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ABSTRACT

Air separation is a widely used process for oxygen production. Several separation
technologies have been developed for air separation, including cryogenic distillation,
swing adsorption, redox process of metal oxides, and electrochemical process. Among
these technologies, electrochemical permeation process stands out as a cost-effective and
simple process for pure oxygen production from air. The electrochemical permeation
process employs a gas-tight membrane to permeate and separate oxygen from air directly,
where the membrane conducts both ions and electrons simultaneously. Different
membrane designs have been studied to obtain the improved performance for oxygen
permeation, typically planar and tubular designs. Among these membrane configurations,
micro-tubular type of membranes has demonstrated some advantageous characteristics,
such as high surface to volume ratio, short sealing length, dynamic/transient thermal
stability. Nonetheless, it is usually very difficult to fabricate micro-tubular membranes,
especially for miniaturization designs where the diameters of micro-tubular membranes
may reach millimeter or sub-millimeter scales. In the past few years, the fabrication of
hollow fiber membranes has been demonstrated using the phase inversion-based spinning
process. However, the small diameter of hollow fibers together with the brittleness of
ceramic materials usually leads to insufficient mechanical strength for robust and durable
operations particularly under harsh thermal cycling conditions. The insufficient
mechanical strength also prevents conventional hollow fiber membranes from upscaling

into hollow fiber membrane stacks and modules for industrial application.
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The first goal of this dissertation is to develop a novel composite hollow fiber-
supported thin film membrane. The sintering behaviors and TECs of a set of metal oxides
were systematically measured in a wide range of temperatures. The results were used to
guide material selection for hollow fiber substrate. The composite hollow fiber substrate
precursor was then fabricated using slurry spinning process in combination with modified
phase inversion method. The thin film separation layer and catalyst layer were then
successfully fabricated on the composite substrate, forming an asymmetric hollow fiber
substrate-supported thin film membrane device. Oxygen permeation test of the device
was systematically conducted, and the fundamental mechanisms were analyzed. An
accelerated long-term stability test of the membrane was also conducted (~ 550 h, ~ 46
thermal cycles), demonstrating excellent robustness and durability. The device was
characterized and analyzed before and after the test.

Built upon the successful fabrication and testing of the asymmetric hollow fiber
substrate-supported thin film membrane device, the second goal of the dissertation is to
upscaling the single hollow fiber membrane technology for membrane stack and module
development. In particular, the study elucidated the design of hollow fiber membrane
stack, developed a novel reliable gas-tight high temperature sealing technology, and
implemented the assembly of hollow fiber membrane stack. Using the upscaling
approach, two membrane stacks with a slightly different materials systems were
developed. Oxygen permeation performance of the stacks was systematically measured
and compared with a single hollow fiber membrane. The fundamental mechanism was
discussed. Accelerated long-term stability tests were also conducted to demonstrate the

robustness and reliability of the hollow fiber stacks.



The third goal of the dissertation is to advance solid oxide fuel cells (SOFCs) using
the developed hollow fiber membrane technology. SOFCs are fuel flexible that can use
not only hydrogen but also hydrocarbon fuels and even carbon. Direct hydrocarbon
fueled SOFCs may provide advantages of eliminating external reforming components for
SOFC system and using the existing infrastructures for the production, storage and
delivery of hydrocarbon fuels. These would improve system efficiency, reduce system
cost, and facilitate practical applications of SOFC technologies. However, high catalytic
activity of Ni can also lead to directly cracking of hydrocarbon compounds at high
temperatures and CO hydrogenation as well as Boudouard reaction, causing carbon
deposition in the anode. The carbon deposition in turn will deactivate active reaction sites,
restrict gas flow, and damage microstructures, overall leading to severe degradations in
anode performance and long-term stability. In this chapter, a synergic strategy was
studied to design stable anode electrode by combining advantages of hollow fibers and
materials. Comprehensive electrochemical performance and short-term stability test
demonstrated excellent stability of the novel anode in direct methane fuels. The
fundamental reaction mechanisms for the prevention of carbon deposition with the novel

cell are elaborated.

Vi
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CHAPTER 1

INTRODUCTION

1.1 Oxygen separation membrane

Production of oxygen from air separation has attracted great attention because of its
various applications such as glass making, semiconductor manufacturing industry, food
processing, petrochemical industry, metal manufacturing industry (e.g., copper and steel
production), cutting and welding, combustion processes for hydrocarbon fuels, biological
water purification, clean waste incineration and even for patients with chronic lung
diseases [1-4]. Furthermore, it is very important when pure oxygen is applied in power
plants instead of air. The carbon dioxide is generated from the combustion process as the
emission gas, and this can be gradually collected for other industrial utilization and/or
further sequestration. This can prevent the direct release of emission gas as a greenhouse
gas to the environment, so it is environment friendly and highly efficient. This area will
greatly expand because of demand of oxygen as a feed for all large-scale clean energy
technologies. Thus, the separation of oxygen from air is important technology. Oxygen is
the reactant in clean coal energy delivery in oxy-fuel coal combustion process. High
concentration CO» flux gas is generated from burnt out of coal with a stream containing
02 and CO;. And it can be easily transported and stored to prevent the emission of
greenhouse gases.

Oxygen separation is produced mainly by a cryogenic process or pressure swing

adsorption. However, cryogenic process operates at very low temperature as -185°C and



at high pressure, so the system is very complex, expensive and energy intensive, while
pressure swing adsorption can only generate less than 95% of purity oxygen [5, 6].

Dense ceramic membrane with mixed ionic and electronic conductivity (MIEC) is
gaining considerable attention because it is more economically feasible technique for
high-purity oxygen production and electrocatalytic reactors for hydrocarbon oxidation via
air separation [7-11]. For oxygen separation, the dense ceramic membranes exhibit
important advantages over cryogenic and swing adsorption. Unlikely to these two
processes, the dense ceramic membrane can generate high-purity oxygen and the
production of oxygen is continuous. Oxygen permeation through the dense ceramic
membranes is surface exchange and bulk diffusion processes. First, gaseous oxygen
transfer and adsorbs on the membrane surface. Oxygen molecules combine with electrons
from permeate side are reduced to oxygen ions at the air feeding side. Then the oxygen
ions migrate via oxygen vacancies in the dense membrane to the permeate side, where the
oxygen ions release electrons and evolve into molecular oxygen. The released electrons
then transfer back to the air feeding side through the dense membrane to compensate the
ion flux. The lattice oxygen evolves into molecular oxygen, desorbs from the membrane
surface, and oxidized to gaseous form in a reverse reaction of the first step. These
processes could keep running as long as different oxygen partial pressures exist across
the membrane at elevated temperatures. Due to such transport mechanisms, the oxygen
selectivity of MIEC ceramic membranes may theoretically reach 100% under the gas-
tight conditions, and the production of oxygen is continuous. Fig.1.1 [12] is the schematic
of oxygen permeation across the MIEC membranes. The whole process can be denoted in

Koreger-Vink notation [7]:



(1) O2g <> O2.d
(2) 02,04 ¢> 2044 Oua+2¢' + V5 — 05
(3) 05 (Ps,) = 05 (P5,)
(4) 05 — Ogq + 2€" +V; 200> 02,4
(5) 02,04 > O2¢
The process is controlled by the oxygen surface exchange of first and last steps, bulk
diffusion in the middle steps. When the oxygen transportation is considered as the only

rate limiting step, Wagner equation is used to calculate the oxygen permeation flux [13].

F is Faraday constant, g;, o, indicates conductivity of oxygen ions and electrons and

% is ambipolar conductivity. Vi, means the chemical potential gradient of oxygen
iTOe

and can be described as below.

dlnPy,
O0x

Vo, = RT

R is the gas constant and T is temperature, and x is the distance along the membrane
thickness.

According to the Wagner Equation, the properties of materials such as conductivity
and operating conditions such as temperature, partial pressure difference across the
membrane would determine the oxygen permeation flux. It is obvious to see the thinner
membrane permeate more oxygen under the same operating conditions. However, the
Wagner Equation is only applied when the bulk diffusion process dominates, thus when
the oxygen surface exchange is the rate limiting step, characteristic membrane thickness

L. can be induced, so the exchange and diffusion rates are comparable [13]. Therefore, to



develop oxygen permeation membrane with high performance, high ambipolar
conductivity of materials, decrease the dense membrane thickness, and improve the
surface exchange rate should be considered.

1.2. Solid oxide fuel cell (SOFC)

Fuel cell is an energy device that converts the chemical energy from a fuel into
electricity through electrochemical reaction. Fuel cell is different from batteries in
requiring a continuous source of fuel and oxygen or air to sustain the chemical reaction,
whereas in a battery the chemicals present in the battery react with each other to generate
an electromotive force (EMF). The fuel cell can generate electricity as long as the fuels
are supplied [14-15]. Compared to the conventional combustion-based heat engine, fuel
cell directly converts the chemical energy into electricity while heat engine converts
chemical energy to thermal energy first, and then to mechanical energy following by the
final conversion to the electrical energy. This feature in fuel cells gives several

advantages compared to the internal combustion-based energy generation technology.

The direct conversion of the chemical energy to electricity significantly increases the
efficiency. Additionally, combustion-based energy generation technologies cause severe

environmental problems such as, climate change, ozone layer depletion, acid rains [16].

However, there are no undesirable products from the fuel cells such as NOx, SOx and
other pollutants [17]. Furthermore, the combustion-based technologies extremely depend
on the fossil fuels which are finite in world supplies, in the meantime, fuel cells use
renewable source carriers (i.e., hydrogen). Thus, fuel cell is cleaner, eco-friendly, more
efficient energy conversion device. A single fuel cell consists of two porous electrodes

(anode and cathode) and dense electrolyte which separate the two electrodes (shown in



Figure 1.2 [17]). It generates electricity directly from the electrochemical reaction of
fuels with electrons because of its movement from high-energy reactant bonds to low-
energy product bonds [17]. The fuel oxidation reaction is divided by two electrochemical

reactions:

Oxt+4e— 207 (1.1)

2H>+20%— 2H,0 +4e™ (1.2)

At the cathode, the oxygen molecules in the oxidant (air, O2) absorbed and reduced to
oxygen ions with the aid of electrons in the cathode. These resulting oxygen ions flow
through the dense electrolyte to the anode side. At the anode, oxygen ions oxidized the
hydrogen fuel and released the electrons to the external circuit. The net result of the two
reactions is that fuel is consumed and generated water, and an electric current is created
which can be used to power electrical devices normally referred to as the load. The
electrolyte only allows ions or charged atoms to pass through, therefore, the electrons are

forced to flow through an external circuit and do work.

Solid oxide fuel cell (SOFC) is attributed to the solid oxide ceramic electrolyte. It is an
all-solid state energy conversion device that converts the chemical energy from fuel to
electricity by way of the electrochemical reaction [14]. The usage of ceramic material as
the electrolyte exhibits high stability and corrosion resistance and make various
configuration cell designs with good performance. Due to the requirement of ionic
conductivity for the solid ceramic electrolyte, SOFC operates at 500-800°C [18-21]. The
high operation temperature has advantages of rapid electrode reaction kinetics, reducing

electrode polarization and increasing the efficiency of the energy conversion reaction.



Furthermore, various kinds of fuels can be electrochemically oxidized at the high
temperature such as hydrocarbon fuels which is economical fuels. Direct hydrocarbon
fueled SOFCs may provide advantages of eliminating external reforming components for
SOFC system and using the existing infrastructures for the production, storage and
delivery of hydrocarbon fuels [22-24]. These would improve system efficiency, reduce
system cost, and facilitate practical applications of SOFC technologies. Among various
geometric SOFC designs, planar and tubular are most widely investigated one. Planar
SOFC have low in-plane ohmic resistance, thus it offers high volumetric and gravimetric
power density. Mass-production of planar SOFC can be fabricated by tape-casting and
spraying method at low cost. However, planar single cells require gas sealing at the edges
for high temperature. Crack of the cell functional layer could be occurred result of the
compressive sealing and leads to risking the performance stability. The large sealing area
of the planar SOFC makes this design less favorable. The tubular SOFC shows the
advantages of high mechanical strength and reduced sealing area. Concerning long term
stability, the tubular SOFC shows important advantage in performance stability.
Additionally, it is easier to connect between single cells in tubular SOFC and simple
integration of the high temperature heat exchanger, favoring the tubular design

assembling of the cell stack.

The power density of tubular SOFC depends on the inverse of cell diameter which
leads to the research of diameter on the scale of millimeters [25]. The small diameter
tubular single cells have larger active area within the same volume, increasing the

volumetric power density.



Anode supported cell is the most widely investigated and well developed. Ni-
containing anode supported cell is considered as the representative due to the high
electronic conductivity and great electrocatalytic property of nickel in supporting layer.
As a result, the polarization losses of the single cells are significantly reduced and this
cell structure display higher performance. Using a thin electrolyte in this design greatly

reduces ohmic loss, which enables lower operating temperature and higher performance.

However, using nickel in the supporting layer gives rise to the stability problem
especially in hydrocarbon fuels. As well known, nickel is an excellent catalyst for
cracking of hydrocarbon fuels and carbon deposition occurs rapidly on the nickel phase

when hydrocarbon fuels are directly used (Equation 1.3) [24].

CH, (Ni) — C (Ni) + 2H, (1.3)

As a results, volume expansion of the anode supporting layer have been reported [26-
27] This irreversible volume expansion of the supporting layer leads to the weak
mechanical strength and formation of cracks, resulting in poor performance and even
further failure of the cells. Significant efforts have been made to modify Ni-cermet anode
to improve their resistant property for carbon deposition. Carbon resistant metals and
oxides such as Cu, Sn, Ag and their derivates have been investigated as the surface
modification and alloying with Ni-Cermet [28-30]. In spite of these modifications, carbon
deposition is inevitable issue for Ni-based anodes because of the Ni-catalytic cracking of
hydrocarbon fuels. To overcome the use of Ni-based anode, efforts have been made to
develop Ni-free anode materials. A class of perovskite and layered perovskite type of

mixed ionic and electronic conducting oxides, such as Lag.75S10.25CrosMnosOs3, Lai-



SrxTi03 and their derivatives were investigated [31-33]. Even though these materials
exhibited good property for carbon deposition resistance, however, the power densities of
corresponding SOFCs are usually much lower than Ni-cermet anodes. In this respect, Ni-
cermet is still favored anode material due to its high electronic conductivity and
electrocatlytic properties [34]. Cerium oxide can release and uptake oxygen by the

following chemical reaction [35]:

CeOr— CeOsx +(x/2)02 (1.4)

The characteristic of oxygen storage capacity could be used to catalyze the
electrochemical oxidation of hydrocarbon fuels. Using Ni-cerium oxide cermet is a
feasible way to internally convert the hydrocarbon to hydrogen via the partial oxidation

reaction (Equation 1.5) [36].

CH4(Ce0y) +H20 — CO +3H; (1.5)

Additionally, when aliovalent ions (divalent or tetravalent cations) are doped into ceria
lattice, oxygen vacancies are created by charge compensation mechanism, further

improving oxygen storage capacity and catalytic property of ceria.

1.3 Preparation of ceramic hollow fiber membranes

1.3.1 Ceramic hollow fiber membranes

While the traditional design for membrane and solid oxide fuel cell, either tubular or
disk configuration, has shown disadvantages in usage efficiency because of low
area/volume ratio (30-250 m?/m?) and this leading to the limiting their industrial
application [37, 38]. Ceramic hollow fibers can be considered as alternative solution due

to its higher packing density, higher area/volume ratio (~3000 m?*m?®) [39]. The



configuration is less than 2mm of outer diameter and the membrane layer is coated on the
surface of a porous fiber supporter. As shown in Figure 1.3 [39], these fibers
subsequently will be packed together and sealed the ends before placing in a shell.

Hollow fiber membranes are first developed in the 1960s for reverse osmosis
application and they are commonly produced using various polymers [40]. Unlike
polymeric hollow fibers the ceramic hollow fiber membranes demonstrate excellent
performance even operated under harsh conditions such as high temperature, high
pressure or in organic solvents, acidic/basic solutions, oxidative/reductive conditions [41-
43].

The mostly used technique to fabricate hollow fiber nowadays is phase inversion
because of its simplicity compared to traditional extrusion process. Phase inversion is a
demixing process in which initially homogeneous polymer solution is transformed from a
liquid state to a solid state in a controlled manner. There are several ways to achieve the
transformation: Thermally induced phase separation, evaporation induced phase
separation, vapor induced phase separation, and immersion precipitation [44, 45]. Among
these, the immersion precipitation is the most commonly used method. It can be
explained by a ternary phase diagram in Figure 1.4 [46]. After immersing the polymer
solution in coagulation bath (nonsolvent, mostly water), the exchange of solvent and
nonsolvent makes the solution composition changes dramatically. The homogeneous
solution moves from stable one phase region to two phase metastable region and starts to
precipitate when reach the miscibility gap (Point B). Th en the solution separates into a
polymer-poor phase and polymer-rice phase. The polymer-rich phase starts to solidify at

point C and finish at point D in the end. Different separation rates contribute to the final



asymmetric structure. Delayed demix which means slow exchange rate favoring form a
dense skin layer with a sponge like sublayer. While instantaneous demix which indicates
fast solvent-nonsolvent exchange prefer forming a porous skin layer with a finger-like
sublayer [46, 47].

Ceramic hollow fiber membranes usually employ a combined phase inversion-
sintering technique. And the polymers serve as a binder to hold ceramic particles together
instead of acting as the functional materials in ceramic hollow fiber membranes. Thus,
the fabrication of ceramic hollow fiber membrane is more complicated, and its
microstructures is controlled by many factors, spinning suspension, spinning of hollow
fiber precursors, and high temperature sintering. For the spinning suspension, ceramic
powder particle size and distribution, concentration of ceramic powder, and additives
should be considered [48, 49]. Small particles move to interface faster than bigger
particles, a layered structure will be formed. Moreover, smaller particles are easy to sinter
and densify at high temperature. The higher concentration of ceramic powders which is
solid content, the more viscous of the solution lead to slower exchange rate, thus thicker
and denser membrane. On the contrary, higher concentration of solvent leads to the
solution less viscous which is good for the finger-like channels formation. Additives used
to control the viscosity of the solution. Some organic additives could let the ceramic
powders disperse well in the solution to improve its uniformity, and some mineral
additives can promote the following sintering behavior of the membranes.

Secondly, spinning of hollow fiber precursors. There are 4 parameters directly affect
the microstructures of nascent hollow biers. (1) Extrusion rate of suspension: slow

extrusion rate can reduce the finger-like voids formation which is good for dense
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membrane while faster extrusion is applied for finger-like channels. (2) Internal
coagulant type and its flow rate: the influence of flow rates is similar to those of spinning
rates of suspension when water is using as internal coagulant. When NMP or NMP/H20
mixer is used, either delay the coagulation of polymers, thus promoting the extension of
finger-like channels from outside or delay the demix rates and inhibits the growth of
finger-like voids inside depending on the concentration of mixer. (3) Bath temperature:
the finger-like channels will be facilitated at a higher bath temperature due to enhanced
exchange rates at higher temperature. (4) Spinneret structure: the inner and outer
diameter of the spinneret, and flow angle of suspension are needed to be considered [50-
56].

Lastly, sintering temperature, heating and cooling rates, dwelling time are important
factors in affecting the performance of the fabricated membrane. Sponge-like layers
usually densify during the high temperature sintering, while finger-like voids still could
remain the shape even after sintering at elevated temperatures.

1.4 Objectives

Great efforts have been dedicated in finding materials to satisfy all the requirements that
not only have perfect performance but also excellent chemical and mechanical strength.
However, currently developed materials with exceptionally high performance generally
degrade quickly. Fabricating novel and favorable microstructure, especially utilizing
ceramic hollow fibers featuring radially well aligned microchannels open at inner surface,
seems to be a critical solution for scaling up and practical applications.

In chapter 2, LSCF-ZnO composite hollow fiber substrate supported asymmetric

oxygen permeation membrane for long-term operation under harsh thermal conditions is

11



fabricated and optimized. In chapter 3,4, scaling-up and the sealing method of the LSCF-
ZnO composite substrate supported membrane into a stack was presented and evaluated
the oxygen permeation flux and the long-term stability of the stack.

In chapter 5, two strategies were adopted as synergy effects to improve SOFC single
cell stability in methane fuel. One strategy is using microchannel-structured inert YSZ
supporter as diffusion barrier. The other strategy is doping zirconia into the Ni-samarium
doped ceria cermet anode to improve oxygen storage capacity and catalytic property of

ceria.
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Figure 1.3 Schematic of a hollow fiber bundle used to separate oxygen, carbon dioxide,
and water from air [39].
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CHAPTER 2
FABRICATION AND ACCELERATED LONG-TERM STABILITY TEST
OF ASYMMETRICAL HOLLOW FIBER-SUPPORTED THIN FILM

OXYGEN SEPARATION MEMBRANE

2.1 Introduction

Air separation is a widely used process for oxygen production. Several separation
technologies have been developed for air separation, including cryogenic distillation,
swing adsorption, redox process of metal oxides, and electrochemical process [2,4, 57-
58]. Among these technologies, electrochemical permeation process stands out as a cost-
effective and simple process for pure oxygen production from air [7, 10]. The
electrochemical permeation process employs a gas-tight membrane to permeate and
separate oxygen from air directly, where the membrane conducts both ions and electrons
simultaneously. Very complicated multiphysics transports are involved in oxygen
permeation process. Briefly, at feed side, oxygen reduction reaction (ORR) takes place,
reducing the surface adsorbed oxygen molecules into ions by incorporating electrons
from oxygen lean (permeate) side. The generated oxygen ions then transport to the
permeate side through oxygen vacancies in the gas-tight membrane. At the permeate side,
oxygen evolution reaction (OER) arises, producing oxygen molecules and electrons. The
generated electrons transport back to the feed side through the dense membrane,

remaining pure oxygen gas at the permeate side. The ORR/OER are catalyzed by the
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materials at feed/permeate surface respectively, while the process is driven by chemical
potentials induced by oxygen partial pressure across the membrane. Different membrane
designs have been studied to obtain the improved performance for oxygen permeation,
typically planar and tubular designs. Among these membrane configurations, micro-
tubular type of membranes has demonstrated some advantageous characteristics, such as
high surface to volume ratio, short sealing length, dynamic/transient thermal stability.
Nonetheless, it is usually very difficult to fabricate micro-tubular membranes, especially
for miniaturization designs where the diameters of micro-tubular membranes may reach
millimeter or sub-millimeter scales. In the past few years, the fabrication of hollow fiber
membranes has been well demonstrated using the phase inversion-based spinning process
[54, 59-61]. Built upon the fabrication of basic hollow fiber membranes, a few strategies
have also been studied to improve membrane performance and stability, including
ultrathin hollow fiber membrane [62, 63], hollow fiber with surface catalyst [64], dual
phase hollow fiber membrane [65]. Recently, the solid oxide fuel cell structure with
short-circuit strategy was employed to separate oxygen while enhancing stability [66].
The fabrication of traditional hollow fiber membrane involves several steps, including
slurry preparation, slurry spinning and phase inversion process to obtain hollow fiber
precursor, followed by one-step high temperature sintering to obtain gas-tight sample.
Because of the requirement for conducting both ions and electrons, the materials used for
membranes are either mixed ionic and electronic conductors (MIECs) or the composite of
ionic and electronic conductors. These materials are generally rare earth metal oxides.
Even though the membrane can be well sintered, its mechanical strength is usually

not sufficient for robust and durable operations particularly under harsh thermal cycling
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conditions. The insufficient mechanical strength also prevents conventional hollow fiber
membranes from assembling into membrane stack. Consequently, alternative strategies
for stack assembly are employed to mitigate the issue induced by insufficient mechanical
strength of hollow fibers [67-71]. For example, the hollow fibers are bundled together
using LSCEF slurry to improve the mechanical strength while obtaining stack functionality
[72-74], or a dead-end design of single hollow fiber membrane is used so that mechanical
loads on individual hollow fibers can be avoided in a stack assembly [75, 76]. However,
these stack assembly strategies would lose advantages brought by unique features of
hollow fiber membranes, such as very highly effective surface area for ORR/OER, facile
gas transport. To essentially overcome these issues, it is necessary to improve mechanical
strength of individual hollow fiber membranes. One potential method is to use composite
materials for hollow fibers. For instance, suitable metal oxide, particularly simple oxides,
can be mixed with MIEC to form a composite membrane for this purpose. However, the
addition of simple metal oxide may decrease the effective conductivity of the membrane
for charge transport. Recently, our group has developed a substrate-supported thin film
asymmetrical hollow fiber membrane, where a hollow fiber substrate is used to support a
thin film gas-tight permeation layer [77]. As a result, material for the substrate can be
different from the permeation layer. This design strategy may overcome the above issue,
where the composite material is used for the substrate without affecting the conductivity
of the permeation layer. However, this design could also induce issues for reliable
fabrication of the membrane device. Typically, the sintering behavior and thermal

expansion coefficient (TEC) of the substrate are different from the permeation layer. It is
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critical to be able to identify the materials with compatible sintering behavior and TECs
for reliable fabrication and operation of the membrane.

In this research, a composite hollow fiber-supported thin film membrane was studied.
The composite of LSCF-simple oxide was used as a model material system to
demonstrate the membrane fabrication. The sintering behaviors of a set of simple oxides
were measured and evaluated in a wide range of operating temperatures. The ZnO was
singled out as a material component for the composite hollow fiber substrate LSCF-ZnO.

The sintering behavior of composite green hollow fibers with different LSCF-ZnO
ratios was characterized and compared with LSCF green hollow fiber. The TECs of ZnO
and LSCF as well as the composites with different LSCF-ZnO ratios were systematically
measured. The composite hollow fiber with the sintering behavior and TEC close to those
of LSCF was used as the substrate to fabricate substrate-supported thin film LSCF. A thin,
porous catalyst layer PrBaCo(Feo.cZr02Y0.2)Os+s (PBCFZY) was then dip-coated on the
dense LSCF layer, forming an asymmetrical membrane device. The performance of the
membrane was systematically measured under different operating conditions. An
accelerated long-term stability test was conducted to evaluate the durability and
robustness of the membrane. The microstructure of the membrane device was
characterized before and after the tests.

2.2 Experimental
2.2.1 Sintering behavior and TEC of metallic oxides and composites of metallic oxide
and LSCF

The sintering behaviors of Alumina powders (a-AlOs3, ultra-pure grade, Inframat

Advanced Materials, USA), Zinc oxide powders (ZnO, 200 Mesh, Alfa Aesar, USA),
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magnesium oxide powders (MgO, Alfa Aesar, USA), zirconium oxide powders (ZrO-,
Spectrum, USA), and titanium oxide powders (TiO», 22 Mesh, Alfa Aesar, USA) were
measured. Specifically, alumina powders were mixed with 2 wt.% polyvinyl butyral
(PVB, Butvar B-98, Spectrum, USA) and then pressed at 300 MPa to form pellets using a
stainless-steel die facilitated by a hydraulic equipment. ZnO, MgO, ZrO», TiO> pellets
were obtained in the same way. The green pellet was loaded into a dilatometer system
(DIL 402 PC, Netzsch, Germany). The temperature of the pellet was increased from room
temperature to 1350 °C with a heating rate of 5 °C min'. The time history of
corresponding thickness change of the pellet was measured and recorded.

The thermal expansion coefficient (TEC) of ZnO, LSCF (Fuel cell materials, USA)
and LSCF-ZnO composites with different weight ratios were measured. For this purpose,
2 g of ZnO powders was pressed to form a rectangular bar using a stainless-steel die with
a pressure applied by a hydraulic equipment. The formed ZnO bar was sintered at
1300 °C in air for 6 h. The LSCF bar was obtained in the same way. For LSCF-ZnO
composites, two compositions were considered, including 50 wt.% ZnO mixed with 50
wt.% LSCF (simply denoted as LSCF-Zn0O5050) and 25 wt.% ZnO mixed with 75 wt.%
LSCEF (simply denoted as LSCF-Zn07525). The composite ZnO and LSCF powders were
mixed, followed by ball-milling in ethanol for 48 h to form uniform composite powders.

After drying, the composite powders were pressed to form rectangular bars followed
by sintering in air at 1300 °C for 6 h to obtain LSCF-ZnO5050 and LSCF-ZnO7525
sample bars respectively. The sintered sample bars were then loaded into a dilatometer

system (DIL 402 PC, Netzsch, Germany). The sample thermal expansion was measured
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from room temperature to 1300 °C. The TECs of the corresponding materials were then
calculated using the thermal expansion curves.
2.2.2 Fabrication of asymmetric hollow fiber membrane and sintering behavior
measurement

To fabricate hollow fiber substrate, the substrate slurry was first prepared.
Specifically, the 5.21 wt.% polyether sulfone (PESF, Veradel 3000P, Solvay Specialty
Polymers, USA) and 0.74 wt.% polyvinylpyrrolidone (PVP, K30, CP, Sinopharm
Chemical Reagent Co., China) were dissolved in 26.05 wt.% N-methyl-2-pyrrolidone
(NMP, HPLC grade, Sigma Aldrich, USA). After ball-milling for 2 h, an organic solvent
was obtained. The as-prepared LSCF-ZnO7525 composite powders with 68 wt.% were
mixed with the prepared organic solvent, followed by ball-milling for 48 hours to form a
homogeneous LSCF-ZnO7525 slurry. The bubbles in the as-prepared slurry were
removed by a vacuum pump system. The deaired slurry was then loaded into the chamber
of a stainless-steel spinneret apparatus. The details of the slurry spinneret apparatus were
published elsewhere [77]. The flow of the mixture coagulant with 95 vol. % NMP and 5
vol. % tap water was connected to the central spinneret orifice while the slurry was
connected to the ring-type orifice surrounding the central orifice. A pressurized nitrogen
gas system was used to drive the flows of both central coagulant and slurry through the
spinneret orifices. The in-house built slurry spinning system and operating parameters
were detailed elsewhere [77, 78]. Upon immersing into the water bath, phase-inversion
process took place on the surface of the extruded slurry, forming hollow fiber precursor.

The difference of NMP solvent concentrations at inner and outer surfaces driven the

formation of radially well-aligned microchannels, open at the inside of hollow fiber
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precursor. The hollow finer precursor was immersed in water for at least 48 hours, fully
completing the exchange process. The hollow fiber precursor was then dried in air at
room temperature and cut into desired length for further heat treatment and functional
layer fabrication. The LSCF-ZnO5050 composite hollow fiber and LSCF hollow fiber
were obtained using the same fabrication process. And sample shrinkage was measured
from room temperature to 1200 °C using a dilatometer.

To fabricate thin film LSCF dense separation layer on hollow fiber substrate, LSCF
solution was first prepared. Specifically, LSCF powders (5.4 wt.%) were mixed with
ferro binder B73210 (Ferro, USA; 4.1 wt.%) and a-terpineol (TCI, Japan; 5.4 wt.%) in
ethanol (Decon Labs, Inc., USA; 85.1 wt.%), followed by ball-milling to form LSCF
solution. The LSCF solution was then dip-coated onto the green substrate. The coated
samples were sintered at 1270 °C in air for 6 h to densify the LSCF coating layer while
bonding the coating layer and substrate together, forming the membrane device LSCF-
ZnQO7525 substrate/dense thin film LSCF.

For the fabrication of PBCFZY catalytic layer, PBCFZY powders were first
synthesized using citric acid — nitrate combustion method. Briefly, stoichiometric
amounts of PreO11 (99.99%, Alfa Aesar, USA), BaN2Og (99%, Acros Organics, USA),
Co(NO3)3-:6H20 (97.7%, Alfa Aesar, USA), Fe(NO3)3-9H20 (98.0-101.0%, Alfa Aesar,
USA), Zirconyl nitrate solution (99%, Sigma Aldrich, USA), and Y203 (99.9%, Acros
Organics, USA) were dissolved in a dilute nitric acid solution. After magnetic stirring, a
transparent solution was formed. Citric acid (99.0-102.0%, BDH, UK) and
ethylenediaminetetraacetic acid (EDTA, 99.4-100.6%, BDH, UK) with molar ratio of

citric acid: EDTA: metal ions = 1.5: 1: 1 as complexants were mixed with the transparent
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solution. Ammonia was dropped into the solution to adjust its pH value close to 8. The
homogenous solution was evaporated on a hot plate at 80 °C, forming a viscous gel,
followed by self-igniting. The complete combustion of the gel led to ash-like material.

The ash-like material was then ground in ethanol using high-energy ball-milling
equipment. After drying, the powders were clacinated at 1000 °C in air for 6 h to form
PBCFZY phase. With the prepared PBCFZY powders, thin film PBCFZY porous
catalytic layer was further fabricated on the dense LSCF layer. Briefly, PBCFZY
powders (10.25 wt.%) was mixed with ferro binder B73210 (3.85 wt.%) and a-terpineol
(5.13 wt.%) in ethanol (80.77 wt.%). The mixture was ball-milled for 48h to form
PBCFZY solution. The PBCFZY solution was then dip-coated onto the dense LSCF layer,
followed by firing at 1000 °C in air for 3h, forming asymmetric hollow fiber membrane
device of LSCF-ZnO7525 substrate/dense LSCF/porous PBCFZY.
2.2.3 Performance measurement and characterization

The gas tightness test of the fabricated hollow fiber membranes was conducted at
room temperature before the performance test. Specifically, the hollow fiber sample was
sealed at one end by epoxy resin while being connected to the pressured nitrogen gas at
the other end. The membrane sample was immersed into water while a pressure of up to 2
bar was applied to the nitrogen gas. The bubbles on the membrane surface were used to
identify its gas-tightness.

For oxygen permeation measurement, alumina tubes were used to support 50 mm
hollow fiber membrane. The conductive adhesive ink (DAD-87, Shanghai Research
Institute for Synthetic Resins, China) was first used to seal the connecting part, followed

by aging at 900 °C in air for 30 min. The ceramic paste (Aremco Products Inc., USA)
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was then applied on the surface sealing part of the adhesive ink. After drying, alumina
tube/hollow fiber membrane/alumina tube assembly was heat-treated at 950 °C in air for
30 min to bond the sealing part. During oxygen permeation test, argon sweep gas was
supplied into the lumen side of the hollow fiber membrane while the shell side was
exposed to ambient air. The operating temperature of the membrane was controlled by a
high temperature tube furnace. The effluent gas from the hollow fiber membrane was
sampled by a 5A molecular sieve column and the concentrations of sampled gas species
were analyzed using an online gas chromatography (GC-8A, Shimadzu, Japan).
Microstructures of hollow fiber membrane samples were characterized by scanning
electron microscopy (SEM, Zeiss Gemini500 FESEM, Germany). The spatial distribution
of elements was analyzed using energy-dispersive X-ray spectroscopy (EDS) mapping

technology.

2.3 Results and Discussion

Fig.2.1a shows the sintering behaviors of typical simple metallic oxides MgO, ZrO»,
AL O3, TiO2, and ZnO. It is easy to see that ZnO started to sinter around 600 °C and kept
sintering until the specified maximum temperature of 1300 °C. The V-type curve of
sintering rate can be observed for ZnO in Fig.2.1b, where the magnitude of ZnO sintering
rate increased with sintering temperature from 600 to 900 °C. Beyond 900 °C, the
magnitude of the sintering rate decreased with increasing sintering temperatures. At the
beginning of ZnO sintering stage, the neighboring ZnO particles in the bulk start to
connecting and necking, and ZnO particles coalesce and grow, leading to porosity
decrease and shrinkage of bulk volume. On the other hand, with increasing sintering

temperatures, the volume of the bulk increases due to thermal expansion. The sintering
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rate is induced by the combinational effects of sintering and thermal expansion. Between
600 and 900 °C, the sintering effect could be much stronger than the thermal expansion
effect, leading to the increasing shrinkage rate of the bulk with the temperature. Beyond
900 °C, the sintering effect could become weaker than the thermal expansion effect,
yielding the deceasing shrinkage rate. The rest of the materials demonstrates that the
temperature initiating the sintering process is higher than ZnO, and none of these
demonstrates V-type sintering rate curve. In particular, TiO» started to sinter around 850
°C and continued the sintering process up to 1300 °C. During this process, the magnitude
of its sintering rate kept increasing with the sintering temperature. The temperatures
starting to sinter for MgO, ZrO,, Al,O3 are approximately 1250 °C, much higher than
those of ZnO and TiO». Once the sintering is started, it seems that the sintering rates of
710>, Al,O3 are faster than those of MgO and TiO,. Obviously, ZnO and TiO; started to
sinter at relatively low temperatures. It has been realized that at least ~10% linear
fractional shrinkage of substrate is needed for thin film densification during the sintering
of substrate-supported thin film device [79, 80]. As one can see from Fig.2.1a, upon
reaching the sintering temperature of about 950 °C, the 10% shrinkage of ZnO substrate
was obtained. For TiO: bulk, when 10% shrinkage was obtained, the sintering
temperature needed to reach up to 1300 °C. Comparing these materials, ZnO is selected
as a component of substrate for asymmetric membrane fabrication due to its superior
sintering activity.

The addition of ZnO in the substrate leads to the fact that the material of the substrate
is different from that of thin film dense separation layer, and thus the sintering activity

and TEC mismatch between the two layers. To obtain reliable fabrication, the sintering
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behaviors and TECs of the substrate and dense separation layer are further measured
respectively. For this purpose, the bulk samples were prepared using the identical
fabrication process of the substrate as mentioned above. The dilatometer system was used
to measure the longitudinal shrinkage of the prepared hollow fiber samples, including
LSCF-ZnO5050 composite hollow fiber and LSCF-ZnO7525 composite hollow fiber as
well as LSCF hollow fiber. The temperature of the samples was controlled by the furnace
of the dilatometer system, increasing from room temperature to 1200 °C at a heating up
rate of 5 °C-min’!. Fig. 2.2a shows the sintering behavior of the samples. From room
temperature up to about 280 °C, the longitudinal lengths of the samples show a slight
increase due to thermal expansion of the materials. Around 280 — 300 °C, a spike
shrinkage of the substrate precursors occurred, which was probably induced by the
viscous deformation of polymers in the precursors [81]. Beyond 300 °C, a slightly
different sintering behaviors were demonstrated by LSCF, LSCF-ZnO5050, and LSCF-
ZnO7525 substrates. In particular, the longitudinal length of LSCF sample increased a
little bit between 300 up to 800 °C probably due to thermal expansion effect. Beyond 800
°C, LSCF sample started to quickly sinter due to the burning out of polymers and
coalesce of ceramic nanoparticles. However, LSCF-ZnO5050 and LSCF-ZnO7525
substrates demonstrated little change of the longitudinal length in 300 — 900 °C. While
thermal expansion effect should increase the longitudinal length of the samples, the
sintering effect of ZnO component started to occur around 600 °C, making the sample
shrink. As a result, the thermal expansion effect could be canceled out by the sintering
effect. Beyond 900 °C, the burning out of polymers and coalesce of ceramic nanoparticles

play a dominant role, leading to rapid shrinkage of the LSCF-ZnO5050 and LSCF-
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Zn07525 substrates. When the sintering temperature reached 1200 °C, the shrinkage of
pure LSCF substrate was a little bit less than 8%, while LSCF-ZnO7525 and LSCF-
Zn05050 substrates obtained 9% shrinkage. This result further confirmed the sintering
aid role of ZnO for LSCF component. The sintering rates in Fig. 2.2a are also consistent
with the shrinkage of the samples. Around 280 — 300 °C, a significant sintering rate
increase was observed for three samples due to the viscous deformation of polymers in
the precursors. Between 300 — 700 °C, the sintering rates showed little change. Beyond
700 °C, the sintering rates of the three samples increased with sintering temperature. It
can be observed that the sintering rate of LSCF-ZnO7525 was very close to that of LSCF
between 700 and 850 °C. Beyond 850 °C, the sintering rate of LSCF-ZnO7525 was larger
than that of LSCF. However, the sintering rate of LSCF-ZnO5050 was lower than that of
LSCF between 700 and 900 °C, and lower than that of LSCF-ZnO7525 between 700 and
1050 °C. While both LSCF-Zn07525 and LSCF-ZnO5050 could be used as the substrate
for substrate-supported thin film LSCF fabrication, the sintering behavior of the former
with faster sintering rate facilitates to densify thin film LSCF at relatively lower
temperatures than the latter with slower sintering rate.

In substrate-supported thin film device, the material of the substrate is usually
different from that of the thin film. The TEC mismatch between the substrate and thin
film could also affect the reliability of the fabricated device. Therefore, the TECs of the
composite substrates and involved material components are systematically measured. Fig.
2.2b shows the thermal expansion curves of LSCF, ZnO, and their composites when the
temperature increased from room temperature to 1200 °C. The TECs of the materials

were also obtained by linear curve-fitting and showed in the figure. The ZnO bulk
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demonstrates a linear thermal expansion curve with TEC of 8.29 x 107¢K™1 .
Interestingly, the LSCF and LSCF-ZnO composites demonstrate bilinear regions of
thermal expansion. The interfacial temperature between the two linear regions is around
1000 K. The TEC values of the materials at the temperatures below 1000 K are lower
than those above 1000 K. Obviously, the bilinear behavior of the TECs is induced by
LSCF phase in the composite. In principle, the oxygen loss from and/or incorporation
into LSCF bulk due to defect reaction can be expressed by Kroger-Vink notation,
05 + 2My 5 >0,(2) + Vg + 2My; (1)

where Og represents lattice oxygen, M the B-site element of Fe or Co, g the gas phase,
Vo the oxygen vacancy, the subscript X denotes neutral charge, the subscript - and -
represent single and double positive charge respectively. To maintain an equilibrium state
at relatively high temperatures, e.g., beyond 1000K, more lattice oxygens will be lost
from the LSCF bulk, causing thermal induced reduction. As a result, more oxygen
vacancies will be created, which in turn leads to the decrease of B-O bond and expansion
of BOg octahedra. Therefore, such a thermal induced reduction contributes to the faster
expansion of LSCF bulk and the composites at high temperatures [82, 83]. It can be
observed that the TECs of LSCF-ZnO composites are between that of pure LSCF and
pure ZnO bulk. The less content of ZnO in the composite, the closer TEC of the
composite to pure LSCF. Since asymmetric membrane with substrate-supported LSCF
thin film will be fabricated, LSCF-ZnO7525 composite is selected as substrate material
based on the consideration of sintering behavior and TEC match. The prepared LSCF
solution was dip-coated onto the green substrate LSCF-ZnO7525, followed by co-

sintering at 1270 °C in air for 6 h, forming a substrate-supported dense thin film
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membrane device LSCF-ZnO7525/LSCF. The PBCFZY catalytic layer was then
fabricated on the dense LSCF layer by dip coating and sintering at 1000 °C in air for 3 h.
Fig. 2.3a shows the cross-sectional SEM image of membrane LSCF-
Zn07525/LSCF/PBCFZY, where multi-layer structure was obtained. It is observed that
the microchannels are open at the inner surface and well-aligned in the radial direction of
the LSCF-ZnO7525 substrate. Obviously, the microchannels remained very well after
high temperature sintering processing, demonstrating their excellent thermal stability. Fig.
3b indicates that ~ 20 um dense thin film LSCF is intimately in contact with both the
substrate and surface porous PBCFZY catalyst layer, and about 10 um porous PBCFZY
catalyst layer is obtained.

The EDS analysis results of the sample cross section are shown in Fig. 2.3c. The Zn
element is confined within the substrate region, and La and Sr elements are limited in the
regions of both substrate and dense separation layer. The Fe and Co elements spread in
the entire cross section with different densities in different regions, e.g., substrate and
dense separation layer as well as porous catalytic layer. A relatively high Fe density was
observed in both dense separation and substrate regions while low Fe density was in the
porous catalytic layer. The distributions of these elements, Zn, La, Sr, Fe, Co, are
consistent with the materials and structures of the fabricated membrane device. The
element Ba was mainly confined within the porous catalytic layer with a slight scattering
in the separation layer and substrate. However, the elements Pr, Zr, and Y distributed
everywhere, including not only porous catalytic layer but also separation layer and
substrate. This observation is not consistent with the multi-layer design of the membrane

device. The PBCFZY catalytic layer was fabricated on the dense separation layer through
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dip coating and sintering process. On one hand, it is extremely difficult to fully (100%)
densify the thin film LSCF separation layer at 1270 °C, some micro/nano pores might
still exist after sintering. On the other hand, the PBCFZY was synthesized using a citric
acid — nitrate combustion method, where very fine nano particles were obtained. The
solution for dip coating of PBCFZY catalytic layer contained 90% ethanol. During the
dip coating process, PBCFZY nanoparticles could be infiltrated into the pores, diffusing
into both the separation layer and substrate. The high sintering temperature might also
contribute to diffusion of elements of Pr, Ba, Zr, and Y. This could be the reason that the
elements of Pr, Ba, Zr, and Y, which were supposed to be confined within the catalytic
layer, were observed in the separation layer and substrate. While this phenomenon is
worth further studying from device fabrication point of view, it will be shown later that
such a side diffusion did not bring obvious detrimental effects on membrane performance
and stability.

The fabricated hollow fiber membrane was systematically tested for oxygen
permeation from air in the temperature range of 750 — 950 °C. The shell side of the
hollow fiber as the feed side was exposed to ambient air. Argon gas as sweep gas was
supplied to the lumen side. Effluent gas from lumen side was analyzed by an online GC.
A high temperature test furnace was used to control the membrane temperature during the
test. Fig. 2.4 shows the measurement results of LSCF-ZnO7525/LSCF/PBCFZY
membrane. For a constant sweep gas flow rate, oxygen permeation flux increased with
operating temperature from 750 to 950 °C, indicating thermally activated nature of
oxygen permeation process. At a given operating temperature, oxygen permeation flux

increased with sweep gas flow rate, implying that oxygen evolution reaction (OER) and
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associated transport subprocesses at the permeate side is a limiting subprocess involved
in oxygen permeation process. In fact, increasing the flow rate of argon sweep gas will
decrease oxygen partial pressure at the permeate side. Since the ambient air is supplied to
the feed side, this in turn will increase oxygen partial pressure difference across the
membrane. Accordingly, the chemical potential will be increased, enhancing oxygen
permeation flux through the membrane. Combining the effects of both operating
temperature and argon sweep gas, it is easy to see that the membrane performance was
improved more prominently by increasing sweep gas flow rate at higher operating
temperatures. The Arrhenius plot derived from Fig. 2.4a is shown in Fig. 2.4b. The
activation energy derived from Arrhenius plot (Fig. 2.4b) is shown in Fig. 2.4c.
Obviously, the overall activation energy of oxygen permeation through the membrane
asymptotically increased with increasing argon sweep gas flow rate. It is worth noting
that the sweep argon gas at the room temperature was supplied to the lumen side of the
membrane. This will decrease the temperature of the membrane. The decreased
membrane temperature will increase activation energy for oxygen permeation because the
oxygen ion transport through oxygen vacancies in the bulk is a thermally- activated
process. This could be the reason that activation energy increased with increasing argon
sweep gas flow rate. In general, the dense separation layer conducts both electrons and
ions. Reducing the thickness of the separation may decrease ohmic resistance for charge
transport. Therefore, thin film separation layer is beneficial to improve oxygen
permeation flux of membrane devices. To verify this understanding, a few LSCF
membranes with different thickness of separation layers are summarized in Table 2.1.

Obviously, oxygen permeation flux increases with decreasing the thickness of dense
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separation layer. Due to different membrane designs, e.g., with/without different surface
catalysts, and the membranes were tested under different conditions, e.g., different sweep
gases with different flow rates, it is very difficult to perform a comprehensive comparison.
However, this simple comparison is sufficient to verify the effectiveness of thin film
dense separation layer for performance improvement of membrane devices.

A long-term accelerated stability test was also conducted with the fabricated hollow
fiber membrane. The argon sweep gas flow rate was maintained at 50 mL-min’!. The
stability test was run about 550 h and the results are shown in Fig. 2.5, where the left
vertical axis shows the time history of oxygen permeation flux while the right vertical
axis demonstrates that of the applied thermal loads. The sampling time for oxygen
permeation flux with an online GC was 1 h during the daytime. At the constant
temperature of 850 °C in the first 190 h, oxygen permeation flux of the membrane was
very stable without any obvious degradation. In fact, a slight performance enhancement
was obtained probably due to the activation of membrane material system. The constant
temperature load was followed by very harsh thermal cycling loads for about 350 h. The
thermal cycling loads were composed of three basic cycling patterns. In the first cycling
process, the temperature was decreased from 850 to 600 °C at the cooling down rate of 3
°C min’!, maintained at 600 °C for 1 h, increased back to 850 °C at the heating up rate of
3 °C min’!, and then maintained at 850 °C for 1 h. The second and third cycling processes
are quite similar to the first one except that the cooling down and heating up rates were 5
°C min! and 7 °C min’!, respectively. The combination of these three basic thermal
cycling loads was applied to the membrane during stability test. In particular, the first and

the second as well as the third cycling processes were applied consecutively. The first
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cycling process was repeated for three times, followed by repeating the second cycling
process for four times and third cycling process for five times. After these three different
cooling down and heating up rates, the thermal cycle loads with the heating/cooling rate
of 5°C min"! were applied to the membrane. A total of 46 thermal cycling loads was
applied to the membrane in about 350 h. During the thermal cycling process, oxygen
permeation flux was able to rapidly respond to the temperature changes. When the
membrane was maintained at 850 °C, oxygen permeation flux reached about 1.05 ml -

cm~2-min~!. After the temperature was reduced to 600 °C, oxygen permeation flux

2. min~1. This observation further confirms

decreased to a little bit above 0.0 ml - cm™
the understanding that oxygen permeation process is thermally activated in nature. Once
the temperature was increased to 850 from 600 °C, oxygen permeation flux was quickly

2. min~1. After a total of

recovered back to its original high value of about 1.05 ml - cm™
46 thermal cycles in about 350 h, oxygen permeation flux was very stable with negligible
degradation. This result clearly indicates the excellent stability of the membrane. After
the accelerated long-term stability test, the membrane sample was further characterized.
Fig. 2.6a shows the cross-sectional SEM image of the sample. Multi-layer structure can
still be clearly observed. The radially well-aligned microchannels remained very well,
indicating their long-term stability and thermal cycling robustness. The enlarged area
(Fig.2.6b) marked with red circle in Fig. 2.6a shows that the dense LSCF separation layer
still intimately contacted with both the substrate and porous PBCFZY catalytic layer. No
delamination or cracks could be observed. The EDS analysis results of the sample cross

section are shown in Fig. 2.6¢c. The Zn element was still confined within the substrate

region, no diffusion into the separation layer or catalytic layer could be detected. The La
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and Sr elements were limited in the regions of both substrate and dense separation layer
while Fe and Co elements were spread in the substrate and dense separation layer as well
as porous catalytic layer with different densities in different regions. These element
distributions are consistent with the materials used by the membrane and its multi-layer
structure. The element Ba was mainly confined within the porous catalytic layer with a
slight scattering in the separation layer and substrate. The elements Pr, Zr, and Y were
distributed everywhere in the membrane, including substrate, separation layer, and
surface catalytic layer. Interestingly, comparing the SEM and EDS of the membrane
before (Fig. 2.3) and after (Fig. 2.6) the long-term stability test, one can see that little
changes occurred, no further element diffusion took place. This observation indicates that
the microstructure and element distribution of the membrane were very stable, which is
consistent with the stability of the membrane during the long-term test with severely
harsh thermal cycling conditions, e.g., ~550 h, 46 thermal cycles.

2.4 Conclusion

The sintering behaviors of a set of simple oxides, ZnO, MgO, ZrO,, AlLbO3, TiO», were
systematically measured in a wide range of operating temperatures. The ZnO was
identified as a material component for the composite hollow fiber substrate LSCF-ZnO.
The sintering behaviors and TECs of the LSCF-ZnO composites were further
systematically measured to optimize the LSCF-ZnO ratios. As a result, the LSCF-ZnO
composite with the sintering behavior and TEC close to those of LSCF was identified.
The LSCF-ZnO composite hollow fiber substrate precursor with the identified LSCF-
ZnO ratio was then fabricated using slurry spinning process in combination with

modified phase inversion method. The thin film separation layer was then successfully
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fabricated on the composite substrate through dip-coating and co-sintering process. A
thin, porous PBCFZY catalyst layer was then built on the dense LSCF separation layer
via dip-coating and sintering process, forming an asymmetrical membrane device ZnO-
LSCF/LSCF/PBCFZY. Experimental results indicate that oxygen permeation flux
increased with increasing operating temperature, indicating thermally activated nature of
oxygen permeation process. The permeation process is sensitive to argon sweep gas flow
rate at the permeate side and the corresponding OER is a limiting step for oxygen
permeation process. The oxygen permeation process is affected by operating conditions
in a complicated way, including temperature, oxygen partial pressure/sweep gas flow rate.
An accelerated long-term stability test demonstrated excellent robustness and durability
of the membrane device. By replacing a considerable amount of high cost LSCF with low
cost ZnO in the substrate, the capital cost of the membrane can also be significantly

reduced.
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Table 2.1 Comparison of oxygen permeation flux of LSCF membranes in open literature,
measured under the gradient of Air/He or Air/Ar at 900°C.

Reference Surface catalysts Dense layer Sweep gas Jo2
thickness (mL/cm?/min)
(pum)
This work PrBaCo(Feo.6Z102Y0.2)Os+5 20 Ar 1.76
[84] HCI 40 He 0.6
[85] LSCF 40 He 1.5
[86] None 88 He 1.4
[87] Pt 100 Ar 1.1
[88] None 300 He 0.3
[89] Bay.5S10.5C00.9Nbo.103-5 530 He 0.7
[90] LSCF 710 He 1.0
[64] (Lao.5S10.5)2C004+5 750 He 0.9
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Figure 2.1 (a) Sintering behavior curves of different substrates and (b) their

corresponding sintering rates versus temperature.
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Figure 2.1 Cross sectional SEM image of the LSCF-ZnO7525 supported LSCF
membrane coated with PBCFZY catalytic layer (a), Enlarged figure of local area marked
with red circle in figure (a) (b) and EDS image of the figure (b) (c).
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Figure 2.3 Cross sectional image of the membrane after stability test (a), Enlarged figure
of local area marked with red circle in figure (a) (b) and EDS image of the figure (b) (c).
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CHAPTER 3
STACK DEVELOPMENT WITH ASYMMETRIC HOLLOW FIBER-
SUPPORTED THIN FILM MEMBRANES FOR OXYGEN SEPARATION

FROM AIR

3.1 Introduction

Oxygen is an important chemical and widely used in industrial processes such as the
manufacturing of glass, semiconductors, and metals etc., petrochemical process, and
other industrial processes. With increasing concerns on pollutions and climate change,
oxy-combustion technology is pursued to replace conventional air-combustion for coal
gasification and clean coal process, where oxygen instead of air is directly used for
combustion process. Oxy-combustion technology can provide a series of advantages,
including significant improvement on the efficiency of power plant, facile CO> capture
with high CO; concentration, and minimization of NOx emissions [91, 92]. Therefore,
mass production of oxygen is a critical step, enabling these technologies. In industry,
oxygen has been produced using the technologies of cryogenic process [93] and pressure
swing adsorption [94]. However, these technologies are usually very complex in system
design, energy-intensive and expensive in operations. Oxygen production from air
separation using membrane technologies has attracted increasing attentions in the past
decades. One of such membrane technologies is based on the concept of molecular sieve,

where gas species with molecular sizes less than the pore size of porous material bulk can
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pass through and is separated from the feeding gases [95]. Therefore, very uniform pore
size and porous structure are critical for such a membrane technology. It is very difficult
to separate gas species with same or similar molecular sizes. Consequently, it is very
difficult for such a membrane to achieve very high selectivity. The membrane technology
with electrochemical permeation process can overcome this shortcoming. Compared to
molecular sieve-based porous membrane, the electrochemical membrane is gas-tight, not
allowing any gas species to pass through directly. An indirect route is utilized for certain
gas species, €.g., oxygen, to pass through. Specifically, oxygen reduction reaction (ORR)
at membrane surface of the feed side converts oxygen molecules into oxygen ions. The
oxygen ions are then incorporated into oxygen vacancies of membrane bulk, transporting
toward the permeate side. On the surface of permeate side, oxygen evolution reaction
(OER) changes oxygen ions back to oxygen molecules by releasing electrons, completing
oxygen separation from the feed side. Therefore, high purity oxygen with 100%
selectivity in theory can be obtained using electrochemical separation membrane. During
the process, ions and electrons transport in opposite directions in material bulk between
feed surface and permeate surface, enabling continuous operations of ORR and OER, and
oxygen separation. This requires that membrane material be able to conduct ions and
electrons simultaneously, such as mixed ionic and electronic conductors (MIECs) or the
composite of ionic and electronic conductors. From operation point of view, oxygen
partial pressure gradient across the membrane is needed to drive ORRs and OERs. These
features make electrochemical membranes very attractive in oxygen production from air.

For practical applications, suitable geometric design of membranes is needed to

facilitate not only high-performance oxygen production but also fabrication and setup of
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membrane systems. The widely used designs are planar and tubular membranes. While
these designs have their different advantages, the common issue is the need of a relatively
long sealing length. This issue was significantly mitigated by miniaturizing tubular
design, e.g., hollow fiber membrane [96]. In addition to the short sealing length, the
unique feature of hollow fiber membranes is their large area to volume ratio [97]. This
renders the upscaling possible towards a compact hollow fiber membrane stack.
Nevertheless, the intrinsic small diameters and material brittleness limit mechanistic
strength of individual hollow fiber membranes, therefore their robustness and stability.
This in turn limits the upscaling ability of hollow fiber membranes for compact
stack/module development, especially using the classic stack design strategy [98,99]. To
circumvent this issue, alternative strategies were attempted to scaling up hollow fiber
membrane technology, including cantilever-like hollow fiber stack assembly [69, 76, 100]
and hollow fiber bundle [60, 72, 73]. The cantilever-like assembly strategy can prevent
mechanical loads from applying on hollow fiber membranes, therefore mitigating the
reliable issue induced by the insufficient mechanical strength. But one side port of
individual hollow fibers needs to be closed end for appropriate operations, confining
stack operating modes to the vacuum mode only. The bundle strategy is to bundle
individual hollow fibers together with porous ceramic material, significantly enhancing
the mechanical strength of bundle stack. It is noteworthy that the porous material used to
bundle hollow fiber membranes will increase the resistance for gas diffusion between
bundle circumference and individual hollow fibers in the bundle. If too many hollow
fibers are bundled together, oxygen partial pressure at the middle part of the bundle

would become low, directly deteriorating its oxygen permeation performance. In this
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situation, the hollow fibers in the middle part could only play a role in enhancing the
mechanical strength of the bundle.

It was also observed that increasing the number of hollow fibers in a bundle can
effectively improve its mechanical strength for a small number of hollow fibers but
becomes less effective beyond a certain number due to complicated structural interactions
among hollow fibers. Clearly, to effectively scaleup hollow fiber technology with bundle
strategy, the number of bundled hollow fibers should be limited. It is worth mentioning
that gas-tight sealing is very critical for membrane technology. The sealing issue becomes
more prominent at stack level due to the increased sealing length. For easy gas-tight
sealing, the low-temperature sealant materials of epoxy resin or silicon were typically
used for hollow fiber stacks. To avoid high-temperature conditions, the sealing portions
of the stack must be located out of hot zone. Consequently, a significant portion of
hollow fibers only plays a role of supporting, gas transport and facilitating sealing,
contributing little to oxygen permeation. Given high capital cost of membrane materials,
ideally, the full length of hollow fibers in the stack should be able to participate in
efficient oxygen permeation. This requires that the full length of hollow fibers and
therefore the sealing portion be confined in hot zone. This further implies that hollow
fibers in the stack should be strong enough to support various loads and sealing portions
should be reliable in harsh temperature conditions.

The mechanical strength of hollow fiber membranes is dependent on the used materials
and microstructures obtained during fabrication process. At early stage, hollow fiber
membrane is fabricated using slurry spinning and one-step sintering process. The

resultant microstructure of the hollow fiber is a sandwiched structure, where the middle
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sponge-like layer is sandwiched by finger-like layer on either side, and the inner and
outer surfaces are covered with relatively dense thin skin layers [69, 101-103]. A high
sintering temperature is needed to obtain gas-tight membrane with such microstructures;
however, it is very difficult to eliminate finger-like pores. The closed finger-like pores in
the membrane reduce effective conductivity for charge transport and may induce
redundant ORRs/OERs. To mitigate this issue while taking advantage of finger-like pores,
hollow fibers with finger-like pores open at the inner surface were fabricated using
modified slurry spinning process [63, 87, 104]. Instead of using tap water as coagulant at
outer/inner surface of hollow fibers during spinning process, a mixture of solvent and tap
water was used as coagulant at the inner surface. The solvent gradient between inner and
outer surfaces leads to different phase exchange rates and creates open finger-like pores
at the inner surface. After one-step sintering, gas-tight hollow fiber membrane was
obtained. Since the skin layer formed through phase inversion process is porous, a
relatively high sintering temperature is needed. The open finger-like pores facilitate facile
gas diffusion, however, the mechanical strength of such a hollow fiber is even weaker
than the above multilayer counterpart. To improve the mechanical strength of hollow
fibers, both material and microstructure strategies have been attempted in open literature.
For example, LaosSr04Co0O3 (LSC) was composited with stainless steel to improve the
mechanical strength of the corresponding hollow fiber membrane but deteriorate oxygen
permeation flux [105]. Hollow fiber with multi-bores was also fabricated to improve its
mechanical strength but significantly sacrifice permeation performance because it is
difficult to control microstructure of the membrane [106]. Recently, our group developed

an asymmetric hollow fiber substrate-supported thin film membrane [107]. This new
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strategy provides the flexibility to use different materials and microstructures in different
layers, therefore obtaining excellent tradeoff between oxygen permeation performance
and mechanical strength. A composite hollow fiber substrate with radially aligned open
microchannels provides sufficient mechanical strength and allows facile gas transport,
while a thin film on the substrate may significantly reduce ohmic resistance for charge
transport. Although multiple steps are involved in fabricating such a hollow fiber
membrane, a relatively low sintering temperature is needed to densify thin film gas
separation layer. This new hollow fiber membrane demonstrated excellent robustness and
reliability and can potentially be used for upscaling of membrane technology with various
stack designs.

In this research, membrane stack was developed using hollow fiber substrate-supported
thin film membranes. For the proof of concept, three hollow fibers were used for the
stack assembly. Hollow fibers were arranged in parallel and connected to supporting
alumina tubes at either end through sealing. A reliable gas-tight sealing was obtained by
using ceramic paste and conductive adhesive ink alternatively so that the entire stack can
be operated in hot zone. Alumina tubes were used to support hollow fibers and serve as
gas distributor and collector at gas inlet and outlet respectively. Oxygen permeation
performance of the stack was systematically measured and compared with a single
hollow fiber membrane. The fundamental mechanism was discussed. An accelerated
long-term stability test (~320 h) was also conducted to demonstrate the robustness and
reliability of the stack. While the stack with three hollow fiber membranes was developed

in this study, upscaling hollow fibers to large stacks and modules can be implemented
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using the same strategy. Other strategies such as membrane bundle and cantilever-like

stack are also applicable.

3.2 Experimental
3.2.1 Fabrication of hollow fiber membrane, stack design, and assembly

Composite hollow fiber-supported thin film membrane was fabricated via modified
phase inversion, dip-coating, and sintering processes. Briefly, a composite powder
(simply denoted as LSCF-Zn0O7525) was prepared using ball-milling process, composed
of 75 wt.% Lao.6Sr0.4Co02Fe0303-5 (LSCF, Fuel cell materials, USA) and 25 wt.% zinc
oxide (ZnO, 200 Mesh, Alfa Aesar, USA). LSCF-ZnO7525 slurry was prepared by ball-
milling with 68 wt.% LSCF-ZnO7525 powder and organic solvent (5.21 wt.% polyether
sulfone, 0.74 wt.% polyvinylpyrrolidone, 26.05 wt.% N-methyl-2-pyrrolidone). Hollow
fiber precursor was then obtained through slurry spinning process using lab-built
spinneret apparatus, where tap water and the mixture of 95 vol. % N-methyl-2-
pyrrolidone and 5 vol. % tap water were used as outer and inner coagulants respectively.
LSCEF thin film dense separation layer was then fabricated on LSCF-ZnO7525 hollow
fiber substrate, followed by the fabrication of PrBaCo(Feo.s6Zro2Y0.2)Os+s (PBCFZY)
catalytic layer on the separation layer by dip-coating and sintering process respectively,
forming a single hollow fiber membrane LSCF-ZnO7525/LSCF/PBCFZY. The details of
the fabrication process and associated system have been reported elsewhere [77, 107-110].

Fig. 3.1a shows the photo of the fabricated sample membranes. The sample cross-
sectional scanning electron microscopy (SEM) image shown in Fig. 3.1b and 3.1c
indicates that radially well-aligned microchannels with the diameter of 20-30 um are

embedded in LSCF-ZnO7525 substrate and open at the inner surface. The dense LSCF
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separation layer with the thickness of ~ 30um shows intimate contact with both LSCF-
Zn07525 substrate and ~ 15 um PBCFZY catalyst layer. The open microchannels start
from inner surface of hollow fiber and reach all the way to the LSCF dense separation
layer.

With the fabricated LSCF-ZnO7525/LSCF/PBCFZY hollow fiber membranes,
membrane stack was developed. The top part in Fig. 3.1d shows the membrane stack
design. Two alumina tubes were used to support individual hollow fiber membranes at
either end. The alumina tubes also play a role of gas distributor and collector at inlet and
outlet respectively. The dimensions of alumina tube are internal diameter x external
diameter x length = lcm x 1.2cm x 26cm. Individual hollow fiber membranes were
arranged in parallel and connected to the alumina tubes. The connecting portions between
the alumina tubes and membranes were sealed by conductive adhesive ink (DAD-87,
Shanghai Research Institute for Synthetic Resins, China) and ceramic paste (Aremco
Products Inc., USA). Conductive adhesive ink and ceramic paste were applied for sealing
alternatively. Specifically, a thin layer of conductive adhesive ink was applied to the
connecting part, followed by aging at 200 °C in air for 30 min. After positioning and
fixing all the hollow fibers, conductive adhesive ink was further applied to the surface of
the sealing area, followed by aging at 900 °C in air for 30 min. Then ceramic paste and
conductive adhesive ink were alternatively applied for additional two times with
sufficient drying in air at room temperature between every single sealing step. The
resultant membrane stack assembly is shown in the bottom part of Fig. 3.1d. The
individual hollow fiber with the length of ~ 45 mm was assembled in the stack. After

sealing, the length of the membranes exposed to ambient air is ~ 22 mm. The total area
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for oxygen permeation is ~ 3.9 cm?. While three hollow fiber membranes were assembled
to form a stack in this study, membrane stack at large scale can be obtained using the
same strategy.
3.2.2 Oxygen permeation performance measurement and characterization

Oxygen permeation performance of the developed hollow fiber membrane stack was
systematically measured. Fig. 3.2a shows the schematic of experimental setup. A high-
temperature furnace (MTI, USA) was used to control the temperature of the membrane
stack system. Hollow fiber membranes and sealing portions as well as part of the
supporting tubes were confined in the hot zone. Argon at room temperature was supplied
into the supporting alumina tube at one end, which was further distributed into individual
hollow fiber membranes in the stack. Argon flow rate was controlled by a gas flow meter
(APEX). The shell sides of the involved hollow fiber membranes were exposed to
ambient air. The supporting alumina tube at the other end collected gases from the lumen
sides of hollow fibers. The compositions of effluent gases from outlet alumina tube were
analyzed by an online gas chromatography (GC-8A, Shimadzu, Japan) equipped with a
5A molecular sieve column. Fig. 3.2b illustrates transport processes through individual
hollow fiber membranes in the stack, including ORR at the surface of shell side, OER at
the surface of lumen side, and charge (ions and electrons) transport via dense separation
layer. Oxygen permeation performance of the stack was measured in the temperature
range of 750 — 950 °C and at different argon sweep gas flow rates of 30 — 480 mL min.

An accelerated long-term stability test (~ 320 h) was also conducted. In the stability test,
a constant argon sweep gas flow rate of 240 mL-min™! was supplied into the stack, and a

constant operating temperature 900 °C was first applied, followed by fluctuating
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temperatures between 900 and 600 °C for about 16 thermal cycles. The time history of
oxygen permeation performance was monitored and recorded by the online GC.

Scanning electron microscopy (SEM, Zeiss Gemini500 FESEM, Germany) was used to
observe microstructures of fabricated and post-test membrane samples and energy-
dispersive X-ray spectroscopy (EDS) mapping technology was employed to analyze
spatial distribution of elements in the samples. X-ray diffraction (XRD; D/Max-3C)
technique was utilized to examine the phases of materials and post-test membrane

samples.

3.3 Results and Discussion

Fig. 3.3a shows oxygen permeation rates of the stack in the temperature range of 750-
950 °C with the argon sweep gas flow rates of 30-480 mL-min"'. For a given argon sweep
gas flow rate, oxygen permeation rate increases with operating temperature, indicating
thermally activated nature of oxygen permeation process. Depending on specific
operating temperatures, argon sweep gas flow rate demonstrates different effects on
oxygen permeation rate. At 850 °C and below, oxygen permeation rate increases with
argon sweep gas flow rate, implying that the process associated with permeate side is a
limiting subprocess. Beyond a certain sweep gas flow rate (simply denoted as threshold
value), oxygen permeation rate approaches a constant value, indicating that the process
associated with permeate side is no longer a limiting subprocess. It is also observed that
the threshold value of sweep gas flow rate increases with increasing operating
temperatures, implying that operating temperature may change the limiting subprocess to
a non-limiting one. When the stack is operated at temperatures above 850 °C, oxygen

permeation rate keeps increasing with argon sweep gas flow rate. In other words,
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increasing temperature may raise the threshold value of sweep gas flow rate. This result
further indicates that operating temperature is coupled with oxygen permeation process in
a very complicated way. When argon sweep gas flow rate is increased, oxygen partial
pressure will be decreased at the permeate side. Since the feed side of the stack is
exposed to ambient air, the chemical gradient of oxygen across the membranes will be
increased. Accordingly, oxygen permeation performance should be enhanced.
Nevertheless, the observations shown above clearly indicate that this is not always the
case. It is worth mentioning that argon at room temperature was supplied to the stack.
This will decrease temperatures of individual hollow fibers in the stack, deteriorating
stack performance. This effect becomes stronger at higher sweep gas flow rates. The
competing effects of oxygen gradient and argon sweep gas flow rate led to the
complicated oxygen permeation behaviors at different temperatures and sweep gas flow
rates. Fig. 3.3b shows oxygen permeation flux of the stack, which is obtained by
normalizing oxygen permeation rate with surface area of the stack. Obviously, oxygen
permeation flux demonstrates the same trend as oxygen permeation rate. Arrhenius plots
derived from oxygen permeation flux (Fig. 3.3b) are shown in Fig. 3.3c. The
corresponding activation energies calculated from Fig. 3.3c are shown in Fig. 3.3d. The
activation energy of the stack increases with increasing argon sweep gas flow rate. As
mentioned above, argon sweep gas at room temperature was supplied to the stack, which
directly decreases the temperature of individual hollow fiber membranes in the stack.
This in turn increases energy barriers of every single step involved in oxygen
permeation process because the process is thermally activated in nature. When sweep gas

flow rate increases from 30 to 180 mL-min’!, activation energy increases at a rapid rate;
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beyond 180 mL-min’!, activation energy increases at a relatively slow rate. In principle,
sweep gas flow should enhance heat transfer effect, i.e., the higher the sweep gas flow
rate, the lower the individual hollow fiber temperature. Consequently, activation energy
keeps increasing with argon sweep gas flow rate. Nevertheless, different increasing rates
of activation energy at different sweep gas flow rates also imply that activation energy is
affected by other parameters. It is mentioned above that argon sweep flow decreases
oxygen partial pressure at the permeate side of individual hollow fiber membranes, and
therefore increasing oxygen gradient across individual membranes. Since the temperature
at feed side of individual membranes is slightly higher than permeate side, oxygen
permeation through membranes would slightly increase individual membrane
temperatures. This effect is dependent on argon sweep gas flow in a complicated way.
This could be the reason that activation energy increases at different rates from sweep gas
flow rate range of 30 to 180 mL-min™! to the range of beyond 180 mL-min'. Inserted
figure in Fig. 3.3d is the activation energy of a single hollow fiber membrane under the
same operating conditions as the stack. At the same equivalent argon sweep gas flow rate,
the activation energy of a single membrane is always larger than the stack. For example,
at argon sweep gas flow rate of 30 mL-min™! for the stack or equivalently 10 mL-min’!
for the single membrane, the activation energy of single membrane is ~ 73 kJ-mol™! while
that of the stack is ~ 55 kJ-mol!. Similarly, at argon sweep gas flow rate of 240 mL-min!
for the stack or equivalently 80 mL-min™' for the single membrane, the activation energy
of single membrane is ~ 93 kJ-mol™! while that of the stack is ~ 75 kJ-mol!. Obviously,
hollow fiber membranes demonstrate different activation energy in the stack from the

single membrane setting even though the operating condition is the same. When single
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hollow fibers are assembled into a stack, radiation heat transfer among hollow fibers
facilitates to maintain their temperatures at a slightly higher level than the single
membrane setting counterpart. Therefore, the activation energy of the membrane stack
was smaller than the single hollow fiber membrane under the same operating conditions.
Fig. 3.4a shows oxygen permeation rates of the stack and single hollow fiber membrane
under different temperatures and argon sweep gas flow rates. At a given sweep gas flow
rate, oxygen permeation rate increases with operating temperature for both the stack and
single membrane because of thermally activated nature of oxygen permeation process as
mentioned above. For a given operating temperature, a larger sweep gas flow rate leads to
a slightly higher oxygen permeation rate. At an equivalent argon sweep gas flow rate, e.g.,
40, 60, and 80 mL-min’! for the single membrane or equivalently 120, 180, and 240
mL-min™! for the stack respectively, the oxygen permeation rate of the stack is always
higher than the single membrane. When single hollow fibers are assembled in parallel to
form a stack, effective length and therefore area for oxygen permeation is increased
compared to a single membrane. Since operating conditions of the stack are the same as
the single membrane, e.g., temperature, sweep gas flow rate, the increased length and
area directly lead to the increased oxygen permeation rate. Fig. 3.4b displays oxygen
permeation flux of the stack and single membrane, which is obtained by normalizing
oxygen permeation rate in Fig. 3.4a using the surface area of the stack and single
membrane respectively. One can see that oxygen permeation flux shows similar trend to
oxygen permeation rate. At relatively low operating temperatures, oxygen permeation
flux of the stack is close to or slightly lower than the single membrane. At relatively high

operating temperatures, however, the former is obviously higher than the latter. For
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instance, at 750 °C, oxygen permeation flux of both stack and single membrane reached
approximately the same value of ~ 0.5 mL-cm™ min’'; when the temperature of 950 °C
was applied, the stack obtained oxygen permeation flux of ~ 1.25, 1.75, and 2.0 mL-cm"
2min! at argon sweep gas flow rate of 120, 180, 240 mL-min" respectively or
equivalently the sweep gas flow rate of 40, 60, and 80 mL-min™' for single hollow fiber
membrane. While the single membrane obtained oxygen permeation flux of ~ 2.25, 2.5,
and 2.52 mL-cm™-min”! under the same operating conditions respectively. As mentioned
above, a cluster of hollow fiber assembly in a stack facilitates to maintain high
temperatures of individual membranes due to mutual radiation heat transfer effects,
therefore enhancing oxygen permeation performance. On the other hand, a cluster of
hollow fibers in the stack permeates more oxygen than a single membrane, diluting
oxygen concentration nearby in a faster way. As a result, oxygen gradient across the
membranes in the stack is lower than a single membrane setting, leading to a smaller
oxygen permeation flux. The combination of these two effects leads to different oxygen
permeation fluxes in the same operating conditions. At relatively low temperatures,
radiation heat transfer effect could be comparable to oxygen concentration dilution effect,
resulting in similar oxygen permeation flux for both stack and single membrane. With
increasing temperatures, the effect of the latter could exceed the former, therefore oxygen
permeation flux of the stack is lower than the single membrane under the same operating
conditions. Compared to a single membrane, stack assembly increases surface area for
oxygen permeation. It is anticipated that oxygen permeation rate of the stack should be
higher than the single membrane under identical operating conditions. This understanding

is confirmed by the results in Fig. 3.4c, where the same argon sweep gas flow rate was
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applied to both the stack and single membrane. At every single operating temperature,
oxygen permeate rate of the stack is higher than the single membrane. However, the
oxygen permeation flux of the former is lower than the latter (Fig. 3.4d) under identical
operating conditions. With increasing temperatures, the difference in oxygen permeation
flux produced by the single membrane and membrane stack also increases. Argon sweep
gas flow is split into three parallel-connected hollow fibers, resulting in lower sweep gas
flow rate in each of the hollow fibers in the stack than in the single membrane setting.

Therefore, oxygen partial pressure at the permeate side of the former is lower than the
latter. Recalling the dilution of oxygen concentration at the feeding side in the stack, it is
not difficult to see that oxygen permeation performance of the stack would be weakened
by these two effects. On the other hand, it is mentioned above that radiation effect among
parallel-connected three hollow fibers in the stack facilitates to maintain their high
temperatures, enhancing oxygen permeation performance of individual hollow fibers.

The difference of oxygen permeation flux between single hollow fiber membrane and
the stack in the same operating condition could be determined by these three effects. At
relatively low operating temperatures (750 — 800 °C), the influence of radiation effect
could be comparable to those of oxygen concentration dilution and argon sweep gas flow,
leading to the result that oxygen permeation flux of the single membrane is just slightly
higher than the stack. At relatively high temperatures (850 — 950 °C), oxygen permeation
performance will be significantly improved due to thermally activated nature of
membrane materials and the dilution effect of oxygen concentration will be further
enhanced. Accordingly, the influence of the radiation effect could be much weaker than

those of oxygen concentration dilution and argon sweep gas flow. This could be the
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reason that oxygen permeation flux of the single membrane is much higher than the stack
in these conditions.

An accelerated long-term stability test was also conducted, where a constant argon
sweep gas flow rate of 240 mL-min' was supplied into the stack. During the test,
different thermal loads were applied to the stack and oxygen permeation rate was
sampled using GC during the daytime but without sampling during the nighttime. And
the corresponding oxygen permeation flux of the stack was obtained. Fig. 3.5 shows the
time history of the applied thermal loads (right vertical axis) on the stack and oxygen
permeation flux (left vertical axis). During the first ~ 192 h, stack temperature was
maintained at 900 °C and oxygen permeation rate was sampled every two hours.

Following this constant thermal load, a fluctuating thermal load was applied to the stack.
Specifically, stack temperature was cooled down from 900 to 600 °C at a cooling rate of
3 °C-min’!, kept at 600 °C for 1 h, heated up back to 900 °C at the same rate, and then
kept at 900 °C for 1 h. This thermal cycle was repeated for three times. The thermal cycle
with cooling/heating rates of 5 and 7 °C-min™! was then applied and repeated for three
times respectively. After a total of 9 thermal cycles, the heating/cooling rate was changed
back to 5 °C-min’! for additional 7 cycles. During thermal cycles, oxygen permeation rate
was sampled every 30 min to capture its rapid response. From Fig. 3.5, one can see that
oxygen permeation flux was very stable and maintained at ~ 1.65 mL-cm™ min™' at the
constant temperature of 900 °C during the first 192 h. Once thermal cycling load was
applied to the stack, the corresponding oxygen permeation flux varied between ~ 1.65
mL-cm?-min and ~ 0.02 mL-cm?-min"! when the temperature alternated between 900

and 600 °C respectively. Overall, during the accelerated long-term test with a total of 320

59



h and 16 thermal cycles, the stack demonstrated excellent stability and robustness. No
obvious performance degradation was observed. Since the sealing portions of the stack
were in the hot zone, the result also implies that the sealing portions were very robust and
stable.

After the stability test, material phases of membranes in the stack were further
characterized. Membrane sample was taken off from the stack and then crushed into
powder, which was characterized by XRD technique. As a comparison, the XRD patterns
of as-synthesized PBCFZY and as-purchased LSCF were obtained. Meanwhile, the
mixture of PBCFZY (50 wt. %) and LSCF (50 wt. %) was heat-treated in air at 1100 °C
for 10 h. The XRD patterns of the mixed powders were also obtained. Fig. 3.6 shows
XRD patterns of PBCFZY, LSCF, the mixture of PBCFZY and LSCF after heat
treatment, and the post-test membrane sample respectively. Obviously, after the heat
treatment of PBCFZY and LSCF mixture, the main peaks corresponding to PBCFZY and
LSCF phase were observed, and no secondary phases could be detected, indicating
excellent chemical compatibility between PBCFZY and LSCF. The XRD of the post-test
membrane sample in the stack shows that the main peaks correspond to LSCF, PBCFZY,
and ZnO phases, no other secondary phases could be detected within the sensitivity of
XRD technique. The result further indicates the excellent chemical compatibility and
stability of the membrane materials.

The post-test membrane samples in the stack were also characterized using SEM and
EDS techniques. As shown in Fig. 3.7a, radially aligned microchannels in the substrate
created at the fabrication stage remained very well after stability test, indicating their

excellent robustness and stability. The zoomed part in Fig. 3.7b clearly shows that the
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LSCF dense separation layer intimately contacts with both the LSCF-ZnO7525 substrate
and PBCFZY porous catalyst layer. No delamination can be observed at PBCFZY/LSCF
or LSCF/LSCF-ZnO7525 interfaces. Since the stack experienced very harsh thermal
cycling conditions, the SEM observation indicates that the microstructure of hollow fiber
membrane in the stack is very stable and robust. The EDS results are shown in Fig. 3.7c.
La and Sr elements were strictly confined within the region of LSCF-ZnO7525 substrate
and LSCF separation layer. Zn element was confined within the region of LSCF-
Zn07525 substrate. Ba and Zr elements were mainly confined in the PBCFZY porous
layer but slightly diffuse into the LSCF separation layer and LSCF-ZnO7525 substrate.
Co and Fe elements were distributed in the entire cross-section but had different densities
in different regions due to different element contents in PBCFZY and LSCF phases
respectively. Interestingly, the elements of Pr, Zr, and Y supposed to be only in the
PBCFZY porous layer were diffused into both LSCF separation layer and LSCF-
Zn07525 substrate. Previous study has shown that these element diffusions were mainly
induced by high sintering temperature at the membrane fabrication stage and the
accelerated long-term stability test did not further worsen the element diffusion [25]. The
stable and robust performance of the stack in the long-term harsh thermal cycling
conditions (~320 h, 16 thermal cycles) further verifies that the microstructures of
individual hollow fiber membranes and associated sealing portions are very stable and
robust.

Table 3.1 provides comparisons of small-scale hollow fiber membrane stacks developed
in this study and open literatures, including stack/design assembly, sealant, stability test

conditions, and oxygen permeation performance at 900 °C. Three types of stack designs
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were identified, e.g., hollow fibers were bundled with ceramic slurry (simply denoted as
bundle stack), hollow fibers were individually sealed to the stack at one end like
cantilever fibers while the other end of the fibers was a closed-end (simply denoted as
cantilever-like stack), and hollow fibers were parallelly assembly into stack in this study
by sealing either end of the fibers (simply denoted as parallel stack). As mentioned above,
the designs of bundle and cantilever-like stack were employed to circumvent reliability
issue induced by weak mechanical strength of individual hollow fibers. For example,
cantilever-like stack can avoid external mechanical loads applied on individual hollow
fibers, while the bundle design can enhance the stack reliability by bundling individual
hollow fibers together. In present study, the strong mechanical strength of composite
hollow fiber substrate-supported asymmetric thin film membrane allows to assembly
hollow fibers individually in parallel, forming a membrane stack. Such a parallel stack
design can fully take advantage of microstructural features of individual hollow fiber
membranes, enhancing stack performance. In fact, oxygen permeation flux of the parallel
stack reached ~ 1.60 mL-cm™-min’! at 900 °C, which is much higher than those of bundle
and cantilever-like stacks with similar material systems under the same operating
temperatures. The parallel stack also demonstrated excellent accelerated long-term
stability with ~ 320 h and 16 thermal cycles. It is noteworthy that the sealing portions of
the parallel stack were operated in the hot zone while those of the bundle and cantilever-
like stack were operated out of hot zone. Given the very harsh thermal cycling conditions,
the results further confirm the excellent stability and robustness of the stack in this study.
While the parallel stack was demonstrated with sealing portions being operated in hot

zone, the composite hollow fiber substrate-supported asymmetric thin film membranes
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are also applicable to the bundle and cantilever-like stack designs with sealing portions
being operated out of hot zone.
3.4 Conclusion

In this research, oxygen permeation flux and long-term stability of the LSCF-ZnO 7525
composite hollow fiber substrate supported asymmetrical membrane stack was studied.
By utilizing the composite substate, the mechanical strength of the membrane was
improved. The ceramic paste and the conductive adhesive ink were used to seal which
can withstand high temperature. This sealing strategy make the whole membrane area can
be placed in the high temperature furnace zone without any sacrifice the effective
membrane area compared to sealing with epoxy resin or silicon sealant. The oxygen
permeation process of the stack is affected by operating temperature and sweep gas flow
rate. The stack showed high oxygen permeation flux and maintained this flux for 320 h of
long-term stability test even under 16 cycles of thermal cycling conditions. The stack
demonstrated robust structure and durability, showed the feasibility of assembly of stack

in this work.
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Table 3.1 Comparison of long-term stability of membrane stack at 900°C in open
literature.

Number of single Sealant and Stack Oxygen Stability No. of Reference
membranes sealing part design permeation flux test (h) thermal

region (mL-cm-min') cycles
3 LSCF/PBCFZY Ceramic Parallel 1.60 320 16 This work

paste/conductive  stack
adhesive ink; in

hot zone

3 Lao.6Sre.4Co03-5 >350°C sealant;  Cantilever- 0.96 300 None [23]
out of hot zone like stack

5 LSCF N/A; out of hot ~ Bundle 0.22 45 5 [14]
zone

8 LSCF Epoxy, silicone Cantilever- 0.02 50 None [12]
glue; out of hot like stack
zone

10 LSCF High Bundle 0.3 120 None [13]
temperature
silicone; out of
hot zone
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Figure 3.1 Photo of the fabricated LSCF-ZnO 7525/LSCF functional layer/PBCFZY
catalytic layer membranes (a), SEM image of the hollow fiber membrane; (b) Cross-
sectional of the fabricated membrane (b-c), Inner surface of the LSCF-ZnO 7525
substrate (c), 3D design of the stack assembly, and the assembled stack test stand (d).
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Figure 3.2 Schematic diagram of the stack test stand setup for oxygen separation

performance measurement (a), Illustration of oxygen permeation process of the
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Figure 3.3 Oxygen permeation performance of the membrane stack; Oxygen permeation
rate (a), Area normalized oxygen permeation flux (b), Arrhenius plot (c), and activation

energy (d).
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Figure 3.7 Cross sectional image of the membrane after stability test (a), Enlarged figure
of local area marked with red circle in figure (a) (b), EDS image of the figure (b) (c).
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CHAPTER 4
OXYGEN PERMEATION AND LONG-TERM STABILITY OF

HOLLOW FIBER MEMBRANE STACK

4.1 Introduction

Ceramic based oxygen permeation membrane has demonstrated to be simple and cost-
effective in producing highly pure oxygen among various developed air separation
techniques [111-114]. The membrane normally employs mixed ionic and electronic
conducting (MIEC) ceramic materials and separate oxygen from air directly driven by the
oxygen partial pressure gradient across the gas-tight membrane at elevated temperature.
Briefly, the whole oxygen permeation process could be divided into three parts: oxygen
reduction reaction (ORR) at air feed side of the membrane, the transport of oxygen ions
and electrons through the dense membrane, and the oxygen evolution reaction (OER) at
permeated side. Therefore, the oxygen permeation flux of single membrane could be
improved by ameliorate these three governing factors. Besides developing novel high
performance membrane material, different membrane designs, typically planar and
tubular ones have also been studied to enhance the oxygen permeation [115-119]. Micro-
tubular type which has tubular diameter within millimeter or even sub-millimeter scale
stands out among various membrane configurations for its distinct advantage, for

example, high surface to volume ratio, short sealing length, dynamic /transient thermal
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stability etc. However, the manufacturing process of these ceramic capillaries, or the so-
called hollow fibers is usually difficult [96, 120-122].

In the past few years, hollow fiber membranes have been widely fabricated by phase
inversion spinning technique. After a few decades’ development, hollow fiber which has
a thin and dense function layer coated on a thick but porous substrate layer is also
successfully obtained by adjusting the spinning parameters. Particularly, after high
temperature sintering, a large number of featuring finger-like microchannels in the
substrate absolutely favor the gas diffusion within the substrate thus enhancing the gas
permeation across the membrane. For example, Ren et al. fabricated LSCF-GDC catalytic
layer/ LSCF-GDC function layer/ LSCF-GDC micro-channeled support asymmetric
membrane system by rational design and achieved an oxygen permeation of 1.02 mL-cm”
2.min! at 850°C [77]. However, as most of membrane employ either mixed ionic
electronic conducting perovskite materials or the composites of ionic and electronic
conductors, the intrinsic brittleness of ceramics contribute to poor mechanical strength
and insufficient stability for robust and durable operations of the membrane especially
under harsh thermal cycling conditions. The tradeoff effect between permeability and
stability makes the idea of improving the packing density of the membrane stack is more
practical from engineering consideration. In addition, the small inner diameter of hollow
fiber led to strong pressure drop along the length axis, thus limiting the fiber length which
in turn needs a large number of fibers in a stack to reach a desired yield of permeated
oxygen [67, 71, 100, 121, 123-124]. To improve the mechanical strength as well as
obtaining stack functionality, An et al. [72] bundled five LSCF hollow fibers together

with porous BSCF as binder which demonstrated high stability at high temperatures and
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good flux reproducibility when subjected to thermal cycles, while at a price of sacrificing
the unique advantage of hollow fiber such as high effective surface area for ORR/OER.

Moreover, each of fiber in the stack requires sealing at high temperature which still
remain as a major challenge. Tan et al. [69] used medium temperature sealant to bundle 7
fibers and build a module composing of 127 of such bundles. The so called 889 hollow
fiber system deliver oxygen of 0.84 L-min™' at 960°C for more than 1167h. But all the
fibers close one end to mitigate the applied thermal stress during high temperature
operation, and the effective surface area of the fiber is lost to avoid failure of silicone
sealant which make the strategy not cost-effective.

Recently, our group has developed a novel design for robust and durable operation of
oxygen permeation, namely LSCF-ZnO hollow fiber substrate/ LSCF dense function
layer/ LSCF porous catalytic layer membrane system. By simply adding proper amount
of ZnO into LSCF, the formed composite hollow fiber substrate provides excellent
mechanical strength and robustness. The membrane system also employs silver and
ceramic as sealant which produced oxygen permeation flux of ~2 mL-min'-cm? at
900°C and degraded only 15% after 400h of test under harsh thermal cycling conditions
[125]. The results provide a promising solution which may essentially overcome the issue
associated with stability and high temperature sealing. In this paper, three above
mentioned hollow fibers were bundled into a small stack using the same sealing strategy
and the performance of the stack was systematically measured under different operating
conditions. An accelerated long-term stability test was also conducted to evaluate its

potential application in stacks in the future.
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4.2 Experimental
4.2.1 Membrane stack assembly

The mixture of 75wt.% Lao.6Sr0.4Co02Fe0s8035 (LSCF, Fuel cell materials, USA) and
25wt.% Zinc oxide (ZnO, 200 Mesh, Alfa Aesar, USA) which is simply denoted as
LSCF-ZnO7525, were fabricated into hollow fiber substrates by spinneret spinning in
combination with a modified phase inversion process using an in-house built spinning
system. The dense LSCF thin-film functional layer was then prepared via dip-coating and
sintering process. The detail information of the spinning system and dip-coting process
were presented in the previous paper [126]. Afterwards, LSCF ink was prepared by
thoroughly mixing the 60 wt.% of LSCF powder, 4 wt.% of ethyl cellulose and 36 wt.%
of a-terpineol. The LSCF porous catalytic layer was later fabricated by brush painting the
ink on the dense separation film twice, followed by calcinating at 1000 °C for 3h.

To construct membrane stack for evaluation, three fabricated hollow fiber membranes
with an average length of 40~45mm were used. The photo of the fabricated LSCF-
Zn07525/LSCF dense functional layer/LSCF porous catalytic layer hollow fiber
membrane is shown in Fig. 4.1(a). Fig. 4.1 (b) and (c) represent the cross section and the
inner surface of the fabricated membrane respectively. Dense and crack free LSCF
functional layer with a thickness of about 30um showed intimate adhesion on the
substrate, and the Sum of porous LSCF catalytic layer attached to the dense LSCF
functional layer. The LSCF-ZnO 7525 substrate showed porous microstructure with well
aligned microchannels. Three of these membranes were connected and sealed to two
supporting alumina tubes at either end respectively. In particular, the conductive adhesive

ink (DAD-87, Shanghai Research Institute for Synthetic Resins, China) was first used to
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seal the connecting part, followed by aging at 900 °C in air for 30 min. The ceramic paste
(Aremco Products Inc., USA) was then applied on the surface of the sealing part. After
drying, alumina tube/hollow fiber membrane bundles/alumina tube assembly was heat-
treated at 950 °C in air for 30 min to bond the sealing part for subsequent oxygen
permeation measurement. The test assembly design and the photo of the practical test
assembly were shown in Fig. 4.1(d). The exposed length of the membrane after sealing is
about 20~22 mm and the resultant total area of the stack was 3.3 cm?.
4.2.2 Stack performance evaluation

For oxygen permeation test, argon sweep gas was fed into the alumina supporting tube
connected with membrane bundles while the shell side of bundle was exposed to ambient
air. The operating temperature of the membrane bundle was controlled by a high
temperature tube furnace (MTI, USA). The effluent gas from the bundle was sampled by
a 5A molecular sieve column and the concentrations of sampled gas species were
analyzed using an online gas chromatography (GC-8A, Shimadzu, Japan). The whole
testing setup for assembled stack and the oxygen permeation process are schematically
illustrated in Fig. 4.2.

The oxygen permeation flux of the bundle is then determined using the measured

species concentrations and Eqn. (1),

— F(COZ_CNZ (21/79))

Jo, : (1)

where ], is the permeated oxygen flux of the membrane, A the effective area of the
membrane, F the flow rate of the effluent gas, Cp, the concentration of oxygen in the

effluent gas, and Cy, the concentration of nitrogen leaking into the sweep gas.
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4.3 Results and Discussion

The oxygen permeation performance of the assembled bundle was evaluated in the
temperature range of 950-750 °C with different argon sweep gas flow rates of 30-480
mL-min™!, and the results are shown in Fig. 4.3. Fig. 4.3(a) represents the oxygen
permeation rate, and the Fig. 4.3(b) is the oxygen permeation flux normalized by the
membrane bundle area. The normalized oxygen flux reduced significantly from the
oxygen permeation rate; this is due to the large membrane area of the bundle. It is
obvious to see that the operating temperature increased from 750 to 950 °C, the oxygen
permeation flux increased accordingly from 0.27 to 1.89 mL-cm™?-min! with argon
sweep gas flow rate at 480 mL-min™'. The oxygen ion transport of the mixed ionic and
electronic conductor is increased with elevated temperature, which is consisted with the
permeation flux results. At fixed temperature, the oxygen permeation flux increased with
the increased argon sweep gas flow rate. The change of the sweep gas flow rate directly
affects to the oxygen partial pressure gradient across the membrane, the increasing sweep
gas flow rate decreases the oxygen partial pressure at the lumen side, leading to the
improving the oxygen permeation process. Specifically, at 950 °C, with the Ar sweep gas
flow rate from 30 to 480 mL-min’!, the oxygen permeation flux is increased from 0.54 to
1.89 mL-cm™'min’'. However, change of the oxygen flux is slight at 800 and 750 °C
(0.27 to 0.52 mL-cm™?-min! at 800 °C and 0.15 to 0.27 mL-cm?-min’! at 750 °C). Thus,
it can be concluded that the oxygen surface exchange reactions and the bulk diffusion
reaction are promoted by higher operating temperatures, and the operating temperature
play more important role on permeation process than that of sweep gas flow rate. Fig.

4.3(c) and the Fig. 4.3(d) are Arrhenius plots derived from the oxygen permeation flux

77



(Fig. 4.3b) and the corresponding activation energies respectively. The activation energy
of the membrane bundles showed (~ 100 kJ-mol™!). The activation energy of the typical
LSCF membrane from the open literature is also ~100 kJ-mol! [127], which is consistent
with the membrane bundle in this work concluded that the oxygen permeation through

the membrane bundle is functioned well.

To investigated scaling-up effect, Fig. 4.4 (a-b) compares the oxygen permeation rate
and flux of the stack and the single membrane at the argon sweep gas flow rates of 40, 60,
and 80 mL-min! per single membrane. To compare the oxygen permeation rate and flux
at the similar sweep gas flow rate, the sweep gas flow rate in bundles was multiplied by
number of membranes, which are 120, 180, 240 mL-min’!. It is clearly to see that oxygen
permeation rate increased with the increased number of membranes from single to three
membranes. However, after normalized by area, oxygen flux showed lower in stack than
single membrane due to the larger area of the stack. Fig. 4.4 (c-d) showed the comparison
between the single membrane and the bundles at the same inlet Ar sweep gas flow rate
(30 and 60 mL-min) for further comparison. The oxygen permeation rate of the stack
showed still higher, and the oxygen permeation flux of the stack showed lower than the
single membrane. It is obvious to see that the oxygen permeation flux difference between
the stack and the single membrane is larger than Fig. 4.4 (b). This is due to the different
saturation point between the stack and the single membrane. For the single membrane,

the oxygen permeation flux reached its saturation point at 80 mL-min™! of Ar flow rate.

The oxygen partial pressure gradient is directly affected by the sweep gas flow rate.
Stack has larger area, but the portion of the ambient air is same as the single membrane,

so to reach the saturation point, the stack needs higher Ar sweep gas flow rate (~480
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mL-min™). In this way, when compared the flux at 60 mL-min™' sweep gas flow rate, the
difference between the single membrane and the stack showed larger because the single
membrane is almost reached its saturation point while the stack is far lower to reach its

saturation point.

The stack was kept at argon sweep gas flow rate of 240 mL-min" to evaluate the
performance stability and the result is shown in Fig. 4.5. Horizontal axis is time history,
and the left vertical axis is corresponding oxygen permeation flux, and the right vertical
axis represents applied thermal loads. First, the stack was kept at 900 °C for 192 h and the
sampling time was 2 h during the daytime. During this time, the oxygen permeation flux
of the stack showed stable performance. After 192 h, the thermal cycling stability of the
stack was investigated by applied thermal loads between 900-600 °C with different
cooling down and heating up rates. First, the stack was cooled down to 600 °C with
3 °C-min’! kept if 1 h and then heated back to 900 °C at the same rate and kept for 1 h.
This cycle was repeated for 3 times and the rate changes to 5 and 7 °C-min’!, and these
cycles also repeated for 3 times each. The oxygen permeation flux was tested every 30
min at each temperature for 94 h. After 9 cycles with 3 different rates, the rate was kept at
5 °C-min’! for 105 h, 11 cycles. The stack showed stable performance for 200h, and the

performance decreased, but still maintained stable performance until the rest of the test.

Overall, the stack showed maximum degradation was 10.5% after long-term stability
test for 411 h and 20 thermal cycles. XRD, SEM and EDS was carried out to characterize
the post-test membrane sample. Fig. 4.6 shows the XRD pattern of the membrane sample
before and after stability test. The main peaks are corresponded to LSCF and ZnO phase,

and no impurities were detected, indicating great chemical stability of the membrane.
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SEM and EDS of the post-test membrane samples are shown in Fig. 4.7. No obvious
cracks in the substrate or coated layer, and no interdiffusions could be observed at the
interfaces between the substrate and the functional layer after stability test, indicating the
stable microstructure of the membrane. However, it is obvious to see that the coarsening
of the LSCF layers. It is well known that LSCF has coarsening problem at high
temperature especially because of Sr segregation [134], which consist with our EDS
results of post-test sample. This Sr segregation may hinder the oxygen surface exchange
process. The performance degradation can be explained by particle coarsening of LSCF
at high temperature. Even though the performance degraded over the 411 hours of
performance stability test, but it is reasonable to considered that the assembled stack in

this work functioned well and the sealing method is feasible.

Table 1 compares the performance and the performance stability of the membrane stack
using different hollow fiber membranes in open literature. Only few research efforts have
been reported about long-term stability especially thermal loads. This work demonstrates
not only high oxygen permeation flux but also longer performance stability and more
thermal loads. By using LSCF-ZnO hollow fiber substrate, the fabricated membrane
provides great mechanical strength and robustness. And the silver and ceramic paste can
be used to sealing the membrane to stack, showed promising solution for the high
temperature sealing. This could be the season of the high oxygen permeation flux and the
stable performance. The results suggested the advantage of the LSCF-ZnO supported

membrane stack developed and evaluated in this work.
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4.4. Conclusion

In this work, the feasibility of oxygen permeation membrane stack assembly and the
oxygen permeation performance such as oxygen permeation flux and stability of the
assembled stack were studied. To improve the mechanical strength of the membrane, 75
wt.% LSCF- 25 wt.% ZnO composite substrate was used to fabricate membrane with the
configuration of LSCF-ZnO 7525/LSCF dense functional layer/LSCF porous catalytic
layer. To assemble the membrane into stack, silver and ceramic paste were used to seal
both end of the membrane. These silver and ceramic paste can endure high temperatures
which leads to stack placed in the high temperature without sacrifice any effective
membrane area. The assembled stack showed high oxygen permeation flux. The stack
tested for 411h including 20 thermal cycling conditions, showed 10.5% of maximum
performance degradation. The assembled stack demonstrated very good oxygen
permeation flux and stable performance. Overall, the stack showed the feasibility of
assembly of stack including sealing for high temperature for oxygen permeation

applications.
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Table 4.1 Comparison of long-term stability of membrane stack in open literature.

Number of Sealant Assembly  Oxygen Long- Thermal Reference
membranes design permeation term loads
flux hours (cycles)
(mL-cm” (h)
Z.min-l)
3LSCF Ceramic Individual 1.55 411 20 This work
paste/conductive  with either
adhesive ink end sealed
7 BCBZ BCBZ slurry Bundleto  2.77 60 4 [60]
single
body with
one dead
end
7 LSCF Silicone sealant Bundleto  1.54 260 None [76]
single
body with
one dead
end
5 LSCF BSCF slurry Bundleto  0.22 45 5 [72]
single
body
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Figure 4.1(a) Photo of the fabricated LSCF-ZnO 7525/LSCF dense functional
layer/LSCF porous catalytic layer membrane, (b-c) SEM image of the hollow fiber
membrane; (b) Cross-sectional of the fabricated membrane, (c) Inner surface of the
LSCF-ZnO 7525 substrate, (d) 3D design of the stack assembly, and the assembled stack
test stand.
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Figure 4.2 (a) Schematic diagram of the stack test stand setup for oxygen separation

performance measurement, (b) Illustration of oxygen permeation process of the
membrane.
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Figure 4.3 Oxygen permeation performance of the membrane stack (a) Oxygen
permeation rate, (b) Area normalized oxygen permeation flux, (¢) Arrhenius plot, and (d)
Activation energy.
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(b, d) of the membrane stack and the single membrane.

86



. (Do) L
_ _ oo _ ._
§ ==
.
Y
3
e
4
e
e
Z003 1.A “”EHJEVM_. T a9 =

400

300

200

100

Time (h)

Figure 4.5 Performance of the membrane stack under long-term (~ 411 h) accelerated

stability test.

87



v Zn0O
+ LSCF

Post-test

Before-test

20 30 40 50
20 ()

60

70

80

Figure 4.6 XRD pattern of the membrane after the long-term stability test.
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Figure 4.7 (a-b) Cross sectional image of the membrane after stability test, (c) EDS image
of the figure (b).
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CHAPTER 5
FABRICATION AND CHARACTERIZAION OF THIN-FILM SOFC
SUPPORTED BY MICROCHANNEL-STRUCTRUED SUBSTRATE FOR

DIRECT METHANE OPERATION

5.1 Introduction

Solid oxide fuel cell (SOFC) is an energy conversion device that converts chemical
energy in fuels into electrical energy very efficiently and is environmentally friendly.
SOFCs are fuel flexible that can use not only hydrogen but hydrocarbon fuels and even
carbon [35, 128-130]. Direct hydrocarbon-fueled SOFCs may provide advantages of
eliminating external reforming components for SOFC systems and using the existing
infrastructures for the production, storage, and delivery of hydrocarbon fuels. These
would improve system efficiency, reduce system cost, and facilitate practical applications
of SOFC technologies. The state-of-the-art anode material is Ni-cermet, a composite of
Ni and electrolyte material. The Ni phase is an electronic conductor and catalyst, while
the electrolyte phase is an ionic conductor. The catalytic activity of Ni enables the
reforming of hydrocarbon fuels for producing syngas, a mixture of H, and CO, through
catalytic oxidation, such as steam reforming and CO: reforming as well as water-gas shift
reaction. However, the high catalytic activity of Ni can also lead to the direct cracking of
hydrocarbon compounds at high temperatures and CO hydrogenation as well as

Boudouard reaction, causing carbon deposition in the anode. The carbon deposition, in
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turn, will deactivate active reaction sites, restrict gas flow, and damage microstructures,
overall leading to severe degradations in anode performance and long-term stability [131-
135]. Therefore, the carbon deposition issue in Ni-cermet anode -electrode of
hydrocarbon-fueled SOFCs has been a major barrier towards practical applications.
Significant efforts have been made to modify Ni-cermet anodes to improve their
properties for carbon deposition resistance. These include surface modification and
alloying of Ni-cermet with carbon-resistant metals and oxides, such as Cu, Sn, Ag, Ru, W,
CeO», and their derivatives [28-29, 136-142]. Despite these modifications, it is generally
realized that the carbon deposition issue is inevitable for Ni-based anodes due to the Ni-
catalytic cracking of hydrocarbon fuels, especially in large-scale applications. Attempts
have been made to develop Ni-free anode materials to circumvent the use of Ni-based
anode. These typically include a class of perovskite- and layered perovskite-type of
mixed ionic and electronic conducting oxides, such as Lao.75S1025CrosMnosOs, Lai-
SrxT103, SroMgixMnMoOg.5, PrBaMn»>Os+s, and their derivatives [31-32, 143-145].
Despite the fact that such materials demonstrated good properties as anodes for carbon
deposition resistance, the power densities of corresponding SOFCs are usually much

lower than Ni-cermet counterparts.

Further, complete conversion from hydrocarbon to syngas is hardly to achieve with
such Ni-free anode materials. In this context, Ni-cermet is still a preferred anode material
due to its high electronic conductivity and (electro)catalytic properties [24]. Another
strategy to mitigate the carbon deposition issue is co-feeding a considerable amount of
water with hydrocarbon fuels so that the oxygen to carbon ratio is maintained at a

sufficiently high level in anode electrode. As a result, complete internal reforming of
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hydrocarbon fuels can be obtained. Meanwhile, it can also prevent Ni from being
oxidized. However, too much water supply will dilute fuels in the anode, which in turn
decreases open-circuit voltage and deteriorate the electrochemical performance of SOFCs.
In this respect, precise control of operating temperature and oxygen to carbon ratio in the
anode electrode may need much less water feeding. Nevertheless, the operation under
precisely controlled thermodynamic conditions is possible but not practically feasible

[146].

Recently, the concept of a diffusion barrier layer has been employed to increase
diffusion resistance of hydrocarbon fuels into the anode functional layer and product
gases (i.e., H2O, CO;) out of the anode functional layer. As a consequence, the
concentration ratio of product gases to hydrocarbon fuel in the anode functional layer will
be high enough to suppress carbon build up in the anode functional layer [147-149]. On
the one hand, the diffusion barrier layer increases fuel/gas diffusion resistance and
concentration polarization loss of the anode; on the other hand, the high concentration
ratio of product gases to hydrocarbon fuel will dilute fuels in the anode functional layer.
Both of the effects will deteriorate the electrochemical performance of SOFCs. Therefore,
a trade off is needed between carbon deposition suppression and good electrochemical
performance when the diffusion barrier layer is employed for anode electrodes. One
strategy for such a trade off could be obtained through a synergistic combination of a
diffusion barrier layer and suitable Ni-cermet anode material. The diffusion barrier layer
is used to tune carbon/oxygen ratios without diluting fuels too much in the anode
functional layer. This requires that the porous microstructure of barrier layers enable

facile fuel/gas diffusions. The Ni-cermet anode material should possess sound oxygen
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storage and catalytic properties, enabling full electrochemical oxidization of fuel species.
As a result, H,0 and CO, produced by full oxidization of fuel would suppress carbon

build up through backward Boudouard reaction and hydrogenation.

Cerium oxide exhibits the property of releasing and incorporating oxygen [150, 151].
When aliovalent ions (divalent or tetravalent cations) are doped into ceria lattice, it may
create oxygen vacancies by charge compensation mechanism, further improving oxygen
storage capacity and catalytic property of ceria [152-154]. In this research, Zr and Sm
were co-doped into ceria lattice and NiO — Ceo.8xSmo2ZrxO2-5 (N1O:Ceo.8-xSmo 2ZrxO2-5 =
50%:50% in weight; x=0, 0.05, 0.10, 0.15, and 0.20, or simply denoted as NiO-ZrxSDC)
as anode materials were systematically studied. The Zrdoping level that minimizes
polarization resistance of NiO-ZrxSDC anode was identified. A microtubular YSZ inert
substrate was fabricated using an in-house built spinning extrusion system, featuring
radially well-aligned microchannels open at the inner surface. Built upon the
microtubular YSZ substrate and the identified NiO-Zr0.1SDC anode material, inert YSZ
substrate supported cell of YSZ substrate/NiO/NiO-
Z10.1SDC/YSZ/Ceo.8Smo.201.9/Lag.6St0.4Co0.2Fe0.803-5 was fabricated through dip-coating
and sintering process alternatively. The combination of such a cell design with NiO-
Zr0.1SDC anode material is expected to suppress carbon deposition in the anode
functional layer, thereby achieving stable electrochemical performance with hydrocarbon

fuels.
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5.2 Experimental

5.2.1 Material Synthesis

All the chemicals used in the experiments were purchased from Alfa Aesar and used as-
purchased unless otherwise specified. The anode powdersof50% NiO — 50%Ceos-
xSmo 2Z1x01.9 (NiO-ZrxSDC) in weight were synthesized by a urea combustion method in
one pot. Particularly, stoichiometric amounts of NiO(NOs3)::6H>0(98.0% purity),
Ce(NO3)3:6H20 (99.5% purity), Sm(NO3)3-6H20(99.9% purity), Zirconyl nitrate solution
(99.0% purity), and urea (CO(NH2)2) (99.0-100.5% purity) were dissolved into deionized
water to form a solution. The solution was magnetically stirred for 3hrs, followed by
heating on a hot plate until self-ignited. After self-sustaining combustion, ash-like
material was obtained. The obtained ash was subsequently ground for 24hrs in an ethanol
medium using a ball milling process with zirconia balls. After drying, the ash was
calcinated at 1000°Cintheair for 2hrs to form NiO-ZrxSDC phases. Lag.¢Sro0.4C00.2Fe 30s-
s (LSCF) powders were synthesized by a glycine nitrate process. Briefly, stoichiometric
amounts of La(NO3)3-6H20 (99.9% purity), St(NO3)2 (99.0% purity), Co(NO3)3-6H20O
(97.7%purity), Fe(NO3)3-9H>O (98.0-101.0% purity) and glycine (99.5% purity) were
dissolved into deionized water to form a solution. The solution was magnetically stirred

for 3hrs followed by heating on a hot plate until combustion, resulting in ash-like material.

The obtained ash-like material was subsequently ground for 24hrs in ethanol medium
using a ball milling process with zirconia balls. After drying, the ash was calcinated at

700°C in the air for 2hrs to form the LSCF phase.
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5.2.2 Symmetric Button Cell Preparation

The SDC powders (Fuel Cell Materials, USA) with the binder of 2% polyvinyl butyral
in weight were mixed and ground in ethanol. After drying, the mixture of powder and
binder was iso-statically cold-pressed at 600MPa to form an electrolyte substrate,
resulting in a diameter of ~ 10mm and a thickness of ~Imm. The green electrolyte
substrate was then sintered at 1450°C in the air for 6hrs to form a dense SDC electrolyte.
The surface of sintered SDC electrolyte substrate was mechanically polished using sand-
papers and subsequently washed by anhydrous ethanol in an ultrasonic cleaner. The
resulting thickness of SDC electrolyte substrates was about 400pum. 5% ethyl-cellulose
(TCI, Japan)in weight was mixed with 95%a-terpineol(TCI, Japan) in weight to form an
organic solution. The synthesized fine powders (NiO-ZrxSDC, 66.67% in weight) were
then mixed with the organic solution(33.33% in weight) to form electrode inks. The
electrode inks were screen-printed onto either side of the dense SDC electrolyte substrate.

After drying and aging, the electrode-electrolyte assembly was sintered at 1250°C in the
air for 2hrs to form symmetrical cell NiO-ZrxSDC | SDC | NiO-ZrxSDC. Silver wire was
attached to either side of the symmetrical cells using silver paste (Heraeus 2807) as a
current collector and external wires for further electrochemical measurement.

5.2.3 Single Microtubular Cell Fabrication

Microtubular YSZ inert substrate was first prepared. Briefly, polyethersulfone (PEST,
Veradel 3000P, Solvay Specialty Polymers, USA; 3.5% in weight) and
polyvinylpyrrolidone (PVP, K30, CP, Sinopharm Chemical Reagent Co., China; 0.5% in
weight) were dissolved in N-methyl-2-pyrrolidone (NMP, HPLC grade, Sigma Aldrich,

USA; 21% in weight) and ball-milled for 2hrs to form an organic mixture. Commercial
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YSZ powder (Tape grade, Fuel Cell Material, USA; 75.0% in weight) was added into the
organic mixture and ball-milled for 48hrs to form a homogeneous extrusion slurry. The
as-prepared slurry was de-aired for 10 min and then loaded into an in-house build
spinneret extrusion system to obtain green microtubular substrate. The extrusion system
and related extrusion process were detailed elsewhere [61, 108-109]. The green substrate
was sintered at 1100°Cin the air for 3hrs to achieve sufficient mechanical strength for
subsequent functional layer coatings of NiO, NiO-Zr0.1SDC, YSZ, SDC, and LSCF
sequentially. In particular, 0.4% ethyl cellulose and 99.6% ethanol in weight were mixed
together to form an organic solution. 16.0% NiO (Fuel cell materials, USA) and 1.8%
potato starch (J.T. Baker, USA) powders in weight were then mixed with the organic
solvent to form a NiO slurry. The sintered YSZ microtubular substrates were sealed at
both ends using PTFE films and vertically immersed into the prepared NiO slurry for 30
seconds. After drying in the air for 12hrs, the coated samples were calcinated at 600°C in
the air for 30min to burn out organics and bind the NiO layer onto the YSZ substrate. The
preparation and coating of NiO-Zr0.1SDC slurry were similar to those of the NiO layer
but calcined at 900°C in air for 1hr. For YSZ electrolyte fabrication, 30% B73210 organic
binder in weight (Ferro Electronics Materials, USA), 40% a-terpineol in weight, and 30%
ethanol in weight were first mixed to form an organic slurry. 17% YSZ powders (Fuel
cell materials, USA) in weight were then mixed with the organic slurry to form a YSZ
slurry. The YSZ slurry was then dip-coated onto the NiO-Zr0.1SDC layer, followed by
dip-coating a SDC layer in a similar way. After drying, the coated samples were sintered
at 1400°C in the air for 4hrs to form half-cells. Finally, the LSCF cathode layer was

fabricated. Specifically, an organic slurry was first prepared by mixing 63.0% 2-butanone,
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31.0% ethanol, 0.5% triethanolamine, 1.0% dibutyl phthalate, 1.0% polyethylene glycol
300 (ACROS, USA), and 3.5% butvar B-98 (Spectrum, USA) in weight. 10.0% LSCF
powders were then mixed with the prepared organic slurry to form a LSCF cathode slurry.
The LSCF cathode slurry was then dip-coated onto the half-cells. After drying, the coated
samples were sintered at 950 °C in the air for 2hrs to form a single microtubular cell of
YSZ substrate/NiO/NiO-ZSDC/YSZ/SDC/LSCF. The resulting cathode area was about
0.3 cm?. The silver paste was painted onto the cathode as a current collector. Silver wire
was wound around the cathode and at either end of the anode substrate to serve as a

current collector and external circuit.
5.2.4 Characterization and Electrochemical Measurements

The phase purity of the prepared powder materials was characterized and identified
using the X-ray diffraction technique (XRD, D/MAX-3C) with Cu Ko radiation
(A=1.5406 A) at room temperature with a scanning rate of 5° min™! in the range of 20° <
20 < 80°. Microstructures of prepared samples and cells were characterized using
scanning electron microscopy (SEM, Zeiss Ultra Plus FESEM, Germany).
Microstructures and element distributions of prepared microtubular cells were also
examined using SEM in combination with Energy-dispersive X-ray spectroscopy (EDS,
Oxford Instruments detector).

The symmetrical cell prepared above was sealed in an alumina test chamber. A high-
temperature tube furnace controlled the temperature of the chamber. The temperature of
the furnace was increased from room temperature to 800°C at a rate of 2°C min™' while
nitrogen with the flow rate of 30ml min™! was supplied into the alumina chamber. Once

the furnace temperature reached 800°C, the supplied gas was switched from nitrogen to
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humidified hydrogen (~3% HO, 30cm® min™). Under this condition, the experiment
lasted for 3hrs, allowing the completion of NiO reduction to Ni in the electrodes.
Electrochemical impedance spectra (EIS) of the symmetric cell were then measured using
the Solartron1260/1297 electrochemical workstation. The EIS measurement was obtained
from 800 to 600°C with a voltage perturbation of 10mV over the frequency range from
0.01Hz to 1MHz under open circuit voltage conditions.

The fabricated microtubular cell was electrochemically tested from 600 to 800°C. Both
humidified hydrogen and methane were used as fuel, while ambient air was used as an
oxidant. The surface of the cathode and anode electrode was coated with silver paste and
encircled with silver wires as the current collectors. Ceramic paste (Aremco products, inc.
USA) was used to seal and attach two alumina tubes to either end of the YSZ substrate of
the cell. The procedure is detailed in the paper published elsewhere [61]. The temperature
of the cell was controlled by a tube furnace (MTI, USA). Nitrogen gas was first supplied
into the anode of the cell at room temperature. The cell was then heated up from room
temperature to 800°C at the rate of 2°C min™'. Once the cell temperature reached 800°C,
the gas supplied to the anode was switched from nitrogen to humidified hydrogen (~3%
H,0). The flow rate of hydrogen was controlled at 30cm® min™! using a precision
flowmeter (APEX). The reduction of NiO current collector layer and NiO-Zr0.1SDC
anode functional layer under this condition lasted for 3hrs before electrochemical testing.
The voltage-current (V-I) curves and EIS were measured using a Solartron1260/1287
electrochemical workstation from 800 to 600°C. The EIS measurements were performed
with a voltage perturbation of 10mV over the frequency range from 0.01Hz to IMHz

under open-circuit voltage conditions. Similarly, V-I curves and EIS of the cell were
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measured using methane as fuel with the flow rate of 30cm® min™! in the temperature
range of 600 — 800°C. A short-term stability test was also carried out with methane as
fuel at an operating temperature of 700°C. The voltage of 0.7V was applied to the cell
while the time history of current cell density was recorded.

5.3 Results and Discussion

5.3.1. Materials characterization

Fig. 5.1a shows the XRD patterns of the synthesized NiO-Ceo8.xSmo.2ZrxO2-5 (NiO-
ZrxSDC, x= 0.05, 0.10, 0.15, and 0.20) powders. All characteristic diffraction peaks
correspond to the NiO and ZrxSDC phases. No other phases could be detected, implying
that Zr was totally dissolved into theSDC lattice. The XRD patterns further indicate very
good chemical compatibility between NiO and ZrxSDC phases. Fig.1b shows the XRD
patterns of the powders in the 26 range of 54-58°. It can be seen that the peak was shifted
to the higher angles with increasing Zr dopant contents from 0.05% mol to 0.20% mol,
indicating the decrease of lattice volume. Since the atomic radius of Zr** (80A) is smaller
than that of Ce*" (90A), the Zr doping leads to the decreased lattice parameter.

Fig. 5.2 shows SEM images of the synthesized NiO-ZrxSDC powders. The powders
consisted of fine and homogeneous particles with certain agglomerations. The average
size of agglomerations is about 545nm. It seems that the agglomerations become weaker
beyond the Zr doping level of 0.05.

5.3.2. Symmetry cells

Fig. 5.3 shows the polarization resistances (R,) values of the symmetrical cells Ni-

ZrxSDC|SDCI|Ni-ZrxSDC(x = 0, 0.05, 0.10, 0.15, and 0.20) measured in humidified

hydrogen at the temperatures of 600 — 800°C. The R, values of different Zr doping levels
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at different temperatures were obtained from the equivalent circuit technique fitting from
the EIS curves. The obtained R, values werethen corrected by the electrode area and
divided by two due to the symmetrical configuration of the cell. It can be seen that the
polarization resistance tended to decrease with increasingZr doping level in the range of 0
to 0.1%mol at every operating temperature. Beyond 0.1%mol,the polarization resistance
increased with increasing Zr dopant. The Ni-Zr0.1SDC electrode obtained the minimum
polarization resistance among different Zr doping levels. In what follows, NiO-Zr0.1SDC
will be used as anode material to fabricate microtubular YSZ inert substrate-supported
single cell for electrochemical performance study.
5.3.3. Single-cell performances

Fig. 5.4 shows a cross-sectional SEM image of the fabricated microtubular cell YSZ
substrate/NiO/Ni1O-Zr0.1SDC/YSZ/SDC/LSCEF. It can be seen that radially well-aligned
microchannels were embedded in the thick YSZ substrate, which is open at the inner
surface (Fig. 5.4a). Multiple functional layers can also be observed on the thick YSZ
substrate, including ~3um NiO current collector layer, ~4um NiO-Zr0.1SDC anode
functional layer, ~10um YSZ electrolyte layer, ~Sum SDC buffer layer, and ~10um
LSCF cathode layer (Fig. 5.4b). Intimate adhesions were obtained between different
layers. The YSZ electrolyte layer is very dense. The SDC layer contains closed pores but
is good enough as a buffer layer to separate the YSZ electrolyte layer from the LSCF
cathode layer, which allows avoiding chemical reactions between YSZ and LSCF at
elevated temperatures. The NiO layers and NiO-Zr0.1SDC exhibited porous
microstructure features, and the porosity would be further improved in these two layers

after NiO is reduced to Ni.
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To examine the quality of the fabricated cell in a comprehensive manner, a benchmark
test was first carried out. Before the test, the NiO current collector and NiO-Zr0.1SDC
anode functional layer were first reduced. In particular, nitrogen with the flow rate of
30cm’® min' was supplied to the anode side while the cell was heated up by a tube
furnace. When the cell temperature reached 800°C, the supplied nitrogen was switched to
humidified hydrogen with a flow rate of 30cm® min!. The experiment under this
condition was lasted for 3hrs, allowing for the completion of NiO reduction. The
electrochemical performance of the cell was then measured in the temperature range of
800 — 600°C, with the cathode electrode being exposed to ambient air. Fig. 5.5a shows
the corresponding voltage-current (V-I) curves and power density (P-I) curves. The
OCVs of 1.01 to 0.94V were obtained at the temperature range of 600 — 800°C. These
values are close to the theoretical Nernst potentials (e.g., ~1.10V) when YSZ is employed
as electrolyte material, indicating that the YSZ electrolyte is dense and the rest of the cell
components functioned well. The results further imply that the process for cell fabrication
is reliable. The peak power density of the cell reached about 204, 272, 385, 500, and
602mWcm™2 at 600, 650, 700, 750, and 800°C, respectively. The EIS curves of the cell
measured at OCV conditions are shown in Fig. 5.5b. Using equivalent circuit and curve-
fitting technique, the ohmic resistance (R,p.,) and polarization resistance (R),) of the cell
were obtained from EIS curves and listed in Table 5.1. As one can see that with
increasing the operating temperature from 600 to 800°C, the cell R,y,, decreased from

0.93 to 0.25Q cm? while the cell R,, decreased from 1.12 to 0.23 Q cm?, respectively. The

R,nmis contributed by electrolyte and the skeleton of porous anode and cathode electrode

as well as associated current collectors. The increasing temperature would directly reduce
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ohmic resistances of YSZ electrolyte and Ni-Zr0.1SDC anode as well as LSCF cathode
skeletons; therefore, the cell R,p,, decreased. Similarly, higher temperatures would
enhance the electrochemical kinetic properties of both anode and cathode electrodes,
including surface exchange coefficients and bulk diffusivities. Accordingly, the cell R,
decreased. Overall, the benchmark test results indicate that the cell obtained reasonably
good electrochemical performance, confirming that the cell fabrication process is reliable.

The electrochemical performance of the fabricated cell fueled with methane is then
tested. The effectiveness of a synergistic combination of Ni-Zr0.1SDC anode material
and cell architecture for suppression of carbon deposition is further examined. Shown in
Fig. 5.6a are V-I curves and P-I curves of the cell directly fueled with methane in the
temperature range of 600 — 800°C. The cell obtained OCVs of 1.02, 1.01, 1.00, 0.98, and
0.967V and peak power densities of 173, 259, 327, 384, and 456mW-cm? at the
temperatures of 600, 650, 700, 750, and 800°C, respectively. Fig. 5.6b shows the EIS
curves of the cell under open-circuit voltage conditions. Using equivalent circuit and
curve-fitting technique, the cell ohmic resistance (R,py,) and polarization resistance (R,)
were obtained from the measured EIS curves. The results are summarized in Table 5.2. In
particular, the ohmic resistance of 0.45, 0.52, 1.05, 1.57, and 1.98 Q cm? and the
polarization resistance of 0.47, 0.51, 0.89, 1.23, and 1.43 Qcm? were obtained at the
temperatures of 600, 650, 700, 750, and 800°C, respectively.

To examine the stability of the cell directly fueled with methane, a short-term
durability test was carried out. The temperature of the cell was controlled at 700°C. The
voltage of 0.7V was applied to the cell while the current of the cell was monitored. Under

these conditions, the experiment was run for about 26hrs. The history of current cell
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density is shown in Fig. 5.7. It is obvious to see that the current density of the cell was
very stable, performance degradations could not be observed. It is noteworthy that
methane-fueled YSZ inert substrate-supported SOFC has been studied in the open
literature [155], where Ni-SDC was used as anode functional layer material, and the
porosity of YSZ substrate was randomly distributed without any radially well-aligned
microchannels. Nevertheless, the corresponding cell showed a voltage loss of 9% during
short-term stability of 13 h at 700°C in methane. Comparing our results mentioned above
with those in [155], it seems to indicate that the combination of Zr doped SDC anode
material and YSZ inert substrate embedded with radially well-aligned microchannels is
able to effectively improve the performance stability of the cell directly fueled with
methane. After the short-term durability test, the cell was further characterized. Shown in
Fig. 5.8a is the cross-sectional SEM image of the post-test microtubular cell ranging from
part of the YSZ substrate to part of the dense YSZ electrolyte.

The radially well-aligned microchannels in the YSZ substrate still can be observed.
The Ni current collector layer and Ni-Zr0.1SDC anode functional layer can be identified
and show intimate contact with one another. Further EDS analysis indicates that Ni
elements are mainly confined within the Ni-current collector layer and Ni-Zr0.1SDC
anode functional layer (Fig. 5.8b). Zr elements are mainly located in the substrate and
YSZ electrolyte layer (Fig. 5.8d). Interestingly, C elements were primarily located in the
substrate (Fig. 5.8¢). Quantitative line EDS analysis (Fig. 5.8e) indicates that some
carbon elements could still be detected in the Ni current collector layer but not in the Ni-

Zr0.1SDC anode functional layer. It is noteworthy that such a Ni current collector region
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is directly connected to a microchannel in the substrate, whereby methane diffusion to the
current collector is relatively easy.

To understand the mechanisms and reactions in the anode and the prevention of carbon
deposition in the anode functional layer, the experimental data mentioned above is further
compared and interpreted from a theoretical point of view. When methane is employed as
fuel for Ni-cermet anode, very complicated chemical/electrochemical reactions would
take place. These could include the steam reforming reaction of CHa, the dry (CO»)

reforming reaction of CH4, and water gas shift reaction, as shown below, respectively,

Steam reforming reaction: CH, + H,0 & CO + 3H, (1)
Dry reforming reaction: CH, + CO, < 2CO + 2H, (2)
Water-gas shift reaction: CO + H,0 < CO, + H, 3)

As a result, the fuel species of H, and CO are generated from these three reactions,
meanwhile CO, is produced from the water gas shift reaction. Electrochemical oxidations
of fuel speciesCH,, H,, and COwould then take place at triple phase boundaries (TPBs)
in the anode functional layerby using oxygen ions released from theZr0.1SDC phase.
Depending on the amount of CH, and oxygen ion (0?7) available at TPB sites, both full

and partial electrochemical oxidations could occur, specifically,

Full oxidation of CH4: CH, + 40%~ — CO, + 2H,0 + 8e~ 4)
Partial oxidation of CH4:CH, + 0%~ - CO + 2H, + 2e~ (35)
H, + 0>~ - H,0 + 2e~ (6)
CO + 0%~ - CO, + 2e” (7)

According to the Nernst potential equation, the OCV of the cell is dependent on the

partial pressures of oxidant at the cathode side and fuels at the anode side. Since three
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fuel species ofCH,,H,, and COdirectly involved in electrochemical oxidations through
the reactions of (4) — (7), the OCV of the cell would be determined by these four
reactions in acombinational way. Theoretically, it has been demonstrated that the OCVs
for electrochemical oxidations of H, andCO, and the full electrochemical oxidation of
CH, decrease with increasing operating temperatures while that for partial
electrochemical oxidation of CH, increases distinctly [156]. As demonstrated above, the
OCVs of the cell fueled with H, decreased from 1.01 to 0.94 V when the temperature was
increased from 600 to 800°C, which is consistent with the theoretical predictions.
WithCH, as fuel, the OCVs of the cell decreased from 1.02 to 0.967 V with increasing
the temperature from 600 to 800°C. This observation indicates that the OCVs contributed
by the full electrochemical oxidations of CHy, H,, and CO outperformed the contribution
from the partial electrochemical oxidation of CH,, and the latter is not a dominant
reaction in the anode. As mentioned above, the type of electrochemical oxidations of CH,
is dependent on the concentrations of gas species CH, and oxygen ion (02?7) atTPB sites.
According to the reactions (4) and (5), when CH, concentration is relatively low while
that ofmobileO% near the TPB sites are relatively high, the full oxidation of C H,would
occur; in other extreme situations of high CH, concentration and low concentration of
mobile 0%~ the partial oxidation of CH, could take place. We have experimentally
demonstrated that the microtubular substrate with radially well-aligned microchannels
facilitates facile gas diffusion and is able to obtain very high gas permeability [61, 109].
Accordingly, sufficiently high CH, concentration would be maintained in the anode
functional layer. Since the full oxidation of CH,in combination with the oxidations of H,,

and CO outperformed the partial oxidation of CH, in the anode functional layer, as
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demonstrated by the OCVs of the cell, it is reasonable to assume that sufficient oxygen
ions are available for these reactions at the TPBs in the anode functional layer. This
indicates the good oxygen storage capacity and catalytic property of the Zr0.1SDC phase,
which is consistent with the above understanding of Zr doped SDC material.

When CH, is directly utilized as fuel for SOFCs, carbon could be generated through
three reactions, including direct cracking of CH,, Boudouard reaction, and hydrogenation,

in particular,

Direct cracking of CH4:CH, < 2H, + C (8)
Boudouard reaction: 2C0 < CO, + C 9
Hydrogenation: CO + H, & H,0 + C (10)

The reaction of CH, direct cracking is usually obtained byNi's excellent catalytic activity.
For the studied microtubularcell, the Ni phase is confined within the thin Ni current
collector layer and Ni-Zr0.1SDC anode functional layer. Since H,0 and C O,areproduced
onlyin the thin anode functional layer through electrochemical oxidization of fuels, which
facilitates the reforming reactions of CH,and water gas shift reaction, it is less likely for
direct C H, cracking(reaction (8)) to occur in the thin Ni-containing layers. Therefore,
carbon could be produced only through the Boudouard reaction (9) and hydrogenation
(10). When the concentrations of H,0 and CO, arerelatively high, which is usually the
case in the thin anode functional layer, the backward reactions of (9) and (10) would be
favored. As a result, carbon accumulation would be inhibited in the anode functional
layer. This could be why the cell demonstrated very stable performance in the short-term
test when directly fueled with methane. Depending on various species concentrations, the

forward Boudouard reaction and hydrogenation could still occur in the YSZ

106



microstructure substrate, and carbon could be built up in the substrate and current
collector region near microchannels. This understanding is also consistent with the above

EDS results of carbon element distribution.

5.4 Conclusions

A family of NiO 50%-Ce0.8-xSm0.2Zrx02-650% in weight (x = 0.0, 0.05, 0.10, 0.15,
0.20) anode composite powders were successfully synthesized using urea combustion
method in one pot. The Zr doping effects were systematically studied using symmetric
cells in a reducing atmosphere at elevated temperatures. The Zr doping level of x = 0.1
that minimizes the anodic polarization resistance of the composite anode was identified.
Microtubular YSZ substrate was fabricated using an in-house built spinning extrusion
system, featuring radially well-aligned microchannels open at the substrate inner surface.
Built upon the fabrication of thick YSZ substrate, thin layers of NiO current collector,
NiO-Zr0.1SDC anode, YSZ/SDC electrolyte, and LSCF cathode were sequentially
fabricated through dip-coating/sintering process alternatively, forming a microtubular cell
of YSZ substrate/NiO/NiO-Zr0.1SDC/YSZ/SDC/LSCF. The cell exhibited the peak
power densities of 602 and 456mWcm™ at 800°C when ambient air was used as an
oxidant, and humidified hydrogen and methane were used as fuel, respectively. The cell
also exhibited very good performance stability in the26hrs short-term durability test at
700°C near the condition of peak power density output when directly fueled with methane.
The capability of carbon deposition prevention was achieved through a synergistic
combination of oxygen storage and catalytic properties of the Zr0.1SDC phase in the
anode functional layer and novel architecture design of the cell. The fundamental

mechanisms for carbon suppression are analyzed.
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Table 5.1 Open circuit voltage (OCV), ohmic resistance (Ronm), polarization resistance
(Rp), maximum power density (MPD) of the single cell in hydrogen at different

temperatures.

Temperature / °C | 800 750 700 650 600
OCV/V 0.94 0.96 0.988 1.00 1.01
MPD / mWem? | 602 500 385 272 204
ohm/ Q cm? 0.25 0.46 0.71 0.82 0.93
R, / Q cm? 0.23 0.45 0.67 0.94 1.12
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Table 5.2 Open circuit voltage (OCV), ohmic resistance (Ronm), polarization resistance
(Rp), maximum power density (MPD) of the single cell in methane at different
temperatures.

Temperature 800 750 700 650 600
/ °C

OCV/V 0.967 0.98 1.00 1.01 1.02
MPD / mWem™ | 456 384 327 259 173
Rohm/ Q cm? 0.45 0.52 1.05 1.57 1.98
R, / Q cm’ 0.47 0.51 0.89 1.23 1.43
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Figure 5.1(a) XRD patterns of synthesized NiO-ZrxSDC powders in the 20 range of 20-
80°. (b) XRD patterns of the powders in the 20 range of 54-58°.
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Figure 5.2 SEM images of the synthesized NiO-ZrxSDC powders. (a) x=0.05, (b) x= 0.10,
(c) x=0.15 and (d) x=0.20.
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Figure 5.4 (a) SEM cross-sectional image of as-prepared porous YSZ supported single
cell. (b) Enlarged SEM image of local area marked with the red circle in (a).
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Figure 5.8 SEM and EDS images of the single cell after stability measurement. (a) Cross
sectional SEM image of the single cell. (b) EDS mapping ofNi. (¢) EDS mapping of C. (d)

EDS mapping of Zr. (e)Location for line EDS characterization and C, Zr, Ni line EDS
spectrum.
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CHAPTER 6

SUMMARY

Oxygen is very important in modern industries because it makes carbon dioxide which
is an emission gas generated from the combustion process to be collected for the usage of
other industries or further sequestration. As a result, it can prevent the direct release of

emission gas as a greenhouse gas.

Using mixed ionic and electronic conducting (MIEC) dense ceramic membrane to
separate oxygen from the air has received widely great attention due to its simple, cost-
effective operation. It has become one of the important technologies in energy generation
based on clean combustion when combined with gasification combined cycle, oxygen

enrichment, oxyfuel, decarbonized fuel, gas to a liquid, etc.

Planar and tubular types are widely used as configurations in oxygen permeation
membranes. The planar design is easy to manufacture but requires a long sealing length
bringing up sealing problems. The tubular design exhibits great advantages of short
sealing length and good thermal shock resistance. Especially, micro-tubular type
demonstrates a high surface to volume ratio that may effectively increase the volumetric
density of oxygen permeation flux. However, challenges in fabricating process of tubular
design, particularly for miniaturization designs where the diameters of a millimeter or

sub-millimeter scale. In the past few years, the slurry spinneret technology in
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combination with phase inversion method has been developed to fabricate hollow fiber

membranes successfully.

Despite all these great advantages, the current membrane developments either show
high permeability but poor stabilities or great robustness and durability but low oxygen
permeation performance. The intrinsic material brittleness limits the mechanistic strength
of the membranes, therefore their robustness and stability. This limits the upscaling
ability of hollow fiber membranes for compact stack/module development. It is necessary
to improve the mechanical strength of individual hollow fiber membranes. One potential
method is to use composite materials for hollow fibers for instance simple metal oxides.
However, the addition of simple metal oxides may decrease the effective conductivity of
the membrane for charge transport. In this dissertation, a composite hollow fiber-
supported thin film membrane with a configuration of LSCF-ZnO7525/LSCF dense
functional layer/PBCFZY porous catalytic layer was fabricated. Composite hollow fiber
support improves the mechanical strength of the membrane, and the thin film membrane
overcomes the issue possibly induce by a composite hollow fiber substrate. The
performance and long-term stability of the membrane are systematically measured and
characterized. Results indicate that ZnO addition to the hollow fiber substrate can not
only decrease the sintering temperature for thin film densification but also enhance the

mechanical strength, and robustness leading to great stability.

For practical applications, the assembly of the membrane stack was also studied.
Current assembly techniques are cantilever-like assembly strategy and bundle strategy.
The cantilever-like can prevent mechanical loads from applying on hollow fiber

membranes but one side port of membranes needs to be closed end for operation,
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confining the stack operating vacuum mode only. The bundle strategy is to bundle
individual membranes together with porous ceramic material, significantly enhancing the
mechanical strength. However, the porous material used to bundle membranes will
increase the resistance for gas diffusion between bundle circumference and individual
membranes in the bundle leading to deteriorating oxygen permeation performance.
Furthermore, the sealing issue becomes more prominent at the stack level due to the
increased sealing length. For easy gas-tight sealing, the low-temperature sealants of
epoxy resin or silicon were typically used for stack. These materials must be located out
of hot zone to avoid high-temperature conditions. Consequently, only a small portion of
the membranes play a role of oxygen permeation. Given high capital cost of membrane
materials, ideally, the full length of hollow fibers in the stack should be able to participate
in efficient oxygen permeation. This requires that the full length of hollow fibers and
therefore the sealing portion be confined in hot zone. This further implies that hollow
fibers in the stack should be strong enough to support various loads and sealing portions

should be reliable in harsh temperature conditions.

The membrane stack was developed using hollow fiber substrate-supported thin film
membranes. Three membranes were used for the stack assembly. The improved
mechanical strength with composite substrate allows assembling hollow fiber membranes
individually in parallel to form a membrane stack. The reliable sealing strategy by
combining ceramic paste with adhesive ink enables direct operations of the stack
including the sealing portions in a hot zone. Results indicate excellent chemical

compatibility among involved materials and microstructural stability of individual hollow
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fibers in the stack as well as reliable sealing portions. Also, the membrane used in this

study is applicable for stack development with the bundle and cantilever-like strategies.

Solid oxide fuel cell (SOFC) has attracted considerable attention due to their high
efficiency, low pollutant emission, and fuel flexibility. Due to the use of all solid oxide
materials, the operating temperature of SOFCs is high (>800°C), and hydrocarbon fuel
can be directly utilized without reforming. However, the high catalytic activity of Ni in
anode can lead to carbon deposition when running in hydrocarbon fuel. This will
deactivate active reaction sites, restrict gas flow, and damage microstructures, overall
leading to severe degradations in anode performance and long-term stability. To improve
the performance stability of the single cell in methane fuel, a synergic strategy is
employed to design anode electrodes. Zr is incorporated into CeosSmo20>-5 lattice to
tailor oxygen storage and catalytic properties of Ni-Ceos.xSmo.2ZrxO2.5 anode for
improving electrochemical oxidation of various fuel species. And an inert thick YSZ
microtubular substrate with radially well-aligned microchannels open at the inner surface
supports multi-thin functional layers of the cell. The thick YSZ substrate inhibits the ratio
of fuel to product gases in the thin anode functional layer, which favors the prevention of
carbon buildup in the thin anode layer when synergistically combined with Ni-Ceos-
Smo2Z1xO2-5 anode material. Results exhibited very good performance stability for 26hrs
short-term durability test at 700°C near the condition of peak power density output when
directly fueled with methane. The capability of carbon deposition prevention was
achieved through a synergistic combination of oxygen storage and catalytic properties of

the ZrSDC phase in the anode functional layer and novel architecture design of the cell.
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This dissertation has successfully fabricated and characterized asymmetric hollow
fiber-supported thin film membranes for oxygen separation from air and solid oxide fuel
cell in methane fuel. The membrane performance is greatly enhanced and showed
excellent long-term stability even under harsh thermal cycling stability. Furthermore, a
stack was successfully developed using the fabricated membranes. The improved
mechanical strength with composite substrate allows the assembling of hollow fiber
membranes individually in parallel to form a membrane stack. The membrane stack
showed great oxygen permeation flux, as well as excellent long-term stability, showing

the applicable stack development of this study.

Also, the single cell for solid oxide fuel cell (SOFC) was successfully fabricated to
improve the performance stability in methane fuel. The thick YSZ substrate with radially
well-aligned microchannels open at the inner substrates and the Ni-ZSDC anode
synergistically combined which favors the prevention of carbon buildup in the thin anode
functional layer. The cell exhibited very good performance stability and showed the

capability of carbon deposition prevention was achieved.
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