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Abstract

Improving proton exchange membrane fuel cells technology, together with hy-
drogen production and storage, can make these devices an important element
in the energy transition puzzle. A multi-dimensional, non-isothermal, two-
phase flow numerical full MEA model is used to simulate a real experiment.
Once the results are validated, the same experimental model is used as a base-
line to study the effect of parallel channel and current collector widths in the
PEMFC behavior. Further, the performance response is also evaluated for
different cathode catalyst layer compositions, varying the platinum and elec-
trolyte loadings. A part from these concrete studies, the model response to
an individual parameter variation is evaluated, under wet and dry conditions,
for parameters such as oxygen dissolution rate and water sorption constants,
thermal and electrical conductivities and contact angle in the different media
inside the cathode. The results show that keeping the baseline cathode catalyst
layer thickness, 3.75 um, modifying channel widths to 0.13 ¢m and discretely
through-plane grading the Pt/C content, the maximum power is increased by
15% with the same platinum loading when reactants are supplied with 90%
relative humidity. In the case of 75%RH, the improving is around the 20% by

just changing to 0.13 ¢m the channel width respect to the baseline.
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The proper use of science is not to conquer nature but to live in it.

— Barry Commoner.
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Chapter 1

Introduction

1.1 Motivation

Global energy consumption systematically increases every year. As its envi-
ronmental impact is a world wide concerning topic, the sustainable energy
production and consumption has emerged as a wide research area. Hydrogen
fuel cells appeared as an alternative to the internal combustion engine that has
only water vapor as a direct by-product. The hydrogen fuel can be produced
from, among others, clean sources as solar energy however, it is fair to remark
that currently most Hj is produced from steam methane reforming leading to
C'O4 emissions along the hydrogen fuel production process. However, the Hy
obtaining process is not the topic of this Thesis. Taking into account the ac-
tual zero local emission advantage of the hydrogen fuel cells —e.g., improving
air quality in large populated areas or indoor spaces, the goal of this The-
sis is to increase the knowledge about how different design parameters affect
the fuel cell response. Thus, enhance and ease future improvements in the
performance-cost ratio for polymer electrolyte fuel cells (PEMFC’s) devices in
order to make them more competitive in front of other less sustainable substi-
tute products.

One of the most important parts of a PEMFC is the cathode catalyst layer,
where the limiting reaction takes part. Its platinum content makes the catalyst
layer, together with the bipolar plates mechanical channel process, significant
components in the final cost. Due to its impact on performance and cost issue,
the catalyst layer and the channel geometry are the main focus of this study.

1



1.2 Proton Exchange Membrane Fuel Cell (PEMFC)

Proton exchange membrane fuel cells are energy conversion devices that pro-
duce electricity via an electrochemical process when fed by hydrogen and have
only water vapor as a by-product. In some respects, its operation principle is
similar to a conventional battery except that the reactants are stored outside
the cell. Therefore, the capacity of the device is limited only by the availabil-
ity of the fuel and oxidant supply and not by the cell design. For this reason,
fuel cells are rated by their power output (kW) rather than by their capacity
(kWh). The present section will introduce the basic concepts of these devices,

also called polymer electrolyte membrane fuel cells, PEMFC henceforth.

1.2.1 Overview

The PEMFC was developed for the first time in the United States in 1960s.
The main purpose of the design was to be used in a manned spacecraft by
NASA!. The solid proton exchange membrane that gives the name to the
device was made of electrolytes based on polymers such as polyethylene or
polystyrene. However, in 1967, a novel fluorinated polymer based on a polyte-
trafluoroethylene (PTFE) structure was introduced in the marked under the
trademark Nafion”™. Nowadays, this material is simply referred as Nafion
and has become an industry standard for cells operating at temperatures be-

low 80°C due to its necessity to be hydrated for a better protonic conductivity.

The PEMFC is able to function in any orientation. They are compact with
high power densities and very robust and suitable for use in road vehicles
and as a portable power source for electrical and electronic applications. Its
technology is being developed mainly for transport applications, as well as for

stationary fuel-cell applications and portable fuel-cell applications.

!National Aeronautics and Space Administration



1.2.2 PEMFC basic components

Throughout this thesis, the name and concept of different components in the
fuel cell appears in the explanations. In order to ease the future comprehension
and consultation, this section briefly summarizes the basic components and
its function in a PEMFC. Some of them can be identified in Figure 1.2, that
shows an overview of how a PEMFC works, complementing the explanation

in Section 1.2.3.

1. Proton exchange membrane (PEM) or just membrane, is made out
of electrolyte material —e.g., Nafion. This membrane allows the proton
flux from anode to cathode and bidirectional flux of water vapor while

avoiding electron and gas exchange between anode and cathode.

2. Bipolar plates are responsible for transporting the fuel (hydrogen) and
the reactant (oxygen) throughout the fuel cell via the gas channels. Fur-
ther, bipolar plates are responsible for collecting the electrons in the
anode and delivering them to the cathode. The heat produced in the
PEMFC is also transported to the environment and to the cooling section

of the stack through the bipolar plates.

3. Gas channels are small grooves made by engraving or milling the bipo-
lar plate surface. Their responsibility is to transport the fuel and reactant
throughout the cell. Gas channels also play an important role in water
management by controlling the fuel and reactant pressure drop. There
are different types of gas channel geometries. Each generate a differ-
ent flow field through the bipolar plates. Two examples of gas channel

geometries, parallel and serpentine, are represented in Figure 1.1.

4. Gas diffusion layers (GDLs) have several functions. First of all, they
are responsible for the fuel and reactant transport from the gas channels
to the catalyst layers (where the reactions take place). Further, they are
responsible for the electron transport between the catalyst site and the

bipolar plates and also provide structural support to the MEA. Finally,



a b

Figure 1.1: Different flow fields in PEMFC depending on channel configura-
tion: (a) parallel channels, (b) serpentine channels. Reproduced from [2].

GDLs are also the transport media of the water out of the catalyst layer.
Because of its functions, GDLs are usually highly porous composites

made of an electron conducting material such as carbon fibers.

5. Micro porous layers (MPLs) is a porous thin layer fabricated by
intermixing a hydrophobic agent —i.e., PTFE?, with carbon black and
located between the catalyst layer (CL) and gas diffusion layer (GDL).
It is known that MPL improves the fuel cell performance, especially

under wet conditions.

6. Catalyst layers (CL) are the place where the reactions occur inside
the PEMFCs. CLs are porous media layers made out of carbon black
supporting platinum particles and mixed together with an electrolyte.
Its mixed composition is due to the multipurpose of this layer, responsi-
ble of promoting the reaction kinetics, transporting fuel and reactants,
electrons and protons and also transporting water to the GDL or mem-

brane.

7. Membrane electrode assembly (MEA). It is the assembly formed
by two GDLs, two CLs and the PEM.

8. Gaskets are located between the bipolar plates and MEA. They ensure a

correct compression when stacking and minimize the fuel potential leaks.

2Polytetrafluoroethylene.



The gasket thickness determines how much the flow fields are allowed to

pinch into the electrode.

1.2.3 Operating principles

The overall reaction in the PEMFC results as the hydrogen combustion reac-

tion that has water as a final product:
2H2 + 02 — 2HQO + heat

However, in a PEMFC, the fuel combustion reaction is divided in two sepa-
rate steps in order to allow for the collection of electrons and production of
electrical current in the process. These reactions are hydrogen oxidation and
oxygen reduction. Both reactions are separated from each other with a proton
exchange membrane that allows the proton but not the electron flux from the

anode to the cathode.

Load
e.g. electrical motor

>

© ©—

Cathode catalyst layer
0, + 4H* + 4e—>»2H,0

Anode catalyst layer
2H,—> 4H* + 4"

Bipolar plate Bipolar plate

Gas diffusion layer Membrane Gas diffusion layer

¥ Anode reaction site
¥ Cathode reaction site

Figure 1.2: Schematic showing the various layers in a PEMFC and the main
transport processes and electrochemical reactions. Figure from [4].

The hydrogen oxidation reaction occurs at the anode catalyst layer. In this
process, the hydrogen is broken down into protons (H') and electrons (e™)

following the next chemical reaction:



Load

yad

Oxygen fed to
each cathode

Hydrogen
fed to each
anode

by

N S
Cathode Electrolyte  Anode For reactions in this part
the electrons have to pass all
along the face of the electrode

Figure 1.3: Three-cell stack schematic. The anode of one cell is connected to
the cathode of its neighbor. Figure from [3].

2H, — 4H™' + 4e”

While the produced electrons are collected by the bipolar plates and trans-
ported by an external electrical system to produce DC current, the protons are
transported through the PEM to the cathode side. Once reached the cathode
catalyst layer, the protons and the electrons take part in the oxygen reduction

reaction occurring in the cathode catalyst layer as follows:

Oy +4H™" + 4e~ — 2H,0

1.2.4 Stacking process

A fuel cell produces a low voltage, i.e., less than 1V. To build up the voltage
to higher levels, a bunch of fuel cells are electrically connected in series to
form a stack. The stack voltage is controlled by the number of connected fuel
cells. Figure 1.3 shows a schematic of a three-cell stack electrically connected
in series; alternatively anode and cathode. This connexion is showed as a wire
in the schematic. However, as shown in Figure 1.4, this connection is actually
done through the bipolar plates responsible, among others, for the electron

transport through the stack.



Hydrogen fed along
these vertical channels
over the anodes -

Negative
connection

Positive
connection

Air or oxygen fed
" over the cathodes
through these channels

Figure 1.4: Three-cell stack. Figure from [3].

In this Thesis, a single cell is studied. However, the process of compressing
the MEA between the bipolar plates is referenced as stacking process. This

can be understood as a single cell stack.

1.3 Background, state of the art and objective

In his dissertation, [4], Marc Secanell contributed in 2007 with an open source
computational modeling framework for fuel cell analysis and optimization
called OpenFCST. Using the original OpenFCST framework and latter im-
provements implemented by the Energy Systems Design Laboratory® team, Jie
Zhou et. al., [5] and [6], developed in 2017 a multi-dimensional (2D), non-
isothermal, two-phase flow mathematical model for a full MEA. Its model is
able to predict the local water saturation and its consequences in mass trans-
port. It has been used to study the role of the microporous layer in improving

polymer electrolyte fuel cell performance; [1].

The cathode catalyst layer has been widely studied and optimized in the lit-
erature. Centibas et al. [7] made a bidirectionally-graded platinum, electrolyte
and carbon loading distribution optimization in the catalyst layer. Z.Jie et

al. [8] studied also the CL graded composition. In this case, the study is fo-

3ESDLab. Department of Mechanical Engineering. Faculty of Engineering. University
of Alberta.



cused on unidirectionally electrolyte (Nafion) graded composition along the
catalyst layer. Secanell et al. [9] reported a multi-variable optimization that

also include the platinum loading as design variable.

The channel and land widths were also numerically studied in 2007 by M.Muthukumar
et. al., [10], relating the results with the water management and performance

response of the cell.

All these previous modeling studies were based on a PEMFC model that
contained less detailed physics than the current model in OpenFCST. There-
fore, this Thesis aims at using OpenFCST’s new model to reproduce these
studies in order to analyze the impact of the more detailed physical descrip-

tion.

1.4 Contributions

The main contributions reported in this work are achieved in different phases

of the study, from the modeling to the results

e a sensitivity study is reported for different parameters that define the
modeled PEMFC in the non-isothermal two-phase flow mathematical

model.

e an experimental PEMFC is modeled and its model is validated by com-
paring the solution with empirical results in order to establish a reliable

baseline for futures studies.

e some topics treated in this Thesis, as the cathode catalyst layer platinum
and electrolyte loading, have been previously studied and reported in the
literature. However, it is the first time that is is done with a full MEA

two-phase flow model as the one used for the present work.

e by studying the effect of channel and current collector widths, together
with the graded platinum distribution inside the CCL affectation, con-
clusions about the reactants humidity conditions and channel geometry

are reported.



Chapter 2

Theory

2.1 Mathematical model

A multi-dimensional, non-isothermal, two-phase numerical full MEA model,

essentially developed by J.Zhou et. al., [5], and extended in 2017, [1], to in-

clude the gas pressure transport and gas convection, is used for the purpose

of this thesis. The model is already implemented in the OpenFCST, the com-

putational aided simulation framework developed originally by M. Secanell in

his dissertation, ref. [4].

2.1.1 Assumptions

1.

The fuel cell is at steady-state.
Liquid water transport is dominated by surface tension.

The representative element volume (REV) contains homogeneous hy-

drophilic and hydrophobic pore-networks.
Gas and liquid are considered incompressible.
The membrane is impermeable to liquid water.

Phase change in the pore-network is driven by the gradient between

partial pressure of water vapor and saturation water vapor pressure.

The two-dimensional computational domain contains an anode GDL, an
anode MPL, an anode CL, an PEM, a cathode CL, a cathode MPL and a
9



cathode GDL. Symmetry is used to reduce the domain to half the width

of gas channel and bipolar plate.

8. The oxygen reduction reaction (ORR) is characterized by the double

trap kinetic model described in ref. [11].

9. The hydrogen oxidation reaction (HOR) is characterized by the dual
path kinetic model described in ref. [12].

2.1.2 Governing equations

The overall system of equations is:

V- (cg Dgf;NQVmoz) — V- (cgz0,uy) = S0, ;
V- (Cg DHQO(U(ZPOT’) Ny or Hgva2O(UGp0T)) -V (CQIH2OUQ) - Sw )
V- (05 6,,) = Su+
V- (0% ,) = Se-
O.eff Pd y Deff
. m T Deff T —
A\ (nd 7 Vo, + W VA + MHQOV ) Sy
V- (kT) + V- (3D N) —Sr .
k
V- (pz lel) =Sliquid
1
k
V- (pg ngg> :Sgas
Hg
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Where,
N; = ¢yziu, — DEﬁVajl

The capillary pressure, p., is defined as:
Pe =Pt — Dy

2.1.3 Source terms

The source or sink terms for the governing equations are given in Tables 2.1

and 2.2.

Table 2.1: Source terms in ACL and PEM for governing equations

Parameters ACL PEM

So2

Sw SHQO evap/umd) S

Sgas -M 20 S H20(evap /cond) +3 ]\fHQ + SxMm20

Sliquid Mo SH?O(eVdp/cond

Su+ —J

Se- j

ST HZUSHZO(cvap/cond) - 7(¢s - < EHOR) ( (1 - fORR)ASovera]] _”f(ﬁfﬁm : ?d)m)

2F
70’;&(6(1)711 : 6‘15771) - eﬁ e(bs e(bs kOg ﬂdm )\)Hsorption

Table 2.2: Source terms in GDL, MPL and CCL for governing equations

Parameters GDL,MPL CCL
J

S —— M,

02 AF 02
Sw SHQO(evap/cond) SHQO(ev'Lp/cond)l - S/\
Sgas _]\/[HZOSH20<6V&])/CODC1) ']V[HZOSHQO(eVap/cond) + ﬁAjOZ + S/\]\/[HQO
Sliquid AJH2OSH20<CVap/COHd) A[H2OSH20(cvap/cond) ﬁ]\JHZO
Su+
S.- —J
Sy 0, 2 (Ao — A)
ST HI'USHZO(cvap/cond) HI’L SHZO(cvap/chd) +7 (QSS qu EORR) (TfORRASoverall)

(V- Vo) — 05 (V by - Vo) — ko, ,p;;'g — \) Huonption

The volumetric current density, j, is computed using the ionomer coated
catalyst particle (ICCP) model [13]. Figure 2.1 represents the ICCP idealized
structure where oxygen is assumed to first dissolve into the ionomer film, and
then diffuse through the film to the surface of the platinum that covers the

carbon particle. It then reacts with the platinum.

11



0,

O,

Ve,

Figure 2.1: Figure reproduced from [13]. Diagram of ICCP. The assumed
structure is a spherical carbon particle (black) with an even distribution of
platinum on the exterior carbon surface (yellow), surrounded by a thin ionomer
film (green).

The water source term, Sy,0(evap/cond), governed by the evaporation-condensation

phenomena is defined as follows:

DPv — p?(at(pca T)) .

kealv ( ; lf Pv > psat me
P (pe, T) K (e, 1)

Po — PR (e, T)

pi{at (pw T)

Where pit(p.,T), is determined by considering the Kelvin effect and the

SHgO(evap/cond) (p(n T) =

keap, ( ) , otherwise

Young-Laplace equation as follows:

sat sat pcMH2O
P (pe, T) = p™* (T )exp <—) 2.1
e ) = 7 (Deap T (21)

The thermal equation has an additional term to account for the enthalpy

transport of liquid water:
f(pe) ==V - (HiJ) (2.2)

2.1.4 Internal equations

Internal equations are included in the model in order to define the effective

properties used in liquid and gas transport equations.

Pore size distribution

The model uses PSD and wettability as input parameters for estimate the

transport properties such as saturation, absolute permeability, gas-liquid in-
12



terfacial surface area and relative permeability. The PSD is divided into two
individual log-normal distributions over the pore sizes representing the hy-
drophilic and hydrophobic pore networks respectively.

The expanded PSD model takes the form:

dX fHIk: :| |: fHOk :|
— =< Fj — F + F — F 2.3
p { lek [mmm L Hozk Fmov/ar ok [ (2:3)

where Eypj and Fyo i are:

[n(r) —1 2
Euuy = exp | — n(T)S 12/(;‘{1”“)] ) (2.4)
HLk

EHO’k — exp (_ —ID(TL;OIZI\(/T%{OJC)} > (25)

Saturation

Saturation is estimated by integrating the contributions from all pores in the
porous media as follows:

remt g X © 4X
S = Sur + Suo = / —<T)HI dr +/ —(T)HO

d 2.6
0 dr dr " (26)

¢,HO
The critical radius, r., is estimated using the capillary pressure and Washburn
equation [14]. The limit of integration takes into account that, in a hydrophilic
media, small pores would be invaded by water first, followed by the larger
pores. The opposite occurs in a hydrophobic material. Analytically solving

the integral above, an explicit equation for saturation is obtained:

S = Fur Z fH;T’k [1 + erf (hl(TC’HI) _\I/I%(THIH)} (2.7)
SHIk

3
frok In(reno) — In(ruok)
F £ erf (e 7
o zk: 2 . SHO,k\/§

Permeability

Absolute permeability The absolute permeability is calculated using Hagen-

Poiseuille equation and integrating the contributions from all pores in the layer:
13



2
o r2dX
kgt = D22 2.8
¢ {)\PSD:| /0 8 dr ( )

Combining with previous equation (2.8) and solving the integrals, the absolute

permeability in a fully saturated porous medium is:

ksat |:)\PSD:| Zrkfk eXp 252) (29)

Relative liquid permeability  The relative liquid permeability is deter-
mined as the ratio between the effective liquid permeability and the absolute

permeability as follows:

1 [, ST [fm LdX(r)m *©  dX(r)no
ko = ° 22, 282 ho 1 (919
LT {APSJ [ /0 s /TC’HO"’ g 0| (210)

Relative gas permeability = The relative gas permeability, defined as the

ratio of gas permeability and absolute permeability, is estimated using,

kgm1 + kg no
ksat

1 [eo(1=5)]"] [ LdX()u /TC’HO 2 dX(r)no
= —d ——d 2.11
S [ pY— ] [ [ . T o T+ ; r o T ( )

Liquid-Gas Interfacial Surface Area

kng =

To account for the possibility of having a common area for liquid and gas

between filled and empty capillaries, a probability density function is defined:

p, = e (1 - “(MC) (2.12)

amax a'max

max = ) % (2.13)

k

The probability function forces the liquid-gas interfacial surface area to be

zero either when the layer is fully dry or saturated, whereas when the layer is

14



partially saturated, there exists a maximum value for the interfacial surface
area.

The cross sectional area per unit volume is determined by taking the ratio
between the cross-section area (77?) of the pore and its volume (7r?L):

a(r)) [T 1 dXm /°° 1 dX1o
0, = dre) _ 1 4&m 2 d 2.14
a(re) Vi /0 L ar T o L dr (2.14)

The overall expression for the interfacial surface area per unit volume is:

av(rc> = Pb * Amax (215)
Diffusion

The average capillary radius, average Knudsen radius, is estimated as follows:

1 dVHI(’I"C HI) 1 dVHO(Tc HO)

= y d Tc,HO ) d

V(Tc) ) frchI Vr dr r fo \%% dr "

Awant (T¢) IS 1 dawanni(7enr)
Tc,HI VT dr

TKHIQ

[reso 1 dawanmo(Temo)

dr + 0 7 I

dr
(2.16)

> Q1ateral TeHl 2 dX (T)HI /oo 2 dX(T)HO
v,wall = = ——d -——F—d 2.17
ol /0 Vr /0 rodr rr oo dr ro (217)

c,HO
The radius calculated for Knudsen diffusion accounts for the collision between
gas molecules and pore walls. Therefore, the limits of the integral over the

pores are switched to estimate the volume of gas pores.
Diffusivity
The Knudsen diffusion coefficient of species 7 is estimated as:

21k [SR,T
DI = =5 [ (2.18)

The effects of molecular and Knudsen diffusivity are combined using the Bosan-

quet equation [15]:

D; = [ 1“ +i] h (2.19)



Computational Domain of MEA model.

Symmetric boundary conditions (top and bottom)
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Figure 2.2: Computational domain of MEA model. Reproduced from [5].

In the GDL, the partially-saturated carbon fiber diffusion layer model proposed
by Garcia-Salaberri et al. [16] is used for both in plane and through plane
directions. The effective gas diffusivity is:

ETODZ‘

Deff _
g T

(1-s)" (2.20)

The effective diffusivity of the CL is estimated using percolation theory [17]:

c H
D = Dy(1— s)" [ L) (e (1— s) — e) (2.21)
g 1-— €th
where €, and p are constants that depend on the orientation of the components
in CL and the function 6(ey (1 — s) — €,) is the Heaviside unit step function.

For this thesis, the constant values are the same as J.Zhou et. al., used in [5].

2.1.5 Boundary conditions

The computational domain is shown in Figure 2.2, reproduced from [5]. The
boundary conditions used for oxygen, water vapour and temperature are given
in ref. [18]. Molar fractions and gas pressure at channel-GDL interface and elec-
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trical potential and temperature at GDL-land interface have Dirichlet bound-
ary conditions. There are no flux conditions defined anywhere else in the
domain. The boundary conditions used for oxygen, water vapour and temper-
ature are given in ref. [18].

A dynamic boundary condition which relates liquid pressure to liquid wa-
ter flux is implemented in the model. If the capillary pressure is below a
given threshold value, i.e., a breakthrough pressure, a zero liquid water flux is
imposed. Once the capillary pressure reaches a given breakthrough pressure,
ppr, a flux proportional to the liquid pressure is applied, i.e.,

S5 Ky S D1 — Pi,channe
ity 7= — (pl lez) =k (¢> a(p) (2.22)
2] Po

where

g(pl) _ |:ta’nh((pl - pl,czhannel)/pO) + 1:| e(pl . pBT) 7 (223)

where k is an unknown proportionally constant that controls the flux of water
as a function of the liquid pressure. 6(p; — ppr) is a step function, i.e., it is set
to be zero until p; > ppr is satisfied in the Newton solver loop and not modi-
fied further in order to maintain numerical stability. For this thesis a value of
0.002 Pa is selected as k value. No liquid flux boundary conditions are applied
at the PEM/CL and GDL/land interfaces and at symmetric boundaries, i.e.,
upper and lower faces in Figure 2.2. It is assumed in the model that the dom-
inant water transport mechanisms through the membrane are back diffusion,
electro-osmotic drag and thermo-osmosis. Liquid water permeation through

the membrane is not considered.

The solution strategy and the post processing routines can be found, besides

more detailed mathematical description of the model, in reference [5].

2.2 Model general parameters sensitivity

Knowing the model parameters sensitivity improves the understanding of the
model, helps in the calibration process, allows us to highlight the parameters in

need of high accuracy and to select the most influential parameters for further
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study. That is the reason for this section. However, in order to avoid extend
the thesis excessively, the parameter sensitivity study details are reported in

Appendix A.

Using the mathematical model described in Section 2.1 and the input pa-
rameters shown in Tables A.1 and A.2 as a baseline for the study, the model
general parameter sensitivity is reported in Table 2.3. Notice in the table are
shown all the parameters and its grade of influence in the polarization and cell
resistance curves, depending on the case; dry, referred to 80°C and 30% RH,
and wet case, referred to 60 °C and 90% RH. Further, even though in Table
A.3 are reported all the parameter values that perform the study, Table 2.3
shows only the effective range of values for each parameter in the study. The
values studied but out of this range, either do not affect the performance or

introduce numerical instabilities to the system.

Some graphical results from the sensitivity study and considered interesting
can be found in Appendix A.1. Figure A.1 shows how the oxygen dissolution
rate value, ko,, mainly affects the mass transport part either in dry or wet
case. Further, as it governs the oxygen dissolution and thus, the kinetic reac-
tion, it is found to be proportional in the range of values studied; the larger
dissolution ratio, the better performance at high current densities. The ECSA
also proportionally affects the performance and it is reflected in the activation
and ohmic part of the polarization curve. The mass transport zone and cell
resistance remains pretty invariable to the ECSA value. Figure A.2 shows this
fact.

Cell resistance is highly affected by GDL and MPL through-plane electrical
conductivity, as shown in Figure A.5. It affects the polarization curve that
shows a better performance as the electrical conductivity increases; see Fig-
ures A.3 and A.4. However, the effect of varying the through-plane thermal
conductivity is nontrivial, as it depends on the relative humidity condition.
Increasing the TP thermal conductivity increases the performance at high

current densities when the fuel cell is fed with 30%RH, however, decreases the
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same performance at 90%RH.This phenomena can be found in Figure A.6.

Cell resistance is also sensible to the TP thermal conductivity at high current

densities for dry cases, as shown in FigureA.7.

Table 2.3: Model parameters sensitivity.

Polarization curve

Parameter Case Activation ‘ Ohmic ‘ Mass transport ‘ Cell Resistance
kO, Dry - ° oo o0
(0.0005 - 0.005) [m/s] Wet - . coe ;
ECSA Dry ° - -
(50000 - 250000) [em,, /em,,] | Wet . ; :
PBT Dry - - - -
(2000 - 5000) [Pa] Wet - - - -
kBt Dry - - - -
(0.0001 - 0.0025) Wet - - L ) -
Collector/channel width | Dry - oo cooe oo
(0.5 - 1.3) [mm] Wet - ° XX -
sorp Dry - - ceoe coe
(1.0 - 500) [1/s] Wet - - cee coe
ACL and CCL
KoL Dry - - - -
(0.0003 - 0.08) [W/em - K] | Wet - - - -
HI vol.fraction Dry - - - .
(0.20 - 0.35) Wet - - - -
HI contact angle Dry - - - -
(82 -92) [°] Wet - - X -
HO contact angle Dry - - - -
(85 -97) [°] Wet - - oo -
GDL
Porosity Dry - oo oo eoe
(50 - 70) [%)] Wet - . - °
ol? Dry - eoe ° °
(1.3 - 18) [S/em) Wet - eeoe - °
o’ Dry - - -
(105 - 420) [S/cem) Wet - - -
kTP Dry - - ° °*
(0.0009 - 0.1) [W/em - K] | Wet _ ] . ;
w1 Dry - - ° °*
(0.002 - 20) [W/em - K| Wet - - ° -
HI vol. fraction Dry - - - .
(0.01-0.16) Wet - - oo °
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HI contact angle Dry - -
(60 - 80) [°] Wet - -
HO contact angle Dry - -
(110 - 134) [°] Wet - -
MPL
Porosity Dry oo )
(40 - 60) [%)] Wet cee °
ol? Dry eoe
(0.25 - 270) [S/em) Wet cee
g Dry - -
(10.5 - 270) [S/cm] Wet : ] _ _
KkIP Dry - ° oeoe o0
(0.00008 - 0.008) [W/cem - K] | Wet - _ oo ]
kI Dry - - ° *—
(0.0039 - 0.39) [W/em - K] | Wet - _ oo o«
HI contact angle Dry - - - -
(83-95) [°] Wet - - - -
HO contact angle Dry - - - _
(100 - 120) [°] Wet - _ ; ]

Efectiveness: - nule, @ low, ® @ middle, ® ® @ high; —< curve side of the effect

Table 2.3: Parameter grade of effectiveness on changing the PEMFC perfor-

mance. Dry case: 80°C, 30%RH. Wet case: 60°C, 90%RH.

2.3 Experimental validation and input param-
eters

An experiment made in-house is modeled in OpenFCST under the equations
presented in Section 2.1. The goal is to validate the model to have a reliable

baseline for future studies.

2.3.1 Experiment conditions

The PG/IPA based ink is prepared using 40%wt Pt/C HyPlat and 30%wt
Nafion. The CCM is fabricated using the Dimatix printer (ink-jet printed
technology). Thus, the ink is deposited forming a 4 cm? surface directly over
the Nafion NR-211 membrane. Once printed, the platinum loading is deter-
mined; 0.049 mg/cm? for the anode and 0.105 mg/cm? for the cathode. The
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CCM is assembled between the diffusion media (GDLs and MPLs) and bipolar
plates, using a 135 pum thickness rigid PTFE coated fiberglass gaskets. As a
diffusion media, SIGRACET® 25BC is used. The channel configuration is
parallel and the current collector and channel width, measured in-house with
Stereo Microscope Leica (see Appendix B.1), are 0.83 and 0.82 mm, respec-
tively.

The experiment is executed keeping the cell temperature at 80 °C' and under
potentiostatic mode, which changes 20 mV each 45 s. The channels are fed
with Hy and air at 50 kPa of backpressure, resulting in 1.5 atm of absolute
pressure (151325.0 Pa). The anode side is fed with Hy and H,O. The cath-
ode side is fed with Oy, Ny and HyO. The gas flow rate wet stoichiometry
(anode/cathode) is 2/8 and the relative humidity is set up to be 30%. The
same experiment is done, under the same conditions, for 50% RH. Higher rel-
ative humidities, when using parallel channel, resulted in flooding problems,
making the experimental results unreliable. This is the reason for not having
experimental data for higher humidity conditions. Table 2.4 summarizes the

experimental conditions.

Table 2.4: Experimental conditions.

Parameter Value

Channels configuration Parallel channels
Potentiostatic mode 20 mV each 45 s
Gas flow rate wet stoichiometry (Anode/Cathode) 2/8

Cell area, A 4 cm?

Cell temperature, T 353.15 K (80 °C)
Absolute pressure, Pus 151325 Pa (1.5 atm)
Relative humidity, RH% 30 and 50%

Gasket thickness, Gk 135 pm (0.006 inch)
Lamination thickness, Lype 160 pum

Pt/C (%owt) 40%

Cathode Pt loading, Prgsthode 0.105 mg/em?
Anode Pt loading, Ptgnode0.049 mg/cm?®
Electrolyte loading, Welectrolyte  30%
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2.3.2 Input parameters

This section discusses the input parameter values selected to model the Section
2.3.1 experiment. All the parameter and references are summarized in Tables

2.8 and 2.9. The OpenFCST parameter files is reported in Appendix C.

Catalyst layers; ACL and CCL From ESDLab experience and old data
referred to ink-jet printed catalyst layers, a value of 280 mgp;/cmd,; is as-
sumed as a platinum density in the printed catalyst layer when 40%wt Pt/C,
0.1 mgp;/emZ; and 30%wt Nafion is used. Thus, the cathode catalyst layer
thickness is computed as the cathode Pt loading reported in Table 2.4, 0.105
mgps/cmé;, divided by the platinum density in CL media assumed before,
280 mgpi/cm?,;. The same ink is used for anode and cathode fabrication.
The Pt loading reported in Table 2.4 for the anode is 0.049 mgp;/cmZ ;. Even
though the differences in thickness (between anode and cathode) could affect
the layers compression while printing, this effect is considered negligible at the
range of values treated. Thus, same Pt density is used in anode and cathode
media, resulting thickness of 3.75um and 1.75um for CCL and ACL, respec-
tively. These values can be compared in order of magnitude with literature;
Shukla et. al., [19], reported 4.74+1.2um for 50%Pt/C and 0.15 mg/cm?. Also,
in [20], reported 1.76+0.29 for 20%Pt/C and 0.026 mg/cm?.

The catalyst layers solid, electrolyte and void volume fractions; €soiid, €ctectroiyte
and €44, are computed by OpenFCST. The expressions used for the compu-
tation are reported in Appendix B.2. Again, as anode and cathode have the
same composition (same ink recipe), the volume fractions are identical. The
densities of platinum, pp;, and electrolyte, pejectroiyte, are integrated in Open-
FCST, based on physical properties, as 21.5 and 2.0 g/cm?, respectively. The
carbon black used in this thesis is Ketjenblack supplied by HyPlat. Due to its
powder form, its density can vary easily through the CCM fabrication process.
For this thesis, to accomplish with the estimated volume fractions, the carbon
density, pearbon, is 1.65 g/cm?.

The electrochemical surface area is calculated from in-house data. ECSA val-
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ues of 162250 1’% and 134850 % are justified in Appendix B.A4.

The catalyst layers thermal conductivity value, 0.0027 W/em - K, reported
in [21] was also used in J.Zhou model in [1]. Even this value could be ques-
tioned because of its low accuracy, as proved in the parametric study and
reported in Table 2.3, the model has very few sensibility to catalyst layer ther-
mal conductivity.

Secanell et. al., [13], define the ICCP model and report the anode and cath-
ode dissolution rate constants, kg, and ko,, 0.1 and 0.001 m/s, respectively.
The anode dissolution rate constant is selected such that it has a negligible
effect on performance predictions while the cathode dissolution rate constant
is fitted with experimental data. Further, the ICCP catalyst particles radius

value, 50 nm, is reported.

The ink-jet printed catalyst layers PSD characterization is basically ex-
tracted from the literature reported by J.Zhou et. al., [5] and [1]. The PSD
interconnectivity value, Apgp, is fitted in order to evoke the desired absolute
permeability in the modeled CL, 1.0- 107 ¢m?. The hydrophilic (HI) volume
fraction, 0.3, is reported by J.Zhou et. al., [1], who used a model with same
Pt/C, platinum and Nafion loading for the CLs as the experiment modeled
in this thesis. The hydrophilic (HI) static contact angle, 81.5 °, is calibrated
to ensure the model numerical convergence. The value is in the range of val-
ues reported in the literature; 79°, reported in [22] and 84° used in [5]. The
hydrophobic (HO) static contact angle, 92.5° is also calibrated according to
convergence criteria, keeping the value between 93° and 91°, from [5] and [1],
respectively. Lastly, the characteristic PSD pore radius, fraction and widths
values; r;, f; and s; are referred to J.Zhou study in [1]. Note, even the PSD def-
inition plays a critical role in two-phase flow simulation models, the individual
accuracy in each parameter do not affect excessively the model performance,
as shown in Table 2.3.

The water sorption time constant value, K, utilized is 500 1/s. The value

is established during the calibration process to fit the experimental and model
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curves limiting the current through this value.

Proton exchange membrane; PEM The proton exchange membrane
used is the NRE 211. Its properties are already implemented in OpenFCST.
The parameter values are summarized in Table 2.5, extracted directly from J.

Zhou work in [1].

Table 2.5: Membrane NRE 211 parameters. Reproduced from [1]

PEM Literature Value/direction/equation

Water diffusion Motupally et al. [23] 0.000417A(1.0 + 161.061‘1)(—/\»61[)(—%) ,A>30
Electro-osmotic drag coefficient Makota et al. [24] 1.0

Sorption isotherm Mittelsteadt and Liu [25] (1.0+ 0.2352(12“,(1' isg()()g'la)(l4.220:3} —18.92a2 + 13.41a,)) . a, = RH
Proton conductivity NRE 211 [26] (—0.0001201252 + 0.01052\ — 0.02063—"1)61])(751,5412(% - %))
Thermal-osmosis Kim and Mench [27] Cold to hot

Thermal conductivity (W/(em - K)) Khandelwal and Mench [28] 0.0013

Gas diffusion and micro-porous layers; GDL and MPL The gas diffu-
sion media utilized in the experiment is SGL 25BC. However, nowadays SGL
25BC is not supplied by the manufacturer anymore. Due to its wide physical
similitudes with SGL 28BC, this is the gas diffusion media selected to take
part in the modeled MEA. Further, ESDLab recently characterized the SGL
28BC unstacked properties using mercury intrusion porosimetry (MIP) with
PoreMaster 33 Quantachrome device. The data is summarized in Table 2.6.

Future experiments will prove how reliable is to neglect the few differences

between 25BC and 28BC.

From Table 2.6, note that GDL (28BA) thickness, 138.8um, added to MPL
thickness, 114.7um, results 253.5um. This value is larger than the actual 28BC
(MPL+GDL) thickness, 228.6pm. This is because, during its fabrication, the
MPL penetrates into the GDL media forming an interface made out of both
materials. In this case, the thickness of this interface is 24.9um. Due to its
mixed composition and randomly distribution in the space, its conductivity
properties remain as unknown values for modelers. For this Thesis, as pure
GDL conductivity properties are known, it is decided to preserve the known

properties in the region where the GDL is not overlapped with the MPL and
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group all the uncertainties in the MPL media. Thus, the pure GDL thickness
is the part of the SGL 28BC that not contains any MPL; GD L;p,= 113.9um.
The rest is considered MPL; M P L;p,=114.7Tum

During the stacking process, the CCM is compressed between the bipolar
plates. It is fair to assume the membrane, the catalyst layers and the MPLs
as incompressible media. Thus, MPLs porosity is directly the one reported
in Table 2.6, 74.4%. However, the GDLs are the component that change its
thickness and therefore its porosity during the stacking process. Taking into
account the gasket size used, 135 um, the GDL thickness after stacking be-
comes 85.1pum and its porosity, 71.34%. The discussions and equations to get

this values are reported in Appendix B.3.

SIGRACET® in its catalog, [29], provides a range of values for SGL 28AA
and 28BC conductivity properties. This range is averaged and reported in
Table 2.7. It is assumed that SGL 28AA is representative of GDL properties
(thickness, electrical and thermal conductivity) —i.e., PTFE does not signif-
icantly modify said properties. Further, it is assumed that GDL electrical
conductivity at 1IMPa fairly describes the actual GDL conductivity under the
operating conditions (stacked state). About thermal conductivity properties,
Nitta et. al., [30], reported non dependence between compressed and uncom-
pressed GDL thermal conductivity. Thus, values from Table 2.7 are considered
reliable for the GDL properties; o, olf); and kL5 ;. The MPL electrical
properties are estimated assuming the diffusion media, GDL and MPL, as a
electrical circuit. The estimated values for o1/5; and olF5; | 1.93 and 173.43
S/em respectively, are justified in Appendix B.5. The through-plane electrical
conductivity values, 0.5, and o1/,;, do not take into account the contact
resistance with the catalyst layer and the bipolar plates. Fitting the cell
resistance and polarization curves, o4, =1.35/cm and ol/,;=0.55/cm are
established.

The through-plane MPL thermal conductivity, k1},, =0.0065W /cm - K | is es-
timated assuming same series resistance circuit as for electrical conductiv-

ity. Detailed procedure can be found in Appendix B.6. The estimation to
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determine the in-plane diffusion media thermal conductivity; kip. apr =
12 - kG4 vpr 1s based on results from [31], [32] and [33]. The expression
to estimate the in-plane MPL thermal conductivity, function of its poros-
ity, ki, = f(enmpr)=0.007 W/em - K, is taken from [34]. Finally, the
kiP5, =0.1597 W/em - K, is estimated with the circuit theory. The proce-

dure is also reported in Appendix B.6.

The PSD characterization parameter values for the gas diffusion media,
GDL and MPL, are partly found in the literature or directly measured with
mercury intrusion porosimetry. The characteristic PSD pore radius, fraction
and widths values; 7;, f; and s; for GDL and MPL, and also the absolute
permeability for GDL are directly taken from Table 2.6. Absolute permeability
value for MPL, 1.39 - 107, is reported in [35] and used in [1]. Note that PSD
characterization is assumed to be identical (r;, f; and s;) for hydrophilic and
hydrophobic fraction. The PSD porous interconnectivity, Apsp, is fitted in
order to evoke the desired absolute permeability in the model. Thus, 1.605
and 0.227 are chosen as GDL and MPL Apgp, respectively. The hydrophilic
volume fraction, 0.08, and static contact angle, 70°, for the GDL, are both
extracted from J.T. Gostick work with SGL 34BA, [36]. J.T. Gostick et.
al., [37] reported the hydrophobic static contact angle for SGL 34BA, 122°,
used in this thesis as a approximate value for SGL 28BA. Micro porous layer is
actually highly hydrophobic, however, introducing a null value as hydrophilic
volume fraction deals with numerical instabilities that are solved assigning
0.01 to this parameter. The hydrophilic contact angle for MPL, 84°, with few
influence in the model due to the insignificant hydrophilic volume fraction in
the MPL media, is used before by J.Zhou in [5] and [1]. The same models used
120° and 110° for the hydrophobic contact angle. For this thesis, this value is
averaged; 115°.

Current collector and channel width, 0.083 and 0.082¢m, are measured with
in-house microscopy technology as discussed in Section 2.3.1. The break-

through capillary pressure in the GDL/channel interface, pp7r=2000Pa, is the
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Table 2.6: SGL 28BC and 28BA unstacked properties measured with mercury
intrusion porosimetry in ESDLab. PoreMaster 33 Quantachrome.

Parameter SGL 28BC SGL 28BA MPL SGL 28
Thickness (um) 228.6 138.8 114.7
Porosity (%) 69.0 78.6 74.4
Absolute permeability — (em?) | 7.3-1078 4.6-1078
Characteristic pore radius (um)
1 0.00525 0.748 0.00525
ro 0.748 29.2
rs 29.2 48.5
T4 48.5
Characteristic pore widths
51 0.606 0.455 0.367
So 0.455 2.354
S3 2.354 0.367
54 0.367
Characteristic pore fraction
fi 0.284 0.214 1.0
2 0.153 0.492
f3 0.353 0.294
£ 0.210

value used by J.Zhou in [5]. The water surface tension, v, is a water physical

parameter function of the temperature. For 80°C' its value is 0.063N/m. Fi-

nally, the boundary condition for constant capillary pressure, kgr, is 0.002Pa.

This value controls the moment when the modeled fuel cell starts to evacuate

the water from the porous media. The value is extracted from ESDLab ex-

perience. Due to its exclusive effect in

calibrate with the experimental data.

wet cases, this value is not possible to

Table 2.7: Conductivity properties in 2D for SGL 28BC and 28BA. Data
extracted from [29]. In-plane properties averaged from X/Y directions.

Parameter SGL 28BC SGL 28AA
Electrical conductivity * [S/em)

Through-plane, ol? 2.55 4.5

In-plane, o!? 190 212.5
Thermal conductivity ** [W/cm - K]

Through-plane, kTP 0.006 0.0055

* Measured under 1MPa compression

** Measured at non-compress state
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Table 2.8: Model parameters.

Parameter Value Reference

Conditions

Breakthrough  capillary  press. 2000 Pa [5]

GDL/channel interface; PBT

Constant cap. press. BC, kgr 0.002 Pa ESDLab

Water surface tension, v 0.063 N/m Value for 80 °C.
Carbon black density, Pearbon 1.65 g/cm? ESDLab HyPlat
Platinum density, ppe 21.5 g/em? Physical constant
Electrolyte density, Petcctrolyte 2.0 g/em? Nafion®

Dimensions

Current collector width 0.083 cm Measured. Appendix B.1.
Channel width 0.082 cm Measured. Appendix B.1.
Cathode CL thickness CCLyy  3.75 pm Estimated

Anode CL thickness ACLyp 175 pym Estimated

GDL thickness GDLy, 0.851-1072 em In-house. Appendix B.3
MPL thickness MPLy,, 1.147-107%2 em In-house. Table 2.6
Membrane thickness PEM,, 2.5-1072 em NRE 211

Anode and cathode CL (1JP)

Pt/C (%owt)  40% Baseline condition
Volumetric Pt loading, Ptioaa,, 280 mg/cm? Estimated ESDLab
Cathode Pt loading, Ptioads  0.105 mg/ cm? Baseline condition
Anode Pt loading, Ptipads  0.049 mg/cm? Baseline condition

Electrolyte loading,
Anode ECSAy
Cathode EC S Ay

Welectrolyte

30%
134850 cm?, /emi.,
162250 cm%, /em,,

Baseline condition
In-house. Appendix B.4
In-house. Appendix B.4

Thermal conductivity, ke 0.0027 W/em - K [21]

€ solid 0.2676 Appendix B.2
Eelectrolyte 0.1506 Appendix B.2

Evoid 0.5824 Appendix B.2

ICCP radius 50 nm [13]

ko, (O2 dissolution rate) 0.001 m/s [13] (80 °C, 50%RH)
kp, (Hs dissolution rate) 0.1 m/s [13] (80 °C, 50%RH)
Esorp 500 1/s Calibrated

PEM (NR-211)

Electrolyte type Nafion NR-211

Thermal conductivity, kpeyv  0.0013 W/em - K NR-211; [21]

GDL (SGL 28BC)

Porosity
Electrical conductivity (TP), o552,

Electrical conductivity (IP), ofp;

Thermal conductivity (TP), wLP,

71.35%

1.3 S/em

212.5 S/em
0.0055 W/em - K

28

Estimated. Appendix B.3
Calibrated

[29] (SGL 28AA)

[29] (SGL 28AA)



Thermal conductivity (IP), r4},; 0.1597 W/em - K Estimated. Appendix B.6.2

MPL (SGL 28BC)

Porosity 74.4% Measured in-house B.3
Electrical conductivity (TP), o1/5;, 0.5 S/cm Calibrated
Electrical conductivity (IP), olf,,  173.43 S/cm Estimated. Appendix B.5

Estimated. Appendix B.6.1
Estimated. Appendix B.6.2

Thermal conductivity (TP), x1l.,
Thermal conductivity (IP),

0.0065 W/em - K

kAP, 0.0070 W/em - K

Table 2.9: Model PSD parameters.

Parameter Value Reference
Anode and cathode CL (1JP)
Absolute permeability, ksar 1.00-1071 cm? 38]
PSD interconnectivity, Apsp  2.35 Fitted for abs. perm.
HI volume fraction, Far 0.3 1]
HI static contact angle, ¢rr  81.5° Calibrated; [22]
HO static contact angle, dro  92.5° Calibrated; [5], [1]
Characteristic:
Pore radius, r; [wm] 0.02,0.025, 0.075 1]
Pore fraction, f; 0.65, 0.28, 0.07 1]
Pore widths, s; 0.55,0.45, 1.2 1]
GDL (SGL 28)
Absolute permeability, kegr 4.6-107% cm? In-house MIP
PSD interconnectivity, Apsp  1.605 Fitted for abs. perm. [1].
HI volume fraction, Far 0.08 [36]
HI static contact angle, ¢ur 70° [36]
HO static contact angle, oo 122° [37]
Characteristic:
Pore radius, r; [um] 0.748,29.2, 48.5 In-house MIP
Pore fraction, f; 0.214, 0.492, 0.294  In-house MIP
Pore widths, s; 0.455, 2.354, 0.367  In-house MIP
MPL (SGL 28)
Absolute permeability, kst 1.39-107° cm? 35]
PSD interconnectivity, Apsp  0.227 1]
HI volume fraction, Fyar 0.01 1]
HI static contact angle, Our  84° 5], [1]
HO static contact angle, omo 115° Averaged [39], [36]
Characteristic:
Pore radius, r;  0.0525 pum In-house MIP
Pore fraction, f; 1 In-house MIP
Pore widths, s; 0.606 In-house MIP
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2.3.3 Model validation

The OpenFCST application used to run the simulations is meaTwoPhaseN-
ITcapillary. When cell resistance is computed, this application takes into
account the proton ohmic heat generated at the anode and cathode catalyst
layers. However, in ESDLab experimental cell resistance determination, this
two resistances are not measured. In order to avoid this difference in the val-
idation and futures comparisons, the code is modified and proton ohmic heat

generated in ACL and CCL is not computed as cell resistance in this Thesis.

As discussed in section 2.3.2, some parameters are calibrated while fitting
the curves. Figures 2.3 and 2.4 show the result for the two cases, 30 and
50%RH. It is important to keep in mind the experimental data was extracted
from a cell that used quite different MPL and GDL so the results will never
match completely. Further, the studies proposed for this Thesis are based on
the differential of performance with respect to a baseline. Thus, the present

model is accepted as a reliable baseline for future studies.
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Figure 2.3: Overlapped experimental and model polarization curves curves

under 30% and 50% RH.
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Figure 2.4: Overlapped experimental and model cell resistance curves under
30% and 50% RH.
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Chapter 3

Results and discussions

The model presented in Section 2.3 is used as a baseline for different studies.
For each case, few parameters are changed in order to compare the results and

better understand the PEMFC physics and behavior.

3.1 Model response to different humidity con-
ditions

Both anode and cathode are fed through the channels with hydrogen, H,, and
oxygen-nitrogen mixture, Oy and Ny, respectively. Further, water vapor, H5O,
mixed with the reactants, is introduced in the PEMFC and its quantity affects
the cell behavior and performance. This section is intended to show how the
model responds to different reactants humidity conditions. Concretely; 30, 50,
75 and 90%RH.

The solutions for the four experiments have convergence problems when
the channels are fed with high humidity conditions. The points that define
the curves are not as equidistant as desired. This is because the solver cannot
find a numerical solution at some specific current range. Thus, the curves
do not have a reliable shape. This convergence instability is a problem that
reappears in futures sections. However, the convergence issue is solved by
slightly modifying the catalyst layer porous interconnectivity; Apsp. Using
Apsp = 6 for high humidity cases instead of 2.35 (see Table 2.9) improves the
convergence without affecting the results, i.e., the cell performance. Figures 3.1

and 3.2 show the polarization and cell resistance curves for all the experiments

32



Polarization curve

: 4—0 30%RH
i |e—e 50%RH||
: =—m 75%RH
: ¢ 90%RH

05k

Cell voltage (V)

e
’1 )
’ H

i ‘ i i ‘ . ‘
00 02 04 06 08 10 12 14 16
Cathode current [A/cm? ]

Figure 3.1: Polarization curves for the model response under different relative
humidities feeding conditions; 30, 50, 75 and 90%RH. Improved convergence
by using Apsp=6 for 75 and 90%RH.

when Apsp = 6 for wet cases.

It is observed an important decrease of cell resistance with higher humidity
values and subsequently, an increase in performance in the ohmic part. The
decrease in cell resistance is due to the proton conductivity improvement under
wet conditions. However, when the channels are fed with high humid reactants
(90%RH in this case), the performance decreases rapidly for current density
values over 1.0 A/cm?. This phenomena is also observed in real experiments in
ESDLab. In order to understand the reason for this performance decrease, the
cathode catalyst layer saturation at 1.0 A/cm? is compared between the 50 and
90 %RH simulations. As expected, saturation levels are quite different. Figure
3.3 shows higher saturation level in the case of 90%RH. This liquid water fills
the porous media in the catalyst layer. Thus, the oxygen flux decrease and
less reactant reach the reaction per unit of time. Figure 3.4 demonstrate this
fact by comparing the oxygen molar fraction distribution in the CCL. Finally,
relating this decrease of oxygen with the performance, Figure 3.5 shows the
oxygen reduction reaction (ORR) volumetric current density generated in the

cathode catalyst layer. Notice how, in the 50%RH case, the reaction occurs
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Figure 3.2: Cell resistance curves for the model response under different rela-
tive humidities feeding conditions; 30, 50, 75 and 90%RH.

Table 3.1: Maximum power (W), and power per unit of Pt mass (W/mgp;)
offered by the experimented PEMFCs under the specified humidity conditions;
30, 50, 75 and 90%RH.
Experiment Pox 30%RH | 50%RH | 75%RH | 90%RH
(W/mgp:) | 256 | 343 | 302 | 3.1
(W) 1.07 | 144 | 156 1.56

Baseline

next to the membrane and is quite uniform all over the CCL. However, in the
90%RH case, the reaction occurs next to the channel and is concentrated in this
zone. Due to the high saturation level, protonic conductivity is increased and,
together with the difficulty for the oxygen to cross, favor the displacement
of the reaction to the MPL-CL interface. This phenomena auto limits the
reaction and that is why the curve have this vertical shape at high current
densities. The normalized water balance inside the catalyst layer is shown in
Figure 3.6. Notice how liquid water in the cathode starts to show up over 0.5
A/em? and increase till the performance collapse.

In order to have a numerical value to compare the PEMFCs performance and
goodness through the different cells and experiments, the maximum power and
the maximum power per unit of platinum mass is used. Table 3.1 summarizes

these values for the baseline studied in this section.
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Figure 3.4: Cathode catalyst layer oxygen molar fraction at 1.0 A/cm? for
cases; 50%RH (left) and 90%RH (right).

3.2 Cathode catalyst layer variable %Pt/C and
constant thickness

Platinum is the catalyst that accelerates the reactions in the cell. Due to its
importance and elevated cost, it is an interesting parameter to study. This sec-
tion and the next one, Section 3.3, study the platinum loading in the cathode

catalyst layer as is the one that limits the cell performance.
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Figure 3.6: Water fluxes inside the cell for 90%RH case. Positive when the
water is leaving the MEA.

3.2.1 Study

Three different cells are modeled for this study. All of them have, as the only
difference, the cathode catalyst layer. Keeping a constant thickness of 3.75 um
in all three CCL, the %Pt/C content is the variable parameter. Thus, 20, 40
and 60%Pt/C are the values selected for this study. Table 3.2 summarizes the
differences (all of them induced by the platinum loading) between the three
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catalyst layers.

Table 3.2: Cell’s cathode catalyst layer properties for the study. Variable
%Pt/C and constant thickness.

Case 1 | Case 2 (BL) | Case 3
Thickness, pum | 3.75 3.75 3.75
Pt/C, % 20 40 60
Pligaas,  mgpi/cm? | 0.0525 0.1050 0.1575
Ptiad,, mgpi/cm? 140 280 420
ECSAy, em3,/emd, | 76272 | 162250 | 243375
€solid 0.3459 0.2676 0.1892
Eelectrolyte 0.1500 0.1500 0.1500
€void 0.5041 0.5824 0.6608

ECSAy value for the case with 20%Pt/C is based on S.Shukla et.al., [40],
who reported 54,48 m?/g for 0.056 mg/cm? platinum loading. This value is
computed with equation B.4 taking 0.0525 mg/cm? as Pt loading and 3.75 um
as CL thickness, resulting 76272 cm%,/cm,; .

The ECSA value for the 60% Pt/C case is estimated multiplying the active
area corresponding to 40% Pt/C by 1.5, resulting EC'S Ay = 243375¢cm%, /cmd,;

3.2.2 Results
Dry, 30%RH

The polarization and cell resistance curves for each platinum loading case
are shown in Figures 3.7 and 3.8, respectively. Even though the amount of
platinum in the third experiment is three times larger than in the first one,
its effect on the cell performance is not very large. Figure 3.9 shows the ORR
volumetric current density in the cathode catalyst layer for cases 1 and 2 when

2. The reaction mainly occurs just next to

the cells are producing 0.8 A/cm
the membrane, using the platinum deposited next to the diffusion media to a
lesser degree. Merging this idea with the short improvement in performance,
it can be thought that protonic flux is too low and H* is consumed before
it can reach the Oy richest part; next to the channels. Thus, the platinum

deposited equally all over the layer ends up being unused.
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Figure 3.7: Polarization curves from PEMFCs with different %Pt/C in the
cathode catalyst layer. 30%RH.
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Figure 3.8: Cell resistance curves from PEMFCs with different %Pt/C in the
cathode catalyst layer. 30%RH.

It is interesting to note the invariant shape of the cell resistance curve.
Even the platinum has no direct affectation to ohmic conductivity, modifying
the ink composition also modifies the catalyst layer volume fractions, as shown
in Table 3.2. It implies different solid and void volumes in the media that is
expected to affect in the electrical conductivity and mass transport. However,
the effect in the overall cell resistance seems to be negligible even the solid part
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is reduced up to 45% between first and third experiment. The electronical
electrical potential, shown in Figure 3.10, is uniform in both cases. Even
though the electrons have to cross all the catalyst layer to reach the reaction,
there is no potential gradient through the media. It means that negligible
ohmic losses are induced by the electrons flux. The increase of void part does
not improve the performance either as the mass transport is not a limiting

issue in dry case due to the low saturation of the porous media.

Wet, 90%RH

The wet case convergence also has to be adjusted like in Section 3.1. The
porous connectivity parameter is established Apsp = 3.3 for experiment (1)
and Apsp = 6 for experiments (2) and (3). The performance is verified to
be the same with the baseline value. The experiments performance and cell
resistance curves are shown in Figures 3.11 and 3.12, respectively. In this case,
it is interesting to note the limiting current gets higher values when the %Pt/C
increases. It is probably due to the increase of void part in the media, delaying

the onset of limiting current.
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Figure 3.10: Cathode catalyst layer electronical electrical potential for the cells
(1)-20%Pt/C (left) and (2)-40% Pt/C (right) at 0.8 A/em?. 30%RH.
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Figure 3.11: Polarization curves from PEMFCs with different %Pt/C in the
cathode catalyst layer. 90%RH.

Initially, the performance is limited by the reaction kinetics, then ohmic
losses. Finally, mass transport losses lead to a sudden performance limitation.
From the results in this Thesis, it seems a maximum saturation level exist, for
each catalyst layer and high influenced by its void fraction. Once the maximum
saturation level is reached next to the gas diffusion media, it acts as a wall for

the oxygen flow and the performance starts to decay drastically. Then, the
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Figure 3.12: Cell resistance curves from PEMFCs with different %Pt/C in the
cathode catalyst layer. 90%RH.
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Figure 3.13: Normalized water balance inside the cell for experiment (3) with

60%Pt/C and wet case; 90%RH.

reaction evolves without increasing this maximum saturation level, especially
next to the GDL and MPL. Thus, the reaction progress highly depends on how
fast the liquid water can be evacuated from the porous media. It is proved
capturing, for the three experiments, the saturation level around 0.38V, when
the performance starts to decay, and at 0.1V, when the reaction is limited

by mass transport. Figures 3.14 and 3.15 show this two points. Note how
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the saturation map inside the catalyst layer tends to a constant distribution,
independent of the voltage (in the specified range). The ORR kinetic seems to
be the one that equilibrate the water produced by the reaction with the water

that leaves the cell.
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Figure 3.14: Cathode catalyst layer saturation level at 0.38V for the 20, 40
and 60% Pt/C from left to right, respectively. 90% RH.

The experiment (3), with 60% Pt/C, is the one that has better performance
response. Further, it is the cell that has the highest limiting current, reaching
1.14A/em? at 0.1V. A part from the higher platinum loading, this improve-
ment is also due to the larger void fraction, €,,4, that allows to reach higher
saturation levels by keeping constant the actual void fraction, €, ;, defined as
the void part that is not filled by liquid water in the highest saturated area;

the one that forms the ”water-wall” for the oxygen.

/

€void = Evoid - (1 — Saturation)

Table 3.3 summarizes, for each case, the €,,,4, maximum saturation reached
. . !/ ! . . .
during the experiment and €,,,,. It seems that €, is characteristic for each

MEA and it could be related with ability of the cell to evacuate the water.

Table 3.3: Actual void part when maximum saturation level is reached in
experiments (1), (2) and (3).

U

Experiment €voia | Max. saturation | €,
(1) 20% Pt/C | 0.5041 0.51 0.257
(2) 40% Pt/C | 0.5824 0.57 0.250
(3) 60% Pt/C | 0.6608 0.61 0.257
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Figure 3.15: Cathode catalyst layer saturation level at 0.1V for the cases 20,
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Table 3.4: Maximum power (W), and power per unit of Pt mass (W/mgp;)
offered by the experimented PEMFCs under the specified humidity conditions;

30, 50, 75 and 90%RH.

Experiment Pos 30%RH | 90%RH
oo || L
(2)- 40%Pt/C (BL) (W(/V”;gﬂ) 2561 37
e[| T |

Finally, Table 3.4 summarizes the maximum power reached for the cells in
the experiments of this section. It is interesting to note even the 60%Pt/C is
the configuration that offers higher power values it is also the one with the

worst ratio W/mgp;.

3.3 Cathode catalyst layer constant %Pt/C
and variable thickness

As in the previous Section, the main goal of this one is to study the platinum
loading in the cathode catalyst layer. In this case, the Pt/C content is the
same in all the experiments. The variable parameter that changes the Pt

loading is the catalyst layer thickness.
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3.3.1 Study

Five cells are modeled for this study. All of them have, as the only difference,
the cathode catalyst layer. Keeping a constant Pt/C=40%, the thickness
is variated from 3.75 pum to 12 um. Table 3.5 summarizes the differences
between the five catalyst layers. Notice, in this case volumetric ECSA and
volume fractions are identical in all the cases due the fact that all of them are
made of the same ink compositions. Thus, assuming no-compression during
fabrication (due to its own weight), the only difference is the thickness and

the platinum loading.

Table 3.5: Cell’s cathode catalyst layer properties for the study. Variable
thickness and constant %Pt/C.

Case 1 (baseline) | Case 2 | Case 3 | Case 4 | Case b
Thickness, wm 3.75 6.0 8.0 10.0 12.0
Pt/C, % 40 40 40 40 40
Pliads,  mgp/cm? 0.105 0.168 | 0.224 | 0.280 | 0.336
Ptioad,, mgpi/cm? 280 280 280 280 280
ECSAy, em,/em?., 162250 162250 | 162250 | 162250 | 162250

3.3.2 Results
Dry, 30%RH

The overall results for the dry case, as a performance and cell resistance curves,
are shown in Figures 3.16 and 3.17, respectively. In this case, even the dif-
ferences in the platinum content are larger than in simulations presented in
Section 3.2, the performance variation is less significant. For example, cata-
lyst layer platinum loading in the fifth experiment is more than three times
larger than in the first one. However, there is very few difference between both
polarization curves.

About the cell resistance, it is still invariant through the five experiments even
though the catalyst layer thickness is increasing and its electronic and protonic
resistance could be affected due to the larger path for the electrons to reach

the reaction. However, the electronical electrical distribution is equipotential
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Polarization curve, 30%RH
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Figure 3.16: Polarization curves from PEMFCs with different thickness and
platinum loading cell’s cathodes. 30%RH.

in all the cathode catalyst layer media and most of the reaction occurs at
PEM-CL interface such that H* does not reach to travel the length of the CL.

In order to understand the internal effects of the thickness, simulations
(2), (3) and (5) solutions are compared at 1.2 A/em?. The oxygen molar
fraction distribution its identical in all three layers (Figure 3.18). Thus, oxygen
transport seems to be independent of the thickness. However, Figure 3.19
shows a different ORR distribution with less parts of the CL being used for
thicker CL. This shows proton transport into the CL is limiting. The lack of
Pt utilization will elevate the PEMFC cost by increasing the platinum content

without improving the performance, at least under dry conditions.

Wet, 90%RH

Independently of the catalyst layer thickness, all the experiments show that
performance starts to decay when the current density is 0.95 A/cm?. At 0.44V,
the saturation level inside the CLs reaches the 55% next to the channels (Figure
3.21). It evolves to a more stable saturation distribution at 0.1V (Figure 3.22).
Notice the saturation next to the channels, acting like a wall for the oxygen
flux, keeps the value around 56%. This is the same maximum value found

in Section 3.2 for the baseline case (with identical ink composition). Further,
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Cell resistance, 30%RH
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Figure 3.17: Cell resistance curves from PEMFCs with different thickness and
platinum loading cell’s cathodes. 30%RH.
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Figure 3.18: Oxygen molar fraction inside the cathode catalyst layers of ex-
periments (2)-left, (3)-middle and (5)-right, at 1.2 A/cm?. 30%RH.
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Figure 3.19: Oxygen reduction reaction volumetric current density generated
inside the cathode catalyst layers of experiments (2)-left, (3)-middle and (5)-
right, at 1.2 A/em?. 30%RH

notice how the saturation gradient inside the layer evolves differently when
different thickness. When the ORR starts to decrease its kinetic, especially

next to the membrane, less water is produced. Thus, the porous in this area
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10 Polarization curve, 90%RH
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Figure 3.20: Polarization curves from PEMFCs with different thickness and
platinum loading cell’s cathodes. 90%RH.

starts to evacuate the liquid water stored, helped by the protonic drag. This
effect makes the porous media next to the membrane to be less saturated at

0.1V and it is more significant when thicker CCLs.
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Figure 3.21: Cathode catalyst layer saturation level at 0.44V for the experi-
ments (2);up-left, (3); down-left, (4); up-right and (5); down-right. 90% RH.

A part from the performance decay, Figure 3.20 also shows the convergence

instabilities due to the two phase problem. In this case, all the simulations
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Figure 3.22: Cathode catalyst layer saturation level at 0.1V for the experi-
ments (2);up-left, (3); down-left, (4); up-right and (5); down-right. 90% RH.

have the baseline Apsp value; no convergence-adjust is done. Thus, it is in-
teresting to note the better convergence when the catalyst layer is thicker,
i.e., experiments (1) and (2), with thinner CLs, are the ones that start to
have convergence problems over 0.55 A/cm?. No evidence is found to justify
this phenomena. Parameters as saturation, relative humidity, temperature,
volumetric evaporation and condensation, gas pressure are compared through
the five cells and none of them can explain the instability. Liquid pressure,
shown in Figure 3.24, has higher values in the first and second experiment. It
could be the reason that explains the liquid water flux from cathode to anode,
observed in experiments (1) and (2). The normalized water balance plot for
experiment (1) is shown in Figure 3.23. However, this phenomena cannot be
related with the convergence stability, as it is observed even in experiments
with good convergence solutions.

Finally, numerical values for the maximum power produced by the experi-
mented cells are summarized in Table 3.6. Again, increasing the platinum
loading (in this case, by depositing more layers of ink in the CCM), just
slightly increases the performance. However this change is not proportional
to the amount of platinum deposited. Thus, the maximum power per unit of

platinum mass decreases when increasing the cathode catalyst layer thickness.
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Figure 3.23: Water balance inside the cell for the experiment (1), with 3.75
pum catalyst layer thickness. 90%RH.

o o
3 5
t2 8e+05 @ 29e+05 %
[ 200000 S al
o ie]
N g 3
8.4e+04 = 96e+04 2

g o

29e+05 @ 2

— 200000 £ g 30e+05 ®

l i 0 |

e

= o

B 446104 5 I_ 3

e+lad = -32e+05 2

Figure 3.24: Liquid pressure in the cathode catalyst layer at 0.55 A/cm? for ex-
periments (1);up-left, (2);down-left, (3);up-right and (5); down-right. 90%RH.
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Table 3.6: Maximum power (W), and power per unit of Pt mass (W/mgp:)
offered by the experimented PEMFCs under the specified humidity conditions;
30, 50, 75 and 90%RH.

Praz | 30%RH | 90%RH
Case (1) 3.75um (BL) (W(/%Pt) o7 | 16
Case (2)- 6um (W(/V@?”) 1:(152 ?:22
ST LTI R R
Case (4)- 10um (W(/Q}‘;m) 12(1)171 ﬁ;
Case (5)- 12um (W(/IZ%/L)qpt) (1)6132 1%

3.4 Current collector and channel width

The channel geometry does not only affect the air and hydrogen flow fields in
the diffusion layers, they also influence the cell electronic conductivity as they
are responsible for the electron collection and distribution in the anode and
cathode, respectively. Further, they add structural integrity to the cell.

In this Thesis, a parallel channel configuration is used. The two main pa-
rameters that characterize its geometry are the channel and current collector
widths. Figure 3.25 shows an schematic to clarify the meaning of this dimen-
sions. The multi purpose of the bipolar plates and the different role of each
part, leads to an interesting trade of between each dimension which is the

purpose of this section to study.

3.4.1 Study

Eight different cells are modeled for this study. All of them have an identical
MEA but different cathode channel and current collector widths, introducing
to each model different boundary conditions. Table 3.7 shows the channel
dimensions selected for each cell. The same experiment conditions described
in Section 2.3.1, but different hydrogen and air relative humidities, are repro-
duced over the eight cells. In order to compare the trade off importance under

wet and dry cell conditions, 30%RH and 90%RH conditions are applied to the
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Figure 3.25: Parallel channel PEMFC schematic.

reactants in each experiment. The results are discussed below.

Table 3.7: Channel and current collector widths used in the eight different
cells.

Experiment | Current col. (¢m) | Channel (e¢m)
0 (baseline) 0.083 0.082

1 0.05 0.1

2 0.1 0.05

3 0.05 0.05

4 0.13 0.13

) 0.07 0.07

6 0.05 0.13

7 0.08 0.13

3.4.2 Results
Dry, 30%RH

The polarization and cell resistance curves from the experiments in Table 3.7
are shown in Figures 3.26 and 3.27. The cell performance is very similar even
though the cell resistance is quite affected. The differences in the cell resistance
are influenced by the electronic conductivity variations induced by the current

collector or land width.
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Polarization curve, 30%RH
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Figure 3.26: Different channel geometries cell’s polarization curves for an ex-
periment with 30%RH condition.
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Figure 3.27: Different channel geometries cell’s resistance curves for an exper-
iment with 30%RH condition.

The oxygen molar fraction distribution in the catalyst layer, Figure 3.28,
is strongly dependent on the channel geometry. Between experiment (3) and
(7) it is easy to identify that channel is thicker in experiment (7) so the area
with high oxygen concentration is larger. Further, between experiments (4)
and (5), even the ratio channel/land is 1 in both cases, experiment (5) reach

more uniformity in the oxygen distribution thanks to the narrower channels
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Figure 3.28: Oxygen molar fraction in the catalyst layer for the experiments
(2); up-left, (4); down-left, (5); up-right and (7); down-right at 0.9 A/cm?.
30%RH.

Wet, 90%RH

The current collector and channel widths seem to have a larger influence at
high relative humidity. In this case, 90%RH. Figures 3.29 and 3.30 show the
polarization and cell resistance curves of all the experiments overlapped in or-
der to compare the results. At high current densities, the mass transport zone
differences are significant. Again, the convergence is reached by adjusting the
catalyst layer porous interconnectivity. The value used to all the experiments

except case (7) is Apsp=3. For case (7); Apsp=4.5.

Discussions in this section are based on the mass transport region; where
the saturation introduces a limiting current in the performance that make in-
teresting the study. Experiments (1), (3) and (6), all of them having same
current collector width; 0.05 cm, are compared at 0.25V in order to see the

role of the channel width. Firstly, taking a look into the saturation level (Fig-
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Figure 3.29: Different channel geometries cell’s polarization curves for an ex-
periment with 90%RH condition.
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Figure 3.30: Different channel geometries cell’s resistance curves for an exper-
iment with 90%RH condition.

ure 3.32), it can be noticed that maximum saturation level, around 56%, is

independent from the channel width. This is proved for all the experiments.

Figure 3.33 shows the saturation level around 0.1V for all the experiments. All

of them, except the number (4) with 0.13/0.13 c¢m, present a very similar sat-
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uration map inside the CCL. This support the fact that maximum saturation
level is not affected by the channel width. However, it does affect the per-
formance. That is why some channel/current collector widths configurations
obtain higher current densities. A clear example of this fact is the comparison
between experiments (1), (3) and (6) at 0.25V. Figure 3.34 shows the ORR
current density produced at this point by the three cells. It demonstrate that
wider channels ease the oxygen supply and increase the reaction rate. Another
explanation for this performance difference is the liquid water evacuation rate.
Figure 3.31 shows that experiment (6) with wider channel takes higher current
density to reach the same amount of liquid water. This is due to better water

evacuation with larger channels.

Comparing experiments with same channel widths, i.e., (4), (6) and (7),
it can be noticed that current collector width also has influence in the per-
formance response. As shown in Figure 3.29, experiment (4) has the lowest
limiting current. This is due to the bad uniformity in the oxygen distribution
between two channels. The current collector thickness, 0.13 c¢m, limits the
oxygen ability to reach the areas under the land. Thus, reducing the reac-
tion rate. This phenomena is the same shown in Figure 3.28. Simulations (6)
and (7), both improve the performance by reducing the land thickness to 0.05
and 0.08 c¢m, respectively. It ends up with another trade off; the electrical
conductivity. That is why case (6) reduces its performance by increasing its
resistance. It can be said, fixing the channel width to 0.13 ¢m, the optimal

current collector thickness is between 0.05 and 0.13 em.
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Figure 3.31: Normalized liquid water in the cathode catalyst layer for experi-
ments (1), (3) and (6), from left to rigth. 90%RH.
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Figure 3.32: Catalyst layer saturation level for the experiments (1), (3) and
(6), from left to right. 90%RH.
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3.5 Electrolyte loading

The catalyst layer is composed by black carbon, platinum, electrolyte and void
(referred to the absence of previous). The electrolyte used for this thesis is
Nafion®. Each component in the CL has a different function when the cell is
operating, e.g., electrolyte is responsible for the protonic conduction, carbon
for the electronic conduction and void allows the vapor and reactants to flow.
In this case, electrolyte loading is studied as it has an interesting trade off with

the amount of void part in the catalyst layer.
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Figure 3.33: Cathode catalyst layer saturation level at 0.1V for the experi-
ments (0), (1), (2), (3), (4), (5), (6) and (7). 90%RH.
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Figure 3.34: Oxygen reduction reaction volumetric current density inside the
catalyst layer for the experiments (1), (3) and (6), from left to right. 90%RH.

3.5.1 Study

Three different cells are modeled for this study. All of them have, as the
only difference, the cathode catalyst layer electrolyte content. The Nafion
weight loading fraction in the CL, Weectroiyte, are respectively; 20, 30 and
40%. Cathode catalyst layers volume fractions for each case are computed
with expressions shown in Appendix B.2 and summarized in Table 3.8. The
same experiment conditions described in Section 2.3.1, but different hydrogen

and air relative humidities, are reproduced over the three cells. 30%RH and
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90%RH conditions are applied to the reactants in each experiment. The results

are discussed below.

Table 3.8: Catalyst layer volume fractions depending on electrolyte weight
loading fraction.

EXpefiment Welectrolyte €solid €electrolyte €void
1) 20% | 0.2676 | 0.0875 | 0.6449
(2) 30% (BL) | 0.2676 | 0.1500 | 0.5824
(3) 40% | 0.2676 | 0.2333 | 0.4991

3.5.2 Results
30%RH

The electrolyte loading is, among the parameters studied in this Thesis, the
one that has more influence in the dry case. The protonic conductivity, as said
at some point before, is widely improved when the electrolyte is humidified.
Thus for dry cases, the resistance to the protons transport becomes a limiting
factor in the cell performance due to the ohmic losses. Figures 3.35 and 3.36
show the performance and the cell resistance curves for the three experiments
that proves this fact. Further, taking a look into the protonic electrical poten-
tial inside the catalyst layer at 1.0 A/cm? when electrolyte loading is 20 and
30%wt, it can be noticed a different potential gradient. The potential gradient
appears when the transport resistance induces ohmic losses. Thus, the wider
gradient, the more ohmic losses. The scale values in Figure 3.37 show that the
case with less amount of Nafion, ends up with higher ohmic losses, responsible

for the performance decrease.
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Polarization curve, 30%RH
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Figure 3.35: Overlapped polarization curves for weectroryte = 20, 30and 40%
and reactants humidity condition; 30%RH.

Cell resistance, 30%RH

360 T ;
: @@ Nafion w=20%
: m—m Nafion w=30%
: e—e Nafion w=40%
— :
D'g 340+ : 1
£ o
= b :
Q 320 - ST U SO SP PSP 1
£ .
Q
g ]
°
T 300+ " - 1
i ®
G o
o S
= o
© 280 BE - 1
O
260 1 1 I I 1 I
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4

Cathode current [A/em? ]

Figure 3.36: Overlapped cell resistance curves for weiectroiyte = 20, 30and40%
and reactants humidity condition; 30%RH.

90%RH

The wet cases for the Nafion loading study also show convergence issues that
are solved, as in previous sections, adjusting the catalyst layer porous inter-
connectivity. In this case, for 20 and 30%wt, Apsp = 6 is used. For 40%, the

good convergence is found for Apgp = 4.5.
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Figure 3.38 shows the performance curves for the studied cases. For the same
reason that electrolyte loading has wide influence in dry cases, it does not
have it for the wet ones. The protonic conductivity is not a limiting factor
when the Nafion is humidified. Thus, the performance variance when chang-
ing the electrolyte loading is not that significant. However, even the overall
cell resistance is the same in all three experiments, Figure 3.39 show slightly
differences between the protonic electrical potential gradients inside the differ-
ent cathode catalyst layer. In the other hand, wet cases deal with saturation
issues that limit the current. The trade off between electrolyte loading and
void part in the catalyst layer makes possible a different void fraction (€,0iq)
between the experiments. Concretely, between experiment (1) and (3), there
is a 15% of the CL volume that changes from void to electrolyte part. This has
an effect on the maximum saturation level. Figure 3.40 proves that decreasing
the amount of Nafion, the porous media is able to retain more liquid water

without collapse the performance.
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Figure 3.38: Overlapped polarization curves for wejectroiyte = 20, 30and40%
and reactants humidity condition; 90%RH.
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3.6 Discrete graded Pt/C distribution in the
cathode catalyst layer

Some literature report a performance improvement when the cathode catalyst
layer composition (platinum, carbon, electrolyte and void) is varied in the
space. Thus, a non-homogeneous distribution of the different materials in the
layer is studied there.

The goal of this section is to prove, through the two phase flow model presented
in Section 2.1, how the performance can be improved with a discrete 1D graded
Pt/C distribution in the cathode catalyst layer. The experiment simulated is
designed to be doable with the current ESDLab technology.

3.6.1 Study

The study is conformed by six experiments, paired in groups. Two experiments
have a 12 pm thickness CCL, two more have a 6 um and the other two a 3.75
wm one (as the baseline). In each pair, one CCL has a graded Pt/C distribution
in the through-plane direction (schematized in Figure 3.41) and the other
has an homogeneous distribution. The reason for thicker layers (6 and 12
um) is to see if it affects the difference between the graded and non-graded
distribution. The current collector and channel width selected, 0.08/0.13 cm,
is the configuration that gives better mass transport performance in Section
3.4, for wet cases. The reason to select this configuration is to prove if graded
CCL is able to improve even more this performance.

The details of each studies are summarized in Table 3.9. The parameters not
specified in this table are supposed to be the ones reported in Tables 2.8 and
2.9.
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Table 3.9: Catalyst layer volume fractions depending on electrolyte weight
loading fraction.

Experiment | Thickness (um) | Graded | Pt/C (%) | Current col./Channel width (cm)
(1) 19 Yes | Figure 3.41 0.08/0.13
2) No 40 0.08/0.13
(3) 6 Yes Figure 3.41 0.08/0.13
(4) No 40 0.08/0.13
(5) 375 Yes | Figure 3.41 0.08/0.13
(6) ‘ No 40 0.08/0.13
PEM
20% Pt/C 1
L 40% Pt/C e

MPL+GDL

Figure 3.41: Cathode catalyst layer discrete 1D Pt/C graded distribution pro-
posed for this study.

3.6.2 Results

Table 3.10: Maximum power (W), and power per unit of Pt mass (W/mgp;)
offered by the experimented PEMFCs under the specified humidity conditions;
30, 50, 75 and 90%RH.

30%RH | 50%RH | 75%RH | 90%RH
po. 0 | " 0 | s | am | i
e @) | " VG | v | s | o
e @) | "5 | om | am | res | ros
pe- ) | " v | T | e | 1o
Exp. (5) (W(/%Pt) 26.194 ?gi igg 11:38
e ©) | "G5 | Oe | 1m | 1w | re

*: approximated value (bad convergence)
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The results obtained in this section, based in terms of maximum power
and maximum power per unit of platinum mass, are summarized in Table
3.10. Notice how this results match with the ones obtained in Section 3.3,
concluding that increasing the cathode catalyst layer thickness does not im-
prove the cell performance, ending up with lower values of power per platinum
loading. Thus, the discussion is basically centered in simulations (5) and (6),
with 3.75 pm CCL thickness. Graded configuration increases the maximum
power in the 90%RH case only worsen the performance in dryer cases (30, 50
and 75%RH). As shown in previous sections, the reaction tends to occur next
to the membrane in dry cases and next to the MPL-GDL in wet cases. The
experimented graded composition deposit more platinum next to the diffusion
media. This is the reason for the improvement just for wet cases.

Comparing the results between the experiment (5) and the baseline presented
in Section 3.1, it can be noticed an improvement in wet cases performance.
The only two differences between both experiments are the channel width and
the %Pt/C distribution inside the cathode catalyst layer. However, the maxi-
mum power increases from 1.56 W to 1.79 W when 90%RH in the reactants. It
means a 15% increment in the maximum without changing the total amount
of platinum loading. Making the same comparison between the baseline and
experiment (6) (that have a platinum homogeneous distribution in the CCL),
the improvement in power is from 1.60 W to 1.88 W, when 75%RH. It means

a 20% of improvement in maximum power, by just changing the channel width.

The performance and cell resistance curves resulting from the comparison
between the experiment (5) and the baseline are shown in Figures 3.42 and
3.43, respectively. Notice the cell resistance is lower in the baseline case, for all
the humidity cases. This is mostly due to the channel and land configuration,
that offers less conductivity area per bipolar plate surface. Figures 3.27 and

3.30 show this phenomena.
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Figure 3.42: Baseline and graded CCL polarization curves for 30, 50, 75 and
90%RH conditions.
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Chapter 4

Conclusion

Low loading cathode catalyst layers result to always offer higher power per unit
of platinum mass ratios. This is proved by modifying the ink %Pt/C compo-
sition and also by varying the CCL thickness. In both cases the increase of
platinum loading in the cell does not report enough performance improvement
to increase or, at least keep, the W/mgp,;. Thus, increase the Pt loading up
to 0.1 mg/em? ends up being hardly worth it. From the variable thickness
experiment, even it is not a topic deeply treated in this Thesis, a convergence

improvement is observed when thicker CCLs are defined in the simulation.

In the other hand, a sudden performance decay, induced in the wet cases
by the cathode catalyst layer porous media saturation, is observed. This fact
matches with experimental data measured in ESDLab under similar condi-
tions. However, it is not proven experimentally for the case studied in this
Thesis and it could be a future line to study. It is observed a maximum satu-
ration value related with the void volume fraction in the CCL. The higher void
volume fraction, the higher maximum saturation value and thus, the higher
current density is able to be produced till the maximum saturation is reached.
It is found that this maximum saturation level is independent on the cath-
ode catalyst layer thickness and channel width. Experiments that variate the
thickness from 3.75 um to 12 um show same maximum saturation level when
cell performance starts to decay drastically; around 0.95 A/cm?, and when

reaches the low voltage; 0.1V. Further, experimenting with identical MEAs
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and different channel widths also result with same maximum saturation level.

It is observed an increment of performance when humidified reactants are
supplied to the cell. However the saturation becomes an important issue when
high current is demanded. Thus, the channel and current collector widths
takes importance in order to improve the mass transport performance. For
this purpose, 0.13 ¢m channel width is the configuration that offers higher

current densities, among the studied ones.

Grading the cathode catalyst layer platinum distribution instead of dis-
tribute it homogeneously only increases the maximum power of the cell when
90%RH in the reactants. However, it worsen the performance for lower rel-
ative humidities. The maximum power supplied by the cell is very similar
when using 75%RH and 90%RH reactants. However, the higher humidity, the
more saturation issues. Thus, because raising the humidity conditions over
75% does not report better performance, it is proposed to use this %RH in
the reactants and non-graded CCL is necessary because does not improve the

performance.

Finally, as a future line for this work, a validating experiment is proposed in
order to verify the channel width affectation and prove if it actually improves
the cell performance and maximum power when reactants are supplied with

75%RH.
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Appendix A

Parametric study

In order to better understand the implication of each variable in the PEMFC
performance, a parametric study is done for the parameters listed in Table
A.3. The table shows the original parameter value (from the model reported
by J.Zhou et. al., [1]) and four values firstly selected for the parametric study
and based, the most, in the literature or ESDLab experience somehow. The
values in parenthesis are chosen after the first study in order to get a better
conclusions in a narrower range of values. All the cases are studied under two
different operating conditions; dry (80°C, 30%RH) and wet (60°C, 90%RH).
Note that possibles interactions or correlations between parameters are not

shown in this study.

Table A.1: Model parameters.

Parameter Value Reference
Conditions

Breakthrough  capillary  press. 5000 Pa 5]

GDL/channel interface; PBT

Constant cap. press. BC, kgr 0.005 Pa ESDLab

Water surface tension, v 0.064 N/m Value for 80 °C.
Carbon black density, Pearbon 1.25 g/em? Estimated CL thck.
Platinum density, ppe 21.5 g/em? Physical constant
Electrolyte density, Pelectrolyte  2-0 g/cm? Nafion®
Dimensions

Current collector width 0.1 cm ESDLab value
Channel width 0.1 cm ESDLab value
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Cathode CL thickness CCLy 4.2 um Estimated!

Anode CL thickness ACLyy  1.96 um Proportioncal to CCL
GDL thickness GDLy, 1.203-1072 em Estimated from [29]
MPL thickness MPLy,. 6.5-1072 em Estimated from [29]
Membrane thickness PEM,,. 2.5-1072 cm NRE 211

Anode and cathode CL (1JP)

Pt/C (%owt)  40% Baseline condition
Volumetric Pt loading, Ptioad, 250 mg/ cm? Estimated ESDLab
Cathode Pt loading, Ptioaas  0.105 mg/ cm? Baseline condition
Anode Pt loading, Ptivaas  0.049 mg/cm? Baseline condition

Electrolyte loading,

Welectrolyte

30%

Baseline condition

Anode ECSAy 110000 cm%,/emd;  [5]

Cathode ECSAy 110000 em%,/emd,  [5)]

Thermal conductivity, ke 0.0027 W/em - K [21]

Esolid 0.3116 OpenFCST
Eelectrolyte 0.1339 OpenFCST

Evoid 0.5544 OpenFCST

ICCP radius 50 nm [13]

ko, (Oq dissolution rate) 0.001 m/s [13] (80 °C, 50%RH)
kp, (Hy dissolution rate) 0.1 m/s [13] (80 °C, 50%RH)
Ksorp 10000 1/s ESDLab

PEM (NR-211)

Electrolyte type Nafion NR-211

Thermal conductivity, kpey  0.0013 W/em - K NR-211; [21]

GDL (SCL 28BC)

Porosity 58.73% Estimated
Electrical conductivity (TP), cL2, 4.5 S/cm [29] (SGL 28AA)
Electrical conductivity (IP), o5, 210 S/cm [29] (SGL 28AA)
Thermal conductivity (TP), xZ5; 0.0055 W/cm - K [29] (SGL 28AA)
Thermal conductivity (IP), &5, 0.2567 W/em- K Estimated from [29]
MPL (SGL 28BC)

Porosity 60.0% Estimated from [5]
Electrical conductivity (TP), o1/,, 88.4 S/cm Black carbon prop.
Electrical conductivity (IP), oiF,,  88.4 S/em Black carbon prop.
Thermal conductivity (TP), x1f,, 0.0008 W/em - K  Estimated from [29]
Thermal conductivity (IP), xifn; 0.0387 W/em - K Estimated from [29]

L As a reference Shukla et. al., [19], reported 4.7+1.2um for 50%Pt/C and 0.15 mg/cm?.
Also, in [20], reported 1.76+0.29 for 20%Pt/C and 0.026 mg/cm?.
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Table A.2: Model PSD parameters.

Parameter Value Reference
Anode and cathode CL (1JP)

Absolute permeability, kst 1.00-107' em? 38]
PSD interconnectivity, Apsp 6 1]

HI volume fraction, Far 0.3 1]

HI static contact angle, our 1]

HO static contact angle, oo (1]

Characteristic:

Pore radius, r; [pm] 0.02, 0.025, 0.075 1]

Pore fraction, f; 0.5,04,0.1 ESDLab
Pore widths, s; 0.55,0.45, 1.2 1]

GDL (SGL 28BC)

Absolute permeability,

kegt 4.6-107% cm?

In-house MIP

PSD interconnectivity, Apsp  2.02 Fitted for abs. perm.
HI volume fraction, Far 0.08 [36]
HI static contact angle, oy 70° [36]
HO static contact angle, oo 122° [37]
Characteristic:
Pore radius, r; [pm] 14.2, 34.0 1]
Pore fraction, f; 0.31, 0.69 1]
Pore widths, s; 1.0, 0.35 1]
MPL (SGL 28BC)
Absolute permeability, kst 1.39-107° em? 35]
PSD interconnectivity, Apsp 1.0 1]
HI volume fraction, Fyr 0.01 1]
HI static contact angle, Our 89° 1]
HO static contact angle, ono 110° 1]
Characteristic:
Pore radius, n 0072, 0.125, 2.0 [l
uwm
Pore fraction, f; 0.45,0.1, 0.45 1]
Pore widths, s; 0.35,0.5,0.9 1]
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Table A.3: Parameters and its values selected for the parametric study.

Parameter Original 1 2 3 4
kO, [m/s] 0.001 0.0005 0.005 0.01 0.02
0.00075 0.002 0.003 0.005
ECSAy [em%,/emd;] | 110000 50000 75000 | 150000 | 250000
DPBT [Pal 5000 2000 3000 40000 -
kpr 0.005 0.0005 0.0025 | 0.001 0.05
0.0001 | 0.0002 | 0.0003 | 0.0005
Current collector/ 1.0/1.0 |0.83/0.82 | 0.5/1.0 | 0.1/0.5 | 0.5/0.5
channel width  [mm)] 1.3/1.3 | 0.7/0.7 | 0.5/1.3 | 0.5/1.3
Esorp [1/s] 10000 5000 1000 500 100
10 1.0 0.1 0.01
40 15 7 5
ACL and CCL
K (W/em - K] | 0.0027 0.0015 0.002 | 0.0035 | 0.004
0.0003 0.0008 0.03 0.08
HI vol. fraction 0.30 0.15 0.20 0.25 0.35
HI contact angle (°) 84 76 80 88 92
82 83 85 86
HO contact angle (°) 91 85 88 94 97
89 90 92 93
GDL
Porosity 0.5873 0.5 0.55 0.65 0.7
oTP [S/em] | 4.5 1.125 2.25 9 18
0.9 1.3 1.7 23
ol? [S/em)] 210 105 140 315 420
kTP (W/em - K] | 0.0055 0.00055 | 0.0022 | 0.022 | 0.055
0.0009 0.001 | 0.0015 0.1
kP (W/em-K]| 02567 | 0002 | 002 | 20 20
HI vol. fraction 0.08 0.01 0.04 0.12 0.16
HI contact angle () 70 65 68 72 75
60 80 - -
HO contact angle (°) 122 110 117 128 134
MPL
Porosity 0.60 0.40 0.50 0.70 0.80
TP [S/cm] | 88.84 10.5 50 110 | 270
0.25 0.5 1.0 2.0
ol? [S/em)] 88.84 10.5 20 110 270
kTP (W/em - K] | 0.0008 0.00008 | 0.0004 | 0.0016 | 0.008
kP (W/em - K] | 0.0387 0.00387 | 0.01935 | 0.0774 | 0.387
HI contact angle (°) 89 83 86 92 95
HO contact angle (°) 110 100 105 115 120
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A.1 Graphical results
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Figure A.1: Overlapped baseline polarization curves, under dry and wet oper-
ating conditions, with different kO values; from 0.00075 to 0.005 1/s.
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Polarization curve
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Figure A.2: Overlapped baseline polarization curves, under dry and wet

operating conditions, with different ECSA values; from 50000 to 250000
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Figure A.3: Overlapped baseline polarization curves, under dry and wet oper-
ating conditions, with different MPL electrical conductivity values; from 0.25
to 2.0 S/cm .
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Polarization curve
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Figure A.4: Overlapped baseline polarization curves, under dry and wet op-
erating conditions, with different GDL electrical conductivity values; from 0.9
to 23 S/cm .
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Figure A.5: Overlapped baseline cell resistance curves, under dry and wet
operating conditions, with different GDL electrical conductivity values; from
0.9 to 23 S/cm .
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Figure A.6: Overlapped baseline polarization curves, under dry and wet oper-
ating conditions, with different MPL thermal conductivity values; from 0.0008
to 0.008 W/em - K .
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Figure A.7: Overlapped baseline cell resistance curves, under dry and wet
operating conditions, with different MPL thermal conductivity values; from
0.0008 to 0.008 W/em - K .
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Appendix B

Baseline parameters

B.1 Channel and current colector width

The bipolar plates geometry is measured with microscopy technology; see Fig-
ure B.1. Five samples of each, current collector and channel width, are mea-

sured. The samples values are shown in Table B.1.

Table B.1: Channel and current collector width values from microscopy tech-
nology measurement.

Sample | Current col. (um) | Channel (um)
1 816 821
2 827 821
3 829 819
4 823 817
5 838 817
AVG 827 819
STDEV 8.08 1.79
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0.819 mm

Figure B.1: Example of current collector (left) and channel (right) microscopy
imaging measurement.

B.2 1JP catalyst layers volume fractions

OpenFCST compute the ink-jet printed catalyst layers volume fraction with

the following equations:

1 (1=Pt/C)  Pligusy

solid — — B.1

S e T PUC pearton 1000 (B.1)
Welectrolyte 1 1 Ptloadv

; _ . . . B.2

Eelect otyte (]- - welectrolyte) Pt/C pelectrolyte 1000 ( )

Evoid = 1-— Esolid — Eelectrolyte (B3)

B.3 Stacked GDL thickness and porosity

As GDL properties change during the stacking process, in this section the
sub-indexes | and , are used to refer before and after compression state, re-

spectively.
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B.3.1 Stacked GDL thickness

GDL and MPL thickness before stacking can be directly calculated from ES-
DLab MIP experiments data shown in Table 2.6:

MPLthklz 114.7 J7a00
GDLypg, = 28BCypp-MPLyp, = 228.6 - 114.7= 113.9 pm.

l thk

Figure B.2: ESDLab assembly configuration.

Figure B.2 shows the stack configuration before the compression. The catalyst-
coated membrane is composed of polymer electrolyte membrane, anode and

cathode catalyst layers. Thus, its thickness is defined as:
CCMthk = ACLthk + PEMthk + CCLthk = 30.4um

The lamination thickness, L, =160 pum, is measured with microscope tech-
nology in ESDLab. The selected gasket thickness is Gy = 135 pwm. The GDL
is assumed to be the only compressible part then, h is the GDL compressed

thickness. Once all the components have been stacked and compressed, the

GDL+MPL thickness is:
(GDL + MPL)thk2 = Lthk/2 + G — CCMthk/2 = 160/2 + 135 — 304/2

(GDL + MPL)y, = 199.8um

As MPL thickness remains the same after stack:
GDLthk2: 85.1 A,
MPLthk2: 114.7 1T
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B.3.2 Stacked GDL porosity

PL is suppressed in all the parameters aa all of

In this section, super-index ¢
them are referred to GDL properties.

Assuming the GDL solid volume remains constant before and after compres-

sion:
Ve=Vs =V = Vi, (1 — 1)
A=A = A,
V;foti =eA
S Ve _ Vi = Vs _ 0 Vo Vien (1 =~ cvoia) _ | @1A(L — Evoiar)
Viots Viots Viots Viot, es A
ooty =1 = (1= £uoia)) > = 1= (1= €uoin) |

Getting the initial values (pre-compression) from Table 2.6 and the GDL com-
pressed thickness estimated in Section B.3.1:
113.9

B.4 Electrochemical Active Surface Area (ECSA)

ESDLab experiments reported electrochemical active surface area values when

the Pt/C is 40% and Pt loading is 0.05 and 0.1 -5 in the anode and cathode,
CL

respectively. The results are reported in Table B.2.

Table B.2: Electrochemical active surface area extracted from ESDLab ex-
periments. Pt/C=40%. Anode loading = 0.05 -25~. Cathode loading = 0.1
CL

gpt
2

emg
Sample | ECSAode (Zbe) | [CG Acathode (bt
gprt 9pt
1 40.47 61.02
2 65.27 69.49
3 56.08 64.19
AVG 53.94 64.90
STDEV 12.54 4.28
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Taking the averaged values from Table B.2, the electrochemical active area for
the anode an cathode, ECSA%% and ECSA{#h°d can be calculated with the
following expression. See the results in Table B.3.

ECSA! - Pt

ECSA, = Z*L loads (B.4)
thk

Table B.3: Electrochemical active surface area for anode and cathode based
on data from Tables B.2 and 2.8.

Anode | Cathode
ECSA, (22F+) | 134850 | 162250

mer,

B.5 MPL electrical conductivity

Electrical resistance is defined as:

Ri= — (B.5)

B.5.1 Through-plane (TP)

R R. Roen
Catalyst. A A A R W\l AAA Current
layer collector
Req

Catalyst _ ,\/\/\l _ Current
layer collector

Figure B.3: Series equivalent resistance schematic for through-plane conduc-
tivity

From the schematic Figure B.3, representative of the through-plane (TP) elec-
trical conductivity across the MPL and GDL, results equation B.6.

R.q = Rypr + Re + Repr (B.6)
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Merging equations B.5 and B.6, the MPL through plane electrical conductivity,
o1lpr e (containing the contact resistance between MPL and GDL) can be

expressed as:

lMPL
OApLie = T oot (B.7)

Oeq 0GDL
Getting the thickness values (under compression state) from Section B.3.1 as

l; and the SGL 28BC and 28BA electrical conductivity values under 1MPa

from Table 2.7, the o}/, .. can be computed as:

114.7
TP _ _
OMPLte = 7998 &ET — 193 S/em
2.55 4.5

B.5.2 In-plane (IP)

RGDL

L — —e
RMPL

J\/W

Req

. AN .

Figure B.4: Parallel equivalent resistance schematic for in-plane conductivity.

From the schematic Figure B.4, representative of the in-plane (IP) conductivity
across the MPL and GDL, results the equation B.8. Note in this case there is

no contact resistance.

1 1 1

R, Rurr  Ropr
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Merging equations B.5 and B.8, the MPL in-plane electrical conductivity,
ol can be expressed as:

Ocqleq — 0apLlGDL
P Ocqleq
OympL = (B,9)

lMPL

Note in the in-plane direction, I; becomes the same between GDL and MPL.
However the perpendicular section, S = e = h, has a different thickness value,
e, for GDL and MPL. Getting the thickness values (under compression state)
from Section B.3.1 as e¢; and the SGL 28BC and 28BA electrical conductivity
values under 1MPa reported in Table 2.7, the o4, can be computed:

o 100-199.8 — 2125 85.1
TMpL = 114.7

=173.43 S/em

Notice the difference between in-plane and through-plane MPL electrical
conductivity should not be that big as the MPL structure is pretty isotropic.
However, in this case, the through-plane MPL conductivity takes in account
the contact resistance between GDL and MPL and it is probably because of

that, the through-plane conductivity is much lower than in-plane one.

B.6 GDL and MPL thermal conductivity

Thermal resistance is defined as:

R = (B.10)

B.6.1 Through-plane (TP)

The same schematic, Figure B.3, used to model the electrical resistance circuit
through the porous media, can be also used to model the thermal resistance
circuit. Thus, from equations B.6 and B.10, MPL through-plane thermal con-

ductivity, k11, can be expressed as:

TP _lwer (B.11)

K =
MPL
leq lepr

Req RGDL
Getting the thickness values from Table 2.6 as [; and the SGL 28 BC and 28BA
thermal conductivity values from Table 2.7, the MPL thermal conductivity

under non-compressed state can be computed as:
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TP _ 114.7
MPL = 1998 85.1

0.006  0.0055
Note that thermal conductivities are reported and calculated for non-compressed

= 0.0065 W/em - K

layers state. As MPL is assumed to be incompressible, its conductivity proper-
ties are not affected by the compression. In case of the GDL, it can be expected
to increase the conductivity due to the porosity reduction under compression.
However, Nitta et. al., [30], reported non dependence between compressed
and uncompressed GDL thermal conductivity. Nevertheless, a decrease of the

contact resistance is reported as the compression increase.

B.6.2 In-plane (IP)

In-plane thermal conductivity is not reported in the SIGRACET® catalog.
Karimi et. al., [31], and Teertstra et. al., [32], reported values for though-
plane and in-plane GDL+MPL thermal conductivity. In-plane value is roughly
11.7 times larger than through-plane. Pfrang et. al., [33], reported an IP

value 12.5 times larger than TP. Therefore, the GDL+MPL in-plane thermal

1P

cq » 18 estimated as:

conductivity, k

KLy =12 kL7 =0.072W/em - K

In-plane MPL thermal conductivity

From Fig.11b in [34], the following relation between the MPL porosity, ey pr,

and its in-plane thermal conductivity, ki, , has been extracted:
kil e, = 0.01-(0.01(eprpr)? — 0.16 - eprpp, + 0.81) (B.12)

Thus, for the MPL porosity reported in Table 2.6;

kAo (enrpr = 0.744) = 0.0070W/cm - K
In-plane GDL thermal conductivity

Same Figure B.4, and therefore Equation B.8, are valid for describe the thermal

conductivity through plane in the diffusion media. Merging equations B.8 and
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B.10, the GDL in-plane thermal conductivity, k&, ;, can be expressed as:

P ’ieqleq — kmprlvpr
Repr =

(B.13)
lepr

Note that in the in-plane direction, [; becomes the same between GDL and
MPL. However the perpendicular section, S = e = h, has a different thickness

value, e, for GDL and MPL. Getting the thickness values (under compression

1P

state) from Section B.3.1 as e;, the

assumed at the begging of this section

and the x1f’»; computed above, the k¥, can be computed:

0.072 - 199.8 — 0.00696 - 114.7
KapL = 1 =0.1597 W/em - K
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Appendix C

OpenFCST parameter files

The model input parameters are organized in different parameter files, grouped

by component or function. Every file is a different section in this appendix.

C.1 main

subse
set
set
set
set
set

ction Simulator

simulator name meaTwoPhaseNITcapillary
simulator parameter file name = data.prm

nonlinear solver name NewtonLineSearch
refinement method AdaptiveRefinement
Analysis type PolarizationCurve

subsection Polarization Curve

set
set
set
set
end
end

0.9

Initial voltage [V] =
0.1

Final voltage [V] =
Increment [V] = 0.0
Min. Increment [V] = 0.01

C.2 data

include ../../../template/data.prm

subsection Fuel cell data
subsection Operating conditions

set
set
set
set
set
set
set
set
end

Adjust initial solution and boundary conditions = true

Cathode initial oxygen mole fraction (prior to humidification) = 0.21
Temperature cell [K] = 353.15 #[K]

Cathode pressure [Pa] = 151325.0 #[Pa] (1.5 atm)
Cathode relative humidity = 0.3

Anode pressure [Pa] = 151325.0 #[Pa] (1.5 atm)
Anode relative humidity = 0.3

Voltage cell [V] = 0.6

subsection Cathode gas diffusion layer
include ../../../template/default_GDL .prm

set
end

Material id = 12
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subsection Cathode microporous layer
include ../../../template/default_MPL .prm
set Material id = 13

end

\# Cathode catalyst layer

include ../../../template/cathode_CL.prm
subsection Cathode catalyst layer
subsection ConventionalCL

set Active area [cm"2/cm”3] = 14:162250, 15:162250,

end

\# Membrane layer
include ../../../template/default_ PEM .prm

\# Anode catalyst layer
include ../../../template/anode_CL.prm

subsection Anode microporous layer

include ../../../template/default_MPL .prm
set Material id =7

end

subsection Anode gas diffusion layer
include ../../../template/default_GDL .prm
set Material id = 8

end

subsection Liquid Water Source Terms Equation

set Evaporation rate constant, [mol/(Pa cm2 s)] = le—
set Condensation rate constant [mol/(Pa cm2 s)| = le—
end
end

C.2.1 /template/data

subsection Grid generation

set Type of mesh = PemfcMPL

set Initial refinement =1

set Sort Cuthill-McKee = false

subsection Internal mesh generator parameters
subsection Dimensions
set Cathode current collector width [cm]= 0.083
set Cathode channel width [cm] = 0.082

set Cathode CL thickness [cm] =1

set Cathode MPL thickness [cm] = 1.147e—-2
set Cathode GDL thickness [cm] = 0.851e—2
set Membrane thickness [cm] = 0.25e—2
set Anode CL thickness [cm] = 1.75e—4
set Anode MPL thickness [cm] = 1.147e-2
set Anode GDL thickness [cm] = 0.851e—2
set Anode current collector width [cm] = 0.083
set Anode channel width [cm] = 0.082

end

subsection Material ID

set Cathode GDL = 12
set Cathode MPL =13
set Cathode CL = 14, 15, 16
set Membrane =5
set Anode CL =6
set Anode MPL =7
set Anode GDL =8
end
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subsection Boundary ID

set ¢-Ch/GDL =2
set ¢.BPP/GDL =1
set ¢.GDL/CL = 255
set ¢.GDL/MPL = 255
set ¢-MPL/CL = 255
set ¢_.CL/Membrane = 255
set Membrane/a_.CL = 255
set a_CL/GDL = 255
set a_CL/MPL = 255
set a-MPL/GDL = 255
set a.GDL/BPP =3
set a_-GDL/Ch =4
end

subsection Mesh refinement parameters

set Initial vertical cell count =4
set Horizontal division of cathode Channel =2
set Horizontal division of cathode GDL = 2
set Horizontal division of cathode CL =2
set Horizontal division of cathode MPL =1
set Horizontal division of membrane =2
set Horizontal division of anode MPL =1
set Horizontal division of anode CL =1
set Horizontal division of anode GDL =2
end
end
end

subsection System management

set Number of solution variables = 8
subsection Solution variables
set Solution variable 1 = oxygen_molar_fraction
set Solution variable 2 = water_molar_fraction
set Solution variable 3 = protonic_electrical_potential
set Solution variable 4 = electronic_electrical_potential
set Solution variable 5 = membrane_water_content
set Solution variable 6 = temperature_.of_ REV
set Solution variable 7 = liquid_-pressure
set Solution variable 8 = gas_pressure
end
subsection Equations
set Equation 1 = Ficks Transport Equation — oxygen
set Equation 2 = Ficks Transport Equation — water
set Equation 3 = Proton Transport Equation
set Equation 4 = Electron Transport Equation
set Equation 5 = Membrane Water Content Transport Equation
set Equation 6 = Thermal Transport Equation
set Equation 7 = Liquid Water Transport Equation
set Equation 8 = Gas Transport Equation
end
end

subsection Equations

subsection Ficks Transport Equation — oxygen

subsection Initial data
set oxygen_molar_fraction = 2:0.0,3:0.0,4:0.0,5:0.0,6:0.0,7:0.0,8:0.0
end

subsection Boundary data

set oxygen_molar_fraction = 2: 1.0
end
end
subsection Ficks Transport Equation — water

subsection Initial data
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set water_molar_fraction = 2:0.0,3:0.0,4:0.0,5:0.0,6:0.0,7:0.0,8:0.0
end

subsection Boundary data

set water_molar_fraction = 2:1.0,4:1.0
end
end

subsection Electron Transport Equation

subsection Initial data

set electronic_electrical_potential = 2:0.0,3:0.0,4:0.0,5:0.0,6:0.0,7:0.0,8:0.0
end

subsection Boundary data
set electronic_electrical_potential = 1:0.0,3:0.0
end
subsection Boundary conditions
set Constant Electron Current Flux Boundary Conditions = 1: —1.5
end
end

subsection Proton Transport Equation
subsection Initial data
set protonic_electrical_potential = 2:0.0,3:0.0,4:0.0,5:0.0,6:0.0,7:0.0,8:0.0
end
subsection Boundary data
set protonic_electrical_potential = 1:0.0
end
end

subsection Membrane Water Content Transport Equation

subsection Initial data

set membrane_water_content = 2:0.0,3:0.0,4:0.0,5:0.0,6:0.0,7:0.0,8:0.0
end

subsection Boundary data
set membrane_water_content = 1:0.0
end

subsection Boolean flags for lambda transport modes
set Thermo—osmosis = true

end

end

subsection Thermal Transport Equation

subsection Initial data

set temperature_of REV = 2:0.0,3:0.0,4:0.0,5:0.0,6:0.0,7:0.0,8:0.0
end

subsection Boundary data

set temperature_of REV = 1:353.15,3:353.15
end

subsection Boolean flags

set Electronic ohmic heat in GDL = true

set Electronic ohmic heat in MPL = true

set Electronic ohmic heat in CL = true

set Protonic ohmic heat in CL = true

set Protonic ohmic heat in ML = true

set Enthalpy transport due to fickian diffusion of gases= true
set Enthalpy transport associated with lambda transport = true
end

subsection Boundary conditions

set Constant Heat Flux Boundary Conditions = 5 : 2.5
set Convective Heat Flux Boundary Conditions = 5 : 1.2;350
end
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end

subsection Liquid Water Transport Equation
subsection Initial data
set liquid_pressure = 2:100,3:100,4:100,5:0,6:0,7:0,8:0
end
subsection Boundary data
set liquid_pressure = 4: —5e7
end

subsection Boundary conditions

set Capillary pressure at GDL channel interface, [Pa] = 151425.0
set Breakthrough capillary pressure at GDL channel interface, [Pa] = 153425.0
set Breakthrough phenomenon at GDL/channel interface = true
set Constant capillary pressure current flux boundary conditions = 2: 2e—3
end
end

subsection Gas Transport Equation
subsection Initial data
set gas_pressure = 2:151325.0,3:151325.0,4:151325.0, 5:0,
6:151325.0,7:151325.0,8:151325.0
end

subsection Boundary data
set gas_pressure = 2: 151325.0, 4: 151325.0
end

subsection Boundary conditions
set Gas pressure at GDL channel
interface, [Pa] = 151325.0
end
end

set Apply scaling = true
set Equation matrix scaling = Liquid Water Transport Equation : 1le3

end

subsection Reaction Source Terms

set Irreversible heat source due to ORR = true
set Irreversible heat source due to HOR = true
set Reversible heat source due to net reaction = true
set Reversible heat fraction in ORR = 1.0
set Water produced during ORR in vapour phase = false
set Water vaporization heat sink in CCL = false
end

subsection Sorption Source Terms

set Heat source/sink due to sorption/desorption = true
set Water soption time constant [1/s] = 500
end

subsection Discretization

set Element = FESystem [FE.Q(2)"8 ]
set Boundary fluxes = true

set Interior fluxes = false

subsection Matrix

set Quadrature cell = —1
set Quadrature face = —1
end

subsection Residual

set Quadrature cell = —1
set Quadrature bdry = —1
set Quadrature face = —1
end
end
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subsection Initial

set

set
end

Output initia

Read

in

subsection Newton

set
set
set
set
set
set
set
set

set

set

set
end

initial

Solution
1 solution
set Output solution for

transfer

solution from file

Assemble threshold = 0.0
Debug level =0

Debug residual = false
Debug solution = false
Debug update = false
Max steps = 40
Reduction = 1l.e-8
Tolerance = 1l.e-8
Line search = false

Initial Overrelaxation = 0.075

Number of

subsection Adaptive refinement
= adaptive

set
set
set
set
set
set
set
end

Refinement
Number

Output initia
Output

Output

Output final

Refinement th

I mesh

of Refinements

solution

reshold

subsection Output Variables
Compute boundary responses = true
num-_output_vars

set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
end

Output_var_0
Output_var_1
Output_var_2
Output_var_3
Output_var_4
Output_var_5
Output_var_6
Output_var_7
Output_var_8
Output_var_9
Output_var_-10
Output_var_11
Output_var_12
Output_var_-13
Output_var_14
Output_var_-15

subsection Output
subsection Data

set Output format

end

subsection Grid
set Format

end
end

intermediate solutions
intermediate responses

16
current

iterations with overrelaxation

max_-temperature

anode_current
water_cathode
water_anode

false
false
false

10

false
false
false
true

Liquid_water_produced

Evaporated_water

Condensed_water
liquid_water_exit_cathode

liquid_water_exit_anode

0.2

= vapour_water_exit_cathode

=V

= e

vapour_water_exit_anode

electron_ohmic_heat
proton_ohmic_heat
Evaporated_water GDL
Condensed_water_GDL

tk

ps

C.2.2 /template/defeault GDL

95



set Gas diffusion layer type = DesignFibrousGDL
subsection Generic data
set Porosity = 0.7135

set Use Bosanquet approx. = false
set PSD is used in porous media = true
end

subsection PSD parameters
subsection BasePSD
set psd type = DualPSD
set Gamma = 0.063
set lambda = 1.605
set Volume fraction Hydrophilic = 0.08
set Volume fraction Hydrophobic = 0.92
subsection HIPSD
set Hydrophilic Mode probability global 0.214, 0.492, 0.294
set Hydrophilic Mode characteristic radius global = 0.748e—6 , 29.2e¢e—6, 49.5e¢—6

set Hydrophilic Mode width global = 0.455, 2.354, 0.367
set Static Contact Angle HI =170
end
subsection HOPSD
set Hydrophobic Mode probability global = 0.214, 0.492, 0.294
set Hydrophobic Mode characteristic radius global = 0.748e—6 , 29.2e—6, 48.5e¢e—6
set Hydrophobic Mode width global = 0.455, 2.354, 0.367
set Static Contact Angle HO = 122
end
end

end

subsection DesignFibrousGDL

set Porosity = 0.7135
set Anisotropic transport = true
set Method effective transport properties in pores = Gostick
set Method effective transport properties in solid = Percolation
set Porosity threshold X = 0.118
set Porosity network constant X = 3.5
set Porosity gamma network constant X = 0.0
set Electrical conductivity X [S/cm] = 1.3
set Solid network threshold X = 0.0
set Solid network constant X = 1.5
set Porosity threshold Y = 0.118
set Porosity network constant Y = 2.5
set Porosity gamma network constant Y = 0.0
set Electrical conductivity Y [S/cm] = 212.5
set Solid network threshold Y = 0.0
set Solid network constant Y = 1.0
set Method effective thermal conductivity = Given
set Thermal conductivity X [W/(cmK)] = 0.0055
set Thermal conductivity Y [W/(cmK)] = 0.1597
end

C.2.3 /template/defeault MPL

set Micro porous layer type = DesignMPL

set Material id 80
subsection Generic data

set Porosity = 0.744

set PSD is used in porous media = true

set Use Bosanquet approx. = true
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end

subse
subs
set
set
set
set
set

ction PSD parameters

ection BasePSD

psd type = DualPSD

Gamma = 0.063

lambda = 0.227

Volume fraction Hydrophilic =
Volume fraction Hydrophobic =

subsection HIPSD

set Hydrophilic Mode probability global

0.01
0.99

set Hydrophilic Mode characteristic radius global = 5.25e—8
set Hydrophilic Mode width global = 0.
set Static Contact Angle HI = 84

end
subsection HOPSD
set Hydrophobic Mode probability global =
set Hydrophobic Mode characteristic radius global = 5.25e—8
set Hydrophobic Mode width global = 0.606
set Static Contact Angle HO = 115

end

end

end

subsection DesignMPL

set Porosity = 0.744

set Anisotropic transport = true

set Method effective transport properties in pores = Percolation

set Porosity threshold X = 0.118

set Porosity network constant X = 2.0

set Porosity threshold Y = 0.118

set Porosity network constant Y = 2.0

set Method effective transport properties in solid phase= Given

set Electric conductivity X = 0.5

set Fibre network threshold X = 0.118

set Fibre network constant X = 2.0

set Electric conductivity Y = 173.43

set Fibre network threshold Y = 0.118

set Fibre network constant Y = 2.0

set Method effective thermal conductivity = Given

set Thermal conductivity X = 0.0065

set Thermal conductivity Y = 0.0070

end

C.2.4 /template/defeault_ PEM

subsection Membrane layer

set Material id =5

set Electrolyte type = Nafion

subsection Materials
subsection Nafion
set Henry’s Law Constant for Oxygen [Pa cm3/mol] = 3.1664¢l0
set Henry’s Law Constant for Hydrogen [Pa cm3/mol] = 6.69e1l0
set Method to compute proton conductivity = NRE211
set Method to compute water diffusion = Motupally
set Electro—osmotic drag method = Springer
set Method for sorption isotherm = Liu09
set Method to compute enthalpy of sorption of water = Constant
set Enthalpy of sorption of water [J/mol] = 45000.0
end

end
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set Membrane layer type = NafionMembrane
subsection NafionMembrane

set Method effective thermal conductivity = Given
set Thermal conductivity , [W/(cm K)] = 0.0013
end
end

C.2.5 /template/anode CL

subsection Anode catalyst layer

set Material id =6

set Catalyst type = Platinum

set Catalyst support type = CarbonBlack

set Electrolyte type = Nafion

set Kinetics type = DualPathKinetics

subsection Generic data
set Porosity = 1e20

set Use Bosanquet approx. = true
set PSD is used in porous media = true
end

subsection PSD parameters
subsection BasePSD
set psd type = DualPSD
set Gamma = 0.063
set lambda = 2.35
set Volume fraction Hydrophilic = 0.3
set Volume fraction Hydrophobic = 0.7
subsection HIPSD
set Hydrophilic Mode probability global 1.0
set Hydrophilic Mode characteristic radius global = 20e—9

set Hydrophilic Mode width global = 0.55

set Static Contact Angle HI = 81.5

end

subsection HOPSD

set Hydrophobic Mode probability global = 0.65, 0.28, 0.07

set Hydrophobic Mode characteristic radius global = 20e—9, 25e—9, 75e—9
set Hydrophobic Mode width global 0.55, 0.45, 1.2

set Static Contact Angle HO = 92.5

end

end

end

subsection Materials

subsection Platinum
set Reference hydrogen concentration (HOR) = 0.59e—6

end

subsection CarbonBlack
set Density [g/cm3] = 1.65

end

subsection Nafion
set Henry’s Law Constant for Oxygen [Pa cm3/mol] = 3.1664¢l0
set Henry’s Law Constant for Hydrogen [Pa cm3/mol]= 6.69¢el0
set Method to compute proton conductivity = Idenll
set Method to compute water diffusion = Motupally
set Electro—osmotic drag method = Constant
set Electro—osmotic drag coefficient = 1.0
set Method for sorption isotherm = Liu09
set Method to compute enthalpy of sorption of water = Constant
set Enthalpy of sorption of water [J/mol] = 45000.0

end

end
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set Catalyst layer type = MultiScaleCL

subsection ConventionalCL

set Platinum loading on support (%wt) = 6:0.40

set Platinum loading per unit volume (mg/cm3) = 6:280

set Electrolyte loading (%wt) = 6:0.30

set Method to compute active area = given

set Active area [cm2/cm3] = 6:134850
set Method effective transport properties in pores = Percolation
set Porosity threshold = 0.25

set Porosity network constant = 1.3

set Porosity gamma network constant = 0.0

set Method effective transport properties in solid phase = Percolation
set Solid network threshold = 0.118

set Solid network constant = 2.0

set Method effective transport properties in electrolyte phase = Idenll
set Electrolyte network threshold = 0.0
set Electrolyte network constant = 2.0
set Method effective thermal conductivity = Given
set Thermal conductivity , [W/(cm K)] = 6:0.0027

end

subsection MultiScaleCL
subsection MicroScale
set Microscale type = ICCP
subsection ICCP

set Radius [nm] = 50
set Non Equilibrium BC Rate constant = 0.1
set Use non equilibrium BC = true
end
end
end

end

C.2.6 /template/cathode CL

subsection Cathode catalyst layer

set Material id = 14, 15, 16

set Catalyst type = Platinum

set Catalyst support type = CarbonBlack

set Electrolyte type = Nafion

set Kinetics type = DoubleTrapKinetics

subsection Generic data
set Porosity = 0.52

set Use Bosanquet approx. = true
set PSD is used in porous media = true
end

subsection PSD parameters
subsection BasePSD
set psd type = DualPSD
set Gamma = 0.063
set lambda = 2.35
set Volume fraction Hydrophilic = 0.3
set Volume fraction Hydrophobic = 0.7
subsection HIPSD
set Hydrophilic Mode probability global

set Hydrophilic Mode characteristic radius global

set Hydrophilic Mode width global

set Static Contact Angle HI

end

subsection HOPSD

set Hydrophobic Mode probability global

set Hydrophobic Mode characteristic radius global
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set Hydrophobic Mode width global = 0.
set Static Contact Angle HO = 92.5
end

end

end

|

o
ot
ot
o
~
ot

subsection Materials
subsection Platinum
set Method for kinetics parameters (ORR) = Double_trap
end
subsection CarbonBlack
set Density [g/cm3]
end
subsection Nafion
set Henry’s Law Constant for Oxygen [Pa cm3/mol] = 3.1664¢l0
set Henry’s Law Constant for Hydrogen [Pa cm3/mol] = 6.69el0
set Method to compute proton conductivity = Idenll
set Method to compute water diffusion = Motupally
set Electro—osmotic drag method = Constant
set Electro—osmotic drag coefficient = 1.0
set Method for sorption isotherm = Liu09
set Method to compute enthalpy of sorption of water = Constant
set Enthalpy of sorption of water [J/mol] = 45000.0
end
end

1.65

subsection Kinetics
subsection DoubleTrapKinetics
set Reference prefactor, [A/cm2] = 1600.0
end
end

set Catalyst layer type = MultiScaleCL

subsection ConventionalCL

set Platinum loading on support (%wt) 14:.40, 15:.40,
set Platinum loading per unit volume (mg/cm3) = 14:280, 15:280,
set Electrolyte loading (%wt) = 14:0.30, 15:0.30
set Method to compute active area = given

16:.40
16:280
, 16:0.30

set Method effective transport properties in pores = Percolation

set Porosity threshold = 0.25
set Porosity network constant 1.3
set Porosity gamma network constant 0.0

set Method effective transport properties in solid phase = Percolation

set Solid network threshold = 0.118
set Solid network constant = 2.0

set Method effective transport properties in electrolyte phase =
set Electrolyte network threshold
set Electrolyte network constant

set Method effective thermal conductivity = Given

set Thermal conductivity , [W/(cm K)] = 14:0.0027, 15:0.0027
set Effective saturation = false

end

subsection MultiScaleCL
subsection MicroScale
set Microscale type = ICCP
subsection ICCP
set Radius [mnm] = 50
set Non Equilibrium BC Rate constant
set Use non equilibrium BC = true
end
end
end
end
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