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Abstract

Proton exchange membrane fuel cells are becoming more relevant especially in the
automotive sector given the new transition underway towards electric. In the introduction there
is a brief explanation of the state of art of fuel cell sector, the principal automotive solutions
available today, how polarization curve is obtained and the importance of catalyst deposition
to improve cell performance. This is followed by an explanation of the COMSOL model used
to execute the cell performance simulations with all equations that govern it. After this first
explanation, I provide some ionomer ink preparations in the laboratory of Politecnico, analysing
how temperature can influence the mixing procedure. Furthermore, using some reference
experimental parameters, I changed some of them related to the ionomer section in order to
parametrize it and modified it to run the simulations. This process is necessary to evaluate five
different membranes and to perform some simulations for them under different temperature and
moisture conditions. The reference membrane was Nafion 211 and I compared this one with
other Solvay membranes. The most performing one is the Solvay Aquivion E87 which shows
high results compared to the other four typologies. The simulation analysis was conducted by
mainly comparing the polarization curves with the main electrical parameters. Considering the
full power of the model, I also conducted an analysis of the simulations related to current
distribution and oxygen transport. With these simulations I evaluated the results motivating
them and comparing them with the results that were available in the literature.
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1 INTRODUCTION

This introduction chapter offers a brief overview of the different types of fuel cells that are
used, the global context which can favourite their growth, their automotive applications, the
polarization curve and its importance in this context, and finally the direction of improvement
looking at the different methods of ink deposition.

1.1 State of art of current fuel cell technologies

Our days requires a huge effort to reduce pollutant emissions and one of the best ways to
overcome this issue is the electrification of energetic systems. This is a complex theme because
electricity requires storage to ensure constant grid supplying but storage systems can be
expensive and their demand is drastically growing.

Storage systems are complex world with different technologies but the main one is batteries.
Even though this, Fuel Cells (FC) can be considered as parallel solution because energy can be
stored also in chemical form within the hydrogen. Fuel Cells are promising solution but they
require some improvement.

The actual state of art provides different technologies of FCs with several solutions for
various operation condition. They can differ depending on the type of ions transported and the
different temperature conditions under which they work:

e MCFC - Molten Carbonate Fuel Cell is a type of cell that works at high-temperature
(650 °C) using an electrolyte composed of a molten carbonate salt mixture suspended in a
porous, chemically inert ceramic lithium aluminium oxide matrix. Some FCs require precious
catalyst and one of most important advantage for MCFCs is that they are able to work without
it and it’s useful to reduce cost and reduce dependency of rare metals. Another big advantage
is the possibility to directly use methane or other light hydrocarbons because high temperature
provides a process called internal reforming. The most important disadvantage is the corrosive
electrolyte that reduce life of cell decreasing performance in a not economic amount of time.

Today the principal application is related to coal and natural gas power plants or some
industrial or military applications. It’s possible coupling this type of cell with a turbine reaching
high level of efficiency (65%) and collecting waste heat we can be improved reaching 85%
overall efficiency.[1]

o AFC - Alkaline Fuel Cell uses a solution of potassium hydroxide in water as the
electrolyte and can use a variety of non-precious metals as a catalyst at the anode and cathode.
AFCs are very similar to PEMFCs, but they use alkaline solution instead of acid membrane
with not so high working temperature, around 70°C and 120°C.

U.S. uses this kind of FC in space program because they can reach performance above 60%
of efficiency. The main problem is the susceptible to poisoning by carbon dioxide (CO2) even
if small amount.[1][2]



e SOFC - Solid Oxide Fuel Cell use as electrolyte a hard and non-porous ceramic
compound. This kind of FC shows an efficiency around 60% reaching 85% using cogeneration.
SOFCs operate at very high temperatures also around 1,000°C and high temperature are
required due to removes precious-metal catalyst and to allow internal reforming; this is crucial
to reducing system and fuel costs.

SOFCs, among all types of FCs, are also the most sulfur-resistant type and they can maintain
their performance in presence of carbon monoxide.

High temperature working condition has some disadvantages too: it results in a slow start
up conditions: it can be acceptable for utility applications but not for transportation. High
temperature requires specific materials able to withstand thermal stress. [1]

e PAFC - Phosphoric Acid Fuel Cell makes use of a liquid phosphoric acid as an
electrolyte and porous carbon electrodes containing a platinum catalyst. The main utilization of
PAFCs is stationary power generation, but some items are used to power large vehicles as city
buses.

PAFCs are more tolerant of carbon monoxide impurities in fossil fuels that have been
reformed into hydrogen than PEM cells and the efficiency can overcome 85% when it’s coupled
to heat recovery (co-generation). Comparing to other FC, PAFCs have lower power density so,
as a result, due to reach the same amount of power production it’s required larger and heavier
cells. It’s also an expensive technology because it needs more platinum than PEMFC. [1]

e DMFC - Direct Methanol Fuel Cell are powered by pure methanol, usually mixed with
water and fed directly to the fuel cell anode. It allows to reduce fuel storage problems thanks to
higher energy density of methanol compared to hydrogen. The most common application today
is providing power for portable fuel cell applications such as cell phones or laptop
computers.[1]

e PEMFC - Proton Exchange Membrane Fuel Cell is the type of fuel cell I will analyse
in this thesis. PEMFCs use a solid polymer as an electrolyte and porous carbon electrodes
containing a platinum or platinum alloy catalyst. It’s a typology of cell which needs only
hydrogen, oxygen (from the air) and water to operate.

PEMFCs deliver high power density allowing to reduce weight and volume and can operate
at relatively low temperatures, around 80°C, allowing quick start up time useful to transport
utilization such as cars, buses, but also heavy-duty trucks where some interesting applications
already exist today. Low temperature means better durability due to not stressful conditions for
materials. However, it requires that a noble-metal catalyst, typically platinum, increasing
system cost. [1]

The fuel cells analysed into this work are the PEMFCs therefore is crucial looking at the
way they work. They contain membrane electrode assemblies (MEAs), where the
electrochemical reactions take place. The MEA is composed by a proton exchange membrane
(PEM), catalyst layers (CL), gas diffusion layers (GDL), microporous layers (MPL) and
transport porous layers (TPL). These components are produced individually and then pressed
together at high temperatures and pressures. The electrodes are made of catalyst inks deposited:
this process is crucial to achieving proper optimisation of the catalytic processes.



Catalyst ink is usually deposited by a few specific methods: by either the decal, blade
process, screen-printing, painting, spraying (air and ultrasonic), electro-spraying, or
electrophoretic method.[3] These processes give different results in polarization curve, as it
explains in the following section of this work.

In the figure below (figure 1) is presented the operation scheme of PEMFC.
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Figure 1 - PEMFC internal scheme [4]

Starting from the left, where the anode of the cell is located, there is the input of the first
gas: hydrogen. At the anode, hydrogen is split by the action of the catalyst. This process releases
H* ions and electricity. The electricity is collected by the external circuit while the hydrogen
ion crosses the membrane to recombine at the cathode, where it will form a water molecule.

H, > 2H" + +2e”

On the cathode side, there is oxygen input, which is reduced by the activation of the catalyst
and the negative charges present.

1
502+2H++26_—>H20

Once oxygen has been reduced, it can combine with hydrogen ions to form a water
molecule. This cycle of reactions is an exothermic cycle, in other words it releases heat.



1.2 Global context

Each new technology that faces global market requires specific boundary conditions that
can leave it the space and guarantee the necessary amount of financing to grow, establish itself
and subsequently appear autonomously on the global market. Nowadays the best possible
scenario to favourite the fuel cell growth is ready. Looking at the last few years, lot of
environmental movements were born as an example, Friday for Future in 2018. All these
attentions on climate, the scientists voice related to global warming, the sensibilization of
people on this problem pushes global government to make some moves.

From the point of view of global meetings there are different meeting held over the years,
but the most important one is called Conference of the Parties (COP) that is the supreme
decision-making body of the Convention. All States take decisions necessary to promote the
effective implementation of the Convention, including institutional and administrative
arrangements.[5] Some of these conferences are more important than other because determinate
some agreement as COP21 in Paris (2015). In this conference it was decided to try to limit
global warming by taking under 2°C of increase, doing whatever it takes to get under 1.5°C. [6]

It was one of the largest agreements in history as was the Kyoto Protocol in 1997, but the
main difference lies in the way in which the goal can be achieved, which is decided
independently by each country. Some nations focus on reduction of CO, emissions, other
looking at other parameter as energy intensity (especially developing nations like China and
India).

Looking at our part of World, the European Union decided to focus themselves to the
following parameters:

1. Reduction of 55% of GHG (greenhouse gases) emissions compared to level of 1990.

2. At least 32% share for renewable energy.

3. Atleast 32.5% improvement in energy efficiency. [6]

This is a controversial argument because someone appreciates the effort of European
Commission instead other people criticize the lack of bravery, firmly believing that it is possible
to do better.

Bunker Fuels (MtCO2)
2.2%

~

Land-Use Change and
Forestry (MtCO2)
6%

Waste (MtCO2e)
3%

Agriculture (MtCO2!
1%

Industrial Processes
(MtCO2e)
6%

Figure 2 - CO, emissions by source [8]
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This contextualisation is useful to appreciate the global context in which our technology can
play or not a role inside global market. According to the BBC, in 2018 transport sector was
responsible of a quarter of total CO, emissions in UK (2018) [7] but some other studies resize
this percentage globally around 11%. [8] I consider this value as more realistic one due to small
reduction of global emissions, around 5.8% according to the International Energy Agency,
despite global pandemic of 2020 that drastically reduced for at least 5/6 months global transport
sector. [9]

2019
© Total: 33.4 Gt CO2

Figure 3 - Global CO, emissions by year [9]

Obviously, this reduction is not only caused from the stop of transport sector, but the use of
cars, buses or trains is certainly one of the most affected sectors during the various lockdowns.
The reason why we take lot of care of this sector is twofold:

1. 11% of global emissions mean around 3.7 Gt of CO2 looking at the peak of 2018 (33.5
Gt) that is not negligible amount.

2. Transport sector is strictly related to other sectors, reducing is impact can delate or
reduce some not sustainable processes as, for example, extraction and transport of oil.

Today transport sector is moving from oil to electricity, most of automotive companies
today produce at least an electrically or hybrid motorized car but there are still some huge
problems in electrical vehicle. Electrical cars use ion lithium battery that have huge degradation
that determinate an increase of internal resistance (RI) and loss of electrolyte (LE) caused by
some internal physical or chemical side reactions. These kinds of phenomena take a relevant
role when temperature increase, reducing consistently the number of cycle possible for
batteries. [10] The two most relevant issues are related to the mining of lithium and to the recycle
of battery. Lithium can be extract from mining process as it happens in Africa or through the
evaporation of salad groundwater (Chile) but the huge increase in extraction is not sustainable,
in fact someone talks about an increase of 10 times the actual rate in 10 years. The recycle of
battery is difficult too because the production of this type of batteries consists in the overlapping
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of layers that are pressed together at high temperatures thus preventing easy separation during
the recycling phase.

Fuel cells have not this kind of problem because they don’t need huge accumulation of
energy but there are still problems with the use of precious metals for the catalyst (such as
platinum), which increases costs and complicates supply.

Today there are some interesting applications of FCs in automotive sector as for example
Toyota Mirai and Hyundai Nexo and all this application use PEMFCs because they can work
at low temperature allowing their use instantaneously without start-up time preparation.

Autonomy of hydrogen cars is one of the main strengths, in fact each one can reach 650 km
with tank full of hydrogen and time of tank recharge are around five minutes compared to some
hours of charge of electric battery. Main limitations are the lack of recharge points and cost of
fuel cells but an increase in recharging points combined with a decrease in the price of cars
could give a boost to the sector and encourage a greater diffusion of this type of cars and a
consequent demand for new recharging points, triggering a virtuous motion. The lack of
recharge points can be filled with public investment that can finance this sector priming this
chain reaction.
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1.3 State of art in automotive sector

The attentions of automotive companies for new power technologies are growing fast, and
not only for battery electric vehicle but also for hydrogen model, for example, BMW is testing
its prototype called “BMW 1 Hydrogen Next” [11] due to evaluate reliability, safety and
efficiency. However, today there are already some interesting FCs vehicle models on the market
as:

e Toyota Mirai

e Hyundai Nexo

e Honda Clarity

The growing attention for this technology is also highlighted by the last year announcement
of PSA group for a new FC van and furthermore Audi is thinking about a small series of luxury
FC SUV by 2023[12]. However, Toyota Mirai is certainly the current landmark because the
2020 version is the third revision of Fuel cells for Toyota (2008/2014) and the improvements
are significant as it’s reported in table 1.

NOT
PRESENT

YES YES

Table 1 - Toyota FCs comparison [11][13][14][15]

The main efforts are aimed at improving all those characteristics that would make the car
conform to its traditionally powered equivalents. For this reason, efforts are directed towards
reducing dimensions and weight of fuel cells, parameters that directly affect the power density,
the efficiency of cell but also the comfort and performance of the car.
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There are also some applications for Fuel Cell Electric Bus (FCEB) with first 600 vehicles
available in Europe in Denmark, Latvia and UK and maintenance cost around 0.25 to 0.35 €/km
[12].

1.4. Polarization Curve

Main targets for automotive companies are to create a new powered vehicle which can be
replaceable to the actuals on the market. So big efforts will be direct on increase of power and
durability, reduction of cost but keeping high level of cruise range. To increase power, is useful
to introduce one of the main concepts: the polarization curves.

The polarization curve is a graph obtained from the cell behaviour in its voltage and current
characteristic and it’s measured experimentally. In figure 4 it’s shown a typical example with
typical losses:
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Figure 4 - Typical FC polarization curve [16]

Each type of fuel cell presents his own polarization curve but there are three main regions
we can always distinguish:

1. Activation region;
2. Ohmic region,;
3. Concentration polarization regions.

The activation region is obtained at the beginning of the test in no load case and in this zone
voltage drops exponentially; it decreases until the value of voltage called V. where it starts the
region and where Ohmic losses dominate the process. Each chemical reaction requires an
amount of energy to start and the energy losses in activation zone are related to the energy the
reaction needs to start. After this region we have linear losses and they depend on serial
resistance Rg. The last zone is reached for high value of current where it’s possible have some
damages of FC because there is a fast voltage drop.[16]
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The analytic evaluation of this curve is presented very well in the paper of Chen [17]:
E(t) = Erev — Eact,a(t) — Eact,c(t) — Eohm(t) — Econc,a(t) — Econc, c(t)

This equation puts in relation how voltage changes in time. In no load conditions, we have
the maximum value of Voltage (E,.,) called reversible voltage

RT Py2 Py
Erev = E2,, +E*ln <%>
2

E?,, is reversible Nernst voltage and pressure values are referred to partial pressures of
gases in the mixture.

For the activation region and for the concentration polarization region we evaluate losses
separately for cathode and anode. For activation region at the anode side, we use the equation
below:

I(t)

RT ]loss(t) + 57
Eact,a(t) = S F * In ] A
a 0,a

An analogue equation is used for the cathode side:

]loss(t) + %)

Eact, c(t) = * In (

4a.F Joc

o a is the charge coefficient and it affects the reaction mechanism. It represents the
amount of interfacial potential in the electrode-electrolyte interface.
O Jioss(r) 1s time dependent and it’s the current density lost while ], ,and o are the

exchange current densities at each electrode. At the anode we have the number of free electrons
equal to 2 due to hydrogen oxidation:

H, »2H" +2e”
At the cathode side the number of free electrons is 4 due to oxygen reduction:
0, + 4e™ - 20%"

Concentration losses can be neglected at the anode side because hydrogen diffusion is bigger
in nitrogen than oxygen, therefore we have only concentration loss at the cathode:

I(t) = A(t)

Econc,c(t) = Bc(t) ‘In(1 —
]max,c(t)

o B is the water and gas accumulation coefficient;
O Jmaxc(r) is the current density limit at the cathode.
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The polarization curve is related always to a singular type of cell and it’s influenced by a
great number of factors: typology of cell, catalyst, catalyst deposition and others.

It’s directly related to physical conditions: as it will be presented in the following chapters,
for each type of cell there can be a huge number of polarization curves. The differences arise
from temperature difference and humidity conditions. They directly influence the behaviour of
the membranes and consequently the cell’s performances. For these reasons if energy industry
wants to see an increase of power, it is crucial to improve polarization curve, to limit losses,
and to extend the maximum usable voltage.

1.5.  Future development

Improving main parameters of PEMFCs is essential to make FCs vehicles competitive with
traditional ones. The main efforts are planning to reduce the use of Platinum, to improve
maximum power and cell durability but looking at overall cost reduction. In table below (table
2) is shown the actual result and the target to make possible a massive usage of this technology
in automotive sector.

0,8-0,9

Table 2 - new PEMFCs target [14]

I want to highlight that these targets are ambitious in a relatively small amount of time for
research. One of the main aspects of research is the catalyst layer: the target suggests platinum
should reduce but performances should increase. It seems nonsense but it’s not because catalyst
deposition is one of the main working aspects to improve cell performances. It’s a crucial aspect
due to the optimization of catalyst surface, in fact increasing platinum reagent surface allows
to improve performance with the same amount of substance. An example is reported in the
same paper, where it is suggested the use of Pt3Ni that can achieve enhancement factor of 22
in specific activity compared to commercial Pt/C catalyst.[14]
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1.6.  Catalyst deposition

Catalyst ink is usually deposited with the purpose of reaching a homogenisation between
catalyst and electrolytic membrane (figure 5), during this work it will be presented an example
from laboratory of Politecnico of Turin.

As 1s reported at the beginning of this thesis, there are different ways to deposit catalyst
inks: magnetic stirring, high-shear mixing, ball-milling (also called bead milling)
hydrodynamic cavitation or by acoustic cavitation (ultrasonic agitation).[3]

Pt/C supported catalyst* MNafion® dispersion

M it

-

b .r-'-“t-t'é'.ﬂl +

e * Te
*Cormmendal: Johnson Matthey, Tanaka etc | |

HOMOGENISATION

Catalyst ink slurry

Figure 5 — Catalyst deposition [3]

Today the most used techniques are the following:

e Ultrasound is the traditional method; it consists in the mixing of catalyst inks and
electrolytic membrane in pure water through ultrasonic exposure at variable level of frequency
and time (usually 20-40 kHz and up to 15 minutes to 3 hours).[3]

e Ball-milling (bead milling) is a procedure that provide a mixing process between a
liquid mixture of catalyst inks with electrolytic membrane and ceramic or metal balls. The
collisions created by this method generate the dispersion of ink. [18]

e Hydrodynamic cavitation is a process that produces cavitation bubble more efficiently
than ultrasonic method. It has some advantages than previous described methods because this
procedure results provide minimal damages and high productivity.[18]
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Figure 6 - Ball milling and hydrodynamic cavitation [18]

In Figure 6 is presented how physically works ball milling method and hydrodynamic
cavitation, and how the catalyst agglomerate can be expanded and dispersed to increase the
reactant surface.

As it’s explained before, catalyst is crucial point in fuel cell development because it is one
of the most expensive part of process and reducing the use of platinum may means big steps
forward for the industrialization of PEMFC technology. Indeed, if it were possible to use less
platinum having the same performance it would be obvious a convergence of all FC productors
into the most convenient method. Catalysts are required to decrease the activation energy but
activation energy decreases also when temperature increase. For this reason, researchers are
searching for the right compromise that can allow to increase temperature in order to decrease
the amount of platinum, avoiding water boiling point.

I close this introduction chapter with figure 7, where it is presented the result of
experimental study held by H. Kuroki, K. Onishi in which it is shown that ball-milling and
hydrodynamic cavitation present similar results so it is difficult to define properly which
methods guarantee better results. For this reason, other factors become crucial for the choice as
for example electrical results or costs of processes.
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Figure 7 - Catalyst deposition comparison

The main emerging aspect in figure 7 is the sonication of catalyst ink is not performing as
the other two methods and, analysing only the efficiency point of view, the experimental results
suggest avoiding this solution and to focus on the other two, working on lowering process cost

and increase in performances.
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2.Model explanation

To analyse and to compare the characteristics of FCs the scientific community requires some
standardization parameters and standard model codes useful to compare results and to avoid
each researcher should create one personally. A group of researchers guided by Vetter and
Schumacher create a new code and they give it for free at the following link:

http://dx.doi.org/10.17632/2msdd4j84c.1 [19]

2.1. How does it work?

The model is based on MATLAB simulation, it provides five different layers to represent
in 1D model the Membrane electrode assembly (MEA). Central layer is the proton exchange
membrane (PEM) that is between two catalyst layers (CLs) and the external layers are the gas
diffusion layers (GDLs). At the end it considers bipolar plates as boundaries of the MEA. [19]
The graphical model representation is provided in figure 8.

s Soilnsde, 8 conpled PDEs:
AGDL| ACL | PEM | €CL |CGDL Electron transport
Proton transport
b b
n & o = g & n Heat conduction
A— T el el El: P
8 = & = 8 Dissolved water transport
& % o iz &
& = = = & Water vapor diffusion
g = = = g
% o o] 7 Hydrogen diffusion
8] (&}
- Oxygen diffusion
LacoL| Lact | Lren | Loen | Logoy :
5 Pl s B = + Liquid water transport

Figure 8 — MATLAB model representation [19]

On the right-hand side of figure 8, there are 8 partial differential equations (PDE) used in

model:
o The electron and proton transport equations are governed by Ohm Law in catalyst

layers and in gas diffusion layers.
o The heat conduction equation is the third one and it is related to Fourier law.
o Dissolved water transport is governed by Springer equation and it regulates water

balance.
o Gas diffusion equations are governed by Fick’s transport model and are split in three

different equations: hydrogen diffusion at the anode side, oxygen diffusion at the cathode side

and water vapor diffusion for each side.
o Liquid water transport is obtained adapting Darcy law thanks to the water saturation

gradient.[19]
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The proposed model is updated based on the model developed by Monteverde et al.
[https://iopscience.iop.org/article/10.1149/MA2020-02332095mtgabs/meta] where the
proposed equations are resolved through COMSOL.

2.2.  Analytical explanation

The complexity of this model is related to the number of equations that are required to
explain the physical processes relations, how all parameters interact each other and how these
interactions influence experimental result. There are some main categories to consider:

Electrochemistry equations.
Heat/mass transport equations.
Phase transitions equations.
Boundaries conditions.

Eal A e

2.2.1. Electrochemistry equations

The starting point of model analysis is certainly electrochemistry. The Nernst equation
determines the maximum voltage available for each cell and it’s the maximum voltage

physically reachable:
0.5
Py <P02>
n|— *
P, ref P, ref

Where:

o AG is Gibbs free energy [ﬁ]

o Fis the Faraday constant and it is equal to 96485 [%]

e Ris gas constant [ / ]
mol K

o Tis temperature [K],
e P represents the partial pressure of the gas in subscript [Pa].

The model needs to consider the cell overpotential that is the difference between the
potential at standard conditions and the potential at the considered conditions.
The reversible potential difference evaluation is made by looking at the following equations:

T+AS  RT P | .
APy = — — —xIn |22 ] in anode catalyst layer;
2F  2F Pref
AH-T*AS | RT Pos | .
Ady = — —x1 [ 02] in cathode catalyst layer.
2F 4F ref
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2.2.2. Heat/mass transport equations

Heat and mass transport phenomena are evaluated with 8 differential equations useful to
provide a complete description of how ions interact inside the cell. The explanation is
previously reported but now [ want to evaluate the analytical terms of each one:

The electron and proton transport equations are governed by Ohm Law:

Je = =0, * VD,
Jjp = —0p xVdp
Where:

o j, is the flux of electron [%];

. . A
e jp is the flux of proton [ﬁ]’
: . .S
e 0 is the electric conductivity [;];

e @ is the electronic phase potential [V]; [19]

The heat conduction equation is related to Fourier law.
jr=—k*VT

Where:

o jris the heat flux [%],

o ks thermal conductivity [%],

o Tis temperature [K]. [19]
Dissolved water transport into ionomer is governed by Springer equation.
D; $
a==(52) <2+ (3)+s
Ja (Vm) F)*Ip
Where:

- . 7 l
e j, is the molar flux of dissolved water [;nn; S];

e D, is the effective diffusion coefficient with respect to water content gradient [mTZ] ;
o VA is the ionomer water gradient [—];

o Fis the Faraday constant and it is equal to 96485 [ﬁ]

o ¢ is the electroosmotic drag coefficient [—]. [20]
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Gas diffusion equations are governed by Fick’s transport.
Fickean Diffusion Coefficient Expressions are useful to describe the diffusion of gases in
presence of gradient of concentration. The expressions are:

Juzo = —C * Dyyo * VXpa0
Juz = —C * Dy * VXpy
Joz = —C * Dpy * VXp,

Where:

Jj is diffusion flux for each gas [mTOI],

. . o . ; L
C is the interstitial gas concentration ["r;—(;],

mZ
D is diffusion coefficient [T]’

. . l
X is the position [%] [19]

Liquid water transport is obtained adapting Darcy law

k op
— *—x /s
ux*xVy 6s

Js =

Where:

o j, is liquid water flux [z—(z]

o ks the hydraulic permeability [i];

mK
e U is the dynamic viscosity of liquid water [Pa s];
3
o Vy is the volume of water [%]
e s is the liquid water saturation [—|;

e Op is the capillary pression [Pa]. [19]

To solve differential equations, initial and boundary conditions are required and they are
setting looking at physical behaviour of cell. For each layer boundary are imposed 2 boundary
conditions for every differential equation./79/

2.2.3. Phase transitions equations.

A crucial role is taken by the change of water phase, an aspect that must be observed with
lot of attention to limit possible damages or excessive water content. Water management is
fundamental aspect to ensure not only the perfect working condition but mainly to avoid future
decrease in lifecycle of PEMFCs.
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The model has to consider every heat generation source and in order to do it the first term
is the water split reaction. It provides two different sorption terms S, e Syrelated to electron
and proton.
The second term considered by the model is the water adsorption term:

kq
LV,

Sad -

Where:

oV, is the molar charge ionomer volume [%].[19]

k is mass transfer coefficient and it depends on material. [S 1,

L is the catalyst layer thickness [m];

* (Aeq - /1)

3

m

The third heat source is related to evaporation and condensation terms and the model
evaluates this term as:

Sec = Yejc * C* (XHz20 — Xsat)

Where:

. . mo
Sec evaporation or condensation source |
m3xs

. . . 1
y is the evaporation (e) or condensation (c) rate [;];
. . .. . l
C is the total interstitial gas concentration [%]
m

Xp20 IS water vapor mole fraction [—];
Xsq¢ IS Saturation water vapor mole fraction [—]. [19]

l];

This part of model is completed adding the contribution of latent heat during phase
transitions (Sy,44 , St ) and other heat source related to electric and ionic currents (Sr, , St )
and the waste heat of electrochemical reactions. (St .).

All the heat terms are summarized in the table below (Table 3) [19]:

S, Electron reaction rate [ﬁ] St ec Evaporation/condensation heat
w
source [—3]
m
S . A S w
p Proton reaction rate = Te Joule heat source of electrons -
. l w
Saa Water absorption source [::: S] Stp Joule heat source of protons[m—3]
Sec Evaporation/condensation source | Sy Reaction heat source [%]
mol m
m3 s]
STad Water ab-/desorption heat source

5]

Table 3- Heat source generation summarize
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2.2.4. Parametrization

The model is useful to compare different typologies of membranes and it is able to provide
the main cell parameters. Different equations are used to parametrize:

e Water properties.

e FElectrochemical parameters.
e lonomer parameters.

e Transport parameters.

From the point of view of water properties, the first parameter is the saturation pressure and
it is evaluated with the Antoine Equation. It describes the relation between saturation pressure
and temperature with the following relation:

B
At
Py = €7 ' C-T

Where:

e P, is saturation pressure [Paj;
e A [-],B[K],C[K], are liquid characteristic coefficients, evaluated experimentally,
e T istemperature [K].

To evaluate water dynamic viscosity the model use Vogel Equation:

Where:

o u is water dynamic viscosity [mPa*s];
o A, B[K], Ty[K] are constant;
o Tis the absolute temperature [K].

Another important equation to consider is certainly the one able to show how current is a
function of the particles concentration and temperature, and the equation was evaluated by
Butler-Volmer [19]:

E*(L_l)
ip=027+eR \Tres T
Where:

.. . A
e i, is exchange current density [m];

e Risgas constant[ ! ]
mol K
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o Tyef is the reference temperature (353K);
o Tis the temperature [K] [19].

In the previous equation, the factor 0.27 is measured in and the amount of platinum

cm?py

surface area changes for cathode and anode side: active surface area density is equal to
2 2

1% 10" Z=LL for the anode catalyst layer and 3 * 1017 <= for cathode catalyst layer. The
m m

symmetry factor or the half-reactions is 0.5 in this case. [19]

2.2.5. Principal ionomers parameters

There are some parameters that are directly influenced by ionomer’s characteristic.

The first parameter modelled through an equation, validated for the Nafion membranes, is
the ionic conductivity whose behaviour is parameterised through the Arrhenius expression to
describe the real experimental trend.

1_5*(L_l)
op=kxeR \Tref T

Where:

® 0p is the ionic conductivity of proton [S/m];
e [k is the constant experimentally evaluated.

k
e Ris gas constant [ / ]
mol K
o T,y is the reference temperature (353K);

o Tis the temperature [K].[19]/21]

In this condition the parameter sets to 15 [kJ/mol] is the energy activation.

The equation behind the diffusivity ionomer parameter was studied to Mittelsteadt and
Staser: looking at the experimental results, they evaluated a complex equation based on
complex rational polynomial that can be easily resume as:

Q*(L_l)
Dy = f(A)xeR \Trer T
Where:

2
o D, is the diffusion coefficient of dissolved water [ mT];

o Ais the ionomer water content [-];

e R s gas constant [ / ]
mol K

o T,y is the reference temperature(353K),
o T is the temperature[K]. [19]
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One of the last fundamental parameters is the ionomer water content that can be calculated
with the equation reported below:

Aeq = 0.043 +17.81 * RH — 39.85 * RH? 4+ 36.0 * RH?
Where:

e A is the ionomer water content [-];
e RH is the relative humidity at current collectors [-].

The next-to-last parameter involved is the mass transfer coefficient of vapour related to
Nafion membranes and it includes the absorption of water from a gas diffusion layer/ membrane
interface, the water transport through the membrane and desorption processes in another
GDL/membrane interface [22]:

()
_ R \T,or T
ka,d =A0Agq *e ref
Where:

® kg4 is water absorption or desorption transfer coefficient [%] [12];

® a,gq4 is a constant of absorption or desorption transfer coefficient [%]

e Risgas constant[ ! ]
mol K

o Tyef is the reference temperature(353K),
o T is the temperature[K] [19].

The last important parameter is the water diffusivity estimated with Chapman-Enskog
formula:

1.5
€p T Pref
Dy == (1 — $)3Dyyer —
x 72 ( s) x,ref ror P

Where:

e D, Fickean diffusion coefficient of gas X [?] K

e €p porosity volume fraction [-];
® T pore tortuosity [—];
e s is the liquid water saturation [-];

2
® Dy ey is the diffusivity of X at reference conditions mT [19]
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3. Reference model evaluation

Looking at the literature used before [19] there are some interesting data available, useful to
explain in detail how analytic model on COMSOL works. Starting from the aim to demonstrate
the validity of the proposed model is useful to look at current data available in literature.

The data reported below are available as an example of the paper propose previously. The
purpose is to demonstrate that starting from the same data, the same results are obtained. To do
that, the table below (table 4) shows different tests performed at different temperature, pressure
and moisture conditions. In this work, for each test, it will be proposed the main results and
obviously the evaluation of current and voltage profile for each stage of interest.

80 2,5 2,3 40 0
45 2,5 2,3 85 0,12
95 2,5 2,3 22,5 0,12
95 2,5 2,3 35 0
95 2,5 2,3 47,5 0
95 1,6 1,4 40 0
95 3 2,8 40 0

Table 4- Starting data for model evaluation

In table 4 the common parameters are reported but there are a huge number of other
parameters in common for each test. These parameters are divided into:

e General parameters.

e Geometrical parameters.

e Current distribution parameters.
e Jonomer end water parameters.
e Thermal parameters.

e (as diffusion parameters.

The table below (table 5) shows how many parameters are behind the model and so how
complex can be the analysis of problem. This is the reason why in the following chapter I will
simulate just a very little part of the problem, trying to understand better how temperature
working conditions influence electrolytical membrane performance.
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Reference pressure [p_ref] 1.0133E5 Pa
Water partial pressure at current 18947 Pa
collectors [p_H20_cc]
Oxygen partial pressure at cathode
current collector [p_02_cc] 44321Pa
Hydrogen partial pressure at anode 5 3105E5 Pa
current collector [p_H2_cc]
Reference temperature [T_ref] 353.15K
Oxygen partial press‘ure, initial 44321 Pa
value [p_02_init]
H ial initial
ydrogen partia presISL-Jre, initia 2.3105E5 Pa
value [p_H2_init]
Temperature, initial value [T_init] 353.15K
Water partial pressure, initial value 18947 Pa
[p_H20_init]
Liquid water saturation at cathode
current collector [s_c]
Acid equivalent volume of 5.1777E-4
membrane [Vm] [m3/mol]

Liquid—gas interfacial area density

2E6 (1
prefactor [A_gl] (1/m]
Water absorption transfer
coefficient prefactor, GDL 6.15E-12 [m?]

[k_abs_gdl]

Th | tivity, GDL
ermal conductivity, G 1.6[W/(m*K)]

[kappa_gdl]
Thermal conductivity, catalyst layer 0.27IW/(m*K)]
[kappa_cl]
Thermal conductivity, membrane 0.3(W/(m*K)]
[kappa_pem]
Heat of evaporation-condensation 42[k)/mol]
[H_ec]
Heat of water adsorption [H_ad] H_ec

GDL thickness [L_gdl] 160[um]
Catalyst layer thickness [L_cl] ~ 10[um]
Membrane thickness
I 25[um]
[L_pem]
lonomer volume fraction, 03
catalyst layer [epsl_cl] ’
Gas pore volume fraction, 04
catalyst layer [epsp_cl] ’
Gas pore volume fraction, 0.76
GDL [epsp_gdl] '
Tortuosity [tort] 1.6

Electric conductivity, GDL
[sigma_s_gdl]
Electric conductivity, catalyst
layer [sigma_s_cl]
Reference exchange current
density, oxygen reduction
[i0_orr_ref]
Reference exchange current
density, hydrogen oxidation
[i0_hor_ref]

Specific surface area, anode [A_a]

Specific surface area, cathode
[A_c]
Entropy change, oxygen reduction
[delta_S_orr]

Water absorption transfer
coefficient prefactor, catalyst 1E-13 [m?]
layer [k_abs_cl]

Molar volume of liquid 1.8405E-5
water [Vw] [m3/mol]
0.018
Water molar weight [M
Wt MW o)
Activation energy, oxygen
67[kJ/mol
reduction [Ea_orr] fl/mol]
Activation energy, hydrogen
16[kJ |
oxidation [Ea_hor] flJ/mol]
Activation energy, ionomer
vati b1 15[kJ/mol]

conductivity [Ea_sigmal]

Activation energy, water

diffusion in ionomer 20[kJ/mol]
[Ea_lamda]
Activation energy, water 20[kJ/mol]

adsorbtion [Ea_ad]

Entropy change, hydrogen
oxidation [delta_s_hor]

Enthaltpy change [delta_H]

Initial equilibrium potential,
hydrogen oxidation

[Eeq_hor_init]

Initial equilibrium potential,
oxygen reduction [Eeq_orr_init]

Initial cell equilibrium voltage
[Eeq_cell_init]

Operating cell voltage [E_cell]

Thermal equilibrium voltage
[Eeq_therm]

Reference oxygen diffusivity in
cathode gas mixture [D_02_ref]
Reference hydrogen diffusivity in

anode gas mixture [D_H2_ref]

Reference water diffusivity in
anode gas mixture [D_H20_A_ref]

Reference water diffusivity in
cathode gas
mixture[D_H20_C_ref]

1250[S/m]

350[S/m]

2.45e-8[A/cmA2]

0.27[A/cmA2]

lell[cmA”2/mA3]

3ell[cm”2/mA3]

-163.3[J/mol/K]

0.104[)/mol/K]

-285.83[kJ/mol]

-0.012733V

1.1761V

1.1888V

1v

1.4812V

0.28[cm”"2/s]

1.24[cm?2/s]

1.24[cm"2/s)

0.36[cm~"2/s]

Table 5 — Common test parameters

The next step of the procedure is the evaluation of the model: the model on COMSOL
provides a huge number of curves related to the physical parameter that influences the process.
Some of the most important curves are the polarization and power curves and some examples
are reported in the next page (figure 9).

They look very similar one to another and for this reason I selected one of them to present
a characteristically polarization curve, in this case for test T1.
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Figure 9 - Test condition T1

Even small improvements in the polarization curve could be crucial for research because
each progress could mean a decrease of use of precious catalyst or a performance increasing.
The membranes electrode assembly (MEA) is repeated a certain number of times to increase
performance and achieve the desired power. For this reason, each small advance becomes
significant as the single unit is repeated on a large scale and this promotes its commercialisation.

To validate the model, I provide the reference numbers available in the paper comparing
them with the output number of COMSOL model in the same working points, estimating the
error too.

0,822 0,851

0,412 0,417 -0,005 0,661 0,652 0,009 0,000 0,000 0,000 0,435 0,490 -0,055
0,809 0,815 -0,006 0,991 0,992 0,001 0,556 0,565  -0,009 0,842 0,922 -0,080

0,393

0,825 0,857

0,349 0,447

0,772 0,836

0,340 0,379

Table 6- Paper and model data comparison

At first, it is useful to compare if the model returns the same output declared by the paper’s
authors in the working point declared. Looking at the data, there are a correlation that show
similar results and this is the first crucial consideration to do with the aim to keep the following
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results as acceptable. In second order is useful to evaluate what kind of conditions gives us
maximum power, as it can be observed in the last line of table 7.

The maximum cell power is returned by the test number 1 that is performed at lowest
temperature and higher level of moisture. It’s not surprising that the test at higher level of
moisture give back that kind of results because the right cell humidification allows better results
in term of water molecules transition.

To demonstrate the validation of the model, in figure 10 and figure 11 are reported the
graphs comparison for respectively test T1 and test T3

Model validation test T1 Model validation test T3

0,40 (0X<10] 0,80 1,00 ,20 00 0,20 0,40 0,60 0,80

CURRENT DENSITY [A/CMA2] CURRENT DENSITY [A/CMA2]

Figure 10 — Model validation for test T1 Figure 11 -Model validation for test T3

The figure above shows how precise the model can be, in fact the rest T1 is perfectly
stackable and test T3 is stackable above 0.6 voltage that is the usually minimum working
condition. The reason of this little difference for high current density is probably to attribute to
a different parameterization of relative humidity values between the COMSOL model and the
reference one. The COMSOL model provides a single and unique value of relative humidity at
current collectors, instead the reference model provides the possibility to insert different values
for each collector (both cathode and anode). To complete a correct simulation, when, as in test
number 3, the humidity values at the collectors were different between cathode and anode, they
were averaged to assess the goodness of the model.

The model is really complex and it provides a huge number of data and graphs. Some of
them will be explain in the following sections but there are other graphs the model provides and
I want to present them to the reader to make him understand that level of depth reaches the
model. As an example, the graphs below are referred to the test number T1.
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Figure 12- Electric potential Figure 13- Electrolyte potential

In figure 12 is presented how the electric potential develops inside the gas diffusion layer
and constant values can be observed for each cell voltage. On the other hand, in figure 13 it is
shown the voltage profile from the point of view of the electrolyte: here it is noted that the
typical distribution of the cell is not linear as it was in the electrode but goes towards variations
inside the ionomer decreasing from the anode to the cathode. The electrolyte phase potential
exhibits an important curvature in figure 13 due to a great variation of proton conductivity. It

happens because there is a huge decline of A toward the anode.[19]
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Figure 14- Temperature distribution

x-coordinate (um)

Figure 15 — Water molar fraction

Figure 14 represents the temperature profile of the cell and the reason why there is a pick
shortly before the geometric centre of the cell, with the most pronounced increase located
between 160 and 170 um, exactly in the position of the cathode catalyst. This is due to the
function of the catalyst that it is able to speed up the chemical reaction: in fact, the oxidation of
hydrogen is a dissociation reaction that releases energy in form of heat resulting in an increase
of temperature.

Continuing the presentation of the graphs returned by the model and not used later in the
discussion, in the figures 15, 16 and 17 other fundamental parameters for cell analysis are
shown. These parameters are the molar fractions of the main chemical molecules participating
in the cell reactions (water, hydrogen and oxygen respectively). The maximum of water molar
fraction is around 200 pm and this is due the combined presence of the catalyst layer and the
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high temperature. In fact, the amount of water vapour presents into the cell is a function of
saturation pressure which in turn depends on temperature. In addition, the cathode catalyst layer

is the end of the reaction cycle leading to the production of water, which justifies this trend.

In figure 16 is presented the rate of hydrogen consumption in the anode side before that
hydrogen could reach the anode catalyst layer and it could be oxidised.

0.9675
0.967
0.9665
0.966
0.9655
0.965
0.9645
0.964
0.9635
0.963
0.9625
0.962
0.9615
0.961
0.9605
0.96
0.9595

Xpz (1)

Hydrogen molar fraction

7

— 1V
— 09V
=———=0.8 V
—= 0.1 V
— 0.6V

— 04V
— 03V
— 0.2V
— 0. M
— 0V

05V

o

Figure 16 — Hydrogen molar fraction
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Figure 17 — Oxygen molar fraction

The last graphs that are given as a model output but which will not be mentioned in the
thesis are the graphs related to the heat transfer, the hydrogen flow and the oxygen flow inside
the cell.
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Figure 18 — Total heat flux
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Oxygen gas flux
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Figure 20 - Oxygen gas flux

Figure 18 shows the heat flow inside the cell. As always in thermodynamics, the heat flow
is taken as positive when energy leaves the system, while the sign is negative when the system
requires energy from outside.

In figure 18 there is an inversion of the heat flux inside the graph. In fact, the function seems
almost perfectly an odd function, but it is not so analytically because, however small, there are
heat losses in the transport. It is not surprising if we think the energy is not created but
transformed, and this is the essence of what happens inside the cell: the energy contained in the
hydrogen is transformed through an electrolytic process into an electric current, with losses in
efficiency.

The remaining graphs (figure 19 and figure 20) instead show the flows of hydrogen and
oxygen along the longitudinal development of the cell.

Last element to be examined is the drop observed in the hydrogen flow: the drop can be
seen from the beginning of the layer corresponding to the catalyst present in the anode, this is
due to the fact that the hydrogen activated by the catalyst reacts releasing the electric charge.

I will not show for each step simulation all these graphs because they are not so different
one to another. I will focus on polarization curves and other crucial graphs I will present.
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4. Experimental procedure

In this section I will show a typical experimental procedure carried out in my case in the
laboratory of Politecnico of Turin. First, I will show the ink preparation procedure in the chapter
4.1. In the second section (4.2), I will explain how the experimental curves are evaluated at
different temperature and moisture conditions.

4.1 Experimental preparation procedures

As it has been explained in the introduction (1.6), there are different possible catalyst
deposition methods with different results in terms of catalyst surface active area. Finding the
best deposition method and performing it at the best physical conditions (temperature,
humidity) can enhance cell performances. In my experimental activities I worked only with
sonification method.

In laboratory I had followed the sonification procedure to understand deeply how this
procedure influence performances. With the aim of sonicate the ink, the instrument in figure 21
is used:
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To successfully complete this procedure, a thermostatic bath is done with ice to prevent the
ink from becoming blackened as the procedure significantly increases its temperature as it is
described according to several papers: a huge amount of temperature during ink mixing will
directly negatively influence cell performance. At the opposite, experimental results show that
temperature control of mixing tank improves the process, in fact high temperature can damage
the inks and the mixing process is more efficient when temperature is kept close to ambient
one.

My first test in the laboratory was focused to simulate how paper results are performed. For
the first test an acid solution for the experimental procedure was performed: a solution with
Perchloric acid, 0.1 M is prepared into distilled water. The amount of solution required was 75
ml, solution in which the catalytic ink was inserted internally and the procedure for its
production is described as follows. The standard procedure for the catalyst inks production was
carried out using typically around 5 mg of active catalyst substance, which was subsequently
dispersed in the ratio isopropanol: with the following ratio 36.7: 1.65 (water): 1(Nafion,
typically). [23]

In the experimental procedure, sonification of ink is done at 55% of maximum frequency of
the instrument for 20 minutes with the ink inside the water previously cooled at 4 °C and this
temperature is taken constant inserting some ice inside the external water tank. Then, after 20
minutes under sonication, a volume of 3 pl of inks solution (Pt/C and Pt3Co typically) was
extracted and deposited the glassy carbon electrode (GC) to be dried by the "spin coating"
technique at 300 rpm. When the ink is dry (figure 22) it looks very homogeneous and regular
in surface. Otherwise, when the dry procedure doesn’t work it seem irregular with some white
points in the middle.

Figure 22 - Ink deposition
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At this point of experimental procedure there are some tests to perform. The first one is the
cycle polarization curve (figure 23) that is made by saturating the acid solution with nitrogen
in static condition. This test shows if our procedure has been completely successfully or not and
the path that have to follow is the one reported below (figure 23) and an example of my
experimental test for this section is reported in figure 24.

30

N
o
L]

-
o
1

----- Sonication i
== Ball-milling

20 H —Hydrodynamic
cavitation

Current density (mA cm™2)
o

O i L i 1 . 1 A i .
00 02 04 06 038
Potential (V vs. RHE)

Figure 23 — Typically cycling polarization curve [19]
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Figure 24 - Cycling polarization curve in Lab

The following procedure will make to verify the voltage and current profile of the deposited
material, this procedure is made in the same solution used before but saturated by air.
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In this condition, the disk can rotate at 900 rpm and two different procedures are followed:

e Backward;
e Forward.

The Backward procedure consists in setting the initial voltage at the maximum voltage
available in the experiment and the final voltage sets to the reference voltage of electrode (set
at -0.204 V). (Figure 25)

The forward procedure consists into the reverse setting of the backward (Figure 26) with
the maximum voltage available as initial voltage and the final one setting at -0.204 V.

All these processes described before and those that will be described later are made at
ambient condition, in September and October of 2021.
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Figure 25 — Backward test
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Figure 26 — Forward test
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4.2.  Catalyst performance evaluation at different
temperature conditions

The main purpose of my experimental procedure was to understand how temperature
conditions interact with fuel cell’s performance. I said before the experimental procedure didn’t
involve cell analysis but his behaviour was simulated thanks to the COMSOL model described
before in section 3. Therefore, I could evaluate just theoretically cell behaviour thanks to the
physical equations described before. On the other hand, the evaluation of real behaviour of
membrane was possible because of the experimental procedure conducted directly on it.

For what concern the temperature experimental technique, the goal was to create a
thermostatic water condition where performing the measure submerged our acid solution and
the ink deposited inside. This procedure should have been done for different level of
temperature, verifying different cell behaviour for each condition.

Practically, it was less easy than it looks because the rotating ink instrument is very small
so the main issues was practically: the tank was too big for the principal instrument and that’s
why the first procedure didn’t work. The second possible procedure was related to heating plate
on which I was going to fix the acid solution and the rotating disk. Although it was less bulky
compared to previous solutions, it didn’t work for the same reason. The last possibility was to
use an enveloping jacket that could allow the external circulation of a thermo-heated fluid and
that was able to heat the acid solution present inside it (as it is shown in figure 27).

Figure 27 — The system used to perform thermostatic measurement
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At this point of experimental procure some insurmountable issues were born:

e the circulation pump was too weak to guarantee a correct circulation and the
thermostatic conditions were not satisfied.

e other people in the laboratory needed the thermostatic tank for a continuous period of
one month.

e [ have not the right laboratory experience to obtain perfectly comparable results for ink
procedure.

For all these reasons, in accordance with my thesis supervisor, we decide to focus my
attention on the analysis of literature results and the elaboration of them on COMSOL model
that can provide correct comparisons starting from solid data with the aim to reduce the
approximations.
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5. COMSOL Cell comparison

To evaluate the cell behaviour, I search on literature some available data for two of the main
companies productor of fuel cell membrane and their description with ionomers differences
analysis are reported in chapter 5.1. In the following chapter (5.2) are reported the simulations
carried out for 5 different technologies of membranes and the comparative studies among them
for different temperature and moisture conditions

5.1. Typology of membrane evaluated

The experimental procedure has the function to provide the best possible polarization data
at specific and controlled conditions. In fuel cell application, at the time of writing, Nafion is
the reference product for the PEMFCs market and is produced by Dupont, which holds the
intellectual property rights.

The Nafion basic chain is define as long side chain and it is basically chemically composed
by repeating groups CF, among which a group is linked to a branch composed of molecules
that give life to this definition (LSC), branching shown in its entirety in the figure 28. [24][25]
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Figure 28 -LSC and SSC [24]

The most important competitor is surely Aquivion membrane produced by SOLVAY: this
technology is very promising because it declares to perform better than NAFION at low
moisture conditions. This is due to the Aquivion higher water uptake. This aspect in the
economy of scale is very promising one because it allows to reduce the size of humidification
system or remove it completely. The Aquivion membrane is defined as short side chain and as
it is shown in figure 28, the base chain is the same one but it reproduces a different kind of
ramification chain, shorter than the competitors one.

In order to perform the simulation of cell behaviour, I decide to evaluate five different
membrane typologies: a Nafion standard membrane and four other Solvay Aquivion
membranes, that I will list in this chapter. [25][27]
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To evaluate their performances, I searched the best data available in literature. For Nafion
there are a huge amount of data available for different typology of membranes but sometimes
data are also very different one to another. Instead for Aquivion the literature is not so wide and
it’s difficult to find data to verify their accuracy.

There are several differences between them and not only for the chemical point of view.
First, there are some crucial physical parameters that each experimental procedure has to verify,
as for example, proton conductivity in function of temperature or relative humidity (RH) and
diffusivity in different RH conditions. After these crucial parameters, thickness and the
equivalent weight are other fundamental aspects to consider in order to perform a valid
simulation.

The main differences used in the model are reported in the table below (Table 7):

Table 7 - Membrane characteristics comparison [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34]
[35] [36] [37] [38] [39] [40] [41] [42]

I modified the model to adapt it to the parameters found in the literature. The first change I
made is the change in geometrical properties of membrane with the correct definition of the
membrane’s thickness. The model does not consider certain mechanical properties to simplify
modelling and therefore I changed only the parameters in table 7. All the others geometrical
properties are taken constant and they are reported in chapter 3 in the table 5. The second step
is to evaluate ionomers properties: the model requires equivalent weight and the density of
ionomers to perform the simulation. I found some useful data in the work of Sadeghi and
Jankovic where the density is reported in function of A for each typology of ionomers. [36]
Obviously in a mixture ionomer and water, the density of the mixture is in function of their
ratio: the main aspect is the ionomer density is related to A factor and this is due to the
relationship between the elements that are part of it.

That’s why the density can change with the amount of water as is reported in figure below
(figure 29).
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Figure 29 — lonomers’ density variation in function of lambda. [36]

The data available in the graphs (figure 29) are taken from the work of Malek and Sadeghi
[35] and I present them in the same plot in order to make a better understanding comparison. It’s
clear that also density should change with the water content variation but usually we take a
constant value to simplify the processing.

Membrane diffusivity can give different results too and it can depend on the water content
A, as is presented for example in figure 30 where it is reported how it changes for Aquivion

membrane.
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Figure 30 — Ionomers’ diffusivity parameters in function of Lambda [36]

At the end, the last parameter that influences deeply the cell behaviours is the proton
conductivity. For Nafion the literature for this parameter is wide, sometimes it gives also very
different values. Instead for Aquivion the literature available is poor to date and this is due
firstly because Nafion is much more widespread from a commercial point of view, now it’s the
reference typology presents on the market. Secondly for the lack of data is the recent
improvement made by Solvay to reach the level of Nafion, improvements which are not yet
fully available in the literature data.

From a physical point of view, is clear that proton conductivity is directly proportional with
the increase of temperature that gives a great help in the proton transport phenomena.
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Proton conductivity is one of the most important parameters for increasing performance,
nevertheless there are also other parameters that can interfere with performance, such as the
adjustment of the water content.

For this reason, another aspect to consider is the water change of state that can give
irreversible damages: this regulation is crucial and it requires a correct compromise between
cell performances and safety working conditions. Finding the perfect compromise between
these two aspects is essential to ensure security condition and to maximize the cell potential.

My attention was mainly concentrated into the research of scientific papers that could not
only attest the maximum available values of proton conductivity, but also to verify their solid
foundation in literature. For this reason, I looked among a vast number of scientific publications
to cross-all the available data and to certainly affirm if they were isolated cases or if there were
confirmations.

After these passages I can evaluate in COMSOL model the comparison among the
traditional Nafion’s membrane and some Aquivion’s membranes. To be precise, the membranes
involved in my analysis were the following:

e NAFION 212

e AQUIVION E87

e AQUIVION E98-05

e AQUIVION E98-05 with proton conductivity evaluates experimentally
e AQUIVION E98-09S

For AQUIVION ES87, E98-05, E98-09S I used the data reported in the technical schedule
that I found on Solvay website. [43] [44] [45] In order to have a more accurate validation of
the Aquivion membranes, I decided to perform a simulation based on the characteristics
declared by the manufacturer for the Aquivion E98-05 but with the proton conductivity data
found in the literature.

Firstly, I started my evaluation from NAFION membrane with the change of some of the
initial parameters reported in table 5 with parameters reported in table 8. At this point, looking
at the literature, I supposed, for each typology of membrane, to verify some crucial working
conditions points and underline the difference with worst ones.

I decided to perform two different kinds of simulations:

1. At constant temperature conditions (80°C)
2. At constant relative humidity at current collectors conditions (RH=90%)

With the purpose of performing a correct evaluation of proton conductivity, I adapted some
of the equations reported in the 2.1.5 paragraph. The first hypothesis in my mind was to
linearize data collect in literature and use them with the evaluated equation. Unfortunately, this
strategy presented some convergence trouble and I had to think something different.

At this point my idea was to exploit a coefficient that could be evaluated in a reference
condition and keeping the trend dictated by the Arrhenius equation constant, evaluate the
performance also in the other points. Obviously, this solution provided lower reliability
compared to the previous method but is certainly more effective.
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The parameters evaluation for Nafion 211 was less easy than expected because the aim was
to find some reference values at the same physical conditions of relative humidity and
temperature. The document written by Lufrano and Simari [26] evaluates proton conductivity at
high temperature too but not the same of technical schedule of Solvay. For this reason, I took
the evaluate parameter at 80°C and RH equal to 90% and the value reported was 15.7 [S/m] but
the comparison was at RH 100%. At this point, looking at the work of Texeira and Sa [31], |
evaluated how the variation of proton conductivity was influenced by RH.

I took the angular coefficient that I obtained from the linearization of those values and at
that point I had to calculate the ordinate at the origin obtained by imposing the proton
conductivity value at the experimental conditions (RH=90%).

At the end of this procedure, I obtained the following equation which gave me a final proton

conductivity value of 17.59 [ ] at RH=100% and T=80%:

o =0.1893 x RH — 1.373

The same procedure was performed for the evaluation of proton conductivity of Aquivion’s
membrane with experimental values reported from document 8. The evaluation of angular
coefficient for the proton conductivity gave the following equations:

o =0.2332* RH —9.4653

This equation results at the condition of 80 °C and 100% RH a value of proton conductivity
S
equal to 13.9 [ ~ ].

Looking at the literature, Aquivion membranes are more efficient in diffusivity than Nafion
[36] and consequently I assume to estimate an increase of 10% in diffusivity performances in
the absence of any other precise information. This approximation does not interact as much for
typically voltage working condition while it influences more the maximum value of current that
is not interesting for what is my treatment.
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5.2. Constant Temperature simulation

For this step of simulation, the maximum temperature is set looking at the literature. I must
set 80°C as temperature limit in order to create a correct comparison among different typology
of membranes, in fact the Aquivion technical schedule was referred to that kind of temperature.
At this level, I decide to evaluate at 4 different moisture conditions evaluated at current

collectors for all the typology of membrane:

80°C at 25% RH
80°C at 50% RH
80°C at 75% RH
80°C at 100% RH

oOowp

For each point of evaluation, I will report polarization curves for the 5 typologies of

membrane considered.

5.2.1 80°C and 25%
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Figure 31.A— Polarization curve at 80°C and 25% RH

The image above (figures 31.A) is related to the five simulations provide for 353 K and
relative humidity of 25%. As it will be clear after the following simulations, looking at the
temperature-imposed simulations, this set shows the lowest results and this is due to the direct
correlation between relative humidity and cell performances. For the same reason the results
reported below will provide better working conditions.
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Figure 31.B — Power density curve at 80°C and 25% RH

The figure 31.B is the power curve graph and inside it there are the curves for the
membranes considered. This figure is strictly dependent on the previous one since the power
curve is obtained from the product of the values of the polarization curve.

For this set of simulation, the Aquivion E-87 membrane shows the best polarization curve
and so the best power curved compared to all the other simulations. This performance is due to
the best cell parameters as proton conductivity for example.

5.2.2 80°C and 50% RH
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Figure 32.4 — Polarization curve at 80°C and 50% RH

The images reported for this set of simulations are related to the five simulations provide
for 353K and relative humidity at current collectors of 50% (figure 32.A and 32.B).
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In order to do a comparison between this step of simulations and the step before, I evaluate
the voltage at 0.5 CA? for the Nafion 211 membrane: at the same temperature conditions (80°C),

the curve simulated at 50% of relative humidity at current collectors shows 0.732 V while the
at 25% of RH shows 0.657 V.
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Figure 32.B — Power density curve at 80°C and 50% RH

As it was for the previous working conditions, the best performances are evaluated with the
Aquivion E87 membrane, which seems to be really promising compared to the other typologies
of membranes showing similar values of power density and current - voltage profile.

Comparing this set of simulations with the previous one there are a significative increase in
performances. More specifically, each membrane shows significant improvements over the
same type of membrane but at lower relative humidity conditions, this is due to the relative
humidity parameter greatly influences the transport phenomena inside the cell, which result in
an improvement of the polarization and power curve.
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5.2.3 80°C and 75% RH
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Figure 33.4 — Polarization curve at 80°C and 75% RH

Comparing the pairs of graphs 33.A with 32.A and 33.B with 33.B, it is possible to see an
increase in relative performance with the same membrane. The increase in performance is
present for all membrane types and is most visible in the power curves. This is due to a
considerable increase in the moisture content at the current collectors, which reaches a value of
75% in this simulation.

It should also be noted that in this first chapter are considered all simulations at the same
temperature level.
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Figure 33.B — Power density curve at 80°C and 75% RH

The following chapter instead will present the maximum cell conditions simulated in this
thesis. This is because we are at the maximum conditions evaluable in temperature: not because
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the cells do not work at higher temperatures but because 353 K is the temperature considered

for the evaluation of cell parameters.
For this step of simulation, I want to provide a comparison between this step and the

previous one for Aquivion E98-05 power curves. At 80°C and 0.5 CA? the power value for 75%

of RH is 0.398 % while for 50% RH condition the simulated power is 0.361 %
5.2.4 80°C and 100% RH
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Figure 34.A— Polarization curve at 80°C and 100% RH

The graphs reported in this section (figure 34.A and 34.B) are the best evaluable working
conditions for the available input data. In figure 34.A polarization curves are shown for all the
membrane typologies, on the other hand the figure 34.B presents the correspondingly power
curves.
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Figure 34.B — Power density curve at 80°C and 100% RH
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Being the optimal situation, I decided for this paragraph to report a comparative table to
perform an extensive analysis on the simulated performance of the simulated cell, in the same
working points considered crucial by the paper considered in chapter 3 (table 8).

Table 8 - Performance comparison of different membranes

In table 8, there are the comparison of principal simulation data, sorted from left to right for
maximum power output at 0.8 [C%].

Analysing the data in table 8, we see that as the current density is reduced, the curves do not
deviate much from each other, giving almost identical values. For increasing values of current
density, higher deviations are observed. The same behaviour is shown graphically into the
figure 35.

The simulations shows that Nafion’s membranes is similar to the traditional Aquivion
membranes, except for the E87 typology that presents incredible high results and it opens the
way to new and more efficient application of fuel cell. If the data will be confirmed after more
precise analysis, Aquivion E-87 could reduce the general cost of cell for the same power output
or increase the power output taking the same cost.
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SIMULATIONS COMPARISON
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Figure 35 — Simulation comparison at 353 K and 100% RH

In figure 35, I took all the simulations performed at 353 K and 100 % of relative humidity at
current collectors to present how they perform compared to the other.

The figure above shows us an overall view that allows us to have a more complete judgment
on what are the orders of magnitude of difference between one type of membrane and another.
This graph gives the perceptive of the not excessive difference between the various types of
membranes and of how much the data of Aquivion E-87 membrane bring the respective
simulation to the top of performances.

Concerning Nafion performances, the data in table 8 and the figure 35 show there are not
so huge differences at typical working condition. It is crucial to consider that Nafion data are
more reliable because there are several feedbacks in the literature. Instead, especially for the
values declared from Solvay for Aquivion E-87, not so many feedbacks are available today.

In conclusion, I want to underline the lower performances provided from Aquivion E 98-
09. This is an old typology of membrane with high thickness value (90 um) and not so high

value of proton conductivity 16 %
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5.3. Constant relative humidity simulation

The last crucial simulation I retain to perform is the variation of temperature at constant
moisture condition. For this simulation level, I decide to set relative humidity parameter at 90%
as constant value with the following step of temperature.

90% RH at 30°C
90% RH at 50°C
90% RH at 70°C
90% RH at 80°C

S5.3.1 90% RH and 30°C

This is the first set of simulations reported for constant values of relative humidity at current
collector. These simulations are planned with the purpose of demonstrate how fundamental the
role of temperature is and how it can improve cell performances.

oO0wy

Polarization curve
90% RH & 30°C

0,80 L S
Aquivion 98-05

0,60 —&— Aquivion 98-09

=
w
V)
<
=
pr
O
>

0,40 Aquivion E87

—&— Aquivion Lab
0,20
—&— Nafion 211

0,20 0,40
CURRENT DENSITY [A/CM~2]

Figure 36.4 — Polarization curve at 90% RH and 30°C

After the comparison of these simulations, it will be clear that the increase of temperature
induces an increase of performance which manifests itself through a considerable increase of
current density and consequently a considerable increase of power.

In figure 36.A is presented the polarization curve for all five membranes considered at 303 K
and 90% of relative humidity at current collectors. The same conditions are performed for the
power curves available in figure 36.B.

A first consideration that can be made is that membrane performance varies with the applied
boundary conditions. However, in this case, the same relative trends of before are shown. Let
me explain: the Aquivion E 87 membrane is still the best performing membrane, while the least
performing is the Aquivion E98-09S membrane.
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Figure 36.B — Power density curve at 90% RH and 30°C

The power curve shows very low results and this is due to the low temperature conditions.
It will be clear that when temperature increase, performances will improve, already from the

next simulation.

5.3.2 90% RH and 50°C

This step of simulation is performed at 323 K and 90% of relative humidity at current

collectors.
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Figure 37.4 — Polarization curve at 90% RH and 50°C
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Looking at the comparison between figure 37.A and 36.A, it becomes clear that
temperatures have a significant effect, not so much on the cell voltage at low currents, but on
the currents themselves. The same figures can be seen in order to establishing how temperature
determines cell performance: even looking at the comparison between the various power curves,
comparing for example figures 36.B and 37.B, | want to emphasise how performance increases
with a temperature delta of just 20 degrees Celsius.

To make this comparison more evident, looking at the polarisation curves (figures 36.A and
37.A) we can consider the same current density conditions for the Aquivion E-87 membrane
and check how the voltage varies with the temperature. Considering a current density of

0.3[6%], the curve at 30°C has a voltage of 0.793 V, while the curve at 50°C has a voltage of
0.829V.

This is analytical verification of how there is a small increase in cell voltages but an
improvement that is not comparable to the increase in current densities.
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Figure 37.B — Power density curve at 90% RH and 50°C

Likewise for the previous increase of temperature, the following increase will present a huge
step forward too. For this step of simulation, I also want to provide a comparison between this
step and the previous one for Nafion 211 power curves. At 90% of relative humidity at current

collectors and 0.5 CA? the power value for 50°C is 0.387 % while for 30 °C the simulated

. w
power is 0.324 s
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5.3.3 90% RH and 70°C

This step of simulation is performed at 343 K and 90% of relative humidity at current
collectors. In figures 38.A and 38.B show a further increase in performance which is again due
to the increase in temperature of 20 °C.

Polarization curve
90% RH & 70°C

o
00
o

Aquivion 98-05

O
oy
(@

—&— Aquivion 98-09

=i
w
©
<
<
—
o
>

0,40 Aquivion E87

—&— Aquivion Lab
0,20
—&— Nafion 211

0,00
0,00 0,50 1,00
CURRENT DENSITY [A/CM~2]

Figure 38.4 — Polarization curve at 90% RH and 70°C

As an idea of the performance increase due to the temperature rise of this simulation step, |
evaluate the voltage change for Aquivion E-87 at 0.5 [C%] for figures 37.A and 38.A

The simulated outputs from the model turn out to be a voltage of 0.795 V at 50°C and
voltage value of 0.814V at 70 °C, respectively, not such a dramatic difference. This small
increase is a recurring feature that has been previously discussed.

But it is not a surprise because the maximum voltage is subjected to the physical limit that
cannot be overcome. In fact, the maximum possible physical voltage for a hydrogen/oxygen
fuel cell is 1.23V [48].

In the figure below (38.B) there are all the power curves available for the set conditions of
this simulations. The discussion for the performances is the same for polarization curves and it
is due to the fact that power curves derive from the polarization curve.
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Figure 38.B — Power density curve at 90% RH and 70°C

5.3.4 90% RH and 80°C

This step of simulation is performed at 353 K and 90% of relative humidity at current
collectors and it provides the greatest performances of this chapter. These working conditions
(figure 39) is not far from the ones presented in figure 34. Here performances are little lower
than figure 34 but nearly overlapping and for this reason I will not provide a completely
comparison as I did in the chapter before. However, it is useful to emphasize how a 10%
increase in relative humidity at the current collector can improve overall performance.
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Figure 39.4 — Polarization curve at 90% RH and 80°C
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In this case, as in all the previous ones, the Aquivion E-87 membrane would seem to be the
best performer with higher values, however, it has to be reconfirmed by more in-depth
experimental analyses.

In figure 39.B is shown the power density curves: they are similar to the ones available in
figure 34.B with slightly lower values. As an example, I report the data of Aquivion E98-05: in

figure 39.B the maximum power is 1.013 [%] when in the conditions reported in figure 34.B

it was 1.118 [%]
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Figure 39.B — Power density curve at 90% RH and 80°C
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5.4. Simulations validation through literature
comparison

Looking at the simulation output, it is useful, in order to validate the model output, to verify
that results are comparable to literature outcomes. To do this, I use the reference data from the
work of Cullen and Neyerlin [47] corresponding to the green line in the figure below (figure
40): there are two types of membranes simulated with the parameters described in the previous
chapters: Aquivion E87 (red line with filled dots) and Nafion 211 (green line with filled dots).

The first aspect to emphasize is that, graphically speaking, the simulated curves of Aquivion
E-87 and Nafion 211 present a trend that optimistically reflects the real one. These membranes
are compared with literature data and, after the simulation, it can be seen that the characteristics
of Aquivion E-87 declared by Solvay result in a large increase in performances compared to
the literature. [47] [24] On the other hand, the Nafion 211 data look very similar to those in
literature. To provide a correct comparison, all the following curves are evaluated at 353 K and
100% of relative humidity for each typology of membrane.
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Figure 40 — Simulations validation, polarization curve

For low values of current density, all three curves have more or less the same values. There
is a first change of behaviour around 0.2 CA? where the Solvay's optimistic data start to be
perhaps too optimistic (Aquivion E-87). On the other hand, the Nafion 211 data came from
laboratory analysis, so it is correct that they reflect more of the literature data which are also
from laboratory analysis. In contrast, Solvay data is the one declared by the manufacturer. For
this reason, before certifying that the Aquivion membrane is better than Nafion 211, it will be
necessary to carry out other experimental tests that univocally confirm the parameters expressed
by Solvay.
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The same validation procedure is performed for the power density of cell as it is reported
in the following figure (figure 41).
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Figure 41 - Simulations validation, power curve

These curves are evaluated for all three typologies of membranes at 353 K and 90% of
relative humidity. In this case the literature data for Nafion comes from the paper of R.
Jinnouchi and K. Kudo [48] and for Aquivion, it comes from the paper cited before [24].

It is useful to highlight that the power density curve is achieved from the product of current
density and voltage so the power curve that would result from graph 40 would be slightly better
than the one presented at the same temperature but lower RH (figure 41).

As before, the Aquivion E-87 shows optimistic results, the Nafion 211 reveals similar
literature results.
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5.5. Simulation analysis

As it 1s shown in table 8, there are some differences from one membrane to another and
this underlines the importance of this layer for the overall performance of the whole cell.

As it has been presented before, I want to highlight the big efforts Solvay is making to
reach the level of Dupont’s products and these simulations show that today the Nafion
monopoly is not so sure.

Analysing the data, I decided to evaluate the behaviour of cells in traditional working
conditions because under 0.5V some degradation processes start and the cell is not performing
as well as it could. For the same reason it is not useful to evaluate performances at maximum
current because maximum currents are reached just at low voltage values.

Obviously, these simulations do not provide exact data because the base model and the
equation was evaluated looking at the Nafion membranes; however, the correction of the main
parameters of the ionomer allows me to affirm that the results are valid with a certain margin
of tolerance for the assumptions made during this work.

The cell power evaluated through the simulations returns values that clearly identify the
E87 membrane as a more convenient solution and the values reports seem to be coherent with
the experimental results provided by the paper cited during this work (simulations validation is
available in the previous chapter).

The model is able to simulate different properties and physical phenomena of cell in order
to have a better comparison of the performance, I will also evaluate some crucial properties
such as:

e Current distribution.
e Oxygen transport.
e Water transport.

Output graphs, which will not be presented below, are available in chapter 3.
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5.5.1 Current distribution

The first parameter to evaluate is the current distribution. In this section there are different
graphs that show how this parameter varies into the different layers of the cell and how it
changes using different kinds of membrane.

As mentioned, the current distribution in a fuel cell varies according to the position within
the cell. In fact, there are certain layers in which there is a current transition from the electrodes
to the electrolyte. The model presented specifies what is the current density available separately
at the electrodes and in the electrolyte. The graphical representation of the above is illustrated
in figures 42-43.
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Figure 42 - Electrode current density, E-87 Figure 43 — Electrolyte current density, E-87

Looking at the first figure (figure 42), the electrode current density seems to be constant for
each voltage profile respectively and the discontinuity starts around 160 um. This value has a
specifical meaning, in fact it is the transition zone between the gas diffusion layer and the anode
catalyst layer. This is the reason for the enormous decrease in current density seen in figure 42;
on the other hand, it happens the opposite in figure 43 where there is a corresponding
exponential increase.[19] This change of layer causes a change in the current distribution
evaluation: the current distribution switches from being an electron flux into the gas diffusion
layer to a protonic flux into the membrane. The continuity equation tells us that the current
varies with the variation of the potential and it explains the trend of these graphs.

Je = =0 * V@,
jp = —0p *V®p
To see what is happening more closely, in the figures below I have zoomed on the above
figures in the areas of interest. It is interesting to see how there isn’t a net passage between one
layer and the other, but it seems that they could be mesh one to another in the catalyst layer.

It’s crucial to underline that all these figures are reported for 353 K and 100% of relative
humidity at current collectors conditions.
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The physical layers distribution displays that the catalyst layer starts at 160 pm and it ends
at 170 um. In this zone, to better clarify, I concentrate on analysing the curves with an applied
voltage of 0.7 V, looking more closely at the transition zone between the layers.

Looking at this specific case, entering in the anode catalyst layer there is a large and steep
decrease in current parameters, but this decrease can be modelled in two different trends, as it
is shown in figure 44:

e Soft decrease between 160 and 165 um
e Steep decrease between 165 and 170 pm

This behavioural diversity is due to the proximity of the layer that influences it more. If the
catalyst layer is closer to the gas diffusion layer, then the current distribution will be
concentrated into the electrode. Vice versa if we are beyond the middle of the catalyst layer,
then the predominant influence will be the electrolyte one. Therefore, the current distribution
will be concentrated in that layer, as shown in figure 45, where there is an abrupt and
exponential increase of the electrolyte current density in correspondence of 165 pm.

The same happens on the other side of electrolyte layer for cathode catalyst layer with
specular modality. I want to underline that these trends are function of boundary conditions
applied.

I want to compare the same zoomed figures for Nafion 211 to understand if the change of
membrane influences or not the current distribution and, if it does, how.
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Thanks to figures 46 and 47 that are related to the Nafion 211 membrane, it is possible to
perform a correct comparative analysis with the same graphs for the Aquivion E 87 (figures 44-
45). For each membrane, I considered the same boundary conditions, such as temperature,
humidity and voltage.

Looking at the proposed comparison, the first consideration is related to the analytical value

of electrode current density (1.59 C% for the E-87 compared to 1.29 C% for Nafion 211). The

second consideration is that the path of curve is pretty much the same and this is due to the
same geometrical conditions and the same typology catalyst layer considered.

Beyond numerical differences, the shape of curves suggests that figure 46 has lightly
smoothed discontinuity at the beginning of the catalyst layer compared to figure 44.

To provide literature comparison, I searched for a 3D example of current distributions that
could explain better what the real current distribution behaviour is.

The 3D reported below was evaluate by T. Falagiierra, P. Muiioz, G. Correa [49], and it
shows a typical PEMFC.
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Figure 48 - 3D current density distribution example [49]

In this example, the current density variation is observable from its distribution in the active
area width and this is useful because it allows us to consider how the current, and all other cell
parameters too, are a function of the chemical reactions, which take place within the cell. Figure
48 shows there are nonlinear distributions into the catalyst layer width, but the comparison of
this figure with the ones proposed from our model takes meaning only if we consider the 2D
model, so the plate length in figure 48. Comparing this figure with figure 42, there is a
corresponding decrease of electrode current density into the catalyst layer. In figure 42 is
presented the whole electrode current density, the part of interest for the comparison is the
catalyst layer between 160 and 170 um. Figure 48 shows the same two different behaviours
described on the previous page.
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5.5.2 Oxygen transport

Some of the key factors for the optimisation of the cell's performance are the study of
oxygen transport and the study of phenomena that can affect it. An effective oxygen transport
is a fundamental aspect to be studied because the reduction of oxygen allows the closure of the
reaction cycle. Ineffective oxygen transport slows down the closing of the cycle, worsening the
performance of the cell. In fact, this reaction is a necessary step in the production of water
molecules from the oxidised hydrogen at the anode, reactions that are crucial because they
enable the electricity production. [51]

The figure 49 present the typical scheme of a fuel cell. This figure helps me to emphasise
that the use of oxygen is directly proportional to the amount of hydrogen reacted.
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Figure 49 - Typical fuel cell model [53]

To introduce the discussion of obstructive oxygen transport phenomena, we can briefly
divide the types of resistance present into two:

¢ Fickian component resistance.
e Non-Fikian resistance.

Fickian resistances are referred to diffusion processes that can be seen as an obstruction for
their pore diameters. The non-Fikian resistances include a great number of phenomena that can
directly influence the cell performance, one of them is surely the amount of platinum dispersity
in the cell. This process increases in specific weight when counting losses at high current
density values, as has been shown in studies conducted by Sun and Yu [51].
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Looking closer at the phenomena of oxygen resistance, this is one of the most critical
optimisations of the cell. There are a great number of aspects that could be analysed in detail.
Thought, I will try to analyse the main ones.

Firstly, the amount of platinum in the catalyst is one of the phenomena that directly
influences the oxygen transport: it has been demonstrated that a decrease in platinum content
induces an increase in oxygen transport resistance.[48] The results of Jinnouchi and Kudo in the
same paper suggest that the main bottleneck for oxygen transport is the oxygen permeation into
the catalyst layer.

The influence of how Pt/C particles and ionomer can interact with the oxygen transport
phenomena is one of the most analysed phenomena in this field. The oxygen flows into pores
of catalyst layer and the way in which this agglomerate is composed influences directly the
oxygen transport properties.[52] Pores are another crucial aspect to consider in transport
phenomena in general. Looking at the oxygen transport, the change of pore diameters has a
huge impact into the gas transport properties and in diffusion mechanisms too.

To present the complexity of oxygen transport, the work of Liang et al. [52] lists the main
scenarios that are possible for oxygen, scenarios which directly affect transport phenomena:

e (0, dissolution from gas pore into the water.
e The 0, diffusion into the water.

e The 0, dissolution from water to ionomer.
e (0, adsorption into the ionomer.

e 0, adsorption into the Pt surface.[52]

The same model provides a classification of different oxygen transport’s resistances by
layers. Before introducing this classification of resistance, it is necessary to comment on the
image below (figure 50) to show the layers taken into account by the paper.

)V & Cathode channel E’ﬂ!

i 23—
CMPL~{.

CCL
MEM
ACL —£
AMPIL]
ABL -1 -

- .3.;“'

Anode channel

Carbon M Pt U] Jlonomer film =2 Water film [

02 — HY = (e Hzo —

Figure 50 — Central part of the cell and Pt/C and ionomer agglomerate [52]
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In figure 50, among the cathode channel and the membrane, there are the CBL, which is the
cathode backing layer, the CMPL, which is the cathode microporous layer, and the CCL, which
is the cathode catalyst layer.

This schematization is useful to introduce the resistance presented by the model. It provides
four different typologies of resistances depending on the layer the oxygen is going through.

The first resistance term is referred to the CBL with the following equation:

lCBL

Repr = DT, 15
02,CBL CBL

Where:

e D is the diffusive term [m"2/s];
e | is the thickness [m];
e sis the liquid saturation [-]. [52]

The second resistance term is referred to the CMPL with the equation below [52]:

R _ lempr
CMPL = '"eff 15
02,CMPL " °CMPL

In this case the parameters are the same of the previous equation but they are related to the
cathode microporous layer.

The third term represents the catalyst layer’s resistances, which are divided in two
categories. The first one is the bulk transport resistance with the equation below.[52]

R. = Leet
Bulk = peff 15
02,ccL * SccL

The other term is local oxygen transport resistance represented with a complex equation
different from the previous ones.

4] — M + H (i + (Sn 1
¢ Dozw * €y " ky, Dozn kpe

Where:

e §,, is the thickness of water film [m];

e Dy, is the oxygen diffusive term for water (w) or ionomer (n) [m”2/s];

e [ is the adsorption apparent rate constant for ionomer (n) and platinum surface (Pt)
[m/s];

e Cis the concentration of oxygen (Cp; ) and liquid phase (C; ) [mol/m"3]. [52]
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This kind of division is useful to understand if there are changes in some parameters and
where these changes can affect the oxygen transport.

An example of how reducing the platinum content affects the catalyst layer is presented in
the figure below (figure 51). It shows how this can affect and where oxygen transport finds the
greatest resistance.
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Figure 51 - Oxygen transport resistance in function of Pt loading [52]

Figure 51 is crucial to understand what kind of resistances most affect the oxygen transport.
It indicates that the reduction of platinum loading impacts mainly the local resistances into the
catalyst layer, which is due to the fact that “the oxygen effective diffusion route in ionomer film
becomes longer” as it is explained into the work of Liang et al. [52]. On the other hand, the bulk
resistance slightly decreases because of the reduction of the platinum amount.

As it happened for all physical phenomena in the cell, oxygen transport efficiency has a
direct impact on other cell parameters, so modelling it is essential to understand how it affects
current density. In fact, an excessive obstruction in oxygen transport causes a reduction in the
recombination of charge and the water formation processes.[51] In order to do that, in our model,
there is a section dedicated to checking how oxygen transport takes place within the cell. The
graphs relating to this section are helpful to check how oxygen transport affects cell
performances as the input parameters change.
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Figure 52 — Oxygen gas flux, E -87 Figure 53 - Catalyst layer oxygen flux, E -87

Figures above (52 - 53) refer to the Aquivion E-87, which has 10 um of catalyst layer for
the cathode placed between 230 and 240 um. Figure 52 shows the oxygen transport from the
cathode catalyst layer to the cathode gas diffusion layer. In figure 53, however, I wanted to
highlight only the portion of the cell relating to the cathode catalyst layer: in this section,
recombination reactions are activated and oxygen reacts to produce water.

Negative values may seem at first sight a contradiction but it is not if we consider that the
inserted oxygen has to react with hydrogen ions and for this reason the negative flux is intended
as a decrease of oxygen at cathode.

The model provides a simulation of how oxygen transport takes place in the catalyst layer.
The figures above show how cell voltages affect transport phenomena. Oxygen transport has
slopes that are a function of the voltage of interest and most of the curves at different voltages
appear to be describable as approximately linear.

In order to make an effective comparison, the graphs corresponding to the previous
simulations are also presented for Nafion 211 membrane. I would like to remind that the
boundary conditions are the same as those used for the current distribution, that are 353 K and
relative humidity at the current collectors of 100%.
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Figure 54 — Oxygen gas flux, Nafion 211 Figure 55 - Catalyst layer oxygen flux, Nafion 211

From a graphical point of view, figures 54 and 55 show similar curves to those of Aquivion
E-87 with inequalities for the amounts of oxygen transported. These differences can be
attributed to the different capacity of the membrane to transport ions and hence the lower need
for oxygen to react. The oxygen flux is modelled using the Fick’s diffusion theory so the flow
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is seen as oxygen used in the reaction and for this reason is negative. The flux of oxygen starts
from position 220 pm because it is the cathode catalyst layer beginning: this is the point at
which the oxygen reduction reaction begins. Figures 53 and 55 appear to have the same
behaviour. Although, after careful analysis, it can be seen that there is different behaviour at
the edges of the catalytic layer, due to the different characteristics of the membrane, since the
Aquivion membrane is 1 pm larger than that of Nafion.

The last aspect I want to take into account is the decreasing part of the curve: for Nafion
211 it seems to be less vertical than the Aquivion E-87 ones. The reason is the higher amount
of oxygen transported through the E-87 membrane than through Nafion 211, with the same
properties of catalytic layers.
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5.5.3 Water transport

At this point in the work, it is clear to the reader that the study of each physical phenomenon
within the cell is not independent from the analysis of the other cell’s phenomena, because these
phenomena are interconnected and require an overall study. Keeping this in mind, the analysis
of water transport management is another important aspect to consider and it requires a huge
optimization process to improve cell performances. For PEMFCs, the correct balance of water
management influences the output parameters of the cell: too much water can saturate the cell,
obstructing the pores for gas transport, but at the same time an excessive decrease in water
content will cause dehydration of the membrane, limiting ohmic and proton
conductivity.[54][55]

The analysis of gas-liquid flows within flow channels is a complex subject that requires an
overview of various physical characteristics such as the importance of heat transport, how fluid
mechanics interact within the system and how this affects mass transport, in addition to the
action of electrochemical phenomena in the cell.

In the following lines, I will try to give an overview of the main physical phenomena at
work, keeping in mind that the discussion is complex and would require very detailed analyses
for each phenomenon I will mention. To avoid weighing down the discussion, I will only
consider steady state phenomena, not considering start-up or shutdown conditions.

To discuss water transport, it is necessary to consider that simulation models frequently
assume ideal current and temperature distributions, but this is not always the case in ordinary
cell dynamics. Thus, the experimental results may differ from the models, also due to local
peaks that distort performance, worsening the overall results.

Water in the cell undergoes several physical processes, the main ones of which have been
described in the work of Anderson et al.: [55]

e Water condensation for decreasing temperature.

e Water condensation due to increasing pressure.

e Water condensation due to reached vapour pressure.

e Water transport from the anode to the cathode caused by electroosmotic drag.
e Water diffusion into the GDL due to an excessive production.

e Back diffusion from the cathode to the anode.

The first aspect I want to underline is the back diffusion process. It occurs when the
produced water accumulates in correspondence of the cathode causing a concentration gradient.
For this reason, the system tries to reach equilibrium through the water diffusion towards the
anode. This process takes place in the opposite direction of electroosmotic drag. In order to
better understand these processes, in figure 56 it is presented a schematization of the water
management inside the cell.[56]
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Figure 56 -Water transport [56]

The water flux two-phase management can modify pressure and it can create
inhomogeneous water distribution altering PEMFC performances. In fact, the pressure drop is
an indicator of the amount of liquid water present into the flow channel of PEMFCs. Indeed, as
reported in the work of Anderson et al. [55], the increase of pressure is related to the increase of
liquid water content that accumulates into the cell. In this way, pressure drop is a useful
parameter to evaluate how the water transport inside the cell is acting and where any unwanted
accumulation is concentrated.

Other important parameters related to the water transport phenomena are the inertial forces
present into the system and the viscosity that can slow down the water transport. In relation to
the last-mentioned properties, a pivotal role is assumed by the temperature which is able to
decrease the viscous resistance of water. Also, the regulation of the temperature induces a
regulation of the liquid water content.

The ideal goal would be to have the lowest possible level of liquid water in the cell, which
should be slightly above the saturated vapor level, in order to ensure the perfect membrane
humidification conditions.

As it has been demonstrated in this work through the simulations performed, a slightly
increase in the temperature inside the cell improves cell’s performances. One of the reasons for
this improvement is due to the reduction in water content and it happens because when air heats
up it is able to absorb a higher content of water vapor, storing it inside.

Anderson et al. argued the possibility to create a temperature gradient between anode and
cathode sides to create a thermo-osmosis gradient able to regulate liquid water content. Another
proposal is to create a pressure gradient that can control water migration.

Not only settings of physical parameters can adjust water content, but the geometrical aspect
can also be used. For example, thin membranes encourage the back diffusion, but the right
design of the membrane’s thickness is a compromise with some other factors like the excessive
quick drying and the mechanical strength.[55] Also the flow channel design can improve the
water transport, as it has been demonstrated that serpentine flow fields create a correct pressure
drop.
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I would still like to discuss two elements related to cell construction that can improve water
transport. The first of which is the construction of hydrophobic channels in the gas diffusion
layer, which would make possible to increase the removal of water from the cell and
consequently improve gas transport, as demonstrated in the previous work cited above. The
second aspect relates to the cross-section of these channels: the size regulation of these channels
allows the optimisation of pressure values useful for water removal.[55] Finally, another
possibility for water regulation is the integration of electroosmotic pump to remove the excess
of water more efficiently.

To understand how these theoretical aspects interact with each other in the reality of the
cell, the model at our disposal allows us to evaluate water transport through different graphs.

As I previously did for current density distributions, I evaluated the comparison between
the model output for Aquivion E87 and Nafion 211. The comparison is useful to highlight the
various water flows behaviour for each membrane typology and the main differences related to
flow development in the two membranes.[54]

All the figures reported below are referred to 353 K and 100% of relative humidity at current
collectors. Figures 57 and 58 display the water gas flux trend into the gas diffusion layers and
at the interfaces with catalyst layers. Comparing the graphs, you can clearly see for each of
them that there is less oscillatory pattern into the gas diffusion layers and there is a kind of
constant flow, except for the portions of the cell in contact with the catalyst layer.
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Figure 57 — Water gas flux, E-87 Figure 58 — Water gas flux, Nafion 211

The purpose of these graphs is to underline how the water content change at the interfaces
with the active layers. In order to explain widely this aspect, figures below (figures 59-60) are
useful to highlight how there is an increase in the production of water flow in the membrane
layer. The cardinal factor that induces this process is the presence of the cathode catalyst layer
that induces the closing of the cycle of cell reactions, having as final product the formation of
water. Because of that, in figure 59 there is a huge peak in the middle of cathode catalyst layer
(around 225 um) and the same can be observed for figure 60. The centre of this layer represents
the part where the catalyst reaches its highest concentration and purity and where it can most
effectively activate the reactions.
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Figures 61 — 62 show how liquid water flux has a different pattern into the cell. In these
figures it is clear that there is no liquid water flux in the anode side. The only liquid water flux
into the cell is on the cathode side and this flow increases in quantity in the cathode catalyst
layer. This is perfectly in line with what will be discuss later: liquid water is expelled from the
anode side of the cell by dedicated devices. Once past this layer, inside the membrane the water
flow reaches an equilibrium situation and begins to be linear with no further fluctuations.
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Figure 61 — Liquid water flux, E-87 Figure 62 — Liquid water flux, Nafion 211

In figures above, liquid water transport comparison for Aquivion E-87 and Nafion 211 are
displayed. The comparison of graphs demonstrate that trends are similar obviously with
different values depending on the membrane’s properties. This is valid for all the other
comparison reported before. The only few variations are function of various membrane
characteristics, which affect the efficiency of water transport.

As explained for oxygen transport, all these factors are linked together and the decrease of
a fundamental parameter such as oxygen transport can only induce a parallel decrease in water
formation. This, chemically speaking, is merely due to a stoichiometric ratio between reagents
and products: as the transport of the reagent decreases, the formation of the product will
necessarily decrease.

In figure 63, the water content of the ionomer for Aquivion E-87 is presented and the graph
shows a lack of homogeneity in the thickness of the ionomer layer. Still looking at the same
figure, different levels of voltage profile are plotted and they show a considerable variation in
the water content within the ionomer. The water content is higher for low values of applied
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voltage and high values of current density, whereas for high values of voltage the water content
of the ionomer seems to reach an equilibrium.

To explain this behaviour, it is necessary to return to the analytical description of the water
content of the ionomer, which was discussed in Chapter 2. The work of Yuan and Ou [54]
defines the ionomer water content as: “the ratio of the number of water molecules to the number
of charge (SO3H+) sites” with the equation below:

A = 0.043 + 17.81 * RH — 39.85 « RH? + 36.0 * RH?

RH is determined by );H—ZO. When the relative humidity is saturated, the gas water becomes
Sat

liquid water and liquid water will plug the pores, reducing reactions speed.[54]

Taking the curve with applied voltage of 0.6 V as example, there is a particular trend. In the
anode catalyst layer the water content decreases until the membrane layer is reached: here the
water content increases. The increase becomes bigger when the cathode catalyst layer is
reached. This trend is due to the combination of different physical phenomena taking place in
the cell. In fact, if it is true that there is a back diffusion phenomenon, there is also an
electrochemical gradient pushing the water towards the cathode, increasing the water content.
The reason why there is a reduction in water content on the anode side is explained in the work
of Yuan et al. who state that at the anode of the cell the steam is in a saturated vapour condition
so that water can be removed.[54]

Finally, I want to underline the increase in the presence of water inside the cathode catalyst
layer due to the closing of the reaction cycle (at 220um).

In figure 64, there are different ionomer water content behaviours studied by Ou and Yuan
in the previous cited work for different values of voltage. I want to report this figure because it
is worthwhile to show how water transport section in the model is validated into the literature.
In fact, it displays the same curve trend of figure 63, with the reduction of water content into
the anode catalyst layer (160/170 um) and the increase of water content once this layer is
overcome.
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Figure 63 - lonomer water content, E-87 Figure 64 — lonomer water transport validation [54]

A final mention must be made for the ion transport phenomena. To improve the transport
of ions inside the cell, it is necessary to choose porous electrodes that allow the passage of ions
by optimizing their transport through some sort of channels. The ions transport is related to the
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other physical transport, so it is necessary to study how it is in relation with water transport. It
should be emphasized that the mass transport of ions is a phenomenon that is widely discussed
but that sees as a driving phenomenon the migration of the same caused by the potential applied
on the cell.[57]

5.6. Proposals for enhancing cell parameters

In order to understand in which aspects are useful to invest considerable economic effort,
research has to find out what the targets are. The main research goal is to achieve high current
levels at high voltage levels, in order to maximize the power output.

Lots of papers describe in which areas it would be better to go deeper in the analysis, looking
for possible future improvements and where it is most valuable to look for a better solution.

In this work, at page 16, it is available a first section of future development. It looks at the
global cell output point of view while now I will analyse how to improve and which layers
would be best to work to improve the performance of the membrane electrode assembly.

Starting from the thermal point of view, PEMFCs have high thermal efficiency, around
65%. This value and all those discussed before are referred to ideal conditions, but there are
some degradation problems that must be taken into account and limited if we want to keep up
target performances over the time. These degradations appear in different parts of the cell and
to limit this aspect some strategy can be used:

e peak cathode potential reduction.
e high voltage. [47]

The first aspect is required to limit cathode catalyst degradation. The high voltage instead,
it activates some consequences: at first high voltage induces high temperature conditions that
prevents a longer life for electrode and membranes but high temperature induces different
kinetics in the cell reactions and so different heat losses management is required.[47]

As mentioned, all the data analysed in this work are based on ideal conditions. But after

several work cycles, the PEMFCs are inevitably subject to degradation, which could worsen
the transport phenomena and therefore the performance.
During this work, different section for the catalyst ink deposition have been treated because the
catalyst/membrane interface is a fundamental aspect to improve cell performances. In fact, if
the catalytic state is able to activate oxidation and reduction reactions correctly, if it has been
treated in such a way to increase the active surface area of the catalyst and if it is capable to
encourage the passage of the various molecules, then the cell's performance will be improved.
There are some issues if this does not occur, as it happens, for example, with the reduction of
platinum that causes a reduction of voltage level preventing a proper oxygen transport.[48]

In other words, to improve cell parameters, great attention must be given to optimising of
the system, especially of catalytic layer and its interface with the membrane. At first using the
correct amount of platinum, which must be placed on the membrane to maximise the active
surface area. Then by enhancing transport parameters, optimising the presence of liquid water:
water content that if reduced does not allow correct wetting of the membrane with a consequent
reduction in current transport, but in excess it occludes the pores and it does not allow correct
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oxygen transport. Oxygen transport that is limited by the reduction of platinum, which it is
necessary to keep costs down, avoiding massive exploitation of the substances.

As for the catalyst, great attention must be paid to optimising the membrane which,
foremost, has to be able to improve the proton conductivity. In addition, my suggestions, from
my limited experience, would be to evaluate these parameters not at 353 K, as it is done in the
papers I have analysed and in the Solvay data sheets, but at 373 K, to start researching at higher
temperatures in order to reduce degradation phenomena.

Improvements to the membrane also include the optimisation of transport phenomena:
enhancement of water balance, improvement of back diffusion processes and oxygen transport.
In addition, it is necessary to assess how interconnected these processes are and how they
require an inclusive review of all aspects, through the use of models such as ours, which are
capable of including all of them.
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6. Conclusions

Proton exchange membrane fuel cells are not a recent technology anymore, yet they are still
promising in terms of future development and commercialization.

Today, in the market a great number of different fuel cells are available, but the automotive
market has already reached the convergence around PEMFCs for their low working temperature
and for their fast start-up time, which is ideal for this kind of application.

There are already some automotive applications on our streets but the main issue to be
overcome is a solid hydrogen distribution grid that can allow owners to refuel their car and to
show the world that FC cars are not something related to the future but they can be a present
solution.

In this work I explained some of the possible ink depositions, the importance of this passage
to define the polarization curve and the consequence of this kind of graph to industrial
development. After a brief passage in the Politecnico laboratory to see how the evaluation of
parameters is performed, I used parameters evaluated from someone else to be more precise
and to avoid excessive approximation.

In this work, I provide eight set of simulations changing for each set the temperature and
moisture conditions. Every step of simulation was carried out for five different membranes
available in the market. The main focus was related to produce a solid result through rigorous
parameterisation of consolidated data from the literature.

Before performing the simulations, I had to understand how the model works and what kind
of parameters have to be changed to perform a correct evaluation of the model. Among all the
parameters, the most important one for the membrane layer is certainly the proton conductivity.
A crucial passage before the simulation was the correct evaluation of this parameter with
Arrhenius equation at reference temperature and moisture conditions.

At the end of preliminary passages, entering the correct values for each type of membrane,
I was able to simulate the cell behaviour. The analysis of the results showed that the most
performing membrane was the Aquivion E87. The first step after simulations was to validate
simulations’ results with the literature polarization and power curve. It was necessary to
demonstrate the model's output results were of the same order of magnitude as those measured
in the laboratory.

In the section of the discussion on simulation results the analysis of current distribution,
oxygen and mass transport is inserted. These are some of the most important physical
parameters to consider for a fuel cell. The way these phenomena interact with each other is the
key to understand the internal cell dynamics and being able to work in the right direction to
improve them. During this work, the comparison between Aquivion E-87 and Nafion 211 for
current distribution, oxygen transport and water transport was carried out by looking at the
graphs available in the model. In addition, curves available in the literature were also used for
comparison in order to validate these parameters.

I would like to underline that all these simulations require solid experimental confirmation
in the future with more precise evaluation of parameters. My work had the aim to highlight the
existence of technologies that can compete or, as simulations have demonstrated, can be better
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than Nafion. This is useful to demonstrate that the overwhelming monopoly of Nafion can be
reduced thanks to new quality membranes that have recently been produced.

The competition in the market is fundamental because it stimulates, on the one hand, the
research for performance and, on the other, a reduction in costs.

In the sector of fuel cells, the aspect of competition is not at all taken for granted as there
are not many manufacturers. If one of these can produce the same component with higher
performance, the market will surely converge in that direction, allowing the company to
regulate prices independently; therefore, indirectly hindering the spread of the technology itself.
Vice versa I believe that a healthy competition can push towards a common effort of each
company to produce the best version of its product and thus the containment of rare metals use,
the improvement of cell performances and the production costs optimization.

I strongly believe that the effort of research combined with the increasing necessity to
accelerate the energy transition could give the final impulse to the creation of an alternative
reality to the traditional motorization. A new technology that can be friendly with the planet we
live on, without filling its atmosphere with pollutants and without triggering a new raid of rare
minerals is possible and it is from today.

I started this course at Politecnico with the aim to be part of this change and I really hope
that one day I will reread this work with the awareness of having been part of it in some way.
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