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Abstract

Solid oxide electrolysis cells (SOECs) are regarded as a promising technology for sustain-
able hydrogen production because of their high energy conversion efficiency. In this study,
a multiphysics numerical model combined with a random particle packing framework was
used to evaluate the influence of anode microstructural parameters on the electrochemical
performance of a button-type SOEC. The effects of anode porosity, particle size, and elec-
trode thickness on current density were systematically analyzed. Increasing porosity from
0.3 to 0.5 reduced the current density because of the decreased fraction of electrochemically
active material. Increasing the anode particle size from 50 to 300 nm significantly shortened
the triple-phase boundary (TPB) length, leading to a decrease in current density from 6289
to 5502 A m−2. The effect of anode thickness reflects a trade-off between electrochemical
activity and gas transport, with the current density increasing from 5502 to 5940 A m−2

as the thickness increased from 10 to 20 µm. Overall, the results highlight the coupled
roles of reaction-site availability and oxygen transport in determining SOEC performance.
This study provides a parametric assessment of how anode microstructure affects SOEC
performance and may support the structural optimization of SOEC oxygen electrodes.

Keywords: solid oxide electrolysis cell; numerical simulation; hydrogen production;
renewable energy; structural optimization

1. Introduction
Hydrogen is widely regarded as an important energy carrier for low-carbon energy sys-

tems, and water electrolysis is a promising technology for green hydrogen production [1,2].
Among the available electrolysis technologies, solid oxide electrolysis cells (SOECs) offer
high energy conversion efficiency and fast reaction kinetics [3–5]. A typical SOEC consists
of a porous hydrogen electrode, a dense oxide electrolyte, and a porous oxygen electrode [6].
During operation, SOECs involve strongly coupled physicochemical processes, including
charge transfer, mass transport, and electrochemical reactions [7]. Among them, the oxy-
gen evolution reaction at the anode is relatively sluggish and contributes significantly to
polarization losses, making electrode structural optimization essential for improving SOEC
performance [8].

Numerical simulation has become an important tool for understanding and opti-
mizing SOEC electrodes [9]. Previous studies have investigated oxygen electrodes from
different perspectives, including oxygen transport, concentration polarization, and coupled
electrochemical/transport behavior. These studies showed that porosity, particle size, and
electrode thickness strongly influence cell performance, but many of them focused on a
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single factor or adopted simplified model assumptions [10–13]. Continuum-based three-
dimensional models were also developed to describe coupled transport and electrochemical
behavior under various operating conditions [14]. However, in many such models, effective
transport and reaction parameters are prescribed as constants, so the effects of microstruc-
tural variations are not always represented consistently. To improve the link between
microstructure and effective properties, random-packing-based parameterization methods
have been proposed [15]. Although such approaches provide a physically grounded de-
scription of conductivity and diffusivity, their systematic application to oxygen-electrode
optimization in SOECs remains limited. More comprehensive SOEC models have further
incorporated electrochemical kinetics, heat and mass transport, and charge transport mech-
anisms [16], but systematic investigation of the coupled effects of porosity, particle size,
and thickness on oxygen-electrode performance is still lacking.

To address these limitations, a two-dimensional multiphysics SOEC model was devel-
oped in COMSOL Multiphysics 6.2 to examine the structural effects of the oxygen electrode.
The model incorporates charge conservation, species transport, gas diffusion, and electro-
chemical reaction kinetics in a fully coupled manner. To account for microstructural effects
in a computationally efficient continuum description, a parameterization method based on
randomly packed spherical particles was adopted. In this approach, effective electronic
conductivity, ionic conductivity, gas diffusion coefficients, and reaction-site density are
consistently related to structural descriptors, including porosity and particle diameter.
Based on this model, the effects of particle size, electrode thickness, and porosity on SOEC
performance were systematically evaluated under fixed-voltage operation. The respective
contributions of activation, ohmic, and concentration polarizations were further analyzed,
and transport-related behavior was quantified in terms of the oxygen partial pressure
difference and concentration overpotential. Accordingly, the present work aims to clarify
the roles of key oxygen electrode structural parameters in SOEC performance.

2. Methods
2.1. Simulation Model

The two-dimensional multiphysics model developed in this study was constructed
based on prior experimental observations and implemented in COMSOL Multiphysics 6.2.
The model was designed to reproduce the geometry, operating conditions, and electrochem-
ical environment of the experimental SOEC system. A button-type SOEC configuration
was adopted, in which electrochemical reactions occur at locations where ions, electrons,
and gaseous species meet simultaneously. These reactive sites, referred to as triple-phase
boundaries (TPBs), govern the reaction rate, and the TPB length is determined by factors
such as particle size, phase distribution, and anode composition [17].

The physical model, illustrated in Figure 1, consists of a hydrogen flow channel, a cath-
ode layer, an anode layer, an electrolyte layer, and an airflow channel. The electrolyte was
represented as a dense, impermeable layer, whereas the anode and cathode were modeled
as porous electrodes. Ni/YSZ was used as the cathode material, La0.6Sr0.4Co0.2Fe0.8O3+δ

(LSCF) served as the anode material, and the electrolyte consisted of yttria-stabilized
zirconia (YSZ).

An axisymmetric framework was adopted to construct the geometric configuration
and flow-channel layout, and the corresponding operating parameters are listed in Table 1.
At the gas inlet, laminar flow was imposed using a specified mass-flow boundary condition,
and the gas temperature was set equal to the operating temperature. The gas outlet was
defined as a pressure outlet boundary condition, allowing convective transport of both
mass and heat. At the interface between the flow channel and the electrode, flow and heat
transfer were treated as continuous, while mass transport and the electronic potential field
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were treated as insulated. At the current collector/channel interface, a no-slip boundary
condition was applied to the flow, while mass transport and the electronic field were
insulated and heat transfer remained continuous. At the electrolyte/electrode interface,
mass transport and the electronic field were set as insulated, while heat transfer was
continuous. Appropriate initial values and localized boundary conditions were applied
within the anode and cathode layers to ensure numerical stability. The operating voltage
was imposed across the interface between the lower boundary of the cathode layer and the
upper boundary of the anode layer [18].

Figure 1. Schematic diagram of the SOEC model.

Table 1. Physical dimensions and working parameters of the model [19–21].

Operating Conditions Values

Operating Temperature T (K) 1023
Cell Diameter D (m) 0.002

H2 flow rate
.

NH2 (mL min−1) 50

H2O flow rate
.

NH2O (mL min−1) 300
Partial pressure of O2 pO2 (atm) 0.21
Partial pressure of H2 pH2 (atm) 0.143

Partial pressure of H2O pH2O (atm) 0.857
Anode Thickness δan (m) 1.5 × 10−5

LSCF particle diameter rLSCF (m) 3 × 10−7

Anode Porosity εan 0.4
Anode Tortuosity τan 5

Anode Pre-exponential factor γan (A m−2) 1 × 1010

Anode Activation energy Ea,an (J mol−1) 1.3 × 105

Electrolyte Thickness δele (m) 8 × 10−6

Cathode Thickness δca (m) 4 × 10−4

Ni particle diameter rNi (m) 4 × 10−7

YSZ particle diameter rYSZ (m) 1 × 10−7

Cathode Porosity εca 0.35
Cathode Tortuosity τca 5

Cathode Pre-exponential factor γca (A m−2) 1.7 × 1010

Cathode Activation energy Ea,ca (J mol−1) 1.2 × 105
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2.2. Charge Conservation Equations

In the present continuum framework, the intrinsic interfacial Butler–Volmer relation is
formulated in terms of local electrochemical potentials, while the effect of microstructure
is incorporated into the volumetric electrochemical response through the microstructure-
dependent reaction-site density and effective transport properties. Specifically, the effective
electronic conductivity, ionic conductivity, gas diffusion coefficients, and active reaction-
site density are expressed as functions of structural descriptors such as porosity, particle
size, and particle connectivity. These quantities govern local charge transfer and mass
transport processes and thereby determine the overall electrochemical performance of the
anode. In the present study, the random-packing-based microstructure parameterization
is implemented as follows. First, the structural descriptors and model constants required
for the random-packing-based parameterization are specified as input parameters and
summarized in Table 2. Second, the percolation probability Pi and nv are calculated from
Equations (6) and (7), based on which the active reaction-site density STPB is obtained
from Equation (5). Third, the effective ionic and electronic conductivities are evaluated
from Equations (8)–(12). Finally, these microstructure-dependent quantities are introduced
into the continuum model through the source terms and effective transport properties in
Equations (1)–(4).

Table 2. Input parameters used in the random-packing-based microstructure parameterization.

Parameters Values Reference

Anode Porosity εan 0.3–0.5 This work
LSCF particle diameter rLSCF (nm) 50–300 This work

volume fraction of LSCF particles ΨLSCF 1 This work
Intrinsic ionic conductivity of the LSCF particles σi,0

io,tra (S·m) 5.7 × 106exp
(
− 1.15×104

T

)
[16]

Conductivity within the LSCF particles σel,0
LSCF (S·m) 10(−

5000
T +3.1) [16]

Contact angle θ (◦) 15 [22,23]
Average coordination number Z 6 [22]

Inter-particle interface thickness δter, r (m) 5 × 10−9 [23,24]

In this framework, electric current results from the transport of charged species, namely
electrons and ions. Electrons are transported through the electrode reaction layer, while
ions migrate through both the electrode and the electrolyte. Charge-conservation equations
are formulated for the anode layer, with analogous treatments applied to the electrolyte
and cathode layers. Accordingly, based on Ohm’s law, the governing equations for electron
transport (Equation (1)) and ion transport (Equation (2)) are given as follows [25].

∇ · (−σeff
el ϕel) = Sel (1)

∇ · (−σeff
io ϕio) = Sio (2)

where σeff
el , σeff

io are the effective electron conductivity and effective ionic conductivity,
respectively; ϕel and ϕio are the electron potential and ionic potential, respectively; Sel

and Sio are the volumetric source terms in the electronic and ionic charge-conservation
equations, respectively, (A·m−3) [25].

Sel =

{
Jc · STPB Cathode
−Ja · STPB Anode

(3)
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Sio =

{
−Jc · STPB Cathode
Ja · STPB Anode

(4)

where Ja and Jc are the local interfacial current densities determined by the Butler–Volmer
relation, (A·m−2). The parameter STPB is the microstructure-dependent density of electro-
chemically active reaction sites obtained from the random-packing-based parameterization.
Therefore, the volumetric source terms Sel and Sio depend on both the local electrochemical
kinetics and the electrode microstructure. STPB can be determined using the following
Equation (5) [22]:

STPB = π(rLSCF sin θ)2nv
Z
6

Pi (5)

where θ is the contact angle between the electronic and ionic conductors. Z is the average
coordination number between the particles; Pi is the probability of the LSCF particles
connecting to the porous media (Equation (6)); nv is the the number of particles per unit
volume, can be determined using the following Equation (7) [9]:

Pi =

[
1 − (

4.236 − Z
2.472

)
2.5
]0.4

(6)

nv =
1 − εan
4
3 πr3

LSCF
(7)

Because the ionic conductivity within LSCF particles differs from that between
particles, the effective ionic conductivity of the anode is expressed by the following
Equation (8) [26]:

σeff
io =

(
1

σi,eff
io,tra

+
1

σi,eff
io,ter

)−1

(8)

where σi,eff
io,tra is the effective ionic conductivity within the LSCF particles; σi,eff

io,ter is the
effective ionic conductivity between the LSCF particles. The effective ionic conductivity
within the LSCF particles can be expressed as Equation (9) [27]:

σi,eff
io,tra = σi,0

io,tra[ψLSCF(1 − εan)]
2 (9)

where σi,0
io,tra is the intrinsic ionic conductivity of the LSCF particles, in S/m; ΨLSCF is the

volume fraction of LSCF particles; εan is the porosity of the anode layer. The effective ionic
conductivity between the particles is expressed as Equations (10) and (11) [28]:

σi,eff
io,ter = σi,0

io,ter
4αterr2

LSCFnVZPi

δter
(10)

αter = πr2
LSCF sin θ (11)

where δter,r is the interface thickness between LSCF particles and between LSCF particles,
estimated to be 5 nm [23]; αter is the interface contact area between LSCF particles; σi,0

ter is
the ionic conductivity between the intrinsic particles of LSCF;

Because the electronic conductivity between adjacent particles is sufficiently high, its
contribution to the overall electronic conduction resistance can be considered negligible.
Therefore, a similar formulation can be applied to describe the effective electronic conduc-
tivity within the anode. The effective electronic conductivity of the anode layer is then
given as Equation (12) [24]:

σeff
el = σel,eff

LSCF = σel,0
LSCF[ψLSCF(1 − εan)]

2 (12)
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where σel,eff
LSCF is the effective electron conductivity of LSCF; σel,0

LSCF is the conductivity within
the LSCF particles; ΨLSCF is the volume fraction of LSCF particles.

2.3. Electrochemical Reaction Model

In the actual electrolysis process, due to unavoidable losses, the required input voltage
is always higher than the thermodynamically calculated voltage. As the electrolysis current
increases, the associated voltage losses also increase. In general, three types of polarization
overpotentials are considered: activation overpotential (ηact), ohmic overpotential (ηohm),
and concentration overpotential (ηcon). The actual cell voltage (E) is composed of the
reversible electromotive force and the additional overpotential (Ei) caused by various
polarization losses, as expressed in Equation (13) [29]:

E = E0 + ηact + ηohm + ηcon (13)

where E is the actual electrolysis voltage and E0 is the reversible voltage. The reversible
electromotive force E0 is expressed as Equation (14):

E0 =
∆G(T)

2F
+

RT
2F

ln

 pH2 p
1
2
O2

pH2O

 (14)

where ∆G(T) is the Gibbs free energy change in the electrochemical reaction at temperature
T, and F is the Faraday constant.

Activation overpotential arises from the kinetic resistance of electrochemical reactions
and represents the additional potential required for the hydrogen and anode reactions to
overcome the activation energy barrier [30].

ηact,i = ϕel − ϕio − Eeq,i (15)

Ji=a,c = J0,i

[
exp

(
nαiF
RT

ηact,i

)
− exp

(
−n(1 − αi)F

RT
ηact,i

)]
(16)

where Ji=a,c is the current density; J0,i is the exchange current density; αi is the symmetry
factors of the forward reactions; Eeq,i is the equilibrium voltage. The exchange current
density j0,i can be expressed as Equation (17) [30]:

j0,i =
RT
2F

γi exp
(
−Ea,i

RT

)
(17)

where γi is the pre-exponential factor; Ea,i is the activation energy.
The overpotential of ohmic polarization is generated due to the resistance of charge

transfer, mainly the overpotential lost by ions when they overcome the resistance during
their transfer in the electrolyte and on the electrode. Ohmic polarization is expressed as
Equation (18) [31].

ηohm = Jδeleσele (18)

where σele is the conductivity of the electrolyte.
Concentration overpotential occurs when the charge-transfer rate exceeds the rate at

which reactive species can diffuse or migrate to the electrochemically active sites, causing
their local concentrations to deviate from bulk values. This imbalance leads to the forma-
tion of a significant concentration gradient between the electrode reaction zone and the
surrounding gas phase. The presence of this gradient slows the electrochemical reaction
rate and, in turn, increases the overall overpotential as expressed in Equations (19)–(21) [32]:
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ηcon = ηcon,an + ηcon,ca (19)

ηcon,ca =
RT
2F

ln

 1 −
(

JRTδca/2FDeff
H2OPH2

)
1 +

(
JRTδca/2FDeff

H2OPH2O

)
 (20)

ηcon,an =
RT
4F

ln


√(

PO2

)2
+
(

JRTµδan/2Fkg
)

PO2

 (21)

where Econ,an and Econ,ca are the concentration polarization overpotential of the anode
and cathode, respectively; Deff

H2O is effective diffusion coefficient of H2O; µ is the dynamic
viscosity of O2; kg is the permeability of the anode.

2.4. Component Transport and Diffusion Equation

It was assumed that the gases within the cell originate solely from the channel inlets.
Gas transport in porous media is commonly described using either the extended Fick model
(EFM) or the dusty-gas model (DGM) [33]. Both models account for Knudsen diffusion,
molecular diffusion, and mass transport under finite pressure gradients. The EFM is often
preferred because it provides explicit analytical expressions for species fluxes and reduces
computational complexity [34]. Suwanwarangkul et al. [35] developed an anode mass-
transport model for solid oxide fuel cells using both the EFM and DGM, and compared
their predictive differences.

Based on these insights, the present study adopts the EFM to describe mass transport
within the porous electrodes, while neglecting the influence of finite pressure gradients
during computation. Accordingly, the mass-transport equation for the porous electrode
using the EFM can be written as Equation (22):

εi
∂ck,g

∂t
+∇ · (−Deff

k ∇ck,g) = Rk,g (22)

where εi is the porosity of the electrode; ck,g is the molar concentration of the gas; Rk,g is the
mass balance source term of gaseous substances within the porous medium; and Deff

k is the
effective diffusion coefficient of gaseous substances. Considering that molecular diffusion
and Knudsen diffusion are dominant mechanisms in pores with diameters significantly
larger than and smaller than the mean free path of gas molecules, respectively, the effective
diffusion coefficient is described as Equation (23):

Deff
k =

(
1

Deff
k,mole

+
1

Deff
k,Kn

)−1

(23)

where Deff
k,mole and Deff

k,Kn are the effective molecular diffusion coefficient and effective
Knudsen diffusion coefficient, respectively, for multi-component gas mixtures. The effective
molecular diffusion coefficient is calculated as Equation (24):

Deff
k,mole =

1 − xk

n
∑

j=1

(
xj

Deff
k,j

) (24)

where xk and xj are the mole fraction of gaseous substances k and j; Deff
k,j is the effective

binary molecular diffusion coefficient. Considering the properties of porous materials, the
effective binary molecular diffusion coefficient and the Knudsen diffusion coefficient are
respectively expressed as Equations (25) and (26):

https://doi.org/10.3390/en19092184

https://doi.org/10.3390/en19092184


Energies 2026, 19, 2184 8 of 23

Deff
k,j =

0.00101εiT1.75
((

1
Mk

)
+
(

1
Mj

)) 1
2

τi p
[

V
1
3

k + V
1
3

j

]2 (25)

Deff
k,Kn =

4εi
3τi

ri

√
8RT
πMk

(26)

where τi is the tortuosity; Vk and Vj are the diffusion volumes of gaseous substances k and
j; M is the molecular weight; ri is the average pore radius.

The partial pressure gradient along the thickness of the anode can be obtained by com-
bining the Fick diffusion and current flux flowing in the electrode, shown in Equation (27)

dpO2

dx
= −RgTJ0,i

2FDe f f
k

(27)

In the anode, the relationship between the mass balance source term and the current
source term can be determined by Faraday’s law as Equation (28):

RO2 =
Qelec,an

4F
(28)

where Qelec,an is the source term of the charge balance equation.

2.5. Model Validation

To ensure the reliability of the numerical simulation results, a mesh-independence
analysis was conducted for the two-dimensional axisymmetric model, as shown in Figure 2.
The current density values computed at the same electrolysis voltage were compared
under different mesh densities. When the total number of mesh elements exceeded 50,000,
the relative deviation in current density fell below 1%. Therefore, a mesh consisting of
50,000 elements was selected as an optimal configuration, providing an effective balance
between computational accuracy and efficiency.

Figure 2. Verification of mesh independence.

Model validation was conducted by comparing the simulated voltage–current density
curve with the experimental data reported by Lin et al. [19], as presented in Figure 3. The
close agreement between the numerical and experimental results confirms the accuracy
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and reliability of the proposed SOEC model. To validate the present model, the data
from Ref. [16] were used. Figure 4 compares the simulated and experimental voltage–
current density curves for SOECs with anode porosities of 0.3, 0.4, and 0.5. The simulated
results are in good agreement with the experimental data, and the model successfully
reproduces the performance variation with porosity. This agreement indicates that the
present microstructure-informed model can reasonably capture the influence of anode
microstructure on SOEC electrochemical behavior.

Figure 3. Comparison of model voltage-current density with experimental data [19].

Figure 4. Comparison of simulated and experimental voltage–current density curves at different
anode porosities. Experimental data are taken from Ref. [16].

3. Results
In this study, the effects of key anode structural parameters, including porosity, particle

size, and anode thickness, on SOEC performance are systematically investigated. Because
these parameters influence current density through different mechanisms, their synergistic
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interactions are further analyzed to elucidate their combined impact on overall cell perfor-
mance. In addition, the electrolysis voltage significantly affects the I–V characteristics and
polarization losses of SOECs. Previous studies have demonstrated that an operating voltage
of 1.7 V can achieve relatively high current densities [36–38]. Therefore, the present study
focuses on evaluating the influence of anode structural variations on SOEC performance
under a fixed operating voltage of 1.7 V. During the parametric analysis, only one structural
parameter was varied at a time, while all other parameters were kept constant to isolate its
individual effect.

3.1. Effect of Anode Porosity on Current Density

The typical adjustable porosity range of the anode layer is 0.3–0.5 [39]. To evaluate
the influence of porosity on SOEC performance, current density curves were simulated
within this range, as shown in Figure 5a. When porosity was varied, the corresponding
effective transport and reaction parameters were updated according to the microstructure
closure relations, while all other operating conditions were kept constant. At relatively
low electrolysis voltages, porosity has only a minor effect on current density, mainly
because the demand for electrochemically active sites and the oxygen evolution rate remain
low. However, as the electrolysis voltage increases, the influence of porosity becomes
more pronounced. For a given voltage, increasing porosity reduces the current density
because the number of electrochemically active sites becomes insufficient to sustain the
higher reaction rates. As shown in Figure 5b, when porosity increases from 0.3 to 0.5, the
current density at 1.7 V decreases from 5622 to 5321 A m−2. Conversely, excessively low
porosity (<0.3) may lead to electrode densification. This restricts gas transport within the
anode and consequently deteriorates the overall electrochemical performance [40]. As
illustrated in Figure 6, oxygen tends to accumulate near the interface between the oxygen
electrode and the electrolyte layer. Higher porosity facilitates gas transport within the
porous electrode. This results in a more uniform distribution of oxygen partial pressure.
In contrast, when the porosity decreases, oxygen transport becomes hindered and the
local oxygen partial pressure increases. The elevated oxygen partial pressure may induce
additional mechanical stress within the oxygen electrode. which may cause delamination
at the electrode–electrolyte interface and consequently reduce the long-term durability of
the SOEC.

Figure 5. Effect of anode porosity on SOEC electrochemical performance: (a) I–V curves under
different porosities; (b) variation in current density with porosity.
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Figure 6. Oxygen partial pressure distribution in the oxygen electrode at different porosities:
(a) ε = 0.3, (b) ε = 0.4, and (c) ε = 0.5.

To quantitatively evaluate the diffusion limitation, the difference between the maxi-
mum and minimum oxygen partial pressures within the electrode (∆pO2) was calculated.
The results suggest that ∆pO2 reduces significantly from 583 Pa to 163 Pa as the poros-
ity enhances, indicating that mass transport resistance is effectively alleviated at higher
porosity levels.

To quantitatively evaluate the diffusion limitation, the difference between the maxi-
mum and minimum oxygen partial pressures within the electrode (∆PO2) was calculated.
Figure 7 illustrates the influence of anode porosity on oxygen transport limitation. Increas-
ing porosity significantly reduces the oxygen partial pressure difference across the anode,
indicating enhanced removal of the oxygen generated during the electrochemical reaction.
Correspondingly, the anode concentration overpotential also declines, confirming that the
mass-transfer resistance is weakened at higher porosity. This behavior can be attributed to
the enlarged pore space and reduced diffusion resistance in the porous electrode. Hence,
increasing porosity helps suppress oxygen accumulation and mitigates concentration polar-
ization in the anode. These results indicate that particle size primarily controls the density
of active reaction sites through its influence on TPB length. However, under conditions of
restricted pore transport, smaller particles also intensify oxygen accumulation and concen-
tration polarization. Therefore, particle size should be regarded as a reaction-dominant
parameter with transport-related side effects.
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Figure 7. Influence of anode porosity on oxygen partial pressure difference and concentration
overpotential in SOEC.

3.2. Effect of Particle Size on Current Density

In this model, the influence of anode particle size on SOEC performance was investi-
gated by varying the particle size while keeping all other parameters constant. As shown in
Figure 8a, decreasing the anode particle diameter results in a noticeable increase in current
density, and this effect becomes more pronounced at higher electrolysis voltages. This be-
havior can be attributed to the reduction in triple-phase boundary (TPB) length associated
with increasing particle diameter, which reduces the number of electrochemically active
reaction sites and consequently decreases the current density, as illustrated in Figure 8b. At
an operating voltage of 1.7 V, the current density increases approximately linearly as the
particle size decreases.

Figure 8. Effect of anode particle size on SOEC electrochemical performance: (a) I–V curves under
different particle sizes; (b) variation in current density with particle size.

Advances in material processing techniques can effectively reduce the particle size
of anodes. Nevertheless, excessively small particles may enhance the charge-transfer
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resistance between adjacent grains and hinder gas transport within the anode, thereby
aggravating concentration polarization [41].

As shown in Figure 9a, as the particle size decreases, the oxygen partial pressure within
the electrode increases and a steeper gradient is observed. This behavior is associated
with the increase in active specific surface area at smaller particle sizes. According to the
spherical particle framework, the reaction surface area is inversely proportional to the
particle diameter. Therefore, smaller particles enhance the electrochemical reaction rate
and increase the local oxygen generation near the electrolyte interface. Since the effective
diffusion coefficient is primarily governed by porosity and remains nearly unchanged with
particle size, the intensified oxygen production leads to stronger oxygen accumulation and
a larger concentration gradient within the electrode. These results indicate that although
smaller particles improve electrochemical activity, they may also aggravate transport
limitations and concentration polarization.

 
Figure 9. Oxygen partial pressure distribution in the oxygen electrode at different particle size:
(a) 50 nm, (b) 100 nm (c) 300 nm.

A similar transport-related trend is observed in Figure 10 for anode particle size. With
increasing particle size, both the oxygen partial pressure difference and the concentration
overpotential decrease markedly, indicating improved oxygen evacuation and lower dif-
fusion resistance. These results suggest that particle size influences SOEC performance
not only through electrochemical activity but also through its direct effect on oxygen trans-
port behavior. Therefore, its role should be understood as a balance between reaction-site
availability and gas diffusion capability. These results indicate that particle size primarily
controls the density of active reaction sites through its influence on TPB length. However,
under conditions of restricted pore transport, smaller particles also intensify oxygen accu-
mulation and concentration polarization. Therefore, particle size should be regarded as a
reaction-dominant parameter with transport-related side effects.
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Figure 10. Influence of anode particle size on oxygen partial pressure difference and concentration
overpotential in SOEC.

3.3. Effect of Anode Thickness on Current Density

The thickness of the anode layer plays a critical role in determining the performance
of solid oxide electrolysis cells (SOECs). As shown in Figure 11a, increasing the anode
thickness from 10 µm to 20 µm leads to a noticeable increase in current density, from
5502 A m−2 to 5940 A m−2. This enhancement can be attributed to the enlarged reaction
zone and the extended triple-phase boundary (TPB) provided by the thicker anode, which
promote faster electrochemical reaction kinetics and higher current output. Although a
thinner anode layer facilitates gas diffusion, the reduced number of electrochemically active
sites limits the achievable current density.

Figure 11. Effect of anode thickness on SOEC electrochemical performance: (a) I–V curves under
different thickness; (b) variation in current density with thickness.

However, as shown in Figure 11b, further increasing the anode thickness from 20 µm
to 40 µm results in only a marginal improvement in performance. While thicker anodes
contain more active reaction sites, they also significantly impede gas transport within
the electrode, thereby intensifying concentration polarization. In practical applications,
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excessively thick anode layers not only hinder oxygen transport but also increase fabrication
complexity and material costs [42].

The diffusion path length plays a significant role in determining concentration po-
larization in porous electrodes. As the electrode thickness increases, the diffusion dis-
tance for oxygen transport becomes longer. This reduces the mass transport rate and
promotes oxygen accumulation near the electrolyte interface. Consequently, a larger oxy-
gen partial pressure gradient develops across the electrode. This results in enhanced
concentration polarization.

Figure 12 illustrates the oxygen partial pressure distribution in the oxygen electrode at
different anode thicknesses. The diffusion path length plays a significant role in determining
concentration polarization in porous electrodes. As the electrode thickness increases, the
diffusion distance for oxygen transport becomes longer. This reduces the mass transport
rate and promotes oxygen accumulation near the electrolyte interface. Consequently, a
larger oxygen partial pressure gradient develops across the electrode. This results in
enhanced concentration polarization.

Figure 12. Oxygen partial pressure distribution in the oxygen electrode at different anode thickness:
(a) 10 µm, (b) 20 µm, (c) 30 µm, (d) 40 µm.

Figure 13 illustrates the oxygen partial pressure distribution within the anode at
different electrode thicknesses. Oxygen is primarily generated at the anode–electrolyte
interface due to the oxygen evolution reaction and therefore tends to accumulate in this
region. As the anode thickness increases, the oxygen partial pressure within the electrode
rises, and a more pronounced oxygen partial pressure gradient develops. This behavior
results from the combined effects of oxygen generation and mass transport limitation.
A thicker anode expands the electrochemically active region, thereby enhancing oxygen
evolution and increasing the local oxygen concentration. At the same time, the longer
diffusion pathway hinders oxygen transport toward the gas channel, further intensifying
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the concentration gradient within the electrode. These results indicate that although
increasing anode thickness promotes reaction activity, excessive thickness aggravates
transport resistance and leads to oxygen accumulation near the electrolyte interface. These
results indicate that anode thickness determines the balance between active reaction region
and diffusion path length. Increasing thickness initially improves performance by enlarging
the electrochemically active region, but excessive thickness eventually causes transport
limitation to dominate. Thus, thickness acts as a geometric trade-off parameter in SOEC
anode design.

 

Figure 13. Influence of anode thickness on oxygen partial pressure difference and concentration
overpotential in SOEC.

3.4. Effect of Common Variation in Anode Parameters on Current Density

As illustrated in Figure 14, the combined variations in porosity and anode thickness
significantly affect SOEC performance. At an electrolysis voltage of 1.7 V, the highest
current density of 6227 A m−2 is obtained when the porosity is 0.3 and the anode thickness
is 40 µm. Within the investigated ranges of 10–40 µm for anode thickness and 0.3–0.5 for
porosity, a thinner anode layer provides a shorter gas diffusion path but also contains fewer
electrochemically active reaction sites. This results in lower oxygen evolution rates. Under
these conditions, increasing porosity further reduces the number of available reaction sites,
and the combined effect of high porosity and small anode thickness therefore leads to a
substantial reduction in current density. Conversely, thicker anode layers provide more
active reaction sites, and the number of available sites continues to increase as porosity
decreases. However, thicker anodes also restrict oxygen diffusion, and under low-porosity
conditions the resulting transport limitations reduce the rate at which current density
improves with increasing thickness.

Based on the above single-parameter trends, Figure 15 further demonstrates the cou-
pled influence of porosity and anode thickness. The oxygen partial pressure difference
decreases with increasing porosity but increases with increasing thickness, and the con-
centration overpotential exhibits the same tendency. The most severe transport limitation
appears under the combination of low porosity and large thickness, whereas high porosity
and small thickness correspond to the weakest concentration polarization. These results
indicate that porosity can partially compensate for the transport penalty caused by a thicker
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anode but cannot completely eliminate it. Thus, porosity and thickness should be optimized
in a coordinated manner.

Figure 14. Effect of anode layer thickness on current density under different porosities.

(a) (b) 

 

Figure 15. (a) Effect of anode porosity and thickness on the oxygen partial pressure difference (∆PO2)
in SOEC. (b) Effect of anode porosity and thickness on the concentration overpotential in SOEC.

As illustrated in Figure 16, the combined effects of porosity and particle size exert
a strong influence on the current density of SOECs. With particle sizes varying from
50 to 300 nm and porosity ranging from 0.3 to 0.5, the sensitivity of current density to
porosity increases as the particle size becomes larger. At an operating voltage of 1.7 V, the
maximum current density of 6327 A m−2 is obtained at a porosity of 0.3 and a particle size
of 50 nm. Increasing particle size reduces the number of particles per unit volume, thereby
decreasing the number of electrochemically active reaction sites and shortening the triple-
phase boundary (TPB) length. Higher porosity further reduces the density of active sites,
and under the combined conditions of large particle size and high porosity, the reduction in
reactive sites becomes the dominant mechanism leading to current-density degradation.
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Figure 16. Effect of porosity changes under different particle sizes on current density.

As illustrated in Figure 17, the results demonstrate that the oxygen partial pressure
distribution within the oxygen electrode is governed by the coupled interaction between
reaction kinetics and mass transport. Decreasing particle diameter enhances the active
specific surface area and intensifies local oxygen generation, whereas increasing porosity
enhances effective diffusion and alleviates concentration polarization. The oxygen partial
pressure gradient can therefore be interpreted as the balance between the oxygen generation
rate and the diffusion capacity. While smaller particles promote electrochemical activity,
sufficient porosity is required to prevent excessive diffusion limitations. These results
highlight the importance of co-optimizing particle size and porosity to achieve a structurally
balanced and high-performance oxygen electrode.

Figure 18 further reveals the coupled influence of porosity and particle size on oxygen
transport limitation in the anode. Both the oxygen partial pressure difference and the
concentration overpotential decrease with increasing porosity and particle size, indicating
improved oxygen evacuation and reduced mass-transfer resistance. In particular, the most
severe concentration polarization appears at the combination of low porosity and small
particle size, where oxygen transport pathways are the most restricted.

Although smaller particles may enhance electrochemical activity by increasing the
active reaction-site density, the present results show that they also intensify oxygen trans-
port limitation, especially under low-porosity conditions. Therefore, the role of particle
size should be understood as a balance between electrochemical activity and gas diffusion
capability, and its optimization should be considered together with porosity.

Figure 19 shows that the oxygen partial pressure difference and concentration over-
potential are jointly affected by anode thickness and particle size. Increasing thickness
strengthens oxygen accumulation and concentration polarization, whereas increasing
particle size has the opposite effect. The most severe transport limitation occurs in the high-
thickness/small-particle region, confirming that oxygen transport resistance is controlled
by the combined effects of diffusion distance and pore transport capability. Therefore, the
influence of particle size becomes more critical in thick anodes, and these two parameters
should be optimized together.

https://doi.org/10.3390/en19092184

https://doi.org/10.3390/en19092184


Energies 2026, 19, 2184 19 of 23

Figure 17. Effect of porosity and particle size on the oxygen partial pressure distribution in the
oxygen electrode. (a–c) εan = 0.3, (d–f) εan = 0.4, and (g–i) εan = 0.5, with particle diameter increasing
from left to right.

(a) (b) 

Figure 18. (a) Effect of anode porosity and particle size on oxygen partial pressure difference (∆PO2)
in SOEC. (b) Effect of anode porosity and particle size on concentration overpotential in SOEC. The
above parametric analysis indicates that anode thickness and particle size exert stronger influences
on SOEC performance than porosity. Therefore, their coupled effects were further investigated, as
shown in Figure 20. When the particle size ranges from 50 to 300 nm and the anode thickness from
10 to 40 µm, the maximum current density of 6421 A m−2 is obtained at 1.7 V with a particle size of
50 nm and an anode thickness of 40 µm. For a fixed particle size, variations in anode thickness leads
to smaller changes in current density, indicating that oxygen diffusion becomes the dominant factor
governing performance. A thinner anode shortens the oxygen diffusion path but reduces the number
of electrochemically active reaction sites. Reducing particle size compensates for this limitation
by increasing the number of active sites and extending the TPB length. Consequently, combining
a thin anode layer with a small particle size significantly improves electrochemical performance.
Conversely, in thicker anodes where oxygen transport is strongly hindered, the benefit of reducing
particle size becomes less pronounced.
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(a) (b) 

 

Figure 19. (a) Effect of anode thickness and particle size on the oxygen partial pressure difference
(∆pO2) in SOEC. (b) Effect of anode thickness and particle size on the concentration overpotential
in SOEC.

 
Figure 20. Effect of particle size on current density at different anode layer thicknesses.

4. Conclusions
In this study, the effects of key anode structural parameters, including porosity, particle

size, and anode thickness, on the electrochemical performance of SOECs were systematically
investigated under a fixed operating voltage of 1.7 V. The coupled influences among these
parameters were analyzed to clarify their combined impact on cell performance.

The results indicate that anode porosity plays a dual role in SOEC performance. In-
creasing porosity improves oxygen transport, reduces the oxygen partial pressure gradient,
and mitigates concentration polarization. However, excessive porosity decreases the den-
sity of electrochemically active sites, leading to a reduction in current density. Therefore,
an optimal porosity should balance mass transport capability and reaction-site availability.

Particle size also exhibits competing effects. Reducing particle size increases the triple-
phase boundary length and increases electrochemical activity, thereby improving current
density. Nevertheless, smaller particles tend to intensify oxygen transport limitations, par-
ticularly under low-porosity conditions, resulting in increased concentration overpotential.
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This suggests that particle size should be optimized by considering both reaction kinetics
and gas diffusion behavior.

The effect of anode thickness shows a trade-off between reaction enhancement and
transport limitation. Increasing thickness within a moderate range improves current density
due to the expansion of the active reaction region. However, excessive thickness leads to
longer diffusion pathways, aggravates oxygen accumulation, and increases concentration
polarization, thereby limiting further performance improvement.

The coupled analysis further reveals that these structural parameters cannot be op-
timized independently. Severe transport limitations occur under combinations of low
porosity and large thickness, as well as low porosity and small particle size. Moreover,
the influence of particle size becomes more significant in thicker anodes. These findings
highlight the necessity of coordinated optimization of anode microstructure.

Overall, SOEC performance is determined by the interplay between electrochemical
activity and oxygen transport. Anode microstructure should therefore be optimized by
balancing reaction-site availability and gas transport capability. The present results provide
a parametric basis for understanding the influence of anode structural features on SOEC
oxygen electrode performance.
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