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In the second part of this study, a new analytical model for catalyst layers (CLs)

compression is developed using effective medium theory, using a geometric “unit cell”, to

accurately predict the deformation of CLs under compression. Based on SEM images, a

representative unit cell is proposed using microstructural properties of CL such as porosity,

pore size distribution, and ionomer to carbon weight ratio (I/C) to simplify the random

complex structure of CLs. Deformation of the ionomer film that covers carbon agglomer-

ates is found to be the main deformation compared to other mechanisms such as Hertzian

compliance of carbon particles and deformation of agglomerates. The present model is

validated using the experimental results obtained for five different CL designs, presented in

Part 1 of this study. The analytical model is capable of predicting the non-linear

compressive behaviour of CLs with a reasonable accuracy since a continuous change of

CL porosity is considered in the model. The proposed geometrical model has also been

used for other properties of CL in our group and successfully predicted thermal conduc-

tivity and gas diffusivity of CL.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Membrane Electrode Assembly (MEA) in Proton Exchange

Membrane (PEM) fuel cells consist of a membrane, two cata-

lyst layers (CLs), and two gas diffusion layers (GDLs) in the

simplest form. All these layers tolerate numerous cyclic

temperature, humidity, and pressure changes during the

operation of PEM fuel cell which cause hygrothermal stresses

in each layer [1]. The performance, life-time, and efficiency of

fuel cell are affected by the change in properties of the MEA
hrami).

ons LLC. Published by Els
layers because of hygrothermal stresses [2e4]. Hence, me-

chanical properties of each layer should be modeled and

validated experimentally to be able to predict the behaviour

under different operating and loading conditions and over life

time. CLs are one of the most important layers in PEM fuel

cells since themain electrochemical reaction producingwater

and heat occurs in them. The first part of this study has

focused on CL compressive behaviour experimentally [52]. In

the second part, the focus is to analyticallymodel behaviour of

CL under uniaxial mechanical pressure to predict CL

deformation.
evier Ltd. All rights reserved.
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Nomenclature

ACL CL sample area (mm2)

a Radius of aggregates (mm)

B Material constant

d Deformation (mm)

E Young's modulus (MPa)

E0 Effective Young's modulus in Hertzian contact

(MPa)

F Force (N)

Nunit cell Number of unit cells in one layer

n Average number of contacts per spheres

P Pressure (MPa)

Rc Radius of carbon particle (mm)

R Radius of ionomer shell (mm)

r Radius of agglomerates (mm)

rpore Equivalent radius of pores (mm)

t Thickness (mm)

tionomer Thickness of ionomer around agglomerate

(mm)

tCL0 Initial thickness of catalyst layer (mm)

tCL�new New thickness of catalyst layer (mm)

V Volume (mm2)

Dt Thickness change (mm)

DF Force increment (N)

v Poisson's ratio

4 Overlap angle

l A factor depending on the geometry and

Poisson's ratio of material

wI=C Volume ratio of ionomer to carbon (mm3/mm3)

x Overlapping parameter

b Lam�e's first parameter (MPa)

m Shear modulus (MPa)

g0 Euler's constant

ε Porosity

εnew New porosity of CL

ε0 Initial porosity of CL

εarr Porosity of arrangement
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Literature review

There are a number of experimental studies available in the

literature with a focus on crack formation and initiation in CL.

Among these studies, publications on mechanical properties

of CLs by Fuel Cell System Development Div. at Toyota in

Japan is notable [3,5e7]. However, there are very few publi-

cations on modeling mechanical properties of CLs [8,9].

Uchiyama et al. [10] measured static friction coefficient

between micro-porous layer (MPL) and CL as a function of the

clamping force which increased with clamping force (contact

pressure). They found that at lower contact pressures, MEA

deformed into wrinkle shapes but at higher contact pressures,

bulging happens rather thanwrinkling. The samples wrinkled

by large in-plane swelling after buckling when swelling could

not be restricted by the friction force fromMPLs.Moreover, the
results showed that, whether in air or in water, static friction

coefficient increased as the contact pressure increased. In

another study, Kai et al. [7] studied the effect of carbon fibers

on CL crack formation. They reported that by increasing the

space between carbon fibers, the CL bulged faster which

resulted in crack formation. The experiments were conducted

in various temperatures which suggested that the critical

distance between fibers, beyond which the CL bulged and

crack formed, became narrower as the temperature increased.

Moreover, they investigated the effect of humidity cycles

which caused the CL to deform plastically, bulge and crack.

The results revealed that the MEA deformed significantly by

swelling and residual deformation was observed under the

dry condition, even for one humidity cycle.

Zenyuk et al. [9] developed a deterministic model in which

two-dimensional surface profile (surface topology) of CL was

an input. They studied the effect of interface of CL andMPL on

the deformation and the amount of water that can be stored

between two layers which resulted in deterioration of the PEM

fuel cell performance. The developed model utilized two-

dimensional surface profiles and computed local surface

deformation and interfacial gap as a function of compression

pressure. They found that a cracked interface between MPL

and CL resulted in twice the interfacial gap compared to a

crack-free interface at the same contact pressure. They also

suggested that the contact resistance did not change for the

two cases because the overall area of cracks was a low per-

centage of total sample area.

To the authors' best knowledge, there is no study on defor-

mation of CLs under cyclic compression and nomodel has been

developed to predict CL deformation. In this study, a new

effective medium model, based on a geometrical “unit cell”, is

developed to analyze the deformation of CLs under compres-

sion. This method has been used to study compressive behav-

iour of other porousmaterial, e.g. gas diffusion layer and aerogel

blankets, in other studies as well [11e13]. The present model is

comparedwith experimental results obtained in the Part I of this

study [52] and shows reasonable agreement.
Microstructure modeling of CL

The proposed geometrical model simplifies the random and

complicated microstructure of porous medium using unit cell

approach. In this approach, a unit cell is considered as a

geometrical representative of the entire medium. This

method has been used in previous studies in Dr. Bahrami's
group [12e15] and other publications [16e18]. It is assumed

that the unit cell is repeated throughout the medium and

contains all salient properties of the CL. Hence, the key factor

in this approach is to develop a simple yet comprehensive

geometrical model that can represent the microstructure of

catalyst layer efficiently. The geometrical model adopted in

this paper has been successfully used to accurately predict

other properties of CLs, including: thermal conductivity [14]

and gas diffusivity [15,19]. This versatility and simplicity

attest to the capability of this powerfulmodeling platform and

demonstrate its potential for further development and

application for thin porous layers in other engineering

applications.
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Microstructure of CL

Catalyst layer is a complex random porous medium that

consists of carbon particles, ionomer, and Pt particles sup-

ported on the carbon particles. Agglomerate is a cluster of

carbon particles that are covered with ionomer film and also,

they are connected throughout the CL medium. The pores of

catalyst layer are often divided into two broad categories: i)

primary pores (less than ~20 nm), which are between carbon

particles within agglomerates [20,21]; and ii) secondary pores

(20e300 nm), which are between the agglomerates and are

usually bigger than primary pores. Fig. 1 shows the primary

and secondary pores in a typical CL. In the present model,

carbon particles are considered to be spherical, consistent

with the literature [22e24]. The carbon particles bond and

form the agglomerates. The properties of agglomerates such

as the number of carbon particles in an agglomerate, their

arrangement, and size are dependent on the fabrication pro-

cess as well as the supplier [25]. In this model, the structure of

CL is considered in two scales: i) structure within the

agglomerate which consists of carbon particles with Pt parti-

cles on them; ii) structure of agglomerates that are connected

together with secondary pores between them.

Geometrical model of agglomerates

There are generally two geometrical models in the literature

for modeling CL properties: i) agglomerates are considered as

spheres without overlap, i.e. touching at one point [27e32], ii)

spheres with overlap which is our group's approach

[14,15,19,33,34]. The papers from our group show that the

models with overlap spheres have better agreement with

experimental data for CL properties such as thermal conduc-

tivity and gas diffusivity. Also, CL structure modeled using

spherical agglomerates without overlap have overestimated

active surface area and gas diffusivity compared to the

reconstructed CL geometry from FIB-SEM images [35]. Hence,

overlapping spherical agglomerates are considered for the

mechanical modeling in this study. Also, it is assumed that

ionomer covers the agglomerates partially and blocks a
Fig. 1 e Primary and second
portion of the primary pores within the agglomerates. The

spherical agglomerates are considered to have a simple cubic

(SC) arrangement to make it possible for modeling. A sche-

matic of the proposed geometry is shown in Fig. 2.

Geometrical model within agglomerates

In this model, carbon particles within agglomerates are

considered to be equally sized spherical particles, which is

consistent with other studies [14,33,36]. The arrangement of

carbon particles in the aggregates are considered to be face-

centered cubic (FCC) since it features the closest arrange-

ment to a randomly packed spheres with porosity (¼0.26 [37]).

It will be shown later that the carbon particles packing inside

the agglomerates does not play an important role in the me-

chanical deformation model since the deformation of the

carbon particles inside the agglomerates are negligible

compared to deformation of the ionomer shell. Fig. 3a shows

the unit cell used in this study which is themain element that

makes up the CL microstructure shown in Fig. 2. As

mentioned, the agglomerates have overlap that is described

by an overlap angle, 4. Also, Fig. 3b shows the ionomer shell

that covers and holds the agglomerate in the present unit cell

geometry.

Geometrical calculation for unit cell

As it is drawn in Figs. 2 and 3, void volume between the

overlapping agglomerates are the secondary pores of CL,

whereas, the primary pores are the void volume between the

spherical carbon particles. The overlapping parameter, x, is

defined as the ratio of radius of agglomerate to radius of

aggregate (i.e. x ¼ r=a), which is related to the overlap angle, 4

as it is shown in Fig. 3. These values are related to each other

using Eqs. (1) and (2). The radius of aggregates, or size of unit

cell (a), and radius of agglomerates (r) are calculated based on

secondary pore sizes. The thickness of ionomer around ag-

glomerates and the portion of blocked primary pores are

calculated from pore size distribution (PSD) and porosity of CL
ary pores in a CL [26].
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Fig. 2 e Schematic of simplified geometrical model of CL; a) overlapping agglomerates b) primary and secondary pores with

carbon particles and ionomers.

Fig. 3 e Unit cell of simplified geometry used in this study: (a) 2D view of an agglomerate, (b) geometry of ionomer shell

around agglomerates (ionomer thickness is shown with exaggeration).
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(εCL). More details of the calculations can be found in other

papers published by Salari et al. [15,19].

x ¼ r=a (1)

4 ¼ cos�1ð1=xÞ (2)

By considering FCC arrangement for carbon particles inside

the agglomerates, the following equations for agglomerate

porosity (εagglomerate), volume of agglomerates (Vagglomerate),

porosity of catalyst layer (εCL) and overlapping parameter (x)

can be written:

εC�Pt ¼ εC
rPt

rPt þ rCuPt=C
(3)

εagglomerate ¼
rPtrIεC-Ptð1� εFCCÞ þ rI

�
rPt þ rCuPt=C

�
εFCC

rI
�
rPt þ rCuPt=C

�þ rPtrCuI=Cð1� εFCCÞ
(4)

εCL ¼ 1� Vagglomerate

�
1� εagglomerate

�
8a3

(5)

Vagglomerate ¼Vsphere � 6Voverlap ¼ 4
3
pa3

�
4:5x2 � 2x3 � 1:5

�
(6)

εCL ¼ 1� p
�
1� εagglomerate

��
4:5x2 � 2x3 � 1:5

�
6

(7)
x¼3
4
þ 9

2
�
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16J2 � 6J� 45

p
� 16Jþ 3

�1
3

þ 1
4

�
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16J2 � 6J� 45

p
� 16Jþ 3

�1
3

(8)

J ¼ 6ð1� εCLÞ
p
�
1� εagglomerate

� (9)

where VC�Pt is the total volume of carbon and platinum par-

ticles in the agglomerates including the pores inside carbon

particle, εC�Pt is porosity of carbon and platinum particles

combined, rI, rPt and rC are the densities of ionomer, platinum

and carbon particles, respectively, uI=C and uPt=C is the weight

ratio of ionomer to carbon and platinum to carbon in CL,

respectively, εC is the porosity of carbon support particles

which is 0.29 as suggested by Voet and Aboytes [38], εFCC is the

porosity of FCC arrangementwhich is 0.26 [37], εagglomerate is the

agglomerate porosity, εCL is the porosity of the proposed unit

cell representing CL, J is a dimensionless parameter used to

simplify Eq. (8), Vsphere and Voverlap is the volume of the sphere

and one overlap at a side of sphere, respectively, as shown in

Fig. 3.

As Bahrami et al. [39] suggested, an equivalent radius can

be obtained from square root of the area (Eq. (11)) which is the

area of the secondary pore (Eq. (10)) shown in Fig. 2. Using the

https://doi.org/10.1016/j.ijhydene.2019.04.135
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proposed geometry, one can find an equivalent pore radius for

secondary pores between agglomerates as a function of size of

unit cell (combining Eqs. (11)) & (10). Therefore, the unit cell

size (i.e. a) can be found using Eq. (12) for different pore sizes

obtained from PSD, which means unit cells in the simplified

geometry have different sizes which is dependent on the sizes

and volume percentage of pores in CL.

rpore ¼ 0:5
ffiffiffiffiffiffiffiffi
Asp

q
(10)

Asp ¼4a2 �Aagglomerate ¼ 4a2ð1� tan 4Þ � ðp� 44Þr2 (11)

a ¼ rporeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� tan 4� �

p
4 � 4

�
x2

q (12)

where x can be found from Eq. (8) and 4 can be found using Eq.

(2), Asp is area of the secondary pore, and rpore is the radius of

the pore. Knowing the unit cell geometry, one can find an

average thickness of ionomer that covers the agglomerate

using the following equations.

Vcarbon ¼ Vagglomerateð1� εFCCÞð1� εC�PtÞ (13)

Vionomer ¼ Vcarbon uI=C (14)

tionomer ¼ Vionomer

Aagglomerate
(15)

Aagglomerate ¼ 4pr2 � 6� 2prðr� aÞ (16)

where Aagglomerate is the total area covered by ionomer which is

the area around the agglomerates, and tionomer is the thickness

of ionomer covering agglomerates. Using Eqs. (8), (10), and

(15), one can build the geometrical model as shown in Figs. 2

and 3. Clearly, unit cell size has a distribution as the PSD

measurements is used in this model.
Mechanical compression model

Fig. 3 shows a schematic of the proposed unit cell geometrical

model used in this study. After developing an effective me-

dium model for CL, its deformation due to mechanical pres-

sure is obtained. Having the deformation of each unit cell, one

can calculate the thickness change of the CL. To find the

deformation of each unit cell, the following equations are

used to find the applied force on each of them.

Ftot ¼ PACL (17)

F ¼ Ftot

Nunit cell
(18)

where Ftot is the total force acting on CL, F is the force acting on

each unit cell, Nunit cell is the total number of unit cells in one

layer, P is the pressure applied on the sample, and ACL is the

total (or nominal) surface area of CL sample under compres-

sion. The applied force is transferred through the ionomer to

the particles inside the agglomerate, so particles are deformed

and transfer the pressure to the ionomer. The applied force

also changes the shape of the ionomer shell and the
arrangement of particles inside agglomerate. Three different

deformation modes are considered for each unit cell in this

work: i) deformation due to Hertzian contact of carbon parti-

cles or compliance, ii) deformation of agglomerates as a

packed bed of carbon particles (FCC arrangement), iii) defor-

mation of ionomer shell, i.e. the spherical shell, shown in

Fig. 3b.

Deformation due to Hertzian contact between carbon
particles inside agglomerates

As described earlier, the applied force on the unit cell is

transferred to the carbon particles within the agglomerates.

The carbon particles deform which results in a compliance of

the spherical particles. This deformation is because of the

contact between the particles and can be calculated using

Hertzian theory [40]. Considering the arrangement of carbon

particles to be FCC, one can find the deformation using Eq.

(19).

dFCC ¼
ffiffiffi
6

p

3

�
F2

16E'
c

2
Rc

�1=3
(19)

where dFCC is the deformation of particles in FCC arrange-

ments, F is the applied force on each agglomerate which is

found based on the applied pressure, Rc is the radius of the

carbon particles, and E'
c is the effective Young'smodulus of the

contact and can be calculated using E'
c ¼

	
1�n1
E1

þ 1�n2
E2


�1

.

Deformation of agglomerates

Other than the deformation of each particle in the agglom-

erate, the entire agglomerate can also deform which can be

envisioned as a packed bed of spherical particles, contained

within the ionomer film, Fig. 3b. The applied force changes the

shape of agglomerates from sphere to an oval as schemati-

cally shown (exaggerated) in Fig. 4. The deformation of the

agglomerate as a packed bed of spheres with an applied force

on its top has been reported by Walton [41]. Eq. (20) shows the

deformation of a random packing of spheres in which B de-

pends on the material of the spheres inside the packing (i.e.

carbon particles) and can be found from Eq. (21), F is the

applied force on top of the packing, εarr is the porosity of the

packing (i.e. εarr ¼ 0:26 for FCC arrangement), and n is the

average number of contacts per spheres in the packed bed.

d ¼
�

3p2 BF
ð1� εarrÞn

�2=3
(20)

B¼ 1
4p

	
1
m
þ 1
bþ m



; m ¼ E

2ð1þ nÞ; b ¼ En
ð1þ nÞð1� 2nÞ (21)

Deformation of ionomer shell

The applied force on the unit cell causes the ionomer shell to

deform as well. Since each agglomerate is in contact with the

one above it, the force applied to each of them is a point load

from the top. Hence, the ionomer shell shown in Fig. 3b is

subjected to a point force from the top. In this deformation

mode, the carbon particles can move and slide freely on each

https://doi.org/10.1016/j.ijhydene.2019.04.135
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Fig. 4 e Compression of agglomerates as a packing of spheres. a) before loading, b) after loading (deformation exaggerated).
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other, however, because they cannot penetrate in other par-

ticles, one can consider that they act as a fluid inside the

spherical shell and by increasing the force on top, the internal

pressure increases and do not let the ionomer shell to deform

at the same rate. Since the size of carbon particles are small

and there are so many of them inside the shell, it can be

assumed that an almost “hydrostatic” pressure acting inside

the shell. In other words, ionomer shell can be considered as a

hollow spherical shell filledwith fluidwith a point load on top.

It is found that the overlapping parameter, x, is close to one

which indicates that the size of the side holes compared to the

shell diameter are small, hence the ionomer shell (Fig. 5a) can

be considered as a whole spherical thin shell (Fig. 5b) which

simplifies the deformation calculations as well. Fig. 5c shows

the simplified geometry of ionomer shell as a spherical shell

and its deformation under a point load. Koiter [42] considered

a non-shallow hollow spherical shell loaded at vertex in

spherical coordinates and found the normal deflection at the

vertex, i.e. Eqs. (22) and (23). Also, Taber [43] considered a

fluid-filled spherical shell under a point load, which has in-

ternal pressure, and found the deformation of the sphere as a

function of the applied force on the vertex. Taber showed that

the hollow sphere model (Koiter [42]) and fluid-filled sphere

model (Taber [43]) have negligible difference at strains less

than 15%. It has been shown that strain (at 5 MPa) is less than
Fig. 5 e Steps in simplified geometrical model of ionomer shell

agglomerates, b) ionomer shell as a sphere around agglomerate

(exaggerated).
15% after first compression cycle for CL samples in [52]. Also,

because of relatively low strain of CLs, the forces on the sides

of agglomerates have negligible effect on the deformation of

ionomer shell. Therefore, Koiter's model [42] can be used in

this study to calculate the deformation of the ionomer shell.

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� n2Þp

4
F : r

Eionomertionomer
2

�
1þ 2ð1þ nÞ

pl2

	
ln lþ g0 � 1

þ ln 2
2



þ 4

3pl2

�
(22)

l2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� n2Þ

p r
tionomer

(23)

where F is the applied force, tionomer is the thickness of the

shell, r is the radius of the spherical shell, l is a factor

depending on the geometry and Poisson's ratio of material,

g0 ¼ 0:5772 is the Euler's constant [42]. Using the above equa-

tions, one can find the deformation of the ionomer shell that

covers the agglomerates.

Overall deformation of CL

Our experimental results [52] showed that the compressive

behaviour of CL under compression had two regions and was

not linear. The reason for this behaviour is the change in
to hollow spherical shell. a) the ionomer shell around the

s, c) spherical shell deformation under point load F

https://doi.org/10.1016/j.ijhydene.2019.04.135
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Fig. 6 e Algorithm of the proposed compression model for CLs (recursive model; at each step, a new geometry is created).
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microstructure as CL undergoes compression. As a porous

material gets compressed, contact nodes inside the layer in-

crease, porosity decreases, and the material gets stiffer at

higher pressures. This effect should be considered in the

mechanical model because the porosity of the CL is continu-

ously changing during compression. To account for this

change, a recursive analytical model is developed in this

paper. A new porosity is calculated based on new thickness

after a small increment of force. In other words, it is consid-

ered that the force is applied in finite number of small steps

(force increments steps) and after each step, new thickness

and new porosity are calculated based on the given equations.

Hence a new geometry is built for CL after each step. Eq. (24) is

used to calculate CL porosity after deformation at any level,
Table 1 e Properties of different CLs used in this study (model

CL
Design
number

I/C
ratio
(gr/
gr)

Densitometer
porosity (%)

CL
Thickness

(mm)

Aver
agglom

(calculated u

Design 1 1.1 58.2 9.1

Design 2 0.9 52.0 6.9

Design 3 0.7 52.4 6.1

Design 4 0.7 50.5 4.6

Design 5 0.9 33.4 6.3
which has been widely used in the literature to model

different properties of porousmedia [12,44e50]. This equation

is based on the assumption that the solid volume inside the

material does not change during compression. This is valid

since the material is porous and the pores become smaller or

even closed during compression and so the volume of solid

material remains constant. Fig. 6 shows the flowchart of the

CL compression model developed in this study. Obviously, as

the number of steps in this model increases, the accuracy of

the model increases and it's important to find the optimum

number of steps. It is found that 500 steps are enough to get

reasonable behaviour and beyond that the maximum strain

changes less than 0.1%, which means that 500 steps are “in-

finity-enough” for our model.
inputs).

age size of
erates (nm)
sing PSD&model)

tionomer (nm)
(calculated

using
PSD & model)

Mechanical
properties
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Fig. 7 e Comparison of the present mechanical model with

experimental data for CL pressure vs strain (Design 1);

colored symbols shows different cycles of CL compression

up to 2 MPa using TMA.
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εnew ¼1� tCL0
tCL�new

ð1� ε0Þ or εnew ¼ 1� 1
1� Dt ð1� ε0Þ (24)
tCL0
Fig. 8 e Comparison of the present mechanical model with exper

colored symbols shows different cycles of CL compression up t
Under 5 MPa pressure, the deformation due to the Hertzian

contact between carbon particles (Eq. (19)) is ~10�7 mm,

deformation of the agglomerates as a packed bed (Eq. (20)) is

~10�6 mm, and the deformation of ionomer shell (Eq. (22)) is

~10�3 mm. This is due to the fact that ionomer has the lowest

Young's modulus, 93 MPa compared to carbon particles

Young's modulus of ~15 GPa [51]. Based on this order of

magnitude analysis, the 9e14% strain at 5 MPa (experimental

data collected in Part 1) is dominantly because of deformation

of ionomer shell. It is considered that the carbon particles

inside the agglomerates can slide and move freely on each

other so that the ionomer shell deforms and Koiter [42] model

can be used. To this end, only the deformation of the ionomer

shell is considered for CL compression modeling in this study.
Results and discussion

The results of the proposed mechanical model are compared

with the experimental results obtained in the Part 1 of this

study [52]. The pore size distribution, I/C ratio, porosity,

thickness, ink properties, and pressure are the inputs of the

model whichweremeasured for all the designs. Table 1 shows

the properties of each design in this study. The pore size
imental data for CL pressure vs strain (Design 2, 3, 4, and 5);

o 2 MPa using TMA.
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distribution of each sample was measured using N2 adsorp-

tion porosimetry [26] and it is used as input for geometrical

model to calculate the average size of agglomerates and

thickness of ionomer (tionomer) which are shown in Table 1.

Fig. 7 shows the comparison between the model and

experimental pressure vs strain for CL Design 1. As shown in

Fig. 7, the model captures the trend of the data and shows a

reasonable agreementwith the experimental results. It should

be noted that the presentmodel is non-linear as the change in

porosity is considered in the model, even though the equa-

tions used for the deformation of ionomer is linear. Also note

that the model is capable of predicting the non-linear behav-

iour of CLs over both regions that is explained in the Part 1 of

this study [52]. The difference between the model and exper-

imental data is relatively larger in the second regionwhere the

pressure is higher. This difference can be attributed to the

hypothesis that some of the pores, thus the microstructure of

the CL, are plastically deformed under higher pressure. More

experimental studies are needed to better understand the

behaviour at pressures between 2 to 5 MPa.

Similar behaviour is observed for other CL Designs. Fig. 8

shows a comparison of the present model and experiments

for pressure vs strain of other CL Designs. The following can

be concluded: i) the present model captures the trend of the

experimental results and is able to predict the change in strain

rate of the material with reasonable accuracy, ii) the model

predicts the non-linear behaviour of the CL as the porosity

continuously decreases. The average relative difference be-

tween the model and experimental data is 15%. The model

over-estimates the strain at higher pressures for CL Designs 2

to 4 and under-estimates the strain at higher pressures for CL

Design 1 and 5, which is within the uncertainty of the exper-

imental results.

As shown in Figs. 7 and 8, the present model successfully

captures the trend of the experimental results whichmakes it

very useful for predicting compressive behaviour of CLs and

other properties that are dependent on porosity or applied

pressure. The proposed model can be used for other porous

layers with similar microstructures since the core of the

model considers the porosity change during compression and

the inputs are salient geometrical parameters of a thin porous

layer. The relative difference between the model and the

experimental results are reasonable, and more importantly,

the model captures the trends of the data.
Conclusion

In this study, an analytical model was developed for CL

compression under uniaxial pressure using a unit cell

approach. A unit cell was developed based on the micro-

structure of CL such that it could be a representative of the

entire CL, meaning that it had the same microstructural

properties of CL. The geometry of the unit cell was found using

pore size distribution, ionomer to carbon weight ratio, and

porosity. Three deformations: i) deformation due to Hertzian

contact between carbon particles inside agglomerates, ii)

deformation of agglomerates, and iii) deformation of the

ionomer film were considered for the simplified geometry

of the unit cell. Deformation of ionomer film around
agglomerates was found to be the dominant deformation

mode CL compression. The proposed analytical model is

validated against experimental pressure vs strain data sets for

five different CL designs with different ionomer to carbon

weight ratios, porosities, thicknesses, and dry milling times.

The model predicted the non-linear behaviour of CLs under

compression with a reasonable discrepancy. The developed

geometrical model has also been used in other studies in our

group and successfully predicted other properties such as

thermal conductivity and gas diffusivity of CLs. The main

focus of this work has been on PEM fuel cell catalyst layers;

however, the proposed modeling platform can be imple-

mented to study mechanical properties of other porous thin

layers, such as membrane and graphite sheets.
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