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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 
Universität 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. Jürgen 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 

(Pr0.9La0.1)2.0Ni0.74Cu0.21Ga0.05O4+δ 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 Feldhoff. 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, A new CO2-resistant Ruddlesden-Popper oxide with superior oxygen 

transport: A-site deficient (Pr0.9La0.1)1.9(Ni0.74Cu0.21Ga0.05)O4+δ, 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, I 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−δ-Ni cermet 

membrane for hydrogen separation, which has been published in the Chemical Communications, 
and Hydrogen permeability and stability of BaCe0.85Tb0.05Zr0.1O3-δ 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. Jürgen 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 (Pr0.9La0.1)2.0Ni0.74Cu0.21Ga0.05O4+δ possesses good 
chemical stability under CO2-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 
(Pr0.9La0.1)1.9Ni0.74Cu0.21Ga0.05O4+δ, 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-BaCe0.95Tb0.05O3-δ is 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-
BaCe0.85Tb0.05Zr0.1O3-δ cermet membrane, which was developed by partial substitution of Ce with 
Zr. Moreover, the Zr-doped BaCe0.85Tb0.05Zr0.1O3-δ 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. 
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Zusammenfassung 
Gasdichte keramische Membranen mit gemischter Leitfähigkeit für Sauerstoffionen und 
Elektronen oder Protonen und Elektronen ermöglichen die Abtrennung von Sauerstoff oder 
Wasserstoff aus Gasgemischen mit unerreichter Selektivität, wenn bei hoher Temperatur ein 
chemischer Potentialgradient des Sauerstoffs oder Wasserstoffs angelegt wird. Wegen ihrer 
Anwendungsmöglichkeiten in Gassensorik, Sauerstoff- oder Wasserstoffpumpen, Gastrennvor-
richtungen und katalytischen Membranreaktoren, erfahren diese Membranen ein wachsendes 
Interesse. Für industrielle Anwendungen müssen die gasdichten keramischen Membranen einen 
hohen Permeationsfluss (von Sauerstoff bzw. Wasserstoff), eine gute Phasenstabilität sowie eine 
gute chemische Stabilität unter praxisrelevanten Bedingungen aufweisen. Die vorliegende Schrift 
bündelt sieben Forschungsartikel, in denen sauerstoffdurchlässige und wasserstoffdurchlässige 
Membranen im Lichte der zuvor geschilderten Erfordernisse behandelt werden. Kapitel 1 gibt 
einen grundlegenden Überblick über Gastrennprozesse sowie keramische Membranmaterialien, 
Membranherstellung und Membrananwendungen. 
Kapitel 2 ist auf die Entwicklung sauerstoffpermeabler Membranen mit guten Trenneigenschaften 
fokusiert. Das Ruddlesden-Popper-artige Oxid (Pr0.9La0.1)2.0Ni0.74Cu0.21Ga0.05O4+δ hat eine gute 
chemische Stabilität in CO2-haltiger Atmosphäre, wohingegen sein Sauerstoffpermationsfluss 
mäßig ist und im mittleren Temperaturbereich eine reversible Phasenzersetzung auftreten kann. 
Mittels in-situ Röntgenbeugung bei Variation der Temperatur und des Sauerstoffpartialdrucks 
wurden Stabilitätsfenster bestimmt. Untersuchungen zum Einfluss der Kalzinierungstemperatur 
und der A-Gitterplatz-Kationenunterstöchiometrie führten zur Entwicklung des A-Platz-unter-
stöchiometrischen Ruddlesden-Popper-Oxids (Pr0.9La0.1)1.9Ni0.74Cu0.21Ga0.05O4+δ, welches eine 
stabile und doppelt so hohe Sauerstofftransportrate aufweist wie die kationenstöchiometrische Aus-
gangsphase. Die hohe Sauerstofftransportrate konnte auf die hohe Mobilität von Sauerstoffleer-
stellen zurückgeführt werden, die die A-Platz-Unterstöchiometrie kompensieren. Durch eine Mo-
difizierung der Membranoberflächen mit einer porösen katalytischen Schicht konnten eine 
nochmals verbesserte Sauerstoffpermeation sowie Phasenstabilität unter praxisrelevanten Be-
dingungen erreicht werden. Im Zuge der Membranherstellung konnte während des 
Abkühlprozesses 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 Atmosphäre 
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-BaCe0.95Tb0.05O3-δ den Stand der Technik dar. Es hat 
eine gute Wasserstoffpermeabilität aber ist anfällig für eine Phasensegregation, die zu einem Abfall 
des Wasserstoffpermeationsflusses auf die Hälfte innerhalb weniger Tage des Betriebs führt. Durch 
die partielle Substitution von Ce durch Zr, hin zu einer Ni-BaCe0.85Tb0.05Zr0.1O3-δ Komposit-
membran, konnte eine verbesserte Phasenstabilität bei gutem Wasserstoffpermeationsfluss erreicht 
werden. Zudem ermöglichte die erstmals berichtete Zr-dotierte BaCe0.85Tb0.05Zr0.1O3-δ-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 erhöht. 
 
Schlagwörter: gasdichte keramische Membran, Sauerstoffabtrennung, Wasserstoffabtrennung, 
katalytischer Membranreaktor. 
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Abbreviations 

Acronyms  

BCT                   BaCe0.85Tb0.05O3-δ  

BCTZ                  BaCe0.85Tb0.05Zr0.1O3-δ 

EDTA                   Ethylenediaminetetraacetic acid 

GC                   Gas chromatograph 

MDA                 Nonoxidative methane dehydroaromatization 

MFC                 Mass flow controller  

MIEC                 Mixed oxygen-ionic and electronic conducting 

MPEC                  Mixed protonic and electronic conducting 

Ni-BCT               Ni-BaCe0.95Tb0.05O3-δ  

Ni-BCTZ              Ni- BaCe0.85Tb0.05Zr0.1O3-δ 

NMP                 1-methyl-2-pyrrolidinone 

OCM                 Oxidative coupling of methane 

PESf                 Polyethersulfone  

(PL)2.0NCG            (Pr0.9La0.1)2.0Ni0.74Cu0.21Ga0.05O4+δ 

(PL)1.9NCG            (Pr0.9La0.1)1.9Ni0.74Cu0.21Ga0.05O4+δ 

POM                 Partial oxidation of methane  

PVP                  Polyvinyl pyrrolidone 

RP                   Ruddlesden-Popper oxide 

 

Formula signs  �                    Gas chemical potential �                    Temperature ��                    Reference gas partial pressure ���                    Gas partial pressure in the feed side ��                    Gas partial pressure in the sweep side 

j                     Gas permeation flux 

R                    Gas constant,  

F                    Faraday constant 



 

X 
 

L                    Membrane thickness 

σe                    Electronic conductivity 

σi                    Ionic conductivity 

Vm                    Molar volume 

C                    Concentration of the oxygen-ionic or protonic carriers 

D                    Diffusion coefficient 

LC                   Characteristic thickness 

k                    Surface exchange coefficient ���	
                Gaseous oxygen ��··                   Oxygen vacancy �×                    Lattice oxygen 	����                   Interstitial oxygen ��                    Electron ℎ·                    Electron hole ���	
                Gaseous hydrogen �·                    Proton C��                   Oxygen concentration C��                    Nitrogen concentration 

S                     Membrane active area  C��                   Hydrogen concentration C��                   Helium concentration �������                 Concentration of hydrogen in the feed gas �������                    Concentration of helium in the feed gas 
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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 oC [5]. Dense metallic membranes (Pd, Pd 

alloys) can be applied at intermediate temperature (300-600 oC) 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 oC 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 CO2-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.
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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].  

 

 

 
Figure 1. Schematic diagram of the different sections involved in the dense ceramic separation 

membranes during separation process. In this figure, µ, T, po, 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]: � = −  !"�#�$ % &�&'&�(&')*+,,)*+, -./�          (1) 

where j is the gas permeation flux, R is gas constant,, F is Faraday constant, T is 
temperature, L is the membrane thickness, σe 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 σi can be described by the Nernst-
Einstein equation [10, 14]: 01 =	 "#� !23 �4          (2) 

where Vm 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].  

 

 
 

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]: 56 = 78               (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 Kröger-

Vink defect notation as follows [21]:  ���	
 + 2��∙∙ + 4�� → 2��>          (4) ���	
 + 2��∙∙ → 2��> + 4ℎ∙          (5) ���	
 + 4�� → 2����                (6) ���	
 → 2���� + 4ℎ∙                (7) 

Where ���	
, ��·· , �× , 	���� , ��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, N2O, H2O, CO2 [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: 2��> → ���	
 + 2��∙∙ + 4��          (8) 2��> + 4ℎ∙ → ���	
 + 2��∙∙          (9) 2���� → ���	
 + 4��               (10) 2���� + 4ℎ∙ → ���	
               (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. CH4, C2H6) 

[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 + H2) 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 H2-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 H2-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 Kröger-Vink defect notation as follows [21]:  ���	
 + 2ℎ∙ → 2�∙        (12) ���	
 → 2�� + 2�∙        (13) 

Here, ���	
, �· , �� 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: 2�∙ → ���	
 + 2ℎ∙        (14) 2�� + 2�∙ → ���	
        (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, NO2, and N2O 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 CaTiO3, which was first discovered 

in 1839 [57]. Since Teraoka et al. reported the oxygen permeation properties of La1-

xSrxCo1-yFeyO3-δ membrane, perovskite oxides (ABO3) 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 3 m). Atomic positions are 

calculated from ICSD 109462 (Ba0.5Sr0.5Co0.8Fe0.2O3-δ) [59]. The atomic radius are not drawn to scale. 

 

Perovskite oxides with a general formula of ABO3 are easily formed with different 
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valence A or B-site cations such as A1+B5+O3, A2+B4+O3, A3+B3+O3 [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 BO6 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]: t = @A(@B√��@D(@B
          (16) 

where EF, EG, E� 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 rc [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 rc, which is defined as [62, 64, 65]: 

rI = @A�(JKLB�M√�LB@D(@D���@AM@D
(√�LB           (17) 

Where rA and rB are the A-site and B-site cation radius, respectively and aO is the lattice 

parameter. Therefore, larger rc can be obtained by reducing rA or increasing rB, 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, 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ exhibits excellent oxygen permeability of 1.4 mL/(min·cm2) 

with 1.8 mm thickness at 950 oC [67]. However, most peroskite MIEC membranes are 

alkaline-earth-containing so that their chemical stability in CO2-containing atmosphere 

is very poor which limits their practical applications [67-69]. 

 

1.3.1.2 K2NiF4-type oxides  

 

K2NiF4-type oxides with a common formula A2BO4 are the first members of the 

Ruddlesden-Popper (RP) An+1BnO3n+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 K2NiF4 structure, as shown in Figure 

5a, 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 5b, 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 

K2NiF4-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 K2NiF4-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 K2NiF4-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 K2NiF4-type oxides (space group I4/mmm, from ICSD 173422, 

(Pr0.9La0.1)2.0Ni0.74Cu0.21Ga0.05O4+δ) [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 SrCe0.95Yb0.05O3-δ 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 ACeO3 or AZrO3 (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 CO2 [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 
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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].  

 
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 La28-xW4+xO54+δ 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 I4/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 La2O3, when the ratio La/W > 5.7 (x 

< 0.74), and La6W2O15, 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 
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substituted by Mo or Re, therefore, these materials show remarkable chemical stability 

in CO2 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 CO2 atmosphere [56, 109]. 

 

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

calculated from ICSD 250503 (La6.56W1.16O13.13) [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 
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1:2:1. Then the solutions are stirred and heated to 150 oC, 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 oC for 10 h with a heating/cooling rate of 

2 oC/min. 

 

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 oC/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, 



Chapter 1 Introduction 

14 
 

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 µm. 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 CO2-

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 N2 and O2 are related by  

N��$�L8:	N��$�L8 = P3228 × 0.80.2 = 4.28 

N�� = U��� − 6V�".�WX #Y     

where C�� and C��  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.  

 
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 N��$�L8:	N��$�L8 = Z�� ×6[�����6[�����, 

N�� = \��� − 6[�][�����][�����
^ #Y  

where C�� and C�� are the hydrogen and helium concentrations calculated from the 

GC results, �������  and 	�������  are 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 (H2 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]. 

 

 
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. H2O/ 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 CO2-containing atmosphere and oxidizing environment. However, the 
competitive perovskite materials contain alkaline-earth metals so that their chemical 
stability is poor especially in CO2-containing atmosphere. The alkaline-earth free 
Ruddlesden-Popper-type oxide (Pr0.9La0.1)2.0Ni0.74Cu0.21Ga0.05O4+δ ((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)2.0NCG 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 
(Pr0.9La0.1)1.9Ni0.74Cu0.21Ga0.05O4+δ ((PL)1.9NCG). This material possesses good chemical 
stability under CO2-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)1.9NCG 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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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-BaCe0.95Tb0.05O3-δ (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 Zr4+. Therefore, to improve the phase stability of Ni-
BCT, in section 3.2, Zr was doped into the BaCe0.85Tb0.05O3-δ (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 oC. 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 BaCe0.85Tb0.05Zr0.1O3-δ (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 µm dense layer have been successfully prepared, and it could be steadily operated 
for hydrogen separation for over two weeks at 800 oC. Moreover, the BCTZ membrane 
also exhibits good chemical stability under CO2-, CH4-, CO- and H2O-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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