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2. ABBREVIATIONS AND SYMBOLS

solid oxide cell

state of the art

cell voltage

voltage amplitude

current

current amplitude

current density

exchange current density

diffusion limited current density
thermoneutral voltage for water electrolysis
thermoneutral voltage for water vapor electrolysis
open circuit voltage

absolute temperature

enthalpy change of formation

entropy change of formation

enthalpy change of evaporation

Gibbs energy change of formation

standard Gibbs energy change of reaction
Gibbs energy change of reaction

universal gas constant

equilibrium constant

reaction quotient

Standard pressure

partial pressure

partial pressure of water at equilibrium conditions
partial pressure of hydrogen at equilibrium conditions
partial pressure of oxygen at equilibrium conditions
partial pressure of water

partial pressure of hydrogen

partial pressure of oxygen

number of electrons in a reaction

Faraday constant

potential

standard potential

conductivity

pre-factor for uncorrelated hopping of an ion
Boltzmann constant

activation energy

total activation energy

overpotential

total overpotential



Nact activation overpotential

Nohm ohmic overpotential

Neconc concentration overpotential

o symmetry factor

f constant equal to F /RT

D diffusion coefficient

) thickness of diffusion layer

0} angular frequency

t time

® phase difference

Z complex impedance

VA real part of impedance

zZ" imaginary part of impedance

CPE constant phase element

CPEnigh high-frequency constant phase element

CPELiq mid-frequency constant phase element

CPEjow low-frequency constant phase element

Phigh high-frequency process

Pmid mid-frequency process

Prid 1 mid-frequency process 1

Prid 2 mid-frequency process 2

Plow low-frequency process

TepE CPE coefficient

¢ CPE exponent

C capacitance

L inductance

R resistance

Ry series resistance

R, polarization resistance

Rpign high-frequency polarization resistance

Ruia mid-frequency polarization resistance

Riow low-frequency polarization resistance

Z:" impedance of a capacitor

Z," impedance of an inductor

Wz characteristic angular frequency

T time constant

(RC) circuit element consisting of a resistor and capacitor connected
in parallel

ToF-SIMS time-of-flight secondary ion mass spectrometer

ESA electrostatic sector analyzer

HR-SEM high resolution scanning electron microscope

LSC LasSrixCo03.5

GDC CexGdix025

8YSZ Z1092Y0.0802-5



3YSZ
YSZ
Ni-YSZ
Ni-8YSZ
Ni-3YSZ
Ni-GDC
Ni-ScSZ
LSCF
LSM
PSC

TPB
HEAL
CNLS
FCM

Z10.97Y 0.0302-5

Zr:Y 15025

cermet of Ni and Zr,Y1.4xO25
cermet of Ni and Z1.92Y0.0s02-s
cermet of Ni and Z10.97Y0.0302-5
cermet of Ni and CexGd;xOa2-5
cermet of Ni and ZrxScixO2-5
LasSrixCoyFe .y0s.5
LaXSrl.an03.g

PrSr1xC00Os.5

three phase boundary
hydrogen electrode active layer
complex non-linear least squares analysis method
Fuel Cell Materials
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3. INTRODUCTION

Hydrogen and the development of a green hydrogen economy are foreseen to play
a central role in decreasing global CO; emissions and decreasing our reliance on
fossil fuels [1]. Part of this role is seen to be a promising path to decarbonizing a
significant part of the chemicals industry by substituting captive use of hydrogen
derived from fossil fuels. Ammonia production accounted for 2% of total global
energy consumption and 1.3% of global CO, emissions, owing to the need for
ammonia-based fertilizers. Production of iron and steel, which uses coal for iron
ore reduction processes, has been found to produce 8% of global CO, emissions
[2,3]. Green hydrogen presents a potential emission-free alternative to the methane-
derived hydrogen in ammonia production [4] and as a reducing agent for iron and
steel production [5].

The solid oxide cell (SOC) technology is a promising tool to both use and
produce hydrogen in the energy and chemicals sectors. In principle, SOC techno-
logy is highly efficient, theoretically able to convert hydrogen technology or
hydrocarbons into electrical energy at >70% efficiency in fuel cell mode [6] and
able to electrolyze water at >94% electrical efficiency at stack level (calculated
based on the lower heating value) [7]. The high operating temperature of the SOC
decreases the internal resistance of the cell and results in lower electrical losses.
Moreover, the materials used in the SOC are less costly than the materials used
in alternative technologies when compared to electrolysis systems. The ability to
both generate and utilize hydrogen as a chemical energy carrier, i.e., to store and
regenerate energy in a single system, can also be used to increase the efficiency
of large-scale industrial production facilities [8,9].

The state-of-the-art (SoA) reversible SOC architecture is based upon the SoA
solid oxide fuel cell (SOFC) configuration. Studies handling long-term operation
in electrolysis mode have found different degradation processes than those found
in long term fuel cell operation conditions [10,11]. This suggests that the SoA
SOC can be improved to increase performance and durability in electrolysis mode
as well as in reversible mode. Studies investigating the performance of the SOC
find that the electrochemical processes at the hydrogen electrode have the greatest
impact [12,13,14]. Thus, the hydrogen electrode active layer (HEAL) is a major
contributor to the performance of the SOC [15]. The optimization and modi-
fication of the SoA SOC for electrolysis operation should therefore be started
with the HEAL, which has the potential for the highest impact on performance
and durability.

The aim of this work was to improve the electrolysis performance of a SOC
device prepared in an industrial setting. As a first step, the SOCs were charac-
terized over long-term degradation tests in fuel cell and electrolysis operation
modes. After analysis of long-term tests the contribution of the hydrogen electrode
active layer (HEAL) on the electrolysis performance of the SOC was investigated
in short-term electrochemical experiments. In the second stage, SOC with HEAL
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thicknesses of 0-20 um were manufactured and characterized. Further investiga-
tions were carried out in the third stage with chemical modifications to the HEAL,
where either Co, Fe or gadolinia doped ceria (GDC) was introduced during the
hydrogen electrode manufacturing step. Changes to the industrial manufacturing
process and to the overall cell microstructure were kept to a minimum. SOC
electrochemical performance analysis was carried out using the cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) methods.
Detailed analysis of the effects of the modifications was conducted by fitting the
experimental EIS spectra with theoretical equivalent circuit models. Systematic
mapping of impedance component values obtained using the non-linear least
squares (CNLS) fitting method enabled to associate limiting processes in the SOC
impedance spectra with some physical (limiting) processes occurring in the
electrode. By changing SOC operating conditions affecting the HEAL (H»/H,O
ratio, temperature), these current limiting processes could be used to characterize
the HEAL and highlight the differences that the modifications induced.
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4. LITERATURE OVERVIEW

4.1 Solid Oxide Cell Technology

The solid oxide cell is a high temperature electrochemical device, usually ope-
rated at temperatures between 600 and 850 °C. This technology can be used as a
fuel cell to convert the chemical energy of fuel gas directly into electrical energy
without combustion or as an electrolysis cell, to split steam or CO; into either H,
and O, or CO and O, respectively.

Due to the high operating temperature and direct energy conversion, SOC
technology is one of the most efficient electrochemical methods in use [16].

4.1.1 Thermodynamics of a Solid Oxide Cell

The working principle of the solid oxide cell is usually conveyed via its simplest
feed gases — hydrogen and oxygen (including air). During fuel cell operation,
oxygen is reduced at the oxygen electrode according to equation (2.1) while
hydrogen is oxidized at the hydrogen electrode according to equation (2.2). The
total reaction in the SOC can thus be presented as equation (2.3).

0, + 4e™ & 202" 2.1)
H, + 0%~ & H,0 + 2e” (2.2)
H, +50; & H,0 (2.3)

The maximum work that can be used in a SOC device can be calculated using the
reaction Gibbs energy. The standard reaction Gibbs energy at reaction equi-
librium is presented as an equation (2.4), where R is the universal gas constant, 7'
is absolute temperature, and K is the equilibrium constant. As in practice, the
SOC is operated at ambient pressure, the standard pressure p° = 1 bar and thus K
can be expressed with the equation (2.5). Thus, the reaction Gibbs energy is ex-
pressed with the equation (2.6), where Q is the reaction quotient, which is the
ratio of the activities of the products to the activities of the reactants. As the SOC
uses gases during operation, the activities are approximated by partial pressures
of the gases, similar to the calculation of equation (2.5) [17].

AG? = —RTIn (K) (2.4)

K = —Dreoct (2.5)

sz,equ.ZS,eq
AG, = AG? + RTInQ (2.6)

The reaction Gibbs energy can be used to calculate the cell potential at equi-
librium and at certain gas compositions. The relationship between the standard
reaction Gibbs energy and standard cell voltage is expressed with equation (2.7),
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where F'is the Faraday constant and z is the number of electrons participating in
the reaction, z = 2 in the case of equation (2.3) [17]. This relation can be further
used with equation (2.6) to present the Nernst equation (2.8), which can be used
to calculate the cell potential at any feed gas composition and therefore express
the available electrical work.

AG? = —zFE° 2.7)
_ o __ RT PH,0
E=£- 2 <pﬂzp8'§’> (2.8)

The conductivity of the SOC system can be presented as a modified Arrhenius
expression with equations (2.9) and (2.10) [18,19], where ¢ is the conductivity,
E, is the activation energy, T is temperature, and k3 is the Boltzmann constant.
These equations can be used to calculate the activation energy E, for a rate
limiting step from electrochemical data measured at different temperatures.

Eq
o= agye kBT 2.9
Ino = Ino, + ,’f—B% (2.10)

4.1.2 Solid Oxide Cell Voltage

In practice, the SOC is operated irreversibly at an overpotential # calculated from
the equilibrium cell voltage described by equation (2.8). The total polarization of
the SOC is the sum of three types of overpotentials: the activation polarization
(also known as charge transfer polarization), ohmic polarization, and the con-
centration polarization, and is expressed as equation (2.11). [20,21,22]

Ntot = Nact + Nonm T Mcone (2.11)

The activation polarization 7. expresses the electrical energy needed to
overcome the activation energy barrier of an electrochemical reaction. This
overpotential is defined as the Butler-Volmer equation (2.12), where j is current
density, jo is the exchange current density, o is the symmetry factor, frefers to a
constant equal to F /RT, where F is the Faraday constant, R is the universal gas
constant, and T'is temperature, and finally, # is the overpotential. [17,20,21,22]

j — joe_afnacte(l_a)fnact (212)

When current is drawn from the SOC system, it is limited by the internal
resistance of the cell, most of which is due to the limited ionic conductivity of the
electrolyte. This overpotential is defined by Ohm’s law as in equation (2.13),
where R represents the internal resistance of the cell [20,21,22].

j= ’7% (2.13)
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While the working SOC is constantly supplied with a flow of feed gases, the
porous nature of the SOC electrodes often provides some resistance to the flow
of reactants and counterflow of products to and from the reaction sites located
near the electrolyte. This usually contributes to a decrease in reactant partial
pressure at the reaction sites and thus contributes to an overpotential by itself. If
enough electrical current is drawn, then the SOC system reaches a point where
the current is totally limited by the diffusion of reactants to the reaction sites and
the diffusion limited current density j; is reached. The diffusion limited current
density can be calculated by applying Fick’s law in equation (2.14), where D is
the diffusion coefficient of the reactants, p is the partial pressure of the reactants
in gas phase, and ¢ is the thickness of the diffusion layer. The concentration
polarization is defined using j; as equation (2.15) [20,21,22]

=22 (2.14)
RT j
Noone =~z n (1-7) 2.15)

Over a voltage vs current density polarization curve for a SOC, different polariza-
tion mechanisms could be dominant. At low current densities, the activation
polarization is usually dominating but at high current densities, when j is ap-
proaching j;, the concentration polarization becomes the main component of the
cell overpotential.

While the cyclic voltammetry method is excellent for estimating the per-
formance of the full SOC and for initial analysis of the current limiting processes,
the individual polarization processes need to be separated to assess the impact of
each process on the final cell performance. The electrochemical impedance
spectroscopy (EIS) is a powerful characterization method that is capable of
deconvoluting and describing the current limiting processes if their characteristic
parameters are different enough in magnitude.

4.2 Electrochemical Impedance Spectroscopy

The EIS method involves introducing small alternating perturbations to the
voltage or current applied on the electrochemical cell at different frequencies and
measuring the response, which is often out of phase with the input. The per-
turbations are usually applied in a sinusoidal fashion such as equation (2.16), with
the response coming as equation (2.17) [23]. In these equations V) is the voltage
amplitude, /s is the current amplitude, ¢ is time, w is the angular frequency of the
sinusoidal perturbation, and ¢ is the phase difference (sometimes called phase
shift).

v(t) =V, sin(wt) (2.16)
i(t) = Iy sin(wt + @) (2.17)
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The transfer function of this system is a complex number (parameter) at the fre-
quency domain called impedance and is defined in equation (2.18) [23]. Im-
pedance represents the total resistance to the current flow in an electrical circuit
consisting of resistor elements, capacitor elements, and inductor elements. The
real part of the impedance (Z°) in equation (2.18) represents the ohmic resistance
and the imaginary part (Z’’) represents the reactance.

Z(a))=‘1/—;’ef‘p= |Z|(cos@ + jsing) =Z' +jZ" (2.18)
7' =R (2.19)

7" =— (2.20)

Z" = ol (2.21)

The impedance provided by the resistor, capacitor and inductor element com-
ponents are represented by equations (2.19), (2.20), and (2.21), respectively,
where R is resistance, C is capacitance, and L is inductance. Thus, the impedance
response of an electrochemical cell to an alternating current can be separated into
resistance and reactance parts. An electrochemical cell is usually modelled with
an equivalent circuit that consists of a resistor in series connection and one or
more (RC) segments of a resistor, and a capacitor connected in parallel. The
equation of a resistor and a capacitor in parallel is presented as an equation (2.22).
If the parallel (RC) circuit impedance function over a range of frequencies is
plotted on a diagram with the x-axis representing Z’ and the y-axis representing
Z’’ (called a Nyquist plot), this impedance will form a semicircle. At a single
characteristic frequency, where the reactance and resistance are equal, the
imaginary part of the impedance is at a maximum. This characteristic frequency
is given in eq. (2.23), where 7 = RC is the characteristic time constant of the
system.

1 R R . wR?C
Z(w) = %+jwc " 1+jwRC ~ 1+(wRC)? —J 1+(wRC)2 (2.22)
1 1
Zmax!! = ; = E (223)

In solid oxide cell systems, the reactance usually does not act as a perfect capa-
citor, creating a distribution of characteristic frequencies and resulting in a de-
pressed semi-circle on the Nyquist plot. This behavior is probably due to the
microscopically uneven interfaces between the SOFC layers and between the
electrode and gas phases that arise from its porous microstructure. Instead of a
single time constant, such impedance responses can have a distribution of time
constants. This behavior can be fitted with a constant phase element (CPE), which
is expressed in equation (2.24) [24,25,26], where T¢pg is a CPE constant charac-
terizing the capacitance and ¢ is a CPE exponent, which describes deviation from
an ideal capacitive impedance response.
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1

Tcpp(jw)® (2.24)

Zcpg =
In the usual experimental setting, the impedance response of an electrochemical
cell can have a complicated shape and an impedance specter consisting of more
than a single semi-circle. Fitting can be achieved by calculating data to an experi-
mental specter with the complex non-linear least squares regression method. The
impedance responses represent different rate limiting steps over the specter of
frequencies used to collect the impedance data and as such can be used to analyze
different aspects of the electrochemical cell. Deconvoluting the separate semi-
circles can pose a challenge. As a rule-of-thumb, semi-circles of an impedance
specter can be reliably separated if their characteristic time constants are about 2
orders of magnitude apart.

4.2.1 Impedance Analysis of SOC Devices

The impedance response of a hydrogen electrode supported solid oxide cell is
investigated in several publications [12,27,28,29,30]. The impedance response is
usually fitted using 5—6 equivalent circuit elements, which correspond to different
current limiting processes. These processes, however, have similar characteristic
frequencies in the impedance response and may overlap greatly, making proper
deconvolution of the impedance data challenging. The impedance spectra mea-
sured in this work usually shows 2 to 3 distinguishable semi-circles or depressed
semi-circles, which were named as high-frequency impedance process (Phigh),
middle-frequency impedance process (Pmid), and low-frequency impedance pro-
cess (Piow).

Phign 1s ascribed to the semi-circle with the characteristic frequency at 1-5 kHz.
According to literature, this process describes the charge transfer processes at the
reaction sites in the hydrogen electrode, specifically the hydrogen oxidation (in
fuel cell mode) or water splitting reactions (in electrolysis mode) [12,27,28].

Pnmidq 1s ascribed to the semi-circle found in the range of 100—-1000 Hz. In the
literature [12,27,31], this semi-circle is usually used to describe the oxygen
exchange processes on the mixed ionic-electronic conducting (MIEC) oxygen
electrode surface. Some studies, however, have identified a hydrogen concentra-
tion dependent semi-circle with a characteristic frequency in the 10-500 Hz range
and have used it to describe the mass transportation limited processes in the
hydrogen electrode [28,29,32].

Piow 1s ascribed to the semi-circle found in the range of 1-10 Hz. This semi-
circle is typically used to describe current limiting processes that are related to
gas diffusion in the support layer and a process called gas conversion impedance
[27,31,32,33]. Some studies have noted that the low-frequency impedance in their
system is not significantly affected by temperature changes and thus they have
proposed water adsorption and desorption processes at the YSZ and oxidized Ni
surface to be related to this impedance process [34,35].
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4.3 Time-of-Flight Secondary lon Mass Spectrometry

The Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) method is a
powerful method for determining the atomic composition of a sample. This
method uses a beam of ions to induce sputtering of break-away ions from the
sample, called secondary ions, which are then collected into a time-of-flight mass
spectrometer.

The generation of secondary ions occurs with the collision between the pri-
mary ions in the ion beam and the sample surface atoms. The kinetic energy of
the primary ion is transferred to the sample atoms, initiating a cascade of col-
lisions between the atoms of the solid, culminating in the sputtering of some of
the atoms or atom clusters from the surface of the sample. Released from the
matrix of the sample bulk, some of these sputtered particles may then disassociate
into ions, which can be analyzed [36].

The sputtered ions are gathered and accelerated with an electric field through
a time-of-flight mass analyzer and into an ion counter. Due to the constant kinetic
energy of the primary ions, the initial velocities of the secondary ions vary only
by their weight. The acceleration given to the ions from the collecting electric
field separates the ions by their mass-to-charge ratios. The time-of-flight analyzer
helps expand that separation by increasing the distance of travel, increasing the
signal resolution when the ions finally reach the ion counter. Sputtered ions with
identical masses can still have different kinetic energies after gathering due to
different speed vectors after sputtering. This is counteracted in the ToF-SIMS
system with hemispherical electrostatic sector analyzers (ESA), which create a
longer flight path for ions with slightly higher energy, helping to concentrate ions
with similar mass-to-charge ratios and further increasing signal resolution.

4.4 State of the Art Solid Oxide Cell Composition

The solid oxide cell is a multilayer solid state ceramic device. The heart of the
solid oxide cell is the dense oxide-ion conducting electrolyte, which separates the
oxygen chamber and hydrogen chamber. To facilitate and accelerate oxidation
and reduction reactions on each side of the electrolyte, it is equipped with mixed
conducting electrodes. The SoA SOC is usually designed with a very thin electro-
lyte to minimize the internal resistance of the cell. In such designs, mechanical
strength is provided by one of the electrodes. The supporting electrode may
consist of multiple layers, where the inner electrolyte adjacent layer, called the
active or functional layer, is optimized for electrochemical reactions and the outer
support layer is optimized for greater gas diffusivity and mechanical strength.
Chemical barrier layers may be employed in cases where risk of chemical re-
actions between layer materials is present. It is common to have a barrier layer
between the oxygen electrode and the electrolyte to inhibit the formation of
isolating layers. Finally, porous contact layers are added to the electrodes to
ensure good electronic contact with the current collecting plates. A sample
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microstructure of the SoA SOC featured in this work is shown in Figure 1 as a
SEM micrograph.

LSC oxygen electrode

~ GDC chemical barrier
~ 8YSZ electrolyte

Ni-8YSZ hydrogen
_electrode active layer

f’ﬁ" Ni-3YSZ supporting
4. hydrogen electrode layer

Figure 1. A SEM micrograph of a cross-section of SOC with the layers colour-coded for
ease of understanding.

4.4.1 Electrolyte for the Solid Oxide Cell

Oxygen ion conductivity was first observed in a solid solution of 15 wt% Y»0;
in ZrO; by Nernst in the 1890s [20,37]. Yttria stabilized zirconia (YSZ) is not the
only compound that exhibits oxide ion conductivity, but it is one of the more
robust materials, showing no electronic conductivity, being made of relatively
abundant components and being relatively easy to produce [20]. For these reasons,
the 8 mol% YSZ is still the material of choice in the state-of-the-art SOC [38].
At high temperature zirconia has a fluorite structure, which has cations in a
face-centered cubic structure with the anions occupying the tetrahedral sites. This
leaves relatively open octahedral interstitial sites in the crystal structure, allowing
the ion diffusion. The addition of divalent or trivalent, called aliovalent, cations
such as Ca** or Y** increases the ionic conductivity of zirconia by creating defects
in the crystal structure as the requirement to maintain electroneutrality creates
oxide ion vacancies in the structure. This reaction is described using the Kroger-
Vink notation in equation (2.25). These oxide ion vacancies and the interstitial
sites provide substantial oxide ion conductivity of the material. The aliovalent
additives also help to stabilize the fluorite structure at lower temperatures, in-
creasing the robustness of the material during manufacturing and operation.
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Y,05 + OX + 2Zr%, & 2Yy, + Vi + 2Zr0, (2.25)

Another family of fluorite structured materials of great interest are doped cerium
oxides. In general, ceria-based materials have higher ionic conductivity than the
conventional YSZ materials and have good chemical and mechanical compatibi-
lity with common electrodes [39,40,41]. The main drawback for ceria-based
materials is the ability of Ce*" to reduce to Ce*" at low oxygen partial pressures
and at high temperatures. The mixture of Ce* and Ce** in the electrolyte material
allows significant electronic conductivity through the electrolyte, which might
lead to partial short-circuiting within the SOC with a purely ceria-based electro-
lyte, and a decrease in performance [39].

4.4.2 Oxygen Electrode

The oxygen electrode in the SOC is expected to have high electrical conductivity,
high catalytic activity for oxygen reduction, good oxide ion conductivity, and
mechanical compatibility with other cell components. Some of the most pro-
mising material groups developed for the purpose of acting as an oxygen electrode
are perovskites. Depending on the host lattice as well as chemical nature and con-
centration of dopants, temperature and oxygen partial pressure, the electron-hole
conductivity of perovskites can range from 10 to 1000 S/cm and the oxide ion
conductivity from 107 to 1 S/cm [22].

Perovskites have an ABX; stoichiometry, where A and B are cations, and X
represents the anion. The conductivity of perovskite materials can be enhanced
by doping the A or B sites with aliovalent cations, which can create point defects
(oxide ion vacancies, polarons, etc.) in the material structure through charge com-
pensation that can act as charge carriers. For example, in doping the La;«SriCoOs.
s, a probable compensation mechanism with oxygen vacancies is illustrated with
scheme (2.26) and compensation with electron holes with (2.27). Thus, such A
site doping can not only change the cation sublattice but also the oxygen sub-
lattice, often leading to a balance between electronic and ionic charge compensa-
tion and resulting in development of the mixed ionic-electronic conductivity.

2Sr0 + 2La¥, + 0% & 2Sr}, + La,0; + V;, (2.26)
2510 + 2Laf, + 50, © 251{, + La,03 + 2h (2.27)

The classical material for the oxygen electrode is the La;xSrxMnO;.5 (LSM),
though in state-of-the-art cell structures the A-site deficient (Lai-x<Sty)0.9sC003-5
(LSC) or (LaixSrx)o95CoiyFe,O35 (LSCF) are used. While LSM has good
stability and compatibility with the 8YSZ electrolyte material, oxide ion con-
ductivity is lacking. The LSC and LSCF are much more active electrode materials
but incompatible with the ZrO, based electrolytes. Lanthanum and strontium
from the LSC and LSCF structures can migrate into the zirconia and react to form
LaxZr,07 and SrZrOs phases, which have poor ionic conductivity [40]. For this
reason, a chemical barrier layer is applied between the electrolyte and the oxygen

20



electrode. GDC is the main material of choice for this application due to its high
oxide ion conductivity and greater chemical stability with most materials used for
oxygen electrodes [20,40].

4.4.3 Hydrogen Electrode for the Solid Oxide Cell

As the reaction site for hydrogen and water conversion (depending on the opera-
tion mode), the hydrogen electrode is required to be stable in wide range of
oxygen partial pressures, to have good electronic conductivity, gas permeability,
catalytic activity for hydrogen oxidation reactions and water splitting reactions
and have good chemical and mechanical compatibility with the electrolyte. A key
part of the hydrogen electrode is the reaction sites, where the oxide ion con-
ducting phase, electron conducting phase and reagent providing gas phase meet,
called the three-phase boundary (TPB).

Nickel is chemically stable under reducing conditions, highly active for the
hydrogen evolution reaction and tolerant to the conditions at high steam partial
pressures. As a drawback Ni has a significant thermal expansion mismatch with
zirconia, causing possible delamination during rapid heating and cooling, and the
metal has high surface mobility in humid environments which may lead to loss
of the electron conductive network through Ni grain growth, especially at electro-
lysis operating conditions [42].

To decrease the above-mentioned effects, composites of metals and ceramics,
cermets, have been developed. In cermet electrodes, the ceramic part usually
forms the backbone of the microstructure, and the metal part acts as the catalyst.
The SoA SOC hydrogen electrodes are usually either Ni-YSZ, Ni-ScSZ or Ni-
GDC cermets. The YSZ or GDC helps the cermet form and maintain good adhe-
sion to the ceramic electrolyte and provides the rigid structure, inhibiting Ni
aggregation and grain growth. YSZ and GDC backbones also provide oxide ion
conductivity, enabling the extension of reaction sites further into the electrode
volume and thus increasing the length of TPB. The metal network part acts as the
main catalyzing agent and as an electron conductor to the current collector.

Depending on the design of the SOC device, the hydrogen electrode may be
multilayered. The SoA SOC is usually made as either electrolyte supported or
electrode supported cells, depending on which layer is supposed to provide the
bulk of the mechanical strength for the cell. If the hydrogen electrode is the
supporting layer, then it is common for the SOC to have a 0.3—1 mm thick
electrode. In such cases, it is important to control and optimize the pore and
particle size in the layer and even create a multilayered design. The thick
supporting electrode layer is usually engineered to have larger particles and larger
pores to minimize the diffusion resistance to the feed gas flow, while the thin
hydrogen electrode active layer (HEAL) has smaller pores and particles to maxi-
mize TPB density.

Nickel is not the only catalyst of interest proposed for the hydrogen electrode.
Theoretical studies for water electrolysis on metal and metal alloy catalysts,
published by Cho et. al. [43] and Gu and Nikolla [44], predict an increase in
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performance for Ni-Fe and Ni-Co alloy catalysts over a pure Ni catalyst for
electrolysis mode. Experimental studies alloying Ni with Fe in the hydrogen
electrode have shown suppressed Ni coarsening, increased redox stability, and
improved SOC performance in fuel cell operation conditions [45,46,47]. Similar
studies with Ni and Co alloys suggest increased SOC activity and greater redox
stability in both fuel cell and electrolysis operation modes [45,48,49,50].

GDC is also often used as a backbone ceramic material in SoA SOC devices
as it is also known to be catalytically active towards the hydrogen evolution
reaction. An extra benefit in reducing conditions is its ability to become a mixed
ionic-electronic conductor, potentially extending the reaction zone from the TPB
further across the ceria surface [51,52]. These benefits could also be realized by
modifying the YSZ materials with GDC. As an example, Grimes et al. [53]
reported decreased overall polarization resistance of a button type cell where
GDC was infiltrated into a Ni-Y'SZ matrix.
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5. EXPERIMENTAL

5.1 Structure and Composition of Samples

This work analyzes the results of 2 long-term experiments and 8 short-term button
type cell experiments. The long-term and short-term experiments used SOC with
different sizes and architectures, although they had similarly manufactured half-
cells. The half-cell is a sub-assembly, which consisted of a NiO contact layer
(~5 pm), a NiO/3YSZ diffusion layer (supporting structure, ~380 um), a
NiO/8YSZ hydrogen electrode active layer (HEAL, ~12 pm) and an 8YSZ
electrolyte (~3 um). The long-term tests were conducted on rectangular solid
oxide cells made from commercially produced half-cells with the barrier and
oxygen electrode layers prepared in the lab (not industrial). The barrier layer was
made from a commercial GDC paste (ESL) that was screen-printed on top of the
half-cell and sintered at 1300 °C for 30 hours. The oxygen electrode was made
from Pro¢S104C00s.5 (PSC), which was produced by the glycine nitrate process
method and mixed into a paste as described in previous paper [54]. The PSC paste
was screen printed in a 3.5x4 cm rectangular shape, and this defined the active
area of the SOC. Finally, a La,Sr;«Co0Os.5 (LSC) contact layer was applied to the
oxygen electrode to ensure good contact with the current collector. A SEM image
of the cell cross-section is provided in Figure 2.

The NiO/3YSZ diffusion layer acted as the supporting layer, which provided
mechanical strength to the SOC. Additionally, the diffusion layer provided the
HEAL access to feed gas through large pores and provided electronic conduc-
tivity between the active layer and the current collector.

~~ ety

& La, (Sr; ,Co0, ;4
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Figure 2. SEM image of a cross section of the SOFC after the experiment.
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The state-of-the-art solid oxide cells used in the button cell tests were produced
in Elcogen AS using industrial methods and modified through changing the active
electrode production parameters. A reference SOC is shown in Figure 1, and it
consisted of 5 functional layers and 2 contact layers. The layers were a NiO
contact layer (~5 um), a NiO/3YSZ diffusion layer (~380 um), a NiO/8YSZ
hydrogen electrode active layer (HEAL), an 8YSZ electrolyte (~3 pm), a GdCe:-
x02.5 (GDC) barrier layer (~2 um), La,Sr1.xCo0Os.5 (LSC) oxygen electrode layer
(~15 um) and an LSC oxygen electrode contact layer (~8 um).

To investigate the effect of the HEAL thickness on the performance of the
SOC, 5 different samples were prepared. The thicknesses of these samples were
0,7, 12, 16 and 20 um. Cross-sections of these cells are presented in Figure 3.

The investigation of chemical changes of the HEAL was carried out with
another 3 button type cell samples, where the change was introduced during
manufacturing by modifying the ceramic powder used to screen-print the active
layer. The HEALSs of the cells consisted of NigoFeo1-8YSZ, Nig9C00.1-8YSZ, and
Ni-(8YSZ)0o(GDC)o.1. Table 1 shows how the modified cells are referred to in
this work.

Table 1. Tested cells and their HEAL composition.

HEAL COMPOSITION SHORT NAME OF THE TEST CELL
Ni-8YSZ Reference

Ni-(8YSZ)0.9(GDC)o.1 YSZ-GDC

Nio,9C00,1-8YSZ Ni-Co

Ni0A9Feo,1-8YSZ Ni-Fe

Ni/3YSZ

Figure 3. SEM micrographs depicting broken cross-sections of the SOCs studied in this
work with the focus on the HEAL. The thicknesses of the layers are given on the micro-
graphs.
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5.2 Electrochemical Test Setup

5.2.1 Assembly of the Long-Term Test Setup

The long-term tests and short-term button cell tests were conducted in two diffe-
rent electrochemical test set-ups. The long-term test rig was provided by Fuel
Cell Materials (FCM) and modified in-house. A single-stack furnace (Mellen),
which also enabled pressure loading of the SOC assembly, together with current
collectors provided by FCM, was used as the electrochemical reactor. To create
electrical contact between current collector plates and electrodes, Ni ink (FCM)
and Ni mesh (FCM) were used in the hydrogen electrode side and LSC ink (FCM)
and silver mesh (FCM) in the oxygen electrode side. The current collector plates
were sealed with a mica gasket (FCM) and glass paste (G018 354, Schott) to
achieve gas tightness of the cell. A schematic of the current collector and test cell
assembly is provided in Figure 4.

Crofer 22APU / LSC paste
i Ag mesh
Sealing glfnss - / 1SC paste
MICA sealing /P' S 0
Sealing glass —_ "~ FTo.69T0.40 0035

«— Cey3Gdy 0,5

1-______. ) )
e Ny
920, 2-6

MICA sealing —~

Sealing glass — Ni paste
Crofer 22APU Ni mesh
N1 paste

Figure 4. Schematic drawing of the membrane electrode assembly for electrochemical
measurements.

Gas flow was provided to the SOC through holes in the current collector, and the
gas flow conditions were controlled with Bronkhorst mass flow controllers. The
feed gas to the hydrogen chamber and air to the oxygen chamber were provided
in opposite directions. A bottle of '*O, oxygen isotope was also connected through
a mass flow controller to the air chamber for use at the end of the test. The feed
gas line for the hydrogen chamber in the electrolysis test was equipped with a
membrane humidifier (FC100, Perma Pure LLC) that was fed with de-ionized
water heated using a Julabo Corio-CD water bath circulator. The amount of steam
the membrane could provide to the feed gas was controlled by the temperature of
the water circulated through the water bath.

To condition the test rig, the assembly was heated to 850 °C at a rate of 3 °C/min
and kept there for 1 hour before cooling to 800 °C to start the fuel electrode
reduction. The reduction was conducted by introducing a gas mixture of 5%
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hydrogen in nitrogen into the hydrogen electrode room. The concentration of
hydrogen was gradually increased to 100% over a period of 4 hours.

The long-term tests were performed in fuel cell mode and electrolysis mode.
The gas flow rate in the long-term fuel cell test was 50 ml/minto induce a reactant
gradient along the electrode area while the gas flow in the oxygen chamber was
250 ml/min. For the electrolysis test the hydrogen chamber was fed a mixture of
20% hydrogen and 80% nitrogen through a humidifier at 80 °C, enriching the
hydrogen gas with around 46% steam. The composition of feed gas in the hydro-
gen chamber was 46% water, 10.8% hydrogen, and 43.2% nitrogen with the total
gas flow being 185 ml/min. The gas flow in the oxygen chamber was 250 ml/min
like the fuel cell test.

The long-term fuel cell test data were collected with a BK Precision 8500
Programmable DC Electronic load connected with a PC. The electronic load was
also used to record current density data at 0.8, 0.9, and 1 V to construct j vs £
curves during the test in fuel cell mode. Power for the electrolysis test was
supplied by an AIM-TTi QPX1200SP power supply connected with a PC. EIS
data was also collected during the electrolysis test, and these were collected using
the Solartron Analytical 1400 and 1470E CellTest system.

After the long-term test, the 5%5 cm SOCs were removed from the test rig and
broken into pieces to analyze the cell cross-sections at 36 different positions over
the surface of approximately equal distance from another. These cross-sections
were characterized using the ToF-SIMS and HR-SEM methods. The PHI TRIFT
V nanoTOF time-of-flight secondary ion mass spectrometer (Physical Electronics,
Inc. (PHI)) was used to scan in both positive and negative ion regimes within a
raster of 100x100 um or 50x50 um (Ga*, 30keV). The microstructural characte-
rization was done using the Zeiss EVO MA 15 HR-SEM.

5.2.2 Assembly of the Short-Term Button Cell Test Setup

The button cell tests were conducted in a Norecs Probostat test rig, heated in a
Carbolite tube furnace. A schematic diagram of the Probostat configuration is
shown in Figure 5. The feed gas was provided with Bronkhorst mass flow control-
lers, and the humidity was provided either with a Nafion tube humidifier (FC100,
Perma Pure), connected to a water bath circulator (Corio-CD, Julabo) or with an
evaporator unit (HovaCAL, IAS). Gas tightness between the hydrogen and air
chambers was achieved with a gold sealing ring by heating the reactor, at a rate
of 1 °C/min, up to 1015 °C for 1h before cooling to operating temperature. The
contacts were made of a platinum mesh on the hydrogen electrode and a gold
mesh on the oxygen electrode, which were spring-loaded onto the button cell.
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Figure 5. Scheme of the test cell configuration within the testing rig. The components are
mentioned in the diagram.

The cells were conditioned by slowly reducing the hydrogen electrode over at
least 2 hours at 800 °C in a 5% H», 95% N, gas mixture. Thereafter, the H,
concentration was gradually increased to 100% over 3 hours to achieve full reduc-
tion of the electrode. Finally, steam was added to the feed gas until the required
partial pressure was achieved at the electrode. The gas flow rate in the button cell
tests was kept at 100 ml/min on both sides to keep a constant reactant con-
centration over the electrode area.

The button cells were characterized with CV and EIS methods using a multi-
channel test system (CellTest 1400 and 1470E, Solartron Analytical; PARSTAT
MC, Ametek) or a combination of a potentiostat (1287, Solartron) and a fre-
quency analyzer (1260, Solartron). Before testing in electrolysis mode, the button
cells were tested in SOFC conditions at 700, 750 and 800 °C in H, with 3% steam
concentration. Electrochemical characterization in electrolysis mode was per-
formed at the same temperatures while feeding the cells with gas mixtures of
hydrogen and 22.5%, 45%, 67.5%, and 90% steam. Electrochemical impedance
spectra were collected at current densities of -0.33 A/cm? and -0.66 A/cm?. EIS
measurements were recorded at 20 points/decade in the frequency range of 100
kHz to 0.1 Hz. The system voltage was always varied between -0.75 V and
-1.5 V to avoid intense degradation processes caused by excessive polarization.

The measured EIS data were analyzed using the Zview (Scribner Associates,
Inc.) software. Using the complex non-linear least squares (CNLS) fitting method
the impedance spectra were fitted to theoretical equivalent circuits consisting of
an inductive element and resistor in series, following 2—4 units of a resistor and
constant phase element in parallel. The theoretical equivalent circuit was deve-
loped based on empirically distinguishable semi-circles in the measured impe-
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dance spectra. The equivalent circuit used for cells with different HEAL thick-
nesses and an example fit are both shown in Figure 6. The chemically modified
button cells were fitted with a different model, as illustrated in Figure 7, due to
achieving better fitting results. The 5-200 kHz spectral region was strongly
affected by the inductive effects of the used test rig. Therefore, only inductively
unaffected spectral regions were used for analysis.

0.1
[]—2000Hz ¢ —110Hz A—7Hz
Ry 4 Ry
20075 L RS high led low
- o EIS
g CPE,, CPE,,; CPE, —F
: 1t
& -0.05
N
-0.025 |
0
0.15  0.175 0.2 0225 025 0275 0.3

7'/ Qrem?

Figure 6. Nyquist plots of a Ni-YSZ|YSZ|LSC button cell measured at -330 mA, 45%
H>0 and 55% H> gas stream at 700 °C (circles), fitting result (solid line) obtained using
CNLS fitting method and the equivalent circuit used for fitting. Ry represents series
resistance, Ruigh, Rmid, and Riow represent polarization resistances of high, mid-, and low
frequency processes Phigh, Pmia and Piow, respectively. CPEqign, CPEiq and CPE .y are the
constant phase elements describing limiting processes from high to low frequency.
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Figure 7. Nyquist plots of a Ni-YSZ[YSZ|LSC button cell measured at -330 mA/cm?,
45% H»0 and 55% H, gas stream at 700 °C (circles), fitting result (solid line) obtained
using CNLS fitting method and the equivalent circuit used for fitting. R, represents high
frequency series resistance, Ruigh, Rmid, and Riow represent polarization resistances of high,
mid-, and low frequency processes Phigh, Pmia and Piow, respectively. CPEpignh, CPEniq and
CPEiow are the constant phase elements describing limiting processes from high to low
frequency.
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6. RESULTS AND DISCUSSION

6.1 Solid Oxide Cell Degradation During Long-Term
Operation

6.1.1 Long-Term Fuel Cell Operation

The long-term fuel cell test was conducted at 0.85 V and 650 °C. The test lasted
for 17820 hours. The recorded current density of the fuel cell is shown in Figure
8. The cell degraded at a high rate, around 2.4% per 1000 h, which noticeably
decreased after around 10000 hours of operation to around 1.1% per 1000 h. This
deactivation process has been reported by others, such as Lim et al. [55] and Tao
et al. [11] although at significantly shorter time frames.
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Figure 8. SOC performance evolution throughout the 17820-hour fuel cell test at 650 °C
and 0.85 V operating voltage.

The fuel cell test was briefly stopped after 0, 3240, 10370, and 17820 hours of
operation to collect j vs E data. The j vs E curves were constructed by recording
electrical current values at OCV, 0.8, 0.9, and 1 V at temperatures 600, 650, 700
and 750 °C. The curves recorded at the beginning and at the end of the test are
presented in Figure 9. The j vs £ data was used to calculate activation energies at
operating voltages of 1, 0.9 and 0.8 V and is presented in Table 2.
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Figure 9./ vs E data collected during the long-term SOFC durability test.

Table 2. Total activation energies of the Ni-YSZ[YSZ|GDC|PSC fuel cell at different
voltages throughout the test.

Operation time Eiwat0.8V Estrat 0.9V Eqtwrat 1V
Oh -0.57 eV -0.50 eV -0.34 eV
3240 h -0.65 eV -0.61 eV -0.45eV
10370 h -0.69 eV -0.65 eV -0.51 eV
17820 h -0.95 eV -0.68 eV -0.56 eV

Depending on at which point on the j vs E curve the activation energy is measured,
one could characterize different reasons for the cell voltage loss, depending on
which voltage loss mechanism is dominant [20]. When the applied potential was
low, at 1 V, the change in total activation energy from the beginning to the end
of the test was around 0.22 eV. At 0.9 V, the change of activation energy was
0.18 eV, and at 0.8 V the activation energy change was much higher, 0.38 eV.
This suggests that the degradation of the SOC was mainly led by increasing
concentration overpotential. As the mechanical structure and porosity of the cell
most likely did not degrade so quickly, the degradation was probably caused by
slight microstructural or chemical changes in the HEAL or the oxygen electrode.
Similar experiments where a single cell was tested in contact with Crofer 22APU
steel without special coating have shown comparable total degradation results
[56].
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6.1.2 Long-Term Electrolysis Operation

The long-term electrolysis test was conducted at 1.5 V and 800 °C and lasted for
860 hours. The electrolysis performance throughout the test is presented in Figure
10. The average degradation rate during operation was 16% per 1000 h, though
performance recovered abruptly by around 3—5% after operation was interrupted
to perform EIS measurements. A similar phenomenon was observed by Hjalmars-
son et al. [28,57] during their long-term electrolysis test. This recovery process
has been attributed to the clearing of poisonous impurities, such as silica, from
TPBs.
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Figure 10. Dependence of current density on operating time of the Ni-YSZ|YSZ|GDC|PSC
SOEC short stack measured at T = 800 °C and at E = 1.5 V. A regeneration phenomenon
can be seen after electrochemical impedance spectroscopy measurements.
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Figure 11. Current density vs. cell potential curves of the SOC short stack in the electro-
lysis regime at different operation times and temperatures noted in the figure.

The j vs E curves shown in Figure 11 confirm degradation during the electrolysis
test. The linear shape of the j vs E curves at lower temperatures (650 °C) indicates
prevalence of ohmic limitations of the system components at these conditions. At
higher temperatures (750 to 850 °C) the conductivity of system components and
electrochemical reaction rates were high enough to cause a situation where at
operating voltages from 1.1 to 1.5 V the diffusion of water in porous hydrogen
electrodes became the prevalent current limiting process, as indicated by the
curved shape of the j vs E curve.

Table 3 shows calculated activation energy values to get more information on
the degradation behavior. During the operation time of the electrolysis test, the
total activation energy at lower voltages, 1 and 1.1 V, decreased while at higher
voltages, 1.2 to 1.5 V, it increased. This behavior suggests that the degradation
driving process mostly affected cell performance at higher cell voltage and
current density. The measured Nyquist plots in Figure 12 show how the polariza-
tion resistance of the low frequency semi-circle, which is usually ascribed to mass
transfer limitation (gas diffusion) [27], became the main component of the cell
impedance at 1.3 and 1.4 V. The mid-frequency semi-circle with a characteristic
frequency of 200—400 Hz, which has been connected to reactant transport pro-
cesses in the hydrogen electrode active layer, also increased with increasing cell
voltage.
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Table 3. Activation energies of the electrolysis cell at different voltages and time.

Operation Eswrat  Eswrat  Egweat  Egorat Eoqtor at Eqtor at
time 1V 1.1V 1.2V 1.3V 1.4V 1.5V
Oh 0.56eV  042eV 031eV 022eV  0.17eV 0.14 eV
357h 0.52eV  041eV 034eV 0.27eV 0.22 eV 0.17 eV
690 h 0.50eV  040eV 034eV  028eV  0.23eV 0.18 eV
08 14V
13V 1.1Hz
06 F—=12V
B =11V 232Hz
=]
S 04
N
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Figure 12. Effect of voltage (noted in figure) on impedance of the electrolysis cell.
Nyquist plots were measured 174 h from the start of electrolysis test. T = 800 °C.

Impedance spectra in Figure 13, measured at 1.2 V over the course of the electro-
lysis test, shows the greatest increase of impedance from the mid-frequency
limiting process. As this process is related to mass transfer in the hydrogen
electrode active layer, these changes suggest that the loss of reaction sites may
have been a probable degradation driving mechanism.
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Figure 13. Dependence of polarization impedance of Ni-YSZ|YSZ|GDC|PSC short stack
on time measured in electrolysis mode. T = 800 °C, E = 1.2 V. EIS measurements were
carried out at 4 different operation times, which are noted in the figure.

6.1.3 Electrode Activity Analysis Using the O'® Tracing Method

The Solid oxide cells employed in the long-term tests were 50x50 mm surface
area with an active layer of 35x40 mm. Gas flows used during the tests were
modest to achieve a gradient of fuel and oxygen concentration along the cell.
Thus, it was assumed that cell activity was not constant over the cell area. To map
cell activity at different regions, the oxygen 'O, isotope was introduced under
load at the end of the test. The exposure to 80, was limited to avoid saturating
the cell. After cooling the cell, it was broken into multiple shards, and their cross-
sections were characterized at 36 places along the active area, in a 6x6 grid. Each
shard cross-section was analyzed with the ToF-SIMS method to determine the
ratio of 180 to '°0. Figure 14 shows the resulting activity map that was composed
using the ToF-SIMS data and supplemented with selected SEM micrographs and
grain size vs. activity measurement results. '*O concentration was higher at the
hydrogen inflow, opposite to the oxygen inflow. Because these areas incorporated
considerably more oxygen-18 ions, it is reasonable to assume that the current of
oxide ions through the membrane during operation was also larger at these
regions, i.e., the fuel cell activity was also higher at hydrogen inflow areas. At
areas with higher activity, there should have been a higher temperature, more
humidity and, because of that, a more active Ni coarsening process [11,58,59].
HR-SEM micrographs were taken from pieces with different '30 content, and the
180 to '%0 ratio was correlated with microstructural parameters. Analysis of the
micrographs using the ImagelJ tool suggested the existence of a nickel coarsening
phenomenon and a correlation between Ni grain size and activity (described by
the '®0 ratio in sample) was verified. Samples of micrographs with different grain
sizes and the correlation graph is presented in Figure 14.
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Figure 14. Multi-panel figure of data gathered from the 2-year long fuel cell test con-
taining (a) the '30 ratio map created from ToF-SIMS data from the active Ni-YSZ fuel
electrode, (b) HR-SEM pictures from some sample regions with calculated mean Ni-YSZ
grain sizes and (c) correlation between measured mean grain sizes and 'O ratios at certain
regions.

A similar 8O based activity mapping was done for the SOEC test cell, which
results are given in Figure 15. An important difference from the SOFC activity
map was the overall lower '®0 content in the cell. This may be due to the higher
temperature during the 80 introduction. While higher temperature should facili-
tate faster oxygen exchange and therefore faster '*O incorporation, after this step
the higher temperature and the subsequent longer cooldown duration could also
increase the possibility of the newly introduced oxygen isotope to diffuse out of
the cell.

According to the mapping results, the most active areas of the SOEC appeared
to be in the middle of the cell instead of the hydrogen and steam inlet. HR-SEM
images revealed that, similar to the SOFC test results, Ni particles size in the
SOEC was in correlation with increased '®O concentration. In general, the Ni
particles seem to be larger in the SOEC than in the SOFC mode. This can be due
to the higher operating temperature, which could have increased the rate of
coarsening [59].
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Figure 15. Multi-panel figure of data gathered from the 860 hour long electrolysis test
containing (a) the 30 ratio map created from ToF-SIMS data from the active Ni-YSZ
fuel electrode, (b) HR-SEM pictures from near some sample regions with calculated mean
Ni-YSZ grain sizes and (c) correlation between measured mean grain sizes and '30 ratios
at certain regions.

6.1.4 Degradation Analysis Using the ToF-SIMS Method

A reasonable assumption to the cause of deactivation of reaction sites would be
poisoning effects. To analyze this, the ToF-SIMS was used to detect the con-
centration of chromium in the oxygen electrode and the concentration of silicon
in the hydrogen electrode active layer. Chromium and silicon deposition on active
sites in the oxygen and hydrogen electrodes respectively, are well known degra-
dation mechanisms [10,59,60,61].

A significant amount of chromium was detected in the PSC oxygen electrode
and the GDC barrier layer. The Cr concentration map formed with the ToF-SIMS
data from the fuel cell test is given in Figure 16 and from the electrolysis test in
Figure 17. Most oxygen electrode regions of the SOFC test cell contained 2—3%
Cr with some areas in the middle part having less than 1% Cr. While it seems to
be a plausible degradation mechanism, the map does not fully align with the *O
permeation map, except for a few areas, where high 'O permeation coincides
with low Cr concentration.
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Figure 16. Chromium content in the PSC electrode (a) and in the GDC chemical barrier
layer (b) of the fuel cell. The values represent the ratio of Cr counts to the total positive
ion counts. The arrows denote the direction of air flow at the oxygen electrode side.
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Figure 17. Chromium content in the PSC oxygen electrode from the electrolysis test cell.
The values represent the ratio of Cr counts to the total positive ion counts. The arrows
denote the direction of air flow at the oxygen electrode side.
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The SOEC test had a significantly lower overall Cr concentration in the oxygen
electrode with most testing samples having less than 1% Cr. Miyoshi et al. [60]
proposed equation (3.1) as a probable mechanism for Cr deposition in the oxygen
electrode, which suggests that electrode polarization may play a role in the
prevalence of this reaction i.e. in the fuel cell mode if the oxygen electrode is
polarized cathodically, the formation of Cr,Os3 is promoted. This may be one pos-
sible reason for lower Cr concentration at electrodes in SOEC operation mode,
though a more significant factor may be the much shorter operation time.

2Cr0,(0H)y (g + 6~ © Cry03 + 2H,0 + 302" 3.1)

Due to the use of glass as the sealing agent, there was a potential for silicon
poisoning in the hydrogen electrode. The hydrogen electrode active layer in the
fragmented samples of the electrodes tested in the SOFC and SOEC mode were
also analyzed for Si concentration using the ToF-SIMS method. The data was
collected into Si concentration maps and are presented in Figure 18. The Si was
mostly visible on the sides of electrodes, suggesting that the source of this con-
taminant may indeed have been the glass seal. Si concentration was much higher
in the SOEC HEAL than in the SOFC HEAL. This phenomenon could be ex-
plained by the high steam concentration in the feed gas, leading to Si vaporization
in the form of Si(OH)4 according to Equation (3.2). For the Si poisoning in the
fuel cell operation mode, Andersen et al. [61] provide a plausible mechanism,
where SiO» becomes volatile SiO through reduction with hydrogen, in equation
(3.3) and deposits on active sites through reacting with oxygen according to
equation (3.4).

Figure 18. Si content in the Ni-YSZ layer of the fuel cell (a) and of the electrolysis cell
(b). Numbers indicate the fraction of Si* counts from the total amount of secondary posi-
tive ions detected at the hydrogen electrode.
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Hz(g) + SIOZ(S) < SIO(g) + HZO(g) (33)

. 1 .
SIO(g) + EOZ(g) A SIOZ(S) (34)

6.1.5 Microstructural Degradation Analysis

HR-SEM analysis of the electrolysis test SOC revealed that up to 1 pm wide
microcracks had formed between the YSZ and GDC layers during electrolysis
operation. Mogoteguy et al. and Knibbe et al. [10,62] suggest that at high current
electrolysis conditions, oxide ion oxidation may occur within the grain boun-
daries of the YSZ electrolyte. The accumulating oxygen gas can form voids and
create tension in the region, culminating in cracks between layers. These voids
can lead to cracks in the YSZ electrolyte, delamination, or even to the total
mechanical failure of the solid oxide cell. An example of the horizontal cracks
found in this study can be seen in Figure 19.
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Figure 19. SEM micrograph of a cross-section of the electrolysis cell.
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6.2 Influence of Hydrogen Electrode Active Layer Thickness
on the Electrochemical Performance of the Solid Oxide
Electrolysis Cell

6.2.1 Cyclic Voltammetry Analysis

Cyclic voltammetry data from the electrochemical tests of button type cells dem-
onstrated that the dependence of electrolysis performance on HEAL thickness
was not linear. Figure 20 shows that while having a HEAL made the SOC perform
much better, the performance gain decreased severely when HEAL thickness
reached 20 pm. The more steam was added to the feed gas, the greater the per-
formance gap between the 20 pm HEAL cell and the other cells became. This
suggests that the performance was limited by gas diffusion inside the HEAL.
During operation, depending on the polarization, the electrochemically active
layer of the hydrogen electrode can be thinner than the physical HEAL and is
located close to the electrolyte, where ohmic resistance due to ionic conductivity
inside the HEAL is smallest [8]. Because the HEAL is denser and has smaller
pores than the support layer, having a HEAL that is thicker than the electro-
chemically active area will increase concentration polarization. Thus, there is an
optimal HEAL thickness that depends strongly on the operating conditions.
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Figure 20.j vs E curves measured for experimental cells with different HEAL thicknesses

at feed gas water content of 90 mol% (a) and 45 mol% (b) and 22.5 mol% (c).
Temperature was 700 °C and active layer thicknesses are presented in figure.

The j vs E curves in Figure 21 show how the HEAL thickness affected per-
formance change at different applied temperatures. An increase in temperature
increased the ionic conductivity of the YSZ and as a result the ohmic resistance
decreased. This may have increased the thickness of the electrochemically active
region of the HEAL and thus improved the electrochemical performance of the
thicker HEAL. This is evident in Figure 21b and 21c, where the 16 um thick
HEAL outperformed the 12 um thick HEAL, and the performance of the cell with
the 20 um thick HEAL became much greater than that for the cell with no HEAL.
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Figure 21. ; vs E curves measured for the experimental cells at 700 °C (a), 750 °C (b) and
800 °C (c). Feed gas water content was 90 mol%. The HEAL thicknesses are presented
in the figure.

The results in Figure 21, however, show that the increase of ionic conductivity of
the YSZ material at higher temperature did not eliminate the effect of extra
concentration polarization from the greater HEAL thickness. As seen in Table 4,
the best performing cell in a low steam concentration environment had a HEAL
thickness of 12 pm and in high steam concentration environments, the best
performing cell had a HEAL thickness of 7 um. These results suggest that the
increase in operating temperature improved the water splitting reaction turnover
rate enough to keep the electrochemically active HEAL region relatively thin.
Thus, the best performance at 800 °C was achieved with the thinnest HEAL for
steam concentrations of 45% and higher. The main result of this performance
study was that the optimal HEAL thickness depends on the operating conditions
of the tested SOC.

Table 4. Current density values at 1.45V for cells at different water content values and
temperatures. Maximal current densities at certain water concentrations are marked red

Active Operating temperature
layer 700 °C 750 °C 800 °C
thickness
Water content in feed gas, mol%
22.5% 45% 90% 22.5% 45% 90% 22.5%  45% 90%

Current density, A cm™

0 mm 0.534  0.649 0.812 0.804 1.018 1.272 1.09 1432  1.816
7 pm 0912 1274 1.762 0.828 2.028 3.008 1.174 2399  3.825
12 pm 1.149  1.511  2.012 1.409 2.151 2.642 1.525  2.289  2.797
16 um 0.982  1.448  2.045 1.142 1.86 2.858 1.213  2.042  3.288
20 mm 0.811 0.848 0.936 1.105 1.614 2.109 1.316  2.119  N/A*
* The result was higher than 2.5A, which was the current limit for the potentiostat used to measure
this cell.
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6.2.2 Electrochemical Impedance Analysis

Figure 22 illustrates changes observed in the impedance spectra in response to
changes in steam concentration in the feed gas and oxygen content in the air.
Figure 22a suggests that the limiting processes, which were affected most by the
steam concentration, had characteristic frequencies in the ranges of 1-50 Hz and
1-10 kHz. The literature suggests that these limiting processes could be attributed
to water vapor diffusion and adsorption (1-10 Hz) and charge transfer processes
at the hydrogen electrode (1-10 kHz). Figure 22a shows a decrease of low fre-
quency impedance, when steam concentration increased from 45% to 67.5%, and
a sharp increase when steam concentration increased from 67.5% to 90%. This
low-frequency process had weak thermal activation and depended mostly on
PH,/PH, 0 ratio. Konigshofer et al. [30,63] noticed a similar effect, where cell im-
pedance increased when steam concentration was increased over 80% at low
current density. It has been discussed [64,65,66] that water expands the active
zone or improves the conductivity of active particles.
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Figure 22. Bode plots recorded at different water concentrations at the hydrogen
electrode (a) and at different oxygen partial pressures at the oxygen electrode (b).
Temperature was 700 °C and the current density was held at -660 mA/cm?. The
HEAL was 16 um thick.

Figure 22b shows how the cell impedance response changed with oxygen partial
pressure at the oxygen electrode. It seems that the high and low frequency
limiting processes were not affected by a change in py, at the oxygen electrode,
though there appeared a noticeable dependence of cell impedance on py, in the
10-300 Hz alternating current region. According to the literature, this process
could be attributed to the oxygen surface exchange processes and/or oxide ion
transport processes through grain boundaries in the oxygen electrode. However,
for other cells this region also featured a steam concentration dependent limiting
process.
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Figure 23. Impedance values of the fitted high frequency arc for each SOC at 700 °C,
-330 mA/cm? current density and at different feed gas water content fractions (shown
below the graph). The label for each value depicts the characteristic frequency of the fitted
arc in hertz (Hz). Error bars represent element errors obtained during CNLS fitting. The
data for the cell with the 20 pm HEAL at 700 °C and 90 mol% water content in feed gas
was not usable and thus omitted from this comparison.
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Figure 24. Calculated impedance values of the fitted high frequency arc for each SOC at
90 mol% water in feed gas, -330 mA/cm? current density, and at increasing operating
temperature values (shown below the graph). The label for each value depicts the charac-
teristic frequency of the fitted arc in hertz (Hz). Error bars represent fitting errors obtained
during CNLS fitting.
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Figure 23 visualizes the effect of feed gas (steam) concentration on the high-
frequency polarization resistance Rpgn for SOC with different HEAL thicknesses.
The error bar length was higher for impedance spectra, where the Ryign and Ruia
semi-circles were hard to separate during the fitting process. Impedance at the
high frequency range was strongly affected by the thickness of the HEAL. Lowest
Rpuign at 700 °C operating temperature was measured for HEAL thicknesses
between 7 and 16 um. The presence of a HEAL decreased the magnitude of the
high frequency limiting process drastically by providing a high density of active
reaction sites. This effect waned when the HEAL was made too thick, and the
reaction sites in use were too far from the electrolyte and diffusion to the reaction
sites near the electrolyte was impaired.

The high Ry of the SOC with no HEAL can be explained by its material
composition. The HEAL was made of Ni/8YSZ, where the 8 mol% of yttria
stabilized the zirconia in the cubic phase and permitted a good ionic conductivity.
The support layer, meanwhile, was made from Ni/3YSZ in addition to some other
microstructural changes like larger Ni particles and bigger pores as seen in Figure
3. Compared to 8 mol%, the 3 mol% yttria content in zirconia caused a partially
stabilized phase, which increased the mechanical strength through structural
defects but resulted in a lower oxide ion conductivity. Additionally, the coarser
microstructure lead to a shorter TPB length. As a result, while the hydrogen
evolution charge transfer processes were possible in the support layer, they were
much more sluggish compared to the optimized HEAL.

The high-frequency process with the characteristic frequency within the 1—
3 kHz range was thermally activated (with exception at 12 um HEAL at 800 °C
and 90 mol% water in feed gas, which could be explained by equivalent circuit
component fitting errors). The fitting results shown in Figure 24 demonstrate that
at high HEAL thicknesses (12 and 16 um) and at high temperatures (750° to 800°
C) the high frequency impedance might have almost disappeared. This fitting
result may also come from the middle frequency limitation becoming dominating
and overlapping in some cases, making the deconvolution of these processes
challenging (high temperatures in the case of 7 um HEAL).
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Figure 25. Impedance values of the fitted middle frequency arc for studied SOC-s at
700 °C, at -330 mA/cm? current density and increasing feed gas water content fractions
(shown below the graph). The label for each value depicts the characteristic frequency of
the fitted arc in hertz (Hz). Error bars represent element errors obtained during CNLS
fitting.
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Figure 26. Calculated impedance values of the fitted middle frequency arc for each SOC
at 90 mol% water in feed gas, -330 mA/cm? current density, and at increasing operating
temperature values (shown below the graph). The label for each value depicts the charac-
teristic frequency of the fitted arc in hertz (Hz). Error bars represent element errors
obtained during CNLS fitting.
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The polarization resistance values related to the mid-frequency limiting processes
shown in Figure 25 are usually identified in literature as either oxygen surface
exchange processes at the oxygen electrode [28,32,33] or as the gas diffusion
processes at the HEAL [32,67]. Figure 22 helps to clarify the possible origin of
the mid-frequency limitation by showing how the middle frequency impedance
arc decreased in magnitude with the decrease of oxygen partial pressure in the
oxygen electrode room and how it depended on H>O concentration.

According to fitting results in Figure 25, the mid-frequency polarization resis-
tance values, R4, calculated from middle frequency impedance values, showed
a dependence on steam concentration in feed gas. The cell with the 20 um HEAL
did not show a distinguishable middle-frequency arc due to a highly dominant
low frequency impedance. In principle, the impedance contribution of the oxygen
electrode, when measured at a constant current and using a two-electrode setup,
should not depend on HEAL thickness and steam concentration in the hydrogen
electrode compartment. The magnitude of R« and the characteristic frequency
of the mid-frequency impedance response both differed between the samples,
suggesting that at least part of the impedance response, in this frequency range,
was affected by HEAL properties.

Figure 25 also shows that R,z of the SOC with the 7 pm HEAL had a signi-
ficant dependence on steam concentration. This suggests that a HEAL thinner
than 12 um was more affected by changes in the gas diffusion process at the
HEAL. The characteristic frequency of Ry« for the 7 pum HEAL was also signi-
ficantly higher, signaling a different dominant current limiting process. Probably
the mid-frequency contributions from the oxygen and hydrogen electrodes over-
lapped completely and the characteristic frequency was defined mainly by the
process with smaller capacitance. Oxygen electrode impedance had constant
value and was included in R;; and the dependence of R.i; on steam concentration
was caused by the change of polarization resistance in the hydrogen electrode.
High error values of R, indicate the presence of processes with very similar time
constants besides the described one.

Fitting results for EIS at varying temperature in Figure 26 suggest temperature
dependence of Rz values as well as characteristic time constants. The gradually
changing time constants suggest that the oxygen surface exchange process at the
oxygen electrode and the surface diffusion processes at the hydrogen electrode
became faster. The steep change of P,z characteristic frequency for the cell with
the 7 um HEAL suggests that at higher temperatures (>700 °C) the gas diffusion
limitation in the HEAL lost dominance over oxygen surface exchange limitation
processes at the oxygen electrode.
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Figure 27. Impedance values of the fitted low frequency arc for each SOC at 700 °C, at
-330 mA/cm? current density and under increasing feed gas water content fractions
(Shown below the graph). The label for each value depicts the characteristic frequency of
the fitted arc in hertz (Hz). Error bars represent element errors obtained during CNLS
fitting. The data for the cell with the 20 um HEAL at 700 °C and 90 mol% water content

was not usable and thus omitted from this comparison.
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Figure 28. Impedance values of the fitted low frequency arc for each SOC at 45 mol%
water in feed gas, -330 mA/cm? current density, and at different operating temperature
values (shown below the graph). The label for each value depicts the characteristic fre-
quency of the fitted arc in hertz (Hz). Error bars represent element errors obtained during

CNLS fitting.
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Low frequency polarization resistance values, R, obtained through fitting, are
compared in Figures 27 and 28. The literature proposed dominant rate limiting
steps in the 1-50 Hz region are either gas diffusion in the support layer [31,32,68]
or H,O adsorption/desorption in the HEAL [34,35]. The data presented here sug-
gests no linear correlation with steam concentration and a minimum of Ry, at
around 45-67,5 mol% range, which was also illustrated in Figure 22 previously.
Figure 28 shows an increase of Ry, with increasing temperature at 45 mol%
water in feed gas, except for the cell with 20 um thick active layer. This behavior
indicates that the low frequency limiting process in the case of 7, 12 and 16 um
thick active layers was most likely H>O adsorption as this was in good accordance
with experimental results dealing with water adsorption at the YSZ [69]. Positive
correlation of Ry, with temperature in the case of 20 um thick HEAL (Fig. 13)
indicates diffusion limitation in the case of the thickest active layer. The change
of Ri,w with steam concentration, where the Ry, was at minimum around 50%
H>O concentration, also supports the concept of adsorption limitation mechanism.
A change of adsorbed layer structure starting from a certain surface concentration
(in the region of 50% H,O in gas) was also demonstrated by some studies [34].
In case of the cell with the 20 um thick HEAL, Ry decreased with increasing
temperature due to a dominating diffusion limitation from the thick HEAL.

@ Rhigh @Rmid @ Rlow
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Figure 29. Polarization resistance values obtained through fitting for each SOC at 700 °C,
-330 mA/cm? current density, and increasing feed gas water content fractions. The share
of each dominant process in the overall polarization resistance is shown with a different
filling pattern.
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Figure 30. Polarization resistance values obtained through fitting for each SOC at 90 mol%
water in feed gas, -330 mA/cm? current density, and increasing operating temperature
values. The share of each dominant process in the overall polarization resistance is shown
with a different filling pattern.

Figures 29 and 30 illustrate the total fitted polarization resistance of the studied
cells with their low-, mid- and high-frequency resistance components and their
change with steam concentration and with temperature, respectively. The R, values
confirm that for electrolysis conditions the optimal HEAL thickness at 700 °C, and
at operating current -330 mA/cm?, varied from 12 to 16 um depending on steam
concentration, and at higher temperatures and at 90 mol% water content the
optimal HEAL thickness was 7 um. At 700 °C, the overall polarization resistance
decreased with increasing the feed gas water content up to the 67.5 mol% level,
after which the sudden increase of R;,,, was enough to push the whole polarization
resistance up slightly compared to the previous step. The greatest decrease in
polarization resistance values occurred between 22.5 mol% and 45 mol% water
content levels, which agrees with the curves in Figure 20. A similar behavior was
documented by Kim et al. [70], who noted that the total charge transfer resistance
of the hydrogen electrode increased significantly, when the feed gas water content
was lowered below 40 mol% at 750 °C operating temperature and absolute
current density reached higher than 0.5 A/cm?. A similar phenomenon was also
more recently discussed by Konigshofer et al. [63].

The optimum HEAL thickness for SOC operation at 700 °C over a broad range
of steam concentrations seemed to be 16 pm for the system used in this work. At
higher temperatures, a thinner HEAL performed better, as demonstrated by results
given in Figures 21 and 30. Limitations connected with water adsorption/ desorp-
tion in HEAL formed an important part of the total impedance, especially at
higher temperatures. Performance of cells with 7, 12 and 16 um thick HEAL at
750 °C and 800 °C could be significantly improved if limitations connected with
water adsorption could be decreased.
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6.3 Influence of Chemical Modifications
of the Hydrogen Electrode Active Layer on the
Performance of the Solid Oxide Electrolysis Cell

6.3.1 Microstructural Characterization
of SOC with Chemical Codifications

Microstructural characterization of polished sample cross-sections of electro-
chemically tested cells was performed using the HR-SEM method. Figure 31
presents a comparison of the microstructure of the HEAL for the four tested
samples. Micrographs show that some introduced modifications affected the
microstructure of the HEAL slightly. Co,O3 and Fe,Os3 are widely known as
sintering aids for ZrO, [71,72]. Image analysis revealed that when compared to
the reference cell, the addition of cobalt led to a nearly 27% decrease in average
pore size and a 10% decrease in total porosity. The addition of GDC led to a 22%
decrease in average pore size, but no significant change in total porosity. The
addition of iron led to a coarser structure with around a 17% increase in average
pore size, but with no significant change in total porosity.
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Figure 31. SEM micrographs of polished cross-sections of cells analyzed electrochemic-
ally within this work. The location of the hydrogen electrode active layer is indicated with
arrows.
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6.3.2 Electrochemical Characterization of SOC
with Chemical Modifications

The j vs E curves at 700 °C and at different steam concentrations in feed gas,
shown in Figure 32, reveal that none of the introduced materials had a positive
effect on the performance of the SOEC at moderate operating temperature. Re-
sults in Figures 32 and 33 indicate that the impact of modifications depended
significantly on the operating temperature and water concentration in the feed gas.
Fe had a positive effect on the cell performance at 750 °C (Figure 33b), and at
800 °C, both the Fe and GDC-modified SOECs showed significantly better per-
formance than the reference cell. However, the SOC electrodes modified with
cobalt remained less active than the unmodified reference cell.
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Figure 32. j-E curves of the sample cells measured at feed gas steam concentration values
0f 90% (a), 67.5% (b), 45% (c), and 22.5% (d).
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Figure 33. j-E curves of the studied cells measured at temperatures 700 °C (a), 750 °C
(b), and 800 °C (c) in 90% feed gas steam concentration.

SEM results presented in Figure 31 indicate that the Ni-Fe cell had a coarser
structure with an average pore size bigger than that for the reference cell, and thus
Ni-Fe had shorter TPB length and less reaction sites. At 700 °C, this structural
change seemed to have no notable effect as the performance of the Ni-Fe cell was
similar to the reference cell aside from the performance deviation at higher
voltage in Figure 32d, where the decrease in reaction sites probably became more
apparent.

At higher temperatures, i.e., 750 °C and above, the Ni-Fe cell showed a remark-
able increase in performance over the reference cell, probably due to a higher
reactant turnover rate and lower diffusion limitation. The highest absolute current
density of the Fe modified SOEC was 3.7 A/cm? at 800 °C, at -1.4 V, and 90%
steam in feed gas, while the reference cell reached 3.1 A/cm? at the same conditions.

The influence of GDC on the SOEC performance depended on the tempera-
ture as well as on the concentration of water in the feed gas. As can be seen from
Figures 33 and 34, the electrochemical performance of the GDC modified cell
compared to the reference cell was improved at temperatures higher than 700 °C
and at water concentrations higher than 45%. The increase of the YSZ-GDC cell
performance at high temperature and water concentrations may have been due to
enlarged electrochemically active regions close to the TPB. Monaco et al. [73]
have shown that in electrolysis mode, the adsorption rate of steam on YSZ be-
comes very slow and the reaction pathways controlled by the steam adsorption
rates on Ni are more active. The addition of GDC to YSZ could have given a
mixed ionic and electronic conductive character to the HEAL and thus widened
the active area for the charge transfer process.

The nonlinear shape of j vs E curves at moderate temperatures (700 °C) and
low water concentrations (22.5% and 45%) indicate that partial diffusional limita-
tion of water in the porous electrode was possible [21].

To improve our understanding on the role of dopants in electrochemical per-
formance, the systems of interest were systematically characterized using EIS, and
the obtained experimental spectra were analyzed using the CNLS fitting method.
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Figure 34. Current density of the SOECs at -1.3 V cell voltage, measured at different
steam concentration levels and temperatures. The data measured at 800 °C is represented
by unfilled points, and the data at 700 °C is represented by filled points.

6.3.3 Electrochemical Impedance Analysis of SOC
with Chemical Modifications

According to the results of electrochemical characterization, the modifications of
the HEAL could influence all three proposed processes. However, as can be seen
in Figures 35, 36 and 37, the most significant changes to the cell impedance (at
700 °C) caused by modifications in HEAL composition, occurred in the mid- and
high-frequency range. Figures 36 and 39 indicate that at 800 °C, the impact of
Ruia on the total impedance decreased, and the greatest impedance changes caused
by modifications to HEAL composition appeared mainly at the high-frequency
polarization region.
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Figure 35. Stacked bar chart depicting the polarization resistance and the contribution of its
components for each sample cell. Measured at 700 °C temperature, at -330 mA/cm? current
density and at different feed gas steam concentration, as shown on the YSZ-GDC results.
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Figure 36. Stacked bar chart depicting the polarization resistance and the contribution of'its
components for each sample cell. Measured at 800 °C temperature, at -330 mA/cm? current
density and at different feed gas steam concentration, as shown on the YSZ-GDC results.
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Figure 37. Stacked bar chart depicting the polarization resistance and the contribution of
its components for each studied cell. Measured at feed gas steam concentration of 45%,
at -330 mA/cm? current density and at different operating temperatures, as shown on the
YSZ-GDC results.

As demonstrated in Figure 35, at 700 °C the Rygn decreased with the increase of
water concentration in the gas stream, which has also been demonstrated by
Caliandro et al. [12]. At higher temperatures, around 800 °C, the dependence of
Ryuign on the water concentration decreased substantially. It could be explained by
a sufficiently high speed of mass transport to saturate the active centers and thus
Ry, attributed to the charge transfer resistance, started to depend mainly on the
chemical nature and number of active sites in the catalyst. At 700 °C, the lowest
Ruign values were calculated for Ni-Fe, followed by the reference sample, YSZ-
GDC and Ni-Co (Fig. 5-8). With the increase of temperature from 700 °C to
800 °C, the order of electrodes ranked by Ryign changes. The Rpign of YSZ-GDC
became smaller than that for the reference sample probably due to the increase of
the active region in YSZ-GDC electrode when the GDC was reduced more
thoroughly with the increase of temperature.

At 700 °C, the mid-frequency process Pmia changed little with increasing the
steam content, suggesting that R, was not influenced by steam concentration in
feed gas. With increasing temperature, the nature of Pmia changed. At 800 °C, Rz
decreased with increasing steam concentration as shown in Figure 36. The
characteristic frequency of the mid-frequency process increased with increasing
temperature. This alludes to the presence of two processes in the 10-1000 Hz
range, one in the range of 50-80 Hz (Pnis ;) and another in the range of 100—
300 Hz (Pmid 2). Pmia 1 seemed to depend more on temperature, and if temperature
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was increased, it became less limiting than Pmiq 2, while Piiq 2 became the limiting
process at temperatures above 750 °C.

At 700 °C, Ruiq 1 depended significantly on the chemical composition of the
electrode as shown in Figure 35. These differences of R ; were so high that
they cannot be attributed to the changes of porosity of the materials studied in
this work. Therefore, Pmia_ 1 was most likely related to differences in surface dif-
fusion caused by the chemical composition changes in the HEAL. At 800 °C,
where Puid 2 characterized the limiting process, there was a notable but not very
high influence of the steam concentration on process activity. A jump of de-
creasing Ruia > could be seen when steam concentration increased from 22.5% to
45%. This effect was a feature of the HEAL, but there is no good agreement in
discussions of the nature of this process in the literature.

The R, values followed a very similar trend for all modified and reference
SOCs in all steam concentrations. The low-frequency process had weak thermal
activation and depended mostly on the py, /pp, o ratio. The low frequency polari-
zation resistance decreased when steam concentration increased from 22.5% to
45% and increased sharply when steam concentration increased from 67.5% to
90%. Konigshofer et al. [30,63] noticed a similar effect, where cell impedance
increased when steam concentration was increased over 80% at low current
density. It has been discussed [64,65,66] that water expands the active zone or
improves the conductivity of the catalytically active particles.

Particularly in the case of the Ni-Co electrode (Figure 36) and slightly in the
other electrodes (Figure 35), a relationship between Rjig, attributed to the charge
transfer, and Ry, attributed to the adsorption of water or the capacitance of the
adsorbed layer, could be seen. It appears that an increase of R at high and low
water concentrations led to a slight increase of Rjgr. Comparison of Ry, values
for different electrode materials studied in this work revealed that there was no
significant dependence of R, on the chemical composition of electrodes except
for the Ni-Co sample, which showed slightly higher R, values. This behavior
further supports the interpretation that most likely this Ry, described the forma-
tion of the adsorbed layer at the YSZ as has been proposed by Primdahl et al. [34].
In the case of Ni-Co, the YSZ could be just modified to a greater extent, leading
to slightly higher R, values. Detailed analysis of this effect, however, is not in
the scope of this study.

Figure 38 highlights that at 700 °C the low performance of YSZ-GDC was
due to larger R, as well as larger Ry, values. The microstructure of the YSZ-
GDC cell in Figure 31 does not reveal a significant structural difference from the
reference cell. Therefore, the changes in electrochemical performance were likely
related to the chemical composition of the electrodes under study. Due to the
possibility of forming mixed phases between GDC and 8YSZ at temperatures
above 1200 °C [74] during cell manufacturing, the surface of the YSZ may have
been partially modified to inhibit surface diffusion of active particles and to
decrease O* ion conductivity at the YSZ|GDC interface [75]. This would have
inhibited charge transfer processes, thus increasing Ru» and Ruis. This effect,
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however, seemed to be mitigated at 800 °C and the benefit of mixed conductivity
of GDC increased charge transfer activity, according to data in Figures 37 and 39.

0.06 Reference Ni-Fe YSZ-GDC * Ni-Co

-0.05

-0.04

-0.03 5
-0.02 | %

-0.01 °

Z"] Q cm?

0 L PR PR FEEEETE | PRI sl PR
0.1 1 10 100 1000 10000 100000

f/Hz
Figure 38. EIS spectra in Bode plots. Comparison of the results for different cells. Mea-
sured at 700 °C, -330 mA cm? current density and 67.5% feed gas steam concentration.
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Figure 39. EIS spectra in Bode plots. Comparison of the results for different cells. Mea-
sured at 800 °C, -330 mA cm current density and 67.5% feed gas steam concentration.

Figure 38 suggests that the slightly smaller particle and pore sizes for the Ni-Co
cell (Figure 31) did not interfere with reactant diffusion at low current density
(330 mA/cm?) and that it possibly even enhanced the surface diffusion of
reactants in the HEAL. The impedance data also shows that the addition of cobalt
into the catalyst decreased the charge transfer activity. There are multiple reasons
that may lead to an unfavorable TPB structure when cobalt is added to the Ni-
Y'SZ material, such as the decrease of the oxide ion conductivity of YSZ at certain
Co concentrations [76] or structural changes from oxidation, thermal treatment
and reduction of the Ni-Co system.
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The performance gain of Ni-Fe at low current density was caused by a de-
crease in Rpugn. At lower temperature, the addition of Fe possibly enhanced the
HEAL structure and reactant transport conditions inside the HEAL. At higher
temperatures, the addition of Fe increased the cell charge transfer activity, fara-
daic activity, and possibly surface diffusion rate as shown in Figure 37.

At 800 °C, the charge transfer processes in the Fe promoted cell became fast
enough so that limiting processes in the high-frequency range did not show up in
the measured impedance spectra, as seen in Figure 40, and in fitted parameter
values in Figures 36 and 37. This “disappearance” may have been caused by
increasing the reaction turnover rate due to the higher proposed activity of Fe or
NisFe species [43] in the Ni-Fe electrode. This increase in reaction turnover rate
could have diminished the impedance of Ppign enough to be overshadowed by the
inductive effect of the measurement set-up in the impedance spectra or to become
indistinguishable from the Pmiq process.
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Figure 40. EIS spectra in Bode plots measured of the SOC with added Fe in the HEAL
at 800 °C, -330 mA/cm? current density and different feed gas steam concentrations.
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7. SUMMARY

The aim of this work was to investigate degradation mechanisms of materials in
a state-of-the-art SOC after operating in both fuel cell and electrolysis modes and
to improve electrolysis performance of the SOC with small modifications. State-
of-the-art commercial solid oxide cell components were used to achieve com-
parable results, which would also be interesting for industrial applications. Testing
of SOC stability was done using 50%50 mm cells between steel current collectors
to characterize the structural changes over the SOC area in an environment simi-
lar to a SOC stack. Detailed electrochemical characterization was done on small
20 mm diameter button type cells, which were fully manufactured in industrial
conditions and modes. These button cell studies focused on the performance
characteristics of the SOC in electrolysis mode and the role of the hydrogen
electrode active layer (HEAL) characteristics in the system. Small changes in the
microstructure and chemical composition of the HEAL were introduced during
the manufacturing processes of electrodes to characterize the effect of these
changes to the electrolysis performance of the SOC.

The first part of this work describes how SOC devices with commercial half-
cells and in-house developed oxygen electrodes were characterized in long-term
electrochemical tests. One cell was run in fuel cell mode at 650 °C for 17820 h,
while another was run in electrolysis mode at 800 °C for 860 h. The fuel cell test
data showed a change in degradation behavior after 9000 hours, with a 2.4%/
1000 h degradation rate in the first and 1.1%/1000 h in the latter time period. The
electrolysis test degradation rate was around 16.3%/1000 h, but it regenerated to
some extent after every time operation was stopped for impedance measurement.

The degraded cells were then characterized using the ToF-SIMS method to
detect the concentration of '*O species in the oxygen electrode, which were
shortly introduced at the end of the time-stability tests. The data were used to
create an activity map and correlate this to Ni grain growth over time. ToF-SIMS
was also used to detect Cr species in the oxygen electrode and Si species in the
hydrogen electrode. Cr concentration maps did not correlate with the activity
maps, and Si concentration maps suggested that sealing glass may have been a
possible poisoning source. Si deposition on the active sites in the hydrogen
electrode was possibly a major part of the SOC performance degradation in both
operating modes.

Lastly, SEM characterization data of the used long-term tested electrolysis
cells showed the presence of significant cracks between the GDC and YSZ layers.
These cracks were probably created by oxide ion oxidation near the GDC and
Y'SZ boundary, creating gaseous O, within the YSZ grain boundaries and pushing
the layers apart. This mechanism was probably a major reason why the SOC
degraded much more quickly in the electrolysis mode than in the fuel cell mode.

In the second part of this work, the state-of-the-art commercial SOC HEAL
structure was modified to investigate its role in the electrochemical performance
of the cell in electrolysis mode. The SOCs were manufactured with HEALs of
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different thicknesses, and the resulting cells were characterized using SEM and
electrochemical methods. Experimental cell performances were compared at
different temperatures and feed gas compositions using cyclic voltammetry data.
Impedance spectra of the experimental cells were analyzed at different feed gas
(steam) concentration levels using equivalent circuit models and fitting the
calculated data using the CNLS analysis method.

EIS analysis revealed that the greatest changes to the impedance of the SOC
induced by increasing the HEAL thickness were observed for characteristic
frequencies in regions from 1 to 10 Hz and from 1 to 10 kHz, i.e., in two separate
ac frequency regions.

The results collected in this work led to the conclusion that: i) the inclusion of
a HEAL in the SOEC structure dramatically increased the performance of the
electrolysis cell and ii) the optimal HEAL thickness for a SOEC was dictated by
the operating conditions applied for the electrolysis mode.

For operating in the electrolysis mode at 700 °C, the SOEC with the 16 um
thick HEAL seemed to be optimal due to longer TPB length, while the cell with
the 12 um thick HEAL was close due to better diffusion properties. At higher
temperatures, however, the low frequency impedance processes became reaction
rate limiting at high current density and therefore the SOEC with the 7 um thick
HEAL proved to be the optimal construction. The highest current density, -3.57
A/cm? at -1.4 V at 800 °C, was recorded for the cell containing the 7 um thick
HEAL. A very promising approach to improve the electrolysis performance of
cells with optimal HEAL thickness seems to be decreasing limitations connected
with the adsorption process of water in the HEAL.

In the third part of this work, solid oxide cells with HEALs modified with Fe,
Co, and GDC were produced in cooperation with an industrial partner and
characterized in detail. These cells were characterized using HR-SEM and
electrochemical analysis methods, such as CV and EIS. When compared to the
reference SOC, the modified cells showed significant differences in electrolysis
performance and in performance dependence on temperature and steam con-
centration in feed gas.

The chemical modifications in the HEAL mainly caused changes to charge
transfer activity and reactant transport processes. Changes to gas diffusion from
microstructural differences became significant only at high current density. In
comparison to the reference cell, both reactant transport and charge transfer pro-
cesses were inhibited with the addition of GDC at low temperature, while charge
transfer processes were more active at high temperature. Modification with Co
inhibited charge transfer processes significantly, though at low temperature, the
reactant transport was enhanced. Modifying the HEAL with Fe enhanced reactant
transport processes at 700 °C, while at 800 °C, the speed of charge transfer pro-
cesses was also significantly improved. Overall, the best performance was
achieved with SOC enhanced with Fe, reaching a current density of -3.7 A/cm?
when measured at -1.4 V, 800 °C operating temperature and 90% steam con-
centration.
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9. SUMMARY IN ESTONIAN

ElektrolUusireZiimis to6tavate struktuurselt ja keemiliselt
modifitseeritud tahkeoksiidelementide elektrokeemiline
karakteriseerimine

Selle t66 eesmérk oli uurida tipptasemel tahkeoksiidelemendi materjalide de-
gradatsioonimehhanisme pérast pikaajalist t66d nii kiituselemendi kui ka elektro-
litiisi reziimis ning parendada tahkeoksiidse elemendi elektroliiiisitoo efektiivsust
l14bi viikeste materiaalsete muudatuste. Vorreldavate tulemuste saavutamiseks,
mis oleksid huvitavad ka toostuslikus rakenduses, kasutati tipptasemel kauban-
duslikke tahkeoksiidelementide komponente. Tahkeoksiidelementide pikaajalist
stabiilsust testiti 5050 mm elementidel terasest voolukollektorite vahel, mis
lubas karakteriseerida tahkeoksiidelemendi struktuurimuutusi virnaga sarnases
keskkonnas. Detailne elektrokeemiline karakteriseerimine teostati vaikestel 20
mm l4bimddduga nddprakkudel, mis olid téielikult toodetud todstuslikes tingi-
mustes. Need ndoprakkude uuringud keskendusid tahkeoksiidelemendi omadus-
tele elektroliiiisi reziimis ja vesinikelektroodi aktiivkihi rollile tahkeoksiidele-
mendi siisteemis. Vesinikelektroodide tootmise kéigus tehti vesinikelektroodi
aktiivkihi mikrostruktuuris ja keemilises koostises viikeseid muudatusi, et karak-
teriseerida nende muutuste moju tahkeoksiidelemendi elektroliiiisi efektiivsusele.

Kéesoleva t60 esimeses osas kirjeldatakse, kuidas pikaajalistes elektrokeemi-
listes testides karakteriseeriti kaubanduslike poolelementide ja laboris vélja-
tootatud hapnikelektroodidega tahkeoksiidelemente. Uks element tootas 17820
tundi kiituseelemendi reziimis temperatuuril 650 °C, teine totas 860 tundi elektro-
liiiisi reziimis temperatuuril 800 °C. Kiituseelemendi katseandmed viitasid de-
gradatsiooni kulgemise muutusele 9000 tundi pérast algust, kusjuures degradat-
sioonikiirus oli esimesel ajavahemikul 2,4%/1000 h ja teisel ajavahemikul
1,1%/1000 h. Elektroliilisikatse degradatsioonikiirus oli umbes 16,3%/1000 h,
kuid see taastus moningal médéral parast igat impedantsi mootmist, kus elektro-
liiisit6o peatati.

Seejarel karakteriseeriti degradeerunud rakke ToF-SIMS meetodi abil, et tu-
vastada 'O kontsentratsiooni hapnikelektroodis, mis tutvustati ajalise stabiilsus-
katse 1opus. ToF-SIMS andmeid kasutati aktiivsuskaardi loomiseks ja selle korre-
leerimiseks Ni osakeste kasvuga aja jooksul. ToF-SIMS meetodit kasutati ka Cr
tuvastamiseks hapnikelektroodis ja Si tuvastamiseks vesinikelektroodis. Cr kont-
sentratsioonikaardid ei korreleerunud aktiivsuskaartidega ja Si kontsentratsiooni-
kaardid viitasid sellele, et tihenduseks kasutatud klaas vois olla véimalik vesinik-
elektroodi miirgituse allikas. Si sadestumine vesinikelektroodi aktiivtsentritele
vois olla suur osa tahkeoksiidelemendi degradatsioonist molemas to6reziimis.

Skanneeriva elektronmikroskoobi karakteriseerimistulemused pikaajalise katse
labinud elektroliitisirakkudest néitasid GDC ja YSZ kihtide vahel mérkimisvaar-
seid pragusid. Need praod tekkisid tdendoliselt oksiidioonide oksiideerumise
tagajarjel GDC ja YSZ piirpinna ldhedal, tekitades YSZ terade vahel gaasilist
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hapnikku, mis vois liikkata eelmainitud kihid lahku. See mehhanism oli tdendo-
liselt peamine pdhjus, miks tahkeoksiidelement degradeerus elektroliiiisireziimis
palju kiiremini kui kiituseelemendi reziimis.

Kéesoleva t60 teises osas modifitseeriti tipptasemel kaubanduslikku tahke-
oksiidelemendi vesinkielektroodi aktiivkihi struktuuri, et uurida selle mdju ele-
mendi elektrokeemilisele efektiivsusele elektroliilisi reziimis. Tahkeoksiidele-
mente valmistati erineva paksusega vesinikelektroodi aktiivkihtidega ja saadud
rakke karakteriseeriti elektronmikroskoobi ja elektrokeemiliste meetodite abil.
Eksperimentaalsete elementide joudlust vorreldi erinevatel temperatuuridel ja
toitegaasi koostistel, kasutades tsiiklilise voltammeetria meetodit. Eksperimen-
taalsete rakkude impedantsspektreid mdodeti erinevatel toitegaasi (auru) kont-
sentratsioonitasemetel, kasutades ekvivalentseid vooluringi mudeleid ja sobita-
des arvutatud andmeid kompleks mittelineaarse vahimruutude analiiiisi meetodi
abil.

Impedantsanaliiiis niitas, et vesinikelektroodi aktiivkihi paksuse suurenda-
misega tulenevad muutused tahkeoksiidelemendi impedantsspektri karakteerse-
tes sagedustes olid suurimad piirkondades 1 kuni 10 Hzja 1 kuni 10 kHz, st kahes
erinevas vahelduvvoolu sageduspiirkonnas.

Kéesolevas t60s kogutud tulemused viisid jareldustele, et: 1) vesinikelektroodi
aktiivkihi lisamine tahkeoksiid elektroliiiisielemendi struktuuri suurendas oluli-
selt elektroliiiisi efektiivsust ja ii) tahkeoksiid elektroliiiisielemendi optimaalse
vesinikelektroodi aktiivkihi paksuse dikteerisid elektroliilisireziimis rakendatud
tootingimused.

Elektroliiiisireziimis 700 °C juures tddtamiseks tundus 16 pm paksusega vesinik-
elektroodi aktiivkihiga tahkeoksiidelement olevat optimaalne pikema kolmefaasi
piirpinna pikkuse tottu, samas 12 pum paksuse vesinikelektroodi aktiivkihiga
element oli paremate difusiooniomaduste tottu sellele 1ihedase efektiivsusega.
Korgematel temperatuuridel muutusid aga madalsageduslikud impedantsprotses-
sid suure voolutiheduse juures reaktsioonikiirust piiravaks ja seetdttu osutus opti-
maalseks 7 pm paksuse vesinikelektroodi aktiivkihiga tahkeoksiidelement. Kor-
geim voolutihedus, -3,57 A/ecm? -1,4 V pinge juures temperatuuril 800 °C, saa-
vutati 7 um paksuse vesinikelektroodi aktiivkihiga elemendi puhul. Vaga palju-
tootav ldhenemisviis optimaalse vesinikelektroodi aktiivkihi paksusega elemen-
tide elektroliiiisi efektiivsuse parendamiseks néib olevat vee adsorptsiooniprotses-
siga seotud voolupiirangute vihendamine aktiivkihis.

Kéesoleva t66 kolmandas osas toodeti koostdds todstuspartneriga Fe, Co ja
GDC-ga modifitseeritud vesinikelektroodi aktiivkihtidega tahkeoksiidelemendid
ning neid karakteriseeriti detailselt. Neid rakke karakteriseeriti skanneeriva
elektronmikroskoobiga ja elektrokeemiliste analiilisimeetodite, néiteks tsiiklilise
voltamperomeetria ja elektrokeemilise impedantsspektroskoopia abil. Vorreldes
vordlusrakuga néitasid modifitseeritud tahkeoksiidelemendid olulisi erinevusi
elektroliiiisi efektiivsuses ja efektiivsuse sdltuvustes temperatuurist ja auru
kontsentratsioonist toitegaasis.

Vesinikelektroodi aktiivkihi keemilised modifikatsioonid pohjustasid peami-
selt muudatusi laenguiilekande aktiivsuses ja reagentide transpordiprotsessides.
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Mikrostruktuurilistest erinevustest tingitud gaasi difusiooniomaduste muutused
olid olulised ainult korge voolutiheduse juures. Vorreldes vordlusrakuga inhi-
beeriti GDC lisamisega madalal temperatuuril nii reagendi transpordi kui ka
laenguiilekande protsesse, samas kui laenguiilekande protsessid olid aktiivsemad
korgel temperatuuril. Co lisamine inhibeeris laenguiilekande protsesse oluliselt,
kuigi madalal temperatuuril reagendi transport paranes. Vesinikelektroodi aktiiv-
kihi modifitseerimine Fe-ga parendas reagendi transpordiprotsesse temperatuuril
700 °C, samas kui 800 °C juures paranes oluliselt ka laenguiilekande protsesside
kiirus. Uldiselt saavutati parim elektroliiiisi efektiivsus Fe-ga rikastatud tahke-
oksiidelemendiga, saavutades voolutiheduse -3,7 A/cm?, -1,4 V pinge juures,
800 °C tootemperatuuril ja 90% auru kontsentratsioonil.
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