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Abstract. This paper outlines the development status, issues, and applications of several solid electrolyte electro-
chemical devices currently being developed by Ceramatec and its partners. Ceramatec and its commercial partner
Air Products and Chemicals, Inc., (APCI) have successfully developed and demonstrated an electrochemical device
that utilizes a ceria-based, solid electrolyte to separate oxygen from air [1, 2]. Other oxygen separator projects
utilize ion transport membrane(s) (ITM) composed of mixed ionic and electronic conductors to transport oxygen
ions across the membrane by means of a pressure differential driving force to generate high purity oxygen or a
chemical reaction driving force to produce synthesis gas from methane (ITM Syngas).

Ceramatec, in partnership with SOFCo, demonstrated kilowatt class solid oxide fuel cell (SOFC) stacks operating
on a variety of fuels such as pipeline natural gas and reformed diesel. Ceramatec is presently working with Cummins
and SOFCo to develop low cost modular fuel cells under the Department of Energy’s Solid-state Energy Conversion
Alliance (SECA) initiative. Some of Ceramatec’s other programs are focused on development of gallate electrolyte

based fuel cells [3] and metallic bipolar plates [4] for lower temperature operation.
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1. Introduction

Ceramatec and its commercial partners have been de-
veloping ITMs for a wide range of applications. This
paper outlines the status of oxygen ITMs and devices
being developed, demonstrated, and commercialized
for the following applications: (1) Electrolytic oxygen
separation using ionically-conducting ITMs; (2) Gal-
vanic oxygen separation using ionically-conducting
ITMs for SOFCs; (3) Pressure-driven oxygen sepa-
ration using mixed-conducting (electronic + ionic)
ITMs; (4) Chemical synthesis combined with oxygen
separation using mixed-conducting ITMs.

2. Electrolytic Oxygen Separation using
Ionically-Conducting ITMs

Ceramatec and APCI have significant experience de-
veloping ceramic solid electrolyte oxygen separa-
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tion (SEOS) devices [5-14]. The SEOS technology
is based on the principle of oxygen ion migration
through a dense ceramic electrolyte membrane un-
der the influence of an externally applied electri-
cal potential. Removal of the oxygen product from
the anode side of the electrolyte membrane results
in the continuous production of pure oxygen. The
SEOS process utilizes an electrochemical stack [11]
fabricated from high-temperature conductive ceramic
materials to produce high purity oxygen at elevated
pressure from a feed stream of ambient pressure
air.

2.1. lonically-Conducting ITM (Electrolyte)

The SEOS solid electrolyte is based on cerium oxide,
with dopants added to enhance both ion transport and
membrane processability. The device must be operated
at temperatures above approximately 600°C to achieve
sufficient oxygen ion conductivity through the elec-
trolyte. At these temperatures, doped ceria exhibits a
significant performance advantage over zirconia-based
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materials. For example, the conductivity of Gd-doped
ceria at 800°C is about 0.1 S/cm, and is approxi-
mately one order of magnitude higher than that of YSZ
[15, 16]. The use of a ceria-based electrolyte can be
problematic in some electrochemical applications due
to the tendency of CeO, to undergo reduction from
Ce** to Ce*" under reducing conditions [17], but this
is not the case for SEOS applications as oxidizing en-
vironments are present on both the anode and cathode
sides of the electrolyte.

The ionic conductivity of pure ceria is negligible.
Incorporation of divalent and trivalent dopants into
the fluorite CeO, structure increases the concentra-
tion of oxygen ion vacancies, as required by over-
all charge neutrality. A wide variety of dopants have
been evaluated for improving the ionic conductivity
of ceria [18]. The strongest enhancement to the ionic
conductivity of ceria appears to result from doping
with rare earth oxides, of which gadolinia and samaria
have been reported to yield the best results. For ex-
ample, the reported ionic conductivity of these mate-
rials at 800°C is approximately 0.08 S/cm [15]. The
presence of silica and other contaminants influence the
dopant level required for optimum ionic conductivity
[19].

A commercially viable electrolyte must be dense
(greater than 95% of theoretical density) and have no
connected through porosity. In addition, an electrolyte
composition that requires a sintering temperature above
1600°C to attain a high density adds additional cost
and complexity to the manufacturing process making it
commercially impractical. Therefore, “sintering aids”
may be employed to lower sintering temperatures while
still attaining the required high density without com-
promising performance. For rare earth-doped ceria, ti-
tanium oxide is an effective sintering aid. Additional
details about ceramic processing methods employed
for the manufacture of the electrolyte can be found
elsewhere [1].

2.2. Electrodes

The oxidation and reduction reactions are promoted
by the use of bifunctional, porous perovskite elec-
trodes, which together with the electrolyte, form an
electrochemical cell. The electrodes are specifically
chosen for their ionic and electronic conductivity
and catalytic activity. One class of electrode mate-
rial that can satisfy the principal requirements is lan-

thanum strontium cobaltite. This powder was made
into an ink with appropriate solvents and applied to the
electrolyte by conventional screen printing or similar
methods.

Electrochemical impedance spectroscopy (EIS) was
employed to evaluate the ohmic and non-ohmic con-
tributions to the resistance of an operating electro-
chemical cell (electrolyte plus electrodes). EIS test
data have established cell performance over thou-
sands of hours and have enabled optimization of elec-
trolyte and electrode characteristics. Operational data
for cells was obtained based on Sr-doped and rare
earth-doped ceria electrolyte at 750°C. In these ex-
periments, cells were fabricated with varying elec-
trolyte thickness, and the ohmic component of the
area specific resistance (ASR) was determined as a
function of electrolyte thickness. The ionic conduc-
tivity of the rare earth-doped ceria was 0.059 S/cm
and was superior to that of the Sr-doped ceria at
0.044 S/cm.

2.3. Interconnects and Stacks

Each electrochemical cell is in contact with a dense
interconnect made from an electronically conductive
perovskite material. The cell-interconnect subassem-
bly is termed a couple and is the repeat unit for con-
structing a SEOS stack. The interconnects conduct
electronic current through the stack and provide the
mechanical support for a planar ITM SEOS device.
Interconnects, like all stack materials, must be care-
fully selected to meet criteria for thermal expansion
match, chemical compatibility, and mechanical robust-
ness, as well as for ionic and electronic conductivity.
Each interconnect is featured to provide appropriate
passages for the feed and product streams. In con-
trast to the electrolyte, the interconnect must be an
ionic insulator and an electronic conductor. Addi-
tional details regarding the development of the per-
voskite interconnect materials can be found elsewhere
[20, 21].

2.4.  Couple and Stack Seals

The repeat units (couples) of the ITM SEOS stack,
connected electrically in series, must be sealed on the
anode (oxygen) side to form connected, gas-tight pas-
sages for the oxygen product. The development of ro-
bust seal materials, designs, and processes are critical



to the long-term performance and reliability of a SEOS
stack and have been discussed in detail elsewhere
[1, 12, 13].

2.5. Stack Performance

SEOS stacks comprising multiple cells in a planar
configuration have demonstrated excellent electro-
chemical performance and stability, mechanical in-
tegrity, and the capacity to produce high purity oxy-
gen over thousands of hours. SEOS 3-cell stack have
been tested for more than 20,000 hours with rela-
tively low degradation rates of less than 0.5% per
1000 hours.

The theoretical oxygen production in a stack is de-
termined by the Nernst equation [22]. Previous results
[1] from 3-cell test stacks show excellent agreement
between the actual oxygen production rate and the
theoretical prediction. SEOS stacks can be operated
using either a voltage or current controller to directly
regulate the rate of production of oxygen molecules.
This feature allows precise and simple control of
gas-flow rates. The response times are instantaneous,
compared to the much slower separation mechanisms
inherent in molecular sieve and cryogenic distillation
technologies.

Analytical techniques employing a high sensitivity
discharge ionization detector have indicated a purity of
greater than 99.99% for oxygen produced by a SEOS
stack. Other tests indicate that feed stream contami-
nants, including live chemical agents, are not found in
the oxygen product stream or in the oxygen-depleted
air stream. Similar results would be expected for other
carbonaceous contaminants, such as hydrocarbons and
biological agents. The chemical analysis results indi-
cate that SEOS technology is capable of producing
ultra-high purity (>99.9%), sterile oxygen from air at
either atmospheric pressure or reduced pressure (e.g.,
air at high altitudes). Oxygen generated by SEOS de-
vices will be free of moisture, oils and hydrocarbons,
solid particulates, bacteria and biological agents, and
all chemical gases and/or agents found in air because
only oxygen ions are transported through the ITM
and because the membrane operating temperature is
high.

One or more electrochemical stacks are integrated
with a thermal management system, air mover, power
supply, and control systems to form a SEOS oxygen
generator. Additional details regarding the design and
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implementation of the balance-of-device components
have been described elsewhere [1].

3. Galvanic Oxygen Separation using Ionically-
Conducting ITMs for SOFCs

SOFC:s utilize oxygen ion ITMs as part of a galvanic
cell to produce electricity from fuel, while SEOS
technology utilizes oxygen ion ITMs as part of an
electrolytic cell to produce oxygen using electricity.
Yttria-stablized zirconia (YSZ) has high oxygen ion
conductivities at high temperatures (800 to 1000°C).
Operation of a fuel cell at such high temperatures
increases the complexity and cost of SOFC devel-
opment, components, and balance of device. Thus,
lowering the operating temperature will likely provide
a more expeditious route to commercialization of
SOFC-based power systems. An intermediate operat-
ing temperature range (600 to 800°C) allows the use of
lower cost materials in both the stack and the balance
of plant, significantly reduces potential deleterious
materials interaction, and extends the useful stack life.
When the operating temperature is in the range of 600
to 700°C, it is also possible to reform hydrocarbon
fuels within the stack. The endothermic nature of this
reaction provides a significant cooling effect, thereby
reducing the parasitic losses associated with excess air
requirements for stack cooling.

3.1. Electrolyte for SOFCs Operating at
Intermediate Temperatures

The operating temperature of SOFC is largely gov-
erned by the electrolyte material. Electrolyte materials
such as doped bismuth oxide or doped ceria exhibit
superior ionic conductivity over YSZ at lower temper-
atures [16]. However, the material instability of bis-
muth oxide and the mixed conduction of ceria under
fuel gas conditions are difficult to overcome. Sr and
Mg doped LaGaO; (LSGM) has been shown to have
an ionic conductivity at 800°C equivalent to that of
YSZ at 1000°C. Unlike other materials possessing a
high oxygen ion conductivity, lanthanum gallate is sta-
ble in both fuel and air. Ishihara et al., reported a power
density of ~0.35 W/cm? at 800°C in single cells [23].
Goodenough et al. [24, 25] have reported extensive ma-
terials characterization information.

The degradation of the electrochemical perfor-
mance of LSGM-based cells limits its use by SOFC
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developers. The degradation of LSGM single cells oc-
curs primarily at the anode-electrolyte interface. The
formation of an insulating phase, LaNiO3, at the anode—
electrolyte interface is the likely cause of degradation
[25]. In addition to long-term stability, the reactivity of
the anode and electrolyte limits the cell fabrication op-
tions. For example, an anode-supported thin electrolyte
approach that has been successfully demonstrated in
zirconia-based cells cannot be readily employed. To
date, only electrolyte-supported cells have been fabri-
cated for cells with gallate electrolyte. A zirconia ma-
trix supported thin gallate electrolyte has been reported
[26]. Again, the reactivity with zirconia to form a lan-
thanum zirconate insulating phase at the interface is of
concern.

Ceramatec’s technical approach is to understand the
temperature limits of the anode—electrolyte reaction
and modify the anode material to mitigate such reac-
tions. In sintering studies using powder mixtures of
LSGM and NiO, we found that both the severity of the
reaction and the nature of the second phase depends on
the reaction temperature. At 1250°C, the reaction phase
formed was LayNiOy4, while the predominant phase
at 1350°C was LaNiOs. A chemical modification to
the anode reduced the reaction considerably [27]. The
modified anode composition is also shown to perform
equivalent to standard NiO-based anode. Recent focus
has been to lower the sintering temperature of LSGM
electrolyte material and evaluating sintering of anode-
electrolyte bi-layers.

3.2.  Interconnects for SOFCs Operating at
Intermediate Temperatures

Similar to interconnects for the SEOS oxygen gen-
erator, SOFC interconnects must simultaneously sat-
isfy several functional requirements. The challenges
in interconnect development must be addressed using
a combination of materials, processing, and design in
order to achieve low cost and high performance. In
contrast to conventional monolithic interconnects, Ce-
ramatec has developed a compliant interconnect design
[28]. The design allows separation of the structural and
electrical functions, enabling selection of materials best
suited to each function and atmosphere. Interconnect
materials must have high electronic conductivity for the
series electrical connection of individual cells, gas im-
permeability to separate fuel and oxidant gases, chem-
ical stability and conductivity over a large oxygen con-

centration range. In addition, thermal expansion match
with the rest of the cell elements is desired. A metallic
interconnect is very suitable for achieving high electri-
cal conductivity and gas impermeability. It also lends
itself to ease of fabrication of gas channels and elimi-
nates problems associated with the non-conformity of
planar components. The high thermal conductivity of
metal interconnects will help distribute the heat gener-
ated during the operation of the cell, thereby lowering
the cooling air requirement as well as improving tem-
perature uniformity.

The use of metal interconnects poses considerable
challenges. Typical austenitic or ferritic materials un-
dergo rapid corrosion at the temperatures of SOFC op-
eration, leading to large and unacceptable increases in
resistance. While high Cr alloys match the thermal ex-
pansion coefficient of zirconia, the evaporation of Cr
species degrades SOFC performance [29]. To mitigate
this problem, the metal interconnect was coated with a
perovskite such as lanthanum manganite or chromite,
which imparts oxide scale conductivity and suppresses
the Cr evaporation. We found that ferritic alloys that
form a Cr, O3 scale offer good oxidation resistance with
appropriate surface treatment, permitting their use in
SOFC applications.

Surface treatment of the native metal surface along
with controlled oxidation was found to provide two
benefits: well-adhered oxide scale and a significant re-
duction in oxide scale growth rate. The oxide scale was
also found to provide an intimate interface with the
perovskite coating that was applied and heat treated
in a subsequent operation. Using the best combination
of treatments and coatings appropriate for the anode
and cathode atmospheres, the resistance of coupon cou-
ples was measured in air and in humidified hydrogen.
In humidified hydrogen, the resistance is well below
1 milliohm-cm? while in air it is less than 10 milliohm-
cm?. Additionally, the coupon couples have been sub-
jected to several thermal cycles and were found to ex-
hibit good stability.

4. Pressure-Driven Oxygen Separation using
Mixed-Conducting ITMs

The ITM oxygen process uses mixed-conducting
ceramic membranes that have both electronic and oxy-
gen ionic conductivity when operated at high tem-
perature, typically 800 to 900°C. Under the influ-
ence of an oxygen partial-pressure driving force, the



ITM Oxygen process achieves a high-purity, high-flux
separation of oxygen from a compressed-air stream.
Thin-film, multi-layer membrane structures capable
of supporting the pressure load have been success-
fully developed. Additional details regarding materi-
als, structures, processes, applications and integration
appear elsewhere [30-36]. The process operating con-
ditions are a medium-pressure (100 to 300 psig) air feed
stream and a low-vacuum oxygen permeate stream.
By integrating the energy-rich, oxygen-depleted, non-
permeate stream with a gas turbine system, the ITM
Oxygen process becomes a co-producer of high-purity
oxygen, power, and steam.

The ITM Oxygen project team includes Air Prod-
ucts and Chemicals, Inc., Eltron Research, Inc., Ce-
ramatec, Inc., ChevronTexaco Inc., Concept NREC
Inc., McDermott International, Inc., The Pennsylva-
nia State University, and the University of Pennsyl-
vania. The goal of the three-phase program is to re-
duce the cost of oxygen production by approximately
one-third compared to conventional, competing tech-
nologies and demonstrate all necessary technical and
economic requirements for commercial scale-up. The
3-phase ITM Oxygen project will develop, scale-up,
and demonstrate a novel air separation technology for
large-scale production of oxygen from air with the co-
production of power, and for the integration of ITM
Oxygen with IGCC and other advanced power gener-
ation systems.

4.1. ITM Oxygen Membranes

The ITM Oxygen process uses nonporous, mixed-
conducting ceramic membranes that have both elec-
tronic and oxygen ionic conductivity when operated
at high temperature, typically 800 to 900°C. The
mixed conductors are complex formulations of inor-
ganic mixed-metal oxides (e.g. perovskites such as
(La,Sr)(Fe,Co,Cu)03_,) that are stoichiometrically de-
ficient of oxygen, causing a distribution of oxygen
vacancies in their lattice. Oxygen from the air feed
adsorbs onto the surface of the membrane, where it
dissociates and ionizes by electron transfer from the
membrane. The oxygen anions fill vacancies in the
lattice structure and diffuse through the membrane
under an oxygen chemical-potential gradient, applied
by maintaining a difference in oxygen partial pres-
sure on opposite sides of the membrane. Meanwhile,
an internal electronic countercurrent accompanies the
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oxygen anion transport. At the permeate (exit) sur-
face of the membrane, the oxygen ions release their
electrons, recombine, and desorb from the surface as
molecules. Since no mechanism exists for transport of
other species, the separation is 100% selective for oxy-
gen, in the absence of leaks, cracks, flaws, or connected
through-porosity in the membrane.

The solid-state diffusion of oxygen anions through
mixed conductors is well-documented in the literature.
The ratio of oxygen partial-pressure on the feed side to
the exit (permeate) side of the membrane is the driv-
ing force for the oxygen flux. The inverse relationship
between oxygen flux and membrane thickness requires
that ITM Oxygen components comprise thin-film struc-
tures capable of supporting the pressure differential
necessary to develop the oxygen partial-pressure driv-
ing force.

5. Chemical Synthesis Combined with Oxygen
Separation using Mixed-Conducting ITMs

The ITM Syngas Team led by Air Products and Chem-
icals and including Ceramatec, ChevronTexaco, El-
tron Research, McDermott Technology and other part-
ners, in collaboration with the U.S. Department of
Energy, is developing ceramic Ion Transport Mem-
brane (ITM) technology for the production of synthe-
sis gas and hydrogen from natural gas. The ITM Syn-
gas technology is in the fifth year and Phase 2 of a
co-funded $90 M, nine-year, three-phase development
program.

The ITM Syngas process combines air separation
and high-temperature syngas generation processes into
a single, compact ceramic membrane reactor, resulting
in significant savings when compared to conventional
technology. Additional details regarding the ITM Syn-
gas process and its advantages over other technologies
appear elsewhere [37—41]. In contrast to conventional
oxygen-blown Autothermal Reformer (ATR) processes
that require high-pressure oxygen typically supplied by
a cryogenic Air Separation Unit (ASU), the ITM pro-
cess uses low pressure air directly, resulting in signifi-
cant capital and operating cost savings.

5.1. ITM Syngas Membranes

ITM Syngas membranes are fabricated from non-
porous, multi-component metallic oxides that operate
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at high temperatures and have exceptionally high
oxygen flux and selectivity. The membrane struc-
ture incorporates a non-porous ITM and reduction
and reforming catalyst layers. The membrane material
must show long-term stability in reducing and oxidiz-
ing atmospheres, and long-term compatibility with the
reduction and reforming catalysts.

Stable ITM Syngas material compositions have
been successfully developed and planar membranes
have been fabricated from these materials. The
membranes are based on microchannel device de-
signs developed by Air Products, Ceramatec, and
McDermott and are fabricated at Ceramatec using
methods that provide good scalability for commer-
cial application. Laboratory-scale membranes have
been used extensively to evaluate the properties
and performance of candidate ITM materials devel-
oped by Air Products, Ceramatec, and Eltron Re-
search. Several generations of ITM Syngas material
compositions have been evaluated and compositions
that achieve the commercial flux targets have been
identified.

Development activities at Ceramatec have also fo-
cused on the implementation of fabrication processes
to produce large area membranes. These activities have
led to a rapid development of scalable fabrication pro-
cesses and a nearly 200-fold increase in the area of
membranes that can be fabricated.

6. Conclusions

Significant progress has been made to develop the
four oxygen ion ITM technologies covered in this pa-
per. The SEOS point-of-use oxygen generator tech-
nology is closest to commercialization as prototypes
have been produced and demonstrated to provide out-
standing long-term performance for several years. Ef-
forts to establish a medium-temperature SOFC with
gallate-based electrolyte and metal interconnects look
promising. These technologies are critical enabling
technologies for future SOFCs. ITM Oxygen and
ITM Syngas technologies continue to make good
progress as membrane modules and seal assemblies
have been fabricated and tested and ceramic fab-
rication scaleup is continuing the progression from
lab-scale to full-size membranes. Excellent progress
continues to be made against the remaining technical
challenges in the demonstration and scale-up of all ITM
technologies.
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