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Porous composite electrode is the core component of the solid oxide fuel cell (SOFC) to support the high
electrochemical performance; and there are many strict functional requirements, such as the flow
diffusivity, three phase boundary sites, ionic and electronic conductivities, thermal conductivity and so
on. These are generally considered to greatly depend on the detail microstructure morphology of the
electrodes. In the past decades, many theories basing on homogeneous medium hypothesis (i.e.,
percolation theory) have been developed to study the dependence of effective electrode properties on the
microstructure parameters. However, these models neglect the influence of the irregular microstructure
details. Although the numerical simulation approach can directly mesh the complex electrode structure
to consider the influence of irregular microstructure details, this conventional method can only deal with
a very small calculating zone due to the very large calculation ability requirement. In this paper, a novel
approach that using regular meshes with irregular properties distribution information is firstly proposed
to deal with the influence of the irregular microstructure details. Then, the calculated results based on
the proposed method are compared with that obtained by the conventional method to well illustrate the
validation of this novel approach.

Keywords: Solid oxide fuel cell; Irregular microstructure morphology; Numerical simulation; Porous
composite electrode

1. INTRODUCTION

Energy issues can profoundly affect society, environment and our daily lives. Energy production
[1, 2], storage [3] and transportations [4] technologies are three main elements for the future economy
and clean energy society. As a member of new energy technologies, more and more attentions have been
paid to the fuel cells, because it is robust, clean, and quite [5]. Solid oxide fuel cell (SOFC) is one of
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these typical electrochemical power devices that directly converts the chemical energy of fuels into
electrical energy through electrochemical half reactions [6]. Because of the high energy conversion
efficiency and flexible fuel selections (i.e., the fuel can be hydrogen or hydrocarbons). SOFCs have
tremendous potential for numerous applications from stationary to mobile power systems. The high
temperature operation condition [7] and various functional requirements of the porous composite
electrode components [8, 9] means that it is very important to investigate the relationship between the
irregularly microstructure morphology and the macro effective properties of the porous composite
electrodes [10].

As shown in Fig. 1, a typical SOFC consists of five major components: a) porous cathode current
collecting layer; b) cathode functional layer; (c) dense electrolyte; d) anode functional layer; and e)
porous anode supporting layer. Since the electrochemical reaction involves electrons, ions, and various
reactants and products, it only occurs around the sites where the electron-conducting phase, ion-
conducting phase, and gas transporting phase coexist. They are defined as triple phase boundary sites
(TPBs) [11]. Thus, the main function of the core component, porous composite electrode, is to support
the highest energy conversion efficiency of electrochemical half reaction. There consist of strict
requirements: i) constructing ionic conducting path and having high ionic conductivity; ii) constructing
electronic conducting path and having high electronic conductivity; iii) constructing the flow
transporting path and having high species diffusivities; iv) sufficient TPB sites; v) enough mechanical
strength; and iv) proper thermal expansion compatibilities with the connecting components. Therefore,
well understand the effect of the microstructure parameters, such as, the composition, fraction and
microstructure morphology, on the electrode performance is very important for the developing of SOFC
technology [12].

H,(g) + 0?> (el) = H,0(g) + 2¢ (a)
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Figure 1. A microstructure morphology for a typical anode-supported SOFC. The yellow and black
particles represent the ionic and electronic conducting paths, respectively.
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In the past decades, researches corresponding to the SOFC composite electrodes had been well
made through experiments, theory analysis and numerical simulations. The experimental methods relied
primarily on the stereological methods [13, 14]. The focused ion-beam scanning electron microscopy
was used to obtain the 3D microstructure morphology of the composite electrodes [15, 16]. These could
greatly enhance the understanding of the composite electrode microstructure information. However, only
a very small zone of the whole electrode structure could be figured out, because the experimental
processes were still expensive time consuming, and required the use of the hard-to-access facilities [14,
17, 18]. The percolation micro-models combined the percolation theory and coordination number theory
basing on the homogeneous medium hypothesis [19, 20]. It was generally considered as an effective
engineering approach to predict the effective properties within a composite medium from the
microstructure parameters. However, this approach cannot well consider the influence of the irregular
microstructure details [21].

Numerical simulating is considered to be a proper approach to study the irregular microstructure
details on the fuel cell performance [22]. Meshing is a crucial step of this numerical method, which
directly affects the accuracy of numerical calculation results [23]. Meshes are used to divide the
geometric structure into many smaller domains, which called elements, and then solve a set of equations
on these elements. R. J. Kee [22] constructed the SOFC composite electrode by randomly dropping the
lanthanum-doped strontium manganite (LSM) and yttria-stabilized zirconia (YSZ) particles. Then, free
meshing the particles to calculate the effective ionic conductivity of the composite electrode. Mitra [16]
numerical calculated the tortuosity of the composite electrode by free meshing the pores part
microstructure morphology that obtained by ion-beam scanning electron microscopy. Generally, free
mesh or square mesh could be selected as the element. Although using free meshes can have well
adaptable of geometric approximation, it will reduce the calculating accuracy and increase the
computational load due to the large quantities of elements and nodes in the triangular meshes. As
reported by R. J. Kee [22] and Mitra [16], there calculating zone were limited in a small zone as 2x2x2
and 5x6x4 um®, respectively, while used the free meshes. Using the square meshes, however, although

can greatly increasing the calculating quality, ability and enlarging the calculating zone, there are bad
adaptable of geometric approximation due to the complex microstructure morphology of the SOFC
composite electrode.

In this paper, a new calculation method is proposed to well calculate the effect of the irregular
microstructure morphology on the SOFC composite electrode performances. The novel of this method
is that it uses square meshes containing irregular properties distributing information instead of the
irregular microstructure morphology to calculate the irregular geometric structure. Firstly, a regular
mesh based on the geometric size of the SOFC electrode will be constructed. Secondly, the related
material attribute information is recorded into each grid point of the regular mesh by comparing with the
irregular electrode microstructure morphology. Thirdly, the effect of the microstructure morphology
details on the macro composite electrode performance will be obtained by numerical calculating of these
regular meshes with irregular properties distribution information. Finally, the calculation results basing
on the above method will be compared with that obtained by traditional method that using free meshes
to verify the validation of the proposed method. Generally, this method can well possess the advantages
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of both free mesh method (i.e., high geometric adaptability) and square meshes method (i.e., good
calculating accuracy and ability).

2. METHOD AND THEORY

Fig. 1 also shows the multi-physics working processes within a typical anode-supported SOFC
structure. In the past decades, the porous electrodes were usually made of single-phase conductive
materials, such as an electronic conductive material, nickel (Ni) or LSM. In this case, its
electrochemically activated region mainly occurred at the interface between the electrode and dense
electrolyte. Then, the composite electrodes that consist of both electronic conducting particles (Ni or
LSM) and ionic conducting particles (YSZ) were adopted. As illustrated in Fig. 1, it could expand the
electrochemical activation region from the electrode/electrolyte interface into the composite electrode
zone.

Taking the composite LSM-YSZ cathode in Fig. 1 as an example, oxygen should be diffused to
the cathode reaction sites through the pore path. At the same time, the electrons from the external circuit
are conducted to the cathode reaction sites by the electronic conducting path that constructed by the LSM
particles. At these cathode reaction sites, oxygen will react with electrons to produce the oxygen ions.
Finally, the oxygen ions will be conducted to the anode reaction sites through the dense electrolyte and
the ionic conducting paths within both composite anode and cathode. The electrochemical half reactions
in cathode and anode sides can be respectively described as [24, 25],

%Oz(g)+2e‘(c)D O (el), (1)
H,(g)+0* (el)J H,0(g)+2e (a), (2)

where O%(el) means oxygen ions located within the electrolyte material (i.e., YSZ particles), e*(a) and
e"(c) means electrons located in the anode and cathode materials, respectively (i.e., Ni and LSM). O, (g)

means oxygen within the pores.

Figure 2. Schematic of a typical LSM-YSZ composite cathode, black and bright particles for YSZ and
LSM respectively.
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Figure 3. 1000x1000 regular matrix meshes based on the geometric size of the whole composite cathode
in Fig. 2.

As there is complex microstructure morphologies of SOFC composite electrode [26], a relatively
simple 2D structure is chosen to illustrate the application and verify the practicability of this method.
This paper will focus on validate the feasibility of using the regular meshes with irregular properties
distributing information to consider the effect of irregular electrode morphology on the performance.
Fig. 2 displays a 2D schematic diagram of a composite cathode restricted by electronic conductive
particles LSM and ionic conductive particles YSZ. Taking the irregularly YSZ particle micro
morphology as the objective, the distributing characteristics of ionic electric current within the irregular
microstructural and the macro effective ionic conductivity will be calculated by the proposed method.
Thus, as shown in Fig. 2, the dense ionic current collecting layers are added to the top and bottom parts
of the structure of composite electrode.

The operation steps of the proposed method are illustrated as follow,

Firstly, instead of addressing free meshes for the whole irregularly microstructure morphology
in Fig. 2, a 1000x1000 regular matrix meshes based on the geometric size of the whole composite
cathode is constructed, which is shown in Fig. 3. Then, the material phase properties of each mesh note
in Fig. 3 should be identified by comparing with the microstructure morphology in Fig. 2. For example,
if the mesh point coordinates are within the radius range of the ionic conductive particles (YSZ), it can
be expressed as (a, b, i, j, k) = (x, ¥, &,, 0,0), where (a, b) indicates the x and y coordination of the
mesh node; (i, j, k) means the corresponding ionic conductivity, electronic conductivity and pores
corresponding at the coordination. &2, is the intrinsic conductivity of YSZ particles. In this way, a
complex irregular structure can be converted into a regular mesh input file which contains irregular
material property distribution information.

Secondly, the regular mesh input file will be imported into the finite element analysis software
(COMSOL Multiphysics) to calculate the effect of the irregular microstructure morphology details on
the composite electrode performance.

3. RESULT AND DISCUSSION

The ionic charge conservation equation is addressed to the composite cathode zone as [11, 27],
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Vi, =V-(=op VD, D=0, (3)
Different from many other mathematical models basing on the uniformity medium assumption

for composite electrodes, the oo, used in Eq. (3) is the intrinsic ionic conductivity, instead of the

ion
eff
ion *

effective ionic conductivity o, . The effective ionic conductivity is function of intrinsic ionic

conductivity and microstructure parameters. i, is the ionic current density within the composite cathode
zone. At both ends of the cathode structure, the potential boundaries ®,,,,=0 and @, ,=1V are set as

ion,2
an example for the numerical calculation.

As reported in many previous papers, the intrinsic ionic (or electronic) electrical conductivity of
the typical electrode compositions, such as Ni, LSM, and YSZ, can be evaluated as the function of
operation temperatures as [28, 29]:

0. =3.27x10° -1065.3T , (3)

4.2x10’ -1150
O_I(_)SM: T eXp( T ]v (4)

03,=6.25x10" exp ( _12300j . (5)

These intrinsic electrical conductivities are addressed into the regular meshes in Fig. 3. Taking
the operation temperature T=800 °C as an example, Fig. 4 shows the ionic conductivity distribution
details of the composite cathode that is directly output from numerical model in COMSOL. Compared
with the YSZ particle distribution morphology in Fig. 2, we can get that the ionic conductivity
distribution in Fig. 4 has similar micro morphology with the configuration of the YSZ particles
distribution in Fig. 2 (dark particles). This well illustrates that the regular matrix meshes with the
irregular material distribution information can well represent the microstructure morphology detail and
composition of the composite cathodes.

L L L L L L L L L
0 1 2 3 4 5 ] 7 8 Hm

Figure 4. The ionic conductivity distribution details of the composite cathode that is directly output from
numerical model to compare with the microstructure morphology detail and composition of
composite cathodes in Fig. 2.
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Then, the ionic electric current density distribution within the composite cathode, which is
calculated basing on the regular mesh matrixes with irregular properties distribution information, will
be compared with that obtained through the conventional method (with free meshes). Fig. 5 illustrates
the free triangle meshes for the irregular microstructure morphology in Fig. 2. The entire composite
cathode structure is divided into the triangular meshes and the element size is extremely fine. Free
meshing is suitable for spatial free-form surfaces and complex geometry. The quality of the mesh is
controlled by the number of meshes, the length of the sides, and the curvatures. Obviously, complex
mesh shapes and sizes in Fig. 5 would influence the calculating accuracy and capability.

Mapped meshes are strictly controlled by specifying parameters, such as the length of the
elements and the number of meshes. Generally it is only used for regular geometric and difficult to
implement complex geometries, such as free surfaces or spatial free-form surfaces. Thus, the novelty of
the proposed approach in this paper is to convert the composite structure topic that has irregular
geometric structure and irregular properties distribution into a simpler topic that has regular meshes
structure with irregular properties distribution information.
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Figure 6. Comparison of the ionic electric current density distributions of y-direction at 800 °C between
the two approaches: a) the novel method using regular mapping meshes with irregular properties
distribution information, b) the conventional method using free meshes.

Fig. 6a outputs the distribution details of the ionic electric current density in y-direction
calculated by the novel method that uses regular mapping meshes with irregular properties distribution
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information, while the composite cathode is operated in 800 °C. Fig. 6b shows the ionic electric current
density distribution in y-direction, which is calculated by the convenient method using the free meshes.
Good agreement between the results in Figs. 6a and 6b well illustrates the validation of the proposed
method that uses the regular meshes with irregular distribution information of properties to deal with the
complex composite electrode research topic that has irregularly microstructure morphology and

properties distributions.
The output normal ionic electric current densities i’ at the outer boundary obtained by the

proposed and conventional methods are calculated to be 107472 A m? and 1.0688x10° A m?

respectively. Then, the macro area-normalized resistance (ARS) and effective ionic conductivity (o

of the whole composite cathode can be respectively evaluated to be 5.4735x10¢ Q@ m* and 0.5481 S m-

L according to the follow equation,

AV, =1 R=i ARS=i = (6)

ion ion eff ?
ion

where 1, is the ionic electric current in unit A. L is the thickness of the whole composite electrode
structure. Good agreements between these calculated results well illustrated that the regular matrix
meshes with the irregular material distribution information can be used to represent the microstructure
morphology detail and composition of the composite cathodes well.
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Figure 7. Comparison of the ionic electric current density distributions of y-direction at 700 °C between:
a) the proposed method, and b) the conventional method using free meshes.
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Figure 8. Comparison of the ionic electric current density distributions of y-direction at 600 °C between:
a) the proposed method and b) the conventional method using free meshes.
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As reported by many previous paper [20, 30], the macro effective ionic conductivity basing on
the frame geometry is generally considered to be a function of the intrinsic properties of the material and
the micro structure parameters, such as, the mass fraction, particle size, porosity and so on,

O-ii)fri = f(o-i?)m Ve ¢g' L) (7)

Figs. 7 and 8 further compare the ionic electric current density distributions of y-direction
obtained by the proposed and conventional methods, while the composite cathodes are operated at 700
°C and 600 °C, respectively. Then, the corresponding normal ionic electric current densities, ARS and
effective ionic conductivities are calculated and compared in Table 1. Good agreements further illustrate
the validation of the proposed method that using the regular meshes with irregular properties distribution
information to deal with the effect of the complex irregular microstructure morphology of SOFC
composite electrodes. On one hand, compared with the conventional methods basing on homogeneous
medium hypothesis [20, 23], this method provides an effective approach to further consider the effect of
the detail microstructure morphology. On the other hand, compared with those works that consider the
effect of the irregular microstructure morphology by directly meshing the structure [16, 22, 31, 32], this
approach is considered to be a more effective approach to greatly increase the calculation capability.

Generally, during the numerical calculating, it is very important to address sufficiently fine
meshes to ensure accuracy of the calculated results. However, the finer the meshes, the larger amount of
computation, the more storage space, and the longer computation time are required. That is the reason
why only very small zone can be numerical simulated, while the complex microstructure details should
be considered. Thus, the current proposed method would provide the great possibility for the researchers
to largely extend the calculated zone of the irregular microstructure morphology of the composite
electrodes in the near future.

Table 1. The corresponding calculated output normal ionic electric current densities at the outer
boundary, ARS and effective ionic conductivities of the whole electrode are collected and

compared
Operation temperature Proposed method Conventional method
i ASR Tl oy ASR Tl
800 °C 1.0747x10° 5.4735x10° 0.5481 1.0688x10° 5.5036x10° 0.5451
700 °C 0.4008x10° 14.6771x10° 0.2044 0.3986x10° 14.7565x10° 0.2033
600 °C 0.1193x10° 49.3421x10° 0.0608 0.1186x10° 49.5868x10° 0.0605

4. CONCLUSION

A new computing method that uses the regular mesh structure with irregular properties
distribution information is proposed to present the effect of the complex microstructure morphology of
composite electrode. It is considered to be a more effective approach compared with the conventional
method using the free meshes. Taking an irregular ionic conducting path within a composite cathode as
an example, the calculated results obtained by this novel method and conventional numerical method
are compared. Good agreements have been obtained to well illustrate that this novel method effective
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and validated approach; and can be well used to investigate the effect of the irregularly microstructure
morphology details of the composite electrode on the SOFC performance in the near future, especially
while a relative large calculated zone is required.
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