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Abstract

A multi-scale modelling framework is developed for the PEFC cathode electrode. Unlike the
conventional agglomerate model, the effects of the microstructure of the agglomerate are
numerically coupled to the fuel cell-scale model in this framework. This is performed through
solving the agglomerate-scale model first and subsequently extracting and using the data
required to generate the performance curves in the fuel cell-scale model. This enables one to
freely investigate the structure of the agglomerate without being limited to the only three
agglomerate shapes that can be investigated using the conventional agglomerate model:
spheres, long cylinders with sealed ends and long slabs with sealed ends. The numerical
studies conducted in this work using the developed framework have revealed that the
performance of the cathode electrode is highly sensitive to the specific surface area of the
agglomerate if the size of the latter is relatively large, i.e. of the order of 1000 nm.ylNamel
the maximum reported current density has increased by about 60% when changing from the
‘large’ spherical agglomerate to the'large’ cylindrical agglomerate. Also, it has been shown

that a slight change in the structure of the agglomerate may significantly improve the fuel cell

performance.

Keywords. PEFCs; Agglomerate model; Multi-scale mgdélimerical coupling




1. Introduction

The cathode electrode is responsible for the major performance loss in polymer electrolyte
fuel cells (PEFCs) and this is primarily due to the sluggish kinetics of the oxygen reduction
reaction and the poor utilisation of the conventionally-used platinum-based catalysts [1-3]. In
such catalysts, the platinum nanoparticles are supported on carbon black particles which
coalesce to form agglomerates [4]. Based on the relevant micrographs, the shape of the above

agglomerates normally tend to be semi-spherical [5].

Evidently, the increase in the specific surface area of the catalyst support, which is the ratio
between its surface area and volume, leads to an increase in the dispersion and tlwnutilisati
of the platinum nanoparticles and the ionomer particles. Equally, it has been demonstrated
that the structure of the catalyst support can be controlled using various nano-fabrication
techniques [6, 7]. To this end, the structure of the catalyst support can be optimised to
maximise the specific surface area of the catalyst support and consequently enhance the
dispersion and the utilisation of the catalyst and the ionomer particles. This is expected to
improve the performance of the fuel cell and lower the loading of the precious platinum

catalysts.

The determination of the optimum structure of the catalyst is often performed through costly
and time-consuming experimeaii8]. Computational modelling, on the other hand, provides a

cost-effective and efficient alternative approach to address the optimisation of the catalyst
structure and remarkably reduce the amount of trial-and-error associated with the

experimentation [9-11].

The computational PEFC models existing in the literature vary on how the electrodes are
treated. The electrodes in some models are treated as interfaces at which the generation and

consumption of the species take place, see for example [12-16]. In the other models, the
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electrodes are treated as volumes in which the various transport phenomena take place. Under
this approach, the models are normally classified as to what are known as homogenous and
agglomerate models. The homogenous models assume that the catalyst layer is a porous layer
that consists of a uniform mixture of the ionomer, platinum and carbon; see for example [17-
27]. On the hand, the agglomerate models assume that the catalyst layer is made up of
uniformly distributed isolated agglomerates which consist of a uniform mixture of the
ionomer, carbon and platinum; see for example [8, 28-49]. Typically, these agglomerates are
assumed to be spherical and covered by a thin ionomer film [28]. The agglomerate models
are more realistic than the homogenous models as they (i) account for the dissolution of
oxygen into the ionomer phase, and (ii) capture, to a certain extent, the effects of the
microstructure of the catalyst agglomerates. However, the incorporation of these effects into
the cell-scale numerical models is normally performed analytically through assuming that the
shape of the agglomerate is spherical and that the reaction order is one. If the effects of the
agglomerate shape are of interest, then one can only investigatédbaBeshapes using the

above classical analytical treatment, namely spheres, long (normally termed as semi-infinite)
slabs with sealed ends and long (normally termed as semi-infinite) cylinders with sealed ends

[9, 50].

Using the above-mentioned classical agglomerate model, there have been few modelling
studies in the literature that have investigated the effects of the shape of the catalyst
agglomerate. Jain et al. [35] investigated the effects of the shape of the agglomerate on the
performance of a two-dimensional PEFC cathode model. The shapes investigated were the
above-mentioned shapes with the same characteristic length, i.e. the spheres, long slabs with
sealed ends and long cylinders with sealed ends. All the investigated shapes had the same
characteristics length. The characteristic length is the dimension that fixes the size of the

agglomerate [51] and is typically obtained by dividing the volume of the agglomerate by its
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surface area [50]. Jain et al. [35] found that the best performance was obtained when using
the spherical agglomerates. On the other hand, Marthosa [52] developed a one-dimensional
numerical model for a PEFC cathode electrode and found that, maintaining the characteristic
length constant, the sensitivity of the modelled cathode electrode to the shape of the
agglomerate is almost negligible. The discrepaimcyhe findings of Jain et al. [35] and
findings of Marthosa [52] appears to be associated with the specific surface areas used for the
agglomerates; Marthosa used the same specific surface area for all the investigated
agglomerates whereas the agglomerates in [35] appear to have different specific surface
areas. Ismail et al. [9] investigated the effects of the shape of the agglomerate on the
performance of a one-dimensional agglomerate. They found thatgieen diffusion path,

the slablike agglomerate outperforms the spherical and cylindrical agglomerate in the low

current density region whereas in the high current density region the situation is reversed.

To unlock the limitations associated with the classical agglomerate model, a multi-scale
modelling framework is needed. This modelling framework consists of two models: an
agglomerate-scale model aaduel cell-scale model. The agglomerate-scale model is solved
using appropriate governing equations and boundary conditions. The outputs from the solved
agglomerate-scale model are subsequently numericalklgd to the fuel cell-scale model to
predict the performance of the latter. Few multi-scale modelling frameworks have been
reported in the literature [8, 53]. Kamarajugadda and Mazumder [8] built a three-dimensional
agglomerate-scale model and an along-the-channel two-dimensional PEFC model. They
generateda look-up table for the current density, changing with overpotential and oxygen
concentrations, from the agglomerate-scale model. Subsequently, they computed the current
density for the cell-scale model using the look-up table. With this approach, they investigated
how the overlapping of the agglomerates affects the performance of the fuel cell. They found

that, given that the agglomerates are relatively large, better performance is obtained with the
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overlapping two agglomerates than with a single agglomerate of the same volume. Moore et
al. [53] developed a one-dimensional model for a spherical agglomerate and a two-
dimensional across-the-channel PEFC model. With this multi-scale modelling framework,
they investigated the sensitivity of the modelled PEFC to: the order of the oxygenareducti
reaction (ORR), agglomerate protonic conductivity and non-equilibrium oxygen dissolution

boundary condition.

The conventionally-used carbon black catalyst supports mainly consist of sub- 2 nm pores [6]
which are difficult to access by the platinum nanopatrticles (~ 2-5 nm) and ionomer polymer
matrix (~ 15 nm) [54]; this significantly lowers the utilisation of the catalyst. In an attempt to
improve catalyst utilisation, non-conventional carbon and non-carbonaceous catalyst supports
have been recently developed, e.g. ordered mesoporous carbons [55], carbon nanotubes [56]
graphene and graphene oxides [57] and conducting polymers [58]. Notably, ordered
mesoporous carbons feature highly controllable structure, size and pore size and some of the
recent relevant experimental studies have shown promising results [59, 60]. However, as
mentioned earlier, the experimental nature of these investigations requires a good deal of
trail-and-error which render them costly and time-consuming. Given that the appropriate
equations and boundary conditions are assigned, multi-scale modelling frameworks can
significantly reduce the amount of the trial-and-error through shortlisting the catalyst
structures which have the potential to improve the performance of the fuel cell. To this end,
the objective of this work is to demonstrate how one can freely investigate the structure of the
agglomerate without being limited to the only three shapes dictated by the use of the
conventional agglomerate model. Such a flexibility substantially makes the synthesis process

of the catalyst more modelling-led and, therefore, significantly saves cost and time.




To meet the above objective, a multi-scale modelling framework has been developed in this
paper. In this framework, the current density of the agglomerate-scale model is numerically
coupled to the fuel cell-scale model as will be described in the next section. A case study,
through which the flexibility of the developed modelling framework is manifested, is

presented.
2. Methodology

Two models have been developed to investigate the effects of the structure of the
agglomerate on the performance of the fuel cell. The first model represents the catalyst
agglomerate and the second model represents the PEFC cathode that is desired to see the
effects of the shape of the agglomerate on its performance. The following sections provide

details of each model and show how they are linked.
Agglomer ate-scale M odel

For the purpose of demonstration, three agglomerates with different shapes have been three-
dimensionally modelled, namely a sphere, a cube and a long cylinder. Table 1 shows the
dimensions of the investigated agglomerates. Note that, to investigate the effect of the
agglomerate shape, the dimensions of the cubic and the cylindrical agglomerates were
selected to give the same volume as the spherical agglomerate. Each agglomerate was
assumed to consist of an active region, where the reaction takes place, and an ionomer film
that covers this active region. The active region was assumed to consist of a uniform mixture
of the ionomer, carbon and platinum which provides pathways for the protons, dissolved
oxygen and electrons to meet and react. The thickness of the ionomer film was set%o be 10
of the characteristic length of the agglomerate. For example, the thickness of the ionomer
film of the spherical agglomerate was set to be 10 nm (i.e. 0.1 x 100 nm). Some simulations

were performed to investigate the effects of slight variation in the thickness of the ionomer
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film and such effects were found to be negligible and not affecting the overall findings. Note
that small-size agglomerates were initially selected in order for them to be in accordance with
the SEM images of the PEFC catalyst layers which show that the size of the semi-spherical

catalyst agglomerates is between 100 and 200 nm [5].
[Insert Table 1]

It should be noted that the size of carbon black is of the order of 30 nm [6] and therefore
assuminga uniform mixture of the ionomer, carbon and platinum when solving the modelled
agglomerates (which are of the order of 100-200 nm) may be questionable. However, it was
shown that a uniform mixture can be engineered through making use of the advances in the
nano-fabrication techniques [59] and therefore assuming continuum when soleing th

modelled agglomerates is not unrealistic.

The modelled agglomerates were assumed to be isothermal and electrically iso-potential and
this is due to the relatively small conduction paths and high electrical and thermal
conductivities of the agglomerate materials. Also, using realistic values for the ionic
conductivity of the ionomer phase, the agglomerate was shown to be ionically iso-potential
[44]. Further, the fuel cell was assumed to operate under low-humidity conditions in order to
isolate the effects of saturation. To this end, the only equation solved in the modelled

agglomerate is the mass conservation of oxygen:

VD:ﬁVCoz - I%xn,o2 =0 (1)

where C,, is the molar concentration of the dissolved oxygen aill is the effective

diffusivity of the dissolved oxygen in the ionomer phase which is given as follows [40]:
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(2)

D, intheionomer film
Deff —
°  |&®D, intheactiveregion

where D, is the diffusivity of the dissolved oxygen in the pure ionomer gni$ the volume
fraction of the ionomer phase in the active regi&), ., is the oxygen molar consumption

rate and is obtained as follows [44]:

0 in theionomer film 3
Rno, = kC,, intheactiveregion @)
4FC{;§ RT

where Kk is the reaction rate constam,is the exchange current densify,is the Faraday’s

constant, Cg‘f is the reference concentration of the dissolved oxygenis the charge

transfer coefficient,T is the temperatureR is the universal gas constant andis the

activation over-potential which is the input variable of the modeis the specific surface
area of the platinum catalyst, i.e. the ratio between the surface area of the platinum particle

and its volume and is given by [44]:

azl’“ﬁ (5)
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where | is the platinum loadingy,, is the electrochemical surface area of the platinum

catalyst andL, is the thickness of the catalyst layer. The averaged current density of the

agglomerate . is calculated using Faraday’s law:

| ,go= 4FKC,, (6)

where C_02 Is the averaged concentration of the consumed dissolved oxygen in the active

region of the agglomerate. The boundary conditions used for the model are a specified

concentration at the surface of the ionomer filgy, ( ) and symmetry at the centre of the

agglomerate. Since a single computational domain is used, the continuity in the flux of the
dissolved oxygen at the interface between the ionomer film and the active region is ensured.
Fig. 1 shows the implemented boundary conditions on, for example, a cut through the

modelled spherical agglomerate.
[Insert Fig. 1]

Equation (1) was solved using a finite element software, COMSOL MultipfiySids The

solver used was an iterative linear system solver: GMRES (Generalised Minimum RESidual).
The computational domain was discretised and refined, especially near to the interface
between the ionomer film and the active region, until a mesh-independent solution is
obtained. Specifically, the maximum element size near the above interface was selected to be
0.001 pm with a maximum element growth rate of 1.3. Selection of a smaller maximum
element size was found to result in no further improvement. Namely, the maximum current

density of the agglomerate was found to reduce by less than 1% when the maximum element
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size was reduced from 0.001 to 0.0005; ime corresponding effect on the polarisation curve

of the modelled PEFC cathode was found to be negligible. The number of elements used for
each computational domain with a mesh-independent solution is about 800K, 780K and 350K
for the spherical, cubic and cylindrical agglomerates, respectively. Fig. 2 shows the meshed
computational domains for the investigated agglomerates. Note that, due to symmetry, only

one eighth of each agglomerate has been modelled.
[Insert Fig. 2]
PEFC Cathode M odel

To isolate the dimensional, thermal and saturation effects, the model was made one-
dimensional and the modelled fuel cell was assumed to be isothermal and operating under
low humidity conditions. Also, for simplicity, the modelled components were only the GDL

and the catalyst layer in the cathode compartment. Fig. 3 shows a schematic diagram of the
computational domain. Based on the assumptions given above, only the transport of the
chemical species (i.e. oxygen, water vapour and nitrogen) and charge (i.e. electrons and
protons) is considered. The transport of the chemical species is described by the following set

of equations:

VN, =S, (7)

where N; and S; are the mass flux and source term of the spegiése. O,,H,Oor N, ).

N, is obtained using the Maxwell-Stefan equation [40]:

o« M vM
N, =—pw, X D§ M—(Vwarwkvj (8)

k

M=%xM, ©9)
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p=—"= (10)

where p is the gas mixture densityy, and w, are the mass fractions of the specjeand
k, X; is the mole fraction of the specigs M is the molecular weight of the gas mixture,
T is the temperaturep is the pressure aank“ is the effective diffusivity of the specigs

into speciesk in the porous media. The Bruggeman approximation was found to
significantly over-predict diffusion in théDL [28]. Therefore, an alternative formula, which
reasonably fits the relevant experimental data reported in the literature, was used to calculate

the effective diffusivity of the GDL [28]:

Dj; =0.00&***D, (11)

However, the Bruggeman approximation was still used to calculate the effective diffusivity of

the catalyst layer:

kaﬂ = gé'SDjk (12)

For an average pore size of 147 nm [1], Knudsen diffusion in the catalyst layer was found to
have negligible effects on the performance of the modelled cathode (not shown) and therefore
it was not considered in the simulations. The source term of oxygen in the cathode catalyst

layer is equal to the reaction rate of the oxygen consumfiigg which is, in the cathode

electrode, given as follows:
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Rrxn,O2 = E (13)

where | is the local volumetric local current density and is computed using the solution
obtained from the agglomerate-scale as will be described in the next section. The source term

of water vapour is given as follows [28]:

Suo=2R o, +NAVi/F (14)

wherend is the net drag coefficient. The activation overpotential was assumed to be constant
in the agglomerate-scale model. However, due to the significantly larger length scales, this is

not the case in the cathode electrode. To this end, the local activation overpetentiel
defined as the difference between the solid phase potefitiahd the membrane phase

potentialy, :

Mocal = ¢s - ¢m (15)

The distributions ofp, and ¢,, within the computational domain are obtained by solving the

following conservation of charge equations:

V(-o%"Vg )=Vi intheGDLandCL (16)
V(-o"Vg,)=-Vi in theCL (17)

where o2" is the effective electrical conductivity of the solid phase (i.e. the GDL and the

solid phase in the catalyst layer) and" is the effective membrane conductivity of the
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membrane (or ionomer) phase in the catalyst layer. The cell po&gtialvhich is required

for the generation of the polarisation curve, is given as follows:

E(:eII = Eth -n (18)

where 7 is the nominal cathode overpotential which is the difference between the boundary
values of the membrane-phase and solid-phase potentials [4@,argithe theoretical cell

potential which was calculated using the Nernst equation to be 1.221 V.

Fig. 3 shows the boundary conditions used to solve the model. The concentration boundary
conditions were specified at the left side of the domain and zero-flux boundary conditions
were specified at the right side of the domain. The boundary conditions of the solid-phase
potential were prescribed in a similar manner: a zero solid potential at the left side of the
domain and zero-flux boundary condition at the right side of the domain. The conservation of
protonic charge equation is only applied to the catalyst layer. To this end, the boundary
conditions for the membrane phase potential were as follows: a zero-flux boundary condition
at the interface between the GDL and the catalyst layer and a prescribed membrane phase
potential at the right side of the domain. It should be noted that, since a single computational
domain is used, the continuity boundary conditions at the interface between the GDL and the
catalyst layer are ensured for the chemical species and the solid-phase potential. The
governing equations of the model, i.e. Equations (7), (16) and (17), were solved using
COMSOL Multiphysic§ 5.1. The solver used was a linear system solver: MUMPS
(multifrontal massively parallel sparse direct solver). The domain was discretised and refined
especially near the interface between the GDL and the catalyst layer until a mesh-

independent solution is obtained. Namely, the maximum element size near the above
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interface was selected to be 0.01 pm with a maximum element growth rate of 1.3. Selection
of a larger maximum element size, e.g. 0.1 pm, was found to result in an erratic trend at the
high current density region of the polarisation curve. On the other hand, selection of a smaller
maximum element size, e.g. 0.001 pum, was found to result in negligible change in the values

of the current density. The number of the elements used was about 100.
[Insert Fig. 3]

Coupling

The is computed from the agglomerate-scale model and subsequently used to compute

Iagg
the local volumetric current density in the electrode of the PEFC cathode model after being

corrected for the porosity of the electroge.

| =1,,1-¢y) (19)

However, the local current density is a function of the concentration of the dissolved oxygen
and the activation overpotential and this is evident from the Butler-Volmer (or Tafel)

equation. Therefore, using realistic values for the activation overpotenfisdnd oxygen

concentration at the surface of the ionomer fil@,( ), the agglomerate-scale model is

repeatedly solved, using the Parametric Sweep utility in COMSOL Multipffydizobtain

realistic spectrum for,  values. These values are subsequently used as an interpolation

function to compute the local current density in the PEFC cathode model. Fig. 4%9ws

of the spherical agglomerate as a function of both the overpotential and the oxygen
concentration at the surface of the ionomer film. To obtain a point in the polarisatioroturve
the modelled PEFC cathode, the local current density is averaged over the length of modelled

cathode catalyst layer and the corresponding cell potential is calculated using Equation (18).

15



Using realistic values for the nominal cathode overpotential, the PEFC cathode model is
repeatedly solved, using the Parametric Sweep utility, to obtain more points in the

polarisation curve.

Fig. 5 summarises the algorithm for coupling the agglomerate and PEFC cathode models and
Table 2 shows the parameters and constants used in these models. Further, Appendix A lists

the input values used for andC,, _in the agglomerate-scale model.

[Insert Fig. 4, Fig. 5and Table 2]
3. Results and discussion

Fig. 6 shows the polarisation curve of the modelled PEFC cathode with the spherical
agglomerates. For validation purposes, it is of interest to compare the output of the present
model, in which the effects of the catalyst agglomerates are numerically coupled, with that of
the conventional agglomerate model, in which the effects of the catalyst agglomerates are
analytically coupled. To do so, the polarisation curve using the conventional agglomerate
model should be generated. The formula derived to calculate the current density in the

conventional model, assuming spherical agglomerates, is the following [53]:

-1
r3 S..r
Vi=4F(l-¢,)C, 299 1, 299 299 (20)
z’o (ragg + 5399)3 Er k aagg(ragg + 5399)De
C, = oL (21)
OZ,O - H
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where Co,., is the concentration of the gaseous oxygen surrounding the agglomerate before

being dissolved into surface of the ionomer fikinis the Henry’s constant, r, . is the radius

of the spherical agglomerate,

agg 1S the thickness of the ionomer film surrounding the

agglomerate anda,, is the specific surface area of the agglomerate. For the spherical
agglomeratea, , is given by dividing the surface area of the sphere by the volume of that

sphere:

Bagy= 8 =2 (22)

The derived expression for the effectiveness faBmf the spherical agglomerate is given as

follows [28, 40]:

g t{_t 1 (23)
@, | tanh30, ) 30,
age | K
O, = 39’9 X (24)

where ®, is known as the Thiele modulus. Therefore, rather than using Equation (19),
Equations (20-24) were used to couple the agglomerate effects into the PEFC cathode model
and generate the corresponding current density. Fig. 7 shows that the agreement between the
polarisations curves generated by the two approaches is excellent. This imparts confidence in

the developed modelling framework.

[Insert Fig. 6 and Fig. 7]
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We now investigate the sensitivity of the modelled PEFC cathode to the shape of the
agglomerate. In the same manner as for the spherical agglorﬂg_g@w;as computed for the

cylindrical and cubic agglomerate models and incorporated into the PEFC cathode model.
Fig. 8 shows that a slight performance gain is obtained when using the cylindrical
agglomerates; the maximum reported current density has increased by only about 5% when
changing from spherical agglomerate to cylindrical agglomerate. This is due to the relatively
larger specific surface area featured by these agglomerates. The specific surface areas were
computed using the software to be about 6.8 ¥ 30 x 10 and 3.0 x 10 m™ for the
cylindrical, cubic and spherical agglomerates, respectively. As stated earlier, the performance
gain due to the use of cylindrical agglomerates is slight and this is due to the relatively small

size of the agglomerates investigated which mitigates the diffusion resistance.
[Insert Fig. 8]

The effects of the agglomerate shape is expected to be larger with larger agglomerate size and
this is due to the increased diffusion paths within the agglomerate. To explore this, the
investigated agglomerates were scaled up by a factor of 10 and the corresponding polarisation
curves were generated; see Fig. 9. It is clear from the figure that the effect of the aaglomer
shape is significant this time. A significant performance gain is obtained when using the
cylindrical agglomerates; the maximum reported current density has increased by about 60%
when changing from the spherical agglomerate to cylindrical agglomerate. With the larger
agglomerates, the performance of the modelled PEFC cathode is highly diffusion limited.
Under such conditions, the specific surface area, which is significantly larger in the case of
cylindrical agglomerates, plays a vital role in improving the fuel cell performance. These
results are in accordance with those obtained by Kamarajugadda and Mazumder [8] in which,

as mentioned in the introduction, the performance was found to be better with the
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overlapping two agglomerates than with a single agglomerate of the same volume as the
specific surface area of the former case, i.e. the overlapping two agglomerates, was larger. It
should be noted that the scaled-up cylindrical agglomerates were assumed in this study to be
parallel to the surface of the catalyst layer facing the GDL and therefore the diffusion path is
the diameter of the cylinder. If the cylindrical agglomerates are normal to the surface of the
catalyst layer facing the GDL, then the diffusion path will be the height of the agaled-
cylindrical agglomerate (which is of the same order of the thickness of the catalysafayer)
therefore the assumption that this agglomerate is electrically iso-potential is likely to be

invalid.

By comparing the polarisation curves in Fig. 8 and Fig. 9, it is clear that the performance of
the modelled PEFC cathode is larger with smaller agglomerates. Compared to the large
agglomerates, the small agglomerates provide larger specific surface area and subsequently

less diffusion resistance.
[Insert Fig. 9]

Making use of the flexibility of the present modelling technique, it is of interest to investigate
how the changes in the structure of the investigated agglomerates affect the perfornrance. Fo
this purpose, the model of thiarge’ cubic agglomerate was selected. Namely, it was made
perforated by creating three circular holes, with about 120 nm radius, in all the principal
directions; see Fig. 10. Upon solving the modelled PEFC cathode model with the above
modified cubic agglomerate, the corresponding polarisation curve was generated. Fig. 11
shows that such a slight modification to the cubic agglomerate has significantly improved the
performance of the modelled PEFC cathode. This improvement is attributed to the significant

increase in the specific surface area of the agglomerate; it has increased from abouf 3.7 x 10
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m' in the original cubic agglomerate to about 10.5 ¥ b0' in the modified cubic

agglomerate.

Finally, it should be noted that one may be able to predict which agglomerate will perform
the best based on the specific area. However, quantifying the performance gain is one the
appealing features of the multiscale modelling framework especially when modelling

agglomerates with much more complicated structures same as those described in [61].

[Insert Fig. 10 and Fig. 11]
4. Conclusions

In this paper, a multiscale modelling framework is developed for the PEFC cathode electrode.
This framework aims at unlocking the limitations associated with the use of the classical
agglomerate model where the effects of the microstructure of the agglomerate are analytically
incorporated into the fuel cell-scale model. With the developed modelling framework, such
microstructure effects are numerically coupled through consecutively solving an
agglomerate-scale model and a cell-scale model. Namely, the agglomerate-scale model is
firstly solved to generate the data that are required to be fed into the cell-scale model to
generate the performance curves. To this end, one can freely investigate the structure of the
agglomerate without being limited to the three shapes dictated by using the conventional

agglomerate model: spheres, long cylinders with sealed ends and long slabs with sealed ends.

To demonstrate the practicality of the developed modelling framework, three agglomerates of
different shapes but with the same volume have been investigated: spherical, cubic and
cylindrical. The developed multi-scale model has been first validated through comparing its
output with that of the classical agglomerate model. The agreement between the
corresponding polarisation curves was found to be excellent. The performance of the

modelled PEFC cathode was shown to be slightly sensitive to the shape of the agglomerate
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when the size of the latter is relatively small (i.e. of the order of 100 nm) and this is due to the
relatively low diffusion resistance. The maximum reported current density has only increased
by about 5% when changing from the spherical agglomerate to the cylindrical agglomerate.
However, the effects of the agglomerate shape become much more profound with larger
agglomerates (i.e. of the order of 1000 nm) as the cathode electrode becomes more diffusion
limited especially at high current densities. In such a situation, the best performance is
obtained by the agglomerate with the highest specific surface area which is, amongst the
investigated agglomerates, the cylindrical agglomerate; the maximum reported current
density has increased by about 60% when changing from the spherical agglomerate to the
cylindrical agglomerate. Further, it was shown that a slight change to the structure of the
agglomerate may have a significant effect on the fuel cell performance; the perfowhance
the PEFC cathode has been significantly improved when perforating the relatively large cubic
agglomerate with few holes.

Nomenclature

1

a Specific surface area of platinum catalyst - m
Aagg Specific surface area of agglomerate T m
Apt Electrochemical surface area of platinum catalyst /ken
C Molar concentration mol th
D Diffusivity m? st
Ecenl Cell potential \%

Ewn Theoretical cell potential Vv

F Faraday’s constant C mol*
H Henry’s constant atm n? mor*
i Current density A

io Exchange current density A
k Reaction rate constant s
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l'agg

Rao,
T
W
X

Vv

Greek symbols

a
€
n

D,

o
Oagy
¢
Yo,

Thickness

Platinum loading

Molecular weight

Net drag coefficient

Mass flux

Pressure

Radius of spherical agglomerate
Universal gas constant
Reaction rate of oxygen consumption
Temperature

Mass fraction

Mole fraction

Volume of agglomerate

Charge transfer coefficient

Porosity/volume fraction

Overpotential

Thiele modulus

Conductivity

Thickness of ionomer film
Potential

Density

Subscripts and superscripts

agg

cl
eff
g

J

Agglomerate
Catalyst layer
Effective

Gas

Component j

kg
kg it

kg m*st

Pa

J'nor?
mot g1
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k Component k

m Membrane

pt Platinum

ref Reference

S Solid phase/solid surface
Appendix A

Below are the values used for the input variableg aind C,, _ in the agglomerate-scale

model. Note that the total number of simulations is the multiplication product of the number

of values forn and the number of values f@ow, namely 19 x 20. For the given meshed

computational domains of the investigated agglomerates, the completion of the entire set of

simulations takes about 1-2 hours.

[Insert Table A.1]
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Figure Captions

Fig. 1 A cut through the modelled spherical agglomerate that shows the boundary conditions.

Fig. 2 The meshed computational domains of the investigated agglomerates: a sphere (left),
long cylinder (middle) and cube (right). Note that only one eighth of each agglomerate has

been modelled, making use of the symmetry existing in the investigated agglomerates.

Fig. 3 A schematic diagram of the PEFC cathode model with the prescribed boundary
conditions. Note that the subscript j represent the chemical species involved: oxygen nitrogen

and water vapour.

Fig. 4 The averaged current density of the agglome@g as a function of overpotential

and concentration at the surface of the ionomer film covering the spherical agglomerate with

a radius of (a) 100 nm and (b) 1000 nm.
Fig. 5 The algorithm used to couple and solve the agglomerate and PEFC cathode models.
Fig. 6 The polarisation curve of the modelled PEFC cathode with the spherical agglomerates.

Fig. 7 The polarisation curves generated from the modelled PEFC cathode with the numerical
coupling of the agglomerate effects (solid line) and the analytical coupling of these effects

(dashed line) for an agglomerate radius of (a) 100 nm and (b) 2000 nm.

Fig. 8 The polarisation curves generated from the modelled PEFC cathode with cylindrical
agglomerates (solid line), cubic agglomerates (dashed line) and spherical agglomerate (dotted

line).

Fig. 9 The polarisation curves generated from the modelled PEFC cathode with the scaled-
up: cylindrical agglomerates (solid line), cubic agglomerates (dashed line) and spherical

agglomerate (dotted line).
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Fig. 10 The perforated ‘large’ cubic agglomerate.

Fig. 11 The polarisation curves generated from the modelled PEFC cathode with the

modified cubic agglomerates (solid line) and original cubic agglomerates (dotted line).
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Tables

Table 1 The dimensions of the investigated agglomer ates.

Agglomerate | Dimensions

Sphere Radius =100 nm

Cube Side length/2 ~ 80.5 nr

Long cylinder| Radius ~ 32 nm

Height ~ 40 x Radius
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Table 2 List of the constants and physical parametersused in the models.

Parameter

Value

Faradays’ constant, F

96485 C mof

Universal gas constant, R

8.314 J mot K

Electrochemical surface area of platinum catalyst, A, 40 nf g [44]
Temperature, T 353 K
Pressure, p 1.5 atm
Total concentration 51.77 mol it
Oxygen/nitrogen molar ratio 0.21/0.79
Inlet concentration of water vapour 8.10 mol n?’
Thickness of GDL 250 pm
Thickness of catalyst layer, L 15 pm
GDL porosity, ¢ 0.6
Porosity of catalyst layer, ¢ 0.48°
Platinum loading, |, 0.4 mg cnf

Oxygen diffusivity in theionomer, D,

8.45 x 10" m’ s'[40]

Henry’s constant for oxygen in the ionomer, H

0.3125 atm rhimol™ [40]

Effective électrical conductivity of GDL, g, 100 S i [40]

Effective electrical conductivity of catalyst layer, o5 30 S ' [40]

Effective ionic conductivity of dectrolyte, o' 0.8sSm?’
0.5

lonomer volume fraction in the agglomer ate, ¢,

Reference concentration of dissolved oxygen, C(’D‘if

0.85 mol nT [40]

Binary diffusivity of oxygen in nitrogen, DOZ_N2

1.86 x 10 n¥ s* [40]

Binary diffusivity of water vapour in nitrogen, D, o y,

2.58 x 10° n* s'[40]

Binary diffusivity oxygen in water vapour, Dy _, o

2.47 x 10 n s' [40]

Exchange current density, i,

0.015 A n¥ [40]

Chargetransfer coefficient, o

0.61 [40]
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1 (7<0.25v)

461% —31527+ 57
Net drag coefficient, nd

(0.25v<7<0.35V)

0.3 (7> 0.35v) [40]

& This is the porosity obtained for the cubic packing arrangemerhdospherical agglomerates [45]
For comparative purposes, the same porosity value was used whethesoufpic and the cylindrical

agglomerates.

® Calculated using the Springer model and considering the fraction ofib@éo in the agglomerate.
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Table A.1 Thevaluesof 7 and Cozo used in the agglomer ate-scale model.

Number n Number Com
1 -0.10 1 1.00E-12
2 -0.15 2 0.045263
3 -0.20 3 0.090526
4 -0.25 4 0.13579
5 -0.30 5 0.18105
6 -0.35 6 0.22632
7 -04 7 0.27158
8 -0.45 8 0.31684
9 -0.50 9 0.36211
10 -0.55 10 0.40737
11 -0.60 11 0.45263
12 -0.65 12 0.49789
13 -0.70 13 0.54316
14 -0.75 14 0.58842
15 -0.80 15 0.63368
16 -0.85 16 0.67895
17 -0.90 17 0.72421
18 -0.95 18 0.76947
19 -1.0 19 0.81474
20 0.86000
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Figure3
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Figure4
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Figure5

[ Set realistic data sets f@, andp for the agglomerate-scale model}

A 4

[ Solve the agglomerate-level model repeated]

A 4

[ Computel ., for all the data sets &, and ]

\ 4

Setl,,, as afunction oS, andz in the PEFC

| ag

cathode model

A 4

[ Solve the PEFC cathode model repeatedly using a realistic data ﬁetﬂ

[ Compute the local current densityusing Equation (19) ]

y

[ Averagel over the length of the cathode electrode ]

A 4

Calculate the corresponding cell potentials using Equation
and plot the polarisation curve
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Figure6
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Figure?7
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Figure8
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Figure9
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Figure 10
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Figure 11
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