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INTRODUCTION

The proton exchange membrane (PEM) fuel cell is a promising alternative to the current
energy converters that work with fossil fuels. Its durability, its ability to work at low tem-
perature and its compactness are valuable qualities that could make this device the future of
power sources. Furthermore, the PEM fuel cell does not reject pollutants but only water as
a by-product. Despite all the aforementioned advantages, the PEM fuel cell is not yet fully
commercialised. The main reason is its high manufacturing cost, due among other factors

to the platinum used to catalyse the chemical reactions [I], 2].

A PEM fuel cell is a device that converts chemical energy into an electrical current (Fig.
[1). Similarly to a battery, it operates through a pair of redox reactions separated by an
electrolyte, the proton exchange membrane. However, the anode and the cathode have to
be flushed continuously with fuel (Hy) and oxidant (Os through air) respectively to produce
electrical energy. At the anode, where the hydrogen oxidation reaction occurs, the fuel is

oxidised and delivers protons and electrons:
Hy = 2H" 4+ 2¢e” (1)

The proton exchange membrane allows to transport protons directly to the cathode while
being electrically insulating which forces the electrons to reach the cathode via the outer
circuit. The reaction at the cathode involves the protons and the electrons delivered at the

anode as well as the oxidant to make the oxygen reduction reaction:

Oy +4H" +4e” — 2H,0 (2)
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Figure 1: Schematic of a PEM fuel cell and structure of the catalytic layer. [3]

To decrease the amount of Pt inside the device and, therefore, the cost of fabrication,
the Pt is dispersed in nanometer-sized particles on a conductive carbon support to form the
catalytic layers on each side of the PEM. This configuration provides a high catalyst surface
area but necessitates that the chemical reactants have access to each Pt particle. While the
electrons are conducted by the carbon, the pores of the support are used to supply the other
chemical species. The gas reactants simply diffuse in the carbon structure and a ionomer
network is usually built in the pores to make a path for the protons between the PEM and
the Pt. The ionomer used is a polymer of the same type as the PEM, and the network is

somewhat reconstructed within the catalytic layer during its manufacture.

Using the very general Nernst equation, one can calculate the voltage of the cell in open
circuit, 7.e. when no current circulates in the outer circuit. However, when a current is
produced by the PEM fuel cell, three different voltage drops (or overpotentials, n), which

corresponds to energy losses, are usually distinguished:

1N = Nk + Nohm + Ndiff (3)

The chemical reactions require a certain amount of energy in order to activate and the volt-

age of the PEM fuel cell is decreased by 7. Once this energy barrier is crossed, as the
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current starts to increase, the transport of electrons and ions through the ionomer and the
carbon support becomes a limiting factor (7on,). As a result, the cell voltage decreases lin-
early with the current following Ohm’s law. At larger currents, the supply of gas reactants
becomes slower than the reaction rate. The diffusion of the gas through the electrode to the
active sites causes a further decrease of the cell voltage (n4;r). While the activation energy
is inherent to the chemical reactions and the choice of catalyst, the overpotentials related to
the transport of charges and to the diffusion of gas reactants are sensitive to the electrode
structure. However, the voltage losses are seen as ”black boxes”: for instance, when charge
transport is an issue, there is no way to know if the limitation comes from the ion or the
electron transport in the system. The same comment can be done regarding oxygen trans-
port vs. ion or electron transport. In short, the question is: which of these phenomena is

limiting in the process ?

Inactive layer (without Pt)

a) — b)
R
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Nafion membrane  Active layer (with Pt)

Figure 2: Schematic of the compositions of the catalytic layers envisaged in this master
thesis. (a) Configuration in which the Pt is close to the membrane and far from the oxygen
and electron supply; (b) configuration in which the Pt is far from the membrane and close

to the oxygen and electron supply.

This project aims at studying the origin of the limitations in performance on the cath-
ode side of the PEM fuel cell. In order to discriminate between ion, electron and oxygen
transports, different compositions in catalyst could be considered. The configurations to
be explored are the cases where the catalyst particles are present only on a portion of the
catalytic layer. The contribution of each part of the catalytic layer could be discriminated
and the distribution of Pt could be optimised to decrease the overpotential. Fig. [2| displays



the two opposite distributions which we are interested in. In (a), the catalyst is close to the
membrane and the distance to be crossed by the protons is small. Oxygen is however forced
to diffuse in the whole catalytic layer to reach the active sites and electrons have a longer
path to cross to reach platinum. The distribution of catalyst (b) has the opposite effect
on the chemical species. The protons have to be conducted across the whole width of the
catalytic layer through the ionomer network. The diffusion process that channels oxygen to
the active sites is however reduced to a smaller distance while electrons do not need to cross

the whole catalytic layer to reach Pt.

Structure of the master thesis

After a review of the PEM fuel cell characteristics and working principles, the synthesis of
Pt catalyst on a carbon support is considered (Chapter [2)). Pt on carbon black is synthesised
using an impregnation technique with formic acid as reducing agent. Subsequently, PEM
fuel cells with a constant catalyst composition are manufactured and characterised (Chapter
. Two conditioning techniques are used to stabilise the PEM fuel cell performance and the
degree of reproducibility of the fabrication process is assessed. Unfortunately, the COVID-
19 health crisis prevented to continue the experiments at the laboratory and to characterise
various compositions of the catalytic layers. The last part of this project is thus dedicated to
the development of a 1D model for the cathode catalytic layer (Chapter . The transport
of the chemical species involved in the oxygen reduction reaction is described in a pseudo-
homogeneous catalytic layer. The model is eventually used to evaluate the dependency of
the reaction rate with respect to the medium depth and to check under what conditions the

typical voltage vs. current curve of a PEM fuel cell is obtained.



CHAPTER 1

PEM FUEL CELL FUNDAMENTALS

This chapter is dedicated to the review of the PEM fuel characteristics. The different
fuel cell types are first briefly outlined and compared. The components of the PEM fuel cell
are then described. Finally, the cell performance and the different sources of voltage losses
are tackled.

1.1 Types of fuel cells

A fuel cell is an electrochemical energy converter that uses a fuel to make the oxidation
at the anode and an oxidant at the the cathode to perform the reduction. These electrodes
are separated by an electrolyte that allows the ions to travel between the two electrodes and
prevents an internal shortcut in the device. Different fuel cells are studied based on the type
of fuel used in the electrochemical reactions or the type of electrolyte [4]. In the literature,
one commonly finds five types of fuel cells: alkaline fuel cells (AFC), phosphoric acid fuel
cells (PAFC), molten carbonate fuel cells (MCFC), solid oxide fuel cells (SOFC) and proton
exchange membrane fuel cells (PEMFC).

The alkaline fuel cell (AFC) was the first type of device developed in the fuel cell tech-
nologies. The first prototype was produced by NASA for the Apollo-series missions. At the

anode of the AFC, hydrogen is oxidised and releases water and electrons:
H, +20H™ — 2H,0 + 2e” (1.1)
Oxygen is reduced at the cathode to produce hydroxide ions:

Oy 4+ 2H,0 +4¢~ — 40H™ (1.2)
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The hydroxide ions are transported from the cathode to the anode by the electrolyte made
of potassium or sodium hydroxide [5]. This is the main feature that differentiates them from
acidic fuel cells like PEM fuel cells. The chemical reactions in AFCs have the advantage to
be relatively fast even on low-cost catalysts such as nickel or silver, which leads to reason-
able losses due to kinetic overpotential. However, the electrolyte is easily poisoned by CO,
molecules which forces a high purity of the gas reactants. As H, is usually produced by
steam methane reforming and O, is drawn from the ambient air, this condition cannot be
easily met. Moreover, the device is inconvenient due that the fact that the electrolyte is lig-

uid. Alkaline membranes are nowadays studied in the literature to overcome this problem [6].

Phosphoric acid fuel cells (PAFC) work with the same chemical reactions as the PEM

fuel cells, as described in the introduction; the hydrogen oxidation reaction at the anode:
Hy — 2HT +2e” (1.3)
and the oxygen reduction reaction at the cathode:
Oy +4H" +4e” — 2H,0 (1.4)

The differences between the two devices are the use of phosphoric acid (H3POy) dispersed in
a silicon carbide matrix as the electrolyte and the higher operating temperature of the device
(approximately 473 K vs. 343 K for PEMFCs). The major drawback of this technology is
that it is adapted to large stationary applications only due to the long warm-up procedure
and the risk of electrolyte freezing at room temperature. Also, like PEM fuel cells, the Pt

catalyst used is sensitive to CO poisoning.

The molten carbonate fuel cell (MCFC) principle is based on the reaction between hy-

drogen and carbonate ions:
Hy + CO3™ — HyO + COy + 26~ (1.5)
The cathode reaction involves oxygen, carbon dioxide and electrons:
2C0y+ 0y +4e” —2C0O5 (1.6)

Carbonate ions travel from the cathode to the anode by the electrolyte made of molten car-
bonate and alkaline metals, usually lithium and potassium (LioCO3/K;COs3) [5]. Because
the electrolyte needs to be in liquid phase to operate, the temperature of the device is about
873 K. The reactions in MCFCs coupled with the high operating temperature allow to resist

to CO and CO; poisoning and to use directly CHy as a fuel. The device is nevertheless not



completely "green” in that case as it requires and rejects CO,, which is ideally recycled. The
other drawbacks of MCFCs are that it is suitable for stationary applications only and the
electrolyte is subject to corrosion.

Another fuel cell type is the solid oxide fuel cell (SOFC). The ions in such cells are O*~
produced at the cathode:
Oy +4e” —20* (1.7)

Those ions reacts with the hydrogen at the anode to produce water:
Hy + 0% — HyO +2e” (1.8)

The electrolyte is a layer of ceramic usually composed of stabilised zirconia material that
exhibits a good ionic conductivity at very high temperature (873 K to 1273 K).

Finally, the PEM fuel cells shortly described in the introduction are the most promising
fuel cell devices. This type of device works at relatively low operating temperature (343
to 363 K) thanks to its membrane electrolyte. Their warm-up procedure is fast, whatever
their size, and the electrolyte is a solid polymer membrane. Furthermore, PEM fuel cells can
be used in different applications [7]: portable devices, transportation or stationary systems.
However, the Pt to catalyse the reactions is an expensive material, which is one of their main

drawbacks. PEM fuel cells are fully described in the next section.

1.2 PEMFC components and working principles

As any electrochemical generator, a PEMFC is composed of two electrodes separated by
one electrolyte. The most used material for the electrolyte, the proton exchange membrane,
is made of perfluorosulfonic acid/ tetrafluoroethylene copolymer, also named Nafion® [g].
Apart from being a reactant barrier and preventing an internal shortcut, the advantages
of this compound are its good proton conductivity, its good mechanical properties and its
resistance to both oxidation and reduction thanks to its Teflon® backbone [9]. The ionic
conductivity is nevertheless highly dependent on the water content of the membrane. This
is the reason why the fuel and oxidant have to be supplied with high relative humidity [10].
The membrane usual thickness can go from 50 ym for Nafion® 212 to 183 pum for Nafion®
117. Attempts to decrease the thickness have led to cells with lower resistance, but also with

lower lifetime due to mechanical breakage.
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Figure 1.1: Catalytic layer structure inside the cathode of the PEM fuel cell. [11]

The electrochemical reactions in the PEM fuel cell are catalysed by Pt or Pt-alloy on
both the anode and the cathode. The active sites are spread on a porous carbon support to
maximise the number of active sites per unit volume of the electrode. [12] Nafion® is also
added as a binder and ionic conductor to form the catalytic layers on each side of the PEM
(~10 pm) (Fig. [1.1)). This part of the electrode has multiple properties [9]:

e porosity for hydrogen (at the anode) and oxygen (at the cathode) to reach the catalyst;
e proton conductivity between the catalyst and the PEM;
e clectronic conductivity between the catalyst and the outer circuit.

The catalyst sites thus need a triple contact between Pt, C and Nafion® to form an active
site and accessibility of the reactant to the active site through the pore network. The carbon
provides electronic conductivity while Nafion® conducts the protons. The ratio in weight of
these two compounds has to be carefully chosen in order to provide enough void for the gas

supply while ensuring good electric and ionic conductivities [13].

Gas diffusion layers (GDL) are situated next to the catalytic layers. The GDL is generally
composed of two sub-layers. The main sub-layer is macroporous and electrically conductive,

usually carbon cloth or carbon paper (200-400 pm). It allows to collect the electrons, provide
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a uniform gas feed and homogenise the pressure on the catalytic layer. The second sub-layer
close to the active sites is a thin micro-porous hydrophobic carbon layer (~50 pm) [8]. Its
role is to remove the water produced from the ORR directly at the cathode or at the anode
through the membrane. It prevents the catalytic layer from flooding by the water produced
[14].

Outlet Cutlet Cross flow Main flow

Inlet Inlet
(A) (B) (C)

Conventional flow field Interdigitated Mow field Serpentine flow Tield
Figure 1.2: Plane view of bipolar plates highlighting different flow channels architectures.
4]

Finally, the last significant parts of a PEM fuel cell are the bipolar plates. They are
usually made of graphite, stainless steel or coated metal to avoid corrosion. They contain
the inlet and outlet holes for the reactants and they supply the gas to the GDLs on both
side of the fuel cell. The bipolar plate has two main functions: (i) carry the current away
from the cell, and (ii) distribute the flow of gas reactant to the electrode [I5]. Many parallel
flow channels connect the two holes in order to uniformly distribute the fuel or oxidant. The

geometry of the channels in the plates is variable and is a current hot research topic (Fig

19).

1.3 Open circuit voltage

At equilibrium, the theoretical potential E for a redox reaction at one electrode:

Ox +ne” = Red (1.9)
is given by Nernst equation:
RT Po
E=Fy+—In|— 1.10
ot nF <PR) ( )

where Ej is the standard potential, R is the perfect gas constant, T is the temperature, n
is the number of electrons transferred in the reaction, F' is the Faraday constant and po, pr

are the partial pressures of the oxidised and the reduced form respectively. Applying this
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equation to both electrodes of the PEM fuel cell gives the theoretical open circuit voltage
(OCV) ENernst, i-€. the voltage when no current is delivered by the cell:

ENernst - Ec + Ea (111)

with ¢ and a being the subscripts for cathode and anode [16]. When developing the two

terms for the hydrogen oxidation reaction at the anode:
Hy — 2H" 4+ 2e” (1.12)

and the oxygen reduction reaction at the cathode:

Oy +4H" +4e” — 2H,0 (1.13)
the equation for Fy., becomes:
RT
ENernst - EO,C + E 111[])(02) (p(HQ))2] (]‘]‘4)

with Ey, = 0 V by convention and the water produced assumed to be liquid [12]. The
theoretical value for the OCV is 1.229 V at 298 K and with pure Hy /O, at ambient pressure.

In practice, the PEM fuel cell never reaches Epn.mnst €ven with no net current produced.

It is due to Hy crossover and mixed potential [I7]. Indeed, a portion of the Hy injected at

the anode crosses the PEM and is oxidised at the cathode. Also, Pt catalyst particles are

not stable on the cathode side at potential close to Enems and are partially oxidised with
the following reaction:

Pt + H,O — PtO +2H' +2e” (1.15)

Moreover, carbon is oxidised at this electrode potential. Thus, four reactions occur at the
cathode: Pt and C oxidations, HOR and ORR. The practical open circuit voltage Focv

reported in the literature is thus closer to 1 V due to that mixed potential.

1.4 Overpotential

The open circuit voltage Eocy previously described is the cell voltage when no current is
delivered by the PEM fuel cell. When one wants to generate power from the device, the cell

voltage E gets lower as the current increases. The cause for the voltage drop or overpotential
n=FE— Eocv (1.16)

is commonly attributed to three factors [3, [12]: (i) the kinetics of the reactions (1), (ii)

the ohmic resistance of the device (7,,) and (iii) the mass transport, via the diffusion of
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the reactants inside the electrodes (14¢). The typical current density/cell potential plot or
polarisation curve for a PEM fuel cell is represented in Fig. and shows the dependence
of the overpotential to the three aforementioned factors [12]:

1 = Mk + Nohm + Ndifs- (1.17)

Note that, as the cell voltage F decreases when the current [ increases, the power delivered
by the PEM fuel cell:

P=EI (1.18)

exhibits a maximum between 0.6 and 0.7 V. Therefore, the operating voltage for the device

is usually around these aforementioned values

1.4 Typical polarization curve of a PEM fuel cell
Nernst potential
12 RN EENEEEE NN NN NN NN RN NN NN NN RN NN NN NN NN N]
Vocv
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Figure 1.3: PEM fuel cell polarisation curve. [3]

1.4.1 Kinetic loss

The relation between the current and the kinetic potential drop for a redox reaction at

one electrode:
forward

O +ne R (1.19)

backward

14



is given by the Butler-Volmer equation:

O ang F Chre 1—a)n, F
i =1 (C’O exp[ BT 77} - C’O;lexp {_(R)—TU}> (1.20)

where i is the current, iy is the exchange current, « is the transfer coefficient, n, is the
electron transfer number, C' and C° are associated to the concentrations at the electrode
surface and far from the electrode, ox and red are subscripts for oxidants and reductants.
F'is the Faraday constant, R is the gas constant and 7' is the temperature. « is a constant
related to the symmetry of the energy barrier [16]. It takes a value between 0 and 1 and
it is equal to 0.5 for the ORR and HOR [I8]. As the Butler-Volmer equation accounts for
a reaction with the exchange of one electron, n, is introduced in the exponential factor
for reactions involving more than one electron exchanged. n, differs from the number of
electrons transfered n in Nernst equation. Its value is 2 for the HOR and can be 1 or 2
depending on the cathode potential for the ORR [18]. The two terms into brackets of Eq.
[1.20] correspond to the forward and backward redox reactions at one electrode and their

associated current can be written as:

, [ Co ang F
1 =1 (CO exp {%]) (121)
. . Cred |: (1 —O[) noan:|>
W = —1 exp |———=—1 | - (1.22)
<O7(“)ed RT

where f and b subscripts stand for forward and backward, respectively.

When talking about a cell with two redox reactions and two electrodes, the anodic and

cathodic currents are both given by the Butler-Volmer relation and are always equal
io = i (1.23)

The associated cell overpotential or drop in performance can be written as the sum of the

contribution from each electrode:
1N = "Na + 7. (1.24)

At the open circuit voltage (n = 0), when both electrodes are at equilibrium (i.e. their
Nernst potential), no net current is produced. Nevertheless, an exchange of electrons still
occurs on both the anode and the cathode. This current is equal for the backward and
forward reactions and is named the exchange current 7. In the case of the HOR and ORR
occuring in the PEM fuel cell, iy is two orders of magnitude smaller for the latter reaction
[18]. A smaller value of iy means that a larger overpotential is needed in order to activate

the reaction and deliver a net current ¢. In practice, the kinetic loss in a PEM fuel cell is
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thus attributed to the cathode reaction only as 7, << nc.

When overtaking this kinetic loss and reaching larger currents, the effect of the backward
reaction in the Butler-Volmer relation can be neglected and the low-current polarisation
curve, i.e. the portion of the curve where the reaction rate does not affect the concentration
of reactants in the cell (C,, = C?)) is generally described using the so-called Tafel equation
[16] applied to the ORR of the cathode electrode:

i = ige (exp {%TF”D (1.25)
The kinetic loss is:
e = a + b log(i) (1.26)
where: 2.3RT 2.3RT
a= o F log(io.) b= EP—t (1.27)

1.4.2 Ohmic loss

At higher current, the ohmic loss becomes significant with the emergence of a linear slope

in the polarisation curve (Fig. . This ohmic overpotential is expressed as
Tohm = RzZ (128)

with R, being the internal resistance of the PEM fuel cell. R; includes mainly (i) the
resistance due the PEM, (ii) the contacts between each component of the device and also

(iii) the electronic resistance which is usually negligible [3].

1.4.3 Diffusion loss

When the current increases, the oxygen consumption gets faster in the electrode. As a
result, the concentration of gas reactant inside the catalytic layer becomes smaller than the
inlet concentration of the fuel cell. The catalytic layer is depleted of reactant as the diffusion

process inside this porous material hinders the gas transport to the active sites [3].

Going back to Eq. , the reactant concentration issue is introduced with the C'/C? fac-
tors before the exponential terms. However, the actual concentration of reactant inside the
catalytic layer cannot be retrieved experimentally and prevents the development of an ana-
lytic expression for the diffusion voltage loss 14 and the whole polarisation curve. Different
empirical models are reported in the literature [19, 20] where the diffusion overpotential is

retrieved from the fit and the subtraction of the kinetic and ohmic overpotentials. Even
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though those models give a perfect fit for the polarisation curve, it does not provide any

insight into the concentration and diffusion loss of the PEM fuel cell.

In Fig. [1.4a) PEM fuel cells were manufactured with gas diffusion layer fabricated with
different techniques [21]. As a result, the porosity of the components is varied and the water
management in the electrode implies different diffusion losses. Similarly, the Nafion® con-
tent is changed in the catalytic layer (Fig. |1.4b). For a too small amount of Nafion®, the
ionomer cannot play its conducting role. On the contrary, a high Nafion® content blocks
the carbon pores and the gas supply to the catalyst. Those examples of the diffusion over-

potential show that multiple parameters can be responsible for a decrease of the performance.

1.
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Figure 1.4: Polarisation curves for different gas diffusion layer fabrication techniques im-
plying different porosity (a) and for different Nafion® content in the catalytic layer (b).
[21]

1.5 Conclusion

In this review of the PEM fuel cell, the role of each component was described. Moreover,
the different factors impacting the performance of the device were outlined. The present
work aims at determining how each part of the catalytic layer, i.e. the medium where the

chemical reactions are catalysed, is impacted by the cell voltage drops or overpotentials in
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order to, later, increase its efficiency. While the active surface area is optimised by synthesis-
ing smaller particles to reduce the cost of the device, knowing how each part of the catalytic
layer works would allow to optimise the distribution of catalyst and further decrease the
cost. The following chapters of this master thesis are dedicated to the implementation of
membrane-electrodes assemblies and to the spatial dependence of the overpotential inside
the cathodic catalytic layer of the PEM fuel cells.
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CHAPTER 2

ELECTROCATALYST SYNTHESIS AND
CHARACTERISATION

2.1 Introduction

One of the current challenges encountered in the field of fuel cells is the diminution of the
amount of Pt inside the catalytic layer while maintaining a high power density. Indeed, the
use of this catalyst increases the cost of the device and limits its commercialisation. Several
strategies were investigated to counter this drawback including an optimised dispersion of

Pt and the development of more active Pt-alloy electrocatalysts [22].

Dispersing the catalyst consists in synthesising smaller Pt particles to reach a larger sur-
face area per weight of catalyst and thus increase the number of active sites. However, the
activity of Pt for the oxygen reduction reaction occurring in the PEM fuel cell is structure-
sensitive. When smaller particle sizes are reached, more active sites are situated on the edges
of the Pt particles where the intermediate products of the ORR are more strongly bound.
As a result, the kinetics of the ORR tend to decrease for smaller catalyst particle sizes. The
optimal Pt particle size is of the order of 3 to 4 nm for the best performance of the fuel cell

as it maximises the mass activity, i.e. the current per unit mass of Pt [23 [24].

A common choice for the carbon support is carbon black. This support is easily available
as it is produced by thermal decomposition of hydrocarbons; it is widely used as ink pigment
or as additive to improve the mechanical properties of rubber in the tire industry. Carbon

black is composed of microporous near-spherical particles with sizes of the order of 10 to 400
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nm. This leads to a large surface area and the presence of pores in the range of 10 to 20 nm
while maintaining a proper electron conductivity. The large surface area allows to disperse
the catalyst particles. The pore texture is used to build the Nafion® network and diffuse
the reactants and products. Finally, the carbon has to supply electrons to the active sites.
[25]

Many different methods to obtain Pt nanoparticles on a carbon support are described
in the literature. These methods include (i) deposition from the gas phase using thermal
vapour deposition or metal sputtering and (ii) deposition from liquid phase based on the

colloidal synthesis, the electrodeposition or the impregnation. [25]

In this project, the synthesis of catalyst is approached for the purpose of making PEM
fuel cell catalytic layers with various compositions. Pt deposited on carbon black is prepared
using a one-step synthesis: the direct impregnation-reduction in liquid phase with formic acid
as reductant. This method was previously developed at the laboratory on a different carbon
support [26] and the obtained catalysts were compatible with an utilisation in fuel cells. The
Pt/C powders are then characterised with physical and electrochemical methods in order to
verify the nature of the products and evaluate their catalyst particle size and activity prior

to electrode manufacturing.

2.2 Experimental

2.2.1 Synthesis

The synthesis route utilised for this project is the easy-to-implement impregnation using
formic acid (HCOOH) as a reducing agent. It consists in reducing a Pt salt (HyPtClg.6H,0)
in liquid phase on a carbon support (C black). Four different batches numbered from 1 to
4 were made to check the reproducibility of the synthesis technique. In order to compare
the synthesised powders with a commercial Pt/C black catalyst (Premetek P10A200), the
composition was chosen as 20 wt. % of Pt. The experimental setup is displayed in Fig.
and the procedure is the following [27, 26]:

e 0.3 g of XC-72R carbon black (Cabot) are dispersed in 200 mL of 2 mol L™" formic

acid (HCOOH) solution using a magnetic stirrer;

e the solution is heated to 333 K in an oil bath;

20



e 100 mL of 4 mmol L™ of HyPtCls.6H,O are integrated into the solution by steps of
10 mL;

e the solution is filtered after 1 h stirring using a Buchner funnel and washed 5 times
with 125 mL of MilliQQ water;

e the obtained powder is dried overnight under air at 323 K.

Round flask

Reagents

Stir bar
Qil

Magnetic stirrer

and heater @ @

Figure 2.1: Schematic of the experimental setup used for the impregnation using formic

acid synthesis.

2.2.2 Physical characterisation

X-ray diffraction (XRD)

X-ray Diffraction is a non-destructive method that allows to determine the chemical com-

position of a crystal. This technique is based on the scattering of an X-ray beam by the
atomic electrons of the crystal to be characterised. Indeed, for a lattice spacing of the same
order of the wavelength of the X-rays, the beams scattered by different atomic planes inter-
fere with each other. These interferences then give rise to maxima and minima according
to Bragg’s law. The resulting pattern is specific to the crystallographic arrangement of the

material and thus to its chemical composition. [12, [16]
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The output given by the XRD is the intensity of the scattered X-ray as a function of
the diffracted angle. Paul Scherrer noticed that the peaks corresponding to the maxima of
interferences is broadened when the size of the coherently diffracting domains or crystallites

is shrunk. He derived the relation between these two quantities:

K

dxrp = m (2.1)

where dxgrp is the crystallite size, K = 0.89 is the Scherrer constant for spherical particles,
A is the wavelength of the incident X-ray, B is the full width at half maximum of the peak
(FWHM) and € is the position of the peak in the diffractogram. [12} 28§]

The XRD was performed with a Siemens D5000 goniometer using the Cug,, line (Ni filter).
The crystallite sizes dxgrp were obtained by fitting a Gaussian function on a diffraction peak
in order to retrieve the FWHM. Those fittings were made on the larger peaks with the aim

of reducing the error.

Transmission electron microscopy (TEM)

The synthesised catalysts were observed with a Jeol 2010 transmission electron mi-
croscope (200 kV, LaBg filament). The Pt/C powders to be imaged were deposited on
millimeter-sized copper grids previously soaked in ethanol. Those copper grids were then
clamped into the rod-shaped specimen holder and could be inserted in the vacuum chamber
of the TEM. The Pt particle diameters were measured by contrast analysis using the ImageJ
software. In principle, to get reliable results, the measurement should be performed on at
least 100 particles (assuming that the analyzed sample area is representative of the whole

material).

2.2.3 Electrochemical characterisation

In a PEM fuel cell, two half electrochemical reactions occur near each electrode. For the
next characterisation techniques, namely CO Stripping and Rotating Disk Electrode (RDE),
the experimental setup consists in simulating one side of the fuel cell. This half-cell setup is
commonly composed of three electrodes (Fig. [26]. The working electrode (WE) is made
of a disk of glassy carbon surrounded by a Teflon sheath and connected to a rotating motor.
The counter electrode (CE) is a Pt wire ended by a Pt mesh. As a current is produced,
an overpotenial modifies the potential of the CE. This effect prevents the CE potential to
be used as a reference potential. The potential of the WE is thus imposed with respect to

an isolated reference electrode: a normal hydrogen electrode (NHE). Those three electrodes
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are immersed in an electrolyte composed of perchloric acid (0.1 M HCIO,4) which allows to
transport the ions. Gas can be bubbled in the electrolyte via a gas inlet to purge the solution

or to get the reactants for the specific reactions considered.

' Reference
electrode

Reference
electrode

Working Counter electrode
electrode

Figure 2.2: (a) Picture and (b) schematic of the three-electrode half-cell set-up.

To perform the experiments, an equivalent catalytic layer had to be deposited on the
WE. Inks were prepared with the following composition: 18.3 mg of the Pt/C powders, 3.6
mL of Milli-Q water, 86.4 mg of 5% of Nafion® solution and 1.4 mL of isopropyl alcohol.
The mixtures were homogenised by sonication for 15 min. 10 uL of the inks were dropped on
the glassy carbon disk of the WE. After evaporation of the solvent, a drop of the electrolyte
was deposited on the layer of catalyst and the WE was placed under vacuum for 15 min.
This enabled the outgassing of the catalytic layer and improved the wetting between the
catalyst and the electrolyte [26].

CO stripping

The CO stripping voltammetry is a technique allowing to measure the electrochemical
surface area, i.e. the active surface area of catalyst per unit mass. The method is based on the
adsorption and electrooxidation of CO molecules on the Pt catalyst surface. The electrolyte
is first saturated with CO by bubbling at a fixed WE potential. In that configuration, CO
acts like a poison for the catalyst and covers the entire surface of the Pt particles. An inert
gas is then bubbled to remove any residual CO molecules in the liquid solution. A linear
potential sweep is finally performed and the carbon monoxide that is adsorbed on the Pt is

electrooxidised:
CO +HyO — COy +2H" +2e (2.2)

23



This reaction results in a production of electrons and a current peak proportional to the Pt

surface area in the voltammogram.

The experimental procedure is the following. A potential of 0.1 V vs. NHE is applied to
the WE and gaseous CO is bubbled in the electrolyte for 6 min. The electrolyte is purged
with Ar for 39 min to remove the oversupply of CO. The CO molecules on the Pt surface
are then removed by cycling the potential from 0.05 to 1.23 V vs. NHE at 20 mV s'. Two
more cycles with the same parameters are performed subsequently. A peak appears on the
voltammogram for the first cycle due to the electrooxidation of the CO and it can be isolated

by subtracting the third cycle. [26] The Pt surface area Sco (m? gp,) can be computed using:

Speak

Sco = (2.3)

Vscan TPt CCO

where Speqr (A V) is the surface of the peak extracted from the cyclic voltammetry, vgea, (V
s1) is the scan speed, mp; (g) is the mass of Pt on the WE and Cgo (= 420 1072 C m™?)
is the charge per unit surface necessary to electrooxidise a full mono-layer of CO on a Pt
surface [12]. An equivalent Pt particle diameter dco (m) can be calculated from the catalyst

specific surface area [29]: ,
6 10~
dco = Sco (2.4)
with pps (kg m™3) being the density of Pt. Furthermore, the position of the electrooxidation
peak is also related to the Pt particle sizes. Pt diameters smaller than 2 nm are responsible
for a peak near 1 V vs. NHE while Pt particles larger than 3 nm produce a peak at 0.8 V
vs. NHE. The presence of Pt aggregates in the catalyst powders produce a peak at lower

potential (0.75 V vs. NHE).

Another feature of this method is that it is possible to verify the amount of catalyst de-
posited on the WE. Indeed, the Pt particles undergo no modification of their surface around
0.4 V vs. NHE and no oxidation or reduction peaks are drawn on the voltammograms.
Nevertheless, there is a difference in current between the positive and the negative scan of
the cycle in this potential region. This arises from the charge-discharge of the carbon black
substrate inside the catalytic layer which acts as a capacitor [12]. A thicker layer would thus
lead to a larger capacitive current near 0.4 V vs. NHE and a thinner layer would have the
opposite effect.
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Oxygen reduction reaction on rotating disk electrode (RDE)

The second electrochemical method is used to measure the activity of the catalyst for
the oxygen reduction reaction (ORR). RDE experiments consist in saturating the electrolyte
solution in oxygen to provide reactant for the reaction and decreasing the potential of the
WE from the Nernst potential to a lower value. Due to the slow kinetics of the reaction
[18], the current is not produced right below the Nernst potential. The potential of the WE
needs to be decreased by the high kinetic overpotential of the ORR. After overtaking this
potential barrier, the current increases with the decrease of the potential until reaching a
plateau. Indeed, the reaction rate is then limited by the diffusion film through which the
oxygen travels to the WE. This mass transfer limitation can be decreased by increasing the
rotating speed of the WE as it allows to shrink the diffusion film. The RDE measurements
are usually performed with several rotating speeds: the kinetic part of the curve at high
potential is overlapped while the limiting current at lower potential is increased with larger
rotating speeds. The activity of the catalyst is retrieved from the Koutecky-Levich equation

introduced below.

The experimental procedure is described hereafter. Oxygen is bubbled in the liquid
electrolyte of the half-cell setup for 15 min. The current is recorded while cycling the
potential of the WE from 0.4 to 1.09 and again to 0.4 V vs. NHE at 2 mV s'. Those
measurements are performed with rotating speeds of the WE of 1600 rpm and 2500 rpm.
[26] The kinetic current iy, that means the current without the diffusion limitation, can be
computed with the Koutecky-Levich equation [16]:

L o5
i T 9

where 7 is the current measured experimentally at 0.9 V vs. NHE and i; is the mass transfer

limiting current depending on the rotation speed of WE [30]. The average of those kinetic

currents obtained for the different rotating speeds is divided by the catalyst surface areas to

get the specific activities of the catalysts, SA, at 0.9 V vs. NHE. Similarly, those currents

can be divided by the mass of catalyst that coats the electrode to obtain the mass activities,

MA, at 0.9 V vs. NHE.
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2.3 Results and discussion

The diffractograms of the four obtained catalysts are displayed in Fig. They are
compared to the diffractogram obtained using the reference commercial catalyst (Premetek
P10A200). Each pattern displays the three peaks related to Pt: at angles 39.7°, 46.2° and
67.5° corresponding to Pt(1 1 1), Pt(2 0 0) and Pt (2 2 0) facets respectively [31]. The
average crystallite sizes for the four batches and the commercial catalyst are computed using

Scherrer

Batch 1

Batch 2

Intensity (a. u.)

Batch 4

Commercial ; i i
i ' ._....-:-._ -

0 20 40 60 80
26 (%)

Figure 2.3: Diffraction patterns for the four batches synthesised at the laboratory and the
commercial catalyst. The intensity of the peaks are plotted as a function of the diffracted

angle 26.
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Examples of images collected for the four catalyst batches are displayed in Fig[2.4] The
denser Pt particles are darker and fixed on the greyish carbon black substrate which has
sizes of the order of 100 nm. The Pt particle diameters are of the order of 1 to 10 nm and
were reported in histograms in Fig. Note that too low amount of particles were used
to establish the histograms: the health crisis prevented from obtaining enough data. The

number of particle sizes collected is of the order of 100 for each batch.

(c) Batch 3 (d) Batch 4

Figure 2.4: Example of TEM images for the four batches synthesised at the laboratory.

The scale bar is 20 nm in each image.
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Figure 2.5: Histograms of the Pt particle size distribution obtained by TEM image analysis
for the four batches.

The CO stripping voltammograms for the four batches synthesised at the laboratory and
the commercial catalyst are shown in Fig. 2.6] The capacitive currents hint that the amount
of electrocatalyst deposited on the WE is not the same for every batch. The commercial
catalyst and the batch 1 have a similar capacitive signal near 0.4 V vs. NHE. As a result, the
CO stripping peaks of batches 2, 3 and 4 cannot be used and compared to the others. The

catalyst surface areas are thus computed using Eq. for the batch 1 and the commercial
catalyst.
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Potential (V vs. NHE)
Figure 2.6: First cycle of the CO electrooxidation voltammograms for the four batches and

the commercial catalyst. The scan speed is 20 mV s'. The CO stripping peak is located
near 0.8 V vs. NHE.

For similar reasons, only the RDE experiments of the batch 1 and the commercial cat-
alyst are displayed in Fig. 2.7al The curves exhibit no current for a potential close to the
standard potential of the oxygen reduction reaction (~ 1.0 V vs. NHE). The current then
increases for smaller potential differences to finally reach the limiting mass transfer current
1;. For comparison, the RDE curves for different rotating speeds of the WE are shown in
Fig. As expected, a larger rotating speed allows a better transport of the species to
the Pt particles inside the electrolyte. The limiting current for < 0.6 V vs. NHE is larger
for 2500 rpm than for 1600 rpm.

29



0.0 0.0 i
-0.2 -0.2
) — Commercial — 1600 rpm

”a —Batch 1 < -04 2500 rpm
E£-04 £
g 508
S -0.6 5
O O -0.8 /

08 -1.0

-1.0 1.2

0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Potential (V vs. NHE) Potential (V vs. NHE)
(a) (b)

Figure 2.7: Current-voltage curves for the positive scan (0.4 to 1.09 V vs. NHE) of the
rotating disk electrode coated with (a) the batch 1 and the commercial catalyst for a WE
rotating speed of 1600 rpm and (b) the batch 1 for WE rotating speeds of 1600 and 2500
rpm. The voltage scan speed is 2 mV s!.

The particle size values calculated with the different characterisation methods are re-
ported in Table 2.1 The standard deviations of the distributions of the particle sizes ob-
tained with the TEM are also displayed. Since the values obtained with the CO stripping
are surface-sensitive, they in principle can be compared with the surface averaged diameter
from the TEM [32]:

Yn; d?
B Yniqg?
and the volume-sensitive diameters obtained with XRD can be compared with the volume
averaged diameter from the TEM [32]:

dg

(2.6)

dyv =

(2.7)

where n; is the number of particles of size d;. The activities are displayed in Table [2.2]
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Table 2.1: Properties of the catalyst particles measured by physical and electrochemical

techniques.

Catalyst drey O ds dv  dxrp iciliccom  Sco dco
(nm) (om) (nm) (nm) (nm) (m® g) (nm)

Batch 1 3.8 2.4 7.0 8.6 2.6 1.0 64.7 4.3

Batch 2 3.8 3.1 9.1 10.8 3.0 2.5 54.3 5.1

Batch 3 4.2 3.5 9.6 11.2 3.3 1.9 31.5 8.9

Batch 4 4.3 2.5 157 214 2.8 1.6 27.6 9.3

Commercial / / / / 2.1 1.0 80.5 3.5

drey: Pt particle mean diameter, o: standard deviation measured by TEM image analysis
for the four batches. dxgp: crystallite size for the four batches and the commercial
catalyst. dg: surface weighted particle size, dy: volume weighted particle size obtained
with TEM for the four catalyst batches. Sco: Pt particle surface area, doo: particle

diameter measured by CO stripping. i.;/iccom: normalised capacitive current.

Table 2.2: Kinetic current i, specific activity SA and mass activity M A for the synthesised

and the commercial catalysts.

Catalyst ir (mA) SA (Amp)) MA (A gp))

Batch 1 0.26 0.110 7.2
Commercial 0.21 0.087 5.7

The sizes of particles are displayed in Table and the specific and mass activities are
shown in Table 2.2l The XRD peak indicated that the electrocatalysts synthesised at the
laboratory have small average crystallite sizes (2.6-3.3 nm) similar to the commercial powder
(2.1 nm). This result is confirmed with the CO stripping peak of the batch 1 with a value
of 4.3 nm for the particle size compared to 3.5 nm for the commercial catalyst. The RDE
method displayed reasonable specific and mass activities for the batch 1 compared to the
commercial catalyst and the catalysts prepared in a previous work at the laboratory [26].
The TEM image analysis led to particle size distributions with large standard deviations
(Table . The image analysis showed much more inhomogeneity of the dispersion and ag-
glomeration of the Pt particles than results obtained in the literature for a similar synthesis
method [27, 26]. The surface weighted and volume weighted particle sizes from the TEM
nevertheless dispayed large values indicating that a too low number of particle sizes was used
for the computation. The data collection to get a larger amount of TEM micrographs was

made impossible due to the health crisis. The values of the CO stripping for the batches 2 to
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4 (Table are far from the optimal size for the OR . The difference could come from the
use of carbon xerogels instead of carbon black in the latter articles. The deposition of the
catalyst is indeed sensitive to the textural and pore properties of the carbon support [33]. A
more pragmatic reason for the agglomeration of the Pt particles could be the lack of control
in the synthesis route concerning the addition of the Pt salt (HoPtCls.6H20) in formic acid
and carbon solution. A faster addition could lead to Pt agglomerates and thus to less dis-

persion. The injection flow of this compound should be carefully controlled for better results.

2.4 Conclusion

In this chapter, the synthesis of Pt catalyst was performed in view of further producing
PEM fuel cells with variable catalytic compositions. Pt on carbon black was synthesised with
the formic acid reduction technique. Four batches were made and characterised using the
XRD, the TEM, the CO stripping technique and the RDE. While the activity of the catalyst
was comparable to what is encountered in the literature, the sizes of the synthesised particles
showed larger mean sizes and standard deviations. This inhomogeneity of Pt particle sizes
could arise from a too fast injection of the Pt salt and thus a too fast reduction of Pt on the
carbon support. In order to solve that problem, other syntheses were planned to be made
with the use of a syringe pump to control the aforementioned injection. The experiments

were unfortunately stopped due to the 2020 health crisis.
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CHAPTER 3

PEM FUEL CELL MANUFACTURE AND
CHARACTERISATION

3.1 Introduction

After the synthesis of the catalyst, PEM fuel cells can be manufactured and charac-
terised. The hydrogen oxidation reaction at the anode and the oxygen reduction reaction
at the cathode occur in the catalytic layers which are separated by the proton exchange
membrane. Several techniques are listed in literature to make the catalytic layers. Among
them, one can cite the electrodepostion, the sputter method [34] or wet techniques such
as the doctor blade method [35] and the spray deposition [36]. With the latter, a mix of
catalyst powder, Nafion® and solvents, called ink is first prepared. The ink is then sprayed
in small droplets directly onto the PEM through a pressurised flow of air. The solvent is
evaporated during the deposition as the PEM is placed on a heated substrate. The remaining

dry deposit forms the catalytic layer.

The ink composition will define the final catalytic layer composition and, later, the per-
formance of the fuel cell. The ratio between the weight of Nafion® and carbon (N/C) is of
primary importance. A high concentration of Nafion® in the catalytic layer provides a good
ionic conduction but can obstruct the carbon pores and the gas supply to the catalyst or
can decrease the electric conductivity by isolating the carbon particles from each other. The
N/C ratio is reported to be optimal between 0.3 and 0.8 [37, [13, [38].

A hot pressing is usually performed between the newly catalyst coated membrane and
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the gas diffusion layers (GDLs). This provides better interfacial contact between the com-
ponents and enhance the reproducibility [9]. This membrane-electrodes assembly is then

clamped between the bipolar plates inside the cell.

After the manufacture and assembly process, a PEM fuel cell requires a break-in period in
order to be fully activated and to reach its best performance [39]. The goal of manufacturers
is to minimise this period of time in order to decrease the cost of an operating device and
to consume less reactants. Even though no diagnostic tools were able to give the reasons for

the necessity of an incubation step, hypotheses are listed in the literature [40]:

e the use of the catalyst allows to remove the impurities possibly introduced during the
fabrication of the fuel cell;

e the activation step has beneficial effects on the structure of the catalytic layer and and

leads to the formation of passages to catalyst particles that were previously inaccessible;

e the Nafion® included in the catalytic layer as well as the membrane have to be hydrated

long enough to provide an acceptable ionic conduction.

Practitioners reported different procedures to accelerate the activation of the fuel cell as
no standard procedure currently exists. Those methods include (i) exposing the fuel cell
to higher gas pressure or temperature than the operating conditions [39, 4], (ii) restarting
the fuel cell after stopping the gas supply and the heating system [42] or (iii) imposing a
sequential profile of potentials [43].

In this master thesis, PEM fuel cells were made via techniques previously elaborated at
the laboratory. The robot spray deposition method was used to deposit the catalyst onto
the PEM [44] and the assembly was subsequently hot pressed. The catalyst utilised in this
chapter was a commercial one as reproducibility is the main focus during the fabrication of
the fuel cells. Indeed, the final aim of this project is to study the different limitations in
the cathode catalytic layer by varying the composition in catalyst inside the PEM fuel cells.
Making reproducible electrodes is key to be able to compare the different devices. Two sets
of fuel cells with constant Pt loading on the width of the catalytic layer were fabricated
in this chapter (EMEa, EMED). The main difference in the manufacture is the diminution
of the time duration of the robot spray for the second set (EMEDb). The two sets of PEM
fuel cells were then conditioned with different methods: the gas breaking (EMEa) and the
sequential potential (EMED). The conditioning processes were applied during three days
to activate the PEM fuel cells. After each day, three characterisation techniques were used

to evaluate their performance: impedance spectroscopy, in situ cyclic voltammetry and the
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polarisation curve measurement.

3.2 Experimental

3.2.1 Manufacture and assembly process

Ink preparation

Two different inks were prepared to make the catalytic layer on either the anode or the
cathode based on previous works made at the laboratory [44]. The catalyst powders used
were 60 wt. % Pt on Vulcan XC72-R (Premetek P10A600) on the anode and 20 wt. % Pt
on Vulcan XCT72-R (Premetek P10A200) on the cathode. This difference was made for the
purpose of studying the cathode voltage losses. To favor the reaction and to remove any

overpotential on the anode side, a larger catalyst loading was used.

The N/C ratio was chosen as 0.8. The solvents were water and isopropyl alcohol. Their
weight ratio was fixed at 1.3 to avoid the combustion of isopropyl alcohol. Indeed, in pres-
ence of air, the alcohol and then the carbon can ignite in contact with Pt, even at room
temperature. Nafion® was added by incorporating Nafion® D2021 (20 wt. % Nafion®, 46

wt. % isopropanol, 34 wt. % water). The full composition of the inks was the following:

e 1.1 wt. % of C;
e 53.8 wt. % of MilliQ water;
e 4.9 wt. % of Nafion® D2021;

e 41.2 wt. % of isopropyl alcohol.

Note that this composition is given in term of C and not Pt/C. The amount of Pt/C catalyst
has thus to be adapted to satisfy this composition depending on the Pt content. That means
that the volume of Pt is neglected as Pt accounts for a negligible part of the ink volume.

Indeed, the density of Pt is approximately 10 times the density of carbon.

The agitation procedures for the inks were determined by analysing the carbon particle
sizes with the direct light scattering method. The agitation was considered to be sufficient
when only one population of carbon particle sizes remained. The sizes were constant up to
1 h after the agitation process. The procedures are: (i) 40 min of ultrasonic probe for the
60 wt. % Pt/C and (ii) 15 min of sonic bath for the 20 wt. % Pt/C.
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Robot spray deposition

Figure 3.1: Photograph of the robot spray used in this project.

The spray deposition technique used in the scope of this project was performed with a
nozzle connected to a robotic arm placed in a container (Fig. . A plate with controllable
temperature was placed in the container of the robot spray in order to evaporate the solvents
of the sprayed ink. A suction table linked to a pump with a porous mask made of glass fiber
and PTFE was placed on the heated plate. The Nafion® membrane on which the catalytic
layer was sprayed was put on a porous mask to avoid folding and to stay in position with
respect to the spray travel. An aluminium mask with a square hole of 5 cm x 5 cm was
on top of the set-up (Fig. 13.2). The size of the deposition (25 cm?) was imposed by the
cells and the test bench available at the laboratory. Air in pressurised bottles fed the nozzle
of the spray and the outlet relative pressure was set at 0.4 MPa. The ink flow rate for the

atomisation was controlled by a syringe pump.

» Nafion membrane

» Aluminium mask
] *
A

Porous mask

Suction table

Heated plate

Figure 3.2: Schematic of the spray deposition set-up.
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Two sets of catalytic layers on Nafion® membranes were sprayed, named EMEa and
EMED. The two sets of electrodes were prepared using slightly different spraying conditions
(see below). The series EMEa was composed of 3 membrane-electrodes assemblies while the
second series EMED had 4. The proton exchange membranes were 8 cm X 8 cm squares of
Nafion® 212. The operating procedure for the robot spray was similar to that described by
Deschamps et al. [44]. The course imposed on each pass by the robotic spray consisted of
18 parallel lines of a length of 7 cm and a width of 2 mm between each step to form a 7 cm
x 7 cm square (Fig. at a speed equal to 15.1 cm s~!'. The nozzle was positioned at 33
mm in height. At this height, the deposit area covered by the nozzle is approximately 1 cm?,
and has a circular shape. A margin of 1 cm is necessary on each edge of the 5 cm x 5 cm
coating to obtain a constant thickness over the whole sample surface, especially on the edges
of the electrode. After each full pass on the sample, the spray moves away to a distance of 9
cm from the deposit (8 cm + the 1 ecm margin) before going back to the initial position; this
step is meant to prevent altering the edges of the layer at each pass. Indeed, the airflow itself
tends to erode the layer over time. Some parameters were however different from those used
by Deschamps et al. [44]: the temperature of the heated plate was fixed at 357 K (EMEa)
and 367 K (EMED) instead of 364 K and the flow rate was 0.3 mL min~* (EMEa) and 0.45
mL min~! (EMED) instead of 0.72 mL min~'. This increase of the temperature and the flow
rate were performed in order to reduce the duration of the spray deposition and thus assess
its effect on the reproducibility of the manufacturing process. The number of spray crossings
was tuned with respect to the ink flow rate to to obtain a catalytic layer with a 10 pm thick-
ness [44]. The Pt loading was approximately 0.13 mg cm ™2 at the cathode and 0.81 mg cm ™2
at the anode. The latter value is a high loading, especially for the hydrogen oxidation re-

action [45]. This will ensure that no limitations may be ascribed to the anode side of the cell.

Spray course  SPray
— L =t

1 70 mm

p —  — 42 mrh

BO mm JO mm

Figure 3.3: Schematic of the spray course followed by the nozzle during the robot spray
deposition. [44]
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Pressing and assembly

The catalyst coated membranes were then hot pressed with the 5.2 cm x 5.2 cm GDLs
(Freudenberg H23C6, 250 um) on each side to cover the entire deposit. To ensure the sealing
of all the assembly, gaskets were disposed around the GDL, on the membrane where no cata-
lyst was sprayed. The gaskets were first Silpad 400 (180 pm) for EMEa but after gas leakage
during fuel cell tests, thicker t-Global L37-3F (250 pm) gaskets were used for the EMEDb
set of cells. The operating parameters of the hot pressing were a temperature of 403 K for
210 s with a force of 30 kN which are common values encountered in the literature [46], 47, 48].

It has to be noted that, with thicker gaskets (EMEDb), the GDLs did not receive enough
of the force applied by the hot pressing. As a result, the GDLs did not stick to the catalyst
coated membrane. This made more difficult the last part of the process: the cell assembly.
The cell (Fig. [3.5)) is made of two bipolar plates, two current collectors and two flanges.
The GDLs, gaskets and coated membrane were gingerly disposed between the bipolar plates
(Fig. [3.4). The flanges were then clamped with the 8 screws using a torque wrench. The

torque applied was 8 N m as a first step and was increased to 10 N m subsequently.

Figure 3.4: Photograph of the membrane-electrodes assembly inside the cell.
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Figure 3.5: Schematic of the components of the cell.

3.2.2 Test bench description

(b)

Figure 3.6: Photographs of (a) the potentiostat connected to the PEM fuel cell and (b)
the gas lines that supply the device.

A schematic of the test bench used to characterise the PEM fuel cells is displayed in Fig.
3.7 Three gas lines are used for this project. The hydrogen and air gas lines feed the anode
and the cathode, respectively. The nitrogen line can supply both sides of the fuel cell in
order to purge the electrodes. The gases are delivered from pressurised bottles. The flow
rates can be controlled through mass flow sensors before the inlets of the PEM fuel cell. The

humidification system for the gases is made of a water flowmeter, a controlled evaporator
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and mixing device allowing to tune the amount of evaporated water into the gas lines. As the
saturated vapour pressure depends highly on the temperature, unwanted water condensation
is prevented with the use of heating systems placed next to the humidifier and near the inlets
and outlets of the fuel cell. The temperature of the cell itself is controlled via a thermocouple
and two heating resistances located inside the bipolar plates. The pressure inside the gas
lines are controlled after the fuel cell using backpressure sensors and I/P controllers. Finally,
a potentiostat allows to control and record the potential and the current delivered by the
fuel cell. The negative pole is connected to the anode to make it work as both the counter
and reference electrode. This is made possible by the fact that the overpotential for the
hydrogen oxidation reaction is very small and can be neglected. The anode potential is thus
assumed constant and used as the reference. The cathode is plugged at the positive pole

and is the working electrode.

Ha No Air
\ 4
Valve Valve X Valve
Mass Potentiostat Mass
flow flow
controller controller
Humidifier Humidifier
and heater - | PEMFC |+ and heater
Gas Gas
trap In/Out In/Out trap
heater heater
P Ml 7
Gas Gas
outlet Backpressure Backpressure outlet
l controller controller l
Water Resistances Water
outlet and outlet
thermocouple

Figure 3.7: Schematic of the test bench used to characterise the fuel cells.
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3.2.3 Operating conditions

The operating parameters used during the characterisation of the PEM fuel cells were
chosen among the standard values encountered in the literature for similar Pt on carbon
support catalysts [49, 50, 1], 62 53]. The range of cell temperatures picked is 333 to 353
K, the gas pressure commonly applied on each electrode goes from 0 to 3 bar with respect
to the atmospheric pressure and the typical relative humidity is 100 % in nearly all papers.
A temperature higher than the ambient temperature increases the proton conductivity of
Nafion® and the reaction kinetics, and high gas pressure decreases the mass transfer lim-
itations at high current [54]. The flowrates were chosen in order for the PEM fuel cell to
have a sufficient access to Hy /Oy at high current. The calculation leading to the values of
the operating flowrates is the following. The charge () given by an electrochemical reaction
is given by Faraday’s law:

Q=nFN (3.1)
where n is the number of electrons involved in the reaction, F' = 96485 C mol ™! is the
Faraday constant and N is the number of moles of the reactant [16]. Applying this equation
to the case of the oxygen reduction reaction (Oy +4e~ +4H" — 2H,0) and dividing by
the time gives an expression involving the number of moles per unit of time of Oy consumed
N(O9):

I =4F Ny(Oy) (3.2)
with I being the current produced by the reaction. However, the fuel cells were fed with air
and not directly with O,. That is why the equation is expressed as a function of the flowrate
of air, d(air). For convenience, the units chosen are mL min~' and the equation becomes:

4 F x(Os) p(air) d(air)
- 60 M (air)
with the fraction of Os in the air x(O2) = 0.2 for the gas bottles used at the laboratory,
the molar mass of air M (air) = 28.97 g mol™' and the density of air p(air) = 1.029 1073 g

I (3.3)

mL ™! at 343 K and 0.5 bar with respect to the atmospheric pressure. In this configuration,
the flowrate is the perfect amount of reactant per time unit delivered in order to get the
desired current. In practice, due to the mass transport problems inside the electrodes of
the PEM fuel cell, the flowrates were adapted so that the stoechiometry \ of reactants, i.e.
the ratio between the supplied reactant and the appropriate amount of reactant, was higher
than 1. This means that more reactant that the quantity needed to satisfy the reaction
rate was supplied to the electrodes. The stoechiometry parameter is commonly higher for
the cathode than the anode due to the slow kinetics of the reaction of the oxygen reduction
reaction. The air flowrate at the cathode was thus fixed with the following expression:
15 M (air) e Lnas
F' x(O2) p(air)
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where ). is the stoechiometry of the gas supply at the cathode. Previous tests at the labora-
tory showed that the 25 cm? fuel cells could reach currents of the order of 25 A at 0.2 V. The
stoechiometry was chosen as A\. = 1.8, a value slightly smaller than those encountered in the
literature [49, [52]. The air flowrate was thus equal to 1000 mL min~" at 343 K and 0.5 bar
with respect to the atmospheric pressure. A similar approach was used for the anode. The
stoechiometry parameter was fixed at A\, = 1.2 and the value of the flowrate at the anode

1

was 400 mL min~" at 343 K and 0.5 bar with respect to the atmospheric pressure. Table

3.1| summarises the chosen values of the operating parameters for this project.

Table 3.1: Operating conditions for the characterisation of the PEM fuel cells. The pressure

and the relative humidity were fixed at the same values for both the anode and the cathode.

Parameter Operating value
Temperature 343 K
Pressure 50 kPa
Relative humidity 100 %
Anode flow rate 400 mL min~*

Cathode flow rate 1000 mL min~*

3.2.4 Conditioning methods

In this project, the fuel cells of the first set (EMEa-1, EMEa-2, EMEa-3) were activated
using a gas-braking technique. After stabilisation of the current at 0.6 V, the Hy and air
supplies were stopped and the anode and cathode were purged with Ny for 5 min. In the
meantime, the heating system was also stopped. Once the temperature had reached 303 K,
the heating system and the gas supply were reactivated and the current was stabilised again

at 0.6 V. This procedure was repeated at least twice a day during three days.

The second conditioning technique used to stabilise the second set of fuel cells (EMEb-1,
EMEDb-2, EMEDb-3, EMEb-4) consisted in applying sequentially a potential from 0.1 V to 0.9
V and to 0.1 V again by 5-minute steps of 0.1 V (Fig. . This cycle was done at least

twice a day during three days.
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Figure 3.8: Potential applied during the conditioning process of the second set of fuel cells
(EMEDb-1, EMEDb-2, EMEb-3, EMEb-4).

3.2.5 Characterisation

After each day of conditioning process, three characterisation techniques were used to
measure the performance of the PEM fuel cells. The principle and procedure of those tech-
niques are listed in this section. Apart from the conditioning method, it has to be recalled
that the manufacture process of the two sets differed slightly. The flow rate for the spray
of the catalytic layer was multiplied by 1.5, the temperature of the heated substrate in the
spray was increased and thicker gaskets were used for the second set (EMEDb) compared to
the first one (EMEa).

Impedance spectroscopy

The impedance spectroscopy consists in modulating the voltage of the fuel cell by an AC
voltage:

V(t) = Vp sin(wt) (3.5)

where Vj is its amplitude, w is its angular frequency and t is the time within a range of
known frequencies. The impedance of the system Z is then recorded based on the current

response of the device for every frequency:
I =1Iysin(wt+ ¢) (3.6)

where [y and ¢ are the amplitude and the phase of the response. The impedance:

%

Z = I—s exp(j ¢) (3.7)
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is reported on a Nyquist plot where its real and imaginary parts, Z,. and Z;,, are plotted
along the abscissa and ordinate, respectively. The amplitude of the AC voltage, Vj, is small
(~ 10 mV) so that it does not affect the steady state of the cell [12].

When representing the Nyquist plot of a PEM fuel cell, two arcs are usually obtained.
A common model used to explain the shape of the plot is the equivalent electrical circuit
displayed in Fig. [3.9b| [55]. The resistance R,; accounts for the internal resistance of the
fuel cell, namely the PEM ionic resistance and the contact resistances in the whole device.
The two other capacitors and resistances positioned in parallel are associated to the charge
transfer and the mass transfer of the reactants. They are dissociated as both phenomena
have a different relaxation time. A pure resistance does not provide any phase difference for
the response of an AC signal. It only affects the Nyquist plot by shifting the plot through
the right as it influences the real part of the impedance of the device. On the contrary, a
resistance and a capacitor in parallel draw an arc on the plot as they together own a real

and imaginary impedance.

In the scope of this characterisation process, the impedance spectroscopy is only used to
get the internal resistance of the PEM fuel cells. The obtained value is an indication of the
humidity of the proton exchange membrane as its conductivity depends highly on its water
content [10]. The internal resistance also provides information about the contact resistance

induced during the clamping of all the components at the end of the assembly of the cell [56].
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Figure 3.9: Nyquist plot (a) and PEM fuel equivalent cell circuit model (b). [55]

The chosen steady state voltage that is modulated is 0.6 V in this project. This value
is a common working voltage as the PEM fuel cell delivers a high power at that potential.

The range of frequencies scanned to get the Nyquist plot was 150 mHz to 20 kHz.
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In situ cyclic voltammetry

This characterisation technique is used to measure the catalyst surface area available of
the cathode catalyst layer in the PEM fuel cell. This experiment requires different condi-
tions than the operating conditions regarding the gas supply (Table . The experimental

procedure is the following.

e At open circuit voltage, while H, is still supplied to the anode (300 mL min~!), N,
purges the cathode (800 mL min~!) from any residual O, until the value of the open

circuit voltage Eocy is stabilised.
e The flowrates of Hy and N, are fixed at 100 and 300 mL min™', respectively.

e Once Fpcy is again stabilised, a linear slope of potential is applied to the fuel cell
from 0.05 to 1.2 V and again to 0.05 V with a scan speed of 20 mV s~!. The current

is recorded and plotted as a function of the potential.

Purging the cathode from O, allows to access to the current associated to the catalyst
surface state at the cathode which is usually masked by the oxygen reduction current. At
low potential (E = 0.05 — 0.3 V), the Pt particles adsorb H on their surface and release it

as the potential of the cathode increases [12]:
Pt — Hpgs — Pt + H + o (3.8)

This reaction produces electrons and thus a current. The current-potential curve includes a
peak from 0.05 V to approximately 0.3 V in the positive scan. Similarly, during the negative
scan, the inverse reaction occurs and electrons are captured for H to be adsorbed at the Pt
surface. When reaching values of the cathode potential of 0.3 to 0.5 V, the Pt particles un-
dergo no modification of their surface. The difference in current in this region is only caused
by the charge and discharge of the carbon and ionomer contained in the catalyst layer. This
capacitive effect is in fact present in the whole range of potential. For £ = 0.6 — 1.2V, the
Pt surface is oxidised to form Pt — O — H, Pt — (O — H)3 or Pt — O [12]. These processes
release one or two electrons during the positive voltage scan and capture them during the neg-

ative scan. Once again, these reactions are responsible for peaks in the current-voltage curve.

What can be concluded from the aforementioned electrochemical reactions is that a
clear relation exists between the number of active sites in the whole catalytic layer and the
electrons produced to form a peak. From that observation, the electrochemical Pt surface
area EPSA (m? gp;) can be retrieved [30]:

Speak
EPSA = —F% 3.9
Vscan MM Pt C'H ( )
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where Speqr (mA V) is the surface of the peak of the desorption of H during the positive
scan (E = 0.05 — 0.3 V), vsan (V s71) is the scan rate used during the experiment, mp; (g)
is the Pt mass of the cathode electrode and Oy = 0.21 mC cm™2 is the charge required to
desorb a monolayer of H from a Pt surface. This value of the EPSA differs from the Sco
measured with the rotating disk electrode setup in Chapter 2 In the RDE configuration,
the electrolyte is liquid and it is assumed that it reaches the entire available Pt surface of the
electrode. In the case of the cyclic voltammetry in the PEM fuel cell, the Pt particles are
participating to the reaction depending on the Nafion® distribution in the catalytic layers.
Indeed, only the particles reaching the triple contact (Pt/Nafion® /Carbon) are electrochem-

ically active.

A final remark can be made on the value of the current displayed on the obtained voltam-
mogram: the curve is not centered on 0 A. The shifting current is associated to the Hy
crossover. As explained in the Chapter [I, the membrane can be permeable to some Hy
molecules and let those pass to the cathode. The hydrogen is then oxidised and electrons
are released at the cathode. A constant current on the whole range of the scanned potential

is therefore detected besides the current associated to the Pt surface.

Polarisation curve

The last characterisation technique is the record of the fuel cell performance through the
polarisation curve. This curve was obtained by plotting the current from the open circuit
voltage to a voltage close to 0 V. The procedure used here consisted in stabilising the cell
at open circuit voltage for 10 s and then recording the polarisation curve with a scan speed
of 50 mV s~!. This high value of scan speed was used in order to reduce the effect of the
accumulation of produced water in the catalytic layer that may block the gas supply and

alter the performance of the fuel cell [14].

As explained in section [I1.4] three kinds of overpotentials are commonly distinguished
in a PEM fuel cell. Each of these voltage losses have a potential region where they are
significant. Near the open circuit voltage Epcy, the kinetic overpotential is dominant and
increases until being nearly constant. When power is produced by the fuel cell, the current
decreases linearly with the cell voltage due to the ohmic overpotential. Moreover, from 0.4
V to 0 V, the diffusion overpotential hinders the current to be further increased. Knowing
this, the currents obtained at 0.85, 0.6 and 0.3 V are compared between the fuel cells of both
sets. The standard deviation in current is then used as the limit of reproducibility of the

set.
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3.3 Results and discussion

For the sake of example, the high frequency Nyquist plots for EMEa-3 and EMEDb-3 are
reported in Fig. [3.10, The values of the high frequency resistance of the two sets of PEM
fuel cells are reported in Table [3.2]
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Figure 3.10: Examples of Nyquist plots at high frequencies used to retrieve the internal

resistance of the PEM fuel cells.

Table 3.2: High frequency resistances along the conditioning processes for the two sets of

fuel cells.
R, at day 1 R, at day 2 R, at day 3
() (mQ) ()
EMEa-1 3.8 3.6 3.6
EMEa-2 3.9 3.9 3.9
EMEa-3 3.9 3.9 3.8
EMEDb-1 9.4 8.8 9.3
EMEDb-2 7.0 6.7 6.4
EMEDb-3 7.6 7.4 7.0
EMEDb-4 6.7 6.3 5.5

Every fuel cell of the two sets exhibits the same typical shape for current-potential curve

described previously regardless of the progress of the activation of the cell. The voltam-
mogram of EMEDb-1 is displayed in Fig. [3.11] The EPSA values are reported in Table
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B.3] The experiment was conducted only once or twice during the conditioning process for
EMEa. Considering the clear dependency of the EPSA values on the day of conditioning
with EMEa, the experiment was repeated each day for the second set (EMED).
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Figure 3.11: Current-potential curve for the in situ cyclic voltammetry of EMEDb-1 at day
3.

Table 3.3: EPSA for the two sets of fuel cells along the three days of conditioning process.

EPSA at day 1 EPSA at day 2 EPSA at day 3

(m* gp,) (m* gp,) (m* gp,)

EMEa-1 / 475 /

EMEa-2 / 47.0 0.4
EMEa-3 / / 39.0
EMEb-1 48.1 16.0 43.1
EMEb-2 46.5 43.7 43.0
EMED-3 47.9 44.9 41.2
EMED-4 16.6 43.9 41.9

The currents at cell potential of 0.85, 0.6 and 0.3 V obtained on the polarisation curve

are reported in Fig. [3.12] and [3.13| for three days of conditioning. The final performance
reached by the fuel cells are displayed in Fig. and via the polarisation curves at
day 3 of conditioning. The mean values and standard deviations for the final currents at 0.6
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and 0.3 V are shown in Table [3.4]
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Figure 3.12: Currents obtained on the polarisation curves at 0.85, 0.6 and 0.3 V during
the conditioning process for the first set of fuel cells (EMEa).
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Figure 3.13: Currents obtained on the polarisation curves at 0.85, 0.6 and 0.3 V during
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the conditioning process for the second set of fuel cells (EMED).
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Conditioning

The values of the high frequency resistances are nearly constant (Table and their
slight difference could not explain a modification of the performance observed on the polar-
isation curves (Fig. and . The impedance spectroscopy showed a nearly constant
ohmic resistance for every device (Table . This indicates that the membrane hydration
is nearly immediate thanks to the humidification of the gas supplies. Therefore, the condi-

tioning process do not seem to influence the high frequency resistance.

The available catalyst surface area computed with the in situ cyclic voltammetry shows
a clear dependence on the day of conditioning (Table |3.3). The EPSA drops of at least 10
% from day 1 to day 3 for the second set (EMEDb). This could be caused by the degradation
of the Pt catalyst. Two mechanisms are listed in the literature to explain this result: the
migration of Pt to form agglomerates with smaller surface area per weight of catalyst and
the dissolution of the catalyst when it is in its oxidised form [57]. This degradation could
be inherent to the commercial catalyst employed here (20 wt. % Pt/C from Premetek) and

could be part of the stabilisation process.

Nevertheless, the polarisation curve near the open circuit voltage (0.85 V), where the ac-
tivity of the catalytic layer is the most important parameter, increases in performance each
day for every fuel cell (Fig. and . Regarding the rest of the polarisation curve, the
gas-braking technique seems to completely activate the performance of the first set of fuel
cells at 0.6 V after the three days although smaller time of conditioning is reported for a
similar activation procedure [40]. However, the performance at 0.3 V is reduced throughout
the process for EMEa-2 and increases for the two other cells (EMEa-1, EMEa-3). The sec-
ond conditioning technique involving sequential potentials could fully activate EMEb-1 and
EMED-2 at 0.3 V after one day but the performance at 0.6 V never reaches a plateau during
the whole process. On the contrary, EMEb-3 and EMEb-4 seemed stable at 0.6 V after the
first day but their performance declined with time at 0.3 V. As the two conditioning methods
did not successfully activate the fuel cells, other techniques should be envisaged. A method
involving higher pressure for the gas reactants was reported as efficient [39, [41] and could be

used for further works.
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Figure 3.15: Polarisation curves for the second set of fuel cells (EMEDb) at day 3.
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Table 3.4: Mean value i and standard deviation o; for the currents at 0.6 and 0.3 V obtained
at day 3 with the two sets of fuel cells manufactured and characterised at the laboratory.

The standard deviation divided by the mean value gives the standard deviation in %.

7at 0.6 V o, at 06V  o;,at 0.6 V

(A) (A) (%)

EMEa 124 2.3 18.5

EMEDb 14.9 14 9.4
iat 0.3V o; at 0.3V o; at 0.3V

(A) (A) %)

EMEa 23.6 2.8 11.8

EMEDb 28.3 2.1 7.4

Reproducibility

The fuel cells of the first set have similar ohmic resistances given by impedance spec-
troscopy (Table . This homogeneity is not retrieved with the second set. The thicker
gaskets used for EMED could be the reason for larger values and differences for R,;. Indeed,
the latter gaskets could have undergone more of the force applied by the hot pressing during
the manufacture process due to their larger thickness. As a result, the contact obtained
between the membrane/catalytic layer and the GDL would be less enhanced than EMEa
with the thinner gaskets.

The performance obtained with the polarisation curves at day 3 for the first set showed a
relatively poor reproducibility (Table . The ratio between standard deviation and mean
value of the current at 0.6 V is 18.5 %. This value is nearly divided by two for the second set
of fuel cells. This excellent degree of reproducibility was made possible by the control given
by the spray technique and more precisely, could originate from the increase of the flow rate
during the spray of the catalytic layer on the PEM. Indeed, the operating parameters of the
spray, such as temperature [58] are known to impact widely the porosity of the catalytic
layer. As both air and water are sputtered during the spray, the temperature and humidity
in the container of the robot spray is not constant. Lowering the duration of the spray would
result in a smaller change of the temperature and the humidity. The impact of the variation
of the operating conditions during the fabrication process is thus reduced with a larger flow

rate of the spray.
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3.4 Conclusion

The aim of this chapter was to manufacture reproducible membrane-electrodes assemblies
in order to be able to characterise and discriminate PEM fuel cells with different catalyst
compositions. The robot spray deposition technique previously elaborated at the laboratory
was used to deposit the catalytic layer on the PEM. Two sets of PEM fuel cells (EMEa and
EMED) with constant catalytic composition were manufactured and characterised. After
the cell assembly, both sets were conditioned using a different method. EMEa was acti-
vated using a gas breaking technique while the conditioning method for EMED consisted
in applying a sequential potential to the cells. Unfortunately, none of those methods were
able to satisfactorily activate the fuel cells. The final performance of both sets showed that
the reproducibility of the second series (EMED) was increased with respect to the first one
(EMEa). The increase of the flow rate of the spray during the deposit of the catalytic layer
on the PEM is suspected to be primary factor behind this reproducibility rise.

While the search for an even more reproducible manufacture process could have been
carried on, the logic continuation of that chapter would have been to manufacture and char-
acterise PEM fuel cells with different catalytic compositions as explained in the introduction.
However, the 2020 health crisis did not allow to continue the experimental work. The next
chapter is thus dedicated to the numerical modelling of the cathode catalytic layer which we
are interested in. This model will be in any case useful to analyse the experimental results

obtained with different catalytic layer architectures.
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CHAPTER 4

CATHODE CATALYTIC LAYER MODEL

4.1 Introduction

During the oxygen reduction reaction, the reactants have to travel inside the complex
structure of the catalytic layer to reach an active site. For the reaction to occur close to the
gas diffusion layer, at the oxygen inlet, the protons have to be conducted in the Nafion®
network built in the carbon pores. Similarly, the electrons have to be conducted and the
oxygen has to diffuse and to cross the whole catalytic layer to react on a catalyst particle
close to the PEM. Those configurations lead to different voltage losses that cannot be re-

trieved by a single polarisation curve.

The last part of this project aims at the study of those voltage losses inside the PEM fuel
cell through the modelling of the cathode catalytic layer. Inside the PEM fuel cell, several
physicochemical phenomena are involved such as chemical reactions, gas diffusion or electric
and proton conduction. Due to the non linearity of the equation linking the overpotential
and the production of current (see Eq. , the elaboration of a model requires a numerical
strategy. Indeed, no analytical solution predicts the performance or the behaviour of the
reactants in the PEM fuel cell.

A 1D pseudo-homogeneous model similar to You and Liu [59] is developed in this chapter.
This model will provide a basis for the understanding of the behaviour of the compounds
involved in the oxygen reduction reaction. The aim is to analyse the dependency of the
reaction rate with the position in the catalytic layer while varying the physical constants of

the catalytic layer. Finally, the impact of the mass transport parameters on the polarization
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curve, i.e. on the voltage loss as the current increases, is analysed.

4.2 Mathematical description

The modelling of the PEM fuel cell is restricted to the cathode catalytic layer of the
PEM fuel cell. It does not deal with the anode reaction side and the voltage loss at the
anode is thus neglected. The oxygen reduction reaction exhibits a small exchange current
[18] and consequently a slow kinetics compared to the hydrogen oxidation reaction. Also, the
diffusion of the hydrogen at the anode is faster than the diffusion of oxygen in the air at the
cathode. The slow kinetics coupled with the slow diffusion justifies to restrict the analysis
to the cathode side of the PEM fuel cell. The ohmic resistance related to the Nafion® mem-

brane and the contacts between the components of the device are also set aside in this model.

The catalytic layer is a composite material made of a porous carbon support, onto which
the catalyst particles are dispersed, and Nafion® as a proton conductor. Oxygen is supplied
to the catalyst sites through the complex network of pores of the layer. The present model
assumes an homogeneous catalytic layer with a constant diffusion coefficient and with uni-
form thickness. The propagation of the species (protons, electrons and oxygen) is limited
to the longitudinal direction (Fig. and the effect of the side boundaries of the catalytic

layer is not taken into account.

Figure 4.1: Schematic of the pseudo-homogeneous cathodic catalytic layer modeled in this
chapter. Dps, op and o¢ are the diffusion coefficient, the ionic and electrical conductivity.

k is the reaction rate constant. H is the catalytic layer thickness.

In this model, three transport parameters are introduced: Dgps, op and oc. These cor-
respond to the diffusion of oxygen, the proton conductivity in the Nafion® and the electric

conductivity in the carbon support, respectively. The reactivity of the catalytic layer is
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described using the reaction rate constant k. In the next subsections, the different transport
phenomena and the reaction rate will be developed in order to retrieve the equations that

describe the model.

4.2.1 Potentials and reaction rate

The kinetic overpotential or kinetic voltage loss 7 inside the cathode catalytic layer of
the PEM fuel cell is given by [3]:

Wk(z) = VC(Z) - VP(Z) - ENernst (41)

where Vi is the potential of the electrons inside the carbon, Vp is the potential of the protons
inside the Nafion®, Enerns is the Nernst potential for the oxygen reduction reaction (ORR)
and z is the coordinate accounting for the catalytic layer depth. This equation means that
the kinetic loss is related to the difference in potential between the electrons and the protons
when the chemical reaction happens and that it depends on the position of the active site in

the catalytic layer.

From transition state theory [16], one can derive the reaction rate R of a redox reaction:

forward

Ox +ne Red (4.2)

backward

at one electrode:

R=R;— Ry = (kf Coo exp [_W] iy Clog exp {(1 - O‘)Z(TE - EO)D (4.3)

where Ry and R, are the forward (reduction) and backward (oxidation) reactions rates, Cy,

and C,.4 are the concentrations in oxidant and reductant at the electrode, FE is the potential
of the electrode, Ej is the standard potential of the reaction and k; and k; are the reaction

rate constants. At equilibrium (Nernst potential), one has:
Ry =R, (4.4)

aF (ENernst - EO) (]- - Oé) F (ENernst - EO)
RT RT

with C% and C° , the constant bulk concentrations in oxidant and reductant. Indeed, if the

ky CY exp [— =k, C° , exp } =kC? (4.5)

electrode is at equilibrium, no net consuption of reactant is observed and no concentration
gradient exist between the electrode surface and the bulk fluid. According to Eq. and
[4.5] the reaction rate becomes

Cox aF (E — Enernst) Cred (1 —a)F (E — Enernst)
0
R=kC,, < o ex [ o exp

(4.6)
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By applying this relation to the cathode electrode of the PEM fuel cell, one gets:

Co2 a Fny Cr20 (1 —a) Fny
_ 0 —Uz _ o A= =) IR
R =FkCp, (ng exp [ RT } co exp [ RT .

Assuming that the water content at the cathode is not a limiting parameter of the backward

(4.7)

reaction for the operating conditions of the fuel cell:
Ch20
Chro

and the reaction rate can then be written as:

R(z) = kCY, (C%g(;) exp {_%@i(ﬂ — exp {(1 — ) F”k(z)D (4.9)

with a positive reaction rate for the ORR as n, < 0 for operating conditions of the PEM

=1 (4.8)

fuel cell. The constant k is related to the catalyst surface area in the catalytic layer. « is
the transfer cefficient for the ORR, considered equal to 0.5, meaning that the current vs.
voltage curves of both oxidation and reduction are symmetric. R is the the gas constant,
F' is the Faraday constant and 7' is the temperature at the electrode, considered constant
on the entire catalytic layer. Cos and C2, are the concentrations of Oy at the catalyst and
at the inlet of the catalytic layer. It has to be noted that these relations are defined for
redox reactions with one electron exchanged. The parameter n, is often introduced in the
exponential factors for multi steps and multi electrons exchange reactions (see Chapter [1f).
However, its value for ORR has been mainly reported as equal to 1 [I8] at high current

density and n,, is omitted here.

The ORR Nernst equation written in term of the concentrations of the reactants:

RT C,
ENernst(Z) - EO,C + — ln |: O2O<z):|
COQ

7 (4.10)

can be incorporated in the kinetic overpotential 7 (z). The reaction rate takes the form:

R(z) =kCY, (Ogi%(j) (Cgiz))l/g exp [—M%(Vc(z) = Vp(z) — Eo,c):|

(Y [ 1) Vote) — ) )

where the standard potential for the ORR Ey,. = 1.23 V. As the backward reaction has a

significant value only near the equilibrium (Eyepns:) where the oxygen is not depleted from

(4.11)

the catalytic layer, the equation for the reaction rate is assumed to be:

R(z) -k cg2< (CgZ’g(zz))g/S exp {—M%(Vc(z) V(2 - E>]

(4.12)

— exp {M%(VC(Z) — Vp(z) — Eo,c)} )
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4.2.2 Oxygen, electrons and protons equations

Assuming an homogeneous catalytic layer of thickness H, the mass balance equation for

oxygen can be written as:

Do d?.Cos(2) = R(2) (4.13)
with Dps being the diffusion coefficient inside the catalytic layer. The boundary conditions
are:

d.Cos2(2) =0 for 2=0 (4.14)
and
Coa(2) = C2, for z=H. (4.15)

That means that there is no oxygen diffusion from/to the PEM and that the concentration
at the inlet of the catalytic layer is equal to the feed of the electrode. The latter fixes the
concentration at the inlet of the catalytic layer.

The current density of protons in the Nafion® is governed by Ohm’s law:

Jp(Z) = —0Op dZVp(Z) (416)

where op is the effective conductivity of protons in the Nafion®. Because of the reactions

occurring throughout the catalytic layer, the current density is not constant and it obeys:
d,Jp(z) = —4 F R(2) (4.17)

Combining these two equations leads to:

opd> Vp(z) =4 F R(2) (4.18)
with boundary conditions:
Vp(z) =0 for 2=0 (4.19)
and
d,Vp(z) =0 for z=H. (4.20)

The former boundary condition takes the potential at the membrane as a reference assuming
that there is no overpotential due to the anode reaction, the contact resistance at the anode
and the membrane conductivity. The latter boundary condition imposes the proton current
equal to zero at the GDL.

With a similar reasoning for the electron current density, Jo, than the one used for the

proton current density, Jp, the potential of electrons in the carbon obeys:
ocd?> Vo(z) = —4 F R(2) (4.21)
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where o¢ is the effective conductivity of electrons in the carbon, with boundary conditions:
d.Ve(z) =0 for 2=0 (4.22)

and
Vo(z) = VS for 2= H. (4.23)

The first boundary condition means that there is no electron flow in the PEM. The second
boundary condition fixes the potential applied to the modeled fuel cell. V{ is assumed to
be the potential of the cathode and ignores all the contact resistances between the catalytic

layer and the current collector.

4.2.3 Dimensionless equations

Let us now define the dimensionless version of our variables:

r=z/H (4.24)
c(x) = Coy/CY, (4.25)
F
F
o(@) = 77zVe (4.27)
o(x) = E_yo (4.28)
ve 9RT ' ©
F
Uref = mEO’C (429)
1

The oxygen diffusion reaction becomes:

dzpc(r) = ¢°r(x)

= 5 (5(2) expl—(t(x) — p(x) — )] — explic(z) = vp(w) )

with boundary conditions:
dye(x) =0 for z=0, (4.32)
cle)y=1 for xz=1 (4.33)

60



and
Doy

being the Thiele modulus. This dimensionless number is particularly convenient in our case

(4.34)

as it used in a physicochemical system as the ratio between the reaction rate and the diffu-

sion rate.

The dimensionless electrical potential in the Nafion® can be written as:

¢2
dzgop(w) = -r(2)
']
¢
-5, (¢%(x) exp[—(ve(x) = vp(2) = vref)] — explvc(z) — vp(T) = vref])
(4.35)
with boundary conditions:
vp(z) =0 for =0, (4.36)
d,vp(z) =0 for z=1 (4.37)
and RT
op
Yp=—r——— 4.38
P 4?2 Dy, O, (4.38)

Finally, the dimensionless electrical potential in the carbon is:

dz,ve(x) = S, r(z)
— £ (@) expl—(uo(w) = vp(w) — trep)] — exploc(s) — 0p(e) i)

(4.39)

with boundary conditions:
dyve(z) =0 for z =0, (4.40)
vo(r) =vg for z=1 (4.41)

and RT

Se = 7 D OO (4.42)

The current model is constituted of three dimensionless parameters. Yp is the ratio
between the proton conductivity and the diffusion coefficient of oxygen. Similarly, ¥ com-
pares the electron conductivity and the rate of diffusion of oxygen. ¢ is used to compare the

influence of the reaction rate and the oxygen diffusion rate.
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4.3 Numerical method

The three unknowns ¢, vp and v are described by an equation of the type:
dy,u = f(u) (4.43)

where f(u) a non-linear function. The only difficulty is the non-linearity of f which precludes
a direct solution. A way to solve it is to use a relaxation approach [60]. This method consists

in using a bogus time-dependent equation of the form:
0w = Oy — f(u) (4.44)

and letting it run until the stationary state is reached to find the actual solution of Eq. [£.43]

Let us discretise space with N + 2 nodes from z = 0 to x = 1, that is N nodes in the
domain numbered ¢ = 1,..., N, and two on the boundaries. The Laplacian in the interior

nodes is calculated using a finite-difference method:

1
Opuli = A—xz(uz;l — 2u; + Ujt1) (4.45)
with Az = 1/(N +1). The expressions of 92, u|; and 92, u|y can be calculated based on the

boundary conditions of each unknown:

1 1
. 2 _ 2 _
C: 8mc|1 = m(-Cl + CQ) 8mc|N = E(CNil - 20]\/’) -+ m (446)
. 82 1 82 1 Ug
ver Oovch = 5 (—ven +vep)  Opvely = 5 (ven—1 = 2von) + 15 (447)

with the gradient equal to zero at x = 0 (¢ = ¢1, Ve = ve,1) and the imposed value at

r=1(c=1,vc=122), and

1

1
Up - aixvph = @(—21)13’1 -+ URQ) a,zxvph\[ = E(UP’N_I — UP,N) (448)

with vpp = 0 and vpny4+1 = vpn. The discretised equation can thus be written in a vector

form as:

4U=DU+B-F (4.49)

with U being the vector of unknowns:

Uy
U=1| : |. (4.50)

un
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The diffusion matrix has the form:

-1 1
1 -2 1
Dc,vc = (451)
1 =2 1
for ¢ and v¢, and
- o -
1 -2 1
1 =2 1
for vp. All the non-specified terms in the diffusion matrices are zero. The boundary condition
vector is: _ _
0
B. = 0 (4.53)
1
L Az? ]
for ¢, i i
0
B,. = 0 (4.54)
e
L Azx?
for vo and
0
0
for vp. Finally, the source vector is given by:
flur)
F = : . (4.56)
flun)

The time-dependency in Eq. is discretised using the implicit Euler scheme to ensure
numerical stability:
1

N Ut - =DU" +B-F! (4.57)
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which leads to:
Ut = [I — AtD]7H (U' + At (B — FY)). (4.58)

where [ is the identity matrix. The vector C' will converge to the stationary solution by

applying this equation recursively, starting from any reasonable guess.

4.4 Results and discussion

The results of the implementation of the 1D model with the parameters ¢, ¥p and
Y fixed at 1 are displayed in Fig. [£.2l The dimensionless open circuit potential vy.; is
chosen as F'(1.23V)/2 RT, i.e. the standard potential for the ORR, and the cell potential
v2 is decreased from v,.; by steps of 2. As expected, decreasing the potential of the fuel
cell increases the reaction rate and depletes the oxygen concentration near x = 0, 7.e. the
membrane side of the catalytic layer (Fig. . One can see that the reaction rate increases
also in this region to compensate the lack of reactants near the membrane (Fig. . The
effect of the variation of the cell potential on the potential of the protons and the electrons
is given in Fig. [£.2d The proton potential is more impacted from the depletion of oxygen.
Indeed, as the protons arrive from the membrane side, the potential in the Nafion® needs
a larger slope to carry the protons to the the active site near x = 1 where oxygen is still
available. On the contrary, the carbon potential slope is barely dependent on the potential
v2 and on the depletion of oxygen as electrons are fed by the same side as oxygen and do

not have to cross the layer to react.
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Figure 4.2: Dimensionless oxygen concentration ¢ (a), reaction rate r (b), proton potential
vp (in solid lines) and electron potential v¢ (in dashed lines) (¢) as a function of the catalytic
layer depth . The dimensionless open circuit cell potential is v,y = F'(1.23V)/2 RT and
the dimensionless cell potential v is decreased from v,.; by steps of 2. The dimensionless

parameters ¢, Yp and X are fixed at 1.

When increasing the Thiele modulus, an increase of the number of active sites or a
decrease of the diffusion constant inside the catalytic layer is performed. For a fixed cell po-
tential v, the oxygen concentration is reduced more abruptly for ¢ = 100 than for ¢* = 1
due to the aforementioned reasons (Fig. [4.3a). A high Thiele modulus results in a large
increase of the reaction rate as shown in Fig. [£.3b Obviously, the situation is reversed for
¢? = 0.01 and the concentration in oxygen remains higher on the whole layer. The potential
in the carbon and the Nafion® are impacted by the increase of the reaction. Finally, fa-
cilitating the proton transport by increasing the dimensionless conductivity in Nafion® ¥p
allows to consume more oxygen (Fig. [4.4)). The layer is thus more depleted with Xp = 100

than Xp = 1 and Xp = 0.01 for a fixed cell potential v%. For a smaller proton conductivity,
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the reaction rate is forced to be increased next to the membrane where protons travel more

easily.

175
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Figure 4.3: Dimensionless oxygen concentration ¢ (a), reaction rate r (b), proton potential
vp (c) and electron potential vo (d) as a function of the catalytic layer depth x. The
dimensionless open circuit cell potential v,.; is F'(1.23V)/2 RT and the cell potential v is
fixed at v,.y — 4. The Thiele modulus ¢? takes the values 0.01, 1 and 100 while ¥p and ¢

are equal to 1.
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Figure 4.4: Dimensionless oxygen concentration c¢(a), reaction rate r (b), proton potential
vp (c) and electron potential ve (d) as a function of the catalytic layer depth z. The
dimensionless open circuit cell potential v,.¢ is F'(1.23V)/2 RT and the cell potential vg is
Urer — 4. The dimensionless proton conductivity Xp takes the values 0.01, 1 and 100 while

¢? and X are equal to 1.
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The model polarisation curves can also be computed by looping on the values of the cell
potential, i.e. the electric potential at the right boundary of the domain v2. The values
chosen to display the polarisation curves start at the open circuit voltage, F'(1.23V)/2RT,
and decrease to obtain a current. The relation involving the dimensionless current in the

model is adapted from Eq.

The value of the current is computed by integrating the right hand side of the equation.
As the reaction rate R is normalised by the exchange reaction (k C9,) to give r, the dimen-

sionless currents jo and jp are the values of the currents normalised by the exchange current.

The carbon support is usually carbon black in PEM fuel cells. The electric conductivity
is therefore not a limiting parameter of the system and > can be reasonably chosen equal
to 100 to compute the following polarisation curves (Fig. [4.5). The performance increases
when ¢? decreases due to the fact that the diffusion coefficient increases. As a result, the
oxygen is less depleted from the catalytic layer. One can also see that, for a small value of
the proton conductivity (Xp = 0.01), the current density tend to reach a limit at low cell
voltage. This indicates that the proton conductivity is the larger limitation factor in this
model as this limiting current is not reached for the same value of the voltage when »p

increases.
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Figure 4.5: Polarisation curves obtained with the cathode catalytic model for Yo = 100,
(a,b) Xp =0.01 (c,d) Lp =1 (e,f) Lp = 100 and various values of ¢?.



4.5 Model fitting

The results from the characterisation of complete PEM fuel cells (Chapter [3) can now
be used to fit the present model. As the modelling dealt only with the cathode catalytic
layer, the overpotential related to the other parts of the fuel cell should be retrieved before
the fitting. During the experimental characterisations, the catalyst loading at the anode
was fixed at a high value. The contribution of this part of the cell to the overpotential
can thus be neglected thanks to the fast kinetic of the hydrogen oxidation reaction [1§] and
the fast diffusion of hydrogen. The membrane and contact resistance of the device R,; has
a significant value and could be found by impedance spectroscopy. A Ohm’s law of the

following form:

E=Ryi (4.60)

is applied to the potential E of the experimental polarisation curve in accordance with the

equivalent circuit model (Chapter [3)).

The values for the parameters involved in the definition of ¢?, ¥p and ¥ are summarised
in Table 4.1} The concentration at the inlet is computed from the ideal gas’ law:

(4.61)

with P = 50 kPa being the pressure in the oxygen gas line and ypo = 0.2 is the mole
fraction of oxygen in the air used to supply the cell. The Nafion® ionic conductivity and
carbon electric conductivity were obtained from previous experiments at the laboratory.
The unknown parameter k is the degree of freedom for the fitting. The fitted dimensionless
parameters are:

$*=8210"° Lp=127 Yo=411 (4.62)

While the fitting and the experimental curves at low current tends to the same behaviour,
the model fails to get the limiting current associated to the diffusion losses at higher current
(Fig. . This could be explained by the simple model used in the context of this project.
The oxygen is the only gas reactant considered and the effect of the nitrogen and the wa-
ter are neglected. Also, in this chapter, the bipolar plates and gas diffusion layers are not
modeled even though they impact the performance of the fuel cell. The transition to a 2D

model involving those components of the fuel cell could give a better fit.
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Table 4.1: Values of the parameters used for the fitting of the model on the experimental

polarisation curve. The unknown parameter k is the degree of freedom.

Parameter Value
Temperature T’ 343 K
Catalytic layer width H 10 pm

Nafion® ionic conductivity op 0.028 (Qcm) !
Carbon electric conductivity o 0.917 (Qcm) ™!

Catalytic layer porosity € 0.46
Diffusion coefficient Dos €2 x 0.23 cm? s7!
1.0
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Z 0.6 2
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Figure 4.6: Polarisation curves obtained during the experiments conducted at the labora-

tory (EMEDb-2) (Chapter |3)) and the model with fitted parameters of Table .
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4.6 Conclusion

In this last chapter, the aim was to study the limitations of the cathode catalytic layer
through a 1D pseudo homogeneous model. To that end, the reaction rate of the oxygen
reduction reaction was derived from Butler-Volmer equation. The transport of the protons
and electrons was modeled with a Ohm’s law while the oxygen diffusion phenomenon in the
electrode was retrieved using a Fick’s law. The dependence of the reaction rate with respect
of the catalytic layer depth was assessed. Also, the influence of the physico-chemical param-
eters through the dimensionless numbers (¢? and Yp) on the performance was described.
For a small value of ¥p, a limiting current was reached at low potential which corresponds
to realistic curves. The model was eventually used to fit the experimental data previously
acquired at the laboratory. While the performance of the model at low current tends to the
right behaviour, the current-potential deviates at high current, never reaching the current
plateau. This indicates that the model still fails to reconstruct the real behaviour of the
PEM fuel cell due to its simplicity.
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GENERAL CONCLUSION

In this master thesis, we were interested in the origins of the drop in performance on the
cathodic side of the PEM fuel cell. To that end, catalytic layers with different compostions
were planned to be considered in order to dissociate the performance loss due to the trans-

port of the various species (electrons, protons and gas).

The experimental approach of the PEM fuel cells was first considered. Platinum on
carbon black was synthesised using the formic acid impregnation method, 7.e. a technique
consisting in reducing directly the Pt precursor in liquid phase during the impregnation of
the support. This catalyst was characterised using physical (XRD, TEM) and electrochem-
ical techniques (CO stripping, RDE) to evaluate the sizes and the activity of the deposited
Pt particles. The activity values from RDE were similar to what is encountered in the lit-
erature. The crystallite size given by XRD and the average diameter obtained with CO
stripping were of the order of 3 to 5 nm. However, TEM showed that the Pt particles formed
agglomerates on the carbon support certainly due to a too fast Pt salt injection during the

synthesis by impregnation-reduction.

The manufacture process of the PEM fuel cell was then tackled. Catalyst coated mem-
branes were made by robot spray deposition using a commercial Pt/C catalyst. A larger Pt
loading was set on the anode side (0.81 mg cm™2 > 0.13 mg cm™2) in order to study the lim-
itations at the cathode electrode only. The reproducibility of the fabrication as well as two
conditioning processes were validated with in situ techniques. The final performance reached
by the fuel cells showed that none of the conditioning techniques were able to speed up the
activation process satisfactorily. The reproducibility was enhanced from the first set of fuel
cells to the second. The increase of the spray flow rate during the robot spray deposition

is suspected to be the reason for this improvement. The excellent reproducibility reached
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with the second set of the fuel cells would have been sufficient to highlight the limitations of

catalytic layer architectures.

As pursuing the experimental work was made impossible due to the 2020 health crisis, a
1D model was finally developed to simulate the PEM fuel cell performance. The model deals
with the cathode catalytic layer. The medium was assumed to be homogeneous: constant
diffusion coefficient, electric and ionic conductivity along the layer were utilised. The model
could highlight the dependence of the reaction rate, the concentration of gas reactants and
the potentials with respect to the physical parameters of the catalytic layer. The predicted
performance tends to the behaviour obtained with the experimental data at low current but
failed to retrieve the concentration losses at high current. This result is not surprising as the
model considers a macroscopic diffusion of the gas reactant and neglects the effect of other

components such as the GDL and the bipolar plates.

Outlook

First of all, in order to continue the project and to manufacture PEM fuel cells with cat-
alytic layers of various composition, being table to synthesise reproducible and homogeneous
catalyst is essential. The Pt salt injection during the synthesis could be performed using a

syringe pump to control the flowrate and to avoid catalyst agglomerates.

In view of the results obtained in the Chapter |3| where the PEM fuel cells were man-
ufactured and characterised on the fuel cell test bench, some other experiments could be
conducted to enhance both the conditioning and the reproducibility of the PEM fuel cell.
As an activation process, a technique based on gas supply with higher pressure than the
operating pressure have been reported as efficient [41] and could be used combined with

other techniques [39] for next experiments.

In order to have a better reproducibility, some of the components of the PEM fuel cell
could be characterised. As the GDL is not made at the laboratory, its fabrication process
is unknown although it could impact the properties of the GDL such as the electric con-
ductivity. It should be verified that the conductivity of the GDLs are equal and that the
material conductivity is isotropic and does not have a preferential direction. Furthermore,
the impact of the temperature and humidity change inside the robot spray container could
be assessed by characterising the spray deposition. Profilometry, as described by Deschamps
et al. [44], seems to be a relevant choice to evaluate the topography. A clear procedure to

obtain reproducible spray depositions on the PEM could then be set up. Also, the increase
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in thickness of the gaskets requires a larger value of the force applied during the hot pressing.
This could ensure a better contact between the catalytic layer and the GDL and decrease
the ohmic resistance of the fuel cells. Finally, even though enhancements are possible, the
reproduciblity obtained with the second set of fuel cells is sufficient to compare devices with
different catalyst compositions and continue the experimental project. Indeed, the following
step of the experimental project is the manufacture of PEM fuel cells where the catalyst is
situated only close to the proton exchange membrane and, the opposite case, where the Pt

particles are only close to the oxygen supply.

The 1D model from Chapter [f] could be further developed in order to fit the data acquired
experimentally. For that purpose, the physical parameters of the catalytic layers such as the
ionic and the electric conduction could be retrieved at the laboratory. A more elaborated dif-
fusion behaviour inside the catalytic layer could also be implemented. The diffusion process
could involve the nitrogen and the water. The introduction of the stoechiometry parameter
related to the flow rates of the gas reactants could similarly improve the correctness of the

model. All these proposals will be considered in future works at the NCE laboratory.
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