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Chapter 2

Fuel cell fundamentals

Lei Xing"*, Jin Xuan! and Prodip K. Das®

ISchool of Chemistry and Chemical Engineering, University of Surrey, Guildford, United
Kingdom, *School of Engineering, The University of Edinburgh, Edinburgh, United Kingdom

Abstract:

Proton exchange membrane fuel cells (PEMFCs) are considered one of the viable solutions to
the decarbonization of the transport sector. However, their performance and durability are yet
to be competitive with internal engine vehicles due to the complex interaction of
electrochemical and physical phenomena in PEMFCs. The electrochemical and physical
phenomena that occurred in PEMFCs, including the polarization curves, profiles of the reactant
and product species, velocities of species, as well as temperature distribution, could be
described by coupling the reaction kinetics with the transport processes of mass, momentum,
energy, and charge. In this chapter, the fundamentals and operating principles of PEMFCs are
explained along with the governing equations that describe various electrochemical and multi-

physics transport processes in PEMFCs.
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1. Introduction

Fuel cells are electrochemical devices that convert the chemical energy of fuels, e.g., hydrogen
or methanol, directly into direct current (DC) electricity. Unlike the traditional internal
combustion engine, fuel cells produce electrical energy through an electrochemical reaction,
rather than through combustion. A single fuel cell unit consists of a pair of anode and cathode
and an electrolyte in between. Individual fuel cells can be connected in series to form a fuel cell
stack, which can generate higher power for portable and stationary applications. Depending on
different electrolytes, reactants and operating temperatures, fuel cells are mainly categorised
into six groups, namely, alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), molten
carbonate fuel cells (MCFCs), solid oxide fuel cells (SOFCs), direct methanol fuel cells
(DMFC:s), and polymer electrolyte fuel cells (PEFCs). Based on the use of electrolytes, PEFCs
are subdivided into two categories. proton-exchange-membrane fuel cells (PEMFCs) or anion-
exchange-membrane fuel cells (AEMFCs). Among these fuel cells, PEMFCs are best suited for
transport and small-scale stationary applications. Thus, great attention has been given to
PEMFCs operated with perfluorosulfonic acid (PFSA)-based membranes and hydrogen to
combat the increasing global energy consumption and environmental pollution caused by fossil
fuel-based internal combustion engines. The electrochemical and physical phenomena that
occurred in PEMFCs, including the performance curves, profiles of the reactant and product
species, velocities and pressure of reactant gases, as well as the temperature distributions, are
determined by the fully coupled electrochemical kinetics and transport of mass and heat. In this
chapter, the fundamentals and operating principles, along with governing equations, of

PEMFC:s are given.
2. Operation principle of proton exchange membrane fuel cells

A typical PEMFC unit consists of a membrane electrode assembly (MEA) sandwiched between
the flow field plates of the anode and cathode in which flow channels are machined, as
highlighted in Figure 2.1. The MEA includes gas diffusion layer (GDL), microporous layer
(MPL), and catalyst layer (CL) at the anode and cathode, respectively, and a proton exchange
membrane (PEM) in between. At the anode, hydrogen flows into the anode flow channel and
then transports to the CL through the GDL and MPL and then split into protons and electrons
in the anode CL (Eq. 2-1). The protons pass through the PEM and reach the cathode CL, while
the electrons travel via an external circuit to the cathode. At the same time, air or oxygen flows
into the cathode flow channel and then transports to the CL through the GDL and MPL at the
cathode. In the cathode CL, oxygen combines with the protons and electrons, which are

generated in the anode CL, to produce water (Eq. 2-2).



Anode reaction: H, —»2H" +2¢” -1

Cathode reaction: %Oz +2H" +2¢ - H,0 (2-2)

Net cell reaction: H, + %Oz - H,0 (2-3)

The thermodynamic potential for the net cell is calculated by the standard chemical potential at

25°C and 1.0 atm is 1.23 V versus the standard hydrogen electrode (SHE).
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FIGURE 2.1 Schematic diagram and basic operation principle of a proton-exchange membrane fuel
cell. Each electrode includes a gas diffusion layer, a microporous layer, and a catalyst layer.

In the case of a fuel cell supplied with reactant gases without a closed electrical circuit, the
observed practical cell potential is called the open circuit potential (OCP). The OCP is lower
than the theoretical potential due to the activation losses (especially at the cathode) and mixed
electrode potential losses in the fuel cell even when no external current is generated [1, 2]. The
mixed electrode potential arises due to the unavoidable crossover of fuel through the electrolyte
from the anode to the cathode or vice versa. The relationship between fuel cell potential and
current density is called the polarisation curve, which is obtained by subtracting the activation
polarisation losses, ohmic losses, and concentration polarisation losses from the equilibrium
potential. Figure 2.2 shows the polarisation curve and different voltage losses in a typical
PEMFC [2, 3]. Note that a majority of the voltage losses occur at the cathode due to the sluggish
oxygen reduction reaction (ORR) [4].
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FIGURE 2.2 Voltage losses in a proton-exchange-membrane fuel cell and the resulting polarisation
curves.

3. Reaction kinetics and transport processes
3.1 Electrode kinetics
3.1.1 Butler-Volmer kinetics

Fuel cell operation is based on the electrochemical reactions occurring simultaneously at the
anode and cathode, which are presented in Eq. (2-1) to Eq. (2-3). The reaction rate of an
electrochemical reaction is defined as the speed of the electrochemical reaction proceeds on the
electrode surface. Electrical current is generated by the electrons released and consumed in the
electrochemical reaction processes. Current density is the current per unit surface area.
According to Faraday’s law, the current density is proportional to the charge transferred and
the consumption of reactants per unit area:
i=nFN, (2-4)
where 7 is the amount of substance, F (96385 C mol™) is Faraday’s constant, N; (mol m? s!) is
the flux of reactant per unit area, and i (A m™) is the current density.
An electrochemical reaction involves either oxidation or reduction of reactant species.
Typically, the oxidation process produces electrons while the reduction process consumes the
electrons as follows:
Rd <> Ox + ne (2-5)
On an electrode at equilibrium conditions (no external current is generated), both the oxidation
and reduction processes occur at equal rates. The net current generated is the difference between
the electrons released and consumed:
i=nF(ksco, —kycpy) (2-6)
where ks and k, (s') are the forward (reduction) and backward (oxidation) reaction rate

coefficients, ¢,, and ¢, (mol m?) are the surface concentrations of the oxidised and reduced



species, respectively. The reaction rate coefficient for an electrochemical reaction is a function
of Gibbs free energy.

kf/b = k’%exp{%} 2-7)
where kg (1.38x10°° J K™!) is Boltzmann’s constant, 4 (6.626x1073J s) is the Planck’s constant,
R, (8.314 J mol! K'!) is the universal gas constant, T (K) is the temperature, and AG (J mol™)
is the Gibbs free energy, which is considered to consist of both chemical and electrical terms.
Consequently, for a reduction reaction:

AG=AG, +a,,F¢ (2-8)
and for an oxidation reaction:

AG=AG, -a, F¢ 2-9)

where AG., (J mol™) is the Gibbs free energy of the chemical component, ¢ (V) is the potential,
and agq and aoy are the transfer coefficient for reduction and oxidation reactions, respectively.
Note that in the case of multi-step electrochemical reactions, ars + aox is generally equal to n/v,
where 7 is the number of electrons transferred in the overall reaction and v is the stoichiometric

number. The forward and backward reaction rate coefficients in Eq. (2-6) are represented,

respectively:
—o,Fo
k, =k, ,exp (#J (2-10)
g
o, Fo
k, =k, , exp| —&— 2-11
b= %o p( RT J (2-11)
Therefore, the net current expression is obtained:
) —a,, Fo a, Fo
i=nF|k, c, exp| —2—" |-k, ,Cp, €XP| —2—— 2-12
0./ €ox p( RT j 0.6CRa p[ RgTJ (2-12)

At equilibrium, the forward and backward reactions proceed simultaneously, generating zero
net currents. In this case, the current densities for both forward and backward reactions are

equal.

—a,, F -a, F
Iy =nFky ;c,, exp {Zi—T%qJ = ko yCpq CXP [;;—T%]] (2-13)
g

4
where i, (A m?) is the exchange current density, kysand ko (s') are the reaction rate constant

of the forward and backward reaction at standard conditions (25°C and atmospheric pressure),

respectively, and ¢, (V) is the equilibrium or reversible potential.



The equilibrium potentials of the hydrogen oxidation reaction (HOR) and the ORR are 0 and
1.229 V at standard conditions. By combing Eq. (2-12) and Eq. (2-13), a relationship between

the current density and the overpotential is obtained, which is known as the Butler-Volmer (B-

i=i,| exp “on —exp %ot (2-14)
RT RT

where 77 (V) is the overpotential, defined as the difference between the electrode potential and

V) equation.

the equilibrium potential. The B-V equation is valid for both anode and cathode reactions in a

PEMFC:

-, F a, F
i, =l,| €xp z’—”TmJ—exp wR”—ﬁJ (2-15)
L g g
I -y, F a, F
i, =iy, |exp ’;#m}—exp 0;—;7] (2-16)
L g g

The anode overpotential is positive, which makes the first term in the bracket of Eq. (2-15)
negligible and results in a negative sign of the anode current density obtained. Similarly, the
cathode overpotential is negative, which makes the second term in the bracket of Eq. (2-16)

negligible and leads to a positive sign of the cathode current density.
3.1.2 Agglomerate kinetics

The electrochemical reactions, in which electrons, protons, and gas are involved, only take
place on the surface of the catalyst. Reactant gas transports through the micropores within the
catalyst layer, electrons travel through the electrically conductive solid, and protons migrate
through the electrolyte. According to the functions of the different components within the
catalyst layer, the existence of triple-phase boundaries (TPB) is essential, where the content of
electrolyte (for proton transfer), void space (for gas transport), and platinum (Pt) dispersed

carbon (for catalysis and electron transfer) are interacted, as shown in Figure 2.3.
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FIGURE 2.3 A simplified schematic diagram of the triple-phase boundary in a catalyst-electrolyte-
pores interacted electrode.



A more accurate description of the catalyst layer structure based on the spherical agglomerate
model is explained below, where each agglomerate is assumed to consist of three components:
platinum dispersed on carbon (Pt/C), ionomer, and void space [5]. The intra-agglomerate void
space is defined as the primary pores and the void space between the agglomerate is defined as
the secondary pores. As schematically represented in Figure 2.4, the primary pores are partially
occupied by ionomer and water and the agglomerates are linked by the ionomer films. When
the volume of the produced water exceeds the entire volume of the primary pores, a liquid film
is formed surrounding the agglomerates. Reactant gas must dissolve in the ionomer/water film
and diffuse through the primary pores before reaching the catalyst particles, which is taken into
account in the classic B-V relationship. Thus, agglomerate kinetics is developed to consider the

mass transport resistance in addition to electrochemical kinetics.

Membrane Porous catalyst layer GDL

Liquid water film
Nafion ionomer film
f Carbon support
‘ f Pt particle
o

Secondary pore

FIGURE 2.4 A schematic illustration of the catalyst layer based on the agglomerate assumption [5].
Credit: Reprinted from Xing et al., AIChE Journal, 63(11), 4895-4910, 2017, with permission from
AIChE.

Assuming that the concentrations of the dissolved species at the outer and inner boundary of
the ionomer/water film are represented by ciow and ci;» (mol m), respectively, the
concentration of the dissolved species at the outer interface is described by Henry’s law as:

b
c,, = 2-17
i,out F{ ( )

where p; (Pa) and H; (Pa m® mol™') are the partial pressure and Henry’s constant of reactant

species i, respectively.



The diffusion of reactant through the ionomer/water film can be described by Fick’s law:

N, =—pir %

2-18
" or (2-18)

where N; (mol m? s™) is the reactants mole flux through the ionomer/water film, DY (m?*s™)

is the effective diffusion coefficient of reactants, ¢; (mol m™) is the reactant concentration, and
7 (m) is the radius.

It is assumed that the ionomer/water film is uniformly coated on the agglomerate, and the film
thickness is much smaller than the agglomerate. Moreover, the molar rate is conserved in the
ionomer/water film, namely the molar rate is constant at the outer boundary of the

ionomer/water film. Thus, the reactants mole flux through the ionomer/water film can be

derived as
_de.
C =—(4m*)D¥ &L (2-19)
or
with the boundary conditions: V=V ¢ =Ci
F=T,+0, ¢ =C,, (2-20)

agg
where C (mol s) is a constant. Integrating Eq. (2-19) and applying the boundary conditions

lead to the following expression:

agg

C _ Deﬁ’ C[,oul - Ct‘,in 4 5 221
=D T v (Fge +6) (2-21)

where 744 (m) is the radius of the agglomerate, 6 (m) is the thickness of the ionomer/water film.

Combing Eq. (2-18), Eq. (2-19) and Eq. (2-21), the reactants mole flux is:

N< — Deff ragg ci,uut - ci,in (2_22)
T (et O

According to mass balance, at a steady state, the amount of the species consumed equals to the
species diffusion to the active surface.

a, N.=R (2-23)

agg!Vi
where aq (m™) is the specific area of the agglomerate, defined as the surface area per
agglomerate volume, and R; (mol m? s) is the reaction rate.

Assuming the reactions of either hydrogen oxidation or oxygen reduction as the first-order
kinetics with respect to the reactant concentration, we get:

R =k, c, (2-24)

aggi

where kug (s) is the reaction rate coefficient representing the reactions that occurred in the
agglomerate. By introducing the effectiveness factor into Eq. (2-24), the overall reaction rate
only depends on the reactant concentration at the outer boundary of the agglomerate, obtained

as:



R =E _k c (2-25)

iagg agg'Vagg“iout

where R; .o, (mol m™ s!) is the reaction rate based on the agglomerate volume and, E,g is the
effectiveness factor of the agglomerate, which represents the geometry of the agglomerate and
the reactant mass transport resistance within the agglomerate. For the spherical agglomerates,

the effectiveness factor is [6]:

1 1 1
Eagg = - (2'26)
MT,agg tanh( 3MT,agg) 3MT,agg
where M7 g, 1s Thiele’s modulus, a dimensionless parameter [6].
r k
_ lagg agg
MT,agg - 3 Deff (2-27)

1,a8g

where D fg - (m? s7!) is the reactant effective diffusion coefficient inside the agglomerate.

According to Faraday’s law, the volumetric current density is related to the reactants
consumption rate via the following equation:

i =nFE k., c (2-28)

i,agg agg vagg T iin
iiage (A m3) is the volumetric current density based on the agglomerate volume, and the
subscript i refers to anode or cathode, respectively. Combining Eq. (2-22) to Eq. (2-25) the
concentration of the dissolved species at the inner boundary of the ionomer/water film is

obtained as:

-1
E k. _(r, +06)0
Ci’in — {1_’_ agg agg( aé;q[f ) i| Ci’out (2_29)
Qagglage i
Substituting Eq. (2-29) into Eq. (2-28) gives
-1
1 v, +0)0
i :np{ L Vg )4 ¢ (2-30)
aggkagg Aogg raggDi‘
According to Henry’s law, the above equation becomes
-1
. 1 v, +0)0
i =nFL 4 Vg 00 (2-31)
- H i E aggkagg aaggraggD ieff

The current density calculated by Eq. (2-14) could transfer to volumetric current density after
being corrected by the specific area of the electrode. The agglomerate volumetric current

therefore can be related to the Butler-Volmer kinetics as:

—a,, F F
g = gl [exp(%]—exp(%ﬂ (2-32)

On the inner boundary of the agglomerate, the intrinsic volumetric current density is obtained

as:



i. .. =nFk,_c. (2-33)

iagg aggi,in

Comparing the above two expressions, the reaction rate is obtained as:

a,,.l -
O e e I

3.1.3 Conservation of charge

Assuming a finite volume dV (m?®) carries an amount of charge dG, (C), the charge density

g, (Cm?)is:
dG.
g = a (2-35)
where the total charge of the volume V is:
[dG, =[are, (2-36)

The change of total charge in time generates current flow in and/or out of the surface dS (m?)

surrounding the volume dV . The expression of conservation of charge is, therefore:
d .
- [dve, =—§ds-i (2-37)

where i (A m?) is the current density vector. By using the Gauss divergence theorem and

assuming that the volume ¥ did not change with time, the above equation can be rewritten as

% [aveg, =—vi (2-38)

Assuming the charge density at any location does not change with time and adding a source
term O, (A m?) leads to

V-i=0 (2-39)

If no external source is applied, O, is equal to the volume current density i, (A m™). The

current density vector I can be related to the electric filed E (V m™) and conductivity & (S
m™) by Ohm’s law as:

i=c-E (2-40)
At a specific point within the electric field, the voltage is equal to the negative gradient of the

potential, thus

E=-V¢ (2-41)
Substituting Eq. (2-40) and Eq. (2-41) into Eq. (2-39) gives
V-i=V(-oV¢)=0. (2-42)

10



Applying Eq. (2-42) on the solid (electrode) and electrolyte (membrane and ionomer) phases,

respectively, two sub-equations are obtained [7]:

Vi, =V(-c?Vp)=0, (2-43)
Vi, =V(-cVe,)=0, (2-44)

where afff and O';f;f . (S m) are the effective electrical conductivity for the solid phase and

electrolyte conductivity for the membrane and ionomer, respectively. For any volume of the

computational domain, the electronic and the ionic currents generated are equal, leading to:
Vi +Vei, =0 (2-45)
In a porous media, the source terms (), and Q,, can be expressed in terms of the volumetric

current for the electrode and electrolyte, respectively. The total current generated in the anode
must be equal to the total current consumed in the cathode. In the situation of no external

resource the conservation of charge requires that:

0, =-0y (2-46)
jiadV =— j idv (2-47)
Vera Vere

The average volumetric current density i (A m™) is expressed as:

avg

_ ! J'iadV=—L J.ia’V (2-48)

c
CLa Very CLic Vep,e

lavg

where V,  and V. (m*) are the volume of the catalyst layer of anode and cathode,

respectively. The surface overpotential, the driving force for the transfer current density in an

electrochemical reaction, is defined as [8]:
n=¢ ¢y —E (2-49)

where E“ (V) is the equilibrium potential, which is zero on the cathode and is equal to the
theoretical cell potential at a given temperature and pressure on the cathode side calculated by
the Nernst equation. The equilibrium potential for the hydrogen-based anode is zero and the
following simplified expression could be used for the calculation of the equilibrium potential

of the cathode [8-10]:
E =1.482-8.45x107'T+4.31x10°T'In(p,, py’) (2-50)
3.1.4 Exchange current density and charge transfer coefficient

Exchange current density and charge transfer coefficient are the two most important parameters
in Butler-Volmer to determine the intrinsic activity of the electrochemical catalysts. Exchange

current density is the current densities for the anode and cathode when both the forward and

11



backward reactions are equal. It is analogous to the rate constant in chemical reactions and is a
function of the operating temperature and partial pressure of the reactant. The exchange current

density can be expressed as [8]:

14
. -ref p, E T

i=i"a - | exp| ——| 1- , 2-51
0 0 CL[p’,:@fj p|: RT( Tr@_/ j:| ( )

where /¥ (A m?) is the reference exchange current density per unit catalyst surface area

obtained at the reference temperature of 25°C and pressure of 1.0 atm, a, (m™) is the specific

area of the catalyst layer, p, (kPa) is the reactant partial pressure, p,'fef (kPa) is the reference

pressure, / (0.5 for hydrogen oxidation reaction and 1.0 for oxygen reduction reaction [11-13])

is the pressure dependency coefficient, 7"/ (298 K) is the reference temperature, £ (kJ mol™)
is the activation energy, it is found to be 72.4 kJ mol™! for oxygen reduction on cathode [14],

and 16.9 kJ mol™! for hydrogen oxidation on anode [12], respectively.

Exchange current density is a reflection of the activity of the surface of the electrode. Higher
exchange current density means a lower energy barrier that the charge must overcome in
moving from the electrolyte to the catalyst surface. In a PEMFC, the exchange current density
of the anode is several orders of magnitude larger than that of the cathode. In other words, more
current is generated at a fixed overpotential with a higher exchange current density, and the
cathode overpotential is much larger than the anode overpotential. For this reason, the

polarisation curve is mainly determined by the ORR at the cathode. According to the literature

[4, 15, 16], the reference exchange current density (7, ) for the anode is 1.0 A cm™ whereas it

is much smaller for the cathode and is a function of temperature:

3.5077@]
T

iy = 10[ (2-52)

The transfer coefficients account for the electrical effects on the change of Gibbs free energy
in an electrochemical reaction. Since the forward and backward reactions co-exist in the
oxidation reaction at the anode and the reduction reaction at the cathode. Sousa et al. [17]
assumed that the transfer coefficient for the reduction reaction, arq, is equal to the transfer
coefficient for the oxidation reaction, aox , for both anode and cathode, leading to orse = 0toxa
= a, and orqe = doxe = ac. According to Sun et al. [6], ars + 0oy is set to unity. For oxygen
reduction reaction on cathode: aric = ac, aox. =1- a.; for hydrogen oxidation reaction on anode:

QOx,a = Oa, ORd.a :1' Oq.

It is well known that the transfer coefficient has a significant influence on the current density.
However, it is difficult to predict the accurate value of the transfer coefficient for a particular

system as it is a function of numerous conditions, such as temperature, pressure, catalyst

12



structure, and reactant impurity. Parthasarathy et al. [18] found two different Tafel slopes in
different ranges of cell voltages, that is lower at higher cell voltages and higher at lower cell
voltages. Based on their experimental measurement, the cathode transfer coefficient was

regressed by Sun et al. [6] as:
a, =0.495+2.3x107 (T —300) (2-53)

In comparison with the cathode transfer coefficient, the anode transfer coefficient changes
slightly as the operating condition changes. Therefore, the value reported by Bernardi and

Verbrugge [4] of a,=0.5 is typically used.

With the development of advanced Pt-based materials, the activity of electrochemical catalysts
has been significantly improved. Thus, the expressions of exchange current density and charge
transfer coefficient developed in the 2000s are not suitable for state-of-the-art catalysts.
However, the methodologies as described in the work of Parthasarathy et al. [ 18] are still valid,
in which the Tafel slope was derived through the simplification of the Butler-Volmer equation.
For the oxygen reduction reaction at the cathode, the second term in the bracket of the B-V
equation could be omitted due to its very small value. After a rearrangement, Eq. (2-16)

becomes

RT RT
£Ini,——=Ini (2-54)
aF aF

c c

7. =

Substituting Eq. (2-49) into the above equation leads to

@, — @y —EY :Elnio—RgT
‘ aF aF

c c

Ini (2-55)

In the electrochemical control zone at high cell voltage, the electrolyte phase potential, ¢@,, , is

negligibly small and the solid phase potential, ¢, , is approximately equal to the cell voltage E.

Thus, Eq. (2-55) could be expressed as:

RT RT
E-E“ =—~£_Ini,———Ini (2-56)
al al

c c

Plotting £ as a function of Ini gives a straight line with a slope of R,T / o F and an intercept

of (RgT / o, F)Ini,, then the exchange current density, i, and charge transfer coefficient, &, ,

are obtained.

3.1.5 Electrical and ionic conductivities

13



The electrical conductivities of GDL and CL are different owing to the different compositions
of the two domains and depend on the composition, e.g., the volume fractions of the
components responsible for the conductivity. Therefore, appropriate corrections are essential.
The most widely used approximation for effective electrical conductivities is the Bruggeman
approximation. However, there are many correlations beyond the Bruggeman approximation
available in the open literature for effective electrical conductivities [19]. For instance, The
effective electronic conductivity for the CL can be obtained using the following correlation
[20]:

o 2—2¢

s Y

o

‘ 2-57
g, +2 (&57)

where o, (S m™) is the electrical conductivity of the solid phase (platinum dispersed carbon in

the catalyst layer), &, is the volume fraction of the non-conductor materials, e.g., ionomer and
void space in the CL. The electronic conductivity of Vulcan XC-72 carbon black is 450 S m™!
[21] and the electrical conductivity of platinum is regressed from the experimental data as [22]:

o p =1.7209%10° 7% (2-58)

Proton transport between agglomerates requires sufficiently thick ionomer films surrounding
agglomerates because the contact between agglomerates decreases when ionomer thickness

decreases, which leads to a decrease in proton transport. The effective ionic conductivity of CL,

ajjf (S m™), can be obtained using the following equation [23]:

(gagg,M - 1) o
A+8y [T +ay)* |

0%20—&0P+ (2-59)

is the volume fraction of the ionomer in agglomerate, 0,, (m) is the thickness of

where EugaM

the ionomer film, 7, (m) is the radius of the agglomerate. The values of the parameters of

&,gqm » Oy and 7, are associated with the CL structure. Note that the above expression is

developed by improving the equation of Jaouen et al. [24, 25]. To capture the trend of the
relationship between J,, and O'Zf (6, >0 ,O';f;f —0), the dimensionless parameter a, is

added, which is given by:

a, =min O,(a—M + «3/(1 — Eogert) —1] (2-60)

ragg
The intrinsic ionic conductivity, 0,, (S m™), strongly depends on temperature and water

content, which can be obtained from [28].

14



o, = exp{1268(3lﬁ—%ﬂ (0.51394—0.326) (2-61)

where 4 is the membrane water content.
3.2 Multicomponent mass transport
3.2.1 Conservation of momentum

The velocity and pressure of reactant gases flowing through the channel and porous media could
be known by solving the conservation equation of momentum. The momentum flow through
the volume element can be described by two mechanisms: convection and diffusion.
Considering the fluid flows through all faces of the volume element, the conservation of
momentum can be written as [26]:

8((/;“)2_V,(puu)—v-p—v-r+pg (2-62)

where Vp (Pam™) is the pressure gradient, + (kg m™ s7) is the shear stress tensor, and § (m s”

%) is the gravitational acceleration vector.

The term on the left-hand side of Eq. (2-62) means the rate of momentum increase per unit of
volume while on the right-hand side the first term is the rate of momentum gain by convection
per unit of volume, the second term is the pressure force on element per unit of volume, the
third term describes the rate of momentum gain by viscous transfer per unit of volume, and the
last term is the gravitational force on the element per unit of volume. This equation, which is
valid for any continuous medium, is the general form of the motion equation. If the behaviour
of the fluids obeys Newton’s law of viscosity, in which the shear force per unit of area is
proportional to the negative of the local velocity gradient, the shear stress tensor is therefore

being expressed as [26]:
T 2
T=u|Vu+Vu) — E(V -u)l (2-63)

where I is the identity matrix.

To describe the momentum balance in the porous media, the Brinkman equation [27] is
normally used. This equation was developed based on Darcy’s law by Brinkman in 1949. An
additional term was added to Darcy’s law accounting for the viscous transport in the momentum
balance. And both the pressure and flow velocity vector were treated as independent variables

in the Brinkman equation shown as follows:

£\ Ou u?
PN wE  v.p-vVorst 2-64
(gjaz % p Pg (2-64)
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where K (m?) and & are the permeability and porosity of the porous media, respectively, and
,ueff (Pa s) is the effective viscosity of the fluid. The shear stress tensor is similar to that in Eq.

(2-63) but the porosity of the porous media is included:
2
r=H[vu+vu) - SV (2-65)
£

For a multi-component mixture, the motion equation is very similar to the equations developed

for a single fluid. The difference is that the last term, pg is replaced by Zp,.gi , which

accounts for the fact that each species may be affected by different external force per unit of

mass. Simultaneously, a unit tensor & is introduced to the pressure term shown as follows:

a(gu)'=—V-(puu)—v-(p6)—V-T+Zp,-gi, P=123on  (2:66)
i=1

eff n
p |ou U .
= |=—=-u—-V:(pd)-V-1+ ) psg., i=123,....,n¢n (2-67)
( £ j ot K ;

Note that the flow velocity in equations from Eq. (2-62) to Eq. (2-67) is the superficial averaged
velocity, which is defined as the volume rate of flow through a unit cross-sectional area
including both pores and solid matrix. This definition makes the velocity field continuous
across the boundaries between the porous and free flow regions. The flow therefore can be

described by the same velocity in the entire domain.
3.2.2 Maxwell-Stefan diffusion

The multi-component mass transport of gaseous reactant mixture within the porous electrode

is described by the Maxwell-Stefan equation as

N
piu? 'le'g -V _ng(l—S)Dij (fo - W/g)@"‘DiT g = MiSig (2-68)
i : o

=
where w¥, Wf and M, (kg mol™) are the mass fraction, mole fraction and molecular weight
of species i, respectively. D, (m’ ™) and D, (m’ s™') are the binary diffusion coefficient and

the thermal diffusion coefficient, respectively, 7" (K) is the temperature, S* (mol m?s) is the

source terms, which account for the electrochemical reactions taking place within the porous

catalyst layer shown as follow:

i i i
a §¢ —_ " gr_ 2-69
2F % AF’ 7Y T 2F (2-69)

S f,z =
Note that p* (kg m?) is the density of the gas mixture, which is given by the ideal gas law:
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pe = . (2-70)

where p® (Pa) is the pressure of the gas mixture and M, (kg mol") is the mean molecular

weight of the gas mixture, which can be related to the mole fraction of the component as follow:

M, = ix,.M,. (2-71)

i=l

where 7 is the number of component gas in the gas mixture and, M, (kg mol™) is the molecular

weight of the species i.

According to the agglomerate assumption, reactant gases must first transport through the
secondary pores to the outer boundary of the ionomer films surrounding the agglomerate, then
diffuse into the primary pores inside the agglomerate and reach the active sites for
electrochemical reaction. Note that ionomer and water are also the diffusive media of gas
transport, but with a few orders of magnitude lower diffusivity in comparison with the void
space. Neglecting the mass transport of gas species through ionomer and water, the effective
diffusion coefficient of species i through the secondary pores can be approximated using the

Bruggman relationship as [15, 28-30]
where & is the volume fraction of secondary pores, D, (m* s) is the equivalent diffusion

coefficient of species 7 in void space.

When reactant gases diffuse through the ionomer film, they must transport through the primary
pores inside the agglomerates to the surface of the platinum particles. The agglomerates consist
of four components namely, Pt/C, ionomer, water and primary pores. Assuming primary pores
are the gas transport media, the effective transport coefficient of gas species i within the

agglomerates is:

D =g2 D (2-73)

agg,p”~ i-P

in which ¢, is the volume fractions of primary pores within the agglomerate.

By taking the Knudsen diffusion into account, the equivalent diffusion coefficient of species i

in void space, D!, (m?s™), is:

- 4 274
D0 D (2-74)

i-P i-g Kn,i
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where Dio_g (m? s7) is the intrinsic diffusion coefficient, and D, .

diffusion coefficient of species i.

1-x
D’ =—— "1
"2/

J#i

(m? s!) is the Knudsen

(2-75)

where D; (m? s!) is the binary diffusion coefficient of species i and j, which is calculated by

the equation developed by Bird et al. [26]:

DY =1.8583x107 T3(L+L)+
M, M, pc,Q,

1
Gij :E(Gi +Gj), & = /gl_gj

where,

Q, and Q ; are functions of the reduced temperature T,* and T[j .

1

There are empirical expressions for calculating QI- and «Q, written as:
Q. = AT’ +Clexp(T D)+ E/exp(T F)
*\ B * * *
Q, = ANT))" +C/exp(T; D) + El exp(T, F) + G | exp(T; H)

The Lennard-Jones potential parameters are listed in Table 2.1.

Table 2.1 Lennard-Jones potential parameters [26].

(2-76)

(2-77)

(2-78)

(2-79)

(2-80)

Species i M, o, & /K
H, 2.016 2.915 38.0
0, 32.000 3.433 113.0
N 28.013 3.667 99.8

H,0 18.000 2.641 809.1

Qi A=1.16145; B=0.14874; C=0.52487; D=0.77320; E=2.16178; F=2.43787

Q, A=1.06036; B=0.15610; C=0.19300; D=0.47635; E=1.03587; F=1.52996; G=1.76474;

H=3.89411
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The temperature-dependent binary diffusion coefficients for all pairs of gas species at 1.0 atm

are presented in Figure 2.5.
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FIGURE 2.5 Temperature-dependent binary diffusion coefficients of gas species pairs at 1.0 atm [31].

3.2.3 Knudsen diffusion

Knudsen diffusion is a means of diffusion that occurs when the scale length of a system is

comparable to or smaller than the mean free path of the particles involved. Knudsen's effect on

reactant gas diffusion should be considered when the Knudsen number (K » ) 1s greater than

0.1 [24, 25]. The Knudsen number and Knudsen diffusion coefficient of oxygen diffusion in

porous media are [10, 32]:

kT
K =—"8" (2-81)
! ‘42”po-iidavg

D, l:% 8RT (2-82)
" 3 \nM,

where kg (1.38065x10% J K™) is the Boltzmann constant, 0;; (m) is the particle diameter, and

d,y (m) is the average pore diameter in the catalyst layer, which can be calculated as [10, 32]:

_4 ey

Lo (2-83)

avg

“31-g,

where €, and oge (m) are the porosity of the catalyst layer and the radius of the agglomerate,

respectively.
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Taking the effective diffusion coefficient of oxygen through the void space of porous electrode
as an example, as shown in Figure 2.6, the Knudsen effect is significant (particularly at higher

temperatures).
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FIGURE 2.6 Effective oxygen diffusion coefficient through void space of porous electrode [31].

The thermal diffusion coefficient of species i in the gas mixture, 7>7 (m*s™), can be expressed

as the quotient of the thermal conductivity and specific heat capacity as:
T
D; =Mk, /c,, (2-84)

The thermal diffusion of gas species is normally omitted in most research owing to the limited

influence on the overall diffusivity compared to that trigged by the concentration gradient.

3.3 Heat transport
3.3.1 Conservation of energy

The equation of energy for a multi-component mixture is given by using the methodology

developed by Bird et al. [26]:
ou
P E'FII'VU =—V-q—pV-u—1‘V-u+Qg (2—85)

The term on the left-hand side of the equation above represents the rate of internal energy
gained per unit of volume, the first term on the right hand is the rate of internal energy input
per unit of volume by conduction, the second term on the right hand is the reversible rate of

internal energy increase per unit of volume by compression, the third term on the right hand is
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the irreversible rate of internal energy increase per unit of volume by viscous dissipation and

0. is the heat source.

Instead of internal energy, the above expression can be written in terms of the temperature and
heat capacity of the fluid, which becomes more convenient for calculating the temperature
profiles. At constant pressure, the internal energy can be related to the temperature and heat

capacity via the following equation:

oU oV aT

AL 2-86
ot P T e (&:56)
where V' (m® kg!) is the volume per unit of mass, and c,d mol! K') is the averaged heat

capacity of the multi-component mixture at constant pressure, which can be calculated by the

heat capacity and mole fraction of the species of the multi-component mixture:
n
¢, =2.Cou X, i=123,.cn (2-87)
i=1

With the aid of the equation of continuity p(dV/dt) =V - v, then multiplying both sides of

Eq. (2-86) by the averaged density of the multi-component mixture and combing Eq. (2-85)

gives:
oT
pcp5+pcpu-VT=—V-q—1:V-u+Qe (2-88)

The term TV -u is only significant in a high-speed flow system in which the velocity gradient
is large and negligible for PEFMCs. By substituting q = —AV T into the above equation, a

second-order partial differential equation for temperature profiles can be written as:
oT
pcp§+pcpu-VT—V-(kVT) =0, (2-89)

For a multi-phase heat transfer process occurred in the porous media, Eq. (2-89) becomes:

o

p” [ D (epe, )T1+V [ D (epc, m)T1-V-( D kVT)=0,  (2:90)

i=g,l,s i=g,l i=g,l,s

where & is the porosity, the subscripts g, /, and s refer to phases of gas, liquid and solid,

respectively.
3.3.2 Specific heat capacity and thermal conductivity

The specific heat capacity and the thermal conductivity of the gas mixture are obtained by using

an empirical equation developed by Wike [33],
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cf = lecpl, kg_szcp (2-91)

ij
J

in which

BE

1 M -0.5 k 0.5 M 0.25 2
D, =—|1+—~ 1+ =+ | |— , @, =-L qu,.j (2-92)
Bl M, k) \ M, "k,

where C;‘f (J mol! K!) is the specific heat capacity of the gas mixture, X; is the mole fraction
of species i in gas mixture, Ci’i (J mol! K) is the specific heat capacity of species i in gas
mixture, k¢ (W m"! K) is the thermal conductivity of the gas mixture, k, (W m! K) is the

thermal conductivity of species i in gas mixture, M ; (kg mol™) is the molecular weight of
species i.

The expressions for the specific heat capacities of each gas component including hydrogen,

oxygen, nitrogen and water vapour are:

cf, =1.914x10°T* ~8.314x107'T +28.890 (2-93)
=—4.281x10°T* +1.371x107T +25.431 (2-94)

cfy, =1.788x107°T% +2.924x107T +27.848 (2-95)

¢f 110 =1.180x107°T* +9.621x107T +30.326 (2-96)

The specific heat capacities of solid and liquid phases change slightly with temperature [34].
Consequently, the specific heat capacities of platinum, carbon black, liquid water and
membrane/ionomer are assumed as temperature-independent constants of 1.3x10%, 894.4,
1090.0 and 4187.0 (J kg!' K", respectively. The expressions for the thermal conductivities of

hydrogen, oxygen, nitrogen and water vapour are:

ky, =3.777x107'T +7.444x10” (2-97)
ko, =6.204x107°T +8.83x107 (2-98)
ky, =5.453x107T +1.088x107 (2-99)
kf o =1.188x107T —2.404x107 (2-100)

22



For the solid components, e.g., platinum, carbon black and liquid water, the expressions for the

thermal conductivities are:

kp, =-5.037x107T° +2.483x10°T% -2.282x107T + 77.80 (2-101)
k. =1.048x10°T* -2.869x107T +2.979 (2-102)

kyyo==1.118x107T* +8.388x 107 T - 0.9004 (2-103)

It is worth noting that Egs. (2-93) — (2-103) are obtained through the best fit of experimental
data [26]. The effective thermal conductivity and specific heat capacity are dependent on the
volume fractions of the species within a chosen domain. Without a doubt, the cathode catalyst
layer is the most complicated domain in which gas mixture, liquid water, ionomer, Pt/C et al.
are all involved. The detailed expressions for the effective thermal conductivity and specific

heat capacity of GDL, CL, and membrane/ionomer are listed in Table 2.2.

Table 2.2 Effective specific heat capacity and thermal conductivity of GDL, CL and

membrane.
GDL CL Membrane
C:{f (I=égp)C,c + SEGDLC;,W +(=5)ggp05 Ly, p+Le+L)e,c +Lyc, + SECLC;,W +(1=-5)egc; Cp.m
kY (= &gp Vhe +sEgp kL +(1— $)éap ks Lykp, + (Lo + Lk + Lk, +se,k. +(1-9)g k8 ky,

4. Electrode properties
4.1 Porosity of the catalyst layer

The total volume of CL consists of five components, including ionomer (M), platinum (Pt),
carbon black (C), void space (P) and solid intrusion (S), e.g., the penetration of GDL into CL.

Vi, =VytVa+V.+V, +V (2-104)
where the volume of the void space consists of two parts: primary pores ( Vp,p) and secondary
pores ( V., ).

The primary pores are the void space within the agglomerates and the secondary pores are the

void space between the agglomerates, thus we have:
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Ve =V, +Vp, (2-105)

The Pt/C is constructed by platinum and carbon, thus

Veue =Vp+ Ve (2-106)

Dividing both sides of Eq. (2-104) by the total volume of the catalyst layer ( th ), the sum of
volume fractions of all components is equal to unity, leading to

=L, +Ly,+L.+L;+&, (2-107)

Eq =&, TE, (2-108)

where the terms on the right side of Eq. (2-107) represent the volume fraction of ionomer (L),
platinum (Lp;), carbon (Lc), solid portion (Ls), primary pores (&), and secondary pores (&),
respectively, which are written as:

V V 4 V. V 14
L= 7 Pt 7 __C T __85 —_Pr & —_Ps 2-109
M V s Pt V s C I/mt ) N vat s (C,'p th H s ( )

tot tot tot

The volume fraction of platinum, carbon and ionomer were related to their mass loading and

densities and CL thickness ( 5CL) as

m m m
Ly=—"— Lo=——, L,=—2% (2-110)

PrOcy PO PuOcs

Normally, platinum is dispersed in carbon black to construct the catalyst particles. Therefore,
the volume fraction of Pt/C is the sum of the volume fractions of platinum and carbon, which

can be written as [2]:

1 1-f1
Ly :%(_+_f_] (2-111)
5CL th f pc

where the platinum mass ratio to that of carbon (abbreviated as platinum mass ratio) is defined

as:
m
f=—"— (2-112)
mp, + me

Due to the clamping force of the membrane electrode assembly (MEA), the intrusion of GDL

into CL occurs. The volume fraction of the solid portion of the catalyst layer is defined as:
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Ly =L (1-¢6p,) (2-113)

where Lepy is the percentage of GDL penetrating the catalyst layer and, epr. is GDL porosity.

The CL porosity is therefore being written as:

m 1 1-f 1
g, =1-1L, —LGDL(l—gGDL)—l[—+—f—j (2-114)
cr \ Pp S P

Note that two unknown variables are in the above expression, ., and O, . There are two

approaches to using the above equation. One is to fix the CL thickness and calculate the CL
porosity, the other is to fix the CL porosity and calculate the CL thickness. According to the
CL preparation process, when the CL is prepared on the GDL or membrane, a hot press is
required to reduce the contact resistance between different layers. Therefore, most of the models
fixed CL thickness as a constant and study the variation of CL porosity as a function of other
parameters, e.g., platinum loading and platinum mass ratio [35, 36]. Other studies showed that
the CL thickness increases when the platinum loading increases and the CL porosity is
approximately maintained as a constant. Therefore, fixing the CL porosity as a constant is a
better approach. Nevertheless, a good agreement can be achieved for the CL thickness as a
function of the Pt loading when modeling results are compared with the experimental data

(Figure 2.7).
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FIGURE 2.7 Catalyst layer thickness with different Pt loadings in base-case condition. Experimental
data from Lee et al [37].

4.2 Agglomerate density

Ionomer first partially fills up the primary pores within the agglomerate and then covers the

agglomerate to form a thin film. The total volume of ionomer is:
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V=V

M ,agg

Vs (2-115)

where VM,a -

(m’) is the volume of ionomer within the agglomerate and, V,, ; (m’®) is the
volume of ionomer that existed as the thin film surrounding the agglomerate. Since the
agglomerate particles consist of Pt/C, ionomer and primary pores, the total volume of the
agglomerate is:

Vgg,tot = VPt/C + V + Vp,p (2-1 16)

a M ,agg

The volume fraction of ionomer within the agglomerate ( &

ez ) a0 the volume fraction of

primary pore space within the agglomerate (¢, ,) are introduced as:

V v
M, P,
g, . =—las —_bw (2-117)
88, V age,p V
agg.tot agg,tot

The total volume of the agglomerate could be calculated through the combination of the above

two expressions.

Vouc
Viegior = PP —— (2-118)
agg,M agg.p
The volume of the individual agglomerate particle (without the ionomer film) is
4 5
Vigei =§mﬂagg (2-119)
Dividing Eq. (2-118) by Eq. (2-119), the total number of the agglomerates is found as:
R4
n. = Pic (2-120)
“ Al-g, - Y]
agg,M agg,p/ " agg

Defining the number of agglomerate particles per volume of the catalyst layer, the agglomerate
density is introduced as

3 LPt/ C

g =2 (2-121)
. 4(1 —&c )77'7/'agg3

4.3 Thicknesses of the ionomer and liquid water films

The volume of agglomerate with the ionomer film is equal to the volume of Pt/C, ionomer and
primary pores, leading to:

47[(

Nige g +0) )3 =V +Vpuc +Ve, (2-122)

l"agg

Substituting Eq. (2-122) into Eq. (2-104) leads to
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4
o :”agggﬂ(”agg+5M)3 +VP,S +V (2-123)

Substituting the total number of agglomerates Eq. (2-120) into the above equation and then
dividing both sides by V,

o S1VES

L ro+0,)
1= pucUags * O ) +&, + L (2-124)

3 S
(1 - gCL )ragg v

The volume fractions of the primary and secondary pores are:

& = LPt/C(gCL - gagg,M) (2_125)

’ l-¢,

L Eq —&
& = SCL _ Pt/C(1 iLg agg,M) (2_126)
CL

By substituting Eq. (2-126) into Eq. (2-124), the thickness of the ionomer thin film can be

calculated by the following equation:

5, = - l:i/(l = ) =&e, = L)+ Lp, (&, — gagg,M) B 1:| (2-127)

LPt/C

Defining the volume fraction of the primary pores occupied by the ionomer as:

&
%M = ageM (2-128)

gagg,M + gagg,p

Then Eq. (2-128) becomes to:

1t = g {i/(l_ga)(l_ga _Ll:v)+LP;/c5CL (1-%M) _1}

(2-129)

Pt/C

If the primary pores are completely occupied by the ionomer (%M =1), the above expression

changes to:

Sy =T, |:i/(l_gCL)S_gCL — L) _1} (2-130)

Pt/C

It is important to note that the volume fraction of the ionomer with the agglomerate (&, ,, ) is

impossible to larger than the porosity of the catalyst layer (&, ).

Assuming that the ionomer is hydrophilic, any liquid water is assumed to coat the entire surface
of the individual agglomerate to generate a liquid water film adjacent to the outer boundary of

the ionomer film. The total volume of the liquid water generated can be obtained as:

Vw = SgCL I/lol

(2-131)
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where $ is the liquid water saturation, which is defined as the volume fraction of the void space

occupied by liquid water.

Averaging the total volume of the liquid water to each agglomerate, the volume of the liquid

water surrounding each agglomerate is:

SE
V= —& (2-132)
agg
Then the liquid water film thickness is given as:
3s¢
S, = 3\/ (Fogg + 0y )’ +——L = (10, + ) (2-133)
47N .,

4.4 Specific area

For CLs prepared through spraying catalyst ink onto GDLs, that consists of Pt catalyst dispersed
in Vulcan XC72 carbon black, Nafion solution (5%), and organic solvent, e.g., glycerol and
isopropanol, the reaction surface area per unit platinum mass (m? kg') can be roughly

calculated by the following empirical expression [32, 38]:
A, =(227.797° —158.57f* —201.53f +159.5)x10’ (2-134)

where fis the platinum mass fraction. The specific area of the catalyst layer (m™), defined as

the total active area per volume of the catalyst layer, can be written as [2, 15]:
m
G, = A4, (2-135)
e
The specific area of the agglomerate, defined as the total active area per volume of agglomerate,
could be expressed as [35, 36]:
— mPtAS - 8CL)

aagg 5 L

CL

(2-136)

Pt/C
4.5 Deformation of porous electrode

To avoid gas leakage and minimize contact resistance, a certain clamping force is applied to
the bipolar plates. However, the deformation caused by the clamping force may damage the
microstructure of GDL. As the most compressible component in MEA, the deformation of GDL
is much more significant than that of the catalyst layer (CL) and PEM [39]. In addition, the
deformation of GDL under the rib is more obvious than in the area under the channel owing to
the special channel-rib pattern of the flow field [40]. Consequently, non-uniform deformation
of GDL results in inhomogeneous variations of the physical properties of GDL under the rib

and channel, such as porosity, thickness, permeability, effective diffusivity, and effective

28



electrical conductivity, which in turn affect the cell performance and durability. These physical

properties are competitive and coupled in the transport process in GDL.

Over the past decades, numerous experimental and numerical studies have been reported on
GDL deformation and the associated effect on cell performance [41-43]. Imaging techniques
such as synchrotron X-ray imaging [44] and X-ray computed tomography [45] have been
widely used to investigate the microstructural changes of GDL under clamping force. For
example, Zenyuk et al. [46] and Totzke et al. [47] utilized X-ray computed tomography (CT)
to explore the microstructural change, such as porosity, tortuosity, and pore-size distribution
(PSD) of different GDL materials under various levels of compression loads, concluding that
the porosity decreased with compression and the PSD shifted from bimodal to unimodal while
the larger pores were shifted to that of the smaller radii. Atkinson et al. [48] investigated the
variation of the porosity and ohmic resistance of different GDL types under varying degrees of
compression on the influence of the mass transport resistance via X-ray CT and found that the
concentration losses increased with compression owing to the decreased porosity. The
morphological properties of the entire MEA with two distinct flow field arrangements under
different compression ratios were investigated by Kulkarni et al. [49] and found that the
symmetrical flow field arrangement had a smaller deformation compared to the asymmetrical
flow field arrangement when the compression ratio was lower than 40%. However, a higher
compression would lead to the delamination of MEA in the symmetrical flow field arrangement.
The polarization curves of a fuel cell under varying clamping pressure were tested by Chang et
al. [50] using a homemade test fixture with three different types of GDLs. Their results
indicated the existence of optimal clamping pressure to maximize the peak power density and
the optimal value was approximately 3.0 MPa in their experiments. These experimental studies
revealed the variation of the morphological properties of the MEA components under realistic
compression conditions and qualitatively measured the effect of the clamping pressure on the
physical properties of GDLs, such as porosity, permeability, gas diffusivity and
electrical/thermal conductivity. All these experimental studies provided a comprehensive

dataset for computational modelling.

With respect to the numerical studies of the influence of the GDL deformation on the transport
properties and cell performance, not only the variation of physical properties of GDL, but also
the effect of the compression on the current density distribution and liquid water distribution in
an operating fuel cell, which are infeasible or costly to be measured by experimental
approaches. For example, Li et al. [42] developed a three-dimensional, two-phase PEMFC
model to investigate the local current density distribution at various assembly pressure. They
found that the local current density under the channel is higher than that under the rib and the

non-uniform was more serious with increasing compression. Jiao et al. [51] investigated the
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effect of compression on the water transport in GDLs using OpenFOAM, concluding that the
compression increased the flow resistance for the liquid water and the vapor, which led to an
uneven distribution of fluids. Mehrtash et al. [52] developed a two-dimensional, half-cell, non-
isothermal, multi-phase model to study the variation of the water concentration and current
density profiles, as well as characterization curves, with respect to different levels of
compression. Zhou et al. [53] used the finite element method (FEM) to analyse the relationship
between GDL deformation and cell performance. The numerical results showed that the
increase in compressive deformation deteriorated the cell performance when the contact
resistance was not considered and there existed an optimal clamping pressure when the contact

resistance was considered.

The clamping force required to achieve different levels of electrode deformation is calculated

as follows:
oo,
_]"'b,— =0 (2-137)
axj
528:’] azgk/ _ azgik _ o,

L (2-138)
ox,Ox, Ox,0x; Ox;0x;, OX,0x,

where o, (Pa)is the stress tensor, b, is the body force vector, and &, 1s the strain tensor. Eq.

(2-137) indicates that the displacement within the electrodes is single-valued and continuous.
Typically, only the deformation of the GDLs is considered because the deformation of the
other components, including the membrane and CLs, is very limited owing to either the higher

mechanical strength or the smaller dimensions.

Based on Hooke’s law for linear elastic deformation, the stress and strain are related through

the following constitutive relation:
o, =A0,&, +2ue; (2-139)

Ev E
ﬂ, = 5 /U =
1+v)(1-2v) 2(1+v)

(2-140)

where E' (Pa)is Young’s modulus, V is the Poisson ratio, &, is the Kronecker delta, and the

subscripts i, j, and & are the coordinates of the computational domain. The required stress to

achieve the desired compression ratio of the GDLs could be calculated.

The GDL porosity after compression and the compression ratio (CR) can be calculated as [54]

&0, —CR

Eapy, = 2-141
oo =~ R (2-141)
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CR=1-5/6" (2-142)

where CR is defined as the ratio of the GDL thickness before and after compression, ¢° and ¢’
are the thicknesses of the initial and compressed GDL, respectively. &5, represents the initial

GDL porosity and the egpL is the GDL porosity after compression.

5. Water management

Water exists in three phases: vapour, liquid water and the dissolved phase in membrane and
ionomer. Due to the hydrophilic property of the Nafion ionomer, water uptake occurs when the

membrane and ionomer are exposed to a humidified environment.
5.1 Water phase-transfer and water transport through membrane

Water exists in three different phases in different solvents [55-57], including the dissolved
water in the membrane and ionomer, water vapour and liquid water in the porous media and
flow channels. The dissolved water is the membrane and ionomer absorbed water, which enters
the membrane and ionomer from the water vapour during water uptake and leaves the
membrane and ionomer in the liquid phase when the water content of the membrane and
ionomer exceeds complete saturation. The main phase transfer mechanisms include the
following processes: the phase transfer between liquid water and water vapour via condensation
and evaporation, the phase transfer between dissolved water and water vapour through
membrane and ionomer absorption or water uptake, and the phase transfer between liquid water

and dissolved water during membrane and ionomer desorption.

Water transport in the membrane plays an important role in determining the water content in
the membrane/ionomer [28, 55-58]. During fuel cell operation, water transport through the
membrane occurs via three mechanisms: electro-osmotic drag (EOD) of water molecules
carried by protons migrating from anode to cathode, back diffusion driven by the concentration
gradient of water, and convection generated by the pressure gradient. We can mathematically

describe the dissolved water transport through the membrane as:

. k Cd
%(LMcj,) +V-(n, %) ~-V-(D,_,,Vc)y-V- {Mvp] =S¢ (2-143)

The term on the left-hand side refers to the water accumulation, water migration by electro-
osmotic drag, back diffusion and hydraulic permeation, respectively. L,, is the volume
fraction of ionomer (L,, = 1 in the membrane, 0 <Z,, <1 in the catalyst layer, L,, = 0 in GDL

and channel), ¢? (mol m?®) is the concentration of the dissolved water, 7, is the EOD
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coefficient, which is expressed as 2.54/22 [55-59], D, _,, (m? s) is the diffusion coefficient

W—

of water through the membrane, k,,, (m?) is the hydraulic permeability of water in the

membrane, £, (Pa s) is the water viscosity, P (Pa) is the pressure, and S¢ (mol m? s7) is

the source term of dissolved water. The concentration of the dissolved water depends on the

water content of the membrane and ionomer according to the following expression [58]:

Ay @144

where p,, (kg m?) is the density of dry membrane, EW (g mol™) is the equivalent weight of
membrane and k, is the swelling coefficient, representing the volume increase of the

membrane and ionomer.

The polymeric matrix of the membrane and ionomer expands leading to an increase in their
volume when membrane/ionomer water absorption (water uptake) occurs. Normally a dry
Nafion® membrane/ionomer swells approximately 20% when fully hydrated by water vapour
[58, 60]. Membrane and ionomer swelling has two effects on fuel cell performance. For the
membrane, higher swelling increases the ionic conductivity and water diffusion coefficient,
while for the ionomer, higher swelling increases the thickness of the ionomer film surrounding
the agglomerate and decreases the void space within the catalyst layer, leading to an increase

in transport resistance of reactant gases, especially the oxygen [58].

Depending on the directions of membrane swelling, there are two types of membrane
deformation: the through-plane membrane thickness increasing and the in-plane membrane
buckling. The through-plane membrane thickness increase is caused by the zero or low
fastening force from gas flow fields to the MEA [61]. Since the membrane is fixed between the
bipolar plates under a relatively high clamping force, the thickness of the portion of the
membrane under the current collector ribs is impossible to change during membrane water
absorption (water uptake). However, the in-plane buckling occurs under the channels as shown
in Figure 2.8. Compared to the through-plane thickness increasing, the in-plane buckling is
more important as the in-plane stress is the major stress component in the membrane [62]. The
in-plane buckling could have a significant impact on the channel flow as the MEA bulges into
the channel. The bulged GDL into the flow channels increases the mass transport resistance

and can lead to pinhole formation of the membrane under the channel [63]. The volume

fraction of the ionomer within CL after swelling is calculated by the following equation:

L =L, (1+kA) (2-145)
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FIGURE 2.8 Sketch of the membrane and ionomer swelling and the bulged MEA into the flow channel.
Credit: Reprinted from Xing et al., Applied Energy, 138, 242-257, 2015, with permission from Elsevier.

Dissolved water is absorbed by the membrane and ionomer when the concentration of the
dissolved water is smaller than the equilibrium concentration, which is the maximum dissolved
water being carried by the membrane and ionomer. After reaching the equilibrium
concentration, the dissolved water moves away from the membrane and ionomer in the liquid
water phase, during the process of membrane and ionomer desorption. The source terms

regarding the process above are:

S =k, (c—c) et <o (2-146)
S" =k, (¢! —c) ch > (2-147)

The subscripts vd and d! in the source term represent the water phase change from vapour to

dissolved water and from dissolved water to liquid water, respectively. k,

S

and k,, (s')are

the adsorption and desorption rate coefficient, given by [59, 64]:

-5 r N
kads=—1'l4xm L exp 2416(L—lj (2-148)

5., i 303 T

-5 r N
kdes=—4'59><10 Lo exp 2416(L—lj (2-149)

S, i 303 T)|

33



AV,
f,=——2— (2-150)
Vy +4V,

Where f,, is the water volume fraction of the membrane, V/, and Vj, (m*® mol") are the partial
molar volume of water and the dry membrane, respectively. ¢ (mol m™) is the equilibrium
dissolved water concentration, which is determined by the equilibrium water content according

to Eq. (2-144). The equilibrium water content is given by empirical correlations based on water

uptake measurements [57], given as:
A1 =16.8s+14.0(1—xs) s>0 (2-151)

where s is the liquid water saturation. The actual water content as a function of water activity

18
A=0.043+ 17.810(H20 —39.850{,2{20 + 36.005,3_,20 Ay o <1 (2-152)

In the above equation, &, , can be a function of both water vapour partial pressure and liquid

water saturation [56], as given below:

Ao =%, L=+ 2s (2-153)

sat
5.2 Diffusion of species in Nafion ionomer with different membrane water content

According to the agglomerate assumption, reactant gases must diffuse through the ionomer film
surrounding the agglomerate before reaching the surface of platinum catalyst particles inside
the agglomerate. Owing to the much higher solubility and diffusivity of hydrogen through
Nafion® than that of oxygen, the diffusion of oxygen through the ionomer film is more critical
[4, 15]. For oxygen diffusivity through the Nafion® membrane and ionomer, Marr and Li [15]
provided a temperature-dependent equation by fitting the experimental data published by
Parthasarathy et al. [18]. Suzuki et al. [65] reported that the oxygen diffusion coefficient is
proportional to the power of the membrane water content. Using the combination of the two
expressions and the influence of temperature and membrane water content, and the following

expression can be obtained.

T-273
106.65

D, =1.3926x107° 27" exp( j—1.6461x 107027 +52x107'0 (2-154)

where A and T (K) are membrane/ionomer water content and temperature, respectively.

Conversely, Henry’s constant for oxygen solubility in the Nafion® ionomer depends on the

relative humidity [66]. To investigate the effect of water content on Henry’s constant, one can
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calculate Henry’s constant from the expression given below, which is obtained by modifying

the equation of Marr and Li [15] and fitting the results of Suzuki et al. [65]:
666
H, =0.11552exp 14.1+0.O3O2/1—T (2-155)

A comparison of Eq. (2-154) with the experimental data of Takamura et al. [67] and Eq. (2-

155) with the simulation results of Suzuki et al. [65] is shown in Figure 2.9.

< 910" 450
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FIGURE 2.9 Oxygen diffusivity through Nafion® membrane/ ionomer as a function of water activity

(left) and Henry’s constant for oxygen solubility in Nafion® membrane/ ionomer as a function of water
content (right).

Nafion® is an ideal media for dissolved water transport, the diffusion coefficient of water
through the membrane is a piecewise function that can be determined by both temperature and

membrane water content [4, 10, 28, 32, 38, 55-58, 60, 68]:

D,(2.563-0.331+0.02644" —0.0006712°) A>4

Dy oy =1Dy(-1.252+6.65) 3<1<4 (2-156)
D,(2.054-3.25) 2<A<3
D, =1.0x10""ex 2416(L—1] (2-157)
o P 303 T

For the above expressions, the membrane water content (1) can be calculated from the water

activity («,, ) using the following expression:

0.043+17.81a, —39.852, +36.0,° a, <1
A=114.0+14(c, 1) 1<a. <3 (2-158)
16.8 a, >3
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FIGURE 2.10 Water diffusion coefficient through the membrane (left) and the relationship between
water activity and membrane water content (right) of Nafion® 117 at 30°C.

Figure 2.10 shows the water diffusion coefficient through Nafion® membrane as a function of
membrane water content and the relationship between water activity with membrane water
content. As shown in Figure 2.10, when the membrane water content increases, the diffusion
coefficient initially increases and then decreases to a constant, while the membrane water
content increases up to 16.8 as water activity increases. Water activity can be associated with
the partial pressure of water vapour as [69]:

a, =L —RH (2-159)
pSQt

where p,, (Pa) is the partial pressure of water vapour, p_, (Pa) is the saturated water vapour

pressure, which is the water vapour pressure at saturation temperature, and RH is the relative
humidity. The saturated water pressure is obtained by fitting the experimental data. A

polynomial equation is given as

Pow =9.531x1074(T -237)" =3.123x107*(T - 237)’

(2-160)
+3.451(T —237)* +20.96(T —237)+611.0

Water could also diffuse through the Nafion® membrane under a pressure force, the hydraulic

permeability of water through Nafion® is associated with the membrane water content as [4]:

k,, =2.86x107°2 (2-161)

5.3 Two-phase flow of gas-water mixture

The generation of water is unavoidable during the operation of PEMFCs owing to the oxygen
reduction reaction and water migration under electro-osmotic drag. Water is typically formed
at the cathode side. However, the consumption of hydrogen at the anode side could also trigger

the formation of liquid water at high relative humidity because the vapour is oversaturated. At
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a steady-state condition, applying the continuity equation on liquid water and gas phase,

respectively, the following equations are obtained:
V-(pu,)=M.,S, (2-162)

V- (piui)=M,S, (2-163)

where M, (kg mol™!) is the molecular weight of water and, 0 (kg m?),u(ms™) and S ( mol

m™ s) are the density, velocity and source term of liquid water and water vapour, respectively.
The subscript w represents water, and the superscripts / and g represent the liquid water and gas

phase, respectively.

According to Darcy’s law, the velocity of the liquid water and gas phase can be related to their

partial pressure as:

Kl

u, = —va’ (2-164)
Kg

ué =———Vp* (2-165)
Hy

where K (m?), u (Pas)and p (Pa) are the permeability, viscosity and partial pressure of the
liquid water and gas phase, respectively. The pressure difference between the wetting and non-

wetting phase within the porous media is the capillary pressure ( p), which is expressed as:

pr=p"-r (2-166)
Substituting Eq. (2-166) into Eq. (2-164), the liquid water velocity becomes to:

! l
u, = ﬁlec —ﬁlvpg (2-167)

w
w w

Introducing the liquid water saturation (s), defined as the volume fraction of the liquid water
in the porous media, into Eq. (2-167) gives
; _ g dpc Kl

o ds VS_,u_lng (2-168)

w

Capillary pressure can be linked to liquid water saturation as [70-73]:

12
P = O'cos(ﬁc)(%j J(s) (2-169)
where J(s)is the Leverett function, and is given by [70-73]:
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_ _ _ 2 _ 3 fe)
J(S):{1.417(1 $)—2.120(1—+5)* +1.263(1 —5) 0. <90 2-170)

1.4175—2.120s” +1.263s> 6. >90°

Normally, the porous electrode is hydrophobic, therefore the Leverett function is expressed in
terms of the liquid water saturation and the contact angle, 6., is between 90° and 180°. The

surface tension (o ) for the liquid water-air system is 0.0625 N/m. It is also worth noting that
the Leverett J-function was originally obtained from the empirical measurement of water
transport in unconsolidated sand [70], which may not be appropriate for some diffusion media,
e.g., SGL 24 series carbon paper tailored with PTFE content varying from 5 to 20 wt%, due to
the inaccurate prediction of capillary pressure at high non-wetting phase saturation [74, 75] and
GDLs modified with  hydrophobic fluorinated-ethylene-propylene  (FEP) or
polydimethylsiloxane (PDMS) [76]. The significant hysteresis of capillary pressure of fresh

and aged diffusion media was also observed during experiments as reported in Ref. [75].

Combing Eq. (2-168) and Eq. (2-169), the liquid water velocity is expressed in terms of liquid
water saturation as:
2 dJ (S ) ﬁ

!
w

= o cos(0, ) ( )l/ Vp# (2-171)

The permeability of liquid water and gas phase can be associated with the permeability of the

porous media via:
K'=klK , K¢ =k*K (2-172)

where k,, and k., are the relative permeability of liquid water and gas phase, which are

proportional to the cube of liquid water saturation as:

K =s*, k¥ =(1-s)’ (2-173)

r

Substituting Eq. (2-165) and Eq. (2-172) into Eq. (2-171) leads to:

! r,e
u = GCOS(gc)kr (8K)1/2 dJ(s) Vs — k"uw u® (2-174)
v A, ds kEu, "

w

Substituting Eq. (2-174) into Eq. (2-162) and taking the liquid water accumulation into account,

the liquid water saturation can be calculated as:

%(splws)Jrv-[piDch P ;;k'” v ’}:MWS@ (2-175)
r /LIVL
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where D, (m* s™!) is the capillary diffusion coefficient, which is represented by the following

expression:

i
D - UCOS(IQ-)kr

: (eK)

y2 —d‘i](s ) (2-176)
S

w

At a steady state, if the velocity of the gas phase can be neglected, Eq. (2-175) becomes a

second-order partial differential equation for the liquid water saturation:

Vis =%S; (2-177)
p,.D

w c

The right-hand term of the above equation is the source term, which includes the water
production from the reaction and water phase change. The conservation of water in different
domains of PEMFCs are given in Table 2.3, in which the superscripts v, /, d represent water in

vapour, liquid and dissolved phases, and superscript » represents water generation through

reaction.
Table 2.3 Conservation of water in different domains of PEMFCs
Channel GDL CL
Water vapour, § ; -S :Vl - S;l - S:,d -S :,l
Liquid water, S i S ;1 S ;1 S Zl +S :Z
Dissolved water, S‘i 0 0 S ; + S:,d - Sj,l

The expressions of water phase change due to membrane and ionomer water uptake and
desorption, SVVVd and S“jl , could be found in Egs. (2-146) and (2-147). Since the generated water
in CL is assumed in the dissolved phase, the source term of water generation through reaction,
S’ (mol m™ s™), is expressed as —i, /2F . The source term, S (mol m? s™), is introduced for

the interfacial mass transfer rate of water by condensation and evaporation, which is defined as:

1— g
Ko % (xiP® —Dy)  X5P* 2P,
S = ; (2-178)
ESP,,
eva M (psat - xipg) xvgvpg < psat

w

where k_,, (s') and k,,, (atm’ s') are the condensation and evaporation rate coefficient,

con

respectively, and x¥ is the mole fraction of water vapour.
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6. Summary

In this chapter, the fundamentals and principles of a typical PEMFC operated with hydrogen
and air are represented and the governing equations are derived. All the important chemical and
physical processes involved in the operation of PEMFCs are described by proper differential

and algebraic equations.

This chapter starts with a description of electrochemical kinetics through both the Butler-
Volmer equation and the agglomerate model. Followed by the momentum transport and multi-
component mass through the channel and porous electrodes, and heat transport within entire
the fuel cell unit. A series of equations are then developed to represent the properties of the
catalyst layer, in which the porosity, agglomerate density, thicknesses of ionomer film and
liquid water film, and the specific area can be quantitatively obtained. The deformation of the
porous electrode is also briefly discussed. As a very important process during PEMFC operation,
the water phase transfer and gas-liquid two-phase flow are described by partial differential
equations and the source terms responsible for the phase change are given in detail. In addition,
the swelling of membrane and ionomer, transport of proton through the membrane, and
diffusion of species through the ionomer film are associated with their water content, indicating

the importance of membrane hydration during PEMFC operation.

The governing equations build the framework of multi-physics, non-isothermal, and two-phase
flow PEMFC models, although the values or expressions of some parameters may change with

the development of novel materials and more accurate characterization techniques.

Review Questions

Q1: Calculate the equilibrium potential of the cathode for a fuel cell operating at 80°C and a

pressure of 1 atm.

Q2: Calculate the reference exchange current density of the PEMFC cathode for the cell
operating at 20, 40, 60, and 80°C.

Q3: Find the effective electronic conductivity for the catalyst layer when the ionomer content

is 20% and the porosity of the catalyst layer is 0.3.

Q4: How the ionic conductivity of the ionomer membrane depends on temperature and water

content in the membrane? Explain.
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