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a b s t r a c t

To enhance the power density of a solid oxide fuel cell, a mesoscale-structure control of an elec-
trode/electrolyte interface was proposed; here, the mesoscale means a size range of 10–100 �m, which
is larger than the microscale of the electrode particles but smaller than the macroscale of the cell geome-
tries. Therefore, the mesoscale structure does not only change the local thickness of the electrolyte and
electrode but also enlarge the electrode/electrolyte interface area, and thus influence the cell perfor-
mance. First, to find effective conditions for the mesoscale-structure control, a preliminary theoretical
analysis in a conventional flat cell was performed focusing on the ratio of the ion-conducting resistance to
esoscale structure
nterface area enlargement
ingle-cell experiment
umerical simulation

the reaction resistance. In the light of this basic knowledge, as a second step, the effects of the mesoscale
structure on an anode side of an electrolyte-supported cell were studied numerically and experimentally.
A 2D numerical simulation based on an equivalent electrical circuit model and the dusty-gas model was
carried out. As a result, the mesoscale-grooved structure was found to be effective for enhancement of
the power generation, if the groove scale is sufficiently larger than that of the active reaction region of the
electrode. Qualitatively similar results were obtained from the experiments using a segmented electrode

cale-g
with both flat and mesos

. Introduction

Solid oxide fuel cells (SOFCs) directly convert the chemical
nergy of gases into electrical energy and are used as high-
fficiency power generation devices. Numerous basic studies on
OFCs for the development of cell materials [1,2] and the inves-
igation of cell design [3–9] have been performed. On the other
and, many researchers have recently focused on improving the
urability and reducing the cost of SOFC systems for practical

mplementation [10–14]. Increasing the power density of SOFCs
nables their size and weight to be reduced. This reduction is one
f the important ways of reducing the material cost and enhancing
he load-following capability owing to the decreased heat capacity
f the cells.

Various methods of increasing the power density of a cell
ave been proposed and investigated. From the viewpoint of the
eometric characteristic length, the proposed methods can be clas-

ified into three types based on the characteristic length. The first
s the modification of the cell design, which corresponds to a

acroscopic-structure approach (≥1 mm). There are three general
ypes of cell design: tubular, flat, and flat-tube types, and attempts

∗ Corresponding author. Tel.: +81 75 753 5203; fax: +81 75 753 5203.
E-mail address: konno@t06.mbox.media.kyoto-u.ac.jp (A. Konno).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.07.025
rooved surface in a button-type cell.
© 2010 Elsevier B.V. All rights reserved.

have been made to optimize each type of cell design [5–9]. The
second is a microstructure change (0.1–1 �m), which is related
to the properties of the porous electrode microstructure, such as
the porosity, volume fraction, the tortuosity of the gas phase and
electrical-conducting phase, and the density of the electrochemical
reaction site called the three-phase boundary (TPB), where the elec-
trons, oxygen ions, and reactant gas meet. A multilayer electrode
[15–17] is often used to locally increase the TPB density, because it
is considered that the electrochemical reaction actively takes place
at the TPB near the electrode/electrolyte interface, although the
TPB exists throughout a composite electrode [18,19]. An increase
in the power density is achieved by applying a multilayer with a
fine microstructure near the electrolyte. Such an approach based
on a microstructure change is highly effective, because it can be
applied to a structure with a wide range of geometric characteris-
tic lengths. However, degradation of the microstructure has been
observed in long-term operation [11–13].

The third approach to increasing the power density of a cell
is modification at a scale between those of the above methods,
referred to as a mesoscale-structure change (10–100 �m). Such

a change is at a scale smaller than the macroscopic-structure
change of a cell and larger than the microstructure change of
the porous electrodes. For instance, mesoscale-structure changes
involve micron-scale thickness control of the electrodes and elec-
trolyte [20] and micron-scale control of the electrode/electrolyte

dx.doi.org/10.1016/j.jpowsour.2010.07.025
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:konno@t06.mbox.media.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.07.025
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Nomenclature

ASR area-specific resistance (� m2)
Bi Biot number
BiFC fuel cell Biot number
Dij binary diffusivity (m2 s−1)
Di,K Knudsen diffusivity of chemical component i

(m2 s−1)
d diameter (m)
E0 EMF at standard state (V)
F Faraday constant (C mol−1)
I current (A)
i current density (A m−2)
i0 exchange current density (A m−2)
iL
tpb

current per unit TPB length (A m−1)

ict volume-specific charge transfer current (A m−3)
K permeability (m2)
kK Kozeny constant
l thickness or height (m)
ltpb TPB density (m−2)
M molecular weight (kg mol−1)
N molar flux (mol m−2)
P pressure or partial pressure (Pa)
p percolation probability
R0 universal gas constant (J mol−1 K−1)
S surface area (m2)
s molar production or consumption rate

(mol m−3 s−1)
T temperature (K)
Vs volume of solid phase (m3)
v volume fraction
w width (m)
W width (m)
X molar fraction

Greek symbols
˛ heat-transfer coefficient (W m−2 K−1)
ε porosity
� overpotential (V)
� thermal conductivity (W m−1 K−1)
� viscosity (Pa s)
� conductivity (S m−1)
� tortuosity
	 potential (V)
	0 Nernst potential (V)
	FC cell terminal voltage (V)

Subscripts
act activation
ano anode
ave average
bulk bulk fluid
cath cathode
ct charge transfer
con concentration
el electronic
ele electrolyte
h hydraulic
io ionic
meso mesoscale structure
MOLB mono-block layer built
p pore
ref reference
s solid plate

t total
tpb three-phase boundary

Superscripts
eff effective value

L per unit length
0 dense material

interface structure such as by using grooves or fins. The electro-
chemically active area is proportional to the electrode/electrolyte
interface area, which is enlarged by the mesoscale control of the
interface structure, if the electrochemical reaction takes place close
to the electrode/electrolyte interface. Mesoscale-structure control
will reduce not only the reaction resistance related to the activation
loss but also the electrolyte ohmic resistance.

In this study, we focus on the use of mesoscale-structure control
to enlarge the electrode/electrolyte interface area, and we clarify
the possibility and effectiveness of using mesoscale-structure con-
trol to enhance power generation. A simple theoretical analysis is
conducted to find effective conditions such as the electrolyte thick-
ness and operating temperature for mesoscale-structure control. A
2D numerical simulation and a power generation experiment are
carried out. We adopt an equivalent electric circuit model and the
dusty-gas model for this simulation. We numerically investigate
the effect of mesoscale-structure control and discuss the potential
and electrochemical reaction distributions in detail, which cannot
be measured experimentally. Moreover, we experimentally con-
firm the effect of mesoscale-structure control by performing the
i–V and impedance measurements.

2. Theoretical background

We introduce the theoretical background to mesoscale-
structure control by comparing two main resistances of a cell, the
ion-conducting resistance and the reaction resistance, to discuss
the dominant resistance under a certain range of operating condi-
tions.

SOFCs consist of an electrolyte and two electrodes: an anode
and a cathode. The electrolyte only has ohmic resistance to oxide
ion conduction. Although the electrodes have three types of resis-
tance, ohmic, reaction (activation), and concentration resistance,
the reaction resistance is the main resistance under general oper-
ating conditions. Hence, the ionic resistance of the electrolyte and
the reaction resistance of the electrodes play important roles in
determining the cell performance.

The ratio of electrolyte resistance to reaction resistance is
estimated to discuss the dominant resistance for different combina-
tions of temperature and electrolyte thickness. This ratio is defined
in Eq. (1), and it is represented by the ratio of the area-specific
resistances (ASR) of the electrolyte to that for activation.

BiFC = 1/ASRact

�ele/lele
= 1/ASRact

1/ASRele
= ASRele

ASRact
(1)

This ratio corresponds to a dimensionless number, the Biot num-
ber for the heat transfer problem [21], as shown in Table 1. This
table shows the analogy between heat transfer and SOFC electro-
chemistry. Thickness refers to the solid plate thickness in the heat
transfer problem and the electrolyte thickness in the SOFC. Thermal

conductivity corresponds to the electrolyte ionic conductivity. The
heat-transfer coefficient ˛ is the inverse of thermal resistance, i.e.,
thermal conductance, at the solid/fluid interface, and corresponds
to the ASR of the electrochemical reaction at close to the elec-
trode/electrolyte interface. In this paper, the dimensionless number
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Table 1
Analogy between heat transfer and SOFC electrochemistry.

Heat transfer SOFC

Thickness ls [m] lele [m]
Conductivity �s [W m−1 K−1] �ele [S m−1]

i
c
t

a
c
o
f
t
e
f

�

t
e
a
a
v

thickness is greater than 100 �m. It can be seen that the reaction
Inverse of surface resistance ˛ [W m−2 K−1] 1/ASRact [S m−2]

Dimensionless number Bi = ˛/(�s/ls) BiFC = (1/ASRact)/(�ele/lele)

s referred to as the fuel cell Biot number (FCB), BiFC. The FCB indi-
ates the dominant resistance that should be reduced to enhance
he power generation performance.

Estimated values of ASR including its temperature dependence
re used to estimate the variation of FCB under certain operating
onditions. The ASR is evaluated in a conventional cell consisting
f Ni-yttria-stabilized zirconia cermet (Ni-YSZ) for the anode, YSZ
or the electrolyte, and lanthanum strontium manganate (LSM) for
he cathode. The ASR of the electrolyte is calculated as the ratio of
lectrolyte thickness to ionic conductivity, which is estimated as
ollows [22].

YSZ =
(

0.00294 exp
(

10350
T

)
× 10−2

)−1
(2)

The ASR of activation loss �act is calculated from Eq. (3), and
he current densities i (A m−2) are calculated by the Butler-Volmer

quations, expressed as Eqs. (4) and (5), for each electrode. i0,ano
nd i0,cath are the exchange current densities (A m−2) for the anode
nd cathode, respectively. These standard estimations for the con-
entional Ni-YSZ/YSZ/LSM cell were proposed by Costamagna and

Fig. 1. Temperature and electrolyte thickness dependences of fuel cell Biot nu
ources 196 (2011) 98–109

Honegger [23].

ASRact = �act

i
(3)

iano = i0,ano

[
exp
(

2F

R0T
�act

)
− exp

( −F

R0T
�act

)]
(4)

icath = i0,cath

[
exp
(

1.4F

R0T
�act

)
− exp

(−0.6F

R0T
�act

)]
(5)

i0,ano = 5.7 × 107 × PH2

Pref

(
PH2O

Pref

)−0.5

exp
(−140000

R0T

)
(6)

i0,cath = 7 × 109 ×
(

PO2

Pref

)0.25

exp
(−160000

R0T

)
(7)

The FCB is estimated for a temperature range of 600–1000 ◦C
and an electrolyte thickness range of 10–400 �m, with hydrogen,
water vapor, and oxygen molar fractions of 0.99, 0.01, and 0.21,
respectively.

Fig. 1 shows the variation of FCB for an anode (a) and a cathode
(b), where the different lines show different electrolyte thick-
nesses. The FCB decreases with decreasing electrolyte thickness
and increasing operating temperature because of the different ten-
dencies between the ASRs. The FCB is less than unity except when
the operating temperature is relatively low and/or the electrolyte
resistance is the main part of the total resistance of the cell under
a wide range of operating conditions. In particular, under a high
operating temperature and/or thinner electrolyte (10–20 �m), the
FCB is lower than 0.1. A reduction in the electrolyte thickness is

mber at a current density of 300 mA cm−2 for anode (a) and cathode (b).
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ot effective for enhancing the cell performance under these con-
itions.

When the reaction resistance is relatively large, namely, BiFC < 1,
he enlargement of the interface area by mesoscale-structure con-
rol is effective for enhancing the cell performance in a similar way
o increasing the heat transfer surface area by fins in heat exchang-
rs.

. Concept of mesoscale-structure control

Through the discussion based on BiFC, it is found that the
esoscale-structure control is most effective when the electrolyte

s thin, namely, BiFC < 1. Fig. 2(a) shows one possible design of
he electrode-supported cell with the corrugated mesoscale struc-
ure. Note that this figure shows the anode supported cell but this
oncept can be applied to the cathode supported cell. For sim-
licity, we assume that the active TPBs are located in the vicinity
f the electrode/electrolyte interfaces and therefore their amount
s proportional to the interface area, w. The corrugated structure
ncreases both the anode/and cathode/electrolyte interface area,
, per apparent electrode area, w′, and consequently enhances

he power density. The enlargement factor can be expressed as
area,meso = w/w′ > 1. Materials required for this flat cell can be
xpressed as lanow, lelew, and, lcathw for the anode, electrolyte,
nd cathode, respectively. By applying the mesoscale structure, we
an reduce the anode material as lano(w − w′) and its material cost.
he concept to increase the interface area per apparent electrode

rea can be seen in the mono-block layer built (MOLB) structure
3,7] in macroscopic approach. Fig. 2(b) schematically shows the

OLB concept. The MOLB structure is able to form a flow chan-
el and stack by formation of a corrugated three layers consisted

Fig. 2. Concepts of mesoscale structure (a) and MOLB structure (b).
ources 196 (2011) 98–109 101

of anode, electrolyte, and cathode. The MOLB cell also increases
both electrode/electrolyte interfaces, W, per apparent electrode
area, W′, by formation of corrugated plate. The enlargement fac-
tor can be expressed as ˛area,MOLB=W/W′ > 1. The required materials
are unchanged and are expressed as lanoW, leleW, and lcathW for both
the flat and MOLB cell.

More importantly, it is possible in principle that the approaches
with different geometric characteristic length can be applied simul-
taneously and mutually. Even MOLB cells can be further improved
by applying the mesoscale concept. Hence, an approach with new
geometric characteristic length is of great importance.

The above discussion is based on the assumption that the
electrochemical reactions proceed at the electrode/electrolyte
interfaces. In reality, it proceeds not only at the interface but
the active TPBs distribute in the porous electrode to a few dozen
microns from the interface. It is often referred as an “effective thick-
ness” of electrode [18,19]. Because the characteristic length of the
mesoscale structure is close to the effective thickness of electrode,
its effectiveness should be carefully discussed. In the following
chapters, we perform numerical simulations to consider the local
reaction rate in the electrode and the effective thickness.

Before the mesoscale-structure control on thin film electrolyte is
tackled, we investigate its effect on simpler condition in this paper.
The electrolyte-supported cell and machined mesoscale grooves
only on the anode side are adopted due to following reasons. By
using the electrolyte-supported cell, we can minimize the effects of
the cathode side. The electrolyte-supported cell is easy to produce
and use in power generation experiments in laboratory.

4. Methodology

4.1. Simulation method

Fig. 3 shows the computational domains of a standard flat
cell and a mesoscale-controlled cell. The mesoscale structure is
machined on the anode side of the electrolyte surface to form
grooves. The grooves have a rectangular shape and are filled with
the anode material as shown in Fig. 3. The electrolyte, anode, and
cathode materials are assumed to be YSZ, Ni-YSZ cermet, and LSM-
YSZ composite, respectively. We assume isothermal conditions.

In this study, we adopt the electrode microscale model proposed
by Nam and Jeon [24] and extend it to perform a 2D simulation. This
model calculates the electron and ion transport based on empirical
data for the charge transfer current on the TPB by considering the
statistical properties of the porous electrodes.

4.1.1. Electron, ion, and mass transport
In this study, we consider the electron, ion, and mass transport

in the computational model. The electron and ion transport indicate
the conservation of the electronic and ionic currents, respectively.
Fig. 4(a) schematically shows the three layers in the computational
domain. The gas diffusion layer covers only the two electrodes and
is used to calculate the mass transport inside the porous electrodes.
The ionic transport layer covers the entire computational domain
and is used to calculate the ionic potential. The electron transport
layer covers only the two electrodes and is used to calculate the
electronic potential. Fig. 4(b) shows the equivalent circuit model in
a 1D geometry used to calculate the electronic and ionic potential
fields.

The governing equations for the conservation of electronic and

ionic currents are expressed as follows.

∂

∂x

(
�eff

el

∂	el

∂x

)
+ ∂

∂y

(
�eff

el

∂	el

∂y

)
= −ict (8)
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Fig. 3. Simulation models of standard flat cel

∂

∂x

(
�eff

io

∂	io

∂x

)
+ ∂

∂y

(
�eff

io

∂	io

∂y

)
= ict (9)

Note that these equations express the conservation of currents
t the anode side. When the conservation equations are used at the
athode side, the right-hand sides of these equations take the oppo-
ite sign. ict represents the volume-specific charge transfer current
rom the electronic phase to the ionic phase.

The dusty-gas model (DGM) is adopted to simulate the mass
ransport in the anode and cathode. The DGM can be applied when
he Knudsen number is nearly equal to unity and is effective for

odeling the mass transport in a multicomponent system in a
orous medium such as in SOFC electrodes [25–27]. The DGM is
ritten as Eq. (10) for each chemical component i of the mul-
icomponent system. The permeability K is estimated from the
arman-Konzeny correlation, given by Eq. (11).

Ni

Deff
i,K

+
n∑

j=1,j /= i

XjNi − XiNj

Deff
ij

= − Pt

R0T
∇Xi − Xi

R0T

(
1 + KPt

�Deff
i,K

)
∇Pt (10)

Fig. 4. Three layers used for calculation of gas, oxide ion, and electron tra
nd cell with mesoscale-structure control (b).

K = ε3

kK (1 − ε)2

(
Vs

S

)2
= ε3

kK (1 − ε)2

(
del

6

)2

(11)

For a binary system (n = 2), Eq. (10) can be separated to find
the molar flux of each chemical component, and the conservation
equations of each chemical component can be rearranged to Eqs.
(12)–(18).

∂

∂x

(
k1

R0T

∂P1

∂x

)
+ ∂

∂y

(
k1

R0T

∂P1

∂y

)
+ ∂

∂x

(
k2P1

R0T

∂Pt

∂x

)

+ ∂

∂x

(
k2P1

R0T

∂Pt

∂y

)
= sct,1 (12)
∂

∂x

(
k3

R0T

∂P2

∂x

)
+ ∂

∂y

(
k3

R0T

∂P2

∂y

)
+ ∂

∂x

(
k4P2

R0T

∂Pt

∂x

)

+ ∂

∂x

(
k4P2

R0T

∂Pt

∂y

)
= sct,2 (13)

nsport (left) and equivalent circuit model in one dimension (right).
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Table 2
Calculation conditions.

Calculation parameter Anode Cathode

Operating temperature T 800 ◦C 800 ◦C
Total pressure Pt 0.1013 MPa 0.1013 MPa
Gas compositions XH2 : XH2O =

0.99 : 0.01
XO2 : XN2 =
0.21 : 0.79

Tortuosity � 3.0 3.0
Porosity ε 0.3 0.3
Volume fraction of electron vel 0.35 0.35
Volume fraction of ion vio 0.35 0.35
Particle size of electron del 1 �m 1 �m
Particle size of ion dio 1 �m 1 �m
Percolation prob. of electron pel 0.925 0.925
Percolation prob. of ion pio 0.925 0.925
A. Konno et al. / Journal of P

ct,H2 = ict

2F
, sct,H2O = ict

2F
(14)

ct,O2 = ict

4F
, sct,N2 = 0 (15)

1 =
Deff

12 Deff
1,K

Deff
12 + Deff

m,K

, k3 =
Deff

12 Deff
2,K

Deff
12 + Deff

m,K

(16)

2 = k4 = 1
Pt

Deff
1,K Deff

2,K

Deff
12 + Deff

m,K

+ K

�
(17)

eff
m,K = X1Deff

2,K + X2Deff
1,K (18)

Subscripts 1 and 2 respectively denote H2 and H2O on the anode
ide and O2 and N2 on the cathode side. sct is the molar production
r consumption rate of the electrochemical reactions.

The effective diffusivities for binary diffusion and Knudsen dif-
usion are affected by the properties of the porous electrodes and
re expressed as follows.

eff
ij

= ε

�
Dij and Deff

i,K
= ε

�
Di,K (19)

i,K = dp

2
2
3

√
8R0T

�Mi
(20)

p ≈ dh = 4Vs

S

ε

1 − ε
= 4del

6
ε

1 − ε
(21)

here Dij and Di,K are the binary and Knudsen diffusivity, respec-
ively, and � is the tortuosity of the porous electrodes.

.1.2. Electrochemical reaction model
In the electrochemical reaction model, the oxidation reaction of

ydrogen takes place inside the anode and the reduction reaction of
xygen takes place inside the cathode. The volume-specific charge
ransfer current of these reactions on the TPB is calculated from
he volume-specific length of the TPB, evaluated by the random
acking model of binary spherical particles and empirical corre-

ations of the charge transfer current per unit TPB length based
n the experiments with patterned mesh electrodes. The correla-
ions of the charge transfer current per unit TPB length proposed
y Nam and Jeon [24] are derived from the experiments of Bieberle
t al. [28] for the anode and from those of Radhakrishnan et al.
29] for the cathode, as shown in Eqs. (22) and (23), respectively.
he volume-specific charge transfer current is calculated using Eq.
24).

L
tpb,ano = �act,ano

1.645P−0.11
H2

P−0.67
H2O exp(10212/T) × 10−4�act,ano

(22)

L
tpb,cath = R0T

4F

2 sinh(2F�act,cath/R0T)

0.00136P−0.25
O2

exp(17401/T)
(23)

ct = iLtpbltpb (24)

here ltpb is the volume-specific length of the TPB in porous elec-
rodes and is referred to as the TPB density.

The activation overpotential in this model is calculated as the
otential difference between the electronic and ionic phases in the
lectrode at each grid, as shown in Eqs. (25) and (26). This value is

sed to calculate the charge transfer current.

act,ano = 	el − 	io − �con,ano (25)

act,cath = 	io − 	el − �con,cath (26)
TPB density ltpb 1.40 �m−2 1.40 �m−2

Electrode thickness li 50 �m 50 �m
Kozeny constant kK 5 5

The concentration overpotential is calculated as the effect of the
partial pressure change on the Nernst potential and is included in
the calculations of the activation overpotential.

�con,ano = R0T

2F
ln

(
PH2,bulk

PH2

PH2O

PH2O,bulk

)
(27)

�con,cath = R0T

4F
ln

(
PO2,bulk

PO2

)
(28)

The effective conductivity is adopted for the porous electrode
properties, where we consider the statistical percolation proba-
bility. The effective conductivity of an electrode is expressed as
follows.

�eff
i

= (vipi)
1.5�0

i (29)

In this equation, subscript i denotes an electronic transport
phase (el) composed of an electron-conducting material, or an ionic
transport phase (io) composed of an ion-conducting material. �0

i
is

the conductivity (S cm−1) of the dense material i. vi is the volume
fraction of phase i (vel + vio + ε = 1). pi is the percolation proba-
bility. The conductivities of the dense materials are given by Eqs.
(30)–(32), and are obtained from the literature [22,24,30,31].

�0
YSZ =

(
0.00294 exp

(
10350

T

))−1
(30)

�0
Ni = 4.5 × 105

T
exp
(

−1200
T

)
(31)

�0
LSM = 3.27 × 104 − 10.653T (32)

4.1.3. Calculation conditions
Table 2 shows the calculation conditions such as the operat-

ing temperature, along with the parameters and properties of the
porous electrodes in this simulation. del and dio are the particle
diameters in the electron- and ion-conducting phases, respectively.
These values are used to calculate the percolation probability and
the TPB density by the random packing model. In the boundary
conditions for the gas diffusion layer on the horizontal surface, the
partial pressure is given by that of the bulk gas phase from the
gas composition at atmospheric pressure. The boundary condition
of the electron transport layer is given as the potential difference
between the electrode surfaces. In this model, we assume that the

electronic potentials of the boundary are given as the Nernst poten-
tial, which is calculated using Eq. (33) for the anode surface and
using the cell terminal voltage for the cathode surface. We assume
that the vertical boundaries of the three layers have symmetric
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oundary conditions expressed as zero gradients.

0 = E0 + RT

2F
ln

(
PH2,bulk

PH2O,bulk

(
PO2,bulk

10130

)0.5
)

(33)

We focus on the two mesoscale parameters of the
node/electrolyte interface area and the mean electrolyte thick-
ess in this study, because the anode mesoscale structure affects
oth the anode/electrolyte interface area and the electrolyte
hickness. Table 3 shows three cases with different values for the

esoscale parameters of the grooved cell. Case SG shows small
esoscale grooves compared with others. Cases 1–3 have the

ame mean electrolyte thickness but different area enlargement
actors, expressed as follows.

rea enlargement factor = Interface area with grooves
Interface area without grooves

= w1 + w2 + lmeso

w1 + w2
(34)

The average current density is the total current at the cath-
de surface boundary divided by the electrode/electrolyte interface
rea of the flat side, which is expressed as follows.

ave =
∑

xIy=0

w1 + w2
(35)

Note that in this equation, y = 0 mm corresponds to the cathode
urface.

.2. Experimental method

In this section, we explain the experimental method used in
he power generation test, which involves a segmented electrode
ith both flat and mesoscale-grooved surface in a button-type cell.

he segmented electrode is used to remove the issue of the repro-
ucibility of the cells as much as possible, as it makes it allow the
asy comparison of a flat cell with a mesoscale-grooved cell. The
ower generation performance of each cell is evaluated in terms of
he i–V characteristics and impedance spectra.

Fig. 5 shows a schematic diagram of the experimental apparatus
sed in this study. A button-type cell is sandwiched between two
ets of coaxial ceramic tubes. On the lower side of the anode, fuel
s supplied through the inner tube to the cell. It impinges on the
ell and then returns through the gap between the inner tube and
uter tube to be exhausted. The fuel is a mixture of hydrogen and
itrogen. The hydrogen concentration in the fuel flow is precisely
ontrolled using mass flow controllers. The situation is exactly the
ame on the upper side of the cathode, but the fluid is dry air. Both
uter tubes are tightly connected to the cell by a glass seal to pre-
ent gas leakage. In the experiments, the hydrogen concentration
f the fuel is varied at a constant operating temperature of 800 ◦C.

In an actual SOFC system, this high operating temperature

s self-sustained by heat generated by the electrochemical reac-
ions. However, in a single-cell experiment some additional heat

ust be supplied to maintain the operating temperature. There-
ore, the entire test section is placed in an electric furnace in this
tudy.

able 3
esoscale parameters of grooved cell.

w1 [�m] w2 [�m] lmeso [�m] lele [�m

Flat cell 433
Case SG 10 5 10 438
Case 1 300 150 200 500
Case 2 200 100 200 500
Case 3 100 50 200 500
Fig. 5. Experimental apparatus used for power generation test involving button-
type cell.

Fig. 6(a) shows the electrolyte of the test cell, which is a small
disk-shaped electrolyte made of YSZ with a diameter and thick-
ness of 20 mm and 500 �m, respectively. A surface on the anode
side shown in Fig. 6(a) is partially machined to realize mesoscale-
grooved structures by using the blasting method. The groove width
is 200 �m at the surface and the distance between two neighbor-
ing grooves is 250 �m. The groove shape is not exactly same as
the well-defined shape in simulation because precise fabrication
of rectangular grooves was difficult. Fortunately, uniformity of the
groove shape was quite good and therefore we can precisely mea-
sure the surface area. The electrolyte surface is flat on the cathode
side.

Electrode materials are prepared by following the procedure
[32]. The cathode material, LSM, is mixed with polyethylene glycol
to form a slurry, which is screen-printed on the electrolyte and sin-
tered at 1150 ◦C for 5 h. The anode material, NiO-YSZ, is also mixed
with polyethylene glycol, screen-printed on the electrolyte, and
sintered at 1400 ◦C for 5 h. As can be observed in Fig. 6(b), the anode
electrode is segmented into two parts. The left side of Fig. 6(b)
shows the flat surface of the electrolyte and the right side shows
the grooved surface. Power generation tests using each anode elec-
trode are conducted separately and the results are compared. The
reason for using such segmented electrodes rather than preparing

two cells (one with a standard flat electrode and the other with a
mesoscale structure) is to avoid the issue of the reproducibility of
the cells.

Fig. 7 is an SEM image showing cross-sectional view of grooved
part of a test cell. This image confirms that each groove is 200 �m

] Mean electrolyte thickness [�m] Area enlargement factor

433 1.00
433 1.67
433 1.44
433 1.67
433 2.33
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Fig. 6. Anode-side surface of an electrolyte (a) and
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5.1.2. Effect of anode mesoscale structure on i–V characteristics
Fig. 10 shows the i–V characteristics of the cells with grooves

(Cases 1–3), along with that of a standard flat cell with an electrolyte
thickness of 433 �m.
ig. 7. SEM image of part of the grooved area of a cell filled with the Ni-YSZ anode
aterial.

eep and filled with the anode material. It also confirms that the
hape of the grooves is well controlled. The enlargement of the
nterface area between the electrolyte and anode electrode is esti-

ated to be 60% compared with that for a flat interface. This
rooved structure is different to that of the calculation model as
ndicated above (Section 4.1).

To collect the current from the electrodes, a thin platinum mesh
s attached to each electrode. As the anode electrode is segmented
nto two parts, two sets of current collectors are carefully placed on
ach anode electrode so that there is no electrical contact between
he two anode electrodes. A platinum wire with a diameter of
.5 mm is connected to each platinum mesh and the current is
onducted to outside the test section. For voltage measurement,

thinner platinum wire with a diameter of 0.2 mm is also con-

ected to each platinum mesh. One additional platinum wire is
irectly connected to the outer part of the electrolyte as a refer-
nce electrode. An impedance meter (Kikusui KFM2150) with an
a test cell coated with segmented anode (b).

electronic load (Kikusui PLZ164WA) is connected to the test cell,
as shown in Fig. 8, to obtain the i–V curve and perform impedance
measurements.

5. Results and discussion

5.1. Simulation results

5.1.1. Effect of small anode mesoscale structure
Fig. 9 shows the anode volume-specific charge transfer current

distributions at the terminal voltage of 0.5 V in Case SG. This case
has the groove height of 10 �m. It is found from this figure that
the mesoscale structure is covered with the reaction region when
the scale of this structure becomes too small compared with that
of the reaction region. The values of average current density of this
case and the flat case with the same mean electrolyte thickness are
265 and 259 mA cm−2, respectively. Such structure is not useful
to enhance the cell performance. It should be designed that the
mesoscale structure becomes larger than the effective thickness of
electrode.
Fig. 8. Measurement system used for segmented anode using four-probe method.
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Fig. 9. Volume-specific charge transfer current distribution of anode in Case SG.
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Fig. 10. i–V characteristics of flat cell and grooved cells (Cases 1–3).

The i–V curves of the mesoscale-grooved cells show a similar
rend to that of the flat cell in Fig. 10. The terminal voltage decreases
lmost linearly with increasing current density. The current densi-
ies of the grooved cells are almost always larger than that of the flat
ell at the same terminal voltage. This confirms that the mesoscale-

rooved structure enhances the power generation performance.

Fig. 11 shows the average current density enhancement, defined
s the ratio of the current density of a grooved cell to that of a flat cell
aving the same electrolyte thickness at the same terminal voltage.

ig. 11. Average current density enhancement by mesoscale grooves for Cases 1–3.
Fig. 12. Volume-specific charge transfer current distribution of the flat anode at a
terminal voltage of 0.5 V.

This value represents the enhancement of cell performance due to
the mesoscale grooves.

Average current density enhancement

= Current density with grooves
Current density without grooves

(36)

It is shown in Figs. 10 and 11 that the larger interface area of
the grooved cell results in a better cell performance. The average
current density enhancement becomes more prominent when the
current density is relatively high. The current density enhance-
ment values of Cases 1, 2, and 3 at the terminal voltage of 0.5 V
are about 1.08, 1.11, and 1.14, respectively. Because all of the cases
in Fig. 11 have the same mean electrolyte thickness, the effect of
the mesoscale grooves on the cell performance cannot be ascribed
to the mean electrolyte thickness. These enhancement values are
less than the area enlargement factor. This is reasonable if we con-
sider the reaction region spread in the electrode as discussed in
the previous section. Other reasons can be the thick electrolyte and
mal-distribution of current.
5.1.3. Electrochemical reaction and potential distributions
In this section, we explain in detail the effects of the anode

mesoscale grooves from the simulation results for Case 2 at a ter-
minal voltage of 0.5 V. The volume-specific charge transfer current
distributions are illustrated in Fig. 12 for the flat anode and in Fig. 13

Fig. 13. Volume-specific charge transfer current distribution of anode in Case 2 at
a terminal voltage of 0.5 V.
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Table 4
Anode and cathode overpotentials and partial pressures at the top center of convexity, bottom corner of groove, bottom center of groove, and cathode bottom at a terminal
voltage of 0.5 V in Case 2.

Location Depth [�m] �act [mV] �con [mV] PH2 [kPa] PH2O [kPa]

Anode Top center of convexity 50 12 14 1000 1.36
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Bottom corner of groove 250
Bottom center of groove 250

Cathode Bottom (max) 50

or the grooved anode. The volume-specific current corresponds
o the local electrochemical reaction rate. Note that in Fig. 12, the
lectrode depths of 0 and 0.05 mm correspond to the anode surface
nd the flat anode/electrolyte interface, respectively. In Fig. 13, the
lectrode depths of 0, 0.05, and 0.25 mm correspond to the anode
urface, the top of a convexity, and groove bottom, respectively.

It can be seen in Fig. 12 that the volume-specific current in
he flat anode takes a larger value near the anode/electrolyte
nterface and is distributed uniformly in the x-direction. In the
rooved anode, as shown in Fig. 13, the volume-specific current
s not uniform and is large inside the grooved part, particularly at
he bottom corner of groove. This shows that the electrochemi-
al reaction is active at such regions. This region is surrounded
y the electrolyte with relatively high ion potential. It leads the

on potential at the bottom corner becomes higher than that of
ther reaction region. Hence the active electrochemical reaction at
uch region is reasonable. The sharp edge in the calculation domain
ay lead an overestimation of the reaction at the bottom corner

oint.
This difference in the reaction region is caused by the dif-

erent electric potentials and different partial pressures of the
hemical species. We calculated the electronic and ionic potentials
nd obtained their distributions in this simulation. The electronic
otential field of the electrodes is found to be uniform owing to the

ow ohmic resistance to electronic conduction of the electrodes. The
xide ion potential fields for Cases 1–3 are illustrated in Fig. 14. In

his figure, the dotted lines show the electrode/electrolyte inter-
aces. Note that y = 0 mm and y = 0.6 mm correspond to the cathode
nd anode surfaces, respectively. Table 4 shows the local values
f the activation and concentration overpotentials and the partial

Fig. 14. Oxide ion potential fields of Case 1 (a), Case 2
27 94 952 7.39
15 89 950 6.58

107 0.45

pressure at some important locations, namely, the top centers of
a convexity, the bottom corner of groove, and the bottom center
of a groove for the anode, as shown in Fig. 3(b), and the cath-
ode/electrolyte interface for the cathode. From Fig. 14 and Table 4,
the large potential difference in the electrolyte shows that the
electrolyte resistance is a main resistance due to the thick elec-
trolyte. It can be seen that the potential difference between the
anode/electrolyte interfaces at the top of a convexity and the groove
bottom is about 0.08 V. Such a potential difference is comparable
to the difference between the concentration overpotentials at each
location, as shown in Table 4, due to the depth of 250 �m. Hence the
activation overpotential of the top of a convexity is comparable to
that of the groove bottom. However, the volume-specific current at
the groove bottom is at least threefold higher than that at the top of
a convexity, because the groove bottom has a relatively high vapor
partial pressure, which is affected by the charge transfer current
given by Eq. (22).

Fig. 15 shows the proportion of the charge transfer current
occurring at the top of a convexity, the side wall of the grooves,
and the groove bottom in the three cases. The percentages are cal-
culated from the total charge transfer current up to 10 �m from
the electrode/electrolyte interface at the different locations. Note
that a value of 100% on the vertical axis represents the total charge
transfer current for the flat anode. The percentage of the charge
transfer current in the neighborhood of the side wall increases
with the area enlargement factor. Hence, this figure indicates that

the total charge transfer current increases with the area enlarge-
ment factor due to the contribution of the side wall. In these cases,
the area enlargement factor is directly related to the proportion
of the area corresponding to the side wall, and increases the pro-

(b), and Case 3 (c) at a terminal voltage of 0.5 V.
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Fig. 15. Proportion of charge transfer reaction occurring at the top of a convex-
i
i

p
r
o
d

F
a

ty, side wall, and groove bottom in the anode electrode. 100% on the vertical axis
ndicates the charge transfer current for the flat anode.

ortion of the active region because the groove bottom is at a
elatively high vapor partial pressure. An increase in the proportion
f such an active region yields an increase in the average current

ensity.

ig. 16. Comparison of i–V characteristics of segmented electrodes for cell at oper-
ting temperature of 800 ◦C with hydrogen concentration of 100% (a) and 5% (b).
Fig. 17. Impedance spectra measured between anode and electrolyte at operating
temperature of 800 ◦C with hydrogen concentration of 100% (a) and 5% (b).

5.2. Experimental results

In this section, we discuss the effect of the mesoscale-structure
control on the power generation performance observed in the
experiment. Fig. 16 shows the i–V curves of the flat and mesoscale-
grooved cells. In this figure, the solid triangles and solid circles
denote the results for the flat cell and grooved cell, respectively.
Note that the flat cell has a different mean electrolyte thickness
from the grooved cell. The performance of the grooved cell is higher
than that of the flat cell at all terminal voltages. It can be seen that
the grooves enhance the cell performance owing to the reduction
of the electrolyte thickness and the enlargement of the interface
area. The current density of the grooved cell is 25% and 16% higher
than that of the flat cell at hydrogen concentrations of 100% and 5%,
respectively, at a terminal voltage of 0.5 V.

The experimental current density enhancement does not quan-
titatively agree with that of simulation. A main reason is the
estimation of electrode microstructure by using the model based
on the random packing model. It is difficult to reconstruct the
microstructural parameters of the experimental cell. However, the
qualitative agreement of the area enlargement effect between the
simulation and experiment is confirmed.

We can clarify the effect of enlarging the electrode/electrolyte
interface by considering the impedance spectra measured between
the anode and the reference electrode attached to the electrolyte,
because the i–V curve includes not only the effect of interface
enlargement but also that of decreasing the electrolyte thickness.
Fig. 17 shows a comparison of the impedance spectra of the flat and
mesoscale-grooved cells. Impedance arcs related to the anodic elec-
trochemical reaction are observed. Owing to the frequency limit
of the measurement system, the left end of each arc is not clear.

Because of the grooves, the mean electrolyte thickness is lower for
the anode grooves, giving one reason for its better performance. The
difference between the ohmic resistances of the two cells is eval-
uated to be 1.2 � using the mean electrolyte thickness. However,
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rom Fig. 17, the difference between the right ends of each arc is
bout 4.9 � (4 � at a hydrogen concentration of 5%), which is larger
han 1.2 �. This means that the thinner electrolyte is not the only
eason for the better performance. The concentration overpotential
n the anode with grooves is expected to be larger than that for the
at anode. The enhancement of the power generation performance

s a result of the apparent decrease in the activation overpotential
aused by the enlargement of the active area due to the grooves.

. Conclusion

In this paper, we numerically and experimentally investigated
he effect of mesoscale-structure control on enhancing the power
eneration performance.

A simple theoretical analysis was conducted in the light of the
imensionless number, FCB. It was assumed that the electrochemi-
al reaction takes place only on the electrode/electrolyte interface.
rom the simple analysis, the FCB was found to be lower than
nity when a relatively thin electrolyte (10–20 �m) was employed
nd/or the operating temperature is increased in a conventional Ni-
SZ/YSZ/LSM cell. Under these conditions, the power generation
erformance can be effectively enhanced by reducing the reaction
esistance. The corrugated mesoscale structure in the electrode-
upported cell was proposed to reduce the reaction resistance for
he practical application.

Because the electrochemical reaction in electrode actually
as an effective thickness, we performed numerical simulations
nd power generation experiments to clarify the effectiveness of
esoscale structure. Thick electrolyte was used to focus on one

ide of the electrolyte, i.e., the anode side, while eliminating the
ffects of the other side. The microstructural parameters of elec-
rode were estimated on the basis of the random packing model
n numerical simulations. The segmented electrode was used in
xperiments to realize the precise comparison between the flat cell
nd the mesoscale-grooved cell. We reported the following results.

1) We found from the simulation results that the electro-
chemical reaction is limited to the region close to the
electrode/electrolyte interface. The mesoscale-grooved struc-
ture was proved to be effective for enhancing the power
generation performance, if the groove scale is sufficiently larger
than the effective thickness of the electrode.

2) The qualitative agreement of the area enlargement effect
between the simulation and experiment is confirmed. The
improvement of the accuracy in the microstructural parameter
estimation is required to obtain more quantitative agreement.
3) From the simulation results of the mesoscale-grooved cell, the
electrochemical reaction actively takes place at the groove bot-
tom, because of the similar activation overpotentials and the
higher vapor partial pressure compared with those at the top
of a convexity.

[

[
[

ources 196 (2011) 98–109 109

(4) The expected impedance arc of the grooved cell was smaller
than that of the flat cell from the impedance measurement. This
confirms that the mesoscale-grooved structure can reduce the
reaction resistance.
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