Revised Manuscript (Clean, unmarked, FINAL version) Click here to view linked References *

https://dx.doi.org/10.1016/j.ijhydene.2021.11.022
P g sy This is the Pre-Published Version.

Effects of cathode thickness and microstructural properties on the performance of

Protonic Ceramic Fuel Cell (PCFC): a 3D modelling study

Zheng Li, Qijiao He, Lingchao Xia, Qidong Xu, Chun Cheng, Jian Wang, Meng Ni*
Department of Building and Real Estate, Research Institute for Sustainable Urban
Development (RISUD) & Research Institute for Smart Energy (RISE), The Hong Kong
Polytechnic University, Hung Hom, Kowloon, Hong Kong, China

* Corresponding author: Meng Ni
Email: meng.ni@polyu.edu.hk; Tel: 852-27664152

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.



Abstract

Protonic Ceramic Fuel Cells (PCFCs) are promising power sources operating at an intermediate
temperature. Although plenty of experimental studies focusing on novel material development
are available, the design optimization of PCFC through numerical modelling is limited. In this
study, a 3D PCFC model focusing on the cathode thickness and microstructure design is
developed due to the high overpotential loss of the cathode. Unlike the 1D/2D models, the rib-
size effects on the PCFC performance are fully considered when optimizing the cathode
structure. Different from 1D/2D models suggesting thin cathode thickness, this study finds that
the optimal cathode thickness is about 120-200 pum. In a thin cathode, weak O diffusion from
the channel to the rib-covered cathode can lead to O depletion under the rib and very low local
cell performance. By adjusting the cathode porosity from 0.3 to 0.5, nearly 9% performance
improvement and 22.5% improvement in gas distribution uniformity can be achieved. When
the cathode particle size changes from 0.1 um to 0.2 um, the O> concentration under the rib
increases nearly 50%. The optimal electronic phase volume fraction is suggested to be around
50-60% for achieving a balance between ohmic resistance and reaction sites. This model
elucidates the relationship between cathode microstructure and PCFC performance
comprehensively and can serve as a guiding tool for cell fabrication and future novel

interconnect structure design.
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Nomenclature

Abbreviation

PCFC Protonic ceramic fuel cell

SOFC Solid oxide fuel cell

PEN  Positive electrode-electrolyte-negative electrode
TPB  Triple phase boundaries

ASR  Area-specific resistance, Q m?

Letter

E Potential, V

R Universal molar gas constant, 8.314 J mol! k!
T Temperature, K

F Faraday constant, 96485.33 C mol™!

PTPB  The partial pressure of species of i, Pa

i Current density, A m?

I Current, A

a Charge transfer coefficient

n Transferred electrons in the reaction

M Overpotential, V

Y Pre-factor

¢ Potential, V

AVps  TPB length per volume, m m™
A4,z TPB length per surface, m m™

Py Percolation probability of k phase particles

o Conductivity, S/m



€ Porosity

{ Bruggeman factor

Zyr  Average number of contacts between k particles
¢r  Volume fraction of k particle

Tk Particle-radius of k particle

V4 Average total coordinate number, 6

ng,e Number density of electronic particles

0 Contact angle between particles, 30°

N; Molar flux of species 1

pe¢fT  Effective Knudsen diffusion coefficient of species i, m?/s

peff  Effective binary diffusion coefficient, m*/s

T Tortuosity

yj Molar fraction of the species i

U Viscosity, Pa s

k Permeability, m?
M; Molar mass of species i
Ty Mean pore radius, m

p Density, kg m™

u Velocity, m s™!

1 Unit matrix

Cy Thermal capacity, J mol- k-1

k Thermal conductivity, W m™! k!

S Entropy, ] K kg'!

Q Source term



r Gas flow uniformity indicator

¢ Averaged mean concentration, mol m™

C; Concentration of species i, mol m™
Subscript

act Activation

an,ca  Anode and cathode
conc Concentration

Eq Equilibrium

pro, ele Protonic and electronic

eff Effective

1. Introduction

In recent years, many countries and regions have proposed their ambitious goals in response to
severe climate change and energy crises. For example, the Chinese government announced to
achieve carbon neutrality progressively up to 2060, while the European Commission passed a
series of legislation for achieving carbon neutrality by 2050 [1,2]. Therefore, great efforts
should be made to revolutionalize the existing energy structure, that is, to reduce dependence
on traditional fossil fuels and increase the share of clean and sustainable energy. As an energy
conversion device that directly converts chemical energy into electric power, solid oxide fuel
cells (SOFCs) have drawn much attention owing to their low carbon emission and higher
conversion efficiency than conventional thermal power plants [3]. In addition, compared to
other alternative fuel cells, SOFCs exhibit several advantages such as fuel flexibility, solid
electrolyte, use of non-noble metal catalyst, fast electrochemical reaction kinetics[4—6].

However, the conventional SOFC based on oxygen-ion (O?") conducting electrolyte (shown in



Figure 1 (a)) needs high operating temperature (800-1000 °C) to attain sufficiently high oxygen
ion conductivity which places high requirements on components materials [7]. For example,
components materials should have similar thermal expansion coefficients for minimizing
thermal stress and show splendid thermal and mechanical stability during the long time high-
temperature operation [8,9]. PCFC (shown in Figure 1 (b)) is a promising alternative since it
allows operation at intermediate temperature (400-700 °C), which leads to a increase in both
fuel cell voltage and theoretical efficiency [10-12]. Unlike the counterpart SOFC, during the
PCFC operation, H>O is generated at the cathode side, enabling 100% fuel utilization. Thus, in
the anode of PCFC, low concentration overpotential and high Nernst potential can be achieved.
Both SOFC and PCFC are all-solid-state fuel cells operating above 400 °C. Other fuel cell
technologies either cannot reach such high temperatures such as phosphoric acid fuel cell and
proton exchange membrane fuel cell or are not all solid-state such as molten carbonate fuel cell
[13,14]. Based on the cell structure and working temperature, it is more reasonable to compare

PCFC with SOFC.

(a) H, Hy, H,0

0, 0,,H,0

(C) Gas channel
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Figure 1 Schematic diagrams of (a) SOFC and (b) PCFC (c) 3D schematic of a PCFC stack
cell [15].
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Most of the recent experimental studies on PCFC are mainly based on anode-support PCFC. A
thin electrolyte (10-20 pum) is often adopted for reducing the ohmic overpotentials, and a thin
cathode (20-40 pum) layer is used for achieving low concentration losses [16-20]. However, as
shown in Figure 1 (c), a PCFC stack cell composes of the PEN assembly (positive
electrode/electrolyte/negative electrode) and interconnects. The presence of the interconnect
ribs tends to cause non-uniform gas distribution within the thin cathode. In addition, the widths
of the channel and the rib are significantly larger than their heights. As a consequence, the
transport paths for electric current, as well as mass transport in the x-axis, can be much greater

than those in the y-axis, which may result in high ohmic overpotential and concentration loss.

Several previous modelling studies investigate the performance of SOFC cathode in the
presence of interconnects. Geisler et al. [21] found that both gas transfer and electrical current
conduction in a thin cathode were significantly limited by ribs. Their results showed that
increasing the concentration in the gas channel and entire cathode was necessary to maintain
the stack cell performance. Jeon et al. [22] revealed that the large in-plane ohmic losses could
give rise to a huge variation in the electric voltage in the cathode. The smaller pitch width (rib
width + channel width) and larger rib ratio (rib width/pitch width) were found to be favorable
to enhance the gas transport in the cathode and reduce the contact resistance. Liu et al. [23]
showed that, at the same rib ratio, the oxygen depletion region underneath the rib was more
obvious due to the larger rib width. They also found that oxygen depletion can lead to high
concentration losses in the cathode. Su et al. [24] built a 2D model to investigate the effects of
cathode thickness on SOFC performance. They concluded that the ohmic losses were decreased
in a thicker cathode, and the O, distribution was promoted. Additionally, several studies
focusing on PCFC cathode have been reported as well. Zhang et al. reported a
Bao.5S10.5S¢0.175Nb0.025C00.803-5 cathode [25]. They found that the decrease in cathode

performance can be attributed to the lack of active sites due to the agglomeration of cathode
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particles and the coverage of the generated water. Xia et al. developed a BaFeo 5Sno2Bio303-3
cathode for PCFC operation [26]. They found that the oxygen reduction in the cathode was
strongly enhanced by Bi-doping perovskite. Xie et al. tested a double perovskite
Bay.75Ca0.25Co1.5 Feo.4Nio.1NdOs+5 as the cathode in a PCFC [27]. From their analysis of the
oxygen reaction process in the cathode, the cell performance can be improved by enhancing
the oxygen reduction and diffusion within the cathode. Yang et al. varied the content of
carbon microspheres (pore former) to control the porosity of the electrode [28]. They found
that the highest cell performance is obtained when the electrode presents a high porosity
(approximately 0.4). Lai and coworkers applied polystyrene nanospheres as pore former [29].
A Lag.6Sr0.4Co0.2Fens O3.5 cathode with graded porosity was developed. It was found that the
cathode with a graded porosity structure can enhance the PCFC performance by reducing the

ohmic and activation losses.

To the authors’ best knowledge, though the effects of cathode thickness, rib widths and rib
ratios on the performance of SOFC have been studied, their effects are usually analysed
separately. For example, when studying the thickness effect, the rib effect on the optimal
thickness is not considered. When analysing the rib width effect, it is usually done for a cross-
section of SOFC without fully considering the variation of physical parameters along the flow
channels. No modelling study at cell-level has been reported to explore the impacts of cathode

thickness and cathode microstructural properties on the PCFC performance.

In order to fill in this research gap, a comprehensive three-dimensional model adopting
percolation theory is constructed in the present study. The electrochemistry, charged species
transport, mass/momentum transport are taken into account. In addition, the previous SOFC
modelling study that investigated the effects of interconnects and cathode thickness did not
consider heat transfer, but it is fully considered in this study. The heat transfer sub-model helps

to analyze the temperature distribution in the cell and makes the simulation more realistic. This
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model tries to provide an elucidation for the complex interrelationship between the cathode
characteristics and PCFC performance. Herein, an optimal cathode thickness range for PCFC
operation is proposed. It is also worthy to note that a special focus on the cathode zone
underneath the rib is provided by this research work. This model can be used as a powerful tool

to guide the manufacture of PCFC cathode and the design of the novel interconnect structure.

2. Modelling Methodology

2.1 Model geometry and assumptions

A 3D model for an anode-support PCFC is developed in this study. The computational domain
includes two interconnects at the anode/cathode sides, two flow channels at the anode/cathode

sides and the PEN assembly. The geometry input of the PCFC model is collected in Table 1.

Table 1 Geometrical parameters for PCFC [30].

Cell components Value Units
Cell length 30 mm
Cell width 2 mm
Gas channel height 0.5 mm
Gas channel width 1 mm
Interconnect thickness 0.65 mm

Anode support layer thickness 485 um

Anode active layer thickness 15 pum
Electrolyte thickness 20 pum
Cathode active layer thickness 15 pum
Cathode support layer thickness 25 um

The main assumptions adopted in this numerical model are listed below:

1) All the gas species (H2, Oz, N2, H>O) are assumed to be ideal gases and they transport
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as laminar flow in the gas channels.

2) The model simulates the PCFC operation at a steady state.

3) Both electronic and protonic phases are assumed to be evenly distributed in the anode
and cathode.

4) Both electronic and protonic particles are assumed to have the same particle radius.

2.2 Electrochemical model
As mentioned before, the electrolyte in the PCFC conducts protons instead of oxygen ions.
Thereby, two half electrochemical reactions at the anodic and cathodic sides should be written

as:

Anodic side: 2H* + 2e~ - H, (1)
Cathodic side: 1/20, + 2H* + 2e~ > H,0 )
The equilibrium potential of the electrochemical reaction is described by the Nernst equation

[31].

)

G
2F

RT
Eeq = 1.2535 —0.00024516 X T + —In P8
Where P/P® is the partial pressure of each gas species at the triple phase boundaries (TPBs).
Thereupon, the concentration overpotentials (1ync) 0f PCFC are implicitly taken into account.

The Butler-Volmer equations are employed to calculate the current densities at the anodic (i)

and cathodic sides (i.,), respectively.

.. O(annFrlact,an _(1 B O(an)nFnoLctf,an
lan = lo,an | €XP RT — exp RT (4)
.. acanFnact,ca _(1 - O(ca)nFnact,ca
leca = lo,ca | €XP RT — exp RT (5)

Where a,, and o, are the anodic and cathodic asymmetric charge transfer coefficients
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respectively, Ngcr.an and Ngee cq denote the anodic and cathodic activation losses respectively,

lpan and iy ., represent the anodic and cathodic exchange current densities respectively,

which can be furthered defined as [32,33]:

RT
lo,an = Yan Tl_F (PI?IfB)bexp(_Eact,an/RT) (6)

. RT c d

lo,ca = Yca Tl_F (ngB) (ngg) exp(_Eact,ca/RT) (7)
Where y,, and y,, are the pre-factors for the anode and cathode respectively, Eqctqn and
Eqct cq denotes the activation energies for the anodic and cathodic reactions respectively, b, c,

and d are the orders of partial pressure. Noteworthy, Y, Yca» b, €, and d are obtained by fitting

the experimental data.

Besides, the working potential of the PCFC cell, V, can be expressed as:

V= Eeq — Nact,an — Nact,ca ~ Nohmic,an — Nohmic,ca — Nohmic,ele — NASR,an
3

— Nasr,ca

Where Nonmic.an> Nohmic,ca @A Nopmic,ele are the ohmic losses of the anode, cathode and
electrolyte, respectively, Nasran and Ngsgrcq are the potential losses caused by contact

resistances at the anode-interconnect and cathode interconnect interfaces respectively.

2.3 Charge transport
Both protonic and electronic transport follow Ohm’s law associated with the charge continuity

equations [34].

V. ipro =V (_Upro,effv¢pro) = _iol‘{"PB )]
Viige="V- (_O-ele,effvd)ele) = iO/ﬂ?/"PB (10)
Where i,,,, and i, are the protonic and electronic current vectors respectively, 0y and

Ocle,eff are the effective conductivities for the protonic and electronic transports in the PCFC
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respectively. It is worth to noting that the proton conduction is a significant performance-
limiting factor in the porous cathode due to the relatively low protonic conductivity, compared
with electrical conductivity. Therefore, the ion conduction only occurs in a thin layer near the
cathode-electrolyte interface [35]. In this study, when we change the cathode thickness in the
presence of the rib, the change in proton conduction is negligible compared with more
significant change in electron conduction. Hence, we focus on the effects of cathode thickness
on the electron transfer instead of proton transfer in this research. In this model, the percolation
theory is incorporated to unveil the relationship between electrode microstructural properties
and the effective electrode properties. Detailed information concerning the percolation theory
can be found in refs. [36,37]. Thus, based on percolation theory, the effective conductivity k

(k=protonic or electronic) phase can be determined as [6]:

Okerr = Ooil(1 — )Py Prl® (11)
Where oy is the intrinsic conductivity of the k phase material, ¢ is the porosity, ¢ is the
volume fraction of the k phase particles, ¢ is Bruggeman factor, which typically varies from
1.5-3 in the literature, Py is the percolation probability for k phase particles, which can be

estimated as [38,39]

4236 — Zyy, .

Pe=1-1——77

104 (12)

Where Zj, . is the average number of contacts between k particles, which can be determined by

volume fraction (¢y) and particle-radius (13,) [36,37,40]:

T
me,pro -7 ¢ele/ ele (13)
¢ele/rele + ¢pro /rpro
1
Zetoate = 7 ——2orelTire (14)

¢pro /rpro + ¢ele/rele

Where Z is the average total coordinate number and is assigned to be 6 in a random packing
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spheres system [37]. In this study, the ratio of electronic particle-radii to the protonic particle

ratio is set to be 1.

In addition, the last term in the Eq.(9) and Eq. (10), AY.p5, represents the TPB length per unit
volume (m/m?). TPBs are generated by the contact between percolated protonic particles,
percolated electronic particles and the pore phases. Thus, the following equation can be applied

to determine the AYp5 [36,37]

A‘T/"PB = anin(rele» rpro)PelePpronglezele,proSin(e/Z) (15)
Where 6, assumed to be 30°, is the contact angle between different particles, n), is the number
density of electronic particles (no./m?), namely, n%, = ((1 — €)bere)/(AMrde/3), Zete pro i

the average number of contacts between an electronic particle and a protonic particle [41].

Zelepro Mmay be determined by the following formula [37]

Z <1 + T‘ezle> ¢pro/rpr0 (16)

Z 1 - =
erepro 2 rpzro d)ele/rele + d)pro/rpro
Furthermore, TPBs can also be formed by the contact between the percolated electronic

particles with the electrolyte surface. This area-specific TPB length (A4p5) can be expressed as

follows [37]

App = 47 Pereneresin(6/2) (17)
24 Mass and momentum transport
The transport of gas species within the porous media consists of two diffusion phenomena, i.e.,
molecular diffusion and Knudsen diffusion. In the present work, the dust gas model is
implemented to provide an accurate description of mass transport in the porous electrode. The

molar flux of species i, N;, can be calculated as [42]
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ny yl - 1<P|7y £y 7P + y,7p—F ) (18)
- L 2 L

eff _ “RT DI

Where y; represents the mole fraction of the species i, P is the operating pressure, «k is the

Dier ! Diejf T are the effective Knudsen diffusion

permeability, p is the viscosity of species, and

coefficient of species i and the effective binary diffusion coefficient, respectively. These two

kinds of diffusion coefficients can be expressed as [6,43—45]:

pers _ £3:198x 10 8T175< 1 1 )"'5

_I_ JR—
: -+ (19)
T P( 13 v1/3) M;  M;
ik ~73'P M; 20
2, € 1
. = — 21
P 3 (1 - 5) d)ele/rele + d)PTO/rPTO ( )

Where 7 is the tortuosity, M; denotes the molar mass of species i, v; represents the diffusion

volume for species 1, 7, signifies the mean pore radius.

In the gas channel, the momentum transport of gas flow can be described by the classic Navier-
Stokes equation (Eq. (22), while the momentum transport of gas species in the porous electrode

is governed by the Brinkman equation (Eq. (23) [46].
p(u-V) - u=-vP+V-[u(Vu+ v7u")] (22)

Lo 7) - u
-p(u u-
1 2 1
:—|7P+|7-[‘uE(Vu+\7uT)—§.UE(V‘u)] (23)

e

Where u is the velocity vector, p is the density, I is the unit matrix, @,, is the source or sink

term of mass.
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2.5  Heat transport

The heat transport in the PCFC is a complex process involving the heat generation from
electrochemical reactions (entropy change and the activation loss), ohmic loss and area-specific
contact resistance (ASR ontqact)- In this study, heat convection and heat conduction are taken
into consideration while the heat radiation is omitted owing to the small cell dimension.
However, for large cell/stack modelling, it is suggested to consider the radiation effect for more

accurate simulation. Hence, the energy conservation equation can be written as [32]:

pCyuVT + V- (—kerfVT) = Qy (24)
Where C, is the heat capacity, k. is the effective thermal conductivity. These two properties

can be defined as:

Cp = z Vit Cpi (25)
i

keffzs'kg'i‘(l—S)’ks (26)

kg = Zyl' ki (27)
i

Where C, ; represents the specific heat of species 1, kg denotes the heat conductivity of solid
phase, k; is the thermal conductivity of gas species 1 [47]. What noteworthy is that the
thermodynamics and transport properties of different gas species as well as the thermal
properties of solid materials adopted in this model can be found in the refs [48,49]. The
remaining quantity in Eq. (24), @y, , is the term of heat source or sink. For the electrochemical

reactions, the heat generation can be calculated as:

I
Qelec = (=TAS) - n_F (28)

Where AS is the net entropy change of the electrochemical reactions, I is the current.

Additionally, the heat sources owing to ohmic overpotential and contact resistance may be
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expressed as [50]:

Qonmic = _(i : V¢) (29)
Qcont = AizASRcontact (30)

Where A is the contact area at the electrode-interconnect interface.

Table 2 Parameters adopted in the model [24,47,49]

Parameters Value or expression Unit
Eactan 1.2x10° J/mol
Eact.ca 1.3x10° J/mol

Yan 1.90x10'°
Yea 1.80x10'°
b 0.5
C 1
d 1
Opi 9.5 x 10”exp(—1150/T)/T S/m
Opczy S/m

290.4exp(—4600.6/T)

Ossc 10(3:321183+1183/T-4.38x10°/T2) S/m
€an 0.3
€ca 0.3
T 3
Tele,an 0.3 um
Tele,ca 0.3 um
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Py 1 atm

T 973 K

2.6 Boundary conditions

The proper boundary conditions are significant to solve the governing equations of the model.
The electric potential is set to zero at the anodic interconnect and to the operating potential at
the cathodic interconnect. The contact resistance is set at the electrode-interconnect interfaces.
The local current density across the interface can be solved by the potential changes across the

interface (4¢.ross) associated with the contact resistance [23]:

ilocal = A¢cross/ASRcontact (3 1)

All other boundaries and interfaces are electrically insulated. The boundary conditions of the
gas inlet are set as 100 SCCM and 200 SCCM at anode gas channel and cathode gas channel,
respectively. The no-slip condition is assigned to the walls for gas flow. At the anodic gas
channel inlet, the molar composition of the gas is 97% H» with 3% H>O while the air (79% N>
with 21% O3) is feed into the cathode gas channel. The mass transport boundary is arranged as
insulation condition at the walls. The working temperature is selected as the inlet condition of
the gas channels for the two electrodes. In addition to this, the two sides of the PCFC are set to

symmetric conditions in the heat transfer sub-model.

2.7  Model validation

The present 3D model is numerically solved using the finite element method. The mesh
independence is achieved with 260510 meshing elements. When the mesh is finer, the current
density difference is less than 0.1%. The parameters and variables used in the present work are
collected in Table 2. The model is validated by comparing the simulating data with the

experimental data extracted from the literature [30,51,52]. The validation conditions are
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consistent with the experimental conditions. A good agreement between the modelling results
and experimental data is observed in Figure 2. Thus, the fidelity of this 3D model is considered

verified. It can be employed for performing the subsequent series of parametric studies.

10 - — 923K, sim
e = 923K, exp1
.o v 923K, exp2
084 =¥ . - - 973K, sim
R 3 ° = 973K, exp1
S N e 973K, exp3
o 0.6 = N
% \'\Y = \.
-— = - L ]
>o 0.4 - =y 1 - “u®
L2 P
0.2 - g L e~
v _
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Current density (A/cm?)

Figure 2 The comparison of modelling results and experimental results.

3. Results and discussion

3.1 Effects of cathode thickness

The effects of cathode thickness on the electrochemical performance of PCFC are investigated
by adjusting the cathode thickness from 40 um to 240 pm. Simulations are conducted at a given
voltage of 0.7 V. The overall effect of the cathode thickness on the current density is shown in
Figure 3 (a). The optimal cathode thickness is found to be 120 pm to produce the highest current
density (at 973 K) and thus reach the highest energy efficiency (at 0.7 V). The resistance
(R=L/(Ao) is the ratio of the conductive length (L) to the product of the conductivity (c) and
the cross-section area (A). In the x-direction, the cross-sectional area increases with the
increase of cathode thickness, and thus lead to the decrease in the ohmic overpotential. In the
y-direction, the the conduction length decreases with the increase of cathode thickness, and
thus lead to the increase in the ohmic overpotential. As mentioned before, the electron

conduction pathway along the x-direction is much longer than that along the y-direction in the

studied cathode thickness range, which leads to a huge difference between the ohmic loss along
18



the x-direction and the y-direction. As a result, the ohmic overpotential can be reduced by
increasing the cathode thickness, which is also reported in the ref. [24]. It also illustrates that
before the current density reaching the optimum, the magnitude of the slope of the current
density growth is approximately equal to that of the ohmic polarization reduction. Thus, the
change of current density is strongly sensitive to the ohmic loss reduction. The drop in current
density can be attributed to the increase of concentration overpotential. In Figure 3 (b), the
concentration loss in the x-direction and y-direction both increase with the increase of cathode
thickness. Meanwhile, the concentration polarization under the rib area shows a gradual
reduction since the rise in the x-directional cross-section area enhances the mass transport. It
can be inferred that the increase of concentration loss comes from the cathode under the channel

instead of the cathode under the rib.

0.44 —r0.06
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B Nohmic,ca™X * * * * % *
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Figure 3 (a) Effects of cathode thickness on the current density and ohmic loss; (b) effects of
cathode thickness on the concentration loss.

The impacts of cathode thickness on the gas flow distribution are examined in this section. A

formula evaluating the gas distribution uniformity is adopted here [53]:

5;1[££L%;£2]2)05 (32)

r=1-( -

Where I' is an indicator for describing the gas flow uniformity, n is the number of rib-channels
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(in here n=1), ¢ denotes the averaged mean concentration, c; is the concentration of species i.

Figure 4 (a) denotes that the gas uniformity within the cathode is doubled when thickness
changes from 40 pm to 240 um. A more intuitive description is sketched in Figure 4 (b). The
O distribution within the cathode becomes more uniform and the O; concentration in the
cathode area underneath the rib is improved. Therefore, the growth of the gas uniformity

indicator can be mainly credited to the concentration enhancement in the cathode under the rib.

(a) es er (b) ._BLQ?IF_E’__I Thickness mol/m?3
gso 240 pm
L 551 2.0
-“2 50 200 pm
£ 1.5
_.2-45. 160 um
= I N T 120 im0
2351
Z _ goum Mos
L 30 4 Y e

25 . " ; i . m— 40 um
0 50 100 150 200 250 X

Thickness (um)

Figure 4 (a) The change of gas uniformity index in the cathode; (b) The distribution of the
oxygen within the cathode (xy-plane).

In order to obtain a quantitative analysis of the effects of cathode thickness, the concentration
and reaction rate of O at the cathode-electrolyte interface along the x-direction are shown in
Figure 5 (a) and (b), respectively. Increasing the cathode thickness tends to increase the O2
concentration under the rib but tends to decrease the O> concentration under the channel. Due
to a high O; concentration and low ohmic loss, the peak reaction rates are found under the
channel-covered area except for t=40 pum. It should be noted that when t= 40 um, about 50%
of the cathode area under the rib exhibit almost zero O, concentration and reaction rate, which
is consistent with results reported in Refs. [23,24]. This phenomenon indicates that the
utilization efficiency of the cathode under the rib is relatively low with a thin cathode.

Consequently, a thicker cathode can enhance the utilization of the cathode under the rib.

The drastic change of reaction rate within the rib-covered cathode zone may induce a large
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temperature gradient in this region. The temperature difference in Figure 5 (c) shows a step
profile due to the small dimension of PCFC. It also reveals that the temperature variation when
t=40 pm is twice that when t=240 pm. The temperature gradient under the rib when t=40 pm
is calculated as 8 K/cm which is smaller than the maximum temperature gradient (10 K/cm)
suggested by literature [54]. In future work, a thermo-mechnical modelling study on PCFC can
be performed to explore how the temperature gradient in the cathode contribute to the thermal

stress.
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Figure 5 (a) The O: concentration distribution at cathode-electrolyte interface along the x-
direction; (b) the O; reaction rate distribution at cathode-electrolyte interface along the x-
direction; (c) the temperature variation that straddles the cathode region underneath the rib.

3.2 Effects of cathode porosity
Porosity plays a pivotal role in cathode performance. The effects of porosity are explored by

varying the cathode porosity from 0.35 to 0.60. Figure 6 (a) illustrates that the optimal cathode
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thickness is approximately from 120 um to 200 pm under various porosities. Additionally,
when the cathode thickness is fixed, it can be inferred that the current density rises as the
porosity increases to 0.5 then decreases with a further increase in porosity from 0.5 to 0.6. The
current density increase with increasing porosity is due to the reduction in concentration loss,
while the reduction in current density when porosity adjusts from 0.5 to 0.6 can be ascribed to
the increase in the ohmic loss. Hence, the optimal porosity is achieved by the trade-off of these
two overpotentials. More details concerning this speculation will be provided and discussed
later on. Figure 6 (a) shows that the optimal porosity for PCFC operation is between 0.45 and

0.5.

The O concentration distribution shows a similar pattern in Fig. 6(b) and Fib. 5(a). However,
with the increase of cathode thickness, the O2 concentration in the cathode region under the rib
at €=0.5 is improved more significantly than that at €=0.3. In the porous cathode under the
channel, the difference in the O» concentration of various cathode thicknesses at £€=0.5
(approximately 0.1 mol/m?) is less than that at £=0.3 (approximately 0.25 mol/m?). Besides, it
can be found that the reaction rate under the rib is significantly augmented by comparing Figure
6 (c) with Figure 5 (b). The oxygen depletion area is eliminated at €=0.5, thereby improving
the utilization efficiency of the cathode zone underneath the rib. However, the reaction rate is
weakened more conspicuously in the region under the channel when €=0.5 than when £=0.3,

indicating the more significant impact of ohmic loss in this region when €=0.5.
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Figure 6 (a) Effects of porosity on current density (b) the O concentration distribution at
cathode-electrolyte interface along the x-direction when €=0.5; (c¢) the O reaction rate
distribution at cathode-electrolyte interface along the x-direction when £=0.5.
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Figure 7 (a) The change of gas uniformity index in the cathode when t=160 pm; (b) the
distribution of the oxygen within the cathode when t=160 um (xy-plane).

Figure 7 (a) shows that the uniformity indicator changes from approximately 61% to
approximately 88% when porosity varies from 0.35 to 0.60. In Figure 7 (b), the oxygen is

distributed more uniformly within the cathode, especially the region under the rib. Figure 8 (a)
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illustrates that the profiles of ohmic loss and concentration loss meet at €=0.5, where the current
density reaches the peak. On the one hand, as shown in Figure 8 (b), the effective electrical
conductivity drops with increasing porosity. This can be explained by Eq. (11) which reveals
that there is an inverse relationship between effective electrical conductivity and porosity. Thus,
the reduction in effective electrical conductivity eventually leads to the increase of ohmic loss.
On the other hand, the effective diffusive coefficient grows with the increase of porosity. Based
on Eq. (19) and Eq. (20), the effective binary diffusion coefficient and effective Knudsen
diffusion coefficient both have a direct relationship with the porosity. Consequently, increasing

the cathode porosity is able to reduce the concentration overpotential.
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Figure 8 (a) Effects of porosity on current density, ohmic overpotential and concentration
overpotential when t=160 um; (b) effects of porosity on effective electric conductivity and
effective diffusion coefficient when t=160 um; (c) effects of porosity on the O, concentration
distribution at cathode-electrolyte interface along the x-direction when t=160 um; (d) effects
of porosity on the O» reaction rate distribution at cathode-electrolyte interface along the x-
direction when t=160 um.

In Figure 8 (c), the impacts of porosity on the Oz concentration within the cathode zone
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underneath the rib are more considerable than that underneath the channel. However, the
difference in concentration between the cathode area underneath the channel and the cathode
area underneath the rib becomes smaller. This can be explained by Figure 7 (a), namely, the
uniformity of gas flow increases. Figure 8 (d) shows as the porosity grows, the reaction is
promoted considerably, while the difference in the reaction rate between the rib-covered

cathode and the channel-covered cathode decreases.

33 Effects of cathode particle size

The cathode particle size determines the TPB length and the average pore size, which in turn
influence the activation loss and the concentration loss of the cathode. As the particle size can
be controlled by controlling the fabrication conditions, the effect of particle size on PCFC
performance is studied to provide guidance on experimental fabrication process. As mentioned
earlier, the electronic and protonic particles are assumed to have the same particle radius. Since
electrodes with nanoparticles can be made by a number of methods such as infiltration and in-
situ-exsolution [55-58] and several previous modelling studies on the SOFC also consider the
nanostructured electrode [34,59,60], this study choose to perform the study on the effects of
cathode particle size by varing the particle size from 0.1 pum to 0.6 um. As shown in Figure 9
(a), the optimal cathode thickness range for PCFC operation also is between 120 um and 200
um under various cathode particle radii. Further, the optimal particle radius ranges from 0.2
um to 0.3 um. In Figure 9 (b), as the particle radius grows, the TPB length appears an
approximately 50% drop while the gas uniformity indicator shows the opposite trend. Since
TPBs are generally considered as the place where the electrochemical reactions take place, the
reduction in TPB length will lead to an increase in activation loss. In addition, according to Eq.
(20), the pore size increases with the rise of particle size as well, thereby leading to the
enhancement of Knudsen diffusion and the decrease in the concentration loss eventually. In

Figure 9 (b), the blue line shows that the sum of the activation loss and the concentration loss
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reaches the bottom when r=0.2 um. Therefore, the optimal particle size is determined by the

combined impacts of activation and concentration loss.
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Figure 9 (a) Effects of cathode particle size on current density; (b) effects of cathode particle
size on TPB length, gas uniformity indicator and the sum of activation and concentration losses
when t =160 um; (c) effects of cathode particle size on the O concentration distribution at
cathode-electrolyte interface along the x-direction when t =160 um; (d) effects of cathode
particle size on the O» reaction rate distribution at cathode-electrolyte interface along the x-
direction when t =160 pm.

Furthermore, with the rise of particle size, the O> concentration within all the areas of the
cathode is enhanced (shown in Figure 9 (c)), especially when particle size changes from 0.1
um to 0.2 um. As shown in Figure 9 (d), when particle size increases from 0.1 um to 0.2 um,
a considerable performance augmentation is observed within the cathode region underneath the
rib due to the concentration enhancement. However, when the particle size is between 0.3 um
and 0.6 um, the reaction rates in the half region (away from the channel side) are approximately
2100 mol/(m?s), while the reaction rates in the rest part (near the channel side) decreases with

the increase of particle radius. This observation can be explained by comparing Figure 9 (d)
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with Figure 9 (c). When the particle size is between 0.3 um and 0.6 um, the O2 concentration
difference in the half region (away from the channel side) is large, where the more TPB sites
at the smaller particle size compensate the negative effects on reaction rates caused by the lack
of concentration. While the O, concentrations of different particle sizes in the rest part (near
the channel side) are similar, where the more TPB sites at the smaller particle size lead to higher
reaction rates. On the other hand, within the channel-covered cathode area, it suggests that the
reaction rate can be weakened by increasing the particle radius owing to the decrease of
reaction sites. By comparing the performance of different partitions in the cathode, it can be
reasonably concluded that the TPB length is more crucial in the area where the concentration
is sufficient. On the contrary, when the reaction sites within the cathode region are abundant,

it is more urgent to resolve the concentration limitation issue.

3.4  Effects of electronic phase volume fraction

In order to guarantee the electronic particles are interconnected to form a continuous path for
electron conduction, a percolation threshold for the electronic phase volume fraction exists [37].
According to Eq.(12), the percolation probability is a function of the average total coordinate
number, particle radius and volume fraction. To maintain the percolation probability between
0 and 1, the range of electronic volume fraction can be calculated from Eq.(12). Thus, the
volume fraction is between 0.294 and 0.706. The study on the effects of electronic phase

volume fraction is conducted by varying electronic phase volume fraction from 0.3 to 0.7.
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Figure 10 (a) Effects of electronic phase volume fraction on the current density; (b) effects of
exchange current density on the current density; (c) effects of effective electric conductivity on
the current density; (d) effects of effective electrical conductivity on the O reaction rate
distribution at cathode-electrolyte interface along the x-direction when t=40 pum.

Figure 10 (a) shows that the optimal cathode thickness for PCFC operation ranges between 120
pm and 200 pm as well. In addition, when the cathode thickness is less than 100 um, the optimal
volume fraction is 0.6. However, when the cathode thickness is more than 100 um, the optimal
volume fraction is 0.5. Based on Eq. (15), the TPB length also depends on the electronic phase
volume fraction. When the particle size ratio is equal to 1, the optimal TPB length cannot be
achieved until the volume fraction of the two phases is also the same [37]. Additionally,
according to Eq. (11), the addition of electronic phases can lead to an increase in effective
electrical conductivity, thereby reducing the ohmic resistance. As discussed in section 3.1, the
ohmic loss can be reduced by increasing cathode thickness. Consequently, when the cathode

thickness is relatively large (>100 um), the ohmic loss is not the major performance-limiting
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factor, an electronic volume fraction (¢=0.5) with more reaction sites is more desirable. On the
contrary, when the cathode thickness is relatively small (<100 um), more electronic phase

(9=0.6) can reduce the ohmic overpotential.

3.5 Effects of exchange current density and effective electrical conductivity

The exchange current density and effective electric conductivity both are important intrinsic
properties of the electrodes. The exchange current density is an indicator of the electrochemical
reaction rate. A high exchange current density implies that the electrochemical reaction is
easier to proceed. A lower activation overpotential can be obtained, and thus more current can
be generated. Therefore, it is important to examine the effects of exchange current density on
the PCFC performance. Electrical conductivity is a significant electrode intrinsic property to
influence the electron transfer in the PCFC. The ohmic loss can be reduced by increasing
electrical conductivity. Hence, it is important to explore the effects of electrical conductivity
on the PCFC performance as well as the optimal cathode thickness. In order to conduct the
study, two pre-factors (fjo and foerr) are multiplied to the left-hand side of Eq. (7) and Eq. (11)

respectively. In each study, the corresponding pre-factor varies from 0.5 to 3.0.

Figure 10 (b) illustrates that the outlines for all values of fjo are similar. The optimal cathode
thickness ranges from 120 pm to 200 pm. Although the rise of fjo leads to the increase of current
density, its impact on the rate of change of current density is weakened. Another noteworthy
finding is that the gain in current density when the thickness is less than 80 pum is smaller than
that when the thickness is greater than 80 um. This phenomenon can lay the blame on the
reduction of ohmic loss and the concentration improvement within the rib-covered cathode

region.

In Figure 10 (c), the optimal cathode thickness range still situates between 120 um and 200 um.

The rise of foetr can enhance the current density, though its impacts on the current density drop
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dramatically, indicates that the ohmic overpotential is no longer a performance-limiting factor
under high feefr. The limiting factor for PCFC performance is more likely to be either the
concentration loss or the sluggish electrochemical reaction in the cathode. In order to gain a
more concrete description of the conductivity impacts, Figure 10 (d) shows the reaction rate
distribution under various feefr when t=40 um. The reaction within the rib-covered cathode area
is not changed by feefr, while the reaction within the channel-covered cathode area is
considerably promoted. This figure highlights the vital role of ohmic loss in the performance

of the cathode area underneath the channel.

4. Conclusions

In this study, a 3D model for an anode-supported PCFC is developed. The percolation theory
is incorporated for accounting for the electrode microstructural effects. The modelling results
show a good agreement with the experimental data. Different from 1D modelling results
suggesting thin cathode, this 3D study demonstrates that the cathode thickness should be
controlled in the range between 120 and 200 pum. A too-thin cathode could reduce the average
cell performance due to the locally poor performance under the rib, caused by locally low O»
concentration. This research also demonstrates that the 3D rib effect must be taken into
consideration when optimizing the electrode microstructure. The study also shows that for the
numerical modelling of single cells, the rib effect must be considered from a three-dimensional
perspective when optimizing the electrode microstructure. A comprehensive parametric study
is performed on exploring the effects of a series of cathode microstructural properties on the
PCFC performance, with full consideration of the rib effect. The complex relationship between
cathode microstructural properties and PCFC performance is portrayed thoroughly. This
indicates that the cell performance can be improving by carefully controlling the cathode
microstructure which directly affects the mass/charge transport and electrochemical reactions

processes in the electrode. In addition, the influences of these microstructural parameters on
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the optimal cathode thickness are examined as well.

In specific, it is found that the increase in cathode thickness can significantly reduce the ohmic
overpotential and enhance the gas distribution, especially the rib-covered cathode. The oxygen
depletion region is reduced as well. The cathode porosity plays a pivotal role in balancing the
effects of ohmic resistance and concentration overpotential on cell performance. With the
increase of porosity, it demonstrates that the concentration loss decreases, while the effective
electrical conductivity increases remarkably. The optimal porosity is determined between 0.45
and 0.5. The modelling results on the impacts of cathode particle size illustrate that the TPB
length, as well as mass transport, can be directly adjusted by changing the particle size.
Consequently, the activation and concentration losses within the porous cathode can be
regulated. In contrast, the electronic phase volume fraction affects the electrochemical
performance of PCFC by regulating the TPB length and effective electrical conductivity. The
optimal electronic phase volume fraction is between 0.5 and 0.6. The investigations on the
exchange current density and effective electrical conductivity show that increasing these two

properties can improve cell performance, though, its impacts become limited at high values.

The future study can focus on performing the thermal-mechanical analysis of the PCFC cathode
since the cathode disruption might be caused by thermal stresses induced by the surging
reaction in the cathode region underneath the rib. The effects of the operating parameters on
the PCFC performance (working temperature, gas inlet flow rate, working potential) and on
the optimal cathode thickness can be also considered in future work. Noteworthy, since PCFC
can operate at intermediate temperature (400-600 °C), more experimental data during the
PCFC operation, especially operating at low temperature (400 °C), should be collected for
future modelling study. Furthermore, more efforts can be devoted to design a novel rib structure,
which could be a promising alternative to improve the rib-covered cathode performance as well

as eliminate the oxygen depletion region.
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