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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Ni instability leads to significant penal-
ization of solid oxide cell performance.

• Ni migration prevails under electrolysis
mode due to high local potentials.

• Ni coarsening characterises fuel cell
mode combining steam and load effects.

• Water content and applied current den-
sity are Ni degradation driving forces.

A R T I C L E I N F O

Keywords:
Solid oxide cell
Steam electrolysis
Fuel cell
Ni-cermet degradation
Multiscale modelling

A B S T R A C T

Degradation issues correlated to microstructural changes are the main obstacles to solid oxide fuel cell and
electrolyser applications, making their identification and understanding fundamental steps. Coupling experi-
mental activities with modelling, this work analyses the state-of-the-art Ni-YSZ (Yttria-Stabilized Zirconia)/YSZ/
CGO (Cerium Gadolinium Oxide)/LSCF (Lanthanum Strontium Cobalt Ferrite)-CGO-based cell after 1000 h of
galvanostatic electrolysis operation at fixed temperature and high steam composition in the inlet gas. Following a
multiscale approach, the system behaviour is characterized through electrochemical impedance spectra and
polarization curves as well as studying microstructure evolution, with a focus on Ni-cermet functional layer in
view of Ni instability detected as the main degradation cause. A comparison with a cell consisting of the same
initial geometrical structure and materials but aged in fuel cell mode allows to highlight the influence of
operating mode and parameters on Ni-YSZ microstructure. Ni particle size and phase fraction variations
experimentally observed on the electrode surface are correlated to water content and applied polarization
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simulated local values. Ni uneven distribution at the electrolyte interface and particle coarsening, above all, lead
to an increase in polarization loss under electrolysis and fuel cell mode, respectively, since both penalise the
charge transfer reaction and migration.

1. Introduction

Solid Oxide Cells (SOCs) are an emerging energy conversion tech-
nology in view of their high performance as co-generation systems and
electrolysers coupled with renewables. High temperatures (usually
above 700 ◦C) are required for the operation of Solid Oxide Fuel Cell
(SOFC) to provide both electricity and heat and of Solid Oxide Elec-
trolysis Cell (SOEC) to favour water dissociation supplying electric en-
ergy and heat [1,2]. Despite several promising prototypes at the system
level and initial commercial applications [3–6], SOCs are still not
competitive in the energy market in view of their limited lifetime of
around 45,000 h and 10,000 h operation for fuel cell and electrolysis
modes, respectively [7]. The performance loss is mainly due to micro-
structural variations, which characterize multi-layer ceramic materials
at high temperatures, such as element migration and secondary phase
formation [8]. In this framework the hydrogen electrode, usually con-
sisting of a Ni cermet, is widely recognized as one of the main degra-
dation sources [9]. Ni use allows for high catalytic activity of H2 redox
reactions as well as for good electronic conductivity [10], but the risk of
Ni migration and particle agglomeration is frequent under the desired
working conditions [11]. Furthermore, the manufacturing process has a
significant impact on the microstructure evolution: fine or coarse initial
particles show different coarsening rates and the specific ratio of the
ceramic phase to the Ni phase can hinder Ni mobility and change the
reaction site number [12,13].

Several studies have tested solid oxide cells at different sets of
working conditions and operation times. The humidity level is typically
concluded to be a severe degradation cause since it enhances both Ni
migration and coarsening mechanisms [14]. Indeed, at high tempera-
tures, 20 % moisture is sufficient to form stable volatile species, above
all Ni(OH)2, resulting in Ni re-localization [15]. The main consequences
are already visible in SOFC working at high fuel utilizations [16], but
they are more pronounced under the electrolysis mode due to a higher
fed steam content [17]. It was observed that Ni particle agglomeration
causes significant changes even after a few hundred working hours
[18–20]. Referring specifically to Ni-YSZ cermet used commonly at the
commercial level, quite asymptotic growth is detected due to the YSZ
backbone inhibiting effect if its volumetric fraction is sufficient to
guarantee a good, percolated network [21]. For instance, after more
than 4400 h SOEC operation feeding 90 vol% of water, the cell showed
significant performance changes mainly concentrated in the initial 250
h, resulting in a global degradation rate of 25 mV per 1000 h due to the
loss of Ni-Ni grain contacts as well as Ni-YSZ grain contacts within the
functional layer [22]. Testing 50 vol% H2O feed, this lower steam con-
tent was still sufficient to provoke Ni diffusion from the active zone,
resulting in Ni enrichment of the support layer compared to the virgin
structure [23]. Indeed, Ni usually migrates away from the
electrode-electrolyte interface to reach a more stable status [24]. The
applied polarization has also a significant impact on Ni-cermet degra-
dation processes in both fuel cell and electrolysis modes, favouring Ni
mobility. As a function of the electrode microstructure and the impurity
level, there is an overpotential threshold value (around 160–300 mV) to
avoid complete Ni depletion near the electrolyte according to the pre-
vious literature [25].

In such a framework, this work discusses Ni-YSZ/YSZ/CGO/LSCF-
CGO cell durability under electrolysis and fuel cell operation. It is
mainly devoted to Ni-YSZ analysis in view of the high Ni instability,
which makes the hydrogen electrode a significant degradation source.
The reported observations aim at overcoming the existent literature gap,
where a direct comparison between two operation modes is quite

challenging in view of different tested sample structures and working
point sets, highlighting the role of inlet gas composition and applied
load on the cell degradation. Based on the authors’ previous studies on
solid oxide fuel cell behaviour before and after aging [26,27], the same
approach was followed in the first part of the present work to charac-
terize the electrolyser long-term degradation. Then, considering both
cell operation modes, the local changes of the material properties
detected by the post-mortemmicrostructural analysis were correlated to
the measured pre- and post-electrochemical performances through the
kinetics modelling, providing a clear cause-and-effect explanation of the
main observed degradation mechanisms.

2. Methods

2.1. Experimental setup

A hydrogen electrode-supported cell was tested under long-term
electrolysis operation to evaluate its performance and degradation. It
consists of a Ni-YSZ hydrogen electrode, which serves both as the sup-
port and the functional layer (~250 μm), a dense YSZ electrolyte (8–10
μm), a CGO thin barrier layer (2–5 μm) to avoid secondary phase for-
mation and an LSCF-CGO air composite electrode (~50 μm). Cells were
laser cut into 5.3 cm × 5.3 cm with a resulting active area of 16 cm2 for
the testing sample. The electrolysis durability test was carried out with
an H2 flow of 1 l h− 1 and H2O of 12 l h− 1 (produced by the previous
combustion of inlet H2 and O2), resulting in around a 10/90 vol% H2/
H2O ratio on the fuel side, and a flow of 63 l h− 1 dry air on the air side.
The cell was operated for 1000 h under a galvanostatic operation with a
current density of − 0.4 A cm− 2 at 750 ◦C (steam utilization of ~22 %).
The conditions for the aged fuel cell taken as the reference for Ni-YSZ
degradation consisted of 1000 h feeding a 96/4 vol% H2/H2O anodic
mixture and dry air as the oxidant at 750 ◦C and 0.4 A cm− 2 (hydrogen
utilization of ~14 %), as described in detail in the authors’ previous
devoted work [27]. It is noteworthy that the applied load in the elec-
trolysis mode is lower than the target commercial values; nevertheless, it
was chosen to be equal to the fuel cell mode one (usually working at
lower current densities) to analyse the operation mode impact on the
cell degradation, removing the effects due to different loads.

The cells were studied under long-term operation as well as during
pre- and post-electrochemical characterisation through Electrochemical
Impedance Spectroscopy (EIS) analysis and polarization curve mea-
surements (“fingerprint” at variable temperatures, loads, hydrogen/
steam ratios and oxidant contents). In addition (Fig. 1), the micro-
structural qualitative-quantitative analysis was performed on reduced
virgin samples and aged samples cut from the inlet and the outlet cell
sections in order to highlight specific local variations.

The spectra were recorded by a Solartron frequency analyser,
monitoring between 96 kHz and 0.08 Hz with 12 points per decade with
integration over 100 measurements to ensure good quality data. After
checking the individual spectra through linearised Kramer Kronig tests,
they were analysed by a suitable Equivalent Circuit Model (ECM) and
Complex Nonlinear Least Squares (CNLS) fitting. ECM consists of an
inductance element in series with an ohmic resistor, four sub-circuits
built up of a resistor and a constant phase element in parallel, and a
single Gerisher element. For the microstructural characterization,
Scanning Electron Microscopy (SEM) imaging was carried out on 1 cm
× 1 cm cut samples. The procedures were described in more detail in the
authors’ previous works. Briefly, for quantification purposes using the
in-home software ManSeg, more than 1000 particles of each sample
were taken to ensure an error lower than 5 % for the different phases
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(specifically <2 % referring to percolating Ni) [26,28].

2.2. Multiscale modelling

SIMFC/SIMEC (SIMulation of Fuel Cells and Electrolysis Cells) is an
in-home 2D Fortran code, built at the University of Genoa, to simulate
high-temperature cell behaviour by solving conservation equations on
the cell plane through a finite difference approach [29–32]. It allows
modelling the global performance starting from an ad hoc electro-
chemical formulation dependent on the computed local working con-
ditions and the imposed uneven distributions of microstructural
features. Here it forecasts the electrochemical behaviour by plotting
polarization curves and the most significant physicochemical properties,
such as the current density, the gas composition and the overpotentials,
in terms of their local distributions on the anodic and cathodic planes as
well as their global values as an average. In detail, assuming an iso-
potential cell plane, the voltage is evaluated as the algebraic sum of the
Nernst equilibrium value and a series of polarization losses derived from
Ohm law and Butler-Volmer equation. The ohmic overpotential depends
on the temperature following an Arrhenius-type formulation; the acti-
vation overpotential is influenced by the temperature and the fed gas
composition through a semi-empirical formulation of the exchange
current density; finally, the diffusion overpotential considers the

limiting current density of the main reactant (i.e., hydrogen in fuel cell
mode and water in electrolysis mode) computing its average partial
pressure along the electrode thickness. With the aim of studying
Ni-cermet-based electrode degradation [8,33], its physicochemical
properties are formulated as a function of the structural parameters
following the percolation theory [34]. Table 1 reports a summary of the
main equations (refer to the authors’ previous works for the complete
model description [27,35,36]). Note that an isothermal behaviour was
here assumed in view of the small size of the cell and the proper thermal
management of the test house. Input data are the feed conditions and
some intrinsic cell properties, which were retrieved by experimental
observations: the microstructure features, such as particle radii and
phase fractions, were computed by SEM image analysis, while the ki-
netic parameters in terms of activation energies and reactant kinetic
orders derived from ECM analysis on EIS spectra. A 10 x 10 mesh was
applied for simulation purposes.

As the performance indexes, the absolute and relative degradation
rates are evaluated. The absolute degradation rate, DRabs, computes the
x-variable (i.e., cell voltage and resistances) absolute variation over the
considered time t (eqn (1)), whereas the relative degradation rate DR%
normalises this difference on the initial value (eqn (2)). In both cases,
1000 h are commonly assumed as the reference time.

DRabs = |xt − x0|1000 / t (1)

Fig. 1. Solid oxide cell test consisting of microstructural and electrochemical characterization.
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DR% =

(⃒
⃒
⃒
⃒
xt − x0
x0

⃒
⃒
⃒
⃒1000

/

t
)

100% (2)

3. Results

SOEC performance degradation was evaluated starting from the
experimental observations derived from voltage response and EIS
spectra recorded during the durability test in addition to the pre- and
post-durability electrochemical characterization at different feed com-
positions and temperatures under both OCV (Open Circuit Voltage) and
an external applied load. Post-mortem microstructural analysis of virgin
and aged cut samples allowed the identification of possible sources for
the observed voltage increase. Finally, the cell local modelling was used
to create a link between the variations of voltage and resistances
measured at the macroscale level and the material aging observed at the
microscale level.

3.1. Electrolysis durability test and electrochemical characterization

During the durability test under a galvanostatic operation, the
electrolyser voltage shows a continuous increase except for an inter-
ruption after 150 h of operation due to technical reasons (Fig. 2A). It is
noteworthy that such a profile was post-experiment corrected by
removing the leak effects due to the break (refer to Supplementary
Material and Figure S1 for more details). Quite high voltage degradation
rates are detected with a rapid rise in the first working hours to finally
obtain ~3.5 V% kh− 1 after 1000 h of operation. This value is quite
comparable by order of magnitude with the previous literature works,
where a range of 2–10 V% kh− 1 has been reported for solid oxide
electrolysis cells [37]. For instance, an averaged value of ~4.6 V% kh− 1

was obtained under − 1 A cm− 2 and 800 ◦C feeding a 10/90 vol%
H2/H2O mixture [22]. At 850 ◦C the voltage degradation rate exceeded
~9 V% kh− 1 after 1500 working hours at − 0.5 A cm− 2 [13]. Working
temperature effects were underlined in Refs. [38,39], where higher
degradation rates characterised both 800 ◦C and 700 ◦C with fewer
changes at intermediate values. A degradation rate of ~9.7 V% kh− 1 was
also measured after just 250 h at 700 ◦C and − 0.6 A cm− 2 under
50/50H2/H2O vol% feed [40]. Knowing Ni-YSZ instability, infiltrated
electrodes were also recently tested showing ~2 V% kh− 1 at − 1.25 A
cm− 2 and 750 ◦C after 800 h [41].

Looking at the resistances derived from EIS analysis along the test

duration (Fig. 2B), they were less influenced by the current interruption
showing a minimum variation correlated to a transient phase of the
working conditions that had to be restabilized. The ohmic term is quite
stable, whereas the polarization contribution increases continuously
following an asymptotic profile with a fixed value after ~800 h. The
total absolute degradation rate for the polarization resistance is 54 mΩ
cm2 kh− 1, which can be split as 98 mΩ cm2 kh− 1 before 500 h and 8 mΩ
cm2 kh− 1 between 500 h and 1000 h. These preliminary observations
suggest that the degradation should be mainly correlated to the elec-
trodes with quite stable features of the electrolyte, since the ohmic
resistance depends above all on the ion conduction. Referring to the
Bode plots to have more insights, the main variations are visible at high
frequencies that could be due to the degradation of the hydrogen elec-
trode catalytic activity, usually detecting the Ni-YSZ charge transfer at
around 2–6 kHz. The oxygen diffusion and surface kinetics in LSCF-CGO
appear commonly at 0.1–1 kHz, showing minimum changes during the
1000 h tested SOEC operation [26,42–44]. Overlapping trends of low
frequencies at the test start and end exclude significant effects on the gas
transport processes. Quite similar considerations are obtained referring
to EIS spectra recorded during the pre- and post-durability fingerprints
(Figure S2).

3.2. Microstructural post-mortem analysis

A detailed microstructure investigation was performed from a
qualitative and quantitative point of view to detect the main effects of
electrolysis aging. The percolation imaging technique through in-lens
secondary electron detector allowed a clear distinction between the
percolating Ni (bright phase) from the non- or less percolating phases
(dark phases). The virgin cell was analysed after its reduction under 5
vol% H2 in N2 at 750 ◦C. The sample shows good adhesion between all
the different layers (Fig. 3A) and the cermet particles are observed to be
homogeneously distributed in the Ni-YSZ electrode. After 1000 elec-
trolysis working hours (Fig. 3B), neither detachment nor void formation
within the electrolyte are visible, as suggested by a minimum variation
of the ohmic resistance value (Fig. 2B). The oxygen electrode shows
qualitatively only small changes, which can be correlated to Sr mobility
as observed in previous studies on similar cells [45,46]. It is noteworthy
that LSCF-CGO good stability derives from testing a single cell, since
high-quality air was fed and there was no poisoning from interconnects
as in the case of stacks [47,48]. Therefore, the following discussion

Table 1
Electrochemical kinetics formulation for Ni-cermet based solid oxide cell in SIMFC/SIMEC model.

Material balances on the cell plane ∂Ni,j

∂Xj
=

νiJj
zF

and
∂Ni,j

∂Yj
=

νiJj
zF

∀ i-th component in each j-th sub-cell

Cell voltage Vcell = Eeqav ±
∑

ηav (each term derived from local value average)
Polarization losses

ηohmj = RohmjJj =

⎡

⎢
⎣γohmjT exp

(
Eact,ohm
RgT

)⎤

⎥
⎦Jj in each j-th sub-cell

ηact j =
2RgT
zF

sinh− 1

⎡

⎢
⎢
⎢
⎢
⎣

Jj

2γj
∏
yi,jαi exp

(
− Eact
RgT

)

⎤

⎥
⎥
⎥
⎥
⎦
∀ electrode in each j-th sub-cell

ηdiff =
⃒
⃒
⃒
⃒
RgT
zF

ln
(

1 −
Jj

Jlim i,j

)2αi
⃒
⃒
⃒
⃒ ∀ electrode in each j-th sub-cell

Ni-YSZ physicochemical features
Rohmj =

d
σNi, j + σYSZ ,j

where σeffn,j = σn,0
(
1 − εj

)2
[

Ψn,j − Ψ t
n,j

1 − Ψ t
n,j
(
1 − εj

)

]2

∀ n-th phase

γj = γʹleffTPBj in each j-th sub-cell where leffTPBj =
3
(
1 − εj

)
ΨNi ,j

4πr3Ni,j

[
π sin θ min

(
rNi ,j , rYSZ, j

) ]

(

1+
r2Ni,j
r2YSZ,j

)

6ΨYSZ ,jrNi, j

ΨYSZ, jrNi, j + ΨNi, jrYSZ, j
pNiTPBjpYSZTPBj

List of symbols: d: Electrode thickness, Eeq: Open circuit voltage, Eact: Activation energy, F: Faraday constant, J: Current density, Jlim: Limiting current density, lTPB:
Triple phase boundary density, N: Linear flow rate, pTPB: Particle probability of belonging to percolating network, Rg: Ideal gas constant, Rohm: Ohmic resistance, r:
Particle radius, T: Temperature, V: Voltage, X-Y: Spatial coordinates, y: Molar fraction, z: Charge number, α: Reactant kinetic order, γ and γ’: Kinetic constants, ε:
Porosity, η: Overpotential, ν: Stochiometric coefficient, θ: Contact angle between cermet particles, σ: Conductivity, Ψ : Solid phase fraction.
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focuses just on the hydrogen electrode which is the main cause of the
performance drop, as reported in Refs. [9,22,33]. The cell was imaged
using an in-lens secondary electron detector to identify the percolating
Ni (bright spots) and the non-percolating Ni (dark spots) in the cermet.
In the virgin sample, the percolating Ni is uniformly distributed across
the hydrogen electrode (Fig. 3C); while in the aged cell the Ni particles
of the functional layer (~10–15 μm) are larger in size as compared to the
virgin one at both the inlet and the outlet sections (Fig. 3D and
Figure S3). In addition, there is a Ni loss provoking a decrease in the
percolating network due to its migration in ~2–5 μm thickness from the
electrolyte interface to the electrode bulk, where a combination of Ni
re-deposition and agglomeration increases the particle size [17,25,47,
49]. All these phenomena result in a significant penalization of the
hydrogen electrode polarization [19]. Previous studies have also shown
the ohmic resistance rise due to the extension of O2− transfer distance to
the reaction sites [19,22,50]. However, this phenomenon is not here
observed (Fig. 2B), since only a fraction of the percolating Ni migrates
away from the electrolyte-electrode interface, conserving the electrode
network for the charge migration.

The quantitative analysis on the Ni-YSZ electrode was performed by
ImageJ and ManSeg [51,52]. After aging the Ni particle size increases by
~20 %, resulting in similar values at the inlet and the outlet (Table 2).
Consequently, the pore diameter reaches ~0.5 μm with respect to the
initial ~0.3 μm size. Ni coarsening and migration cause the percolating
network partial destruction, above all in the inlet section. Here the
percolating Ni fraction reduces up to 0.17 (vs. 0.40 before testing),
causing an increase in the porosity and the non-percolating Ni fraction
(0.24 and 0.14 after testing vs. 0.15 and 0.05 before testing, respec-
tively). The YSZ forms a quite stable backbone with minimum micro-
structural variations, mainly correlated to 2D image analysis limitations.
However, considering the used percolation imaging technique for the
post-mortem microstructural analysis, a maximum computation error of
5 % is detected on parameter identification in the case of dark phases (i.
e., pore and YSZ), while a value lower than 2 % characterises the bright
phase (i.e., percolating Ni) that can be easily identified. Thus, detected
Ni migration and coarsening effects would be reliable.

Fig. 2. Cell voltage (A), ohmic and polarization resistances determined by EIS analysis (B) during operation over 1000 h SOEC working at − 0.4 A cm− 2 and 750 ◦C
feeding 10/90 vol% H2/H2O mixture and dry air.
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3.3. Cell kinetics modelling

A detailed comparison of the electrolysis cell operation between
virgin cell and 1000 h aging status was performed through a physics-
based modelling approach. The specific kinetic parameters for the Ni-
YSZ/YSZ/CGO/LSCF-CGO cell derived from EIS analysis are reported
in Table 3, referring to both pre- and post-durability cases (fitting errors
lower than 1 %). Considering the pre-testing behaviour, the air electrode
consisting of a perovskite-based composite layer has a higher activation
energy compared to the Ni-YSZ hydrogen electrode [27,53]. Different
kinetic orders for hydrogen and steam are evaluated to simulate the
reversible cell operation, in view of their specific weight on the reaction

path [54]. The oxygen kinetic order is lower confirming its minor in-
fluence, which is an LSCF peculiarity [55]. Analysing the aged cell
spectra, no significant variation is detected for both kinetic orders and
activation energies, which are assumed to be almost constant for pre-
and post-durability performance simulation. Indeed, the degradation
changes above all the pre-exponential coefficients of the exchange cur-
rent density since they are correlated to the catalytic active site distri-
bution. A higher variation of the hydrogen electrode coefficient is
noteworthy (66 % Ni-YSZ vs. 37 % LSCF-CGO), explaining the high
frequency process contribution increase. The ohmic parameters slightly
vary, but they balance each other without causing a visible overall
ohmic resistance rise (Fig. 2B).

Referring to Ni-YSZ microstructural parameters, the reduced sample
has a homogeneous microstructure on the cell whole plane, which re-
sults in a TPB density of ~3.1 μm− 2 and a conductivity of ~970 S cm− 1

at 750 ◦C. Different local working conditions cause their uneven

Fig. 3. SEM images of virgin reduced (A) and outlet aged (B) full cell, virgin (C) and inlet aged (D) Ni-YSZ active layer distinguishing pores (black), percolating Ni
(bright), non-percolating Ni (light grey) and YSZ (dark grey). Red arrows in Figure (D) underline the percolating Ni partially depleted zone at the electrode-
electrolyte interface due to Ni migration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Post-mortem analysis of Ni-YSZ active layer by the comparison of electrolysis
aging structure with respect to virgin one (computational error on parameter
identification lower than 5 %).

Parameter Pre-durability Post-durability

Inlet Outlet

Phase fraction (− )
Pore 0.15 0.24 0.20
Percolating Ni 0.40 0.17 0.20
YSZ 0.40 0.45 0.45
Non-percolating Ni 0.05 0.14 0.15
Dimension (μm)
Pore 0.30 0.52 0.53
Percolating Ni 0.80 0.98 0.96
YSZ 0.60 0.60 (*) 0.60 (*)
Non-percolating Ni NA 0.90 0.90

(*) supposed into the model based on known YSZ stability.

Table 3
Kinetic parameters to simulate cell performance before and after 1000 h elec-
trolysis working (fitting error on parameter identification lower than 1 %).

Parameter Pre-durability Post-durability

Ohmic pre-exponential coef. (Ω cm2 K− 1) 5.9•10− 8 3.4•10− 8

Ohmic activation energy (kJ mol− 1) 64 70
H2O kinetic order (− ) 1.08 1.08
H2 kinetic order (− ) 0.50 0.50
Ni-YSZ activation energy (kJ mol− 1) 107 105
O2 kinetic order (− ) 0.17 0.17
LSCF-CGO activation energy (kJ mol− 1) 120 120
Ni-YSZ pre-exponential coef. (A cm− 2) 1.2•106 4.1•105

LSCF-CGO pre-exponential coef. (A cm− 2) 8•105 5•105
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distribution on the aged sample plane. Based on the post-mortem
microstructural analysis, linear trends were assumed along the
cathodic feed direction for Ni radius and phase fraction (Fig. 4A),
creating their local maps to be applied as SIMFC/SIMEC model inputs.

Such an assumption is justified by the quite small cell size and the
reactant feeding design [31,56]. However, further studies on
commercial-scale cells could apply a more detailed trend by diversifying
the cut samples on the cell plane. The model allows for estimating the

Fig. 4. Percolating Ni particle radius and Ni total phase fraction imposed linear increase on aged cell plane (A), allowing the calculation of exchange current density
and conductivity for Ni-YSZ active layer (B) at OCV, 50/50 vol% H2/H2O, dry air and 750 ◦C by SIMFC/SIMEC.
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attended local changes of the kinetic rate and the ohmic resistance in
terms of the exchange current density (linearly increasing) and the
cermet conductivity (almost exponentially increasing), respectively
(Fig. 4B). Indeed, Ni-instability reduces (i) the TPB density due to a
lower contact area between metal and ceramic particles, (ii) the charge
migration in view of a lower Ni percentage at the electrolyte interface.
The most severe effects occur at the inlet, where a higher Ni radius and a
lower percolating Ni phase fraction are detected (Table 2). Variations of
~0.01 μm as Ni particle radius and ~0.04 percentage points as Ni total
fraction between the cell extremities provoke an almost halved ex-
change current density value and a conductivity local variation of ~45 S
cm− 1. However, the degradation processes mainly involve the activation
overpotential and, to a lesser extent, the ohmic one. Indeed, the wors-
ening of Ni-YSZ electrode conductivity leads to a minimum of ~2.5 S
cm− 1 @750 ◦C, which is still two-orders of magnitude higher than the
pure YSZ layer value (~0.03 S cm− 1 @750 ◦C). Since the electrolyte
aging is negligible and the low Ni amount at the interface still allows a
percolation network (Fig. 3), the ohmic overpotential did not increase
under the testing period as previously observed for the same electrode
configuration [19,57].

Basing on this local analysis, SIMFC/SIMEC model was first suc-
cessfully validated by experimental data comparison referring to the
fingerprints (relative error always lower than 4 % (Figure S4)). Then it

was used to compare the reversible cell performance pre- and post-
durability by simulating the characteristic curves (for example, pre-
and post- IV curves under a 50/50 vol% H2/H2O mixture and dry air in
Fig. 5A and Figure S5, respectively). Referring to the overpotentials in
fuel cell mode before aging (Figure S6), the combination of activation
and ohmic terms has the highest impact except at high current densities.
Whereas in electrolysis the diffusion loss plays a significant role also at
low loads in view of a higher water molecular size compared to
hydrogen. For example, considering the fuel cell working condition of
0.4 A cm− 2 (average value on the cell plane in SIMFC/SIMEC) at 750 ◦C,
the ohmic and the activation contributions represent ~56 % and ~38 %
of the total cell overpotential, respectively. The remaining ~6 % is
covered by the diffusion term. In the electrolysis operation under − 0.4
A cm− 2 (average value on the cell plane in SIMFC/SIMEC) and 750 ◦C,
the ohmic and the activation overpotentials decrease at ~46 % and ~33
%, respectively, due to the ~21 % weight shown by the diffusion value.
In the case of the aged cell (Figure S7), the main variation characterises
the activation overpotential that becomes 47 % of the total losses in
electrolysis mode (vs. 38 % and 15 % of the ohmic and diffusion terms,
respectively) and 52 % of the total losses in fuel cell mode (vs. 44 % and
4 % of the ohmic and diffusion terms, respectively). This is above all due
to Ni-YSZ functional layer degradation and only partly to the LSCF-CGO
electrode. The voltage absolute degradation rate is finally used to

Fig. 5. IV curves for virgin cell performance (A) and absolute degradation rates after 1000 h aging (B) at 50/50 vol% H2/H2O fuel and dry air under a revers-
ible operation.
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quantify the mismatch between pre- and post-testing IV curves (Fig. 5B).
The curves at 750 ◦C present the worst performance, reaching a degra-
dation rate of ~70mV kh− 1 over − 1 A cm− 2 in the electrolysis cell mode
and of ~60 mV kh− 1 over 1 A cm− 2 in the fuel cell mode. At 850 ◦C and
800 ◦C the DRabs profiles are quite linear in view of the main weight
shown by the ohmic losses. At 750 ◦C the activation overpotential is
higher, explaining the visible asymptotic profile in accordance with the
Butler-Volmer formulation [58].

4. Discussion

This section is devoted to underlining the peculiarities of Ni-YSZ
degradation due to electrolysis and fuel cell operation: the first stud-
ied in detail in the present work, the second analysed in the authors’
previous work [27]. It is noteworthy that the cell material and design are
the same for both cases, allowing an effective comparison between their
performances since the detected differences in aged samples are just due
to specific working conditions.

Under a fuel cell operation, the cell showed a lower degradation rate
(~0.6 V% kh− 1) with again a more significant change of the polarization

resistance, which increased quite linearly (~12 % kh− 1) due to mainly
the Ni-YSZ charge transfer process contribution. This was correlated to
Ni-coarsening detected in the functional layer, which reduced the cat-
alytic activity resulting in an activation overpotential increase.

4.1. Ni-YSZ degradation in terms of microstructural changes

Basing on SEM image analysis, the microstructural parameters of the
Ni-YSZ functional layer were computed and compared in order to un-
derline local differences between the degradation in fuel cell and in
electrolysis operations (Fig. 6). The Ni/YSZ ratio is unitary in the virgin
samples, confirming a homogenous distribution of metal and ceramic
phases with a very low amount of non-percolating Ni. After 1000
working hours, the main visible changes are the percolating Ni fraction
decrease (more accentuated after electrolysis operation) and the Ni
particle size increase (more accentuated after fuel cell operation). Such
aspects reduce the available Ni active surface, changing the percolation
network of the Ni-YSZ electrode. Different local values are visible when
comparing the inlet and outlet sections of the same aged sample as well.
The electrolysis operation provokes a higher Ni migration (Fig. 6A),

Fig. 6. Comparison of Ni-YSZ functional layer phase fractions (A), percolating Ni and pore sizes (B) after 1000 working hours in fuel cell and electrolysis mode at
inlet and outlet sections with respect to virgin cell homogenous structure (computational error on parameter identification lower than 5 %).
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leading to the minimum percolating Ni fraction of 0.17 (vs. 0.21 in fuel
cell mode) and the maximum porosity of 0.24 (vs. 0.21 in fuel cell mode)
at the inlet of the aged samples. In both cell operating modes, the
percolating Ni fraction has an increasing trend following the gas flow
direction and here it reaches the highest values at the outlet, the
opposite for the porosity. Looking at the particle sizes (Fig. 6B), Ni
agglomeration is detected in all the samples, but a higher radius char-
acterises the cell tested in fuel cell mode obtaining a maximum increase
of ~22 % and of ~44 % after electrolysis and fuel cell aging, respec-
tively. In detail, the highest sizes correspond to the SOEC inlet section
(0.98 μm) and to the SOFC outlet one (1.15 μm) in agreement with [12,
49]. In the SOEC durability test, the local variation on the cell plane is
quite negligible (i.e., a decrease of ~2 % between the inlet and the
outlet), whereas the fuel cell aged sample shows bigger particles at the
outlet with an increase of ~5 % with respect to the inlet value.

4.2. Ni-YSZ degradation due to local working conditions

The detected microstructure evolutions were explained by referring
to local working conditions on the cell plane computed through SIMFC/
SIMEC model. Indeed, experimental observations show a higher degra-
dation at the cell inlet and at the cell outlet for the electrolysis and fuel

cell aging, respectively. Several reference works have assumed the po-
larization as the possible driving force for Ni migration [16,59], which is
confirmed in the present work. Indeed, the hydrogen electrode over-
potential is higher at the SOEC inlet under the tested conditions of
10/90 vol% H2/H2O fuel mixture and dry air at 750 ◦C and − 0.4 A cm− 2

as an average current density on the cell plane. This is a consequence of
higher local current densities (Fig. 7A) since the cell kinetics is favoured
at the inlet where there are more reactants. The Ni-YSZ overpotential
computed as the sum of activation and diffusion terms is 34 mV under an
inlet local current density of − 0.55 A cm− 2 and decreases at 17 mV
under an outlet local value of − 0.30 A cm− 2. Similarly, in fuel cell mode
(96/4 vol% H2/H2O fuel mixture and dry air at 750 ◦C and 0.4 A cm− 2 as
an average current density on the cell plane), a higher local current
density is computed at the inlet section characterised by a lower
percolating Ni phase fraction (0.43 A cm− 2 at the inlet vs. 0.37 A cm− 2 at
the outlet in Fig. 7B). Moreover, since the cell has an asymmetric elec-
trochemical behaviour (Fig. 5A), under an equal absolute average value
of 0.4 A cm− 2 Ni migration is more emphasized after electrolysis mode
aging, which is characterised by higher polarization losses.

It is noteworthy that the present analysis was performed at working
conditions more commonly used in solid oxide fuel cells but quite far
from the commercial electrolyser target that overcomes − 1 A cm− 2,

Fig. 7. Local maps of theoretical working conditions in terms of current density (A–B) and water volume fraction (C–D) under SOEC (A–C) and SOFC (B–C) operation
according to SIMFC/SIMEC results (SOFC operation @0.4 A cm− 2 feeding 96/4 vol% H2/H2O mixture and dry air at 750 ◦C, SOEC operation @-0.4 A cm− 2 feeding
10/90 vol% H2/H2O mixture and dry air at 750 ◦C).
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resulting in a more stressful operation and Ni migration enhancement.
According to SIMFC/SIMEC model, the increase in applied average load
causes higher local values on the cell plane, computing an increment as
an absolute value up to ~0.15–0.16 A cm− 2 more. Here the Ni-YSZ
overpotential also results higher looking at the local maps. For
instance (Figure S8), at the reference working condition of 10/90 vol%
H2/H2O fuel mixture and dry air at 750 ◦C, an applied average current
density of − 0.8 A cm− 2 means an electrode overpotential of ~60 mV
which overcomes ~100 mV over − 1.4 A cm− 2 (with respect to ~34 mV
@-0.4 A cm− 2). Here, in view of the polarizationdriving effect for Ni
mobility, a more severe degradation should occur as observed in Refs.
[11,60]. Moreover, higher applied loads can also activate further pro-
cesses within the electrolysis cell, undermining electrolyte and oxygen
electrode stability [61–63].

According to the previous literature, the particle agglomeration is
above all dependent on the temperature firstly and the humidity level
secondly [14,64]. Since a good thermal control was guaranteed in the
furnace in view of the small cell dimension, the main difference on the
cell plane involves the steam content and the applied current density
resulting in both degradation-accelerating agents [65]. The water pro-
duced by SOFC leads to its fraction increase along the flow direction
(Fig. 7D), which may explain the highest measured Ni size at the fuel cell
outlet. In electrolysis operation, bit larger particles are reached at the
inlet (i.e., 90 vol% H2O) with respect to the outlet section (Fig. 7C). For
the sake of clarity, a gas leak was detected during the electrolysis
durability test; here the theoretical simulated local values of water
content could be actually a bit underestimated. The steam content would
seem to have a significant influence on the particle sintering, resulting in
4 vol% H2O sufficient to measure a particle increase. Nevertheless, it
cannot be the only driving force; otherwise, a higher Ni coarsening
should be observed under the electrolysis operation. Ni coarsening and
migration are concurrent effects: the Ni mobility influenced by the
applied polarization shows effects on the sintering process. Under the
electrolysis mode, the water content is more than 8 times higher but this
operation is also characterised by higher overpotentials, which cause Ni
migration to the electrode bulk hindering the particle size increase as
well as partially levelling the differences between the inlet and the outlet
sections. Whereas the mitigating effect of Ni migration is less empha-
sized under a fuel cell mode in view of its lower polarizations, as
partially confirmed by a higher particle size detected at the fuel cell
outlet where there are lower current densities.

Referring to the effects on the cell performance, Ni conductivity in
the aged functional layer is lower due to both a bigger particle size and a
smaller phase fraction that reduce the contact area among particles,
penalising charge migration. The minimum value is reached at the inlet
of the electrolysis working sample (~2.5 S cm− 1). In fuel cell durability
tests, a bit higher values of Ni conductivity (5.3 S cm− 1 as the minimum)
are detected due to the balance between a higher Ni fraction and larger
Ni particles. Referring to Ni-YSZ catalytic activity, both Ni agglomera-
tion and migration change TPB density according to the percolation
theory (Table 1). Nevertheless, a lower value of the average TPB density
is computed for the cell aged in electrolysis mode (1.09 μm− 2 SOEC vs.
1.25 μm− 2 SOFC), which points out Ni depletion issues. Such a reduction
has a direct influence on Ni-YSZ activation overpotential [49], resulting
in an absolute degradation rate of ~26 mV kh− 1 with respect to ~20 mV
kh− 1 after SOFC aging (@50/50 vol% H2/H2O fuel mixture and dry air
at 750 ◦C).

5. Conclusions

Ni-YSZ cermet has a well-known catalytic activity for hydrogen
evolution, yielding the perfect candidate as a solid oxide cell electrode.
Nevertheless, it is also characterized by a significant instability, which
becomes the source of severe performance drops during a long-term
operation. Aiming at a clear identification of the working condition in-
fluence, the authors compared Ni-YSZ electrode aging under fuel cell

and electrolysis mode by testing Ni-YSZ/YSZ/CGO/LSCF-CGO hydrogen
electrode-supported cells for 1000 h under galvanostatic conditions at
equal temperatures and current density absolute values. The experi-
mental activity was aided by 2D modelling, which allowed local phe-
nomenon analysis on the cell plane. Focusing here mainly on the
electrolysis durability test, a cell degradation rate of ~3.5 V% kh− 1 was
detected above all due to Ni-YSZ degradation, as pointed out by both EIS
spectra and post-mortem microstructural analysis. Indeed, a Ni phase
fraction reduction of ~50 % coupled with a particle increase of ~20 %
results in a significant increase in the activation overpotential.
Comparing two operations, the electrolysis working mode favours
mainly Ni migration which causes its depletion within 2–5 μm close to
the electrolyte interface. Whereas fuel cell aging is characterised by a
more significant particle increase. Both aspects show a major effect on
the catalytic activity, with a negligible worsening of the electron con-
ductivity since the percolating network is never completely lost. Ac-
cording to local model results, the steam and the current density are the
main accelerating factors under an almost isothermal operation. The Ni
coarsening is also activated at low humidity levels, but the particle
growth can be slowed down by Ni migration due to the applied over-
potentials. This means a lower Ni phase fraction along with a lower
particle size under electrolysis aging. Differently, fuel cell aging causes
larger particles since the Ni migration hindering effect is less empha-
sized in view of lower local current density gradients (i.e., lower
overpotentials).
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