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ABSTRACT

The fundamental principle of proton exchange membrane fuel cells (PEMFC) is to
electrochemically convert Hydrogen (H;) and Oxygen (O;) into electric energy, wa-
ter and heat. The main advantage of this technology is to provide clean energy with-
out any carbon dioxide emission. Thereby, one of the most important fuel cell (FC)
components represents the electrocatalyst. Typically, they are prepared on the base
of noble metals (Pt, Pd) and their alloys. Due to their high prices, the FC production
costs are high and the FC marketing at a large scale is difficult. For this reason we
have focused in this work on the catalyst layer and microstructure construction by
using and combining spraying and the electrodeposition methods. Using the pro-
posed techniques the catalyst loading is significantly reduced (< 0.1 mg cm™2) with-
out a noticeable PEMFC performance decrease. The performed tests on anode and
cathode sides at a temperature of 80 °C indicated a superior performance in com-
parison with commercial catalysts. Due to the flexibility of the employed methods,
it was possible to up-scale the process and to produce gas diffusion electrodes with
an area of 225 cm?. The applied ageing procedure indicated high catalyst stability
(< 40 % current density losses at a voltage of 650 mV) for all tested electrodes. Fur-
thermore, a series of devices necessary for FC testing were produced and for each
developed instrument, highly accessible controlling software’s were programmed.
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ABSTRAKT

Das grundlegende Prinzip von Protonenaustauschmembran-Brennstoffzellen
(PEM — BZ) besteht darin, Wasserstoff (H;) und Sauerstoff (O;) elektrochemisch in
elektrische Energie, Wasser und Warme umzuwandeln. Ein grofier Vorteil dieser
Technologie besteht darin, saubere Energie ohne Kohlenstoffdioxid-Emission zu
liefern. Eine der wichtigsten BZ-Komponenten stellt dabei der Elektrokatalysator
dar. Typischerweise werden diese durch Edelmetalle (Pt, Pd), bzw. deren Legierun-
gen dargestellt. Aufgrund der hohen Preise dieser Edelmetalle sind die
BZ-Produktionskosten sehr hoch und die Markteinfithrung in grofiem Mafsstab
wird erheblich erschwert. Aus diesem Grund lag der Fokus in der vorliegenden
Arbeit auf der Katalysatorschicht- und Mikrostrukturkonstruktion. Hierzu wurden
sowohl Spriih- wie auch Elektroabscheidungsverfahren verwendet und kombiniert.
Mit Hilfe dieser Verfahren konnte die Katalysatorbeladung ohne signifikante Leis-
tungsabnahme der PEM-BZ deutlich reduziert werden (< 0.1 mg cm—2). Die durchge-
fiihrten Versuche an der Anoden- und Kathodenseiten bei einer Temperatur von
80°C haben im Vergleich zu den handelsiiblichen Katalysatoren eine iiberlegene
Leistung gezeigt. Aufgrund der Flexibilitit der eingesetzten Methoden war es
moglich, den Prozess zu skalieren und Gasdiffusionselektroden mit einer Flache
von 225cm? herzustellen. Das angewandte Alterungsverfahren zeigte dabei eine
hohe Katalysatorstabilitdt (< 40 % Stromdichteverluste bei einer Spannung von
650 mV) bei allen getesteten Elektroden. Weiterhin wurde eine Reihe von Geriten,
welche fiir BZ-Tests erforderlich sind, eigens hergestellt und jeweils eine frei
zugangliche Steuerungssoftware programmiert.
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IN-SITU ELECTROCHEMICAL CATALYST DEPOSITION
PROJECT

The earth population is steadily increasing, with catastrophic results on our
planet. In the entire world new energy sources are investigated and adopted to sup-
ply the consumers. However, to hold our home clean and to stop the greenhouse
emissions clean energy sources and storage systems are required. Nowadays, we
are living in the battery era, which due to its flexibility and price are applied in
many domains. They are present in all usual devices, from telephones or cars to
the high advanced submarines or data centers. Anyhow, it possess a limited stor-
age energy capacity in competition to the generated power and therefore cannot
be used as permanent storage solution. One of the simplest and elegant method is
to convert the energy excess in chemical energy, which is stable and can be always
attainable. So a system is for example Hj, it is abundant on our planet and can
be extracted from the water through the electrolysis process. The H, conversion in
electrical energy takes place usually in a fuel cell (FC).

FC are highly efficient electrochemical devices that convert the chemical energy of
a fuel directly into electricity, water and heat. Because the FCs does not combust the
fuel, they are quiet, pollution-free and more efficient that combustion technologies
(=55 %) [4]. FCs are mostly used as stationary energy supplies and nowadays as
power provider for cars. In order to make this new technology more attractive for
other industries, a massive material and production costs reduction is required.
Not at least, improvement of the performance and life-time is mandatory.

1.1 GENERAL INTERESTS

In order to accomplish these high requirements, new materials for FC components
have to be investigated. An appropriate attention should be given to the catalyst,
which represents 47 % of the entire stack costs [4]. The use of alternative electrocata-
lysts could decrease the FC production costs and not at least improves its marketing.
Some metals such as Ru, Co, Ni or Pt alloys could represent the solution.

To attain these requirements, through the in-situ electrochemical catalyst depo-

sition (ISECD) project new methods to produce the electrocatalyst have been inves-
tigated. So, using two different electrochemical processes the catalyst is deposited
directly on the commercial gas diffusion layers (GDL).
In the first procedure, the catalyst deposition is achieved from a galvanic bath
using a pulse plating technique (PPT). This is suitable to produce catalysts from
noble metals (e.g. Pt, Au) or simple alloys (e.g. PtRu) over large GDE areas, in a
continuous process. During this technique the metal is deposited from an aqueous
solution, directly into the microporous layer (MPL). Subsequently, a penetration
with a proton conductive ionomer is necessary.
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In the second approach, which is developed in this work, the catalyst is potentio-
static deposited, under dry conditions. This allows the production of electrochem-
ical active catalysts (e.g. Pt or Pt alloys as Co, Cr and Ni), without the undesired
H; evolution during the deposition process. For this procedure the precursor and
the ionomer are firstly introduced in the MPL network. Thus, for a precisely precur-
sor distribution a spraying device is constructed. Along that, to attain a optimum
precursor reduction the electrodeposition cell is improved. In addition, the catalyst
stability and activity tests are performed in a self-developed test station. In this
way a complete electrochemical characterisation of the prepared catalyst structure
is possible.

The principal advantage of both methods is the minimization of noble metal
consumption during the GDE production, through a high catalyst transfer rate. This
implies a high deposition efficiency at the same time with low noble metal loadings
and high FC performances. Moreover, for both methods the catalyst structure is
created mostly at the triple phase boundary (TPB). This implies a simultaneous
catalyst contact with the ion conductor (ionomer), the electron conducting phase
(carbon network), as well as to the reactants.

1.2 PROJECT PARTNERS

The attainment of the proposed goals is based on a coordinated collaboration
between the participating research groups. In order to complete all requirements,
three research centers cooperate in the project In-situ electrochemical catalyst de-
position (ISECD).

e Research institute for precious metals and metal chemistry (FEM)
e Saarland University, department of Physical Chemistry (USaar)
e Fuel cell research center ZBT GmbH (zBT)

These three research partners have deep knowledge in the area of noble metals
(FEM), electrochemical coating (FEM, USaar) and fuel cell technology (USaar, ZBT).
The FEM is responsible for the galvanostatic deposition of noble metals. USaar is
focused on the potentiostatic deposition of the electrocatalyst in the GDL. Further-
more, the ZBT with its experience in FCs characterization, complete the GDE and
membrane electrode assembly (MEA) production process. Along that, they are re-
sponsible for the ageing tests of the prepared GDEs.

In order to accomplish the objectives successfully, as can see in Table 1, the project
is divided into ten distinct working packages (WPs). These contain the main topics,
which are considered over the entire project period. In the focus is the development
of above mentioned methods for the catalyst deposition and the semi-automation
concept for industrial mass production.
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Electrochemical methods to produce gas diffusion electrode for PEM fuel cells (ISCED)

Time and work plan

Current Month/ Year

1]2]3]4

5 6 7 8 9

10

11

12

13

14

15 | 16

17

18

19

20 21

22

23

24 25

26

27

28

29

30

WP

Description

RC

Elaboration of target quantities for GDE manufacturing
with regard to the catalyst proprieties for cathode and
anode applications (loading, crystallite size, penetration
depth for Pt and Pt-alloys).

1,23

Expand technical concepts for the two different electro-
chemical preparation processes (ISECD).

1,2

Construction, development and commissioning of deposi-
tion cells and additional components for two different cat-
alysts electrochemical production methods.

1,2

Characterization and optimization of coating parameters
for two different electrochemical production methods in or-
der to achieve the WP 1 targets (with electrochemical meth-
ods, ICP-OES, SEM, TEM, FIB, Raman, Rheology, XRD ).

1,2

Development of a procedure to activate and contact the
GDE with jon conductor by adding an additional layer.

Processing the polymer activated GDE and MEA character-
ization (structure, performance, CV, EIS).

Iterative structure optimization of the GDE as well as the
polymer extra layer based on fuel cell measurement of pre-
pared MEA.

Transfer the successful developed method from Pt to pow-
erful Pt alloys such as Pt3Co in order to improve the cath-
ode performance.

Processing the Pt alloys GDE to MEA and characterization
in fuel cell test bench.

1,23

1,23

10

Comparative evaluation of the two different electrochemi-
cal producing methods with regard to device costs, produc-
tion cost and the power density vs platinum loading.

1,2

RCz1: FEM, RCz: Usaar, RC3: ZBT

2014

2015

Table 1: Gantt chart of the project "In-situ electrochemical catalyst deposition”
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RENEWABLE ENERGIES - EXPLORE FUEL CELLS

The search for low-carbon heating and electricity alternatives to natural gas
and petrol which are affordable for stationary and mobile applications has been
speedup in the last years. This transition is sustained by the environmental con-
straints and attractiveness of economic and environmental opportunities that will
be open during the renewable energy transition [5]. Also, the ability to provide
energy without dependency on weather, time and seasons should be considered

[6].
2.1 RENEWABLE ENERGIES AND ITS APPLICATIONS

Around the world, the fossil fuels are the dominant energy source. They are
used to heat most of our homes, fuel our cars and trucks and generate most of
the electricity that is utilized today. But, our high demand on fossil fuel comes as a
heavy cost to the climate. In December 2015, 195 countries adopted in Paris the first
universal climate agreement. They agreed to hold "the increase in the global average
temperature to well below 2 °C above pre-industrial levels and to pursue efforts to
limit the temperature increase to 1.5 °C above pre-industrial levels, recognizing that
this would significantly reduce the risks and impacts of climate change". In order
to limit global warming to 1.5 °C, a global COemission reduction of 80 % or higher
should be achieved until 2050 [7].

To reach this ambitious target, all polluting fuels must be replaced with clean en-
ergy sources and leave most of the world’s fuel reserves in the ground. Moreover,
the switch to renewable energy could improve our health, by preventing the air
pollution, and increase our safety by protecting us from the hazards of dangerous
fuels. Furthermore, the water consumption can be diminished, by adapting renew-
able energy. Most of the renewable energy sources use small water quantities in the
electricity production, leaving more water available for homes and the preservation
of healthy aquatic ecosystems [8].

2.1.1 Renewable energy sources

Renewable energy comes from sources that are naturally replenished in a rela-

tively short time frame. Sunlight, wind, water and geothermal heat are the most
known renewable energy sources which are present on earth.
Bioenergy: comes from trees and crops grown for their energy content and forms
by-products such as sewage, straw, manure, animal and vegetable fat and rubbish.
These energy sources are referred as biomass feed-stocks. Biomass can be burned
to produce heat or can be turned into biofuels that can be the substitutes for fossil
fuels in transport.
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Geothermal energy: uses the heat extracted from the ground to form steam, which
is transported by pipes to geothermal power stations. These geothermal fluid is
turned into steam that drives turbine generators and produce electricity. This type
of energy does not depend on weather conditions, making it consistent and reliable,
but unfortunately it is not present on all countries.

Wind energy: results from the wind actions on the turbine blades, which are con-
nected to generators producing electricity. Wind turbines are easy to install and do
not produce greenhouse gas emissions, a fact that makes the wind power one of
the most environmental friendly forms of electricity generation. Even if this energy
source does not pollute the environment, many people’s are complaining about the
noise produced by the rotors. Therefore, most of the wind turbines are built on the
sea, far away from houses.

Solar energy: represents the conversion of sun energy using solar panels, also
known as photo-voltaic (PV) panels, to electricity. The generated electricity is in-
jected into the electricity grid where each one can use the current generated by this
renewable energy source. Otherwise, it can be stored in batteries or other chemi-
cal storage systems (e. g. Hy, methane). Another technology is solar water heating,
which uses the sun to heat water. Solar technology is silent and unobtrusive and
can be used all around the countries. Therefore, most of the PV panel are installed
on house roofs. The main barrier to its uptake is the cost.

Hydro-electricity: uses gravity to drive water from streams, rivers or dams through
turbines, converting the kinetic energy into electricity. This technology burns no
fuel, so the pollution is minimal and requires low operation and maintenance costs.
However, hydro-power facilities can have large environmental impacts by chang-
ing the environment and affecting land use, homes and natural habitats in the dam
area.

Most of produced electric power from the renewable energy sources is consumed
instantaneously. The electricity generation is in general carefully timed, so it occurs
at the same time it is demanded. When the proper amount of electricity cannot be
provided at the request time, the grid is overloaded, at worst this may lead to ser-
vice interruptions [1]. Moreover, the power demand varies from time to time and
the price of electricity changes accordingly. In case of high electrical energy con-
sumption, the power suppliers must complement the base-load power plant (such
as coal-fired and nuclear) with less cost-effective but more flexible forms of power-
generation, such as oil and gas-fired generators [1], which affect the environment
in a negative way.

An optimum solution is to store electricity at peak-off times in storage devices
(over night) and discharge it at peak times. Furthermore, the use of storage de-
vices decreases the gap between day and night-time and allows a flatter electricity
generation, with improvements in operating efficiency and cost reduction. Figure 2
shows a range of technologies and a rough variety of application where they can be
used, depending on the generated electricity [9]. For applications where the energy
is required for short time the flywheel and the battery are a quite good option, but
when the energy is necessary to be stored over many months, transformation to
synthetic natural gas or to hydrogen are the better choices. Another aspect is the
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storage cost (cost per kWh), which is low for the storage technology presented on
the right side of the Figure 2 (synthetic natural gas, H;) and high for the left one
(lead acid battery and flywheel energy storage).
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Figure 2: Comparison of storage technologies with respect to power and energy storage
duration [1].

Most of the technologies presented in Figure 2 are electrochemical devices, but
the storage of large amounts of energy in electrochemical devices may be too ex-
pensive and requires too much space [1]. An alternative is the transformation of
electricity into hydrogen or synthetic methane gas at the peek-off time and dis-
tribute it within the existing natural gas grid [10]. In this way the hydrogen is
stored under pressure, what can be done practically for an unlimited time and
can be transformed and used any time over the country for electricity production.
Furthermore, smaller amounts of hydrogen can be stored in above-ground tanks
or bottles under pressure up to 900 bar [1] (e. g. for fuel cell electric vehicle (FCEV)
refuelling).

To transform the stored H into electricity a fuel cell (FC) is needed. This device
converts the gas back in its initial state together with O, from air. The electrochem-
ical reaction of the hydrogen and oxygen produces not only electricity, but also
water and heat, which can be released or captured (see Section 2.2). Consequently,
the FC represents a highly efficient energy converter.

2.1.2  Hydrogen Production

Hydrogen is an energy carrier similar to electricity, able to bank renewable in-
termittent sources and to provide fuel for transport and heating. Hydrogen can
be produced or extracted using fossil or renewable energy sources. This unique
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flexibility gives H, the potential to become a central integrating element in our
energy system [10]. Hydrogen can be produced using diverse domestic resources
including fossil fuels such as coal (preferentially with carbon dioxide sequestra-
tion), natural gas and biomass or using nuclear and renewable energy sources for
splitting the water. This great potential for supply diversity is an important reason
why hydrogen is such a promising energy carrier.

Hydrogen can be produced in large central plants, semi-centrally, or in small dis-
tributed units located at or very near to the point of use, such as hydrogen refu-
elling stations or stationary power sites [11]. Researchers are developing a wide
range of technologies to produce hydrogen economically from a variety of re-
sources in environmental friendly ways.

Natural Gas Reforming: the methane in natural gas is reacted with water (in the
form of high-temperature steam) to produce carbon monoxide and hydrogen. The
process takes place in a temperature range of 700 — 850 °C and at pressures between
3 —25bar. Usually, the heat is supplied from the combustion of the methane feed
gas [11]. In order to increase the hydrogen quantity, these gases are reacted with
water again, in a process called water shift reaction [12].

CHs +H;O+heat — CO+3H;

CO + H,0 — CO,+ Hy + heat (1)

Another method, called partial oxidation, produces hydrogen by burning methane
in air. Both, steam reforming and partial oxidation produce a "synthesis gas", which
is reacted with additional steam to produce a gas stream with higher hydrogen con-
tent.

CHs4+120, — CO+2H; + heat (2)

The total reaction is exothermic and increases the reactor output temperature up
to 950 — 1100 °C. Moreover, the gas pressure in this case can be more than 100 bar.
This method is the most efficient, cheapest and common for hydrogen production
[11]. Although it consumes fossil fuels and emit CO,, this process is used to pro-
duce about 95 % of the hydrogen used today in the U.S. [12]

Renewable Electrolysis: implies the water electrolysis whereby water is split into
hydrogen and oxygen by the application of electrical energy [11]. This technology
provides carbon oxide free hydrogen that can be used directly in FC.

H,0 + electricity — Hy + 120, (3)

The total energy amount needed to split water and to produce H; increases slightly
with temperature, while the required electrical energy decreases. In order to min-
imize greenhouse gas emissions, the required electricity for water electrolysis can
be generated using renewable energy technologies (see Subsection 2.1.1), coal and
natural gas with carbon dioxide sequestration. Three main types of electrolysis
technology exists.

Alkaline water electrolyzers use an aqueous KOH solution as an electrolyte which
is pumped through the electrolytic cells. This type of electrolyzers are suited for
stationary application and are available at operating pressures up to 25bar.
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Polymer electrolyte membrane electrolysis requires no liquid electrolyte, a fact that
simplifies its design. The main component is an acidic polymer membrane, which
can be operated up to several hundred bar.

Anode : H,O — 1204+ 2H " +2e”

Cathode: 2HT+2e” —Hy (4)

The main advantages are the increased safety, more compact design due to higher
densities and operation pressures.

High temperature electrolyzers are based on the high temperature fuel cell tech-
nology (see Subsection 2.3). The high temperature (=>1000 °C) improves the overall
process efficiency (the electrical energy needed is considerable less compared to
low temperature electrolysis). A main advantage of this technology is its high dy-
namics to react on the available energy amount produced by renewable energy
sources. According to Hydrogen Europe, in order to produce one kg H; about
55 kWh electricity is necessary based on an assumed FC efficiency rate of 60 % [10].
Gasification: is a process where the coal or the biomass are converted into gaseous
components by applying heat, pressure, air/oxygen and steam. The resulting syn-
thesis gas contains hydrogen and carbon monoxide. Employing carbon capture and
storage, hydrogen can be produced directly from coal with nearly-zero greenhouse
gas emissions. The hydrogen generation via coal gasification is significantly more
efficient than burning coal to produce electricity [12].

Biomass: can also be processed to produce renewable liquid fuels, such as ethanol,
bio-diesel or bio-oil, which are relatively convenient to transport. These can be
reacted at high temperatures and can be combined with a high temperature steam
to produce hydrogen at or near the point of use [12].

High-Temperature Thermochemical Water-Splitting: use high temperatures gen-
erated by solar concentrators (mirrors that focus and intensify sunlight) or nuclear
reactors to drive a sequence of chemical reactions which split the H,O into hy-
drogen and oxygen. The intermediate produced chemicals are recycled within the
process [12].

Photo-biological: this method is based on two steps: photosynthesis and hydro-
gen production, catalysed by hydrogenates (Equation 5). Certain microbes, such as
green algae and cyanobacteria, produce hydrogen by splitting water in the presence
of sunlight as a byproduct of their natural metabolic processes. Other microbes can
extract hydrogen directly from biomass [11].

Photosynthesis : 2H,;0 —4H" + 4e” 4+ 0,

Hydrogen Production: 4H™ 4+ 4e~ — 2H, 5)

Long-term basic and applied research is still required in this field, but if success-
ful, this can be a long-term solution for renewable hydrogen production. Another
option is to reproduce these two steps using artificial photosynthesis [11].

Photo-electrochemical: Hydrogen can be produced directly from water using sun-
light and a special class of semiconductor materials as photo-catalyst. These highly
specialized semiconductors absorb sunlight and use the light energy to completely
separate water molecules into hydrogen and oxygen. Furthermore, these devices
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offer some flexibility, as the output can be electricity from photo-voltaic cells or
hydrogen from electrolyzer [11]. Based on the energy amount invested for hydro-
gen production, Acar et al. [13] have compared the H; price for all above specified
technologies. They have found that the most advantageous methods for hydrogen
production are natural gas reforming and gasification. With regard to renewable
energy sources which can be applied to perform the water electrolysis, they give
the highest production cost per kg of hydrogen.

For the future, a balance between the small scale production, which is expensive
and the mass scale central production is necessary. Depending on the application,
multiple advantages are considered as distribution, local utilisation, high efficiency,
reliability and low production costs.
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2.2 ADVANTAGES OF FUEL CELLS

Fuel cells are the most efficient method to convert hydrogen into electricity and
heat. They are a modular technology that can be scaled up from powering private
homes to large office blocks and even industrial complexes. It contains no moving
parts, means that they are quiet and no regular maintenance is necessary. Due to
the fact that the use of fossil fuels for electricity production has many negative
consequences, the interest in FCs has increased during the past decades. They have
all proprieties of traditional power systems, moreover, they can be used as portable
power source, giving a better flexibility in multiple applications. This can be the
key to bring the FCs in application for portable, transport or stationary sector.
Portable sector: This category includes the powering of numerous devices for
longer time, as long the fuel is supplied. Some of these devices include recharges
for laptops, cell phones, etc. [14]. The military also has a need for high power, long-
term devices for soldier equipment. FCs can be easily manufactured with greater
power and less weight. Other military advantages include silent operation and low
heat signatures [15, 16].

Transportation market: Because the fossil fuels will continue to become scarce and
the price will inevitably increase, FCs are promising systems which can be applied
with success to the automotive sector. Furthermore, the legislation for the exhaust
gases is becoming stricter. Many countries are passing laws to further reduce the
environmental emission and to sell a certain number of zero emission vehicle annu-
ally [17, 18]. Fuel cell electric vehicles (FCEVs) have the ability to be more efficient
than vehicles powered by other fuels [19]. Moreover, fuel cell electric vehicle (FCEV)
have a significant potential to reduce emissions from the transport sector [12]. Com-
paring to the battery electro vehicles, the FCEV can be very fast refuelled and have a
higher mileage (~ 482 km). In April 2014, five automakers - BMW, Daimler, Honda,
Hyundai and Toyota - joined to launch the HyFive project, agreeing to develop 110
FCEVs in several European cities [20].

Stationary power generation: Stationary FCs are often used as primary or backup
power for large energy infrastructures [21]. With an efficiency of 50 % for the elec-
tric generation they can produce enough electricity to power a house or a small
business. The heat produced by the fuel cells can generate additional electricity
through a turbine, provide heating directly to nearby buildings or facilities and
even cooling with the addition of an absorption chiller [22]. Many utilities and
companies are adopting FC in order to reach mandatory air pollution goals [7]. The
main three uses for stationary FCs are combined heat and power (CHP), uninterrupt-
ible power supplies and primary power units. Nowadays, almost 10 % of the 500
Fortune companies use fuel cells for stationary power generation. Among 100 top
companies in Fortune list, 25 % use fuel cells as backup solution [20].

Fuel cells are still more expensive than competing technologies, but this gap is
rapidly decreasing as the technology is improved. This fact should not be so im-
portant considering the positive impact of FCs on the climate. During years, the
increase in carbon dioxide amount and other greenhouse gases produced by burn-
ing fossil fuels has affected not just our life but also the climate. As result, since
1850 the global average temperature has increased by 0.76 °C. In addition, it has

11
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an effect on the weather, on the ocean acidification level, arctic glaciers, extreme
weather events, animal habitats and species population level. In the same time, it
has numerous negative consequences for human communities, especially impover-
ished people.

A further benefit of FC usage is the power grid stability, since the electricity is gen-
erated at the point of use and does not depend on the grid. Because FCs does not
need conventional fuels, such as oil or gas they can reduce the economic depen-
dence on oil producing countries and provide a energy security for the user nation.
Furthermore, since hydrogen can be produced anywhere where water and a power
source exist, the fuel generation can be distributed and does not have to be grid
dependent.

Not at least, FCs can be combined with other energy technologies, such as batteries,
wind turbines, solar panels and super-capacitors, assuring a high flexibility on the
energy production at zero emission level.

2.3 TYPES OF FUEL CELLS

A fuel cell is an electrochemical device that converts the fuel’s chemical free en-
ergy into electricity, without the limitation of the Carnot efficiency. In contrast to
a battery, a FC is an open operating system, which produces electricity from exter-
nally supplied fuel and oxidant. Just as there are different types of batteries, there
exist many FC technologies to produce electricity. These technologies can be dis-
tinguished by the operation temperature and the assembled material types, which
affect the tolerated fuels purity and the required peripheral equipment.

DMEFC AFC _ PEMFC PAFC MCEC SOFC

25°C 65-220 °Cl|  40-80°C 200 °C 650°C  0600-1000 °C
Temperature
Oxidant ﬁ o, Hol o, fo nolo nol co.o, 0,
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.-- Ol J I -
Charge carrier
in electrolyte . . - . .
Anode
[ [ HO
CH,OH o H H, HOfH, H,O
Fuel = po COffHOp M ) co colco co
Direct Polymer Phosphoric Molten Solid
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Methanol Electrolyte Acid Carbonate Oxide
EC Membrane
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FC

Figure 3: Main view of fuel cells types. The classification is made according to their
electrolyte, operation temperature and catalyst type.
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The FCs can be classified according to the required catalyst type, the electrochemi-
cal reaction that takes place in the cell and other factors (Figure 3). All these features
affect the FC application field.

DMFC - Direct Methanol Fuel Cell

Instead to oxidize a gas at the anode, it is highly desired to design a fuel cell
that convert directly a liquid fuel into electricity. In addition it is desired to retain
a high power/weight ratio. Methanol possesses many advantages as fuel: it is a
liquid, cheap and plentiful, in principle renewable from biomass. Moreover, the
only products of the combustion are CO; and H,O.

The DMFC has a good electrochemical performance and refilling is done by squirt-
ing in liquid or by replacing the cartridge. This enables continuous operation with-
out downtime. Noble metal nanoparticles (especially Pt), supported on carbon
black are most commonly employed at the anode. Another intensively explored
catalyst is the Pt-Ru system due to its high catalytic activity towards methanol ox-
idation reaction in acidic media [23]. The basic problems currently faced by the
DMTFCs are: (1) poor electrode kinetics for the anode reaction, particularly at low
temperatures, making it highly desirable to identify improved catalysts and to
work at temperatures as high as possible; (2) the utilized perfluorosulfonic acid
membranes suffer from a significant permeability towards methanol [24].

AFC - Alkaline Fuel Cell

Generally, an solution of potassium hydroxide is used as electrolyte. A plain vari-
ety of non-noble metals can be employed as catalyst. AFCs offers an electrochemical
efficiency of about 60 — 70 % at a operating temperature of 65 — 200 °C. In fact, even
the small amount of CO; in the air affect dramatically the cell performance and
durability, through carbonate formation. The water management is simple and no
compressors or other peripherals are required. The manufacturing and operating
costs are low, especially for stacks.

Alkaline cells with liquid electrolytes can run in a recirculating mode; this fact that
allows the electrolyte regeneration and to reduce the effects of carbonate formation.
However, the recirculating mode introduces issues with shunt currents [25]. The
liquid electrolyte systems also suffer from additional concerns including wettability,
increased corrosion and difficulties handling in differential pressures.

AFC have been used in the Apollo spacecrafts to provide electricity and drinking
water [26, 15].

PEMEFC - Proton Exchange Membrane Fuel Cells

PEMFCs are the most developed technology and commonly used as fuel cell sys-
tems. They power cars, serve as portable power sources and provide backup power
in place of stationary batteries in the offices. The compact design of PEMFCs as-
sures a high energy-to-weight ratio and a quick start-up when hydrogen is applied.
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RENEWABLE ENERGIES - EXPLORE FUEL CELLS

A thin polymer sheet is used as electrolyte, which conducts protons between an-
ode and cathode. This particular characteristic allow this FC type to work at low
temperatures (typically 80 —100°C and 50 —90 % efficiency). The low operating
temperature and the acidic media requires the utilization of noble metal catalysts
(Pt).

Due to the high price of platinum, this is often cited as a cost concern. However,
the platinum quantity for 1 kW residential system is very low: 0.1 —0.2 g [4]. Nev-
ertheless, the platinum usage implies the adoption of pure hydrogen gas as fuel. It
is easily poisoned by sulphur and carbon monoxide. Additionally, the lower fuel
grades can cause the membrane decomposition or clogging [27]. Furthermore, the
PEMFCs needs a complex water management system. Too much water causes FC
flooding and when is too dry, supplementary water must to be inserted. Thus the
electrolyte is humidified and its ionic conductivity is increased.

For transport applications the PEMFCs have a service life of 2000 —4000 h and for
stationary applications about 40000 h [28, 29]. In comparison to the batteries where
the voltage decrease suddenly after a number of cycles, the stack performances
fade slower (state-of-the-art ~ 10uV/h cell). Additionally, the stack replacement is
a major expense [30].

PAFC - Phosphoric Acid Fuel Cell

PAFC is one of the mature fuel cell types employed in commercial use and is
considered the "first generation" of modern FCs. Typically, the PAFC is used for
stationary power generation, but they have been used to power large vehicles such
as city buses [24]. Since 1970 this FC technology is employed in large scale com-
mercial CHP systems (100 —400 kW electric) [31]. The electrolyte is based on liquid
phosphoric acid at temperatures of 180 — 250 °C. Platinum with typical loadings of
2.4 gkW~T for anode and 5.2 g kW~ for cathode is used as electrocatalyst [31]. In
comparison to PEMFCs, PAFCs are more tolerant towards impurities from the fos-
sil fuels, that have been reformed into hydrogen. PAFCs energy efficiency exceeds
85% in the case of electricity and heat co-generation. Its performance decreases
significantly when PAFC are used only for electricity generation (37 —42 %).
PAFCs are also less powerful than other fuel cells, at the same weight and volume.
As a result, these fuel cells are typically large and heavy. In comparison to other FC
types, PAFCs requires a higher Pt loading, a fact that make them expensive.

MCEFC - Molten Carbonate Fuel Cell

MCFCs are high temperature fuel cells used in large industrial CHP plants. MCFC
use natural gas and coal-gas as fuel. The electrolyte is a mixture of molten carbon-
ate salt suspended in a porous, chemical inert ceramic lithium or aluminium oxide
matrix. Due to the high working temperature (~650 °C), non-noble metals (Ni, Fe)
can be utilized as catalyst. Moreover, natural gas and other hydrocarbons can be in-
ternally reformed as in SOFCs. M CFCs benefit from relative cheap electrocatalysts
and the simple auxiliary equipment. However, they suffer from short lifetime and
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low power density. This fact can be compensated by coupling with a turbine. So,
when the waste heat is captured and used, the overall fuel efficiency is >85 %.

Instead of recycling carbon dioxide, from anode to cathode, the fuel cell can be
feed with carbon dioxide on the cathode from the power plant exhaust. These
exhaust gases contain about 5 — 15 % carbon dioxide, diluted by other gases, mostly
nitrogen. The fuel cell would selectively take up the carbon dioxide, use it to form
CO; ions and then emit it in a concentrated CO, stream at the anode. The gases
emitted there can reach up to 70 % carbon dioxide. Most of the residue are water
vapors, which can be easily condensed. Thus, a pure stream of carbon dioxide is
produced. This one can be further pressurized and stored in the underground.

SOFC - Solid Oxide Fuel Cells

Solid oxide fuel cells benefit from high electric efficiency and fuel flexibility. They

are well known and its development is ongoing since 1960s. Characteristic for this
FC technology is the oxygen-ion conducting, the solid electrolyte and the operating
temperature (500 —1000°C). At high temperatures the reaction at the electrodes
is fast, a fact that allows the use of cheaper catalysts (Ni, La). Due to the high
operating temperature, this FC type tolerates substantial more sulphur than other
cell types. In addition, they are not poisoned by carbon monoxide, which can even
be used as fuel. This property allows SOFCs to use as fuel natural gas, biogas and
gases made from coal.
Unfortunately, the high temperature operation has also disadvantages. The cell
starts quite slow and requires significant thermal shielding to retain the heat and
protect the staff. Therefore SOFCs are typically used for stationary power supply-
ing. Furthermore, all cell components must be compatible. The physical proprieties,
such as the thermal expansion and dimensional stability in reducing and oxidizing
environment are crucial [24]. The development of low cost materials with high
durability is the main technical challenge facing this technology.
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INTRODUCTION INTO PROTON EXCHANGE MEMBRANE
(PEM) FUEL CELL

As an future alternative, the H, powered PEMFC can replace the internal com-
bustion engine. It posses a series of advantages as fast start-up, low operating tem-
perature, high fuel efficiency and it is environmentally friendly. In the last years
several car manufactures (Toyota, Hyundai, Honda, Nissan and Daimler) have in-
troduced H, fed FC vehicles on the road. However, some concerns related to the
catalyst, membrane cost, durability, membrane proton conductivity, water manage-
ment and catalyst activity still exist. In order to apply the PEMFCs in multiples
sectors and to make them affordable and durable, further R&D needs to be done.

3.1 PEM FUEL CELL ELECTROCHEMISTRY

PEMFCs are distinguished from other FC types by its low operation temperature

(80 —100°C) and its electrolyte represented by a polymer membrane. As shown in
Figure 4, a PEMFC is composed of a proton exchange membrane sandwiched by an
anode and a cathode. This assembly is called membrane electrode assemble (MEA)
and represents the PEMFC heart.
At the anode, hydrogen is oxidized to form protons and electrons whereas oxy-
gen is reduced at the cathode. The protons are transported from anode to cathode
through the electrolyte membrane, while electrons are carried to the cathode over
the external electronic circuit. At the cathode, oxygen reacts with protons and elec-
trons, forming water and producing heat. Both, the anode and cathode include
a catalyst to speed up the electrochemical process, as shows in Figure 4. On the
PEMFC operation two half reactions are involved:

Anode: Hy(g) —2H"(aq)+2e~ E° =0V
Cathode: 1/20;(g) +2H"(aq) +2e~ — H0O(1) E° =123V
Overall: Hj(g)+1/203(9) — Hy0O(1) + electric energy + heat

(6)

where E° is the standard reversible potential.

The theoretical cell potential is the difference between the two half reaction poten-
tials. For a FC which is supplied with H, and O, under standard state condition
the ideal reversible cell potential E; of Equation 6 is 1.23 V. It is calculated from the
Gibbs free energy:

AG = —zFE, (7)
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Figure 4: Schematic diagram of a H, /O, PEMFC configuration, showing components,
operation mechanism, reactants and mass balance across the cell.

where z represent the number of electrons transferred per mol of consumed fuel
(z =2) and F is Faraday’s constant (96485 C/mol).

At standard temperature and pressure, this is the highest voltage obtainable from
a hydrogen-oxygen operated FC. In order to obtain a higher voltage, several cells
have to be connected together in series. It is advantageous to operate the fuel cell
at pressures above atmospheric pressure, typically between 1 —3 bar [32]. Then the
change in Gibbs free energy as related to the pressure can be written as:

dG =V dp (8)

where V,, is the molar volume (m?® mol~") and p is the pressure in bar. Writing this
for an ideal gas, the Nernst equation is obtained:

RT [ p
E=E — | —
e <p0) )

where E is the actual cell voltage, E; is the standard reversible voltage, R is the
universal gas constant (8.314 Jmol~"K™1), T is the absolute temperature in K, z is
the number of electrons consumed in the reaction and F is Faraday’s constant.



3.2 VOLTAGE LOSSES

When an electrical load connects the two cell electrodes, the current flows as long
as Hy and O, gases are supplied to sustain the reaction. For very low currents,
the cell voltage can be higher than 0.9V, corresponding to an efficiency higher
than 60 % [19]. This performance is significantly higher compared to most complex
heat engines, such as steam engines or internal combustion engines. In their case a
maximum of ~45 % thermal efficiency can be achieved [15].

3.2 VOLTAGE LOSSES

The discussion in last section was focused on the theoretical output voltage of
the PEMFC, which is in the ideal case approximately 1.23 V. In reality this voltage is
never reached, it is not even approached. Not even the open circuit voltage (OCV),
the cell voltage without applying current, reaches this value due to the presence
of several voltage losses (Figure 5). The single FC provides a voltage depending on
the operating condition such as temperature, applied load, fuel/oxidant flow rates,
gases pressure and humidity. A standard method to characterize the FC perfor-
mance is the polarization curve. This represents the cell voltage behaviour versus
applied current density [33].

When electrical energy is drawn from the FC, the cell voltage drops from the ocv
due to several irreversible losses. The loss is defined as the deviation of actual cell
voltage (Ei;) from the maximum (reversible) FC voltage (E;).

E(i) =B —Eir (10)

1.1 open circuit voltage

activation polarization region

linear drop due to
h .
ohmic losses

) 1 mass transport losses at

high current densities

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Current density / A cm™

Figure 5: Generalized polarization curve for a fuel cell.

Thus, the actual measured OCV is lower than the theoretical value due to mixed
potentials caused by gas crossover across the electrolyte and internal currents. The
three major losses classifications, which result in the non-linear drop of the cell
voltage with increasing current are (1) activation losses, (2) ohmic losses and (3)
mass transport/concentration losses [15].

The activation losses are caused by the reactions kinetics taking place on the cata-
lyst surfaces. This energy is necessary to assure that the reaction tends toward the
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formation of water and electricity. This loss is dominant at small current densities
in low temperature FCs [15] and is a measure for catalyst effectiveness [34]. This
type of voltage loss is complex because it involves the gaseous fuel, the solid metal
catalyst and the electrolyte [35]. The activation losses can also be expressed simply
as Tafel equation:

AVget = a+bln(i) (11)
where
RT RT
a=——In(ip) and b=— (12)
oF oF

Then the complete equation for anode and cathode activation over potential can be
represented by:

(13)

RT ( i )
+—In(—
anode zFx 1o

where n is the number of exchange electrons per mole of reactant, F is Faraday
constant and « is an unit-less parameter, named charge transfer coefficient. It is
used to describe the amount of electrical energy applied to change the rate of
electrochemical reaction [15, 36].

The exchange current density iy is the electrode activity for a particular reaction at
equilibrium [37]. In PEMFC the anode iy for hydrogen oxidation is very high com-
pared to the cathode i for oxygen reduction. In many cases the influence of i, at
the anode is neglected [38, 39, 40]. The fuel crossover/internal current loss is asso-
ciated with the losses that occur thought the electrolyte. Typically, the electrolyte
should transport only the protons from anode to cathode, see Figure 4. Neverthe-
less, a certain amount of H, and O, always diffuses through the polymer material
[41, 42]. This imply a mixed electrode potential and a lower cell voltage. Addition-
ally the membrane is not a perfect isolator and very small electronic currents cross
the membrane also resulting in cell voltage reduction.

As in any electrical device the most common source of loss are the ohmic losses.
This occurs due to the electron flow resistance through the electrode material and
the H" protons flow in the ionomer (electrolyte and catalyst layer (CL)) [22]. Gen-
erally, this voltage drop is directly proportional with the current density [36]. It
represents the major source of voltage losses in low and high temperature FC [15].

Along the electrolyte, other FC components such as the CL, the GDL, the bipolar
plates (BPs), the interfaces contacts and the terminal connections, contribute to the
total electrical resistance.

Thus, the ohmic voltage loss can be written as:

RT i
Vact_anode T Vact_cath = —In{ —

zFox 19 cath

AVonmic = IRohmic = I (Retec + Rionic) (14)

Rionic represent the ionic resistance of the electrolyte and Rgj. includes the total
electrical resistance of all conductive components. Rionic dominates the reaction
in Equation 14 because ionic transport is more difficult than electrons transport.
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Thus, the FC performance improves if the FC resistance is decreased. In practice, it
is helpful to compare resistances on a per-area basis using the current density:

VUohmic = 1 (ASRohmic) = 1 (AcettRohmic) (15)

where 1i is the current density, ASRohmic is the FC specific area resistance, Ay is
the active area of the FC, Ronmic is the total ohmic cell resistance and represents the
sum of electronic and ionic resistances. The mass transport or concentration losses
result from the change in reactants concentration at catalyst surface [14]. This loss
occurs in both, low and high temperature FCs and is only prevalent at high cur-
rent densities [43, 44]. Several processes may contribute to concentration polariza-
tion: slow diffusion of the reactants in the electrode pores, solution/dissolution of
reactants/products into/out of the electrolyte or diffusion of reactants/products
through the electrolyte to/from the electrochemical reaction sites [22].

Summarized, the operating voltage of a FC can be represented as the deviation
from ideal voltage caused by the different polarization phenomena:

E(i) = Erev — Vact_anode — Pact_cath — Vohmic — Vconc_anode — Vconc_cath (16)

where Vgct, Uohmics Veone represent activation, ohmic and mass concentration po-
larization. It can be observed in Equation 16 that activation and concentration po-
larization occur at anode and cathode, while the resistive polarization represent
ohmic losses through the entire fuel cell.

3.3 STATE-OF-THE-ART MEMBRANE ELECTRODE ASSEMBLIES (MEA)

Each component in the PEMFC plays an unique role in the fuel cell functioning.
In the past decades, as result of extensive research, the PEMFC performances has
been significantly improved. The evolution from 1960 to the present day in PEMFC
component development is amazing. In 1967, when PEMFC have make its entrance
on the Gemini project, the standard platinum loading was 28 mg cm 2 and today
it decreased down to 0.4 mgcm ™2 [45].

In state-of-the-art MEA, a perfluorosulfonic acid membrane is used as electrolyte
(regularly Nafion™ (10 — 125 um)), which is pressed between two GDE, each one
with a catalyst layer (~1—10pm thick). The CL include the electrocatalyst (typi-
cally Pt) supported on high surface area carbon (graphite, carbon nanotubes [46],
graphene [47] and carbon black[48]). In order to hold all CL components together,
ionomer (Nafion™) is added as binder and as proton conducting medium.

An important challenge in PEMFC development is the decrease of material cost,
while maintaining the same performance and the durability of currently used com-
ponents. In order to replace the internal combustion engine with the PEMFC, the
cost level for a FC systems should not exceed $49/kW [32].

3.3.1 Proton exchange membrane (PEM)

A proton conducting membrane generally has a functional group (usually sul-
fonic acid) attached to the polymer backbone. The membrane needs to be non-
electron conductive and should have low permeability for H, and O, [49]. For
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PEMFCs, the standard used membranes are commercially mature perfluorosulfonic
acid (PFSA) foils, such as Nafion™ (DuPont), Fumapem® (Fumatech) and Aciplex®
(Asahi Glass Chemical). All show a similar structure. Most of them were originally
developed for chlor-alkali electrolysis, but they also demonstrate a good proton
conductivity as electrolyte in PEMFCs. Apart from this property, the good chemical,
morphological and thermal stability is presented by these membranes.

Nafion™ was discovered in late 1960s by Walther Grot at DuPont [50]. Figure
6 shows an example of Nafion™ general chemical structure. It contains a polyte-
trafluoroethylene (PTFE)-like backbone connected with a perfluorocarbon unit and
a hydrophilic sulfonic acid group (-SOsH) [51]. In the middle of 1990 the most used
membranes were Nafion™ 117, Nafion™ 115 and in the last years Nafion™ 112
and Nafion™ 211 [52]. It is known that the performance of the proton exchange
membrane is related to the membrane proton conductivity, which increase as the
gas humidity growth [33]. In order to use Nafion™ in FC at temperatures above
80 °C, they can be doped with electrolytes, e. g.ionic liquids [53] or inorganic oxides
(SiOz, TiOz, ZI‘Oz) [54]
Although the FCs efficiency increases with the temperatures, membrane issues, such
as membrane dehydration [55], reduction of ionic conductivity [56, 57], decrease
affinity for water [26], loss of mechanical strength via softening of the polymer
backbone and increased parasitic losses through high fuel permeation [49] are ac-

centuated.
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Figure 6: (a) N afion™ chemical structure and (b) cluster-network model of Nafion”
according to Gierke et al. [2]

M

Many alternatives to replace the Nafion™ were proposed. Astill et. all have pro-

posed a sulfonated poly(ether-ether ketone) (SPEEk) membrane which is less hy-
drophobic than Nafion™. Due to its hydrocarbon backbone and the large content
on sulfonic acid groups it is expected to retain more water [58]. Furthermore, in or-
der to use this membrane type in PEMFC at temperature over 100 °C many authors
have modified the SPEEk membranes with diverse composite. In order to prevent
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the membrane dry at the anode side and to increase the pathway for protons, Sam-
bandam et al. has functionalized his samples with silica composite [59].

However, in order to attain the cost and durability targets, great effort must be
further invested [60].

3.3.2  Gas diffusion electrode (GDE)

In a PEMFC all electrochemical reactions take place in the electrode, at the cathode
the oxygen reduction reaction (ORR) and at anode the hydrogen oxidation reaction
(HOR). These reaction are catalyzed by Pt or by Pt-alloys ([61, 62]) or in the last
years by developed nanotube-graphene [63]. Most of the catalysts used for ORR
are very expensive and limited on the terrestrial crust. Furthermore, in order to
provide enough catalytic sites the electrode structure should be very well designed.
Explicitly that means that there must be good:

access for reactants to the catalyst,

connection between the electrolyte and the catalytic sites,

efficient removal of water formed in the cathode to the gas channel,
electric connection with the catalyst and bipolar plate,

transfer of heat produced during the reaction to the bipolar plate.

The electrode is usually divided into at least two sub-layers: the active CL which
is in contact direct with the membrane and the GDL next to the bipolar plate, as
shown in Figure 7.

Bipolar Plate

Gas
Channel

Carbon

paper GDL

MPL

Active Layer

Membrane

Figure 7: Schematic drawing of PEMFCs electrode structure and bipolar plate. The active
layer contains a mixture of ionomer, Teflon, catalyst and carbon support.

3.3.3 Gas diffusion layer (GDL)

The GDL is situated in direct contact with the bipolar plate and does not contain
any catalysts or proton conducting material. This layer provide a uniform supply
of gases, electric potential and temperature distribution, under the gas channels
and the ribs of the bipolar plate. It has a thickness in the range of 200 —400 um
and consists of macro-porous electrically conducting material [64]. Typically these

layers are formed from carbon fibers as papers or woven cloths [65]. In addition,
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GDLs are typically wet-proofed with a PTFE (Teflon) coating to ensure that the
pores do not become congested with liquid water [66, 67]. Because water is formed
at the cathode, a thin (<50 um thick) MPL is usually placed between the GDL and
the CL. This assist the water removal from the cathode to the flow field (Figure 7).
The MPL contains Teflon and carbon black, is porous and is supposed to improve
the interface contact between the CL and the GDL and not at least to control the
humidity in the electrode.

3.3.4 Catalyst layer (CL)

The CL contains as the name already says the electrocatalyst, dispersed on a elec-

tric conducting carbon support. Here the electrochemical reaction (see Section 3.1)
takes place. This layer also contains a proton-conducting ionomer, usually recast
Nafion™ [48, 68], which is in contact with the Pt or Pt-alloy catalyst [69, 70]. De-
spite the CL has so many components, there remains enough void space to transport
the gas and water [34].
The performances of the PEMFC is mostly controlled by the micro-structure of the
CL [71]. Conventionally, the PEMFC CL is prepared by spreading a suspension of
carbon-supported platinum catalyst, solvent and binder onto a GDL, followed by a
drying process [72]. A wide range of methods can be used to assembly the catalyst
layer: spraying [73], decal transfer [34], painting [74], rolling [75], sputter deposition
[76], ink-jet printing [77], doctor blade coating [47] and screen printing [67, 78].

The two most common technique for deposition of CL used in research are spray-
ing [73] and doctor blade coating [47]. Prior to this process, a ink is prepared by
mixing Pt/C catalyst powder and ionomer in mixtures of aqueous/alcohol solvents.
In order to homogenize the suspension, different methods are used (mechanical
mixing, sonicating, or ball milling) for an extended period of time [79]. The pre-
pared ink is subsequently sprayed or printed onto the membrane (catalyst coated
membrane (CCM)) [77] or directly on the GDL (catalyst coated substrate (CCS)) [80].
The process temperature largely depends on the solvent boiling point, which usu-
ally does not exceed 100 °C.

A standard catalyst loading of 0.4 mgcm 2 is adopted in practice [81].

3.3.5 Bipolar plate

Along the MEA, the bipolar plates (BPs) are a key component of PEMFC, with a
multi-functional character. They distribute the reactants uniformly, conduct current
from/to cell, remove heat from the active area and prevent leakage of gases and
coolant [82]. Presently several types of materials are being used in BP production :
non-metal (non-porous graphite/electro-graphite), metals (non-coated and coated)
and composites (polymer-carbon and polymer-metal). Traditionally, the most com-
monly used BP material is graphite, because it has excellent chemical stability in
the FC environment [82]. Even if this material is suitable for PEMFC applications,
the production costs are quite high. The only suitable way to process the graphite
is the machining, a fact which increases the costs.
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Using metals as material for BP can be a great advantage. It provides a good me-
chanical stability, electrical and thermal conductivity and can be easily stamped to
desired shape to accommodate in flow field channels. A positive fact about metal BP
is that it can significantly reduce the volume and the weight of the stacks. However,
its chemical stability is limited in the fuel cell environment, especially in contact
with the acidic electrolytic membrane [83]. A direct connection between the metal
and the electrolyte can be avoided by using a coating or a gasket at the cell edges
(so called sub-gaskets) [31].

An alternative for BP are polymer composite materials. They are light weight
and can be moulded into desired shape and size, are rigid and provide chemical
resistance [84, 85]. Furthermore, the polymer composite BPs can be manufactured
by either injection moulding or compression moulding, leading to substantial BPs
producing cost reduction [86]. A major problem of this BPs type is that their bulk
conductivity is limited, due to the non-conductive polymer matrix [87]. By increas-
ing the graphite content a better conductivity is reached but in the same time the
mechanical performances are reduced. However, the electrical conductivity of these
composites is still below the DOE target [88].

Even though a significant progress haves been made for metal coated and poly-
mer graphite composite materials, they are not yet able to attain the long-term
reliability and power densities achievable by non-porous graphite as BP. A further
research on both materials is necessary.

By optimizing all FC component a cost reduction can be achieved. This will permit
to apply the fuel cells in many domains over all around the world.

3.4 CATALYSTS FOR PEM FUEL CELL

One of the main impediment to commercialize the FC is the high costs, due to the
catalyst [89]. Research on cost reduction of cathodic electrocatalyst up to now was
focused on the optimization of existing Pt catalysts by decreasing their particle size,
controlling their structure and morphology or increasing their uniformity [90, 46].
Significant effort were devoted to replace the expensive Pt catalyst with Pt-alloys
with new electronic structures [91, 92, 93]. Not at least inexpensive Pt-free catalysts
consisting of earth abundant element are examined [94, 95, 96].

Usually the electrocatalyst used in the FC can be prepared using various methods.
A list of the most used method on the catalyst preparation is presented in the
following.

Chemical synthesis: is the main preparation technology to create nanocrystalline
catalysts. It involve the reduction of a metal salt precursor with reducing agents for
the preparation of alloys or Pt catalysts. One of the simple methods involves the use
of H,PtClg x 6H,O as precursor and formic acid as a reducing agent. After heating
the formic acid at 80 °C and adding drop-by-drop the precursor, under vigorous
stirring for 30 min the catalyst particles are obtained. This one is anchored to a car-
bon support, traditionally is represented by carbon black, carbon nanotubes and
multilayered graphene [46, 97, 47]. In order to reduce the time and the temperature
of the reaction Zheng et al. has prepared Pt nanoparticles through a room tem-
perature hydrogen gas reduction in a ethylene glycol/water mixed solvent. After
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investigation they have found that by changing the solvent from water to an ethy-
lene glycol/water mix, the size of Pt nanoparticles changes from 10nm to 3nm.
Also, a shape transitions from polyhedral to spherical was observed. Furthermore,
by a 1:1 volume ratio mixture of ethylene glycol/water the created particles were
uniformly dispersed with an average size of ~3nm.

Recently, the formation of a thin Pt shell on the core of transition metal nanoparti-
cles (e. g. nano-particle with core-shell configuration) is well known to significantly
improve the utilization of Pt, thus decreasing expensive Pt usage while maintain-
ing the ORR activity and lowering the cost of PEMFCs [98, 99, 100, 101]. Sun et al.
have prepared NiPt hollow spheres with an ultra-thin shell (2—3nm) by a facile
wet chemical process. They have studied the growth mechanism and have discov-
ered that the K,PtClg concentration has a remarkable effect on the morphology and
structure, as well as in the phase of the NiPt nanoparticles. Without K;PtClg, only
sphere like amorphous products could be obtained [93]. As it can be observed by
using chemical methods, catalyst with very well define shapes and sizes can be pre-
pared. Furthermore, the advantage of low temperatures and short synthesis time
are a positive point for the chemical methods.

Physical technologies: are processes where the precursor material suffer no chemi-
cal transformation. The physical methods include sputtering, ion or electron beam
deposition, laser ablation and various types of irradiation [102, 23]. A variety of Pt
nanoparticles have been fabricated, including nano-structured films and nanopar-
ticles. Through this procedure a very thin CL is produced at the MPL surface. Al-
though the deposited catalyst loading is low, these kinds of methods cannot be
utilized on the industrial scale.

Electrochemical technologies: usually proceed through the reduction of metal pre-
cursor with complexes ligands as Cl, NH3, NO, and H,O by applying a current or
a potential. Parameters as time, deposition potential and solution composition can
be manipulated in order to obtain well defined nanoparticles or films [103, 104].
One of the big advantage of this method is the deposition selectivity according to
the reducing potential. Thus, it is possible to produce core-shell particles only by
applying a sequence of pulses. Kulp et al. have prepared, using a pulsed electrode-
position, core-shell particles, containing in the centre Cu and platinum as shell
[101, 105]. Additionally, this technique provides a precise catalyst loading control
[106, 107]. However, the structure and properties of the deposited metals depend
on many parameters, including electrolyte composition, current density and elec-
trode geometry [108]. Typically, the electrodeposition takes place in a electrolyte
bath, which contains the necessary metal precursor [109]. As substrate can be used
each type of electrical conductor (graphene, carbon nanotubes or carbon particles).
One of the advantage of this technique is the low energy consumption and the easy
control of the loading mass of Pt [48].

Microfluidics for the production of ORR catalyst: in conventional colloidal syn-
thesis for a precise control over the size, shape and composition, nanoparticles are
usually made in batch reactor [94]. The capacity of such process is typically limited
to tens of mg and thus not sufficient for industrial applications. In order to increase
the productivity of this systems a continuous production process based on the mi-
crofluidic reactor is proposed [110]. Miniaturization of the macroscopic reaction
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vessels has a number of advantages, which include fast heat and mass transfer rate
and effective use of reagents [94].

3.5 RESEARCH GOALS

The goal of this thesis is to prepare GDEs for PEMFC, with as low as possible cata-
lyst loading and a high performance. Therefore, using an electrochemically method
the noble metal precursor is deposited on a commercial GDL. This configuration
grant the in-situ platinum catalyst production, directly in the MPL structure, at the
triple phase boundary. To attain the work goals an base investigation of the main
parameters that affect the platinum electrodeposition process is performed. Along
that, using a spraying method, the CL architecture is shaped.

To facilitate the PEMFC investigation in a semi-automatically way, with a mini-
mum operator impact, a new PEMFC testing platform is developed. The construc-
tion details are illustrated in Chapter 4. Along that, a high accurate spraying sys-
tem is developed, having at the base a commercial 3D printer system. The created
device is able to coat GDLs with distinct materials, following a pre-programmed
pattern. Additionally, it makes possible the 3D CL structuring, by intercalating the
ionomer with the carbon support and the precursor. For a better electrodeposition
process management, a new deposition cell is produced. It has an improved design
and makes possible a precisely temperature and humidity control. The construction
steps and the employed materials are presented in Chapter 5.

Nevertheless, to improve the GDEs performances an in-depth spraying and de-
position parameters investigation is required. In Chapter 6 the influence of multi-
ple spraying and deposition parameters on the anode performance are examined.
Among the parameters are included the spraying gas pressure, coating tempera-
ture, solvent composition and spraying order. Additionally, for the electrodeposi-
tion process the pulse shape and deposition humidity are considered. Using the
optimized methods, new GDEs are produced and tested in PEMFC cathode. Chap-
ter 7 presents the final results. This introduce a new CL networks, with crucial
effects on the PEMFC operation. Also the feasibility to use other commercial GDLs
for the electrodeposition procedure is examined. Another point in this chapter is
the electrodeposition technique upscaling.

The produced GDEs are compared with a commercial platinum catalyst. The per-
formance tests are recorded in a H, /air FC configuration, at an absolute pressure of
2.5bar. Chapter 8 summarize the obtained results and give an overview for future
work.
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Generally, the PEMFC performance depends not only on the catalyst electrochem-

ical properties, structure of the GDE and electrolyte properties, but also on its com-
ponents such as the gas leads and gas distributors. In order to understand the in-
fluence of FC components on its performance, a complete characterization, in terms
of electrochemical properties is required. Along them, variation of the operational
parameters can provide further information about factors and conditions which af-
fect the cell performance. Knowing the FC behaviour, with well defined parameters,
gives the possibility to determine the viability for future applications.
When the long time stability is examined, the FC characterization process can take
days (shorts measurements) or even months and years. More than, a multitude
of techniques has to be applied and the cell response needs to be recorded. In
addition, the fuel cell housing should resist to the corrosive medium and remain
stable over the time. Due to the complex analysis and multitude of parameters, it is
recommended to perform the FC test in an automatic way, with as little as possible
user intervention.

In focus of this chapter stay the development of a completely new PEMFC test
station together with a control software. The developed test platform proves the
concept of completely standalone automation fuel cell tests. Along that, a short
description of the most used PEMFC testing techniques is presented. Not at least, a
new cell design for PEMFC testing is introduced.

4.1 METHODOLOGY FOR FUEL CELL TESTING

Different types of diagnostic tools to analyse the PEMFC electrochemical parame-
ters and as well as a variety of analytical instrument methods to record gas, water,
temperature and current distribution are existing. In addition, even special cell
designs to visualize flow patterns to obtain localized information of the cell are
studied [33]. This helpful tools are intensively used to perform cell design opti-
mization or particular configurations. The most used methods to characterize the
FC performance are electrochemical techniques, including the cyclic voltammetry
(CV), polarization curves, electrochemical impedance spectroscopy (EIS) and cur-
rent interruption methods.

4.1.1  Polarization curves

This method is commonly used to examine the FC current-voltage characteristics.
During this method the potential is shifted away from its equilibrium value, lead-
ing to an electrochemical reaction. A good cell should provide a polarization curve
with high current density at high cell voltage. High current densities are expected
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at low ORR overpotentials. This can be obtained only when the voltage losses are
small (see Subsection 3.2). By measuring polarization curves, the influence of pa-
rameters such as electrode composition, gas flow rate or relative humidity (RH) can
be monitorized.

In actual work, the current-voltage characteristics are measured in current and volt-
age mode.

In the galvanostatic mode, the current is varied in steps from 0 A up to a maximum
value where a cell voltage > 350 mV is maintained. This imply more attention from
the user, which need to monitor and modify permanently the upper current value,
in order to hold the cell voltage in the limit.

In potentiostatic mode the voltage is linear swept from the OCV to 350 mV. In this
way the user does not need to supervise the machine and during the polarization
curve the maximum current can be reached. The limit of 350 mV is imposed in
order to not corrode the graphite flow fields [111].

4.1.2  Cyclic voltammetry

It provides useful information about catalyst and electrochemical reactions. Fur-
thermore, it supplies data over the catalyst activity and the potentials at which
they occur. The three-electrode configuration is the most widely used, due to the
stability of the reference electrode during the measurement (see Subsection 4.1.4).
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Figure 8: (a) Typical Nyquist plot for an electrochemical system and (b) the potential
sweep profile for a cyclic voltammetry measurement.

During CV the WE potential is swept between two limits at a known sweep rate
and the corresponding current is recorded as a function of the varying potential.
The same sweep rate is normally chosen for the forward and reverse sweep.

FCs are two-electrode electrochemical systems where the CV is usually carried out
by connecting the counter electrode and the reference electrode at the anode and
the WE at the cathode of the cell. Due to low overpotential of hydrogen oxidation
and reduction on platinum the FC anode can be used as a dynamic hydrogen elec-
trode (DHE) [112, 41]. Additionally, the two electrode configuration is quite easy
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to implement compared to a three-electrode connection for PEMFC. The results are
typically represented as a dependence of current versus the potential. Most of the
performed measurements are made in a potential range of 50 — 1000 mV with a
scan rate of 50 mV s~

From this measurement, the catalyst electrochemical active surface area (ECSA) can
be calculated using:

Qn

oA QHz,ads Lw Ag (7
where, Qn,,qas is the hydrogen adsorption charge on a polycrystalline platinum
surface (210 uCcm~2 [37]), Ly is the cathode loading of the membrane electrode
assembly (mgp¢ cm2), Ag is the geometric area of the electrode (cm?) and Qy
is the integrated area (expressed in units of pC) under the hydrogen desorption
region in the CV curve. A simple way to verify if the ECSA values are reasonable,
is to compare with the average platinum particle size, as measured for instance
by TEM [113]. Assuming that the platinum particles are perfectly spherical, its size
from ECSA can be calculated:

6-(1-95)
ppt - d

ECSA = (18)
where, S is an dimensionless factor which represent the faction of platinum sur-
face covered by carbon (commonly 0.3) and ppy = 21.45¢g cm ™3 is the density of
platinum [113].

4.1.3  Electrochemical impedance spectroscopy

It is an useful technique that provide information about the potential losses. It
measures the FC impedance frequency dependence, by applying a small sinusoidal
alternating potential /current as a perturbation signal and record the FC response.

The EIS benefits of some advantages such as:

e measurements can be made at OCV or under load,

e a multitude of parameters can be determined by performing just a single
experiment,

e the measurement is non-invasive (the system is not substantially disturbed
from its operations conditions),

e microscopic informations about the FC system which can help to find the op-
timum structure, and the appropriate operating conditions can be provided.

Generally, the impedance spectrum of an electrochemical system can be pre-
sented in Nyquist and Bode plots. These are impedance representations as a func-
tion of the frequency [114]. The Nyquist plot displays the experimental datasets by
representing the real and imaginary part of the impedance (Zre, Zi;m) at a partic-
ular frequency (Figure 8a). Typically the EIS result is a semicircle, with the high-
frequency part giving the electrolyte resistance (for a fuel cell, mainly the mem-
brane resistance) and the semicircle width indicating the charge-transfer resistance

[115].
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In order to extract physically meaningful proprieties of the electrochemical system,
the researchers use electrical circuits to model the recorded data. The circuits are
composed of ideal resistors (R), capacitors (C) and inductors (L). Since we are deal-
ing with a real system that do not necessarily behave ideally, very often specialized
circuit elements such as constant phase element (CPE) and Warburg element (Zyy)
are necessary [116].

In actual work, the impedance spectra are recorded with a HPC — 803 booster
from Bio-Logic SAS (Claix, France) (Bio — Logic) in a range of 10kHz — 1 Hz. Using
an equivalent circuit for a single PEMFC the frequency cell response is fitted (Fig-
ure ga). The fit is performed using the software Ec-Lab (Version11.2) provided by
Bio — Logic. The adopted circuit contains resistance elements specific for the proton
exchange membrane (Ry1) and anode (Rct,q) resistances. Due to the porous struc-
ture of the electrodes, the circuit include a CPE (Cyqy4) in parallel with the anodic
resistance. At cathode, a transmission line circuit (Gq) is used to simulate the
catalyst layer and the porous network [117, 118, 119, 120]. Along that, the circuit
incorporate a inductance, which is the equivalent of the connecting wires used to
connect the cell with the potentiostat. To simplify the response of the electrode, the
impedance experiments are performed under nitrogen as opposed to oxygen [121].
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Figure 9: (a) Equivalent circuit of the PEMFC anode and cathode simulated with pores. (b)
Gerischer element represented by a semi-infinite short-circuited uniform distributed RRQ
transmission line.

In order to completely understand which parameter influence the FC perfor-
mance it is necessary to test the FC using all presented techniques. Therefore an
efficient and flexible way to couple this ones together with gases flows and temper-
atures control is necessary.

4.1.4 Potentiostat/Galvanostat setup

In electrochemistry, the potentiostats are used for analytical chemistry, battery re-
search, fundamental studies of electrode processes, synthesis of chemicals, fuel cells
and corrosion research. In principle, they control and measure a voltage or a cur-
rent between three electrodes. Figure 10b shows a basic diagram of a potentiostat/-
galvanostat. The most widely used potentiostats are assembled from integrated-
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circuits operational amplifiers and other digital modules. A three-electrode sys-
tem is normally used in voltammetry for currents in rage of microamperes to mil-
liamperes. In most cases the reference electrode is placed as close as possible to the
working electrode (WE) and in some cases, to avoid contamination, it can be placed
in a separate compartment.

Reference electrode: provides a stable, reproducible electrochemical potential which

does not depend on temperature and does not vary in time.

Counter electrode: its role is to record/sustain a current, without limiting the
measured cell response. Furthermore, it should have at least twice size of the
WE.

Working electrode: consists of the sample to be examined and can have various
geometric forms. Commonly used electrode materials are gold, platinum and
glassy carbon.

Typically a potentiostat offers a voltage windows from —10V to 10 V and can sus-
tain a maximum current of 1 A. However, for FC applications, where high currents
are required, an amplifier is necessary to extend the voltage/current range.
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Figure 10: (a) A three-electrode cell setup in an aqueous electrolyte and (b) a basic
diagram of a potentiostat/galvanostat using a voltage buffer to isolate the driving
amplifier and the reference electrode.

4.2 PEM FUEL CELL HOUSING MANUFACTURE

A decisive factor on the FC testing is the homogeneous reactants distribution at
the anode and the cathode. A good flow field design avoid the condensed water
accumulation in the cell and conserve the reactants humidity, particularly on the
cathode side [122]. Along the design, the used materials and the special processing
tools plays an important role.

An system which permits the FC examination in an efficient and flexible way is
constructed during PhD thesis, with the help of Dipl. -Ing. Rudolf Richter and the
mechanics from mechanical workshop. Figure 11 exposes the structure of a single
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Figure 11: (a) Elements of the PEMFC housing and (b) structure of an graphite flow field.

fuel cell housing, with an active surface area of 10 cm?. It is constructed symmet-
rically, with end-plates, current collectors and bipolar plates. The entire assembly
assures, besides gas distribution, the heat and the electric current extraction. The
end-plates are made of aluminium and guaranteed the gas connection and a good
thermal conductivity. Moreover, they are used as support for the heating cartridge.
In this way, the cell can reach very fast the working temperature of 60 — 80 °C and
maintain a constant temperature over the test period.

Also, on the flow field design some improvements are performed (Figure 11b). A
four parallel serpentine system with a channel width and height of 0.8 mm are
milled on Sigracet BBP4 plates, from Eisenhuth GmbH & Co. KG (Osterode am
Harz, Germany) (Eisenhuth). In this arrangement, the gas found always a path to
output and moreover, the water blockages are cleared [14]. In order to minimize
the voltage losses, each current collector is coated with 2 um gold layer. The coat-
ing is performed by Drollinger Metalveredelungswerke GmbH (Birkenfeld, Ger-
many) (Drollinger). To be able to perform measurements at pressure over atmo-
spheric pressure, the cell is equipped with Viton gaskets from Freudenberg Simrit
GmbH & Co. KG (Weinheim, Germany) (Simrit). Due to the great success with this
small cell, the cell design is extended to an active surface of 50 cm?. To assure a
tight gas connection, fittings from Swagelok with a diameter of 6 mm are used.

Due to its small size, the necessary GDE and PEM on the MEA can be saved. More-
over, due to its improved serpentine design, an optimum gas flow distribution is
reached. Also the 50 cm? fuel cell housing makes possible the test of bigger MEAs
without impediments.
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Typically FCs are tested in a fuel cell station which measures the FC components
performances at distinct working parameters. The FC test stations are able to control
the cell temperature, the inlet gas humidity and to measure the FC electrochemical
proprieties. Moreover, these devices facilitate the FC evaluation at distinct pressures
(from atmospheric pressure up to elevated pressures). Typically, the maximum pres-
sure that can be applied on a FC is limited by the electrolyte, due to its thickness.
One of the most used membranes in the PEMFC is the Nafion™ 212 which has a
thickness of 50 pm and can be used up to 3 bar [123, 52]. At higher pressures, the
membrane tend to get perforated and the fuel can be mixed with the oxidant, a
fact that could end with tragic accidents. Therefore, in a FC test bench many safety
measures are required, specially for the gas pressure control and temperature man-
agement systems.

Considering the fundamental requirements for PEMFC testing, in collaboration
with the company Gamec Analysentechnik (Illingen, Germany) (Gamec) three dif-
ferent testing platforms are produced, one of them is commercialized.

4.3.1 Test station safety strategy

Most of the nowadays used devices are digitally controlled by a central micro-
processor which can be easily disturbed or destroyed by high voltages or other
electrical interferences. Therefore, the data acquisition and the control of the sen-
sors, in a test station should act as standalone and should be independent from
the rest of the system in emergency cases. One of the most dangerous situation in
a FC test bench is represented by H; and O, leakage. In most of the laboratories
researchers use high purity gases, which can produce disastrous damages. Thus,
high sensitive gases sensors, which detects in an appropriate time an eventual gas
leakage and a method to immediately turn off the gases are necessary. A solution to
limit the leak danger is to combine mechanical valves in series with magnetic one.
Mechanical valves can be manually switched while magnetic valves are controlled
by the micro-controller. When a gas leak occurs or the micro-controller is destroyed,
the magnetic valves switches to its initial state (typically close). Generally the mag-
netic valves are placed in the FC test bench housing, but they can be places as well
in the gas cabinet, close to the gas source. In this way a further gas leak is avoided
and the entire laboratory staff is protected.

In a report published by DLR in 2005 they draw attention on the explosion risks
on the automotive drives by FCs. They have proposed three methods to stop the H;
flow in case of leakage [124]:

e a detector which records the H; concentration and stops the flow when it is
over 40 % of the lower explosion limit,

e sensors which log the FC pressure and temperature and after they exceed a
critical value, gases and heat are closed,

e finally a manual switch that turn off the entire system.
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The same rules should be applied on the FC test stations, although the entire
measurements are made in laboratory and here multiple safety rules are already
presented. The incorporation of extra sensors is still necessary to protect the opera-
tors against explosion or fire.

4.3.2 Hardware system

Before FC test bench development and assembly, a scheme and a list with neces-
sary components is required. Most of them can be purchased from different pro-
duces, but there are a multitude of small components that should be particularly
fabricated. Figure 12 presents a simplified test station model which is suitable for
the characterization of single FC and small stacks (2-3 cells). This test bench con-
figuration is optimum for our self-developed cells with a total area of 10 cm? and
50 cm? (see Section 4.2).
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Figure 12: Scheme of FC test station containing two gas mass flow controllers, bubble
humidifiers for each gas and the back pressure controllers.

The presented test bench can operate with three different gases (H;, O, and
N3). All gases before to enter in the FC test station are controlled by manual and
magnetic valves. The magnetic valves are normally closed and operated by the mi-
croprocessor unit. So, the FC can be tested with two different gases at cathode side,
without any change on the physical connection. The gas flow control is assured
by two mass flow controllers (MFCs) purchased from Brooks Instrument (Hatfield,
USA (Brooks Instrument). The maximum flow is 2.6 lmin~! and 7.21min~! for an-
ode, respectively cathode. Moreover, the used MFCs support a multitude of gases
that can be changed using the digital connection, a fact that is very helpful for long
time FCs tests.

In order to not compromise the FC measurements when the gas pressure falls
down (e.g. gas bottle is empty), for each gas check valves were purchased from
PKP Prozessmesstechnik GmbH (Wiesbaden, Germany) (PKP) and installed before
the magnetic valves. It contains a mechanical switch which turns off the measure-
ment when the pressure drops down below 1—2bar. Thus, the withdraw current
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or voltage can not damage the catalyst or the membrane when one of the gases is
missing. To assure a good proton conductivity in PEMFC, the electrolyte humidity
should be high [125, 126]. Therefore, the employed gases should carry enough wa-
ter molecules to humidify the membrane. Some general methods used for gas hu-
midification and the chosen option for the self-developed test bench are described
in subsection 4.3.3.

CATHODE

Figure 13: Test station system built during PhD duration. It contains on the front side all
necessary connections to link a single PEMFC or a small stack.

A main part of the test system is represented by the potentiostat, which is respon-
sible for FC current flow and the potential control. Furthermore, it has the ability to
measure the response of the fuel cell at different frequencies. On actual fuel cell test
station a booster from Bio-Logic SAS (Claix, France) (Bio — Logic) with a maximum
current of £80 A and a voltage windows of +3V is utilized. Although, this device
can provide positive and negative current, for fuel cell test station it is used just to
dissipate the FC current, acting therefore as a load. Control and data acquisition of
the potentiostat is done using the supplied EC-Lab® development package V5.37
for LabVIEW (LV). The entire driver is incorporated in the self-developed program,
which controls also the temperatures, gas flows and pressures (see Subsection 4.4).
For better handling, all components were assemblies in an aluminium case (Fig-
ure 13). So, the laboratory staff is protected against possible explosions or fires that
can take place in a so complex device.
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4.3.3 Humidification system

The performance of a PEMFC depends strongly on the electrolyte proton conduc-
tivity [14]. Moreover, the water management is a key in improving the performance
and durability of PEMFC [127]. In an ideal cell, the water produced at the cathode
electrode keeps the electrolyte at the right hydration level. Furthermore, for a thin
PEM (< 50 um) the water diffuses from cathode to anode side and thus the whole
electrolyte benefits from a suitable state of hydration, without any external sup-
port. But, as in each real system, some problems exist. In this case, during the cell
operation the HT ions, by its diffusion from the anode to the cathode, drag wa-
ter molecules with them and can cause membrane dry out. This process is called
electro-osmotic drag [43].

Moreover, the problem is more serious at high current densities, when the entire
water can be removed from the anode, causing an abrupt loss in FC performance
[15]. For each proton passing through the membrane up to five water molecules
are dragged [128]. Studies have shown that at temperatures > 60 °C, the air dries
out faster than the water is produced in the FC by the H, /O, reaction. One com-
mon way to solve this problem is to add water in the system by humidifying the
reactants before they enter the FC. But, in the case that to much water is injected,
flooding of the electrode can occur and so the gases does not reach any more the
electrocatalyst [22]. Typically, the inlet gas humidity level is held above 80 % to pre-
vent excess drying. Although it seems that employing gases humidification solves
all problemes, it is necessary to understand that the flow field design plays also an
important role in the FC water management and a combination of both will exhibit
the best cell performance. It is mandatory to control precisely the gas humidity
used in a PEMFCs, in order to increase the FC performance.

Up to now no standards exist for FC humidification, each producer is experimenting
with different methods. FCs are not the first systems where a gas has to be humidi-
tied, technologies used elsewhere can be adapted for FC applications. In laboratory
FC test systems the reactant gases are humidified by bubbling them through water,
whose temperature is controlled. The bubbling vessels can have different shapes
and are made commonly of stainless steel. The water volume depends on the gas
flow which should be humidified. It contains at least a gas input and output, but
many other connections can be attached for thermocouples, water level and RH
sensors. This kind of systems can be used with pressures over 10 bar and an auto-
filling system can be attached. During the humidification process it is assumed that
the dew point (DP) of the gas is the same as the water temperature. The bubbling
system is good for experimental work, but rarely is used on practical applications.
One of the easiest way to humidify a gas is the direct injection of water, as a spray.
This method involves the use of a pump for water pressurization and a solenoid
to control the water flow. Although the price of such systems is quite high, they
own some advantages as the gas cooling (in case of reformate gases) and a very
fast switch to different humidities.

Instead to humidify the gases it exists the possibility to inject water directly in the
cell. Although it can induce cell flooding, this technique is combined with a special
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Figure 14: (a) Compact humidifier for portable systems produced by PermaPure [3] (b)
Schematic draw of water to gas humidification principle.

flow field design, that forces the reactant gases to blow the water through the cell
and over the electrode.

In the last years a cheap and efficient method to humidify gases was developed
that uses the selective water transport properties through a series of micro-pores.
In comparison with other humidification methods, this one has no power consump-
tion [126]. Simultaneously, this type of humidifier has a long operation live time, is
compact, has low weight and can be used as water to gas or gas to gas humidifier.
Moreover, the gas humidification does not depend on the gas flow rate. This new
technology contains a tubular membrane which is immersed in thermostated water
(Figure 14). One single tube is enough to humidify a gas flow up to 1500 mlmin~',
but for application where a higher flow is required (e. g. stacks) many tubes can be
connected in parallel. Along to the thermostat or a pump with a heated vessel no
other auxiliary components are necessary. Besides, this humidifier can be connected
directly to PEMFC cathode output. So, the humidifier uses the water produced at the
cathode, holds the pressure in the system in equilibrium and consumes no energy,
likewise the PEMFC efficiency increases.

In the actual developed test station two humidifiers with a single Nafion'
tube (1.2mm) are utilized (purchased from Perma Pure LLC (Lakewood, USA)
(Perma Pure)) and assembled in the fuel cell test station. Two thermostats from Ju-
labo GmbH (Seelbach, Germany) (Julabo) are used to control the DP temperature
and implicitly the gases RH. In order to check the humidifiers” accuracy, both are
calibrated using a chilled mirror hygrometer from Michell Instruments Ltd. (Cam-
bridgeshire, United Kingdom) (Michell). This one uses an optical method to mea-
sure the formation of condensed water on the mirror surface. As the amount of
reflected light decreases the Peltier element starts to heat the plate, until the mirror
temperature reaches the DP. A high precision resistance temperature sensor (RTD)
placed under the mirror is used to measure and maintain the temperature at the
established DP (Figure 15a).

Figure 15b shows the calibration curves for different gas flows at a defined DP
of 50°C. As can be observed this type of humidifiers achieve a very good gas
humidification. For different gas flows rate a deviation < 1°C from the selected DP
is observed. Due to the small flow rate (50 mlmin~') the transported moisture is

M
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not stable and the sensor records a higher value. This fact can be as well attributed
to the long path which should be covered by gases up to the cell (over 1.5m).
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Figure 15: (b) Calibration curves an membrane humidifier used in actual test station and
(a) a schematic representation of a chilled mirror used to determine the dew point.

Considering that during cell characterization, the applied current imply a gas flow
variation, the DP during this period is a mix of the presented humidity results.
It is know that at low current densities not enough water is produced to sustain
the membrane humidification, therefore, in order to hold the cell humidification
at optimum values the minimum gas flow is limited at 50 mlmin~'. At higher
flows, although the DP is under selected value, it does not influence the electrolyte
humidity because enough water is produced at the cathode at currents exceeding
TAcm ™2, to humidify entire membrane.

A further positive fact of these humidifiers is the small water volume that is
necessary to fully humidify the PEMFC. In the test station the thermostats have pre-
sented a volume of 51 water, a fact that makes possible to reach a new DP in a few
minutes. Also, smaller volumes can be used. Of course this method can not com-
pete with the spray method with regard to the humidity feedback. Nevertheless,
this procedure is very cheap and can be adopted for a variety of PEMFCs systems
and applications.

4.3.4 Controlling board

The use of commercial products to control temperature, gas flow or other parame-
ters is often problematic in the case that the number of used devices increases. Most
of problems arise from different communication protocols used for each device. For
an efficient control of all sensors and additional devices used in the presented FC
test station, a controlling board is produced offering more than 20 input and out-
put possibilities (Figure 16). The controlling board connects not only the hardware
components but manages also the temperatures, pressures and gases flows rates.
The central piece of the controlling board is the ATmega2560 micro-controller, pro-
duced by Atmel Corporate (San Jose, USA) (Atmel). Since it contains about 100
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pins and the soldering process is complicated, it is bought already soldered on a
Arduino Mega 2560 plate which is plugged in the developed board.

The ATmega2560 is equipped with 256 kilobits of programmable flash, 4 kilo-
bytes EEPROM, 8 kilobytes SRAM, four USARTs, 54/86 general purpose I/O lines
and many others features. The necessary firmware to control the outputs and to
record the inputs values is written in C++ using the libraries provided by Arduino
(Italy) (Arduino) (see Subsection 4.3.7).

Apart from the micro-controller, the controlling board contains diverse adaptors
and the connections for all sensors and heating elements. In this way, all cables
are connected to fixed position in the fuel cell test station. In order to facilitate
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Figure 16: Controlling board schematic and the available connections. The board facilitates
the connection of multiple temperature sensors, mass flow controllers, thermostats and
magnetic valves.

a better overview and control over parameters, an VM800B touch screen display
from Future Technology Devices International Limited (Glasgow, United Kingdom)
(FTDI) is connected to the developed board. In this way the operator is able to
modify parameters without connecting the test bench to a computer. For advanced
experiments the user should use a PC which is equipped with an ethernet port and
have installed the controlling software (see Section 4.4).
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4.3.5 External device control

As already specified in subsection 4.3.3, two thermostats from Julabo are uti-
lized to control the DP of the inlet gases. To communicate with the test bench it
is necessary to develop a new driver using the commands provided in the oper-
ating manual and to include them in the firmware. Also the physically connec-
tion should be adapted, since the thermostats contain RS232 connections and the
controlling board a USART connection. A MAX232x from Texas Instruments Incor-
porated (Dallas, USA) (TI) is used for each channel and integrated in the control
board (Figure 16). The same problem arises for the mass flow controllers, where a
new adaptor was constructed to convert the USART signal to RS5485. Of course, com-
mercial adapters exist, but each one is intended to be plugged on an computer USB
port. This impedes the management of the current used by each adaptor and phys-
ical connection. Also the system lose its compact design and therefore its mobility
decreases.

4.3.6  Temperature management

For a precise temperature reading Pt1oo thermometers are used to measure the

pipe and cell temperatures. Pt100o are RTDs sensors which uses platinum resis-
tance/temperature relationship. So, by applying a small current the voltage drop
over the resistance is measured and the temperature is calculated. Typically, these
thermometers show a resistance of 100 QO at 0°C and a linear behaviour. The cir-
cuit used to record the temperatures contains a high precision analog to a digital
converter (MCP3551 with 22 bit, 4194304 distinct values) from Microchip Technol-
ogy Inc. (Chandler,USA) (Microchip) and two 6.8 k() resistances to control the cur-
rent flow. Together with the micro-controller these represents a viable and cheap
method for accurate temperature recording.
In order to switch the current required for pipe and cell heating, solid state relays
(SSRs) from Conrad are used (Figure 16). They are activated according to the pro-
portional integral derivative (PID) output implemented in the firmware. The PID
controller calculates the difference between the desired set point and the measured
temperature and tends to minimize the difference over time by switching the relays
(Figure 17). The change time value is determined by a weighted sum:

Output = Kp e(t) + K; J e(dt) + KD%e(t) (19)

where Kp, K; and Kp are the coefficients for proportional, integral and derivative
gain terms, e(t) is the set point value at time t.

The integration of a PID controller in the firmware makes the implementation of
safety rules significantly easier and the use of test station more secure. For example,
in the case that the cell temperature exceeds the maximum limit (120 °C), the micro-
controller stops the heating for all other processes and brings the test station in a
safety state (no gas flow and no heating).
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Figure 17: Block diagram of the PID control algorithm implemented in the firmware.

4.3.7 Micro-controller firmware

The firmware is a type of software that provides control, data monitoring and
the data manipulation of the containing sensors and external devices. It is saved
in a non-volatile memory device such as ROM or flash memory (on ATmega2560
256 kilobits are available). The source code is written in C++ and contains distinct
functions to manage the gases flow rates, as well as the cell an pipes temperatures
and DPs. Not at least, it enables the presentation of the read data on the integrated
touch screen display. In addition, it is responsible to send and process commands
and data to/from computer. The developed firmware was compiled and uploaded
on micro-controller using Arduino IDE.

With the initialization phase the program reads default parameters from EEPROM

and initializes all variables. Along these variables, the most important are the tem-
perature limits, which can bring the test station in a critical state in the case that
they are wrong. Therefore, a extra check is performed after the read and the values
are compared with the ROM saved value. This check assures that all the variables
are read correct from the memory.
Furthermore, the connection establishment with external devices belong to the ini-
tialization step. Distinct tests are performed to assures that the specified devices
are physically connected and a complete initialization is performed. When no error
appears during this stage, the program goes to the main loop. If errors occur, the
execution stops and the user should start the debugging procedure depending on
the message retuned on the main screen (Figure 18). Typically, errors appear due
to non-appropriate connections, oxidized contacts or user mistakes.

Typically, in C++ the program execution is performed in a serial way. The neces-
sary time to compute some functions can hinder the execution of meaningful func-
tions. For example, in the case that the data display takes longer time compared
to the readout of parameters or to the check some sensors, important information
are missed. Therefore, task timing and classification are imperative for a long and
error free operation. Thus, the tasks are divided in three distinct ones:

1. contains the sensor readout, computes the PID output and monitors the sta-
tion status (each 300 ms),

2. checks the data that received at the Ethernet port and check the communica-
tion (each 5ms),

3. displays the read data on the screen (each 900 ms).
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Figure 18: A simple representation of the firmware algorithm. After initialisation the
program executes the main loop endlessly. Just a record value which is outside the limits
can stop the program.

In this way no delay occurs due to the execution of additional functions, the
processes are computed in real time and the microprocessor time is used efficiently.
The structure of the entire firmware is represented as a flowchart in Figure 18.

In the case that a sensor records a value, which does not fit in the predefined
limits, the operation of the entire test station is halted and a message is displayed
on the screen. In addition, the user can abort at any time the operation and can
bring the device in a safety state by pressing the emergency button situated on
the housing front side (Figure 13). As a consequence, the firmware turns off the
magnetic valves for each gas and modifies all temperature set points to a lower
value. Another function of the developed firmware is the efficient communication
with the computer. Thus, it uses the Ethernet technology to send and receive data.
In this context, a binary format is chosen for data package. Thus many information
can be efficiently send in the same package. To be sure that the data is received
completely a simple check sum is implemented, summing the binary values of the
contained package.

With all its features, the developed firmware provides a complete control of each
test station component.

4.4 CONTROLLING SOFTWARE DEVELOPMENT

In order to be successful, a scientific instrument should not only be based on
a good hardware infrastructure, but also a correct control software needs to be
attached. Furthermore, the program needs to allow an efficient code modification
for new hardware parts and to ensure absolute control of the device. Likewise, the
user may have the possibility to modify all device parameters and to store them for
similar measurements in the future. Essential for this type of applications is the user
interface, which permits the modification of machine settings and the visualization
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of recorded data. Also the modularity should be presented at this level for code
reusability and flexibility.

To attain the presented requirements, a new software is developed using the

development environment LV. LabVIEW is a mature development tool with over
30 years improvement behind, that makes the automation a pleasure. First time
it was released in 1986 for Apple Macintosh, by NI and after few years LabVIEW
has imposed on the scientific and engineering world as a simple method for data
acquisition, instrument control and industrial automation. It is actually supported
by a variety of operating systems (Microsoft Windows, UNIX, Linux and Mac OS).
LabVIEW, which stands for Laboratory Virtual Instrument Engineering Workbench,
is programmed using a graphical language known as G, which is a data flow pro-
gramming language [129]. Execution is determined by the structure of a graphical
block diagram (the LV-source code) on which the programmer connects different
function nodes by drawing wires [129]. The graphical system design takes out the
complexity of other programming languages (C, C++, Java, etc.) and focuses the
user just on the software development. With his graphical representation and intu-
itive design notation, LV reduces the learning process which is typically involved
for other languages.
LabVIEW programs are called virtual instruments (VIs), because their appearance
and operation imitates physical instruments. Furthermore, LV contains a compre-
hensive set of tools for acquiring, analysing, displaying and storing data, as well
as tools to help on code troubleshooting [130]. The graphical approach allows non-
programmers to build simple programs by dragging and dropping virtual repre-
sentations of lab equipment. In order to produce more complex algorithms or large-
scale code, it is important that the programmers possess an extensive knowledge of
the special LV syntax and the topology of its memory management. Furthermore,
advanced developers have the possibility to build stand-alone applications.

The developed software contains advanced programming techniques which are

used to communicate with the FC test platform and to manage the amount of data
that is recorded during the experiment. It is essential to separate the user inter-
actions from the instrument-computer communication when such applications are
designed .
If this simple criterion is not reached it can occur that during user events the data
transfer is interrupted and the entire experiment is compromised. A preferable way
to achieve this is to use a producer-consumer structure, where the code is splitted
on three different levels:

(i) top level, deals with the user input and major execution,

(ii) bottom level, enables the transfer of data between the personal computer
(PC) and hardware components,

(iii) data processing and saving.

In order to record the user events an event structure is used. It make possible
to transfer the operation between levels and permit the integration of pre-built
intelligence between. However, such architecture does not allow the execution of
independent parallel processes. Many of the actions inside the program shall be
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Figure 19: Producer-consumer design implemented in LabVIEW. The user actions are
recorded and forwarded to the procesing loops.

executed on the same time (e.g. data reading and user input). In order to avoid this
problem, an extended producer/consumer was created, where parallel processes
are performed simultaneously in separate structures (Figure 19).

As can be observed, the data produced in the user actions loop is transferred fur-
ther, using a queue system, to other loops. The packed message is open by the
addressed consumer, who performs an action depending on the message content.
For example, when the user starts the experiment, a message is distributed to all
loops. On loop update parameters the necessary parameters are transmitted to
the device and data acquisition /save loop start the data recording (Figure 19).
So, the useraction loop remain free to record next user event.

Along the communication with the developed board, a new graphical user in-
terface (GUI) is designed. It helps the user to define the experiment setting in an
easier way (Figure 20). The GUI provides a multitude of functions necessary for
each scientific program.
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Figure 20: Screenshot of the graphical user interface of the developed software. According
to the introduced parameters, the program controls the PEMFC test platform.

The cul windows is divided in four sections, which contain lists, graphs and nu-
meric indicators. The left side screen include the device list and the technique list.
The technique list contains the procedures used during the experiment. Up to 40
techniques can be defined for a single investigation. The exemplified method are
performed from top to bottom. Moreover, the user can choose from a multitude of
techniques (Figure 21a) the appropriated one for his experiment. Along the typi-
cal electrochemical methods, in order to control the temperature, pressure and the
cell current/voltage new procedures are defined. For each defined technique, the
parameters can be individually specified making the use of the developed device
more flexible (second screen region). On the screen middle, the graphs present the
measured data. As can be noticed the user can choose different representations for
each graph. Additionally, up to 15 graphs can be defined and particularized with
an individual representation and style.
Typically, a complete FC characterization can take up to two days, during which
time more that 10 parameters need to be read and saved. Thus, in order to make
more clear the results collected from multiple techniques over long time period, a
data filtering system is implemented as can be observed in Figure 21a.
Additionally, the filter can be applied individually for each graph depending on
the technique, cycle, step, loop, etc. On the right side, the user can identify in real
time, the most important test station parameters. These contains the FC temperature,
pressure, flow rates and electrical values. Along this visualisation, the GUI contain
on the bottom side some indicators, which shows the elapsed time, buffer size or
the set point for DP and cell temperature.
With his simple graph representation and included tools, the developed software
complete the created fuel cell test station.
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Figure 21: Screenshots of: (a) insert technique dialogue and (b) filter implemented for each
technique defined in experiment.

4.5 SUMMARY

A short description of most used techniques on PEMFC testing (CV, polarization
curves and EIS) is presented. For each technique, the necessary limits and parame-
ters are defined. Along them, the design of a new fuel cell housing with an active
surface of 10cm? is introduced. Due to the employed sealing system the cell is
completely tight for different MEAs thicknesses. For a better reactant distribution it
contains four channels, each one with a width of 0.8 mm and a length of 17.5mm.
To avoid the water accumulation, the proposed flow field design present four bends.
Due to successful tests, the 10 cm? cell architecture is up-scaled to 50 cm?. During
the PhD period, over ten cells with distinct sizes are produced, all of them offering
precisely and valuable data.

In this chapter, along to the testing methods and developed hardware parts, the
producing steps of an completely new PEMFC test station are presented. The devel-
oped testing device contains standard components as thermostats and mass flow
controllers, but also the self developed sensors and algorithms. One of the big issue
on the PEMFC testing is the precisely temperature and humidity control. Therefore,
a complex circuit is build to read and control the temperature with a resolution
of 0.015°C. Along that, new modules to manipulate the thermostats and the MFCs
are manufactured. All electronic components are fixed to a self planned controlling
board, which provides the possibility to connect over 20 inputs and outputs. For
safety reasons the board contain a micro-controller, which computes in real time
the sensors input.
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For a precise humidity control, a Nafion™ tube system is adopted. With its help
relative humidities up to 100 % can be achieved with accurate control. Moreover,
the developed device can be used for PEMFC with different sizes and can perform
current measurements up to 80 A.

To manage easier the experiments, a powerful software is developed. It contains
the already defined FC characterisation techniques and many useful one, as temper-
ature and pressure control. Using an intuitive GUI, it permits the customization of
each testing parameter. Additionally, it gives the possibility to present the recorded
data in individual styled graphs. The implemented filter give the opportunity to re-
tine the visible data over ten criteria. Along the numerous facilities, the developed
software makes possible the FC measurements in a semi-automated way. So, when
the experiment start, the system necessitate no user interaction and can operate
for weeks without any external interventions. An advantage of this new system is
its size, a fact that makes it more flexible and easy to transport. Due to its unique
characteristics, in collaboration with the company Gamec one of them is commer-
cialized.

The manufactured fuel cell housings and the test station represents the base for
further research. These two elements are used to investigate the samples created
on the further chapters and to improve the PEMFC performances.
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EXPLOIT THE SPRAY AND ELECTRODEPOSITION
TECHNIQUES FOR GDE PREPARATION

Since an inexpensive replacement for platinum has not yet been found, most of
the researchers and engineers are focused on the electrode development with an as
low as possible platinum loading. Along that, the prepared electrodes should main-
tain at least the same performance compared to those with a standard platinum
loading. For this propose, various techniques have been developed to optimize the
platinum utilisation and to improve the catalyst activity.

5.1 CATALYST PREPARATION METHODS

Chemical vapour deposition and sputtering [99] have been successfully used

to obtain platinum loadings below 0.1 mgcm—2. However, the strict vacuum at-
mosphere required by these methods make them relatively expensive and hard
adaptable for bulk production [80]. Methods such as electrospray or electrohydro-
dynamic atomization have been developed in the last years [111, 131]. Compared to
other deposition methods, this technique requires no vacuum, is easy scalable and
has a simple experimental setup. Moreover, the catalyst particles created with this
approach are very well dispersed in the CL and the interaction with the ionomer is
improved [131]. Nevertheless, some problems exist on the loading reproducibility
and therefore further research is necessary.
Catalyst layer structures can be obtained by alternative coating techniques such
as spraying, screen printing, brushing and decal methods [67]. Sambandam et al.
have applied the spraying method to produce GDEs with an active area of 5cm?
[59]. Typically, this procedure is used to spray solutions, which contain a catalyst
ink, dispersed with an ionomer in H,O or isopropyl alcohol (IPA), over an MPL. To
create this layer Scott et al. have mixed Teflon and carbon black in IPA and then
brushed it on a Toray carbon paper support [132].

Most of the commercial techniques manipulates an already prepared catalyst,
which is sprayed over a GDL to constitute the CL. Unfortunately, the catalyst posi-
tion in the CL structure cannot be very well controlled, causing a decrease on the
triple phase boundary (TPB) density. Methods such as electrospray or galvanostatic
deposition were used for in-situ catalyst production, but they require either high
voltages (kV range) or involve a toxic plating bath. Furthermore, the large scale
implementation is difficult, expensive and suffer low reproducibility.

Metal electrodeposition is one of the popular synthesis technique, which is applied
in a variety of domains including electronics, nanotechnology and nanobiotechnol-
ogy [133]. This method provides a precise composition and crystallinity control of
the deposited material and can be applied onto surfaces of electrical conducting
materials with various shapes and sizes. This method has found application in the
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FC field, where it is used to coat the BP with different metals or to create the cat-
alyst particles. Typically, in PEMFC the catalyst is represented by platinum or its
alloys [134], which are easily deposited from different precursors. Most of the elec-
trodeposition processes takes place in electrochemical baths containing platinum
in divalent or tetravalent state [107]. This method provides a low energy consump-
tion and a strict control of the platinum loading [48]. In order to increase the active
surface, the researchers use carbon black as support. Miyake et al. have described a
simple potentiostatic electrodeposition to prepare carbon supported platinum cat-
alyst. Using the commercially available carbon black, Ketjen Black EC, as support
they have deposited platinum particles by reduction of chloroplatinic acid at room
temperature. The created catalyst particles offer diameters in range of 4.7 —7.6nm
and a crystallite size of 8 nm. They have observed that for potentials below —0.7 V a
strong H; evolution takes place at the WE, a fact that prevents the platinum deposi-
tion [48]. This influences also the deposition efficiency, which in this case amounted
85 —97 % for acid solutions and 40 — 55 % for alkaline solutions.
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Figure 22: (a) A general concept of the pulse-current technique and (b) the double pulse
sequence used to create and grow the catalyst particles.

For a better particle morphology control, Choi et al. have proposed a pulsed gal-
vanostatic deposition method. In comparison to the direct current (DC) electrodepo-
sition this method has many advantages such as stronger adhesion, uniform depo-
sition, selectivity of hydrogen, reduction of internal stress, etc. . Moreover, it offers
three variables that can be changed during the deposition, namely, t,,, (on-time),
torf (off-time) and i, (peak current) (Figure 22a). Here i, represents the average cur-
rent density and is equal to ipc, because it determines the surface concentration of
deposited metal ions [106]. In their case the best parameters were 10 mA cm 2 to
50 mA cm 2 for the current density and on, off-time, of 10 ms and 100 ms, respec-
tively. As result, the electrochemical active surface area (ECSA) of prepared catalyst
was 25 % better than the DC deposited one [106]. Instead to use current pulses,
Ueda et al. have prepared metallic nanoparticles by using a potentiostatic double
pulse technique. This method is based on an extremely short nucleation pulse of
high cathodic polarization followed by a much longer growth pulse at low cathodic
overvoltage [135]. The first pulse, more negative than the potential where the reduc-
tion occurs, is used to initiate the nuclei formation. The second pulse, positively but
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more negatively than the reversible potential, is used to control the nuclei formed
during the previous pulse and to handle the particle size.

All presented techniques were applied on small electrode surfaces and mostly the
glassy carbon was employed as support. To adopt the electrochemical deposition
technique in FC application it is necessary to increase the electrode surface and to
assure an homogeneous particle distribution over the entire CL. Apart from that,
many electrochemical processes need to be considered and engineering challenges
must be countered.

5.2 POTENTIOSTATIC ELECTRODEPOSITION

It is know that when conventional methods are used to produce the CL, multiple
inactive sites are present [106]. This is induced in most of the cases due to the poor
contact between the ionomer and the electrocatalyst or catalyst and the reactant
phase. In an ideal case, the catalyst has a permanent contact with the protons, the
electron conductors and reactants at the so-called triple phase boundary (TPB). In
practice, using traditional preparation methods, part of the catalyst is embedded in
the polymer and the reactant cannot reach it any more. Another common problem
is the MPL local flooding, a fact that reduces the FC performance.

In order to avoid these problems, Mitzel et al. [go] have demonstrated the princi-
ple of creating catalyst particles at the TPB using as template a self prepared GDL.
They have deposited platinum nanoparticles directly on the MPL surface by apply-
ing a current/potential profile. The prepared samples exhibit a surface of 50 cm?
and a platinum loading of 0.4 mg cm 2. The FC tests have revealed that the use of a
potentiostatic method improves the FC performance, in comparison to the galvano-
static deposition [136].

For a precisely in-situ catalyst layer construction, the same technique is adopted
in the present work. The electrodeposition assembly contains a well know struc-
ture from the PEMFC, where the electrodes are pressed together with a membrane
to form the MEA. In analogy with a PEMFC, here the MEA is replaced by an half-
MEA, containing one GDE, at the anode side and a membrane. In the actual work
the prepared half-MEA contains a Nafion™ 115 membrane from E.I. du Pont de
Nemours and Company (Wilmington, USA) which is pressed at 125°C for 6 min
with a commercial GDE from Johnson Matthey (London, United Kingdom) ELE062
(0.4 mg cm2). The so-prepared MEA is then mounted in the electrodeposition cell,
so that the commercial GDE acts as an reference and counter electrode. The setup
ends by adding at the cathode the GDL, which integrates the precursor. This an-
nexation method facilitates an easy GDE extraction after the electrodeposition pro-
cess. During the deposition, the produced electrons at the reference electrode goes
through the external circuit to the cathode where the precursor reduction occur.
Simultaneously, the created protons pass through the electrolyte to the WE and are
consumed in the reaction. Thus the counter electrode remain as a hydrogen depo-
larized anode (HDA). The supplementary reaction products from the cathode are
evacuated with an inert gas (Figure 23).

Along to the desired reduction reaction, at the cathode the hydrogen protons can
be reduced to H;, so that the chemical reduction of the precursor occurs. In order
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to avoid these disadvantageous reaction, the WE potential needs to remain positive.
According to the PtClé* reduction reaction, a potential higher that +0.744V is
required to reduce the platinum ions to platinum (Equation 20).

RE + CE : Hy(g) — 2H™ +2e™ E°=0V
WE : PtClZ +2e — PtClj +2Cl° E° =+0.726V (20)
PtCl;™ +2e~ — Pt+4CL E° = +0.758 V

where E° is the standard potential.

However, when the potential exceed 1.23V the water oxidation emerge as a sec-
ondary reaction. At this point, due to high water oxidation overpotential in com-
parison to the H; evolution reaction, it is absolutely impossible to avoid the hydro-
gen evolution at the working electrode. Therefore, to reduce the risks of hydrogen
evolution the potential should not exceed 1V.

According to the setup scheme presented in Figure 23, the protons needs to cross
through the membrane. Therefore, to enhance their mobility the electrolyte humid-
ity is increased by humidifying the reference gas (H;). In the same time, the ohmic
losses due to the membrane are minimized. So, the hydrogen is purged with a
constant flow rate of 150 mlmin~'. It should be considered that for a minimum
membrane swelling and a good proton conductivity, the RH should not exceed 90 %
[137]. In addition, at this humidity the mechanical properties of the membrane are
improved [138]. To be sure that the electrolyte is completely humidified, prior to
the electrodeposition process, the cell is purged for at least 5 h with the humidified
gas.

For all samples presented in the actual work, hexachloroplatinic acid purchased
from Umicore AG & Co. KG (Hanau, Germany) (Umicore) is used. The precursor
reduction at the working electrode is accomplished by applying a double pulse pro-
tile (Figure 22b). First one creates small platinum nuclei, by gathering few PtClé*
at the carbon surface. In the same time the C1l™ ions together with the protons from
the anode react to HCL. During the second pulse, additional PtClé_ are attached
to the constituted nuclei and nanoparticles are created. Depending on the growing
time the particles size can be controlled. It is essential during these two steps to
remove the HC1 due to its poisoning effect [101].

The imposed pulses are controlled by a VMP3 potentiostat connected to a 10A
booster, manufactured by Bio-Logic SAS (Claix, France) (Bio — Logic). Therefore, for
the nucleation pulse a potential of —1000 mV vs. HDA is hold for 1ms followed
by a growth pulse of 100 ms at a potential of 50 mV vs. HDA. The entire process
is repeated until the current through the cell remains constant, according to the
cell resistance. In order to remove the reaction products (HCl) a constant nitrogen
gas flow (500 mlmin ') is applied at the working electrode side (Figure 23). After
the electrodeposition process, the not reduced PtClé_ are washed with distilled
water. So, a large platinum amount can be collected and reused for future GDE
preparation. The electrodeposition procedure ends with a drying process at 80 °C
for 20 min.
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Figure 23: Electrodeposition principle with a hydrogen reference electrode

5.3 DEPOSITION CELL CONSTRUCTION

Although the electrodeposition seems to work on a classical PEMFC housing,
some details related to the cell construction should be regarded. In the PhD thesis
of Dr. Mitzel [136] a very simple electrodeposition setup is introduced. It contains
a typical PEMFC housing with an active electrode area of 50 cm?, connected to a
bubble humidifier. This system presents some disadvantages, for example in the
case that GDLs with different thicknesses are used. In addition, due to the adopted
sealing system, the GDE thickness should be fixed. A change of this configuration
can cause an inappropriate contact between the GDE and the electrolyte. Moreover,
the cell is not any more tight. Therefore, a larger force need to be applied, which
can cause the GDE support destruction. Commonly, the GDL penetrates in the flow
tield channels and thus cannot be used any more as GDE for further applications.
Another important disadvantage is the membrane swelling that appears at high hu-
midity and makes the electrolyte utilization for further electrodepositions process
almost impossible. It should be noted that in the setup proposed by Dr. Mitzel, the
electrolyte is humidified at room temperature and a precise RH control cannot be
achieved.

Using the variety of mechanical processing features located in the university
workshop, a new cell is developed. Before production all cell components are sim-
ulated on a computer-aided design program. Thus, a new cell with an electrode
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surface of 50 cm? as in Figure 24a is constructed. It contains a graphite flow field
as reference electrode similar to the old setup. Compared to the previous design
the top side is replaced by a graphite felt and a cooper plate. This assembly presses
uniform the working electrode on the electrolyte surface independent from the GDE
thickness. Due to the graphite felt compressibility, an uniform force distribution is
assured. Furthermore, it ensures the electron conduction and is porous enough for
an efficient product removal. This arrangement is similar to a vanadium/air redox
flow battery system [139]. In the actual configuration instead of air and vanadium
we are using hydrogen and nitrogen.

Graphite Felt

Nafion 115

Frame M Frame

Graphite Flowfield
(a) (b)

Figure 24: (a) Electrodeposition cell with graphite felt as force ‘buffer” and (b) schematic
cross section of the entire deposition cell.

Another progress on the cell development is represented by the frame construc-

tion, which stretches the membrane and avoids its swelling. The frame provides
an ideal membrane stability by holding it straight even at high humidities. More-
over, the frame enables the membrane utilisation for many deposition processes
(Figure 24a, 24b) while assuring cell tightness. Also, due to the fixed frame height,
the applied screw force is not important any more, the cell is tight by applying few
Nm. This is considered as an advantage when untrained people use the deposition
cell or when no torque key is available.
Considering the above specified improvements on the electrodeposition cell and
examining the application of the deposition method for bigger GDE, a new cell
with a size of 225cm? is constructed (Figure 25). This cell is not only bigger than
the precedent cell, it is constructed from different materials and contains a better
design.

Instead to use a graphite plate as flow field and a current collector for electri-
cal connection, both functions are transferred in the end plate. For typical PEMFC
housings, the end plates are made from aluminium, but due to its weak mechanical
properties and fast oxidation, it is replaced by a stainless steal plate. Also the flow
tield pattern are modified. The flow field design contains parallel channels with a
width of Tmm, which connect the hydrogen input and output (Figure 26). Along
that, it distributes the humidified gas on the GDL, assuring a good electrical contact
and heat transfer.
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Figure 25: Structure of the up-scaled electrodeposition cell with an area of 225 cm?. On the
bottom side it contain a stainless steel flow field with parallel channels.

A disadvantage of the constructed cell is its weight, which in this case is over
10kg. It must be specified that the top end plate is made from aluminium and
not from stainless steal. Due to the high surface and the hard drill in stainless
steal, unfortunately a heating cartridge cannot be used. Thus, two silicone heaters
with a size of 150 x 200 mm are purchased from RS Components GmbH (Morfelden-
Walldorf, Germany) (RS) and bounded on the end plates. The cell temperature is
controlled by two PID controllers purchased from Invensys Eurotherm (Ashburn,
USA) (Eurotherm).

5.4 ELECTRODEPOSITION SETUP

The electrodeposition setup contains apart the cell and the potentiostat, systems
for gas flow control, gas humidification and temperature management. Therefore,
two mass flow controllers purchased from Bronkhorst High-Tech B.V. (AK Ruurlo,
Netherlands) (Bronkhorst) are used for hydrogen and nitrogen. Each one has a max-
imum flow rate of 2000 mlmin~' and can be remotely controlled. Furthermore,
a gas humidifier from Perma Pure, containing a single Nafion™ tube is used. A
complete description of the working mode is presented in section 4.3.3. In the ac-
tual setup a thermostat produced by Neslab Instruments Inc. (New Hampshire,
USA) (Neslab) is used to control the DP. The electrodeposition cell temperature
is managed by two heating cartridges produced by Horst GmbH (Lorsch, Ger-
many) (Horst) plugged on a PID controller manufactured by Jumo GmbH & Co. KG
(Fulda, Germany) (Jumo). Figure 27 shows the developed electrodeposition setup.

5.5 FABRICATION METHODS FOR THE PRECURSOR-IONOMER LAYER

Before the platinum electrodeposition is performed with the method described in
Section 5.2, the GDL needs to contain already the catalyst precursor and the ionomer,
required to conduct the protons. One of the simplest methods to introduce both
ingredients in the MPL is to dip the GDE in a solution which contains the necessary
components. Due to the small GDE thickness (200 —300 um) and the desired CL
height < 10 um, the liquid level should not exceed 10 —20 uym. In the case that
the bath level surpasses these limits, the electrochemical reduction of the precursor
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Figure 26: The flow field and the end-plate of an 225 cm? deposition cell. For an optimum
humidity and gas flow, the flow field contains parallel channels.

cannot be realised. Finally, the not reduced metal ions and the formed hydrochloric
acid are removed by washing the GDE in a water bath.

Both Mitzel and Arena have described in their PhD thesis a simple impregnation
process [140, 136]. An hexachloroplatinic acid dispersed in IPA is poured in a Teflon
form with a size of 50 cm?. The GDL is introduced over the prepared solution, so
that the MPL is impregnated (Figure 28a). In order to obtain an anhydrous precur-
sor, a vacuum pump is used to extract the solvent. Both authors have used self-
prepared GDL with a low hydrophobic grade. For commercial electrodes which are
high hydrophobic, the precursor/ionomer mixture cannot penetrate deep enough
in the MPL. So, during this process most of the ionomer sticks on the GDE surface
and on the Teflon form. Thus, during the GDE extraction, large MPL parts remains
attached on the Teflon form, making the GDE usage for further applications almost
impossible. This problem is related to the ionomer quantity used for impregnation
and the electrode properties (porosity and hydrophobicity). Also, due to the low
bath level, the ionomer distribution over the GDE surface causes a different local
loading, even when the form is balanced.

Other procedures used to apply diverse dispersions over the GDL or to create the
MPL are the spraying and the brushing method. These are the most widely used
methods in the laboratory scale since these do not require sophisticated apparatus
and procedures [67]. In the present work, an airbrush BD — 142 with a 0.2 mm noz-
zle purchased from Conrad Electronic SE (Hirschau, Germany) (Conrad), is used to
spray a precursor-Nafion™ solution, dispersed in 2ml IPA. In order to evaporate
the solvent and to avoid the precursor blowing, the GDL is heated at 80 °C. Theo-
retically, by controlling the distance to the substrate and the hot plate temperature,
different CL thicknesses can be achieved (Figure 28b). However, in practice due to
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Figure 27: Electrodeposition setup consisting of the cell, two MFCs and the humidification
system. Below the deposition cell the flow control unit used to manage the gas flow rates
can be seen.

the hand movement, it is very difficult to maintain a constant distance between the
nozzle and the GDE. Furthermore, after few spraying layers it is delicate to see an
optical difference on the electrode surface. So different catalyst and ionomer load-
ings are obtained along the GDL surface. According to the achieved results, we have
decided to improve this technique, by precise distance and moving speed control.

56 DEVELOPMENT OF THE AUTOMATIC SPRAYING DEVICE

In the last years, the amount of innovations observed on the 3D printing industry
has outdone all the innovations within the industry in the prior 20 years [141]. As
the price started to decrease, thousands of people were driven to the technology
and tried to apply it on different fields.

The first step on 3D printing is the modelling and the simulation of the desired
piece. Then, a special software slices the piece in different layers and computes
the necessary coordinates for the moving pattern. A microprocessor processes the
commands and sends electrical signals to the stepper motors, which assure the XYZ
move. Apart the moving controller, in a 3D printer the printing head allows the ma-
terial dosing, necessary for a printing step. Typically, the material is a thermoplastic
polymer which melts directly before printing. Some 3D printer manufacturers are
designing their printer for compatibility with other function heads such as milling
or laser cutting.

In order to apply the 3D printing technology on the FCs electrodes production
some modifications are required:
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Figure 28: (a) Schematic representation of the impregnation process for a GDL and a
platinum precursor (b) manual spraying method used to attain the precursor on the MPL
surface.

(@) (b)

Figure 29: (a) Airbrush system mounted on the 3D printer containing two spray heads
and (b) the GDE fixing system used to mask a part of it and to assure a good contact with
the hot plate.

e the printing head needs to be replaced by a spray or brushing device. This
must assure a highly precise and controllable liquid flow rate. In addition,
the extra peripheral needs to provide a high corrosion resistance against the
chlorine.

e the heat plate must be replaced by a more powerful, which is able to hold the
temperature constant even at high moving speed or high gas flows.

In the actual work, the necessary modifications are applied to a Velleman nv
(Gavere, Belgien) (Velleman) K8200 printer, purchased from Conrad.



56 DEVELOPMENT OF THE AUTOMATIC SPRAYING DEVICE

Motion

Nitrogen

[ -n il

Figure 30: (a) Principle of the modified 3D printer, containing the syringe pump and the
heating plate; (b) Photography of the developed spray device. During the printing
processes, the nozzle is shifted in the Z axis direction and the sample performs a
movement in the XY plane.
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A self-made spraying system, containing a silica capillary with an inner diameter
of 200 um is connected with a gas pipe to a T union piece. In this way, the gas and
the liquid phase are isolated one of each other (Figure 29a). When a fluid reaches
the capillary output, it is directly separated by the gas flow in droplets. The created
liquid droplets reaches the MPL surface and creates a homogeneous layer. Due to
the plate temperature(> 80°C), the solvent evaporates. So the ionomer together
with the precursor remains bounded in the MPL structure. As shows in Figure 29a
the developed system contains two spraying heads. This feature makes the use of
capillaries with different diameters and higher pump rates possible. Apart from
that, this configuration is quite useful in the case that big GDL surfaces need to be
sprayed.
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Figure 31: GUI of the 3D printer control software developed on LabVIEW. Here the user
can visualize and modify the moving parameters. Along that, the user can control the
pump volume, syringe diameter and many other useful parameters.

In order to assure an uniform temperature distribution over the entire GDE surface,
a good contact with the hot plate is required. Therefore, a stainless steel mask with
a frame size of 70x70 mm is constructed (Figure 29b). In this way ~ 1 mm from the
sample is used for fixing, a fact that should be considered on MEA manufacturing.
Another parameter which affects the spraying quality is the liquid flow rate. For
high liquid rates, the gas cannot split the solution perfectly into droplets. Thus,
this leads to the formation of big flakes on the MPL surface. For a precise control
a syringe pump produced by Landgraf Laborsysteme HLL GmbH (Langenhagen,
Germany) (Landgraf) is used. It can manage two syringes in the same time, at a
very low pump rates (few umin~'). A complete view of the assembly is repre-
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sented in Figure 30. Due to the capillary length (> 30 cm) a small volume (~ 50 pul)
remains in the silica capillary and is considered as dead volume. So, to obtain a
well defined catalyst loading for each spraying process, an additional quantity of
precursor needs to be added.

Apart from the hardware components, a new GUI is developed, which controls
the sample movements and the pump flow rates (Figure 31). For a systematic MPL
coating, the printer movements are firstly simulated on the self-developed LV soft-
ware and then transferred via the serial port to the 3D printer controller. Before the
spray procedure begins, the user can modify parameters such as the sample size,
moving speed or the moving profile type. The program calculates automatically
the moving path according to the inserted parameters. On a XY graph, situated in
the middle of the screen, the entire moving points are plotted. The same software
incorporates the syringe pump control. This one allows the user to adjust the vol-
ume and pump speed. Furthermore, the developed software contains an algorithm
which is able to compute the time required to pump a known amount of solution
(Figure 31). In order to synchronize both systems, the user can modify the moving
speed or the loop number. In addition to the automatic mode, the developed soft-
ware offers a manual mode, where the user can insert the move position for each
axis. Apart from a precise movement control and multiple move profiles, the de-
veloped software offers the possibility to save the entire parameters to an external
data file. This option is very useful when the user uses samples with different sizes.

5.7 SUMMARY

The theoretical and experimental details of an electrochemical deposition method
are presented. The described technique is used to produce the electrocatalyst for
PEMFC electrodes. One advantage of this technique is the accurate electrocatalyst
positioning, at the triple phase boundary. In addition, due to the rigorous elec-
trodeposition profile the morphology of the created electrocatalyst can be precisely
controlled. In detail, during the first step a negative potential for few ms is applied.
This induces the precursor ions reduction and the formation of small nuclei. In the
next phase, a growing pulse lets the already created nuclei grow. According to the
growth time, the cores grow by collecting more precursor ions, until a nanoparti-
cle is created. To obtain a high active catalyst, hexachloroplatinic acid is used as
precursor.

An extra attention has been given to the electrodeposition cell design. In compar-
ison to a PEMFC housing, this one contains an improved sealing and membrane
stretching system. It provides a better contact between the GDL and the electrolyte.
Moreover, new facilities as accurate temperature and relative humidity control are
implemented.

The developed cell can be used not only for platinum electrodeposition, but also
for other metals precursors in an anhydrous form. In addition, the cell cathodic
side is reshaped, so that the sample is uniformly pressed on the electrolyte. A big
advantage of the new compression system is the possibility to use the same elec-
trodeposition cell to deposit metals on GDLs with distinct thicknesses. As result of
the significantly improved FC performances, the deposition cell is extended from
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50 cm? to 225 cm?. On the big cell, for a better gas and humidity distribution the
anodic flow field is combined with the end plate. Along to the new flow field de-
sign, a frame is developed to keep the membrane straight on the electrodeposition
cell. This makes the use of the electrolyte over many electrodeposition processes
possible. Additionally, this feature makes possible the further cell up-scaling. The
only limitation is represented by the membrane durability.

Before the electrodeposition process, the GDL should contain the precursor in
an anhydrous state. Therefore, two different methods to apply the ionomer and
the precursor on the GDL surface are tested: impregnation and spraying. It was
found that due to the small GDL thickness, the necessary volume for impregnation
is limited to few ul, affecting the precursor distribution on the MPL structure. The
other tested technique can be utilized for large surfaces and bulk production. The
spraying method is suitable to achieve thin CL thickness by holding a constant
temperature and distance to the substrate.

For a precise control and high reproducibility an airbrush system is developed
and attached to a 3D printer. For a accurate spray control, the liquid flow rate is
managed by a syringe pump. A further improvement on the constructed device
is the heat plate replacement. So, a constant temperature can be held during the
spraying process, even at high gas flows. Using the developed system, samples
with an area up to 400 cm? can be sprayed in a semi-automatic way. Along that, the
system can spray different solution without corrosion risks.

To enhance the printer utilisation a new controlling software is developed. Thus,
multiple moving profiles can be simulated and implemented. Moreover, the soft-
ware controls the syringe pump parameters. So, both devices can be perfectly syn-
chronised.



EVALUATION OF PREPARATION PARAMETERS FOR PEMEFC
ANODES

The main tasks of the MPL in a PEMFC electrode are to support the electrocatalyst

and to manage the water and the heat produced during the PEMFC operation. In ad-
dition, the MPL should be porous enough to minimize the reactant barriers, expand
the electrochemical surface area per unit of electrocatalyst mass and not at least, to
dissipate the heat efficiently. According to Chen and Hwang, the number of cata-
lyst active sites is linked to the employed MPL preparation method [73, 67]. During
the last years some papers have revealed that the MPL composition influence the FC
performance [142, 65].
Typically, a MPL architecture contains carbon black particles which are held to-
gether and bounded to the GDL surface with Teflon. In practice, it is very challeng-
ing to find an optimum balance between these two components and to create an
electrode with a good electrical and thermal conductivity [143, 64]. However, an
optimum Teflon loading, makes not only the FC operation at high RH possible, but
in the same time it reduces the MPL porosity [66]. Especially at the cathode, where
in addition to the gas paths, sufficient passages are necessary to remove the pro-
duced water. One frequently used method in practice is the application of different
carbon black species, with distinct sizes and shapes. This technique improves not
only the MPL porosity, but enhances the electrical conductivity of the created layer
[47, 144]. Another technique approached by other authors is the implementation
of so-called pore forming agents [145, 146, 147]. Commonly, they are carbonates
compounds as Na;CO3, (NH4)2CO3, NHsHCO3 [148, 149, 150], glycerol [68] and
sulfate as (NH4);SO4 [151]. This chemicals are integrated in the prepared ink and
transferred to the GDL surface through various methods.
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Figure 32: Diagram containing the parameters with a dominant impact on the CL
proprieties. It is splitted in three regions, specific for each preparation step:
electrodeposition, spraying and materials.
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Producers such as Freudenberg FCCT KG (Weinheim, Germany) (Freudenberg) or
Carbon SE (Wiesbaden, Germany) (SGL) are fabricating GDLs since many years with
various proprieties. They have developed multiple versions of this GDLs and cata-
logued them for specific applications conform to the working temperature (e.g.
GDL for FC operating at low or high temperatures). Apart from the high electrical
conductivity, this GDLs offer an improved hydrophobicity. El-Kharouf already stud-
ied the physical proprieties of most available commercial GDL during his PhD. His
studies revealed that the GDL properties affect significantly the MEA mass transport
properties [65]. In addition, he showed that an increase of the Teflon loading in
the GDL decreases the porosity and the conductivity. In the same time it increases
the tortuosity, the permeability and the hydrophobicity. Without Teflon, even the
best electrocatalyst and the catalyst support can be deactivated, especially at the
cathode, where flooding can occur [152, 153]. The Teflon introduction in the MPL
structure facilitates no only the removal of the product waste from the GDL, but
also hinders the water based noble metal precursor to penetrate deeply in the GDL
architecture. Even if the above specified barrier is crossed, a multitude of parame-
ters need to be considered for a full working GDE. As we specified in Chapter 5.5,
to include the catalyst precursor in a commercial GDL in order to obtain the best
results, a spray technique should be selected. In addition, a multitude of physical
parameters affecting the electrocatalyst distribution and morphology exist. In or-
der to obtain a high valuable GDE, a systematic evaluation of each parameter is
necessary. Figure 32 suggests few criteria that should be considered.

In the following sections the influence of each parameter is briefly discussed.
The spraying process optimization is executed using the modified 3D printer (see
Section 5.6). The prepared GDEs are examined as anode on a PEMFC. Nafion™ 212
is adopted as electrolyte and as cathode a GDE from JM with a platinum loading
of 0.4 mg cm™2 is applied. The FC evaluation is carried out at 80 °C, at 95 % RH and
ambient pressure.

6.1 UTILIZATION OF COMMERCIAL GDL AS CATALYST SUPPORT

On the electrodeposition process, the possibility exists to use commercial coated
GDL with different grades of hydrophobicity. Thanks to the close collaboration with
the FEM on ISCED project (see Chapter 1) multiple GDL types are exchanged and
proposed to be an ideal candidate for the in-situ electrochemical deposition. After
some test we have concluded that the H23C8 produced by Freudenberg can be the
searched catalyst support. It demonstrates a high hydrophobicity level, is ideal for
automotive application and presents a very smooth MPL surface (Figure 33) [154].
The present investigations, using this GDL, are concentrated on the precursor im-
pregnation. Therefore the H23C8 is impregnated in 2ml IPA solution containing
a platinum precursor and the ionomer. The chosen catalyst and ionomer quantity
are equivalent to a loading of 0.4 mgcm™2, respectively 0.2 mgcm 2. The prelimi-
nary measurements as anode show a poor performance with a current density of
0.26 Acm~2 at 650 mV (Figure 36). A subsequent TEM measurement indicates that
the particles exhibit a size of 19 &= 6 nm (Figure 35a). This excessive particle size
can be attributed to an agglomeration effect, due to the poor ionomer penetration.
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(b)

Figure 33: SEM images of Freudenberg H23C8. (a) the bottom side of H23C8 with a
"spaghetti" structure and a high porosity. The carbon fibres present a light carbon coating
as result of preparation method. (b) the MPL structure shows a well defined surface with

few cracks caused by handling method. The white points represent the Teflon sites.

Therefore, during the electrodeposition process the platinum ions agglomerate at
the GDE surface. In order to verify if this GDL prevents the creation of well dis-
persed particles with a smaller diameter, the H23C8 is coated with a mixture of
carbon particles (Ensaco 350 G purchased from Timcal Graphite & Carbon Ltd. (Bo-
dio, Switzerland) (Timcal)), Teflon (E.I. du Pont de Nemours and Company (Wilm-
ington, USA) (DuPont)) and ionomer (Nafion™D2021 from DuPont). Prior to the
coating, all components are mixed for 45 min. To obtain a homogeneous ink, the
components are mixed by applying simultaneously two different blend techniques:

1. mechanical homogenizer from IKA Werke GmbH & Co. KG (Staufen, Ger-
many), model T25 with a power of 500 W. Its head, which contains a rotating
knife is centered, so that its reach the bottom of the vessel. Due to its high rota-
tion speed (over 18000 rotations per minute), the agglomerates are separated
and an homogenized ink is obtained.

2. ultrasound bath from Badelin electronic GmbH & Co. KG (Berlin, Germany)
with a power of 480 W sustains the mechanical blender (Figure 34a). It use
ultrasound waves to agitate the suspension. In this way the uniformity and
stability of the prepared solution are improved.

The processed ink is transferred to the commercial GDL by using a doctor blade. The
substrate, is fixed on the glass plate of a Coatmaster 509C (Erichsen GmbH & Co.
KG (Hemer, Germany)) (Figure 34b). The coating is performed with a spiral blade
(220 mm width and 200 um wet layer thickness) at a constant speed of 5mms~'.

Subsequent to the coating process, the solvent and the residuals need to be removed
from the MPL structure. An improper drying process affects the proprieties of the
created MPL and thus the catalyst coating process. Therefore, for a complete resid-
ual removal the GDE is dried for 1h hour at room temperature and then for 12h
at 80 °C. Figure 35b displays the catalyst particles which decorate the Ensaco 350 G

carbon particles. The nanoparticles diameter analysis reveals a value of 4 &= 0.6 nm.
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Figure 34: (a) Ink mixing process using an ultrasound bath and a mechanical blender and
(b) doctor blade technique used to create an uniform layer on the GDL surface.

By coating the H23C8, named further H23C8 ¢ + 1, a significant improvement is
observed on the PEMFC performance. The additional layer improves the GDE per-
formances with over 65 % at a working voltage of 650 mV. In addition, due to the
efficient hydrophobic layer, at high current densities (> 1A cm™2) no mass trans-
port limitations are observed.

Figure 35: TEM images of catalyst nanoparticles created after impregnation of (a) H23C8
without any coating (b) H23C8 ¢ + i coated with Ensaco 350 G and carbon nanofibers.

This can be the main factor which contributes to the weak quality of the platinum
deposition on the first attempt, without any extra layer. To assure a better distribu-
tion of the precursor and ionomer over the MPL surface, a second method is tested.
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Figure 36: Performances of GDEs obtained utilizing impregnation (H23C81) and spraying
(H23C8 s) methods. Along that, the behaviour of the coated H23c8 ¢ + 1i is presented.
Using an impregnation technique the precursor and the ionomer are introduced in the
GDL.

Instead to impregnate the entire GDL in the precursor solution, it is sprayed utiliz-
ing the hand-spray technique, described in Section 5.5. By using this method the
FC current/power density at 650 mV is improved by 70 % versus the impregnated
electrode and 10 % compared to the coated one.

6.2 SPRAYING PROCESS OPTIMIZATION

Similar to each new system, which needs to be optimized, some initial parame-
ters should be chosen. Therefore, some preliminary tests of the syringe pump and
the 3D printer are made, to fix moving speed, pump rate, distances, etc. Also, the
new spray nozzle should to be examined and calibrated. In this context, a pump
rate of 0.5 mlmin~' combined with 2bar pressure of the driving gas is found to
be advantageous for the atomization of the fluid. According to the precursor vol-
ume (in this case 2ml) the speed of the moving table and the number of layers
are selected. The already developed calculator, which is included in the controlling
software, computes these values automatically. Another critical parameter is the
distance between the spray nozzle and the sample. Initial tests show that a dis-
tance of 1.5—2.5mm provides the best results. In order to evaporate the solvent
of the sprayed solution, the moving plate is operated at a constant temperature of
120°C. For initial tests an electrocatalyst loading of 0.4 mgcm ™2 and 0.3 mgcm 2
dry ionomer is preferred.

6.2.1 Spraying layers

The spray method, in comparison to the impregnation technique, allows the seg-
mentation of the catalyst layer on the spraying phase (Figure 37b). This provides
countless combinations to introduce the catalyst precursor and the ionomer in the
MPL structure. This architecture is chosen to improve the contact between precursor,
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ionomer and carbon sites. So, the PtClé_ ions can move freely across the electrolyte
and organize in nanoparticles at the TPB. For preliminary tests six combinations,
noted as E1 to E6, are selected (Table 2).

Layer 1 Layer 2 Layer 3 Layer 4 jat 650mV Ptloading mean size
mg em™2 mg cm 2 mg cm 2 mg em 2 Acm 2 mg em™?  nm
El Nafion™ 0.15 Platinum 0.4 Nafion™ 0.15 — 0.59 0.15 3.1+£04
E2 Platinum 0.4 Nafion™ 03 — - 0.84 0.16 3.0£03
E3 Nafion™ 0.3 Platinum 04 — — 0.67 0.1 34406
E4 Nafion™ 03+ — - - 0.94 0.11 29406
Platinum 0.4
E5 Platinum 0.2 Nafion™ 0.3 Platinum 0.2 — 0.67 0.14 37405
E6 Nafion™ 0.15 Platinum 0.2 Nafion™ 0.15 Platinum 0.2 0.84 0.05 35405

Table 2: Layers composition obtained by interlacing the ionomer and the platinum
precursor. Both components are sprayed up to 4 layers until the desired loading is
achieved.

So, each layer contains one more components with a well defined quantity. e. g.E1
contain 0.15mgcm ™ Nafion™ in the first layer, in the second layer the entire
platinum quantity (0.4 mg cm—2) and the third layer Nafion™. The same notation
system is adopted for all other combinations, except E4, where the ionomer and
the precursor are firstly mixed, in an ultrasound bath and then sprayed on the MPL
surface.

In a next step the PtClé_ is electrochemically reduced as described in Section 5.2.
The deposition process takes place at room temperature. To improve the electrolyte
proton transport proprieties, this is humidified to 90 % RH.
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Figure 37: (a) Performances of the GDE containing a layer catalyst-ionomer structure. The
FC are tested at 80 °C and 95 % RH. (b) CL configured by spraying multiple layers
containing the precursor and the ionomer. Each layer contains a well defined loading,
defined in Table 2.

A summary of the GDE performances, obtained in the FC tests, is presented in Fig-
ure 37a. For all samples a good electrochemical activity, with current densities in
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the range 0.7 — 0.9 A cm 2 at 650 mV, are found (see Table 2). Moreover, the perfor-
mance of the E4 is increased by 10 % in comparison to the previous GDE, prepared
by hand spraying. This improvement is achieved using a considerably lower cata-
lyst loading for the new electrodes. Table 2 compares the recorded current density
at 650 mV for all prepared GDE. It can be observed that in all cases when Nafion™
is applied as the first layer, the MEAs suffer a performance decrease. We suppose
that the Nafion™ layer application obstructs the MPL pores. So, a direct contact be-
tween the PtClé* and the carbon support is limited. This implies a decrease of the
electrochemically reduced platinum quantity and implicitly a poor FC operation.

The carried out ICP — OES analysis confirms our theory. So, it can be noticed that
for E2 a higher platinum quantity is deposited in comparison with the E3, just by
inverting the spraying order (Figure 2). Thus the initially introduced Nafion™
decreases the deposited platinum loading by more than 60 %. This influences the
FC performance, which is decreased by over 30 % at 650 mV. When the sprayed
Nafion™ quantity of the first layer is lower, no high discrepancy on the deposited
electrocatalyst is observed. E1 exhibits quite the same loading as E5. Here no cor-
relation can be done between the electrocatalyst loading and GDE performance.
Although E5 contains 5 % less noble metal, it performs 15 % better compared to E1.
A thin Nafion™ layer does not cover completely the pores and multiple attaching
places remain available for the catalyst particle fixation. According to our theory,
the Nafion™ sprayed on the fist layer influences in a negative way the fuel cell
performance. However, it can be observed that E6 provides the same power den-
sity as E2, although its catalyst loading is 0.05mgcm 2. This is a clear evidence
that most of the deposited platinum particles are situated at TPB and have a high
ECSA. According to the recorded polarization curves (Figure 37a) the best result is
achieved with E4. In this case, by mixing the ionomer with the precursor before
spraying, an almost ideal interlaced structure is obtained. So, a current density of
0.94 A cm~2 at 650 mV is achieved.

The TEM images (Figure 38) indicate a homogeneous catalyst distribution along
the carbon support. The particle size analysis reveals a nanoparticle diameter be-
tween 2.9 —3.7nm (Table 2). In the case of E1 and E2 the optical investigation
indicates particles agglomerations comparing to the other GDE. This is in good
agreement with the ICP — OES measurements. Similar behaviour is observed for E5.
To create a multilayer CL structure the precursor ions need to be in the vicinity of a
support carbon particle. Thus, new nuclei are created which can be further grown
to particles. Due to the low binding energy of the created particles, the free PtClé_
ions attaches to the already formed particles. This involves a further nanoparticle
growth, which ends with particle agglomerates observed on TEM images. Thus, the
ECSA is decreased and implicitly the FC performance drop. In the case of E4 no
agglomerates are visible and therefore the FC performance is superior to the other
ones. Unfortunately, for all prepared electrodes, from the proposed 0.2mgcm 2
platinum loading, only a maximum of 81% is deposited (E2). The not reduced
precursor is washed out according to the preparation method (see Section 5.2).
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Figure 38: TEM images of the catalyst particles obtained by interlacing the ionomer with
the precursor on Section 6.2.1. (a) E1, (b) E2, (c) E3, (d) E4, (e) E5 and (f) E6 GDE produced
by a spraying method.
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Therefore, in order to decrease platinum wasting, for the electrodes prepared in
the future a maximum catalyst loading of 0.1 mgcm ™2 is adopted. According to
this optimization step, it is clear that the best result, in term of FC performance and

catalyst distribution, is obtained for the prior mixed ionomer with the precursor
(E4).

6.2.2 Hot plate temperature

During the spraying process, the moving table is carried along the X and Y axis,
according to a pre-defined pattern. In order to obtain a homogeneous layer, the GDL
temperature needs to be precisely controlled. Especially by the fact that the plate
temperature, due to the high gas flow can locally significantly decrease, the plate
heating system should be powerful enough to hold a constant temperature during
the spraying process. Apart from that, a good contact between the sample and the
moving plate is absolutely necessary. It is known that GDL has a very high heat
conductivity and therefore we assume that the temperature is constant over the
entire GDL [65]. If these rules are not satisfied, then the solvent remains in a liquid
phase at the GDL surface. Thus, the fluid together with the air stream disperse
the ionomer and the precursor over the MPL, so that an inhomogeneous layer is
produced.

Therefore, the hot plate temperature plays an important role for the ionomer and
precursor distribution in the MPL arrangement. In this way an optimum CL thick-
ness of 10 —20 um can be achieved. When the plate temperature is under the sol-
vent boiling point most of the mixture goes deep in the MPL structure. This hap-
pens for solvents such as IPA, ethanol, acetone, ether and chloroform which posses
a small contact angle value. For the prepared GDE, IPA with a boiling point of 82°C
is used as solvent. It is essential to find an optimum plate temperature, at which
the precursor penetrates deep enough in the MPL, maintaining a good accessibility
for the protons. So, the TPB is increased and the noble material wasting is reduced.
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Figure 39: (a) PEMFC performances for the samples prepared using distinct temperatures
of the 3D printer plate.
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In order to investigate the hot plate temperature influence on the FC perfor-
mances, three different temperatures are tested: 50 °C, 70 °C and 100 °C. The spray-
ing and electrodeposition parameters are held at the same values as for the pre-
vious samples (see Subsection 6.2.1). Figure 39 presents the polarization curves of
the prepared GDEs. It can be observed that, as the plate temperature is increased,
the FC performance improves. This can be attributed to the fast solvent evapora-
tion, which influences the ionomer drying. So, at 100°C the solvent evaporates
immediately and the ionomer has not enough time to fill up the MPL pores. At low
temperatures (e. g. 50 °C), due to the slow solvent evaporation, the ionomer creates
a film which hinders the precursor reduction and impacts the reactant/oxidant
path.

Thus, by increasing the plate temperature from 50 °C to 100°C the FC current
density is boosted with over 35% at 350 mV. In the same time, due to the opti-
mum plate temperature power densities above 1 W cm~2 are reached. For the next
optimization steps a temperature of 100 °C is utilized.

6.2.3 Driving gas pressure

In the attempt to reduce the necessary noble metal amount in the PEMFC elec-
trodes, the influences of further physical parameters implemented in the spraying
process need to be examined. Apart the moving plate temperature, the driving gas
pressure can have fundamental influence on the catalyst layer structure. In litera-
ture, many authors use, instead of the pressure, the gas flow rate, according to the
specific gas mixtures [155]. Other authors are providing only information about
the spraying temperature, without considering the gas pressure as an important
parameter [73, 156, 148]. We consider that by spraying the precursor solution with
an optimum pressure, in combination with an elevated plate temperature, a 3D
CL architecture with few pum thickness can be produced. Simultaneously, the ap-
plied pulses during the electrodeposition process create nanoparticles with a well
defined shape and an increased ECSA.

For the present study four distinct pressures are selected. A platinum precursor
and ionomer loading of 0.1 mgcm ™2 are sprayed over a H23C8 GDE placed on the
moving plate. During the entire process the plate temperature is maintained at
100 °C. According to the polarization curves, the best result is obtained for a spray-
ing pressure of 2 bar (Figure 40a). This outcome can be attributed to the increased
platinum loading, which according to the ICP—OES measurement is higher than
for the other employed pressures. Nevertheless, the platinum difference between
the electrodes prepared by 2bar and 2.5 bar is to small to produce this significant
difference (~ 0.24 A cm ™2 at 650 mV).

Quite interesting are the results for 1.5bar and 2.5 bar which are rather identical.
We believe that at low pressures the liquid cannot be completely splitted in droplets
and an inhomogeneous layer is created, therefore a smaller loading is obtained. At
higher pressures, the ionomer is introduced deeper in the MPL and fewer vacancies
remain available for the catalyst support. In accordance to the ICP— OES results
the noble metal quantity is increased, but it is not electrochemically active. We
attribute this behaviour to the massive nanoparticles agglomerations inside the
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Figure 40: (a) Polarization curves of the electrodes prepared at distinct spraying pressures.
(b) Precise catalyst loading measured by ICP — OES. On both graphs the MEA containing
the GDE sprayed at 2 bar displays the best performance.

Figure 41: SEM images obtained after a transversal cutting using an ion beam slope cutting
technique for the GDE samples prepared at (a) 2bar and (b) a zoom of the catalyst layer of
the same sample. (c) The catalyst layer structure obtained for a spray pressure of 3.5 bar
and (d) a zoom of the catalyst arrangement of the identical sample.
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MPL. Rising the pressure to 3.5bar the FC performance drastically decreases. At
this pressure the gas flow is so high that the solvent is directly evaporated and only
small precursor quantity reaches the GDL surface. Even the PtClé* which achieves
the GDL surface are intensively flushed by the high gas flow rate and many of them
are pulled out from the structure. This justifies the low catalyst loading (20 % from
the planned platinum loading) and implicitly the FC performance.

In order to understand the driving gas pressure influence on the GDE structure,
highly sensitive analytical methods are recommended. In collaboration with col-
leagues from FEM, partners in the ISECD project, a transversal cut of the GDE is
performed, utilizing an ion beam slope cutting technique. The sections are then
analysed with a SEM device (Figure 41). We want to specify from the beginning that
the blurred part from the picture does not represent the ionomer. This component
exhibit the epoxy glue used to fix the GDL structure during the preparation process.
Thanks to this method, the structure of the catalyst layer can be examined in detail.
The presented pictures indicate a variable CL thickness for both electrodes. In the
case of low pressure (2 bar) the CL present a thickness of ~2 pm. This is significantly
higher than the measured CL thickness of the other electrode, prepared at 3.5 bar,
which indicates a value of ~0.5 um. Also, the displayed zooms illustrate a catalyst
agglomeration at the MPL surface for both GDEs (Figure 41b and Figure 41d). How-
ever, the GDE prepared with a spraying pressure of 2 bar suggest a further catalyst
expansion, deeper in the structure. Nevertheless, the total CL thickness does not
exceed 2.2 um. This value is far away from the suggested optimum CL thickness
(10 —20 um). This kind of catalyst layer structures provides some benefits as direct
contact with the electrolyte and increased TPB. Besides, due to its small thickness
the water removal is problematic, here an additive hydrophobic element needs to
be introduced.

6.2.4 Solvent composition

According to the Subsection 6.2.3 the sprayed mixture penetrates only 2 um in
the MPL. Therefore, for a better precursor/ionomer distribution another procedure
is necessary. One possible solution is the use of different solvents mixtures. Thus,
the temperature of the moving plate is held constant at 100°C and the solvent
boiling point is varied. In order to test our theory, multiple GDE are prepared by
mixing the IPA with distilled water. So, the boiling point is gradually decreased
from 100 °C for water to 82 °C for IPA.

Figure 42a displays the performances of the prepared samples. All MEAs indi-
cates no transport problems at high current densities. As can be observed the power
density increases with the IPA concentration until it reaches a maximum at 40 %
IPA. Up to this value, the PEMFC performance starts to decrease until it reaches the
initial value. Quite interesting are the catalyst loadings measured by ICP — OES (Fig-
ure 42b), which illustrates an inverse behaviour compared to the current density.
On the first part, up to 40 % IPA, the graph indicates a slight increase at 10 % IPA
and then the catalyst loading decreases until it reaches a value of 0.025 mg cm™~2 for
40 % 1PA. In the same time, the current density reaches a maximum of 1.23 A cm 2
at 650 mV. Then, by increasing the IPA concentration up to 50 %, the entire GDE
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Figure 42: (a) Polarization curves show the influence of the solvent composition on the FC
operation. (b) Current density at 650 mV and the platinum loading obtained from
ICP — OES analysis plotted vs. IPA concentration.

properties are switching. So, from this concentration the deposited platinum cata-
lyst quantity increases and the current density decreases. We can assume that IPA
enhances the ionomer organisation so that the PtClé_ ions have a better mobil-
ity. However, in this step the electrocatalyst loading does not reach the target of
0.1 mgcm 2, although the performances are significantly improved.

In order to visualize the water influence on the CL structure a transversal cut of
the sample with 0 % IPA is performed (Figure 44). A first view indicates that the CL
is situated on the MPL top side and has small thickness. An analysis of the zoomed
picture (Figure 44b) indicates that the catalyst penetrates ~6 pm in the MPL. Fur-
thermore, it varies along the surface, on many places the CL thickness is reduced
to ~1.7 um, indicating an inhomogeneous layer structure. This can be explained by
the high boiling point and the large contact angle of water. During the spraying
process the GDLs suffer from a local cooling, thus influencing the water evapora-
tion time. So, temperature gradients are created and the water remains in the MPL
surface. The precursor and the ionomer profits from this temperature decrease and
permeate deeper in the structure, so that a connection with the following layers is
provided. On the other hand, by adding IPA the solution the boiling point decreases
and the ionomer with the catalyst can be better positioned on the MPL architecture
with an improved connection. For an IPA concentration of 50 % we assume that the
ionomer covers the porous structure and the PtClé* ions cannot reach the carbon
sites.

Therefore, above this concentration a slight variation of platinum loading and FC
performance are observed, indicating a saturation limit. The TEM images presented
on Figure 43 indicate well-dispersed platinum nanoparticles. The analysis reveals a
diameter for the produced nanoparticles of 2.5+ 0.75nm. In addition, a slight par-
ticle agglomeration is observed by increasing the IPA concentration. This suggests
a well defined ionomer layer and implicitly a better PtClé_ ion mobility.
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Figure 43: TEM images of the prepared electrodes using four different IPA concentrations
(@) 0%, (b) 40 %, (c) 60 % (d) 100 %.

63 IMPROVEMENTS OF ELECTRODEPOSITION METHOD

Apart from the spraying parameters, the electrodeposition process is essential for
CL formation. With this technique, one of the most important component of a FC
is produced, the electrocatalyst. While in the spraying process the position of the
precursor and the ionomer are designated, through electrodeposition the morpho-
logical properties of the electrocatalyst are tuned. Therefore, a high attention needs
to be given to all parameters which are involved in the catalyst production. Espe-
cially, to the pulse configuration that controls the particles size and composition. A
significant consideration needs to be provided to the particular setup, developed
during the PhD period for the electrodeposition process. Multiple problems can
appear and a quick and precise debug procedure is required. Even the small varia-



63 IMPROVEMENTS OF ELECTRODEPOSITION METHOD

Uni Sb SEI 200kV H2T0 WD 9.0mm  100pam

(a) T (b)

Figure 44: (a) Transversal cut of the GDE containing 100 % water. (b) A zoom in for the
same electrode indicates an inhomogeneous thickness of the coating layer.

tions on the gas flow or screw torque can influence in a negative way the catalyst
on its future applications.

6.3.1  Electrolyte humidification stage

The electrolyte in the electrodeposition cell is represented by a Nafion'™ 115

membrane produced by DuPont. Through this the protons flow from the anode to
the cathode, where together with the Cl™ ions hydrochloric acid is formed. As each
membrane used up to now on PEMFC, for a better electrolytic conductivity it needs
to be humidified. According to the electrodeposition setup this can be achieved
by humidifying the gas used at the anode (see Section 5.2). Through the osmotic
drag, also the ionomer contained in the MPL structure can be humidified. We sup-
pose that the transferred water molecules improve the PtClé‘ mobility, and so an
enhanced catalyst architecture is constructed. In order to prove our assumption,
four distinct relative humidities are investigated: 70 %, 80 %, 90 % and 100 % RH. A
platinum loading of 0.4 mgcm ™2 is suggested for this step.
The polarization curves and the corresponding power densities of the CCS prepared
at different RH are presented in Figure 45a. The polarization curves show a slight
mass transport loss within the measured current densities. By examining the po-
larization curves, we observe a dramatic increase with the RH. At the proposed
working voltage of 650 mV the current densities of the GDEs at 70 %, 80 %, 90 % and
100 % are 0.62, 0.80, 0.84 and 0.95, respectively. The sample prepared at 80 % and
90 % RH shows quite the same behaviour. The maximum power density is also ob-
tained by a relative humidity of 100 %, with a peak value of 0.92 W cm™2. This can
be related to a significant decrease in the electronic resistivity upon water sorption
on the MPL during the electrodeposition. Along that, the ICP — OES measurement
indicates a platinum quantity increase through the RH (Figure 45b). At low relative
humidities quite the same platinum quantity is deposited (0.07 mgcm2).

To gain greater insight into the observed GDE performance, the TEM images of
catalyst particles are shown in Figure 46. The TEM images indicate a catalyst size
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Figure 45: (a) Change of GDE performances prepared at distinct relative humidities from
inlet gas stream. (b) ICP — OES results of the same samples.

of 40+05nm,3.1+£05nm, 1.8+ 0.3nmand 4.2+0.7nm for 70 %, 80 %, 90 % and
100 % RH, respectively. Especially, at low humidities the created particles are ag-
glomerated and present a large particle size distribution. Moreover, at this RHs, the
created catalyst particles are not well distributed around the carbon support. Fur-
thermore, it is observed that as the humidity increases the particles exhibit a well
defined form. An exception is the GDE prepared at 90 % RH, where the nanoparti-
cles display a distributed size. We suspect that during electrodeposition the contact
between the GDL and the electrolyte was not perfect. Anyway, the sample indicates
the same dependence on the RH. Based on this results we can specify that the RH of
the electrolyte improves the PtClé* mobility and the nanoparticles structure.

6.3.2 Deposition temperature

According to the electrodeposition principle described on Section 5.2, the precur-
sor reduction is accomplished by the electrons and protons flow provided from the
anode. In order to improve the kinetics of these two elements, the electrodeposition
cell temperature needs to be increased. Therefore, five distinct temperatures rang-
ing from room temperature to 70 °C are investigated. In all cases a constant RH of
100 % is maintained.

Figure 47a displays the performances of the MEAs containing the GDE prepared
at distinct temperatures. As can be observed, the electrode produced at 25°C in-
dicates a low catalyst activity, with a current density of 0.71 Acm~2 at 650 mV. By
increasing the cell temperature a significant current density increase is achieved. So,
at 50°C and 70°C a current density of 0.97 Acm~2 at 650mV is recorded. Apart
from that, for the same GDE the maximum power density is registered, with a peak
at 0.95 W cm 2. Nevertheless, by increasing the temperature over 50 °C no signifi-
cant FC improvements are noticed. The deposition cell temperature influences also
the deposited platinum quantity (Figure 47b). So, at 70°C the catalyst loading is
twice of the platinum quantity deposited at 25°C.
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Figure 46: Platinum particles morphology obtained at separate electrolyte relative
humidities: (a) 70 %, (b) 80 %, (c) 90 % and(d) 100 %.

The TEM images indicate the rise of the particle size with the temperature (Fig-
ure 48). A fundamental analysis reveals a particle size of 2.32 4+ 0.4nm, 3.03 +
0.5nm and 3.34 £ 0.4nm for 25°C, 50 °C and 70 °C, respectively. Due to the poor
PtClé_ mobility the particles deposited at 25 °C present a higher nanoparticle den-
sity and a small size. At this RH the particles contain only the PtClé_ situated near
to the nuclei, although the electrolyte humidity is 100 %, the multitude of nuclei can-
not grow further. At higher temperatures the PtClé_ mobility is improved and the
particles show a greater diameter. So, at 50 °C the particles decorate uniformly the
carbon support and present an optimum size. Comparing the GDE performances
prepared at 50 °C and 70 °C we can say that the deposition temperature influences
significantly the catalyst layer properties.
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Figure 47: (a) Polarization curves showing the influence of the electrodeposition
temperature on the PEMFC performances. (b) ICP — OES statistics of the electrodes prepared
at distinct temperatures.

6.3.3 Nucleation pulse

Electrochemical deposition is one of the most utilized techniques to coat electri-
cal conductive materials. One advantage of this method is its flexibility, a fact that
makes it compatible for a wide range of applications [133]. Most of the electrode-
position processes take place in an liquid electrolyte, thus the employed deposition
parameters need to provide an optimum structure and be energetically efficient
[107]. According to the actually used deposition method, in order to obtain the best
catalyst not only a good electrodeposition cell design is required (see Section 5.3)
but also an accurately deposition profile (Figure 22b). This implies the tune up of
the contained pulses: nucleation and grow pulse. Therefore, by holding the previ-
ously improved parameters at the optimized level, new samples are prepared using
different nucleation potentials.

According to Kulp et al. the platinum is deposited at a potential under —0.042 mV
[105]. Therefore, each applied potential under this value should reduce the PtClé*
to platinum. In order to see the effect of negative potentials on the catalyst morphol-
ogy and on PEMFC performances eight different potentials are investigated. Thus,
the nucleation potential is varied from —0.3V to —1V vs. DHE, with steps of —0.1V.
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Figure 48: TEM pictures of the samples prepared at (a) 25 °C, (b) 50 °C and (c) 70 °C. At
25°C the density of particles per cm? is increased.
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Figure 49: (a) Polarization curves and (b) catalyst loading of the GDE prepared by
applying distinct nucleation potentials.
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Figure 49a shows the GDEs performances prepared by applying distinct nucle-
ation amplitudes. According to the measured curves, all samples shows the same
behaviour. A small performance decrease is registered for the GDE prepared with
a nucleation pulse of —0.7V vs DHE. According to the ICP—OES measurements,
displayed on Figure 49b, this electrode contains the same platinum loading as all
others and a performance decrease is not justified. It can be observed that at a po-
tential of —0.3V the deposited platinum quantity is the lowest one. According to
Whalen et al. at this potential the reduction of Pt(Il) to Pt(o) is slower than for re-
duction of Pt(IV) to Pt(II) [157]. Nevertheless, it shows a very good performance in
the FC operation, competitive with all others. When the potential is more negative,
a slight catalyst loading increase is observed, until it reachs a maximum at —0.8 V.

Then, the platinum loading decrease to a value of 0.07 mgcm 2.

(a) N T b)

Figure 50: SEM images of the electrodes prepared by applying a nucleation pulse with an
amplitude of (a) —0.3V, (b) —0.9V and (c) —1V. (d) present a zoom of GDE prepared with
a nucleation pulse of —1V.

In order to investigate the CL structure and to see the nucleation pulse influence,
three GDE are cut with an ion beam and investigated by means of SEM (Figure 50).
According to this images, the CL presents an average thickness of 1.0 um, 2.7 uym
and 1.1 pm for an applied pulse of —0.3V, —0.9V and —1V, respectively. As can
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be observed the layer structures varies along the MPL surface. So, at —0.3V the
layer shows platinum agglomerates and a higher thickness on the right side of
the picture. On the other side a significant thickness decrease is observed, with a
small platinum quantity. The same result is obtained for a pulse with an amplitude
of —1V vs. DHE. Here the CL presents the same thickness, although it contains a
significant higher platinum quantity. A complete view of the GDE surface indicates
a good electrocatalyst dispersion with a constant thickness (Figure 50c). The sample
prepared by —0.9 V vs. DHE, Figure 50b indicates the thickest CL from all produced
electrodes. It can be observe that the catalyst layer is splitted in two regions. The
tirst one is situated at the surface and contains particles with a bigger size. The
second region, as a cloud, surrounds the other bigger particles and is situated
deeper in the MPL structure. We think that during the electrodeposition process
the MPL top side, situated in contact with the electrolyte, is better humidified and
the PtClé‘ have an improved mobility. In accordance to the second region the
humidity is reduced and only nuclei are created. In accordance to the recorded
data a potential < —0.4V is optimal for the platinum electrochemical deposition.

6.4 SUMMARY

In order to obtain a high electrochemical active catalyst an electrodeposition
method is adopted. Prior to deposition the metal precursor should be positioned
in the MPL network. Therefore, two distinct methods are investigated. During the
tirst one the ionomer with the precursor come in a Teflon vessel and the GDL is
impregnated with the prepared solution. The GDL is positioned so that the MPL
side comes in the contact with the liquid. The research has revealed that due to the
high hydrophobicity and small pore size the impregnation method cannot be used
for the commercial GDLs.

The second technique implies the spraying of the same components on the MPL
surface using an airbrush. During the spraying process the substrate is heated,
so that the solvent evaporates and the precursor remains in an anhydrous state.
These techniques are applied on a commercial GDL (H23C8). The preliminary re-
sults have revealed that the spray technique improves with >70 % the GDE perfor-
mance. Simultaneously, it is found that due to the high hydrophobic grade, during
the impregnation process the ionomer does not permeate in the MPL architecture.
Therefore, the GDL is re-coated with an ink containing Teflon, ionomer and carbon
particles using the doctor blade technique. In this way the electrode surface is in-
creased and the catalyst particles can be created at the TPB. TEM measurements con-
firm that the catalyst decorates the carbon particles and have a size of 4 + 0.6 nm.
Moreover, the FC performance at 80°C and 95 % RH indicate an improvement of
over 60 % compared to the non-coated GDLs.

Motivated by the results obtained for the sprayed GDE we have investigated the
influence of the spraying parameters on the CL structure and FC performance. For
a simple catalyst evaluation the prepared GDE are tested as anode in the self devel-
oped fuel cell housing. On the first test phase improvement on the spraying order
should done. So, the ionomer and precursor layers are spread over multiple lay-
ers, until the necessary loading is achieved. We have found that by spraying the
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ionomer on the first layer the GDL pores are blocked and the precursor cannot pen-
etrate deeper on the MPL structure. An optimum combination is found to be the
mixture of the both components before the spraying process and sprayed together
on the heated GDL. In this way a current density of 0.94 A cm ™2 is achieved at a volt-
age of 650 mV. A further step on the tune up process is the substrate temperature
during the spraying process. Thus, it is found that the GDEs prepared at a tempera-
ture of 100 °C shows the best performance from all studied temperatures. Another
inspected parameter is the effect of the driving gas pressure. The investigations
have revealed that a pressure of 2 bar is optimum for the spraying process. When
the pressure is too high, then the entire precursor is blown from the GDL surface
and the catalyst loading decrease significantly. Intensive analyses are performed
to increase the CL thickness, by modifying the solvent composition. We have estab-
lished that the water addition improves the FC performance but in the same time
decreases the electrodeposited catalyst quantity.

A great emphasis is laid on the catalyst morphology. Therefore, the electrode-
position parameters (electrolyte humidity, deposition temperature and pulse am-
plitude) are considered. We have observed that the deposited platinum quantity
depends exponentially on relative humidity. Also, an optimum deposition temper-
ature of 50 °C is established. According to the recorded polarization curves, the per-
formance is boosted by over 35 %, comparing with the samples prepared at room
temperature. Finally, the nucleation pulse variation indicates the possibility to re-
duce the PtClé* at a potential under —0.3V vs. DHE. A maximum on the catalyst
loading is obtained at a potential of —0.8 V' vs. DHE.

Thus, the investigations have revealed the influence of the spraying and deposi-
tion parameters on the GDE microstructure and on the PEMFC performance.



THE IMPACT OF PREPARATION FRAMEWORK ON PEMEC
CATHODES

Nowadays, the oxygen reduction reaction (ORR) is probably among the most im-
portant challenges in electrocatalysis. However, despite the intensive experimental
and theoretical ORR research, up to now the exact ORR mechanism is not completely
understood [158]. One of the most active and stable electrocatalyst used in PEMFCs
is platinum, which due to its high price retards the FC marketing. Therefore, in
order to extend the FC market, the platinum quantity needs to be reduced and
optimum used.

The improved method presented in the actual thesis is a potential solution to this
rigorous requirements. As introduced in Chapter 6, the tested electrodes as anode
possesses a low catalyst loading and a high electrochemical activity. To verify the
feasibility of this method, new investigations are required for the PEMFC cathode
side. Therefore, GDEs containing distinct catalyst loadings and different GDLs are
prepared. The spraying and electrodeposition parameters, optimized in Chapter 6
are used such as in Table 3. In addition, the developed GDEs are subjected to an
ageing procedure. It consists in a CV sweep between 0.4 —1.4V vs. DHE for 500
times, followed by another CV scans from 0.05V to 1.4V vs. DHE for 500 times. Dur-
ing the ageing procedure, the cell is supplied with a constant H, flow at anode of
100 ml min~! and at cathode with a N, flow of 200 ml min~'. The relative humid-
ity of both gases is 95 % RH. The ageing losses in percent is calculated according to
equation 21:

ECSAinitiat — ECSAqgeq
ECSAinitial

losses = 100 - (21)
Along to the ageing process, the polarization curves, EIS response and the CV curves
are recorded. The combination of multiple techniques retrieve fundamental infor-
mations regarding the catalyst and the GDLs proprieties.

7.1 MULTILAYERED CATALYST LAYER FRAMEWORK

Generally, the electrocatalyst in a GDE is uniformly distributed, with a constant
loading over the entire active surface, so that the reaction is homogeneous. How-
ever, due to electrode nature and flow field shape, the oxygen concentration, RH
and the amount of liquid water varies along the GDE [159]. One possibility to avoid
this imbalanced system is to distribute the electrocatalyst over multiple layers in
the MPL Z plane [160]. Through this arrangement the electrochemical active surface
is increased, the catalyst is used efficiently and the ORR is improved. In an ideal GDE
this kind of CL can also manage the MEA humidity, so that a humidification system
is no longer required. Additionally, using a catalyst gradient the platinum load-
ing can be reduced considerably, without important FC performance losses [161].

87



THE IMPACT OF PREPARATION FRAMEWORK ON PEMFC CATHODES

Parameter Value

Spraying layers Nafion™ and precursor mixed for 5min

Moving plate temperature 100°C

Driving gas pressure 2.0bar

Solvent composition 70 % IPA and 30 % H,O
Deposition RH 100 %

Depostion temperature 50°C

Nucleation potential —1V vs. DHE for 1 ms
Growth potential 0.05V vs. DHE for 200 ms
Substrate H23C8 from Freudenberg

Table 3: Optimum spraying and electrodeposition parameters employed on GDE
preparation.

The rotating disc electrode investigations conducted by Antoine et al. shows an
improved catalyst utilisation on the gradient structures [162]. However, the only
limitations for the implementation in PEMFC GDEs are induced by the preparation
methods.
Typically, the prepared catalyst ink contains the carbon-supported catalyst powder,
Nafion™ and 1PA. In the literature most of the authors use a spraying method to
distribute the ink containing diverse catalyst loading over the MPL surface [159, 161].
According to the method developed on the actual PhD thesis this kind of structures
can be very easy created. In detail, after each sprayed step the precursor can be
reduced using diverse nucleation and growth pulse shapes, so that the prepared
structure has a multilayer form. In addition, for each sprayed layer a specific electro-
catalyst loading can be used and the nanoparticles size can be precisely controlled.
In order to obtain a multilayer architecture we propose to distribute a catalyst
and ionomer loading of 0.3 mgcm~2 over three distinct layers. Therefore, 0.125mg
hexachloroplatinic acid (equivalent of 0.1 mg cm 2 catalyst) is mixed with 24 ul
Nafion™ D2021 (corresponding to 0.1 mg cm 2 ionomer) in 1ml solvent. The
entire solution is mixed for 5 min in a ultrasound bath. The spraying and the elec-
trodeposition is made using the parameters displayed in Table 3. The entire proce-
dure is repeated for three times until a catalyst and ionomer loading of 0.3 mg cm 2
is achieved. For MEAs preparation, along to the self prepared electrode, a Nafion™
212 membrane and a commercial GDE from JM (ELEOQ162) are used. All three com-
ponents are pressed by applying 0.5kN cm ™2 for 6 min. The process takes place
at 125°C. The tests are performed in the self-developed fuel cell housing with an
active size of 10 cm? (see Section 4.2).
The investigations as anode illustrates a small transport limit at high currents (Fig-
ure 51a). In this case a current density of 1.05 A cm ™2 is obtained at 650 mV. To ex-
amine the ORR, the MEA is reversed and measured as cathode. As can be observed
in Figure 51a, the PEMFC performance decreases with over 50 % in comparison to
the anode tests. However, no mass transport limitation is observed, indicating an
enhanced GDE architecture. The significant performance drop can be justified by
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the lower catalyst loading which is measured as 0.067 mgcm 2. This value is far
away from the target loading, but if we calculate the mass activity obtained for the
used catalyst loading we achieve an unexpected result. The developed electrode
shows twice of mass activity of the commercial GDE at a cell voltage of 650 mV
(Table 4).
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Figure 51: (a) Polarization of the three layer electrode tested as anode and cathode. During
the cathodic test the prepared electrode is aged. (b) Present the polarization of the same
GDE tested at cathode with different relative humidities. As the RH is decreasing the MEA

performance is improving.

Moreover, the measurements at different RHs reveals that the performances of the

developed electrodes are increasing by reducing the RH. Thus, the mass activity is
rising until it reach a value of 10 A mg~' at 650 mV and 50 % RH. This value is ~ 5
times higher than that obtained for the JM electrodes. This effect can be attributed
to a lower overpotential of the oxygen reduction reaction (ORR) and an improved
reactants path.
In the literature various dependencies of the ORR overpotential (npogrr) are reported
[39, 38, 163, 40]. Thus, in the absence of mass transfer losses, the overall cell voltage
(E(i)) can be described as a summation of the various voltage terms and voltage
losses in a PEMFC (see Section 3.2). Considering that the anode proton resistance
and anode overpotential associated with the hydrogen oxidation reaction (HOR) are
negligible under full humidified condition the iR-free cell voltage (Eir_ree) can be
written as [39]:

EiR—free = E(1) + 1 Ronmic + 1 REFEY® = Er —nore + An’é‘}é’]‘i&Hz 0, ayt) (22)

where E(i) is the recorded cell voltage, i is the current density, Romic is the RH-

dependent cell resistance, i R{4"04¢ is the RH-dependent proton resistance in the

x %RH

cathode CL, nogr is the cathode overpotential, AnORR(aH o) ans
20791

) represent the changes

in the ORR kinetics with RH due to the water and proton activity modification. E,
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Relative humidity (%) 95 80 70 50

j at 650 mV as anode 1.05 — — —

j at 650 mV ELEo162 125 1.09 092 087
;3 Amg~' at 650 mV ELEo162 3.1 272 230 217
& jat650mV as cathode 041 051 062 0.67

Amg~' at 650 mV as cathode 6.11 7.61 925 10

j at 650 mV ELEo162 096 — — —
T Amg'at650mV ELEo162 24  — — —
& j at 650 mV as cathode 027 — — —

Amg~' at 650 mV as cathode 4.02 — — —

R/ Q at 0.5A cm™2 0.259 0.052 0.019 0.002

Table 4: Current density and mass activity of the three layer electrode evaluated at
different relative humidities and ageing periods. Along that, the table indicates the
performance of an commercial MEA, containing JM GDEs with 0.4 mgcm 2 platinum.

is the thermodynamic cell potential as a function of temperature, reactant partial
pressure and water vapor activity (an,0) [164]:

2 *
a
E, =123 — 0.9% 1073 (T—298) + %wg (&) (&) (M)

4F P, PO, /) \@H,0
(23)
where R is the universal gas constant, F is the Faraday constant, Zilzo =1 for RH>

100 % and Z:‘—ZO = RH (given as fraction rather than in %) at saturated conditions.

Considering that the partial pressure of the hydrogen and oxygen are kept con-
stant for all experiments (1.013 bar), the variation of Eig_free is attributed to the
well described E, (Equation 23) and the unknown RH-dependence of the ORR ki-

. x %RH :
netics AnORR(aHZO/ a )" Moreover, the nNorgr remain constant and can be expressed
as:

2.303RT i+ix

log
: PO
10 Lptcath * Aptel * 15 <p—* .
Oz

TIORR = o F

) Y (24)

where «, is the cathodic transfer coefficient with a determined value of &, = 1
[38], ix is the H, crossover current (A cm—2), Lptcath is the platinum loading in
mgem—?, Aptel is the catalyst ECSA (m?g ), iy is the catalyst-specific exchange
current density normalized to reference oxygen partial pressure (pg,,) of 1.013 bar
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at the reference temperature (T*) of 80°C and y = 0.54 [39] is the kinetic reaction
order with respect to oxygen partial pressure. Thus, inserting the equations 23
and 24 into equation 22, Eir_¢ree can be expressed as

2 *
a
Eirree =123 — 0.9 % 1073 (T—298) + 255RT 04 (‘ﬂ> (‘ﬂ) (M)

4F P, PO, / \aH,0
2303RT 4 iy Rt
_ T lo +AnORR(aHzo,aH+)

v
. Po
]OI—Pt,cath : APt,el : 13,5 <pgz>

(25)

Here, the only unknown variables are the ij; and the possible additional RH-

. . XO/ORH . “ .
induced overpotential losses, An ORR(ay,0, 0+ )" By definition, the later term is zero

under fully humidified condition and thus i ; can be determined if all the ohmic
losses are quantified adequately, to obtain Eigr_¢ree from the measured cell voltage.
Considering an exchange current density i ; = 1.7 x 1078A cm ™2, the Equation 25

- ‘R _ ~ X %RH
allows now the calculation of the iR — free voltages in the case that A MORR(ay1, 0, 4y, )

is assumed to be zero at any of the measured RH. Figure 52a shows the calculated
Eir—free Values with assumed RH-independent ORR kinetics together with the exper-
imental determined Eig_re. values (Equation 22).
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Figure 52: (a) Comparison of Eir_free Values calculated from equation 25 assuming

x %RH _ . . .
AnORR(aHZO’ ape) = 0 and experimental results from equation 22 at a current density of
x %RH

-2 . . . .
0.1 Acm™~. (b) RH-induced kinetic ORR overpotential losses An ORR(ay1,0, ay+

) increase as
the relative humidity is reduced.

It should be noted that the experimental results obtained for Eig_free are evi-
dently smaller than the theoretically ones and decrease by increasing the humidity.
On the other side, the calculated Eir_¢ree Values indicates the same behaviour, an-

nouncing a significant An)é%g(]jmzo,aw) increase at low RH. By plotting the volt-

age difference between the obtained results (Figure 52b), which correspond to
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An’(‘)%g(}jm o,a,,4 )7 We can say that the introduced multilayer catalyst layer design
reveal anzimproved ORR kinetics at low RH, with a loss of ~11 mV. Therefore, at
lower RHs the inserted water quantity is lower and the reactant paths remain free.
This proves that the in-situ produced water at the cathode its enough to sustain the
necessary humidity.

The applied ageing process demonstrate that the prepared GDE has lost 34.1 %
of its initial current density at 650 mV. This value is in accordance with the target
proposed by the DOE in 2012 (the ECSA loss should be under 40 % [165]). In addi-
tion, the CV measurement reveal an initial ECSA of 43.28m? g~ and 37.75m? g™
after the ageing procedure (~ 12 % loss). Additionally, the mass activity remains
significantly higher for the self prepared GDE in comparison to the commercial
GDE. To understand better the cause of the high stability for the prepared catalyst a
TEM analysis is performed. The picture evaluation reveals an average nanoparticle
size of 5.1 & 0.7 nm (Figure 53). Along that, the developed CL design indicates big
particle agglomerates.

We suppose that during the nucleation and the growing phases the free PtClé_
ions, due to the particle low energy, are attaching to this ones. Furthermore, the
not reduced PtClé* and maybe some catalyst particles are washed between new
spraying process (see Section 5.2). In this way the total catalyst amount in the MPL
decrease. Nevertheless, the achieved catalyst loading is quite small for a PEMFC cath-
ode. According to DOE, the catalyst loading purpose for the cathode is 0.2 mgcm 2

[89].

Qnm

Figure 53: TEM image of the three layer GDE prepared by electrochemical deposition. A
significant particles agglomeration can be observed.

Thus, we can sustain that using the studied method, a new CL architecture with
improved proprieties can be produced. In the same time the catalyst loading can
be reduced without a significant performance decrease.
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7.2 CARBON SUPPORT TYPES FOR PEMFC CATHODE

As presented in Chapter 6, to obtain the maximum FC performance, the influence
of spraying and electrodeposition parameters needs to be optimized. Up to now,
the tuning procedure is accomplish on a single commercial GDL from Freudenberg
(H23C8). According to the datasheet, this one has a smooth and high hydropho-
bic surface [154]. Our investigations have demonstrated that these two properties
influence in a positive way the electrodeposition and the FC performance. Never-
theless, it is not clear if this type of GDL represents the best choice for the presented
method.

In order to provide an comprehensive answer we have proposed to investigate

tive different GDLs from two producers. The first two comes from Carbon SE (Wies-
baden, Germany) (SGL) (SGL10BB and SGL30BC), each one with 5% Teflon in its
MPL structure. The only differences concern to the porosity and thicknesses. There-
fore, SGL10BB has a thickness of 420 um and a porosity of 84 %, while SGL35BC
has a thickness of 325 um and a porosity of 80 % [166, 167]. The other GDLs are pro-
cured from Freudenberg: H23C4, H23C6 and the already used, H23C8. A complete
properties list is provided in citation [154]. In comparison to the other GDLs, H23C4
is the only one without a hydrophobic layer.
Along the presented GDL, a modified H23C8 GDL obtained during the ISECD project
is tested. The colleagues from FEM have etched its surface with plasma, so that it
presents a reduced hydrophobicity. For the next tests the treated GDL is named
H23C8 + P.

The SEM pictures of the sprayed GDL indicate a different surface type. Thus,
SGL30BC top side is very smooth and present few cracks (~ 20 =3 um) (Figure 54a).
On the other side, H23C4 from Freudenberg shows a porous architecture with mul-
tiple cracks. Due to non hydrophobic treatment, the MPL at each bending breaks
off very easily. In this way cracks with a width <5 um are created (Figure 54b). We
suppose that in a such structure, the sprayed precursor and ionomer can be deeper
inserted. In the case of H23C8 its MPL is coated with a hydrophobic solution, so
that the cracks and the porous network are not visible.

Moreover, the GDL from Freudenberg and SGL differ from each other through the
support fibre structure. Thus, the support of SGL GDLs is a straight fibre paper
while the other ones, from Freudenberg contain a felt fibres carbon paper substrate.

According to the recorded polarization curves, in comparison to the other pre-
pared GDEs, H23C8 exhibits the best performance (Figure 55a). Also, the plasma
treated H23C8 fallows the same direction, but without significant improvements.
Both MEAs illustrates a current density of 0.85 Acm™? at 650mV s~ (Table 5). In
addition, the ECSA of the non-treated GDE is with 13 % higher than the plasma han-
dled one, although the difference on platinum loading is 0.05 mg cm 2 (Figure 55b).
We suppose that due to the low Teflon quantity at the surface of H23C8 + P, dur-
ing the electrodeposition the PtClé* mobility is enhanced and the created particles
are larger. On the other side, the not treated GDL hinder the creation of larger
nanoparticles, so that the particle are smaller and in a larger number. An quite
unexpected result is registered for H23C4 GDL. Its behaviour illustrates no mass
transport limitations although it contain no extra hydrophobic layer. The polariza-
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X110 WD 103mm 100 S X100 WD 1053mm  100gam

Figure 54: SEM pictures of (a) SGL35BC, (b) H23C4 and (c) H23C8. Each electrode present
specific characteristics as porosity, hydrophobicity and cracks.

tion curves in Figure 55a indicate a linear course without mass transport limita-
tions at high currents, for both GDL types. A view over the other GDE performances
from SGL and Freudenberg indicates no substantial difference. Both GDLs types show
a constant current-voltage characteristic with current densities over 2.1 Acm™2 at
350 mV. Moreover, in the case of the GDLs from SGL no notable difference on the
ECSA and polarization curve is observed (48 =5m? g~'). From all prepared elec-
trodes the SGL.30BC shows the highest current density at 650 mV of 0.92 A cm 2.
As described at the beginning of the chapter, all prepared electrodes are subjected
to an ageing procedure. As can be observed in Table 5, the FCs performances de-
crease significantly. According to Mecado et al. by polarizing the catalyst in acidic
media the particle sintering occur [79]. In addition, through different mechanisms
the platinum is dissolute and redeposited on other MPL places [168]. Thus, the high-
est current density loss at 650 mV is registered for H23C6 with over 27 % from the
initial value. At the opposite side is the H23C8 which demonstrate a loss under
16 %. This small decrease in the performance can be attributed to a better con-
tact between the ionomer and catalyst, but also to the efficient water management.
Moreover, the losses can be associated with the small contact angle of H23C6, which
is significantly smaller than H23C8 or H23C4 [65]. Our assumption is confirmed by
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SGL10BB SGL30BC H23C4 H23C6 H23C8 H23C8 +P

~ ECSA (mZg™ ") 44.84 46.96 50.11  48.89  53.38 46.74
.g PS (nm) 437 417 3.91 4.00 3.65 4.19
j at 650 mV 0.81 0.92 076 072 085 0.85
5 ECSA (m?2g™") 37.65 40.17 3718 33.89  41.40 36.14
L Ps (nm) 6.29 4.87 527 578 473 5.42
® j at 650 mV 0.66 0.75 062 052 078 0.67
j losses at 650 mV (%)  19.09 19.00 1793 2748 1559 20.62
ECSA losses (%) 16.04 14.45 25.80  30.68 2273 22.67

Table 5: Summary of the FC performance for the electrodes prepared using distinct GDL.
The developed GDE are tested as cathode in a PEMFC at 80 °C and 95 % RH.

the plasma treated GDL which indicates an accentuated performance loss of 20.6 %.

Nevertheless, the H23C4 which contains no Teflon layer, shows a small current
density loss at 650 mV, of ~18 %.

So, we conclude that the Teflon extra coating does not influence significantly the FC
performance losses. The GDEs performances are influenced at most by the support
hydrophobicity. This result is sustained by the SGL10BB and SGL30BC, which have
the same structure and the same substrate hydrophobicity. The losses are similar
(~19 %) for both GDEs. As reported by El-Kharouf the SGL MPLs presents a lower
water contact angle than the substrate itself [65]. This interesting feature shows its
influence in the ECSA after the electrochemical ageing. Thus, the SGL30BC suggest
the smallest ECSA losses (~15%) from all prepared GDEs. Close to this value is
the ECSA of SGL10BB. Also the other MEAs indicate losses below 31 %, a fact that
shows an improved stability. As expected, the H23C8 and the H23C8 + P reveal
the same losses percentage of ~22%. It can be also observed that the deposited
platinum quantity does not depend on the substrate type (Figure 55b). It can be

recognized that for H23C4 the deposited platinum quantity is lower as for others.

A possible explanation could be that due to the low hydrophobicity a significant
precursor quantity permeate through the MPL to an position where it cannot be
electrochemically reduced.
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Figure 55: (a) Polarization curves of the electrodeposited electrodes tested as cathode and
(b) catalyst loading obtained from the ICP — OES measurement for distinct substrates.

Therefore, the GDLs from SGL present an improved performance with an en-
hanced corrosion resistance. On the other side, the GDEs containing the Freudenberg
GDLs exhibit a higher ECSA. Comparing the recorded results of all samples we can
say that the GDL type does not influence the FC performance. Additionally we have
proved that the electrochemical method can be applied on any GDL type.

7.3 CATALYST LOADING VARTATION

On the conventional GDE preparation methods, plenty catalyst sites are not elec-
trochemically active. Therefore, to increase the TPB density we have optimised the
method presented in Section 5.2. However, up to now the catalyst loading has var-
ied so much, that an exact power to catalyst loading quantification cannot be done.
Thus, we propose to study systematically the electrocatalyst loading influence on
the PEMFC performance. In detail, four distinct platinum loadings are investigated:
0.05mgcm~2, 0.1mgem =2, 0,2mgcm 2 and 0.4mgcm 2 . During the electrode-
position and spraying process the parameters presented in Table 3 are used.

The polarization curves presented in Figure 56 indicate a high performance with
current densities >2 A cm ™2 at 350 mV for each prepared sample. Also, after the
ageing procedure the catalyst remains stable and develops current densities above
1.5A cm 2 at 350 mV.

Table 6 present in details the performances of the developed electrodes. It can be
observed that the highest ECSA is obtained for a loading of 0.05A cm™2. In addi-
tion, its noticed that the ECSA decrease by growing the catalyst loading. This can
be attributed to the big particles created during the electrodeposition. This idea
is sustained by the ageing procedure, which shows for the electrode containing
0.4mgcm 2 catalyst a loss of 15% at 650 mV. Quite unexpected is the behaviour
of the GDE with 0.05mgcm ™ loading. Its indicate the highest loss after the age-
ing process, but it still sustains the highest mass activity of all prepared samples
(13.28 Amg™).
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Figure 56: Polarization curves of the electrodes containing a catalyst loading of (a)
0.05mgecm—2, (b) 0.1mgem =2, (c) 0.2mgem~2 and (d) 0.4 mgcm—2. The investigation
were made before and after an ageing procedure.

Table 6: MEAs performance analysis at 650 mV before and after ageing process. Each MEA

Catalyst loading (mg cm ™)

0.05

0.1

0.2 0.4

ECSA (m?g™ ")

126.19 9347 64.25 84.80

T jat650mV 0.66 0.89 061 0.73
£ Amg ! at650mV 1328 891 303 1.83
gkWT at 650 mV 012 017 051 0.84
ECSA (mZg™) 9450 67.88 4645 73.00
T jat650mV 050 070 052 0.62
& Amgate50mV 1002 701 262 154
gkW~! at 650 mV 015 022 059 1.00
j losses at 650 mV 2455 2132 13.37 15.59

contains at the cathode a GDE with a different catalyst loadings.
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To understand better the kinetic and mass transport losses, the polarization
curves are analysed using a semiempirical model [169]. The FC voltage E at the
current density 1 is described by

E = Ep — 1Ronmic — b log(i) —mexp(ni) (26)
where
Ey = E; +blog(ip) (27)

E, is the reversible potential which is 1.18 V at 80 °C (see Equation 23), iy and b are
the Tafel parameters for oxygen reduction and Rohmic is the ohmic resistance. The
predominant contribution to Ronmic is the ohmic resistance of the electrolyte. The
last term in Equation 26 is an empirical quantity that describes the high current
overpotential that is associated with the mass transport [170]. This term can be
expressed as a voltage difference (A E) between the expected value of E and the
experimental value

AE =mexp(ni) (28)

where m and n are constants and have the units of potential and current density,
respectively.

Catalyst loading (mgcm™2) 0.05 0.1 0.2 0.4
E. (V) 1.18 1.18 118 1.18
b(mVdec™) 50.33 44.33 52.18  48.56
RN 51-1077 14-1077 1.1-10% 21.10°8
8 Rynmic (Qcm=2) 0.17 0.15 020  0.19
AE 36-1071® 42.107* 69-1073 8.9.1073
b(mVdec™) 53.15 61.91 5435  48.63
e i 91-1077 99.1077 12-10°% 13.10°8
& Ronmic (Qcm—2) 0.19 0.15 021 022
AE 0.015 0.001 0.019  0.046

Table 7: Fit results for the samples prepared with different catalyst loading using the
equation 26.

As can be observed in Table 7 the AE on the initial state is very small, indicat-
ing no mass transport limitations. After ageing, the AE increase significantly for
all prepared samples. The same behaviour is registered also for the Tafel slope.
In comparison to the theoretical one (2.303R T/axnF = 70 mV dec™'") the obtained
values are under this value, illustrating a two electrode mechanism. Moreover, the
cell resistance, Ronmic grows by increasing the catalyst loading. In addition for each
sample after the ageing step, the cell resistance increases, suggesting a catalyst shift
in the MPL structure.

According to the obtained results we can say that the electrodeposition method is
suitable to create CLs with well defined loadings and with a high electrochemically



7.4 UPSCALE THE GDE PRODUCTION

activity. We suggest the application of this method for platinum loadings up to
0.2mgcm 2. A further increase in the loading induces particle agglomeration and
a platinum waste.

7.4 UPSCALE THE GDE PRODUCTION

Along to the improvements on the spraying and electrodeposition parameters

our objective is to prepare, using the electrochemical method GDEs with a size
larger than 50 cm?. Therefore, as presented in Section 5.3 a new deposition cell
with an active area of 225cm? is constructed. In addition, to study the effect of
the upscaling a new fuel cell housing with an active area of 50 cm? is tested (see
Section 4.2). Thus, having all the necessary hardware components, GDEs with a
catalyst loading of 0.2mgcm 2 and 0.2mgcm ™2 ionomer are produced. As for
the previously prepared GDE on this chapter, the parameters listed in Table 3 are
applied.
In order to investigate the performances of the new prepared GDEs, MEAs contain-
ing the same components but with different sizes (10 cm? and 50 cm?) are investi-
gated. This configuration is chosen to be sure that the deposited catalyst loading is
uniform distributed along the GDE surface. Moreover, we want to examine the FC
housing influence on the GDE operation. For both cell configuration the prepared
GDE are tested as cathode.

a

SEI 2000k XKI00 WD 10Smm 100w

(a) (b)

Figure 57: (a) H23C8 MPL surface after the electrodeposition process. (b) Element mapping
using the energy-dispersive X-ray spectroscopy. The pictures indicates an uniform
platinum dispersion, but also a high quantity of Cl in the MPL network.

As can be observed in Figure 57a due to the slow solvent evaporation, the GDL
surface presents circles formed after the spraying process. We suppose that the
edge of this circles contains the ionomer. These can influence the electrodeposition
process in a negative way. However, on the recorded SEM picture the pore structure
is visible and unrestricted. The element mapping of the prepared GDE indicates a
good platinum distribution on the MPL surface (Figure 57b). Unfortunately, during
the analysis a high quantity of chlorine is found. Since the pictures are recorded
after the electrodeposition process, the registered Cl can represent the not reduced
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PtClé_ or Cl™. In comparison to a bath electrodeposition process where the prod-
ucts remain in the liquid, here the ions are attaching on the platinum catalysts and
on the carbon support. Even if the GDE is washed for at least three times the C1~
ions are not removed.

The recorded polarization curves indicates an improved performance for the 50 cm?
FC. Thus, the samples tested in the big cell illustrates an initial current density of
0.82A cm~2 at 650 mV. Table 8 shows the performances of the GDE tested in these
two developed fuel cell housings. Very interesting are the recorded results after the
cell ageing. Both MEAs indicate a current density of 0.5+ 0.05A cm ™2 at 650 mV.,
We assume that in the 50 cm? FC housing the water management is improved due
to the long channels. So, the water is retained for longer times in the cell and the
membrane is better humidified.

T =80.0 °C; 95.0 % RH,; 95.0 % RH3 A, = 1.2, .= 2.0

1.0 1.0 ' ' >
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Figure 58: (a) Polarization curves of the up-scaled GDE, tested in two different FC housings.
(b) ECSA of the same electrode, calculated at the initial state and after 1000 cycles ageing.

The calculated ECSA reveal a significant increase for the big cell (Figure 58b).
This unexpected result can be explained by small catalyst variations along the GDE
surface. Due to the big surface (over 225 cm?), during the spraying process the GDL
the temperature is not homogeneous and small ionomer agglomerates occur. Thus,
the precursor and the ionomer does not penetrate to the same depth and a part of
the PtClé_ cannot be electrochemically reduced.

We consider that the 50 cm? FC housing distributes the humidified gas better in
the GDE structure. Moreover, due tot the large active area no significant influences
of the catalyst loadings variations can be observed. Additionally, because of the
optimum water management the catalyst sites remain free to reduce the oxygen
even at high current densities.

7.5 IONOMER LOADING OPTIMIZATION

A fundamental requirement for the FC marketing is the operation with the O,
from the atmospheric air. Nevertheless, this configuration implies a new GDL ar-
chitecture and a better electrocatalyst. One of the big problems is the low ORR and
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10cm?  50cm?

j at 650 mV 0.64 0.82

€ Amg'at650mV 3.2 4.1

£ jat9ooomV 1.2-1073 3.8.1073
Amg~' at900mV ~ 63-1073 1.9-1072
j at 650 mV 0.52 0.57

3 Amglate50mV 26 2.88

& jatooomv 291073 35.1073

Amg~" at 900 mV 14-107% 1.7-1072
j losses at 650 mV (%) 18.75 29.75

Table 8: Performances of the GDEs tested on two different cell housings. The samples
tested in the 50 cm? cell indicates an improved operation.

O; quantity in the air (~21%). In addition, due to the accumulation of nitrogen in
the cathode pores concentration polarization appears [171]. A solution for this im-
pediments is to increase the reactant pressure and the flow rate. Therefore, the FC
housing tightness and membrane thickness should be considered. More over, the
cathodic GDE needs to be structured with enough pores and reactant paths. Along
to these problems, the impurities in the air stream can affect in a negative way the
FC performance [27]. According to Lee et al. to increase the catalyst efficiency the
CL thickness should be very small and the loading needs to be reduced [172]. For
an optimum FC operation also the ionomer quantity need to be appropriate [173].

As result of previously optimizations, GDEs are produced and tested in a H;/air

system. Each one contains a loading of 0.4 mg cm~2 platinum and a distinct ionomer
loading of 0.1 mg cm ™2, 0.2mgem 2 and 0.3 mgcm 2. The performance analysis
are performed by zBT in a 25cm? fuel cell housing, at an absolute pressure of
2.5bar (H,/air). Furthermore, the prepared GDE are supposed to an ageing proce-
dure.
Figure 59a shows the performance of the prepared samples. As can be observed
the samples with a Nafion™ loading of 0.1 mg cm 2 and 0.2 mg cm ™2 shows cur-
rent densities over 0.7 A cm™2 at 650 mV. The sample with 0.3 mgcm ™% Nafion™
provide a current density of 0.34 A cm 2. A explanation for this large voltage fall
is the high Nafion™ loading. During the spraying process most of the pores are
covered by the ionomer and the gas paths are obstructed. A performance summary
of the prepared samples is presented in details in Table 9.

The electrochemical impedance measurements at 0.66 A cm ™2 sustain these hy-
pothesis (Figure 60a). As can be observed, the total resistance of the sample contain-
ing 0.3 mgcm =2 Nafion™ is with 0.1 Q cm™2 higher than other two. The catalyst
and diffusion resistance of all three samples are comparable but on the sample that
incorporates a larger Nafion™ amount, the membrane resistance increase. This
indicate a considerable ionomer quantity at the electrolyte/GDE interface.

The ageing process indicates a good stability for all prepared samples, with a loss
at 650 mV under 33 %. The large current density loss is observed for the sample
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Figure 59: (a) Polarization curves of the GDE containing different Nafion ™ loading. (b)
Comparison of the self-prepared GDE and a commercial one, containing the catalyst form
JM. All polarization curves, before and after ageing are recorded at 2.5 bar.

prepared with 0.3 mgcm 2 Nafion™. Additionally, this GDE indicates the lowest
ECSA loss (4.9 %). We consider that due to the thicker Nafion™ layer the catalyst
is better protected. Thus, the ionomer prevents the platinum ions moving and ag-
glomeration in large clusters. After the ageing procedure, all the samples shows
an increased total resistance, especially that with 0.2cm? ionomer loading. This
indicates a clearly Rgiss increase due to the partially platinum and ionomer interca-
lation. Also the GDE containing 0.1 mg cm 2 ionomer exhibit an increase of cathodic
charge transfer resistance, a fact that indicates the catalyst migration.
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Figure 60: Resistances obtained for the prepared electrode by fitting the EIS curves
recorded at a current density of 0.1 A cm ™2 at (a) initial state and (b) after ageing. The
used circuit is exemplified on Figure 9ga.

In order to compare the prepared catalyst properties with a commercial electro-
catalyst, a MEA containing at anode and cathode catalysts from JM (HiSPEC4000),
with a loading of 0.36 mgcm ™ is produced. Although the electrocatalyst load-
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ing difference is very small, the self-prepared electrodes exhibit the same perfor-
mance (Figure 59b). In detail, the commercial electrode displays a current density
of 0.8 A cm ™2 at 650 mV while the self-produced GDE exhibit 0.83 A cm 2. However,
after the ageing procedure both systems manifest a current density of 0.67 A cm 2
at 650 mV. Another surprising property of the developed GDE is the mass activ-
ity of 0.72A mg~" at 0.9V which is with 30 % higher than that of the commercial
catalyst.

Nafion™ 0.1 Nafion™ 0.2 Nafion™ 0.3

- ECSA (m?g ") 29.67 35.33 14.91
£ Amglate5omV 187 2.07 0.85
j at 650 mV 0.74 0.83 0.34
- ECSA (m?g") 24.58 31.58 14.18
go Amg'at650mV 15 1.67 0.57
j at 650 mV 0.63 0.67 0.23
losses at 650 mV (%) 15.88 19.27 32.35
ECSA loss (%) 17.14 10.57 4.87

Table 9: Performances of the GDEs tested on two different cell housings. The samples
tested in the 50 cm? cell indicates an improved operation.

7.6 SUMMARY

The developed spray and deposition methods are applied to produce GDE for

PEMFC cathode. Therefore, the tuned parameters obtained on the Chapter 6 are
utilized to coat GDLs with distinct platinum and ionomer loadings. In order to
investigate the PEMFC performances over long times an accelerated procedure is
proposed. Thus, the cell potential is swept between 0.4 — 1.4V vs. DHE for 500 times
and then for another 500 times between 0.05— 1.4V vs. DHE.
To prove the capability and the flexibility of the developed deposition method a
new CL architecture is introduced. A multilayer structure with three distinct layers,
each one with 0.1 mgcm ™2 catalyst and ionomer loading is produced. The results
indicate that the proposed structure influences in a positive way the PEMFC perfor-
mance. Furthermore, the produced structure indicates a strong dependence on the
reactants humidity. The calculations have revealed that the ORR of the new created
structure increases by reducing the inlet gas RH.

A factor which affects the GDE performance is its substrate type. For a better
overview, different commercial GDLs are studied as catalyst support. GDLs from
Freudenberg and SGL are coated with the same electrocatalyst loading and tested
under the similar conditions in the self-developed test station (see Chapter 4).
Moreover, to reduce the hydrophobicity of the substrate, plasma treated GDL from
Freudenberg are employed as substrate. According to the recorded curves no sig-
nificant power decrease is observed. Likewise, all prepared GDEs show the same
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catalyst loading. The CV measurements illustrate a high ECSA, with a maximum of
53.38m?g~! for the H23C8 from Freudenberg. The prepared catalysts show a high
stability. After the ageing process the ECSA losses are under 21 % for all produced
samples. To study in detail how the catalyst loading influences the cell performance
four different electrocatalyst loadings are investigated (0.05mgcm™2, 0.1 mgcm™—2,
0.2mgcm~2 and 0.4 mg cm™2). It should be emphasized that the proposed method
is suitable to prepare GDE with a catalyst loading <0.2mgcm~2. However, the
Nafion™ loading affect at most the quantity of deposited platinum. A outstand-
ing positive result is obtained for the sample prepared with 0.05mg cm ™2 platinum
which shows a mass activity at 650 mV of 13.28 Amg~".

Along the physical parameters optimization, the upscaling possibilities of this
new method are investigated. Therefore, using the deposition cell developed in
Chapter 7, samples with an active area of 225cm? are prepared. The study has
revealed a performance comparable with the small electrodeposition cell (50 cm?).
Moreover, the performed test on two different fuel cell housing (10 cm? and 50 cm?)
indicates an improvement on the FC with an active area of 50 cm? in comparison to
the 10 cm? cell.

A fundamental requirement for future PEMFC applications is the operation with
the atmospheric air. With the help of colleagues from zZBT Duisburg, multiple sam-
ples are investigated in a H /air configuration at a pressure of 2.5 bar absolute. The
research has revealed that an ionomer loading in the range of 0.1 —0.2mgcm™2
provides the best results. An increase in the Nafion™ loading indicates the pore
obstruction and a significant FC performance decrease. Additionally, the obtained
results indicate that the electrochemically prepared catalyst provides a better activ-
ity than the commercial electrocatalyst (HiSPEC4000) from JM.

Thus, the electrodeposition method has been successfully applied to produce
highly electrochemically active catalysts for ORR. Platinum utilisation and there-
fore catalyst loading under 0.1 mg cm =2 can be achieved, with an improved PEMFC
performance.



CONCLUSION AND FUTURE WORK RECOMMENDATIONS

In the focus of this study was the development of GDEs with as low as possible
catalyst loading, using an electrochemically technique. In order to boost the elec-
trocatalyst performances, the electrodeposition process takes place in-situ, so that
most of the produced catalyst particles are situated at the triple-phase-boundary.
Due to the rigorous electrodeposition profile the morphology of the created electro-
catalyst can be precisely controlled. Thus, during the first step the precursor ions
are assembled in nuclei. In the next pulse, according to the growth time, the cores
grow by collecting more precursor ions and finally create a nanoparticle. In order
to produce GDEs with a reduced loading, a new spraying device is developed. A
commercial 3D printer produced by Velleman is modified by replacing the printing
head with an in-house designed spraying equipment. Using the developed system,
samples with an area up to 400 cm? can be sprayed in a semi-automatic way. Along
that, the system can spray different solutions without corrosion risks. Simultane-
ously, the self-built LV software offer a high precise movement and dosing control.
So, the precursor and the ionomer can be homogeneously distributed over the sur-
face of a commercial GDL. To find the best spraying and deposition parameters
an intense effort was made to tune up these systems. Therefore, the influence of
multiple physical parameters as temperature, pressure and relative humidity is
examined.

For an easier and efficient PEMFC characterisation, a test station is developed. In
addition to the commercial parts (thermostats, mass flow controllers, heating car-
tridge, etc.), the produced system contains a powerful controlling board, with over
20 inputs/outputs. A self-developed firmware manage all the components. Having
the control in a centralized unit offers a higher safety degree and a simple device
management. Simultaneously, the LV developed program displays in a styled mode
the recorded data. Additionally, it contains a flexible experiment organizer with
more that 30 possible techniques. An high attention is provided to the humidifica-
tion system which contains a Nafion™ tube. So, relative humidities up to 100 %
can be achieved with an accurate control. Moreover, the developed test station can
be used for PEMFC with different sizes and can perform current measurements up
to 80 A. Together with the company Gamec Analysentechnik one testing platform
is commercialized.

In addition to these two devices a new fuel cell housing with an active area
of 10cm? is designed. For a better reactant distribution it contains four channels,
each one with a width of 0.8 mm and a length of 1775 mm. To avoid the water
accumulation, the proposed flow field presents four bends. Due to successful tests,
the 10cm? cell architecture is upscaled to 50 cm?. Both models can be very easy
connected on the self-constructed FC test station using 6 mm Swagelok connections.
During the PhD period, over ten cells with distinct sizes are produced, all of them
offering precisely and valuable data.
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Following the same principle, an improved electrodeposition cell is constructed. In
comparison to a fuel cell housing, the cathode side is reshaped, so that the sample
is uniformly pressed on the electrolyte. Thus, the GDL containing the precursor es-
tablish an optimum contact with the electrolyte and the protons path is improved.
The deposition cell contains simultaneously an improved sealing and membrane
stretching system. The last feature makes possible the use of the electrolyte over
many electrodeposition processes. Another cell advantage is the possibility to use
the same electrodeposition cell for GDLs with distinct thicknesses. More over, the
developed cell can be employed on the electrodeposition of any type of metals
precursors in an anhydrous form. Additionally, the developed deposition cell per-
mits a precise temperature control. For an accurate gas humidity management a
Nafion™ humidification system is implemented. Considering the necessitate of
bigger GDEs, in actual work the spraying and electrodeposition process was up-
scaled to produce GDE with a size of 225 cm?.

With all the above mentioned studies, some important results and findings are
summarized by the following:

1. As result of in-situ electrochemical reduction of hexachloroplatinic acid, most
of the particles are situated at the triple-phase-boundary. Using a commercial
GDL from Freudenberg the implicated physical parameters on catalyst creation
have been studied. For a simple electrocatalyst evaluation the prepared GDE
were tested as anode in the self developed fuel cell housing.

¢ Ahead the electrodeposition process, the GDL need to contain the pre-
cursor in an anhydrous state. Thus, two different methods to apply the
ionomer and the precursor on the GDL surface are examined. The use
of an impregnation method has revealed a very bad catalyst formation,
with particle sizes of 19 + 6 nm. In order to increase the particle density
and to reduce its size, the commercial GDL was coated with a mixture of
carbon, Teflon and ionomer. By applying the electrodeposition technique
a significant improvement on the catalyst morphology was observed. Ad-
ditionally, the FC investigations have disclosed a current density improve-
ment of >60 % at a voltage of 650 mV, versus the initial approach. The ex-
periments have illustrated that due to the high MPL hydrophobicity and
small pore size the impregnation method is not suitable. Furthermore,
due to the small GDL thickness the necessary solvent volume is limited
to few ul, affecting the precursor distribution on the MPL structure.

¢ It was observed that by using a spraying technique the catalyst particles
have a size of 4 + 0.6 nm. Moreover, the created structure indicates a cur-
rent density increase at 650 mV of 10 % in comparison to the impregnated
one.

¢ In order to reduce the catalyst loading and to maintain a high PEMFC per-
formance the parameters involved in the spraying and electrodeposition
processes are in detail optimised. Thus, it was found that the spraying or-
der of both components (precursor and ionomer) affects the catalyst layer
structure. The investigations on six distinct configurations have shown
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that by mixing the Nafion™ with the precursor before spraying pro-
vides the highest power density. The research indicates that when the
ionomer is sprayed on the fist layer the GDL pores are obstructed and the
precursor cannot go deep in the MPL network. So, most of the PtClé_ are
not electrochemically reduced and the platinum is wasted.

* Other parameters which influence the CL architecture are the GDL tem-
perature and the driving gas pressure during the spraying process. By
modifying the first parameter, the solvent evaporation rate can be con-
trolled. So, the ionomer and the precursor can permeate deeper in the
MPL structure. The variation of this parameter has revealed that for a
higher spraying temperature the obtained CL exhibit improved electro-
chemical proprieties. By positioning the catalyst at the top of the MPL,
a directly contact between the catalyst and electrolyte is accomplished.
To arrange the electrocatalyst deeper in the MPL the driving gas pres-
sure was varied in a range of 1.5—3.5bar. The examinations indicate a
maximum performance for the precursor sprayed at a pressure of 2 bar.
Additionally, a significant decrease of the catalyst loading and FC perfor-
mance is observed by growing the spraying pressure. At the maximum
pressure of 3.5 bar the high gas flow evaporates the solvent very fast, so
that a small amount of PtClé_reaches the GDL surface. Additionally, the
high gas flow blows most of the precursor and ionomer from the MPL
surface. The analysis on the GDEs transversal section have revealed a CL
thickness of ~ 2 um for the samples prepared at 2bar and only ~ 0.5 um
for those produced at 3.5 bar. Thus a pressure of 2bar was found to be
optimum for the spraying process.

* To obtain a precise catalyst layer thickness, the influence of solvent com-
position was investigated. Thus, the boiling point of the solvent was in-
creased from 82.6 °C to 100 °C by adding water. According to the recorded
polarization curves the PEMFC performance increases by growing the IPA
concentration, until its reaches a maximum at 40 % IPA. Up to this point
the measured current density at 650 mV remains constant at a value of
1.0+ 0.01 A cm 2. Besides, at low IPA concentrations the catalyst loading
is reduced, followed by a slight increase at IPA concentrations over 40 %.
This strange behaviour can be described as a reduced catalyst layer thick-
ness. Due to the high MPL hydrophobicity and the slowing evaporation
rate, the precursor remains at the GDL surface. The analysis of the GDE
transversal section indicates a catalyst layer with a thickness of ~ 6 um.

2. An great emphasis was placed on the catalyst morphology. Therefore, the
importance of electrodeposition parameters (electrolyte humidity, deposition
temperature and pulse amplitude) was analysed.

* Thus, by variation of deposition cell relative humidity it was observed
that the deposited platinum quantity increases exponentially with the
RH. Also, at low humidities (< 80%) the created catalyst particles ex-
hibit agglomerations. The test station measurements indicate a signifi-
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cant current density increase at the working voltage of 650 mV with the
RH (~30 %).

¢ For an improved proton kinetics, the deposition cell temperature was
increased up to 70 °C. The examinations have revealed that the cell per-
formance remains constant up to a temperature of 50 °C. Additionally,
by increasing the temperature a boost of the deposited catalyst quan-
tity is observed. So, at 70°C the electrocatalyst loading is twice of the
platinum quantity deposited at 25 °C. According to the recorded polari-
sation curves, the performance is boosted with >35 %, in comparison to
the samples prepared at room temperature.

¢ The nucleation pulse variation indicates that the PtClé_ are reduced at
a potential under —0.3V vs. DHE. A maximum catalyst loading was ob-
tained by a potential of —0.8V vs. DHE. The recorded SEM images in-
dicate a catalyst thickness of 1 um for a nucleation pulse of —0.3V and
—1V vs. DHE. Additionally, at this two potentials catalyst agglomerations
at the MPL top side are observed.

3. PEMFC operation depends not only on hydrogen oxidation at the anode but in
particular on oxygen reduction at the cathode. Therefore a methodical exam-
ination of the electrochemically prepared catalyst on ORR was realized. Ad-
ditionally, the electrocatalyst stability was evaluated by applying an ageing
protocol. So, the cell potential was swept between 0.4 —1.4V for 500 times
and then for another 500 times between 0.05—1.4V.

* By combining the spraying and electrodeposition methods multiple CL
can be created. Thus, a multilayer catalyst configuration containing three
distinct electrocatalyst layers was generated. The investigations as cath-
ode have revealed an improved ORR activity and a high stability. How-
ever, this kind of structure exhibit extended particles growth due to the
multiple deposition steps. In comparison to a commercial GDE from M,
the developed structure indicates a doubling of its mass activity. More-
over, the measurements at different RHs reveal that the FC performances
increases by reducing the RH. According to the theory the prepared cata-
lyst ORR kinetics is better at lower RH.

* The electrodeposition method applicability on other commercial GDL
types was investigated. Thus, six different GDL from two distinct pro-
ducers were coated with the same catalyst and ionomer loading. The
research has revealed that the MPL hydrophobicity influence at most the
FC performance. So, all prepared GDEs present a ECSA > 44 m?g~!, with
a maximum of 50.1 m?g~". After the ageing procedures the prepared cat-
alyst structures indicates a high stability, with a maximum ECSA losses
of 30 %. Even if the six GDLs presents a different MPL structure and hy-
drophobicity the deposited platinum quantity was the same. Addition-
ally, the FC tests show the same behaviour and relatively the same current
density at the proposed working potential of 650 mV.

¢ The influence of the catalyst loading on the PEMFC cathode was inves-
tigated. The analysis has confirmed the possibility to use catalyst load-



CONCLUSION AND FUTURE WORK RECOMMENDATIONS

ings under 0.1 mg cm 2 platinum at the PEMFC cathode. The lowest load-
ing (0.05mgcm™2) indicates the highest ECSA. In addition it shows the
largest losses after the ageing process. However, the recorded current
density at 650 mV is comparable with that registered by other catalyst
loadings. By computing the necessary platinum quantity per kW for a
loading of 0.1 mgcm ™2 a remarkable result of 0.12gkW~! is obtained.
To understand in detail the kinetics and the mass transport losses from
the polarization curves, a semiempirical model is approached. The fit
indicates a Tafel slope for all prepared samples under 70mVdec™'. This
confirms the electrons ORR mechanism. According to the obtained results
we have found that the in-situ electrodeposition method is suitable for

catalysts depositions with a loading <0.2mgcm 2.

* To prove the scalability and the possibility of use in an industrial pro-
cess, the developed method was upscaled to 225 cm?. The produced GDEs
were tested in two cell housing configurations (10 cm? and 50 cm?). The
FC investigations indicates an increased performance for the cell housing
with an active area of 50 cm?. This improvement was attributed to a slight
catalyst variation along the GDE surface. Additionally, due to the longer
flow field channel on the 50 cm? cell the water management is improved
and the electrolyte is better humidified. Surprisingly, after the ageing
procedure both MEAs show the same current density (0.5 +0.05A cm—2)
at the operation voltage of 650 mV. According to the element mapping
analysis the prepared electrodes contains a larger amount of chlorine.
This can be a negative factor for the catalyst activity and stability.

* Another requirement for large FC applications is the air operation. To-
gether with the ZBT Duisburg the prepared GDEs were tested at an abso-
lute pressure of 2.5 bar. Additionally, the effect of the ionomer loading
was monitored. According to the polarization curves the samples con-
taining a Nafion™ loading of 0.1 mgcm ™2 and 0.2mgcm 2 indicate
a current density of 0.7 A cm™2 at 650 mV. By increasing the Nafion™
loading a significant decrease on the performance was observed. The
electrochemical impedance spectroscopy measurements have revealed
that the high Nafion™ quantity increase the cell ohmic resistance. In
comparison to the GDE prepared with a commercial catalyst the electro-
chemical deposited electrocatalyst indicates a clearly higher ORR activity.
Additionally, the mass activity at 0.9V provides an increase of 30 %. Af-
ter ageing procedure, both systems have shown the same current density
of 0.67 Acm % at 650 mV.

As it was presented, the electrochemical deposition method is a flexible and
efficient technique which can be applied with success on the GDE preparation. Ad-
ditionally, the developed spraying process and the optimized steps makes the com-
bined method the right tool to manipulate the CL layer structure. According to our
study this approach can be applied to any GDL type, with a high reproducibility.
Moreover, the investigated procedure can be very easily upscaled, the only limita-
tion is the electrolyte stability.
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Even though a multitude of parameters and a variety of combinations were stud-
ied, the method can be further improved. As it was presented, the catalyst loading
is not all the time the desired one. Therefore, a further optimization need to be done
on the spraying process. Here the temperature of the moving plate need to be grad-
ually varied in smaller steps and the influence on the FC performance studied. Also,
in order to short the spraying process the pump rate can be increased. In the same
time, to reduce the local GDL cooling, new moving patterns need to be considered.
Along the spray process, the electrodeposition can be further extended for other
metal precursors. It is know that many researcher work intensively to replace the
expensive platinum catalyst with other electrocatalyst like Ni, Fe, Co or platinum
alloys. Along that, the developed method can be used for other electrochemical
systems as batteries or CO,reduction.

Moreover, new catalyst structures can be created. For example a multilayered CL
with distinct catalyst on each layer. It is known that the platinum-ruthenium cat-
alyst is more tolerant to CO in the fuel cell stream than platinum alone. Thus, by
placing this one very deep in the CL will filter most of the reactants impurities. Ad-
ditionally, using the spraying method a completely new MPL structure can be gen-
erated, with a defined interlaced network. To increase the structure porosity pore
forming elements as carbonates compounds (Na;CO3, (NH4),CO3, NH4HCO3) and
glycerol can be incorporated. To improve the catalyst activity and to reduce its
quantity a multilayer architecture containing the carbon support and the precursor
are recommended.

During the actual studies a very thin CL structures were produced, directly on
the MPL surface. This provides not only a good contact with the electrolyte but
also a challenge for water removing. Therefore for a better water management on
cathode applications it is recommended to add an additional Teflon layer after the
electrodeposition process.

The developed technique make possible the structuring of MPL network, by spray-
ing the ink over the GDL. Therefore, to precisely organize the CL, the precursor can
be sprayed between the carbon layers. Additionally, the structure can include pore
forming elements.

In order to avoid the catalyst poisoning with the chloride, another precursor can
be applied ( Hy Pt(NO;); SO4, Na; (Pt(OH)g) - 2H,0 and K; Pt(OH)g). Thus, the
catalyst will show an improved activity and a higher stability.
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