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Abstract
In this review paper, a critical assessment of the main degradation processes
in three key components of solid oxide fuel cells and electrolysers (negative
and positive electrodes and the interconnect) is undertaken, attempting pri-
oritization of respective degradation effects and recommendation of the best
approaches in their experimental ascertainment and numerical modeling.
Besides different approaches to quantifying the degradation rate of an operating
solid oxide cell (SOC), the latest advancements inmicrostructural representation
(3D imaging and reconstruction) of SOC electrodes are reviewed, applied to
the quantification of triple-phase boundary (TPB) lengths and morphology
evolution over time. The intrinsic degradation processes in the negative (fuel)
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electrode and the positive (oxygen) electrode are discussed, covering first the
composition and governing mechanisms of the respective electrodes, followed
by a comprehensive evaluation of the most important factors of degradation
during operation. By this systematic identification of dominant degradation
processes, measurement techniques, and modeling approaches, the foundations
are laid for the definition of meaningful accelerated stress testing of SOC
cells and stacks, which will help the technology achieve the constantly more
demanding durability targets in market applications.

KEYWORDS
degradation, electrode processes, interconnect degradation, lumped modelling, multi-scale
modelling, review, solid oxide electrolysis, solid oxide fuel cells

1 INTRODUCTION

The history of solid oxide cells (SOC) starts with the dis-
covery of the relatively high ionic conductivity of the
so-called Nernst mass – yttria-doped zirconia - at ele-
vated temperatures (600-1000◦C).1 The first application
of this property is in the generation of electric power
from gaseous fuel (solid oxide fuel cell, SOFC), start-
ing in the 1930s with the work of Swiss scientists Baur
and Preis,2 thereafter gaining momentum in the 1970s.
The first concept of solid oxide electrolysis cell (SOEC,
the reverse operation of SOFC) was reported in the late
1960s.3 SOEC stacks were developed within the HOT Elly
project, sponsored by the German Federal Ministry of
Research and Technology (BMFT).4 The option to oper-
ate the same device alternately for electricity production
and electrolysis is a characteristic, unique feature of high-
temperature fuel cells and is currentlymostmature in SOC
systems.
SOCs hold great potential and may have an important

role in the energy transition to fossil-free energy systems
thanks to this dual nature, providing the opportunity for
massive integration of renewable (both electric and bio-
genic) energy sources into the overall energy system, in
the pursuit of a low-carbon, energy-efficient economy.5,6
However, before their deployment across the spectrum of
potential applications is made possible by large-scale man-
ufacturing, certain technical challenges such as durability
(i.e.,maintenance-free achievement of application-specific
lifetimes) and component cost reduction have to be over-
come.
Considering an expected useful commercial lifetime

of 80,000–90,000 hours for stationary applications,7,8 the
objective is to maintain the initial performance for as long
as possible and to minimize progressive degradation of all
system components.

SOC stack degradation is influenced by multiple factors
within thewindow of operating conditions. The initial per-
formance decreases over SOC lifetime due to the effect
of use (electrochemical ageing), of time (calendar aging),
of different permanent, and/or accidental stress condi-
tions (thermal cycling, current load, mechanical wearing,
imperfect conditioning, poisoning, etc.). Degradation also
affects the constituent components differently and at dif-
ferent time-scales. Therefore, prioritization of effects is
needed based on a failure mode analysis to be able to
address the key mechanisms toward ever more robust and
durable SOC systems.

1.1 Origin and objectives of this review

The authors of this review are collaborating within the
framework of a dedicated project on accelerated stress
test (AST) protocols for SOC stacks, funded by the Euro-
pean Fuel Cells and Hydrogen Joint Undertaking (FCH
JU). The project, AD ASTRA (HArnessing Degradation
mechanisms to prescribe Accelerated Stress Tests for the
Realization of SOC lifetime prediction Algorithms), brings
together key European research organizations and indus-
tries, with input from project leaders on similar topics in
the United States, Japan, and South Korea, to address this
most challenging of objectives. Both fuel cell (combined
heat and power) and electrolysis (power-to-X) operation
are considered. More information on the project approach
and emerging results can be found at www.ad-astra.eu.
This review aims at presenting the current state-

of-knowledge concerning SOC degradation phenomena,
mechanisms, and modeling approaches, addressing both
SOFC and SOEC operation modes. It is set up to be a criti-
cal assessment of themain findings in the literature. Build-
ing up from reviews that already list the vast compendium
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F IGURE 1 Illustration of durability testing and data extraction

of degradationmechanisms, usually specifically for SOFCs
(e.g., refs. 9–11), it attempts prioritization of the degra-
dation effects identified and recommendation of the best
approaches in the experimental and numerical harness-
ing of the associated mechanisms at the microscale and
stack level. It acts as a foundation on which to build test
procedures that accelerate incumbent degradation in a sci-
entifically meaningful, or at least technologically accept-
able, way. By systematically addressing the findings from
previous studies on degradation processes – experimen-
tal and numerical – and combining these with in-depth
study of stacks operated in the field, it is aimed to prior-
itize those components and those mechanisms that gov-
ern the long-term performance of SOC stacks, and design
test procedures that isolate these lifetime-inhibiting states,
streamlining characterization and facilitating in-operando
lifetime prediction, while recognizing differences between
stacks and single (or button) cells, as marked in ref. 7.
Thus, after exploring in depth the possible definitions of

the degradation rate and ambiguities in its quantification,
in theory and in experimental practice, a reviewwill be pre-
sented of themain degradation processes in three key com-
ponents of the SOC: the negative and positive electrodes
and the interconnect. The effects of microscale degrada-
tion processes are reviewed for their compound influence
at stack level, considering their representation through
bothmulti-scalemodeling and simplified, lumpedmodels.

1.2 Definitions of degradation

Degradation is the decrease of the performance of the SOC
over time: specifically, and simplistically, power output for
given fuel input in SOFC operation, and fuel output for
given power input in SOEC operation. There are several
options to quantify this parameter using either explicit
or implicit parameters. Typical degradation tests are car-
ried out by starting with an initial characterization of the
cell/stack performance, or state-of-health (SoH), followed
by the durability test at constant or dynamic conditions,
and finishing by a final performance characterization of
SoH (see Figure 1). The test data recorded during these test
sequences are used for quantifying degradation.
Voltage (U), current density (i), area specific resistance

(ASR), or power output (P) measured during cell/stack

operation have been commonly used as degradation
parameters.
The degradation rate (DR) is then defined as the rate at

which a cell’s performance deteriorates over time accord-
ing to a specific performance indicator. It is commonly
expressed in the following units: mV/kh, mV%/kh, mΩ
cm2/kh, or mΩ cm2%/kh. Most often, long-term durabil-
ity tests are performed at constant current and the change
in the corresponding voltage (normalized to 1000 opera-
tion hours, in %) is used for the definition of the DR, see
equation (1):

𝐷𝑅 =
||||
(𝑈 (𝑖, 𝑡) − 𝑈 (𝑖, 𝑡 = 0))

𝑈 (𝑖, 𝑡 = 0)

|||| ×
1000

𝑡
× 100% (1)

whereU(i,t= 0) is the initial cell voltage at current density
i and U(i,t) is the cell voltage at current density i after the
operating time t (in hours).
As a consequence of degradation, the cell voltage U(i,t)

decreases in SOFCmode and increases in SOECmode dur-
ing the operating period t. The processes leading to this
change can have different origins, which are summarized
in the following terms of the instantaneous cell voltage
U(i,t), equation (2).12

𝑈 (𝑖, 𝑡) = 𝑈𝑟𝑒𝑣 − 𝑖𝑅𝑖 +
(
𝜂
𝑝𝑜𝑠

𝐴𝑐𝑡
− 𝜂

𝑛𝑒𝑔

𝐴𝑐𝑡

)
+
(
𝜂
𝑝𝑜𝑠

𝐶𝑜𝑛𝑐
− 𝜂

𝑛𝑒𝑔

𝐶𝑜𝑛𝑐

)
(2)

In this equation, the average current density i is consid-
ered negative by convention in electrolysis mode (i < 0)
and positive in fuel cellmode (i> 0). The termUrev refers to
the “thermodynamic” or “reversible” voltage given by the
Nernst equation1. It corresponds to the open circuit volt-
age (OCV) at standard concentrations and a second contri-
bution due to the reversible losses (depending only on the
operating conditions defined by the temperature, the cur-
rent density and the gas feeding conditions, including gas
leaks).
The other terms are related to the irreversible phenom-

ena arising upon operation. They include the ohmic losses
for which 𝑅𝑖 denotes the ohmic resistances for each cell

1 𝐸 = 𝐸0 −
𝑅𝑇

𝑧𝐹
𝐼𝑛𝑄 where E is the reversible (Nernst) voltage (Urev in

Equation 2), E0 the electrochemical potential difference of the electrons
in the two electrodes, and the last termdefines the effects of concentration
differences, withQ being the reaction quotient of products and reactants.
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component and the contact resistance between the inter-
faces (such as between electrodes and interconnects). The
terms 𝜂𝐴𝑐𝑡 and 𝜂𝐶𝑜𝑛𝑐 are the activation and concentra-
tion overpotentials at the positive and negative electrodes,
which combine all the processes occurring in the active
layers, including the reactions of charge transfer. Concen-
tration overpotentials are attributed to the mass transfer
limitation across the porous electrodes (i.e., diffusion of the
gas species to the reaction sites).
In calculating the DR, instead of using the voltage

change (Equation 1), the change of the corresponding area
specific resistance (ASR, Equation 3) may be used. The
selection of ASR as the characteristic parameter for the
DR is to be preferred, as it allows for comparison of tests
carried out under different conditions such as at galvano-
static (constant current density) and potentiostatic (con-
stant voltage) conditions.13–16 The ASR is defined as:

𝐴𝑆𝑅 (𝑖, 𝑡) =
||||
𝑈 (𝑖 + 𝛿𝑖, 𝑡) − 𝑈 (𝑖, 𝑡)

𝛿𝑖

|||| (3)

where δi is a differential change in the current density
around the reference current. The absolute value is cho-
sen so that the physical meaning of the term is preserved
in both electrolysis and fuel cell mode. For the calculation
of theASR, instead of δi, often the (constant) operating cur-
rent density i is used and instead ofU(i+ δi,t), theU atOCV,
because they are easier to obtain. TheDR is then calculated
as:

𝐷𝑅 =

(
𝐴𝑆𝑅(𝑖,𝑡) − 𝐴𝑆𝑅(𝑖,𝑡=0)

)
𝐴𝑆𝑅(𝑖,𝑡=0)

×
1000

𝑡
× 100% (4)

The linearized approach described above presents some
challenges. First of all, the value of the DR depends on the
selected parameter: a DR based on a differential current
change in Equation (3) is typically smaller than aDR based
on the voltage loss compared to OCV in Equation (3) at
typical current densities and in typical degradation ranges.
Furthermore, a DR could be calculated based on the abso-
lute change in cell or stack voltage (U instead of ASR) in
Equation (4), leading to still different values. Therefore, the
adopted calculation route for given DR values needs to be
specified.
A linearized average DR over the selected testing

period(s) does not always represent the real voltage degra-
dation trend. It omits the deviations that may occur due to
different kinetics of degradation processes during the oper-
ating period(s). The effects due to changes in current den-
sity, reactant/product composition, temperature, and pres-
sure are not expressed explicitly, making it difficult to com-
pare tests where these operating conditions have under-
gone variations. The timescales overwhich theDR is calcu-

lated are not standardized and can range from a few hun-
dred hours to several years, which makes fair comparisons
between different test series or studies difficult.16–22
In reality, the change of power output, ASR or voltage

over time is often parabolic, with a faster DR in the initial
phase and a slower DR over the long term.22,23 This trend,
which is well-known in the field of reliability engineering,
is a result of different degradation mechanisms with dif-
ferent reaction rates at the interfaces of the electrodes. A
solution is to execute the tests for sufficiently long times
to compensate for the fast initial degradation or to “condi-
tion” the cells and stack before the durability test to exclude
the fast initial DR from the actual durability test.24
The absolute degradation rate yields the DR at a specific

time and is calculated as shown in Equation (5), where 𝑖𝑠 is
the steady state current value at which the cell is operated
during the time interval (t-to). Within this time interval,
the DR can also be defined as an average degradation rate
or, for an infinitesimal time change, as an instantaneous
value of DR depending on the focus of the study13,15,16

𝐷𝑅 (𝑡) [%∕ℎ] = 100 ×

(
𝑑𝐴𝑆𝑅 (𝑖𝑠, 𝑡) × 𝑖𝑠∕𝑑𝑡

𝑈 (𝑖𝑠, 𝑡𝑜)

)
(5)

This approach relies on the steady state of the current is
and identifies the degradation in performance of the cell.
Another approach is to consider a “cell-specific prop-

erty,” determined at identical “reference” conditions, that
is, a certain temperature and gas composition, in partic-
ular at OCV. Thus, a comparison can be made between
the “state” of the degraded cell or stack after finishing the
durability test (SoHafter) and the “initial state,” before the
test (SoHprior), characterized under the same “standard”
conditions (see Figure 1 for illustration). This approach
avoids the uncertainties arising from the nonlinear behav-
ior of the degradation. Furthermore, it enables the direct
comparison of resultant DRs of tests under greatly varying
conditions, such as SOFC or SOEC mode, galvanostatic
(at constant current density), potentiostatic (at constant
voltage), dynamic, or reversible conditions, different
operating temperatures, fuels, and so on. At OCV the state
of the cell is governed primarily by temperature and gas
composition. An ASR at i = 0, calculated according to
Equation (3), is however very much biased toward the gas
conversion impedance, less sensible in terms of gas diffu-
sion impedance, and therefore not reliable nor relevant for
the cell performance under current. In ref. 14, a different
approach is therefore proposed, defining a reference state
of the cell based on a different interpretation of the ASR
(named ASROCV), which here will be called SoH (state of
health) to avoid confusion with the ASR as the slope of the
iV-curve at the operating point. The definition of this state
of the cell SoH also allows comparing performances of dif-
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ferent cells directly and can include detailed deconvolution
of the contributions from electrodes, electrolyte, and so
on. The cell-specific property SoH is defined in ref. 24 as:

SoH =
𝑈𝑂𝐶𝑉 − 𝑈 (𝑖)

𝑖
(6)

whereU(i) is the voltage at a certain current density i from
the iV curve. The DR (normalized to 1000 h operating time
in %) is then calculated according to Equation (7), where
SoH is measured at OCV at “reference” conditions.

𝐷𝑅 =

(
SoH𝑎𝑓𝑡𝑒𝑟 − SoH𝑝𝑟𝑖𝑜𝑟

)
SoH𝑝𝑟𝑖𝑜𝑟

×
1000

𝑡
× 100% (7)

SoHprior is determined before starting the durability test
and SoHafter after finishing the durability period, both at
the same set of conditions, from iV curves (or electro-
chemical impedance spectroscopy, EIS). Hence, an intrin-
sic value of the degradation is obtained without directly
taking into account the change of cell/stack output param-
eters over time, linear or non-linear trends, or other devia-
tions that are likely to occur within a real long-term test.
Lowest DRs currently reported for SOFCs at cell and

stack level are below 1% kh-1 based on cell or stack
voltage.22 For SOECs, the DR value is typically around
2% kh-1 or smaller.18,25,26
The current target for SOFC operation in stationary

applications is about 0.1% based on stack voltage.18,20,27–29
These degradation rates mean that the voltage change is
in the range of about 0.8 mV/1000 h at constant cur-
rent and an assumed cell voltage of around 0.8 V. Such
small changes are difficult to measure with sufficient
accuracy unless tests are carried out for sufficiently long
times, exceeding several thousand hours. Efforts have been
devoted to detect small changes of the cell/stack parame-
ters in shorter test times by the application of more precise
analytical techniques. One such approach was developed
and verified in the project ENDURANCE, increasing sen-
sitivity in the evaluation of the degradation rate.30–31 It is
based on shape analysis of the current-voltage (i-V) curves,
which are sensitive to operating conditions and degrada-
tion. Differential resistance analysis (DRA) is based on
the calculated derivative Rd,k = dUk/dik for every point of
the i-V curve. It constitutes a new functional dependence,
Rd,k = f(ik), using the minimum of the differential resis-
tance Rd, min as a performance indicator, which is deter-
mined by the intrinsic state of the system, that is, its state
of health (not necessarily as defined in Equation 6), and
not by the external conditions as current or potential. The
operation with derivatives increases the sensitivity of the
analysis since changes in Rd, min caused by the state of the
system will become observable much earlier than those of

other parameters selected for monitoring and evaluation
of degradation. The i-V characteristics and the calculation
of Rd, min should be performed periodically, that is, in 100,
500, or 1000 hours, or at the beginning and at the end of
the test, independently of operating conditions between
two measurements. Then, the degradation rate DR can be
expressed as:

𝐷𝑅 =

(
𝑅d, min (𝑡) − 𝑅𝑑, min (𝑡 = 0)

𝑅d, min (𝑡 = 0)

)
×
1000

𝑡
× 100%

(8)

1.3 Complexity of degradation and
durability evaluation

There are several long-term tests reported, also exceed-
ing 75,000 hours for SOFC,27 but most of these are per-
formed in the laboratory environment. There is a big dif-
ference when testing is performed for fundamental stud-
ies, usually on small or button cells, or for precommercial
evaluation.32 Besides, performance behavior depends not
only on mere scaling but also on the selected cell/stack
architecture (including fabrication processes), the test fix-
ture, precision of the measurement instrumentation, geo-
metrical factors, pre-conditioning, operating conditions,
and dynamics, stress factors. A step forward is the devel-
opment of procedures and harmonized protocols, which
should ensure as much as possible replicable and com-
parable results. Differences cannot be avoided, but equiv-
alent experimental approaches will help to apply results
obtained in different laboratories. In the frame of the Euro-
pean Fuel Cells and Hydrogen Joint Undertaking (FCH
JU), dedicated projects were funded to converge towards
validated and harmonized testing and characterization
procedures: both the ENDURANCE database29 and the
SOCTESQA test procedures28 are freely available for use,
and were instrumental in the development of IEC stan-
dards on SOC testing.33,34
For the improvement of SOC long-term performance

and optimization of SOC architectures, it is important to
identify and quantify the degradation sources before the
development of successful mitigation strategies. However,
as already pointed out, the assessment of SOC lifetime is
time consuming and thus expensive. Several years of exten-
sive laboratory testing combined with field experiments
under actual application conditions are needed. Another
challenge is the analysis of tested cells concerning the
physical failuremechanisms, as it is difficult to identify the
dominant degradation process.
The general approach is to combine long-term testing,

which evaluates the total degradation coming from all the
components (electrodes, electrolyte, interfaces, barrier
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layers, etc.), with additional periodic electrochemical
testing: current-voltage (i-V) characteristics, which give
the integral picture of the system’s capability to produce
electrical energy, combined with EIS in selected working
points, which can evaluate components in the overall
degradation. A specialized approach is the use of seg-
mented single repeating unit (SRU) testing including
local EIS (on each electrode segment), which allows to
pinpoint the local character of degradation phenomena
and to couple this with targeted post-test analysis.35,36
The final stage of such a complex study is post-mortem
analysis, which visualizes some of the morphological and
compositional changes due to degradation effects.17,37
Repetitive and systematic long-term operation of var-

ious SOFC stacks (5000 to 30,000 h) in the Japanese
NEDO project, combined with detailed post-test analy-
ses on microscopic changes, have resulted in significant
improvement of SOFC durability.7,10,11 In the frame of that
project, shorter tests have also been performed for detec-
tion of small changes by application of more precise ana-
lytical techniques.38 Similar approaches for decrease of the
testing time are set out in refs. 30 and 31. Another approach
is the performance of dedicated studies of components
degradation ex situ (anode, cathode, interconnect, etc.).
However, their behavior in the cell/stack assembly may
strongly differ due to the specific operational environment,
where the influence of other (adjacent) componentswill be
significant, but the scope is to isolate a dominating degra-
dation source and assess its response to different operating
conditions.
For instance, in ref. 22, a long-term study on cell level

combining electrochemical testing with post-test analysis
is performed for extracting information about the behavior
of the two electrodes at different temperatures and current
densities. The integrated result gives a lower degradation
rate at higher temperatures, even at high current density.
Analysis shows the domination of the positive electrode
(lanthanum strontium manganite/yttria-stabilized zirco-
nia LSM/YSZ) degradation at a higher current density and
lower temperature and of the negative electrode (Ni-YSZ)
at a higher temperature. This observation brings to the con-
clusion that the negative electrode degradation is less detri-
mental to the cell performance than that of the positive
electrode for fuel cell operating conditions of this gener-
ation of cells. In ref. 24, ASR contributions from the dif-
ferent cell components (electrodes and electrolyte) in pris-
tine and degraded cells were evaluated as a function of the
operating conditions (temperature, current density, steam
in the fuel, fuel utilization). The dominating increase of the
ASR in cells with LSCF (lanthanum strontium cobalt fer-
rite)/GDC (gadolinia-doped ceria) positive electrodes was
found to come from the Ni-YSZ negative electrode, which
is strongly influenced by the overall steam content.

The role of operating conditions on the occurrence and
influence of degradation sources is clearly important and
has been assessed using electrochemical models as well.39
In refs. 40 and 41, an electrochemical model was put for-
ward valid over a wide range of operating conditions and
supporting the implementation of degradation phenom-
ena. It used a two-dimensional model of the cell and inter-
connection system, a distinction between the two com-
mon oxygen electrode materials LSM and LSCF, and esti-
mated model parameters calibrated through experimental
data obtained in segmented setups. Included phenomena
were (i) interconnect corrosion, (ii) loss of YSZ ionic con-
ductivity, (iii) nickel particle growth in the Ni-YSZ nega-
tive electrode, (iv) chromium contamination, and (v) insu-
lating phase formation. The positive electrode largely con-
tributed to the degradation of the chosen set of materials
and conditions. Local overpotential governed chromium
contamination, which in turn could promote the forma-
tion of insulating phases, as operation proceeds. Qualita-
tive agreement with experimental data was achieved with-
out dedicated adjustments of the parameters, allowing also
lifetime prediction.
To quantify degradation of a given cell to predict total

lifetime in a justified manner, extensive testing and char-
acterization should be performed at different operation
conditions and transformed into a model. Experimental
data are also necessary for model validation and should be
obtained at cell/stack level recording the influence of oper-
ating parameters. EIS is a powerful tool for this separation.
The development of sophisticated algorithms and tools

for multi-scale assessment of performance from cell to sys-
tem level – as in ref. 42 – cannot avoid long-term tests
(several years) to mimic real operation. The results of the
NEDO project described above11–38 arise from evaluation
under conditions in which heat or flow distribution is well
controlled, in optimized stack design andunder rated oper-
ation conditions.However, these large-scale campaigns are
less appropriate for iterative optimization of new materi-
als, architecture or operating modes, nor convenient for
day-to-day implementation in a SOC development com-
pany. Furthermore, “academic” assessments have limita-
tions since the degradation rate in laboratory-tested cells
is usually larger than in industrially delivered stacks.
To obviate the problem of long-term experimental tests

simulating real operation, accelerated stress tests (AST)
need to be introduced. This method is still under active
development and the experimental conditions should
activate the same degradation mechanisms as in non-
accelerated testing. This should not lead to irreversible
collateral changes, which may lead to false results when
extrapolated to regular operation, especially considering
the lower degradation in the system environment. Sophis-
ticated performance models incorporating degradation
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F IGURE 2 Influence of operating conditions on processes dominating Cr-poisoning of SOFC oxygen electrodes43

functions need to validate the achieved “state of degrada-
tion” and quantify the accelerating impact of the test. To
avoid non-representative exacerbation of other phenom-
ena, the selection of the aggravating conditions is critical.
The degradation mechanisms operating in a complex

electrochemical system are highly convoluted and quasi-
chaotic – or at least stochastic – in nature. For exam-
ple, extensive studies on the effects on SOC positive elec-
trodes of chromium evaporation from hot steel compo-
nents have shown that aggravating different test input
parameters leads to diverging responses of the governing
mechanisms (dissolution of Cr species in the perovskite
phase, deposition, and electrochemical volatilization of Cr
species on active sites), see Figure 2.43 From the trends
depicted in Figure 2, only varying current density could
generate a coherent variation of the mechanisms (though
the slight divergence of influences would need to be taken
into account).
Furthermore, the close-knit processes in a working SOC

often lead to domino-effects, whereby acute degradation
occurring in one component or area can trigger or acceler-
ate degradation elsewhere in the stack. In ref. 40, a decon-
volution approach (based on EIS) is applied for separation
of the negative electrode, positive electrode, and electrolyte
degradation as a function of the temperature, which, how-
ever, produces different side effects: the introduction of
other accelerated degradation processes as poisoning, car-
bon deposition, and so on, or enhanced temporal per-
formance by improved contacts. Nakajo et al.39,44 clearly
demonstrated how SOFC degradation depends on stack
and system design and operation. A stack model inves-
tigating the impact of the operating conditions on SOFC
lifetime predicted the acceleration of degradation due to
the sequential activation of multiple processes. Require-
ments for the highest system efficiency at start and at
long-term differ. Operation at a lower specific power and
higher stack temperature extended the lifetime by a fac-
tor up to 10, because a beneficial decrease in cathodic
overpotential in SOFC prevailed over other degradation
processes.
Thus, it is crucial to identify the critical locations and

dominant mechanisms that curtail SOC lifetime (see Sec-
tion 2). The major factors that influence the degradation
of SOCs are temperature, current density, thermal cycling,

redox, load cycling, and poisoning from reactant contami-
nants, and their effects are under intensive study.
Operation protocols for ASTs should be carefully

designed, especially for operation at high temperatures.
The AST in ref. 45 revealed that at high temperatures
the chemical and structural deterioration accelerated by
increasing temperature is compensated by the facilitated
reaction and transport kinetics. The experiments in refs.
46 and 47 aim at selecting the optimal operation profiles for
accelerated stress tests. Ploner et al.14 evaluated 180 dura-
bility tests at different operating conditions (temperature,
current density, steam in the fuel, fuel utilization) to select
the accelerating conditions for negative electrode aging.
In ASTs, the lifetime data obtained from the aggravated

test conditions are extrapolated to normal operating condi-
tions employing a model, which fits the data to an appro-
priate lifetime distribution function to project remaining
useful life at normal operating conditions. Since one of
the critical factors in ASTs is that the studied degradation
mechanism should not change on aggravation of the test
parameters, it is important to understand it at different
operating conditions to predict such mechanism in proper
models. Validated with experimental data, these models
act as useful tools for knowing and addressing the degra-
dation of SOCs. In turn, this understanding and prioritiza-
tion of, and capability to harness degradation mechanisms
to accelerate them in a controlledmanner, will benefit SOC
component manufacturers and industry by significantly
reducing acceptance test times, thereby accelerating qual-
ity improvement and increasing competitiveness of their
products. However, at the moment the AST approach is in
an early stage of development with a distinct lack of publi-
cations.

2 COMPONENT-LEVEL
DEGRADATION

The combined and convoluted effects of degradation must
be approached systematically to identify and work on the
mechanisms that are critical. A first deconvolution of the
problem follows the different components of the SOC sin-
gle repeating unit: negative and positive electrodes, elec-
trolyte, interconnect, and sealing (Figure 3). Failure in one
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F IGURE 3 Main degradation phenomena arising in the different components of the SOC single repeating unit

of these components may correlate with failure in the oth-
ers (e.g., seal tightness and reoxidation of Ni in the nega-
tive electrode are interlinked and it is difficult to determine
the initial degradation source). Approaching a compound
failure mechanism may be easier by addressing one com-
ponent rather than another (for reasons of cost, complex-
ity, accessibility, or others), which creates a set of trade-offs
in prioritizing the component to focus development on.
The authors, based on the joint discussion in the project
ADASTRAof relevant scientific knowledge and field oper-
ation experience, have established three components to
be critical in overall SOC degradation, with the following
effects (see also Figure 3):

∙ Negative (fuel) electrode: Microstructural evolution
such as nickel agglomeration (densification), nickel
depletion (volatilization) in bothmodes, and reoxidation
in SOFC mode

∙ Positive (oxygen) electrode: Material decomposition
and reactivity with the electrolyte (e.g., formation of iso-
lating phases), delamination (in both modes), electrode
microcracking due to composition changes in SOEC
mode, and chromium poisoning in SOFC mode

∙ Interconnect: Contact loss, especially at the oxygen
electrode side due to long-term thermal oxidation (cor-
rosion) and degradation of protective coating layer
properties (occurring in both electrolysis and fuel cell
modes), solid-state diffusion in the contacting layers
including the sealing.

The selection above does not imply that degradation
does not occur in the electrolyte or other functional lay-
ers or the seals, nor that failure in these latter components
does not cause rapid performance deterioration. Indeed,
the degradation of the conductivity of YSZ electrolyte due
to the tetragonal transformation has been identified by the

diffusion of yttrium and the internal reduction of NiO, the
actual kinetics of which strongly depended on the fabrica-
tion procedures of cell/stacks.10,11 Furthermore, the inter-
faces between components are often the main areas where
instabilities initiate and propagate (see Figure 3 and, e.g.,
ref. 48).However, it is intendedhere that the two electrodes
and the interconnect form the reference in deconvoluting
the overall degradation of SOC performance.
In the sections that follow, the fundamental pro-

cesses and presumed degradation mechanisms character-
izing these components will be discussed. Before that,
the importance of microstructural representation will be
explained, as a key to the correct interpretation of observed
degradation phenomena in each component afterward.

2.1 Microstructural representation of
SOC electrodes

Many works in the literature focus on the phenomena at
the microscale level, in particular within the electrodes
(positive and negative).49 The reason is that microstruc-
tural analysis can determine the behavior of the triple-
phase boundaries (TPBs), which govern the number of
electrocatalytic sites available for reaction and their acces-
sibility by the transport of reactants and products.
Several studies concern improvements in TPB character-

ization by non-destructive 3D imaging and the correspond-
ing modeling approaches for the evaluation of TPB loss
over time during operation. In principle, continuous mod-
els consider homogenized electrode properties that can
be computed based on real 3D reconstructions.50 A new
method has been introduced for analyzing the pathway
properties of each TPB site in the electrode structure based
on 3D image data in ref. 51, where two new site-specific
parameters describing the quality of the TPBs are defined:
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F IGURE 4 Accessible TPB for the electrochemical reaction as the active subset of connected and total TPB in a Ni-YSZ porous
structure52

(i) the TPB tortuosity that seeks to quantify the distance
from the TPB sites to the source/destination through each
phase and (ii) the TPB critical pathway thickness that seeks
to quantify the bottleneckwidth of the pathways to the TPB
sites. The new approach is experimentally tested on com-
posite electrodes, Ni-YSZ and LSCF-GDC, and provides
valuable microstructural insight.
Further advancement in the 3D discrete representation

of the heterogeneous structure is developed in ref. 52, based
on the so-called electrochemical “fin” model. It is applied
to a 3D discrete representation of the heterogeneous struc-
ture provided by skeleton-based partitioning. The results
on real and artificial structures show (see Figure 4) that
the 3D electrode microstructure is complex, the accessible
TPBs are not uniform, the pattern varies depending upon
the structure, and connected TPBs can be passivated. In
both SOFC and SOEC electrode materials, the combined
accessible TPB is mostly affected by each phase separately
and the total accessible TPB is largely dominated by the
ion-conducting phase. This capability to accurately quan-
tify deviations from the ideal case is of relevance for the
design of heterogeneousmaterials. From this point of view,
it can be useful to have the possibility of generating repre-
sentative digital twins of the real electrodes.53–59
In a further step forward, laboratory-based X-ray micro-

computed tomography has been developed to allow 4D (3
spatial dimensions plus time) studies without the destruc-
tion of the samples or the need to access synchrotron
facilities.60 The technique has been applied to study the
effects of thermal cycling on the negative electrode struc-
ture with sub-micron resolution as well as on the change
in interfacial contact between the negative electrode and
electrolyte. It is shown that nickel sintering isminor during

start-up and shut-down compared to the long-term opera-
tion even at ramp rates of 3 K/min. Both sintering and loss
of percolation were correlated to the triple-phase bound-
ary losses but for operational thermal cycling with minor
dwell times, the particle-particle loss of connectivity is the
prominent mechanism.
A theoretical model applied to LSM-YSZ positive elec-

trodes and Ni-YSZ negative electrodes in SOFC for the
evaluation of the performance of an electrode formed by
a mixture of electronic conductor/ionic conductor parti-
cles having a high a/d ratio is presented in refs. 23 and 61.
A comparison with literature-sourced experimental data
shows good agreement. The results of the model show that
the effects of morphology, that is, the volumetric composi-
tion of the electrode and the dimensions of the particles
strongly influence the electrode resistance. The recipro-
cal electrode resistance reaches a maximum in correspon-
dencewith a composition near the percolation threshold of
the electronically conducting phase. The results stress the
importance of obtaining good experimental data of perco-
lation thresholds as well as a better theoretical insight into
the critical percolation zones.

2.2 Negative (fuel) electrode

The SOC negative electrode (anode in SOFC-mode
and cathode in SOEC-mode) should combine multiple
functions, which sometimes oblige contradictory require-
ments. It should have both high catalytic activity and
suitable electronic conductivity, good ionic conductivity
together with appropriate porosity. Furthermore, it should
be chemically and thermally stable in the operating
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atmospheres and temperatures, possess good mechanical
strength and compatibility with the materials as well as
redox stability.
SOC negative electrode materials were initially devel-

oped for fuel cell operation and have been used in the
reversed, electrolysis mode as well. Although the cell
is identical, higher degradation is measured in electrol-
ysis mode than in fuel cell mode. Degradation mech-
anisms of SOCs in both SOFC and SOEC mode have
been largely discussed and reviewed especially for fuel
electrode-supported cells,37,62–67 while very few reports can
be found on post-test analyses of electrolyte-supported
cells.68,69

2.2.1 Negative electrode composition

The negative electrode is a cermetmade of a nickel catalyst
and YSZ (or GDC) that benefits from good electrochemi-
cal performance, low price, and provides good compatibil-
ity with the ceramic electrolyte material. The slurry of NiO
and the electrolyte is typically deposited (by screen print-
ing or other methods) to achieve an electrode thickness of
about 15 μm.Depending on the cell architecture, this active
layer is either supported by the electrolyte (electrolyte-
supported cell, ESC) or by a thick and porous layer of the
cermet, the electrode itself (usually referred to as an anode-
supported cell, ASC, meaning the negative electrode). In
the cermet structure, metallic nickel particles are intercon-
nected to conduct the electrons in the porous skeleton of
the electrolyte ceramic material. The latter provides ionic
conductivity and sites for the electrochemical reaction, and
inhibits the coarsening of Ni particles during cellmanufac-
turing and operation.
The most common materials for negative electrodes are

Ni-YSZ orNi-gadolinia- (or samaria-) doped ceria (Ni-GDC
or Ni-SDC).70,71 Other materials have been investigated
for steam electrolysis like lanthanum-substituted stron-
tium titanate/ceria composites and perovskite materials.65
A summary of the currently investigated fuel electrode
materials can be found in the review.72 However, the most
utilized material for negative electrodes is Ni-YSZ, and
voluminous literature is available on this material in both
SOFC and SOEC operation.
After the manufacturing process, where the YSZ/Ni

ratio, pore formation, particle size, and sintering temper-
ature are carefully controlled, the negative electrode cer-
met Ni-YSZ contains nickel in the oxide form (with its typ-
ical green color). In pre-operation conditions, the electrode
is first reduced to form the Ni network, which changes
overall mass, volume, composition, and porosity. This pro-
cess is important for the negative electrode durability as it
shapes the final Ni-YSZ composition and the microstruc-

ture before operating the SOC.73–77 The relation between
the initial powders and the microstructure of the pristine
sample has to be considered to understand the degradation
rate under operation. Themost relevant parameters are the
initial reduction temperature, operating conditions such as
fuel utilization (SOFC)/steam conversion (SOEC), temper-
ature, and so on.78–83

2.2.2 Negative electrode fundamental
mechanisms

For a typical Ni-YSZ electrode, many reaction pathways
have been proposed depending on the nature of the charge
transfer across the Ni-YSZ interface. Among the differ-
ent investigated scenarios, the most relevant phenom-
ena correspond to a charge transfer based on an inter-
stitial process,84 and an oxygen85 or hydrogen “spillover”
mechanism.86 The “spillover” mechanism corresponds to
the surface reaction of charge transfer across the Ni/YSZ
at the TPBs.87 For instance, the oxygen adatom on Ni is
reduced to formanoxide ion attached on the surface of YSZ
(according to the reaction: 𝑂𝑁𝑖 + 𝑠𝑌𝑆𝑍 + 2𝑒−𝑁𝑖 ↔ 𝑂2−

𝑌𝑆𝑍
+

𝑠𝑁𝑖 ).
It has been shown by comparing simulations and exper-

imental data that the hydrogen “spillover” would be the
most relevant mechanism for the Ni-YSZ electrode,87–89
even if some recent studies have suggested that the oxygen
“spillover” charge transfer could also be involved in the
electrode response.90,91 A critical review of existingmodels
concerning the H2/H2O/Ni/YSZ electrode kinetics is pre-
sented in ref. 92. The use of limited sets of data to verify a
givenmodel is also discussed as well as the strengths of the
models.

2.2.3 The fate of nickel in the electrode
microstructure: Coarsening and migration

The main source of degradation of an electrode-supported
SOCduring operation in both SOFC and SOECmodes con-
cerns microstructural changes in the Ni network, due to
both Ni migration and coarsening of Ni particles, which
decreases the total TPB length.62,63,93,94 In ref. 95, a two-
particle model for degradation analysis of Ni-YSZ cermet
in SOFCs is proposed based on two main assumptions:
(i) the difference in metal particle diameter is accepted as
the driving force for the observed coarsening during long-
term annealing, and (ii) surface diffusion of metal atoms
on the particle surface is considered the dominant diffu-
sion mechanism, since results showed that the proposed
mechanism is fast enough to explain the recorded amount
of Ni agglomeration in SOFC.
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In recent years, advances in image processing and tech-
nologies allow probing the degradation mechanism down
to micro- and nano-scale level. The degradation phenom-
ena in Ni-cermet samples have been evaluated experimen-
tally with resistivitymeasurements during 3000 h at 700◦C
and 800◦C in 80 vol.% H2O and 20 vol.% H2. In ref. 96,
the observed increase in the ohmic resistivity with time
was related to the change in microstructure, estimated by
image processing and X-ray fluorescence (XRF) analysis
on virgin samples and samples exposed for 300, 1000, and
3000 h. The 3D microstructure, reconstructed using orig-
inal spheres packing algorithms, suggests two processes
leading to theNi-YSZ degradation: Ni-phase particle coars-
ening and Ni migration and volatilization. Another exam-
ple is the negative electrodemicro-sample preparation and
observation with transmission X-ray microscopy (TXM),
which shows the microstructural evolution of the nega-
tive electrode with aging time.97 The proposed 3D mea-
surement directly shows the changes occurring in the same
region of a negative electrode, enabling a new understand-
ing of evolutionary processes. This technique has been
applied to a Ni-YSZ sample aged at 1050◦C for 24 h and
48 h, in a 5%H2/3%H2O (Ar balance) gasmixture similar to
typical fuel gas for SOFC. The high-temperature (acceler-
ated) aging for 48 h at 1050◦C yields substantial structural
changes in the Ni, YSZ, and pore networks, including coa-
lescence of Ni particles, leading to a threefold decrease in
overall TPB length. Nanoscale XRF spectroscopy has also
been applied to acquire spatially resolved 2D elementmaps
of long-term operated SOECs. For an electrode-supported
cell, the concentration of nickel in the Ni-YSZ was evenly
distributed in the pristine cell while after 6100 h operation
without incidents, the presence of Ni at the negative elec-
trode/electrolyte interface is significantly reduced with an
inhomogeneous distribution at 6 μm from this interface
to the outer surface of the electrode.98 This observation is
in line with a previous work99 that shows that even after
the apparent microstructural stabilization (of the averaged
properties) after a few thousand hours, local morpholog-
ical evolutions continue, thus hindering TPB accessibil-
ity by electrons and ions. Using synchrotron radiation,
microstructural changes have been analyzed in the com-
posite electrode of Ni-YSZ by X-ray nanotomography.54 It
has been shown that Ni coarsening induces a significant
decrease in both the density of TPB and the Ni/gas specific
surface area. Furthermore, the Ni coarsening rate is inde-
pendent of the electrode polarization and the Ni sintering
is inhibited by the YSZ backbone.
Percolation of the Ni particles provides the needed elec-

tronic conductivity, which, through Ni migration, is dis-
rupted and leads to an increase of the ohmic resistance.
The low accelerating voltage scanning electronmicroscope
(SEM) mode allows for visualizing and quantifying the

degree of Ni percolation.100 The decrease of the percola-
tion can be clearly correlated to an increase in degrada-
tion, specifically an increase of the ohmic resistance of
cells operated in fuel cell mode,101 in steam electrolysis
mode,102 and in co-electrolysis mode.103 Beyond the den-
sity of TPB and their accessibility by the transport of gas
species, electrons, and ions, Rinaldi et al.104 have inves-
tigated the additional potential effect of local morphol-
ogy (so-called “available length”) near the TPBs. A spilling
algorithmwas developed in this context to characterize the
surfaces available for diffusion at TPBs. A strong correla-
tion between the available length and the extension of TPB
lines is observed forNi but not for YSZ, despite the predom-
inance of convex shapes, which likely originate from the
Ni reduction. This suggests possibilities for controlling the
available length by the manufacturing route, depending
specifically on the electrocatalytic properties of the phases
in composite materials.
Testing of cells in SOEC demonstrates the importance

of the sealing material on the negative electrode, which
may prevent initial passivation in the first few hundred
hours of electrolysis.105 The degradation analyzed by EIS
is found mainly to be caused by increasing polariza-
tion resistance associated with the Ni-YSZ electrode (cell
voltage degradation of 2%∕1000h). Post mortem analysis
showed the accumulation of impurities in the negative
electrode and microstructural changes at the electrode-
electrolyte interface. In the frame of FCH JU-funded
projects ENDURANCE and SOPHIA, a detailed study of
negative electrode degradation is performed on cell and
stack levels. Comparative long-term tests are carried out
in SOFC and SOEC modes on SOLIDpower cells.53,54,58
Regarding Ni agglomeration in the bulk of the electrode,

it has been shown that Ni coarsening is thermally acti-
vated and independent of electrode polarization in SOFC
or SOEC mode.54,106 Besides, it has been found that the
steam content in the gas flow accelerates the rate of Ni
coarsening.107–109 Moreover, it has been shown that the
YSZ backbone could play a crucial role by stabilizing
the cermet microstructure and thus preventing massive
Ni coarsening in operation.54,110–112 This inhibiting effect
of the YSZ network on Ni coarsening has been ascribed
to the interfacial bonding property of this ceramic-metal
interface.113–115 As a result, it has been found that Ni parti-
cle growth tends to slow down over time.107 Nevertheless,
since the agglomeration induces a significant drop in the
density of TPB lengths, it has been estimated using a mul-
tiscalemodeling approach that themicrostructural change
in the cermet could explain around 25-30% of the total cell
degradation at 850◦C after 1000-2000 h of operation.54 This
result is in good agreement with the study of Faes et al.94
who have found that Ni-YSZ electrode degradation occurs
principally during the first 500 operating hours. For stack
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tests carried out over more than 1000 h, the degradation of
Ni-YSZ is responsible for 18–41% of the total degradation
depending on the initial microstructure.
It is nowadays clearly established that the mechanism

of Ni coarsening corresponds to the local sintering of adja-
cent particles driven by theminimization of theNi-specific
surface area by the growth of the biggest particles to the
detriment of the smallest ones.54,95,107,116 In this context,
as already mentioned, it is suspected that Ni adhesion on
YSZ can slow down the process by anchoring the metal-
lic particles onto the ceramic backbone. Surface diffusion
of Ni atoms or Ni(OH)x species seems to be the privileged
mass transfer phenomenon108,116–118 even if transport in
the gas phase as Ni(OH)2 species or by solid-state diffu-
sion of vacancies is also possible.116,119,120 For both cases,
the mechanism is thermally activated and sensitive to the
steam content in the gas phase, explaining the role of tem-
perature and the effect of water content on the agglomer-
ation rate. Based on a local coarsening process, Ni particle
growth has been successfully reproduced using models for
the sintering of two particles such as the classical power-
law equation.95,120–123 In this case, a rather high exponent
on the Ni particle diameter was obtained by fitting the
experimental data (n ≈ 8).54,93 It can be noticed that these
values reflect the inhibiting role of the YSZ network on
the Ni agglomeration but they would be consistent with a
surface diffusional mechanism. Finally, it has been shown
that phase-field modeling can constitute a powerful tool to
accurately simulate Ni agglomeration in the complex 3D
microstructure of the cermet since the process is based on
the minimization of the Ni/gas surface energy.116,124,125
In contrast with the agglomeration controlled by a

local sintering process, migration over long distances can
change the Ni distribution within the electrode. Post-test
characterization has revealed that the process leads to Ni
depletion only in the electrochemically active region of
the cermet and is strongly promoted under electrolysis
conditions.37,106,126 Based on these observations, it has been
suggested that the migration must be driven by the local
cathodic overpotentials in the functional layer.93,127,128
Besides, it is suspected that the steam content in the gas
stream could accelerate the process. It has been also shown
that the rate of Nimigration is dependent on the initial cer-
metmicrostructure.129 Therefore, themigration can result,
in case of a coarse cermet microstructure, in complete dis-
appearance of Ni in the active functional layer. The impact
of theNi loss at the electrolyte interface has been estimated
by a modeling approach in ref. 93. There it was shown
that Ni migration must explain a significant part of the
higher degradation rates measured in SOEC compared to
the SOFC mode. Moreover, the full depletion of Ni from
the functional layer, resulting in a thin layer of porous YSZ
only, should explain in part the increase of the pure ohmic

resistance classically observed for cells tested in electroly-
sis conditions.
The exact underlying mechanism for Ni migration is

still unclear. Different hypotheses have been proposed to
account for the effect of electrode polarization on migra-
tion. Among them, Trini et al.106 have suggested that
migration could be driven by the gradient in Ni wettabil-
ity properties depending on the local oxygen partial pres-
sure controlled by the electrode overpotential, similar as to
what was shown by Rinaldi et al.,130 Monaco et al.,93 and
Nakajo et al.128
Monaco et al.93 have proposed that the process could be

triggered by a deterioration of the Ni/YSZ interface due to
an accumulation of oxygen vacancies in the double layer
under cathodic polarization. This accumulation leads to
decreasing bond strength at the ceramic-metal interface
and thus to decreasingNi wettability onto YSZ (by decreas-
ing the work of separation or adhesion).114,131 Therefore,
in this hypothesis, the migration would be driven by the
change in Ni wettability, which is controlled by the evo-
lution of the double layer as a function of the overpoten-
tial. This mechanism is also proposed and detailed in ref.
128. Indeed, they suggested the process could be ascribed
to an evolution of the cermet morphology near the TPBs,
induced by a change of the capacitance of the double layer
in cathodic polarization. Despite all these studies, further
investigations are still needed for a precise understanding
of the mechanism controlling Ni migration.

2.2.4 Nickel reoxidation

The microstructural changes that take place in the case of
redox cycling are a severe cause of Ni-YSZ cermet degra-
dation in terms of both electrochemical and mechanical
performance.132 Although reoxidation should not occur
under well-controlled working conditions, during long-
term operation it is an expected, but unpredictable, phe-
nomenon due to changes in the local conditions (leak-
age, fuel starvation, increased oxygen partial pressure,
accidental switch off, and so on). The repetitive changes
of Ni volume are the main cause of this degradation
process that damages the YSZ network,133 including the
electrode/electrolyte interface, and reduces TPB density
because of accelerated Ni coarsening. A comprehensive
quantification of redox cycling can be achieved by cou-
pling 3D tomography, real-time impedance spectroscopy,
and mechanical analysis.94,134 The unpredictable and high
levels of degradation are probably the reason for the inten-
sive studies of Ni redox cycling and the efforts to find a pre-
venting strategy.
In the case of negative electrode-supported cells, the

mechanical stability of the Ni-YSZ support is the most
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F IGURE 5 (a) SEM image of a cross-section milled by FIB highlighting internal pores created during oxidation and expansion out of the
specimen plane, (b) SEM secondary electron image, and (c) corresponding three-dimensional reconstruction of the topography of a NiO grain
(stereoscopic image)78

critical element determining the cell failure.13544,110,136
Owing to the Ni plasticity, creep during operation can
somewhat compensate for this vulnerability.137–139
The dependence of the overpotential on both electrical

and ionic conductivity through the cermet electrode has
been assessed by Kirtley et al.140 by monitoring the NiO
growth in fuel cell mode at constant load operating con-
ditions and elimination of the fuel flow with in situ vibra-
tional Raman scattering and by comparing the rate of NiO
growth to the cell overpotential and EIS data.
The reduction/oxidation kinetics onNi-YSZ cermet have

been studied on dense (no open porosity) two-phase
NiO+YSZ samples, with and without additives (CaO,
MgO, TiO2), that were reduced in a hydrogen-containing
environment.141 A theoreticalmodel based on two in-series
kinetic steps – diffusion and interface reaction – indicates
that the reduction kinetics are linear (interface-controlled)
and thermally activated while the reoxidation kinetics
are nearly parabolic (diffusion-controlled) and essentially
independent of temperature. The interface control of the
reduction process implies that gas-phase diffusion through
porous Ni+YSZ, formed upon reduction of NiO to Ni, is
considerably faster than the kinetics of the actual reduc-
tion reaction occurring at the interface separating the pris-
tine and the reduced regions. In contrast, the diffusion con-
trol of the reoxidation process is attributed to slow, gaseous
diffusion considering the very small amount of porosity
remaining during the reoxidation of Ni to NiO.
Faes et al.143 and Jeangros et al.79,142 explained the

reduction and oxidation kinetics of Ni(O) particles as
well as of Ni(O)-YSZ cermet through a series of detailed,
systematic and related energy-filtered TEM (ETEM) stud-
ies (see Figure 5). Using ETEM on a sequence of images
as a function of temperature, the speed of progression
of the NiO-YSZ reduction reaction front in all three
dimensions was obtained, providing a 3D monitoring

of the reaction. During Ni reoxidation, the creation of a
porous structure, due to mass transport, accounts for the
redox instability of the Ni-YSZ electrode. The expansion
of NiO during a redox cycle and the presence of stress
in YSZ grains could be directly observed. For NiO-YSZ
samples, the transfer of oxygen from NiO to YSZ triggers
the reduction reaction. The symmetry of Ni-NiO grain
boundaries during reduction was found to play a role:
automated crystal orientation ETEM mapping revealed
that coherent NiO twin boundaries remain intact during
reduction, while NiO grains separate by an incoherent
boundary detachment from each other when reducing to
Ni, affecting the Ni phase percolation.
In Laurencin et al.,144 the oxidation kinetics and the cer-

met expansion were measured at different temperatures
using a typical cermet substrate. Below around 750◦C,
the oxidation kinetics data were successfully fitted by a
parabolic law with an activation energy of 118 kJ/mol,
whereas the oxidation was not thermally activated at
higher temperatures. This transition indicates a modifi-
cation of the oxidation mechanism. At high temperature,
the kinetic rate of the Ni oxidation is sufficiently high
and the process is limited by the gas diffusion across the
thick porous cermet. Conversely,whendecreasing the tem-
perature, the thermally activated kinetic constant for the
Ni oxidation becomes sufficiently low so that the mecha-
nism is controlled by the oxidation of each Ni particle in
the cermet, was consistent with the results of SEM and
local X-ray μ-diffraction characterizations (homogeneous
re-oxidation in the cermet thickness at low temperatures,
at higher temperature a Ni/NiO gradient in the cermet).
These results were also found to be in good agreementwith
other studies devoted to the reoxidation of thick cermet
supports.112,145,146
Characterization of cracks after reoxidation using non-

destructive 3D imaging based on X-ray nanotomography
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has been carried out by Nakajo et al.99 and Kiss et al.147
on Ni-based electrodes for SOFC/SOEC samples. With a
spatial resolution below 20 nm, microstructures of non-
exposed samples were compared to samples exposed to air
at 800◦C for 45 min. The morphology of the Ni(O) phase is
observed to be completely different after re-oxidation. The
detrimental effects of the cracks on the effective 3D trans-
port pathways in the Ni-YSZ electrode under polarization
are investigated using a skeleton-based discrete representa-
tion of the imaged volume and an analytical electrochem-
ical fin model. Topological properties, effective ionic con-
ductivity, and polarization resistance are calculated before
and after oxidation. The calculations show that cracks in
the brittle YSZ phase increase the effective ionic resistivity
and polarization resistance in the range of 25 ± 9% and 12
± 5%, respectively.
Another source for the oxidation of the Ni-YSZ elec-

trode is the higher oxygen partial pressure p(O2) that
can cause oxidation-induced Ni degradation. Kawasaki
et al.81 investigated the cell performance at high fuel uti-
lization in SOFC to simulate situations around the system
downstream. When the p(O2) at the Ni-YSZ electrode was
lower than the threshold for NiO/Ni, the cell performance
was stable while the performance was unstable above the
threshold p(O2) value due to oxidation of Ni to NiO.
Using a classical electrode-supported cell, the Ni reoxi-

dation induced by fuel starvation was also studied in ref.
148. As mentioned previously, it was shown that when
the cell voltage drops below the theoretical threshold for
the NiO,Ni/Air system (0.67 V at 800◦C), a thin layer of
cermet is electrochemically re-oxidized. The repetition of
the redox cycles was found to induce an increase in both
the serial and polarization resistances of the EIS diagrams
measured under hydrogen at OCV between two redox
cycles. This revolution was explained by the growth of the
NiO layer from the electrolyte interface leading tomechan-
ical damage in the active functional layer of the cermet.
It is worth noting that re-oxidation is accompanied by a

macroscopic dimensional expansion of the cermet, which
has been measured by many authors as a function of tem-
perature and oxygen partial pressure. After first reduction,
Ni particles are round; after a RedOx cycle, the Ni particles
include micro-porosities that are stable under humidified
reducing atmosphere for >300 h. This volume expansion
can affect the stress state in the cell and provoke degra-
dation in the structure. For the electrode-supported cell
configuration, the expansion of the substrate induces high
tensile stresses in the thin electrolyte, which is liable to
trigger its fracture.135,149 For example, channel cracking of
the electrolyte has been detected for a critical degree of
oxidation (0.21% to 0.16% strain limit) of the cermet rang-
ing between 60-70% at 800◦C.148 In ref. 111, a re-oxidation

strain limit from 0.12 to 0.21% was determined based on
finite element modeling and a failure statistics approach
considering the RedOx temperature, number of cycles
(reaching a maximum after 10 cycles), and sample size. A
safe RedOx temperature (below which no protective gas is
needed) of 550◦C was calculated and validated on stacks,
though it appears that cell corners undergo several cycles
depending on stack design and fuel utilization. In refs. 150
and 151, a DoE approach, varying the NiO proportion (40–
60 wt% of the ceramic powders), the pore-former propor-
tion (0–30 wt% corresponding to 0–64 vol.%), the NiO par-
ticle size (0.5–8 μm), and 8YSZ particle size (0.6–9 μm)
showed that expansion after re-oxidation is mostly influ-
enced by the sample porosity whereas the NiO content,
between 40 and 60 wt%, did not show any impact.
As opposed to the Ni electrode-supported cell, the

electrolyte-supported cell design is much more tolerant
regarding cermet reoxidation. Indeed, this structure can
withstand several redox cycles with only mild deteriora-
tion of cell performance without catastrophic failure of the
thick electrolyte.152,153
A mitigation strategy has been proposed against the

degradation caused by periodic extension/shrinkage, con-
sisting of pre-oxidation treatment at 600oC.154 This leads
to an initial expulsion of some NiO particles at the outer
electrode surface, ensuring more “free space” and thus
increased tolerance toward further oxidation/reduction.
The positive effect of preliminary oxidation/reduction is
found also in ref. 155.

2.3 Oxygen (positive) electrode

Materials and structure of the oxygen electrode are related
to the oxide ion formation/consumption (SOFC/SOEC)
and its transport. By these, the activity and the stability of
the oxygen reduction reaction (ORR) or the oxygen evolu-
tion reaction (OER) are governed, and together with the
tolerance towards contaminants (like chromium, sulfur,
etc.) make up fundamental characteristics for the perfor-
mance of the electrode.

2.3.1 Oxygen electrode composition

Perovskite-type lanthanum strontium manganite (LSM)
has been used for decades in SOFC operation because of
its thermodynamic stability. Even though LSM possesses
a high electronic conductivity, the active sites are lim-
ited due to the poor ionic conductivity of the material.
Furthermore, it is known that LSM is not suitable as an
oxygen electrode for SOEC due to various compositional
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andmicrostructural instabilities under anodic current pas-
sage, such as deficiency of oxygen vacancies, intergranu-
lar fractures in the electrolyte, and catastrophic delamina-
tion failure of the electrode due to densification of LSM
after long-term operation.156 Hence, nowadays, mixed-
ionic-electronic-conducting perovskite oxides are widely
used as oxygen electrodes due to their high ionic and elec-
tronic conductivity as well as the large oxygen-surface
exchange rate constant. The most popular and represen-
tative oxygen electrode material for SOFC and SOEC is
lanthanum strontium cobalt ferrite (LSCF) perovskite.325
Mai et al.157 made a comparison of the iron- and cobalt-
containing perovskites as oxygen electrode in SOFC mode
with the manganite-based perovskites to assess the prop-
erties and the performance of the LSCF electrode. Other
types of structures like Ruddlesden-Popper or double per-
ovskite oxides are also considered because of their sta-
bility under the oxidizing atmosphere in SOEC mode.
Perovskite-basedmaterials used for oxygen electrodes have
been reviewed in ref. 72. The engineering of the composite
oxygen electrode is of importance and numerical analysis
allows optimizing the different parameters as shown in the
study by Zheng et al.158 Thanks to this paper, a relation
between porosity, current collector thickness, and inter-
connect coverage has been demonstrated as well as the
need for interrelated optimization since changes in one of
the microstructural or geometrical parameters affect the
transport of oxide ions, and electrons, i.e., all aspects of the
coupled reaction-transport processes should be considered
for optimization of the oxygen electrode. It was pointed out
that LSCF reactswith the electrolytematerial YSZ at sinter-
ing temperature imposing to add a diffusion barrier made
of gadolinia-doped ceria (Ce0.9Gd0.1O1.95 labeled asGDCor
Ce0.8Sm0.2O1.9 SDC) between the YSZ electrolyte and the
oxygen electrode.
Rare-earth nickelates Ln2NiO4+δ (Ln = La, Pr, Nd) are

also promising alternative materials developed for the
oxygen electrode.159–162 These compounds belong to the
Ruddlesden-Popper RP series with general formulation
An+1MnO3n+1. Their structure can be described by the
intergrowth of octahedra layers (perovskite-type) with AO
blocks (NaCl-type). In this formulation, the subscript n
is related to the number of octahedra layers with n = 1
for Ln2NiO4+δ. Depending on n and A, these oxides can
exhibit either an under- or an over-oxygen stoichiometry
(δ), resulting in mixed electronic and ionic conductivities.
Among the Ln2NiO4+δ compounds, which exhibit an oxy-
gen over-stoichiometry, several studies have been devoted
to the solid solution of lanthanum-praseodymium nicke-
late, La2-xPrxNiO4+δ (0 ≤ x ≤ 2)163. It has been shown that
these compounds have good properties in terms of ionic
conductivity and oxygen exchange even at low tempera-
ture (600-700◦C).164,165

2.3.2 Oxygen electrode fundamental
mechanisms

Despite the number of investigations, the complex, multi-
step ORR continues to be an active research field, since the
cathodic performance in SOFC contributes significantly
to the polarization losses. For the porous O2 electrodes
classically made of mixed conductors such as LSCF,166
have developed the “ALS” analytical model in which the
electrode response is dominated by a “bulk path” taking
into account the oxygen vacancies solid-state diffusion in
LSCF and a global reaction of oxygen exchange on the
surface. Many studies have clearly stated that this mech-
anism allows predicting accurately the electrode response
at OCV and under cathodic polarization.167,168 However, it
has been recently shown for LSCF that a change of reac-
tion pathway arises at low anodic current with a tran-
sition toward a “surface path” controlled by the change
transfer at TPBs.169,170 For composite electrodes made of
LSCF and GDC, this last mechanism becomes the preva-
lent pathway whatever the operating mode, since, for this
particular case, the electrode presents a high density of
TPBs.171 Despite all these efforts, there is still a need for
more sophisticatedmodels that can describe the integrated
degradation picture.

2.3.3 Major degradation sources in the
oxygen electrode

Recent experimental studies have reported that the
degradation of the oxygen electrodes made of under-
stoichiometric materials such as LSCF or lanthanum
strontium cobaltite (LSC) is significantly accelerated in
SOEC compared to SOFC mode.18,172,173 The presence of
water vapor in the air flow accelerates degradation,174,175
while the precise role of operating temperature remains
unclear.176,177 The underlying mechanisms of material
deterioration are not completely understood yet, though
the major degradation sources reported within the oxy-
gen electrode are cation inter-diffusion (i.e., Sr diffusion)
between the cell components and formation of secondary
insulating phases,37 poisoning with contaminants (CO2,
H2O, Cr, S, Si)7,178,179,180–181,182 and delamination. The elec-
trode microstructure, the cell manufacturing conditions,
or even the geometrical configuration could play a key role
in LSCF or LSC stability.
It has been found by 3D electrode reconstruction that

the LSCF microstructure is stable and does not evolve
significantly upon operation.183–185 However, Sr diffusion
and the formation of SrZrO3 at the electrode/electrolyte
interface is reported37,186 when Sr-containing electrodes
are used as an oxygen electrode. LSCF oxygen electrodes
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sintered at 1050◦C for 2 h and tested for 500 h at 750◦C/0.7
V showed substantial degradation. Using SEM, no sig-
nificant microstructural changes were observed. By
applying X-ray photoelectron spectroscopy, a significant
Sr enrichment at both LSCF-SDC and LSCF-Au interfaces
was highlighted that could account for the substantial
increases in both ohmic and non-ohmic resistances
observed during the test. It has been shown using X-ray
diffraction that the structure of an LSCF positive electrode
(La0.6Sr0.4Co0.2Fe0.8O3−δ) was gradually changing over
the course of more than 60 h of operation in air under
typical SOFC operating conditions.187 As these materials
are known to react with YSZ forming a SrZrO3 secondary
phase, a doped ceria (GDC or SDC) barrier layer is usually
added between the electrode and the electrolyte. The den-
sification as well as the thickness of the ceria barrier layer
are two crucial parameters to limit the diffusion of Sr and
mitigate the reactivity with YSZ. However, it is difficult
to densify GDC or SDC layers prepared by conventional
ceramic processing techniques because the sintering
temperature of the barrier layer is restricted to below
1250oC, above which harmful chemical reactions with the
underlying YSZ electrolyte can take place. The universal
approach to address this issue is to employ sintering aids
to enhance the densification of the barrier layer.188–190
However, simply promoting the intrinsic sintering behav-
ior of the barrier layer by employing sintering aids induces
other harmful secondary reactions with the adjacent
electrolyte during the multilayer fabrication process.191
Moreover, the rapid shrinkage of the film caused by the
action of sintering aids results in differential densification
and poor adhesion with the electrolyte, generating various
processing flaws and delamination cracks188. Recently, in
ref. 192, a highly reliable barrier layer is constructed via
a two-layer approach, in which the top and bottom layers
perform individual functions to precisely control the
bulk and interfacial properties using specially designed
nanoparticles in the top and bottom layers.
Another approach is to use physical vapor deposition

(PVD) to get dense a barrier layer without sintering. It
has been shown that dense PVD coating is a more effi-
cient barrier layer than porous screen-printed GDC when
the cell operates in SOFC mode.193,194 The cation diffu-
sion behavior in an LSCF/GDC/YSZ system was investi-
gated under cathodic polarization where the dense GDC
interlayer, about 1 μm in thickness and a columnar struc-
ture, was prepared by pulsed laser deposition (PLD). The
results indicate that under polarization, the formation of
SrZrO3 along both LSCF/GDC and GDC/YSZ interfaces
was accelerated by an inter-diffusion of Sr and Zr via grain-
boundaries of columnar GDC.195
It has been observed that such an inter-diffusion

of chemical elements in YSZ and GDC or even

the precipitation of SrZrO3 can occur during cell
manufacturing.98,196,197 The GDC sintering tempera-
ture is a key factor controlling the reactivity and the
extent of the inter-diffusion of Sr, Gd, and Zr for the
pristine cells.198 In ref. 199, the degradation phenomena
were investigated at 780oC for a stack tested 3000 h in
SOFC mode. Post mortem comparative analysis with
pristine cell performed by XRD, Raman spectroscopy,
SEM with wavelength-dispersive X-ray spectroscopy
(SEM-WDX), and scanning transmission microscopy with
EDX (STEM-EDX) have revealed that diffusion takes place
at the barrier layer/electrode interface and the barrier
layer/electrolyte interface where insulating phases and
solid solutions have been registered at both interfaces in
both the pristine and the tested cell. This result illustrates
and confirms the importance of the preparation stage. In
a further study using Raman spectroscopy and imaging
techniques, cation diffusion was evidenced during the
fabrication process.127 These results are consistent with
the results of Matsui et al.196 who have shown that the
migration of Gd in YSZ and the dissolution of Zr in the
barrier layer can be prolonged upon operation resulting
in a reduction of the ionic conductivities of the affected
layers. Thus, an optimum temperature has been proposed
for the fabrication of the GDC barrier layer, as a balance
between the densification of GDC and suppression of the
inter-diffusion of Sr, Gd, and Zr.200 In contrast, the per-
formance and durability of LSCF-SDC composite oxygen
electrode have been improved greatly by the use of a dense
and uniform SDC barrier layer prepared by coating cerium
and samarium octoates, followed by sintering at 1050◦C.201
Besides a remarkable suppression of SrZrO3 formation for
5500 h in the AST at 900◦C for both operation modes in a
symmetrical cell,202 the effect of the uniform barrier layer
on the electrode performance has been clarified.
It is worth mentioning that precipitation of Sr-O type

secondary phase at the LSCF surface leads to form a
passivating film blocking the surface reactions for the
electrochemistry.186,203,204 Such a diffusion was observed
in SOEC operation mode with material transport into the
ceria-based barrier layer and compositional variations in
the sub-μm range in the oxygen electrode.205 Oxygen elec-
trodes operated for different hours were analyzed ex-situ
using Mössbauer spectroscopy, XRD, and classical imag-
ing techniques (SEMandTEM).206 XRDandTEMrevealed
the appearance of Co3O4 during the SOEC operation and
SEM analyses confirmed the formation of SrZrO3 at the
electrode/electrolyte interface. The spectral analysis con-
firmed the reduction of iron from Fe(IV) to Fe(III) in LSCF
after long-term operation. The fraction of Fe(IV) in the
electrode decreased with time and 18%, 15%, 13%, and 11%
were obtained for 0, 1774, 6100, and 9000 h of operation,
respectively.
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In addition, symmetrical cellswere testedwith two types
of LSCF electrode microstructures. The LSCF microstruc-
tural properties are quantified in a 3-D volume and used
as input data in a dynamic micro-scale electrochem-
ical model, which describes the relation between the
microstructure and the impedance response. The numer-
ical tool includes two parallel reaction pathways with an
oxygen exchange at the LSCF/gas surface and a charge
transfer at the TPB. Electrochemical Impedances are com-
puted in the time domain at OCV, as well as under
anodic and cathodic polarizations. Simulations allow the
microstructural parameters to be linked to the basic mech-
anisms of electrode operation according to the electrode
polarization. The simulations show that the transition
detected at low anodic polarization is due to a change
in the dominant reaction mechanism passing from the
bulk to the surface path. The relative contribution of
the two pathways is also investigated as a function of
temperature.170,207 In a further step down to the nanoscale,
2D maps of 54 × 14 μm were acquired with XRF nano-
imaging on long-term operated SOECs.98 Such a tech-
nique provided clear experimental proof of the diffusion
of the different elements. The spatially resolved technique
allowed locating the different chemical elements and
shows that the prepared cell architecture of an electrode-
supported cell is rather LSCF/GDC/Gd/Sr/YSZ/Ni(YSZ)
than LSCF/GDC/YSZ/Ni(YSZ) even before any electro-
chemical reaction. Sr diffuses through the GDC layer to
form a dense layer of ∼0.7 μm at the GDC/electrolyte
interface, which does not change significantly under polar-
ization. In addition, Sr is only present at this inter-
face and not in the GDC layer suggesting that there is
no concentration gradient of Sr from the LSCF to the
electrolyte.
Advanced characterization techniques using syn-

chrotron radiation allow probing the oxygen electrode
at the micro and nanoscale. X-ray microspectroscopy
was used to study the interface between an SDC
electrolyte and lanthanum ferrite oxygen electrodes
(La0.4Sr0.6Fe0.8Cu0.2O3 [LSFCu]; La0.9Sr0.1Fe0.85Co0.15O3
[LSCF]), at a submicrometric level. It has been shown
that in SDC–LSCF bilayers with prolonged thermal
treatments at 1150◦C the segregation of Sm and Fe occurs
in micrometer-sized perovskite domains.208 A pristine
LSCF oxygen electrode was studied using 2D and 3D X-ray
μ-diffraction and μ-fluorescence that allowed a larger field
of view in comparison to electron microscopy techniques.
The formation of SrZrO3 at the GDC/YSZ interface
region was identified and micro SrZrO3 inclusions were
found in the 23 μm thick LSCF layer.209 Reconstruction
with X-ray nanotomography was carried out on typical
Ni-YSZ/YSZ/GDC/LSCF cells tested above 1000 h in fuel
cell and electrolysis mode.

Using negative electrode-supported cells, it has been
shown that the precipitation of zirconates related to LSCF
decomposition is favored mainly during electrolysis oper-
ation and is limited during fuel cell operation.18,37,173 This
can explain the higher degradation rates observed in
SOEC compared to SOFC mode. On the other hand, for
electrolyte-supported cells, Villannova et al.98 have shown
that cobalt is themost unstable element during the electro-
chemical reaction as it diffuses through the GDC barrier
into the electrolyte.
For the interpretation of these results, a multi-scale

model has been applied in ref. 18. The simulations have
shown that electrolysis operation leads to a strong deple-
tion of oxygen vacancies in the LSCF, while an increase
is expected in fuel cell mode. Therefore, it has been pro-
posed that the accumulation of the oxygen in the LSCF
lattice under anodic current could trigger LSCF demixing
inducing the segregation of the Sr2+ cations and the forma-
tion of strontium oxide (SrO) on the electrode surface. For
instance, Oh et al.176 detected by Auger and TEM the pre-
cipitation of a SrO based compound on the LSCF surface
after aging at 600-900◦C. In the second step, the SrO on the
LSCF surface could be evaporated under hydroxyl volatile
molecules210 that can diffuse in the porosities of the elec-
trode and the barrier layer to react with the electrolyte and
form the zirconates.
Kim et al.211 have also suggested that the global kinetic

constant of oxygen exchange (kchem) could be affected
by the stoichiometry change with Sr-deficiency on the
“clean” part of the LSCF surface. As a consequence, Wang
and Barnett212 have shown that the kinetic constant kchem
decreases after aging at 700-800◦C by an order of magni-
tude and they attributed this evolution to the passivation
of the LSCF surface. Besides, the loss of Sr within the per-
ovskite lattice results in a decrease of the oxygen chemi-
cal diffusivity or LSCF ionic conductivity.213 Therefore, for
aged LSCF at 800◦C, Wang et al.185 have used the “ALS”
model to fit the evolution of the EIS diagrams and they
have found that the degradation rate was mainly ascribed
to the decrease of both the oxygen surface exchange rate
and solid-state diffusion coefficient. For all these reasons,
it is speculated that the demixing of the LSCF, which is
favored under anodic current, could explain in part the
higher degradation rates obtained in electrolysis condi-
tions compared to fuel cell mode.
Nevertheless, the evolution of the inter-diffusion layer is

still a subject of investigation, especially considering elec-
trolysis operation. From this point of view, as pointed out
in ref. 173, the development of alternative oxygen electrode
materials has to be envisaged as a prerequisite for SOEC
long-term operation.
The electrode performances are increased by increasing

the content of praseodymium inLa2-xPrxNiO4+δ. However,

 26985977, 2022, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/elsa.202100024 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [14/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 of 37 Electrochemical Science Advances
Review
doi.org/10.1002/elsa.202100024

Pr-rich compounds present a chemical phase instability
when exposed to high temperatures (the higher the Pr-
content, the larger the chemical instability). Indeed, the
lanthanum-praseodymium nickelate is prone to decom-
pose in high order secondary phases such as PrNiO3-δ,
Pr4Ni3O10+δ, and Pr6O11.214–216 Nevertheless, most of the
products resulting from the La2-xPrxNiO4+δ decomposi-
tion are also electrochemically active. For instance, it has
been established that the Pr6O11 praseodymium oxide is
a very promising candidate exhibiting high performances
when used as an oxygen electrode.217,218
The durability behavior of the lanthanum-

praseodymium nickelates is still unclear and remains
nowadays a subject of investigation. No sign of reactivity
with GDC has been detected after aging while the elec-
trode decomposition is accelerated upon operation.216,219
It has been observed that the polarization resistance is not
affected by operation under anodic polarization indicating
that these materials could be envisaged as oxygen elec-
trodes for electrolysis applications. On the contrary, high
degradation rates have been measured in cathodic polar-
ization. This behavior has been ascribed to a deterioration
of the interface leading to delamination observed after test-
ing at room temperature.159 The underlying mechanism
responsible for this degradation is not clearly under-
stood yet. It could be ascribed to the over-stoichiometry
decrease induced by the cathodic current leading to a high
depletion of interstitial oxygen at the electrolyte interface.
It had further been postulated that nickelate oxygen
electrodes might be less prone to poisoning than the usual
perovskites. However, studies220,221 have shown this not to
be the case. Yokokawa et al. have studied the degradation
mechanism due to air-side impurities within a series of
NEDO projects.7,38,178,222,223 The 2015-2019 NEDO project
highlighted the correlation between the oxygen electrode
polarization and the ohmic losses. Detailed analysis of
the oxygen electrode degradation finds in addition to the
Cr poisoning a new degradation source – S poisoning
coming from SO2 contamination of the airflow.180,182 It
is supposed that the degradation of LSCF is caused by
reaction of the SrO component with the acidic gaseous
species CrO3 and SO2 combined with the formation of
Co2Fe2O4 precipitates that leads to Sr, Co(Fe) depletion
and incorporation of O2- in the oxide ion vacancy sides
bringing to electrochemical performance decrease. The
detailed analysis reveals that there is a common degrada-
tion mechanism among the Sr volatization and Cr and S
poisoning. Cr poisoning is reviewed in Section 2.4.
Regarding sulfur poisoning, even very low concentra-

tions of SO2 in the air flow induces a substantial loss
in electrode performances, which can constitute a non-
negligible source of degradation at the stack level.224,225
Sulfur deposition in the electrode is increased with

decreasing operating temperature.226 The contamination
is also activated under polarization in the electrode active
region.224,227 It has been shown that electrode performance
degradation is due to the decrease of the oxygen exchange
kinetic constant kchem that has been ascribed to the forma-
tion of SrSO4 on the LSCF surface.228 From this point of
view, the mechanism of sulfur poisoning would be linked
to the Sr instability in the perovskite structure associated
with the material phase decomposition226,229.
In addition to the contaminants, important factors

that govern cell performance with respect to the oxygen
electrode are the operating temperature and polarization
(SOCTESQA).28,223,230
In ref. 222, the influence of operating temperature and

gas conditions (presence of H2O and CO2) was studied for
SOFC operation by EIS in three-electrode configuration
to find corresponding degradationmechanisms. A correla-
tion between the blocking effect of the contaminants and
the operating temperature was found. A combination of
long-term tests and postmortem analysis of experiments
performed at different temperatures and current densi-
ties showed that oxygen electrode degradation in SOEC
mode dominates at a higher current density and lower
temperature.28 Similar results were obtained for operation
in humid air with LSM-YSZ composite oxygen electrodes
in SOFCs.231

2.4 Interconnect

Even though interconnects have no active role in the elec-
trochemical reaction, they constitute a critical component
in SOC stacks considering the required properties and the
operating conditions to which they are subjected.232–234
The interconnect acts as a physical barrier separating fuel
and oxidant compartments avoiding mixing of reactants
and has the primary functions of ensuring mechanical
robustness of the entire stack assembly, providing uniform
gas distribution over the electrodes and electrical continu-
ity between adjacent cells. Considering the interconnect
exposure to the SOC working temperatures and simulta-
neously to oxidizing and reducing atmospheres, material
selection is demanding. Additionally, the direct contact
with electrodes or current collectors introduces compati-
bility issues and further degradation sources.132,235
To meet the abovementioned requirements, intercon-

nect material should be characterized by (i) high elec-
trical conductivity (maximum acceptable value of area-
specific resistance, 0.1 Ωcm2) to ensure an efficient elec-
trical connection between cells and avoid the introduction
of ohmic losses in the stack; (ii) good thermal conduc-
tivity (minimum value, 5Wm-1K-1) to distribute the heat
along the cell surfaces, mitigating gradients that could be
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a source of thermal shocks for the ceramic components
resulting in failure of the system; (iii) coefficient for ther-
mal expansion (CTE) compatibility with adjoining mate-
rials (about 10.5 × 10-6 K-1 in the temperature range 25-
900◦C) to minimize the thermal stresses due to thermal
cycles (start-up/shutting down or temperature changes
during operation)136; (iv) excellent chemical and corrosion
stability in both oxidizing and reducing atmospheres, to
preserve the electrical, thermal and mechanical properties
for the whole stack lifetime. In addition to these character-
istics, the interconnect should exhibit sufficient mechani-
cal strength, minimal weight, and low materials and pro-
cessing costs.236,237
Thanks to significant progress made over the past

years to reduce the SOC operational temperature to an
intermediate-temperature (IT) range (600-750◦C), conven-
tional ferritic stainless steels (FSS) – characterized by a
body-centered cubic structure ensuring CTE compatibil-
ity with the SOEC ceramic components – have become
a popular choice for metallic interconnect (MIC) fabrica-
tion, as they provide the best compromise between the
various above-mentioned requirements, particularly in the
IT range. They also promote the formation of a protec-
tive chromia scale on the surface. FSS should contain
a chromium amount within the range of 20-25 wt.% to
ensure the formation of a continuous, protective Cr2O3
scale. Chromia exhibits a p-type semiconducting behav-
ior in high oxygen partial pressure, thus decreasing its
electrical resistance when increasing the temperature.
This feature ensures a good conductivity at the operating
temperatures.238
At operating conditions, in an oxidizing environment,

the oxide scale on the interconnect tends to grow. The the-
ory of high-temperature oxidation proposed by Wagner239
assumes that the diffusion of metallic cations from the
substrate and oxide ions from the oxygen-rich atmosphere
through the oxide scale takes place. Ions migrate through
the lattice of the oxide scale by diffusion thus follow-
ing a parabolic law. The parabolic rate constant relating
the weight gain due to the scale growth to the oxida-
tion time, provides an estimate of the high-temperature
oxidation resistance of the material under investigation.
For FSSs, Kp values are commonly in the range of 10−10
to 10−14 g2cm−4s−1 and are strongly related to the oper-
ating temperature and chromium amount in the steel
composition.42,240,241 There is also a report that the esti-
mation of the Kp value is more complicated. The oxida-
tion experiment of FSSs for longer times up to 500 h in
ref. 242 shows a two-step thermal growth behavior due
to a change in the growth rate of the chromia scale. In
general, FSS is oxidized to form a twin-layer structured
scale in which the MnCr-spinel oxide layer is formed on
the chromia layer. Since the additional oxygen can pen-

etrate spinel oxide, the growth rate of the chromia scale
increases abruptly after a certain annealing time. Never-
theless, the environmental and operating SOC conditions
are much more aggressive than in common FSS applica-
tions, and the oxidation rates of FSSs are not acceptable
for SOC application considering the target operating life-
time of the system. The excessive growth of the oxide scale
leads to buckling and spallation phenomena, especially
when the interconnect undergoes thermal cycles.243 Addi-
tionally, further oxidation of chromium contained in the
scale to Cr(VI) volatile species lead to the pollution of the
electrodes. This has led some manufacturers to develop
specific FSS alloys like Crofer 22 APU/H or Sanergy HT,
with higher Cr content and targetedmicroalloying compo-
sition for enhancedMICperformance.However, the cost of
manufacturing these newly developed alloys is prohibitive,
so that it has become common practice to employ con-
ventional FSS alloys, like commercial K41/AISI441,244 pro-
tected by functional dense layers in the form of ceramic
or metallic coatings.245–247. Bianco et al.248 performed ex-
situ experimental benchmarking of more than 60 com-
binations of material solutions for SOFC interconnects,
confirming that cheaper commercial stainless steel (K41)
can compete with SOFC-specific steels. Moreover, it has
been demonstrated that the application of protective coat-
ings reduces the oxidation rate by two orders of magni-
tude, maintaining low ASR values.249–251 Furthermore, in-
situ benchmarking on different solutions for AISI441/K41
MICs tested in SOFC stack operating conditions up to
10,000 h. Bianco et al.252 revealed that physical vapor depo-
sition (PVD) coating leads to the lowest voltage decay. It
has also been demonstrated recently that steel nitriding
decreases chromium evaporation with porous coatings.253
Degradation processes of either coated or uncoated FSS

can be classified into two groups: those induced by inter-
actions with gaseous agents (solid-gas reactions) and those
induced by interactions at interfaces with active cells, seal-
ing, or contact layer materials (solid-solid reactions). The
most important degradation reactions occurring in steel
MICs are summarized in Figure 6. Detailed discussion
on MIC degradation mechanisms is not included here as
many excellent review articles and book chapters on these
topics can be found in the literature.9,232,237,254–256
Lifetime prediction of coated and uncoated steel inter-

connects is a topic of paramount importance since the
mechanical integrity of the entire SOC stack depends crit-
ically on interconnect durability. In general, the lifetime
of materials in high-temperature environments remains
very challenging to predict, since high-temperature com-
ponents are often subjected to a complex combina-
tion of thermo-mechanical and oxidation-related dam-
age mechanisms.48,136,139,257 Thus, for instance, wall thick-
ness loss, scale spallation, and breakaway corrosion are
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F IGURE 6 Breakdown of metallic interconnect degradation
processes

the most frequently reported mechanisms causing high-
temperature failure of components subjected to oxidation.
Several studies report that oxidation degradation rather
than intrinsic component thermo-mechanical properties
are the predominant failuremode in thin chromia-forming
steel MIC components.258,259 More specifically, according
to these studies, the Cr reservoir in the bulk alloy may
be considered as the primary lifetime-controlling factor
on uncoated steels rather than the absolute Cr alloying
concentration. The Cr reservoir model predicts that break-
away corrosion is the most important failure-inducing oxi-
dation effect and that oxidation-limited lifetime decreases
with decreasing component thickness, as amore rapid con-
sumption of the Cr reservoir by chromia scale growth and
Cr evaporation takes place in the case of thinner MIC
components. However, the interfacial properties between
a coating layer and the steel substrate and the effect of sub-
coating chromia scale growth have been successfully mod-
eled for coated MIC lifetime prediction.260
The ability to rapidly form a protective and well-

adherent chromia scale is at the basis of the well-known
oxidation resistance of FSS alloys.However, chromia scales
are not completely stable in the wet air conditions of SOC
cells due to the formation of harmful Cr volatile species in
the form of CrO3 and CrO2(OH)2. Since the most active
electrochemical areas of the oxygen electrodes, i.e. the
TPB region, act as preferential nucleation sites for deposi-
tion of such volatile Cr species, this causes relevant oxy-
gen reaction deactivation and overall cell performance
degradation.261–263
Additionally, Cr evaporation can have important conse-

quences on MIC oxidation resistance, especially at lower
operating temperatures. According to Trebbels and Aste-
man, continuous Cr evaporation at temperatures between
600 and 900◦C will lead to the formation of progressively
less protective oxide scales and eventually to destructive
break-away oxidation as a result of fast-growing Fe-rich
oxide formation.23,244,264–266

Although the stress is on the electrodes and elec-
trolytes, the sealant is also polluted which introduces
other degradation sources. In ref. 267, the analysis of a
sealant/interconnect from the inlet and outlet manifolds
of a stack operated at 750oC for 4000 h shows that the
sealant exposed to the outgoing air is significantly polluted
by chromiumgenerated in the stack and transported by the
air stream. In ref. 268, it was shown that the compressive
gasket seals in SOFC stacks were colored with Cr deposits,
the distribution of which matched the modeling of the Cr
evaporation profile from theMICs in contact with the seals
according to local O2 and H2O partial pressures.
Falk-Windisch et al.269 have reported that oxidation and

Cr vaporization have similar rates in the 650-850◦C range,
but different activation energy values. Thus, although Cr
evaporation decreases with lower temperatures, its rela-
tive importance with respect to oxidation grows, leading
to an observed transition from parabolic to paralinear oxi-
dation at prolonged exposure times. This means that the
Cr evaporation process assumes an increasing role for life-
time predictions of steel interconnects as the temperature
decreases. An important consequence of these findings is
that increasing temperature as a strategy for accelerated
degradation analysis and testing of steel interconnectsmay
be somewhat misleading since chemical composition and
scalemicrostructurewill significantly change as a function
of temperature and also of exposure times.
To prevent Cr evaporation, protective coatings with low

electric resistivity and high chemical stability should be
used to inhibit its evaporation. Their function is to hin-
der both oxidation and chromiummigration from the sub-
strate steels. The difficulty in the modeling approaches
arises from the wide range of testing conditions and the
influence of the gas atmosphere. Usually, ex situ character-
ization methods of protective coatings involve chromium
evaporationmeasurements, ASRmeasurements, and long-
term exposure tests.270,271
Mixed Mn-Co spinels characterized by high conduc-

tivity values and good thermal expansion compatibility
with ferritic stainless steels are used as protective coat-
ing materials.272 To improve lifetime and performance,
spinel modification by doping has recently attracted major
research attention. Thus, by way of example, in ref. 273, the
effect of Fe, Cu, and simultaneous Fe+Cu doping of Mn-
Co spinels are studied. A multiple doping approach is pro-
posed as an effective strategy to design cobaltite materials
properly tailored for the application.
Despite their importance for a reliable design of accel-

erated test methods, the development of predictive mod-
els for interconnect lifetime has been the subject of a very
limited number of works. Simple physical models based
on interfacial energy fracture and Cr depletion analysis
have been developed by Liu et al.260 and Fang et al.274
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to predict the lifetime of coated and uncoated 0.5 mm
Crofer 22APU steel. Following the concept that delamina-
tion is often observed within the coating layer as a result
of CTE mismatch-induced tensile thermal stresses, in ref.
260, service life was predicted by combining oxide growth
kinetic data with experimental adhesion/spallation behav-
ior of the oxide scales, which allowed to determine a crit-
ical oxide thickness for spallation. The model predicted
that uncoated Crofer 22 APU will fail at a chromia scale of
11.2 μm, corresponding to 4750 h of operation at 800◦C. A
Mn1.5Co1.5O4 spinel-coated Crofer showed a predicted life-
time of 15,500 h with a critical oxide thickness of 4.2 μm,
under the same operating conditions.
Feng et al.274 considered a different physical predic-

tive model based on a Cr depletion analysis, which com-
bined diffusion, oxidation, and Cr evaporation experimen-
tal data, while the effect of mechanical scale integrity
was not taken into consideration. The critical oxide thick-
ness was defined as when Cr concentration at steel/oxide
interfaces drops in the critical range of 14-16 wt.%, which
causes a transition from protective to a breakaway destruc-
tive oxidation. With this model, the estimated lifetime
of a MnCo1.9Fe0.1O4 spinel-coated Crofer was more than
35,000 h at 850◦C, which is roughly double the lifetime of
uncoated Crofer.
Xu et al.275 and Akanda et al.276 have extended the coat-

ing mechanical degradation approach proposed by Liu
et al.260 by developing an integrated experimental and
modeling methodology to predict critical chromia oxide
thickness and the consequent lifetime of coated MIC com-
ponents. Thus, the lifetime of a manganese-cobalt spinel
oxide coated 18Cr (441) ferritic stainless steelwas estimated
by Akanda et al.276 taking into consideration the fracture
energy at the interface between the chromia scale and the
coating rather than the interfacial shear strength as pro-
posed byLiu et al.260 Comparing interfacial fracture energy
from experiments and from an analytical model, the crit-
ical chromia thickness at which spinel coating spallation
occurs was correlated to the chromia scale growth rate.
Despite different calculation methods, lifetime prediction
results were very similar to those reported in ref. 260. Thus,
4.2 μmwas confirmed as a critical chromia thickness value
for spinel coating spallation and as a result, a comparable
estimate of spinel coating lifetime of 34,720 h, at 750◦C,was
determined.
A more refined energy-based fracture analysis is

reported in the work of Xu et al.,275 where the critical
chromia thicknesswas determined for amanganese-cobalt
spinel coated 441 steel at 800◦C as a function of various
design factors including the spinel coating thickness. It
was found that the critical chromia thickness significantly
increases from 4.2 μm (without spinel coating) to about
10 μm (with a 15-μm thick coating). In the latter case, the

projected coated MIC lifetime is extended to about 40,000
h, at 800◦C.
A more sophisticated model based on a first-principle

approachwas described in thework byOumet al.179 In this
work, a theoretical Cr depletion analysis based on a mod-
ified version of the Deal-Grove model277 was developed
to predict the lifetime of an uncoated 26 Cr ferritic steel
alloy at 850◦C. The different fluxes of chromium, water,
and chromia are incorporated in the theoretical model to
account for the Cr depletion. The model was partly vali-
dated with experimental data and predicts that the oxide
scale is completely volatilized soon after 3250 h of expo-
sure in air+3H2O, thus marking the end of the steel use-
ful life. The model also predicts that the lifetime is greatly
affected by the humidity content in the air. For instance,
the predicted lifetime drastically reduces by nearly half
when the humidity rises from 3% to 5%. Thus, the con-
firmation that humidity is a highly threatening factor for
MIC lifetime could make the theoretical model proposed
by Oum et al.179 a valuable tool to be employed for design-
ing well-targeted accelerated degradation tests. Moreover,
it is also interesting to observe that, although interconnect
oxidation is a very complex degradation process to model
theoretically, the results of this model report a useful life-
time of uncoated steels, which is in excellent accordance
with the above-mentioned physical prediction models,260
showing in both cases that the useful lifetime of uncoated
steels collapses rapidly in less than 5000 h when exposed
to temperatures of 800◦C or higher.

3 STACK-LEVEL DEGRADATION

The total degradation of the cell/stack operating at con-
stant conditions can be presented as the sum of the con-
tributions coming from the main components (i.e., elec-
trodes, electrolyte, interconnect, and their interfaces). An
SOC can be examined also from different points of view:
as a power generator, based on electrochemical reactions
at continuum level; as a heat and mass exchanger, in
a perspective of fluid dynamics and transport phenom-
ena; as a chemical reactor, in terms of chemical reac-
tions depending on fuel composition and heat effects asso-
ciated with the electrochemical conversion.278 Modeling
an SOC stack, therefore, should focus on several aspects,
such asmass transport, heat exchange, charge conduction,
reaction mechanisms, and so on, while driving the model
results toward the desired function of the stack/system.
Due to the complexity of the studied phenomena and com-
ponents, experimental tests and models on specific sepa-
rated cell elements are performed to obtain a better under-
standing of occurring local mechanisms. Still, in these
cases, the influence of the other components vanishes and
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it is not possible to have an effective overview of the stack
process.
In the previous sections, different degradation phenom-

ena,mechanisms, andmodeling approaches (mainly at the
microscale level) have been presented. However, in com-
plete cell/stack operation there can be overlapping of con-
tributions from different processes. In some cases, com-
bined phenomena can, on the one hand, amplify and accel-
erate degradation or, on the other hand, lessen their effects.
Thus it is useful to investigate in depth the degradation
behavior of a specific component/part in the cell/stack
(through both experimental procedures and modeling),
but the whole system should also be considered to detect
the total degradation due to the resultant of different
phenomena.41,44
The final goal is to find the relation between degra-

dation and operating conditions, predicting the resulting
failures.39,279,280 This general approach can ensure degra-
dation prediction based on architecture and system state,
for which analyses on cell/stack level at different operat-
ing conditions are important. Moreover, since the results
of a computational model are only an approximation of
real-world conditions and considering that numerical con-
vergence alone is not sufficient, it is worth remarking that
experimental validation is a necessary step for both model
building, tuning, and validation.281–283 In this respect,
Wuillemin et al.35,36 have highlighted the importance of
the use of segmented stack repeating units to assess the
local character of performance and degradation as well as
the use of such spatially resolved experimental data for the
calibration of electrochemical model.40

3.1 Multi-physics numerical simulation
(high-level models)

In the available literature, different high-level models are
proposed for the complete description of SOC behavior,
based on both rigorous theoretical formulations and semi-
empirical approaches, where some parameters can be eval-
uated only through comparison with experimental data.40
Due to the complexity of system resolution, different scales
of detail are present.
The use of simplifiedmodels (e.g., 0D, where the studied

system can be described as a single lumped point), allows
to have a preliminary overview of occurring mechanisms
with a minimum of computational effort,284,285 but local
phenomena are not evaluated. Therefore, a better under-
standing can be obtained using higher-dimension models.
In ref. 286, a 2D isothermal model for a planar SOFC

is developed to estimate profiles of the main properties
in cell cross-section, whereas in a 2D simulation for a
tubular SOFC is modeled, solving material, momentum,

charge, and energy balances in cylindrical geometry. A
2D approach for planar SOC is also developed for fuel
cells, electrolysis, and pressurized co-electrolysis in refs.
138, 287, and 288. In these cases, the local exchange cur-
rent densities are computed along the cell length through
microscale electrode models taking into account the reac-
tion pathways in both active layers, as described in refs.
18, 183, and 207. This thermo-electrochemical model cou-
pled to mechanical computations135 can be used to investi-
gate degradation and the impact on performances.18,54,289
As regards SOEC operation, a 2D dynamic model is pre-
sented in ref. 290 to estimate tubular SOEC behavior: dif-
ferent electric load variations are considered to estimate
cell response time in terms of obtained voltage and tem-
perature.
In refs. 291 and 292, a 3D model for the simulation of

planar FC stack performance is introduced, previously val-
idated for molten carbonate fuel cell (MCFC) technolo-
gies and then extended to SOFC applications. Themodel is
based on physical principles and its core consists of a semi-
empirical electro-kinetic relationship, which has to be
tuned through experimental parameter identification pro-
cesses. Each cell plane is divided into an optimized num-
ber of sub-elements, where local mass, energy, charge, and
momentum balances are applied, and thermodynamic-
kinetic properties are calculated. The main chemical-
physical variables characterizing the FCoperation are eval-
uated at the local level for different cells of the stack.
In refs. 280 and 293, a complete SOFC stack modeling

framework was presented that combines a thermo-
electrochemical model, including degradation processes,
with a finite-element thermo-mechanical model that
considers rate-independent plasticity and creep of the
component materials and shrinkage of the nickel-based
negative electrode during thermal cycling. Stresses in both
the anode and the cathode contribute to the probability of
failure, which can be lowered by adjusting the operating
conditions. Gas diffusion layer (GDL) and MIC have a
lower impact on the failure probability but affect the
contact pressure on the GDLs, which can cause electrical
contact loss. Importantly, the requirements for increased
mechanical reliability were opposite to those that reduce
electrochemical degradation, implying compromises have
to bemade. Electrochemical degradationmodifies the tem-
perature profile under constant system power output and
consequently the risks of cell failure. Irreversible deforma-
tion of the stack components causes losses of contact pres-
sure during thermal cycling and variation of the electrical
load, and increases the risks of anode and cathode crack-
ing. Critical tensile stress develops in theGDCbarrier layer
(between YSZ and LSCF) during thermal cycling depend-
ing on the temperature profile in operation. Counter-flow
together with low methane pre-reforming, higher SRU
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outlet temperature, and lower system specific power were
the most favorable conditions with respect to electro-
chemical degradation, because this lowers and flattens
the oxygen electrode overpotential and minimizes the
air blower consumption. These conditions however are
unfavorable for mechanical reliability. Conversely, higher
pre-reforming rate, higher system specific power, and
lower outlet temperature lead to the lowest fuel electrode
failure probability. This clearly shows that for the long-
term electrical efficiency of a SOFC stack, electrochemical
performancemust be balanced withmechanical reliability
considerations.
In ref. 294, a physics-based procedure combining exper-

iments and multi-physics numerical simulations is devel-
oped for the overall analysis of SOFC operational diag-
nostics and performance predictions. In this procedure,
essential information for the fuel cell is extracted first by
utilizing empirical polarization analysis and then refined
by multi-physics numerical simulations via simultane-
ous analysis and calibration of polarization curves and
impedance behavior. The performance at different utiliza-
tion cases and operating currents are also predicted to con-
firm the accuracy of the proposed model. It is demon-
strated that, with the present electrochemical model, three
air/fuel flow conditions are needed to produce a set of
complete data for a better understanding of the processes
occurring within SOFCs. After calibration against button
cell experiments, the methodology can be used to assess
the performance of planar cells without further calibra-
tion. The proposed methodology permits to accelerate the
calibration process and improves the efficiency of design
and diagnostics.

3.2 System simulation (low-level
models) and multiscale modeling

Moving towards full system simulation, that is, stack and
auxiliaries (balance of plant components), for different
scopes, such as system monitoring, diagnosis, progno-
sis, and control, model-based and data-driven approaches
are generally preferred. For instance, a dynamic lumped
modeling approach is applied in ref. 295, where an
Integrated Systems Module (ISM) is accounted for. The
developed module consists of two SOFC stacks enclosed
within a hot-box, through which the stack temperature
is kept controlled around a defined set-point. Dynamic
lumped energy balances are applied to simulate stack,
pre-reformer, afterburner, and heat exchanger tempera-
tures. Such equations account for inlet and outlet energy
flows carried by the gases and, in the case of the SOFC
stacks, also for the provided electric power. The stack volt-
age is modeled using the Area Specific Resistance (ASR)

F IGURE 7 Integration among diagnosis, prognosis, and
control applied to stacks and systems: different modeling
approaches can be applied to each task according to information
and measurements availability

approach. A useful contribution in this work is the eval-
uation of the heat exchanged among the different system
components through conduction, convection, and radia-
tion. The parameters required by the model are identified
based upon experimental data.
In ref. 296, the 0D dynamic simulation for a SOFC/gas

turbine hybrid system considers also SOFC degradation,
introducing a coefficient of deterioration increasing with
time for the voltage value. In ref. 297, a system simu-
lation approach including degradation was developed in
the context of SOFC operation. A lifetime simulation tool
was applied to a physical SOFC system model designed
and controlled to allow dynamic dispatch. The system was
operated in twomodes: constant power output and diurnal
dynamic dispatch. The dynamically dispatched SOFC sys-
tem proved more durable and degraded less than a system
operated at constant power output.

3.2.1 Stack state of health: Diagnostics

For operational control, diagnosis tools are developed to
avoid premature degradation of the fuel cell (see left
branch in Figure 7). The main task of fault diagnosis is to
evaluate the deviation of the current state from the normal
behavior of the fuel cell (or electrolyser), detecting haz-
ardous states.
The SoH has to be identified by diagnosing these fault

modes. To reach this goal, several stages have to be fol-
lowed: data acquisition, data treatment, and fault detec-
tion. In ref. 298, a lumped modeling approach (i.e., no spa-
tial distribution of themain variableswithin the cells/stack
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is described) is used to develop a dynamic SOFC system
model applied for diagnostic purposes. Through faulty
state simulation, a correlation among faults and operat-
ing variables is obtained and summarized in a Fault Sig-
nature Matrix, useful for fault detection and isolation pur-
poses. The diagnostic algorithmpresented in thisworkwas
experimentally validated in ref. 299. An online experimen-
tal procedure was applied to a pre-commercial SOFC sys-
temwhere faulty states were induced and validated in con-
trolled conditions.
Data-driven approaches, such as neural networks, as

well as multilinear regressions,300 provide the modeling
basis on which degradationmodels and, thus, lifetime pre-
diction tools for performance models can be built.
Statistical and stochastic approaches (e.g., Gaussian Pro-

cess, Transformed Gamma Process, Non-Homogeneous
Gamma Process, Non-Homogeneous Poisson process,
Random Walk, and so on) are usually applied to develop
advanced remaining useful life (RUL) prediction algo-
rithms. With this aim, stochastic processes can be adapted
to model specific degradation behavior, and model param-
eters can be estimated by suitable inferential procedures
applied to measured experimental data. After determin-
ing the degradation model, lifetime distribution and pre-
diction procedures for the RUL of a running unit can be
provided. Among statistical methods available in the liter-
ature, Bayesian methods, Method of Moments, and Max-
imum Likelihood estimation procedures can be suitably
applied to SOC operation. In refs. 301 and 302, Bayesian
estimation procedures are used to model degradation pro-
cesses as Non-Homogeneous Gamma Processes, upon
which an RUL probability density function is evaluated.
Furthermore, in refs. 303 and 304, Bayesian inferential
procedure has been proposed for another useful process,
the transformedWiener process that describes degradation
phenomena where degradation increments are not nec-
essarily positive and depend stochastically on the current
degradation level. The proposed approach allows to predict
the RULof a unit and can be easily extended to predict SOC
lifetime on paper.
Empirical statistical models can also be adopted to cope

with variance among units present in the measured SOC
data, and to predict degradation and time evolution of
parameter values. The approach proposed in ref. 21 pro-
vides a basis for accelerated stress tests on SOC technolo-
gies.
A correlation between degradation phenomena and

fault detection is often introduced to improve control and
diagnostic action. In ref. 305, a review is given of SOFC
degradation phenomena and corresponding fault detec-
tion methodologies. An analysis of the gap in the litera-
ture is also performed. In refs. 306 and 307, a hybrid model
is introduced (Multiple Model Prognostic Approach) that

combines operational point databases with signal-based
methods. It uses a specific structure, where a supervisor
manages multiple sub-models related to operating points
or intervals and saves operating point/interval-related data
from the databases referring to the operating point model.
The sub-models have signal-based tools to analyze their
data. They investigate the data and the change of opera-
tion. The supervisor uses the future current profile and the
results of the operating point models to estimate the RUL.
Thus, for the control of SOC stacks and systems,

intelligent real-time algorithms can be used that do
not require the embedding of high-level models, if the
main purpose is safe continuous operation under well-
performing conditions. This was demonstrated by a series
of studies,308–309,310 adopting real-time optimization tech-
niques. Using only fairly basic SOFC stack and sys-
tem models, accounting for a reformer, a burner, heat
exchange, and a heat balance model, they experimentally
demonstrated that a commercial SOFC system could be
safely controlled within its set of operation limits (max-
imum current density, minimum cell voltage, maximum
stack outlet temperature, maximum fuel utilization, mini-
mumair-fuel ratio, etc.) while keeping it at the optimal per-
formance (in this case at ∼65% electrical efficiency) under
variable dynamics. The reason for this remarkable achieve-
ment is the use of online measurements taken on the sys-
tem that are included in the feedback control algorithm,
allowing to constantly update the underlying models. It is
therefore also capable of inherently integrating the degra-
dation processes, since these are part of the online mon-
itoring. This extremely powerful technique is now being
extended to SOE operation and proton-exchange mem-
brane (PEM) systems.

3.2.2 Stack lifetime in real-time: prognostics

In view of a complete cell/stack behavior prediction in
real-time applications, also the degradation effects and fur-
ther performance reduction have to be taken into account.
For this purpose, low-level models of specific degradation
mechanisms occurring in the main cell elements (referred
to in Section 2) are introduced in high-level simulation
tools.
For instance, in ref. 41, a 2-D model of planar cell and

interconnect is proposed. Mass and energy transport phe-
nomena with electrochemistry are coupled to describe
the temperature distribution, changing feeding conditions.
Then, in this validated code, also specific equations taking
into account possible degradation are added: interconnect
corrosion, loss of ionic conductivity, nickel particle growth,
Cr contamination, and formation of insulating phases on
the oxygen electrode are evaluated.

 26985977, 2022, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/elsa.202100024 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [14/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



25 of 37 Electrochemical Science Advances
Review
doi.org/10.1002/elsa.202100024

F IGURE 8 The different levels of a fuel cell can be coupled through a multiscale modeling approach; each level (from macroscale to
atomistic) requires specific model features as well as experimental data and present an increasing complexity with lower scales

This approach is also followed in ref. 311, where spe-
cific equations of cell degradation are paired with a mul-
tiphysics model for SOFC electrochemical simulation. The
long-term performance is assumed to be influenced by Ni-
particle coarsening, oxide scale growth at interconnects,
and electrolyte conductivity decrease due to phase tran-
sition. Since the degradation phenomena strictly depend
on operating conditions, their optimization can reduce
cell decay. Hence, in ref. 312, three sub-models are pro-
posed. A processmodel calculates the systemoutput power
as a function of feed and cell features. Considering their
dependencies onworking conditions, a degradationmodel
simulates the nickel coarsening and oxidation, linked to
the deterioration of anodic TPB and conductivity. A third
model aims at SOFC optimization: operating conditions
are changed so that system lifetime productivity is maxi-
mized.

3.2.3 Integration of high-level and low-level
models through multiscale modeling

It is evident from the previous section that, as regards pre-
dictivemodeling of the complex SOFC system, amultiscale
approach is necessary, where microscale and macroscale
levels are combined (see Figure 8).
In a critical review of the SoAmultiscale models applied

in SOFC,278 it is remarked that the challenge for the future
is to develop approaches formultiscalemulti-physicsmod-
eling, considering the coupling of fluid flow, heat trans-
fer, species transport, electrochemical kinetics, and also
reforming kinetics (when hydrocarbon fuels are used).
For instance, continuum electrochemical models are used
to determine the effects of various designs and operat-
ing parameters on the generated power, maximum cell
temperature, fuel conversion efficiency, stresses caused by

temperature gradients, and thermal expansion. The perfor-
mance of both the whole system and in particular the elec-
trodes can be calculated, under different operating con-
ditions, since occurring molecular-level mechanisms and
material microstructure influences can all be evaluated.
In ref. 313, a multiscale approach is developed, where

the microscale electrochemical model (based on Lattice-
Boltzmann algorithm) calculates the performance of the
porous electrode material, the distribution of reaction
surfaces, and the transport of oxygen ions through the
material. This detailed electrochemistry modeling is used
to evaluate the overall fuel cell current-voltage relation,
which becomes the input to the macroscale calculations of
the cell current density, voltage, and heat production.
In ref. 314, multiscale modeling is applied to simulate

the performance of a SOFC with an axially-graded elec-
trode design. The authors integrate models combining
microscale and macroscale features of the whole button
cell and its layers. The button cell model is a 1D model
addressing electrochemistry and energy balance, with the
addition of percolation theory; the cell layers are mod-
eled through a quasi 2D representation of flow fields, fluid
dynamics, and thermal dynamics, but with lumped elec-
trochemical phenomena. The integration of the two mod-
els is performed through an iterative procedure, computing
the voltage with the microscale model and the related cur-
rent densitywith themacroscale one, aiming at converging
obtained results of the two models.
Thework reported in ref. 315 combinesmicroscale repre-

sentation of electrochemical reactions and transport phe-
nomena with a computational fluid dynamics macroscale
model of heat and mass transfer of an SOFC. Experimen-
tal data are used to develop the microscale models and to
verify the overall performance of the macroscale model.
In ref. 316, an RUL estimation algorithm based on fast

modeling of physical degradation of the electrochemical
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surface area of a PEMFC is developed. Amicroscale model
is introduced to describe PEMFC catalyst degradation
related to Pt agglomeration, simulating Pt particle average
size change over time. Then, this information is fed to
a macroscale model simulating the overall performance
of the PEMFC voltage, where the specific contribution
of degradation over cell voltage decay is singled out.
Although related to a different technology, this work
suitably describes the approach by which a proper RUL
estimator for real-time uses can be developed. The model
set up in the aforementioned work is then applied in ref.
316 to design a control algorithm for lifetime improvement
based on RUL estimation. This approach helps to link the
main variables affecting degradation for the definition of
suitable control strategies.

4 CONCLUSIONS AND OUTLOOK

In this review paper, the vast field of research on SOC
degradation has been addressed by a systematic approach.
First of all, the very definition of degradation and quantifi-
cation of a degradation rate have been analyzed, highlight-
ing the danger of misinterpretation of reported results and
of incomparability of degradation values without a clear
indication of the adopted calculation procedure. Various
attempts at facilitating a univocal and scientifically robust
identification of performance loss over time have been dis-
cussed, also taking into account the implications of one-
to-one durability testing, with the aim of paving the way
for meaningful accelerated stress testing of SOC cells and
stacks.
Second, an in-depth and critical assessment of the main

degradation processes in three key components of the
SOC (negative and positive electrodes and the intercon-
nect) has been carried through, attempting prioritiza-
tion of respective degradation effects and recommenda-
tion of the best approaches in their experimental ascer-
tainment and numerical modeling. The latest advance-
ments in microstructural representation (3D imaging and
reconstruction, even touching upon 4D) of SOC electrodes
have been reviewed, applied to the quantification of triple-
phase boundary (TPB) lengths and morphology evolution
over time. Then the key intrinsic degradation processes
in the negative (fuel) electrode and the positive (oxygen)
electrode have been discussed, covering first the compo-
sition and governing mechanisms of the respective elec-
trodes, followed by a comprehensive evaluation of the
most important factors of degradation during operation.
Particle agglomeration, leading to catalyst depletion, and
segregation of species in the functional layer are critical
effects at the negative electrode, for which a number of
mechanisms have been reviewed. Nickel reoxidation is as

devastating as unpredictable cause for failure in negative
electrode-supported SOCs, which has motivated a large
number of in-depth studies on the exact processes govern-
ing its microstructural effects and possible pathways for
mitigation. Overpotential and steam content provide rea-
sons for the enhanced degradation in SOEC mode, also
at the positive electrode. The manufacturing stage is par-
ticularly important for the latter component, since inter-
diffusion of chemical elements can take place during sin-
tering of the active and barrier layers. As regards inter-
connect, excessive oxidation and chromium evaporation
are key failure factors in gas-solid interaction, whereas
strontium-chromate formation and reactivity with adja-
cent stack components govern the solid-solid interactions.
Of these, the mechanisms of chromium evaporation and
reactivity are clearly the most important to harness and
control, for which a selection of approaches have been
summarized.
Finally, in understanding and capturing the compound

microstructural degradation effects on stack and system
performance, numerical modeling is a precious tool. Ade-
quate representation of microstructural phenomena needs
to trade-off with efficient prognostics of stack behavior
and timely intervention when hazardous conditions arise
while operating an SOC system. To this effect, high-
level multi-physical and low-level lumped models need
to merge so that realistic behavior can be predicted reli-
ably and, as much as possible, in real-time. Approaches
to this integration can benefit also from practices matured
in other technological fields (PEMFC, MCFC, etc.), where
multiscale modeling is the only tool to fully capture the
complexity of the operating system, subject to the stochas-
tic processes of degradation. In this endeavor, a close inter-
action between the modeling community and experimen-
tal practitioners needs to be constantly promoted.
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