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Abstract

The mechanism whereby structural modification on the mesoscale order (10-100 um) improves the
electrochemical performance of anode-supported solid oxide fuel cells (SOFCs) is elucidated. After
preparing two types of anode-supported SOFC having different electrode—electrolyte interfacial areas,
we carry out their structural analyses and electrochemical characterization. Next, we develop a two-
dimensional (2D) numerical model in which the structures of the cells are implemented and then verify
its validity by comparing experimental and simulation results. It is found that the structural features in
the mesoscale-modified cell, such as interfacial area enlargement and thickness inhomogeneity, cause
nonuniform distributions of physicochemical quantities that contribute to electrochemical reactions.
Consequently, the decreases in the ohmic and activation overpotentials of the mesoscale-modified cell
relative to the flat cell are respectively larger and smaller than those estimated under the assumptions
that the ionic and charge-transfer current densities are uniformly distributed in a cell. Moreover, the
ionic current density distribution has a strong nonuniformity at a high current density, leading to a large
relative decrease in ohmic loss. Furthermore, the cell overpotential is more reduced at a higher current
density; thus, the mesostructural modification of anode-supported SOFCs can lead to a higher cell

performance.

Keywords
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1. Introduction

Solid oxide fuel cells (SOFCs) are attracting widespread attention owing to their high energy
conversion and fuel diversity. To minimize the size of SOFC systems and thereby reduce their
manufacturing costs and heat capacity, it is necessary to increase the volumetric power density of
individual cells. For this purpose, researchers have been focusing on the design of a cell structure on
the mesoscale order (10—100 um) to enlarge the electrode—electrolyte interfacial area [1-10]. This is
because the electrochemical reactions in porous electrodes actively occur at the reaction sites
distributed in a very thin region with a thickness of around 5-20 um near the electrode—electrolyte
interface [11-15].

Owing to the recent advances in manufacturing technology, the mesostructural modification of
SOFCs has been realized, resulting in markedly enhanced cell performance [1,3-10,16]. For instance,
we achieved an increase of 14% in the electrode—electrolyte interfacial area of an anode-supported
SOFC relative to a flat cell by forming anode ridge structures on a surface of a flat anode disk using a
microextrusion printing technique [7]. Through electrochemical impedance spectroscopy, it was
confirmed that the relative decreases in the ohmic and activation resistances were 42—45 and 54-59%,
respectively, under the open-circuit voltage condition at 600-700 °C. More recently, Shin et al. [8]
have fabricated an anode-supported SOFC where the electrode—electrolyte interfacial area was
enlarged by about 23% compared with that of a flat cell by micropatterning through polymer-to-
ceramic transformation. They reported that the ohmic and polarization resistances in the cell obtained
at a terminal voltage of 0.75 V at 500—600 °C were 29-52 and 15-23% lower than those in the flat cell,
respectively. Although it has been demonstrated that mesostructural modification improves cell
performance, there is no consistency in the relationships between the relative increase in interfacial
area and the relative decrease in cell resistance among the existing experimental results [1,3—10,16].
This is because the electrochemical performance of SOFCs is affected by multiple factors such as the

cell structure, operating conditions, and materials for the cell components. Accordingly, numerical



simulation in which these factors are appropriately considered is expected to provide important clues
for understanding the effect of mesostructural modification.

Thus far, various numerical models have been developed to investigate the effect of the
mesostructural modification of SOFCs on improving the cell performance [1,6,17-23]. For example,
Konno et al. [1,18] analyzed the distributions of physicochemical quantities within mesoscale-
modified cells during power generation and thereby found that introducing mesoscale corrugated
structures into the electrode—electrolyte interface reduced both ohmic and activation overpotentials.
Moreover, they clarified that its effect became more prominent with increasing electrode—electrolyte
interfacial area, particularly in a cell having a thin electrolyte such as an anode-supported SOFC. It has
also been reported that the electrode microstructure [6,18,22] and the geometrical shape of the
electrode—electrolyte interface [17,19-21,23] determine the effect of mesostructural modification.
Despite these key findings, a detailed mechanism whereby mesostructural modification improves cell
performance has not yet been clarified. In addition, a lack of understanding regarding the improvement
in cell performance by mesostructural modification in quantitative terms still remains [1,20]. For
example, according to the literature [1], the current density at 0.5 V at 800 °C increased from 42.2 to
52.8 mA cm™ in the measurement, whereas it increased from 259 to 287 mA cm™ in the simulation.
These quantitative discrepancies between the electrochemical characteristics of each cell obtained
from the experiment and simulation led to a mismatch of the increases in the electrochemical
performance of a mesoscale-modified cell relative to a flat cell. This is because the cell structures at
multiple scales—the electrode microstructure, cell component thickness, and geometric shape of the
electrode—electrolyte interface—used in the electrochemical testing were not properly considered in
the numerical model. Thus, a numerical model with high validity must first be constructed to clarify
the aforementioned unresolved issues.

Herein, the mechanism whereby mesostructural modification improves the electrochemical

performance of anode-supported SOFCs is elucidated. After preparing two types of anode-supported



SOFC having different electrode—electrolyte interfacial areas, we carry out their structural analyses
and electrochemical characterization. Next, we develop a two-dimensional (2D) numerical model in
which the structures of the tested cells are implemented and then verify its validity by comparing
experimental and simulation results. Subsequently, changes in the overpotential components of the
mesoscale-modified cell relative to the flat cell are quantitatively evaluated. Through analyzing the
distributions of physicochemical quantities that contribute to the electrochemical reactions inside the
cells, the mechanism of the improved cell performance by mesostructural modification is discussed on
the basis of the energy losses attributed to such quantities. Finally, the effect of mesostructural

modification at various current densities is investigated.



2. Experimental
2.1. Cell preparation

Two types of 20-mm-diameter anode-supported button SOFC having different electrode—
electrolyte interfacial areas, a flat cell (FLAT) as a reference and a mesoscale-modified cell (MESO),
were prepared. An anode disk and anode ridge structures were prepared by tape casting and
microextrusion printing, respectively, using an identically prepared homogeneous NiO (FUJIFILM
Wako Pure Chemical Corp., Japan)—(Y203)0.08(ZrO2)0.92 (YSZ) (TZ-8Y, Tosoh Corp., Japan) anode
slurry (N10:YSZ = 60:40 wt%). The anode ridge structures were uniformly formed by extruding the
anode slurry onto the surface of a flat green disk, and their average width and height were measured
to be 140.6 and 35.4 um, respectively. Thereafter, the NiO-YSZ anode was presintered at 1200 °C for
2 h. A YSZ electrolyte thin film was deposited onto the anode surface by spin coating, which was
followed by sintering at 1350 °C for 5 h. A Gdo.1Ce0.901.95 (GDC) (GDC-10(AU), Shin-Etsu Astech
Co., Ltd., Japan) barrier layer and a Lag.¢Sro4Coo2Fe0 8035 (LSCF) (LSCF-6428-N, Kceracell Co.,
Ltd., Korea) cathode were formed with laboratory-made screen-printable inks, which were
sequentially sintered at 1250 °C for 2 h and 950 °C for 5 h. The apparent surface area of the LSCF
cathode was about 0.785 cm?. The cell preparation is described in more detail in our previous works

[24,25].

2.2. Performance evaluation

The electrochemical performance of the cells was evaluated at 700 °C. Each cell was held with
two alumina tubes to which sealing glass rings were attached. A platinum mesh was used as a current
collector for both electrodes. The cell temperature was controlled using an electric furnace. Mixture
gases of 97% H>—3% H20 and 21% O2—79% Nz were supplied to the anode and cathode, respectively,
whose total flow rate was 100 sccm at both electrodes. A Solartron 1470E potentio/galvanostat

electrochemical interface (Solartron Analytical, UK) was used to measure the current—voltage (i—V)



characteristics of the cells. More details can be found elsewhere [7].

2.3. Structure analysis

Prior to structural analysis, the cells were cooled in a reducing atmosphere after the electrochemical
testing and then impregnated with epoxy resin (EpoFix, Struers, Denmark) under a pressure of 34 Pa
for 10 min. For mesostructural analysis, the cured samples were cut and polished to observe their cross
sections by scanning electron microscopy (SEM) (Miniscope TM3000, Hitachi High-Tech Corp.,
Japan) [7]. For microstructural analysis, a small piece of the cured sample was painted with a
commercial silver paste (Ted Pella, Inc., USA) and then coated with osmium under a pressure of 8—10
Pa for 10 s. The three-dimensional (3D) microstructures of both electrodes were imaged using an
NVision 40 (Carl Zeiss AG, Germany) focused ion beam (FIB) SEM system. An in-lens secondary
electron detector and a standard secondary electron detector with an acceleration voltage of 2.0 kV
were used to distinguish the solid phases in the Ni-YSZ anode and LSCF cathode, respectively, in
SEM images. Sliced SEM images were aligned and segmented into three and two phases for the Ni—
YSZ anode and LSCF cathode, respectively, and then reconstructed to quantify microstructural
parameters. The phase volume fraction, particle and pore sizes, tortuosity factor, surface-to-volume
ratio, double-phase boundary (DPB) density, and triple-phase boundary (TPB) density were quantified
using a commercial 3D visualization and analysis software application (Avizo, Thermo Fisher
Scientific Inc., USA) and an in-house code. More details of the image processing procedures and

quantification methods can be found elsewhere [26-30].



3. Numerical simulation
3.1. Numerical model

We developed a steady-state 2D numerical model in which the structures of the cells after the
electrochemical testing were implemented. Figure 1(a) shows cross-sectional SEM images of the
tested cells [24]. The green, yellow, white, and gray areas in the SEM images correspond to the Ni—
YSZ anode, YSZ electrolyte, GDC barrier layer, and LSCF cathode; their average thicknesses in the
flat cell were measured to be about 450, 8.0, 6.0, and 36 um, respectively. On the other hand, the
thicknesses of the layers in the mesoscale-modified cell could not be defined because of their
inhomogeneity. Therefore, we identified each layer from its cross-sectional SEM image and then
obtained geometric shape data using Avizo software. The average interval between two adjacent anode
ridge structures after sintering at 1350 °C, which was measured to be about 202 um using a 3D laser
confocal scanning microscope (LEXT OLS4000, Olympus Corp., Japan), was set as a single repeating
unit L. The interfacial area enlargement factor a—the ratio of the contact area between the electrode
and electrolyte of the mesoscale-modified cell to that of the flat cell—was calculated to be about 1.14
for the anode—electrolyte interface and about 1.08 for the cathode—electrolyte interface. Details of the

calculation of the interfacial area enlargement are described in Ref. [7]. Thereby, the average interfacial

ap_gL+ac-gL

1 ) Note that the ratio of the cross-sectional area

area enlargement factor was about 1.11 (=

of the YSZ/GDC bilayer in the mesoscale-modified cell to that in the flat cell was calculated to be 1.14.
By taking these values into consideration, the calculation domains of each cell were designated as the
areas surrounded by the blue solid lines in Fig. 1(b). Note that x and y in the orthogonal coordinate
system shown in Fig. 1(b) were defined as the cell width and thickness directions, respectively. To
reduce the computational load, the calculation grid dimensions were set at 1 x 1 um? in the region
where y is greater than 420 um and 1 x 5 pm? elsewhere. Taking into account the porosity of the GDC
barrier layer (ca. 50%) and the ionic conductivity of GDC [31,32], we included the barrier layer

thickness in the electrolyte thickness as an equivalent YSZ thickness [25]. The electrode



microstructures were assumed to be homogeneous in the entire region of each electrode. Figures 1(c)
and 1(d) show the 3D reconstructed structures of the electrodes, whose volumes were 14.86 x 21.05 x
12.96 and 9.74 x 11.45 x 9.75 um? for the Ni-YSZ anode and LSCF cathode, respectively [25]. The
microstructural parameters quantified from the results of FIB-SEM analysis summarized in Table 1

were used in the numerical simulation.

Table 1 Microstructural parameters of electrodes of tested cell [25].

Parameter Anode Cathode

Ni YSZ Pores LSCF Pores
Volume fraction/% 33.0 38.9 28.1 54.6 45.4
Particle/pore size/um 1.50 1.12 0.955 0.218 0.211
Tortuosity factor/— 343 2.33 7.89 2.64 1.79
Surface-to-volume ratio/pm? pm 4.02 5.37 5.97 11.1 13.4
DPB density/um? um — 6.07
TPB density/um pm™ 2.29 -
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Fig. 1 (a) Cross-sectional SEM images [24] and (b) calculation domains of cells, and 3D reconstructed

structures of (c) Ni-YSZ anode and (d) LSCF cathode.

3.2. Governing equations

The conservation of electrons and that of oxide ions are expressed as

v- (‘%Vﬁe-) = —ig (1)

a.efzf_ _ ]
v- ( o V#02-> = et @)
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where 0.~ and aggf_ are respectively the effective electronic and ionic conductivities. Moreover, F

is the Faraday constant, fi.- and [igz- are respectively the electrochemical potentials of the electrons
and oxide ions, and i is the charge-transfer current density associated with the electrochemical
reactions in the electrodes. In this numerical model, LSCF, Ni, and YSZ were considered as mixed
ion—electron, pure electron, and pure ion conductors, respectively.

Gas diffusion in the electrodes is expressed by the dusty-gas model [33-36] as

V-N; = §; (3)
N; n XjNi—X;N; Py Xi K Py

Niopyn o HNEXN _ Pegy  Xifg 4 KP)gp 4
DEIf(f Z]-l,]il Dlgejff RT l RT ”Die,lf(f t ( )

Here, N; and X; represent the molar flux and molar fraction, respectively, and s; is the sink/source

term associated with the electrochemical reaction, where

_ et _ et

S‘HZ = E, S‘HZO E, SOZ = —E, S‘NZ = 0. (5)
Also, Df{g and ijff are the effective Knudsen and effective molecular diffusivities, and P;, K, and
p are the total pressure, permeability, and mixture viscosity, respectively.

The effective conductivities and gas diffusivities were evaluated by modifying the bulk transport

coefficients using the ratio of the volume fraction V; to the tortuosity factor t; as
V.
reft = T—iln (I; = 0e-,002-, Dix, Dyj). (6)

The empirical formulas used for the bulk conductivities and bulk gas diffusivities were [37—41]
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log G- pscr = —0.0095 (1og%) — 0.001110g=% + 4.8152 7)
G- ni = 3.27 X 106 — 1065.3T (8)
__8F2D 98 9
T0%7LSCF = Rry, dlnPo, ©)
4
Oor-ysz = 340 x 10* exp (- 22510 ) (10)
dpore 8RT
Dix = pT 10-37M; (11)
0.01013T1-75(M{1+M]-‘1)1/Z

v | 12
! Pt[(z”iX106)1/3+(ZUj><106)1/3]2 (12)

Here, D is the chemical diffusion coefficient, which is expressed as [37]
~ Po 2 Po
log D = —0.1882 (log=%2) " — 0.2490 log-% — 9.7676. (13)

Also, V,, is the perovskite molar volume and was set at 35.17 cm® mol™' [42] in this work. & is the
oxygen nonstoichiometry, dpore is the mean pore diameter, M; is the molecular mass, and » v; is

the molecular diffusion volume. The permeability of the porous electrodes was evaluated using the

following equation proposed by Kishimoto et al. [27]:

K = Vpore ( 14)

N 6'L’pore(s/v)]z)ore '
Here, (S/V)pore indicates the surface-to-volume ratio of the pore phase.

We assumed that electrochemical reactions occur at TPBs in the Ni—-YSZ anode and at DPBs in the

LSCF cathode, which are described with nonlinear Butler—Volmer-type equations [38,43] as
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. . 2F F
lctano = Lo, TPB,ano lTPB,ano [exp (E 77act,ano) — €Xp (_ Enact,ano)] (15)

. . 1.2F F
letcat = lO,DPB,catADPB,cat (28Y) RT Nact,cat ) — €XP _Enact,cat . (16)

Here, i, indicates the exchange current density and is given by [44,45]

, _ 8.49x10%

o 7pBan0 = 1.30 X 1073PY1 PO exp (— — ) (17)
, 8.59x10%

ioppp.cat = 147 X 10°PSZ exp (- 22252). (18)

Also, ltppano and Apppcat respectively represent the TPB and DPB densities, for which the
quantified values obtained from the results of microstructural analysis shown in Table 1 are used. 7,

is the activation overpotential and is defined as

bulk
1 _ _
Nactano — — ; <2ﬂe' — Hp2- + AGO —RTIn Pi%xlk) - ncon,ano (19)
H20
1 _ _ RT
Nactcat — — ; (Zﬂe' — HUp2- + ?ln P(l));lk) — Ncon,cat- (20)

Here, AG, indicates the standard Gibbs free energy change associated with the hydrogen oxidation

reaction and 7)o, 1s the concentration overpotential and is defined as

bulk
P
= B (220 @1)
Nconano = 75 P bulk
Hy, PH,0
RT Po,
Ncon,cat = Eln (Pbulk . (22)
02

3.3. Boundary conditions
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The boundary conditions on the electrode surfaces are summarized in Table 2 (t.e; indicates the
cell thickness). The cell temperature was assumed to be constant and uniform in the entire cell and set
at 700 °C. Mixture gases of 97% H>—3% H>O and 21% 0,-79% N> were supplied to the anode and
cathode surfaces, respectively. The total pressure on the surfaces of both electrodes was set at 1 atm.
The electrochemical potential of the electrons was set as the product of the terminal voltage V and
the Faraday constant F at the anode surface and zero at the cathode surface [46]. The gradients of the

electrochemical potentials of the oxide ions at the electrode surfaces were set as zero. Symmetric

boundary conditions were set at the side boundaries x = + - for all variables.

N |~

Table 2 Boundary conditions on electrode surfaces.

Variable Anode surface (y = 0) Cathode surface (y = teen)
H, partial pressure Py, (x,0) = Pk -
H,O partial pressure Py,0(x,0) = PR -
O> partial pressure — Po, (%, teen) = P, cl))zu fi
N2 partial pressure - Py, (x, teen) = P Igzu fi
Electrochemical potential of electrons  fi.-(x,0) = FVp fe- (X, teen) =0
. . . . 6[702— 6;702_
Electrochemical potential of oxide ions 2 (x,0) =0 3y (x,tcen) =0

3.4. Overpotential evaluation

To quantitatively understand the improved electrochemical performance of anode-supported
SOFCs by the mesostructural modification of the electrode—electrolyte interface, we introduced
average ohmic, activation, and concentration overpotentials in the cells [18,47]. In the previous work
[18], the local ohmic loss attributed to oxide ion transport was calculated on the basis of the potential

difference between an arbitrary point in an electrode and a reference point at the electrode—electrolyte
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interface. However, this calculation method cannot be applied to a mesoscale-modified cell because a
definite reference potential cannot be specified [18]. In this work, therefore, we propose another
calculation method for the average ohmic loss in the cell; the average ohmic loss 7., Was calculated

by averaging the total Joule heating with the total current as

_ _ Jfo ti2axdy
Tohm = " iciaxay

(23)
where i is the local current density.
The average activation overpotential 7,. and average concentration overpotential 7., in each

electrode were calculated by averaging the total energy loss with the total current as [18,47]

— _ ff Nactictdxdy

nact - ﬂ ictdxdy (24)
— _ ffﬁconictdxdy

Ucon - H ictdxdy . (25)
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4. Results and discussion
4.1. Model validation

Figure 2 shows the i~} and current—power (i—P) curves of the cells obtained from the experiment
and numerical simulation at 700 °C. Note that the average current density was defined as the total
current divided by the apparent electrode area. It was found that the electrochemical performance of
the mesoscale-modified cell is improved compared with that of the flat cell under the same operating
conditions in both the experimental and numerical results. This indicates that the cell overpotential is
successfully reduced by the mesostructural modification of the electrode—electrolyte interface.
Although small gaps between the measured and simulated data exist, the simulation results well
reproduce the experimental ones because the structures of the tested cells were implemented in the
numerical model we developed. Note that the gaps may be caused by an overestimation of the
activation overpotential in the cathode; this is because the electrochemical reaction that occurs at
LSCF-GDC-pore TPBs, which also contributes to the electrochemical performance of SOFCs [22,48],
was not taken into account in the numerical model we developed. Additionally, an error associated
with the contribution of gas diffusion within the anode may result in the gaps, particularly at a high
current density. Although the dusty-gas model was used to analyze the gas diffusion in the electrodes
in this work, whether the existing gas diffusion models [35,36,49-53] can accurately express the
phenomenon of mass transport within porous electrodes remains to be clarified. Nonetheless, good
agreement is achieved between the experimental and simulation results; the relative errors in a terminal
voltage at the same current density are no more than 10%, which is much smaller than those reported
in the literature [1,20] (500—-600%). Thus, the numerical model developed in this work is feasible for
further quantitative analysis. Note that the numerical model we developed is thoroughly based on the
structural parameters quantified from the results of structural analysis and the physicochemical
phenomena within SOFCs expressed with empirical formulas reported in the literature; that is, we

carried out model validation without tuning any factors such as structural parameters, exponents in
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exchange current density models, and so forth.

1.2 —— . . . 1.0
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Fig. 2 i—V and i—P curves of cells obtained from experiment (plots) and numerical simulation (lines)

at 700 °C.

4.2. Cell overpotential

The average values of the overpotential components in the cells at an average current density of
1.0 A cm™ at 700 °C as representative operating conditions are shown in Fig. 3. Note that the ohmic
losses due to the electron transport in each cell component on the order of 0.01 mV and the
concentration overpotential in the cathode on the order of 0.1 mV are omitted from the graphs. The
percentages are the changes in the overpotential components of the mesoscale-modified cell relative
to the flat cell. It was found that the total overpotential in the mesoscale-modified cell (481 mV) is
9.21% (48.8 mV) smaller than that in the flat cell (530 mV). This is because all the overpotential
components except for the concentration overpotential in the anode are reduced by the mesostructural

modification of the electrode—electrolyte interface.
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Fig. 3 Overpotential components in flat and mesoscale-modified cells at 1.0 A cm™ at 700 °C and their

relative changes from the mesoscale-modified cell to the flat cell.
The ohmic loss due to oxide ion transport in the electrolyte in the mesoscale-modified cell is 22.2%

(22.7 mV) lower than that in the flat cell. The relative decrease in the ohmic loss RD,y,, can be

calculated as

RDohm — 1 _ nohm,MESO (26)

Nohm,FLAT

The right-hand side of Eq. (26) is equal to the relative decrease in Joule heating; thus, it can be re-

written as

RDypp = 1 — Qohm MESO (27)

Qohm,FLAT

Here, Qonm 1s the Joule heating and can be expressed as

Qonm = [ o7 i%dxdy. (28)

18



Here, we consider a situation where the same electric current is applied to both a flat cell and a
mesoscale-modified cell whose electrode—electrolyte interfacial areais a times larger than that in the
flat cell. Assuming that the ionic current density in the mesoscale-modified cell uniformly flows inside
the electrolyte in the electrolyte thickness direction, the local ionic current density is reduced to 1/«
times that in the flat cell. If the electrolyte thickness toe is homogeneous, the Joule heating in the
electrolyte in the flat cell, Qonm eleFLaT, and that in the mesoscale-modified cell, Qohm eleMESO> CAN

be respectively expressed as

2

_ icell
Qohm,ele,FLAT - < L (29)
0'02—_Ysz/tele
_ (icen/®)*
Qohm,ele,MESO - < aL. (30)

002—,Ysz/tele

Here, i.q is the cell current density. Thus, the relative decrease in ohmic loss in the electrolyte,

RDgpm,ele, can be estimated as

RDohmyele = 1 — . (31)
From Eq. (31), the relative decrease in ohmic loss in the electrolyte is estimated to be 10.1%
(=1-1/1.11); however, that obtained from the simulation (22.2%) is much larger than the estimate. This
mismatch suggests that the assumption that the ionic current density is uniformly distributed inside an
electrolyte is incorrect because of the inhomogeneous electrolyte thickness in the mesoscale-modified
cell. This issue will be discussed later.

The activation overpotentials in the anode and cathode in the mesoscale-modified cell are 4.81%

(4.25 mV) and 2.29% (1.65 mV) lower than those in the flat cell, respectively. The activation

overpotential, which is attributed to the electrochemical reaction at the reaction sites distributed in the
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electrochemically active region, is reduced owing to a decrease in the amount of electrochemical
reaction per unit reaction site. This is because the area of the electrochemically active regions in both
electrodes is enlarged by the mesostructural modification of the electrode—electrolyte interface
[1,4,5,7-10,18,20,54]. Similarly to Egs. (26) and (27), the relative decrease in the activation

overpotential RD,.; can be calculated as

Nact, MESO Qact,MESO
RD,er =1 — SIS = — =2 (32)
Nact,FLAT Qact,FLAT

Here, Q.. is the energy loss associated with the electrochemical reaction and is expressed as

Qact = ff Nactictdxdy. (33)

Note that when the activation overpotential 7, is sufficiently small (no more than around 0.1 V),

the nonlinear Butler—Volmer-type equation can be approximated as [55]

It = 1o [exp (% 77act) — exp (_ i_;nact)] = 2iy sinh (% 77act); (34)
thus,
Mact = ;—isinh‘l (;TZ) (35)

Here, f is a constant. In this work, to approximate Eqs. (15) and (16) with the hyperbolic sine

function, constants are given as 1.5 and 1.1, respectively. Substituting Eq. (35) into Eq. (33) gives
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Qact = ff—smh ( )Lctdxdy (36)

When the electrochemical reaction uniformly occurs inside an effective reaction region with a constant

thickness tof adjacent to the electrode—electrolyte interface, the following equations can be

established:
_leen
Let FLAT = (37)
teff
- icell
l = . 38
CtMESO = o (38)

Here, 1. is a uniform charge-transfer current density. Assuming that t.¢ is sufficiently small
compared with the mesostructure, the activation energy loss in the flat cell, Quc¢prraT, and that in the

mesoscale-modified cell, Q,c¢mEso, can be respectively written as

RT . -1 lcell ) lcell
= —sinh (— X XLXt 39
QactFLaT = 27 Ficter) = T eff (39)
RT . -1 icell ) cel]
=~ —sinh (— X =2XalLXt 4
QactMESO = 77 Toaten) < atu eff- (40)

Thus, the relative decrease in activation overpotential in the electrode can be estimated as

10_Lcell
sinh™ (210at ff)

1 icell
sinh~ (ZLofeff)

RDyet = 1 — 41)

According to Eq. (41), when the realistic values of 5-20 um [11-15] are used for the thickness of the

effective reaction region t.¢, the relative decreases in activation overpotential in the anode are
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estimated to be 6.32—-10.5% and those in the cathode are 6.88—7.52%. However, those obtained from
the simulation (4.81% in the anode and 2.29% in the cathode) are smaller than these estimates. These
mismatches may be due to the incorrect assumption that the electrochemical reaction uniformly occurs
in an effective reaction region, which will also be discussed later.

The concentration overpotential in the anode in the mesoscale-modified cell is 1.98% (1.90 mV)
higher than that in the flat cell. This is mainly caused by the fact that the average anode thickness in
the mesoscale-modified cell is increased by about 18.1 um compared with that in the flat cell by
attaching the anode ridge structures to the surface of the anode disk; the concentration overpotential in
the anode in a flat cell where the anode thickness was set at 470 um (= 450+18.1 um) was found by
simulation to be 98.2 mV (not shown), which is similar to that in the mesoscale-modified cell. In
addition, the increase in concentration overpotential in the anode is relatively small, suggesting that it
rarely hinders the improvement in cell performance at the high hydrogen partial pressure set in this

work.

4.3. Physicochemical quantities within mesoscale-modified cell

As mentioned in the previous section, the relative decreases in ohmic and activation overpotentials
obtained from the simulation differ from those estimated under the assumptions that the local ionic
and charge-transfer current densities are uniformly distributed inside a cell. It is presumed that the
mismatches are caused by other factors such as the interfacial area enlargement and thickness
inhomogeneity in the mesoscale-modified cell (see Fig. 1(a)). In this section, therefore, distributions
of the physicochemical quantities that contribute to the electrochemical reactions in the cells are
analyzed and the mismatches are quantitatively discussed on the basis of the energy losses attributed

to such quantities.

4.3.1. Electrochemical potential of oxide ions
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Figure 4 shows the distributions of the electrochemical potential of the oxide ions figz- in the flat
and mesoscale-modified cells at 1.0 A cm™ at 700 °C, where the dotted black lines represent the
electrode—electrolyte interface. It was found that the equipotential lines of the electrochemical potential
of the oxide ions in the electrolyte of the mesoscale-modified cell are not parallel to the electrode—
electrolyte interface; a similar trend was reported in the literature [1,6,17,18,23]. This means that the
electrochemical potentials of oxide ions at points (calculation grids) located at the same distance from

the electrode—electrolyte interface in the mesoscale-modified cell are not the same, unlike those in the

flat cell.
(@) 500 Hep /T mol”! ey £ T mol”!
-l.3X10; -|.3X|0‘:
:
5 -1.0x107 -1.0x 10
S 450 = F17x10? -L7x10
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400 - 1 n 1 . 1 " -2.1x10° . . . . 2.1x10°

-100 -50 0 50 100 100

X/ um
Fig. 4 Distributions of electrochemical potential of oxide ions in (a) flat and (b) mesoscale-modified

cells at 1.0 A cm™ at 700 °C (dotted black lines: electrode—electrolyte interface).

4.3.2. lonic current density

Figure 5 shows the distributions of the magnitude of the ionic current density igz- (= [ligz-|[)
in the flat and mesoscale-modified cells at 1.0 A cm™ at 700 °C. The ionic current density in the
electrolyte in the mesoscale-modified cell has a nonuniform distribution, in contrast to that in the flat
cell. That is, the assumption that the ionic current density is uniformly distributed inside an electrolyte
is incorrect for the mesoscale-modified cell prepared in this work. Therefore, the relative decrease in

ohmic loss in the electrolyte cannot be correctly expressed using Eq. (31).
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Fig. 5 Distributions of ionic current density in (a) flat and (b) mesoscale-modified cells at 1.0 A cm™

at 700 °C (dotted black lines: electrode—electrolyte interface).

In the mesoscale-modified cell, the local ionic current density is higher in regions where the local
electrolyte thickness is smaller, as shown in Fig. 5(b). Thus, it can be inferred that not only the
interfacial area enlargement but also the thickness inhomogeneity reduces the ohmic loss. From this,
the relative decrease in Joule heating in the electrolyte (Eq. (27)) is expressed as the superposition of

the effects of the two structural features in the mesoscale-modified cell as

RDohm,ele — 1 _ Qohm,ele,MESO — 1 _ <Q0hm,ele,MESO> (Qohm,ele,MESO>. (42)

Qohm,ele,FLAT Qohm,ele,MESO Qohm,ele,FLAT

Here, Qohm,ele,MEso indicates the Joule heating in the electrolyte in a mesoscale-modified cell where
the electrode—electrolyte interfacial area is enlarged by @ compared with that in the flat cell and the
electrolyte has a homogeneous thickness. Note that the first and second ratios on the rightmost-hand
side of Eq. (42) correspond to the effects of the thickness inhomogeneity and interfacial area

enlargement on Joule heating, respectively.
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0
0 X Hox) / pm

Fig. 6 (a) Approximated geometric shapes of electrode—electrolyte interface in mesoscale-modified
cell based on SEM image and (b) electrolyte thickness and (c¢) ionic current density in electrolyte in

flat and mesoscale-modified cells.

To mathematically analyze the structural effects, we model the geometric shapes of the electrode—
electrolyte interface in the mesoscale-modified cell with a circular arc in the patterned area and a
straight line in the nonpatterned area, as shown in Fig. 6(a). In this study, the electrolyte thickness
tele (f (x)) is defined in the direction perpendicular to the centerline between the interfaces (&-axis)

and is approximated as follows (further details in Appendix A):
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Lele (f(x)) =

‘ WC-E WA-E —A
2 sm(ec E) 2 sin(gAZ—‘E) ’

2 2 2 2
< WC_E > _ (B(x)+§) _ WA-E _ (B(X)—g) A4 0<|x| < Wa_E+WC-E
2] 2 ] 2 ) =
2 sin(ﬂ) (A0)) +1 2 sin(ﬂ) (A()"+1 ’ A 1 4

) 2 2 ( (x))

2
WC-E 2 WA-E WA-ETWC-E WC-E
— | —x————-4, ———=< x| <=
( )) 2 tan(—g‘;‘E) ’ 4 I I 2

— — A, otherwise

(43)

Here, w and @ are the width of the ridge structure and the central angle of the arc, respectively. 4

indicates the distance between the centers of the arcs and can be calculated as

we-
4= . CGE - GE - tele,topa (44)

where tejerop 18 the electrolyte thickness at the top of the corrugated structure. A(x) and B(x) are

respectively given as

2 2
WC-E . WA-E A2 WC-E . WA-E 2 2
j( sin(PCE) 5 gin(TAE )“ j( sin(9CE) sin"A_-E>_A -
A(x)zz( )2(2) 2(2)2(2) (45)
WCE , WAE
2<Zsin(gcz_ ) Zsm(eA2 E>>x
2 2
B() = —weg— i [ . — (46)
s CZ_E) ZSin(%) <25i:((:é€‘ )IZSl‘:?e_é E)) -4
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Note that the electrolyte thickness in the mesoscale-modified cell, which is represented by the blue

WaA-EtWC-E (e, |E(x)]| = (a-1)L + WA—E"‘WC—E)

solid line in Fig. 6(b), has discontinuities at |x| = " > "

because the electrode—electrolyte interface was modeled by the combination of the two different shapes.
Since an equipotential line of the electrochemical potential of oxide ions is formed at the electrode—

electrolyte interface, as shown in Fig. 4, its difference between the interfaces Au,- is constant and

can be expressed as

— — — ig2— o) _
Alge- = Hoz- c_g — Hoz- o = —2F I%Tj(sez dr = constant. 47)
Here, py,- . and pi,.- , o are respectively the electrochemical potentials of oxide ions at the
cathode—¢lectrolyte and anode—electrolyte interfaces, igz- ¢ is the ionic current density vector

flowing in the electrolyte, and dr is an infinitesimal displacement vector. Supposing that a constant

ionic current flows in the direction perpendicular to the &-axis direction, then

inZ_,ele -dr = iOZ_,ele(f(x))tele(f(x)) = constant. (48)

When a mesoscale-modified cell where the electrode—electrolyte interfacial area is enlarged by a
compared with that in the flat cell has an electrolyte with a homogeneous thickness of (k/a)teje rLaT,

the following equation can be established:

2= e1e(§ (1)) tete (§ (1)) = “eell Stele,FLAT- (49)

a

Here, k is the ratio of the electrolyte volume in the mesoscale-modified cell to that in the flat cell and

teleFLaT 1S the electrolyte thickness in the flat cell. Note that the electrolyte volume in the mesoscale-
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modified cell is slightly larger than that in the flat cell, as mentioned in Section 3.1, i.e., the ratio of
the electrolyte thickness in the mesoscale-modified cell to that in the flat cell, k/a (= 1.14/1.11 =
1.02), is greater than 1. By using the above relationship, the ionic current density in the electrolyte in
the mesoscale-modified cell, which is represented by the blue dashed line in Fig. 6(c), can be expressed

as

iOZ‘,ele (f(x)) = (% X stele,FLAT) /tele (f(x)) (50)

Hence, the Joule heating in the electrolyte in the mesoscale-modified cell, QonmeleMESO, Can be

written as

ip2- 1e(§(0) 2 =cell, X ele, FLAT i
L) | er)agce) =  Liana)

902~ ysz 02—_Ysztele(f(x))

dE(x). (51)

Qohm,ele,MESO = f

If the electrolyte thickness is uniform and constant at (k/a)tee rraT, EQ. (51) can be calculated as

. 2
(lcell)
a

k
‘702—,Ysz/zte1e,FLAT

éohm,ele,MESO = aL. (52)

By using the structural parameters of the mesoscale-modified cell measured using the ImageJ open-
source image processing program [56], which are summarized in Table 3, the relative decreases in
Joule heating due to the thickness inhomogeneity and interfacial area enlargement are calculated to be

18.5 and 8.21%, respectively (the Joule heating in the mesoscale-modified cell was calculated by a
Riemann sum of Eq. (51) over the closed interval [—%,%] using 202000 uniform subdivisions).

According to Eq. (42), therefore, the Joule heating in the electrolyte is reduced by 25.2%, which is
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close to the reduction obtained from the numerical simulation (22.2%). Note that the relative decreases
in ohmic resistance (loss) estimated by considering the structures of the mesoscale-modified cells
prepared in the literature [7] are very close to the measured values with a relative error of no more than

ca. 5.5%.

Table 3 Average values of structural parameters of mesoscale-modified cell.

Op_g/° Oc_g/° Wa_g/Um We_g/pm A/um

109.3 553 102.4 145.5 8.4

4.3.3. Charge-transfer current density

As discussed in Section 4.2, the relative decreases in activation overpotentials (4.81% in the anode
and 2.29% in the cathode) are smaller than those estimated under the assumption that the
electrochemical reactions uniformly occur in the effective reaction region (6.32—10.5% in the anode
and 6.88—7.52% in the cathode). This implies that the electrochemical reactions nonuniformly occur,
meaning that the relative decreases in activation overpotential cannot be expressed by Eq. (41).

Considering that the total amount of the electrochemical reaction is the same for both cells
(ff ic dxdy = constant) and that the form of xsinh™'(x) under the integral sign of the approximated
activation energy loss (Eq. (36)) is a monotonically increasing and concave upward function for all

positive real numbers, the following inequalities can be established:

~ RT . —1 (it FLAT) RT . -1 icell .

QactFLaT = ff B—Fsmh (_zl.o )lct,FLATdXdy > Esmh (_Zioteff) icenl (53)
~ ((RT i 1.-1 (ict,MEso)- RT . —1( Icell )

Qact,MESO = ff BF sinh 2i, lct,MESdedy > BF sinh 2iptefs lcellL- (54)

Details of the above inequalities are described in Appendix B. Note that the ratio of the activation

energy loss obtained from the simulation to that estimated under the assumption of a uniform
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electrochemical reaction increases when the nonuniformity of the distribution of the charge-transfer

current density becomes stronger. Thus, the following inequality can be obtained:

QactMESO > Qact,FLAT (55)
Esinh‘l( “cell )i L Esinh‘l( cell )i L
BF 2igateff cell BF 2igteff cell
Hence,

i
sinh~1 (<&l
— Qact,MESO (Zloateff)
RD,.; = 1 — “2CtMESO - _ __ Zooeff
Qact,FLAT sinh—1(=<¢ll
2iptaff

(56)

That is, the relative decrease in activation overpotential is smaller than that estimated under the
assumption of the uniform electrochemical reaction in the effective reaction region.

From the above results, it can be concluded that the decreases in ohmic and activation
overpotentials are respectively larger and smaller than those estimated under the assumptions that the
ionic and charge-transfer current densities are uniformly distributed in a cell; this is mainly due to the
nonuniform distributions of all physicochemical quantities that contribute to the electrochemical

reactions in the mesoscale-modified cell.

4.4. Effect of distribution nonuniformity on cell performance

In this section, the effect of mesostructural modification on the electrochemical performance of
anode-supported SOFCs under various current density conditions is discussed. Figure 7 shows the
decreases in the average overpotentials of the mesoscale-modified cell relative to the flat cell as a
function of the current density. Note that a relative increase is represented by a negative value. The
relative decrease in the total ohmic loss RD,y,, becomes larger with increasing current density. As

described in Eq. (50), the ionic current density in the electrolyte in the mesoscale-modified cell is
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inversely proportional to the electrolyte thickness; thus, the local ionic current density is higher in
regions where the local electrolyte thickness is smaller. This is more prominent at a high current density,
resulting in a stronger nonuniformity of the local Joule heating. Consequently, the Joule heating in the
electrolyte in the mesoscale-modified cell is reduced by more than that in the flat cell at a high current
density, and thereby, a large relative decrease in ohmic loss occurs. In contrast to the relative decrease
in ohmic loss, the relative decreases in the activation overpotentials in the electrodes, RD,.;, become
smaller with increasing current density. This is because the right-hand side of the inequality for the
relative decrease in activation energy loss (Eq. (56)) is a monotonically decreasing function with
respect to the current density, resulting in only a small difference between the activation energy losses
in both cells at a high current density. The relative increase in concentration overpotential in the anode
RD;on act 18 almost constant because it is mainly affected by the increase in average anode thickness,
as mentioned in Section 4.2. The relative decrease in the total cell overpotential RD;,, becomes
larger with increasing current density, the same as the trend of the total ohmic loss. This is because the
decrease in the sum of the ohmic losses in each cell component accounts for most of the total decrease
in cell overpotential (e.g., the ratio of the decrease in total ohmic loss with respect to the total decrease
at 1.0 A cm? at 700 °C is 91.8%). From these results, it can be concluded that the effect of
mesostructural modification on improving the electrochemical performance of anode-supported

SOFCs is greater at a high current density.
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Fig. 7 Decreases in overpotential components of mesoscale-modified cell relative to flat cell at 700 °C.
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5. Conclusions

We clarified the mechanism of the improved electrochemical performance of an anode-supported
SOFC by the mesostructural modification of the electrode—electrolyte interface. After preparing two
types of anode-supported SOFC having different electrode—electrolyte interfacial areas, we developed
a 2D numerical model in which cell structures with a wide range of length scales were implemented.
It was verified that simulation results well reproduced experimental results in terms of electrochemical
characteristics, i.e., the electrochemical performance of the mesoscale-modified cell was improved
compared with that of the flat cell. It was found that the structural features in the mesoscale-modified
cell, such as interfacial area enlargement and thickness inhomogeneity, caused nonuniform
distributions of physicochemical quantities that contribute to electrochemical reactions. Consequently,
the decreases in the ohmic and activation overpotentials of the mesoscale-modified cell relative to the
flat cell were respectively larger and smaller than those estimated under the assumptions that the ionic
and charge-transfer current densities in a cell have uniform distributions. Moreover, the ionic current
density distribution had a strong nonuniformity at a high current density, leading to a large relative
decrease in ohmic loss. On the other hand, the concentration overpotential in the anode was slightly
increased, which was mainly caused by the fact that the average anode thickness was increased by
attaching the anode ridge structures. However, it rarely hindered the improvement in cell performance
at the high hydrogen partial pressure set in this work. Furthermore, the relative decrease in cell
overpotential was larger at a high current density, indicating that the effect of mesostructural
modification on improving the electrochemical performance of anode-supported SOFCs is more

prominent at a high current density.
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Appendix A. Electrolyte thickness in mesoscale-modified cell
This appendix describes the electrolyte thickness in the mesoscale-modified cell discussed in

Section 4.3.2.

Qs edyz)

2SNl 2)

Fig. A.1 Geometric shapes of electrode—electrolyte interface in mesoscale-modified cell modeled by

circular arc and straight line.

As illustrated in Fig. A.1, suppose that the equations of the anode—electrolyte (green solid line)

and cathode—electrolyte (gray solid line) interfaces, which are defined on a closed interval [— %,%],

are respectively given as

( 2
4 WA-E a2 1 < WAE
y'=<2+ <Zsin(—9A‘E)> = (A1)
A WA-E .
-+ ————, otherwise
\ 2 2tan(9A—'E)
( 2
_A _WeE | _ 02 || < WCE
r_ 2 + (ZSin(—BC'E)> o lx l - 2
Y = 2 . (A.2)
—£+WC—;,E, otherwise
k ¥ Zan(E)
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Then, the centerline between the interfaces is an ellipse whose minor and major axes are respectively

WA-EtWC-E

, and a

2
< vaE 4 WCE )> — A% and W?'E_E)+ YCE __ [57] when |x'| <

— OAl 0. ) O
Zsm(%) 251n(% 2sin 251n(%)

straight line otherwise. Thus, its equation can be written as

WAg_E
2 sin( AZ'E

( L WC-E
C-

1 2sin(*CE)
2

) 2sin
2
' WA-E ' WC-E _A2
y = 3 2 sin(GAZ_E> Zsin(GCT‘E)

2

WA-E WC-E 2 ’ WA-EtWC-E
+ — A% —4x'°, x| < H—=—=
<2 sin(—eAz'E) 2 sin(—eCZ'E)> Xl 4

1 WA- we- .
E( AL —CF ), otherwise

2 tan(%) 2 tan(gcz'E)

(A.3)

Supposing that a line [ is the normal line at a given point P(xp’,yp') on the centerline between the

interfaces, its equation can be expressed as

WA-EtWC-E

l:{y’ =A(xp)x" + B(xp"), 0 < |x'| < o (Ad)

x' = xp', otherwise

Here, A(xp") and B(xp') are respectively given as

(A.5)

' A2 1
B(xP ) = WC-E WA_E - ol . (A6)
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If the two points Q(xQ’,yQ’) and R(xg',yr') that are respectively at the anode—electrolyte and

cathode—electrolyte interfaces are on line [, their coordinates are respectively calculated as

‘

2
—A(xp)(Bp)—5)+ \]((A(xp))2+1)<wA—e‘LE>> ~(Bp)-2)°

2 Sll’l( 2

-
¥ =) 3 , 0 < |xp'| < WAETWCE (A7)
(A(XP)) +1 4
. xp', otherwise
r é + A xp’ - 0

WA_E
. (0 )
2 2 sm( ‘;‘E)

2
y(lg = 4 _A(xp)(B(xP)_é)"'\]((A(xP))Z+1)<%> —(B(Xp)_é)z

2sin
WA-EtWC-E
A(xp) WA-ETWCE

+ B(xp), 0 <|xp'| <

(AGxp))*+1 2
4 WA_E )
-+ ——=+———, otherwise
\ 2 2tan( AZ‘E)
(A.8)
2
w 2
, —A(XP)(B(XP)‘F?)‘Fj((A(xP))Zﬁ‘l)(ﬁ) —(B(XP)+§) , A 9
= ’ Wa_g+Wce_ .
K (aGep))+1 0 <l < = (A2
xp', otherwise
YR =
( A WC-E r_
— + —_—, x — O
2 Zsin(ecz‘E) P
2
w 2
—A(XP)(B(XP)‘F%)‘F\]((A(XP))Z+1)<ﬁ> —(B(XP)+§) .
" < WA-ETWC-E
) A(xp) T + B(xp), 0 < |xp'| < ZAEXCE
2
4 WC-E 2 WaA-EtWC-E ’ WC-E
—~+ || — X S x| <
2 <(—)> P T ==
4 WC-E )
— -+ ——————, otherwise
\ 2 Ztan(ec‘E)
(A.10)
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Therefore, the electrolyte thickness defined in the direction perpendicular to the centerline between

the interfaces corresponds to the distance between the two points QR, which can be calculated as

Q_R:

2 sin(gcz—'E) 2 sin(eAz‘E)

WC-_E 2 ~ (B(XP’)+§)2 ~ WaE 2 ~ (B(XP’)_g)Z _ A(xp)a 0 < |x| < Wa_E+WeoE
2 sin(—gC‘E) ) P 1=
2

( WC-E WAE ___ 4 =0
)

; (4G") +1 2sin(7AE (aGxp")’+1 m, 4
2
(%) e m‘:g—‘;i—-ﬁ)_ A, TAETEE o x| < MEE
) Zta‘::z_f:_—E) - 2tavr‘:1(x‘;i_—E) — 4, otherwise
(A1)
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Appendix B. Inequality of activation energy loss
This appendix describes the inequality of the activation energy loss in the mesoscale-modified cell
discussed in Section 4.3.3.

Let f(x) and g(x) be continuous functions satisfying the following conditions:
I. f(x) and g(x) are defined on a closed interval [xg, x,].
II. f(x) is a constant function.
II. The definite integrals of f(x) and g(x) from x, to x, are the same.
Assume that f(x;) + f(xp_i) = g(x;) + g(xp_i) (0<i<n, n#0) forall real numbers included
in the given closed interval. Now, supposing that h(x) defined on the closed interval is a function

that is strictly increasing and concave upward (e.g., xsinh’'(x)), the following inequality can be

established [58]:

h(f(xi)) + h(f(xn—i)) < h(g(xi)) + h(g(xn—i)) (B.1)

with equality if and only if f(x;) = g(x;). Then,

ol h(f (x)) + h(f (xn-)] < Zito[r(g(x)) + h(g(xn-0)]- (B.2)

Owing to the facts that

o h(f(x) = Xio h(f (xni) (B.3)

Loh(9(x) = Tio h(g(xa-d)), (B.4)
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the following inequality can be obtained:

Poh(f(x) < 3o h(g(x).

Xn—Xo
n

Multiplying both sides by —— gives

Tl h(f(x)) 7= < Biko h(g(x)) =2

Taking the limit on both sides of the above inequality as n approaches infinity, we have

lim S0 A(f () 2570 < lim S h(9(x))

n

Therefore,

[ h(f(0))dx < [ h(g(x))dx.

Equality holds if and only if f(x) = g(x) (i.e., g(x) is a constant function).
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Nomenclature

Appg DPB density / m™!

D chemical diffusion coefficient / m? s°!

D;; molecular diffusivity / m? s™!

D; x Knudsen diffusivity / m? s™!

d; particle/pore diameter / m

F Faraday constant / C mol’!

AG, standard Gibbs free energy change / J mol™!
i current density / A m™

lo,DPB exchange current density per unit DPB area / A m™
loTPB exchange current density per unit TPB length / A m!
It charge-transfer current density / A m™

K permeability / m?

k ratio of electrolyte volume / —

L single repeating unit / m

lrpB TPB density / m™

M; molar mass / kg mol!

N; molar flux / mol m s™!

P; partial pressure / Pa

P, total pressure / Pa

Q energy loss / W

R universal gas constant / J K™! mol™!

RD relative decrease / —

S/V); surface-to-volume ratio / m!
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sink/source term for gas species / mol m™ s°

S
T temperature / K
t thickness / m
toff thickness of effective reaction region / m
V; volume fraction / —
Vi perovskite molar volume / m® mol™!
Vr terminal voltage / V
Y v molecular diffusion volume / m* mol’!
w width of ridge structure / m
X; molar fraction / —
Greek symbols
a interfacial area enlargement factor / —
A distance between centers of two arcs / m
é oxygen nonstoichiometry / —
n overpotential / V
0 central angle / rad
U viscosity / Pa s
Ui electrochemical potential / J mol™!
o; conductivity / S m!
T; tortuosity factor / —
Superscripts
bulk value for bulk materials
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eff

Subscripts
A-E
ano
act
C-E
cat
cell

con

ele
FLAT
MESO
o*

ohm

effective value for porous materials

anode—electrolyte interface
anode

activation

cathode —electrolyte interface
cathode

cell

concentration

electronic

electrolyte

flat cell
mesoscale-modified cell
oxide ionic

ohmic
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