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a bstra ct

The paper presents recent advances in Poland in the field of high temperature fuel cells. The achievements in the materials development,
manufacturing of advanced cells, new fabrication techniques, modified electrodes and electrolytes and applications are pre-sented. The work of the
Polish teams active in the field of solid oxide fuel cells (SOFC) and molten carbonate fuel cell (MCFC) is presented and discussed. The review is
oriented to-wards presenting key achievements in the technology at the scale from microstructure up to a complete power system based on
electrochemical fuel oxidation. National efforts are covering wide range of aspects both in the fundamental research and the applied research. The
review present the areas of (i) novel materials for SOFC including ZrO,-based elec-trolytes, CeO,-based electrolytes, Bi,O3; based electrolytes and
proton conducting electro-lytes, (ii) cathode materials including thermal shock resistant composite cathode material and silver-containing composites,
(iii) anode materials, (iv) metallic interconnects for SOFC, (v) novel fabrication techniques, (vi) pilot scale SOFC, including electrolyte supported SOFC
(ES-SOFC) and anode supported SOFC (AS-SOFC), (vii) metallic supported SOFC (MS-SOFC), (viii) direct carbon SOFC (DC-SOFC), (ix) selected
application of SOFC, (x) advances in MCFC and their applications, (xi) advances in numerical methods for simulation and optimization of
electrochemical systems.

Keywords: SOFC, MCFC, Experiments, Simulations, Fabrication techniques
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Introduction

High temperature fuel cells offer great promise for efficient
power generation in various applications such as: residential
systems, stationary commercial power generators, auxiliary
power supply units, micro- and small-propulsion systems.

High temperature fuel cells comprise of the two tech-
nologies — molten carbonate fuel cells (MCFC) and solid
oxide fuel cells (SOFC). The former currently enjoy a strong
position, as is demonstrated by a 59 MW fuel cell park in
Hwasung City in South Korea; the latter are still in the
phase of subsidized commercialization. Attempts of
commercialization of the SOFC were initiated in the 1990s
with successful demonstration of the operating multi-kWt-
class tubular stacks by Westinghouse (then Sie-
mens—Westinghouse) [1,2]. However, tubular design cannot
reach neither acceptable fabrication costs, nor substantial
efficiency, while patented ECVD technology (for example
Ref. [3] and related) cut-off potential competitors. Break-
through in SOFC both performance and costs was made by
fabrication of the anode-supported planar cells [4]. This
design substantially shift technological requirements from
unique to industrial-grade equipment and allows to employ
technologies of mass production, like screen-printing and
tape-casting, for fabrication of the cells. As well, gradual
decrease of the thickness of a gas-tight electrolyte mem-
brane resolves the problem of moderate ionic conductivity
in stabilized zirconia electrolytes. Present best cells avail-
able on market offer sufficient performance at temperatures
about 650 °C [5], mainstream solutions include cells with
operating temperatures from 750 and higher [6]. Decrease of
the operating temperature allows to use metal in-
terconnects and housings, which, as well require special
protecting coatings to cancel evaporation of the chromium
compounds in cathodic gas flow and so-called cathodic
contact materials [7—10]. Last ones are necessary to
compensate imperfect plane-to-plane electric contact be-
tween cathode and interconnect [11]. Secondary positive
effect of the lowering of the operation temperatures is more
relaxed requirements to compatibility in thermal expan-
sion. As result, ELCOGEN offers cells with (La,Sr)CoO3
cathode, which demonstrated excellent conductivity, high
mobility of the oxygen and electrochemical activity [12].
Further decrease of the operating temperature allows usage
of the low-chromium steels [13], which will lead to reduc-
tion in fabrication costs and minimization of the problems
of chromium poisoning of cathodes. In general, one can
note that the key tendency in current SOFC developments is
drop of production costs to the level sufficient for com-
mercial production. Strategy of the attainment of this target
is based on optimization of the materials and technology for
fabrication of the anode-supported cells and on improve-
ment of structural elements of the stacks, including elabo-
ration of the cost-effective sealings and special coatings. As
it is shown below, Polish studies in SOFC area are con-
forming to this tendency and targeted substantially on
elaboration of the practical solutions for cost-effective fuel-
cell based energy generators.

Development of novel materials for SOFC
technology

Requirements for electrolyte, cathode, anode and
interconnect materials

Research in the field of electroceramic materials and devices
in Poland was launched back in the 1970s. Research into ZrO,-
based ceramic materials in Poland started at the Faculty of
Materials Science and Ceramics, AGH University of Science
and Technology in Krakow. While initial investigations were
related to mechanical aspects of these materials, the area of
study later extended to the transport properties of such ce-
ramics. The rapid development witnessed in both the theo-
retical and applied approach to ion conducting and mixed
ionic—electronic conducting materials was reflected by
intense exploration of this field in leading research centers
across Poland.

At the Department of Hydrogen Energy at AGH University
of Science and Technology activities in this field are directed
towards investigating the transport properties of non-
stoichiometric transition metal and lanthanide oxides as
candidate electrode materials and electrolytes for high tem-
perature solid oxide fuel cells (SOFC). Design and modeling of
useful properties of such materials demand basic knowledge
of physicochemistry of nonstoichiometric oxides, structure of
ionic and electronic defects, transport properties and mech-
anisms of charge transport.

In the international literature there are many works
dedicated to solid electrolytes and electrode materials, but
still there is a lack of basic investigations aimed at uncov-
ering and understanding the fundamental relations be-
tween crystallographic structure, the nature of ionic and
electronic defects related to nonstoichiometry in anionic
and cationic sublattices, doping levels, electronic structure
and transport properties, as well as catalytic activity. The
Department of Hydrogen Energy with its unique facilities in
Poland fills this gap. Its experience accumulated over the
years is being harnessed to design and tailor functional
properties of such materials on the basis of methods pro-
vided by defect chemistry, as used in nonstoichiometric
systems.

Studies of this type involve a multidisciplinary approach
and wide collaboration owing to the demanding requirements
a solid electrolyte has to meet, including:

¢ high ionic conductivity (>10"2S cm™?

e transference number for an active ion close to 1

e chemical long term stability in both highly reducing and
oxidizing atmospheres (10 *° atm < p, < 1 atm)

e chemical and thermo-mechanical compatibility towards
both electrode materials

o feasible fabrication of gas-tight thin ceramic membranes

e mechanical strength.

This is also true concerning electrode materials for high-
temperature applications, for which the following points are
of importance:
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« high mixed ionic—electronic conductivity (>100 S cm™)

with as high as possible ionic component, especially if

applied in the intermediate temperature range

high catalytic activity for the oxygen/fuel reactions for

cathode and anode materials, respectively

high temperature thermal and chemical stability in rela-

tion to other cell components in operating conditions

e stability against chromium poisoning in the case of usage
of Cr-containing interconnects

e CO, tolerance

e in the case of anode material, tolerance for carbon depo-
sition and sulfur poisoning when the cell is fueled by non-
hydrogen fuel

e adequate thermomechanical properties, thermal expan-

sion coefficient matched with that of the electrolyte and

interconnect

possibility of preparation of electrode layers with suitable

porosity, adhesion and mechanical strength

o lowest possible cost of fabrication

e environmental friendliness.

ZrO,-based electrolytes

Materials based on zirconium dioxide are currently the most
widely used solid electrolytes [14]. Introduction into ZrO,
structure of cations with a valence of lower than four causes
two effects that greatly affect its performance: stabilization of
the high-temperature phase, tetragonal and/or cubic, and
formation of oxygen vacancies responsible for the flow of
electric charges [15]. The level of ionic conductivity of solids of
this type is strongly associated with both the nature and
amount of the dopant cations. Materials with a cubic structure
achieve the highest conductivity if next conditions are met: a)
composition of the solid solution correspond to the minimum
amount of dopant sufficient to stabilize cubic lattice; b) dif-
ferences between the ionic radii of Zr(IV) cation and the
dopant ones are minimal [16]. This corresponds to the general
criterion of weaknesses in bonds in solid electrolyte structures
[17].
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Dependence of conductivity on a type of dopant cation
provides ample opportunities for modification of transport
properties of zirconia; usage of two kinds of doping cations is
one possible strategy for improving these properties [18]. The
authors of the work studied the influence of the chemical
composition on the electrical conductivity of solid solutions in
the Lay,03—Y,03—Zr0O,, CaO—-Y,03;—Zr0, and MnOx—Y,03—
Zr0, [19-22].

For the La,03—Y,05—Zr0, ternary oxide system, the total
molar concentration of dopants in zirconia was 16 mol%. It
was found that for the solid solutions with the cubic structure
an increase of lanthanum ions concentration led to rise of
activation energy of conductivity. As result, La-doped solid
electrolytes demonstrated higher conductivity at higher
temperatures, while at lower ones ionic transport found to be
hampered as compared to the YSZ [19].

Solid solutions in the CaO—-Y,03—ZrO, system were ob-
tained so that the amounts of the two cations were changed in
the whole range and levels of oxygen vacancies were 8, 10 or
12 mol%. For ceramics with 8 or 10 mol% oxygen vacancies
stability of the cubic phase depends on total concentration of
the dopants and their mutual proportions. In general, increase
of calcium content leads to the formation of the tetragonal
and monoclinic zirconia phase. Results of the Rietveld
refinement of the respective X-ray diffraction patterns
showed that the cubic zirconia structure leads to a local
network distortion — oxygen ions instead of the Wyckoff po-
sition 8c occupy the low symmetry positions 48g. As the solid
solutions are approaching a stabilization threshold of the
cubic phase, the shift of oxygen ions and their amount at the
positions 48g are increasing (Fig. 1). This means that in ma-
terials that are close to transformation of the cubic to tetrag-
onal phase a specific “loosening” of the anion sub-lattice takes
place and the effect is most pronounced in materials con-
taining 8 mol% oxygen vacancies.

The structural changes described above strongly influ-
enced the electrical properties of the investigated materials.
An increased calcium concentration in the zirconia solid
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Fig. 1 — Shift of oxygen ions from the position 8c to 48g (a) and occupancy of the position 48g by oxygen ions (b) in the

structure of the solid solutions in CaO—Y,03—Zr0O, [21].
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solutions increases the activation energy of conductivity,
although these changes do not occur linearly with the change
of chemical composition, Fig. 2. In the series with 8% oxygen
vacancies, a minimum of the activation energy is visible and it
is approx. 15% lower than in the zirconia stabilized only with
yttria.

Based on these results it can be concluded that the modi-
fication of conductivity of the Me,03—Y,03—ZrO, solid solu-
tions is associated primarily with some diversity of
dissociation energy of complex defects containing doping
cations and oxygen vacancies. Substitution of a small amount
of other cations for yttrium ones only causes changes in lattice
parameters of the zirconia cubic phase. Changes of a different
nature can be observed in the ternary MeO—Y,03—ZrO, sys-
tems. An incorporation of calcium ions in place of yttrium
ones causes several modifications, both microstructural and
structural, that significantly affect the ionic conductivity of
the materials. In the materials whose chemical composition
causes the cubic phase is close to the transformation to the
tetragonal one the observed structural changes may be
defined in terms of “loosening” the anion sub-lattice of the
cubic phase. In general, increase in the content of calcium
oxide in the zirconia solid solution leads to an increase in the
activation energy of ionic conductivity, but the materials near
the cubic to tetragonal phase transformation show local
reduction in the activation energy of conductivity and exhibit
the best conductivity.

Interaction of the “classic” (La,Sr)MnO; (LSM) cathode and
YSZ was a subject of the vast studies, targeted mainly on
elimination of the negative side-effects of co-sintering [23—25].
However, doping of the YSZ with MnO, may lead to positive
outcome [22]. In this case, increasing amounts of manganese
oxide were introduced in the zirconia solid solution stabilized
with 8 mol% Y,0s. A decrease in activation energy of conduc-
tivity and an increase in total conductivity were observed with
an increase of manganese oxide content, Fig. 3. These effects
can be attributed to electron conductivity, as confirmed by a
decrease in oxygen transference numbers as the manganese
content increased. This phenomenon can be used to form a
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Fig. 2 — Compositional changes of the activation energy of
ionic conductivity of the zirconia solid solutions in the
Ca0—-Y,03—ZrO, system [21].

thin layer, which is a mixed ionic—electronic conductor on the
surface of the zirconia solid electrolyte, thus reducing the
resistance of the electrode—electrolyte boundary.

CeO,-based electrolytes

Comprehensive studies related to the development of new
materials, especially the oxide electrolytes for IT-SOFCs (IT —
intermediate temperature) working in the 600—800 °C tem-
perature range, performed in J. Molenda's group [26—29],
yielded state of the art materials based on CeygSmg 2049 and
Cep8Gdo 2019 (Fig. 4), with a high ionic conductivity, ca.
10~ S cm " at 800 °C.

One crucial advantage of the designed electrolyte, in rela-
tion to the ZrO,-based one, is its very good chemical and
thermal compatibility in relation to the new generation,
perovskite-type cathode materials, based on Sr- or Ba-doped
LnMO3 (Ln — lanthanides; M — Mn, Fe, Co, Ni). Additionally,
thermal expansion coefficients of these materials are well-
matched in relation to high-chromium, ferritic steels used
for interconnectors. Multidimensional efforts made to achieve
the highest possible ionic (0?7) conductivity and to improve
resistance against reduction brought us to multiple ion doping
and simultaneous directed grain-boundary decoration by
transition-metal oxides for improved sinterability and ionic
conductivity due to scavenging from siliceous impurities and
control over space-charge effect.

Bi,03 based electrolytes

One of the main research areas in the Solid State Ionics Divi-
sion (SSID) at the Faculty of Physics Warsaw University of
Technology are oxide ion conductors for application as elec-
trolytes in solid oxide fuel cells (SOFC). The research studies in
this field are focused on the new electrolytic materials, which
could be an alternative for commonly used yttria stabilized
zirconia (YSZ). The new highly conducting, chemically and
thermally stable oxide ion conductor would allow to design
fuel cells operating in temperature range from 700 down to
500 °C, which is significantly lower than working tempera-
tures (800 °C and higher) of conventional high temperature
SOFC (HT-SOFC) based on YSZ.

The investigations carried out in the SSID are focused on
bismuth oxide based compounds, which show at intermediate
temperatures (400—700 °C) exceptional oxide ion conductiv-
ities, more than 10 times higher than YSZ used in SOFCs [30].
There is a concern about stability of these compounds at low
oxygen partial pressures as well as thermal stability: signifi-
cant conductivity decay of these compounds on annealing at
intermediate temperatures. However, the comprehensive
studies of the Wachsman group show that these drawbacks
can be overcome, mainly by proper doping of Bi,O3 as well as
by the use of bilayer design for electrolyte membrane, and as a
result bismuth oxide based electrolytes can be incorporated
into IT-SOFCs [31].

Crystal structure and electrical conductivity studies on the
new oxide ion conductors based on Bi,0s3, carried out in the
SSID, are mainly focused on determination of defect structure
and the mechanisms of ionic transport in these compounds.
For this purpose various experimental techniques and data
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Fig. 4 — Arrhenius plot of electrical conductivity of Ceo §Gdo 019 enriched with 1 wt.% NiO. Insets: isothermal evolution of
electrical conductivity as a function of gadolinium and NiO content.

analysis methods have been used, including a.c. impedance
spectroscopy, transference numbers measurements (using
modified EMF method, with external adjustable voltage
source), X-ray and neutron powder diffraction, computer
modeling. To characterize the short-range structure, i.e. co-
ordination environments of the cations and the oxide ion
vacancy ordering, the neutron total scattering and Reverse
Monte Carlo (RMC) simulations have been used. Bismuth
oxide based conductors are studied in close collaboration with
Dr I. Abrahams from Queen Mary University of London.

The parent compound, Bi,03, in the cubic fluorite 3-phase,
which is only stable above ca. 730 °C, exhibits the highest

oxide ion conductivity of any known solid [32]. Therefore,
numerous studies have been carried out to stabilize this phase
to room temperature by partial substitution of bismuth atoms.
Isovalent (Y3*, Yb*', Er**, La®*), supervalent (W®*, Nb**, Ta*,
Zr**, Ce*") and subvalent (Pb®") dopant cations, in respect to
Bi**, were tested in the SSID group. Also double substitution
systems were investigated with the bismuth atoms partially
substituted by the two of Nb, Y, Yb, Er, Zr or Ta cations. As a
result, apart from the fluorite type structure, number of pha-
ses was obtained including BIMEVOX type phase. BIMEVOX-es
are observed in the system Bi,03—V,0s—MEO (MEO = metal
oxide) and show exceptionally high conductivities at
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intermediate temperatures. The BIMEVOX-es are obtained by
partial substitution of V by other metal cations in the parent
compound, Bi;V,0;;. BIMEVOX-es show layered structure
consisting of alternating bismuth and vanadate layers. The
SSID group found out, that the stabilization of BIMEVOX-type
phase is governed by a combination of valence state of the
metal dopant cation and its preferred coordination. Based on
the proposed model of defect structure the theoretical solid
solution limit of BIMEVOX phase was calculated for various
metal dopant cations [33]. It was also shown, that the ionic
transport is limited only to defect vanadate layer and the
proposed transport mechanism is based on the ability of va-
nadium atoms to adopt various coordination environments
(Fig. 5). However, thermal stability investigations show sig-
nificant conductivity decay of BIMEVOXes during annealing at
working temperatures of IT-SOFCs.

It was shown, that for certain dopant types and concen-
trations, the fluorite type phase can be stabilized to room
temperature. In particular, in the double substituted systems
of the general formula BizNb,; _ ME,Oy (ME = Er, Yb and Y) the
3-Bi, 03 type phase was obtained in the wide range of substi-
tution levels, x, and wide range of temperatures. Neutron
diffraction studies reveal some superlattice peaks, which
reflect some ordering phenomena observed in the oxide ion
sublattice. However, character of the ordering is changing
with the composition: from the long-range ordering at low
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Fig. 5 — Oxide ion transport mechanism in the BIMEVOXes.

substitution levels to short-range ordering for high substitu-
tion levels.

X-ray and neutron diffraction crystallographic data was
analyzed using Rietveld method. The unit cell parameters,
crystallographic sites and their occupancies were determined
for different systems as a function of composition and tem-
perature. Changes in the lattice parameters with increasing
dopant concentration were explained on the basis of the dif-
ference in the ionic radii of bismuth and dopant cation. The
increase of the lattice parameter as a function temperature as
well as the change in thermal expansion coefficient at tem-
perature near 500 °C was observed for all of the studied
compounds. This change in the thermal expansion coefficient
was associated with the redistribution of oxide ions over
possible crystallographic sites, i.e. the increase of occupancy
of 8c site at the expense of 32f site. In fact such a redistribution
of oxide ions reflects the change of the vacancy ordering in the
oxygen sublattice [34,35].

The defect structure model was described and the trans-
port mechanism of the oxide ions in the studied system
BisNb; yME,O; » was proposed. The 32f site was found to play
a key role in the transport mechanism, since the 32f site is
located on the conduction pathway between two neighboring
oxide ion cavities and the energy barrier for oxide ion jumps
between 32f sites is smaller than between 8c sites (Fig. 6) [36].
Indeed, the activation energy, determined from the a.c.
impedance spectroscopy studies, for the compounds with
high 32f site occupancy is lower than in the systems with
dominating 8c occupancy [36].

The Rietveld and RMC analysis of neutron diffraction data
provides some information on the local environments of the
cations, but sometimes it is difficult to draw definite conclu-
sions, in particular when the scattering coefficients for cations
are similar. To determine the influence of particular type of
cations on oxide ion transport in the studied systems, the ab-
initio simulations have been carried out. In the case of BizYOg,
it was found that the average occupancy of oxide ion sites and
the residence time in these sites are increasing with the
number of dopant yttrium ions in the vicinity of these sites.

O oxideion @ oxide ion vacancy O bismuth/metal cation

Fig. 6 — Scheme of oxide ion movements in the bismuth
oxide based cubic fluorite type compounds.
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This reflects trapping mechanism of oxide ions in the yttrium
neighborhood [37]. In the case of Bi3NbO; compound the
opposite trend was observed, i.e. both the average occupancy
of oxide ion sites and the residence time are decreasing with
the number of niobium dopant ions in the vicinity of these
sites. Moreover, most of the oxide ion jumps were found to be
local, rotational motion around niobium ions rather than
long-range movements contributing to oxide ion diffusion
[38]. Since the ab-initio simulation shows high concentration of
oxide ion vacancies in the niobium surroundings, this phe-
nomenon has been defined as a trapping mechanism of oxide
ion vacancies in the vicinity of niobium cations. Both phe-
nomena, i.e. trapping of oxide ions in vicinity of yttrium ions
in BisYOg and trapping of oxide ion vacancies in vicinity of
niobium ions in BizNbO; would result in a significant decrease
of electrical conductivity in these compounds, compared to
undoped Bi,O3 as experimentally confirmed [37,38|.

Oxide ion transference numbers measurements exhibit
almost pure ionic conductivity of all studied bismuth oxide
based systems at temperatures higher than approx. 500 °C,
which is crucial for usage in the SOFCs [39,40]. Thermal sta-
bility studies show some conductivity decay during prolonged
annealing at working temperatures of IT-SOFCs. However,
doping of BizYOe with tungsten causes significant stability
increase: electrical conductivity of the compound with 10%
Y3+ substituted by W°" cations has retained 80% of initial
value after annealing at 650 °C for 1000 h, whereas in the case
of undoped compound the conductivity dropped to 10% of
initial value. It means that the thermal instability can be
significantly reduced by proper doping.

With a clear focus on superionic conductors (solid elec-
trolytes) in 2000, the Laboratory of Unconventional Energy
Sources of the Electrotechnical Institute in Wroclaw (IEL) was
founded, which continues to research ceramic materials for
use in SOFC (electrolytes, electrodes, construction materials
and sealing) ever since. It allowed to extend the scope and to
continue research related to SOFCs which was initiated in
1990s [41,42].

The last 10 years have seen increased interest in zirconium
oxide, with substantial progress noted in two key directions.
One is to adjust the capabilities of commonly used materials,
such as ZrO,, by doping it with, e.g., Sc and improving the
manufacturing technology to allow commercial scale pro-
duction of ceramic electrolytes in the form of very thin and
flexible layers. The second route is to develop a range of new
materials characterized by good ionic conductivity at tem-
peratures as low as 600—800 °C (usually these materials are
based on bismuth oxide or cerium).

The IEL focuses mainly on the latter path and so its
research is directed at the development of new medium
temperature electrolytic materials from the BIMEVOX family
(BI — bismuth, ME — metal doping, V — vanadium, OX — oxy-
gen). They are characterized by the presence of three crystal
phases a, B and y (depending on the temperature) of which
only one phase y has suitable ionic conductivity. However,
materials based on bismuth are quickly reduced and degraded
in the typical operating atmosphere of the fuel cell (due to
hydrogen). Therefore, the main research objectives are to
stabilize the y phase across a wide temperature range and
improve the stability of the electrolyte in the target

atmospheres. Research effort (PhD thesis [43], national and
international projects [44—47]) analyzed the impact of syn-
thesis and doping of the starting material BisV,044. The syn-
thesis method used was either powdering of oxides and
nitrides or the sol—gel method. The selection of optimal syn-
thesis parameters, such as compacting process (“dry” or with
a lubricant), pressure, pressing time, temperature and time of
calcination as well as sintering, was based on the analysis of
own material research using tools like XRD-DRON2, ASAP,
SEM with EDS TGA/DSC1, dilatometer, Instron, Solartron
SI1260 SI, stand for testing the effect of a reducing atmo-
sphere. Similarly, when modifying electrolytic materials via
doping, the effects of composition and crystalline structure,
changes in the microstructure, thermal properties and elec-
trical properties were analyzed. In the case of materials from
the BIMEVOX family, other dopant metals were used (e.g. Cu,
Cr, Zn, Fe, Co, Ti, Sb), each substituting vanadium in Auri-
villius structure [44] and La, Pr substituting Bi [45].

Following on from discovering the impact of various per-
centage levels of particular dopants on the stability of the
BIMEVOX material in the reduction atmospheres, a base ma-
terial was developed with elevated bismuth levels — BIBIME-
VOX (change from 66.7 to 68.5 mol% Bi,03) doped with
lanthanum BIBILAVOX.4 in an amount of 4% by weight La,03
[46]. Such doping increased the material's resilience to the
reducing atmosphere (Hy).

Additionally, other electrolytic materials were researched,
e.g. materials based on lanthanum silicate, bismuth oxide —
phase 3 as well as gadolinium doped ceria (GDC) and zirco-
nium oxide stabilized with yttrium and scandium.

Measurement capabilities available in IEL (some presented
in Fig. 7) provide information on the synthesis and doping
impact on the grain size, distribution of individual elements
and their agglomeration (SEM + EDS), chemical composition
and stability of the material in reducing atmospheres (DRON-2
XRD and the setup for electrical measurements at pre-set
gases). An important parameter in ceramic electrolytes is its
thermal expansion and compatibility with other elements
such as electrodes, sealing and structural materials — dila-
tometry and differential thermal analysis enable the phase
transitions in the material to be determined. However, the
most important feature of electrolytes is the ionic conductiv-
ity — for this the institute has access to Agilent E4991A
impedance analyzer and Solartron SI1260 with a potentiostat
SI11296 and Norecs measurement setup that makes it possible
to take measurements in two given atmospheres (operating
condition of the cell).

Proton conducting electrolytes

Parallel to efforts related to conventional fuel cells, there are
studies towards the development of functional proton-
conducting ceramic electrolytes ongoing at the Department
of Hydrogen Energy at AGH [48—50]. Studies are focused on the
most promising compositions among (Ba,Sr)(Ce,Zr)O; perov-
skite oxides doped with rare earth metals (Fig. 8).

Similarly to oxide-ion-conducting material, the research is
devoted to understanding the relations between chemical
composition, crystal structure, proton content and its mobility,
as well as the fabrication of high performance ceramic
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Fig. 8 — Impedance spectra of Ba(CGe;_xZry)o.9Ndo 10295 in
dry and humid (H,O or D,0) air. Reprinted from Ref. [50],
Copyright (2012), with permission from Elsevier.

membranes, using standard ceramic techniques, and the thin
film Pulsed Laser Deposition method. Evaluation of con-
structed prototypes of fuel cells with (Ba,Sr)(Ce,Zr)O5 electro-
lytes pointed to a strong need to develop new electrodes, since
the currently used materials, especially on the cathode side,
are inefficient and limit the overall performance of the cell.
Further research on proton conducting oxides rely on
complementary application of kinetic methods: mass relaxa-
tion technique and electrical conductivity relaxation tech-
nique, which allow for a simultaneous determination of
chemical diffusion coefficient D of mobile ions (protons and
oxygen ions) and surface exchange reaction coefficient K

(Fig. 9).
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Fig. 9 — Electrical conductivity relaxation upon hydration of
SrZr(.95Gdo.0502.975. Reprinted from Ref. [49], Copyright
(2013), with permission from Springer.

This, together with precise measurements of structural
properties, oxygen nonstoichiometry and electrical conduc-
tivity, as well as microstructural and spectroscopic studies,
provides a complete description of the physicochemical
properties of the materials and determines transference
numbers across wide temperature and oxygen partial pres-
sure ranges.

Since 2008 the Department of Solid State Physics at Gdansk
University of Technology (GUT) has carried out research on
proton conducting fuel cells, focusing on compounds in a
group of lanthanum niobates.

Since that time extended research into the physical and
chemical properties of these materials has been done in
collaboration with multiple worldwide research groups. Rare-
earth based compounds have been used as materials for solid
oxide fuel cells for more than three decades. Oxygen ion
conductors including yttria stabilized zirconia (YSZ) and
gadolinium doped ceria (CGO) as well as proton conductors
like barium cerate and lanthanum niobate can be given as
major examples. The difference in status between the families
of oxide and proton conducting rare-earth materials is that
only in the case of the first group were suitable electrolytes for
SOFCs found and successfully utilized in operating cells. As
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regards proton conducting ceramics, the properties of known
materials are insufficient to exploit them in working devices
[51].

The main problem with rare-earth based proton con-
ducting materials is the compromise between chemical sta-
bility and conductivity level. For instance, the conductivity of
Y-doped BaCeOs is 4 x 102 S/cm in the temperature range of
600—800 °C [52]. However, it is not stable in atmospheres that
contain CO,. Conversely, Haugsrud and Norby reported
chemically stable Ca doped orthoniobate with conductivity of
1 x 1072 S/cm at 950 °C [53]. Therefore, these two examples
highlight the competing problems of insufficient stability and
low conductivity. Mather et al. in their work modeled possible
substitutions both on the La and Nb site and postulated that
the ionic radius of the doping element can influence the
possible electrical properties of the compound [54]. Also for
the La site, Mg, Fe and Ba can be considered while for the Nb
site — germanium, lead and tin. The theoretical conclusions
were experimentally proved in the case of doping on the La
site by calcium, strontium, and barium [55].

Apart from the transport properties of the lanthanum
niobate group, an interesting area of research is the high
temperature transformations of the crystal structure. It is a
good field of study also because the symmetry of the crystal
structure and its packing density influences proton mobility.
LaNDbO, at room temperature belongs to the monoclinic Fer-
gusonite structural group and at temperatures above 500 °C
transforms to the tetragonal Scheelite structure. Fergusonite
and Scheelite unit cells are presented in Fig. 10.

The first research concerning lanthanum niobate focused
on the introduction of cation acceptor dopants into
lanthanum sublattice, with special interest put on the mag-
nesium doping [57]. The stoichiometry chosen for investiga-
tion was Lag ggMgp 02NbO4. A new synthesis method for such
compounds was optimized — molten salt synthesis. The
molten salt synthesis method harnesses energy produced
during the melting of the salt, which becomes a liquid envi-
ronment for powder synthesis. The stoichiometric amounts of
substrate powders are mixed (at fixed ratios) with salt (e.g.
NaCl, KCl and other) and then heat treated in an alumina
crucible at temperatures above the salt's melting temperature.

(@)

Intensity

30 40 50 60
20 (°)

Fig. 11 — XRD patterns of Fergusonite with preferred
orientation of crystallites [60] (a) and a material containing
a high amount of tetragonal Scheelite phase (b).

After cooling down to room temperature, the salt is removed
from the powder by repeatedly washing with deionized water.
The resulting powder is then dried in air. In this method usage
of different salts, calcination time, temperature and heating/
cooling ratio can strongly influence the powder microstruc-
ture, resulting in smaller or bigger grains [58,59]. This method
also made it possible to produce samples with preferred
orientation of crystallites [60] and samples containing a high
amount of tetragonal Scheelite phase. Fig. 11 presents exam-
ples of the XRD patterns of these materials.

The introduction of Mg to lanthanum sublattice influenced
the electrical properties of the material. It was also shown that
the conductivity of magnesium doped lanthanum orthonio-
bate synthesized by the molten salt route reaches values of
~1 mS/cm at 720 °C in wet hydrogen, which should be
considered as being relatively high compared to other dopants
[60].

Another important part of the research focused on micro-
structural properties, especially at high temperatures [60,61].

(b)

Fig. 10 — Fergusonite (a) and Scheelite (b) unit cells of lanthanum orthoniobate [56].
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The influence of magnesium substitution on spontaneous
strain was analyzed and this way the lack of change of the
nature of the phase transition was proved [62]. An attempt
was made to utilize ion doped calcium titanate as a material
for operation in lanthanum niobate based fuel cells, with the
conclusion being reached that there is a strong reaction be-
tween the two materials [63].

Since 2012 research at Gdansk University of Technology on
lanthanum niobates has been focused on niobium site iso-
valent doping. The influence of niobium site doping on phase
transition was analyzed. Special interest was devoted to the
antimony substituted lanthanum niobate, which is a new
material in this group. The thermal expansion coefficient of
the antimony substituted samples above the transition tem-
perature is in the range 8.1-9.1 x 10~°® 1/K, whereas below the
transition temperature the TEC value is between 14 and
17.3 x 107® 1/K. For sample with 30 mol% doping, a stable
tetragonal structure was achieved at room temperature,
which is strongly beneficial in the sense of future technical
application due to the lack of TEC change [64]. Further
research on these materials in cooperation with the Univer-
sity of California, Davis has shown the influence of antimony
doping on the stability of the material. It has been shown that
antimony substitution does not influence the value of
enthalpy of formation from oxides for samples with dopant
content 0—25 mol% (with monoclinic structure at RT), but for
sample with 30 mol% the enthalpy of formation appeared to
be less exothermic — less stable in RT [65]. Moreover, in this
work it was also showed that the antimony substitution did
not influence the nature of phase transition. Calculations of
Landau order parameter and strain tensor dependency proved
the structural phase transition for antimony doped samples
was of the second order. Further research to be published in
coming months is focused on heat capacity measurements of
antimony substituted samples, their electrical conductivity,
oxygen diffusion and the chemical state of dopants.

This leads one to the conclusion that chemical sub-
stitutions as well as microstructural modifications of
lanthanum orthoniobate allow for its phase transition tem-
perature to be lowered and proton conductivity to be

a
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increased. While proton conductivity of lanthanum niobates
is not very high, this group of materials is still very interesting
for both conventional and single layer solid oxide fuel cells.

Cathode materials

It is known that the catalytic activity of cathode material is
very important in terms of the electrochemical effectiveness
of working fuel cells. Investigations indicate that the kinetics
of cathodic reaction (oxygen reduction) and the polarization
process at the electrolyte/cathode materials interface are the
limiting parameters of electrochemical effectiveness. While
the microscopic mechanism of the process has not yet been
entirely explained, it has been established that the rate of
oxygen adsorption on the cathode material depends on the
concentration of oxygen vacancies and quasi-free electrons in
the cathode material. A deviation from stoichiometry towards
the oxygen deficiency introduces defect centers, the ioniza-
tion of which leads to a change in the concentration of charge
carriers. Therefore, the oxygen nonstoichiometry and the
presence of dopants shift the position of the Fermi level,
which, according to the electronic theory of catalysis is a vital
factor for catalytic activity of the cathode material. The
magnitude of the oxygen nonstoichiometry is related to the
synthesis conditions (i.e. temperature, the oxygen partial
pressure) and the type and concentration of the dopant.

Research in the Department of Hydrogen Energy AGH on
novel cathode materials includes work on Sr- or Ba-doped
LnMO; (Ln — lanthanides; M — Mn, Fe, Co, Ni) with mixed
ionic—electronic conductivity, which are used in IT-SOFCs
(Figs. 12 and 13) [66—72].

As can be seen in Fig. 12, oxygen vacancy defect (catalytic
centers for oxygen reduction) starts to form effectively from
800 °C.

Among the developed novel oxides, very promising prop-
erties were found for the GdBaCo,;Fey30s5_5 candidate
cathode material, which should enable the material to operate
at 600 °C or below in IT-SOFC [73]. This oxide shows a very
high mixed ionic—electronic conductivity across a wide
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Fig. 12 — (a) Equilibrium dependences of the electrical conductivity and (b) the thermoelectric power of Lag 9Sr 1C01/3Fe,/3Ni,,
303_; as a function of the oxygen partial pressure. Reprinted from Ref. [67], Copyright (2007), with permission from Elsevier.
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Fig. 13 — Schematic representation of the electronic
structure of the La;_,SryCo,_y_,FeyNi,O;_; perovskites.
Reprinted from Ref. [67], Copyright (2007), with permission
from Elsevier.

temperature range and exhibits extremely low enthalpy of
formation of the oxygen vacancies (~0.2 eV) — catalytic centers
for oxygen reduction, which is crucial for fuel cell efficiency.

Taking into account issues related to microstructure of the
electrodes, as well as chemical and thermal compatibility of all
materials in the working cell, the following cell with interme-
diate, composite layer was proposed, constructed and tested:
H,|Ni-8YSZ|CGO(1%Ni0)|CGO-GBCF|GBCF|0, (CGO = CeosGdo
01.0, GBCF = GdBaCo ;Feq 305 5_s) (Fig. 14).

Thermal shock resistant composite cathode material

Composites consisted of a component showing good elec-
tronic conductivity and high catalytic activity in ORR and a
component showing good ionic conductivity are frequently
used as cathode materials. Such structures enable the 2D re-
action zone to expand to the 3D reaction zone, leading to
increased catalytic activity. However, the elements of fuel
cells are exposed to thermal shocks during intentional or
accidental shutdown events. If the thermal expansion co-
efficients of the components of the composite differ from each
other, the change in temperature may cause cracking and lead
to disruption of the current paths. That, in turn, may eliminate
parts of the electrode material from participation in the re-
action and the cause decreased conductivity. That problem
can be avoided if the ionic conducting composite component
also shows some electronic conductivity, and the electronic
conducting component shows some ionic conductivity in the
case of SmgsSrosCo03_;—LageSro4FeO5_; composite [74]. In
that case crashing does not cause disruption to either ionic or
electronic conduction paths.

Toward more efficient cathode materials: silver-containing
composites

Fortunately, silver migration seems not to occur in the case of
composites that consist of a ceramic material and silver
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Fig. 14 — (a) Chemical stability studies, (b) electrical
conductivity and (c) electrochemical performance of the
developed GdBaCo; yFe 3055 ;5 in IT-SOFC. Figures b and ¢
reprinted from Ref. [73], Copyright (2011), with permission
from World Scientific Publishing Co Pte Ltd.

particles. Several combinations of cathodes of this type were
tested at ICSC (Institute of Catalysis and Surface Chemistry,
Krakow). In all cases cathode performance improved when
silver was added to the ceramic material [75,76]. Even in the
case of a catalytically active material like BSCF (BagsSros-
Cop.gFep205) the addition of silver led the fuel cell with the
cathode made of Ag—BSCF composite to show higher power
density than the cell with the cathode made of pure BSCF [75].
Moreover it was observed [76] that the half-cells with a silver


http://mostwiedzy.pl

A\ MOST

current collector showed lower ASR (area-specific resistance)
than the half-cells with gold current collector, which is also
suggestive of the catalytic effect of silver in ORR. An inter-
esting solution was applied in the case of Ag—Lag.gSro.:MnO3_
composite. The ceramic matrix was prepared by mixing
ceramic submicron particles with organic polymer beads and
sintering. The ceramic matrix obtained was then saturated
with AgNO; solution, dried and sintered again giving a com-
posite with hierarchical pore structure, well dispersed silver
nanoparticles and high catalytic activity in ORR.

Anode materials

Beside the developments related to cathode materials, the
research oriented at the development of novel anodic mate-
rials is done at AGH. This addresses the fuel flexibility of solid
oxide fuels cells and provides a solution that assures effective
work of SOFC fed by non-hydrogen fuels [77—79]. Instead of
hydrogen, the use of non-hydrogen or carbon-containing fuels
would considerably reduce the fuel cost and increase the
feasibility of SOFC commercialization, especially for near-
term adoption. One of the main challenges with SOFCs
running directly on carbon containing fuels is carbon depo-
sition on the anode, which results in a significant, and
sometimes detrimental decrease in performance. Further-
more, carbon containing fuels contain sulfur (usually in the
form of H,S), which can dramatically degrade performance
even at ppm levels. Prevention of carbon deposition and sulfur
poisoning on the anode are considered key technical chal-
lenges. The works conducted led to the development of Mo/
W-containing anode materials from
Srp_yBayM;_y(Mo,W),Os_5 (M = Mg, Mn, Fe, Co, Ni) group,
suitable for application in IT-SOFCs and which can be fueled
by carbon containing fuels.

Interconnects — steel materials for SOFC

A substantial part of the work related to improving SOFC
stacks relates to improvements in physicochemical properties
of metallic interconnects.

The interconnect, also known as a bipolar plate, is used to
connect individual fuel cells in series to form a stack; the net
voltage of the stack is the sum of the voltages of individual
cells. This element also provides mechanical support to the
entire structure, and the channels located on both sides allow
gaseous reagents to be transported to the anode and the
cathode. Interconnects applied in intermediate temperature
solid oxide fuel cells (IT-SOFCs) are manufactured from
chromiume-rich ferritic stainless steels (FSS) [80—83]. These
steels have a thermal expansion coefficient similar to those of
the ceramic elements of the cells, i.e., the anode, the cathode,
and the electrolyte. They are also much cheaper than other
metallic or ceramic interconnect materials. A major drawback
of all metallic interconnects is their susceptibility to corrosion
in media such as reaction gases. A protective Cr,0; forms on
the surface of ferritic stainless steels, and its thickness grad-
ually increases with operation time [82—86]. Unfortunately,
Cr,05 reacts with oxygen and water vapor, forming volatile

chromium oxides and oxyhydroxides, which may then react
with the anode and cathode materials, affecting their catalytic
properties. Cathodic material is especially vulnerable to this
type of degradation. The drop in the power output of a fuel cell
resulting from changes in the phase composition of the
cathode material in known in the literature as cathode
poisoning [87—89].

It is impossible to completely inhibit high-temperature
corrosion of metal alloys, since the diffusion of reagents in
the corrosion product layer, induced by the gradient of the
chemical potential of the oxidant, cannot be prevented.
However, the chemical and phase composition of the alloy
can be selected in such a way as to allow the oxide product
layer to maintain good contact with the metallic phase and to
grow very slowly throughout the entire operation of the cell. If
these conditions are met, then it is possible for the area-
specific resistance (ASR) of the interconnect not to exceed
the allowed maximum level (0.1 Q cm?), even during long term
operation. The increase in the internal resistance of a fuel cell
causes its power output to decrease. Examples of ferritic
stainless steels manufactured exclusively for application in
interconnects include: Crofer 22 APU (Thyssen Krupp VDM
GmnH), ZMG 232 (Hitachi Metals America, LLC), and SUS 430
(X Nippon Mining&Metals).

There are limited possibilities of modifying the properties
of ferritic stainless steels in metallurgic process. One of the
barriers is the low solubility of metals that belong to the group
of ‘active elements’ (Y, Ce, La, ...) in ferrite («-Fe phase); these
metals decrease the growth rate of the Cr,0O; scale and
improve its adhesion to the metallic phase. Further improve-
ments in the oxidation resistance of ferritic steels can be
achieved by applying selected surface-engineering methods,
e.g., implantation of active element ions or deposition of
nanoparticles of active element oxides on the surface of the
steels [8,90,91]. Another approach utilizes protective-
conducting coatings composed of oxide semiconductors
with a structure of a perovskite [92—95] or spinel [85,96,97], or
compounds such as M—Cr—Al-Y—0 (where: M = Ti, Co and/or
Mn) [98]. Such coatings serve more than one role; they are
beneficial with regard to the oxidation resistance of the steel,
and they inhibit the oxidation of chromium oxide to its vola-
tile compounds.

Research on metallic interconnect materials at the Faculty
of Materials Science and Ceramics, AGH University of Science
and Technology has been ongoing since the mid-1990s. The
subject was also investigated in cooperation with two globally
renowned research centers: the Tokyo Institute of Technology
in Japan and Forschungszentrum Jiilich in Germany. Studies
concerning the application of protective-conducting coating
have focused on the modification of selected physicochemical
properties of commercially available ferritic stainless steels to
be applied in IT-SOFC interconnects. Among other things, it
was demonstrated that metal/ceramics layered systems
composed of a metallic substrate consisting of a ferritic
stainless steel with a chromium content of up to 25 wt.% and a
ceramic component comprising the protective-conducting
coating, an intermediate reaction layer and a Cr,0O3 layer,
exhibit a lower area-specific resistance than the Cr,03; scale
formed on unmodified steel. The investigated substrate ma-
terials included the following steels: SUS 430 (ca. 16 wt.% of
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Cr), DIN 50049 (ca. 25 wt.% of Cr), and AL453 (ca. 22 wt.% of Cr).
The layered metal/ceramics systems were studied with the
following types of protective-conducting coatings:

a) (La,Sr)Co0s3,

b) (La,Ca)CrOs,

c) (La,Sr)Cr0s,

d) Mny 5Cry 504,

e) X—Mn—Co—O0 (where: X = Cu, Y, Sm, Yb, Nd).

These studies made a significant contribution to scientific
knowledge on metallic interconnect materials, as proven by
the high citation index of papers from this period ([20] — 232
citations according to the Web of Knowledge, November 2015).
Using transmission electron microscopy (TEM) and selected
area diffraction (SAD), it was also demonstrated that a
continuous SrCrO, reaction layer forms on DIN 50049 ferritic
steel during oxidation in air at 1073 K due to the diffusion of
strontium from the (La,Sr)CoO; layer to Cr,0;. Since the
electrical conductivity of SrCrO, is higher than that of Cr,03,
the electrical resistance of this system is extremely low
(5 mQ cm?) [99]. It should also be added that the oxide layer
was deposited on the ferritic steel using the very cheap and
simple screen printing technique.

In order to design interconnect materials for solid oxide
fuel cells fueled by light hydrocarbons originating from nat-
ural sources of energy (natural gas, coal gas, biogas, etc.),
layered systems such as (La,Sr)CrOs/Fe—25Cr and (La,Ca)CrOs/
Fe—25Cr were examined. It was demonstrated that intercon-
nect materials with deposited oxide layers with a perovskite
structure is characterized not only by low area-specific resis-
tance, but also by high chemical stability in the Ar—CH,—H,0
medium [100,101].

The transpiration method was used to investigate the ki-
netics of the oxidation of chromium oxide to its volatile
compounds. It was demonstrated that an Mn, sCo; 50,4 layer
with a thickness of ca. 30 pm deposited on the surface of AL453
steel causes the vaporization rate of chromium at 1073 K, in an
atmosphere consisting of air enriched with water vapor, to
decrease by 20 times. Moreover, this layer effectively de-
creases the area-specific resistance. Research conducted
using electrochemical impedance spectroscopy for a cylin-
drical interconnect cathode system, in a steel/coating/con-
ducting layer/cathode/conducting layer/coating/steel
configuration, showed that area-specific resistance had
decreased by an order of magnitude compared to the system
without the oxide layer [102]. The cylindrical system also
exhibited an area-specific resistance of ca. 0.025 Q cm?, which
was nearly constant in time. This value was thus four times
lower than the maximum value allowed for interconnects to
be applied in IT-SOFCs. A disadvantage of the Mn; sCo;504
spinel is its insufficient chemical stability, as the ferritic steel
components and the components of the layer react with one
another. In addition, in order to prepare a dense Mn; sC04 504
layer on the surface of the steel via screen printing, complex
thermal treatment is required, involving not only air, but also
an Ar—H,—H,0 mixture. Consequently, new spinel coating
materials were designed with the formula X, 1Mn; 45C01 4504,
where X denotes a rare earth metal (Y, Sm, Yb or Nd). Studies
of oxidation kinetics in air at 1073 K showed that the parabolic

oxidation rate constant observed for steel coated with
Ybg.1Mny 45C01.4504 (1.8 x 10°** g%/cm* s) was lower by an
order of magnitude than that in the case of uncoated steel
(1.7 x 10 g%cm* s). This proves that the steel/ceramics
layered system exhibits higher resistance to high-
temperature corrosion than steel alone. The area-specific
resistance of this system at 1073 K was 0.0174 Q cm?, and it
was lower by more than one order of magnitude than the ASR
of the material without the coating (0.2755 Q cm?).

The oxidation resistance of alloys forming the protective
Cr,05 scale can be significantly improved by implanting ions
of active elements underneath their surface. It should be
noted, however, that ion implantation is used mostly for the
purpose of obtaining new insight. There is little interest in the
practical application of this method due to high operating
costs and limitations concerning the size and shape of the
modified elements. Studies of oxidation kinetics performed in
air and the Ar/H,/H,0 and Ar/CH4/H,0 gas mixtures at 1073 K
demonstrated that the implantation of active element ions at
a dose of 2 x 10® Y/cm? may reduce the corrosion rate of steel
such as the commercially available DIN 50049 ferritic steel by
as much as one order of magnitude [103]. The ASR values
measured for scales formed on modified steel were over four
times lower than the maximum value allowed for
interconnects.

Materials for SOFC interconnects were investigated as part
of the long-term scientific collaboration between AGH UST
and the Forschungszentrum Jilich focused on corrosion
studies. These materials included the oxide dispersion
strengthened (ODS) Cr—5Fe—1%Y,05; alloy, which was
oxidized in an Hy/H,0 gas mixture at 1273 K. It was observed
that this material, which featured Y,03 particles with a size of
up to 1 pm, gained mass at a rate that was five times higher
than that for an alloy with Y,05; particles no larger than
several dozen nanometers. After 100 h of oxidation, the mass
gains were 2.5 and 0.5 mg/cm?, respectively. It was also shown
that the implantation of yttrium ions at a dose of 10® Y/cm?
underneath the surface of both alloys caused them to exhibit
the same mass gain of ca. 0.2 mg/cm? after 100 h of oxidation.

Nickel does not undergo corrosion in the anode gas envi-
ronment, since the dissociation pressure of NiO is higher than
that of O, in the H,/H,O gas mixture. It precisely for this
reason that selected support elements of the fuel cell, such as
meshes, are manufactured from nickel. Designing a multi-
layer interconnect with nickel on the cathode size proved to
be a rather complex issue [104]. Studies conducted for Ni/
FeCrAl sandwich systems in Ar/4% vol. Hy/3% vol. H,0O at
1073 K showed that a significant increase in the area-specific
resistance was observed with time. This increase was due to
the internal oxidation of silicon and magnesium, which
diffused along grain boundaries in the FeCrAl alloy to the
surface of nickel. Numerous precipitates of these oxides,
located near grain boundaries, formed an insulating layer that
inhibited the flow of electric current.

Novel fabrication techniques

Development trend of solid oxide fuel cells concentrate on
lowering the operation temperature from around 800 °C to a
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range of 750 °C—700 °C. Lowering the temperature causes
electrode polarization resistances to increase, thus novel
materials or preparation methods must be sought to coun-
teract these losses. Application of nanocrystalline ceramics
and functional thin films can have a beneficial effect on fuel
cell performance.

The team from Gdansk University of Technology was from
the beginning centered on novel fabrication technologies for
ceramic layers. This included spin coating of polymeric pre-
cursors and “net-shape” technology [105] and was followed by
the development of spray pyrolysis as deposition methods.
This is used to produce unique nanocrystalline ceramic films
at relatively low temperatures.

Spray pyrolysis deposition method, employing metallo-
organic precursors, enables the production of nanocrystal-
line, thin and homogeneous layers without requiring high
temperature processing. The morphology and structure
(porosity) of the films can be controlled by tailoring deposition
parameters (temperature, time, nozzle distance). The group's
experience shown that it is possible to produce up to 500 nm
thick layer of electrolyte in a single deposition step [106].
Thicker layers can be prepared by a multi-step deposition
procedure. Any materials for which appropriate precursors
are available can be in principle deposited (YSZ, CGO, LNF,
LSM, etc.). Typically, the deposition occurs on a heated sub-
strate (Fig. 15), with the surface temperature not exceeding
400 °C. After the deposition films require heat treatment to
remove residual organics, but this takes place at a maximum
of 900 °C.

In Fig. 15, a fracture cross-section of an anode supported
cellis presented. On a sintered NiO—YSZ anode support, a thin
electrolyte layer was deposited by spray pyrolysis. Its thick-
ness is on average less than 1 pm and it covers the surface
uniformly. Maximum processing temperature after the sub-
strate sintering did not exceed 900 °C, whereas normally
electrolyte sintering requires temperatures >1250 °C. Spray
pyrolysis shows great potential in the production of very thin
electrolytes for fuel cells.

On the back of previous studies new methods were pro-
posed by the GUT team for lowering the cathode polarization

oxygen
electrode

electrolyte

fuel
electrode

by introducing a thin and dense cathode interfacial functional
layer. It is generally accepted that the cathode overpotential is
the dominating one regarding the functioning of the solid
oxide fuel cell. Activity is oriented at improving the contact
between the electrolyte and the cathode, which should
decrease the resistance of the interface.

Thin perovskite cathode interfacial layers were fabricated
using spin coating of metallo-organic precursors. Fracture
cross-section of an electrolyte—cathode interface with an
interface layer deposited in-between is shown in Fig. 16. By
careful investigations of the effects of thickness, the micro-
structure and the composition of the layers, it is possible to
decrease the resistance of the interface at the same temper-
ature by atleast 20% [107]. This is directly related to increasing
fuel cell performance (Fig. 16). Still, many different interfacial
layer material combinations can be studied with a view to
enhancing these effects even more and thus leading to
lowering the operating temperature while retaining the power
output.

Work oriented on new materials for SOFC includes oxide-
based materials [108], cathode materials [109] and studies
related to catalytic activity of electrodes towards fuel cells
operating on biogas [110].

Pilot scale SOFC

Since 2004 the Ceramic Department (CEREL) at the Institute of
Power Engineering has worked consistently to improve
methods of producing solid oxide fuel cells, and has developed
new competitive techniques for scaling up production. Steady
progress was made during this period leading to pilot-scale
preparation of ESC (electrolyte supported cell) and ASC
(anode supported cell) types of SOFC [111]. ESC (Fig. 17a) gains
its main mechanical strength from 100 to 200 um thick elec-
trolyte, with 30 um thick anode and cathode layers. In the ASC
configuration (Fig. 17b), mechanical strength is derived from
500 to 1000 pm thick anode. As the mechanical function of the
electrolyte is no longer needed in these configurations, very
thin 5 pm electrolyte layers can be used, resulting in reduced

spraying
solution

-

pressurized air

spray gun

< 1 ym thick

substrate

heating plate

Fig. 15 — Anode supported fuel cell with 1 pym nanostructural YSZ electrolyte fabricated by spray pyrolysis method and a

schematic of spray pyrolysis apparatus.
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Fig. 16 — SEM fracture cross-section image of the cathode—electrolyte interface with 150 nm cathode functional layer and its

influence on fuel cell performance.
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Fig. 17 — Construction and relative thickness of two types of cells: ES-SOFC (left) and AS-SOFC (right).

ohmic resistance and significantly increased power of the full
cell. Cathode thickness is 30 pm.

Electrolyte supported solid oxide fuel cells (ES-SOFC)

Electrolyte supported solid oxide fuel cells are manufactured
in IEn OC CEREL using two technologies. Electrolyte is made by
tape casting, whereas anode and cathode layers are applied by
screen printing.

Full 100 mm x 100 mm ES-SOFCs are shown in Fig. 18. The
electrolyte is made from 3 mol% Y,0j3 partially stabilized ZrO,
(3YSZ), the anode is made from a mixture of nickel oxide (NiO)
and electrolyte material, and the cathode is made from
perovskite material (LSM) and electrolyte material (3YSZ).

Manufactured cells were tested. The results of electrical
measurements are shown in Fig. 19a and the electrical test rig,
designed and manufactured in IEn OC CEREL, in Fig. 19b. For
comparison, a commercially available ECN fuel cell was tested.

Anode supported solid oxide fuel cells (AS-SOFC)

In IEn OC CEREL anode supports for AS-SOFC are produced by
two different methods: traditional method of tape casting and
more novel high-pressure injection molding. AS-SOFC
configuration is shown in Fig. 20.

Currently, all of AS-SOFC supports at CEREL are made by
high-pressure injection molding (Fig. 21).

Other necessary layers are produced using a screen printer
or ink-jet printer.

The CEREL team produces complete fuel cells of various
sizes and shapes (Fig. 22a):

e rectangular 50 x 50, 100 x 100 mm? made by high-pressure
injection molding

e circular with variable diameters up to 100 mm made by
high-pressure injection molding and laser cutting

The microstructure of the produced cell is shown at
Fig. 22b.

AS-SOFCs made by the above methods were electrically
tested (Fig. 23).

Maximum power density obtained was 1.25 W/cm? at
800 °C [112].

The expected fields of activity include the development of
modern low temperature deposition technologies which will
pave the way for future research in solid oxide fuel cells.

Metal supported solid oxide fuel cell (MS-SOFC)

The issue of the mechanical stability of fuel cells requires
new solutions to ensure high durability. Recent studies in
Poland focused on the development of metallic supports for
high temperature fuel cells. Beside the interest in the
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Fig. 19 — Electrical measurement of ES-SOFC. a) Voltage—current density characteristics [112], b) electrical test rig [113].

fabrication of such supports, a substantial part of the
research was oriented at resolving key problems related to
high temperature corrosion of metallic alloys used in the
support and interconnects [115]. Porous metal supported
cells are regarded as next generation solid oxide fuel cells

[116]. However, their widespread introduction is hindered by
rapid corrosion of porous supports due to the enhanced
surface to volume ratio and limited chromium reservoir [117].
An example of a Hastelloy X alloy oxidized for 100 h at 800 °C
in air is presented in Fig. 24.
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Fig. 20 — Diagram of AS-SOFC made in IEn OC CEREL.

Fig. 21 — High-pressure injection molding devices for production of anode supports a) Boy's BOY XS, b) Sumitomo-DEMAG's

Systec 60-310.

A
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GDC LAYER
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ANODE - NiO+8YSZ

Fig. 22 — a) Examples of AS-SOFC made at IEN OC CEREL b) Cross section of AS-SOFC.

The sample shows the formation of large amounts of Cr,03
oxide, already filling to a large extent available pore space and
thus lowering the porosity and gas permeability of the sup-
port. Several different alloy materials in the porous state have
been studied [118—120] for their high temperature corrosion
and successful protective coatings for porous materials have
been proposed by the GUT team.

Corrosion of fuel cell interconnects is an important
degradation phenomenon when considering the lifetime of
the fuel cell stacks. Corrosion on the hydrogen side and
especially applications of protective coatings on the hydrogen
side of the interconnect is a relatively new field of research.
The group is evaluating thin CeO, coatings deposited by spray
pyrolysis on Crofer 22 APU steel as possible protective coat-
ings as shown in Fig. 24 [121]. Compared to the uncoated

interconnect, ceria slows down oxide growth and offers a
longer lifetime for the interconnect.

Direct carbon fuel cells (DCGFC)

Direct carbon fuel cell (DCFC), directly fueled with carbona-
ceous fuels, is a technology for high efficiency conversion of
carbon fuel chemical energy into electrical energy, through
electrochemical reactions, without combustion. The devel-
opment of that fuel cell technology of due to high energy
conversion efficiency can help to reduce emissions of pollut-
ants such as NOy, SO, and fly ashes.

Hard coal is the main raw material for energy production in
Poland. Increasingly stringent EU regulations concerning CO,
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Fig. 23 — Results of electrical testing of AS-SOFC [114].
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Fig. 24 — Polished cross-sections images of dense Crofer 22 APU steel coated with CeO, protective layer and oxidized at
800 °C for 1000 h in humidified hydrogen and porous Hastelloy-X alloy oxidized at 800 °C for 100 h in air.

emissions and the environment are driving intense research
into clean coal technology. The solution of choice is direct
carbon fuel cell (DCFC) technology [122]. Investigations into
the construction of DCFCs have been undertaken since 2010
by a consortium composed of the Institute of Power Engi-
neering (IPE), AGH University of Science and Technology, ICSC
and several industrial partners, with promising preliminary
results. The consortium aims to demonstrate coal-fueled fuel
cell technology on a scale enabling technical evaluation. On
the basis of preliminary evaluations, solid oxide fuel cell

(SOFC) technology has been selected by the consortium for
further development. In the consortium, AGH has been
working on boosting DC-SOFC performance through devel-
oping SOFC materials, catalytic additives to specific layers and
fuels as well as carbon modification techniques [123-126].
ICSC has concentrated on direct carbon molten carbonate fuel
cell technology development [127].

IEN has focused on scaling up the direct carbon solid oxide
fuel cell (DC-SOFC) technology to the semi-industrial and in-
dustrial level. To date, successful operation of 16 cm? active
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area cells fueled by biomass charcoals [125], catalyzed acti-
vated carbon [128], lignite and CO/CO, gaseous mixture
[129,130] has been reported. The anode processes, including
gas exchange mechanisms, have been studied at IEN (Fig. 25)
[130] and stable operation of DC-SOFC at up to 100% fuel uti-
lization in a batch-mode has been achieved (Fig. 26) [128].

Selected developed solutions for SOFC and their
applications

Solid oxide fuel cells offer a great advantage in stationary
applications. In order to benefit from the high achievable ef-
ficiency, single cells are put together to form a stack. Full-scale
stacks can be employed directly as an electric power generator
or optionally can be embedded in a co-generative power unit.

The Institute of Power Engineering (IEn) has been working
on its original solid oxide fuel cells (SOFC) stack since 2007,
developing three generations of the prototype stacks. The first
prototype SOFC stack was designed, assembled and tested in
the scientific network POLSTOS — Poland Fuel Cell Technology
and was named a 1st generation stack. It was dedicated to
planar SOFC of dimensions 50 x 50 mm and operating tem-
perature range from 750 to 800 °C. The inlet and outlet pipes
were located in the middle of the system. The air and fuel
flows were directed to the intermediate chamber and then to
the manifolds. The biggest drawback of this design was the
high risk of leakage in the internal gasket.

The 2nd generation SOFC stack was assembled in 2010, the
result of further development. Design work was supported by
CFD modeling [131] in order to secure proper flow distribution
under electric load conditions and under high utilization
conditions. Additionally, several modifications of the internal
gasket and manifolds were implemented, but the same planar
SOFC and operating temperature range were applied. Fuel cell
stack technology was further developed under the Strategic
National Programme (2010—2015) “Development of integrated
technology of fuels and energy production from biomass,
agricultural and other wastes”.

convection

| a

C(s) + CO, (g)

1(a)

Fig. 25 — Convection mechanism induced by the reverse
Boudouard reaction: (a) lower pressure in interface anode/
carbon bed, (b) higher pressure in carbon bed, (c) lower
pressure above carbon bed. Reprinted from Ref. [130],
Copyright (2015), with permission from Elsevier.

The 3rd generation SOFC stack, developed in 2014, differs
significantly from the previous ones. It was designed to
operate at a lower temperature range of 600—700 °C and to
apply commercially available full size AS-SOFCs of di-
mensions 110 x 110 mm. Lowering the operating temperature
translated into lower production costs of the stack compared
to high-temperature technology, especially in terms of the
fabrication of interconnects and seals. Modular construction
of the stack with a low number of elements is more suitable
for mass production. The power of the 3rd generation stack
can be easily increased through increasing the number of
single repeating units. The stack housing includes its own
pressurized system and has targeted operation at high power
density. In this design the crossflow of processing gases was
abandoned in favor of a counter-flow or co-flow working
mode, due to the uneven temperature distribution on the
electrode surface. This innovative solution for the gas flow
system makes the stack more thermally efficient than other
reported works, which is one of its best advantages. Another
advantage is the minimal thickness of the interconnects
(<1 mm), so the height of single repeating unit (SRU) of the
stack is about 1.5 mm which results in lowering thermal ca-
pacity and increasing volumetric power density of the whole
system.

The concept of the 3rd generation SOFC stack (Fig. 27) is the
subject of an international patent application. Presently IEn
owns European Patent [132] which concerns short SOFC stacks
(internal fuel and air manifolds) and full size SOFC stacks
(open air size). The Institute of Power Engineering possesses
laboratories and a long list of existing equipment, machinery
with application to SOFCs: single cell test setup, SOFC short
stack (up to 300 W) test stand and 700 W—2500 W SOFC stacks
test sites.

Parallel to the development of the stack design at IEn, some
supporting research activities were conducted concerning the
materials of interconnect and seals, the most crucial elements
of the stack beside the SOFC.

The first two generations of the IEN stacks were based on
Haynes®™ 230" alloy — a key structural material. However,
electric resistance of the scale for this steel was found to be
too high and unstable. The stack of 3rd generation was
developed using Crofer® 22APU. This is a steel alloyed with
~22% of chromium and some minor quantities of REE target-
ing high stability to oxidation and low resistance of scale,
designed especially for SOFC application. However, for such
types of steels a typical phenomenon “chromium evapora-
tion” is observed, which leads to chemical transfer of volatile
Cr¥! compounds to the cathode and thus poisoning of the
electrode. To prevent this process special protective ceramic
layers, known as “chromium barriers”, must be applied on the
cathode side of the interconnect. Analysis of the published
data pointed to (Mn,Co)s04 spinels as the most appropriate
material for the protective layer. During 2014—2015 low-cost
technology was elaborated to form a protection layer from
Mn; 5sCo; 504 on corrugated plate from Crofer® 22APU.

The interconnects for the 3rd generation stack were
fabricated by the cold stamping method, which gave a strong
positive effect on production costs, but also emphasized the
problem of the contact between the interconnect and the
cathode. Relatively low precision of the stamping coupled
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Fig. 26 — Evolution of DC-SOFC voltage and CO/CO, ratio in exhaust stream for at constant current load (62.5 mA/cm?) (a)
Case A — anode impregnated with Fe,0j3, fuel not impregnated and (b) Case F — standard anode with carbon impregnated
with Fe,03; temperature 1123 K; anode gas inlet: none; cathode gas: air. Reprinted from Ref. [128], Copyright (2015), with

permission from Elsevier.
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Fig. 27 — Development of SOFGC stack technology at the Institute of Power Engineering.

with imperfect flatness of the cells raised a requirement for a
special layer of “contact helper” — oxide material of high
conductivity which should be applied on the tops of the
interconnect ribs to ensure good electric contact between the
interconnect and the cathode. This problem had no obvious
solution for the 3rd generation stack, because in addition to
good conductivity, the contact helper should demonstrate
sinterability in conditions of the SOFC assembly and opera-
tion, which means short term heating up to 750 °C and oper-
ation below 700 °C. A set of commercially available materials
was tested in a specially designed setup (Fig. 29). The setup
enables simultaneous measurement of two samples using the
pseudo-4-probe technique at temperatures up to 900 °C in
continuous totally automated mode. Small Crofer® 22APU
(active surface 0.785 cm?) coupons covered with a protective
layer and contact helper were treated at conditions which
reproduce SOFC assembly and operation, including tempera-
ture profiles and applied forces. As a result, a
(Lao,60ST0,40)995C00,20F€0,8003 -4 solid solution was selected for
production, but the search for novel, more “sinterable” oxides
is still ongoing. Area specific resistance of the samples with
this contact helper was found to be in the range 4—3 mQ cm?
vus. polished Pt in a temperature range 650—680 °C.

Lowering the operating temperature of the stack to
650—700 °C simplified the fabrication of seals, which are
usually a crucial challenge for stack design. The function of

seals is to prevent the air and fuel from mixing and to separate
the processes running on the cathode and anode sides of
SOFCs, enabling stable work of the stack. There are few
commercially available materials that meet the precise re-
quirements (such as stability at high temperature, chemical
resistance, adequate thermal expansion coefficient) and one
of the most popular is a specially designed glass. The design of
the 3rd generation stack gave the seals another function too —
mechanical support between the single repeating units which
determines the correct distance between the following in-
terconnects. For to this reason a composite material was
manufactured, consisting of glass and mica layers, and suc-
cessfully applied in the assembled stacks, as can be seen in
the photos of the stack after thermal treatment (Fig. 28). The
seals were fabricated from a supplied glass powder, by means
of tape casting, lamination and laser cutting, which all was
done at the laboratories of IEn. The manufactured seals were
also tested in a specially designed setup for measuring gas
permeability in defined temperature and pressure ranges,
equivalent for SOFC stack operating conditions.

The Institute of Power Engineering was responsible for the
development of the first-of-a-kind micro-combined heat and
power unit. To achieve that goal the National Center for
Research and Development funded the National Strategic
Programme particularly dedicated to this initiative. This
initiative was oriented on resolving key issues at the level of
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Short stack after testing campaign (3 AS-SOFC cells,

area 110x110 mm)
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Fig. 28 — Photos of SOFC stacks developed and assembled at the Institute of Power Engineering.
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Fig. 29 — Sample holder for measurements of the area specific resistance of the ceramic layers on steel at elevated

temperature [133].

single cell, short stacks, full-scale stacks, system design and
operation. As an effect, the Institute of Power Engineering
completed the task related to defining the conceptual design
of the first Polish micro-combined heat and power unit with
solid oxide fuel cells.

Originally, several alternatives were under consideration,
including different fuel processing systems, optional fuels
[134], and different methods for achieving high electrical ef-
ficiency by elevating the overall fuel utilization [135].

The modeling activities were followed by design and con-
struction of the unit. It was customized to operate on pre-
treated biogas. Adaptation of the fuel processing system,
which is based on a steam reformer, makes it possible to
utilize other gaseous and liquid fuels, including natural gas.
The electric and thermal output of the system, up to 2 kW and
about 2 kW, respectively, corresponds to the typical re-
quirements of a detached dwelling or a small commercial site.
The functionality of the system was increased by engaging
two separate start-up modules which are used for preheating
the system from the cold state to nominal working conditions.
The first module is based on a set of electric heaters, while the
second module relies on an additional start-up burner.

The system is shown in Fig. 30, in which the two identical
SOFC stack connected in-series can be seen. This type of
connection offers several benefits and allows high overall fuel
utilization without involving an advanced recirculation ma-
chine, such as a high temperature blower [136].

Basic specification of the unit is summarized in Table 1.

The fuel flexibility of the system is currently under inves-
tigation. Further work is oriented at adaptation of the fuel
processor to operate with a wide range of fuels, including
liquid and gaseous.

The Electrotechnical Institute, Wroclaw has for many years
been working on electrolytic and electrode materials for use in
SOFC [137,138] as well as concrete projects and individual
research cases using the developed materials (Fig. 31A and B).
Due to the special nature of superionic conductors (electro-
lytes), the IEL is also carrying out an application analysis of
their potential use in electrochemical devices: oxygen sensor
and pump (Fig. 31C) as well as a high temperature SOEC
electrolytic cell (Fig. 31D).

Latest research conducted in the Unconventional Sources
of Energy Laboratory focuses on application of CO, in a SOEC
electrolytic cell to produce synthetic gas substrates.
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Fig. 30 — Micro-combined heat and power unit with SOFC,
design and constructed in the Institute of Power
Engineering.

Beside the ability to efficiently generate electricity in sta-
tionary application, recent advances in SOFC technology
proved the applicability of the cells in the aviation industry. In
the Institute of Aviation Warsaw a few thousand flights of
medium range aircraft were analyzed in terms of emissions.
Through this study, it was demonstrated that, at present,
quantitative emissions during a typical three-hour flight are
as follows: NOy: 115 kg, CO: 38 kg, CO,: 30,000 kg [139]. The
aviation development strategy presented by both the Advisory
Council for Aviation Research and Innovation in Europe
(ACARE) and by the National Aeronautics and Space Admin-
istration (NASA) assumes, within the next four decades, a
drastic reduction in mission energy consumption, reduction
in carbon oxides and nitrogen oxides (NOy) emissions, as well
as a significant reduction in noise generated by aircraft. The
key assumptions of the Vision for European Aeronautics in
2020 of the ACARE are an 80% reduction in NOy and a 50%
reduction in CO, [140]. According to the Strategic Research and
Innovation Agenda (SRIA) the CO, emission reduction can be
achieved by improving propulsion and power systems,
airframe, air traffic and aircraft operations [141]. Regarding
the propulsion and power systems of aircraft, current devel-
opment of the aviation sector is moving towards the More
Electric Aircraft (MEA) concept concerning reduced fuel use
and emissions on the ground and in flight operations [142].
The idea of MEA architecture is not only to replace onboard
subsystems like pneumatic and hydraulic installations by full-

Table 1 — Specification of the micro-combined heat and

power systems designed and constructed in the Institute
of Power Engineering.

Item Value
Nominal electric power, kW 2.0

Thermal power, kW Up to 2.0

Electric efficiency, % in range 32—44
Overall efficiency, % >80

Dimensions (H x L x D), mm 1875 x 1370 x 1479
Weight, kg ca. 700

Fuel type Biogas (cleaned),

Hot water storage
tank capacity, 1
Water temperature, °C

hydrogen/nitrogen mixture
140

30-70

Power supply during start-up 1 x 400
(electric heaters), V

Power supply during start-up 18.5
(electric heaters), A

Type of thermal insulation

Gas connections, mm

Micro-porous, mineral wool
hydrogen: 6

nitrogen: 6

methane: 6

carbon dioxide: 6

air: 12

Water connection, inch Ya

Sensors 49 N-type thermocouples

13 precise pressure transducers
Set of mass-flow regulators

electric ones, but mainly by introducing electric systems as a
source of propulsive force [143]. For general aviation, the use
of fully electric systems powered by rechargeable batteries is
being considered. However, to drive larger aircrafts hybrid and
turbo-electric systems are being taken into account. These
systems would involve non-Brayton power generation or/and
storage sources that would provide additional propulsive en-
ergy to a conventional Brayton cycle powered turbofan en-
gine. Currently, aircraft power generation is typically carried
out by engine-driven generators, reducing the power available
for the flight, ram air turbines (RATs) and auxiliary power
units (APUs) with low efficiency and generating a lot of heat,
noise and CO, emissions [143]. Considering powering aircraft
and subsystems as a key area for improvement, the MEA idea
offers new opportunities that can take advantage of advances
in electrical power generation technology including advances
in fuel cells. That can result in supplementing power distri-
bution systems and subsystems on board commercial aircraft,
ram air turbine (RAT) and auxiliary power units (APU) by fuel
cell technology, which currently has limited use in aviation
[142].

Current research and development in fuel cell application
in aviation focuses on two types of fuel cells: polymer elec-
trolyte membrane (PEM) and solid oxide fuel cells (SOFC). For
the purpose of this study only solid oxide fuel cells (SOFC) will
be considered, due to the high operating temperature and
flexibility in terms of using different types of fuel. Imple-
menting SOFC as an additional energy source for aircraft can
deliver potential advantages, like efficient energy conversion
by reducing electrical power transmission losses, reduction in
aircraft engine size or fuel burn, leading to increase in fuel
efficiency and consequently lower CO, emission.
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Fig. 31 — Selected research results of particular electrochemical devices (A and B — SOFC cell, C — oxygen pump, D — SOEC

cell).

In response to the above strategies the Institute of Avia-
tion, Warsaw is running a project to analyze the possibility of
using full-electric, hybrid and turbo-electric technologies for
future aircraft propulsion systems. The main goal of this
projectis to develop a tool in the Numerical Propulsion System
Simulation (NPSS) environment capable of modeling different
electric, hybrid and turbo-electric system architectures. The
main advantage of the numerical modeling over experimental
measuring is the efficient and cost-effective investigation of
the overall system performance and efficiency [144]. NPSS is
an object-oriented, engineering design and simulation envi-
ronment developed to model air-breathing systems. It enables
development, configuration, modeling and integration of
user-defined system elements and functions
including thermodynamic and rocket propulsion cycles
models. Object-oriented modeling is performed by employing
software libraries in respect of different elements, which
define the behavior of various engine components. Compo-
nents such as inlet, compressor, burner, turbine, nozzle,
motor, shaft etc. can be assembled by a user-defined method
to model the required propulsion system. NPSS environment
does not provide libraries of elements such as: batteries, fuel
cells, generators, electric motors, power busses etc. However,

various

NPSS provides a possibility to model, develop and add new
libraries of created elements to the software. User defined
functions are implemented using the C++ programming
language.

Considering fuel cells as a promising alternative power
source for use in aviation in military and commercial aircraft
systems and subsystems, the model will be developed to
evaluate the performance of the system, including the sub-
model of the fuel cell. According to the assumptions and re-
quirements of the described project, the model will be
implemented on the basis of solid oxide fuel cell (SOFC)
technology. That particular fuel cell is optimal in this system
configuration due to its very high overall efficiency and gen-
eration of high quality exhaust heat that is used to increase
system efficiency and provides effective energy conver-
sion [144,145]. The integrated fuel cell — engine assembly
model is presented in the figure below (Fig. 32).

Modeling of the SOFC stack will be performed at the system
level using the zero-dimensional approach and steady-state
conditions. That methodology enables analysis of the entire
system with all components using input—output parameters.
The SOFC stack model will be developed using fundamental
equations of electrochemical, heat generation and the mass
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Fig. 32 — Architecture of the turbofan engine with SOFC; 1.
Fan with booster; 2. High pressure compressor; 1.
Combustion chamber; 4. High pressure turbine; 5. Low
pressure turbine; 6. Nozzle [Based on Ref. [146]].

and volume continuity equation [135,147,148]. The exemplary
system design of the conducted project is shown in the figure
below (Fig. 33).

The new element will evaluate the fuel cell parameters
based on the cell temperature, pressure and the current
density resulting from application requirements. The fuel cell
stack current results from current density and active area. In
the design of a fuel cell stack, the polarization curve, repre-
senting the relation between cell potential and current den-
sity, will be defined. The general form of Nernst's equation is
used to analyze the electrochemical parameters and to esti-
mate the maximum (reversible open circuit) voltage of the
SOFC. The maximum voltage of the fuel cell is usually deter-
mined by the type of fuel used and depends on the electro-
chemical reaction with oxygen occurring on the electrode
surfaces. In order to estimate the actual operating voltage of
the SOFC, the three overpotentials (voltage losses): activation,
ohmic and concentration need to be subtracted from the ideal
voltage of the cell. Knowing the operating voltage, the fuel cell
stack will be designed based on the required power output,
which will be determined by the active area and number of
cells [150,151].

The developed SOFC model will be implemented in the
complete propulsion system that will be used in order to
evaluate the performance of different architectures of the
propulsion systems with SOFCs and will help to set the
designed targets.

Numerical multi-level fuel cell studies

Several issues related to fuel processing were addressed at
AGH University of Science and Technology. The development
of efficient and safe steam reforming systems for SOFC
application was based on combined numerical and experi-
mental approaches with a view to developing a durable and
efficient SOFC system.

Research into fuel processing dedicated for use in SOFC
started in 2006 and involved a broad spectrum of topics,
including experimentation on methane steam reforming ki-
netics [152,153] and theoretical deliberation on phenomena
occurring in reforming systems. Thermodynamic analysis of
the chemical reactions involved has been proposed to deter-
mine optimal working conditions [154] and the novel
approach of orthogonal least squares method was applied to
increase the security of kinetic modeling [155,156]. It was
proved that the uncertainty of the reaction rate expression
can be reduced by increasing the number of constraint
equations and including supplementary data in the problem
description (Fig. 34a). Simultaneously, a numerical model of
the SOFC internal indirect reformer was developed and opti-
mized (Fig. 34b). The model was based on the introduced ki-
netics of chemical reactions and the heat and mass transfer
equation derived for gas flows in porous media [157—159].

To address issues related to applications of fuel cells, the
team at the Faculty of Energy and Fuels of AGH University of
Science and Technology focused on developing a control
strategy for SOFC. To make SOFCs efficient power sources in a
commercial distributed system, they need to work in load-
following condition, which resulted from variable consump-
tion of electrical power over time. SOFCs are required to
achieve a fast dynamic response. Thus, load-following capa-
bility is essential for grid independent power generation sys-
tems. In a conventional load-following SOFC system, the flow
of hydrogen is set at a constant level and power output is

Fuel
3

SOFC

Combustor

L AC
SOFC DC

Electrical
Power
Bus

/ Pelec

Compressor

Turbine Generator

\\

Fig. 33 — System architecture [based on Ref. [149]].
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controlled by the fuel utilization factor. This strategy is inef-
ficient, especially for systems working at partial-load and this
is one of the major reasons for investigating the transient
behavior of the SOFC system. The group studied an alternative
control strategy called Current-Based Fuel Control (CBFC). In
this strategy fuel flow is adjusted to meet power demand, and
the fuel utilization factor is kept at a constant level to

moderate overconsumption of fuel. The investigation con-
ducted by the group experimentally confirmed the adequacy
of fuel flow rate adjustment together with the manipulation of
an electric current [160,161] (Fig. 35). This was the first paperin
the open literature measuring a transient characteristic for
building an appropriate control strategy on this scale of SOFC
stack (300 W). The fast changing conditions during dynamic
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analysis might be harmful for the SOFC stack. Therefore, the
experimental researches were preceded by careful numerical
analysis to build up confidence for a high risk stack level
experiment [162,163].

As the SOFC slowly approaches commercialization, guar-
anteeing long-term and safe operation is becoming a key
issue. Hence, detailed knowledge about degradation mecha-
nisms is needed. These include transport phenomena at the
microscopic level and anode microstructure morphology
change during long-term operation. Researches focused on
these topics were carried out in cooperation with Kyoto Uni-
versity under a common project: Thermal Interaction between
Stack and Reformer in Small Scale SOFC (2013—2015) [164—167].
The project received financial support from the Polish Acad-
emy of Science (PAN) and the Japanese Society for the Pro-
motion of Science (JSPS). In this research a cell stack with
standard power output of 100 W was tested over a period of
3700 h. After an aging test, post-experiment analysis of the
anode microstructure was conducted using a combination of a
focused ion beam and scanning electron microscopy. The data
obtained was reconstructed into three-dimensional images,
based on which the microstructure parameters were quanti-
fied (Fig. 36a). By comparing the microstructure parameters
after long-term operation with the initial condition, local
evolution of the microstructure was discussed. The discussion
focused on Triple Phase Boundary as a potential reaction side
and one of the most important microstructure parameters.
The results obtained indicate strong microstructure
morphology change after long-term operation and revealed a
non-homogeneous tendency of behavior (Fig. 36b). Those
unique results shone an additional spotlight on the complex
problem of electrode microstructure evolution during long-
term operation. The application nature of the findings will
help the future development of a more durable stack by
optimizing transport phenomena at the micro and macro
levels. This is a subject of a new PAN-JSPS research grant
entitled: Mechanism behind degradation in SOFC — from nano to
macro-scale (2016—2017).

a)
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The Process Modeling Group which was established in 1996
at the Institute of Chemical Engineering and Environmental
Protection Processes of the West Pomeranian University of
Technology, Szczecin (ZUT) uses the Computational Fluid
Dynamics (CFD) and Finite Element Method (FEM) numerical
methods together with a Process Simulation (PS) tool to
investigate the performance and design at the cell, stack and
system level modeling of solid oxide fuel cells. Since 2010 the
Process Modeling Group has conducted its own dedicated
research into the CFD and FEM modeling of fuel cells and
stacks with different modeling tools: CFD codes — ANSYS
Fluent with the Fuel Cell module or COMSOL Multiphysics
with the Batteries and Fuel Cell module as well as FEM code —
ANSYS Mechanical at the single and stack level, and the
Aspen One Engineering process simulator.

Practical industrial applications of the CFD technique to
the microtubular SOFC (mSOFC) at the single cell level were
characterized in Ref. [168] as exemplified in Fig. 37A. Thermal
and electrical fuel cell performance was also predicted for a
new design of an anode supported planar SOFC with complex
bipolar plates. The estimated pSOFC performance, i.e., voltage
and power curves as well as the fuel utilization values were
close to the experimental ones. In addition, the temperature
distributions for the pSOFC were characterized by high
nonuniformity. Maintaining the operating temperature below
the maximum avoided high thermal stresses in the SOFC
stack, which might cause microstructural instability and sub-
critical cracking. Examples of a joint analysis by the CFD and
Computational Structural Mechanics FEM carried out to
analyze thermal stresses in a mSOFC stack can be found in
papers [169—171]. A full numerical model was based on the
coupling of mass, momentum and energy balance equations
plus electrochemical reactions and electrochemical potential
equations (thermo-fluid model) with the total strain and
stress-strain relationship for materials (thermo-mechanical
model). Based on temperature distribution from the thermo-
fluid model (Fig. 38A), stress distributions including the von
Mises stress in ceramic material were derived in the thermo-
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Fig. 36 — a) 3D reconstruction of anode microstructure morphology [166], Copyright (2015), with permission from Elsevier; b)
Quantitative evaluation of Triple Phase Boundary length density before and after aging experiment [167], Copyright (2015),

with permission from Wiley.
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Fig. 38 — A. Temperature distribution of the fuel cell tubes at inlet air velocity of 2 m/s for the cylindrical mSOFC stack [K]. B.
Radial displacement of the assembly with supporting structure under thermal stresses [mm] for hexagonal mSOFC stack.

mechanical model (Fig. 37B for a single cell, Fig. 38B for a
stack). The residual and total axial stresses distributions were
analyzed in selected sections of the SOFC stack, which were
considered as particularly susceptible to damage. Parts at
highest risk of damage within the SOFC stack were recognized
[169—171]. The FEM predictions helped assess the effects of
the geometry of flow channels, interconnectors, manifolds as
well as designs of the inlet and outlet manifolds.

Knowledge of the physical and chemical processes taking
place in microtubular and planar SOFCs at the cell and stack
level achieved by the CFD modeling enables fully predictive
control at the system level. The basic aspects of cell, stack and
system modeling of the SOFC technology were characterized
in Ref. [172]. Guidelines were also proposed for the integration
of two types of software: CFD ANSYS Fluent with additional
Fuel Cell module at the cell and stack levels with a process
simulator tool — Aspen Plus at the system level modeling. The
process simulator tool provided clear insight into various as-
pects of the system operation. The Balance of Plant (BoP)
calculations provided greater understanding of the operating
conditions and cost reduction of development and production
of fuel cell systems.

The Institute of Power Engineering team together with
partnering institutions is developing advanced numerical
models which can be applied in power systems. Multi-level
modeling addresses key processes related to mass and en-
ergy transfer, chemical and electrochemical reactions in sys-
tems based on solid oxide fuel cell. Over the years several

stationary [173—175] and dynamic models were developed and
aided in system-level studies oriented at optimizing the
working conditions of system components [176—178].

Additionally, several completed studies, including work
done within the framework of the EU project ONSITE were
oriented on parametric evaluation of selected factors on sys-
tem performance [179—-181].

Molten carbonate fuel cells

Activities in the field of MCFC are carried out in two de-
partments at the Warsaw University of Technology. The
Institute of Heat Engineering (IHE) of the Faculty of Power and
Aeronautical Engineering investigates applications of molten
carbonate fuel cell in the power industry with special atten-
tion drawn to use of MCFC as a CO, reducer of coal fired power
plant flue gases. IHE has validated several single cell
(16—120 cm?) laboratory scale units for natural gas, biogas and
hydrogen. Since 2013 IHE has had 1 kW MCFC stacks as well as
a mobile container for in situ investigations.

IHE is also active in MCFC simulation, adopting new ap-
proaches to modeling cell voltage, called reduced order
modeling. Electrochemical, thermal, electrical and flow pa-
rameters are collected in a 0-D mathematical model, which
rivals the classic approach. MCFC voltage is described by a few
factors which have physical explanations: maximum voltage;
fuel utilization factor; maximum current density; area specific
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Fig. 39 — 1 kW MCFC stack, Warsaw University of
Technology.

internal ionic resistance; and area specific internal electric
resistance [182-185]. Thus, investigation of a specific
component of the fuel cell (e.g., new electrolyte material, new
catalyst layer, new fuel, etc.) is related to the factor listed, not
for the whole current density—voltage curve as is currently
practiced.

Preliminary studies in 2010 and 2011 related to research on
1 kW stacks (see Fig. 39) fed with a hydrogen/methane blend
with external reforming. The MCFC stacks were bought from
Ansaldo Fuel Cells company, where they were demonstrated
successfully. A 1 kW external-reforming MCFC system was
tested in order to evaluate the feasibility of MCFCs for co-
generation applications. The test station can be seen in Fig. 40.

R&D has been concentrated on the promotion of internal
reforming technologies. With support from NCBR, a concept of
using MCFC for CO, separation is under development.

Fig. 40 — MCFGC single cell test facility, Warsaw University
of Technology.
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Fig. 41 — The influence of SO, contamination at the MCFC
cathode inlet.

Key issues like SO, and dust contamination are under deep
investigation. Stability of cell performance with a certain
amount of SO, at the cathode inlet was confirmed with a
20 cm? single cell, as shown in Fig. 41. It is observed that the
increase in sulfur dioxide concentration in gases results in an
increase in the rate of voltage drop over time. The presence of
a sulfur dioxide concentration not higher than 100 ppm re-
sults in a slight voltage drop over time. After 48 h of operation
the voltage drop does not exceed 2% of nominal voltage,
whereas an SO, concentration higher than 680 ppm results in
a significant voltage drop.

For the experimental studies, a custom-made fuel cell
manifold was designed by the team at the Warsaw University
of Technology (see Fig. 42).

Steady progress has been made in the demonstration of
molten carbonate fuel cells in the size range of 20—120 cm? at
IHE during the past five years. The performance levels of these
cells compare with the values (0.125 W/cm?) reported by
others. These investigations are indicative of our capabilities
in testing MCFC for various purposes (CCS, sulfur poisoning)
which will form the basis for future development and
demonstration of a 1 kW MCFC stack.

The Faculty of Materials Science and Engineering (FMSE) is
engaged in the design and manufacturing of materials for

Fig. 42 — Fuel cell manifold by Warsaw University of
Technology, Poland.
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MCEFC. The main thrust of the research is devoted to materials
for electrodes and electrolyte matrix. These materials will be
used in the assembly of single cells and, in future, multiple
stacks in prototypes of powerful fuel cell stations. The area of
FMSE WUT research on MCFC materials design is related to
the components of electrodes and electrolytes.

Although the abovementioned materials have an open-cell
porous structure, they all play another role in the MCFC device
and demand different chemical composition and
microstructure.

High operating temperatures mean that expensive cata-
lysts like platinum can be replaced with much cheaper nickel
based ones. Nickel powder with suitable size distribution is
the base material in the FMSE manufacturing process. In order
to investigate the influence on catalytic and mechanical
properties or thermal stability, nickel based materials with
additions are produced. Presently at the Faculty both

theoretical and experimental research is being carried out to
optimize the chemical composition of electrodes. The mate-
rial of the matrix is based on lithium aluminum oxides,
characterized in high thermal, chemical and electrical resis-
tance. Unfortunately, they exhibit crack susceptibility.
Microstructure optimization is important in the design of
materials for MCFC, in particular suitable porosity level, pore
size distribution and pore shape. Anode material is charac-
terized by smaller pores than cathode material (see Fig. 43).
This is related to in situ oxidation of cathode material during
the start-up process. Oxidation leads to a reduction of pore
size compared to the initial size. Experimental and theoretical
[186,187] research regarding the influence of porosity on the
properties of materials was recently carried out at the Faculty.
The base material for matrix fabrication is lithium alumi-
nate, which is mixed with polymer binders, solvents and
dispersant to create the slurry for the tape casting process.

Fig. 43 — Materials of key MCFC components in macro- and microscale.

Film coater

Tape forming

Slurry

Green tape

Drying

Fig. 44 — A schematic of the tape casting process for forming green tapes.
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Fig. 45 — Characteristics of a MCFC cell made by FMSE with
modified anode, cathode and electrolyte matrix vs.
characteristics of the reference cell from KIST.

Due to the electrolyte upholding ability pore size in the matrix
has to be precisely controlled by means of capillary forces.
Current work on the matrix is focused on improving its
properties and cutting the cost of fabrication. All of the
abovementioned materials are manufactured in the tape
casting process (see Fig. 44). This is a relatively simple tech-
nique that produces satisfactory results with the use of basic
devices, which can be inexpensive. The slurry composition as
well as the drying and firing parameters are key factors
determining the structure and properties of the fabricated
materials. Slurries used in FMSE WUT research are based on
organic and inorganic solvents. Both economic and techno-
logical aspects are taken into account when selecting slurry
ingredients.

Materials fabricated to date were tested in a device that
provides adequate MCFC operating conditions. The results
obtained exhibit satisfactory characteristics of the tested
materials. In each case the results are better than those ob-
tained for reference industrial components Fig. 45.

Presently, Warsaw University of Technology has a research
project underway within the framework of the Applied
Research Programme (Contract No PBS3/B4/14/2015). The
main goal of the project is development and optimization of
structural and material design for MCFC application. The aim
is to obtain results that work toward making molten carbon-
ate fuel cells fit for commercial use in industry. The Faculty of
Materials Science and Engineering has an international
cooperation in research and development of materials for
MCFC with leading scientific centers: Hanbat National Uni-
versity (South Korea) and University of Perugia (Italy).

Conclusions

Contributed review allows to appraise achievements of the
Polish scientists in development of new materials, micro-
structural design and optimization of various components of

the cells, as well as research on high temperature fuel cell-
based systems. While demonstrated level of studies is strong
enough, it is evident that further progress, especially in terms
of up-scaling and commercialization of the research needs
substantial investments, which should be supported by na-
tional funding agencies, as well as by the industry. In this
aspect, it is clear that a very strong scientific potential of
various groups of Polish scientists is not yet fully utilized. It
should be emphasized that promising results obtained by
Polish scientific teams working on novel materials and fabri-
cation techniques can be integrated, addressing various
fundamental problems related to a design of the high tem-
perature cells, and that such basic research should be
continued and appropriately funded. Similarity like in the
case of other, competing technologies, financing by the in-
dustry sector for further progress in SOFCs and MCFCs is
sought. With more interest and support from the govern-
mental agencies and Polish companies from the energy sector,
which should be focused on programs and grants enabling
transition from the laboratory scale to the commercial prod-
uct, a major progress can be achieved.

Before the commercial product emerges, the objectives
related to cost reduction need to be achieved. The installation
costs of fuel cell are related mainly to the used material.
Fortunately, high temperature fuel cells do not require
expensive catalyst (e.g. platinum). On the other hand the
elevated temperature requires special and dedicated thermal
management and heat balancing of the fuel cell and the stack.
The material costs of MCFC manufactured by Warsaw Uni-
versity of Technology are estimated at $1000/kW, for labora-
tory size. The calculation is based on the 0.3 A/cm? current
density and cell voltage equal to 0.55 V. These are relatively
small values in comparison against SOFC technology, where
current densities can be as large as 2—3 A/cm?, thus the
further progress is expected. It should be noted, that the ma-
terials which are used in MCFC technology are not very
expensive (stainless steel, nickel powder). The crucial di-
mensions are also easy manageable (electrolyte thickness is
about 1 mm, not in range of microns). Thus, there are good
perspectives for decreasing the installation costs of MCFCs.

One of the projects which is ongoing at the Warsaw Uni-
versity of Technology (acronym Matrix) is oriented into new
innovative solutions for the matrix materials. Once the project
is successfully completed, the significant cost reduction is
expected. If the material costs cannot be reduced any more,
the increase in power density will be a sound alternative for
decreasing the specific costs (per kW). By reaching the current
densities similar to SOFC, the installation costs will be low-
ered by order of magnitude, without change amounts of used
materials. One of the options here is the “Diamond” project
oriented into a using cryogenic separation of the anode off
gases to save at least 30% of fuel delivered to the cell—the
solution can be applied for both technologies SOFC and MCFC.

In the field of solid oxide fuel cells several new initiatives
oriented at lowering the cost of production of cells were
started. They include the ongoing NewSOFC (New designs ma-
terials and manufacturing technologies of advanced solid oxide fuel
cells) — the project of the Institute of Power Engineering related
to fabrication of cells with corrugated anodes produced using
high pressure injection molding. The project is expected to be
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completed with (i) increasing the efficiency of fuel cells by
from 5 to 20%-p., (ii) the development of new technologies and
structural changes which lead to lowering the manufacturing
costs of individual cells by about 40% in comparison to
commercially available SOFC offered by foreign companies,
(iii) decrease of the cell manufacturing costs by about half at
the mass production, (iv) new technology for SOFC production
with no waste material which is a great environmental
advantage and leads to additional savings.

Polish programmes follow the annual and multi annual
working plans (AWP and MAWP, respectively) of the Fuel Cell
and Hydrogen Joint Undertaking which are related to specific
cost, lifetime, availability and efficiency. These are organized
in seven categories, including CAPES (in EUR/kW), durability
(years of operation), availability (% of the plant), electrical ef-
ficiency (%, LHV-based), thermal efficiency (%, LHV-based)
levelized cost of electricity or LCOE (EUR Ct/kWh) and emis-
sions (mg/kWh). The seven key performance indicators apply
to residential systems (0,3—0,5 kW), commercial (5—400 kW),
industrial (0,3—10 MW) and grid supporting units (1-30 MW).
Further detailed information is available in the FCH-JU Multi-
annual working plan 2014—2020 [188].

Polish groups working on high temperature fuel cells are a
part of the global technological pursuit. The current global
community has identified the areas which require competi-
tive solutions which can be brought to reality only by strong
cooperation and exchange of information. The national teams
established a strong position as members of international
teams but it has to be noticed that several breakthrough so-
lutions were developed in Poland. The selected advanced and
achievement reported and discussed in the article are either a
part of international activities or belong to frontier research
oriented innovation in the materials, constructions and
functionality.

Particular solutions developed by Polish research groups
for the high temperature fuel cells concern various aspects of
such systems. Development of MEA's, crucial for the tech-
nology, has been conducted widely, in the field of increasing
the ionic conductivity of electrolyte materials as well as im-
provements of electrodes.

Especially polish power generation sector would benefit
from rapid growth of SOFC electricity generation regardless of
the applied fuels. Currently, in Poland, an average MWh of
electricity produced generates 825 kg of CO, [189]. This is a
result of the Polish energy mix, consisting in almost 83% of
coal and lignite power plants [190]. Introducing to the market
an electrical energy source of lower CO, emission per MWh
than average polish coal/lignite power plant will result in
lowering overall emissions of the country. The installed ca-
pacity in fuel cells across Europe reached ca. 40 MW in 2012
[191]. The estimation of CO, emission from generation of
1 MWh of electricity in a fuel cell plant, assuming 60% LHV
electrical efficiency and natural gas as fuel, is ca. 380 kg.
Installation of 1 MW fuel cell plant assuming availability equal
90% will generate annually 7884 MWh of electricity and allow
mitigation of ca. 3500 tonnes of CO, emission per year.

While currently SOFC and MCFC technology in Poland ex-
ists only at the scale of single kilowatts (stacks developed in
the Institute of Power Engineering, and later at the Warsaw
University of Technology), with proper support,

demonstration of MW-scale high temperature fuel cell-based
systems seems feasible within 36—60-month timeframe. If
Polish governmental agencies (mainly NCBR) continue their
commitment to programs concerning renewable energy
alongside with the increased usage of distributed energy
system, it should encourage further development of high
temperature fuel cell technologies that can scalable to the
MW-class. In order to achieve so, the high temperature fuel
cell technology has to be viewed as the alternative and
promising way for modernizing energy sector. Concerning
this, Polish Hydrogen and Fuel Cell Association is fully
committed to encourage and support various educational,
scientific, as well as industrial activities and projects.
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