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Abstract

During the long-term operation of solid oxide electrolysis cell (SOEC), the coarsening and
depletion of the Ni phase of the electrode are found to decrease the cell performance and limit
cell durability. In this study, a comprehensive numerical study is conducted to quantitatively
evaluate the degradation process in the fuel electrode of SOEC. The phase-field model is
adopted to track the Ni phase migration process and generate the electrode structures with Ni
depletion. An electrode model based on the lattice Boltzmann method is then used to evaluate

the electrochemical performance of the fuel electrode. It is found that the maximum width of
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the Ni depletion region can reach 3-4 um. The Ni depletion will aggravate the coarsening of
the Ni phase. The corresponding electrochemical evaluation also shows that the randomly
distributed ionic particles in the porous fuel electrode lengthens the ion transport path and
increases the electrode ohmic overpotential. The Ni depletion also increases the activation
overpotential loss due to the reduction of the active reaction sites. The severe Ni depletion can
increase the total overpotential by up to 52.8% compared to the initial state. Besides, increasing
the wettability of the Ni phase can effectively suppress the reduction of active reaction sites
due to Ni coarsening.

Keywords: SOEC, Ni depletion, Phase-field model, Lattice Boltzmann model, Cell
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Nomenclature
C conserved order parameters
Cy, molar concentration (mol m™)
dp average diameter of pore (um)
Dix Knudsen diffusion coefficients (m? s!)
Di; binary diffusion coefficients (m? s™!)
Eact activation energy (J mol™)
F the Faraday constant (C mol™)
Frotal total free energy of the system
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Ltps
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Vi
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Greek letters

Va

ni

Hact

bulk free energy density

electrochemical reaction rate (A m> s™)
exchange current density (A m™)

mobility of non-conserved order parameters
local TPB density (um pum™)

characteristic length (nm)

average molar mass (kg mol ™)

mobility of conserved order parameters
number of electrons transferred per reaction
pressure (Pa)

partial pressure (Pa)

temperature (K)

characteristic time (h)

special Fuller diffusion volume (cm™ mol™)

Wettability parameter

adjustable parameter
electric potential (V)
non-conserved order parameters

activation overpotential
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Subscripts and superscripts
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Abbreviations

CGO

LBM

MRT

PFM

SOCs

SOEC

SOFC

gradient energy coefficients
conductivity (S m™)
weight coefficients

relaxation coefficients

activation
Bulk diffusion
electron

ion

Ni

YSZ

pore

gadolinium-doped ceria
lattice Boltzmann method
multiple-relaxation-time
phase-field model

Solid oxide cells

solid oxide electrolysis cell

solid oxide fuel cell



TPB three-phase boundaries
TPBI three-phase boundaries length

YSZ yttria stabilized zirconia

1. Introduction

Nowadays, the share of renewable energy in the world’s energy system is steadily rising [1].
The rapid development of solar, wind, and tidal energy provides a variety of large-scale
available electric power resources and is expected to solve the environmental and climate
change problems caused by the use of fossil fuels [2]. Electrolysis technology, which converts
renewable electricity into chemical energy for fuel, plays a critical role in storing excess
renewable power in the form of chemical energy [3]. The produced fuels can then be used in
fuel cells for power generation. Among various electrolysis devices, solid oxide electrolysis
cell (SOEC) is considered as a promising technology for large scale electrolysis of water or
CO. [4].

SOEC can be operated reversibly, and the cell can be switched between electrolysis and fuel
cell (SOFC) modes. Stable operational life is a prerequisite for solid oxide cells (SOCs) to be
commercially available on a large scale [5]. Normally the degradation rate of a cell should be
limited to 0.5%/kh for a long-term operation to be commercially viable, but at this stage most
long-term tests still do not meet this requirement especially for SOEC [6]. The performance

degradation of SOCs is determined by the joint effects of cell materials, fabrication processes,
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and operating conditions [7]. Among them, microscopic morphological evolution of fuel
electrodes during operation is a main reason for cell performance degradation [8]. For
conventional SOCs, the fuel electrode is usually a composite of Ni and ceramic material, such
as yttria-stabilized zirconia (YSZ) and gadolinium-doped ceria (CGO). The Ni phase tends to
change morphology under high-temperature operating conditions, which in turn leads to
irreversible loss of cell performance [9].

The most common electrode microstructure evolution during cell operation is Ni coarsening,
especially at high operating temperature. The high operating temperature of SOCs makes the
Ni phase more inclined to sintering. The initial microstructure has a smaller Ni particle size
and larger surface energy. The tendency to reduce the total system free energy causes the Ni
particles to aggregate to reduce the surface energy [10]. This results in a rapid increase in Ni
particle size in the early stage. The direct consequence of the rapid increase of Ni particle size
is the decrease of the three-phase boundaries (TPB) length, which reduces the active reaction
sites and increases the activation overpotential. Ni coarsening is a common phenomenon in
both fuel cell and electrolysis cell modes [11]. Meanwhile, in many long-term tests, SOEC
showed another nickel migration process that is not evident in the fuel cell mode. The Ni phase
migrates from the region close to the electrolyte towards the surface of the electrode. This
process leads to a more severe Ni depletion nlear electrolyte, which further decreases the cell
performance. This phenomenon exists in electrodes of different materials such as Ni-YSZ and
Ni-CGO, as well as in electrolysis cells with different geometries such as fuel electrode-

supported and electrolyte-supported configurations [12-14]. Fig. 1(a) shows the schematic of
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the Ni migration process in the Ni-YSZ electrode.
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Fig. 1. (a) The schematic of the Ni migration process in the fuel electrode, (b) The

mechanism of Ni migration [19], (¢) Computational domain and boundary conditions.

The Ni depletion is mainly driven by the operating current density, and the degree of depletion
is a complex combination of overpotential, humidity, and temperature. It is more pronounced
when the steam volume fraction is larger than 0.8 and temperature is above 800 °C [15]. For
planar cells, the degree of Ni depletion at the inlet and outlet of the fuel electrode can differ
significantly [16]. This indicates that the degree of Ni depletion depends to a large extent on
local humidity. In addition, Ni depletion can also occur in co-electrolysis mode of water and
CO3, and it is a non-negligible phenomenon not only at high but also at moderate current

density (~5000 A-m) [17]. Some hypotheses on the mechanism of Ni depletion have been



proposed [18,19]. Mogenson et al. [18] attributed the migration process to the formation of
Ni(OH)x volatile species which diffuse along the water pressure gradient. Trini et al. [19]
proposed an alternative hypothesis: Ni migration is driven by the oxygen potential gradient
which leads to the variation of the contact angle between Ni and YSZ phases. In conclusion,
Ni depletion can have a great impact on the durability of SOEC and still needs further study.
However, only experimental studies on Ni coarsening during long-term operation have been
reported [20-22], while no simulation study on Ni depletion can be found in the literature.
Numerical modeling is cost effective and can provide insights in the Ni depletion process, thus
it is highly desirable to conduct a modeling study on SOC with a focus on the Ni depletion and
coarsening processes. Some numerical models have been developed to study Ni coarsening in
fuel cell mode [23-25]. Compare to the analytical and empirical models, the phase-field model
(PFM) has been shown to capture the morphological evolution of the real electrode very well.
Based on thermodynamic theory, the PFM can effectively capture the evolution of the
continuous phase interface. Li et al. [23] first applied the PFM to simulate the evolution of the
SOFC anode microstructure. Jiao et al. [25] experimentally reconstructed the initial
microstructure and quantitatively investigated several factors affecting the durability of the
electrodes based on the PFM. Wang et al. [10] had applied a PFM to quantitatively analyze the
effects of Ni coarsening on the morphology and performance evolution of fuel electrodes in
SOFC. These findings have demonstrated that the PFM has a good fit for the simulation on the
evolution of the three-phase SOCs electrodes.

The study on Ni migration, especially Ni depletion, is essential to improve the long-term
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stability of SOEC. The effect of Ni depletion on the microstructure morphology and cell
performance needs to be further quantified. As there is no modeling study on Ni depletion in
electrolysis mode, an integrated model is developed to investigate the effects of electrode
microstructure evolution on cell performance, including both the Ni coarsening in electrolysis
mode and the Ni depletion process. The PFM is mainly used to characterize the morphological
changes due to electrode material migration, while the lattice Boltzmann method (LBM) based
electrode model is used as a tool to quantify the electrochemical properties of electrodes. The
above models have been validated by comparing preliminary simulation results with relevant
experimental data. Using this integrated model, the evolution of important microstructural
parameters of the electrode, such as the average particle size, TPB length (TPBI), under
different degrees of Ni depletion is calculated. In addition, the effects of Ni depletion on the
cell performance are also evaluated under different operating conditions is quantified and

analyzed.

2. Model development

2.1 Phase-field model

The morphological evolution of the electrode during operation is captured by the phase-field
model. Two sets of order parameters are used to describe the migration processes at the phase
interfaces and grain boundaries. The conserved order parameters such as Cn, Cy, and G,

represent the volume fractions of Ni, YSZ, and pore, respectively. Since the sum of the three is
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1, only the volume fractions of Ni and YSZ need to be calculated. The non-conserved ordering
parameters (%1, #2, ..., #mm) are then used to indicate the grain orientations of the solid phases.
For a point located in a solid phase with a defined crystal orientation k, the order parameters
are specified as: [C,7,7,,.... 7%, a1 =[10,0,...,£1,...,0] . For the pore phase, these
parameters are all zero. At the phase interface, the value of C changes smoothly from 0 to 1.

Then the total system free energy (Fiota) can be expressed as a function of the above parameters:
c 2
o= [ 0l ) S S )

(1
Y %(Vci -vcj)}dv
=N,Y

where &, k' and x are the gradient energy coefficients. The first term in the integral
represents the bulk free energy density. The second and third terms represent the residual

interfacial energy at grain boundaries. The fourth term represents the residual interfacial energy

at the phase interfaces. The bulk free energy density (fo) can be expressed as:

fo= > & f(C)+ay f.(Cy+C))+ D BT, (C)+Z5f (Cy. " )+Z5f (C,.n")

i=N,Y i=N,Y
()
+Zzgf4(niN,ﬂjN)+Zzgf4(77iY,n;()+}/f5(CN,CY)+ f.(Cy.Cy)
i=1 =i i=1 =i

where
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f,(C)=c*(1-CY’
1
fZ(C)zZC4
1
f(C, 77.)= ne +4f7.
(3)
1
f4(77|'771) 2 i
1
fS(CN’CY):ECfIC\Zf
fo (CuCy ) =W, (Cy [VC, [ + k)

Here, f1 is a double-well potential function that depends on the volume fraction. £, f3, f4, and fs
represent the coupling relation between different crystallographic orientations and volume
fractions. fs indicates the energy density associated with the wettability of Ni on the YSZ
surface, which is used to control the contact angle between Ni and YSZ and as a driving force
for the migration of the Ni phase under gradient wettability. The value of W¢, is used to control
the wettability and the contact angle [25]. Such values ensure that a determined point in the
computational domain belongs to a phase with determined crystal orientation. The £ in fs is a
fixed value for all cases and is used as a regulation parameter for this chemical potential
gradient to fit the Ni depletion experiment.

The mechanism of Ni migration is shown in Fig. 1 (b). In the present study, the hypothesis of
Trini et al. [19] is adopted in the model. The local oxygen partial pressure can affect the
wettability of Ni phase on the YSZ surface. Under the effects of negative polarization in SOEC
mode, there will be a gradient of oxygen partial pressure in the direction perpendicular to the
electrolyte with high negative polarization, which also leads to a gradient of wettability in this

direction. The contact Angle between Ni and YSZ varies with the wettability. The region with
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larger Ni wettability has a smaller contact angle and is characterized by smaller chemical
potential. Then it is reasonable to assume that the driving force is the chemical energy gradient
due to the change in wettability. It should be noted that the mechanism of Ni depletion during
SOEC operation remains to be further confirmed. However, there is no corresponding
experimental support for the contact angle corresponding to different adsorbed oxygen under
the negative polarization effect of SOEC mode. Jiao et al. [26, 27] reported the enhancement
of the wettability of Ni on the YSZ surface under the positive polarization of fuel cell mode
and the weakening wettability under negative polarization of the electrolysis cell as well as the
resulting changes in the Ni phase morphology. They found the surface adsorbed oxygen affects
the surface tension of Ni, which in turn affects the wettability of Ni on the YSZ surface. This
also provides the corresponding theoretical basis for the hypothesis of Trini et al [19]. A recent
study showed that Ni enrichment was found during very long fuel cell operations (up to 10
years) [28]. This suggests that Ni migration may occur under positive polarization (fuel cell
mode) in the opposite direction of negative polarization (electrolysis cell mode), which
somehow proves the validity of the Ni migration mechanism hypothesis.

The decreasing trend of the total free energy is the driving force controlling the evolution of
the electrode microstructure [29]. And this process is characterized as the changes of the order
parameters over time. The volume fraction fields and grain orientation fields are controlled by

the Cahn-Hilliard and Allen-Cahn equations, respectively:

%zV-{MéV[%— ZKgVZCjH,i:N,Y (4)

i =NY
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%:—L{?—‘)—K’Vzm} =12, ....,m/n, j=N/Y )
Y

where M. and L are the mobilities of phase fraction and grain orientations. In the calculation,
the mobility for the YSZ phase is set as zero, and the ratio of grain boundary and phase gradient
coefficients for the Ni phase is set to 0.71 [25]. The values of the relevant parameters in the
above equations are listed in Table 1. In this study, a variable Ni mobility function is introduced
to represent several different diffusion mechanisms of Ni coarsening, such as surface diffusion,
volume diffusion and grain boundary diffusion. The conversion between dimensionless M., a
function of conserved and non-conserved fields, and values of real mobilities can be found in

our previous study [10].

Table. 1 Parameters in the PFM.

Parameters Value
kN, kD, KT 0.6, 0.6, 0.6
ay, Ay, Oy 1.0,0.2

’ ’ 8} ’ b b 2 9

B, o, ¢y k 1,1,3,1,4
m, n 15, 15

In, Ly 1.0, 1.0
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2.2 Electrode model based on LBM

The heterostructure electrodes of SOCs have a more complex microscopic binding structure.
This requires coupled multi-physics field simulations of complex real microstructures. The
mesoscopic LBM has been shown to be a good method for modeling three-dimensional
heterogeneous pore-scale transport phenomena [30]. Compared with macroscopic models,
LBM can provide a more intuitive and accurate prediction of the transport processes inside
electrodes. In this study, we performed coupled multi-physics field simulations of voxelized

electrode microstructures derived from PFM based on LBM.

2.2.1 Mathematical model

The gas species transport is simulated by the dusty gas model. For a binary species system,
only the transport of one gas component needs to be solved. By assuming the constant total

pressure, the related transport equation can be expressed as [31]:

1

1-a

v Yh,0 N 1 VCo |= J (6)
H,,H,0 DHZO,k 2F

12
where o :1‘(MH20/M Hz) , C,,, (mol m”) is the species concentration, J (A m™) is the

electrochemical reaction rate, F (C mol™) is the Faraday constant, M v, and M, (kg mol™)

is the average molar mass.

The Knudsen diffusion coefficient and the binary diffusion coefficient can be calculated as [32]:

d, [8RT
D, =—Ff |[—/—— 7
M3\ M, ™
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where d, (um) is the average pore diameter, Vi (cm™ mol!) is the special Fuller diffusion
volume.
The Ni and YSZ phases act as the conductors of electrons and ions, respectively. The related

conservation equations can be expressed as [33]:

0

V(04V e ) )

0=V (01 V i )+ (10)
where gele and gion (S m™!) are the conductivities. gee and gion (V) are the electronic and ionic
potentials, respectively.

The electrochemical reaction rate is calculated by the Butler-Volmer equation:

. nF n F
J = JO (exp[ae F;_Tnactj_exp(_(l_ae)F;_Tnactjj (11)

where o., n. are the charge transfer coefficient and the number of electrons transferred per

reaction, respectively. The activation overpotential (77act) 1s calculated as: 7,, =@, — @, - The

exchange current density jo (A m>) is defined as [33]:

q
E
jO =7, ﬂ M exp[_LHZOJ (12)
Aree Pref ,0 RT
where y, is the adjustable parameter to fit the experimental data. Ltps (um um™)is the local

TPB density, and Arpsis the parameter that relates the real TPB density and the stair-step shape

of TPB segments. Here, the value of Atesis set as 1.455 [34]. p,, o and Py (Pa) are the

partial pressure and reference pressure of H,O, respectively. E,, ., (J mol™) is the activation
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energy. The values of related electrochemical parameters are listed in Table 2.

Table. 2 Electrochemical parameters and operating conditions.

Parameters Value

Electrochemical parameters

Charge transfer coefficient, a. 0.5
Number of electrons transferred per reaction, 7 2.0
Adjustable parameter, 7, 2.0x10°
Reference pressure, P o (Pa) 101,325
Activation energy, E.,, o (J mol™) [32] 120,000
Exponent for exchange current density, q 0.5

Electric conductivity of electron conductor,
os (Sm™) [30]
Electric conductivity of ion conductor,

Gwn (Sm) [30]

Operating conditions at base case

Operating pressure (atm)
Operating current density (A m)
Operating temperature (K)

Gas composition

4.2x107 —1200
exp
T T

33.4x10° exp(_l?rﬂ)

12000
1123

50% Hz, 50% H20
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2.2.2 Lattice Boltzmann method

The lattice Boltzmann method with the multiple-relaxation-time (MRT) collision operator is
used in this study to describe the coupled multi-physics process. Compared to the other
schemes, the MRT can offer higher numerical stability [35]. Meanwhile, the D3Q7 lattice
scheme is adopted, which can improve the computational efficiency without any loss of
accuracy. The evolution of LBM equation with MRT operator can be expressed as:
fi(x+eAtt+At)—f,(x,)=-M*AM(f,(x,t)- f7(xt)) (13)

where f; is the density distribution function in the ith direction. The discrete velocity e; can be

given as:
~ (0,0,0) i=0 y
5= (£c,0,0),(0,%c,0),(0,0,c) i=1-6 (14)

The lattice sound speed ¢ = Ax/At, where Ax and At are the lattice space and the time step,
respectively. M and A are the transformation matrix and the corresponding diagonal relaxation

matrix, respectively, given as:

1111111
01 -10 0 0O
0001 -100
M=/0 0 0 0 0 1 -1 (15)
6 -1 -1 -1 -1 -1 -1
02 2 -1-1-1-1
00 0 1 1 11
/1=diag(ro_1 A A Pl 2'6_1) (16)

The equilibrium distribution function can be given by: f*(x,t)=oC with C calculated as

CZZ:iG:0 f. (X, t) . The weight coefficients w; are given as: wo= ko, @16 = (1- ko)/6. The isotropic
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diffusion is adopted in this study, and the relaxation coefficients z; are given as:

7,=1 (17)
S SRR S
2 cAx(1-k,)/3
U SO
2 6(r,-1/2)

The diffusivity of H>O transport ( D, ) is usually several orders of magnitude lower than that

of 1ons, which will lead to a large difference in the relaxation coefficients. This is also true for
ions compared to electrons. In order to avoid the resulting numerical instability, an artificial
diffusivity of Do is adopted with the same order of magnitude as D,, , for the electrons and
ions transport calculations [36]. This treatment can guarantee the numerical robustness of the
coupling between ion/electron and gas phase transport processes. By adopting the artificial

diffusivity, the conservation equation of ion and electron can be formed as:

O =V ( DOV¢|0n/ele ) T DO‘] /O-ion/ele (1 8)

2.3 Numerical procedure

Both the PFM and the electrode model based on LBM are implemented by compiling in-house
code with the CUDA C language based on GPU parallel acceleration. The equations. (4) and
(5) in the PFM are solved by the semi-implicit Fourier-spectral method [37]. It can provide
better partial accuracy while employing larger time steps compared to the finite difference
method. In this study, the dimensionless time step is set as 0.05. The whole simulation process

is as follows: firstly, the volume fraction field obtained by a sintered particle-packing structure
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is used as the initial field of the PFM (the corresponding parameters are shown in Table. 1).
Then the PFM is used to simulate the microstructure evolution. The size of the computational
domain is 20x20x20 um? with a discrete voxel field of 256x256x256. It should be mentioned
that a field of size 10x10x15 pum?® is intercepted as the computational domain for quantifying
microstructural parameters and performing electrochemical calculations. Considering the
length of the severe Ni depletion region (about 4 um), this computational domain ensures good
computational efficiency with a good characterization of Ni depletion effects. The domain side
length in LBM calculation is around 12.5 times larger than the mean particle diameter, which
is large enough to eliminate the randomness of microstructure generation. The characteristic
length (/o) 1s about 78 nm, which is around 1/10 of the mean particle diameter, indicating that
the grid size is small enough to characterize the microstructure [38,39]. And the characteristic
time (%) in the calculation of PFM is 1 h.

The voxelized fields derived from the PFM are used as input to quantify the relevant
microstructure parameters as well as the computational domain of the electrode model. Thus,
the evolution of microstructure and electrochemical performance can be quantified and
analyzed. Part of the electrolyte is added to the bottom of the computational domain with the
size of 10 grids (~0.78 um). The top surface is identified as the interface of the active layer and
the support layer. For the boundary conditions of the electrode model, the Neumann boundary
conditions with constant current flux are applied at the bottom and top surface of the domain
to describe the ion and electron transports, respectively. The thick support layer can cause

significant mass transport resistance. However, the support layer is not included in the
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computational domain, so the corresponding gas composition, i.e., the Dirichlet boundary, is
specified on the surface of the computational domain. And the schematic of computational

domain and boundary conditions is shown Fig. 1(c).

2.4 Model validation

2.4.1 Contact angle of Ni on YSZ surface

The contact angle of the Ni phase on the YSZ surface in this study is controlled by the
wettability coefficient W... The systems with a larger value of W, have smaller interfacial
energy, which means that the Ni phase tends to expand more on the YSZ surface, forming a
smaller contact angle. The contact angles corresponding to the different values of W, are
shown in Fig. 2(a). According to the above, the chemical potential gradient caused by the
wettability change is assumed to be the driving force of Ni phase migration. The wettability
change is due to the change of contact angle caused by the Ni surface adsorbed oxygen under
polarization. It should be emphasized that the study of Ni-YSZ contact angle at different
humidity and negative polarization in SOEC mode is very helpful to elucidate the Ni depletion
mechanism and will be a great guide for future simulation work. In this work, for simplicity,
three minimum values of W.. (0, 2, 3) are selected to represent three different degrees of Ni
depletion at severe, moderate, and low levels, respectively. For the non-depletion cases, the
value of W:ais 4 to highlight the driving force of chemical potential gradient in the whole

domain. For the depletion cases, the value of W., gradually increases linearly to 4 as the
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distance from electrolyte increases.

2.4.2 Validation on morphology evolution and electrode model

Fig. 2(b)-(e) shows the comparisons between the experimental data and the simulation results.
Firstly, for the non-depletion cases, i.e. fuel cell mode or open-circuit electrolysis cell mode,
the evolutions of the average particle diameter and TPBI density shown in Fig. 2(b) and (c) are
fitted with the experiment data [6]. The difference between the Ni volume fraction and the
initial value in the direction perpendicular to the electrolyte is used as a control parameter to
quantify the effects of Ni depletion, and the comparison is shown in Fig. 2(d). This figure is
obtained by calculating the difference in Ni volume fraction at the same position between the
reference electrode (no depletion) and the Ni-depletion electrode. And the severe Ni depletion
case is used for the comparison. In this study, the initial microstructure of the Ni migration
process is the two-phase particle-packing structure after a sintering process. Then, this initial
microstructure is used in the phase-field calculation process. The initial microstructural
parameters in the simulations are consistent with the experimental data [21] as much as possible,
and the relevant parameters are compared in Table 3. The overall trends of two curves are
generally consistent. After a long operation time (~10,000 h), compared to the initial state, the
Ni volume fraction of the fuel electrode is decreased near the fuel electrode- electrolyte
interface. Meanwhile, there is slight increase in Ni volume fraction away from the fuel

electrode-electrolyte interface. By equating the rest of the single cell to resistance, the
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polarization curves can be obtained. As shown in Fig. 2(e), the polarization curves calculated
by the model fit well with the experimental data [21]. In addition, as shown in Fig. 2(f), the
morphological comparison of experimental and simulation results is performed. The simulated
time is similar to the experimental cell operating time of about 10,000 h. The image on the left
shows the electrode cross-sections obtained from scanning electron microscopy and energy
dispersive X-ray spectroscopy tests [16], with the Ni phase in red. The right image shows the
cross-section of the simulation results of this study, with the Ni phase in white. It can be seen

that the Ni phase distributions in the two figures match morphologically.
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Fig. 2. (a) Contact angles of Ni on YSZ surface with different Wc.. The comparison between

experimental data and simulation results on (b) Ni particle diameter, (c) density of TPB, (d)
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difference of Ni volume fraction, and (e) polarization curves. The morphological comparison
between cross-sections obtained from experiment [16] and simulation. left: Ni in red and

YSZ in green, and right: Ni in white and YSZ in grey.

Table. 3 Comparison between initial microstructures.

Parameters  porosity Ni volume TPBlI (um Interfacial  Average
fraction um) area (um? particle
um) diameter
(um)
Validation  28.3 30.8 5.28 1.97 0.68
case
Experiment 29 28.7 6.03 1.71 0.46
data [21]

3. Results and discussion

3.1 Morphology analysis

The evolution of fuel electrodes is mainly due to the Ni coarsening and depletion phenomena.
The Ni coarsening occurs in both operating modes as well as in the states of open circuit and
polarization. As mentioned above, Ni depletion is due to the interaction and common effects of

various factors [15], such as inlet gas humidity, operating current, etc. This study focuses on
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the morphology evolution of the electrode under different levels of Ni depletion and the
resulting electrochemical performance degradation. And the values of W¢, are used to
characterize the degree of Ni depletion according to the Ni migration mechanism.

Fig. 3 shows the microstructure of the fuel electrode and the comparison of TPB distribution
for different Ni depletion cases with 5000 h operation time. In Fig. 3(a), the bottom surface is
the interface between the active layer and the electrolyte. Compared with the initial form, the
Ni phases are all coarsened to some extent. The TPB network also becomes sparse. The severe
Ni depletion creates the porous YSZ layer due to the migration of the Ni phase. In the
experimental cross-sectional view of Fig. 2(f), there are some isolated Ni particles in the Ni
depletion area, while such isolated particles are rarely present in the simulation. This is mainly
because in practice some of the isolated Ni particles close to the electrolyte are not subjected
to the same strong negative polarization as the rest of the percolated Ni particles, which results
in the absence of a longitudinal migration drive force. Due to the difficulty in considering the
Ni particles percolation in PFM, all Ni particles are assigned to the migration drive force for
simplicity, but this has a negligible effect on the relevant morphological and electrochemical
analysis, since any isolated Ni particles do not contribute to effective TPB. As shown in Fig.
3(b), the evolution of the TPB network shows a decrease in the effective TPB distribution area
with the increase of Ni depletion on the one hand, and a decrease in TPB density to some extent
on the other hand. Different depletion levels also affect the Ni coarsening rate, which is
responsible for the decrease in TPB density. The active TPBI density decreases from 5.18

3

pum-pm> of the initial state to 1.94 pm-um™ of the severe depletion case. Meanwhile, the
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evolution of the electrode morphology is the result of the combined effect of various
microstructural parameters, such as particle size, porosity, volume fraction, and surface area.
For example, smaller particle size leads to faster Ni coarsening, and excessive volume fraction
of Ni or YSZ leads to insufficient percolation rate, resulting in small active TPBI density.

In addition, the morphology evolution may cause impacts on the thermal mechanical properties
of electrode. Generally speaking, the main cause of microcracks inside electrodes and
delamination between electrode and electrolyte is the mismatch of thermal expansion
coefficients (TEC) between materials and between different layers. However, there is still a
gap in research related to the influence of electrode evolution such as Ni phase migration on
thermomechanical properties. Especially for SOEC, the changes of -electrode

thermomechanical properties under severe Ni depletion need to be further investigated.
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Fig. 3. Effects of Ni depletion on the morphology of fuel electrode: (a) Ni-YSZ composite;

(b) TPB network.

Fig. 4 shows the evolution of particle size, TPB density, and width of depletion region over
time for different depletion levels. For the non-depletion case, the average Ni particle size
increases from 0.812 um to 1.077 pum, and the TPB density decreases from 5.759 pm-um™ to
3.154 um-pm? after 5000 h. For the severe Ni depletion, the average Ni particle size increases
to 1.166 um, while the TPB density decreases to 2.076 pm-um>. It can be seen that the
magnitude of the variation of Ni particle size, as well as TPB density, enhances with increasing
depletion at the same coarsening mobility. Fig. 4(c) shows the evolution of the depletion region
width over time. Here the depletion region width (Waep1) is defined as the product of the number

of layers with longitudinal Ni phase volume fraction less than 0.01 and the characteristic length.
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Fig. 4. The changes of microstructural parameters over time: (a) average Ni particle diameter,

(b) Active TPBI density, and (c) depletion area width.

In addition, the effects of wettability on the morphology evolution are shown in Fig. 5. It can
be seen that the Ni coarsening decreases with increasing wettability (Fig. 5 (a)). In particular,

at a contact angle of 30° (W.=5), the average Ni particle size only increases by 19.5% after
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5000 h. The larger wettability has a certain inhibitory effect on Ni coarsening. Fig. 5(b) shows
the evolution of TPBI density over time with different wettabilities. It should be noted that the
difference in TPBI density reduction is small except for the case of a smaller contact angle (Wca
=5). This is related to the Ni-YSZ interfacial area, and the corresponding interfacial areas are
listed in Table 4. The evolution of interfacial areas mainly occurs in the first 1000 h. For the
small contact angle case, the interfacial area increases compared to the initial value. For other
cases, the stabilized interface area is smaller compared to the initial value. Some studies have
found that the use of Ni alloys doped with other substances results in a certain degree of
expansion of the three interface areas [40,41]. Increasing wettability is achieved by reducing
the interfacial energy. Overall there are several strategies to enhance the wettability. As
mentioned above, the first is to dope some other substances in the Ni phase. Secondly, the
stability of N1 on YSZ surface can be improved by adjusting the operating conditions of the
solid oxide cell and reducing the polarization and humidity [15]. In addition to this, epitaxial
bonding between YSZ and Ni particles can be created electrochemically to reduce the
interfacial energy [42]. Thus, increasing the wettability of the Ni phase in the YSZ surface can
effectively suppress the reduction of TPB density due to Ni coarsening. For the binary Ni-YSZ
system with a larger wettability, the Ni particles tend to extend towards the YSZ surface during
the evolution process. In this way, the agglomeration of small Ni particles is hindered to a

certain extent and the Ni coarsening is inhibited.

Table. 4 Ni-YSZ interfacial areas of initial and degraded cases.
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Inltlal Wca_=2 Wca=3 Wca=4 Wca=5

Interfacial area 1.59 1.28 1.4 1.53 1.69
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Fig. 5. Effects of wettability on the morphology evolution.

3.2 Electrochemistry analysis

Fig. 6 shows the overpotential-current density curves with different levels of depletion. In the
cases of 850°C, at high current density (12,000 A m™), the total overpotential increases by 52.8%
(0.081 V, from 0.153 to 0.234 V) compared to non-depletion case, with the activation
overpotential increasing by 0.03 V (from 0.069 to 0.099 V) and the ohmic overpotential
increasing by 0.051 V (from 0.084 to 0.135 V). We attribute the increase in activation

overpotential mainly to the decrease in TPBl. However, whether there are other factors
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contributing to the increase needs to be experimentally verified in the future. In addition, the
increase of ohmic overpotential is another major cause of electrochemical degradation of the
electrode. Some previous experimental studies have also observed that Ni depletion leads to a
large increase in ohmic resistance [14,21,43]. For conventional Ni-YSZ electrodes, the ohmic
overpotential is mainly caused by the YSZ phase due to its low ionic conductivity compared to
the Ni phase. By comparing the polarization curves between the initial case and the non-
depletion case, we can see that the variation of ohmic loss is small. The total overpotential
increases by 0.037 V (from 0.116 to 0.153 V) at 12,000 A m™2. This means that Ni coarsening
mainly increases the activation overpotential. In the cases of 800°C, the overall trend remains

the same. But all values of overpotential are greatly increased.
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Fig. 6. The overpotential-current density curves with different degrees of Ni depletion.

Fig. 7 illustrates the distribution of the ionic potential, and the dashed line marks the
intersection of the effective reaction layer with the porous YSZ layer produced by Ni depletion.
It can be seen that the difference of ion potential distribution in the xy-axis cross-section is very
small, and the absolute value of potential decreases gradually from the electrolyte side along
the direction perpendicular to the electrolyte layer. The potential difference between the two
end surfaces is the ionic potential loss. Under severe depletion condition, the ionic potentials
on both sides of the porous YSZ layer have a large difference, which indicates that a large ionic
potential loss is generated in this region. Meanwhile, the ionic potential loss of the severe
depletion case is significantly greater than that of other cases. On the one hand, since severe
depletion leads to a significant increase of the porous YSZ layer thickness, this results in an

increase of the local ionic current within this layer under the same operating current density.
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This increases the ohmic loss in the effective active layer. On the other hand, for the non-
depletion electrode, the electrochemical reaction is concentrated near the dense electrolyte (at
the electrode-electrolyte interface). Ni depletion directly leads to the fact that oxygen ions
generated by electrochemical reactions have to pass through an extra porous YSZ layer to reach
the dense electrolyte and then be transported to the oxygen electrode to participate in the
reaction. That is, the presence of a porous YSZ layer directly extends the ion transport path

between the effective reaction sites and the dense electrolyte, leading to higher ohmic loss.
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Fig. 7. The ionic potential distributions with different degrees of Ni depletion.

Fig. 8 (a) and (b) illustrates the distribution of the activation overpotential in the direction of
electrode thickness. As shown in Fig. 8 (a), the severe depletion raises the average activation
overpotential from 0.069 V to 0.099 V. This is mainly due to the reduction of the effective
reaction sites caused by Ni depletion. The dashed lines mark the depletion region width, in

which no electrochemical reaction occurs due to the absence of effective reaction sites. The
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effects of operating current density are also shown in Fig. 8 (b). Compared to the low current
density case, the reaction at high current density is concentrated near the electrolyte layer, so
there is a high gradient of overpotential here. Fig. 8 (¢) and (d) shows the average
electrochemical reaction rate distribution along the direction perpendicular to the electrolyte
for different influencing factors. As shown in Fig. 8 (c¢), for non-depletion case, the
electrochemical reactions are mainly concentrated near the electrolyte. With the increase of Ni
depletion and the migration of reaction sites, the electrochemical reaction is shifted away from
this interface. For the Ni depletion case, there is a rapid increase in the reaction sites at the
interface of the Ni depletion region and the main reaction region. Moreover, the overall
electrochemical reaction rate is significantly higher in the non-depletion region than in the non-
depletion case. This is mainly due to the increase of the active TPBI density brought about by
Ni migration in the non-depleted region. In addition, the distribution of the electrochemical
reaction rates at different operating currents is shown in Fig. 8 (d). For low current density case,
the electrochemical reaction is more uniform. However, for high current case, the
electrochemical reaction rates on both sides of the electrode differ significantly. The reactions

at high operating currents are more concentrated near the electrolyte layer.
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of working current density.

4. Conclusions

In this study, an integrated model is developed to study the fuel electrode degradation due to
microstructure changes during SOEC operation. The electrode microstructure evolution of
SOEC fuel electrodes mainly includes Ni coarsening and Ni depletion, and the phase-field
model is used to characterize the change of electrode morphology during these processes. In

addition, the resulting electrochemical performance degradation is evaluated with an LBM-
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based electrode model. The microstructural parameters and the electrochemical performance
during the evolution of the electrode are fitted experimentally and the results are in good
agreement. In terms of morphology, Ni depletion has the greatest impact on electrode
degradation. This phenomenon causes the Ni phase to migrate away from the electrode-
electrolyte interface towards the surface of the electrode surface, resulting in the appearance of
a porous YSZ layer, with depletion region width up to several microns in severe cases. Ni
coarsening and TPBI density reduction also increase with increasing Ni depletion. For non-
depletion cases, increasing the wettability of Ni on the YSZ surface can suppress Ni coarsening
and maintain the TPBI density to a certain extent. In terms of electrochemical performance,
severe Ni depletion increases the overall overpotential of the cell by 52.8% under basic case.
The Ni depletion region increases the oxygen ion transport path and thus increases the ohmic
resistance. With the increase of Ni depletion, the electrochemical reaction area will expand
away from the electrode-electrolyte interface. The integrated model developed in this study can
be used to quantify the irreversible performance loss caused by Ni migration during SOEC
operation. Meanwhile, more work on Ni migration inhibition is needed in the future to improve

the overall durability of SOEC.
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