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This paper presents a mathematical model for the description of transport and reaction phenomena in
porous composite electrodes for solid oxide fuel cell (SOFC) applications. The model is based on charge
and mass balances, describing transport of charged and gas species along with the electrochemical
reaction occurring at the solid/gas phase interface. Effective properties of the porous media are evaluated
on numerically reconstructed microstructures. The correlation between electrode microstructure and
electrochemical performance is investigated. In particular, the study focuses on how a distribution of
particle size within the thickness may improve the air-electrode efficiency. The results show that
distributing smaller particles at the electrolyte interface reduces the sensitivity of the cathode efficiency to
the electrode thickness, with clear advantages from the manufactory point of view. However, the
conditions for which this advantage is relevant, that is, particle size smaller than 0.10 um and porosity in
the order of 15 %, are not technically achievable at the present.

1. Introduction

Solid oxide fuel cells (SOFCs) have attracted research interest due to their expected high efficiency of
energy conversion, fuel flexibility and low emission of pollutants (Larminie and Dicks, 2003). An SOFC is
an energy conversion device which operates at high temperature (usually higher than 600 °C) to
electrochemically convert the chemical energy of a renewable or fossil fuel directly into electricity. The cell
consists of two electrodes, namely the cathode (air-electrode) and the anode (fuel-electrode), wherein,
respectively, oxygen is reduced and the fuel is oxidized. The electrodes are separated by the electrolyte, a
dense ceramic layer which transports oxygen ions from the cathode, wherein they are formed, to the
anode (Singhal and Kendall, 2003).

The cathode represents the main source of energy loss in hydrogen-fed SOFCs (Adler, 2004). Porous
composite cathodes, consisting in sintered random packings of particles as illustrated in Figure 1a, are
commonly used to improve the cell performance. Within the cathode, molecular oxygen reacts with
electrons to form oxygen ions, therefore converting oxygen from the gas form into the ionic form. The
reaction occurs at the three-phase boundary (TPB) between gas phase, electron-conducting particles and
ion-conducting particles (Figure 1b). The global oxygen conversion rate depends on both the reaction rate
at the TPB and the rate at which charge and mass are transported within the electrode (Bertei et al.,
2011).

The transport and reaction phenomena occurring within the electrode can be described through
conservation equations (Bertei et al., 2012a). Physically-based mathematical models (Bessler et al., 2007)
have improved the understanding of the mechanisms governing the SOFC performance and allow the
quantitative estimation of cell performance (Andersson et al., 2010).
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Figure 1: a) schematic representation of a composite SOFC cathode with a distribution of particle size
along the thickness; b) reaction occurring at the three-phase boundary

In this paper, a mathematical model for the description of mass and charge transport phenomena coupled
with electrochemical reaction at TPB is presented. Special attention is taken to the connection between
electrode performance and microstructural properties, which significantly affect the electrode efficiency
(Juhl et al., 1996). A numerical study on the effect of porosity and particle size is performed. In addition,
the study addresses if a distribution of particle size along the electrode thickness (see Figure 1a) may
improve the electrochemical performance, while in the past similar studies were performed considering a
distribution of porosity (An et al., 2010).

The paper is organized as follows: in Section 2 the model is presented, Section 3 reports the numerical
results obtained with the model, conclusions are summarized in Section 4.

2. Mathematical modelling

The model is based on the following main assumptions:

e  Steady-state conditions;

*  Uniform temperature;

¢ No mixed conduction in the electron-conducting and ion-conducting phases.

The model consists in the set of balance equations, reported in Table 1, for the three reacting species
(molecular oxygen, electrons and oxygen ions) and for nitrogen, which does not react. The equations
describe the consumption of molecular oxygen and electrons at the TPBs to form oxygen ions. The model
was validated by Bertei et al. (2012b) over a wide range of temperatures and gas stream conditions for
composite cathodes made of strontium-doped lanthanum manganite (LSM) as electronic conductor and
yttria-stabilized zirconia (YSZ) as ionic conductor, which are the object of this study.

A linear distribution of particle size along the electrode thickness is considered for simulations as follows:

d(X):dmin+K'(L_x) (Y

where d is the particle size along the axial coordinate X, dmin the particle size at the electrolyte interface, x
the gradient of particle size and L the electrode thickness.

As boundary conditions, at the air channel interface the oxygen ion flux is set to 0 while the inlet electron
flux corresponds to the current density fed to the electrode. Both pressure and oxygen molar fraction are
set equal to the gas stream conditions within the air channel. At the electrolyte interface, gas fluxes and
electron flux are null since the electrolyte is a dense ion-conducting layer, while the outlet oxygen ion flux
accounts for the total current density. The electric potential of the ion-conducting phase is set at 0 V as
reference point (Zhu and Kee, 2008). The solution of the model allows the calculation of the electrode
overpotential, which is the main performance index to be minimized (Costamagna et al., 1998).

As reported in Table 1, transport of charged species in solid phase is described according to the Ohm law.
The gas transport within the pores is described as a function of pressure and oxygen molar fraction by
using the Dusty-Gas Model (Mason and Malinauskas, 1983), which comprises convection and diffusion
(both ordinary and Knudsen). The reaction rate at TPB follows a global electrochemical kinetics, reported
in Table 2, which was experimentally obtained in patterned LSM/YSZ electrodes (Kenney and Karan,
2007).
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Table 1: Model equations

Species Balance equation Flux
Electrons dNe _irpares o dv,
dx F °F dx
Oxygen ions dN, _ [y S N. = o av,
dx 2F °2F dx
Molecular oxygen  dNg  irpprpg N = dyo dP
—_— = o—_ﬁoi_707
dx 4F dx 77 dx
Nitrogen dN, o Oyg dP
K—O NI_ﬂIK_yI&

Table 2: Electrochemical kinetics (Kenney and Karan, 2007)

Quantity Equation
Current density at TPB ) E =
Iteg =lo eXp(aa ﬁ”)—e)(p(_ [N ﬁﬂj
Exchange current _— P, 0.375-exp _5(1_ 1 j
0 0 P(;ef R\T -I-ref
Overpotential peh
n:—ﬂln O |-V, +V,
aF P,

Table 3: Model parameters and working conditions used in simulations

Quantity Symbol  Value
Temperature T 700 °C
Channel pressure pe" 1.0-10° Pa
Oxygen molar fraction within the channel yo© 0.21

Applied current density [ 4000 A/m?
LSM volume fraction Vel 50 %

LSM bulk conductivity el 2.99-10* S/m
YSZ bulk conductivity Cio 0.84 S/m
Activation energy Ea 1.4-10° J/mol
Transfer coefficients O - Ok 15-05
Reference current density (945 °C, 0.21-10° Pa) o™ 2.5:10% A/m

Effective properties used in the model, such as the effective gas diffusivity, the effective electric
conductivity, the TPB length density, are evaluated through Monte-Carlo simulations on microstructures
numerically generated by using a packing algorithm (Bertei et al.,, 2012c). This approach allows the
elimination of empirical correlations and fitted parameters from the modelling framework. In Table 3, the
main model parameters and working conditions are summarized, corresponding approximately to the best
conditions currently used in SOFC applications (Nam and Jeon, 2006).

3. Results and discussion

3.1 Porosity and particle size

Assuming no particle size distribution (i.e., = 0), the dependence of microstructural properties on porosity
and particle size is reported in Figure 2. Microstructural properties are evaluated on numerically
reconstructed electrodes through Monte-Carlo simulations. As the porosity decreases, both the effective
electric conductivity and the TPB length per unit volume increase. In addition, the TPB length per unit
volume increases as the particle size decreases while the effective conductivity is independent of the
particle size.
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Figure 2: effective conductivity factor and TPB length per unit volume as a function of porosity and particle
size from microstructural simulations
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Figure 3: cathode overpotential as a function of thickness without distribution of particle size: a) constant
particle size; b) constant porosity

The effect of microstructural modifications on the electrochemical behaviour of SOFC composite
electrodes is reported in Figure 3. Given the porosity and the particle size, the cathode overpotential
exhibits a minimum as a function of thickness. In fact, small electrodes are kinetically limited by the small
number of reaction sites (that is, the small extension of TPB). On the other hand, concentration gradients
in gas phase lead to an increase in cathode overpotential in thick electrodes.

Figure 3a shows that, given the particle size, as the porosity decreases, the minimum of cathode
overpotential decreases, that is, the electrode becomes more efficient. The increase in electrode
performance is due to the larger effective conductivity and TPB density per unit volume provided by the
reduction in porosity, as discussed for Figure 2.

Given the porosity, Figure 3b shows that the minimum of cathode overpotential decreases as the particle
size decreases. This is a consequence of the larger TPB length per unit volume as reported in Figure 2.
On the other hand, both Figure 3a and 3b show that, after the minimum condition, the cathode
overpotential increases with thickness, more sharply when small particle size and low porosity are used.
This behaviour is due to the reduction in pore size, which leads to reduce the transport properties of the
gas phase and, as a consequence, the supply of molecular oxygen to the reaction sites.
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Figure 4: cathode overpotential as a function of thickness with particle size distribution

3.2 Distribution of particle size

The results reported in Section 3.1 suggest to use a distribution of particle size along the thickness as
illustrated in Figure la. In fact, small particles at the electrolyte interface lead to increase the TPB length
where the reaction occurs, while coarser particles in the remainder of the cathode promote gas transport,
that is, the supply of molecular oxygen to the reaction sites.

Figure 4 shows the cathode overpotential as a function of thickness for cathodes with a linear particle size
distribution along the thickness. Different porosities and minimum particle sizes dmi, are analyzed.

The results show that as the gradient x increases, the performance worsens since the cathode
overpotential becomes larger. On the other hand, especially for small particles sizes (Figures 4c and 4d), a
weak distribution of particle size (i.e., k¥ = 0.01-0.03) allows the stabilization of the overpotential with
thickness since the minimum condition becomes less sharp. In fact, the performance becomes less
sensitive to the electrode thickness if compared with the case with no particle size distribution (x = 0). This
stabilization may help the manufactory of composite cathodes because a high precision in the electrode
thickness is not required.

4. Conclusions

A model of transport and reaction in SOFC porous electrodes was developed and applied to composite
cathodes to assess the dependence of electrode performance on the microstructural parameters, which
were evaluated on numerically reconstructed microstructures.

The results showed that reducing both porosity and particle size has a positive effect on the cathode
efficiency since the effective charge transport properties and the density of reaction sites increase.
However, a significant sensitivity on the electrode thickness was revealed for the cathodes showing the
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highest performances, which was due to the arising of gas transport limitations resulting from the decrease
in pore size.

In order to overcome this limitation, a linear distribution of particle size along the thickness, with smaller
particles at the electrolyte interface, was considered in the study. Numerical simulations showed that the
cathode performance decreases as the gradient of particle size increases. However, for small gradients,
the cathode overpotential becomes less sensitive to the thickness, which may be an advantage for the
manufactory. Obviously, while the electrode overpotential becomes less sensitivity to the thickness, it is
more sensitive to the particle size distribution.

It is noteworthy that the advantages of a distribution of particle size are significant only when small
porosities and small particle sizes are used. However, for the current state-of-the-art, technological issues,
such as the grain growth during the cell operation (Cronin et al., 2011), are expected in such conditions.
Such technological issues may force to use bigger particles for which a distribution of size has no real
advantage. Thus, nowadays the distribution of particle size along the thickness is not useful. This
engineered microstructure may be a feasible solution to limit the sensitivity on the cathode thickness when
it will be possible to use sub-micrometric particles without any secondary technological issue.
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