependent on their composition and structure, which are discussed
in detail below.

Figure 3. Structure of the cubic perovskite oxides (space group Pm?m). Atomic positions are

calculated from ICSD 109462 (Bao5Sro.5C00.8Fe0.203-5) [S9]. The atomic radius are not drawn to scale.

Perovskite oxides with a general formula of ABOs3 are easily formed with different
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valence A or B-site cations such as A'"B>'0;, A?'B*'0;, A*B*'0; [10]. In the
perovskites structure as shown in Figure 3, the B-site atoms are located at the corners
and the A-site atoms at the center of the cube, while the oxygen atoms are placed in the
centers of the cube edges leading to the formation of BO¢ octahedral extended three
dimensionally. Normally, the A-site cations (can be alkaline-earth metals or lanthanide
series metals like Ba, Sr, La) are larger than B-site cations (can be 3d, 4d, and 5d
transition metals like Co, Fe) as the requirement of the different coordination
environment [10]. In 1926, Goldschmidt first described perovskites with tolerance
factors t which can be used to define the formation possibility of different combination
of A- or B-site cations, as shown below [60, 61]:
ratr
- \/5(:3::‘0) (16)

where 14, 15, 1o are the ionic radius of the A-site cation, B-site cation and oxygen
ion. Therefore, perovskites have the capability to adjust the A- or B-site elements in the
lattice with the constraints that t is in the range of 0.75 - 1.0.

In MIEC perovskite oxides, oxygen ions transport through the oxygen vacancies which
can be adjust by introduction of low valence A-site or B-site metals [10, 58, 62]. To
easily understand the transport path of the oxygen ions, the model reported by Zhou et
al. is used here [63]. In the ideal cubic perovskite structure, oxygen occupies octahedral
sites and is coordinated with four co-planar A-site cations and two apical B-site cations,
as shown in Figure 4a [10, 63].

Figure 4. a) Transport path of oxygen ions in ideal cubic perovskite materials as described by Zhou et
al. [63]. The oxygen or oxygen vacancies are coordinated by four co-planar A-site cations and two apical
B-site cations, which form octahedral edges. Oxygen movement from an occupied octahedron to a vacant
octahedron, as indicated by a black arrow. The atomic radius are not drawn to scale; b) oxygen transport
in ideal cubic perovskite structure is related to the passing of the octahedron face, which is spanned by
two A-site and one B-site cations, the narrowest space along the oxygen octahedral edge is defined as

the critical radius 7. [64].

During oxygen-ion migration, an oxygen ion jumps from one occupied octahedral site
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to an adjacent octahedral vacant, as indicated by the black arrow in Figure 4a [62, 63,
65]. The oxygen ions have to pass through the octahedron face which consists of two
A-site cations and one B-site cation. As described in Figure 4b, the narrowest space
along the oxygen octahedral edge (called the saddle point) can be estimated by the
critical radius 7., which is defined as [62, 64, 65]:
rj+%a5—\/§aor3+r§ (17)
2(ra-rp)+vV2ao
Where 4 and 5 are the A-site and B-site cation radius, respectively and ao is the lattice

re =

parameter. Therefore, larger 7. can be obtained by reducing 4 or increasing rp, which
might enhance the oxygen-ionic diffusivity to increase the oxygen-ionic conductivity.
As described by Eq. 2, higher oxygen vacancies concentrations will also result in higher
oxygen-ionic conductivity. Up to 1/4 of the oxygen sites can be vacancies, while too
many oxygen vacancies will lead to the order of oxygen vacancies which largely
decrease the oxygen-ionic conductivity [66, 67]. Among the perovskite MIEC materials,
Bao 5Sr05Co0sFe0203-5 exhibits excellent oxygen permeability of 1.4 mL/(min-cm?)
with 1.8 mm thickness at 950 °C [67]. However, most peroskite MIEC membranes are
alkaline-earth-containing so that their chemical stability in COz-containing atmosphere
is very poor which limits their practical applications [67-69].

1.3.1.2 K:NiFs-type oxides

KoNiFs-type oxides with a common formula A>BO4 are the first members of the
Ruddlesden-Popper (RP) A,+1B,O3,+1 materials with n =1 [10, 70-72]. Usually, the A-
site metals are lanthanide series metals such as La, Pr, and the B-site metals are
transition metals such as Ni, Cu [10, 73, 74]. The K;NiF4 structure, as shown in Figure
Sa, is composed of an alternating perovskite-like layer and rock-salt layer along the
crystallographic c-axis [75-77]. To release the structural stress, overstoichiometric
oxygen is inserted in the rock-salt layer.

As described in Figure Sb, there are three possible transport paths for oxygen ions: 1.
interstitial mechanism; 2. interstitialcy mechanism; 3. vacancy mechanism [75-77].
However, as proven by molecular dynamics simulations, the oxygen transport in the
KoNiF4-type materials proceeds mainly via a migration of interstitial oxygen (O3) in
the rock-salt layers by the interstitialcy diffusion mechanism, which refers to the
“knock-on” or “push-pull” mechanism. It involves an interstitial oxygen, which
replaces an apical oxygen (O2) in the perovskite layer and then moves to an adjacent
interstitial oxygen site [72, 76, 78, 79]. The contribution of the oxygen vacancy
mechanism should be considered when there are some oxygen vacancies formed in the
structure as Cleave et al. predicted the lower activation energy of vacancy mechanisms
compared to the interstitialcy process [75]. In conclusion, the migration of oxygen ions
in the KoNiF4-type oxides is anisotropic and takes place mainly in the a-b plane, which
results in the relatively low oxygen permeability compared to perovskites [77, 80].
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However, most K:NiF4-type oxygen-permeable membranes have good chemical
stability against carbonation as they are alkaline-earth-metals free in contrast to
perovskites [76, 81].

¢ ©

Figure 5. a) Structure of the tetragonal K,NiFs-type oxides (space group I4/mmm, from ICSD 173422,
(ProgLaog.1)2.0Nio.74Cu021Gao.0sO4+s5) [72]; b) transport paths for different oxygen ions diffusion
mechanism: 1, interstitial mechanism; 2, interstitialcy mechanism; 3, vacancy mechanism. The atomic

radius are not drawn to scale.

1.3.2 Mixed protonic and electronic conducting materials

1.3.2.1 Perovskite oxides

Perovskite oxide SrCeo.95Ybo.0sO3-5 was the first reported protonic conducting materials
by Iwahara in the 1980s [82, 83]. Afterwards, the mixed protonic and electronic
conducting ceramics have attracted a lot of attentions. Several perovskite oxides
possess protonic conductivity, such as oxides based on ACeOs or AZrO;3 (the A-site
element can be Ba, Sr) [84-92]. The cerate-based oxides show relative high proton
conductivity, and zirconate-based oxides show good mechanical strength and good
chemical stability against CO; [90, 93-95].

It is observed that doping low valance cations in the A/B site can create more oxygen
vacancies, which results in higher proton conductivity [14]. Therefore, oxygen
vacancies in perovskite oxides play an important role in the formation and transport of
protons. However, the proton transfer mechanisms in ceramic materials are not clear,
and two possibilities have been proposed as shown in Figure 6, one is the vehicle
mechanism, and the other is the Grotthuss mechanism (hopping mechanism) [96-99].
According to the vehicle mechanism, proton is transported by the migration of OH,
and the oxygen in the hydroxyl ion is the vehicle [96, 97, 99]. For the Grotthuss

10



1.3 Materials of dense ceramic separation membranes

mechanism, proton transport occurs by hopping between adjacent oxygen ions that
proton combines with an oxygen ion and forms a weak O-H bond, then the bonded
proton hops with another neighboring oxygen ion [98, 100, 101].

a) Ht* H™ H* H® H* H* Ht* H* H*
0/2' 02 0/2' E> 0/2' 0% 0/2' E> 0/7-' 0O 0%
b) H+ H ™~ H'
/AN ] /%
0> 0Or 0O~ 0 0+ 0O~ 0> 0O* 0OF

Figure 6. The proton transfer mechanisms in ceramic materials: a) vehicle mechanism; b) Grotthuss

mechanism.

The difference between these two mechanisms is whether the oxygen ions diffuse
during the proton conducting process: in the vehicle mechanism, oxygen ions carry
proton diffuse through the oxides; while in the Grotthuss mechanism, oxygen ions are
fixed medium, protons hop between different oxygen ions [14].

1.3.2.2 Tungstate-based oxides

Tungstate-based compounds with a formula of Lasg.xW4+xOs4+5 have attracted attention
due to their high protonic conductivity [46, 47, 102-104]. Here, x is the amount of
tungsten siting on the lanthanum site. Until now, the structure of these materials is still
unclear, the first structure model was reported by Magraso et al., who identified these

materials as a cubic structure with space group F' "4 3m as shown in Figure 7 [104]. In

this case, some lanthanum ions and tungstate ions are coordinated with eight oxygen in
distorted cubes. W sites are fully occupied and they and some lanthanum sites are empty.
Later, with the DFT simulation, they reported that the centered tetragonal structure with
the I14/mmm space group is better to describe these materials [105]. However, the
tetragonal structure could not improve the agreement factor of XRD refinements.
Combining the in-situ high temperature powder neutron diffraction data, their following
study recognized that the structure of lanthanum tungstate oxides could be well

described by both F "4 3m and Fm 3 m space group with minor differences [46, 47].

Moreover, the materials with a lanthanum tungstate ratio (La/W) equal to 6 are not
single phase, and only the La-deficient oxides (5.3 <La/W < 5.7, 1.08 > x > 0.74) was
found as a pure phase [104-108]. Segregation of La;Os, when the ratio La/W > 5.7 (x
<0.74), and LagW2015, when the ratio La/W < 5.3 (x > 1.08), were found respectively
[104-108]. Normally, the La-site is La or Nd and the W-site could be partially

11
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substituted by Mo or Re, therefore, these materials show remarkable chemical stability
in COy environment [109]. The tungstate-based materials could be appealing
membranes for practical applications in catalytic membrane reactor due to their
remarkable protonic conductivity and good stability under CO> atmosphere [56, 109].

La2

@ W

@ O
C

b

Figure 7. Structure of the cubic lanthanum tungstate oxides (space group F 4 3m). Atomic positions are

calculated from ICSD 250503 (Lass6W1.16013.13) [104]. The atomic radius are not drawn to scale.

1.4 Preparation of dense ceramic separation membranes
1.4.1 Powder

The first step to process a dense ceramic membrane is the preparation of the powder.
Several methods can be applied for the synthesis of the ceramic powders such as
conventional solid state methods, co-precipitation methods, hydrothermal methods and
sol-gel methods [10, 14]. The sol-gel methods are liquid methods, which involve the
dehydration at low temperature and formation of amorphous gel [110]. The powders in
this thesis are prepared by the sol-gel method due to this method delivers high purity
and good homogeneity. In this method, ethylenediaminetetraacetic acid (EDTA) and
citric acid are used as chelating agents to complex the metal cations. The steps of sol-
gel route in detail are shown in Figure 8 as below [111, 112]. The appropriate
stoichiometric metal nitrates in aqueous solutions are mixed in a beaker, followed by
the addition of proper amount of citric acid and EDTA, and the pH value is adjusted to
~7 by aqueous ammonia. The molar ratio of total metal ions: citric acid: EDTA was

12
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1:2:1. Then the solutions are stirred and heated to 150 °C, until the water and ammonia
evaporate and a gel is formed. Afterward, the gel is ignited to flame to get the precursor.
The precursor is ground and calcined at 950 °C for 10 h with a heating/cooling rate of
2 °C/min.

ANNO;); B(NO3); C(NOy),
| EDTA |
| Citric acid |
| NH;H,0 |
——— pH-~7
150°C
Stirring
Sol-gel

Pre-calcination

Precursor ash
950°C, 10 h Calcination

Powder

Figure 8. Schematic flow chart of the sol-gel method.

1.4.2 Disk

The dense disk membranes used in this thesis are prepared by uniaxial pressing process
following by sintering at high temperature. The obtained powder after sol-gel process
is put into a mold with 18 mm diameter, then pressed with around 30 kN for ten minutes.
Then the green pellets are sintered in air at sintering temperature for 10 h with 2 °C/min
heating/cooling rate. The diameter of the final ceramic pellets are reduced during the
sintering process. The density and microstructure are controlled by the sintering
temperature and holding time and the sintering temperature is largely different for
different composition materials. The density of the sintered disks are measured by the
Archimedes method using distilled water. Sintered ceramics with a relative density
higher than 95% could be selected as membranes for the gas separation tests. The disk
membranes are polished to the desired thickness using sandpaper and then washed with
ethanol to remove the dust.

1.4.3 Hollow-fiber membranes

Compared with the disk membranes which are fabricated by a simple conventional
pressing method, hollow-fiber membranes possess high effective area to volume ratio,

13



Chapter 1 Introduction

relatively thin thickness, and they are easy to assemble with a reactor module [14, 113].
Therefore, the dense ceramic membranes in hollow-fiber geometry exhibit large gas
separation flux. The ceramic hollow-fiber membranes used in this thesis are fabricated
by wet-spinning/sintering method [109, 114]. To spin the hollow-fiber membranes, the
prepared powders are ball-milled for 24 h and then dried using a spray dryer with a
nozzle of 1 pm. At the same time, spinning solutions which are composed of
polyethersulfone (PESf, A-300) with the additive polyvinyl pyrrolidone (PVP, K30)
and 1-methyl-2-pyrrolidinone (NMP) solvent are prepared in 250-ml wide-neck bottles.
Then the obtained powders are gradually added to the organic solution and the mixtures
are stirred for 48 h to ensure that the powders are dispersed uniformly in the polymer
solution. The hollow-fiber precursors are spined by a spinneret (orifice diameter and
inner diameter of 1.5 and 1.0 mm, respectively) in deionized water bath at room
temperature and stored for 24 h to complete the solidification process. Afterward, the
hollow-fiber precursors are sintered at high temperature for several hours at an air flow
rate of 60 mL/min to remove the polymers and obtain gastight membranes.

1.5 Measurements of dense ceramic separation membranes

1.5.1 Oxygen permeation test

Oxygen permeation flux and long-term stability are the two key factors for industrial
applications for dense oxygen-permeable membranes. The oxygen permeation fluxes
through the membranes are investigated using a home-made high-temperature oxygen
permeation cell, as described in Figure 9 [109, 114, 115]. This test apparatus consisted
of a gas supply system with gas mass flow controllers (MFCs), the membrane reactor
module with high-temperature furnace, and online gas chromatograph (GC) coupled
with a soap-bubble flow meter. The disk membranes are sealed in a corundum tube with
a commercial ceramic sealant. Air or a mixture of nitrogen and oxygen or CO;-
containing gas is fed to the feed side of the membrane reactor whereas helium is applied
as sweep gas to collect the permeated oxygen. Gases flow rates are calibrated by a soap
bubble flow meter. The composition of the effluent gas is measured by an online GC
with a thermal conductivity detector. The leakage of the oxygen due to the imperfect
sealing is subtracted in the calculation of oxygen permeation flux which are less than
5% during all the experiments. Assuming that leakage of nitrogen and oxygen are in
accordance with Knudsen diffusion, the fluxes of leaked N> and O, are related by

32 0.8
Leak, jLeak __ _
Jheok: Jheak = /—ng—0_2_4.28

CNZ F

Jo, = [COZ T 428ls

where Cp, and Cy, are the oxygen and nitrogen concentrations calculated from the
GC results, F is the flow rate of the effluent, and S is the membrane active area.
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Figure 9. Schematic diagram of the oxygen permeation test apparatus.

1.5.2 Hydrogen permeation test

The hydrogen permeation performance of the dense ceramic hydrogen-separating
membranes are measured in a home-made apparatus, as shown in Figure 10 [109]. A
mixture of hydrogen and helium is fed into the feed side and different hydrogen
concentration gases can be obtained by adjusting the flow rates of the hydrogen and
helium. Argon is applied as sweep gas. The composition of the permeated gas is
detected by an online-coupled GC (argon is used as reference gas). The leakage from
imperfect sealing is less than 5% during all measurements.

Thermocouple

- Quartz Tube
/
&

[ MEC ] [ MEC ] Ceramic sealant

Membrane
H, He Heater
7
|7
Vent
Corundum tube Soap-bubble
flow meter

G (&)

Figure 10. The hydrogen permeation apparatus for the disk dense ceramic membranes.
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Assuming that leakage of hydrogen and helium are in accordance with Knudsen

diffusion, the fluxes of leaked hydrogen and helium are related by J5¢%: | ﬁ,jak = \E X

CHefeed

b
CHZfeed

T =|C __Cre [F
HZ HZ CHefeed S

CHZfeed

where Cp, and Cp, are the hydrogen and helium concentrations calculated from the

GC results, CHZfeed and Cy, feea A€ the concentrations of hydrogen and helium in

the feed gas, F is the flow rate of the effluent, and S is the membrane active area.

1.5.3 Catalysis in ceramic membrane reactor

Membrane reactors are one of the promising approaches to intensify the industrial
chemical process [11, 23]. A dense ceramic separation membrane could combine a
chemical reaction with an in-situ separation unit. In the coupled membrane reactors, the
chemical reaction performance will be improved, as the continuously selectively
removed product (Hz or O2) could break the limitation of thermodynamic equilibrium
and the reaction rate can be maintained with a high conversion of reactant. The dense
ceramic membrane reactors can be classified by their function into extractor and
distributor, respectively, as shown in Figure 11 [11].

0,/H,
|

Figure 11. Different function dense ceramic membrane reactors, a) distributor; b) extractor.
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In a distributor membrane reactor, as shown in Figure 11a, oxygen or hydrogen is
supplied by the dense ceramic membrane to the reaction system, such as partial
oxidation of methane (POM) and oxidative couple of methane (OCM) [24, 33].
Compared with the direct oxygen supplying of air or pure oxygen, this method could
provide unrivaled purity and high activity oxygen or hydrogen in an economic,
environmental friendly way. Moreover, the dense ceramic membranes can also be
applied as an extractor to selectively remove the produced oxygen or hydrogen to
overcome the thermodynamic limitation as shown in Figure 11b. In the thermal water
splitting, = NxO  decomposition  reactions, and nonoxidative  methane
dehydroaromatization (MDA), oxygen- or hydrogen-permeable membranes play an
important role to increase the reactant’s (e.g. HoO/ NxO) conversion and products yield
[26, 28, 29, 56].
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Chapter 2

Dense ceramic oxygen-separating membranes
2.1 Summary

The dense ceramic oxygen-separating membranes used in practical applications should
not only possess good oxygen permeability, but also good chemical stability especially
under the CO»-containing atmosphere and oxidizing environment. However, the
competitive perovskite materials contain alkaline-earth metals so that their chemical
stability is poor especially in CO;-containing atmosphere. The alkaline-earth free
Ruddlesden-Popper-type  oxide  (ProoLao.1)2.0Nio.74Cu021Gao0504+5  ((PL)2.0NCG)
possesses good chemical stability under CO2-containg atmosphere, while its permeation
flux is low and it demonstrates a reversible phase decomposition at intermediate
temperature.

In section 2.2, in-situ X-ray powder diffraction was used to estimate the boundary
conditions for the oxidative decomposition of Ruddlesden-Popper-type (PL)2oNCG oxide.
The observations help to construct an Ellingham diagram, which shows in a simple plot
the oxygen chemical potential over temperature above a mixture of oxides as well as for
the atmosphere. This kind of diagram is expected to have great impact as it easily allows
estimate the conditions for the realistic operation of the Ruddlesden-Popper-type oxide
as an oxygen-transporting membrane or in any other applications. Moreover, two methods
are proposed to improve the oxidative stability of RP oxide.

Section 2.3 describes the development of the A-site deficient Ruddlesden-Popper oxide
(Pro.oLao.1)1.9Ni0.74Cu021Gao.0504+5 (PL)19NCG). This material possesses good chemical
stability under CO;-containing atmosphere and its oxygen permeation flux is twice higher
than that of the cation-stoichiometric parent compound, and it can compete with the
perovskites. The remarkable improvement of oxygen permeability is governed by
different crystallographic oxygen sublattices being highly involved into the oxygen
diffusion mechanism. With this in mind, a new strategy to develop the Ruddlesden-
Popper-type oxides for membrane applications is proposes.

In section 2.4, to further improve the oxygen permeability and phase stability of thin
Ruddlesden-Popper-type membrane, a catalytic layer was coated on the A-site deficient
(PL)19NCG membrane surfaces. The sweep-side coated membrane exhibits largely
enhanced permeation fluxes and feed-side coated membrane possess better phase stability
under the same practice-relevant conditions. The remarkable improvements of
permeability and phase stability by surface modification are discussed based on the
oxygen surface exchange properties and the oxygen transporting mechanism in detail.

In section 2.5, a metallic Ni interlayer between NiO precipitate and mixed ionic-electronic
conducting ceramic oxide after sintering in ambient atmosphere was observed for the first
time. No highly reducing atmosphere was needed. Instead the mixed ionic-electronic
conducting oxide acted as local oxygen sink. The formation mechanism and the diffusion
processes during the internal reduction have been discussed in detail. The
phenomenological description of the diffusion processes that take place during the
internal reduction process is useful to materials scientists as well as to ceramic membranes
engineers as a model for the interpretation of similar morphologies occurring in
metal/oxide or oxide/oxide composite systems.
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1. Introduction

Mixed ionic and electronic conductors (MIECs) are critical for
gas separation membranes, oxygen sensors and intermediate
temperature solid-oxide fuel cell (SOFC) cathodes [1,2]. Previous
studies of MIECs in these applications have examined perovskite-
type materials such as SrCopgFep:05_5 and BagsSrpsCopgFegs
03_5. These materials demonstrate excellent oxygen transport
properties [3,4]. Although these oxides display high transport
performance, these materials exhibit high thermal expansion
coefficients and low chemical stability especially in a CO;-con-
taining atmosphere [5,6].

These limitations have fueled a search for alternative materials
within  the  perovskite-related  Ruddlesden-Popper (RP)
Ay +1Bn0=, 41 materials, and in particular, those with the A,BO,
structure (the first member of the RP oxides with n=1) [7,8]. The
A;BO,4 structure consists of offset perovskite layers interspersed
with AO rock-salt layers. Oxygen ionic conduction in these com-
pounds may occur through an interstitialcy mechanism [9,10].
Among the A;BO, | 5 series (A=La, Pr, Nd, B=Ni), ProNiO,4 | 5 ex-
hibited the highest oxygen tracer diffusion coefficients, and the
PryNiO4-based oxides possess a higher oxygen permeability than
La;NiO4-based oxides [7,11-13]. Doping of Cu in PryNiOy, 5 sta-
bilizes the high-temperature interstitial oxygen disordered

* Corresponding author. Fax: | 49 511 762 19121.
E-mail address: armin.feldholf@pciuni-hannover.de (A. Feldhoff).

littp://dx.doi.org/10.1016/j.memsci.2015.09.026
0376-7388/& 2015 Elsevier B.V. All rights reserved.

The Ruddlesden-Popper type oxide (Pryslap;oNip74Cp21Ga00s04s5 {((PL):oNCG) is important for
oxygen separating membranes and intermediate temperature solid-oxide fuel cell (SOFC}) cathodes if the
high chemical stability of CO; is required. This oxide exhibits good phase stability in the air at high
temperatures, whereas at intermediate temperatures it demonstrates a reversible decomposition into
PryNizCip 5 (a higher member of the Ruddlesden-Popper series} and praseodymium oxide phases,
which are barriers to the oxygen transport. The phase decomposition conditions of (PL),oNCG, as a
function of temperature and oxygen pressure, have been examined. The defined phase stability window
of temperature and oxygen partial pressure for (PL), oNCG can be the instruction for practical applica-
tions. The influence of calcination temperature and A-site deficiency on the material’s phase stability are
discussed to guide the development of Ruddlesden-Popper type materials with improved stability.

© 2015 Elsevier B.V. All rights reserved.

tetragonal structure. The addition of Ga into Pra(Nip75Cug25)04 | 5
increases the oxygen permeability [ 14]. The doping of La atoms at
the Pr site could improve their phase stability at high tempera-
tures and prevent decomposition into PryNizOqg- and Pr0s-based
phases [15,16]. Yashima et al. developed the A;BO4-type
(Pryslag J2.oNio74Cug21Gages04 -5 ((PL)2oNCG), which demon-
strated moderate thermal expansion coefficients, good oxygen
transport properties and chemical stability in CO, [17-19].

Despite the advantages of the A;BO4-type (PL),oNCG, improve-
ments are still required for practical application. It is reported that, in
oxidizing atmospheres, the A;BO.-type praseodymium nickelate
phase decomposes into the multilayered perovskite PryNisOqp..5 (a
higher member of the RP oxides with n=3) and PrO., 5 [13,15]. It is
necessary to clarify this behavior under various conditions because
the decomposition influences the stability and transport properties.
This work investigates the phase stability of (PL), oNCG at the border
of stability by using in-situ X-ray powder diffraction (XRPD) analysis.
The A-site deficient (Prpglag, ) gNip7aC0021Gages044 5 ((PL)1gNCG)
material was also studied to determine the influence of A-site defi-
ciency on the stability.

2. Experimental
2.1. Preparation

Powders of (PL);gNCG and (PL); gNCG were prepared by a
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combined citrate and ethylene-diamine-tetraacetic-acid (EDTA)
method as described previously [20,21]. The powders were uni-
axially pressed at 20 MPa to obtain green pellets followed by
sintering in air at 1503 K for 10 h. The density of the sintered disks
was measured by the Archimedes method using distilled water.
Sintered ceramics with a relative density higher than 95% were
selected as membranes for the oxygen permeation experiments.
The membranes were polished to the desired thickness using 1200
grit-sandpaper and then washed with ethanol,

2.2. Phase characterization

The in-situ X-ray powder diffraction (XRPD) measurements
were performed on a Bruker D8 Advance diffractemeter (Bruker
AXS GmbH) with a Bragg-Brentano geometry using Cu Kotz ra-
diation, a secondary Ni-filter and a 1-dimensional LynxEye de-
tector (silicon strip). Temperature depending measurements were
performed with a HTK-1200N high-temperature oven chamber
{Anton-Paar) under different oxygen partial pressure atmospheres
{mixtures of hydrocarbon free synthetic air and N,). The in-situ
XRPD measurements were performed between 10° and 110° (28),
with a step size of 0.01°, a time per step of 0.75 s, a total number of
9511 steps, without rotation and in the temperature range of 303-
1373 K. The temperature was increased step-wise, with a dwell
time of 30 min at each step before data collection. After each
treatment, the atmosphere was changed from the oxidizing con-
dition (oxygen-containing gas) to reducing conditions (N only) to
obtain a pure phase before next test. The microstructure of the
disk membrane was examined by secondary electron contrast in a
field-emission scanning electron microscope (FE-SEM) (JEOL [SM-
6700F) that was operated at 2 kV.

2.3. Oxygen permeation experiments

The oxygen flux was investigated in the temperature range of
1073-1173 K with a 0.6 mm thick membrane using a home-made
high-temperature oxygen permeation cell, which was described in
detail elsewhere [22,23]. A commercial ceramic sealant (Huitian,
Hubei, China) was used to seal the disk-shaped membrane onto an
alumina tube. Synthetic air was fed (150 mlmin ') to the feed
side of the membrane, and He gas {30 ml min~!) was fed to the
sweep side. Gas flow rates were controlled using a mass flow
controller (Bronkhorst GmbH) and calibrated with a soap bubble
counter. The composition of the effluent was analyzed by on-line
coupled gas chromatography (GC, Agilent Technologies, 7890A).
The leakage of oxygen, because of imperfect sealing, was sub-
tracted in the calculation of the oxygen flux [22,24]. The con-
tribution of leakage to the apparent oxygen flux was below 5% in
all cases. Assuming that leakage of nitrogen and oxygen follows
Knudsen diffusion, the fluxes of leaked Ny and O, are related by

Leak . jleak _ (32 , 08 _
by, oy = Vi X9z 428

Cn, F
€, — —2]=
€0, ~ 228’5 (1)

.’()2 =
in which C,, and C,, are the oxygen and nitrogen concentrations
calculated from the GC measurements, F is the flow rate of the
sweep stream, which can be measured by the seap flow meter, and
§ is the membrane active area.

3. Results and discussion

3.1. Long-term oxygen permeation test

The long-term oxygen permeation behavior of (PL), oNCG and
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(PL);oNCG ceramic membranes at 1173, 1123 and 1073 K under an
airfHe gradient are reported in Fig. 1. The permeation flux of the
A-site deficient (PL); gNCG membrane was slightly fluctuating ca.
1% at 1173 K, whereas the flux of the stoichiometric (PL),oNCG
membrane decreased to ca. 89% of the initial permeation flux
during an 100 h operation under identical conditions. The decline
of the oxygen permeation flux increased at temperatures lower
than 1173 K. For example, the permeation fluxes of the (PL),NCG
membrane decreased to ca. 19% at 1123 K and ca. 46% at 1073 K of
the initial permeation flux over a period of 100 h. The decline of
the oxygen permeation flux of the A-site deficient (PL);gNCG
membrane is slower than that of (PL); y)NCG under the same
conditions, for example, its oxygen permeation flux decreased ca.
13% at 1123 K and ca. 43% at 1073 K. The enhanced stability by the
introduction of an A-site deficiency will be discussed in detail. The
high oxygen transport rates of A-site deficient (PL);gNCG were
atcributed to the highly mobile oxygen vacancies and the charge
compensating cationic vacancies. These findings have been pre-
viously discussed [7,25].

The (PL);oNCG and (PL), ¢NCG ceramic disks were annealed in
air or Ar at 1073 K for 80 h to simulate the oxygen permeation
conditions and to explain the declined oxygen permeability. Fig. 2
depicts the XRPD pattern of the as-sintered and treated {PL);gNCG
and (PL),4NCG ceramics. Both as-sintered materials can be as-
signed to the tetragonal structure without the detection of other
impurity phases (cf. Fig. 2a and b). After treatment at 1073 K in Ar
for 80 h, the structure remained tetragonal {cf. Fiz. 2c and d) while
they decomposed into multilayered perovskite PryNizO s
(higher member of the RP oxides with n=3) and Pr0O; , 5- during
treatment in air at 1073 K (cf. Fig. 2e and f). The decomposition
results in the decreased oxygen permeation flux. This decom-
position behavior is a widespread phenomenon in ProNiQ4-based
materials and other researchers have reported similar results
[13,15]. This behavior was attributed to the phase decomposition
in an oxidative atmosphere at low temperatures according to the
following reaction:

3PLNiOy,; + b0, < PiyNizOyq, 5 + 2P0, o )

Here b=1-15 §+0.5 &+ §", denotes the required oxygen
amount for the decomposition; &, &, §° denote the oxygen non-
stoichiometry of PpNi0,,, (n=1), PrNiz0y,,; (n=3), and the
binary oxide Pr0,, .- respectively [11,26]. The A-site occupancy is
related to the oxygen content of (PL}; oNCG and may influence the
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Fig. 1. Long-term oxygen permeation fluxes of the (PL}oNCG and (PL)1oNCG
membranes at different temperatures. The initial values are marked by horizontal
dashed lines. Conditions: The air flow rates in the feed side are 150 mL{min. The
flow rates at the sweep side are 30 mL/min. The thicknesses are 0.6 mm each.
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Fig. 2. X-ray powder diffraction patterns of (PL), oNCG and (PL);gNCG ceramic surfaces in as-sintered state (1503 K for 10 h in air) and after additionally treated at 1073 K for

80 h under air or Ar atmosphere,

phase stability [7].

3.2. The phase decomposition conditions of (PL),;NCG

We characterized the p0.-T dependence of the phase stability
of cation stoichiometric (PLY; gNCG to assess the decomposition
conditions of (PL); gNCG series materials. The {PL}); oNCG powder
was pretreated at 1373 K for 10 h and then tested with in-situ
XRPD techniques. The reflections in the range of 26-35° are
magnified and compared in Fig. 3a, b and ¢, and the full data are
reported in Figs. $1-53. As shown in Fig. 3, the (PL); gNCG powder
was stable in synthetic air (20 vol.% O3) after 8 h in the range of
1373-1223 K, whereas the 117 reflection of the PryNiz04p , 5 phase

(higher member of the RP oxides with n=3) appeared at 1173 K.
The amount of PryNi;Oyg , 5 increased with time as the 117 re-
flection area increased (Fig. 3a). The sample that annealed at
1123 K in a 15 vol.% oxygen-containing atmosphere also decom-
posed after several hours, as shown in Fig. 3b. Similar results were
found at 1073 K under a 10 vol.% oxygen-containing atmosphere
shown in Fig. 3c, which indicate the approximate oxidation
conditions.

The stability of the A;BO4-type oxides (the first member of the
RP oxides with n=1) in the oxygen-containing atmospheres can
be estimated using the Ellingham diagram in Fig. 4. This illustra-
tion predicts the thermodynamic stability of the materials at given
temperatures and oxygen partial pressures. The dashed lines give
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Fig. 3. Close-ups of selected regions of in-situ XRPD patterns of (PL), sNCG powder during annealing for different times: (a) under synthetic air (20 vol.% O;) in the range of
1373-1173 K; [ b) under 15 vol.% O, atmosphere at 1123 K; (¢) under 10 vol % O, atmosphere at 1073 K, The reflections of (PL),gNCG (n=1) are 004 (~28.4 ), 013 (~31.6°),
110 (~33.0 *) from low angle to high angle in sequence and the reflection of PraNisQO1a..s (7=2) is 117 (~32.6 °). The (PL); )NCG powder was pre-treated in air at 1373 K for
10 h. The spent powder was refreshed by Ny at the identical temperature (Fig. 5). The order of the experiments is Figs. 3a, 5a, 3b, 5b, 3¢ and 5¢. The data were obtained by in-

situ XRPD and are presented in full in the Supporting Inferrmation Figs. $1-53.
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Fig. 4. Oxygen chemical potential versus temperature plots for different oxygen
partial pressures including equilibrium values above PryNiO4 and (PL); oNCG ac-
cording to Eq. (1). Experimental data are added as bullets (from Sullivan et al.) and
squares (Figs. 3 and 5) [26]. The solid lines are the results of least square fits. A
reference to standard conditions is given by pgzz 1.013 x 16° Pa.

the oxygen chemical potential at various oxygen partial pressures
[27]. The solid lines represent the equilibrium oxygen chemical
potential over a mixture of oxides corresponding to those occur-
ring in Eq. 2. The data points and the linear regression of
{PL), gNCG were obtained from the XRPD experiments, and the
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Pr;NiO4 data were obtained from the work of Sullivan et al. [26].
The relative stability of the A;BO4-type oxides (n=1) were eval-
uated using a comparison of the oxygen chemical potential at a
given temperature. From the thermodynamic point of view, The
A;BO.-type oxides (n=1) are stable until the oxygen chemical
potential of the environment is lower than the correspending
partial pressure of the decomposition reaction, or the temperature
is higher than that of the critical condition. Therefore, these oxides
are stable only in the region below the solid lines. For example,
(PL)2 oNCG was stable to 1223 K in a 0.2 x 10° Pa oxygen partial
pressure atmosphere. At approximately 1173 K, the oxidative de-
composition will occur with decreasing temperature (Fig. 3a). The
decomposition of (PL}; gNCG alse occurred at 1173 K when in-
creasing the oxygen partial pressure from 01x10°Pa to
0.2 x 10° Pa.

The (PL); oNCG material should be stable under synthetic air
(oxygen partial pressure is 0.2 x 10° Pa) above 1173 K, or at a lower
oxygen partial pressure ( < 0.2 x 10° Pa) at 1173 K. The two solid
lines for the equilibrium oxygen chemical potential over oxide
mixture are almost parallel while the line for (PL);oNCG is 8 IJf
mol lower than the line for PryNiQy. This difference indicates that
the (PL},oNCG is slightly less stable forwards oxidation than
PryNiO4. The Ellingham diagram of Fig. 4 predicts the thermo-
dynamic stability of the A,BO.-type oxides under different con-
ditions. However, the Ellingham diagram provides only an outline,
the kinetics of the decomposition may alse play an important role
in the stability of the material, which are not considered here by
principle.

3.3. Reversibility of the oxidative decomposition of (PL), oNCG

As predicted by the Ellingham diagram shown in Fig. 4, the
decomposition of the A;BO4-type materials under oxidizing con-
ditions at low temperature should be reversible with by reducing
the oxygen partial pressure or increasing the temperature. Similar
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Fig 6. Phase reversibility investigation of {PL), yNCG with increased temperature
under synthetic air {20 vol.¥05) for 8 h. The (PL); jNCG powder was pre-treated in
air at 1223 K for 10 h. The data were obtained using in-situ XRPD and presented in
full in the Supporting Informatien Fig, 57,

results were found by Frade et al. who reported that the decom-
position of ProNiQ4 was reversible with increasing temperature
[11,15]. The oxygen partial pressure in N, is approximately
10~%atm (10 Pa). The (PL)..oNCG powder was pre-treated in air at
1373 K for 10h. The data were obtained by in-situ XRPD and
presented in full in the Supporting Information Figs. S4-56.
However, Odier et al. reported conflicting results for ProNiQ,
oxide in which they suggest PryNiO, oxide underwent an irre-
versible decomposition under pure oxygen at ambient pressure
during thermogravimetric testing [13]. They reported that the

PryNiQ,4 oxide uptakes oxygen from 1123 K and loses oxygen above
1293 K. Up until 1423 K, the oxygen content reached the value
identical to the one extrapolated from 1123 K. They selected a
temperature 10 K greater (1303 K) than the initial point (1293 K)
of the oxygen loss to investigate the reversibility. The structure of
PraNiO4 oxide was still decomposed after quenching at 1303 K
from the thermochemical investigation with 5 K/min heating and
cooling under pure oxygen (without waiting). In pure oxygen, the
Pry;NiQ, oxide was stable above 1303 K (Sullivan et al.) and is
shown in the Ellingham diagram in Fig. 4 [26]. The Ellingham
diagram of Fig. 4 demonstrates that at 1303 K and pO,=1 x 10° Pa,
there is no driving force to rebuild the PryNiQO4 according to Eq. (2).
The oxygen chemical potential above the mixture of oxides was
lower than that of the atmosphere for the conditions applied by
Odier et al. [13]. Therefore, their experimental conditions were
oxidative such that they did not observe the reversible process. It
is important to investigate the reversibility of the decomposition
of (PLY oNCG with time and under different conditions. We re-
duced the oxygen partial pressure at different temperatures. As
shown in Fig. 5, the (PL); )NCG ({pretreated at 1373 K for 10 h)
demonstrated reversibility when the oxidized condition were
changed to an oxygen-free atmosphere in the range of 1073-
1173 K. The transformation was slow at low temperatures, re-
quiring more time at 1073 K than 1173 K

We then investigated the reversibility by increasing the tem-
perature. Similar reversibility of (PL),oNCG was observed when
increasing the temperature from 1173 K to 1373 K as depicted in
Fig. 6. At 1173 K and 1273 K, the phases of (PL), oNCG (pretreated
at 1223 K for 10 h) are mixed with PryNis01g, 5 phases. After an-
nealing at 1373 K, the PryNisO 5 phase disappeared and the
pure A,BO4-type structure reformed. Similar results were reported
by Frade et al. [11,15]. The results reported in Figs. 5 and 6 are
similar to the Ellingham diagram of Fig. 4. The diagram can be
used to predict such results.
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Fig. 7. The influence of calcination temperature on the phase stability (top) and grain size (bottom) of (PL); gNCG: (a, ¢) calcination at 1223 K for 10 y; (b, d) additicnal
treatment at 1373 K for 10 h. The data were obtained using in-situ XRPD and presented in full in the Supporting Information Figs. S8 and S9.

3.4. Various methods to enhance oxidation stability

Not anly the ambient O, partial pressure and temperature have
influence on the stability of A,BOs-type oxides, but also the
properties of its own. We observed that the calcination tempera-
ture of powder influences the stability of the A,BO,4 structure
using in-situ XRPD measurements. The (PL); oNCG precursor, after
sol-gel process, was calcined at 1223 K for 10 h, Some of the cal-
cined powder was then treated at 1373 K for 10 h. Fig. 7 depicts
the in-situ XRPD patterns and the micrograph of (PL);gNCG
powder after annealing at 1223 K and 1373 K, respectively. After
calcination at 1223 K for 10 h, the (PL);oNCG powder contained
PrsNiz0q9_ 5 by-phase at 1173 K and 1273 K under synthetic air as
shown in Fig. 7a. However, the amount of PryNi;O4q | 5- by-phase
was low at 1173 K and the by-phase disappeared at 1273 K under
the identical conditions after the (PL); oNCG powder was ad-
ditionally treated at 1373 K for 10 h as shown in Fig, 7b. This be-
havior may be because of the increased grain size during the cal-
cination process. The decomposition may have originated at the
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grain surface and was active at the grain boundary, where the
kinetic diffusion is fast [28-30]. The grain size increased from
03 pm to 3 pm with increased calcination temperature from
1223 K to 1373 K. Therefore, the increased calcination temperature
may improve the oxidation stability of A;BO.-type oxides. This
finding is important for porous SOFC cathodes.

The introduction of A-site deficiency may also improve the
stability of (PL); oNCG as indicated by the oxygen permeation test
as shown in Fig. 1. This conclusion was confirmed by the XRPD
analysis as illustrated in Fig. 8a and b. (PL); )NCG underwent an
oxidative decomposition to PriNisOq0. 5 5h after annealing the
as-prepared samples at 1173 K for different times and quenching,
as shown in Fig. 8a. However, the amount of PryNisOqp, 5 by-
phase in the (PL);gNCG powder was less than the amount ob-
served under the identical conditions with (PL}); oNCG as shown in
Fig. 8b. The incorporation of A-site deficiency decreased the oxy-
gen content, This finding has been validated previously [7,25].
(PL),oNCG is hyperstoichiometric with 44 5=4.25 at 900 °C in air
(20 vol% 0), but (PL);9NCG is almost oxygen stoichiometric,
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Fig. 8. The influence of A-site deficiency on the phase stability (top) and grain size (bottom): (a, ¢) (PL),oNCG: (b, d) (PL); 9NCG, The (PL)., oNCG and (PL), oNCG powders were
annealing at 1373 K for 10 h in air and then treated at 1173 K in air for different times. The data were obtained by ex-situ XRPD and presented in full in the Supporting

Information Figs. S10 and S11.

4+6=3.98 [25].

The improved oxidation stability may be the result of the de-
creased oxygen non-stoichiometry in A,BO4-type oxides, and such
behavior could be predicted with Eq. (2). The prolonged transient
process is accompanied by extensive oxygen uptake. The required
oxygen amount is h=1-15540.55"+4" [15,26]. I we assume that
& and ¢” are negligible, then b is only dependent on the oxygen
content of the A;BO,-type (n=1) materials, The A;BO,-type oxides
with lower oxygen content (low §) should be more stable because
they require more oxygen to decompose under identical condi-
tions. A similar phenomenon was also observed by Frade et al. The
incorporation of a Cu cation into ProNiO4 (A;BO,4-type oxide) de-
creased the oxygen content and expanded the stability domain of
the A;BO4-type solid solution towards lower temperatures. And Fe
doping had the opposite effect [15]. Therefore, the decomposition
temperature of A;BO,-type oxides is determined by the oxygen
content, Moreover, A-site deficiency could enhance the sintering
process [25,31]. The grain size of (PL);gNCG was larger than that of
(PL)2gNCG as shown in Fig. 8c and d, which might also be the

reason for the improved stability by the introduction of A-site
deficiency.

Both the cation-stoichiometric (PL}, oNCG and A-site deficient
(PL),oNCG oxides were decomposed under air (20 vol% O,) at
900 °C (Fig. 8). However, only the cation-stoichiometric (PL); gNCG
exhibited unstable oxygen permeation flux at 900 °C. The situation
is complex when the powder was prepared as the oxygen
permeable membrane (Fig. 1). The decomposition occurred on the
feed side (high O, partial pressure side) (Fig. 2). The oxygen was
partly transported from the feed side (high O, concentration side)
to the sweep side (low O concentration side) during the oxygen
permeation process.

Therefore, the oxygen partial pressure near the membrane
surface would be lower than that of the feed gas because of the
polarized concentration [32,33]. Although oxygen permeation was
a steady-state process, the oxygen permeation fluxes of {PL), sNCG
were much higher, which made the O, concentration near the feed
side surface of {PL);4gNCG membrane much lower than that of
(PL);gNCG under the same condition. Therefore, the A-site
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deficient {PL); oNCG membrane exhibited improved stability dur-
ing the oxygen permeation test as shown in Fig. 1.

4. Conclusions

This research investigated the phase stability against the oxi-
dation decomposition of a Ruddlesden-Popper type oxide
{PL); oNCG (A;BOg4-structure, the first member of the RP oxides
with n=1) under an oxidizing atmosphere at intermediate tem-
peratures. We observed that an A;BOg4-structure (PL); gNCG de-
composed into PryNi3Oqp | 5 (higher member of the RP oxides with
n=3) and praseodymium oxide phases, which are barriers to
oxygen transport. We have constructed an Ellingham diagram,
which can be used to guide further applications. We abserved that
the oxidative decomposition was reversible and related to the
temperature and the oxygen partial pressure as predicted by the
Ellingham diagram. The stability of the A,;BO.-type oxides was
dependent on their oxygen content and grain size. Phase stabili-
zation was achieved by high-temperature calcination and by in-
troducing an A-site deficiency. Our method could be used to un-
derstand the phase stability of other A;BO4-type oxides, and two
effective methods to improve the stability of Ruddlesden-Popper
type materials were proposed.
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Supporting information to
The phase stability of the Ruddlesden-Popper type oxide
(ProsLao.1)2.0Nio.74Cu021G20.0504+5 In an oxidizing environment

by Jian Xue, Alexander Schulz, Haihui Wang, and Armin Feldhoff

Oxidation decomposition conditions of (PL)oNCG
As shown in Fig, S1, the (PL)yNCG powder was stable in synthetic air (20 vol.% O-) in the
range of 1373-1223 K, while the PryNi;Oip+s phase (another member of the RP oxides with

n=73) appeared at 1173 K. And the amount of PryNi;O10+s increased with time of treatment.
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Fig. S1. In-situ XRPD patterns of (PL):oNCG powder during annealing for different time
under synthetic air (20 vol.% O:) in the range of 1373-1173 K. Note, the (PL):gNCG powder
was pre-treated in air at 1373 K for 10 h. <& marks 117 reflection (~32.6%) of PraNizOo+5

(n=3). * marks 012 reflection (~25.6") of Al,0; from the holder.
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The (PL):¢NCG powder annealed at 1123 K in 15 vol.% oxygen-containing atmosphere also

decomposed after several hours, as shown in Fig. S2.
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Fig. 82, Tn-situ XRPD patierns of (PL):oNCG powder during annealing lor dilTerent time
under 15 vol.% O atmosphere at 1123 K. Note, the (PL):sNCG powder was pre-treated in air
at 1373 K for 10 h, < marks 117 reflection (~32.6) of PryNizQppe (n=3). * marks 012

reflection (~25.6%) of Al:Os from the holder.

36



2.2 The phase stability of the (PL):oNCG in an oxidizing environment

Similar results as shown in Fig. S1 and S2 were also found at 1073 K under 10 vol.%

oxygen-containing atmosphere shown in Fig. 83, which indicating the immediate proximity

of the oxidation conditions.
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Fig. S3. In-situ XRPD patterns of (PL):oNCG powder during annealing for different time
under 10 vol.% Oz atmosphere at 1073 K. Note, the (PL):oNCG powder was pre-treated in air
at 1373 K for 10 h. & marks 117 reflection (~32.6") of PrsNizOg+5- (n=3}. * marks 012

reflection (~25.6%) of Al20; from the holder.
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38

Reversibility of the oxidative decomposition of (PL); (NCG
After 14 h decomposition in 20 vol.% oxygen containing atmosphere, the spent (PL)oNCG

powder was placed in inert atmosphere. The impurity phase disappeared after 4 h, which indicates

that the decomposition was reversible at 1173 K.
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Fig. S4. Phase reversibility investigation on (PL);¢NCG when changing the 20 vol.%
O:-containing atmosphere to inert atmosphere at 1173 K. Note, the (PL):¢NCG powder was
pre-treated in air at 1373 K for 10 h. <> marks 117 reflection (~32.6°) of PraNizO10+5 (n=3).

“* marks 012 reflection (~25.6") of Al.05 from the holder.
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After the (PL),oNCG powder treated for 14 h in 15 vol.% oxygen containing atmosphere at
1123 K, the spent materials was placed in inert atmosphere. The impurity phase also

disappeared after 4 h, which indicates that the decomposition was reversible at 1123 K.
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Fig. S5. Phase reversibility investigation on (PL).(NCG when changing the 15 vol.%
O»-containing atmosphere to inert atmosphere at 1123 K. Note, the (PL).oNCG powder was
pre-treated in air at 1373 K for 10 h, <> marks 117 reflection (~32.6%) of PryNizO¢+s (n=3).

* marks 012 reflection (~25.6°) of Al-O3 from the holder.
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When changing the 10 vol.% oxygen containing atmosphere to inert atmosphere at 1073 K,
the impurity phase slowly disappeared with treated time, which indicates that the

decomposition was reversible al 1073 K.
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Fig. S6. Phase reversibility investigation on (PL):¢NCG when changing the 10 vol.%
O»x-containing atmosphere to inert atmosphere at 1073 K. Note, the (PL): gNCG powder was
pre-treated in air at 1373 K for 10 h. <& marks 117 reflection (~32.6") of PraNisQ1pea (n=3).

* marks 012 reflection (~25.6°) of Al;Os from the holder.
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Not only does the oxygen partial pressure influence the stability of the A-BOu-type oxides, but the
temperature of the environment does also. As shown in Fig. S7, at 1173 K and 1273 K, the phases
of (PL)>.oNCG (pretreated at 1223 K for 10 h) are mixed with PrsNizOio+s phases, while after

annealing at 1373 K, the PryNizOjo5 phase disappeared and the pure K:NiFstype structure

formed again.
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Fig. S7. Phase reversibility investigation on (PL)2oNCG with increased temperature under
synthetic air (20 vol.% O-) for 8 h. Note, the (PL)>oNCG powder was pre-treated in air at
1223 K for 10 h. & marks 117 reflection (~32.6% of PryNizOpsr (n=3). * marks 012

reflection (~25.6") of Al;Os from the holder.
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Enhanced oxidation stability by high temperature calcination

After calcination at 1223 K for 10 h, the (PL).oNCG powder contained PraNizOio 5 phase at

1173 K and 1273 K under synthetic air as shown in Fig. S§.
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Fig. S8. The in-situ XRPD patterns of (PL)2.oNCG powder during annealing at 1173 K and
1273 K for 8 h. Note, the (PL)o(NCG powder was pre-treated in air at 1223 K for 10 h. <
marks 117 reflection (~32.6") of PraNizOwss (n=3). * marks 012 reflection (~25.6") of

AlOs from the holder.
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2.2 The phase stability of the (PL):oNCG in an oxidizing environment

The amount of PrsNizO1g-» phase was very low at 1173 K and disappeared at 1273 K after the
(PL)20NCG powder was annealed at 1373 K for 10 h as shown in Fig. 7b. Compared to the
powder calcination at 1223 K for 10 h, the (PL%:¢NCG possessed enhanced stability after

annealing at 1373 K for 10 h.
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Fig. 89. The in-situ XRPD patterns of (PL).oNCG powder during annealing at 1173 K and
1273 K for 8 h. Note, the (PL} qNCG powder was pre-treated in air at 1373 K for 10 h. <
marks 117 reflection (~32.6°) of PraNizOwns (n=3). * marks 012 reflection (~25.6°) of

AL Q5 from the holder,
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Enhanced oxidation stability by introduction of A-site dificiency
After annealing of the as-prepared samples at 1173 K for different time and quenching,

(PL)20NCG underwent an oxidation decomposition to PryNizOigrs after 5 hours, as shown in

Fig. $10.
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Fig. S10. The ex-situ XRPD patterns of (PL).yNCG powder during annealing at 1173 K for
different time. Note, the (PL)2oNCG powder was pre-treated in air at 1373 K for 10 h. <

marks 117 reflection (~32.6%) of PraNizO1015 {n=3).

44



2.2 The phase stability of the (PL):oNCG in an oxidizing environment

There is also some PryNizOjg+5 impurity phase in the (PL); oNCG powder after annealing of
the as-prepared samples at 1173 K for 5 h. However, the amount of the impurity phase was
much smaller than that in (PL2oNCG under the same condition as shown in Fig. S11.
Abovementioned results indicate that the introduction of A-site deficiency could also improve

the stability of (PL)2oNCG.
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Fig. S11. The ex-situ XRPD patterns of (PL);sNCG powder during annealing at 1173 K for
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different time. Note, the (PL)1sNCG powder was pre-treated in air at 1373 K for 10 h. <

marks 117 reflection (~32.6°) of PryNizO o5 (n=3).
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A new CO,-resistant Ruddlesden—Popper oxide
with superior oxygen transport: A-site deficient
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and Armin Feldhoff*?

A-site deficient (Pryglag 1)1 gMNig74CuUp21Ga0.0504+6 ((PLI1aNCG), with the K;NiF4 structure, is found to
exhibit higher oxygen transport rates compared with its cation-stoichiometric parent phase. A stable

oxygen permeation flux of 46 x 1077 mal cm

2 571 at 900 "C at a membrane thickness of 0.6 mm is

measured, using either helium or pure CO; as sweep gas at a flow rate of 30 mL min™. The oxygen flux
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is more than two times higher than that observed through A-site stoichiometric (PL),oNCG membranes

operated under similar conditions. The high oxygen transport rates found for (PL), osNCG are attributed to
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1 Introduction

Clean energy delivery technologies are imperatively required for
the purpose of reducing the emission of CO; to avert global
climate change. Oxygen-transport membranes (OTMs) based on
mixed clectronic and ionic conductors have gained inercasing
attention due to their economical, efficient, and environmen-
tally friendly production of oxygen from air and their potential
integration in oxy-fuel technologies with CO, captute.’” In the
oxy-fuel process, a part of the flue gas, which contains CO,, is
recycled and used as sweep gas. Therefore, oxygen-transport
membranes should not only exhibit a high oxygen flux, but also
show good stability under CO,-containing atmospheres.®’
Acceptor-doped perovskite-type oxides A;_A/B,_,B',05_;
(A, A" =La, Sr, Ba; B, B" = Fe, Co, Nb, etc.) have been investigated
extensively as OTMs over the past two decades.®® The ionic
charge carriers created by acceptor-doping are mobile oxygen
vacancies. Indeed, high oxygen fluxes are measured for mate-
rials with high concentrations of oxygen vacancies. Up to 1/4 of
the oxygen sites can be vacant like, for example, SrCoq gFey.-
05 5 and Bag 551y 5C0p sFe 205 5.7 A drawback is that these
materials are prone to carbonation. An oxygen-impermeable
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highly mobile oxygen vacancies, compensating A-site deficiency. The high stability against carbonation
gives (PL); s NCG potential for use, e.g., as a membrane in oxy-fuel combustion processes with CO; capture.

alkaline-earth carbonate layer will be formed on the membrane
surface exposed to the CO,-containing sweep gas, resulting in a
decline of the oxygen permeation flux with time.*'® A-site defi-
ciency is commonly adopted in an attempt to lower the basicity,
thereby increasing the resistance of the membrane material
towards carbonation.™*

Alternatively, problems with limited CO, stability could be
avoided by the development of alkaline-carth-free membrance
materials. In this regard, perovskite-related Ruddlesden-
Popper (RP) Ay—; B0z, materials, in particular those with the
K,NiF, structure {the first member of the RP oxides with n = 1),
are attracting increasing attention.'*" The latter structure
consists of alternate AO rock-salt and ABO; perovskite-like
layers along the crystallographic c-axis, as shown in Fig. 1.
Oxygen transport proceeds via migration of oxygen interstitials
(03) in the rock-salt layers.'*' Molecular dynamics (MD)
simulations predict an interstitialcy diffusion mechanism, also
referred to as a ‘knock-on’ or ‘push-pull’ mechanism, involving
concerted jumps between interstitial oxygen (03) and apical
oxygen [O2) sites, rather than a direct jump between two
interstitial sites."® A contribution of vacancy-mediated transport
may be considered, but this necessitates the formation of
oxygen vacancies. Using atomistic computer simulation, Cleave
et al. predicted that all of the vacancy mechanisms studied in
La,Ni0, exhibit lower activation energies than the interstitial
process.'”” Most reported oxides with the K;NiF, structure are,
however, oxygen hyperstoichiometric so that in most of these
cases the role of mobile interstitials is predominant.'"®

Using in situ high-temperature neutron powder diffraction,
Yashima et al. provided evidence that indeed the ionic charge
carriers in (ProoLaga)y.oNin7aCU.2:Ga0,0504.5 ((PL)2.0NCG) are
oxygen interstitials.”®' It was determined that (PL),(,NCG
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Fig. 1 Oxide with the tetragonal K;NiF4-type structure (space group
f4/mmm). Atomic positions were calculated from ICSD 173422, For
clarity only a subset of the interstitial oxygen ions {O3) is shown.

exhibits specific thermal anisotropic temperature factors
expected for migration vig the interstitialcy mechanism. Inter-
estingly, Ishihara and colleagues found that A-site deficient
oxides Nd, o(Nip75CUq.25)0.05G20.0504  and  Pry gNig;5Cug »s-
Gag,0;0; exhibit higher oxygen fluxes than their cation-stoi-
chiometric parent phases.”*' The authors, however, retrained
from giving a clear explanation of the role of A-site deficiency in
oxygen transport. In this work, we have investigated the influ-
ence of A-site deficiency of (PL), pNCG on structural parameters,
oxygen transport, and stability in CO, atmospheres.

2 Experimental
2,1, Preparation

Powders of (Prn.uLau.'l)1.uNiuj4cun.2,|Ga:L:)504+5 ([PLJL&JNCG) and
(PL),.oNCG were prepared by a combined citrate and ethylene-
diamine-tetraacetic-acid (EDTA) method as described previ-
ously.*** The as-prepared powders were uniaxially pressed at 20
MPa to obtain green pellets followed by their sintering in air at
1230 *C for 10 h in a bed of the corresponding powder. The
density of the sintered disk membranes obtained was measured
by the Archimedes method using distilled water. Only
membranes with a relative density higher than 95% were
selected for permeation experiments. The membranes were
polished to the desired thickness using 1200 grit-sandpaper and
then washed with ethanol.
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2.2. Structural characterization

The crystal structure of the sintered disks was studied by using
an in situ X-ray diffractometer (XRD, D8 Advance, Bruker-AXS,
with Cu Ke radiation) equipped with a HTK-1200N high-
temperature oven chamber (Anton-Paar). Measurements were
conducted under a CO, atmosphere from 30 to 1000 °C. The
temperature was step-wise increased, with a dwell time at each
step of 50 min before actual data collection. The oxygen content
of (PL), ¢NCG and (PL}, (NCG in air at 900 °C was cvaluated by
hydrogen reduction in a thermogravimetric (TGA) apparatus
(Netzsch TG 449 F3), agsuming that the products of hydrogen
reduction were Pr,0;, La,0;, Ni, Cu and Ga."* The micro-
structure of the disk membrane was examined by scanning
electron microscopy (SEM) using a JEOL JSM-6700F field-emmis-
sion instrument operating at an excitation voltage of 2 kv. The
elemental composition of the membrane was determined by
energy dispersive X-ray spectroscopy (EDXS), using an Oxford
Instruments INCA-300 EDX spectrometer with an ultrathin
window and at an excitation voltage of 20 kv.

2.3. Oxygen permeation experiments

The oxygen flux through the membranes with different thick-
nesses was investigated in the range of 800-975 “C using a home-
made high-temperature oxygen permeation cell, which is
described in detail elsewhere.”* A commercial ceramic sealant
{Huitian, Hubei, China) was used to seal the disk-shaped
membrane onto an alumina tube. Synthetic air was fed (150 mL
min ") to the feed side of the membrane, while He or CO, gas
was fed to the sweep side. Unless specified otherwise a sweep gas
flow rate of 30 mL min~" was maintained. Gas flow rates were
calibrated with a soap bubble flow meter. The composition of the
effluent was analyzed by on-line gas chromatography (GC, Agi-
lent Technologies, 78904). The leakage of oxygen was subtracted
in the calculation of the oxygen flux.*>” The contribution of
leakage to the apparent oxygen flux was below 0.5% in all cases.

3 Results and discussion
3.1. Phase analysis and microstructure

Fig. 2 shows the XRD patterns of (PL), (NCG and (PL), (NCG
ceramics after sintering at 1230 “C for 10 h in air. Analysis of the
patterns confirms that both materials adopt the tetragonal
K,NiF, structure (ICDD PDF number: 01-087-1679). No impurity
phases are detected.”® For a more precise evaluation of the
influence of A-site deficiency on the XRD pattern, the reflections
at 31.6%, 69° and 79° are magnified and compared in Fig. 2b-d,
respectively. The 113 reflection of (PL), 4NCG at 31.6" is slightly
shifted to higher 2# values compared to that of (PL), ,NCG as
shown in Fig. 2b. The 324 and 400 reflections are shifted to a
higher angle and merge with the 208 reflection, which is shifted
to a lower angle, as shown in Fig. 2¢c. A similar phenomenon is
found around 79 as shown in Fig. 2d, where the 414 and 420
reflections are found to be merged with the 228 reflection.
These observations are consistent with the different lattice
parameters of (PL), yNCG and (PL), (NCG, which are reported in
Table 1.
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In situ XRD measurements were performed on (PL), \2NCG
under a pure CO, atmosphere from room temperature to
1000 °C. As seen from Fig. 3, no additional reflections are found
that would indicate the presence or formation of other phases,
e.g., carbonates. The results are consistent with those from our
previous study, in which it was found that (PL), (NCG also
possesses  excellent  chemical  stability under CO,
atmospheres.>**°

SEM micrographs of the (PL);4sNCG and (PL),,NCG
membranes, which were sintered at 1230 “C for 10 h in air, are
presented in Fig. 4. As seen from this figure, both membranes
show high density. The average grain area estimated from the
micrographs is about 51 pm® for (PL), yNCG, which is slightly
higher than the value of 42 pm® found for (PL), (NCG. Some
fine-grained furnace dust particles are seen in both SEM
micrographs. These could be successfully removed by polishing
the membranes prior to permeation measurements as was
revealed from SEM micrographs recorded after the polishing
procedure.

Table 1 lists various properties of (PL);sNCG and
(PL),oNCG. The unit cell parameters of both materials are close.
Compared to (PL), (NCG, the lattice of (PL); sNCG has shrunk
slightly in the ¢-axis direction and has expanded slightly in the
a-b plane.**** Furthermore, (PL), ,NCG shows a higher relative

a)

‘ l PL,,NCG

; | ” Ll . A oY L
o
=
5

PL, ,NCG

l = d ‘ ,ml ok 11,9” "

10 20 30 40 50 60 70 80 90

20 (degrees)
by (113 <) d)
I PL, ,NCG PL, ,NCG PL, NCG
1
Gy of
=2 | {324) and (400)  (208) (414} and (420) (228}
o al® Y F
= i = J
= R iV i S
[ L R eSS — . P -
5 b
(7]
€ 1
= s @ PL NCG PL..NCG
al
iy 8
34 31.6 318 68 69 70 785 790 795
20 (degrees) 20 (degrees) 2 0 (degrees)

Fig. 2 (a) XRD patterns of (PL) gNCG and (PL}; oNCG after sintering at
1230 °C for 10 hin air, and (b) magnifications of selected regions of the
patterns shown in (a).
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density, which might indicate that A-site deficiency enhances
the sintering process.® The average thermal expansion coeffi-
cient of (PL); oNCG under a CO, atmosphere is 15.9 x 107K,
which is slightly higher than the value of 15.1 x 10 ° K *
observed for (PL),NCG under the same conditions.*® Note
further that the oxygen content of A-site deficient (PL); oNCG, at
900 °C in air, is significantly less than that observed for A-site
stoichiometric (PL), oNCG. The latter suggests that A-site defi-
ciency is mainly compensated by the removal of oxygen from
the lattice.

3.2. Oxygen flux

An Arrhenius plot of the oxygen flux through a (PL), sNCG
membrane with a thickness of 0.6 mm is shown in Fig. 5. Also
included are data of oxygen permeation for (PL), (NCG from our
previous study.® Similar oxygen fluxes are found whether using
He or CO, as sweep gas, albeit at the lowest temperatures the
measured oxygen flux using CO, as sweep gas tends to be
slightly lower. The latter may be attributed to the adsorption of
CO, molecules at the surface, thereby blocking the surface
exchange reaction.”* Compared to [PL), \NCG, slightly lower
activation energies are found for A-site deficient (PL); oNCG.
Apparent activation energies in the temperature range of 800-
975 °C, using He as sweep gas, are 25 and 27 kJ mol * for
(PL); oNCG and (PL), (NCG, respectively. At 900 °C, the oxygen
flux through (PL), oNCG is 4.6 x 10 “molem *s  irrespective
of the use of CO, or He as sweep gas. The observed oxygen flux is
more than two times higher than the value of 1.9 x 107" mol
em %5 ! observed for (PL), (NCG under the same conditions.”®
A-site cation deficiency thus has a large influence on the oxygen
permeability.

The oxygen flux was further investigated as a function of
membrane thickness. Oxygen permeation through dense
mixed-conducting oxide membranes is governed by bulk
diffusion and surface exchange. If bulk diffusion is the rate
limiting step, the flux can be described by the Wagner
equation,™**

RT o¢.0; 0"

g
e L2F2L o, +o; - pO”;

(1)

where jO,, R, F, T, L, a,, and o; denote the oxygen flux, gas
constant, Faraday constant, temperature, membrane thickness,
and the partial electronic and ionic eonductivity, respectively.
pO'; is the oxygen partial pressure maintained at the feed side,
while p0O”, is the oxygen partial pressure at the sweep side.
Hence, if the oxygen flux is entirely governed by bulk ditfusion,
the plot of the normalized oxygen flux jO,/In(pQ’,/pO",) versus
reciprocal thickness (1/L) should be linear with the line inter-
secting the origin. Fig. 6 shows that the normalized oxygen
fluxes for both (PL}); sNCG and (PL), (NCG increase propor-
tionally with 1/L for thicknesses greater than approximately 1.6
mm (1/L = 0.635 mm '), but depart from a linear relationship
for smaller thicknesses. These results reveal that the oxygen flux
is predominantly limited by bulk diffusion for a membrane
thickness greater than ~1.6 mm and by surface exchange for
smaller thicknesses.
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Table 1 Various parameters of (PL);gNCG and (PL); oNCG. Values between parentheses are standard deviations. Experimental data were
acquired from sintered ceramics or powder cbtained from crushed ceramics

Average Crystal Average thermal expansion
Pexp Pexp/Peheo grain size symmetry Cell parameters coefficients in 30 °C-1000 °C Oxygen content
gem™ % {um?) (spacc group)  (A) under €O, (107°K™) at 900 °C in air
(PL),,oNCG 7.51(5) 96(1) 42(2) Tetragonal a— b — 3.8305(4}, 15.1 (ref. 30) 4.253(2)
T4 /mmim © = 12.5600(20)
(PL), gNCG 7.40(5) 98(1) 50(2) ‘Tetragonal a=h=3.8345(4), 15.9(6) 3.98(2)
14/mimm ¢ = 12.5547(20)

Since in both (PL),(NCG and (PL), NCG the electronic
conductivity predominates over the ionic conductivity, eqn (1)
can be simplified to

JOs = 7Lz:ai In uth 2)

L pO"y

Using this cquation, the ionic conductivity was calculated from
the data of oxygen permeation measurements obtained for 2.3
mm thick membranes. At 900 °C, a value 0f 0.21 $ e~ is found
for A-site deficient {(PL), JNCG, to be compared with 0.10 S cm ™’
found for A-site stoichiometric (PL),,NCG. Increasing the
sweep gas flow rate increases the oxygen partial pressure
gradient across the membrane. Fig. 7 shows that the oxygen flux
measured through a 0.6 mm thick membrane of (PL), 4\NCG at
different temperatures increases upon increasing the flow rate
of the He sweep gas.

3.3. Stability under CO,

High oxygen flux and good chemical stability are two key
factors for industrial application of oxygen transport
membranes. Good CQ, resistance was found for the A-site
stoichiometric (PL), oNCG.*® To assess the stability of A-site
deficient (PL); {NCG against carbonation, the oxygen perme-
ation performance was stucdied by pericdically changing the
sweep gas between He and CQ,. As can be seen from Fig. 8,
only a marginal, reversible change of the oxygen flux occurs

when the sweep gas is switched back and forth between He and
CO,. Fig. 9 shows the [ong-term oxygen permeation behavior of
the (PL), NCG membrane at 900 and 975 “C, using either He
or pure CO; as sweep gas. Stable oxygen fluxes with no sign of
deterioration are observed over 200 h. Comparing the XRD
patterns of the (PL), JNCG membrane before and after the
long-term permeation tests revealed no formation of second
phases, as shown in Fig. 10. In particular, no evidence of
carbonation formation was found. Fig. 11 depicts SEM/EDXS
images of a cross-section of the (PL); (NCG membrane after
the oxygen permeation tests. The results confirm a homoge-
nous distribution of all elements. The observations confirm
the excellent stability of (PL), (NCG under a CO, atmosphere.
The observed behavior is in marked contrast with many earth-
alkaline containing perovskite oxides whose oxygen perme-
ation fluxes are found to decrease sharply upon CO,
exposure.™'”

3.4. Influence of A-site deficiency on oxygen transport

Data from this study demonstrate that A-site deficient
(PL);.oNCG shows superior oxygen transport propertics
compared to A-site stoichiometric (PL), (NCG. As was
mentioned in the introduction, similar observations have
been reported by Ishihara and colleagues for A-site deficient
Nd1H(Ni(].TSCulLZﬁ]‘l.‘JSGa(L[JSOAt and  Pry yNij 550U55Ga0,0504
compared to their A-site stoichiometric forms.>*' The latter

a) 113 b)
we— . i we N N
200°c . | N A | 200°C RS
] P i | R L g 400 °C = | o
z 600 °C P | L § ﬂ"C__/f\L‘i %
; 00 °C ] | 1 © ,“E"i_./\.\, ) 8
-E 1000°C el N L ﬂ“&._/’f{\if
L | gooc i Nl L L‘“”F,,/"\ o t
E 800°C ——— k. lL SY S WU P O ———— g’ (60070 N— g
a00"c . | S L g |aee )/ ,\\**’ -‘g
200°C I L | e, //\'~. =
30°c: — | i L - ll : 30°C -
0 20 40 60 80 31.0 31.5 32.0
20 (degrees) 20 (degrees)

Fig.3 (a) In-situ high-temperature XRD patterns of calcined (PL; o)NCG powder collected during exposure to pure CO,, and (b) magnified view
of the {113} reflection. Diffractograms were reccrded in intervals of 100 “C while not all are displayed for clarity reasons.
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Fig. 4 Surface SEM micrographs of sintered (a) (PL},oNCG and (b)
(PL}1sNCG membranes.

authors attributed the phenomenon to grain size effects,
increased concentration of interstitial oxygen, or enhanced
diffusivity of interstitial oxygen.”®*"'® It may be noted that the
grain sizes found in this study for (PL), JNCG and (PL), ,2NCG
are similar (see Fig. 4), while the oxygen hyperstoichiometry
decreases rather than increases by introducing A-site deficiency

T(°C)
, 950 900 850 800
[ ' " PL,NCG, thiswork
—~6f ON‘o © He E,=25(1)kJ:mol’
0“2 . [ S~ “a._ @ CO,E, =28(2) kJ-mol’
(:, 3 \0\ =
© 4} S
E | TR
o 3 [ o TBrL
= TR e
w2 pl S
o} s
= [ PL,NCG, Tangetal. * . T
'F o He E,=27(1) kimor' e
| @ CO,E, =312 kJmol" ) ) )
0.8 0.84 0.88 0.92
1000/T (K'")

Fig. 5 Temperature dependence of the oxygen permeation flux for
(PL}1gNCG and (PL); o)NCG, measured using different sweep gases
Data for both materials were collected under similar conditions. The
membrane thicknesses are 0.6 mm. Data for (PL); oNCG were taken
from our previous study.® Apparent activation energies are listed in the
figure.
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{see Table 1). Clearly other factors must be taken into to account
for the observations.

Hydrogen reduction experiments show that, at 900 °C,
(PL), sNCG is hyperstoichiometric with 4 + ¢ = 4.25, while
(PL); sNCG is found to be almost oxygen stoichiometric, 4 + 6 =
3.98 (Table 1). At the same time the oxygen fluxes through
{PL), uNCG membranes, in the range of 800-975 °C, exceed
those through (PL), (NCG membranes by a factor of 2-3 (Fig. 5).
Interestingly, despite the apparent lowering in the ionic charge
carrier concentration by introducing A-site deficiency, oxygen
transport has increased. The results are taken as evidence that
the ionic charge carriers in (PL); {NCG must exhibit a higher
diffusivity that overcompensates the loss in the ionic charge
carrier concentration compared to those in (PL), (NCG. As the
oxygen content of (PL); oNCG is found to be almost stoichio-
metric, the role of oxygen vacancy diffusion becomes signifi-
cant. Accordingly, the enhanced oxygen transport observed for
{PL), uNCG can be accounted for by fast oxygen transport via a
vacancy mechanism. Such a conclusion would be consistent
with the finding by Cleave ez al. that the most likely pathway for
oxygen migration in La,NiQ,, Le., with the lowest activation
energy, is a vacancy mechanism, involving transfer between two
apical (02) sites."”
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Fig. 6 Dependence of the normalized oxygen flux on the inverse
membrane thickness for (a) (PL)1 oNCG and {b) (PL)z oNCG. Data for the
latter were taken from our previous study.?® Note the different vertical
scales.
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Fig. 7 Dependence of the oxygen flux through a 0.6 mm thick
(PL)1.sNCG membrane at different temperatures on the He sweep gas
flow rate.

The role of a vacancy mechanism in overall oxygen transport
in (PL), oNCG can be illustrated by simple defect chemical
considerations. The concentration of oxygen vacancies
is determined by anion Frenkel disorder. Using the standard
Kroger-vink defect notation, this equilibrium can be
expressed as

o5+ Vi=0" + 1) (3

Close to stoichiometric conditions, i.e., in the regime for dilute
defect concentrations, and ignoring defect association, the anti-
Frenkel equilibrium constant K,y can be presented as

Kar = [O"][V] = &6, {4)

where §; and dy are the molar fractions of oxygen interstitials
and oxygen respectively. The overall non-
stoichiometry parameter is given by 6 = &; — dy. Eqn (4) can be
used to calculate §; and &y provided that K,p is known. Data of
such calculation, assuming Kxr = 1072, are shown in Fig. 12.

vacancies,
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o]
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Fig. 8 Oxygen permeation flux through a 0.6 mm thick PLygNCG

membrane at 900 and 975 “C. Data were collected by pericdically

changing the sweep gas between He and CO». Horizontal dashes lines
are guides to the eye.
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Fig. 9 Leng-term stability test of the oxygen permeation flux through
a 0.6 mm thick (PL); jNCG membrane. Data were collected at two
different temperatures, using He and CO; as sweep gases as indicated
in the figure. Horizontal dashed lines are guides to the eye.

The Nernst-Einstein equation can be used to express the
ionic conductivity in terms of the defect concentrations and
their diffusivities,

4F*
o = —— (6D + 6y Dy 5
i RTVm( (o] v \) [ )
Where Vy, is the molar volume, and D; and Dy are the diffusiv-
ities of interstitials and vacancies, respectively. Eqn (5) can be
rewritten into,

.

4F=
-

i :FVLHD;((S; + 6v) [6)

where we defined the parameter £ = Dy/D;. The relative magni-
tudes of the diffusivities affect the overall ionic conductivity, as
is illustrated in Fig. 13.1f the defect diffusivities are equal (£ = 1),
the ionic conductivity is at minimum at the stoichiometrie
composition (§ = 0). The plot of the ionic conductivity versus ¢
obtained for £ = 1 is symmetrical about é = 0. With increasing £,
the minimum shifts to higher § values. In this case, a higher
ionic conductivity is obtained for hypostoichoimetric (6 < 0) than
for hyperstoichiometric (& > 0) compositions of a similar

sweep side

feed side

A

| 4 1
L hoa i ML wd A

Intensity {a.u.)
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} | I IIJ ‘mJ A A

1 1 1 1 1 1
10 20 30 40 50 60 70 80 20
26 (degrees)

Fig. 10 XRD patterns of fresh and spent {PL}; gNCG membranes after
long-term cxygen permeation tests.
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GaKa1_2

Fig. 11 (a) SEM, and (b—g) EDXS images of a cross-section of the (PL); gNCG membrane after the long-term permeation tests.

absolute magnitude. It should be emphasized that the value
obhtained for £ is determined by the value of K. It is easily
demonstrated by caleulation that, at given value of Kuyp = 1077, £
must be 10 to yield a two times higher ionic conduectivity for
(PL), oNCG, with 6 = —0.02, than for (PL),.\NCG, with § = 0.25,
as is experimentally observed (see Table 1).

In the A,BO, oxides (with the K,NiF, structure}, the interstitial
oxygen ions O3 are in a tetrahedral environment of the A-site
cations as well as of the apical oxygen 02.* MD simulations show
only a weak dependence of the diffusivity of oxygen interstitials
in Pr,NiOy,; with the degree of oxygen hyperstoichiometry.”” The
observations are consistent with MD simulations of oxygen
transport in La,NiQ,.:"" Several researchers have investigated
the effect of acceptor-doping on the oxygen diffusivity in oxides
with the K,NiF, structure. Acceptor doping reduces the concen-
tration of oxygen interstitials, The corresponding results of **0
tracer diffusion studies by secondary-ion mass spectroscopy
(SIMS) show the oxygen diffusivities in La, ,Sr,NiO; and

=-0.02 8=0.25

03+

03 -02 -01 00 01 02 03

0.0

Fig. 12 Concentration of interstitial oxygen ions () and oxygen
vacancies (&) as a function of the overall nonstoichiometry parameter
8§ = & — by, calculated using eqn (4), assuming Kar = 10 ? Values of 8,
which are indicated on the top scale, refer to (PL)3NCG and
(PL)>gNCG (see Table 1).
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La, ,Sr,Cu0y,,to be suppressed by several orders of magnitudes
below the diffusivities for the undoped materials.>*** For small
Sr addition, the observations arc explained by the concomitant
decrease in the concentration of oxygen interstitials."*' For the
higher Sr addition {x = 0.2), where charge compensation of the
acceptor dopant occurs, in part, by the formation of oxygen
vacancies, these are explained by the occurrence of defect asso-
ciates V — St',, or vacancy ordering, due to the electrostatic
intcractions between oppositely charged oxygen vacancies and
dopant cations. These findings are in apparent contrast with
those from the present work. Assuming that, on the introduction
of Assite deficiency, A-site cation vacancies (V") and oxygen
vacancies are formed, defect associates in (PL), \NCG are likely
on the basis of simple charge considerations. The high oxygen
transport rates observed in (PL); sNCG, however, provide no
evidence of their detrimental influence on ionic conductivity.
Our results are believed to have general relevance for optimizing

5=0.25

total ionic conductivity (a.u.)

Fig. 13 The influence of oxygen nonstoichiometry on the apparent
lonic conductivity calculated for different values of the oxygen
vacancy/oxygen interstitial diffusivity ratioc £ = Dy/D;. Values of &, which
are indicated on the top scale, refer to (PL); sNCG and (PL)> oNCG (see
Table 1).
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the ionic conductivity of A,BO, oxides by tuning the A/B-site
stoichiometry.

4 Conclusion

(PL);oNCG has been studied with a view to determine the
effects of A-site deficiency on structural parameters, oxygen
transport and stability under CO; atmospheres. (PL); JNCG is
found to exhibit higher oxygen transport rates compared with
its cation stoichiometric parent phase. The high oxygen trans-
port rates are attributed to highly mobile oxygen vacancies and
charge compensating cationic vacancies. The high structural
stability towards carbonation gives (PL), oNCG potential for use
as a membrane, e.g., in oxy-fuel combustion processes with CO,
capture. As exemplified in this work, the concept of A-deficiency
can be used to optimize oxygen transport in layered A;BO,
oxides (with the K,NiF, structure).
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ABSTRACT:

A ceramic membrane, made of A-site deficient (ProsLao.)1.9Nio74Cu021GaonsO415 ((PL)19NCG) posscsses considerable oxygen transport
rates and good chemical stability in the presence of COa, while it decomposes under oxygen-containing atmosphere at intermediate temper-
ature during the oxygen separation process. In this work, we proposc a feasible approach to improve its oxygen permeability and long-tcrm
phase stability by surface coating. A porous layer of LaosSroaCoOs perovskite was coated on one surface (sweep side or feed side) or both
surfaces of the (PL)1.sNCG membrane with 0.6 mm thickness and the oxygen permeation performance was measured in the temperature
range of 800-975 °C. The results reveal that the sweep-side coated membrane exhibits largely enhanced permeation fluxes compared to that
through feed-side coated membrane, while the feed-side coated membrane shows better phase stability under the same conditions. The both
side modified membrane combines abovementioned advantages, and it shows 57 % enhanced and stable oxygen permeation lux during the
long-term test at 800 °C. The observed catalytic effects are discussed based on the oxygen surface exchange properties of (PL)19NCG and
the mechanism of the oxygen transporting membrane in detail.

Keywords: Surface modification, Ruddlesden-Popper oxide, Oxygen permeation membrane, Phase stability

temperature under a driving force (an oxygen chemical potential
gradient or an electrical potential gradient) [4]. Such membranes

1. Tntroduction

Oxygen is an important raw material for human and widely used in
the production cycle of steel, plastics and textiles, brazing, welding
and culling ofl sieels and other melals, rockel propellant, in oxygen
therapy and life support systems in aircraft, submarines, spaceflight
and diving, Annually, 100 million tonnes of Oz are extracted from
air lor industrial uses [1]. Oxygen gas can be produced through cry-
ogenic distillation, electrolysis of water or pressure swing adsorp-
tion. The first two methods are energy-intensive while the latter
cannot produce high purity oxygen |2, 3].

Recently, new advanced technology with mixed oxygen-ionic and
electronic conducting (MIEC) membranes have attracted consider-
able attention due to their applications in oxygen separation with
absolute selectivity from an oxygen-containing atmosphere at high

feed side

membrane

systems features high energy-efficiency, clean, simplified opera-
tion and can be integrated with some industry processes such as
methane coupling, partial oxidation ol methane into synthesis gas,
methane dehydroaromatization and oxyfuel combustion [3-7].

In a dense MIEC membrane, oxygen could be separated through
three progressive steps under an oxygen chemical potential gradi-
ent as shown in Fig. 1: (i) the surface-exchange reaction on the feed
side, oxygen insertion (oxygen adsorption and dissociation); (i) the
simultaneous bulk diffusion of charged oxygen species {oxygen va-
cancies or interstitial oxygen) and electrons or electron holes in the
bulk phase; (iii) the surface-exchange reaction on the sweep side,
oxygen release (oxygen association and desorption) [4, 8, 9].

sweep side

4
%) = 41, (T, PS) + 1 :
,,,,,,,,,,,,,,,,,,,,, |
air P | O,-containing gas

oxygen insertion: X 2Vy r oxvgen release:

0,(g) + 2V; - 20¥ + 4 <\\—20,,— : 208 + 4 = 0,(g) + 2V5
Hoo | 0yg) + 205 + 42 > 205 s, ] 205 — 0,(g) + 2V +4¢"
0,(g) - 20" + 4h’ 4 > 20] + 4h' - 0,(g)
0,(g) + 4’ > 20/ T\_" 200" > 0,(g) + 4¢'
O,-depleled air sweep gas
\
i 1 ]

T

(1) surlace exchange

(i1) bulk diffusion

(ii1) surface exchange

Fig. 1. Schematic diagram of the different sections involved in the oxygen transport during oxygen permeation
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For a relatively thick membrane, the bulk dilTusion process plays a
dominant role in the oxygen permeation process, and the permea-
tion flux is proportional to the reciprocal of the membrane thick-
ncss, which can be cxpressed by the Wagner cquation [4, 10, 117:

_ RT finpé’z

: el Tion
Jo, =~ dinPg

; .
Py, Getoion 2

(n

Where jo,, R, F, T, L, gel, and Gion denote the oxygen flux, gas con-
stant, Faraday constant, temperature, membrane thickness, and the
electronic and ionic conductivity, respectively. Pr’): is the oxygen
partial pressure maintained at the feed side, while P(SZ is the oxygen
partial pressure at the sweep side. In this case, reducing the mem-
brane thickness could result in increased oxygen permeation flux,

while the relative limiting effect of surface exchange also increased.

When the thickness 1s less than a critical value L (the characteristic
thickness, which is defined as the membrane thickness at which the
oxygen permeation is equally determined by the surface-exchange
kinetics and bulk-diffusion), the surtace exchange process becomes
the rate-controlling step [4]. Therefore, further increase of the oxy-
gen permeation flux can be achieved by coating a porous catalytic
layer on the membrane surfaces |12-19].In our previous work, it
was shown that the A-site deficient
(ProsLao.1 b sNin.72Cuo.21GanosOs—s ((PL)1sNCG), with the KoNiks
structure (the first member of the Ruddlesden-Popper oxides
A 1B,03:-1 with n= 1) possesses twice higher oxygen permeation
tlux than that of A-site stoichiometric one due to its highly mobile
oxygen vacancies which compensating the A-site deficiency as de-
scribed in detail in our previous work |20]. However, the PraNiQs-
based Ruddlesden-Popper-type materials are not stable in oxidizing
atmosphere at intermediate temperature which decompose into the
multilayered perovskite PraNizOuo+s (higher member of the Rud-
dlesden-Popper oxides with » = 3) and PrOz+s- [21]. Although their
phase stability can be slightly improved by the introduction of A-
site deficiency, while il is not enough to stand the practice condi-
tions as discussed in detail previous [21]. Moreover, the oxygen
flux through a thick membrane is predominantly limited by bulk
diffusion. For thinner membranes, the limitation by the surface ox-
ygen exchange comes into play. Thercfore, in this study, we cx-
plored the influence of surface modification on the oxygen perme-
ation flux and the phase stability of thin (PL)1 sNCG membrane (0.6
mm) in oxygen-containing atmosphere. Perovskite LagsSro4CoOs
(LSC) was chosen as the coaled layer because il has been widely
used as a cathode material for intermediate temperature solid oxide
tuel cells and an effective coating material for oxygen permeable
membrane due to its good oxygen catalvtic properties, thus it was
chosen as the catalyst here [14, 22, 23].

2. Experimental
2.1, Materials preparation

The powders of (PL) yNCG and LSC were prepared by a combined
citrate and ethylene-diamine-tetraacetic-acid (EDTA) method as
described previously [24, 25]. The powders were uniaxially pressed
at 20 MPa to obtain green pellets followed by sintering in air at
1230 °C for 10 h. The density of the sintered disks was measured
by the Archimedes method using distilled water. Sintered ceramics
with a relative density higher than 95% were selected as mem-
branes [or the axygen permeation experiments. The membranes
were polished to the desired thickness using 1200 grit-sandpaper
and then washed with ethanol. Then the mixture of LSC and ter-
pilenol was brushed onto the membrane surface. Post treatment was
conducted to remove the organic additives at 1000 °C for 2 h.

2.2 Sample characterization

58

Powder X-ray dilfraction (PXRD) measurements were performed
on a Bruker D8 Advance diffractometer (Bruker AXS GmbH}) 1o
characterize the phase evolution of the membranes and the coating
materials. The coated membrancs were obscrved by using a ficld-
emission scanning clectron microscope (FE-SEM) (JEOL ISM-
6700F). Thermogravimetric analyzer (Netzsch 449C) was used to
detected the oxygen surface exchange properties of the (PL)1.oNCG.
About 100 mg powder was put into an alumina pan and heated to
950 °C in air. When the weight of the sample did not change any-
more, air was exchanged 1o nitrogen quickly. Afller 40 minutes,
when the weight did not change remarkably, nitrogen was ex-
changed with air again. The same procedure were repeated at 900
°C, 850 °C, 800 °C, respectively.

2.3. Oxygen permeation measurement

The oxygen Mux through the T.SC-coaled (PT)1eNCG was investi-
gated in the temperature range of 800-975 °C with a 0.6 mm thick
membrane using a home-made high-temperature oxygen permea-
tion cell, which was described in detail elsewhere [26, 27]. The
coated membrane was sealed on an AO3 tube with a ceramic seal-
ant (Huitian, Hubei, China). One side was fed with synthetic air
(130 ml min™), and the other side was swept with He gas {30 ml
min™}). Gas flow rates were controlled using a mass flow controller
(Bronkhorst GmbH) and calibrated with a soap bubble counter. The
composition ol the elfluent was analyved by on-line coupled gas
chromatography (GC, Agilent Technologies, 7890A). The leakage
of oxygen, because of imperfect sealing, was subtracted in the cal-
culation of the oxygen flux. The contribution of leakage to the ap-
parcnt oxygen flux was below 5 % in all cascs. The calculation of
oxygen permeation flux was demonstrated in detail in our previous
papers [21, 28].

3. Result and discusstion
3.1, Characterization of materials

The rate of oxygen permeation in general, is governed by both the
bulk diffusion of membrane and surface oxygen-exchange kinetics.
When the bulk diffusion is determining the rates, the oxygen flux
follows Wagner equation as described in Eq.1 [4, 10, 11]. The re-
lationship between the oxygen flux and the inverse of the mem-
brane thickness should be linear when the oxygen transport through
the membrane is controlled by bulk diffusion. Fig. 2a shows how-
ever that the relationship for (PL) oNCG membrane is not linear
anymore when the thickness is Iess than 1.6 mm, indicating that the
effect of surface exchange comes into account [20].

When the oxygen permeation flux is limited by both bulk diffusion
and surface exchange, the oxygen permeation flux under small ox-
ygen gradient, the Wagner equation is modified to [§, 29],

"
Jo. = — 1 RT flm’oz TetTion P
) 1+(2L/L) 2FIL Y IMPh, agt 00y o

, (2
Where Lc (Lo =D/k, D is the bulk diffusion coelTicient and k is the

surface exchange coefficient, respectively) is the characteristic
thickness. In Eq. 2, there are two variables (L and L) that change
the oxygen permeation flux under the fixed oxygen gradient. After
simple modification of Eq. 2 by incorporating the thickness-inde-
pendent parameters into a single constant C, which is the specific
permeation flux at a specific oxygen gradient and temperature [16,
30]:

. 1 ¢ <

Jo, = ELE T 3

Both the C and Lc values could be estimated by using the least-
squares fitting method and are varied independently [16, 30],
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Fig. 2. Oxygen permeability of (PL} yNCG: {a) Dependence of the normal-
ized oxygen Hux on the inverse membrane thickness, data were taken trom
our previous study |20]; (b) the charactleristic membrane thickness (£.¢) and
values of the constant (C), which were estimated by fitting the experimental
permeability results shown in Fig. 3a. Conditions: The air flow rates in the
feed side are 150 mL/min. The flow rates at the sweep side are 30 mL/min.
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The fitting results at different temperatures are shown in Fig. 2b.
With increasing temperature from 800 to 975 °C, the Lc values de-
crease from 0.43 to 0.22 mm and C values increase from 0.17 to
0.39 em*min-cm!. This implies that the surface exchange become
more dominate for the oxygen transport through the (PL)1 sNCG
membrane with decreasing temperature and membrane thickness.
Under the premise of membrane mechanical strength, we reduce
the (PLYoNCG membrane thickness to 0.6 mun in which the sur-
face exchange plays a relative significant role in the oxygen perme-
ation process. And enhanced permeation [lux could be achieved by
surlace coaling.

Herein, we apply a typical perovskite LSC as the surface exchange
catalyst [22, 23]. Fig. 3 depicts the room temperature PXRD pat-
terns of the LSC and (PLY1sNCG samples after calcination at 1000
°C for 10 h. The PXRD patterns of LSC are identified as single
perovskite phase and that of (PL)1sNCG is confirmed as KoNiks
structure phase, no peaks other than abovementioned two phase
have been observed on the PXRD patterns [20, 21].

()
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Fig. 3. Powder XRD patterns of LSC and (PL), o2NCG powders after calci-
nation at 1000 °C for 10 h, The crystal siructures ol 1.SC and (PL) eNCG
are Hexagonal and Tetragonal respectively.

LSC

(PL}, JNCG

Fig. 4. SEM micrographs of the cross-section of the LSC-coated
{PL) sNCG membrane,

The SEM micrographs of the coated membrane are shown in Fig.
4. 1t could be distinguished that the coated LSC layer is porous with
around 200 pm thickness. The LSC layer was porous due to the
volatilization of organic solution during the post treatment, This
porosity would provide adequate adsorption or desorption sites and
increase the effective surface area of the (PL)1 sNCG membrane [14,
31, 32).

3.2, Oxygen permeability of the membranes

Fig. 5 shows comparison of the oxygen permeation fluxes of
(PL)1.oNCG membrane with or without LSC catalvst coated. The
sweep-side and both sweep- and feed-sides coated (PL)1oNCG
membranes show significant enhancement in oxygen permeation
fluxes while the feed-side coated one shows modest improvement.
The additional porous coating increases the surface exchange ki-
netics, which results from an increase of the surface exchange be-
tween the gas phase and the membrane.

Fig. 6 shows the improvement of the oxygen permeation flux
through the LSC modified (PL)1 sNCG membranes as a function of’
temperature. It can be scen that the improvement percentage of both
side coated membrane are higher than other two type membranes
and decreases from 57% to 36% with increasing temperature as the
relative limiting effect of the bulk diffusion gradually becomes
more noticeable; similar results are also observed by other re-
searchers [33].
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The air flow rates in the feed side are 150 mL/min. The flow rates at the
sweep side are 30 ml/min. The thicknesses of (PL), oWNCG membranes are
0.6 mm each,

I'he enhancement of sweep-side coated membrane are 51% al 800
o and 25% at 975 °C, that are much higher than that of leed-side
coaled membrane which are around 3%. Similar resulis were re-
ported in GdBaC'o:0s15 coated Bao sStn sConsFen20: s membranes,
in which the oxygen permeation Mux with a gingle coating layer on
the air side can rise by 16%, while a single coating on the helium
side will result into a rise ol 23%, respectively [31]. Joo et al. also
found a modest increase in the oxygen Mux with a LSC leed-side
coated 80 vol.% CensGdarO2 5-20 vol.% Laa St sMn0sis dual-
phase membrang, while improved by about 1 order of magnitude
by trealing the permeate-side surface [16]. This clearly indicales
thai the oxygen surface exchange at eed-side (oxygen-rich surface)
ig nol the rate determining step ol the oxygen permeation through
(P eNCG membranes wiih the thickness ol 0,6 mm and the oxy-
gen Mux is indeed governed by oxygen surface exchanges atl the
sweep-side {oxygen-lean surface),

&{)
50k

40 F -
°\0 both sides

sweep side only

Pereentage improvement (%)
s
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T

20k
10F
w feed side only
N . . .
800 850 Q00 950 1000 1050
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Fig. 6. Percentage improvement of oxveen permeation fluxes of L8C-
coated compared 1o the ungoated (PLY sNCG membrane al dilTerent tem-
peratures,

With this in mind, surface exchange properties of (PLy «NCG are
estimated by thermogravimetric (1'G) methods, When the atmos-
phere is changed between air and nitrogen, the sample experiences
a welght logs in the oxygen release period and a weight gain in the
oxygen insertion process. As shown in Fig. 7, the weight ol the

60

(PL}oNCG sample decrease (oxygen release) when gas is
switched from air to nitrogen and increase (oxygen insertion) when
gas is switched back from nitrogen to air at different temperature.
At all temperatures, the (PL)) sNCG sample shows a slow weight
loss in the oxygen release process {oxygen association and desorp-
tion) and a rapid weight gain in the oxvgen insertion period (oxygen
adsorption and disassociation), similar results are also found in
other materials [15, 34-36].
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Fig. 7. Weight changes ol ihe (PL) sNCG during ait — N — ait eyele al
ditferent temperatures,

From this TG curves, the oxygen insertion coefficient & and the
oxygen release coelTicient & can be caleulated by the theoretical
maodel proposed by Lin el al., simplified equation as shown in be-
low [34-36],

witi-wie) _ . =
m = GX;U( Zﬁkf) (Z‘r)

Where the wi0) is the woight of the sample at the time of nitrogen
switching to air (scale as t = 0) and w(c) is the steady-state weight
of the sample atter the gas change. The surface exchange rate cocf-
ticients & and £ calculated by Eq. 5 are shown in Iig. 8.
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Fig. 8. The caleulated surfacc-cxchange cocfficient & and & of (PL), sNCG
al dillerent temperatures,

Tt can be seen that the ki increases from 1.2 t0 2.0 #*10° ems with
increasing temperature from 800 °C o 950 °C, while the & is
around 0,15 *10% ema’! in the tested temperature range. Most im-
pottant, the values of & are much larger than those of & at different
temperatures, which clearly indicated that the oxygen telease is the
limit of the (PL) eNCG of investigated thickness (0.6 mm), similar
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phenomenon are also found in other materials [15, 16, 36]. There-
fore, it could be expected that the oxygen release on the sweep side
is the rate limiting step in (PL)1sNCG membrane and the moditi-
cation on the sweep surface (oxygen release side) will result in
larger improvement of oxygen permeation flux than that on the feed
surface (oxygen insertion side). This is consistent with the oxygen
permeation results as shown in Fig. 5 and 6.

Fig. 9 shows the long-term oxygen permeation behavior of the un-
coated and LSC coated (PL}1 sNCG membrane at 900, 850 and 800
°C. Inour previous report, the uncoated (PL)1.9NCG membrane (the
model is described in Fig. 10a) underwent a phase decomposition
under oxygen-containing atmosphere at intermediate temperature,
so that ils oxygen permealion [luxes decreased with Lime as also
shown in Fig. 9 [21]. For example, the oxygen permeation [luxes
of the uncoated (PL)1 eNCG membrane decreased 1% at 900 °C, ca.

3% at 850 °C and ca. 43% at 800 °C over a period of 100 h, The
oxygen permeation fluxes at low temperatures decreased more than
that at high temperature due to the lowering temperature result in
more oxidative conditions (higher oxygen chemical potential) [21].
The decline of the oxygen permeation fluxes of the sweep-side
coated (PL)1sNCG membrane (the model is described in Fig. 10b)
are slower than that of the uncoated one, for example, its oxygen
permeation fluxes decrease ca. 1% at 850 °C and 6% at 800 *C of
the initial permeation fluxes. The enhanced phase stability by the
modification on the sweep surface might result from its higher ox-
ygen permeability. During the oxygen permeation process, the ox-
ygen is partly transported from the feed side (decomposition side
with high Oz chemical potential) to the sweep side {low O- chemi-
cal potential). Therefore, higher oxygen permeation fluxes lead to
lower Oz chemical potential near the leed-side surlace under the
same operation condition as show in Tig. 10b [33].

L4
@  both sides coated
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. - < feed-side coated
"-'E 1ok 900 °C no coating
g
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Fig. 9. Long-term stability test of the oxygen permeation flux through the
unmodilicd and 1.SC modilicd (P1.); eNCG membranc at dilTerent temper-
atures. Conditions: The air Mlow rates in the leed side are 1530 ml./min. The
flow rates at the sweep side are 30 mL/nin. The thicknesses of (PL); sNCG
membranes are 0.6 mm each.

Therefore, the sweep-side coated (PL)1.sNCG membrane exhibits
improved phase stability during the oxygen permeation test. More-
over, the feed-side coated membrane shows more stable permeation
Nuxes even at 800 °C. When the leed side is modilied, the catalylic
layer on the membrane surlace reduces the in-situ oxygen chemical
potential on the membrane surface as shown in Fig. 10c. Therefore,
the catalytic layer will be a protective layer to prevent the mem-
branc being in dircet contact with the high oxygen chemical poten-
tial atmosphere, so that the feed-side coated membrane shows bet-
ter phase stability than the uncoated one.
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Fig. 10. Modcls ol the [.SC coated (PL), sNCG membrane: a) uncoated membrane; b sweep-side coated membranc; ¢) leed-side coated membrane; d) both
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Similar approach was applied o improve the CO» tolerance ol 80
vol.% Ceo9Gdoa02-5-20 vol.% Lao.sSre.sMnOsss dual-phase mem-
brane, in which the membrane possessed enhanced stability with
Sros7li0sFensOs s-CeooGdo.O2-3 composite coated membrane un-
der pure COz |16|. When both sides of the membrane are moditied
with catalytic LSC layer {the model is described in Fig. 10d), the
advantages of the feed- and sweep-side coated membrang are com-
bined that it possess not only a higher oxygen permeation, but also
good phase stability at intermediate temperature range under oxi-
dalive almosphere, as shown in Tig. 5 and Fig. 9.

4, Conclusions

High exygen permeability and good stability are the two main re-
quirements for the oxygen transporting membranes in practical ap-
plications.  The Ruddlesden-Popper-type A-site  deficient
(PLY19NCG membrane exhibits considerable oxygen permeation
fluxes and good CO; stability, while decomposes under oxygen-
containing atmosphcrc at intermediate temperaturc. Herein, the de-
pendence of the oxygen permeability of (PL)1aNCG on the mem-
brane thickness is investigated in detail, which indicates significant
surface exchange limitation to the permeation fluxes with thinner
membrane and suggests a possibility to improve the permeation
performance by surface coating. A porous layer of LSC was coated
on one surlace (sweep side or leed side) or both surlaces ol the
(PL)1 oNCG membrane with 0.6 mm thickness and their oxygen
permeation fluxes are measured in the temperature range of 800-
975 °C. The enhancement of sweep-side coated membrane are 51%
at 800 °C and 25% at 975 °C, which arc much higher than that of
feed-side coated membrane (around 5%). Concluded from the TG
results, the desorption rate of (PL)1sNCG is much lower than the
adsorption rate, which suggests that the surface exchange on the
sweep side i3 the transport limiting process so that the coating on
the sweep-side surface shows significant enhancement on the per-
meation (Tuxes than that ol on the [eed-side surface. Moreover, the
sweep-side coated membrane also shows slightly improved phase
stability compared with the uncoated membrane which might be
attributed to the higher oxygen permeation flux of the former. The
feed-side coated membrane shows better phase stability not only
than the uncoated membrane but also than the sweep-side coated
membrane under the same conditions, which are resulted from the
reducing in-situ oxygen chemical potential on the membrane sur-
face by the coating layer. Both side modified membrane shows
higher permeability and better phase slability as it possesses all the
advantages of one side coating.
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Partial internal reduction is ebserved of NiO precipitates in a matrix of a Ruddlesden-Popper type mixed
ionic-electronic conducting ceramic with composition of (PrggLaga Y2.oNip7aCug 21 GagesOyep during the
cooling from sintering temperature to room temperature in ambient air. A metallic Ni interlayer between
NiO and the oxide matrix is demonstrated using scanning transmission electron microscopy combined
with electron energy-loss spectroscopy. The possible formation mechanism for the metallic Ni is dis-
cussed in light of the partial internal reduction during the cooling process in ambient air. The drop of

J;:rt{.\:vs;{is. temperature during cooling process in ambient air causes a drop of the oxygen chemical potential in
Redaction the Ruddlesden-Popper type oxide ceramic, which acts as an oxygen absorber. Thus, the local oxygen

chemical potential at the internal interface between Ruddlesden-Popper type matrix and NiO precipitate
can fall below the stability limit of the later, As consequence, NiQ is partially reduced to metallic Ni at

Ambient air
Mixed ionic-electronic conductor

Cooling process the interface.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Precipitation of metal particles inside a solid oxide matrix could
be obtained by internal reduction which has been described by
Schmalzried and Backhaus-Ricoult [1-4]. Upon lowering the oxy-
gen partial pressure surrounding the oxide matrix (in e.g. H»/CO
containing atmosphere), one of two oxides being in contact falls
beyond its stability limit, which results in the formation of a new
metal layer internally. This internal reduction process in an oxy-
gen potential gradient has been extensively studied in different
oxide matrices. At the start of these investigations, Schmalzried
et al. thoroughly described the internal reduction in reducing
atmosphere (in e.g. Hz/CO containing atmosphere, po, < 10-8Pa)
at high temperature in matrices of low oxygen-ionic conductiv-
ity, such as MgQ/CuO, MgQ/NiO, MgO/Fe,03, Alo03/Fes04 [1-6].
Later, the internal reduction in matrices of high oxygen-ionic con-
ductivity attracted increasing attentions, especially in ZrO;/NiQ
ceramic/metal oxide composite, due to its potential applications
in preparation of Ni-containing ferromagnetic materials with
enhanced toughness, strength, densification and phase stahility
[7-10].

* Corresponding author,
E-mail address: armin.feldhoft@pciuni-hannover.de (A. Feldhoft).

htep://dx.doi.org/10.1016/].jeurceramsoc.2016.05.023
0955-2219/© 2016 Elsevier Ltd. All rights reserved.

Usually, the metal oxides could be reduced to the metal in
low oxygen chemical potential environment. Change in the oxy-
gen chemical potential 1, can be made not only by changing the
oxygen partial pressure pg, but also the temperature T [2,11]:

to, {T.Pa,) = pro, (L.15,) +RTIH(%) (1

Here, R is the gas constant, and pgz is the reference oxygen partial
pressure, and pp, is the practical oxygen partial pressure. Inside
the ceramic/metal oxide composite, the oxygen potential might
change respectively when decreasing or increasing the tempera-
ture, which results in a chemical potential gradient between the
ceramic matrix and the metal oxide precipitate due to their differ-
ent thermodynamical properties.

Different to the classic internal reduction (described by
Schmalzried et al. [1-6]), which was established in matrices of
low oxygen-ionic conductivity under reducing atmosphere, in this
study, we firstly report on the partial internal reduction of oxide
precipitate in a mixed ionic-electronic conducting (MIEC) ceramic
under ambient air during cooling process. The drop of tempera-
ture during cooling in air from the sintering temperature causes a
drop of the oxygen chemical potential in the ceramic, which locally
in the ceramic can fall so deep that partial internal reduction of
an oxide precipitate occurs. We observed that small amounts of
NiO precipitate exist in a MIEC ceramic with the nominal compo-
sition (Prgglag, )2.0Nip74Cup21Gages04s5 ((PL)20NCG). A metallic

Please cite this article in press as: . Xue, A, Feldhoff, Ambient air partial internal reduction of NiQ in a mixed ionic-electronic conducting
ceramic, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j jeurceramsoc.2016.05.023
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Fig- 1. (a) SEM micrograph; (b) close up micrograph; and (c) EDX spectrum of cal-
cined (PL)2oNCG powder.
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Fig. 2. XRD patterns of three powders: (a) (PL), yNCG (A} as obtained from crushing
of sintered ceramic, commercial (b) Ni (B) and ¢) NiQ {C). The intensity of (PL)2 gNCG
(A) was magnified 100 times for comparison. The {PL)2oNCG (A) adopts the tetrag-
onal Kz NiFy structure (ICSD: 173422) [15]. Blue triangles refer to (PL)2,sNCG {A) and
red diamonds indicate 003, 101, respectively 110 and 104 reflections of NiO (C). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Ni (B) interlayer occurs between the NiO (C) precipitate and
the (PL); oNCG (A) matrix. These phenomenon and the formation
mechanism are discussed in detail.

2. Materials and methods

Powder of (PL)ogNCG was prepared by a combined citrate
and ethylene-diamine-tetraacetic-acid (EDTA) method [12,13].
The appropriate stoichiometric metal nitrates Pr{NG3 )3, La(NO3 )3,
Ni{NO3)3, Cu{NO3)», Ga(NO3); in aqueous solutions were mixed
in a beaker, followed by the addition of proper amount of citric
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Fig. 3. SEM analysis of vibration polished cross-section of as-sintered (PL}; pNCG:
{a) micrograph; (b) EDX spectra ofareas Aand Cin (a).In (b), the intensities between
7 and 8 keV were magnified 20 times for comparison.

acid and EDTA, and the pH value was adjusted to ~7 by aqueous
ammonia. The molar ratic of total metal ions: citric acid: EDTA was
1:2:1. Then the solution was stirred and heated to 150 °C, until the
water evaporated and a gel formed. Afterward, the gel was ignited
to flame to get the precursor. The precursor was ground and cal-
cined at 950°C for 10 h with a heating/cooling rate of 2 °C{min. The
particle size of the obtained powder after calcination was around
2 wm as shown in Fig. 1a, b. And the composition of the as-prepared
powder was detected by EDXS as shown in Fig. 1c. The powder was
uniaxially pressed at 20 MPa to obtain green pellets followed by
sintering in air at 1503 K for 10h with 2>Cfmin heating/cooling
rate. The diameter and thickness of the final ceramic pellets were
around 14 mm and 1 mm, respectively.

The crystal structure of the sintered disk was studied by X-ray
diffraction (XRD, D8 Advance, Bruker-AXS, with Cu Ko radiation).
The ceramic, which was prepared using a Buehler VibroMet 2
vibratory polisher, was studied by scanning electron microscopy
(SEM) using a JEOL JSM-6700F at an excitation voltage of 2keV.
The elemental composition of the membrane was determined by
energy dispersive X-ray spectroscopy (EDXS), Oxford Instruments
INCA-300 EDX spectrometer with an ultrathin window at an exci-
tation voltage of 20 keV. Transmission electron microscopy {TEM)
was performed on a JEOL JEM-2100F that was equipped with a
Gatan Imaging Filter (GIF 2001). Scanning transmission electron
microscopy (STEM) was performed in annular dark-field contrast.
Electron energy-loss spectroscopy (EELS) and selected area electron
diffraction (SAED) were performed on the charge-coupled device
(CCD) camera of the GIF,

3. Results and discussion

Fig. 2 shows the XRD patterns of (PL); gNCG (A) ceramic after
sintering at 1230+C for 10h in air with 2 °C/min heating/cooling

Please cite this article in press as: J. Xue, A. Feldhoff, Ambient air partial internal reduction of NiQ in a mixed ionic-electronic conducting
ceramic, f Eur Ceram Soc {2016), http://dx.doi.crg/10.1016/j jeurceramsoc.2016.05.023
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Fig.4. TEM analysis of as-sintered (PL ) oNCG: {a) STEM annular dark-field with indication of analysed spots A, Band Cof 1.5 nm in diameter; (b, ¢) electron energy-loss spectra
(EELS) in low-loss (1) and core-loss region (¢) exhibit three different phases; {d) selected area electron diffraction pattern of 260 nm circular area at center of precipitate with

Laue indices of reflections according to [10-1] zone axis pattern of NiO,

rate. Analysis of the pattern confirms that (PL); oINCG (A) adopts the
tetragonal KaNiF, structure (ICSD: 173422) [14,15]. Fig. 2 shows
also XRD of Ni (B) and NiQ (C) powders for comparison. Verti-
cally magnifying by a factor of 100, the powder XRD of crushed
(PL};.oNCG (A) ceramic in the range of 35-40" and 60-65" reveals
003 and 101, respectively, 110 and 104 reflections of the rocksalt-
type NiO (C) according to ICSD no, 61324,

Fig. 3 shows the SEM micrographs and the EDXS results of the
(PL), oNCG (A} disk after vibration polishing. As shown in Fig. 3a
the grain size of (PL);gNCG (A) is around 10 wm and some small
particles (of approximately 1 pm in diameter) are noted. The small
particles are confirmed to be nickel oxide (C) precipitates by EDXS
as shown in Fig. 3b, which is consistent with the XRD (see Fig. 2).

The existence of NiO (€) in the system of {PL)» NCG (A) is inves-
tigated in detail by TEM and EELS, as shown in Fig. 4. The NiQ {C)
particles surrounded by the {(PL); gNCG (A) matrix have a diameter
of approximately 1 wm as is shown by the STEM dark-field micro-
graphin Fig. 4a. The NiO (C) precipitate in Fig. 4a shows a ring of dark
contrast (80 nm in thickness), which is identified by EELS, in Fig. 4b,
¢, to be metallic Ni (B). The metallic Ni (B) exists at the interface of
NiO (C)and (PL); oNCG (A). The SAED patternin Fig. 4d, taken freoma
260 nm circular region on center of precipitate, confirms the struc-
ture of rock-salt type NiO with cubic lattice parameter a=417.71
pm according to ICSD no. 61324 as viewed along the [10-1] zone
axis.

Similar phenomenon of the internal reduction of NiO had been
reported in several systems, such as Al; O3 /NiQ, MgQ/NiQ, Zr0; /NiQ
|4,16,17]. Compared with other oxides, NiO is easily reduced due
to its thermodynarmical properties [11,18,19]. The stability limit to
reduction of NiO and other oxides can be estimated by Fig. 5. This
illustration predicts the thermodynamic stahility of the oxides at
given temperatures and oxygen partial pressures. The dashed lines
give the oxygen chemical potential at various oxygen partial pres-
sures. The solid lines represent the thermodynamic stability limit
to reducticn of the oxides as a function of temperature and oxygen
partial pressure, MO and M'O- represents the (PL), gNCG with dif-
ferent copper valence (MO, with CuO and M’'0; with Cu;0), and the
value is from the theoretical calculation based on its composition.
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Fig.5. Stability limit to reduction of oxides as a function of temperature and oxygen
partial pressure, Qriginal data are from ref, [19]. The vertical axis refers to the oxygen
partial pressure ditference with respect to standard conditions (cf. Equation 1). MO,
and M'Q; represent the (PL);oNCG (MO, with Cu0 and M'0, with Cuz Q) to consider
different Cu valance in (PL);gNCG. The values of (PL);yNCG (MO, {M’0;) are from
the theoretical calculation based on its composition as shown in Table 1.

Details are shown in Table 1. For example, CuO is reduced to Cu O
at 1397 K under 1 x 10° Pa oxygen partial pressure [20], This type
of graphic representation can be used for evaluating the relative
stability of the oxides in contact with metals [18]. The more nega-
tive the chemical potential, the more stable the oxides will be. As a
result, from Fig. 5, it is noted that NiO is easily reduced compared
to the (PL); gNCG (MO; and M'0»). Similar results have been also
found by other researchers [21]. Therefore, it is possible to inter-
nally reduce the NiO (C) in the interface with (PL); oNCG (A) under
chemical potential gradients.

The partial internal reduction of NiO (C) in (PL)2 oNCG (A) might
happen in the cooling process after high-temperature sintering as
oxygen chemical potential changes with decreasing temperature
(see Eq. (1)). During the cooling procedure, the oxygen content of
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Table 1

Calculation eguations for the oxygen chemical potential theoretical value (see MfM' + 03 = MO /M'O; in Fig. 5) of (Proglag. )2.aNip74Clp21GagasOgey {(PL}2pNCG) based on its

o Z_n;m‘:
composition: M = 1

Tlars) ”
M; Real value Equations for different M, ;
Pr 1.8 4Pr 40y = 2P0 3
La 0.2 $la+ 0, = Zla;0; g2
Ni 074 2Ni—0; — 2ZNi0 ]
Ga 0.05 $Ga+0; — 2Gay0s o
Cu 0.21 2Cu | Oy = 2Cu0 (in MOy) 2
4Cu + 0z = 2Cu;0 (InM'02) ot
0 4+8& [oF) MO, :
M'Oz:

. 2) From tg to ty, the oxygen chemical potential of (PL); gNCG (A)
el e R S T Sl il L changes largely as it tends to obtain oxygen from surround-
8 i0 (C) . . p . . g s
E 8 : €)% 2T | sty imitto ing environment, while the oxygen chemical potential of NiO
4 ‘;f @ cle AC. e diclen o MO ©) (C) changes slowly during the cooling process. As a result,
k) E 5 " Bl " < > there forms a chemical potential gradient between NiO (C) and

= Gk 0 . - . . &
b= 2 R [ e F TS (PL)2.oNCG {A). The oxygen chemical potential at the A/C inter-
S O IE BlsE e face is higher on the side of NiO (€) than on the side of (PL}, gNCG
=3 : Bage... . B S (A), and both of them are lower than at the external interface
= AR T =L oe=
P (PL); ;NCGO, (A) R airfA. Due to the long transport distance, the oxygen supply from
2 stabllity limit to S :
DH: . rodiclion of air in the surface to the bulk (PL}; sNCG (A) is delayed. Therefore,
) e = CRRAEECHB) the bulk (PL)5 gNCG (A) cannot obtain oxygen immediately from
< _ pegEEre T the surface so that it takes oxygen from the adjacent NiO (C).
e < , : 3) At the intermediate time ty, NiO (C) has lost a certain amount
—— T, E—— of oxygen during the cooling process and its oxygen chemical
iy T [arb. units ] Wemperalre ot startof  (sintering potential at the AfC interface drops below the stability limit to
perature) partial internal reduction) lemperature) R ) . . h
times for sn reduction, so that the NiQ (C} will be reduced to metallic Ni (B)
.l i °h :,:’;':,?,,E:';";% at the interface to the (PL); oNCG (A). Now, three interfaces are

Fig. 6. Schematic oxygen chemical potential diagram at several interfaces to explain
the partial internal reduction of NiO (C) to Ni (B) in (PL);oNCG {A) during the cocling
process. The external gas-solid interface airf(PL), gNCG (air/A) on the top exhibits
the highest oxygen chemical potential of the system. Furthermore, the diagram
addresses the following internal solid-solid interfaces: (PL),  NCG/NIO (AfC); Ni/NiO
{B/C); (PL},nNCG/Ni (A/B). The box at the bottem indicates the times of some specific
temperatures during the cooling process. Here, (; is the starting time of cooling at
sintering temperature; ty is an intermediate time during the cooling process, which
refers to the starting of the partial internal reduction at temperature T,; to is the
final time of cooling to room temperature. Snapshots at these times are shown in
Fig. 7.

the oxides will increase and the (PL); gNCG (A) should acquire oxy-
gen from surrounding environment [22,23]. If the material can not
ohtain oxygen immediately, it will take oxygen from nearby oxides
firstly so that the easier reducible NiO {C) is deoxidized. In Fig. 6,
the oxygen chemical potential is shown over temperature for four
interfaces (air/A, A/C, A/B, B/C). The relative positions of the oxygen
chemical potential of air and the stability limit to reducticen of NiO
(€) and (PL)2gNCG (A) are as given by Fig. 5. The box at the bot-
tom indicates the times of some specific temperatures during the
cooling process. Here, tg is the starting time of cooling at sintering
temperature, and t; is an intermediate time during the cooling pro-
cess, which refers to the starting of the partial internal reduction at
termperature Ts. At the final time t,, cooling has reached room tem-
perature, Based on the specific time, the partial internal reduction
can be classified into five states:

1) At tg, which indicates the end of the sintering process at 1503 K
and the start of the cooling process, solid phases NiO (C),
{PL)2pNCG (A)and air are in thermodynamic equilibrium. There-
fore, the oxygen chemical potential adopts the same value in all
these three phases, and it is constant over the two interfaces
{airfA and A/C).

present (airfA, A/B, B/C) as there is no direct contact between
(PL)2oNCG (A) and NiO (C).

4) During further cooling, from t; to tz, the interfaces between
the Ni {B) interlayer and the NiO (C) precipitate as well as the
bulk (PL); gNCG (A) will be in local thermodynamic equilibrium,
NiO (C) is still an oxygen supplier through the metallic Ni (B)
interlayer to (PL); gNCG (A), while the oxygen chemical poten-
tial at the B/C interface will remain at that of the stability limit
to reduction of NiO (). The Ni/NiO (BfC) interface will be shifted
further into the NiQ (C). The interface A/B obtains oxygen simul-
taneously from air and NiO (C), so that its oxygen chemical
potential increases during this period.

5) At time t5, after the cooling process has reached room tempera-
ture, the oxygen chemical potential of the A/B interface increases
to a certain value, while it is still below the stability limit to
reduction of NiO (C). In principle, at room temperature, the A/B
interface can get oxygen from air in the surface. However, the
kinetic rate is very slow at room temperature so that the oxi-
dation of Ni (B) between (PL); gNCG (A) and NiO (C) layer could
not be observed in the specimen under consideration [24,25]. To
describe the partial internal reduction in more detail, snapshots
at distinct times (tg, ty, tp) are shown in Fig. 7.

AsshowninFig. 7a, at the sintering temperature (tp), the NiQ(C),
(PL)2 gNCG (A) and air are in thermodynamic equilibrium so that
they are at the same oxygen chemical potential. As the (PL}; gNCG
(A) ceramic tends to obtain more oxygen, during the cooling pro-
cess (from ty toty ), its oxygen chemical potential decreases stronger
than that of NiO (C). Therefore, an oxygen chemical potential gradi-
ent not only forms at the outer surface between air and (PL}); oNCG
(A), but also in the bulk between NiO (C) and (PL)>pNCG (A), as
shown in Fig. 7b. As a result, the (PL)>gNCG (A) will take oxygen
from both air at the surface and from NiO (C) in the bulk. When the
oxygen chemical potential of NiO (C) is below the stability limit to
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Fig. 7. The overall changes of the oxygen chemical potential in the
airf{PL); oNCG/Ni/NiO system in different period of time (to, ty, tz shown in
Fig. 6) during the cooling process and diffusion processes occurring during the
partial internal reduction of NiQ in the MIEC oxide,

reduction, the NiO (C) interface will be reduced to metallic Ni. In
the end, at room temperature (t), local thermodynamic equilib-
rium is established at each interface (i.e. air/A, A/B, BfC) as shown
in Fig. 7c. The oxygen chemical potential of (PL);oNCG (A} at the
surface is the same as it is in air and that of the bulk (PL); gNCG {A)
is the same as it is in Ni (B). In (PL) oNCG (A), an oxygen chemical
gradient forms between the surface and the bulk, and it changes
slowly due to the kinetic limitation at room temperature [24,25].

In traditional internal reduction research, the ceramic usually
is an oxygen-ion conductor {ZrO, ) or an oxide of low oxygen-ionic
conductivity (e.g. MgO, Al;05) [5,6,16,2G]. Hence, the traditicnal
diffusion mechanism cannot apply for example to our case in
(PL)2,oNCG/NiO compounds since the (PL); gNCG is a mixed ionic-
electronic conducting (MIEC) oxide [14,27,28]. During the cooling
process, the oxygen content of (PL); gNCG (A) increases and that of
neighboring NiO (C) decreases, resulting in a metallic Ni layer. The
diffusion processes occurring during the internal reduction of NiQ
(C) in the (PL);oNCG (A) MIEC oxide are schematically shown in
Fig. 7. Both oxygen ions and electrons can transport in (PL), gNCG
(A} [14,27,28]. During the cooling process (ty), the oxygen chemi-
cal potential difference between the air and (PL)> oNCG (air/A), and
between (PL); gNCG and NiO (A/C) induce oxygen-ionic flux. The
air at the surface of {(PL); gNCG (A) and the internal NiO (C) pre-
cipitates both act as oxygen sources, and the {PL); oNCG (A) acts as
sink. The oxygen/oxygen ions exchange in (PL); gNCG (A) shown in
Fig. 7b (t;}, according to the following equation by using Kréger-
Vink defect notation: at the air/{PL) oNCG (airfA) interface:

. 1 o )
VO(PL)M,NCC. + EOZ &)= O{PL]Z_DNCG + 2h(l"L)M NCG (2}

at the (PL); gNCG/NiIO (A/C) interface:

vy 0 o

X ..
Oy, guee: T UNio = Y,

(L, ovce + Vaio (3
NiO = O;ﬁ;mz_owc + 2Ry, neo 4

whereV;", O;{ 0* and h' are oxygen vacancy, interstitial oxygen, lat-
tice oxygen and electron hole in the respective oxides. (PL)» gNCG
consists of alternating rock-salt and perovskite layers along the
crystallographic c-axis, and oxygen transport is assumed to occur
via an interstitialcy mechanism: an interstitial oxygen in the rock-
salt layer displaces an apical oxygen in the perovskite layer, which

in turn processes to an adjacent interstitial oxygen site [13-15].
During the heating process, oxygen is released, which results in
a decrease of the interstitial oxygen (O;) concentration and an
increase of the oxygen vacancy (V") concentration [22,23]. This
is accompanied by a decrease of the valence of the transition metal
ions[22,23]. Then, the electron holes (h(PL)z DNCG) could be supplied
by the increase of the valence of metal ions in (PL); gNCG (A) during
the cooling process.

When the NiO {C) reaches the stability limit to reduction, the
Ni (B) interlayer forms between (PL),; yNCG (A) and NiO (C). Then
the bulk (PL); gNCG (A) obtains oxygen from both air and the dis-
solved oxygen in Ni (B) according to the following equations: at the
airf(PL); gNCG (air/A) interface:

o 1 .
VG(PL)MNCG + EOZ (g)= Oa’Uz,uNCG + Zh[PL)z.uNCG )
at the (PL); pNCG/Ni (A/B) interface:
Vé[‘FL)Z‘ONCG + Ol:N]‘ = O(PL)Q.UN(G (6)
OfNi = Oi[PL)Z‘DI\'EG o
nil =Ry, nee + € (8)
at the NifNiO (B/C) interface:
NIO = 0%, + Ni )
Ol + 28 = O;';u (10)

Finally, at all the interfaces (air/A, A/B, B/C), local thermody-
namicequilibriumis established as showninFig. 7c. And the oxygen
chemical potential in these materials does not change at room tem-
perature due to the kinetic limitation [11,28]. Therefore, a Ni (B)
interlayer between NiO (€} and (PL); gNCG (A) is observed.

The partial internal reduction might widespread exist in the
ceramic oxide matrices, especially in dual-phase oxide compos-
ites. Song et al. observed partial internal reduction in CeQ,/YSZ
compounds under ambient air [29]. After annealing in 1 bar oxygen
atmosphere at 943 K for 30 min and cool down, the CeO,/YSZ inter-
face is nonstoichiometric with high concentration of Ce3* ions close
to the interface, The Ce** ions are dominant in bulk CeQ; regions
while those at the interfacial regions tend to be reduced to Ce3*
[29]. Recently, Ramasamy et al. discovered a similar partial inter-
nal reduction phenomenon in a dual-phase oxygen permeation
membrane of CepgGdg20;_5 — FeCoy04 [30]. At the grain bound-
ary between spinel (FeCo,04) and fluorite (CeggGdgz0,.5), an
oxygen-deficient interphase was observed without any treatment
inreducing atmosphere [30]. Similar heterophase grain boundaries
are present in dual-phase oxygen permeable membranes, which
might be the reason for the increasing oxygen permeation flux
with time in the initial period during the permeation test, since the
grain boundaries with reduced oxygen content would be reoxidized
firstly at high temperature under oxygen-containing atmosphere
[31-33].

4. Conclusions

The partial internal reduction of NiQ precipitate in (PL); gNCG
matrix during the cooling process after sintering has been eluci-
dated. A metallic Ni interlayer between NiO precipitate and mixed
ionic-electronic conducting oxide (PL)2 ¢NCG is observed after sin-
tering in ambient atmosphere. The formation mechanism and the
diffusion processes during the partial internal reduction have been
discussed in detail, which allows a consistent interpretation of
the experimental results. The phenomenological description of the
diffusion processes that take place during the partial internal reduc-
tion process is useful to materials scientists as well as to ceramic
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membranes engineers as a model for the interpretation of similar
morphologies occurring in metal/oxide or oxidesfoxide composite
systems.
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Chapter 3

Dense ceramic hydrogen-separating membranes
3.1 Summary

Dense ceramic hydrogen-separating membranes with protonic and electronic
conductivity can be applied in some industrial processes such as hydrogen separation and
catalytic membrane reactors. For these applications, the ceramic hydrogen-permeable
membranes should not only exhibit high hydrogen permeation flux, but also good
chemical stability and phase stability under the operational conditions. Among the
hydrogen-permeable membranes, Ni-BaCe.95Tb.0s035 (Ni-BCT) membrane is
outstanding with respect to the hydrogen permeation flux, while it bears a phase
segregation, which results in a sharp decline to half the hydrogen permeation flux after a
few days of operation. The poor phase stability limits its practical applications.

The zirconate-based oxides exhibit better phase stability than that of cerate-based oxides
due to its constant valence state of Zr*". Therefore, to improve the phase stability of Ni-
BCT, in section 3.2, Zr was doped into the BaCeo.85Tbo.0503-5 (BCT) phase of the Ni-BCT
cermet membrane. The Ni-BCTZ membrane shows excellent stability compared to Ni-
BCT, and it can be steadily operated in both dry and humid conditions for hydrogen
permeation for 5 days at 800 °C. Moreover, the hydrogen permeation fluxes of Ni-BCTZ
membrane are higher than that of Ni-BCT membrane after two days operation, which
promotes the Ni-BCTZ membranes as good candidates for some potential practical
applications.

In section 3.3, a novel hydrogen-permeable material BaCeos5Tbo.0sZr0.103-5 (BCTZ) was
developed for the first time with partial substitution of Ce with Zr into the BCT system,
which exhibits remarkably enhanced phase stability. The BCTZ asymmetric membranes
with 50 um dense layer have been successfully prepared, and it could be steadily operated
for hydrogen separation for over two weeks at 800 °C. Moreover, the BCTZ membrane
also exhibits good chemical stability under CO»-, CHs-, CO- and H>O-containing
atmosphere, so that it can be applied in different industrial applications.

The section 3.4 deals with a catalytic membrane reactor, which combines the methane
dehydroaromatization reaction with a hydrogen-permeable ceramic membrane. A high-
flux hydrogen-transporting ceramic U-shape hollow-fiber was used and up to 60 % of the
produced hydrogen have been in-situ extracted. The hydrogen extraction indeed boosts
methane conversion and aromatics yield above the reference experiment in a fixed-bed
reactor. The yield of aromatics increased in the beginning of the aromatization reaction
by about 50% to 75%. The ceramic membrane reactor also shows better long-term
stability compared with traditional metal membrane reactors, while abovementioned
advantages of the membrane reactor decrease with time, since the removal of hydrogen
not only boosts the methane conversion and aromatics yield, but also catalyst deactivation
by deposition of carbonaceous deposits. However, the ceramic membrane reactor system
(catalyst + membrane) can be easily regenerated by burning the coke away with air.
Therefore, this catalytic cense ceramic membrane reactor will contribute to process
intensification as a concept in chemical engineering.
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A mixed protonic and electronic conductor material BaCeg a5Thg os-
Zrp103z 5 (BCTZ) is prepared and a Ni-BCTZ cermet membrane is
synthesized for hydrogen separation. Stable hydrogen permeation
fluxes can be obtained for over 100 h through the Ni-BCTZ
membrane in both dry and humid cenditions, which exhibits an
excellent stability compared with Ni-BaCeg 55Tbg g503_s membrane
due to the Zr doping.

High-temperature mixed protonic and electronic conductors
(HT-MPECs)"” have attracted increasing interest due to their
wide potential applications as hydrogen sensors, hydrogen
pumps, hydrogen permeable membranes for gas separation,”™ cata-
Iytic membrane reactors,"® and solid oxide fuel cells (SOFCs)™ ™ ete,
since Iwahara et al.'® reported that the ceramics based on
strontium cerates show relatively high protonic conductivities.
For these applications, the HT-MPECs should not only exhibit
high protonic and electronic conductivities but also good
chemical stability and phase structure stability under the
operation conditions. However, for most doped perovskite
oxides, such as BaCeQs, BaZrO;, SrCeQ; and SrZrO; etc., their
relatively low electronic conductivity is the bottle neck for
hydrogen transportation.'® Therefore, in order to increase
the electronic conductivity, a metal phase (usually nickel) can
be added to the perovskite oxide to form a cermet (ceramic-
metal) composite, which shows much better hydrogen perme-
ability, such as Ni-Ba{Zrys_,Ce,Y,,)0:_5"" "0 Ni-8rCeQ;_;>"
Ni-Ba(Zr, ,Pro.4Y,2)03 PR
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Till now, the highest hyvdrogen permeation flux up to
0.914 ml min~' em™® was obtained at 850 “C through the
Ni-BaCe, 95Thy 0505 5 (Ni-BCT) asymmetric cermet membrane
with a 90 um dense layer on a porous substrate reported by
Meng et al.?® Unfortunately, the hydrogen flux through the
Ni-BCT membrane declined by about 50% after 75 h operation
at 800 °C due to the phase segregation.”® Therefore, materials
with both high hydrogen permeability and adequate stability
are required to be developed. As it is known, the doped BaZrO,
exhibits a much higher stability compared with the doped
BaCeO;, and the two oxides can form easily a solid solution.'®'*
It is expected that replacing some Ce with Zr in the Ni-BCT
system may enhance its phase structure stability due to the
constant valence state of Zr*'. Therefore, in the present study,
the hydrogen permeability and the phase structure stability of
Ni-BaCe.s5Tho.0s 2151055 (NI-BCTZ, 50:50 wt%) are investi-
gated. It is found that the Ni-BCTZ cermet membrane can be
steadlily operated in both dry and humid reducing atmospheres
for hydrogen permeation for over 100 h at 800 “C, which
demonstrates its excellent stability compared with Ni-BCT.

Firstly, both of the BCT and BCTZ powders were treated in Ar
and 50% H,-50% Ar atmospheres for 20 h at 800 °C, respec-
tively. Although no obvious change can be found between the
fresh and treated powders, and all the powders exhibit an
orthorhombic perovskite structure (Fig. 1a), the lattice para-
meters (a, b, ¢) calculated from the Rietveld refinements
(Fig. 1d) differ greatly when exposed to different atmospheres
which can be mainly attributed to the reduction of Ce'" as well
as the formation of oxygen vacancies. The lattice expansion
coefficients, o, which can be described as follows,

A> = [lr(‘du(‘mg - lincn)/‘liucrt X 100%

i stands for the lattice parameters of a, 4, ¢ in the three
crystallographic directions, the subscript of “reducing” and
“inert” stands for the 50% H,-50% Ar and Ar atmospheres,
respectively. As shown in Fig. 1c, it is noticed that Zr-doping
decreases the lattice expansion coefficient of BCT significantly
for all three crystallographic directions. TG and H,-TPR results

Crem. Commun, 2015, 51, 11619-11621 | 11619
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Fig. 1 (a) XRD patterns of BCT and BCTZ powder after treatment in Ar
and 50% H>—50% Ar atmospheres; {b) XRD patterns of the as-calcined
Ni-BCTZ cermet membrane; (c) lattice expansion coefficient of BCT and
BCTZ, (d) lattice pararmeters of BCT and BCTZ after treatment in different
atmospheres calculated from Rietveld refinements.

(Fig. S1 and S2, ESIf) also prove that Zr-doping has enhanced
the phase structure stability. As shown in Fig, 1b for the XRD
patterns of the composite Ni-BCTZ membrane, all diffraction
peaks can be assigned to either BCTZ or metallic Ni and no new
crystalline phases appears, which indicates that no reaction
took place between the BCTZ oxide and the metallic nickel
during the membrane preparation and the good stability and
compatibility between the two phases. BCTZ shows the body-
centered orthorhombic phase with space group of Imma (74).
The lattice parameters of a, b, ¢ were calculated from the
Rietveld refinement to be 6.206 A, 8.747 A and 6.208 A,
respectively, with the Reqp and Ry of 3.32% and 9.26%.

The microstructures of the Ni-BCTZ membrane, as well as
the hydrogen permeation test under different conditions, are
shown in Fig. $3 to $6 (ESIT). The hydrogen permeation flux
increases a little with wet feed gas due to the increase of
protonic conductivity. This effect can be ascribed to the hydra-
tion of the membrane that allows the formation of two proto-
nated oxygen atoms (lattice or interstitial oxygens), which are the
essential charge carriers involved in hydrogen transport.”®** The
hydrogen flux jumps sharply with wet sweep gas, because in this
case some part of the hydrogen comes from the thermal water
splitting.?*

Much attention has been paid in the long term stability of
the Ni-BCTZ membrane for hydrogen separation. The measure-
ment was carried out at 860 “C using 50% H,-50% He as the
feed gas in both dry and humid conditions. As shown in Fig. 2a
under dry condition, the hydrogen permeation flux through the
Ni-BCTZ membrane with a thickness of 0.5 mm keeps stable
around 0.17 ml min *cm 2 for over 100 h and no decline with
time can be found. However, Meng”” reported that the hydro-
gen permeation flux through the Ni-BCT membrane decreases

Bl

from the initial 0.26 ml min ' cm 2 to 0.126 ml min ! cm 2 after

75 h operation. At the beginning of permeation, the hydrogen
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Fig. 2 (a) Hydrogen permeation flux as a function of time with 50% Hz in
feed gas at 800 “C under dry condition. Ni-BCTZ: 0.5 mm symmetric
dense membrane, Ni-BCT: asymmetric membrane with 90 pm dense
layer, data of Meng et at?? (reproduction permitted with Elsevier License);
{b) long term stability test of Ni-BCTZ membrane under humid reducing
atrosphere (containing 0.03 atm water steam in each membrane side) at
800 °C.

permeation flux through our Ni-BCTZ membranc is lower than
that through the Ni-BCT membrane. There are two reasons for
this experimental finding. On the one hand, the substitution of Zr
for Ce in the BCT material reduces its protonic conductivity to
some extent,” ™ just like doping Zr into BaCe,sY,,05 , gives
lower conductivity, and Zr doping reduces the hydrogen permea-
tion flux.”® Therefore, we only doped 10 mol% Zr in Ni-BCT aiming
to keep its hydrogen permeation flux on a high level. And even so,
the hydrogen permeation flux through our Ni-BCTZ membrane is
still much higher than that through many other hydrogen perme-
able cermet membranes, such as Ni-Ea(Zr“,H,ICe,(Yl,AZJOﬁI,,;,18
Ni-Ba(Zry -Pry 1Y, 2)05_s°" etc. On the other hand, the Ni-BCT
membrane has an asymmetric structure of 90 pm dense layer
supported on a porous substrate which is beneficial for hydro-
gen transportation while the Ni-BCTZ membrane is a com-
pletely dense compact membrane with a thickness of 0.5 mm.
On the contrary, our Ni-BCTZ membrane shows excellent
stability for the overall process, which is extremely essential
for all the applications including hydrogen separation. In
the humid reducing atmosphere, Ni-BCTZ membrane also
exhibits excellent stability and the hydrogen flux keeps steady
for aver 100 h.

From the XRD, SEM and EDXS results of the spent Ni-BCTZ
membrane shown in Fig. 3 and 4, Fig. $7 and Table $1 (ESI?),
no big changes of the microstructure ean be found in compar-
ison with the fresh cermet membrane (see Fig. S4, ESI7). The
spent Ni-BCTZ membrane still keeps its original structure
without impurity phases except some residual ceramic sealant.
Combined with more EDXS results and compared with Ni-BCT,
{Table §2 and Fig. $8-S11, ESIt), the good phase structure
stability of Ni-BCTZ can be evidenced even under reducing
atmospheres for a long time. One important thing should be
emphasized that among numerous proton conductive oxides
for hydrogen separation, there are only a few materials which
exhibit both good stability and nice permeation flux (Fig. 512,
ESIf). In consideration of both hydrogen permeability and
stability, Ni-BCTZ is really a promising material candidate for
hydrogen separation.

In summary, after doping Zr into the BCT oxide, the phase
structure stability of the Ni-BCTZ cermet membrane has been

Ihis jourra. is @ The Roval Sociely of Chemistry 2015
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Fig. 3 SEM and EDXS elemental distributions of Ce and Ni in the bulk of
the spent Ni-BCTZ cermet membrane after 100 h hydrogen permeation.
Blue: metallic Ni phase; green: perovskite oxide phase.
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Fig. 4 X-ray diffraction patterns of the fresh and spent Ni-BCTZ
membrane after 100 h hydrogen permeation.

enhanced remarkably. The Ni-BCTZ membrane can be steadily
operated under both dry and humid conditions for over 100 h
at 800 “C for hydrogen separation, which shows an extremely
enhanced stability compared with Ni-BCT, The XRD and SEM
results also prove the outstanding phase structure stability,
which promotes the Ni-BCTZ material as a proper candidate of
an MPEC material for different potential applications.
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Experimental section

The BaCeq g5Tbg gsZ15.10:5 (BCTZ) perovskite powder was prepared through the glycine-
nitrate combustion process. Ba{NO3)s, Ce(NO3)s, Th(NOs);, ZrO(NOs), and glycine were
used as the raw materials to form an aqueous solution in their appropriate stoichiometric
ratios. The molar ratio of glycine: total metal ions was 2:1. After evaporation of excess water
at 200 °C with stirring, the aqueous solution became a viscous liquid and further heating up to
400 °C caused the auto-combustion process, which produced the BCTZ precursor ash. The
BCTZ powder with perovskite structure was obtained after calcining at 1000 °C for 5 h. The
as-prepared BCTZ powder was also treated in Ar and 50% H»-50% Ar atmosphere at 800 °C
for 20 h. The Ni-BCTZ cermet membrane was synthesized by mixing the BCTZ oxide
powder and the commercial metallic nickel powder in a weight ratio of 1:1 followed by
sintering at 1400 °C for 10 h in Ar atmosphere.

X-ray diffraction (XRD, D8 Advance, Bruker-AXS, with Cu-Ka radiation) was used to
determine the phase structure. Data sets were recorded in a step-scan mode in the 26 range of
20 - 90° with intervals of 0.02°. The phase analysis was carried out using the database of
Powder Diffraction File (PDF) of International Centre of Diffraction Data (ICDD). The lattice
parameters were calculated through structure Rietveld refinement by the program TOPAS
(Bruker, version of 4.2). The morphology of the fresh and spent Ni-BCTZ cermet membrane
were characterized by scanning electron microscopy (SEM) at 2 keV and by energy dispersive
X-ray spectroscopy (EDXS) at 15 keV using a Jeol-JSM-6700F. The element distribution in
the grains of the cermet membrane was studied on the same electron microscope by EDXS

with Oxford Instruments INCA-300 EDX spectrometer at 15 keV.
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Thermogravimetric analysis was conducted to study the stability of the BCT and BCTZ
powder in N, atmosphere with NETZSCH-STA449C apparatus. The samples were heated in
N, atmosphere at a rate of 5°C/min before holding at 800°C for 30 min.

Hydrogen temperature-programmed reduction (H,-TPR) was carried out in a U-type quartz
tube reactor to identity the chemical reduction properties of all the samples. Sample powder
was loaded in a U-type quartz tube and pretreated under a 10% H,-90% Ar atmosphere at a
flow rate of 20 ml/min for 30 min at room temperature. The temperature was then increased
from room temperature to 800 °C at a ramp rate of 10 °C/min. The consumption of hydrogen
was monitored by an in situ thermal conductivity detector {TCD) using a micromeritics-
AutoChem TI, Chemisorption Analyzer,

For the hydrogen permeation measurement, a disk-shaped dense Ni-BCTZ cermet
membrane with 0.5 mm thickness was used. The ceramic sealant was used to seal the
membrane with an alumina tube to form the permeation compartment. 30 ml/min of 50% H,
diluted with He were used as feed gas and 60 ml/min of Ar was used as sweep gas.
Composition of the permeated effluent gas was measured using an online coupled gas
chromatograph (GC, Agilent 6890, Ar as carrier gas) with a thermal conductivity detector
(TCD). The concentration of the helium in the sweep side due to the imperfect sealing at high

temperatures was less than 0.1% during all the experiments.
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Figure S1. Thermo-gravimetric curves of BCT and BCTZ powder samples in N, atmosphere.

The mass of both BCT and BCTZ powder slightly decreased in the N, atmosphere as the
temperature increased. The slight weight loss potentially resulted from dehydration and the
release of oxygen from the perovskite oxides. It can be found that compared with BCT, the

weight loss of BCTZ is more slight which indicates the better stability of the oxide.
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Figure S2. H,-TPR profiles of BCT and BCTZ samples.

As shown in Figure S2, for the BCT sample, a big reduction peak can be observed at
approximately 434 °C, which is related to the reduction of Ce*" to Ce*" in the lattice.
Compared to BCT, the reduction peak of BCTZ sample has been moved to a higher
temperature, the first reduction peak centered at 539 °C can be attributed to the surface Ce**
reduction to Ce**, and the other broad peak located between 658 °C to 729 °C can be
attributed to the bulk Ce*" reduction to Ce?".'2 It can be found from the H>-TPR results that
Zr-doping makes the reduction peak appearing at higher temperature, which indicates that Zr-

doping enhances the stability of BCT in the reducing atmosphere.

['] Y- Liu, R. Ran, S. Li, Y. Jiao, M. O. Tade, Z. Shao. Significant performance enhancement of yltrium-doped barium cerate
proton conductor as electrolyte for solid oxide fuel cells through a Pd ingresse-egress approach. . Power Sources 257
(2014) 308-318.
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Ce-Al oxide systems by temperature programmed reduction and electron paramagnetic resonance. J. Mater. Sci. 39 (2004)
2349-2356.
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Figure S3. SEM micrographs of (a) the surface and (b) the bulk of the as-calcined Ni-BCTZ
cermet membrane.

The SEM images of both the bulk and surface of the Ni-BCTZ cermet membrane (see
Figure S3) indicates that it becomes a dense membrane after sintering at 1400 °C for 10 h. Tt
can also be found that the grain size of Ni particles (around 3-7 pm) is a little bigger than that
of BCTZ particles (about 2-5 um). The EDXS elemental distribution (Figure S4c, d and g, h)
of both the surface and bulk of the Ni-BCTZ membrane shows the homogeneous distribution
of the Ni and the perovskite BCTZ oxide phase, which demonstrates that the metallic nickel
and the BCTZ oxide are well mixed. A good homogeneity of the cermet membrane is
important for its hydrogen transportation because it guarantees the formation of a percolation

network of the two individual phases for both electron and proton transport.
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Figure S4. SEM and EDXS elemental distributions of Ce and Ni in {a-d) the surface and (e-h)
the bulk of the as-calcined Ni-BCTZ cermet membrane. Blue: metallic Ni phase; green:
perovskite oxide phase.
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Figure S5. Hydrogen permeation flux variation resulted from the humidity on the feed and
sweep sides at 1000 °C. Py»0=0.03atm.

The hydrogen permeation flux through the Ni-BCTZ cermet membrane is measured as a
function of temperature under four different humid conditions as shown in Figures S5 and Sé.
The hydrogen permeation flux is only 0.22 ml/min-cm? when both sides are dry at 1000 °C,
while it increases to 0.34 ml/min-cm? when 0.03 atm steam is added to the feed side, which
increases the protonic conductivity. This effect can be ascribed to the hydration of the
membrane that allows the formation of two protonated oxygen atoms (lattice or interstitial
oxygen), which are the essential charge carriers involved in hydrogen transport. The hydrogen
permeation flux can even jump over 1 ml/min-cm? when 0.03 atm steam is introduced to the
sweep side. However, in this case some part of the hydrogen comes from the thermal water

splitting.
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Figure S6. Hydrogen permeation flux as a function of the temperature under four humid
conditions. Py20=0.03atm.
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Figure S7. SEM and EDXS elemental distributions of Ce and Ni in the surfaces of the spent
Ni-BCTZ cermet membrane after 100 h hydrogen permeation, (a-d) the surface of the feed
side; (e-h) the surface of the sweep side. Blue: metallic Ni phase; green: perovskite oxide
phase.
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Atomic %
Element Fresh membrane Spent membrane

Feed side Bulk Sweep side
O 51.43 54.31 48.97 49.18
Ni 20.93 14.95 23.08 21.87

ZE 1.41 1.17 1.06 1.5
Ba 13.89 15.74 14.03 113587
Ce 11.64 13.06 12.33 12.64

Tb 0.71 0.77 0.54 0.94

Ba/Ce il1%) 1.21 1.14 1.10

Table S1. EDXS results on both surfaces and bulk of the spent and fresh Ni-BCTZ membrane.

The EDXS data of the spent Ni-BCTZ membrane after the long term operation is shown in
Table S1. For better comparison, the EDXS results for the fresh membrane has also been
given. The ratio of Ba/Ce of the fresh membrane is 1.19, which is close to the theoretical
value of 1.18. After the long term hydrogen separation, there is only small change on the
Ba/Ce ratio in the spent membrane, which illustrates the good stability of Ni-BCTZ

membrane.
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Figure S8. SEM and EDXS elemental distributions on the feed side surface of the spent Ni-
BCT cermet membrane.

As shown in Figure S8, although the feed side surface of the spent Ni-BCT membrane still
seems to be dense, but there are some coralloid porous structure covered on the surface,
especially near the Ni part. On the contrary, it cannot be found on the feed side surface of the
spent Ni-BCTZ membrane as shown in Figure S7. For the other side (sweep side) of the spent
membrane, it looks like the original intact grain cracked to be many small particles shown in
Figure 59, which may attributed to the big change of the lattice cell volume of BCT during
the reduction and oxidation processes, Compared with Ni-BCT, the situation of Ni-BCTZ is
much better due to the Zr-doping, which restrains the lattice cell expansion in reducing

atmosphere and enhanced the phase structure stability.
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Figure S9. SEM and EDXS elemental distributions on the sweep side surface of the spent Ni-

BCT cermet membrane.
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Feed side Bulk Sweep side

0 58.27 52 97 60.09
Ni 12.58 17.34 21.03
Ba 13.14 15.42 0.27
O 15.17 14.35 16.74
Tb 0.83 0.62 1.87
Ba/Ce 0.87 1.07 0.02

Table S2. EDXS results on both surfaces and bulk of the spent Ni-BCT membrane.

Table S2 shows the EDXS data of the spent Ni-BCT membrane. In the bulk part, the Ba/Ce
ratio is 1.07, which is close to the theoretical value of 1.05. But on the feed side surface, Ce
content is higher than Ba content. On the sweep side, there is little Ba can be detected
unexpectedly. Combined with the XRD result of the spent Ni-BCT shown in Figure S10, it is
obvious that the impurity peak of CeO, appears, which is in accordance with the result of
Meng’s work.® In order to check the Ba-lacked layer on the sweep surface, the SEM image
and EDXS elemental distributions on the cross section near the sweep side of the spent Ni-
BCT membrane are shown in Figure S11. It can be found that a layer with a thickness of
around 13 um connected to the sweep surface, which is really Ba-lacked compared with that
in the membrane bulk. Tt can be resulted from the elements (such as Ce and Tb) migration

from the bulk in the reducing atmosphere.
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Figure S10. X-ray diffraction pattern of the spent Ni-BCT membrane.
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Figure S11. SEM and EDXS elemental distributions on the cross section near the sweep side

of the spent Ni-BCT cermet membrane.
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Figure S12. The hydrogen permeation fluxes through various proton conductive membranes

at different temperatures.>*

One important thing should be emphasized that among numerous proton conductive oxides
for hydrogen separation, there are only a few materials which exhibit both good stability and
nice permeation flux. As shown in Figure S12, for different kind of materials, including the
perovskite, tungstate, and cermet dual phase materials, most of the proton conductive
membrane exhibit the hydrogen permeation fluxes below 0.1 ml/min-em?® even at 1000 °C.
Compared with these materials, the hydrogen permeation fluxes through the Ni-BCTZ
membrane in our work are far above this level, which indicate its attractive hydrogen

permeability. On the other hand, from the point of stability, although the fluxes through some

[l S. Zhan, X. Zhu, B. Ji,W. Wang, X. Zhang, J. Wang, W. Yang, L. Lin. Preparation and hydrogen permeation of
SrCep95Y 00505 asymmetrical membranes. Journal of Membrane Science 340 (2009) 241-248.

[*] S. Fang, L. Bi, L. Yan, W. Sun, C. Chen, W. Liu. CO>-Resistant Hydrogen Permeation Membranes Based on Doped Ceria
and Nickel. J. Phys. Chem. C 2010, 114, 10986-10991.
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Tb-containing membrane, such as  BaCeyosTbygsO;, BaCepgsTbygsCop0s, Ni-
BaCeggsThg 503, are higher than that through Ni-BCTZ, but their fluxes cannot keep steady
for more than several hours.>%!® To the contrary, Ni-BCTZ membrane can be operated
steadily for over 100 h in both dry and wet reducing conditions. Therefore, in consideration of
both hydrogen permeability and stability, Ni-BCTZ is really a promising material candidate

for hydrogen separation.
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1. Introduction

The worldwide challenge of the fast depletion of the traditional
fossil fuels on the one hand, and the global climate change on the
other hand, increasingly forces researchers to search for new
technologies for producing clean and renewable energy [1]. As a
sustainable and clean energy source, hydrogen is highly attractive
due to its high energy capacity, high conversion efficiencies, envi-
ronmental friendliness and recyclability [2], which will alleviate
our dependence on the fossil energy resources [3]. Although
hydrogen is still mainly derived from non-renewable natural gas
or petroleum [4], in principle it can be generated from renewable
resources such as water or biomass [5]. However, hydrogen
separation and purification from the gas mixtures are still some
key issues.

Hydrogen separation by thin metal films of e.g. Pd and its alloys
is a well-known technology for achieving this purification due to
their good hydrogen permeability and selectivity [6-9]. But the
embrittlement, poor mechanical strength at high operation tem-
perature and poisoning by CO or H,S etc. [10], as well as the high

* Corresponding author at: School of Chemistry and Chemical Engineering, South
China University of Technology, 381 Wushan Road, 510640 Guangzhou, China.
Tel.: +49 511 7622942,

** Corresponding author at: Schoel of Chemical Engineering, The University of
Adelaide, Adelaide, SA 5005, Australia. Tel./fax: +8G 20 87110131

E-mail addresses: yanying.wei@pci.uni-hannover.de (Y. Wei),
hhwang@scut.edu.cn (H. Wang).

littp://dx.doi.org/10.1016/j.memsci.2015.04.035
0376-7388f& 2015 Elsevier B.V. All rights reserved.

costs for the noble metal, have become limitations for Pd-based
membrane application.

Membranes for hydrogen separation should achieve the follow-
ing characteristics: i) good selectivity; ii) high flux; iii) low cost
and iv) geod stability [6]. In this sense, ceramics are the alternative
to metals. Since the ceramics based on strontium cerates are
reported to exhibit relatively high protonic conductivities [11],
high-temperature mixed proton and electron conductors (MPECs)
have attracted increasing interest in the past few decades [12-14].
Proton conductive ceramic membranes can be used as hydrogen
sensors, hydrogen pumps, hydrogen permeable membranes for
gas separation [15-20], and in catalytic membrane reactors [21],
solid oxide fuel cells (SOFCs) [22-24]. Among various high-
temperature MPECs, the rare earth doped perovskite oxides, such
as BaCeQs, SrCeO; BaZrO; and SrZrOs;, are the state-of-the-art
materials. However, the doped BaCeOs; and SrCeQ; have high
proton conductivity but poor structure stability; while the doped
BaZr0; and SrZr0O- exhibit good structure stability but low proton
conductivity and poor sintering behavior. Fortunately, these two
kinds of oxides can easily form solid solution with any composi-
tion ratio, and therefore the doped BaCeO;-BaZrO; solid solutions
are widely investigated as good candidates for high temperature
MPECs due to their sufficient proton conductivity and good
stability [25-27].

As a novel MPEC material, Th-doped BaCeO5 of the composition
BaCep 95 Thpos03 5 (BCT) was developed and applied in the SOFC
as a proton conducting electrolyte firstly, while its stability needs
to be improved [28]. The hydrogen permeation fluxes through the
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membranes based on BCT were outstanding compared with many
other perovskite-type MPEC materials [29,30], but the long-term
stability seems to be critical. In order to enhance the phase
structure stability of BCT, partial substitution of Ce with Zr in
BCT is expected to be positive due to the constant valency state of
Zr*", the high stability of BaZrOs and the good compatibility
between BaleO; and BaZrQ;.

Therefore, in this study, an MPEC material of the composition
BaCeqg5Thy ns2ro102 5 (BCTZ) is synthesized through a glycine-
nitrate combustion process. Considering that the increase of the Zr
content in the solid solution is detrimental to the sintering activity
and electrical conductivity. [27,31], 10% Zr-doping is chosen with
the aim to make a compromise between the stability and con-
ductivity. Furthermore, the asymmetric BCTZ membranes have
been prepared with different thicknesses of the dense layer. The
phase structure stability of BCTZ under reducing atmosphere, the
hydrogen permeation flux through the asymmetric BCTZ mem-
brane as well as its long term operation stability have been
investigated experimentally.

2. Experimental
2.1. Preparation of BCTZ powder and stability tests

The BCTZ perovskite powder was prepared through glycine-
nitrate combustion process. Ba(NO3)z, Ce(NOj);, Th{NO3);, Zir0
(NO3); and glycine were used as the raw materials to form an
aqueous solution in their appropriate stoichiometric ratios. The
molar ratio of glycine:total metal ions was 2:1 [32]. After evapora-
tion of excess water at 200 “C under stirring, the agueous solution
became a viscous liquid and further heating up to 400 “C caused
the auto-combustion process, which produced the BCTZ precursor
ash. The BCTZ powder with perovskite structure was obtained
after calcination at 1000 °C for 5 h. The as-prepared BCTZ powder
was also treated in Ar and 50% H,-50% Ar at 800 °C for 50 h to
examine its phase structure stability.

2.2, Preparation of BCTZ asymmetric membrane

Comumercial starch was chosen as the pore forming additive for
the asymmetric membrane preparation. For the porous substrate,
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the as-calcined BCTZ powder was mixed with 10% wt starch and
pre-pressed at 20 bar for 5 min as a substrate. For the dense layer,
a certain amount of BCTZ powder was spread on the substrate
followed by uniaxial co-pressing at 100 bar for 15 min. Finally, the
dense BCTZ membrane with an asymmetric structure was
obtained after co-sintering at 1500 “C for 10 h.

2.3. Characterization

X-ray diffraction (XRD, D8 Advance, Bruker-AXS, with Cu-Ka
radiation) was used to determine the phase structures of the BCTZ
powder and the membrane. Crystal structure of BCTZ powder was
also characterized by in situ high-temperature XRD under Ar using
D8 Advance. The measurements were conducted in a high-
temperature cell HTK 1200N {Anton-Paar) between room tem-
perature and 1000 *C. The heating and cooling rate was 12 “C/min
with equilibration time of 30 min for each measurement. Data sets
were recorded in a step-scan mode in the 2¢ range of 20-90" with
intervals of 0.02°.

The morphology of the BCTZ powder precursor after the
glycine—nitrate combustion process and calcination as well as
the sintered BCTZ membrane with the asymmetric structure were
characterized by scanning electron microscopy (SEM) at 2 keV
using a Jeol-]SM-6700F.

24. Hydrogen permeation

The hydrogen permeation has been measured on the disk-
shaped BCTZ asymmetric membranes with different thicknesses of
the dense layer. The ceramic sealant was used to seal the
membrane with an alumina tube to form the permeation com-
partment, as shown in Fig. 1. 30 ml{min of 50 vol% H> diluted with
He was used as feed gas and 60 ml/min of Ar was used as sweep
gas. The influence of the mixed gas feed containing H,, €O,, CO
and H»O on the hydrogen permeation performance and the long-
term stability has been also investigated. The composition of the
permeated effluent gas was measured using an online coupled gas
chromatograph (GC, Agilent 6890, Ar as a carrier gas) with a
thermal conductivity detector (TCD). The leakage of helium in the
sweep side due to the imperfect sealing at high temperatures was
less than 0.1% during all the experiments.

wmp Dense layer

5 Porous support

oHe @H, ©Ar

Fig. 1. Scheme of the high temperature hydrogen separation cell with planar BC1Z asymmetric membrane.
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Fig. 2. Phase struetures of BCTZ powder after calcination in air at different
temperatures for s h.

3. Results and discussion
3.1. BCTZ powder

The crystalline phases of the BCTZ powder as a function of
calcination temperature are shown in Fig. 2. After the glycine—
nitrate combustion process, the powder precursor is a mixture of
the metal oxides, carbonates, little carbonaceous residuals and
some unknown phases, which is similar like other materials’
precursor [28]. A single perovskile phase cannot be obtained until
the calcination temperature is higher than 900 -C. With the
increase of the calcination temperature, the decreasing peak width
also demonstrates that the crystal size of the BCTZ powder
increases due to the higher calcination temperature, In order to
ensure that the BCTZ powder is well crystallized, the BCTZ powder
was calcined at 1000 C for the following experiments.

Fig. 3 shows the SEM micrographs of the BCTZ powder
precursor after glycine-nitrate combustion and the development
of the BCTZ powder with perovskite structure by high temperature
calcination, It can be seen from Fig. 3a and b that the powder
precursor after combustion exhibits a web-like structure with a
high porosity. The precursor also looks like a loose sponge with a
huge amount of pores with sizes ranging from 1 pm to the nano-
scale, which result from the combustion process. After high
temperature calcination, the porous structure disappears and the
agelomeration of the BCTZ powder particles can be found in Fig. 3c
and d. The BCTZ particle size is about 0.1-0.2 pm in diameter and
such a fine powder is beneficial for the preparation of the
asymmetric membrane with a thin dense layer. Only the oxide
powder with small particle size is suitable for the asymmetric
membrane preparation.

Fig. 4 shows the XRD of the BCTZ powder before and after
treatment in Ar and 50 vol% H,-50 vol¥ Ar. It can be seen that the
as-prepared BCTZ oxide exhibits pure perovskite structure. After
heat treatment in Ar and in 50 vol% H,-50 vol% Ar for 50h at
800 C, respectively, the powder still maintains their original
phase structure, which indicates the good phase structure stability
of BCTZ in inert and reducing atmospheres. Furthermore, the
in situ high-temperature XRD measurement was performed on
BCTZ under N, atmosphere from room temperature to 1000 “C. As
shown in Fig. 5, no other phases can be observed during the
heating or cooling process, which demonstrates that BCTZ

possesses good phase structure stability in N5 at high tempera-
tures, as well as in the heating and cooling cycle.

3.2. BCIZ asymumetric membrane

Fig. 6a shows the microstructure of the commercial starch
powder, The microstructure of the asymmetric BCTZ membrane
with a 50 pm dense layer on the membrane top can be seen easily
in Fig. Gb. The dense layer and the porous layer are well attached
to each other and no interface delamination or crack formation can
be found. From the SEM micrographs (Fig. 6c and d) of the
membrane surface and the cross section of the dense part, only
some small closed pores exist in the membrane dense layer and
sufficient gas-tightness can be expected. The porcus substrate
results from the starch decompoesition is shown in Fig. Ge and f,
which enables gas transport through the support. It can be also
found that most of the pores in the substrate seem like bubbles
and the spherical pore shape results from combustion of the
spherical commercial starch (see Fig. 6a). Tn the spherical pore as
shown in Fig. 6f, it can be seen the agglomeration of the BCTZ
particles with size range of 2-4 pm, which exhibit a different
structure compared with the other part, while they show the same
composition of BCTZ. This is because when the starch and BCTZ
oxide were mixed during the preparation, some of the BCTZ
powders were paclked inside of the starch ball. The growth of
the polycrystalline BCTZ aggregate to a big BCTZ crystalline was
limited due to the starch shell until the latter was burnt off. When
the temperature increased even higher in the sintering process,
the starch was decomposed and disappeared, while the two
different structures of the same chemical composition were
formed as shown in Fig, 6f,

3.3. Hydrogen perimeation and stability of the BCTZ asymrietric
membrane

Fig. 7 shows the hydrogen permeaticn fluxes as a function of
temperature for different membrane thicknesses (Fig. 7a and b),
The black cubes represent the data for the asymmetric BCTZ
membrane with a 50 pm thick dense layer, while the red circles
stand for the data of a membrane with a 20 pm thick dense layer
on the same porous substrate. It can be seen that the hydroszen
permeation fluxes increases with increasing temperatures. For
instance, the hydrogen permeation flux through the BCIZ asym-
metric membrane with the 50 pm dense layer increased from 0.05
to 0.17 mljmin cm” as the temperature was increased from 700 to
1000 °C at the constant Ar sweep flow rate of 60 mlfmin. This
finding can be explained by two reasons. On the one hand, the
proton bulk diffusion and surface exchange kinetics can he
enhanced due to the temperature increase. On the other hand,
BCIZ exhibits higher conductivity at higher temperatures, which is
similar like BCT [22]. Compared with the 50 pm thick membrane,
the hydrogen permeation flux through the 20 pm-dense layer-
membrane has increased about twice because of the lower bullc
diffusion resistance. Due to the limits of the asymmetric mem-
brane preparation technology of co-pressing followed by co-
sintering, it is difficult to prepare an asymmetric membrane with
an even thinner dense layer [ - 20 pm). However, the results
in Fig. 7 indicate that it is beneficial for hydrogen transport to
decrease the thickness of the dense layer of the asymmetric
membrane.

For practical applications, the hydrogen separation membranes
based on MPECs should not only exhibit high hydrogen permea-
tion fluxes but also good stability under the operation conditions.
Fig. 8 shows the long-term stability of the BCTZ asymmetric
membrane for hydrogen separation at 800 "C. It can be seen that
the hydrogen permeation flux through the BCTZ asynumetric
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Fig. 3. SEM micrographs of (a, b) the precursor after the glycine-nitrate combustion; (c, d) the perovskite BCTZ powder calcined at 1000 °C for 5 h.
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Fig. 4. X-ray diffraction patterns of the BCTZ powder before and after treatment in
Ar and Ha/Ar atmospheres.

membrane with a 50 pm-thick dense layer keeps stable at around
0.07 mlfmin cm? for over 370 h and no decline with time can be
found at 800 °C using 50 vel¥% H, diluted with He as feed gas.
Compared with the hydrogen flux through the Ni-BCT membrane,
which declined by about 50% after 75 h operation at 800 °C due to
the phase segregation of BCT [29]. Actually, the long-term stability
of BCTZ membrane has been positively tested for more than 370 h.
However, testing a membrane for 370 h under lab-scale conditions
is still not a final proof for a long-year stability under harsh
industrial conditions. Nevertheless, we have to note that we had to
stop our test after 370 h and the membrane could have lived much
longer.
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Fig. 5. In situ high-temperature XRD patterns of the BCTZ powder under Nj
atmosphere during the heating and cocling process.

1t should be noted that it is not trivial to compare our results
with those of others since only the Ni-BCT [29] and our BCTZ
membranes synthesized under the same or similar conditions can
be compared. Both the BCT [29] and our BCTZ powder were
synthesized via the nitrate-complex agent method followed by
gel-combustion and high-temperature calcination. Both our BCTZ
and the Ni-BCT [29] disk membranes had a similar asymmetric
structure of a dense layer supported by a porous substrate. The
same pore former starch with the same ratio (10% wt) was used for
the substrates preparation, and the asymmetric green membranes
were co-pressed with the pre-pressed substrate. All these similar
synthesis conditions make our BCTZ and Ni-BCT membranes from
the literature comparable.
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Fig, 6. SEM micragraphs of the (a) commercial starch powder, (b) cross section of the asymmetric BCTZ disk membrane, (c) surface and (d) bulk of the dense part of the

membrane and (e, [) porous part of the membrane with different magnifications.

Meng et al. reported the instability of the Ni-BCT membrane in
the long-term hydrogen separation process due to the phase
decomposition of the BCT perovskite [29]. Actually, BCT was firstly
developed by the same research group and applied in the SOFC as
a proton conducting electrolyte, the authors has emphasized that
the stability of BCT needs to be improved [28]. Although there are
no direct data of BCT membrane for long-term hydrogen permea-
tion, in comparison with Ni-BCT membrane (actually compared
with BCT perovskite) [29], BCTZ shows a much better stability after
Zr doping. This stabilization can be explained as follows: (i) under
the reducing atmosphere, Ce* ' (ionic radius =80 pm) [33] is easily
reduced to Ce** (ionic radius=103 pm) [33], which will cause the
unit cell volume change due to the different ionic radii [34].
Because of the constant valence state of Zr*' | partial substitution
of Ce with Zr in BCT enhances the unit cell stability to a certain
degree in the reducing atmosphere; (ii) from the point of acid-
base property, both of the Ce®* and Ce®* are weakly alkaline,
while Zr*' is amphoteric. This is another reason for the better

chemical stability of BCTZ, especially in a CO; containing atmao-
sphere shown in the following part. Kniep [35] and Ryu [36] et al.
also found that introduction of Zr into doped barium cerate greatly
enhanced the chemical stability. In summary, after Zr doping, BCTZ
exhibits much better stability compared with BCT perovskite.

Compared with the good phase stability of BCTZ in our study,
Ni-BCT cermet membrane was not sufficiently stable in hydrogen
permeation due to the phase decomposition of the BCT perovskite
[29]. Although the hydrogen permeation flux through the Ni-BCT
membrane was 0.26 ml/min cm? at the beginning, which is higher
than that through the BCTZ membrane at 800°C, after 75 h
operation, it decreased to 0.126 ml/min cm?, which is similar te
that through the BCTZ membrane with 20 um dense layer.

We studied also the chemical stability of the BCTZ membrane
in a reducing atmosphere containing H,, CO;, CH4, CO and H»0.
Fig. 9 exhibits the effect of the mixed feed gas on the hydrogen
permeation flux through the BCTZ membrane as a function of
time. As shown in Fig. 9a, when 10% CO» is added to the feed gas,
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Fig. 8. Long-term stability test of the BCTZ asymmetric disk membrane for
hydrogen permeation at 800 “C.

the hydrogen permeation flux draps from 0.16 to 0.12 mljmin cm?
immediately, but then it keeps constant on this level. Even when
higher amounts of CQO, are added to the feed gas, the hydrogen
permeation flux drops only a little bit but then it is stable with
time. The decrease of the hydrogen permeation flux is due to the
CO5 adsorption on the membrane surface and it can he recovered

100

immediately when COs; disappears from the feed gas. Fig. 9b
shows the hydrogen flux through the BCTZ membrane when CHy
in different concentrations is added to the feed gas. It can be found
that the hydrogen permeation flux remains almost unchanged for
a 10% CH4-containing feed gas. But it decreases with time when
the CH4 concentration in the feed increases to 20 %. This experi-
mental finding is due to the deposition of a carbon layer on the
membrane surface by the methane thermal splitting. However, the
hydrogen permeation flux can be recovered when CH, disappears
from the feed gas. As shown in Fig. 9¢, if CO exists in the feed gas,
there is almost no effect on the hydrogen permeation flux.
Compared with the reducibility of H,, CO is much milder. So, the
effect of CO on the membrane stability and its hydrogen permea-
tion flux can be ignored. Fig. 9d shows the effect of steam in the
feed on the hydrogen flux througlh the BCTZ membrane. When the
feed gas is humidified, the hydrogen permeation flux keeps stable
with time.

Fig. 10 shows the stability of the hydrogen permeation through
the BCTZ asymmetric membrane as a function of time in mixed gas
feeds containing Hs, CO,, CH,, CO and H,0. It can be found that the
hydrogen permeation flux has a sharp decrease once the 50 vol%
H,/50 vol% He mixed gas streams is replaced by a feed gas of
50 vol% Hy/50 vol% He, CO,, CH, CO, Hy0. This experimental
finding is attributed to the gas adsorption on the membrane
surface. After a period of decrease, the hydrogen permeation flux
starts to increase and finally maintains at 0.14 ml/min cm? steadily
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for more than 100 h, which is due to the steady state of several
reactions that take place such as methane splitting, reduction of
carbon dioxide by H; etc. When the feed gas is switched back to
the 50 vol% H./50 vol% He feed, the hydrogen permeation flux
recovers to about 0.17 ml/min cm?. All these results indicate that
the BCTZ membrane can be operated for hydrogen separation in
the mixed gas streams steadily.

It has to be pointed out that we did not add trace amount of sulfur
impurity to the feed gas to study the stability of the membrane agai-
nst sulfur species. It is reported that BagsSrosCopsFepz0s_, and
SrpsCagsMnggFeg 203 s membranes displayed an instability in oxygen
permeation. When the sweep gas contains 360 ppm SO, sulfur-
containing layers were formed on the membrane surface [37]. In our
previous work, (ProsLag, 2(Nip74CUa21Ganes 04,5 Was also found to
be unstable in S0;-containing atmosphere [38]. It is easy to note that
not only the alkaline-earth metal elements (such as Ba, Sr), but also
the lanthanides (such as Pr, La) are sensitive to sulfur poisoning due to
sulfates formation even with trace amounts of sulfur components.
Therefore, from the previous results, we can deduce that BCTZ is also
unstable in a sulfur-containing atmosphere, because Ba (alkaline-earth
metal element) and Ce, Th (lanthanide) do not have enough resistance
to sulfur poisoning. Development of the sulfur-tolerant membrane
materials for both oxygen separation and hydrogen separation is
important for their potential applications.

After the long-term hydrogen permeation, the spent BCTZ asym-
metric membrane was analyzed by XRD. As shown in Fig. 11, both
surfaces of the spent BCTZ asymmetric membrane maintain their
perovskite structure after over 370 h hydrogen permeation. No other
foreign phases can be found as impurity (except some residual ceramic
sealant), which indicates the good phase structure stability of BCTZ
even under reducing atimospheres for such a long time.

4. Conclusions

The mixed proton and electron conductor material BaCeygs
ThyasZrg10s 5 (BCTZ) was synthesized through a glycine-nitrate
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Fig. 11. X-ray diffraction patterns of the fresh and the spent BCTZ membrane after
370 h hydrogen permeation [cf, Fig, 8).

combustion process. Asymmetric BCTZ membranes were prepared by
using commercial starch as pore forming additive for the porous
support. The BCTZ powder sample maintains its original perovskite
structure after heat treatment in Ar and 50 vol% H,-50 vol% Ar for
50 h at 800 “C. The in situ high-temperature XRD result shows that
BCTZ can even keep the perovskite structure at high temperature up to
1000 °C in N,, as well as in the heating and cooling cycle, which
indicates the good phase structure stability of BCTZ in inert and
reducing atmospheres. The BCTZ asymmetric membrane with a
50 um-thick dense top layer can be steadily operated in hydrogen
permeation with a stable hydrogen flux of 0.07 ml/min cm? for over
370 h at 800 “C. In the mixed gas feeds including H,, CO,, CH,4, CO and
H»0, the BCTZ membrane also exhibits good chemical stability for
hydrogen separation. The XRD analysis of the spent membrane also
demonstrates the good phase structure stability of BCTZ, After doping
Zr into BaCeposThaas03_ 5, the phase structure stability of the BCTZ
membrane has been enhanced remarkably and all results recommend
BCTZ as a proper candidate of a MPEC material for various potential
applications.
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ABSTRACT: The performance of a dense ceramic hydrogen-
permeable membrane reactor for the nonoxidative methane
dehydroaromatization (MDA}, according to the equilibrium reaction
6CH, & CH; + 9H, with a 6 wt % Mo/HZSM-5 bifunctional
catalyst was investigated. A U-shaped ceramic hollow fiber
membrane of the composition LagsW,sMoy,O4105_5 (LWMg4)
has been used for the in situ removal of H, to overcome
thermadynamic constraints. The yield of aromatics (benzene,
toluene, naphthalene) in the MDA could be increased in the
beginning of the aromatization reaction by ~50%—70%, in
comparison with the fixed-bed reactor, because 40%—60% of the
H, abstracted have been extracted at 700 °C with a weight hourly

Catalyst layer

COy H,

Hydrogen permeable membrane

LagsW, (Mo, .0

11.25-6

space velocity (WHSV) of 840 cm® g, ' h™'. These advantages of the membrane reactor operation decrease with time on
stream, since the removal of H, boosts not only CH, conversion and yield of aromatics, but also catalyst deactivation by
deposition of carbonaceous deposits. However, the catalyst system could be regenerated by buming the coke away with air.

KEYWORDS: natural gas conversion, nonoxidative methane dehydroaromatization, hydrogen-permeable ceramic membrane,
hollow fiber membrane, gas-to-liquids technologies, catalyst regeneration

ith the increasing demands for liquid fuels, gas-to-liquids
{GTL) technologies are attracting considerable academ-

Figure 1. Scheme of the LWMO0.4 ceramic hollow fiber membrane
reactor for nonoxidative methane dehydroaromatization (MDA).

ic and industrial interest. Currently, the research and
development on GTL is boosted by the decrease in the price
of natural gas. On the other hand, also stranded gas which was
flared so far, can be used and converted to saleable products.
Among the GTL concepts, methane dehydroaromatization
(MDA), according to the reaction

6CH, & CgHg + 9H, (1)

A4 ACS Publications — © 2016 American Chemical Society

2448

is promising, because of its potential in the direct conversion of
methane to liquid chemicals and fuels.! Therefore, intense
efforts have been devoted to the development of suitable
catalysts for MDA, such as Zn/HZSM—S)2 Fe/HZSM—S,3 Ga/
HZSM-5,* Mo/MCM-22,° Mo/HMCM-49,° and Mo/HZSM-
5,7 or, just recently, single Fe sites embedded in a silica matrix.”

However, limited CH,, conversion is one of the problems of
MDA Tt follows from thermodynamics, that, for eq 1, an
equilibrium-limited CH,, conversion of X(CH,) = 12%, with a
benzene yield of Y({CgHg) = 4% at 700 °C, can be expected.'”
Te overcome this thermodynamic limitation, integration of the
MDA reaction with a H,-transporting membrane in a catalytic
membrane reactor is an effective approach.

Membrane reactors are one concept for the intensification of
chemical processes.'” A {catalytic) membrane reactor combines
a chemical reaction with an i situ separation in one unit,"*
Also, MDA was studied in catalytic membrane reactors, for the
purpose of increasing CH, conversion and the yield of
aromatics via the continuous removal of H, to overcome the
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side, Fi, = 5 em® min™"
5 Poo,

equilibrium limitation.”* Usually, palladium and its alloys are
applied as membrancs for the in situ extraction of H, during the
MDA reaction.’* However, these Pd alloy membranes were not
suitable for MDA, because the endothermic MDA requires high
temperatures of at least 700 °C; however,
especially in the presence of hydrocarbons—the Pd alloy
membranes undergo degradation. :

Therefore, ceramic membranes, which can operate at high
temperatures and in the presence of hydrocarbons, are needed
to support the MDA."® Tn a simulation paper, Tglesia developed
a concept for the design and optimization of catalysts and
membranes for the nonoxidative conversion of CH,.'™ It was
predicted that a bifunctional catalyst such as Mo/H-ZSM-$, in
combination with a continuous removal of H,, should lead to
an increased CH, conversion at practical residence times of
~100 s. In a subsequent pioneering paper, this group used a
ceramic membrane (SrCeygsYby 4505 s), but the improvements
in the MDA process were very modest (6% improvement of
methane conversion, almost no increase in yield of aromatics at
950 K), because of the low H, pcrm(.abl.hty of the membrane
{only 6.4% H, removal efficiency)."™

Dense ceramic membranes exhibiting mixed proton and
electron conductivity, at high temperatures, can selectively
permeate H, rather than other gases from H,-containing
mixtures under the driving force of a H, partial pressure
U-shaped hollow fiber
membranes with a high area-to-volume ratio can avoid the
membrane breakage, because of thermal expansion or
shrinkage, and they can be easily assembled to a reactor
module.”” Therefore, in the nonoxidative MDA, we applied a
U-shaped high-flux H,-permeable ceramic hollow fiber
membrane with a composition of La; WMoy ,01 2545
(LWMO0.4).'® In this paper, we study the increase in the CH,
conversion and the aromatics yield in the classical nonexidative
MDA in situ, by removing the H, from the MDA reactor at the

gradient across the membrane.
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reaction temperature of 700 °C through a U-shaped H,-
selective LWMO0.4 hollow fiber.

As illustrated in Figure 1, in the LWMO.4 hollow fiber
reactor, helium-diluted CH, (36 vol% CH,) with a weigth
hourly space velocity (WHSV) of 840 em® g, h™" is used as
feed on the shell side of the hollow fiber membrane to produce
aromatics and H, through MDA on the bifunctional Mo/
HZS8M-§ catalyst, which is coated around the fiber. The H, that
is produced is removed to the core side of the fiber with a low
H, partial pressure, where H, is swept away in sity, using CO,
or argon. To assess the impact of the H, removal, for
comparison, {ixed-bed reactor experiments were conduocted
without H, removal (no sweep gas).

The performances of the MDA reaction in the fixed-bed
reactor and the membrane reactor are shown in Figure 2.
According to a slightly higher CH, conversion over the
thermodynamic value of 12% at 700 °C and an increased
selectivity for aromatics in the membrane reactor, in
comparison with the fixed-bed reactor, the starting yield of
aromatics in the membrane reactor (Figure 2b) is ~47% higher
than that in the fixed-bed reactor (Figure 2a). However, these
differences become smaller with increasing time-on-stream.
Similar results have been observed when using argon as a sweep
gas, as shown in Figure 52 in the Supporting Information.
Because of the continuous removal of Hy, coking is enhanced in
the membrane reactor, which also has been observed for the
MDA in Pd alloy membrane reactors,™**

Figure 3 shows the comparison of the yield of aromatics in
the fixed-bed reactor and the membrane reactor (Figure 3a). As
the accumulated amount of aromatics show, the higher
performance of the membrane reactor over the fixed-bed
reactor is maintained for a long period (Figure 3b). Figure 3¢
shows the product distribution as a function of time. For both
reactor types, coke is the main product of the MDA reaction.
However, ~10% more aromatics are formed in the membrane

DOl 10.1021/acscatal. 6bo00os
ACS Catal. 2016, 6, 2448—2451
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Figure 5. Nonoxidative MDA reaction performance of the regenerated
LWMO0.4 hollow fiber membrane reactors swept with CO,.
Regeneration conditions: T = 700 °C; feed side, F,, = 30 om®
min~"; sweep side, no gas flow; £ = 5 h.

reactor, in comparison with the fixed bed (Figure 3c). The yield
of aromatics of the membrane reactor is higher than that of the
fixed-bed reactor in the first 300 min, because of the extracted
H,. However, because of the enhanced coking due to the H,
removal, after 10 h time-on-stream, the relationship is opposite:
now the membrane reactor produces 10% less aromatics but
10% more coke than the fixed-bed reactor. Similar findings have
been reported by refs 14b, d, and e. The same results are found
with argon as the sweep gas, as shown in Figure S3 in the
Supporting Information. However, it follows from Figures 3a
and 3b that the instantaneous aromatics formation and the
accumulated yield of aromatics, for the membrane reactor, are
always higher than for the fixed-bed reactor, within the first
1000 min.

Figure 4 shows that 40%—60% of the H, generated has been
extracted by the LWMO0.4 membrane, while only 6% of the
produced H, was removed by the SrCeq o YbgsOs-5
membrane.'™” The H, extraction decreases with time-on-
stream, because of the deposition of carbonaceous residues on
the membrane and the decreased H, partial pressure in the feed
side, as a result of the reduced CH, conversion. The H, fluxes
through the LWM0.4 hollow fiber membrane, as a function of
time, can be found in Figure $4 in the Supporting Information.
The H, flux is slightly lower for CO, as the sweep gas than for
argon as the sweep gas. This is a common finding for ceramic
membranes, because of the stronger adsorptive interaction of
CO, with the perovskite surface, which suppresses the surface
exchange reaction more than argon,'™'? Compared with the
Pd alloy membrane reactor, whose permeability declined to
20% of the initial permeation flux after 60 min and went down
after 900 min of operation,'”'" our ceramic LWMO.4
membrane reactor still exhibits a considerable H, permeation
flux.

The oxidative regeneration of the coked membrane reactor
requires both stable membranes and catalysts. Usually, Pd alloy
membranes can be only regenerated under reductive conditions
in diluted H,; the coke cannot be totally removed, and the
MDA performance did not completely recover.'"** Since our
ceramic membrane and our catalyst are stable under oxidative
conditions, our membrane—catalyst system could be com-
pletely regenerated in air. After coke combustion, the MDA
reaction was conducted again, as shown in Figure 5, and the
ngEl]ErthEd membl‘a[le reactor POSSESSES a CGmParﬂb]E MDA
performance similar to that observed in the first run (Figure

DOl 10.1021/acscatal. 6bo00os
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2b), so that the LWMO0.4 membrane—Mo/HZSM-5 catalyst
system is stable under MDA reaction conditions and can be
regenerated.

B CONCLUSION

In summary, this work demonstrates the successful application
of a U-shaped hydrogen-permeable hollow fiber ceramic
membrane of the composition Lag Wy Moy 4Oy 35-5
(LWMO0.4) to support methane dehydrocyclization to aromatic
compounds. The LaWMO0.4 ceramic membrane is different
toward hydrogen-selective palladium membranes, because it is
stable over a long period under the reaction conditiens of the
MDA at 700 °C. If the hydrogen is removed through the
LWMO0.4 hollow fiber membrane, the yield of aromatics
(benzene, toluene, naphthalene) can be increased by 47%
(using CO; as the sweep gas) to 70% (using argon as the sweep
gas), Approximately 50% of the abstracted hydrogen has been
removed through the hydrogen-permeable ceramic membrane.
Because of this hydrogen extraction, the deposition of
carbonaceous species is enhanced, and the advantages of the
membrane reactor over the fixed-bed reactor become smaller.
However, after combustion of the coke with air, the catalyst
system could be completely regenerated.
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Experimental section

The U-shaped LWMO0.4 hollow fiber membranes were prepared through the
wet-spinning technic followed by high temperature sintering as shown in Figure S1.
More details can be found in our previous work." The membrane was sealed onto an
alumina tube using ceramic sealant and the effective membrane area was about 1 cm®.
0.1 g 6 wi% Mo/HZSM-5 calalyst (Bayer Technology Services, BTS) was mixed wilh
terpilenol then directly coated on the shell side of the hollow fiber. Operation
temperature was kept at 700 °C. 1.4 cm’min”' of CH, and 2.5 em’min”' He was mixed
as the feed gas in the shell side for non-oxidative MDA reaction, WHSV is 840 cm’
gw.'1 h. It can be simulated as a fixed bed reactor when no sweep gas was used in the
core side of membrane. 5 cm® min™' of Ar or CO, was also be used as the sweep gas in
the case of the catalytic membrane reactor. The concentration of the tlue gas was
monitored by an on-line gas chromatography (Agilent 7890) and the total gas flow
rate at outlet (#) was calibrated using a bubble flow meter. The error is below 0.2 %.
The CHy conversion X(CH,), aromatics (including benzene, toluene and naphthalene)

selectivity S(aromatics) and aromatics yield Y(aromatics) can be calculated as

follows:*
x(chy = (1- %} x 100%
S(aromatics) = claromatics,out) X x 100%

F{CH4,in)—c{CH4,0ut)xF
Y(aromatics) = X(CH,) x S(aromatics)
S(coke}=1 — S(aromatics)
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Supplementary figures

a)

Figure S1. Micrograph of the cross section of the fresh hydrogen-permeable LWM0.4

ceramic hollow fiber membrane.

The SEM images of the LWM0.4 hollow fiber membrane after sintering is shown in
Figure Sla and b. The cross-section (approximately 200 um thickness) shows two
finger-like structures near the inner and outer surfaces and a sponge-like structure in
the middle. The cavities are closed, and, therefore, this structure acts as a
mechanically stable support for the inner and outer dense surface layers of the hollow

|
fiber membrane.
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Figure S2. Performance of the non-oxidative MDA reaction in the LWM0.4 hollow
fiber membrane reactors swept with Ar.
Conditions: T=700 °C; feed side: Feps=1.4 cm:’min’l, Fue=2.5 cm3min’l, cat.:

Mo/HZSM-5, 0.1 g, 6 wt% Mo; sweep side: Fa, =5 cm’min™

Higher methane conversion by 26.4 % and aromatics yield by 69.2 % in the
membrane reactor was obtained compared with fixed bed reactor as shown in Figure
2a and Figure S82. However, the improvement become smaller with increasing time

due to the coke deposition, similar to that when CO; was used as sweep gas.
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Figure S3. Aromatics yield and cumulative aromatics yield as function of time on

stream for the catalytic membrane reactor swept with Ar.

As shown in Figure S3, the instantaneity aromatics vield in the membrane reactor
with Ar as sweep gas are decline with time, and the differences of the accumulated
yield become smaller with increasing time. The decreasing rate of the aromatics yield
with Ar as sweep gas is faster than that with CO, as sweep gas, due to the higher H»

removing efficiency as shown in Figure 4and S4.
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Figure S4. Comparison of hydrogen permeation flux through the LWM0.4 membrane

with different sweep gases under the MDA conditions.

The H» fluxes through the LWMO0.4 hollow fiber membrane as a function of time can
be found in Figure S4. The H; flux is slightly lower for CO- than for Ar as sweep gas.
This is a common finding for O,-transporting ceramic membranes because of the
stronger adsorptive interaction of CO> with the perovskite surface which suppresses

la, 3

the surface exchange reaction more than Ar. Compared with the Pd alloy
membrane reactor whose permeability declined to 20% of the initial permeation flux

after 60 min and shut down after 900 min of operation,* our ceramic LWMO.4

membrane reactor still exhibits a considerable H; permeation flux.
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5h

Different to the Pd alloy membrane, our ceramic membrane is stable under oxidative
conditions. After the MDA operation, therefore, the coke deposition was burnt off
with air to refresh the membrane catalyst system, and then MDA reaction was
conducted again. As shown in Figure 5 and S5, the regenerated membrane reactor
possesses a comparable MDA performance like in the first run (Figure 2b), so that
LWMO0.4 membrane — Mo/HZSM-5 catalyst system is stable under MDA reaction

conditions and can be regenerated.
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Figure S6. SEM and EDXS of the cross section of the LWMO0.4 hollow fiber before

and after the MDA reaction.

The fresh and spent LWMO0.4 hollow fiber membranes after the MDA were
characterized by SEM and EDXS. As shown in Figure S6, all the metals are
distributed homogeneously in the cross section of the fresh membrane, while a
Mo-enriched oxide layer can is found near the inner surface (sweep side where the H;
is swept off) of the spent fiber with a thickness of around 10 pm. There is some
migration of Mo under reaction conditions forming an oxide layer like found also in

ref.” Similar findings were observed in other La-W oxides afier Ha permeation
S8
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operation.”® Serra et al. reported that Re oxide precipitates were found on

LassWygRepo0) 255 after permr:a‘[ion.(’u A Mo-rich phase was observed in the

6b

Laa7Mo1sW3 50555 grain boundaries.” However, our spent LWMO0.4 hollow fiber

membrane was still dense and compact after MDA reaction.

Figure §87. SEM and EDXS of the coke deposition on the Mo/HZSM-5 catalyst after

the MDA reaction. Scale bar: 6um.

Figure §7 shows the coke deposition on the Mo/HZSM-5 catalyst after the MDA
reaction, The carbonacecus deposits gradually cover the MoC, phase and the
HZSM-3 and lead to severe deactivation of the catalyst. In the MDA process, two

catalytic sites are required for the conversion of CH, to aromatics: MoCx for C-H
S9
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bond activation and initial C-C bond formation, acid site of HZSM-5 for cyclization
of C* hydrocarbons to form aromatics.” Whereas the first carbon deposition is useful
and necessary to form the catalytically active carbide component MoCx in the initial
steps, further carbon deposition goes on and it is difficult to avoid due to the
thermodynamics.”™ ® Finally, the carbonaceous deposits gradually cover the MoCx
phase and the HZSM-5 as shown in Figure S7. The addition of some oxidant to the
feed can reduce the carbon formation, while deep oxidization of the starting methane
and of the generated hydrocarbons could not be avoided with Mo/HZSM-5 catalyst.™
™ The challenges in MDA reaction is the cleaving of the C-H bond without coke
deposition. With Mo/HZSM-5 catalyst, it is hard to obtain simultaneously high
aromatics yield and good stability of the catalyst. The development of new type
catalyst which could prevent the coke deposition during the non-oxidative MDA
reaction is urgent.” Then the combination of the new type catalyst with the ceramic
Ho-transporting membrane is promising to overcome of the thermodynamic

limitations and to ensure a good long-term operation stability.
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