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ABSTRACT
Theoretical investigation of SOFC/SOEC degradation mechanisms and
mitigations
Fuming Jiang

America has a rapid growth in the development of renewable power
generation in the twenty-first century. Hydrogen energy especially is the major
topic in development of renewable power generation because it has the ability
to provide for energy in transportation, combined heat and power generation
and energy storage systems with little or no impact on the global ecosystem.
Electrolysis and fuel cell technology for hydrogen energy storage has brought
interest to the researchers worldwide.

Solid oxide electrolysis cells (SOECs) and Solid oxide fuel cells (SOFCs)
are promising hydrogen energy technologies that can utilize chemical energy
to produce and store electricity. SOEC can produce hydrogen at a higher
chemical reaction rate with a lower electrical energy requirement. SOFCs offer
significant advantages in the variety of fuels, quiet operation, low or zero
emission and high efficiency.

The performance of SOECs and SOFCs is the key for commercializing
SOECs and SOFCs. This work presents the methods and theory of improving
the performance of SOECs and SOFCs. A thermodynamic and electrochemical
equilibrium model is established for SOECs by considering a
cathode/electrolyte interfacial porous layer. By using numerical experiments,
the one dimensional thermodynamic and electrochemical equilibrium model
with porous layer provides a guideline for designing and optimizing SOECs.
The mechanisms of SOFCs degradation are reported and the ideal maximum
oxygen partial pressure is calculated to avoid SOFCs degradation
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1. Introduction

1.1 Main components and working principle of SOEC/SOFC cell

® Solid oxide fuel/electrolysis cell (SOEC/SOFC) as a new large-scale
energy storage technique

The energy crisis and the high demand of fossil fuel lead the gas price in the
U.S. to a new level. The International Energy Agency reported the U.S.
industrial sector’s energy consumption will grow more than twice as fast as any
other end-use sector from 2021 to 2050. The states need renewable energy to
replace fossil fuels. Under the situation of exhausting fossil energy and
worsening environment, electrolysis technology for hydrogen energy storage
has been a subject of intense interests worldwide M. Hydrogen energy storage
is considered to be of extremely potential for new large-scale energy storage
technique in the future due to its advantages such as sustainable, environment
friendly, long lifetime and cost effective.

The water electrolysis technology is the key point in the hydrogen energy
storage system, currently three kinds of electrolysis configurations are
developed based on different electrolytes; Alkaline electrolysis cell (AEC), solid
polymer electrolyser (SPE) and solid oxide electrolysis cell (SOEC),
respectively. A solid oxide fuel cell (SOFC) that runs in regenerative mode to
achieve the electrolysis of water and which uses a solid oxide, or ceramic,
electrolyte to produce oxygen and hydrogen gas. SOEC shows great merits in
contrast to the AEC and SPE, e.g., the efficiency of hydrogen production for
high temperature SOEC is more than twice of that for AEC, and is 1.5 times of
that of proton exchange membrane electrolyser 2. Therefore high temperature
water electrolysis using SOEC is so far the most promising method for
generating hydrogen efficiently. It makes energy use efficient and clean.

SOFC is one of the promising renewable energy technologies can utilize
chemical energy to produce electricity 4. Additionally, high-temperature (800-
1000 °C) SOFC has a high-temperature exhaust streams thus the exhausts can
be utilized again with gas turbine, steam turbine to achieve high-efficiency
combined cycle combinations according to DED Bl. As electricity power become
more and more easy and effectively to collect, such as solar energy, wind
turbines, hydroelectric plants, nuclear power plants etc., there is large
excessive power being wasted during low electricity consumption period. SOFC
and SOEC are excellent devices that can store energy and generated energy
as needed.

e Main components and working principle of SOFC/SOEC cell

SOFC consists of a solid electrolyte, an anode and a cathode as shown in
Fig. 1.1 I8 In the fuel cell, diffusion of oxygen molecules takes place at cathode
and becomes oxygen ions which in turn pass through electrolyte and reacts
with gaseous fuel at node thus producing electricity [l. Hydrogen fuel is fed into
the anode of the fuel cell and oxygen from the air, enters the cell through the
cathode. By burning fuel containing hydrogen on one side of the electrolyte, the
concentration of oxygen is greatly reduced. The electrode on this surface will
allow oxygen ions to leave the electrolyte and react with the fuel, which is
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oxidized, thereby releasing electrons (e’). On the other side of the plate, which
is exposed to air, an oxygen concentration gradient is created across the
electrolyte, which attracts oxygen ions from the air side, or cathode, to the fuel
side, or anode. If there is an electrical connection between the electrodes,
electrons flow from anode to cathode where a continuous supply of oxygen ions
(O%) for the electrolyte is maintained and oxygen ions from cathode to anode,
maintaining overall neutral charge thus generating useful electrical power from
the combustion of the fuel. The only byproduct of this process is a pure water
molecule (H20) and heat 8.

Fuel In

l_ Oxidant In

Positive lon
—_—

—
Negative lon

Depleted Oxident and
Product Gases Out

Anode T . cathode

Electrolyte
(lon conductor)

Figure 1.1 Schematic of SOFC [®l

The reactions taking place at anode and cathode are given as follows:
Reactions at anode:

H, + 0% > H, +2e~ (1-1)
CO+ 0% - CO, + 2e™ (1-2)
CH, + 0> - 2H,0 + CO, + 8e~ (1-3)
Reactions at cathode:
0% + 4e™ - 207" (1-4)

The reactions on the SOFC makes SOFCs are ideal for carbon capture in
that the fuel and oxidant (air) streams can be kept separate by design, thereby
facilitating high levels of carbon capture without substantial additional cost [].

SOEC uses electricity to split water molecules (H20), carbon oxides, sulphur
oxides and nitrogen oxides into hydrogen (H2) or other fuels and oxygen (Ox2).

Take water as an example, water molecules diffuse to the reaction sites and
are dissociated to form hydrogen gas and oxygen ions at the cathode-—
electrolyte interface. The hydrogen gas diffuses to the cathode surface and gets
collected. The oxygen ions are transported through the dense electrolyte to the
anode. the oxygen ions are oxidized to oxygen gas and the produced oxygen
is transported through to the anode surface. SOEC also consists of a solid
electrolyte, an anode, and a cathode however, the anode and cathode are
reversed as from SOFC. The working environment and electrode reaction
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process of SOEC are quite different from those of SOFC, bringing many
challenges for the selection of electrode materials. The reactions taking place
at anode and cathode are shown in Fig. 1.2 [l

ll" ! H,/CO

N,/O, <mmmm ke,
I ;}l‘/ e
VAN
PR H,0 e
Anodic reaction 0, L - '{ o Cathodic reactions
2009 O, + 4e "] H 2H,0 + d&° D 2H, + 20
CO, +4e = CO + 20
Co,
(o} RWGS
I co | Hi+co; ¥ cO+H0
T‘o o
N
T — R W
N, ) :'; H,0/cO
' | B === H,0/c0,

Oxygen side |_{ Fuel side

Figure 1.2 Schematic of SOEC [

1.2 Background of the state of art SOFC/SOEC progress

e State-of-the-art hydrogen fuel cells

Artificial Intelligent (Al) assisted SOFC system

Al has been applied to SOFC system recently, a locating method combining
long short-term memory artificial neural network (LSTM) and causal inference
is used. The literature reported that they can locate different faults with an
accuracy of 92.6% 10, Al has also used to provide more reliable and more
accurate results for determine performance parameters of the commercialized
SOFC stacks before construction [111 In order to achieve the proper
performance parameters, a modified metaheuristic algorithm, called the
Fractional Order Dragonfly algorithm is utilized. This algorithm was utilized for
the sum of squared error (SSE) minimization between the outputted voltage of
the empirical data and the obtained data.

Oxygen-conducting electrolytes

Complex oxides based on LaGaOs offer a convenient basis for the design of
oxygen-conducting electrolytes for solid oxide fuel cells [12]1. A rational
combination of appropriate dopants incorporated at various sublattices of
LaGaO3 allows superior transport properties to be achieved for co-doped
derivatives (La1-xSrxGai-yMgyOs-5, LSGM). It was shown in % that the ion-
transfer numbers were nearly equal to 1. For Lao.eSro.1Gao.sMgo.2O3-5 and
Lao.sSro.2GaonsMgo.20O3-5 ceramic samples, the oxygen-ion transference
numbers were found to be equal 1 at 700—-1000 °C 4, confirming the presence
of electrolyte-type behavior.

The most investigated and state-of-art SOEC is composed of a nickel and
yttria stabilized zirconia (YSZ) composite (Ni-YSZ) cathode, YSZ oxygen-ion
conducting electrolyte, as well as lanthanum strontium manganite and YSZ
(LSM-YSZ) anode. Excessive amount of oxygen is generated as the result of
the distribution of vacancies in the YSZ/LSM interface, and it leads to peeling
of oxygen electrode and increase of polarization resistance 1516171, Pattaraporn
(18] compared the electrolysis performance of SOEC using LSM-YSZ as well as
(La,Sr)(Co,Fe)Os (LSCF) as oxygen electrode at 550-800 °C. The result
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indicated that LSCF shows greater electrochemical activity than LSM, mainly
because LSCF features both ionically and electrically conducting, as well as
lower polarization resistance [,

e State-of-the-art hydrogen electrolysis cell

New materials and micro-structure design is proposed for improving the
SOECs’ performance. Ni-Fe alloy nanoparticles embedded in ceramic
Srz2Fe1.5Mo00.506-5 (SFM) achieved direct CO2 electrolysis with a current density
of 2.66 A cm=2[2% A Novel Micro-/Nano Channel Anode design as shown in the
figure 1.3 achieved a current density of 5.96 A cm™ at 800 °C 21,

o
% |
Caes
-‘ LSC Nano Layer
oTg
l‘!amu‘"' Straight Micro channel scaffold
i

Integrated Interface

0,

P 75

Figure 1.3 the Micro-/Nano Channel Anode design 21

The current density of the reviewed SOECs is very promising, however they
both have short life-time. In the SFM ceramic electrode SOEC experiment, the
researchers only performed a stability test of 140 hours. For the Novel Micro-
/Nano Channel Anode design experiment, the current density of 5.96 A cm™2 is
achieved for about 200 minutes.

Most oxygen electrodes consist of mixed conducting perovskite type oxides
with ABOs-5. as general composition. This report listed 3 different materials for
the oxygen electrodes of SOECs.

Lao.sSro2MnOs+d (LSM) is the oldest oxygen electrode material
commercially used for high-temperature SOEC, typically 800-900 °C [22],
Lao.sSro.4Coo0.2Fe0803-d (LSCF) has excellent mixed ionic and electronic
conductivity, it is usually used in the intermediate-temperature [ 231
Bao.5Sro.5Coo0.8Fe0.203-5 (BSCF), BSCF has fast bulk oxygen transportation, the
reported highest oxygen ionic conductivities is 0.07 Siemens /cm at 600 °C and
0.24 S/cm at 700 °C, it stands out because of its ultrahigh ionic conductivity and
excellent electrocatalytic activity, but it is still very subject to instability 4. To
this date, LSCF and LSM are still the most popular selections for the SOECs
electrodes materials.

e Future improvement for state-of-the-art SOFC/SOEC
For large-scale commercialization of SOFC in applications ranging from
distributed-generation to utility-scale power applications, a long-term durability



of SOFCs is at least 40,000 hours, with a maximum degradation rate of 0.2%
per 1000 hours [29],

For Stable SOECs, it is reported that with high current density of 3 A/cm?
for 1000 hours operation is achievable 26, However, the reported results are
guestionable, up to date, it is still very hard to replicate the same performance
for the researchers.

The long-term durability of SOFCs/SOECs are still a major factor for them
to be fully commercialized.

1.3 Overview of SOEC degradation phenomena and hypothesis of the
mechanisms: electrode/electrolyte interface

e Phenomena of SOEC anode delamination from the electrolyte

The high temperature and severe electrochemical conditions in a solid oxide
cell require development and improvement of promising materials and create
important challenges to the longevity and durability of the different cell
components. Therefore, it is important to understand and address the reasons
of degradation in SOECs. In the SOEC degradation, delamination is the major
issues need to be improved. The most common mode of failure has been
reported to the occurrence of delamination at the oxygen electrode/electrolyte
interface. Thus, the investigations of the delamination are mainly focused on
the oxygen electrode/electrolyte (YSZ) interface.

SOEC components 21517 as the origin of SOEC degradation is often difficult
to determine. SOEC anode delamination from the electrolyte is a major known
contribution to performance degradation. The cathode suffers irreversible
degradation under high steam concentration which causes agglomeration of
nickel and leads to the formation of nickel hydroxide and also low hydrogen
partial pressures. The 8YSZ (8 mol% Y203 stabilized ZrO2) solid electrolyte
shows pore formation at the interface with anode. SrZrOs formation is observed
in pores of the cerium gadolinium oxide (CGO) diffusion barrier layer 8. The
oxygen electrode material has a dominant role in the degradation of the SOEC
[19,27,28]

Long-term SOEC operation of the cells is reported in Refs. [1:2. Degradation
rates are given in Refs. (1215 Because the electrochemical performance is
described in detail elsewhere 18 the literature concentrates on additional
investigations on degradation phenomena in the previously described SOEC
tests. Researchers investigated on the aging processes using X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and Mossbauer spectroscopy. The structural and morphological
changes of the oxygen electrode during operation the SOEC are reported.

In SOEC, Fig. 1.4 shows an SEM micrograph of a delaminated oxygen
electrode 1293031 The delamination is reported in the long-term cell life tests [32]
as shown in Fig. 1.4. The cell tested as SOFC shows an overall voltage
degradation of 0.8%/1000 h, while a higher degradation rate of 8.3%/1000 h
was observed for the cell tested as SOEC. The comparison results show that
SOEC exhibits about 10 times larger attenuation than SOFC.



Bond Layer/
Oxygen Electrode

-~ )| . of

athi

3, R V-‘“\:f”"?‘;}:»‘w. e T sl
"‘"6 od&
4~ . wmXSZElectrolyte

T A T R S A T T === e =y —

Delamination Crack

Steam Electrode

Anode FunctionalLayer .~ =

900 pm

Figure 1.4 SEM micrographs from Mawdsley et al 2% and Virkar et al B4
showing oxygen electrode delamination along the oxygen electrode/electrolyte
interface.
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Figure 1.5 Comparison of electrochemical durability for SOFC and SOEC
operation. a) Voltage profile as a function of time. b) I-V curves recorded before
and after the durability tests [32,
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Figure 1.6 SEM micrographs of the cross-section of LSM oxygen electrode/YSZ
electrolyte interface (a) before and (b) after anodic polarization at 500 mA cm-
and 800 °C for 48 h [1¢]

After polarized at 500 mA cm2 for 48 h, there are decrease in LSM grain
size and clearly a gap formed between the LSM oxygen electrode and YSZ
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electrolyte (Fig. 1.6b), indicating the delamination and failure of the LSM oxygen
electrode.

There are 3 different hypotheses of the mechanisms to explain the
delamination and failure of the LSM oxygen electrode.

1.2.1 Delamination caused by high oxygen partial pressure

One of the obvious phenomena is the high oxygen partial pressures at the
electrode/electrolyte interface, the delamination had happened when oxygen
pressure reached 2.3x10* atm. In fact, a typical temperature of electrolysis of
800 °C, for values of (corresponding to pg,=100 atm) delamination may occur

along the oxygen electrode/electrolyte interface [2° 31331 The high pressure
formed just inside the electrolyte links up with the near surface defects causing
delamination. An important consequence of non-equilibrium thermodynamics is
the occurrence of abrupt changes in ‘potentials’ (chemical and/or electrical)
across interfaces 331,

Despite the wide-ranging observations on cation segregation on perovskite-
type oxides, the answer to how such surface segregation layers influence the
oxygen reduction and evolution kinetics remains controversial. Rational design
of novel materials and structures to improve the activity and durability of solid
oxide cell materials also requires the advancement of our knowledge on the
electrochemical reaction and degradation mechanisms at the molecular level
[34], More understanding on the electrochemical reaction and degradation
mechanisms is needed.

e Porous layer at the electrolyte/anode interface to prevent the
delamination

By considering the diffusion path of the oxygen ion at the electrolyte/anode
interface, YSZ porous layer was prepared on both sides of YSZ electrolyte to
prevent the delamination of the interface.

YSZ porous layer was prepared on both sides of YSZ electrolyte by spin-
coating. The sample with YSZ porous layer between dense electrolyte and LSM
electrode was named to W-PL, and the sample without YSZ porous layer was
named to N-PL as shown in Fig. 1. 7.
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Figure 1.7 The cross sectional of (c)W-PL, (d)N-PL 33,



Under anodic polarization, oxygen ion transports though the YSZ electrolyte
via bulk and grain boundaries. The oxygen gas at the closed pores/cavities
could diffuse into the air by redox reaction due to oxygen activity difference.
The diffusion path of the oxygen ion at closed pores of W-PL is shorter than
that of N-PL due to the difference of YSZ particle size. Therefore, the oxygen
gas at closed pores/cavities at the solid-solid two-phase (oxygen electrode and
electrolyte) interface for W-PL could diffuse rapidly into air. But the oxygen gas
oxidized at the YSZ grain boundaries are accumulated at the closed
pores/cavities of electrolyte of N-PL, resulting in the high oxygen
pressure/activity at the electrode/electrolyte interface [361. The experiments
cannot fully explain the electrochemical mechanism for the addition of porous
layer. Thus, a model of the porous layer for electrochemical mechanism needs
to be considered.

The oxygen pressure at the solid-solid two-phase (oxygen electrode and
electrolyte) interface (SSTPI) could be calculated according to the Nernst
equation:

RT
Ey = 2zIn (s ftOZHZ) (1-5)

02

where pgz and p,, are the oxygen pressure at the SSTPI and the
reference electrode, respectively The reference electrode of W-PL and N-PL
are directly exposed to air, so pot "2 is the same.

Thus, the oxygen pressure at the SSTPI of samples were calculated. the
oxygen pressure at the SSTPI of N-PL was 0.41 atm, still larger than oxygen
partial pressure in air, meaning that certain amount of oxygen gas accumulates
at closed pores/cavities of electrolyte. While, the oxygen pressure at the SSTPI
of W-PL had reached 0.21 atm rapidly, indicates that oxygen gas accumulates
at closed pores/cavities of electrolyte diffuses rapidly toward the air.
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Figure 1.8 The schematic diagram of the oxygen oxidation reaction at the
SSTPI for (a) N-PL, (b) W-PL [33]



Figure 1.8 shows the schematic diagram of the oxygen oxidation reaction
for (a) N-PL, (b) W-PL. Under anodic polarization, oxygen ion transport though
the YSZ electrolyte via bulk and grain boundaries, are oxidized to oxygen gas
at the three phase boundary (TPB) and SSTPI, respectively. The oxygen gas
oxidized at the YSZ grain boundaries are accumulated at the closed
pores/cavities of electrolyte, resulting in the high oxygen pressure/activity at the
SSTPI.

The oxygen gas at the closed pores/cavities could diffuse into the air by
redox reaction due to oxygen activity difference. The diffusion path (yellow line)
of the oxygen ion at closed pores of W-PL is shorter than that of N-PL due to
the difference of YSZ particle size. Therefore, the oxygen gas at closed
pores/cavities at the SSTPI for W-PL could diffuse rapidly into air.

In results the introduced YSZ porous layer on dense electrolyte not only
extends oxygen oxidation reaction sites, but also provides shorter path for
oxygen ion diffusion at the SSTPI to enhance performance and stability of LSM
electrode.

e Local Ni depletion as a major source of the SOEC performance
degradation

For what concerns SOEC operation, some degradation phenomena
responsible for the microstructural degradation of the fuel electrodes have been
identified: carbon deposition, impurity segregation, percolation loss due to
formation of ZrO2 nanoparticles, Ni coarsening and Ni depletion. More recently
The et al. observed Ni coarsening and Ni depletion in the innermost region of
the active fuel electrode for SOECs tested at 0.75 A cm™? (6100 h) and 1 A cm-
2 (9000 h) 871,
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Figure 1.9. EDS results a) and porosity quantification performed on SEM
images b) for the three samples analyzed. the nominal value for the Ni ratio in
Figure 1.9 a (0.48) is calculated based on cell manufacturing data. The
theoretical minimum limit for the pore fraction shown in Figure 1.9 b (21.8%) is
calculated based on porosity only originating from the reduction of NiO to Ni for
a Ni/YSZ electrode with a Ni/YSZ volume ratio of 40/60 32,



Figure. 1.9 a shows a significant Ni depletion in the SOEC at a distance of 2
pum from the electrode/electrolyte interface, the ratio (Ni/(Ni + Zr +Y)) decreases
from ~0.49 for the reference sample to ~ 0.28 for the cell aged in SOEC mode.
This loss of Ni in the region close to the SOEC electrode/electrolyte interface
reduces the electronic conductivity and the number of active sites for
electrochemical reaction, as confirmed by FIB-SEM results, which show the
decrease of both total and percolating TPB density. The more pronounced
decrease of TPB observed for the SOEC indicates that Ni depletion plays the
primary role to the increase of the overpotential.

Mogens et al. proposed that the driving force for the Ni migration is the
formation of Ni(OH)x volatile species which diffuse down the steam partial
pressure gradients [38],

It has been reported that the contact angle is a function of the oxygen partial
pressure (po,) B

Po. = i( PH,0 )
02 Ky \1- pHZO/Ptot (1-6)

where Ky is the equilibrium constant for the H2/O2 reaction and equal to 2.33
x 10%8 at 800 °C.

Ni migration in the SOEC leads to loss of percolating nickel and an increase
in the porosity in the active region of the fuel electrode. Furthermore, the more
pronounced decrease of the SOEC total and percolating TPB density will affect
the electrical performance of the cell. From the results we emphasize that local
Ni depletion should be considered a major source of the SOEC performance
degradation. The Ni moves from the position of very low p,, (strongly
polarized zone close to the electrolyte) where the Ni/YSZ contact angle is high
(de-wetting) towards the higher p,, in the outer parts of the electrode, that are
less polarized and where also the gas phase p,, is higher, resulting in a locally
lower Ni/YSZ contact angle (wetting behavior).

1.2.2 Delamination caused by lattice shrinkage and coarsening

e Hypothesis of the mechanisms of lattice shrinkage

The decrease in LSM grain size is due to the shrinkage of the LSM lattice,
which is explained by the incorporation of excess oxygen under oxidation
conditions and consequent valence increase of Mn ions at the LSM B-site
and/or the increase of the cation vacancies “9. Such shrinkage of the LSM
lattice also reported in 411,

Partial doping of the La3* site in LaMnQs perovskites with low-valence cations
(e.g., Sr?*) will lead to an increase in the valence of the B-site Mn metal ions

(as positive holes) and/or the formation of oxygen vacancies. According to the
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defect model two defect equilibria can be written as a function of partial
pressure of oxygen and temperature:

1
Og,LSM + 2MnMn g Vé,LSM + 2Mn1>\51n + _02

2 (1-7)
1
05 Lsm + 2Mngy, < Vi 1oy + 2Mny,, + 502 (1-8)

where Mny,, , Mnj, , and Mn,, donate Mn*, Mn®, and Mn?" ions,
respectively, and 05,y and Vs stand for O% ions and oxygen vacancies
in LSM lattice sites.

Once the oxidation state of Mn ions reaches 4+, the excess oxygen migrated
or incorporated at the LSM electrode lattice would be compensated by the
formation of Mn cation vacancies. The formation of cation vacancies would
cause the lattice shrinkage.

The formation of nanoparticles within LSM particles is most likely due to the
migration or incorporation of oxygen ions from the YSZ electrolyte into LSM
grain bulk, resulting in the LSM lattice shrinkage due to the oxidation of
manganese ions and formation of manganese cation vacancies. The lattice
shrinkage would lead to the local tensile strains within the LSM particles and
subsequent formation of microcracks and nanopatrticles at the interface.

e Cause of delamination

In the case of conventional LSM-YSZ oxygen electrodes, excess lattice
shrinkage within LSM grains at the interface can cause the buildup of internal
stress, leading to the formation of LSM nanoparticles and the delamination of
LSM electrodes. Fig. 1.10. shows schematically the delamination process of an
LSM oxygen electrode unOder SOEC operation conditions.

a C
l Y N b Tensile Strain
=
[0} [Fe o I Jer ! : = I
S ° . @
bbb ] x
OLi0E R0k O O o
d o . e
O . .S

\& // N
N

N\ 4 / y <
[ re e ftre et — [ te e
()3.\»& f \ ] .0, 1)1\\// ( ) o ”i\f I - 4] >
Neee @ o ‘ m& 4
‘ |

t [ SRR I
LB b [ [ ‘
0+ 0¥ O* O* O (o a0l o i 0 kO 0¥ 0% OF 0% 0f ‘

11



Figure 1.10 Schematic illustrations of the microstructural change of the LSM
oxygen electrode/YSZ electrolyte interface under SOEC operation conditions:
(a) oxygen migration from YSZ electrolyte to LSM grain bulk at the interface, (b)
local tensile strains within LSM patrticles due to the shrinkage of LSM lattice, (c)
local tensile strains induced microcrack formation, (d) formation of individual
nanoparticles, (e) propagation and continuous nanoparticles formation and
LSM grain is bonded to YSZ electrolyte through bridges along edge of the
convex contact ring, and (f) formation of complete nanoparticle layers and
delamination of the LSM oxygen electrode under high internal oxygen partial
pressure at the interface 16,

The migration of oxygen ions from YSZ electrolyte to the LSM particles at
the electrode/electrolyte interface would result in the localized internal stress in
the LSM region next to the YSZ interface due to the lattice shrinkage as
described above (Fig. 1.10 b).

It can also be considered that such microcrack formation can only occur
within LSM particles bonded to YSZ electrolyte. For the LSM particles not in
contact with the YSZ electrolyte, the incorporation of oxygen ions would only
result in a globe LSM lattice shrinkage but not local tensile-strains due to the
free-standing of LSM grains in the bulk of the electrodes.

e Different stability behavior of lattice shrinkage and coarsening 42

From the results of other studies % under polarization condition, both lattice
shrinkage and lattice expansion could happen. As shown in Fig. 1.11, in the
case of electrodes heat-treated at 900 °C with the initial average nanoparticle
size of 66£18 nm, the grain growth kinetics by the thermal coarsening effect is
dominant, indicated by the increase of LSM nanoparticles after anodic
polarization test, while for the electrode heat-treated at 1100 °C with the initial
average nanoparticle size of 157+34 nm, the lattice shrinkage effect plays a
dominant role in controlling the microstructural behavior of the infiltrated LSM
nanoparticles, supported by the decrease of the LSM patrticle size polarized
under identical conditions. The study demonstrates that the long-term stability
of nano-structured LSM-YSZ composite oxygen electrodes could be
manipulated by controlling and optimizing of the infiltrated LSM nanoparticles.
The LSM lattice shrinkage effect under anodic electrolysis polarization is the
main reason for the observed excellent stability of the infiltrated LSM-YSZ
composite oxygen electrodes. In the case of nanostructured LSM-YSZ oxygen
electrodes, the microstructural stability of LSM nanopatrticles is governed by
two opposite effects; one is the grain growth by the thermal sintering effect and
the other is the LSM lattice shrinkage under the anodic polarization. The
process that is dominant for the microstructural behavior of infiltrated LSM
nanoparticles appears to be related to the initial particle size of the infiltrated
LSM 421,
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Figure 1.11 The average patrticle size of infiltrated LSM nanopatrticles before
and after polarization is shown in (g) 2.

The SEM micrographs of the YSZ scaffold and the infiltrated LSM-YSZ
electrodes before and after the polarization stability test are shown in Fig. 1.12.
For the electrode heat-treated at 900 °C with the initial average nanoparticle
size of 66+18 nm, the grain growth kinetics by the thermal coarsening effect is
dominant, indicated by the increase of LSM nanoparticles after anodic
polarization test. As shown in Fig. 1.12c and Fig. 1.12e. For the electrode heat-
treated at 1100 °C with the initial average nanoparticle size of 157+34 nm, the
lattice shrinkage effect plays a dominant role in controlling the microstructural
behavior of the infiltrated LSM nanopatrticles, supported by the decrease of the
LSM particle size polarized under identical conditions. As shown in Fig. 1.12d
and Fig. 1.12f.

Figure 1.12 SEM micrographs of the cross sections of freshly infiltrated LSM—
YSZ electrodes heat-treated at (c) 900 °C and (e) after polarization at 500 mA
cm™2 at 800 °C for 100 h, heat-treated at (d) 1100 °C and (f) after polarization
at 500 mA cm2 at 800 °C for 100 h 421,
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For the electrode heat-treated at 900 °C (Fig. 1.13a), there is small increase
in Nanodic and Re in the early stage of polarization for 30 h, followed by a relatively
stable performance with further polarization. Re is very stable while the
electrode ohmic resistance, Ra appears to show a very small increase with the
polarization. For the electrode heat-treated at 1100 °C, Re decreased from the
peak value of 0.93 to 0.62 Q cm? after being polarized for 100 h (Fig. 1.13b),
showing the enhancement of the performance stability of the electrode. The Ra
is more or less stable except for a very small increase at the early stage of
polarization.
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Figure 1.13 Polarization curves for the infiltrated LSM-YSZ electrodes heat-

treated at (a) 900 and (b) 1100 °C, measured at 500 mA cm~2 and 800 °C for

100 h #2,

1.2.3 Atomic-scale mechanisms of oxygen electrode delamination

Many of degradation processes in materials start with individual atomic-scale
defects that form, interact with each other, transform into another types of
defects, and cause instabilities and imperfections at larger length scales.

Atomic-scale models for YSZ surface and LSM/YSZ interface are shown in
Fig.1.14. Fig. 1.14b shows relaxed structure of the LaMnOs/ZrO: interface
obtained by positioning a (001) surface of LaMnOs on top of oxygen saturated
(001) surface of cubic ZrOz2 (the interfacial oxygen atoms were common for the
ZrO2 and MnO: layers, i.e., some “spare” surface oxygen atoms were
eliminated). Only the positions of zirconium and oxygen atoms in the lower ZrO>
layer were fixed while all the other atoms were allowed to relax.
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Figure 1.14 Atomic-scale models for YSZ surface and LSM/YSZ interface: (a)
a free (001) surface for oxygen saturated stabilized cubic ZrO: structure; (b) a
smooth LaMnOs/ZrOz interface with (001) orientation. Oxygen atoms are shown
in red, Zr - in small light blue balls, La - in big cyan balls, Mn - in purple. Only
three layers of LaMnOz perovskite (nearest to the interface) are shown 431,

Figure 1.15 - Schematics for substitutional Sr (a), and La (b), and Mn (c)
impurity defects in subsurface area of YSZ near the LSM/YSZ interface. A
whole row of Zr atoms in the supercell was substituted by impurities. A
defectless interface is shown for comparison (d). Oxygen atoms are shown in
red, Zr - in small light blue balls, La e in big cyan balls, Mn e in purple, Sr - in
green. Only three layers of LaMnOs perovskite (nearest to the interface) are
shown. La-O and Sr-O bonds were omitted in figures (a) and (b) for better
illustration 31,
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As Fig. 1.15 shown, La and Sr metal impurities migrating across the interface
into the electrolyte may significantly change the YSZ local structure near the
interface (substitution of one Zr4* by Sr2* requires one oxygen vacancy to be
introduced in the supercell). In particular, these large atoms generate a
significantly larger distortion in the electrolyte network than Mn impurities simply
because the La-O and Sr-O atomic bonds are longer than the Zr-O and Mn-O
bonds which cause increased local strain in the electrolyte network.

Although Mn dopants do not produce any significant damage to the LSM/YSZ
interface (like La and Sr atoms, see Fig. 15c¢), Mn is mixed valence transition-
metal, and its accumulation within the electrolyte in the vicinity of the interface
may significantly increase the electronic conductivity (e.g., through the Mn3*-
Mn4* transitions) This phenomenon may cause a premature conversion of
oxygen ions O% to neutral oxygen atoms in the electrolyte, and subsequently,
into O2 molecules that may be accumulated within voids and other defects,
develop pressure, and eventually, accelerate crack formation.

Closed voids should be the main type of extended defects where gas
pressure could be developed and cause the void growth and crack formation at
interface.

1.4 Overview of SOFC degradation phenomena and mechanisms analysis:
electrode

The degradation of SOFCs can be classified into two types—intrinsic (due to
internal factors) and extrinsic (due to external factors). The intrinsic degradation
includes microstructural changes, fractures, and delamination while extrinsic
factors include reaction with components present in the fuel and the
atmosphere. Corrosion is an extrinsic phenomenon which occurs due to various
reasons affecting the performance of the cell. The materials constituting the
electrodes and electrolyte is a major factor of corrosion. These materials and
the design of the cells have been reviewed in great detail in the previous review
paper 4. Some factors of corrosion have been addressed in Fig. 1.16.
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Figure 1.16 Factors affecting the performance of SOFCs [4]

1.3.1 Degradation phenomena and mechanisms of anodes:

For Ni-YSZ anodes, degradation mechanisms have been classified into
three types: (1) material transport mechanisms (2) deactivation and passivation
mechanisms and (3) thermomechanical mechanisms [4¢l, Material transport
mechanism includes different microstructural changes due to the movement of
Ni or impurity particles. It is most prominent type of anode degradation during
which the Ni atoms, at higher temperatures, agglomerate by diffusion or by
transport in gas phase 47484950 Similarly, chemical gradients can develop due
to the presence of impurities or unsuitable material combination, which in turn
will affect the transport of particles throughout the microstructure [51.52]
Deactivation and passivation mechanism is responsible for the performance
loss due to the presence of impurities in carbonaceous fuels. Impurities mostly
responsible for the faster degradation of Ni-YSZ anode are carbon and sulfur,
hence the degradation processes are also termed as Coking 33! and Sulfur
poisoning. During coking, carbon particles are formed by the Boudouard
reaction. These particles settle on the Ni particles and inhibit the
electrochemical reactions. Similarly, the presence of sulfur in fuel, in the form
of H2S, has also been found to be detrimental to the Ni particles 5455, H>S
reacts with O2 to release H20 and S. This S then settles down on the active
sites and at the SOFC operating temperatures, NisS2 may form by the reaction
between Ni and S. This is a volatile compound which will result in a reduction
of Ni content on the anode side. The third type i.e. degradation by the
thermomechanical mechanism includes the deterioration of the anode due to
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the residual stresses, either between the interfaces at small scale or due to
stack parameters at the large scale [46:56.57.58],

e Nickel (Ni) coarsening

One of the most common and dominant type of degradation which can be
observed in Ni-YSZ anode after operation is Ni coarsening. The phenomenon
is associated with the agglomeration of Ni, loss of Ni—Ni contact and change of
surface morphology of Ni grains 596061621 This coarsening of the Ni grains has
been attributed to two mechanisms (1) Diffusion/ Sintering of particles,
vacancies or grain boundaries and (2) Ni transport in gas phase 7471, Both
these mechanisms highly depend upon the operating conditions of anode such
as temperature and humidity, especially.

e Sulfur poisoning

One of the main challenges for the commercialization of SOFCs is to use
commercially available fossil fuels. However, several impurities present in
these fuels restrict their use in SOFC technology because of their damaging
nature. Among these, Sulfur is an important constituent, which can either be an
impurity or an additive in several fuels commercially available, present usually
in the form of H2S 351, The different sulfur compounds are known to interact with
the Ni-YSZ anode in such a manner that polarization losses become dominant
because they block the fuel supply to the system. Several studies 46364 have
shown that even few ppm of H2S can be detrimental to the Ni-YSZ anodes. It
has been found that H2S is associated with a sharp decrease of voltage during
the initial few hours followed by a gradual and slow deterioration of the cell [6469],
Another study by Li et al. [66] shows that H2S poisoning is associated with
blocking the migration of Oz ions towards the TPBs. It is also responsible for
blocking the fuel from travelling towards the active sites thus increasing
polarization resistance [67:681 Moreover, NisS2 once formed, cannot be

recovered and therefore, it is responsible for the permanent damage to the cell
[66],

e Coking

An increase in the use of hydrocarbons for SOFCs has opened various
research areas. These include modification of the microstructures of different
components, identification of various problems arising during the long term use
of these fuels and replacement of conventional ones with the newly developed
more efficient materials. For state of the art Ni-YSZ anode, apart from sulfur
poisoning, another phenomenon responsible for the degradation in the cell
performance has been observed commonly known as coking.

Carbon formation or coking on porous materials is a result of different
reactions and can produce different forms of carbon ranging from graphite to
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high molecular weight hydrocarbons 69, Carbon is thought to be accumulating
in different ways. It can be present as (1) chemisorbed or physically adsorbed
specie blocking the flow of fuel, or (2) surround the particle as a whole thus
deactivating it completely or (3) can build its filaments that can induce stress
and finally cracking in the material.

It is widely accepted that on metal supported catalysts, hydrocarbons
dissociate to produce Ca, an adsorbed atomic carbon, formed at 200-400 °C.
This Ca reacts with oxidant to form CO. However, excessive Ca, which does
not get converted to CO, can result in the formation of CB, a polymeric form
with a formation temperature of 250-500 °C. Similarly, fibers or whiskers (Cv)
and graphitic carbon (Cc) are produced at a temperature range of 300—1000 °C
and 500-550 °C, respectively. B and graphitic carbon can results in the
formation of continuous film around the catalysts resulting in its deactivation
while whiskers or fiber (Cv) formation causes the breakdown of the catalysts.
These different forms of carbon and degradation mechanisms related to these
have been described in detail in 79,

Carbon formation in these different forms can take place on Ni-YSZ anodes
through dissolution—precipitation mechanism 172 in which C atoms dissolve
into the Ni grains, diffuse through them and then get deposited at their outer
surface. Similarly one other mechanism is the dissolution of carbon in the Ni
grains which results in significantly changed dimensions of samples and results
in the cracks in the cells [, The deposition, sometimes, is also associated with
a phenomenon known as “metal dusting”, in which Ni becomes dust [/, The
deposition results in catalyst deactivation by covering the active sites which
ultimately results in performance degradation.

1.3.2 Degradation phenomena and mechanisms of cathodes

Cathodes are exposed to humid air during long-term processes and are
constantly corroded by CO: in the cell storage and working conditions. This has
resulted in the cathode getting delaminated from the electrolyte. Apart from
these external agents, Cr present in the interconnect alloys may likewise
contaminate the cathode. Impurities present in the sealants, similar to Si, have
been seen to poison the cathode by reacting with it and prevent the surface
reactions from taking place [7576.77],

e CO2 poisoning

Adsorption of carbon dioxide on the perovskite surface causes the formation
of carbonates. Strontium carbonate phases have been observed on the LSCF
(LaxSr1i-xCoyFe1-yOs-0) surface [’7l. Zhao et al. [l demonstrated that the
adsorption followed Temkin model for the LSC (Lai— xSrCoO3-0) cathode in
550-650 °C and Freundlich model in 700-800 °C. In 650— 800 °C, it followed
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the Freundlich model for the LSM ((Lai—xSrx)1-yMnQs) cathode 6% 641, Auger
electron spectroscopy (AES) and attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) techniques have shown the formation of
SrCO3 at the LSM surface by the following mechanism [76.78],
Sr0(s) + CO,(g) = 4SrC05(s) (2-9)

CO:2 poisoning led to an increase in polarization of the cathode as well as
difficulty in adsorption of O2. The degree of poisoning relied upon the nature of
the B-site atom of LaBOs. The impact of poisoning could be alleviated by the
incorporation of Si in the perovskite material. This, nonetheless, had the
disadvantage of silicon poisoning. The LSCF and LSC cathodes were seen to
be comparatively tolerant at higher temperatures 75,

e SrO segregation and generation of Mn3Oa4

For the LSM cathode, there occurred SrO segregation and generation of
Mn3Oa4 superficially, while La2Zr.07 and Mn203 were formed at the LSM/YSZ
interface 9. Liu et al. [8% showed that the LSM cathode was more susceptible
than the LSCF cathode. There occurred a severe voltage drop and increment
in non-ohmic resistance [,

Volatile Sr(OH)2 may be formed while operating the SOFC and transported
through gas-phase evaporation and deposition, leading to Sr depletion on the
perovskite material and subsequently lowering the cathode performance. Such
volatile species have been seen to interact with the ZrO2-based electrolytes and
form SrZrOs precipitates. Temperature, humidity, and SrO activity has shown
to influence the phenomena. However, this could be reduced by using, between
the electrolyte and the cathode, a layer of GDC oxide diffusion barrier, which
aids in Sr retention and suppresses the formation of SrZrOs [5°],

e Sulfur poisoning
In sulfur poisoning mechanism, SOz occupies the oxide ion vacancies and a

nucleation reaction occurs on the surface of the perovskite bringing about the
formation of SO32 18182 This was seen to be followed by the formation of SrSO4
phase [838485] gt high temperatures (approximately = 700 °C) and SrS phase at
low temperatures (i.e., < 700 °C) [8687]_ A proposed mechanism [Error! Bookmark not
defined.]:

10/3(Lay¢S194)(CogFeyg)05 +13/350, +5/30,

— 4/35rS0, + 2/3CoFe,0, + La,(50,)5 + 2/3Fe, 04 (1-10)

The corrosion effect was seen on both, the surface, as well as the bulk of
the electrode as the exchange and diffusion processes for the oxygen reduction
reaction on the surface was degraded, as shown in Fig. 1.17 [88],
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Figure 1.17 Schematic for sulfur poisoning at the electrode/electrolyte
interface in SOFC (88!

e Cr poisoning

Chromium poisoning initiated from chromium-forming alloy interconnects
[89.90.91.92] Hilpert et al. *% indicated that CrO3 was the dominant species with
dry air and CrO2(OH)2 with humid air 48, It is not an electrochemical reaction in
competition with O2 reduction, 4 as had been anticipated by Taniguchi et al. It
is a chemical process [°>%]l kinetically controlled by the nucleation reactions
[90.97.98] wherein deposition of Cr was seen on the surface of the cathode (in
case of LSCF ¥ LSCO ((La,Sr) Co0Q3) 100101 | SMC ((Lao.8Sro.2)0.95(Mn1-
xCox)Os3+d) [102] and LSF (LaosSro2FeQ) [193] electrodes) or the interface
between the electrode and electrolyte (in the case of LSM (LaSrMnO5* &) [°°]
and LNF (LaNio.sFeo0.40s3) [1%4 electrodes).

1.3.3 Degradation phenomena of the TPB area

The durability of the SOFCs is important for their commercialization. An
important factor influencing the durability of SOFCs is the TPB region, which
must be stable and optimized. The use of SOFCs for long durations has been
seen to cause the depletion of this TPB area due to microstructural changes.

At TPB, Oz from the YSZ reacts with Hz flowing through the pore to produce
electron which is then transported to the external circuit by the Ni particle. Water
vapors produced are also transported outside the anode through the porous
network. Ni-YSZ anode is fabricated in such a way that a large number of TPBs,
in other words, a large number of reaction sites are obtained [105.106.107] A
schematic of the anode during the SOFC operation is given in Fig. 1.18.

Chromia-containing deposits were seen to cover the electrochemically active
sites at the triple phase boundaries [92:108.109],
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Figure 1.18 Schematic of Solid Oxide Fuel Cell Anode during operation (62

2. Objectives of this thesis

e Problems of SOEC degradation need to be solved

SOEC degradation is often difficult to determine. The oxygen electrode
material has a dominant role in the degradation of the SOEC. To date, the
degradation mechanisms for the LSCF/LSM-based cathodes are ambiguous.
Therefore, itis important to understand and address the reasons of degradation
in SOECs.

Under anodic polarization, oxygen ion transports though the YSZ electrolyte
via bulk and grain boundaries. The oxygen gas at the closed pores/cavities
could diffuse into the air by redox reaction due to oxygen activity difference.
The oxygen gas oxidized at the YSZ grain boundaries are accumulated at the
closed pores/cavities of electrolyte of non-porous YSZ layer, resulting in the
high oxygen pressure/activity at the electrode/electrolyte interface. The
experiments cannot fully explain the electrochemical mechanism for the
addition of porous layer. Thus, a model of the porous layer for electrochemical
mechanism needs to be considered.

e Problems of SOFC degradation need to be solved

The interaction between metallic interconnect and cathodes of SOFCs has
been extensively investigated in last 10—15 years and great deal of information
is available. However, the chromium deposition and poisoning are a complex
process because many interrelated factors, such as operating temperature, O2
partial pressure, air flow, direct or indirect contact with interconnect, applied
current load, properties of electrolyte and composition and nature of electrode
materials in particular, affect the amount, location and accumulation of
chromium deposition.

Among other SOFC degradation phenomena, Cr poisoning is one of the most
often mentioned degradation mechanisms in recent long-term stack tests.
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2.1 Main contents of this thesis

Chapter 1: Research status of SOEC/SOFC technology is the main focus of
this chapter. The main components and working principles of SOEC/SOFC are
discussed. The overview of SOEC degradation phenomena and mechanism
analysis at the electrode/electrolyte interfaces are given as the foundations and
theoretical support for the work and investigations done in the next chapters.
Additionally, some important issues of SOEC/SOFC degradation are
addressed.

Chapter 3: |Investigation of electrochemical equilibrium theory on
SOEC/SOFC: The electrochemical equilibrium theory is introduced in the
SOEC working condition to achieve simulations of electric potentials,
electrochemical potentials of oxygen ions/molecules, oxygen partial pressure,
local electronic conductivity, and total electronic area specific resistance of the
electrolyte. Different theoretical cell designs were applied to the simulation to
investigate the most optimized cell designs in terms of electrochemical
performance.

Chapter 4: SOFC Chromium poisoning: A full explanation of the Cr poisoning
mechanism is introduced. Among other interrelated factors, the investigation of
the Chromium poisoning under different oxygen partial pressure is the major
focus. Found the relation of oxygen partial pressure and Cr vaporization to
reduce the Cr poisoning effect.

Chapter 5: Conclusions of electrochemical equilibrium theory and Chromium
poisoning are presented.
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3. Innovations of the SOEC electrochemical analysis influenced by
oxygen partial pressure: Simulation of oxygen partial pressure and
proposed improved micro-structure design

A MATLAB simulation based on the study of Zhang and Virkar 119 in 20109.
The simulation is one-dimensional model made with functions of position, and
different functions are used to distinguish n-type/p-type conductivity. The model
can achieve simulations of electric potentials, electrochemical potentials of
oxygen ions/molecules, oxygen partial pressure, local electronic conductivity,
and total electronic area specific resistance of the electrolyte.

3.1 Electrochemical equilibrium model

Addition of the porous YSZ layer to the interface of the anode can reduce the
degradation process of the SOEC. A porous YSZ layer is introduced to the

interface of the anode. The riel_p is the ionic conductivity of the porous YSZ

layer; The r#'~% is the ionic conductivity of the regular (dense) YSZ electrolyte
layer, as shown in Fig. 3.1 and Fig. 3.2.

St—H2 : el—dense Ox
o, Ho, Ho, ,u(;:‘
Si—H2 _St—H2 Si—H?2
PH, ~~PH,0 >>Po, : pgx 1’;;{0 Sy ]ﬂ)ff
Jo*- 7 :
g - 0, + H,0
e Mixture
g2
® >®
c B 2 5 [
59 BE €T
>0 o) S0
X > = D0
O w X -
z 9 , o
o ﬁ._ i K=iR7]
=5 A o0
Io
¥ K
f f f Porous \

1 v v Electrolyte Anode Interface

]

E,4 Current

Electron Flow

Figure 3.1 A schematic of a solid oxide electrolyzer cell, when
operated in the electrolyzer mode (EA>En). Steam-H2 electrode is on
the left; and oxygen electrode is on the right
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Figure 3.2 One dimensional model illustrating the layered structure of an
SOEC

3.1.1 The layered structure and equivalent circuit of a porous YSZ SOEC

The interfaces between the cathode and the electrolyte and the anode and
the electrolyte are very thin (nm). The figure shows finite width for the purposes
of illustration. The changes in the various potentials at the interfaces are thus
abrupt.

Fig. 3.2 is an equivalent circuit for the cell in a ‘true’ steady state with an
externally applied voltage source, Ea. In Fig. 3.2, rfand r are respectively
the area specific ion charge transfer resistances at the steam-H:
electrode/electrolyte interface and the oxygen electrode/electrolyte interface. In
a ‘true’ steady state, electronic and ionic current densities are uniform through
all segments of the equivalent circuit, that is — V-1, =0 and — V-1, = 0.
Thus in a true steady state, we must always have @%* > ¢ > ¢ > @P >
@St Hz2 (for the case, % > @S¢ H2 | selected here, that is for Ea > 0) where ¢
is the electric potential.

In Fig 3.2, the positive directions of the ionic and the electronic currents are
shown by arrows. In the fuel cell mode (EA<En), the ionic current direction is
shown by red arrows (1i>0). In the electrolyzer mode (Ea > En), the ionic current
direction is shown by black arrows (li < 0). Thus, the sign of the ionic current
depends upon the sign of Ea - En. For the cases considered here, Ea > 0. Thus,
the electronic current through the cell is always negative (le < 0). Note that
generally [li| >> |le|.

3.1.2 Thermodynamic and electrochemical equilibrium:

Two fundamental assumptions will be made. Local thermodynamic
equilibrium exists as shown in equation (3-1). This means thermodynamic
guantities are locally defined but global thermodynamic equilibrium may not
exist. Local chemical equilibrium exists as shown in equation (3-2). This may
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take a long period of time, especially at low temperatures. The former means,
for a local reaction of the type local thermodynamic potentials are defined; that
is the chemical potential of Oz, u,,, the electrochemical potential of electrons,
fi., and the electrochemical potential of oxygen ions, f,z- are locally defined.

However, it is possible that locally %#02 + fl > fig2- Or %#02 + [, < fip2-Ifitis

the former, then locally the reaction goes forward (albeit may be very slowly). If
it is the latter, the reaction goes backward. In either case, local thermodynamic
equilibrium prevails but there is no local chemical equilibrium.

The mathematical model is made based on the local thermodynamic and
chemical equilibrium with the assumptions above.

We will define, following Hebb [1111;

fle He
p=-g = t¢ (3-1)

where ¢ is the local electrostatic potential. Since the transporting species are
oxygen ions and electrons/holes, in steady state we must have (for a one-

dimensional problem)

d
< l(x) < (o2 — (x)> (3-2)

where 0i(X) is the oxygen ion conductivity at distance x from the surface of the
electrolyte, and
(3-3)
(000 2= (0 0) = 0
where oe (X) is the Iocal electronlc conductivity.
Electronic conductivity depends on the local oxygen partial pressure or the
chemical potential of oxygen and may be given as
e (x) = f(to, (%)) = f(4e(x) + 2fip2-(x)) (3-4)

3.1.3 Electron and hole conductivities:

Electron and hole conductivities of 8YSZ as functions of temperature and
oxygen partial pressure have been measured by Park and Blumenthal [112]
given as

3.88\ --
YSZ — 7 _ 4
=1.32%x10 exp( kBT) Po, (3-5)
and
1.67\ 1
YSZ _ 2 _ 4
=2.35%x10 exp( kBT) Po, (3-6)

Substituting Equations (3-5) and (3-6) into the electronic conductivity of the
YSZ electrolyte as a function of position gives:
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3.88\  _1 (fpe-(x) + 2Fp(x))
SZ __
op°? =132 x 107exp (— kB—T) ps, Fexp (— BT
1.67\ 1 (fg2-(x) + 2Fp(x))
2.35 x 102 (——) a1
t 235 x 0%exp\ = 7 )P, exP( 2RT (3-7)

In the one-dimensional case, we have

d d 3-8
e o] =0 &9

3.1.4 Second order differential equation:

In order to solve the second order differential equation using the Boundary
Value Problem (BVP) solver, Equation (3-8) needs to be expressed using two
first order differential equations defining:

y1(x) = @(x) (3-9)
d
Y2 (X) = 0O¢ (x)aq)(x) (3_10)
Therefore, the two first order differential equations are
d _ (%) (3-11)
and
d (3-12)
EJ’z(x) =0

The boundary conditions are y;(0) = ¢ (r2%®), y,(L) = @' (r£) ,where I
and Il are the position showed in Fig. 2.1, rf* is given by equation (3-14).

However, ¢! and ¢! are coupled to the integration of electronic resistivity.
Therefore, an additional differential equation is needed by defining:

_(* dt (3-13)
v = |

By definition, y3(x), is the cumulative electronic area specific resistance from
the anode interface to a point x in the electrolyte. Thus, ys(L) is the total
electronic ASR through the electrolyte. The boundary conditions are y;(0) =

" (3 (L)), y1 (L) = " (y3(L)) and y;(0) = 0.

3.1.5 Other parameters’ modeling:

e electronic area specific resistance rg'

The rf is electronic area specific resistance of the electrolyte is given by

L
reele :f dx (3'14)
0 O (X)

e Oxygen ion electrochemical potential [iyz-
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The oxygen ion electrochemical potential in electrolyte adjacent to the

anode interface fi,;- and position Il are given by

~]] ~C ~a ~C ric >
Uo2— = [j2— + (Uy2- — U2 < — 3-15
l
~II] ~C ~a ~C ric + rie >
Uo2— = fi2- + (Up2- — [U2- < — 3-16
l el-p
~IV ~C ~a ~C ric + rie + T >
flpz- = fge- + (fHge- — fpe- < = (3-17)

Oxygen ion electrochemical potential is a linear function of position in the
electrolyte shown below:

- - - X
,UIOIZ— + (,UIOIZI— - /11012—) (Z) x <L
ﬁOZ_ (X) = X — L1 _
A A 1 Y o S (3-18)
1

where L1 is the thickness of the dense YSZ electrolyte layer

e Oxygen partial pressure po,

The oxygen partial pressure at position X, po,(x), is related to the oxygen
partial pressure at the anode,pg,, and at cathode pg,

— a Hoz- (x) c
where py2(x) = 4e@(x) + 2fy2-(x)

e Nernst voltage Ex:

The applied voltage Ea is in the opposite direction to the Nernst voltage En
created by differing oxygen partial pressures at the two electrodes; that is, the
positive of the cell is connected to the positive of the external source and the
negative of the cell is connected to the negative of the external source. When
Ea < EN, the cell does work on the external source
(charging the externally connected battery). This is the fuel cell mode. When
Ea > En, the external source does work on the cell. This is the electrolyzer mode.
The Nernst voltage generated by differing oxygen partial pressures at the two
electrodes is given by:

(5
N=3FTm Post—H2 (3-21)
2
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However, other research paper [?° addressed the Nernst voltage can be
affected not only by oxygen partial pressures but also the humidity of the steam
and flowrate of the air, etc.

E,>Ey

\ E,=Ey

Electrolyzer Mode

Voltage

Fuel Cell Mode

Current Density
Figure 3.3 A schematic plot of the measured voltage (which is also the
applied voltage, Ea) vs. the measured current density 291,

3.2 Simulation of SOEC operation and verification

3.2.1 Model Validation: Model without porous electrolyte layer

Simulation parameters: For a real SOEC, the boundary conditions are
determined by the working conditions. The cell is assumed to operate at 800°C.
The partial pressure of oxygen at the cathode (fuel side in SOEC) is set at p,
= 10?0 atm and the partial pressure of oxygen at the anode side (oxygen
electrode) is set at pg, = 1 atm. The applied potential Ea is 1.5 V, this

correspond to a Nernst voltage Exn = 1.0645 V. Therefore, l;on =0V, % =
1.0645V, ¢°=0V, and ¢* = 1.5V. All of the simulation parameters are listed
in Table | form Zhang and Virkar’s research [110],

The total oxygen ion electrochemical potential [i,z-, is a linear function of
position in the electrolyte.
X
L

x—1L

—0.056 X (L Ll) x2F x>, (3-22)

—0.056><( )sz x <l

flg2-(x) =

1
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Table 1 Simulation Parameters [100]

Electronic Electronic Anode  Cathode

ASR Electronic ASR lonic ASR
Electrolyte Cathode  ASR Anode Py N Electrolyte
Units (fuel Electrolyte (oxygen : v Qcm?

electrode) electrode) atm

Interface Interface

Qcm? Qcm?
YSZ-1 0 Park 1.5 1 -1.5 0.044
YSZ-5 0 Park** 1.5 1 -1.5 0.044
YSZ-6 0 Park* 1.5 1 -1.5 0.044

lonic ASR lonic ASR Ccathode

Anode T { Cathode N-t
Electrolyte (oxygen emperature g Py “ype
Units electrode) °C electrode)  ° Anode ¢ Electronic

Interface Interface  gtm Vv Conductivit

Qcm? Qcm? y
YSZ-1 0.3 800 0 100 0 1 (time)
YSZ-5 0.3 800 0 100 0 1000 (time)
YSZ-6 0.3 800 0 100 0 2000 (time)

3.2.2 Results and discussions

The calculated results for YSZ-1 cell, YSZ-5 cell and YSZ-6 cell are shown
in Fig. 3.4, Fig.3.5 and Fig. 3.6, respectively.

This is a numerical theoretical validation based on the study of
thermodynamic and electrochemical equilibrium without the porous electrolyte
in order to compare with the results from the work of Zhang and Virkar [100].
The simulation is one-dimensional model made with functions of position, and
different functions are used to distinguish n-type/p-type conductivity. The model
can achieve simulations of electric potentials ¢, electrochemical potentials of
oxygen ions po,  and molecules pu,,, oxygen partial pressure po,, local
electronic conductivity, and total electronic area specific resistance of the
electrolyte. The results in Fig. 3.6 show good agreement with Fig. 3.7 in
reference [100]. It proves the reliability of the electrochemical equilibrium model
and the numerical simulation.

In YSZ-1 cell, the electronic resistance of the electrolyte, £, is much larger
than r; and 7. Therefore, most of the electrical potential, ¢, drops through
the electrolyte. However, the ionic resistance associated with the oxygen
electrode, rf, is much larger than the fuel electrode interface resistance (which
is assumed to be zero) and the electrolyte ionic resistance. As a result, most of
the electrochemical potential of oxygen ions drops across the
electrolyte/oxygen electrode interface.

In order to simulate the influence of adding some CeO:2 to YSZ, the pre-

exponential factor in the electron conductivity for YSZ-5 and YSZ-6 is multiplied
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respectively by 1000 and 2000. All other parameters were maintained the same
as YSZ-1. Fig. 3.5 shows the results for YSZ-5 cell with higher electron
conductivity. Approximately, 93% of the electrolyte thickness is n-type. As a
result, the oxygen pressure is below 100 atm through much of the thickness. In
such a scenario, electrolyte cracking is unlikely, but oxygen electrode
delamination could still occur. The ionic current density is 1.27 Acm™2 but the
electronic current density is 0.1 Acm™2. The corresponding membrane ionic
transference number is 0.9217. Fig. 3.6 shows the calculated results for YSZ-
6 cell. The electric potential, the oxygen partial pressure and the electronic
conductivity are concave up through the entire thickness of the electrolyte. The
maximum oxygen partial pressure is limited to 1 atm, and no cracking or oxygen
electrode delamination is expected. The ionic current density is 1.27 Acm~2 and
the electronic current density is 0.21 Acm™. The corresponding membrane
ionic transference number is 0.858. Thus, the electronic leakage is substantial.
In concept, however, it is possible to operate a leaky SOEC at some different
operating points such that one can effectively led to the same efficiency as an
SOEC made of purely oxygen ion conducting electrolyte.
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#02 (x) uoz(x)

Figure 3.4 Calculated results for YSZ-1 cell (a) Plots of ¢(x), *—— , inthe

electrolyte. (b) Plots of oxygen partial pressure as a function of distance in the
electrolyte. (c) Electronic conductivity as a function of oxygen partial pressure.
(d) The blue curve is the electronic conductivity in the electrolyte as a function
of distance from the cathode/electrolyte interface
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the electrolyte. (c) Electronic conductivity as a function of oxygen partial
pressure. (d) The blue curve is the electronic conductivity in the electrolyte as
a function of distance from the cathode/electrolyte interface

Figure 3.5 Calculated results for YSZ-5 cell. (a) Plots of ¢(x), , in
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Figure 3.6 Calculated results for YSZ-6 cell. (a) Plots of ¢(x), 22=% #e2®
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the electrolyte. (b)Plots of oxygen partial pressure as a function of distance in
the electrolyte. (c) Electronic conductivity as a function of oxygen partial

pressure.

(d) The blue curve is the electronic conductivity in the electrolyte as

a function of distance from the cathode/electrolyte interface
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Figure 3.7 Reference’s results for YSZ-6 cell 119, (a) Plots of ¢(x),

3.3 Model with a porous electrolyte layer to increase the cell efficiency

3.3.1 SOEC parameters with a porous electrolyte layer

By considering the diffusion path of the oxygen ion at the electrolyte/anode
interface, YSZ porous layer was prepared on both sides of YSZ electrolyte to
prevent the delamination of the interface. The oxygen gas at closed
pores/cavities at the solid-solid two-phase (oxygen electrode and electrolyte)
interface could diffuse rapidly into air 25161,

The stack temperature is kept at 800 °C. The gas flow rates are kept constant
during the electrolysis operation as 4.5 NI/min Hz and 4.5 NI/min H20 at fuel
side and 16 NI/min air. The current density is kept at -0.5 Acm? during
electrolysis operation, which corresponds to a steam conversion rate of 50%.
The Nernst voltage En is 0.935 V. The following cell configuration and working
condition are from the Yan’s experiments 13, shown in Tab. 2.
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Table 2 Cell configuration and working condition

lonic ASR lonic ASR
Electrolyte Cathode lonicASR Anode
thickness  Operation (fuel Electrolyte (oxygen
Cell (um) temperature  €lectrode) (Qcm?) electrode)
configuration (" C) Interface Interface
(Qcm?) (Qcm?)
Cell 1 10 800 0 0.044 1.93
Cell 2 2 800 0 0.0088 1.40

3.3.2 Results and discussions

The results from the model with a porous electrolyte layer are shown in Fig.
3.8 and Fig. 3.9. The oxygen partial pressure at the interface adjacent to the
anode is obtained as 0.39 atm for Cell 1 and 0.42 atm for Cell 2 at the current
density being -0.5 Acm?, still larger than oxygen partial pressure in air, meaning
that certain amount of oxygen gas accumulates closed pores/cavities of the
electrolyte. Delamination due to high partial pressure of oxygen is less likely to
occur. This working condition of the cells is acceptable in real engineering.

It may be predicted that the efficiency of the cells may be increased
significantly if the current density is increased a little such as the current density
being -0.6 Acm? during electrolysis operation. It is a regular current density
used in SOEC.
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Figure 3.8 Calculated results for cell 1. (a) Plots of ¢(x), , in the
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Figure 3.9 Calculated results for cell 2. (a) ¢(X), , in the electrolyte.
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curve is the electronic conductivity in the electrolyte as a function of distance
from the cathode/electrolyte interface.
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measurements 113 and the simulation in the paper in SOEC modes
during the stationary operation.
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Figure 3.11 Plots of oxygen partial pressure at the interface adjacent
to the anode as a function of the current density in the electrolyte in
SOEC modes

In Fig. 3.10 the |-V curve simulated by the model in the paper is compared
with the experimental measurements 113l in SOEC modes during the stationary
operation. The simulation result shows good agreement with the experimental
result.

Fig. 3.11 is the oxygen partial pressure at the interface adjacent to the anode
as a function of the current density in the electrolyte in SOEC modes. It is found
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that the oxygen partial pressure at the interface increases violently with the
increase of the current density (when the current density reaches -0.6 Acm?.

3.3 Improved electrode/electrolyte interfacial micro-structure design of
SOEC

In order to analyze the influence of interface microstructure parameters on
cell performance, such as porous layer porosity, thickness, Nernst voltage and
interfacial resistances, etc., these parameters are studied separately to find
reasonable interface porous layer parameters and provide reference for the
design of the interfacial layer.

3.3.1 A porous layer with different porous rates

The interfacial layer is set to be an YSZ porous layer with a thickness of 1-
micron and an interfacial resistance 0.3 Q. The porous rate varies from 0% to
70%. The simulated working condition is at 800 ° C, the applied voltage is 1.5
volts, the gas flow rates are kept constant during the electrolysis operation as
4.5 NI/min Hz and 4.5 NI/min H20 at fuel side and 16 NI/min air which would
affect Nernst voltage resulting En=0.935 V. The results of the simulation are
shown in Tab.3 and Fig. 3.12.

The results show that the ionic current density is about 1.6 Acm? and the
electronic current density is very small. The ionic current density 1.6 Acm2 is
large enough to give a high efficiency of the cell. The oxygen partial pressure
is high, much larger than oxygen partial pressure in air, meaning that certain
amount of oxygen gas may accumulate closed pores/cavities of the electrolyte.
The oxygen gas at closed pores/cavities at the solid-solid two-phase (oxygen
electrode and electrolyte) interface could diffuse rapidly into air because of the
porous layer at the cathode/electrolyte interface.

The effect of the porous rate 0-70% is not significant. In the next research, a
20% porous rate of the interfacial porous layer is used to guarantee the
interfacial bond strength.

Table 3 Results for different porous rates

Electronic  lonic Electrolyte Oxygen
Porous Rate Current Current Resistance partial
(A cm) (Acm?) (ASR) pressure
(Qcm?) (atm)
0% 0.024 1.642 62.257 1.46x10°
(dense layer)
30% 0.024 1.639 62.257 1.40x10°
50% 0.024 1.629 62.257 1.23x10°

70% 0.023 1.445 62.572 1.15x108
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Figure 3.12 Simulation results for cells with an interfacial porous layer of

different porous rates. (a) ¢(x) in the electrolyte. (b) #022—;(’6) and ”"42—;") as a

function of distance in the electrolyte. (c) Electronic conductivity as a function
of oxygen partial pressure. (d) Oxygen partial pressure as a function of
distance in the electrolyte.

3.3.2 A porous layer with different thicknesses

The interfacial layer is set to be an YSZ porous layer with a porous rate 20%
and an interfacial resistance 0.3 Q. The thickness of the porous layer varies
thickness of YSZ porous layer varies from 0 to 4 microns, and the dense layer
of the electrolyte stays 10 microns. The simulated working condition is at 800 °
C, the applied voltage is 1.5 volts, the gas flow rates are kept constant during
the electrolysis operation as 4.5 NI/min H2 and 4.5 NI/min H20 at fuel side and
16 NI/min air which would affect Nernst voltage resulting En=0.935 V. The
results of the simulation are shown in Tab.4 and Fig. 3.13.

The results show that the ionic current density is about 1.6 Acm-? and the
electronic current density is very small. The ionic current density 1.6 Acm2 is
large enough to give a high efficiency of the cell. The oxygen partial pressure
is high, much larger than oxygen partial pressure in air. The oxygen gas at
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closed pores/cavities at the oxygen electrode and electrolyte interface could
diffuse rapidly into air because of the porous layer at the cathode/electrolyte
interface. The ionic current density and the oxygen partial pressure will
decrease with the increase of the thickness of the interfacial porous layer.

Table 4 Results for different thicknesses of the porous layer

Electronic  lonic Electrolyte Oxygen patrtial
Thickness  Current Current Resistance pressure
(um) (A cm?) (Acm?) (ASRQcm?) (atm)
0.0 0.024 1.642 62.257 1.46x106
0.1 0.024 1.642 62.257 1.45x106
0.5 0.024 1.641 62.257 1.43x106
2.0 0.024 1.639 62.262 1.40x106
4.0 0.024 1.419 62.288 1.36x106
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Figure 3.13 Simulation results for cells with an interfacial porous layer of

different thicknesses. (a) ¢(x) in the electrolyte. (b)

Hy2-(x)

and #2® 45
4F

2F

function of distance in the electrolyte. (c) Electronic conductivity as a function
of oxygen partial pressure. (d) Oxygen partial pressure as a function of distance
in the electrolyte.
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3.3.3 A porous layer with different Nernst voltage

The interfacial layer is set to be an YSZ porous layer with a porous rate 20%
and an interfacial resistance 0.3 Q, with Nernst voltage varies from 0.8 to
1.1245 V. The simulated working condition is at 800 ° C, the applied voltage is
1.5 volts, the gas flow rates are kept constant during the electrolysis operation
can be changed resulting different Nernst voltages. The results of the simulation
are shown in Fig. 3.14 and Tab. 5

The results show that the ionic current density is about 1.2-2.0 Acm and the
electronic current density is very small. The ionic current density is large
enough to give a high efficiency of the cell. The oxygen partial pressure ranges
from 7.70x10° atm to 3.49x108 atm. The oxygen partial pressure is still high,
much larger than oxygen partial pressure in air. The ionic current density and
the oxygen partial pressure will change significantly with Nernst voltages.

Table 5 Results for different Nernst voltages

Nernst Electronic  lonic Electrolyte Oxygen patrtial
voltage Current Current Resistance pressure

(V) (A cm?) (Acm?) (ASRQcm?) (atm)

0.935 0.024 1.642 62.257 1.46x10°
Baseline

0.8 0.022 2.033 67.226 7.70x10°
0.935 0.024 1.641 62.257 1.43x10°
1.0645 0.025 1.265 57.644 2.66x10°

1.1245 0.026 1.246 55.883 3.49x106°
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Figure 3.14 Simulation results for cells with different Nernst voltages. (a) ¢(x)

as a function of distance in the
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electrolyte. (c) Electronic conductivity as a function of oxygen partial pressure.
(d) Oxygen partial pressure as a function of distance in the electrolyte.

3.3.4 A porous layer with different interfacial resistances

The interfacial layer is set to be an YSZ porous layer with a porous rate 20%
and a thickness 1-micron. The interfacial resistance varies from 0.1 to 3 Q. The
simulated working condition is at 800 ° C, the applied voltage is 1.5 volts, the
gas flow rates are kept constant during the electrolysis operation as 4.5 NI/min
H2 and 4.5 NI/min H20 at fuel side and 16 NI/min air which will affect Nernst
voltage resulting Exn=0.935 V. The results of the simulation are shown in Tab.6
and Fig. 3.15.
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The results show that the ionic current density is about 1.0-3.9 Acm and the
electronic current density is very small. The ionic current density is large
enough to give a high efficiency to the cell. The oxygen partial pressure ranges
from 3.34x10* atm to 3.79x108 atm. The oxygen partial pressure is still high,
much larger than oxygen partial pressure in air. The ionic current density and
the oxygen partial pressure will change significantly with the interfacial
resistances. The interfacial resistance of 0.1 Qcm? is suitable for obtaining a
high ionic current density 3.9 Acm2and a relatively low oxygen partial pressure
3.34x10% atm.

Table 6 Results for different Interfacial resistances

Interfacial Electronic  lonic Electrolyte Oxygen patrtial
resistances Current Current Resistance pressure
(ASRQcm?) (Acm?) (Acm?) (ASRQcm?) (atm)

0.3 0.024 1.642 62.257 1.46x10°
Baseline

0.1 0.014 3.913 104.708 3.34x10%

0.3 0.024 1.641 62.257 1.43x10°

0.5 0.026 1.038 55.374 3.79x106

3.0 0.031 1.240 47.602 1.48x107
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Figure 3.15 Simulation results for cells with different interfacial resistances. (a)
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(d) Oxygen partial pressure as a function of distance in the electrolyte.
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3.4 Summary

(1) The experiments cannot fully explain the electrochemical mechanism of
SOEC. Thus, a model of the cathode/electrolyte interfacial porous layer
for electrochemical mechanism needs to be considered. The theory of
thermodynamic and electrochemical equilibrium is introduced.

(2) A thermodynamic and electrochemical equilibrium model is established
by considering a cathode/electrolyte interfacial porous layer. Numerical
results are obtained for degenerated non-porous layer. The results show
good agreement with the existing result in references. The simulation of
the model is verified to guarantee its validity.
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(3) In order to analyze the influence of interface microstructure parameters
on cell performance, such as porous layer porosity, thickness, Nernst
voltage and interfacial resistances, etc., these parameters are studied
separately to find reasonable interface porous layer parameters and
provide reference for the design of the interfacial layer. The results show
that the ionic current density and the oxygen partial pressure will change
significantly with the interfacial resistances and Nernst voltages. The
porous rate and the thickness of the cathode/electrolyte interfacial layer
have little impact on the cell efficiency.

(4) By using numerical experiments, the one dimensional thermodynamic
and electrochemical equilibrium model with porous layer provides a
guideline for designing and optimism SOEC:s.
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4. Innovations of the SOFC Chromium poisoning

4.1 Reaction Mechinenism of Chromium poisoning (LSCF system)

e Chromium Source

The Cr source of the Cr poisoning is mainly coming from the interconnects of
the SOFC stack as shown in Fig.4.1 114, Interconnects play an important role
in the SOFC stacks. Electrical connection is established by the interconnects
between the anode of an individual cell to the cathode of the next cell and acts
as physical barrier to avoid any contact between the reducing and the oxidizing
atmospheres. The criteria for the interconnect materials are the most stringent
of all cell components.

The reason to choose chromium based (chromia formation) alloys is because
chromia has high conductivity compared to other oxides 115116 However, due
to its chromium content, the chromium poisoning for cathode and excessive
chromia growth are inevitable.

Note that low Cr content (5% and 10%) has also been used as interconnect,
but the oxidation resistance was reduced significantly when lowering the Cr
content [117.118] | ow Cr steels (<5% Cr) consist of nearly pure Fe oxide
accompanied by internal oxide precipitates of Cr.03 and/or FeCr204 spinels.
With increasing Cr content, the scales become richer in spinel and chromia,
which is accompanied by a decrease of the scale growth rate.

Current flow

Interconnect
Anode
Electrolyte
FUV
Cathode
Cell e < e—— Air
repeat Interconnect
unit

Figure 4.1 Planar design for a solid oxide fuel cell (exploded view) 114

The alloys used as metallic interconnects form Cr203 under cathodic [P(O2)
= 2.13x10* Pa] and anodic [P(O2) = 10*? to 107 Pa] conditions 3. (P(O2) is
very small in Anodic condition, thus only consider the cathodic condition) A thin
layer of this oxide grows on the surface of the alloy. The oxide completely
covers the alloy surface and determines the chromium vaporization.

47



In the LSCF electrode, the Cr poisoning is more server compare to the LSM
electrode. The experiment 119 shows that Cr poisoning of the LSCF not only
has Cr203 redeposition, the crystallization of the Cr-Sr—O would cause the
formation of SrCrO4 as shown in the figure 4.2

-

Figure 4.2 SEM of the cross-section of (a) LSCF outer surface [11°]
e Chromium vaporization (under dry air working condition)

Chromium poisoning is caused by Chromium vapor transportation form the
interconnect to the cathode under SOFC mode as shown in the Fig. 4.3 [120],
The thermodynamic instability of the chromia scales formed on the chromia-
contained alloys at high temperatures, forming gaseous species through the

following reactions:
CT'203(S) + x02(g) - ZCT'Ol'(g) (l = 1,2,3) (4'1)

MICs

Chromia scales

-/

Air

/—\'upm' transport

Electrolyte

Figure 4.3 Schematic of electrochemically reduced Cr transport to cathode
in SOFC [120],

The vapor pressures of chromium containing species over Cr203 or other
chromium containing oxides have been well investigated 031211,

The volatile Cr species from the chromia scale strongly depend on the
partial pressure of oxygen. CrOs(g), CrO2(g), and CrO(g) have different vapor
pressures over Cr203 as a function oxygen potential. With increasing oxygen
partial pressure, equilibrium vapor pressure of such species increases.

The vapor pressure of CrOs(g) exhibits large temperature dependence.
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e Chromium deposition (under dry air working condition)

Due to the electrochemical reduction of the Cr gaseous species, Cr203
formed on the cathode/electrolyte interface (as illustrated in Fig. 4.3) which is
predominantly based on the thermodynamic activity of the negative Gibbs
energy changes [ by:

2Cr03(g) + 6~ = Cry03(5) + 30%~ (4-2)
where CrOs is the main Cr gaseous species.

Another study by Konysheva et al. 1?21 shows that Cr species distributes
randomly all over the cathode for the sample tested with no current, which is
attributed to the decomposition of the cathode, while Cr species deposited
mainly at the TPB for the sample tested with applied current load. This
preferential Cr203 deposition at the TPB supports the electrochemical
mechanism and is reported by many researchers [93.121,122,123]

Additionally, the chromia scale itself has low electronic conductivity where
interdiffusion of cation species like Cr, Co, Fe, Mn and Sr at the interconnects
and oxygen electrode (or contact layer) interface will create layers with
increased ohmic resistance 124,

For the LSCF electrode, chemical reaction of Cr deposition is the following
reaction:

Sr0 + CrOsz — Cr-Sr-0Ox (nuclei)+ CrOsz + SrO — SrCr0+
(4-3)

Sr species is originally enriched or segregated at the surface of LSCF. Sr-
enriched regions are in the form of SrO. The nucleation between the static SrO
and gaseous Cr species occur at the first contact, leading to the formation of
Sr—Cr—0 nuclei and then crystallization and grain growth of SrCrO4 and Cr203
solid phases.

Since SrCrOa4is nonconductive, the SrCrO4 formation inside cathodes leads
to lowering in appearance conductivity and lowering in porosity. SrCrO4 can
increase in the thermal expansion coefficient.

4.2 Methods used to mitigate Cr poisoning

Chromia-containing deposits were seen to cover the electrochemically active
sites at the triple phase boundaries [921%8] Various factors such as high
operating temperatures [89°7.1251  the nucleation agent %, nature of the
electrode and electrolyte [89126.127] the presence of humidity (1091281 cathodic
current 51291 cathodic polarization 8% 1281 |ow sintering temperatures 1271, and
concentration of chromium [13°] have been known to affect the corrosion
phenomena. The following mitigation measures have been proposed:

1). Avoiding direct contact of the electrodes with the chromia-forming
interconnects, by having a GDC nanoparticles buffer layer, as shown by SEM-
EDS results [131.132],
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2). Operating the SOFC at low temperatures, which reduced Sr segregation
and decreased the partial pressure of Cr vapors [7-1331 However, low
temperatures were not feasible for SOFC operation with LSM cathodes [126:134],

3). Using novel electrodes such as LNF [ %4 and NNO (Nd1.95NiO4+5). But
these electrodes have not yet been put to practical applications [98:135],

4). Coating of the interconnect surface 3¢ with manganese-based spinel
(e.g., CuMn1.804, (Mn, C0)304, and Mn1.5C01.504 coating studied by Yang et al.
[83]). This suppressed the vaporization of Cr and provided high electronic
conductivity. However, it led to the degradation of the structure of the
interconnect and the coating process was difficult (92,

Method used to prevent Cr poisoning is Blocking Cr Vaporization: Limited
availability of the oxygen to the surface of alloy and because of high free energy
for oxide formation, Al is found to be only alloying element enriched in the
protective film, and other alloying elements such as Cr, Fe, and Ni remain
metallic as shown in Fig. 4.4 1371,

Oxidationin air

FeO NIO  AlO, Fe,0, NiCr,0,

« “ v

Base alloy

Base alloy ase alloy

L e

Pre-oxidation in controlled oxidation

Alumina scale

Base alloy Base alloy Base alloy

Figure 4.4 Oxidation in air with and without Al scale [137]

The Cr vaporization can be reduced by having a Ce/Co-coated stainless steel
interconnector (38, Fig. 4.4 shows the Cr vaporization differences between the
coated and uncoated interconnectors. The Ce/Co-coated stainless steel
interconnector showed the vaporization almost kept zero over time.
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Figure 4.5 Accumulated Cr vaporization as a function of time at 850°C
in air 1381,

5). Modifying the interconnect alloy by adding manganese [,

6). Reducing the measure of Cr vapors by incorporating porous and
electrically conducting chromium getter layers (made of high-temperature
stable compound Sr9Ni7O21) on or close to the cathode. This, however,
adversely affected electrical performance [83.92],

7). Coating of the cathode surface with CoNi foam (acting as a current
collector). This alleviated ASR deterioration 1391,

8). Impregnating with BaO led to the preferential formation of BaCrO4
instead of SrCrOa4, thus, inhibiting the Sr segregation.

9). Inserting doped ceria counteracted Cr deposition and enhanced the
volatilization of deposited Cr with catholically emitted water vapors from ceria
[140]

10). Modifying the surface of the electrodes by coating with hybrid catalysts
composed of a conformal film of perovskite PrNiosMnosOs (PNM) with
exsoluted PrOx nanoparticles as shown by Raman spectroscopy results (1351,

4.3 Proposed new approach to improve cell performance

Form chapter 4.2 the current method of mitigation Cr poisoning is mostly
focused on the coating or reduce Cr vapor with additional layers. These
methods are proved to be effective, yet additional manufacturing process is
needed. On the other hand, the proposed methods of mitigation Cr poisoning
consider the Cr vapor forming environments i.e., the oxygen partial pressure
and working temperature. As mentioned in chapter 4.1, the volatile Cr species
from the chromia scale strongly depend on the partial pressure of oxygen.

The proposed method meant to avoid Cr poisoning can be by controlling the
partial pressure of oxygen where CrOs will not become the dominating gaseous
species.
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4.4 Theorical support
4.4.1 Thermodynamic stability for Cr-O system

The Cr-O system phase diagram Fig. 4.6 shows the thermodynamic stability
of different phases vs P(O2), Dominating Cr-based gas pressures are different
in regions I, Il, and Il . In region |, the dominating gaseous species is Cr gas;
In region II, the dominating gaseous species is CrO2 (colored in blue line
reaction in Tab.4.1 (10)); In region lll, the dominating gaseous species is CrOs
(colored in purple line reaction in Tab.4.1 (13)). The reaction equations are
shown in Tab 4.1.
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Figure 4.6 Volatility diagram for Cr-O system at 373 K [141]

By controlling the PO2 during the SOFC operation to stay in region 1l where
reaction Tab.4.1 (10) has higher partial pressure that reaction Tab.4.1 (13).
CrOs becomes the dominating gaseous species can be avoided.

The experimental SOFC operation condition is usually about 750 °C. In Fig.
4.6 the Volatility diagram for Cr-O system temperature is 373 K, it is below the
desired SOFC experimental temperature 1023 K. Thus, a new volatility diagram
for Cr-O system at 1023 K is needed to determine the ideal oxygen partial
pressure that CrOs is not the dominating gaseous species.

4.4.2 Find the ideal maximum oxygen partial pressure for CrOs not
becoming the dominating gaseous species

The relevant reactions for constructing the volatility diagram for the Cr-O

system are given in Tab. 4.1.
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The Cr vaporization reactions in SOFC operation relate to CrO, CrO2 and
CrOs. Thus, only reaction 7, 10, and 13 is used from the table.

From the literature experiments results the relation of CrOs partial pressure
and Oz partial pressure is given as:

3
CT'203(C) + E 02(g) = 2CT03(g) (4'4)
For which
K = (PCro3)2/(P02)3/2 (4-5)

where can take from the table log K = -70.077 at 100 °C.
Table 4.1 Reactions Utilized in the Cr-O System [141]

logio(K)= ~AG/(2.303RT)

No Reaction 373K 473K 573K 673K 773K
(100 °C) (200 °C) (300 °C) (400 °C) (500 °C)

7  Crz20s3(c) =2CrO
Q) +1/202(g)  -186.186 -141.439 -112.375 -91.991 -78.490

10 Cr20s3(c) + 1/2
02(g) =2CrOz2(g) -119.967 -90.831 -71.928 -58.685 -49.990

13 Cr203(c) + 3/2
02(g) =2CrOs(g) -70.077 -53.814 -43.277 -35.902 -30.853

The relation of CrO2 partial pressure and Oz partial pressure is obtained
from the same concept:

1
CT'203(C) + E OZ(g) = 2C7‘02(g) (4'6)

For which
K= (PCroz)z/(Poz)l/2 (4-7)
where can take from the table log K = -119.967 at 100 °C.
From above, the ideal oxygen partial pressure for CrOs not becoming the
dominating gaseous species at 100 °C is calculated as shown in the plot.
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Figure 4.7 Volatility diagram for CrOs and CrOz at 373 K

The plot shows that when oxygen partial pressure is higher than 10° bar,
CrOs become the dominating gaseous species. Fig.4.6 and Fig.4.7 shows good
agreement. Following the same procedure, the volatility diagram for CrO3 and
CrO2 at 1023 K can be calculated.

Since the log K value at 1023 K is not giving in the table, and due to the
limitations. Curve fitting is used to calculate the value of log K value at 1023 K
as shown in the table below.

Table 4.2 Reactions Utilized in the Cr-O System (Predicted)

log10(K)= -AG/(2.303RT) Predicted
Reaction 373K 473K 573K 673 K 773K 1023 K
(100 °C) (200 °C) (300 °C) (400 °C) (500 °C) (750 °C)

Cr203 (c) + 1/2
02 (g) = 2CrO2 (g) -119.967 -90.831 -71.928 -58.685 -78.490 -19.346
Cr203 (c) + 3/2
02(g) = 2CrOs (g) -70.077 -53.814 -43.277 -35.902 -49.990 -11.147

The new volatility diagram for CrOs and CrOz at 1023 K is calculated in
Fig.4.8. The ideal maximum oxygen partial pressure for CrOs not becoming the
dominating gaseous species is about 6.324x10° bar.
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Figure 4.8 Volatility diagram for CrOs and CrO2z at 1023 K

This theorical results suggested that to achieve the local oxygen partial
pressure of 6.324x10° bar at the TPB would help the mitigation of the Cr
poisoning of the LSCF electrode. Such local oxygen partial pressure might be
maintained through various way; Different current loading, adding porous layer
or surface modifications.

This theorical results could also provide a possible explanation for the
surface modifications of the LSCF. The Pei’s experiment shows a good results
[142] yet the mechanism is not clearly shown. The alleviation of Cr poisoning by
surface modifications could be explain by the additional doping would increase
the TPB reaction sites leading lowing the local oxygen partial pressure. Thus,
limiting the formation of the SrCrOa4

4.5 Summary

(1) The Chromium poisoning mechanism is thoroughly discussed from the Cr
source to the deposition and the effect of the Cr poisoning. Effect of Cr
poisoning on the cathode performance. The current Cr poisoning mitigating
methods are listed along with few detailed examples.

(2) The ideal maximum oxygen partial pressure for CrOs not becoming the
dominating gaseous species is found to be 6.324x10° bar. More
specifically, the oxygen partial pressure at the TPB should not exceed this
value, due to TPB is the location where most of the reaction is occurring.

(3) One way to achieve such a low oxygen partial pressure at TPB is to
increase the TPB length. There are several methods to increase TPB length,
first method is adding the porous YSZ layer between the electrolyte and the
electrode as mentioned in chapter 3.
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(4) The theorical results could provide a possible explanation of the surface
modifications for Cr poisoning mitigation.
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5. Conclusions

This thesis work is mainly focused on SOFC and SEOC theorical
investigations. For SOEC investigations, a thermodynamic and
electrochemical equilibrium model is established for SOECs by considering a
cathode/electrolyte interfacial porous layer. Numerical results are obtained for
degenerated non-porous layer. The results show good agreement with the
existing result in references. The simulation of the model is verified to guarantee
its validity. By using numerical experiments, the one dimensional
thermodynamic and electrochemical equilibrium model with porous layer
provides a guideline for designing and optimism SOECs. In order to analyze
the influence of interface microstructure parameters on the performance of
SOECs, such as porous layer porosity, thickness, Nernst voltage and interfacial
resistances, etc., these parameters are studied separately to find reasonable
interface porous layer parameters and provide reference for the design of the
interfacial layer. The results show that the ionic current density and the oxygen
partial pressure will change significantly with the interfacial resistances and
Nernst voltages. The porous rate and the thickness of the cathode/electrolyte
interfacial layer have little impact on the cell efficiency.

For SOFC investigations, the ideal maximum oxygen partial pressure for
CrOs not becoming the dominating gaseous species is found to be 6.324x10°
bar for SOFCs. More specifically, the oxygen partial pressure at the TPB should
not exceed this value, due to TPB is the location where most of the reaction is
occurring. One way to achieve such a low oxygen partial pressure at TPB is to
increase the TPB length. There are several methods to increase TPB length,
first method is adding the porous YSZ layer between the electrolyte and the
electrode. The Chromium poisoning mechanism for SOFCs is thoroughly
discussed from the Cr source to the deposition and the effect of the Cr
poisoning on the cathode performance. The theorical results could provide a
possible explanation of the surface modifications for Cr poisoning mitigation.
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