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A multiscale modeling framework, which consists of catalyst agglomerate scale and fuel scale models, has been
developed for polymer electrolyte fuel cells (PEFCs). The performance of the agglomerate model is numerically
linked to the fuel cell model by employing an interpolation function that represents the performance of the
agglomerate. This framework unlocks the restrictions associated with the conventional agglomerate PEFC model
by allowing the user to freely investigate the impact of the structure and the composition of the catalyst

agglomerate. Thus the impact of the internal structure of the catalyst agglomerate on the fuel cell performance
has been investigated. The results have shown that the fuel cell performs better with catalyst agglomerates
embodying “separate” active clusters and this impact becomes more profound as the size of the agglomerate
increases. Also, it has been shown that the performance of the catalyst agglomerate becomes significantly better
as the agglomerate size decreases. These outcomes and other outcomes have been presented and fully discussed.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) are promising power conver-
sion technologies and this is due to their high efficiency (~50 %), low
operating temperatures (typically between 20 and 80 °C) and ease of
construction [1-6]. However, PEFCs experience some voltage losses that
impact their widespread commercialization, one of which is the acti-
vation voltage losses which are mainly caused by the slow kinetics of the
oxygen reduction reaction taking place at the cathode electrode and the
low utilization of conventional platinum-based catalysts [7-9]. The
catalyst layer is a porous structure that consists of platinum, carbon
black and ionomers [10-12,12,13]. Clearly, the use of precious platinum
in PEFCs needs to be optimized to reduce the cost and increase the
catalyst utilization at the same time. Many researches have shown that
increasing the specific area can maximize the utilization of the catalyst
and subsequently the fuel cell performance; this could be achieved by
employing nano-manufacturing methods [14,15]. Optimizing catalyst
loading through only experimental means is costly and time-consuming.
On the other hand, adopting mathematical modelling-aided experi-
mentation saves a considerable amount of time and cost, especially
when considering the increasingly improved accuracy of the numerical
models [16-20].
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Significant advancements in the microstructures of cathode catalyst
layers (CLs) began in the early 1990 s [21]. Mathematical modelling and
the associated parametric studies of the catalyst layers started in early
2020 s [22-24]. It turns out that there have been two commonly used
models for PEFC catalyst layers: (i) homogeneous and (ii) agglomerate
models. Homogeneous models assume that the catalyst layer is a porous
layer composed of a uniform mixture of ionomers, platinum, and carbon;
see for example [25-28]. In addition, homogeneous models could
resolve the spatial variation of the key variables within the catalyst
layer. However, they do not capture the impact of the microstructure of
the catalyst. On the other hand, the agglomerate models assume that the
catalyst layer is typically composed of uniformly distributed spherical
agglomerates covered by ionomers, and these spherical agglomerates
are composed of a mixture of ionomers, carbon, and platinum; see for
example [29-33,30]. This structure overcomes the shortcomings of the
homogenous model as it accounts for the dissolution of the reactant gas
in the ionomer phase and reasonably captures the effects of the catalyst
microstructure on the fuel cell performance. Many studies have shown
that the simulation results of this agglomerate model are more consis-
tent with the experimental results [27,34,35]. The agglomerate model
has been used to investigate the influence of the shape and the size of the
catalyst agglomerate on the performance of the fuel cells. Jain et al. [29]
developed a two-dimensional model to study the influence of the shape
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Nomenclature Subscripts (Unless stated otherwise, all the subscripts in this thesis are
given as follows:)

a Specific surface area of platinum catalyst, m~* agg Agglomerate

Aagg Specific surface area of agglomerate, m ™ cl Catalyst layer

Ap Electrochemical surface area of platinum catalyst, m? kg~ eff effective

G Concentration of species j, kg m > mem Membrane

D Diffusivity, m?/s pt Platinum

F Faraday constant, C/mol s Solid phase

H Henry’s constant, atm m>mol ! 1 Electrolyte phase

i Current density, A/m™2(—|-) k Species k

L Thickness, pm o Reference

My Molecular weight of species k, kg mol ™!

P Pressure, Pa Abbreviations

R Universal gas constant, Pa.m®>mol 'K~} GDL Gas diffusion layer

R Reaction rate of reactant i, mol m~3 s~ MEA Membrane electrode assembly

T Temperature, K PEFC Polymer electroyte fuel cell

v Volume, m? Chemical symbols

Greek symbols CO, Carbon dioxide

a Charge transfer coefficient, — HY Proton

e Porosity, — H, Hydrogen molecule

@ Potential, V H,0 Water molecule

n Overpotential, V 02 Oxygen molecule

p Density, kg/m3

of the agglomerate on the fuel cell performance. They found that the fuel
cell performance is highly sensitive to the agglomerate shape (spherical,
plate-like or cylindrical) and that it is significantly enhanced when the
size of the agglomerates is reduced.

Recently, very few multiscale PEFCs that numerically link the per-
formance of the catalyst agglomerate to the performance of the fuel cell
have been developed. The advantages of these models are that they are
flexible and, with them, one could freely investigate the effects of the
composition, the structure, and the shape of the catalyst agglomerate. In
other words, the user of the multiscale model is not limited to the three
basic shapes (spherical, plate-like, or cylindrical) as is the case in the
conventional agglomerate model. What follows are the very few studies
that have been performed on the multiscale PEFC models. Kamar-
ajugadda and Mazumder [36] developed a flooded agglomerate model
and coupled it with a two-dimensional fuel cell model to investigate the
influence of overlapping agglomerates and agglomerates of different
sizes on the performance of the fuel cells. Their research found that the
shape of the agglomerates has minimal effect on the fuel cell perfor-
mance when the size of the agglomerates is small (e.g. 100 nm), but has
a significant impact when the size of the agglomerates is large (e.g. 1000
nm). Moore et al. [37] developed a multi-scale model that coupled a 1D
catalyst agglomerate model with a 2D fuel cell model. They found that
the properties of the agglomerates (e.g. proton conductivity) could
significantly affect the current density within the catalyst layer and ul-
timately impact the performance of the fuel cell. Ismail et al. [10]
developed a multiscale model to study the effect of the catalyst
agglomerate shape on the fuel cell performance. Firstly, the three-
dimensional agglomerate model was solved, and then the results (in
the form of volumetric current density as a function of the dissolved
oxygen concentration and activation overpotential) were numerically
coupled with a 1D fuel cell cathode model. Their study found that the
fuel cell performance is a maximum with a cylindrical catalyst
agglomerate and this is due to the relatively high specific surface area
demonstrated by this shape. Mu et al. [38] developed a multiscale
model, incorporating a microscale model alongside a fuel cell scale
model, to investigate species transport and electron transfer. Their
findings revealed that the pores play a crucial role in determining the
limiting current density. Dou et al. [22] developed a pore-scale model to

investigate how the structure of the catalyst layer influences the per-
formance of PEM fuel cells. Their research demonstrates that a reason-
able carbon aggregation rate can enhance both reactant transportation
and catalyst performance.

Notably, the above-mentioned multiscale PEFC models assumed that
the active area, which consists of the catalysts and the ionomer, within
the catalyst agglomerate is uniform. However, the micrographs of the
catalyst layer show that this is mostly not the case: the catalyst
agglomerate consists of separate, contacting, and/or overlapping active
regions and non-active regions which mostly consist of the ionomer
phase and/or pores [39-41]. Therefore, the objective of this study is to
investigate the influence of the internal structure of the catalyst
agglomerate on the fuel cell performance. To achieve this objective, a
multiscale PEFC modeling framework has been developed. Within this
framework, the performance of a three-dimensional agglomerate model
is numerically linked to the performance of a one-dimensional PEFC
model. Further, the sensitivity of the outcomes of the modeling frame-
work to the size of the catalyst agglomerate has been also investigated.

2. Model description

Two numerical models that vary in length scale have been developed
to study the influence of the internal structure of the catalyst agglom-
erate on the PEFC performance. The first model is a nanoscale/micro-
scale catalyst agglomerate (the right image shown in Fig. 1) and the
other model is a macroscale PEFC model (the left image shown in Fig. 1).
In the catalyst agglomerate model, the active clusters (blue areas in
Fig. 1 right) are assumed to consist of a uniform mixture of the catalyst,
specifically platinum nanoparticles supported on carbon particles mixed
with the ionomer. In contrast, the non-active regions (white areas in
Fig. 1 right) are assumed to be purely ionomer. The fuel cell is assumed
to operate under isothermal and low-humidity conditions in order to
isolate the thermal and saturation effects. This is a common practice in
fuel cell modelling in order to focus on the area of interest which is in
this case the internal structure of the catalyst agglomerate. The catalyst
agglomerate model is numerically linked to the PEFC-scale model to
investigate the effects of its internal structure on the fuel cell perfor-
mance [42]. The following two subsections describe each model and
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Fig. 1. A schematic showing the multi-scale structure of the catalyst layer [41].

detail the governing equations for each one.

2.1. Microscale model of the catalyst agglomerate

Consulting Fig. 1 and other related micrographs [43-45], the catalyst
agglomerate in this study is assumed to be spherical and consists of
spherical active clusters and non-active regions. The active clusters (red
areas in Fig. 2) are assumed to comprise a uniform mixture of the
catalyst (i.e. platinum nanoparticles supported on carbon particles and
the ionomer) while the non-active region (grey areas in Fig. 2) was
assumed to be purely ionomer. For simplicity, the active clusters are
assumed to be identical, and they are either: (i) separate from each
other, (ii) contacting each other or (iii) overlapping with each other; see
Fig. 2. Note that the catalyst agglomerate may contain more than one
internal structure; it may contain for example “separate” and “contact-
ing” active clusters. However, for simplicity and to meet the objective of
this study, which is to show the impact of ignoring the internal structure
of the catalyst agglomerate, the cases investigated were limited to the
above “simplified” structures. In all the structures, the minimum dis-
tance between the active clusters and the outer surface of the agglom-
erate was assumed to be one-tenth of the radius of the agglomerate; for
example, if the radius of the agglomerate is 100 nm, then this distance is
10 nm [10]. It should be noted that, due to symmetry, only one-eighth of
the catalyst agglomerate was considered to save computational time.

The following are the equations used to simulate the physics in the
catalyst agglomerate. The reactant gas (i.e. oxygen in this case) is real-
istically assumed to be transported within the agglomerate by diffusion
(i.e. other modes of transport such as convection are practically assumed
to be negligible) and reacts in the active clusters of the agglomerate
[46]:

VD¥VCo, — Rexno, =0 €))

where Co, is the molar concentration of the dissolved oxygen and v

Separate Contacting

is the effective diffusivity of the dissolved oxygen in the ionomer phase
which is obtained using the Bruggeman correlation [26]:

DF = D. in the non — active region
e 8:5 D, (2)

in the active clusters

where D, is the diffusivity of the dissolved oxygen in the ionomer and
&, is the volume fraction of the ionomer phase in the active region. Rexm 0,
is the oxygen molar consumption:

Reno, = { inthenon — active region
[}

3)

in the active clusters

_ _la —aF
k= 4rCy eXp( RT n) @

where k is the reaction rate constant, iy is the exchange current density, F
is the Faraday’s constant, Cgef is the reference concentration of the dis-
solved oxygen, « is the charge coefficient, T is the temperature, R is the
universal gas constant, 7 is the activation over-potential which is one of
the input variables for the model, and a is the specific surface area of the
catalyst [47]:
LAy

a= T 5)
where I, is the platinum loading, A, is the electrochemical surface area
of the platinum catalyst and L is the thickness of the catalyst layer. The
average current density of the agglomerate I, is calculated using Far-
aday’s law:

Togg = 4FkCo, ®)

Overlapping

Fig. 2. A schematic showing various possible internal structures of the agglomerate.



J. Tian et al.

where Co, is the average concentration in the active clusters. It is worth
to note that, from Equations (4) and (6), the relationship between the
local current density and the local activation overpotential is exponen-
tially proportional. The boundary conditions used to solve Equation (1)
are shown in Fig. 3. Constant dissolved oxygen concentration (Co, ,) is
used for the surface of the agglomerate and zero flux of the dissolved
oxygen concentration (VCop, = 0) is used for the symmetrical lines in the
computational domain.

In order to solve Equation (1), COMSOL Multiphysics 6.0 was used
and the iterative linear solver GMRES (Generalised Minimum Residual)
was applied. A mesh independence study was performed. Namely, the
maximum mesh size was decreased from 0.003 to 0.0003 um and the
average current density was found to change by less than 1 %. Hence,
the mesh with a maximum mesh size of 0.003 um was used. For this
mesh, the number of elements was found to be around 110 K; Fig. 4
shows a meshed 2D cut of the modeled catalyst agglomerate with
separate active clusters. The computational time required for generating
the mesh and solving the model was, using an Intel Xeon 3.80 GHz
processor, about 60 min.

2.2. Macroscale PEFC model

Fig. 5 shows a schematic for the one-dimensional PEFC model with
the boundary conditions used to solve the model (the boundary condi-
tions will be revisited at the end of this section). For simplicity, the fuel
cell is assumed to operate under isothermal and low-humidity condi-
tions to isolate the thermal and saturation effects. To this end, the only
governing equations considered are the conservation equations of
chemical species and charge. What follows are the governing equations
used in the model.

The continuity equation is given by:

Ve(p)=0 (7)
where U is the velocity vector and p is the density of the gaseous

mixture. The conservation of species equations is obtained using the
following equation:

p(U V) = — V(i) +R; ®)
where j; is the mass flux relative to the mass averaged velocity of species

i, and R; is the source term representing the production or consumption
rate. j; is defined as follows [10]:

M
" M

. . VM
Ji= = pory DY (Vox + o) ©
k

where o; is the mass fraction of the species i, Dy s is the effective

7Co,=0

Fig. 3. The boundary conditions used for the agglomerate model.
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Fig. 4. A 2D meshed cut of the modeled catalyst agglomerate.

diffusivity of the chemical species i (e.g. oxygen) into the chemical
species k (e.g. nitrogen). For ideal gas mixtures, the density is given by:

_pM
P=Rr 19
where p is the absolute pressure. The molecular weight of the gas
mixture, M, is given by:

M=> yM an

where y; and M; are the mole fraction and the molar mass of the chemical
species i, respectively. Dy . in the GDL or the catalyst layer (CL) is
calculated by:

4.8lemy
Diy — {o.oose DyintheGDLs a2

e"°DyintheCLs

where ¢ is the porosity. The source term R; shown in Equation (8) is
given by:

Ri=— 13

where n is the number of electrons transferred in the reaction (4 for
oxygen and 2 for hydrogen and water), I is the local volumetric current
density which is computed by making use of the outcomes of the
agglomerate scale model as will be shown later in this section. The water
vapor is calculated by:

Sh,o = 2R; +ndV ¢ i/F (14)
where nd is the drag coefficient. The conservation of charge equations is
given by:

V(—0o,Ve,) =V ei 15)

V(-0 V) = —Vei (16)

where o, and o are the electrical conductivity and the ionic conductivity
of the solid phase and ionomer phase, respectively, and ¢, and ¢, are the
solid-phase and the ionomer-phase potentials, respectively. Note that
Equation (15) applies to the GDLs and the CLs while Equation (16) is
applicable to the CL and the membrane electrolyte. The local activation
over-potential # in the cathode catalyst layer, 7, is given by:

N = ¢s - ¢l - Ee‘] (17)
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Fig. 5. A schematic diagram of the PEFC model and the boundary conditions used.

where E,, is the theoretical cell potential which was calculated using the
Nernst equation [46] and found to be 1.221 V. The local activation over-
potential in the anode catalyst layer, 7,, is given by:

e =¢s — (18)

The local volumetric current density within the cathode catalyst layer,
I, is computed using the following equation [10]:

I =Iog(1 — &g) 19)
where I is the average volumetric current density of the modeled
agglomerate which is obtained using Equation (6) and ¢ is the porosity
of the catalyst layer. Note that I. changes with cathode activation
overpotential and concentration of dissolved oxygen; therefore, I g, is
repeatedly solved for using a realistic set of cathode activation over-
potential (ranging between —0.1 and —1 V) and concentration of dis-
solved oxygen (ranging between 0 and 0.86 mol/m?®) [9]. The resulting
Iogg values are then used as an interpolation function to compute I; Fig. 6
shows a typical interpolation function for the agglomerate volumetric
current density. On the other hand, the anodic local volumetric current
density, I,, is obtained using the following conventional form of Butler-

Volmer equation:
GECIC RIS o)

where i, is the reference exchange current density of a unit active surface
area, a is the specific surface area, which is calculated by Equation (5),
aq and a are the anodic and cathodic charge transfer coefficients and 7,
is the anodic activation overpotential which is calculated by Equation

a.F,
RT

7acF’7a

RT (20)
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Fig. 6. A typical plot for the interpolation plot of volumetric current density as
a function of dissolved oxygen concentration and activation overpotential for a
modeled agglomerate with 100 nm radius and separate active clusters.

(18). For a given cell potential, the local cathodic or anodic volumetric
current density is averaged over the length of the catalyst layer and
multiplied by this length to obtain a point in the polarisation curve.
Fig. 5 shows the boundary conditions used to solve the model.

Concentration boundary conditions were prescribed at the left and
the right sides of the computational domain. Likewise, solid phase po-
tential was prescribed at the left and right sides of the computational
domain; it equals the cell potential at the outermost point of the cathode
GDL and equals zero at the outermost point of the anode GDL. On the
other hand, zero-flux ionomer-phase boundary conditions were used at
the outermost points of the catalyst layers. The governing equations (7),
(8), (15), and (16) were solved using COMSOL Multiphysics® 6.0. The
solver employed for this task was MUMPS, which is a sparsely direct and
massively parallel linear system solver. The domain was discretized,
with a focus on refining the mesh near the interface between the catalyst
layer and the GDL until a solution that was independent of mesh size was
obtained. The maximum element size was set to 0.012 pm, and a
maximum element growth rate of 1.2 was used. This choice was made to
prevent unstable behavior in the high current density region of the
polarisation curve. The solution-independent mesh consisted of
approximately 125 elements. Table 1 shows the parameters used to solve
the agglomerate scale and the fuel cell scale models.

3. Results and discussion

In order to validate the current multi-scale model, the output from
this modeling framework (in the form of a polarisation curve) needs to
be compared with the corresponding output generated from the con-
ventional model in which the effects of the catalyst agglomerate are
analytically coupled. Assuming spherical agglomerates, the cathodic
current density used in the verification is given by [36,37]:
)—1

Vei. =4F(1 — €4)Co,.0 21

Tags” . TaggSagg
(Tage + 5agg)3\Erk Gagg (Tagg + Oagg) De

where Co, , is the specified dissolved oxygen concentration at the sur-
face of the ionomer film and can be calculated using the following
expression:

Co, RT
Coyo0 =~ (22)
Where Co, ¢ is the concentration of gas phase oxygen before being dis-
solved into the surface of the ionomer film, H is Harry’s constant. The

specific surface area of the spherical agglomerate a,g is given by [20]:

(23)

where ryg is the radius of the agglomerate which is, in this validation
case, 100 nm. The effectiveness factor of the spherical agglomerate E,
used in Equation (21) is given as follows [49,46]:

1 1 1

~ @, tanh(30;) 3®; @9

( )

r

where @ is the Thiele modulus which is given by:
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Table 1
The parameters used in the agglomerate scale and the fuel cell scale models.
Parameter value
Thickness of membrane (Lyem) 3x10%m
The thickness of the catalyst layer 1.5x 105 m
(L)
Thickness of GDL (Lgpz) 2.5x 107*m
Cathode charge transfer coefficient 3.39
(aq)
Pressure (p) 1.5atm
Temperature (T) 353K

96485Cmol !
8.314mol 'K!
31664 Pa-m3mol !
40m2g-1[48]

Faradays’ constant (F)

Universal gas constant (R)

Henry’s constant (H)

Electrochemical active area of
platinum particles (A,)

Platinum loading ()

Anode Exchange current density (ip )

Cathode Exchange current density

4x 103Kgm—2
100A m~2
0.015A m~2 [10]

(io 0

Reference dissolved O, concentration  0.85molm—3[10]
g

Porosity of anode/cathode CL (&) 0.48

Porosity of anode/cathode GDL (¢) 0.6

Tonomer volume fraction in the 0.5 [10]
agglomerate (&)

Oxygen diffusivity in the ionomer 8.45 x 1071 m2s~1[46]

De)
Oxygen in nitrogen diffusivity 1.86 x 107> m?2s7! [46]
(Do,-n,)
Oxygen in Water vapor diffusivity 2.47 x 1075 m2s71[46]
(Do, -H,0)
Water vapor in nitrogen diffusivity 2.58 x 1075 m?s71[46]
(Dr0-n,)
Electric conductivity of gas diffusion 100 S/m [10]
layer (o6pr)
Electric conductivity of electrolyte 0.8 S/m
(0m)
Electric conductivity of catalyst layer =~ 30 S/m [10]
(ocr)
Net drag coefficient (nd) 1(n < 0.25V)
46n% —31.52y + 5.7(0.25 < 5 < 0.35V)0.3
(7 > 0.2V) [46]
T T T T T T
10 Analytial Coupling ||

-=--- Numerical Coupling

Potential (v)

00 1 1 1 1 1 1

0 2500 5000 7500 10000 12500 15000 17500

Current density (A/m?)

Fig. 7. The polarisation curves generated from the multi-scale model and the
conventional agglomerate PEFC model. Note that, for the comparison to be
valid, the case considered in the multiscale model is the case in which the core
of the spherical agglomerate.
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Fig. 7 shows that the polarisation curves as generated by: (i) the present
multiscale modeling framework for the case in which the core of the
agglomerate is assumed to be wholly chemically active and uniform (see
Fig. 1in [9]) and (ii) the conventional agglomerate model (represented
by Equations (21-25)). The figure shows that the agreement between
the two polarisation curves generated is very good. This provides con-
fidence in the accuracy of the predictions of the multi-scale model
developed in this study.

3.1. Catalyst agglomerate performance

Fig. 8 shows the performance curves obtained from the agglomerate
scale models for the agglomerate with different sizes (100 and 1000 nm)
and internal structure (“separate”, “contacting” and “overlapping”). The
first observation is that the catalyst agglomerate performs better with
decreasing size. For example, for the agglomerate with a “separate”
internal structure, the average volumetric current density increases by
two orders of magnitude when decreasing the agglomerate radius from
1000 nm to 100 nm. This is attributed to the increased specific surface
area with smaller agglomerates that enhances the availability of the
active sites and subsequently leads to better catalyst utilisation. In other
words, the reactant gas (which is oxygen in this case) is largely
consumed as soon as it enters the active clusters in the agglomerate
(particularly at high overpotential values) which means that most of the
active region remains largely non-utilized (see Fig. 9); this phenomenon
becomes more profound with larger catalyst agglomerates and leads to
less volumetric current density by larger agglomerates.

The second observation is that, regardless of the agglomerate size,
the agglomerates with separate active clusters perform better than the
agglomerates with contacting active clusters and these agglomerates in
turn perform better than those with overlapping active clusters. This is
due to the fact that the total surface area is a maximum for the ag-
glomerates with separate active clusters and a minimum with over-
lapping active clusters; the larger the surface area of the active area of
the agglomerate, the better the utilization of the catalyst. As explained in
Section 2, the graphs shown in Fig. 8 were used as interpolation func-
tions for the PEFC scale model.

3.2. Fuel cell performance

Fig. 10 shows the polarisation curves of the modeled PEFC running
with catalyst agglomerates of two sizes (100 and 1000 nm) and three
different internal structures (separate, contacting and overlapping
active clusters). As a general note, the fuel cell performs better with
separate active clusters and this is evidently due to the larger specific
area demonstrated by these active clusters (that allows for maximal
exposure of the catalyst surface area to the reactant gases) compared to
the other two active clusters. The second note is that the impact of the
internal structure on the fuel cell performance becomes more significant
when reducing the radius of the agglomerate from 1000 to 100 nm. For
example, for the smaller agglomerates, the maximum current density
with separate active clusters is larger than that with contacting active
clusters by less than 1 %. On the other hand, for the larger agglomerates,
the maximum current density with separate active clusters is larger than
that with contacting active clusters by more than 12 %. These results are
attributed to the increased diffusion paths (and subsequently the
increased mass transport resistance) of the larger catalyst agglomerates
compared to the smaller agglomerates; this translates into the fuel cell
being more sensitive to changes in the internal structures, particularly in
the high current density region where the fuel cell becomes more mass
transport resistance limited. This sensitivity of the fuel cell performance
to the agglomerate size is in accordance with those reported by Ismail
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Fig. 8. The volumetric current density of the agglomerate as a function of activation overpotential and dissolved oxygen concentration for two agglomerate sizes
(100 and 1000 nm) and three different internal structures (separate, contacting and overlapping active clusters).
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Fig. 9. The distribution of dissolved oxygen concentration at an activation
overpotential of —1 within the modeled section of the catalyst agglomerate with
100 nm radius.

et al. [10] and Kamarajugadda et al. [36].

It is worth noting that, as inferred from Table 2, the agglomerates
with separate active clusters not only improve the fuel cell performance
but also reduce the amount of platinum catalyst. Namely, the total active
volume of the agglomerate with separate active clusters is less than
those with contacting and overlapping active clusters by around 20 and
45 %, respectively; this means that significantly less platinum catalyst is
used when employing agglomerates with separate active clusters.

4. Conclusions and future works

A multiscale PEFC modeling framework has been developed. This
framework consists of a catalyst agglomerate scale model and a fuel cell
scale model. The agglomerate model is first solved to generate the per-
formance plot which represents the average volumetric current density
of the agglomerate as they change with dissolved oxygen concentration
and activation overpotential. The above plot is used as an interpolation
function that could be then linked to the fuel cell scale model to generate
the local current density within the cathode catalyst layer for a given cell
potential. This modeling framework has been used to investigate the
impact of the internal structure of the catalyst agglomerate on the fuel
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cell performance. This, given the massive advancement in micro-
fabrication technologies, provides guidance for catalyst layer synthesis
to enhance PEFC performance. For simplicity, the active clusters were
assumed to be either separate from each other, contacting each other or
overlapping each other. Below are the main findings:

o The fuel cell performs better with catalyst agglomerates featuring
“separate” active clusters than those feature “contacting” or “over-
lapping” clusters and this is due to higher specific surface area
demonstrated by the separate active clusters.

o This impact (i.e. the impact of the internal structure of the agglom-
erate on the fuel cell performance) becomes more profound as the
size of the agglomerate increases. It was shown that the maximum
current density with “separate” active clusters is larger than that
with “contacting” active clusters by more than 12 % and this is
because the fuel cell becomes more mass transport resistance limited
with larger agglomerates.

The modeled agglomerate performs better with decreasing size. The

volumetric current density was found to increase by two orders of

magnitude when catalyst agglomerate size decreased from 1000 nm
to 100 nm. This is attributed to better catalyst utilization of the
smaller agglomerates.

Considering the current and future advancements in the nano- and

micro-fabrication technologies, it is recommended to design catalyst

agglomerates with “separate” active clusters as they improve the fuel
cell performance and also reduce the catalyst loading.

The agglomerate model developed in this paper did not account for
the influence of liquid water. Given that water generated during the
cathode oxygen reduction reaction can significantly affect the reactant
transport, future research should prioritise the development of more
precise models that incorporate this aspect. Moreover, future efforts
should be geared towards the creation of even more accurate three-
dimensional-to-three-dimensional models. Ultimately, for long-term
research goals, integrating experimental data into simulations has the
potential to expedite the discovery and synthesis of catalysts that are not
only more efficient but also more cost-effective.

Table 2
The quantitive comparison of the volume of active area.
Separate Contacting Overlapping
Va; /Vagherical 0.38 0.53 0.63
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Fig. 10. The polarisation curves of the modeled fuel cell with 100 nm (left) and 1000 nm (right) radius agglomerates characterized by separate, contacting or

overlapping active clusters.
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