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a b s t r a c t

A three-dimensional microstructure of a solid oxide fuel cell (SOFC) anode is directly observed by a
focused ion beam and scanning electron microscope (FIB–SEM) technique. Microstructural parameters,
which are closely related to transport phenomena and electrochemical reaction in a porous anode, are
quantitatively evaluated, such as volume fraction, percolation probability, tortuosity factor, surface-to-
volume ratio, and three-phase boundary density. A random-walk-based diffusion simulation is effectively
vailable online 12 January 2011

eywords:
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used for quantification. As an application of the quantified parameters, 1D numerical simulation of a
SOFC anode is conducted. The predicted anode overpotential agrees well with the experimental coun-
terparts in the condition of 3.0% H2O–97% H2, 1273 K, while it is overestimated at high humidified and
low temperature conditions.

© 2011 Elsevier B.V. All rights reserved.

andom walk
umerical simulation

. Introduction

The increasing demand for high efficiency and low pollution
nergy conversion systems has created significant interest in fuel
ells. Solid oxide fuel cells (SOFCs) are receiving attentions not just
ecause of their high efficiency but also because of their fuel flexi-
ility. SOFC electrodes commonly consist of porous materials, and
heir microstructure has a significant influence on the power gener-
tion performance and durability of the electrodes. Ni–YSZ cermet
s the most widely used for an anode, which consists of electron-
onductive Ni phase and oxide-ion-conductive YSZ phase. During
lectric generation, many phenomena occur simultaneously in the
orous anode—gas diffusion in the pore phase, electron transport

n the Ni phase, and oxide-ion transport in the YSZ phase. Also, elec-
rochemical reaction in the SOFC anode occurs at the “three-phase
oundary” (TPB). Therefore, the anode microstructure should be
abricated so that it includes as much TPB as possible. In addition,
he connectivity and structural complexity of each phase should be
onsidered for sufficient transport through each phase.
Owing to the importance of microstructure, many researches
ave been devoted to the investigation of the porous structure,
nd to evaluate the performance of electrodes based on the porous
icrostructure. It is a common practice today to use cross-sectional

∗ Corresponding author. Tel.: +81 75 753 5203; fax: +81 75 753 52.
E-mail address: blauer-vogel@t04.mbox.media.kyoto-u.ac.jp (M. Kishimoto).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.12.100
2D images [1,2]. From these images, 3D microstructural parameters
are estimated by using porous models based on geometric theories,
such as the general effective media (GEM) theory [3], the concept
of contiguity (CC) [4,5], the random register network model [6]
and the random packing spheres model [7]. However, these mod-
els include some assumptions, such as random mixture of sphere
particles, so their applicabilities should be carefully considered.

Recently, the focused ion beam and scanning electron micro-
scope (FIB–SEM) technique is gathering attention as a break
through of the direct 3D observation of porous structure [8–11].
It enables observation of many sequential 2D images of a porous
structure and reconstruction of the 3D structure in a computational
field. The X-ray tomography [12] is also available for the 3D obser-
vation. Its spatial resolution is gradually improved and applicable
for the sub-micron investigation. From the reconstructed structure,
we can directly evaluate the microstructural parameters without
assumptions needed in the above methods based on 2D images.
These parameters directly obtained from the real electrode 3D
structure are the key to consider the relationships between porous
microstructures and the cell power generation performance.

Matsui et al. [13] experimentally investigated the cell degra-
dation phenomena observed under high steam concentration

condition. They observed the 3D microstructure obtained by
FIB–SEM technique before and after the experiment and discussed
the correlation between the microstructure change and degrada-
tion. Another promising application of 3D structure is numerical
simulations. Development of a reliable simulation model to predict

dx.doi.org/10.1016/j.jpowsour.2010.12.100
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:blauer-vogel@t04.mbox.media.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.12.100
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Nomenclature

D diffusion coefficient (m2 s−1)
dh hydraulic diameter (m)
dp mean pore diameter (m)
E electric potential (V)
F Faraday constant (C mol−1)
i0 exchange current density per unit volume (A m−3)
i0,tpb exchange current per unit TPB length (A m−1)
K permeability (m2)
L Anode thickness (m)
ltpb TPB density (m m−3)
M molar weight (kg mol−1)
N molar flux (mol m−2 s−1)
n number of electron
P partial pressure (Pa)
Q probability
R gas constant (J mol−1 K−1)
S surface area (m2)
T temperature (K)
V volume fraction
X molar ratio

Greek symbols
� transport rate
ˇ transfer coefficient
� overpotential (V)
� viscosity (Pa s)
� conductivity (m2 s−1)
�v diffusion volume (m3)
� tortuosity factor
˚, � electric potential (V)

Subscripts
act activation
ave average
bulk bulk fluid
con concentration
el electron
eq equilibrium
H2 hydrogen
H2O steam
io ion
K Knudsen
O2 oxygen
t total
tpb three-phase boundary
0 standard state

Superscripts
eff effective value in porous media

t
t
I
t
m
t
o
m
u
e

eq equilibrium
iso isolated phase

he electrode/cell performance is also required for investigating
he microstructural effect on the power generation performance.
n the early stage when quantitative data of the microstruc-
ure were not available, micro models, such as random packing

odel [7], were often used. However, a direct application of

he measured microstructural information is enabled by FIB–SEM
bservation. Shikazono et al. [14] recently applied the Lattice Boltz-
ann Method to predict the anode polarization characteristics by

sing 3D microstructure from FIB–SEM. A full 3D simulation, how-
ver, requires a large computational resource. Wilson et al. [15]
Sources 196 (2011) 4555–4563

carried out 1D simulation based on Tanner–Fung–Virkar model to
predict the polarization resistance of LSM–YSZ cathode. The geo-
metric parameters were evaluated from FIB–SEM data.

In this paper, we directly observe the three-dimensional
microstructure of the porous Ni–YSZ cermet anode by FIB–SEM.
From the obtained images, we evaluate the microstructural param-
eters which characterize the porous structure, such as volume
fraction, percolation probability, tortuosity factor, surface-to-
volume ratio, and three-phase boundary density. In particular,
random-walk-based diffusion simulation is applied in quantifica-
tion of tortuosity factors [16,17]. A 1D numerical simulation to
predict the anode polarization characteristics is conducted without
using any micro model but directly applying the microstructural
parameters evaluated from the reconstructed 3D structure, which
is expected to improve the reliability of numerical simulations. Pre-
dicted anode overpotentials are compared with the experimental
results of the single cell test.

2. Experimental

2.1. Sample preparation

In this study, we examine the Ni–YSZ cermet anode
(Ni:YSZ = 50:50 vol.%, YSZ:8 mol% Y2O3–ZrO2) of conventional but-
ton cell, Ni–YSZ|YSZ|LSM. The anode material, NiO–YSZ, is mixed
with polyethylene glycol, screen-printed on a YSZ disk electrolyte
(Thickness: 500 �m, TOSOH Co.), and sintered at 1673 K for 5 h. The
(La0.8Sr0.2)0.97MnO3 (abbreviated as LSM) cathode is also mixed
with polyethylene glycol to form slurry. It is then screen-printed
on the other face of the electrolyte and sintered at 1423 K for 5 h.
After the anode of the test cell is reduced at 1273 K, the cell tem-
perature is lowered to room temperature and the anode is supplied
to the FIB–SEM observation as a sample. The sample is infiltrated
with epoxy resin (Marumoto Struers KK) under vacuum conditions
so that the pores of the porous electrode can be easily distinguished
during SEM observation. Cured sample is polished using an Ar-ion
beam cross-section polisher (JEOL Ltd., SM-09010) and provided to
the FIB–SEM (Carl Zeiss, NVision 40) observation.

2.2. FIB–SEM imaging

The 3D microstructure of the Ni–YSZ anode is observed by the
FIB–SEM system. The FIB–SEM system, NVision 40, is equipped with
a Gemini FE-SEM column (Zeiss), a zeta FIB column (SIINT) and a
multichannel gas injection system (SIINT). An in-lens secondary
electron detector is used for the microstructural observation with
an acceleration voltage around 1–2 kV. Fig. 1 shows an example of
the obtained cross-sectional image. The observation is conducted
at three different locations of a sample anode.

2.3. 3D reconstruction

The set of cross-sectional images obtained by the FIB–SEM tends
to include misalignment between the images, which is unfavorable
for 3D reconstruction and quantification conducted afterwards.
Therefore, we put some lines on the sample surface and use them
for an alignment mark.

Because of the different hardnesses of the porous components,
uniform milling of the observation surface is difficult. Some vertical
lines, which are caused by undesired milling with the FIB, often
appear on the lower half of the cross-section. They sometimes cause

local brightness change or distort the microstructure. Therefore, we
extract regions available for the later analysis. The sample sizes and
voxel sizes of the extracted region are summarized in Table 1.

The phase separation is conducted based on the brightness of
the images. Preliminary to the phase separation, we use an energy
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Fig. 1. Example of the cross-sectional image obtained by FIB–SEM.

Table 1
Sample sizes and voxel sizes of extracted region.

X Y Z

Sample 1
Sample size [�m] 25.4 10.4 4.56
Voxel size [nm] 26.6 26.6 60.0

Sample 2
Sample size [�m] 19.2 8.51 6.20
Voxel size [nm] 26.6 26.6 62.0

d
c
b
(

s
3
t
c
S
s

2

t
e

Sample 3
Sample size [�m] 26.7 10.3 6.05
Voxel size [nm] 26.5 26.5 72.0

ispersive X-ray fluorescence spectrometer (EDX) to identify the
omponents of the porous anode. In the images, white, gray and
lack parts corresponded to Ni, YSZ and pore phases, respectively
see Fig. 1).

After the alignment and the phase separation, the sequential
et of the 2D images is lined up with the actual increment and the
D microstructure is reconstructed in a virtual field. Fig. 2 shows
he reconstructed microstructure of the porous anode. We use the
ommercial image processing software, Avizo (Mercury Computer
ystems, Inc.), for the phase separation, 3D reconstruction, and
ome of the quantification explained afterward.
.4. Electrochemical characterization

The power generation performance test of a cell that is made in
he same way as the observed sample is conducted. A platinum ref-
rence electrode is attached so as to surround the side edge of the

Fig. 2. Three-dimensional microstructure of a porous anode.
Fig. 3. Schematic drawing of a single cell test.

thin electrolyte disk. The single cell is sandwiched by alumina tubes
with Pyrex glass seal as shown in Fig. 3. Before the electrochemical
measurements, NiO–YSZ was reduced under hydrogen atmosphere
at 1273 K. Then, the power generation is conducted for 3 h at the
terminal voltage 0.7 V to stabilize the initial performance. Feed-
ing gas is 3% H2O–97% H2 and Air (79% N2–21% O2) to anode and
cathode, respectively.

A gaseous mixture of H2–H2O is supplied to anode with a
total flow rate of 100 ml min−1. The mixture gas is prepared by
bubbling H2 through water which was kept at various tempera-
tures. Air is supplied to cathode with a flow rate of 100 ml min−1.
Current-voltage characteristics and AC impedance measurements
are conducted at 1073, 1173 and 1273 K using the Solatron 1287
electrochemical interface and Solatron 1255 frequency analyzer.
The applied frequency is in the range of 0.1 Hz to 1 MHz with the
voltage amplitude of 10 mV.

3. Quantification of microstructure of porous electrode

From the phase-separated images, the 3D microstructure of the
porous anode is virtually reconstructed in a computational field
and microstructural parameters are quantified. They are expected
to be the keys to correlating the microstructure with the power
generation performance of the anode.

3.1. Volume fraction

Volume fraction is the most primary information of porous
materials and has strong relationships with other microstructural
parameters. We simply count the voxels corresponding to each
phase, and calculate the percentage of the voxels.

3.2. Percolation probability

Although it seems natural that higher volume fraction is prefer-
able for sufficient transport through the porous media, connectivity
of each phase should also be considered. Wilson et al. [18] employed
a simple and clear definition of connectivity and discussed by classi-
fying a phase of interest into three categories: connected, isolated

and unknown. In this study, we define the percolation probabil-
ity of phase i, Qi, as the volume percentage of the region which
penetrates the cuboid sample volume in a certain direction, x-, y-
or z-direction, so that we can consider the anisotropic aspect of a
porous structure. Therefore, we define the percolation probability
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s follows:

eff
i = Veff

i

Vi
(1)

here Vi denotes the volume fraction of the phase i and super-
cript eff indicates the penetrating region. And we also consider the
solated region, which does not touch any boundary of the cuboid
ample volume, and calculate the percentage of the region:

iso
i = V iso

i

Vi
(2)

here the superscript iso indicate the isolated region.

.3. Tortuosity factor

In porous materials, transport rates are generally reduced com-
ared with that in free space. It is primarily caused by the decrease
f the conductive volume but that is not the only reason. We should
ay attention to the structural complexity of the phase. The effec-
ive transport rate can generally be written as follows:

eff
i = Vi

�i
�i (3)

here the Vi and �i are the volume fraction and the tortuosity fac-
or of phase i, respectively. And � i is the bulk transport rate. We
ave to keep it in mind that “tortuosity factor” and “tortuosity”
re different. For a simple explanation, we exemplify the case of
urved channel as depicted in Fig. 4. The “tortuosity” is defined
s the ratio of the length of the curved channel, L′, to that of the
traight channel, L. On the other hand, the “tortuosity factor” in
his simple example is the square of the tortuosity. Both represent
he complexity of porous materials. In a real porous structure, how-
ver, there are many branches and communications of the transport
aths, which makes it impossible to define clearly a transport path

ength. What is important in practice is to find a reliable “tortuosity
actor” expressed in a form of Eq. (3).

The tortuosity factor can be quantitatively evaluated by a diffu-
ion simulation based on the random walk calculation [16,17]. In
he first step of the method, a large number of imaginary particles
re randomly distributed in the considered phase, i.e., the Ni, YSZ, or
ore phase. Each walker randomly chooses one of the neighboring
oxels as its possible location in the next time step. If the selected

eighboring voxel is the same as the considered phase, the walker
igrates to that voxel. If the selected voxel is a different phase,

he walker stays at the current voxel and waits for the next time
tep. In this procedure, neither absorption nor desorption on the
hase boundaries is considered. While repeating this process, the

ig. 4. Simple curved channel for the explanation of tortuosity and tortuosity factor.
Sources 196 (2011) 4555–4563

mean square displacement of the random walkers is calculated as
follows:

〈r2(t)〉=1
n

n∑
i=1

[{xi(t)−xi(0)}2+{yi(t)−yi(0)}2+{zi(t)−zi(0)}2] (4)

where n is the total number of random walkers, and xi(t), yi(t), and
zi(t) are the 3D coordinates of the walker’s position at time t for the
ith walker. The X–Y plane is embedded on a 2D SEM image and Z
is the proceeding direction of the FIB–SEM observation process. 〈 〉
indicates an ensemble average over all the walkers. Since the mean
square displacement 〈r2〉 is proportional to time, the transport rate
of the imaginary particles is related to the time derivative of 〈r2〉
and the volume fraction of phase i:

�i = Vi
1
6

d〈r2(t)〉i

dt
(5)

The mean square displacement in porous media is lower than
that obtained in a free space because the movement of the particles
is interrupted at the phase boundaries. The degree of the reduction
is measured quantitatively using the tortuosity factor defined as

�i = �bulk

� eff
i

/Vi

= Vi

Veff
i

d〈r2(t)〉bulk

dt
/

d〈r2(t)〉i

dt
(6)

where � eff
i

and Veff
i

are the transport rate and volume fraction of
the penetrating region, respectively. It should be noted that the ran-
dom walkers are distributed only in the penetrating region of each
phase because the isolated region cannot contribute to the trans-
port phenomena. Otherwise, tortuosity factors are overestimated.

When porous media have an anisotropic structure, the mean
square displacement 〈r2〉 may be divided into the directional mean
square displacements 〈x2〉, 〈y2〉, and 〈z2〉. The anisotropic tortuosity
factors are calculated with similar relations, such as Eqs. (5) and
(6).

3.4. Surface-to-volume ratio

Surface-to-volume ratio is also an important factor, particularly
in heat transfer and/or chemical reactions. The larger the parame-
ter, the larger the surface area that is included in the porous media:
such a large surface area may result in more heat exchange and
surface reaction. At the same time, a larger surface-to-volume ratio
causes complexity of the porous structure, limiting the transport
through the phase.

The surface area obtained by using the Avizo image process-
ing software includes the surface on the boundary of the observed
region, which is not an actual surface area. Therefore we substitute
the boundary surface and calculate the surface area truly included
in the observed region, and then obtain the surface-to-volume ratio.
It should be noted that the surface-to-volume ratio is different from
the “specific surface.” In the former case, the denominator of the
ratio is the volume of the considered phase instead of the whole
volume of the cuboid region.

3.5. Three-phase boundary (TPB) density

We adopt the “volume expansion method” to evaluate the TPB

density [11]. We slightly expand each phase in the computational
domain and extract the overlapping region as the “TPB existing
region”. This region has a string-like form and contains the TPB
lines inside it. The centerlines of those strings are considered as
TPBs and their lengths are measured.
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Fig. 5. Schematic picture of calculation model.

. Numerical simulation

We conduct a numerical simulation with microstructural
arameters obtained from the 3D microstructure of the anode, and
ompare the power generation performance with the experimen-
al counterparts. The simulation is based on finite volume method
FVM), and is conducted in the thickness direction of the anode.

e consider the conservation of electric potential and gas compo-
ents and also electrochemical oxidation of hydrogen. Temperature

s assumed to be uniform in the anode. Schematic picture of the
alculation model is shown in Fig. 5.

.1. Ion and electron transport

In the SOFC anodes, electrons and oxide ions are transported
hrough the Ni phase and YSZ phase, respectively. Considering the
onservation of these species, the following equations are intro-
uced as governing equations:

· (�eff
el ∇�el) = −itpb (7)

· (�eff
io ∇�io) = itpb (8)

here �el and �io are the electric potential in electron conduc-
ive phase (Ni) and oxide ion conductive phase (YSZ), respectively,
nd itpb is the current exchanged between the two phases. �eff

el and
eff
io are effective electron/ion conductivities, which we define as

ollows:

eff
el = Vel

�el
�el, �eff

io � = Vio

�io
�io (9)

here Vi and �i are the volume fraction and tortuosity factor of the
hase i. And �el and �io are the conductivities of the bulk materials
btained from literatures [19,20].
.2. Diffusion of gas species

The dusty-gas model (DGM) [21,22] is available to simulate
ulti-component gas diffusion in porous materials, such as SOFC
Sources 196 (2011) 4555–4563 4559

electrodes. This model includes the flow induced by a total pres-
sure gradient and can also be used in the situation where the effect
of Knudsen diffusion is not negligible. The DGM is written as an
implicit relationship among the molar fraction, molar flux, and total
pressure gradient:

Ni

Deff
i,K

+
n∑

j=1,j /= i

XjNi − XiNj

Deff
ij

= − Pi

RT
∇Xi − Xi

RT

(
1 + KPt

�Deff
i,K

)
∇Pi (10)

where Xi, Pi and Ni are the molar fraction, partial pressure and molar
flux of gas species i. Pt is the total pressure. � and K are the mix-
ture viscosity and permeability, and Deff

i,K
and Deff

ij
are the effective

Knudsen diffusion coefficients and the effective binary diffusion
coefficients, respectively.

The Eq. (10) can be reduced to the explicit form of the molar
fluxes by solving linear simultaneous equations.

Ni = −
n∑

j=1

lij
RT

(
∇Pj + KPj

�Deff
j,K

∇Pt

)
(11)

where lij are defined as the matrix of diffusion coefficients and can
be represented as a matrix inverse:

lij = h−1
ij

(12)

where the elements of matrix H are defined as follows:

hij =

⎡
⎣ 1

Deff
i,K

+
n∑

k=1,k /= i

Xk

Deff
ik

⎤
⎦ ıij + (ıij − 1)

Xi

Deff
ij

(13)

The effective Knudsen diffusion coefficients Deff
i,K

and the effective

binary diffusion coefficients Deff
ij

in the porous anode are estimated
by using the volume fraction and tortuosity factor of the pore phase:

Deff
i,K = Vpore

�pore
Di,K , Deff

ij = Vpore

�pore
Dij (14)

The bulk Knudsen diffusion coefficients are estimated as

Di,K = dp

2
2
3

√
8RT

	Mi
(15)

where dp is the mean pore diameter, which is assumed to be the
same as the hydraulic diameter dh, and is described using the
surface-to-volume ratio of the pore phase:

dp ≈ dh = 4
(S/V)pore

(16)

For the binary diffusion coefficients, the
Fuller–Schettler–Giddings’ equation [23] is adopted in this
study:

Dij = 0.01013T1.75((1/Mi × 103) + (1/Mj × 103))
1/2

P[(�vi × 106)
1/3 + (�vj × 106)

1/3
]
2

(17)

where Mi is the molecular mass, and �vi represents the diffusion
volume of the molecules of species i [24].

Permeability of the porous anode is also necessary to consider
the Darcy flow. Among many ways to estimate the parameter [25],
we adopt the following relationship to directly use the microstruc-
tural parameters evaluated in this study [17]:
K = Vpore

6�pore(S/V)2
pore

(18)

In this formula, the porous network is considered as a group of
curved tubes, whose diameters are uniform and given by Eq. (16),
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Table 2
Boundary conditions.

Parameter Surface (x = 0) Interface (x = L)

Total pressure Pt(0) = Pt,bulk
dPt
dx

(L) = 0

H2 partial pressure PH2 (0) = PH2,bulk
dPH2

dx
(L) = 0

surface-to-volume ratio as an index.
The directional mean square displacements in the Ni phase of

Sample 2 are shown in Fig. 6 as a typical result of the random walk
calculation. In the calculation, the number of random walkers is 105

and the total time step is 107. Theoretically, the directional mean

Table 3
Volume fractions of each phase [%].

Sample 1 Sample 2 Sample 3

Ni 27.4 25.3 24.5
YSZ 25.1 25.1 26.0
Pore 47.5 49.6 49.5

Table 4
Percolation probabilities and isolated probabilities of each phase.

Sample 1 Sample 2 Sample 3

Ni YSZ Pore Ni YSZ Pore Ni YSZ Pore
560 M. Kishimoto et al. / Journal of P

nd the flow inside is assumed to be a Poiseuille flow. By compar-
ng the Darcy’s law with the Poiseuille’s law, the above formula is
btained.

.3. Electrochemical reaction

In SOFC anodes, electrochemical oxidation of hydrogen takes
lace at the TPBs, and steam and electrons are generated. Local
harge-transfer rate for the hydrogen oxidation within the anode
an be represented by Butler–Volmer equation as

tpb = i0

[
exp

(
ˇnF

RT
�act

)
− exp

(
− (1 − ˇ)nF

RT
�act

)]
(19)

here i0 is the exchange current density, that is the current density
enerated in the anodic and cathodic reaction at the equilibrium
ondition. ˇ is the transfer coefficient, which varies from 0 to 1
epending on the transition state in the electrochemical reaction. In
his study, we set the value as 0.5. n is the number of electrons par-
icipating in the electrochemical reaction, which is 2 in this study.
is the Faraday constant and �act is the activation overpotential
efined as follows:

act = E − Eeq = ˚el − ˚io − Eeq
0 − RT

2F
ln

(
PH2O,bulk

PH2,bulk

)

−RT

2F
ln

(
PH2,bulk

PH2

PH2O

PH2O,bulk

)
(20)

here E = ˚el − ˚io is the electric potential difference between the
lectronic and ionic phases in the operating condition. Eeq is the
lectric potential difference between the two phases at the equi-
ibrium, and Eeq

0 is that in the standard state. In this study, we
ntroduce following variables to rewrite Eq. (20) [26]:

el = ˚el (21)

io = ˚io + Eeq
0 + RT

2F
ln

(
PH2O,bulk

PH2,bulk

)
(22)

act = �el − �io − �con (23)

con = RT

2F
ln

(
PH2,bulk

PH2

PH2O

PH2O,bulk

)
(24)

y using these variables, we can simply express the electric poten-
ial difference as the sum of the activation overpotential �act and
he concentration overpotential �con.

The exchange current density i0 in the Buttler–Volmer Eq. (19)
trongly depends on the microstructure of the anode, and is con-
idered to have a linear dependency on the TPB density ltpb:

0 = i0,tpbltpb (25)

here i0,tpb is the exchange current per unit TPB length. We use an
mpirical relationship for the i0,tpb [27,28]:

0,tpb = 31.4P−0.03
H2

P0.4
H2O exp

(
−18300

T

)
(26)

.4. Boundary conditions

Boundary conditions used in the calculation are summarized
n Table 2. Gas compositions are constant on the anode surface to
epresent the supplied fuel composition. In order to determine the

node overpotential, the electric potential in the Ni phase at the
node surface and that in the YSZ phase at the anode–electrolyte
nterface are properly set. Also, no flux conditions are set on the
node surface for the ionic potential and on the anode–electrolyte
nterface for gas components and electric potential.
H2O partial pressure PH2O(0) = PH2O,bulk
dPH2O

dx
(L) = 0

Electric potential in Ni �el(0) = �t
d�el
dx

(L) = 0
Electric potential in YSZ d�io

dx
(0) = 0 �io(L) = 0

5. Results and discussion

5.1. Microstructural parameters

From the phase-separated images, volume fractions of the three
phases are calculated by counting the voxels corresponding to each
phase. The obtained results are summarized in Table 3.

The ratio of the Ni volume fraction to the YSZ volume fraction is
expected to be unity because the sample anode is fabricated to be
Ni:YSZ = 50:50 vol.%. It is actually calculated as 1.09, 1.01 and 0.94
in each sample, respectively. This variation implies that a larger
sample volume is preferred to ensure the reliability of the geo-
metric parameters so that such statistically estimated parameters
can represent the overall characteristics of the anode. On the other
hand, the variation in the volume fraction ratio between the YSZ and
pore phases is found to be relatively small among the three samples.
Combined with the following discussion, the local nonuniformity
of the tested samples is mainly attributed to the Ni phase structure.

Following the definition explained in the previous section, per-
colation probabilities and isolated probabilities are obtained and
the results are summarized in Table 4. In the tested samples, the
YSZ and pore phases have good connectivity, whereas, the connec-
tivity of the Ni phase is very poor: and in particular, there is no
percolating region in the X direction in Samples 1 and 3. On the
basis of the percolation theory, a percolation probability steeply
declines at a certain percolation threshold. The value of the thresh-
old depends on the conditions such as particle size. For binary
mixture of uniform-size particles, it is about 0.3 [7]. As shown
in Table 3, the volume fractions of Ni and YSZ take similar val-
ues. Nevertheless the percolation probabilities of these two phases
show very different trend in Table 4: the Ni phase shows a poor
connectivity while the YSZ phase is connected well. It suggests dif-
ference in the microstructure that will be discussed later using the
Connected
X 0.000 0.966 1.000 0.477 0.943 1.000 0.000 0.958 1.000
Y 0.582 0.966 1.000 0.477 0.943 1.000 0.411 0.958 1.000
Z 0.867 0.966 1.000 0.842 0.943 1.000 0.724 0.958 1.000

Isolated 0.047 0.010 0.000 0.038 0.023 0.000 0.077 0.014 0.000
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Table 7
TPB density of each sample.
ig. 6. Mean square displacements of random walkers in the Ni phase of Sample 2.

quare displacements in the free space are 〈x2〉 = 〈y2〉 = 〈z2〉 = t/3.
owever, those in the porous media are smaller than those in the

ree space because the movement of the particles is interrupted by
he obstruction effect of the phase boundaries. Following Eq. (6), we
valuated the anisotropic tortuosity factors of each phase, which is
hown in Table 5. In the process of calculating the time derivatives
f the mean square displacements, we omit the first 5 × 106 steps
half of the total time step) to avoid the effect of initial position
f the particles. In Samples 1 and 3, it is impossible to calculate
he anisotropic tortuosity factor of the Ni phase in the X direction
ecause there is no percolating region in the direction. The tortuos-

ty factors of the pore phase are relatively smaller than those in the
ther phases, and are similar to the values found in another report
29]. On the other hand, the Ni phase and YSZ phase have very large
ortuosity factors and also a very strong anisotropic aspect. Table 5
hows that the value of tortuosity factor in Z direction is relatively
mall. If we consider that the cross-sectional area is the largest in Z
irection, it is a sign of too small sample volume and a larger sample
olume is desired. The Ni phase is obviously affected by the poor
ercolation probability as well, which is reasonable from Eq. (6).

The surface-to-volume ratios of each phase are summarized in
able 6. By comparison, the surface-to-volume ratio of the Ni phase
s half of that of the YSZ phase. This indicates that the character-
stic scale of the Ni phase is larger than that of the YSZ phase. If

e assume that the volume fraction of a phase is relatively small
nd fixed, a small surface-to-volume ratio indicates a situation
here relatively large particles are sparsely distributed in the field,
hich results in a limited connectivity. This is the case with the
i phase, causing the poor connectivity and large tortuosity fac-
ors. The YSZ phase has a larger surface-to-volume ratio than the
i phase, but their volume fractions are similar. Considering the
ood connectivity of the YSZ phase, the YSZ phase is expected to
ave a smaller structure and is more uniformly distributed. This
eometric characteristic of the YSZ phase causes the complexity of

able 5
nisotropic tortuosity factors of each phase.

Sample 1 Sample 2 Sample 3

Ni YSZ Pore Ni YSZ Pore Ni YSZ Pore

Tortuosity
factor

X – 9.89 1.94 25.2 24.0 1.95 – 9.57 2.09
Y 64.4 7.65 2.08 34.8 13.4 1.97 31.6 7.97 2.00
Z 6.47 5.90 1.70 6.91 8.85 1.74 11.0 6.58 1.95

able 6
urface-to-volume ratio of each phase.

Sample 1 Sample 2 Sample 3

S/V
ratio
[�m2 �m−3]

Ni 4.51 3.56 3.83
YSZ 8.48 7.51 7.79
Pore 4.61 4.12 4.25
Sample 1 Sample 2 Sample 3

TPB density [�m �m−3] 2.37 2.49 2.44

the microstructural configuration and limits the transport through
the phase, resulting in the large tortuosity factors. The above dis-
cussion shows that, for a given volume fraction, both very large and
very small surface-to-volume ratios result in large tortuosity fac-
tors. There seems to be an appropriate range of surface-to-volume
ratios for achieving effective transport in the porous structure. Note
that this appropriate range of surface-to-volume ratios depends on
the volume fraction.

The characteristic length of the porous microstructure is often
evaluated by particle diameter or granulometry. However it is
obviously difficult to distinguish the particles one by one in the
complex network structure after sintering. Therefore, we employ
the surface-to-volume ratio as an index to evaluate the character-
istic scale of the porous microstructure. The larger value of the
surface-to-volume ratio indicates the finer structure for a given
volume fraction.

The density of the TPB of each sample is summarized in Table 7.
These values are slightly smaller than those reported elsewhere
[29]. However, we must keep it in mind that the value strongly
depends on the sample preparation.

Since the quantified parameters are applied to the numerical
simulation explained in the following section, it is necessary to con-
firm the validity of the quantification methods to discuss errors in
the numerical prediction of power generation performance. In our
previous report [11], we have already confirmed the accuracy of the
quantification methods for tortuosity factor and TPB density with a
well-defined structure. For the tortuosity factor, the random walk
simulation provides reasonable results for structure whose char-
acteristic length is greater than 20 voxels. In this study, 20 voxels
corresponds to about 1.0 �m, which is close to the particle size of
the porous components, therefore, the requirement for the resolu-
tion is reasonably satisfied in the samples. The quantification error
is expected to be at most 5%. For the TPB density, the requirement is
less strict; the characteristic scale of the structure should be greater
than 10 voxels. Therefore, the quantification error for TPB density is
also expected to be less than 5%. From these evidences, we believe
the methods employed in this study can provide reasonable values
for the microstructural parameters.

5.2. Power generation performance

With electricity generation in electrochemical cells, we should
pay attention to three voltage losses, namely, ohmic loss, activation
overpotential and concentration overpotential. Assuming that the
ohmic loss in the anode layer is negligibly small, the anode overpo-
tential measured in the experiment and that set in the numerical
simulation as the boundary condition are both interpreted as the
sum of the activation overpotential and concentration overpo-
tential. In this study, we define this overpotential as the “anode
overpotential” and compare it between the numerical simulation
and experimental results.

As presented in Section 4, various parameters related to the
microstructure are needed in order to solve the governing equa-
tions (7), (8) and (10). We extracted these parameters from Sample
2 because other samples showed poor Ni phase connection as

shown in Table 4. Applied values of the microstructural parame-
ters and other computational conditions are summarized in Table 8.
These values are basically kept constant in the following calcula-
tions unless specified.
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Table 8
Default calculation parameters.

Parameter Symbol Value Unit

Total pressure Pt,bulk 1.013 × 105 [Pa]
Temperature T 1273 [K]
H2 partial pressure PH2,bulk 0.97 × Pt,bulk [Pa]
H2O partial pressure PH2O,bulk 0.03 × Pt,bulk [Pa]
Ni volume fraction VNi 0.253
YSZ volume fraction VYSZ 0.251
Pore volume fraction Vpore 0.496
Ni tortuosity factor �Ni 6.91
YSZ tortuosity factor �YSZ 8.85
Pore tortuosity factor �pore 1.74

v
t
w
T
t
3
t
t
a
t
t
o
t
m
l
0
t
n
i
1
r
N
a
o
t
i
u
v
i

a
o

F
a

Pore S–V ratio (S/V)pore 4.12 × 106 [m2 m−3]
TPB density ltpb 2.49 × 1012 [m m−3]
Anode thickness L 5.0 × 10−5 [m]

Fig. 7 shows typical distributions of the potentials and the
olume specific current inside the anode in the thickness direc-
ion. The left end of the figure corresponds to the anode surface
hile the right end (50 �m) to the anode–electrolyte interface.

he calculation was conducted keeping the total anode overpoten-
ial to be 0.05 V, and the average current density is calculated as
03.6 mA cm−2. The volume specific current, itpb, shows the rate of
he electrochemical reaction. It can be observed in this figure that
he value of itpb is the largest at the anode–electrolyte interface
nd sharply decreases toward the anode surface direction. It shows
hat most of the electrochemical reaction occurs in the vicinity of
he anode–electrolyte interface within about 10 �m. The thickness
f the active reaction region in cermet anodes is still an open ques-
ion but 10 �m seems to be reasonable for an anode having the

icrostructure in this study. Brown et al. [30] experimentally ana-
yzed the reaction thickness in Ni–YSZ anode with particle diameter
.5–1 �m, which is close to that in this study, and reported the reac-
ion thickness is about 10 �m. Shikazono et al. [14] conducted 3D
umerical simulation using the same anode structure as we use

n this study, and reported the similar reaction thickness around
0–15 �m. Since the hydrogen supply is enough for the reaction
ate in this case, the effect of concentration overpotential is small.
ote that the concentration overpotential is graphically expressed
s the gap between the black line and the blue line. The activation
verpotential, which is expressed as the gap between the blue and
he red lines, naturally becomes large near the anode–electrolyte
nterface where the electrochemical reaction is prominent. The fig-
re shows that the activation overpotential is the major cause of the
oltage loss and it occurs in the vicinity of the anode–electrolyte

nterface.

Calculations are conducted varying the anode overpotential
nd the gas compositions (x% H2O − (100 − x)% H2, x = 3, 10, 20)
f the fuel. Except for the gas compositions, calculation param-

ig. 7. Volume specific current and potential distributions in the default case. Total
node overpotential is set to be 0.05 [V]. Average current density is 303.6 mA cm−2.
Fig. 8. Anode overpotentials in various steam concentration at 1273 K.

eters shown in Table 8 are used. Fig. 8 compares the anode
overpotential predicted by the simulation and its experimental
counterpart. The predicted overpotential agrees fairly well with
the experimental counterpart at 3% humidified condition. When
the steam concentration is raised to 20%, the anode overpoten-
tial decreases in the experiment and the simulation qualitatively
captures this phenomenon. However the anode overpotentials are
about twice overestimated in the high humidified condition. This
may be because of the empirical relationship used for the exchange
current density per unit volume i0,tpb (Eq. (26)). In the relationship,
it is possible that the catalytic activity of steam is underestimated.
Another possible reason of the discrepancy is the effect of the local
high steam concentration around TPBs. In the polarized condition,
electrochemical reaction produces steam, which causes high steam
concentration locally around the TPBs. Such a local high steam
concentration can decrease the activation overpotential. A simi-
lar discrepancy between the simulation and experiment for high
steam condition is, however, reported by Shikazono et al. [14] who
applied Lattice Boltzmann Method (LBM) and carried out calcula-
tion based on actual 3D porous structure obtained from FIB–SEM.
Further investigation is needed to understand the phenomenon
under a high steam concentration.

Fig. 9 shows the effect of the operating temperature on the anode
overpotential. Except for the temperature, calculation parameters
shown in Table 8 are used. The predicted overpotential agrees fairly
well with the experimental counterpart at 1273 K. The anode over-
potential increases as the operating temperature is decreased in the
experiment. The 1D simulation can reproduce this tendency but in
the low temperature conditions, 1173 and 1073 K, it is overesti-
mated especially in the large current density region. The local high

steam concentration mentioned previously may also be the rea-
son of the overestimation. Another possible reason is the effect of
the activation energy used in the exchange current density model
(Eq. (26)). Bieberle et al. [31] reported smaller activation energy

Fig. 9. Anode overpotentials in various temperatures at 3% humidified condition.
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n the H2 oxidation on the Ni pattern electrode. Smaller activa-
ion energy may be able to represent the temperature dependence

ore close to the experimental results; however, the value of the
xchange current density estimated from his experiment is two
rders higher than that reported by de Boer [27]. Therefore, it is
till difficult to obtain reasonable values of overpotentials in low
emperature condition.

In the previous section, we discussed the quantification error in
he microstructural parameters. The expected error is at most 5%
or both tortuosity factor and TPB density. In our previous report
32], we conducted sensitivity analysis to investigate the effects of
ariation in the microstructural parameters on the power genera-
ion performance. From the analysis, the largest error in the current
ensity is expected to be less than 3%, which poses no significant
roblem on the discussion in this paper.

. Conclusions

The three-dimensional microstructure of a porous anode of an
OFC is directly observed by a focused ion beam and scanning elec-
ron microscope (FIB–SEM). Microstructural parameters which are
elated to transport phenomena in porous media are quantitatively
valuated, such as volume fraction, percolation probability, tor-
uosity factor, surface-to-volume ratio, and three-phase boundary
ensity.

For achieving high performance anode, higher transport char-
cteristics and more reaction sites are required: low tortuosity
actor and large TPB density. In the tested samples, both the Ni
nd YSZ phases have large tortuosity factors, which are unfa-
orable for electron and ion transport through the phases. In
rder to optimize the microstructure, we need to properly adjust
urface-to-volume ratio and volume fractions to reduce the struc-
ural complexity. For instance, larger surface-to-volume ratio for
i phase is effective to ensure sufficient connectivity. In con-

rast, smaller surface-to-volume ratio for YSZ phase is effective to
educe the complexity of the microstructural configuration. How-
ver, low structural complexity may result in decreasing reaction
ite. Therefore, further investigation about the relationships among
icrostructural parameters is required.
A 1D numerical simulation to predict the anode polarization

haracteristics is conducted without using any micro model but
irectly applying the microstructural parameters evaluated from
he reconstructed 3D structure. The predicted overpotential agrees
ell with the experimental counterparts in the condition of the

ow steam concentration (3%) and high temperature (1273 K). The
ffects of steam concentration and temperature are qualitatively
eproduced, but the values are overestimated in high steam con-
entration (20%) and low temperature (1173, 1073 K) conditions.
The small sample volume is considered to be the reason of
igh anisotropic aspects in the quantified microstructural param-
ters and large discrepancy between the numerical simulation and
xperimental results. More systematic analysis with larger sample
olume will be reported in the future.
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