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Abstract

This study intends to theoretically analyze the effects of different shapes of corrugated electrolytes on cell performance. On
the basis of the mesoscale electrode—electrolyte interface modification theory, corrugated electrolytes with different shapes
are applied to conventional anode-supported planar solid oxide fuel cells (SOFCs). Three-dimensional models of solid
oxide fuel cells with electrolytes corrugated in different shapes were developed. For the purpose of further understanding
the influence mechanism of the corrugated electrolyte on the cell, we analyze the influence of the corrugated electrolyte on
the overall performance of the cell. Furthermore, the local gas distribution, concentration polarization, activation polariza-
tion, exchange current density and electron current density are discussed. Results indicate that the corrugated electrolyte
structure reduces the local exchange current density, while the extension of the activation reaction zone results in an increase
in the overall charge transfer, which leads to the improvement of cell performance. And for different corrugated shapes, the
area expansion degree of corrugated electrolyte is proportional to the degree of cell performance improvement. Under the
operating voltage of 0.7 V, the average current density improvement percentage of the rectangular corrugated electrolyte
with a spreading factor of 1.47 is 38.01%.

Keywords Anode support - Corrugated electrolyte - Performance improvement - SOFC - Structure optimization

Latin letters Dy;  Knudsen diffusion coefficient
F Volume force vector D ;;  Effective diffusion coefficient
U Velocity vector dpore  Average pore size
X; Mole fraction of the gas phase component i 0 Heat generation/consumption
by Component-related parameters < Gas relative heat
w; Mass fraction of component i kgt Effective thermal conductivity of the porous
Dl.T Thermal diffusivity (in this study, it is assumed electrode
that it is zero) kg Effective thermal conductivity of the solid material
S; Source term for the electrochemical reaction ky Effective thermal conductivity of the gas
D; Binary diffusivity of a mixture of substances i and j E°®Y  Equilibrium potential under operating conditions
M; Molar masses of gas components i E, Temperature-dependent open circuit voltage at
M; Molar masses of gas components j standard pressure
Di Partial pressure of species i
R Ideal gas constant

>4 Zunlong Jin F Faraday constant

Ajin@zzu.edu.cn E.. Anodic equilibrium potentials
' School of Mechanical and Power Engineering, Zhengzhou Eeq,c Cathodic equilibrium potentials

University, Zhengzhou 450001, China C.s Reference concentrations
2 Henan Zhengzhou Mining Machinery CO., LTD., Sy Active surface area to volume ratio

Zhengzhou 450122, China ng Number of electrons transferred
3 The Boiler & Pressure Vessel Safety Inspection Institute I Exchange current densities

of Henan Province, Zhengzhou 450016, China

4 Zhengzhou Wangu Machinery Co., LTD.,
Zhengzhou 450041, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-023-05400-5&domain=pdf
http://orcid.org/0000-0002-6339-2510

1928

Journal of Solid State Electrochemistry (2024) 28:1927-1943

Greek Letters

K Permeability of the porous medium
v Viscous stress tensor

€ Porosity of the porous material

p Density of the gas mixture

u Viscosity of the gas mixture

v Diffusion volumes of species i

v Diffusion volumes of species j

T Tortuosity of the porous electrode
@ Ion potential

R Electron potential

oy Effective conductivities of ions

o,  Effective conductivities of electrons
& Volume fractions of ionic

& Volume fractions of electronically
0| Ionic conductivity

o Electronic conductivity

Mact Activation polarization

Nopm  Ohmic polarization

Neone  Concentration polarization
Introduction

After hydropower, thermal power, and nuclear power, fuel
cell technology is the fourth generation of widely used
power generation technology. It is a chemical power device
that continuously converts the chemical energy of fuel into
electrical energy through electrochemical reactions. Among
all fuel cells, solid oxide fuel cells have been widely studied
and applied due to their advantages of high efficiency and
fuel flexibility. At the heart of the cell is the electrolyte, a
solid oxide capable of transporting ions at high tempera-
tures, typically 600 ~900 °C. Due to its higher operating
temperature and higher cost, its power density needs to be
increased to hopefully commercialize solid oxide fuel cell
technology. The power generated in a cell depends on the
active area of the electrodes and is adversely influenced by
activation polarization, ohmic polarization, and concentra-
tion polarization.

One of the main methods is to expand the active area
of the electrode through the optimization of the structure
and to enhance the overall performance of the cell under
the premise of considering the adverse effects of polariza-
tion. From the perspective of geometric feature length, the
structure optimization methods can be divided into three
categories [1, 2] according to the feature length. The first
is a macro-structural modification of the cell design, with
characteristic lengths typically greater than 1 mm. The sec-
ond is to optimize the cell on the microstructure, and its
characteristic length is usually less than 1 pm. By changing
various parameters on the microstructure, such as poros-
ity, volume fraction, and bending coefficient, the purpose
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of effectively improving the cell performance is achieved.
A third approach to improve cell power density is to opti-
mize at a scale between the above two approaches, called
mesoscale structural control, with characteristic lengths of
10~100 pm.

A typical mesoscale structure optimization method that
has been proposed is to design the electrode/electrolyte
interface into a corrugated shape to form a corrugated elec-
trolyte, which increases the three-phase boundary length by
contrast with the traditional planar SOFC without changing
the macrostructure, on the premise of increasing the cell’s
active reaction area [3]. With the development of solid oxide
fuel cell structure optimization and the understanding of
mesoscale structure optimization, more and more scholars
have paid attention to the influence of corrugated electro-
lytes on fuel cells. Cebollero et al. [4] used a pulsed laser
approach to conceptually modify yttria-stabilized zirconia
(YSZ) electrolytes at the mesoscale to form corrugated elec-
trolytes and experimentally demonstrated that this optimiza-
tion could improve cell power density. Su et al. [5] deposited
a yttria-stabilized zirconia film which is 70 nm thick on a
pre-patterned silicon substrate to develop a low-temperature
miniature SOFC with a corrugated electrolyte membrane.
The cell performance was tested, and the study indicated
that the increase of the resulting electrochemically active
area increased the power output of the cell compared to the
same cell with a planar membrane. Chao et al. [6] fabricated
the electrolyte membrane into a corrugated shape through
nanosphere lithography and atomic layer deposition meth-
ods, reducing polarization and ohmic losses at low tempera-
tures, thereby improving cell performance.

At present, the manufacture of corrugated electrolytes
requires relatively high process requirements and requires
advanced manufacturing equipment and harsh experimen-
tal environments. With the advancement of technology and
further research on corrugated electrolytes, the difficulty and
cost of its manufacture will be reduced. At present, numeri-
cal simulation is a simple and necessary research method,
which can show the specific performance parameters inside
the cell; a more profound understanding of how the corru-
gated electrolyte improves cell performance provides theoreti-
cal guidance for subsequent experiments. Akio Konno et al.
[1] conducted numerical simulations in a two-dimensional
model to analyze the influence of corrugated electrolytes on
various parameters inside the cell and the improvement of the
overall performance of the cell. Chesnaud et al. [7] introduced
three geometrically patterned corrugated electrolytes in a two-
dimensional model and compared their performance with flat
electrolyte cells. The performance of corrugated electrolyte
cells was significantly improved. Delloro et al. [8] compared
rectangular corrugated electrolytes and planar electrolytes in
a two-dimensional model through steady-state finite-element
simulations and proved that the former has certain advantages.
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Furthermore, the study proposes that the shape of the corruga-
tions is a subject for further study. It is mentioned that trian-
gular ripples may be more advantageous, but it is only hypo-
thetical and no relevant simulation research has been made. In
tubular solid oxide fuel cells, the structure of the electrolyte
also affects the cell performance. Otake et al. [9] investigated
the relationship between the performance of micro-tubular
cells and the thickness of the GDC electrolyte was examined
at temperatures between 500 and 650 ‘C. The performance
of the cell with a 15.5-um-thick electrolyte was higher than
the cell with 40 um thick at lower temperatures. Jia et al. [10]
proposed that decreasing the thickness of the electrolyte leads
to an increase in the power output of the SOFC.

As we can see that the existing numerical simulation of cor-
rugated electrolytes is mainly based on the two-dimensional
model to analyze the cell, and it has been proven on
the two-dimensional model that the existence of corrugated
electrolytes improves the performance of the fuel cell. How-
ever, for the corrugated electrolyte cell. As the technology
becomes more mature, we need to understand the changes
in the internal working conditions of the corrugated elec-
trolyte cell, so as to know more clearly the mechanism by
which the corrugated electrolyte improves the cell perfor-
mance. Therefore, more promising research and analysis of
corrugated electrolytes should be simulated in 3D simulation.
Second, for the further development of corrugated electro-
lytes, the performance changes of corrugated electrolyte cells
with different shapes should be comparatively analyzed in the
simulation. Based on this, this paper introduces corrugated
electrolytes of different shapes into the traditional solid oxide
fuel cell three-dimensional model for simulation research and
analyzes the influence of corrugated electrolytes on the inter-
nal working state and the overall performance of the SOFC.

Fig.1 Schematic diagram of the
unit cell for an anode-supported
planar SOFC

CFL
Electrolyte

AFL

PEN —

ASL

CCCL—

In this study, a typical planar electrolyte cell and three 3D
models of corrugated electrolyte cells with different shapes
were constructed for computational simulation, and the
influence of distinct corrugated shapes on the cell property
was studied. The model analyzes the specific changes of
activation polarization, exchange current density, electron
current density, gas composition distribution and concen-
tration polarization under the premise of comprehensively
considering flow, mass and heat transfer, and electrochemi-
cal phenomena. A clearer understanding of the impact mech-
anism of corrugated electrolytes on cell property and the
influence of different shapes of corrugations on cell property
are compared and studied.

Mathematical model
Model description

A common SOFC model consists of a porous composite
anode and cathode with a dense electrolyte [11], consisting
of an anode, cathode, and electrolyte in a structure called
PEN. Fuel and air will diffuse to the three-phase boundary
(TPB) near the electrode/electrolyte for reaction. A newly
proposed five-layer PEN structure consisting of a cathode
current collecting layer (CCCL), a cathode functional layer
(CFL), an electrolyte, an anode functional layer (AFL), and
an anode supporting layer (ASL) increases the number of
reaction sites and the TPB length improves the performance
of the cell [12], as shown in Fig. 1. This study is modeled
on the basis of the newly proposed five-layer PEN structure.

In this study, on the basis of the commercial software
COMSOL Multiphysics 5.6 ensuring that the macroscopic
volume of the cell remains unchanged, a cell model with

Cathode interconnect

air

“

H, or other fuel

Anode interconnect
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Fig.2 Schematic of anode-
supported SOFC with cor-
rugated electrolyte. a The unit
cell model for SOFC with

corrugated electrolyte. b Planar

electrolyte and corrugated
electrolyte

//

Case2

corrugated electrolytes of different shapes is established.
There are triangular electrolytes, rectangular electrolytes,
and mixed electrolytes. The composition of the model struc-
ture is shown in Fig. 2. Table 1 lists the distribution of each
case, and Table 2 lists the detailed geometric parameters.
In the corrugated electrolyte cell, the electrolyte thickness
is fixed at 10 pm; although there are fluctuations in shape,
we set the maximum size of the anode surface to the anode/
electrolyte interface to be 500 pm, and the minimum size of
the cathode surface to the cathode/electrolyte interface to be
50 pm, so the PEN thickness is the same for each corrugated
electrolyte cell and the flat electrolyte cell model. It should
be noted that Konno et al. [2] proposed that the character-
istic length of the corrugation needs to be larger than the
effective thickness of the electrode. Therefore, in order to
ensure the consistency of various situations, combined with

Table 1 A 3D models for four cases

Planar Triangular ~ Rectangular Mixed
electrolyte  electrolyte  electrolyte  electrolyte
Model name Case 0 Case 1 Case 2 Case 3

/N, ] |
VA g N

(b)

the geometric thickness of the electrode in this model, for
the three geometric electrolytes except the planar electrolyte,
they are all immersed in the electrode to a depth of 100 um.
Model assumptions

In building the SOFC model, the basic assumptions and
simplifications are set below:

Table 2 Geometric parameters of the model

Parameter Value
Cell length L 40 mm
PEN width Wpgy 3.6 mm
ASL thickness H g 480 pm
AFL thickness H g 20 pm
Electrolyte thickness Hy 10 pm
CFL thickness Hg 20 pm
CCCL thickness Hcccp, 30 pm
Gas flow channel width Wy 2 mm
Gas flow channel height Hqy 0.5 mm
Interconnect thickness Hyyp 0.3 mm

@ Springer
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1. The fuel and oxidizing gas are assumed to be ideal and 6 T A\

incompressible. M= Z by - (m) 4
2. The model operates under steady-state conditions and k=0

does not consider the SOFC start and stop processes.
3. The gas flow is laminar flow. pe = Z Xl )

4. FElectrochemical reactions take place only in functional
regions.

5. The material properties of all parts in the model are uni-
form and isotropic.

6. Radiation heat transfer and contact resistance between
components are ignored.

Governing equations

Modeling of SOFC involves coupled phenomena of fluid flow,
mass and heat transfer, charge transfer, and electrochemical
reactions. Because many physical quantities are involved in
the actual situation, the equation in the model is simplified.
The following describes the equations used in this study.

Momentum transport

In the simulation of this study, flow rate and pressure
changes of free flow in gas channel and gas flow in porous
electrodes need to be studied, so momentum transfer
should be included in the equation solved. The govern-
ing equation for momentum transfer uses the Brinkman
equation, because it solves the boundary conditions at the
interface between the gas channel and the porous medium.
Equation (1) enables continuous velocity and pressure
fields, i.e., channels and porous regions are treated as a
single domain [13].

(ﬁ+p-V-ﬁ> .ﬁ—v[—p+1{l1'— <_—2~y>(V~ﬁ)}] —F
K £ 3
ey

where F is the volume force vector, « is the permeability of
the porous medium, % is the velocity vector, y is the viscous
stress tensor, and ¢ is the porosity of the porous material.

When the porosity and permeability terms in Eq. (1) are
removed, the simplified momentum equation for the gas
channel is shown below:

p‘(V-ﬁ)-_u'—V[—p+y-{uf—%-(v‘ﬁ)}] =F (2

The density p and viscosity x of the gas mixture depend
on the temperature and mole fraction [14].

Py = %(ZM) 3)

i

Among them, x; and ; figure the mole fraction and vis-
cosity of the gas phase component i, respectively, u, repre-
sents the dynamic viscosity of the mixed gas, and b, repre-
sents the component-related parameters.

Mass transport

The following is a description of the steady-state mass bal-
ance in the fuel and air channels and porous electrodes [15]:

<—p Wi D Dy - Vg + (3 —wj)%a—z){ . %) +p-1i-Vw; =5,
Q)
where w; is the mass fraction of component i, Dl.T is the ther-
mal diffusivity (in this study, it is assumed that it is zero),
and S§; is the source term for the electrochemical reaction.
Dj; is the binary diffusivity of a mixture of substances i
and j calculated as follows [16]:

b 3.198 x 10_80'1'75< 1 1 >0'5
i 7
P(vil/3+v}/3) M; MJ 7
where v; and v; are the diffusion volumes of species i and J,
respectively. M; and M; are the molar masses of gas compo-
nents i and j, respectively.
The combined effect of molecular diffusion and Nussen
diffusion in porous electrodes is considered in this study.
The Knudsen diffusion coefficient Dy ; can be calculated

from Eq. (8) and the effective diffusion coefficient D4 ; can
be calculated from Eq. (9) [17]:
d ore 05
Dy = - SR;T 3
’ 3 M,
D..D, .
& K, i
D, , =<4
TV 1Dy + Dy, ©)
where d,,. is the average pore size and 7 is the tortuosity of

the porous electrode.
Heat transport
Heat transfer kinetics involves the generation, transfer,

and consumption of heat and various heat transfer mecha-
nisms. This study employs a local temperature equilibrium

@ Springer
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approach, which assumes that the temperatures of the solid
and gas phases in the porous electrode are locally the same.
The steady-state energy conservation equation is as follows:

Py Cpg - VT =V - (kyyVT) +Q (10)

where Q is the heat generation/consumption, ¢, is the gas
relative heat, and k4 is the effective thermal conductivity
of the porous electrode [15].

kg = ek, + (1 =€)k, (11)

where k; is the thermal conductivity of the solid material and

k, is the effective thermal conductivity of the gas.
Calculations of specific heat and thermal conductivity of

various gases and gas mixtures are listed below [14]:

6
T k
= L (1505) (12
k=0
Cpg = D% Cpi (13)
6 T k
k =001 - : (—
i ;Ck 1000) (14)
ke= D%k (15)

l

where a, and ¢, are decided by the physical properties of
the gas and can be extracted from experimental results [14].

Charge transport and electrochemical reactions

In this study, the fuel in the anode is hydrogen and the oxi-
dizer in the cathode is air. The oxidation reaction of H,
releases a pair of electrons and forms H,O. O, is reduced to
form oxygen ions. The electrochemical reaction equations
in the electrode are shown in Egs. (16) and (17).

H, + 0> - H,0 + 2¢” (16)

%Oz +2¢ - 0% a7)

Charge transfer comprises electron transfer and ion transfer.
In ASL, CCCL, and interconnects, only electrons are conduc-
tive particles. In both AFL and CFL, conductive particles have
electrons and ions. The governing equations for electron and
ion transport are shown below.

i =V (=0,,;Ve) (18)
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i, =V (=0, Vo,) (19)

where ¢, and ¢, are the ion potential and electron potential;
01 .¢ and o . are the effective conductivities of ions and
electrons.

In addition to the inherent properties of the electrode
material, the microstructure of the porous electrode also
affects the effective conductivity of the electrode. The effec-
tive conductivity can be expressed as [18]:

€

Olegr = 01" (20)
ES

Oref = 0" — 2D

where ¢, and ¢, are the volume fractions of ionic and elec-
tronically conductive particles in the porous electrode, and
o0, and o, are the ionic and electronic conductivity.

SOFC has the internal resistance and polarization losses;
under operating conditions, the actual output voltage V., is
lower than the ideal equilibrium potential all the time. The
actual output voltage can be described as:

_ ROCV
cell — E -

\ (nact + Mohm + ncanc) (22)

where 7, is the activation polarization, 7, is the ohmic
polarization, and 7, is the concentration polarization.
E°V is the equilibrium potential under operating conditions.
Nernst equation can calculate EOCV[19].

EOCV=EO_u.1n<

PH,0 23)
PH,+/Po,
E,=1.253 —2.4516 X 10741 24)

where E is the temperature-dependent open circuit voltage
at standard pressure, p; is the partial pressure of species i,
R is the ideal gas constant, and F is the Faraday constant.

The activation polarization of the anode and cathode can
be defined as:

nuct,a = ((ps - (P[) - Eeq,a (25)
nact,c = ((ps - (pl) - Eeq,c (26)
E., ,and E__ . represent the anodic and cathodic equilib-

eq.a eq,c
rium potentials, which can be expressed by the following

expressions [20]:
RT . PH,0

wa = 3p In P, 27
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Table 3 S?lid material Anode (Ni YSZ) Cathode Electrolyte  Interconnect
parameters (LSM-YSZ)  (YSZ) (stainless
steel)

Density (kg-m_3) 3310 3030 5160 3030

Specific heat (J~kg_l~K) 450 430 470 550

Thermal conductivity (W-m -LK) 11 6 2.7 20
E —E 4+ RT In Po, a.=p.=0.5) [23]. iy, and i, . are the exchange current densi-

ege T 0T YR Do (28) ties, which can be expressed by Eqs. (31) and (32) [24].

The Butler-Volmer equation can calculate Bulk current
density due to charge transfer. This paper uses the concen-
tration-dependent kinetic equation to calculate the local
exchange current density [21].

P =i Ch, exp neaaFn _ Ch,0 exp —ngﬁaFn
a Vi0,a CHsz RT act,a CHZO,ref RT act,a

(29)
. . nea(,'F C02 _neﬂ(;F
.= SVlO,L‘ exXp RT Nacte | — C exXp RT Nactc
O, ref
(30)

Among them, Cy; 5 Cpi op and Co o are the reference
concentrations of hydrogen, water and oxygen, Sy, is the active
surface area to volume ratio, which can be understood as the
contact area between ionic and electronically conducting parti-
cles per unit volume. Sy, is determined by particle distribution,
particle radius, particle coordination number, and even particle
contact angle (ionically conductive particles: YSZ, electroni-
cally conductive particles: Ni and LSM) [22]. n, is the num-
ber of electrons transferred per reaction. Symmetrical electron
transfer is usually assumed in Butler-Volmer (i.e., a,=f,=0.5,

€1V

i =y4 lﬁ pHZ ° ex — ﬂ
0a =7 Po Do P\ Tkt
0.25
0 Po RT

Table 3 and Table 4 list the cell materials and additional
relevant parameters [24-28].

(32)

Boundary conditions

Solving the governing equations requires corresponding
boundary conditions, the model used in this study is simpli-
fied according to the actual SOFC, and the following bound-
ary conditions and assumptions are set:

1. The values of temperature, flow rate, and composition at
the gas channel inlet of the electrode are constant. Fuel
and air countercurrent flow in the channels.

2. The pressure at the channel outlet boundary is standard
atmospheric pressure, and the airflow at the channel wall
adopts the no-slip condition.

Table 4 Other related
parameters used in the present

model

Parameters Value

Volume fraction of YSZ in AFL 0.42

Volume fraction of Ni in AFL 0.28

Volume fraction of YSZ in CFL 0.42

Volume fraction of LSM in CFL 0.28

Porosity of ASL and CCCL 0.5

Conductivity of electron-conducting particles in anode (S-m™") 9.5x107 e < )
T

Conductivity of electron-conducting particles in cathode (S-m~!)

Conductivity of ion-conducting particles (S-m™")

Tortuosity factors

Anode pre-exponential coefficient (A-m~2)

Anode activation energy (J-mol™")

Cathode pre-exponential coefficient (A-m™2)

Cathode activation energy (J-mol~!)

—1150

T
4.2x107 ~1200
xp (==X

T © p( T

3.34 x 10* exp (‘”’T”“ )

2.75
1.344%10'°
1.0x10°
2.051%10°
12x10°
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3. Assuming that the individual cells in the study are dupli-
cate cells in the stack.

4. The wall whose heat flux density is 0 is the adiabatic
surface.

Table 5 lists some of the remaining boundary conditions.

Model validation

When building the model, we made some legitimate assump-
tions according to the real situation. Therefore, so as to
ensure the accurateness of the research, the model needs to
be verified. In actual experimental studies, SOFCs with more
corrugated electrolytes are coin cells [29, 30]. However, the
test conditions of coin cells are not the same as those of reg-
ular planar SOFCs, so a representative conventional anode-
supported planar electrolyte SOFC was selected as the
basic model in this study. Previous numerical simulations
and experiments on performance comparison of corrugated
electrolyte cells and planar electrolyte cells, materials, and
operating parameters of the cells remain unchanged. Except
for the change in electrolyte structure, the electrochemical
reactions and charge transfer mechanisms of the cell remain
unchanged. Thus, the model in this study can theoretically
correctly represent the performance of corrugated electrolyte
SOFCs.

The simulated I-V characteristic curve are in contrast with
the experimental results of Li et al. [31]. To undertake the
accuracy of the verification, the model material, structure,
and operating parameters in the study are in agreement with
the experiments. The modeling results are in contrast with
the experimental results, as shown in Fig. 3. The simulated
results at different current densities are consistent with the
experiments under the operating conditions of 750 C and
atmospheric pressure. The specific error between numerical

Table5 Boundary conditions

Boundary Condition Value

Top wall of cathode inter-
connect

Output cell voltage V.

cell

Bottom wall of anode inter-  Ground potential 0

connect

Fuel inlet Mole fraction 21% 0,+79% N,

Air inlet Velocity 0.5 ms™!
Temperature 1023 K
Mole fraction 97% H,+3% H,0
Velocity 3 ms™!
Temperature 1023 K

Fuel outlet Pressure 0

Air outlet Pressure 0

@ Springer

simulation results and experimental results is shown in Fig. 3,
and the error range shall not exceed 5%, which demonstrates
the correctness of the numerical simulation calculation
method in this study. The error between the simulation results
and the experimental results is mainly due to the measurement
error in the experiment and the model makes some assump-
tions that it is operating under ideal conditions [27]. In conclu-
sion, the cell model established in this study is valid.

Results and discussion

The effects of different shapes of corrugated electrolytes on
cell performance are studied, aiming to provide guidance for
the optimization of corrugated electrolytes under the mes-
oscale concept. The following is a theoretical analysis of the
influence of SOFC on performance after numerical simula-
tion of SOFC with different shapes of corrugated electrolytes.

The influence of corrugated electrolytes with different
geometries on the volume exchange current at the anode/
electrolyte interface. The Fig. 4 shows the volume exchange
current at the anode/electrolyte interface for corrugated
electrolyte cells with different shapes when V_;;=0.7 V.
The calculation formula of the current density adopts the
concentration-dependent kinetic equation, so the gas con-
centration and activation polarization have a great influence
on the volume exchange current density. As can be seen from
the figure that at the fuel inlet, the volume exchange current
density has a maximum value and then decreases along the
flow direction. Because the presence of fuel channels and
connectors affect the gas transport and distribution, there is a
large gradient difference in volumetric current density in the
y-direction. At the anode/electrolyte interface, the maximum
value for case 0 is 2.63 times the minimum value, while the
maximum value for case 2 is 25.57 times the minimum value.

4
11 F —a— Experiment data c\:
—e— Numerical result s

e o <

1.0 —A— variation of modeling =
prediction with experimental data] | .g

— 09 g
> =
Y 08} =
" 8
= =
S o7t 1%
L =
o g
o 2
06} E

S

S

s

05 | 42 3

on

S

04 1 1 1 1 1 ‘_O.
0.0 0.2 0.4 0.6 0.8 10 ~

Current density (A/em’)

Fig.3 Comparison of modeling predictions with experimental data30
for SOFC operated at 1023 K
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Fig.4 Distribution of the volume exchange current at the anode/electrolyte interface (A-m~). a Case 0. b Case 1. ¢ Case 2. d Case 3

Figure 5 shows the average volume exchange current
curves of the active reaction zone of corrugated electrolyte
cells with different shapes. Since the precondition of this
study assumes that the thickness of the cathodic reaction
zone and the anodic reaction zone are the same, this study
only analyzes the average volume exchange current density
of the anode. The figure clearly shows that compared with
the flat electrolyte cell of the control group, after the intro-
duction of the corrugated electrolyte, the average volume
exchange current value of the rectangular corrugated elec-
trolyte decreases with the same corrugation height, while
the corrugated electrolyte of other shapes decreases. The
average volume exchange current value has increased. The
reduction of the average volume exchange current of the rec-
tangular corrugated electrolyte cell is because the introduc-
tion of the corrugated structure results in an increase in the
active reaction area, so the average charge per unit volume
is reduced. Liu et al. [32] demonstrated that an increase in
the ripple period leads to an increase in the average volume
exchange current density. Therefore, although other shapes
of corrugated electrolyte cells also increase the active reac-
tion area, their average volume exchange current is gener-
ally increased, because the increase in the average volume
exchange current density caused by the increase of the cycle
in this case is higher than that caused by the corrugated
electrolyte. The reduction in the average volume exchange
current density caused by the increase of the active reaction

zone has a greater effect. It is worth noting that although
the introduction of the corrugated electrolyte may lead to
a decrease in the average volume exchange current of the
active reaction zone, the area of the active reaction zone
is also increased because of the corrugated electrolyte. So,
overall, the cell performance is still improving, which is the
most important. Therefore, the introduction of a corrugated
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Fig.5 Average volume exchange current of the anode activation zone
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electrolyte increases the active reaction area, thereby
increasing the volume exchange current.

The influence of corrugated electrolytes with different
geometries on the local electron current density distribu-
tion, as shown in the Fig. 6, when V_,;=0.7 V, local elec-
tron current density distribution across the cross section at
x=0 mm. The small red arrow in the figure indicates
the direction of current flow in the cell from anode to
cathode. According to the picture, we can see that both
the maximum and minimum electron current density of the
cells incorporating the corrugated electrolyte is enhanced
compared to the control cells with the flat electrolyte. The
electron current density has a maximum at the corners of
the cathode connector. Anode maxima also appear in the
corners of the anode connector, but their values are small
compared to the cathode maxima. This situation occurs
in both flat-electrolyte and corrugated-electrolyte cells.
This is because the ratio of the air channel width to the
thickness of the cathode is relatively large, therefore the
electron transport path in the cathode is relatively short
relative to the anode, which reduces the resistance of elec-
tron transport in the cathode.

According to the picture, we can see that the electron
current densities of different corrugated electrolytes are also
quite different. According to the cloud diagram, we can see

A 1.74x10°

I:::- X
o = = N N
(5 wn n

Vv 8l1.7

that the electron current density in the cell with the trian-
gular corrugated electrolyte is generally smaller than that
of the other two shapes of corrugated electrolyte cells. This
is because under the premise of the same air channel width
to cathode thickness ratio, the number of corrugations in
the triangular corrugated electrolyte increases, which leads
to an increase in the distance of electron transfer and the
resistance of electron transfer, so the overall electron current
density decreases slightly.

The influence of corrugated electrolytes with different
geometries on the gas distribution is shown in the figure
showing the mole fractions of hydrogen and oxygen in the
cross section at x=20 mm when V_;=0.7 V. There are two
important reasons that affect the distribution of gas in the
electrode. One is that the increase or reduction of the local
exchange current density near the interface will lead to an
increase or a smaller amount of gas consumption; Second,
the geometrical structure will determine the path of gas
transportation and then affect the final distribution of gas.

According to Fig. 7, we can see that the different shapes
of corrugated electrolytes have a great influence on the gas
distribution compared with flat electrolytes. The introduc-
tion of corrugated electrolytes improves the utilization ratio
of cathode oxygen and anode hydrogen. Consequently, com-
pared with case 0 the hydrogen mole fraction in cases 1, 2,
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Fig.6 Distribution of electron current density in the cross section of x=0 (A-m.™2). a Case 0. b Case 1. ¢ Case 2. d Case 3
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and 3 are higher. Especially in case 2, the rectangular cor-
rugated electrolyte has the lowest hydrogen mole fraction,
that is, more hydrogen is consumed. As shown in Fig. 7b,
the simulation results of different ripple conditions show that
the oxygen mole fraction distribution is similar in the four
cases due to excessive air entering the cathode. Because of the
interconnects, the gas mole fraction under the interconnection
ribs decreases obviously, compared with that under the gas
channels. This is especially true in cathodes where the thinner
cathode is not conducive to oxygen transfer and where oxygen
is consumed by electrode reactions below the gas channel,
oxygen does not diffuse easily to the electrodes below the ribs.

The influence of corrugated electrolytes with different
geometries on the concentration polarization, as shown
in Fig. 8, shows the concentration polarization in the y—z
plane of the cell at x=20 mm when V,;=0.7 V. Accord-
ing to Fig. 8, we can see that the specific situation of con-
centration polarization in the thickness direction and the
distribution of gas species seriously affects the concentra-
tion polarization. The study found that the concentration
polarization of the electrodes at different positions is very
different. In the electrode below the gas channel, the con-
centration polarization is very low, while in the electrode
below the rib, the concentration polarization is very sig-
nificant. In the horizontal direction, because the connector
affects the diffusion of hydrogen and oxygen, the elec-
trode has an obvious concentration polarization gradient.
Looking vertically, the anode has an obvious concentration
polarization gradient because it is thick. Compared with
the anode, the cathode is very thin, so there is no obvious
concentration polarization change. Comparing case 0 with
cases 1, 2, and 3, it can be seen that compared with the
flat electrolyte cell, the corrugated electrolyte cell exhibits
a higher concentration polarization in the electrode; this
is because the corrugated electrolyte increases the reac-
tion area; more electrochemical reactions take place, con-
suming more hydrogen and oxygen. Negative influences
caused by increased concentration polarization of cell are
offset by the positive effect of the increased electrochemi-
cal reaction area caused by the corrugated electrolyte.

Figure 9 shows the average concentration polarization
of the electrode/electrolyte interface. From the data in the
figure, we can quantitatively analyze the change of the con-
centration polarization after introducing the corrugated elec-
trolyte compared to the flat electrolyte cell. When the termi-
nal voltage is 0.7 V, the average concentration polarization
values of the corrugated electrolytes with different shapes
are mostly higher than that of flat electrolytes in the control
group. Case 2 had the largest improvement in the average
value of anode/electrolyte by 12.61%. Case 2 had the larg-
est improvement in the average value of cathode/electrolyte,
which was 4.37% higher.

The influence of corrugated electrolytes with different
geometries on the activation polarization was investigated.
The activation polarization of the cell at different condi-
tions when V=0.7 V is shown in Figs. 10 and 11 shows the
average activation polarization at the electrode/electrolyte
interface under different conditions. The electrochemical
reactions occur mainly near the electrolyte, and therefore the
activation polarization is also centered near the electrolyte.
According to Egs. (3) and (4), the activation polarization is
related to the electronic potential, ionic potential, and equi-
librium potential of the cell. The maximum and minimum
values of activation polarization at the anode/electrolyte
interface of the planar electrolyte cell of case 0 are 0.16 V
and 0.09 V, respectively; the maximum and minimum values
of the corrugated electrolyte cell in the triangle of Case 1 are
0.19 V and 0.06 V, respectively. Similarly, the maximum and
minimum values of activation polarization at the cathode/
electrolyte interface of the planar electrolyte cell of case 0
are 0.24 V and 0.13 V, respectively, and the maximum and
minimum values of the triangular-shaped corrugated elec-
trolyte cell are 0.28 V and 0.09 V in case 1, respectively.
What’s more, the average activation polarization at the elec-
trode/electrolyte for cells with corrugated electrolytes is
smaller than for cells with planar electrolytes of the control
group, which is a positive impact of corrugated electrolytes
on cell property (Fig. 11). As shown in the figure, the acti-
vation polarization in the cathode is slightly higher than the
activation polarization in the anode, and by comparing the
maximum reduction ratios of the activation polarization of
the cathode and anode to 8.54% and 2.34% by comparing the
corrugated electrolyte, it can be concluded that the ripple of
the electrolyte has a greater effect on the activation polariza-
tion of the cathode. As shown in Fig. 10, in the corrugated
electrolyte cell, the maximum activation polarization at the
anode/electrolyte interface and the cathode/electrolyte inter-
face occurs at the corrugated convex and concave corners,
respectively. It is the presence of the corrugated electrolyte
that results in a prominent ridge on the electrode where there
is a higher activation polarization.

The effects of corrugated electrolytes with different
geometries on the [-V characteristic curves are shown in
Fig. 12 for various structures. As shown in Fig. 12, at the
same voltage, the average current density of the cell with
corrugated electrolyte is improved compared with the cell
with flat electrolyte, and the overall power generation perfor-
mance of the cell with rectangular corrugated electrolyte is
improved the most. Compared to cells with a flat electrolyte,
the voltage of cells with a corrugated electrolyte increases
compared to cells with a flat electrolyte at a constant cur-
rent density, which indicates that the total polarization loss
of the cell decreases with the introduction of the corrugated
electrolyte.
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Fig.9 Average concentration
polarization at the electrode/
electrolyte interface at a termi-

nal voltage of 0.7 V
1= Scorrugated electrolyte
S

planar electrolyte

Concentration polarization(V)
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—u— anode/electrolyte interface
—nm— cathode/electrolyte interface

case(

(33)

A new coefficient, 4 (expansion coefficient), is set here to
more clearly analyze the effect of introducing a corrugated elec-
trolyte on the overall cell performance. The expansion factor is

casel case2 case3

0.0095

0.0090

0.0085

0.0070

0.0065

Concentration polarization(V)

defined as the ratio of the surface area of the corrugated elec-
trolyte to the surface area of the flat electrolyte, as shown in
Eq. (33). On this basis, in this study, the relationship between
the enhancement of current density, the ripple shape of the cor-
rugated electrolyte and the expansion coefficient A at a typical
operating voltage of 0.7 V was deliberately analyzed. Table 6
lists the A value and current density expansion percentage for

(b)

Fig. 10 Activation polarization at the anode/electrolyte interface. a Case 0. b Case 1. ¢ Case 2. d Case 3

@ Springer




Journal of Solid State Electrochemistry (2024) 28:1927-1943

1941

0.20

I Cathode/electrolyte interface
I Anode/electrolyte interface

0.15826

e 9
NN

e
S

Concentration polarization(V)
- -
(=] (=3 [=3 —_—
B [N o (=)

o
o
2

o
o
S

case0 casel case2 case3

Fig. 11 Average activation polarization at the electrode/electrolyte
interface for all cases at 0.7 V

L1k —m— case()
. —®— casel
A —A— case2
L0 —w— case3
0.9
% 0.8 F
g
Sorf
3 \\
o6k \-
N
0.5 F \\.
SN
0.4F \%A
0. 3 1 1 1 1 L 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Current Density (A/cm?)

Fig. 12 I-V characteristic curve for each case

each case at V;=0.7 V. It can be seen from the table that when
Veen=0.7 V, the current density of the rectangular corrugated
electrolyte cell with the largest A value is the highest, which is
38.01%. It can be seen that the area expansion degree of the
corrugated electrolyte is proportional to the improvement of
the cell performance, which provides a certain reference for the
subsequent research on the corrugated electrolyte.

Table6 1 value and current density expansion percentage at
Veen=0.7V

Case 0 Case 1 Case 2 Case 3
A 1 1.414 1.47 1.28
Expansion 29.02% 38.01% 23.39%
percentage

Conclusions

In this study, three simple corrugated electrolyte solid oxide
fuel cells were established, namely triangular, rectangular,
and hybrid shapes. By means of numerical simulation, its
performance is compared with that of the solid oxide fuel
cell with a planar electrolyte in the control group. The effect
of corrugated electrolytes on cell parameters and perfor-
mance was investigated. The conclusions are as follows:

1. The average volume exchange current density of the
rectangular corrugated electrolyte cell is lower than
that of the flat electrolyte cell, but the average volume
exchange current density of the triangular and hybrid
type is higher than that of the flat electrolyte cell due to
the increase of the corrugation period, but the output of
the three corrugated electrolyte cells is higher than that
of the flat electrolyte cell. The performance is higher
than that of planar electrolyte cells. This is because
the existence of the corrugated electrolyte enlarges the
active reaction area without changing the macroscopic
state of the cell, thereby improving the performance of
the cell.

2. The electron current density of the corrugated electro-
lyte cell is larger than that of the flat electrolyte cell,
but the triangular corrugated electrolyte increases the
difficulty of electron transport inside the cell due to its
large number of corrugations, resulting in its electron
current density being lower than that of the other two
corrugated electrolyte cells. In addition, due to the
smaller cathode thickness, the ratio of air channel width
to cathode thickness is large, which reduces the resist-
ance of electron transport in the cathode, so the electron
current density of the cathode is generally greater than
that of the anode.

3. The corrugated electrolyte enlarges the active reaction
area, so the consumption of hydrogen and oxygen by the
cell is increased, resulting in the concentration polariza-
tion of the corrugated electrolyte cell being larger than
that of the flat electrolyte cell. The rectangular corru-
gated electrolyte has the largest increase in concentration
polarization. This is a negative effect of the introduction
of the corrugated electrolyte on the cell, but it does not
affect the overall performance of the cell.

4. The introduction of corrugated electrolytes will increase

the current density of the cell. In the case of typical
operating voltage V=0.7 V, the current density of the
cell increases with the expansion coefficient. In a cell
with a rectangular corrugated electrolyte, the expansion
coefficient A=1.47, and its current density is relative to
the flat electrolyte cell. The current density of 38.01%
is improved.
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