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Abstract

During the operation of Solid Oxide Cell (SOC) fuel electrodes, the mobility of nickel can lead
to significant changes in electrode morphology, with accompanying degradation in
electrochemical performance. In this work, the dewetting of nickel films supported on yttria-
stabilized zirconia (YSZ), hereafter called 2D cells, is studied by coupling in-situ environmental
scanning electron microscopy (E-SEM), image analysis, cellular automata simulation and
electrochemical impedance spectroscopy (EIS). Analysis of experimental E-SEM images
shows that Ni dewetting causes an increase in active triple phase boundary (aTPB) length up
to a maximum, after which a sharp decrease in aTPB occurs due to Ni de-percolation. This
microstructural evolution is consistent with the EIS response, which shows a minimum in
polarization resistance followed by a rapid electrochemical degradation. These results reveal
that neither evaporation-condensation nor surface diffusion of Ni are the main mechanisms of
dewetting at 560-800 °C. Rather, the energy barrier for pore nucleation within the dense Ni
film appears to be the most important factor. This sheds light on the relevant mechanisms and
interfaces that must be controlled to reduce the electrochemical degradation of SOC

electrodes induced by Ni dewetting.
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1. Introduction

Solid Oxide Cells (SOCs) are electrochemical energy conversion devices which offer a high
operating efficiency for electricity and hydrogen production in their fuel cell (SOFC) or
electrolysis (SOEC) operation mode, respectively [1-3]. Nickel-yttria stabilized zirconia (Ni-
YSZ) cermets are a commonly used SOC fuel electrode material with relatively low cost and
good performance. The electrochemistry of hydrogen oxidation, taking place at the active triple
phase boundary (aTPB) of Ni, YSZ and pores, has been widely studied and is fairly well
understood [4,5]. However, a wide range of experimental evidence has proven that Ni
coarsening can accelerate electrochemical performance degradation, by damaging the cermet
microstructure and reducing the active triple phase boundary length [6—-8]. The investigation
of Ni coarsening is also driven by the increasing interest in nanostructured infiltrated
electrodes [9—-12], whose initial performance before Ni dewetting makes this technology very
promising for intermediate and low temperature operation [13—-15]. However, due to the large
dimensional disparity between nickel nanoparticles and the large YSZ particles of the scaffold,

the dewetting mechanism itself remains challenging to investigate.

Solid-state dewetting describes the transformation of a thin film into an energetically favored
set of droplets or particles at temperatures well below the melting point [16,17]. The driving
force for dewetting is the minimization of the total energy of the free surfaces of the film and
substrate as well as of the film-substrate interface [17-21]. The partially dewetted Ni film is
itself a workable fuel electrode for SOCs as it provides long TPB lines if the structure is fine
enough. Meanwhile, the two-dimensional morphology and connectivity of the nickel and pore
phases as well as the TPB lines can be directly observed and characterized. Since the
underlying mechanisms leading to dewetting of thin films are the same ones that cause 3D
microstructural evolution in thick porous Ni-YSZ electrodes, the new information and
understanding achieved by studying experimentally observed 2D phenomena can lead to
better insight into the 3D microstructural degradation of Ni-YSZ cermets. However, so far few
studies have focused on nickel film dewetting [18], with limited work on the interplay between

film evolution and electrochemical degradation [22].

In this paper a 2D Ni-YSZ electrode, consisting of a 40 nm Ni film sputtered on a YSZ substrate,
was designed to study the in-situ electrode degradation affected by Ni dewetting and de-
percolation, without any influence from other geometric factors. This dimensional reduction
significantly simplifies the experimental setup for an in-situ environmental observation of nickel
behavior under high temperature and controlled gas atmosphere at different resolutions
[16,23-26], allowing for more robust and representative analysis compared to interrupted

annealing [21,27,28]. The investigation integrates a wide range of techniques, including in-situ
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environmental scanning electron microscopy (E-SEM), electrochemical impedance
spectroscopy (EIS), focused ion beam-scanning electron microscopy (FIB-SEM) and atomic
force microscopy (AFM). These experimental techniques are complemented by simulations of
the Ni film evolution, electrochemical models and advanced tools for image analysis. For the
first time, a thorough investigation is performed to quantify the main mechanisms that drive
morphological changes of Ni thin films and impact their electrochemical performance,
highlighting the capability of predicting the effect of Ni evolution on the SOC fuel electrode
degradation.

2. Methods

2.1 Preparation of 2D Ni-YSZ symmetrical cells

Dense pellets of 8YSZ electrolyte (Nexceris, USA, @ = 2 cm, 250-300 um thickness) were
used as substrates. Pellet pre-treatment involved ultrasonic cleaning in acetone and ethanol
and then annealing at 900 °C for 2 hours. The surface roughness of YSZ substrates was
measured by AFM (Atomic Force Microscope, Bruker Innova). Following this, nickel films were
deposited on both sides of the 8YSZ substrates by magnetron sputtering (Ar pressure: 2.10°3
mbar, current: 100 mA, deposition rate: 20 nm min, target-sample distance: 8 cm). The nickel

thin film covered a surface area of 2 cm? and had a thickness of 40 nm (+1 nm).

2.2 Real-time observation of film top morphology

The in-situ dewetting progress was observed using a Field Emission Gun (FEG) based FEI
Quanta 200 E-SEM apparatus. The test atmosphere used was humidified (3 %) forming gas
(a mixture of 5 vol % Hzand 95 vol % N2) at 170 Pa chamber pressure. A dedicated in-situ
heating stage accurately controlled sample temperature below 600 °C through a thermocouple
in direct contact with the sample [29]. Images with different magnifications were recorded
throughout each experiment. The high magnification images (x10,000, 12.4 nm pixel™) were
used to study local details of the thin layer and to determine the contact and dihedral angles,
whereas low magnification images (x5000, 24.8 nm pixel™*) were used for statistical analysis

on a larger field of view.

2.3 Simulation of microstructure evolution

Both surface diffusion and fast diffusion models were used to simulate the microstructural
evolution of nickel films. A simplified sketch of the two models is reported in Figure S1. The
surface diffusion model is a hybrid Cellular Automata-Monte Carlo (CA-MC) model, for which
the details can be found in Wang and Atkinson [30]. The surface diffusion in CA-MC is

implemented by allowing each surface matter voxel a chance to move away to its surrounding
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area. The probability for the matter voxel to re-attach to a vacant voxel in its surrounding area
is proportional to the sum of the energy of the matter voxel and that of the vacant voxel which
can potentially be eliminated by the attachment of the matter voxel [30,31]. Thus, in the surface

diffusion model, mass transport takes place step-by-step along the Ni surface.

The fast diffusion model uses a Cellular Automata (CA) approach. In this model, diffusion is
assumed to be fast while the detachment/attachment of Ni atoms is the rate controlling step.
In other words, this model is suitable for the processes in which energetics plays a dominant
role while transport kinetics only plays a marginal role. Therefore, the kinetics of different
matter transport mechanisms are not needed. The algorithm used in the fast diffusion model
is similar to that used in the evaporation-condensation model by Wang [31]. Each surface
matter voxel is given a chance to become a vacant voxel (in a practical sense this means that
surface matter moves away from its current position). The probability of this matter voxel
detachment (or erosion) is proportional to its relative free energy. In parallel, each surface
vacant voxel is given a chance to be eliminated by attachment of a matter voxel. The
probability of this vacant voxel elimination is proportional to the relative free energy of the
vacant voxel. However, unlike the evaporation-condensation model, which allows matter to be
transported between disconnected particles, in the fast diffusion model the transport between

disconnected patrticles is prohibited.

Since the grain growth of the nickel film was observed to be significant, the simulation also
takes the grain growth into account in both the surface diffusion and fast diffusion models.
XRD of the as-deposited nickel film determined that the initial state of the nickel film was nearly
amorphous (Figure S8). Significant grain growth was observed in the nickel film after ageing
(Figure S5). The grain growth is simulated using a CA grain boundary migration model which
gives each boundary voxel, located between Ni grains of different crystal orientations, the
chance of changing its state from its initial grain to the neighboring one, as described in detail
by Wang [31] and schematically depicted in Figure S1c. Therefore, the simulation consists of
not only the matter transport (surface diffusion or fast diffusion) steps but also grain boundary
migration steps. To synchronize the grain growth model with the matter transport model in the
simulation, model calibrations were carried out to determine the real-time length for each
simulated time step in different models (refer to Wang and Atkinson [30] for details of the
methodology). For the specific conditions reported in this paper, it was estimated that six
surface diffusion steps roughly correspond to one grain growth step in the surface diffusion
model, whereas, for the fast diffusion, one matter transport step roughly corresponds one step
of grain growth. All simulations were based on a Ni-YSZ wetting angle of 121 °, as determined

from FIB cross-section images (Figure S6) and consistent with the value of 126 ° reported by



Davis et al. [32], and a dihedral angle between neighbor Ni grains of 129 ° (Figure S5), as
calculated from the ratio of the grain boundary energy to surface energy of nickel (reported to
be 0.37 by Kovalenko et al. [33]). Notably, these values are representative of open-circuit

operation as the wetting angle can vary under polarization [22,34].

2.4 Quantitative image analysis

The E-SEM images were segmented using the open-source Trainable Weka Segmentation
(TWS) tool, which is a plugin available as part of the Fiji distribution of ImageJ [35]. The TPB
densities were calculated from the segmented data using an in-house code which treated the
edges of the square pixels as the interface between the nickel and YSZ. Special care was
given to the evaluation of the aTPB density, which is the TPB belonging to Ni clusters
connected to the Pt mesh current collector used for the impedance measurements. Since the
opening of the Pt mesh current collector (c. 300 um x 300 um) was significantly larger than
the area imaged by E-SEM, the Ni percolation and aTPB calculated from the imaged area had
to be scaled up to the opening area of the Pt mesh, which is representative of the entire
electrode area. Two different approaches were used: a wire-based model and a lattice-based

model.

In the wire-based model, a “wire” location was assigned across the images. Due to the
uncertainty about the quality of the contact between the current collector and the nickel layer,
a two-part sensitivity analysis was performed to investigate the degree of lateral percolation
in the nickel phase, so that the aTPB density could also be approximated. Percolation was
assessed by placing an initial “wire” column, representing the contact from a section of the
current collector mesh, and then counting only those TPBs which belong to the Ni clusters
with a percolating path to the wire. The first part of the sensitivity study involved placing the
wire within a range of equally spaced horizontal locations and the second part varied the width
of the wire column as illustrated in Figure 1. The illustration video can be found in
supplementary video 1. While varying the wire location is useful to assess the sensitivity to
the random placement of the Pt mesh current collector, varying the wire width allows for the
assessment of the sensitivity to the quality of the contact between the Pt mesh and the nickel
layer. For the images investigated in this study, the sensitivity to both wire location and wire
width were generally low. The aTPB density calculation based on this wire-based model can

be found in the Supplementary Material.

The second approach used to scale up the aTPB density pares from the imaged area to the
electrode area, hereafter referred as the lattice-based model, combined random lattice

simulations with the scaling laws of percolation theory in finite domains [22]. An in-house C++



code was developed to randomly fill in square lattices, with side length d, with black pixels
according to the desired coverage fraction ¢ (see Figure S2a). In these simulations, the black
pixels represented the Ni phase while the white pixels represented the uncovered YSZ phase.
The fraction ¥ of black pixels connected to the lattice boundaries and the mean cluster area d
of the black phase were evaluated over 1000 random realizations for different values of

coverage fraction ¢ and side length d, as reported in Figure S2b,c.

The equivalence between random lattices and imaged areas was performed as follows. Given
a segmented image with side length d obtained from E-SEM, the Ni coverage fraction ¢, the
mean Ni cluster area a and the Ni percolation fraction y with external boundaries were
evaluated by image analysis. The values of ¢and a/d? of the segmented image were used to

find the side length d, of the equivalent random lattice having ¢, = ¢ and (d/dz)1 = (a/d?)
according to Figure S2c. This allows for the evaluation of the percolation fraction 7; of such
an equivalent lattice according to Figure S2b. Then, the ratio § = d,,/d between the side
length of the Pt mesh opening (dm = 300 um) and the side length of the E-SEM image (d) was
used to scale up the equivalent random lattice to the side length d, = & - d,, for which the
percolation fraction 7, was obtained by using Figure S2b for ¢, = ¢. Finally, the active TPB
density referred to the entire electrode area was evaluated as:

Ltpg V2 1)

Parpe =Y Aimage 71

that is, by scaling up the percolating TPB density per unit of imaged area (y Ltpg/Aimage, Where
Lres and Aimage are the total TPB length and the area of the imaged region, respectively) for
the ratio of Ni percolation fractions in the equivalent random lattices (¥,/7,). Notably, this
lattice-based model allows for the extrapolation of the active TPB density evaluated by image
analysis up to the size of the Pt mesh according to the scaling laws of percolation in finite

lattices.

2.5 Electrochemical Impedance Spectroscopy

The selected 2D Ni-YSZ symmetrical cells were tested at 600 °C in humidified (3 %) diluted
hydrogen (a mixture of 5 vol % Hzand 95 vol % N2) at ambient pressure and open-circuit
conditions. Initially, the temperature was increased by 30 °C min till it reached 500 °C and
then it was increased by 10 °C min‘* until it reached 600°C. A 20 mV AC amplitude signal was
applied in a two-electrode measurement setup, over the frequency range 10° Hz-1 Hz, which
required 4 min for each measurement. Pt meshes were used as current collectors, where the
mesh wire diameter was 60 pm and the gaps between the wires were dn = 300 um. The

measurement data were fitted to an equivalent electrical circuit, reported as an inset in Figure
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7a, by using ZView3.5 (Scribner Associates Incorporated) to extract the ohmic resistance (R1)

and the polarization resistance (R:) referred per unit of total electrode area (i.e., Q-cm?).

Ni dewetting causes a loss in lateral percolation, so that ionic current does not flow underneath
the non-percolating inactive area of the electrode. This causes an increase in ohmic resistance,
R1(t) [36,37]. On the other hand, the polarization resistance can be related to the aTPB density
evolution. According to the literature, the polarization resistance Ra(t) is inversely proportional
to the TPB length [5,38,39]. The time-dependence of the polarization resistance Rz(t) was

used to estimate the temporal evolution of the connected TPB length per unit of electrode area

patea(t):

Ret
Ry (t)

(2)

Parpp(t) =

where R is the charge transfer resistance per unit of TPB length (i.e., Q-m). As an initial
guess for the fitting of R, the correlations provided by de Boer [40] and Bieberle et al. [41] as
a function of the operating temperature and partial pressures were used. Such an active TPB
density per unit of electrode area, estimated from electrochemical impedance spectroscopy,

can be compared to the parrs evaluated by image analysis as described in the previous section.

3. Results and Discussion

3.1 Top morphology evolution

The local morphological evolution of the 40 nm-thick nickel layer on YSZ substrate was
scrutinized at high magnification (x10,000), as shown in Figure 2, and the full video can be
found in supplementary videos 2 and 3. The nickel thin film transformation progress was

recorded at two different temperatures, 560 °C and 600 °C.

According to AFM, the grain boundary depth of the YSZ substrate ranged between 30 nm and
50 nm (Figure S3). Thus, the morphology of the 40 nm-thick Ni film in the initial stage reflected
the surface features of the substrate, appearing partially separated at the YSZ grain
boundaries, as shown in Figure 2a (t = 0 min). Initially, the nickel film was very likely in an
amorphous state due to the room temperature deposition, as evidenced by the bright contrast
of the grains [16]. When the temperature was raised above 450 °C, the self-diffusion of Ni
atoms was activated, causing the crystallization of the nickel layer, as reported in
supplementary video 4. Crystallization was accompanied by volume shrinkage, which led to a
tensile stress in the film [42] concentrated at the most concave surface locations at the YSZ
grain boundaries, which became the preferential regions for cracking of the coherent Ni film

(Figure 2a).



According to Figure 2, the pre-existing cracks and tensile stress of the Ni film along YSZ grain
boundaries affected the initial evolution of dewetting. Figure 2b clearly shows that the Ni film
retracted from the YSZ boundaries. This stage involved the generation of pores along YSZ
grain boundaries without any loss in Ni connectivity, with formation of TPBs and a
corresponding increase in aTPB length. Notably, nucleation and growth of additional pores on

the flat and coherent film area took place at a much later stage (Figure 2c).

As dewetting proceeded, some nickel particles gradually became isolated from the large
clusters. As a result, the overall connectivity of the film decreased with time. Once small Ni
particles became isolated, their size and shape became very stable over the whole period of
observation, indicating that no significant mass transport took place among disconnected Ni
clusters. In contrast, the microstructure of the large clusters continued to evolve, resulting in
rounder and smoother TPBs at the later stages of the experiment (Figure 2d). No chemical

modifications were detected upon film dewetting from XRD analysis (Figure S8).

3.2 General behavior of Ni layer dewetting

The low magnification (x5,000) images (videos 5 and 6) were segmented and used for
guantitative analyses of parameters that are characteristic of the general features of Ni layer

dewetting on a larger field of view, as reported in Figure 3.

Figure 3a,b shows an initial increase in total triple phase boundary (TPB) density, which was
associated to the initial pore generation and the significant reduction in nickel coverage, as
previously described in Figure 2b,c. At both 560 °C and 600 °C, the thin film showed a
significant high de-percolation rate when the nickel coverage approached 0.63, as highlighted
by the sharp decrease in percolation ratio in Figure 3a,b. Such a coverage ratio of 0.63
identifies the transition between the initial dewetting stage and the following de-percolation
stage. During the de-percolation stage, isolated nickel islands were formed and the gradual
film retraction led to a steady reduction in Ni-YSZ surface coverage ratio, as shown in Figure
3a,b. Finally, after 110 min and 25 min for 560 °C and 600 °C, respectively, the total TPB
density from both experiments reached a relatively stable level around 5.5 um?, independent
of the operating temperature. The coverage and percolation ratios levelled off as well. The
final nickel coverage ratio stabilized at about 0.49 for both temperatures, indicating that nickel

particles reached a stable state characterized by a particle thickness of ¢. 80 nm.

Figure 3c shows that all the relevant microstructural properties are successfully rescaled with
sufficient precision by using a single time scaling factor r,, equal to the ratio of times

corresponding to a coverage fraction of 0.63 for different temperatures. This indicates that



dewetting and retraction phenomena proceed according to the same dominant mechanisms
over the range 560-600 °C [16]. The calculated time scaling factor used in Figure 3c is equal
to r, = 3.91, which means that the dewetting rate becomes roughly four times faster from 560
°C to 600 °C. Assuming thermal activation of the kinetics of Ni dewetting phenomena, for each

absolute temperature T the characteristic time of dewetting 7, can be expressed according to

Eqct
KT

an Arrhenius-type law t; = C-exp( ) where k is the Boltzmann constant, Eax is the

activation energy of the characteristic rate of dewetting and c is a dimensional constant [16].
Therefore, since the time scaling factor r; defined above equals the ratio of characteristic
times at different temperatures (i.e., 1, = Tsgoec/Tgo0°c), @N approximate estimation of the
activation energy Eac is obtained [16], resulting equal to 2.1 eV for a 40 nm Ni film on YSZ. As
shown by Niekiel et al. [16], such an activation energy describes, in a lamped fashion, the
energy barrier required to activate the kinetics of dewetting of a thin film, providing semi-
guantitative indications on the ruling dewetting mechanisms as further elaborated in section
3.4.

3.3 Active TPB density from image analysis

Two models, namely the wire model and the lattice model, were used for estimating the aTPB
density in low magnification images by scaling up the percolation properties to the entire
electrode area, thus enabling comparison with EIS measurements, discussed in the last

section.

The evolution of the aTPB density with time showed the same trends in both models, as
reported by the green and light blue curves in Figure 4a,b. The early stage was characterized
by an increase in aTPB density with time, corresponding to the dewetting progress from a
dense nickel thin film to a highly porous percolating network. In this initial stage, characterized
by pore nucleation around the film defects (Figure 2b), the Ni phase is almost entirely
percolating, so that the aTPB per unit of electrode area basically coincides with the total TPB

density (Figure 4a,b).

As dewetting proceeded, an intermediate stage began, characterized by a sharp reduction of
percolation of Ni clusters (blue lines in Figure 3a,b). While the formation of total TPBs
continued to increase due to pore generation (dark blue line in Figure 4a,b), the loss in Ni
percolation slowed down the increase in aTPB, which reached a peak. Both models
consistently identify the temporary maximum in aTPB, which corresponded to a Ni coverage
ratio slightly larger than the turning point of 0.63 previously identified, as shown in Figure 4c.
Irrespective of temperature, the competition between Ni de-percolation and pore nucleation

gives rise to a maximum in aTPB density just before the sharp loss in Ni connectivity.



After reaching the peak, the aTPB density decreased quickly with time due to the loss in Ni
percolation (Figure 4c), finally reaching a stable aTPB density value during the final retraction
stage. The final minimum aTPB values should not be regarded as representative of the
dewetting process itself as they were controlled by the active nickel particles in direct contact

with the current collector.

3.4 Simulation of Ni microstructure evolution

In order to obtain a mechanistic insight into the mechanisms that govern Ni dewetting, cellular
automata simulations were performed and compared with the image analysis of experimental
E-SEM images. Since grain boundary and interface diffusion can play a crucial role in solid-
state dewetting [18,24,43] in addition to surface self-diffusion [17], two models were
considered: a surface diffusion model (Figure S1a), in which Ni transport took place along the
Ni surface, and a fast diffusion model (Figure S1b), in which transport kinetics was neglected
and a high-energy Ni site could fill in a low-energy vacant site in a single step. In both models,

no transport between isolated Ni clusters was allowed.

As previously discussed in Figure 2, dewetting started from the pre-existing cracks of the Ni
film. In order to mimic the starting configuration of the film, crack-like defects were introduced
in the initial microstructure used as a basis for simulation (Figure 5a,c). The microstructural
evolution simulated by the fast diffusion model, shown in Figure 5c,d and in video 8, is fairly
close to what was observed in experiments. According to this model, pores mainly evolve from
the pre-existing cracks, with a limited additional pore nucleation within the bulk of the dense
Ni regions. In addition, the resulting Ni grains show sharp facets. All these features are in
agreement with experimental observations, as clearly noticeable by comparing Figure 5d with
Figure 2c, although some minor discrepancies exist, especially regarding the jerky dynamics
of pore progression. On the other hand, the surface diffusion model (Figure 5a,b and video 7)
fails to predict the shrinkage of Ni clusters, the lack of small isolated Ni grains and the
preferential expansion of pores from pre-existing defects. In fact, there are several
morphological differences between the microstructure obtained by surface diffusion simulation
(Figure 5b) and the experimental one (Figure 2c), such as the rounder shape and the smaller

size of Ni clusters as resulting from the surface diffusion simulation.

A guantitative comparison between model simulations and experimental data is shown in
Figure 6, which reports some key microstructural properties at the Ni percolation threshold,
correctly identified by both models and experiments at about 60 % nickel coverage ratio. The
fast diffusion model predicts pore and Ni sizes as well as a TPB density value in good

agreement with those measured in E-SEM images. On the contrary, the surface diffusion
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model underestimates both the pore size and Ni size by roughly a factor three and significantly

overestimates the TPB density.

Therefore, both visual (Figure 5c,d) and quantitative (Figure 6) analyses indicate that the
surface diffusion mechanism is inadequate to represent the dynamics of Ni dewetting, in
agreement with Amram et al. [18]. Furthermore, based on the experimental observation that
small isolated nickel particles did not change size once detached from large clusters (videos
2, 3, 5 and 6), we can conclude that nickel transport along the YSZ free surface was very
limited, if not impossible. This observation rules out the possibility of an evaporation-
condensation mechanism [31], as also confirmed by the stability of Ni nanoparticles after
annealing at 800 °C (Figure S7).

The good predictions given by the fast diffusion model suggest that there may exist a fast
transport mechanism, such as the fast interfacial diffusion evidenced by Amram et al. [18].
Regardless of the specific transport mechanism, simulation results highlight that the dewetting
rate is mainly controlled by the energetics of pore nucleation rather than by Ni transport. In
other words, the activation energy of pore nucleation is larger than the activation energy of Ni
diffusion, so that the formation of new pores, which allows dewetting to proceed, is ruled by
the energy barrier of pore nucleation rather than by the rate of mass transport. The hypothesis
of pore nucleation being the main energy barrier of Ni dewetting is also supported by the
estimated activation energy in Figure 3c, equal to 2.1 eV, which is much larger than the typical

activation energy of Ni surface diffusion, equal to 0.7-1.0 eV [44].

3.5 Match of microstructure and electrochemistry

The link between microstructural evolution and electrochemical response of the Ni film was
assessed by comparing image analysis, simulations and impedance spectroscopy data, which
is reported in Figure 7a for 600 °C and 1 atm. Only one temperature was sufficient for EIS
investigation because the microstructural evolution at different temperatures can be rescaled
with a single scaling factor (Figure 3¢ and Figure 4c). Notably, E-SEM imaging and EIS data
refer to two nominally equal but distinct samples, thus some variations are expected due to
variance in sample fabrication and differences in operating conditions. In addition, in EIS
measurements a Pt mesh current collector was used, whose opening (c. 300 um x 300 um)

was significantly larger than the area imaged by E-SEM.

Figure 7a shows that initially the electrode gave high values of ohmic resistance (R:) and
polarization resistance (Rz), which both decreased within the first 20 minutes. According to
image analysis, within the first minutes the electrode corresponds to a dense Ni layer with

sparsely dispersed defects/pores (Figure 2a,b) where the electrochemical reaction occurs and
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ionic current flows perpendicularly underneath, resulting in large values of ohmic and
polarization resistances. As soon as dewetting began, more pores and TPBs were generated
(Figure 2c) until they could be considered uniformly distributed on the entire planar area, giving
a minimum in ohmic resistance, as shown in Figure 7a. Any subsequent increase in ohmic
resistance can be attributed to the loss in long-range Ni percolation from the mesh current
collector, leading to an increasing fraction of electrode inactive area [45]. This matches well
with the abrupt decrease in Ni percolation ratio identified in Figure 3b for a Ni coverage ratio
lower than 0.63. Therefore, the whole temporal behavior of the ohmic resistance can be
interpreted on the basis of the appearance of a uniform distribution of pores and aTPBs
followed by the loss in long-range Ni percolation, in good agreement with the microstructural

evolution reported in Figure 2 and Figure 3b.

The polarization resistance R. enables for estimation of the aTPB density (Figure 7b)
considering that aTPB density and R, are inversely proportional [5,38,39], as reported in
Equation (2). Figure 7a shows that the minimum in polarization resistance took place before
the minimum in ohmic resistance: this can be satisfactorily explained by the maximum in aTPB
density which appears before the loss of Ni percolation for coverage ratios lower than 0.63
(Figure 4c). Then, as Ni de-percolation started, the polarization resistance increased sharply,
matching the abrupt decrease in aTPB density for a coverage fraction smaller than 0.63. Thus,
also the temporal evolution of the polarization resistance can be interpreted on the basis of

the changes of the Ni film microstructure.

Figure 7b compares aTPB density values independently estimated from EIS, E-SEM images
and fast diffusion simulation. Since the Ni-YSZ wetting angle is larger than 90 °, the actual
TPB is hidden underneath nickel particles. Simulation results show that the actual aTPB (3D)
is roughly twice as large as the projected aTPB (2D). Nevertheless, the 2D aTPB can correctly
identify the main phenomena characterizing Ni dewetting, such as the times at which the
maximum in aTPB density and the drop in Ni percolation occur, in good agreement with

experimental E-SEM observations.

Regarding the aTPB estimated from EIS data, a line-specific resistance of 3.63-10* Q-m, lying
between estimations of de Boer [40] and Bieberle et al. [41] correlations, enabled for the match
of the aTPB peak from 3D simulation. A broader peak in aTPB was obtained from EIS analysis
because EIS detects the global response of the electrode, thus it is subject to a larger
statistical dispersion. Nevertheless, the aTPB density estimated via EIS followed closely the
3D aTPB values.
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In summary, results show that the electrochemical degradation of the Ni film can be
guantitatively explained in terms of loss in Ni percolation and aTPB, thus, in terms of the
microstructural evolution of the film. This demonstrates that the electrochemical degradation
detected via EIS in the Ni film is entirely due to the microstructural evolution of the film itself.
Such a good match also suggests that the microstructural evolution can be tracked using EIS
and, vice versa, the electrochemical degradation of the Ni film electrode can be predicted by

means of microstructural analysis and microstructural models.

4. Conclusions

This paper reported a comprehensive study of the microstructural and electrochemical
evolution of 40 nm nickel films on YSZ substrates under humidified hydrogen at 560-600 °C.
E-SEM observations revealed that film dewetting originated from pre-existing film cracks
above the YSZ grain boundaries. Microstructural evolution occurred only within connected Ni
clusters, no mass transport was observed among isolated Ni particles. Additional pore
nucleation in the bulk of the Ni film took place only at a late stage. The high energy barrier of
pore nucleation was confirmed by cellular automata simulations, which revealed that neither
surface diffusion nor evaporation-condensation mechanisms were compatible with the
observed film evolution. On the contrary, the energetics of pore nucleation represents the

dominant energy barrier, with an apparent activation energy of 2.1 eV.

The analysis of the active triple phase boundary density revealed that 2D images
underestimate the real aTPB. Nevertheless, 2D image analysis showed that aTPB density
initially increased and then dropped as soon as the Ni coverage ratio approached 0.63, which
identified the start of the de-percolation stage. Both the peak and the abrupt drop in aTPB
density were satisfactorily correlated to the impedance response, thus univocally linking the

microstructural evolution to the electrochemical degradation of 2D Ni-YSZ electrodes.

The outcomes of the study have significant implications for SOFC and SOEC technology for
conditions close to open-circuit operation. From a methodological viewpoint, the quantitative
link between microstructural evolution and electrochemical response enables the prediction of
electrochemical degradation via in-situ microstructural observation and, vice versa, the
investigation of microstructural evolution phenomena through EIS at open-circuit conditions.
From a technological perspective, as pore nucleation represents the most important energy
barrier of dewetting, reducing the number of nucleation points by removing defects and dust,
controlling the purity and surface properties of materials or by increasing the YSZ grain size,
may significantly slow down the dewetting rate. While all these points require specific

individual studies, the proposed methodology provides a convenient platform to investigate

13



other phenomena, such as redox cycling, poisoning and carbon deposition in simplified and

controlled conditions, thus supporting material and technological research.
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FIGURES

Figure 1

Segmented Sensitivity

Figure 1 — The image segmentation and wire-based model used for aTPB statistics. The green line
represents the wire current collector located at different regions with different widths. The white area is
the percolated nickel in contact with the wire current collector and the red line surrounding the white
particles represents the corresponding active triple phase boundaries. All boundaries between the white
and black phases are considered aTPB. The sensitivity of the aTPB density to the location and
thickness of the wire contact was investigated by varying these two parameters, as shown in the 3 x 3

grid. The actually imaged region was around three times larger than the regions shown in the grid.



Figure 2
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Figure 2 — Top morphology evolution of Ni films during dewetting at two different temperatures. The
experimental images refer to a 40 nm nickel film supported on zirconia, annealed at 560 °C and 600 °C
in a 3% humidified 5%/95% H2/N2 gas mixture at 170 Pa. The images show the evolution of Ni from a
dense film (a), the appearance of pores and TPBs at the pre-existing defects (b), the growth of pores
and reduction of Ni coverage (c) until the final state, consisting of isolated Ni clusters, is reached (d).
Light blue lines represent the nickel particle boundaries at the initial time and the background SEM

image is the real morphology at the end time, as indicated under each image.



Figure 3

T
f—— Total TPB Density
_|——Ni Coverage Ratio
t(——Ni Percolation Ratio|

Total TPB Density (um™) &

T T T T T T
b) Total TPE Density )
7 .64 |——Ni Coverage Ratio | i
'TE —— Ni Percolation Ratio|
=
2
" B 4+ 11
c
@
[m]
Y o
] & o o
o =2 18
T s
o
'—
. 0 n T T T 0

T
100

Time (Min)

(2]
—

T T
15 20 30 35

Time (Min)

10

-

e
&

e
=

Ni Coverage Ratio
o
=

e
ha

-

T T T
560°C
600°C

e
&
@

-

Percolation Ratio
=]
=

N

Total TPB Density (um')

By

14
=

T T T T T T
15 20 25 30 35 40 45

Scale Time (Min)

Figure 3 — TPB density, Ni area
magnification segmented images

series of E-SEM images recorded

14
=

T T T T T T
15 20 25 30 35 40 45

Scale Time (Min)

T
5 10

-

T T T T T
15 20 25 30 35 40 45

Scale Time (Min)

o 5 1w
coverage ratio and Ni percolation ratio statistics evaluated in low
at two different temperatures. Microstructural data calculated from

ata) T =560 °C and b) T = 600 °C. ¢) Superposition of data at T =

560 °C (red lines) and T = 600 °C (blue lines) after scaling the time of the data at T = 560 °C according

to the ratio of times corresponding

start of the final stabilization stage

to a coverage fraction of 0.63. The vertical dashed lines indicate the



Figure 4

(-]
[-]

a) ’;+uu'| ®BDensy | ;| b) [—Tote PBDensity_ ' '
Wire based aTPB Density Wire based aTPB Density
| — Lattice based aTPB Density —— Lattice based aTPB Density
—_ T | —
T l l 1
z ; ; z
7 o
c | | c
@ ]
(] ) ) [ Q,
m <7 ) | 1T @ 7
& /7 o
e =
I [
| |
| |
u T T T T T T T T T T T T T u T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 0 5 10 15 20 2% 30 35
Time (Min) Time (Min)
4
——
c)-
E_ 560°C
= 600°C
23 J
o
c
o
(m]
m 2| |
o
-
©
k:t
w 1 ]
©
el
o
=
g 0.63
0 T T T T T T T T T T T T
10 08 08 07 06 05 04 03

Ni Coverage Ratio

Figure 4 — Analysis of the active triple phase boundary density estimated by two models at different
temperatures. The active TPB density is evaluated based on the wire model (light blue) and the lattice
model (green) for the two samples recorded at a) T = 560 °C and b) T = 600 °C. The dark blue line
shows the total TPB density evaluated from low magnification images as already reported in Figure 3.
c) aTPB from wire-based model as a function of the Ni coverage ratio (note that the x-axis reports

values in reverse order as the coverage ratio decreases with time).



Figure 5

a)

Figure 5 — Simulation of the Ni film evolution according to the surface diffusion model (a and b) and the
fast diffusion model (c and d). a) Initial microstructure of a representative area of the nickel film; b)
simulated microstructure evolved from a) by using the surface diffusion model; c) a slightly larger area
of the initial nickel film; d) simulated microstructure evolved from c) by using the fast diffusion model.
The structures b) and d) refer to the result of the simulations when the nickel coverage is reduced to

about 60%, that is, in the proximity of the Ni percolation threshold.
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Figure 6 — Microstructural parameters (pore size, Ni size and TPB density) at the Ni percolation
threshold obtained by different simulation models and evaluated in experimental E-SEM observations.
In this graph, TPB values were calculated on a subset of the image area, thus they differ from those
evaluated on the large dataset due to statistical variation.
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Figure 7 — Electrochemical degradation of the Ni film electrode as measured by EIS and correlation
with the aTPB density. a) Ohmic resistance (green) and polarization resistance (blue) as a function of
time as measured from impedance spectroscopy data at 600 °C and 1 atm. The insets show snapshots
of the microstructural evolution at different times and the equivalent circuit used in EIS fitting. b) Active
TPB density per unit of electrode area obtained from different methods: EIS analysis according to
Equation (2) (dark green), analysis of experimental E-SEM images (light green), fast diffusion simulation
for both 2D projection (dark blue) and 3D evaluation (light blue) of aTPBs. In b) time is normalized

against the de-percolation time, equal to 22 min in experiments and to 550 time steps in the simulations.




