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Abstract

The operating temperature plays a critical role in the performance and lifetime of pol-
ymer electrolyte membrane fuel cells (PEMFC). Temperatures outside the normal operat-
ing window, such as below freezing or above the boiling point of water, can damage the
components of a PEMFC. To optimize the operating strategy and thus the lifetime of
PEMFC, it is essential to perform various stress tests over wide temperature ranges. How-
ever, not all types of stress tests can be performed on a standard test bench configuration.
For the low-temperature tests, an additional cooling device is required, which is associated
with high costs and long testing times. At the other end of the temperature range, at high
temperatures, a different heating strategy and a modified test bench setup is often required.
If the tests are performed on a single cell level, it is additionally questionable whether there
is any comparability with real applications at all. A critical point here is the uneven tem-
perature distribution on the PEMFC surface, which can occur both during start-up at low
temperatures and during regular operation. In addition, the rates of temperature change oc-
curring in a fuel cell system cannot be readily achieved with a single cell and ordinary
temperature control methods. All of the above points could not be represented with the

same measurement setup so far.

This work deals with two main topics. In the first part, a new methodology for temperature
control of PEMFC single cells is presented. With the two novel highly dynamic single-cell
designs (small-size of 50 cm?2 and automotive-size of 285 cm?2), where high power Peltier
elements adjust the cell temperature, the scope of single-cell testing can be significantly
extended compared to conventional measurement setups. As a result, the new designs
achieve temperatures from -30 °C to over 125 °C, temperature change rates of up to
80 Kmin, and temperature control accuracy of less than +0.3 °C. Besides improved dy-
namics and accuracy, the automotive-size enables temperature gradients in the longitudinal
direction of up to 70 °C. With the novel cell designs, it was possible to perform all the
fundamental measurements presented in this thesis. The second part of the thesis deals, on
the one hand, with the possibility of temperature determination using the cell impedance
and, on the other hand, with the degradation mechanisms of PEMFC single cells at low
temperatures. With the precise temperature control of the small-size single cell design, the
cell impedance could be accurately determined at temperatures between -5 °C and 60 °C.

All calculated electrical equivalent circuit (EEC) values were sensitive to the temperature



changes, and a quasi-linear dependence of the double layer capacitance on temperature
could be observed. Based on this finding, this method can provide an alternative to com-
mercially available resistive temperature sensors and can be used to estimate the PEMFC
cell temperature quantitatively. Furthermore, a total of three types of low-temperature stress
tests were performed in this thesis. The first low-temperature stress test was a concept test
for the new temperature control method and the newly established test procedure. It was
shown that the novel “tempering design” could be used to perform a complete low-temper-
ature stress test on a small-size PEMFC single-cell quickly and affordably without the aid
of a climatic chamber. Furthermore, it was shown that electrochemical impedance spec-
troscopy can be used to determine the degradation state and that the degradation mecha-
nisms are directly related to the test procedure used. Building on the first low-temperature
stress test, the influence of different cathode ionomer-carbon weight ratios (0.5/1.0/1.5) on
long-term stability was investigated in the second run on small-size PEMFC single cells.
The test procedure for this low-temperature stress test was derived mainly from the auto-
motive application. The generated in-situ measurement data clearly demonstrate that the
performance of each PEMFC single cell changes individually as a function of the cathode
I/C-ratio. In addition, postmortem ex-situ analysis revealed the exact damage pattern of
every single cell, allowing conclusions to be drawn about the exact degradation mecha-
nisms. In the last stress test performed, the automotive-size cell design was used, which in
addition to low temperatures, can also map temperature gradients on the PEMFC surface.
With this added feature, as well as the ability to measure local current density and imped-
ance, a novel experiment was conducted in which the shutdown temperature exhibited a
gradient on the PEMFC surface from +2 °C to -8 °C. It could be clearly shown how the
locally calculated EEC elements, as well as the current density, changed during the 132
temperature cycles performed and that the test procedure and especially the temperature

gradient had a significant influence on the local degradation.
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1 Introduction

1.1. Energy policy

Global warming, resulting from the accumulation of the greenhouse gas CO: in the
atmosphere, as well as the scarcity of fossil fuel resources, are two of the major problems
of the 21st century [1, 2]. There are many sectors, which use fossil fuels to produce energy.
One of them is the transport sector. Worldwide, there are approximately about 1.3-10° ve-
hicles, and most of them use combustion-powered engines [3]. To gain energy, a commer-
cial gasoline engine consumes fossil fuel and produces rather unacceptable amount of pol-
lutants (solid particles, CO2, NOyx, CO, SOy, etc.) as a result of combustion. With the turn-
around in energy policy, electrically powered vehicles appear to be more and more attrac-
tive. This means that for the automotive sector, the CO2 emissions of the average sold new
cars should not exceed 95 g/km after 2021 [4]. Such low emissions are only possible with
fossil fuel vehicles powered by an advanced downsized combustion engine, hybrid electric
vehicles (PHEV) and battery electric vehicles (BEV). The benefits of electric vehicles are
quite obvious: Local low emissions, low-noise and high energy-efficiency compared to ve-
hicles with standard combustion engines. Nevertheless, one considerable disadvantage is
the short range of pure battery vehicles. Due to the low energy density of batteries, it seems
obvious that the battery takes up a lot of space, and therefore the vehicles are extremely
heavy [5]. Another technology that becomes more and more popular is based on the so-
called cold combustion of hydrogen. The hydrogen, which is stored in a high-pressure tank,
is converted into electricity by a fuel cell stack (more on this in chapter 2.2). The produced
energy is used to charge the battery (range extender) or to directly drive the electric motor.

This type of vehicle is called a fuel cell electric vehicle (FCEV).

1.2. Energy storage

Energy storage describes the possibility of storing various forms of energy that can be
used for different physical applications time-independent. Storage and energy generation
from fossil fuels has long been considered as the best and most efficient way in the transport
sector. With the turnaround in energy policy and the increased popularity of electrically
powered vehicles, another way of high density and efficient energy storage is required.

Some well-known forms of energy storage for automotive application are:



Rechargeable batteries. A rechargeable battery is a galvanic cell, which converts
chemically stored energy into electrical energy through the redox reaction. Depend-
ing on the battery type, different electrode materials and electrolytes are used. Ac-
cordingly, cell voltages from 1.2 V (nickel-cadmium battery) to 3.7 V (lithium pol-
ymer battery) are possible. With the connection of more cells in series, the voltage
can be increased. Therefore, rechargeable batteries are suitable for many mobile

applications and nowadays one of the most popular forms of energy storage [6, 7].

Supercapacitors. Similar to conventional solid dielectrics capacitors, a supercapac-
itor belongs to the family of electric double-layer capacitors (EDLC) [8, 9]. The
essential difference between a conventional capacitor and a supercapacitor is the
liquid electrolyte, which supports up to 10.000 farads/1.5 V and enables a power
density that is 10 to 100 times higher than that of rechargeable batteries [10]. An-
other advantages are the shorter charging/discharging cycles and the higher number
of charge/discharge cycles compared to batteries. Probably the biggest disadvantage
of supercapacitors is the high production costs and thus the high price compared to

rechargeable batteries [11].

Hydrogen. Hydrogen, with the atomic mass of 1.008 u, is the lightest element and
the most abundant chemical substance in the universe [12]. Besides the natural oc-
currence, hydrogen can be produced by different reforming processes, water elec-
trolysis and other methods [13]. Due to the high reactivity and the high calorific
value of 141.8 MJ/kg, hydrogen is particularly suitable as an energy source [14].
For this purpose, hydrogen can be stored in different ways: Liquid in vacuum tanks
at temperatures under 259.16 °C, in solid storage, where the hydrogen is absorbed
by different absorbing alloys or gaseous in special pressurized tanks [15, 16]. The
latter is currently particularly suitable for automotive applications, and with a poly-
mer electrolyte membrane fuel cell (PEMFC) the stored hydrogen can be converted

into electrical energy.



1.3.  Hydrogen — energy source for the transport sector

With the turnaround in energy policy and the launch of a new hydrogen strategy to
reach the climate targets until 2050, alternative energy sources for the transport sector, such
as hydrogen, seems to be becoming more and more attractive [17, 18]. Globally, the
transport sector is responsible for 17 % of the greenhouse gas emissions every year [19].
Therefore, the energy conversion with a PEMFC has the potential to reduce pollutant emis-
sions and to solve the dependency on gasoline engines, and ultimately on fossil fuels [20].
However, there are many hurdles to a final solution to cover the entire transportation sector
with PEMFC technology. Two main reasons for the slow development and the low number
of PEMFC powered vehicles are, in particular, the poor network of hydrogen filling stations
(currently 87 H: filling stations in Germany [21]) and the relatively high costs. The high
costs arise from the use of noble metals, special materials and new processing technologies
[22, 23]. Therefore, a PEMFC stack represents a major proportion of ~90 % of the total
system costs at >500.000 systems per year (as shown in Figure 1) [24]. The remaining
~10 % are covered by the balance of the stack. The balance of the stack describes the me-
chanical peripherals such as air compressor, humidifier and other components that are nec-

essary for the operation of the fuel cell.

@ Bipolar Plates

1.000 Systems/Year 100.000 Systems/Year 500.000 Systems/Year

©® Membranes

@ Catalyst + Application
® GDLs + MPLs

® MEA Frame/Gaskets
® Balance of Stack

Figure 1: Break down of the total costs of a PEM fuel cell system depending on the production
figure [24].

Nevertheless, the PEMFC technology in the transport sector offers many noticeable ad-
vantages, such as: The high energy conversion efficiency of more than 50 %, short refueling
time and the higher range compared to BEV’s [20]. Here the limiting factor for the range
is not the fuel cell but only the size of the hydrogen fuel tank. For this reason, PEMFC
technology is particularly suitable for larger vehicles, where the space for a fuel tank is not

the main limiting factor.
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Regardless of whether the electrical energy comes from a battery or is generated by a fuel
cell system, the thermal management of both applications is a critical point [25, 26, 27, 28].
Temperatures outside the normal operating range can damage components of the fuel cell
systems and lead to a reduction in performance and lifetime [29, 30, 31, 32]. It is, therefore,
necessary to investigate the degradation behavior of fuel cell components, like e.g. bipolar
plates, membrane materials and the catalyst layer (CL) composite, under special boundary
conditions such as high (>100 °C) or low temperatures (<0 °C). Through a better under-
standing of the degradation mechanisms, components can be improved, lifetime increased

and thus costs reduced.

1.4.  Methodological challenges

The field of application of fuel cells range from stationary use, such as use as a com-
bined heat and power unit, to mobile applications. The supreme discipline is the mobile
application in the transport sector. In addition to the high power output (>100 kW [33]),
the fuel cell system must also operate at a wide range of environmental temperatures and
exhibit low degradation at different driving profiles. Depending on the temperatures and
the driving profile, the lifetime of each cell can change significantly [34, 35]. Therefore it
is essential to know the properties of the individual cell components, optimize the weak
points and introduce new and simple measuring methods on single cells for the analysis of

degradation mechanisms.

Since real driving tests in vehicles are associated with high costs, most tests are carried out
on test benches. Depending on the degree of maturity of the cells or cell components, the
tests are performed on different cell sizes. If, for example, only the electrochemical reaction
kinetics or simple investigation of the stability of the catalyst needs to be carried out, these
can be done experimentally by electrochemical measurements such as the rotating disk
electrode (RDE) [36]. Since these measurements are carried out under typical laboratory
conditions such as fluctuating room temperatures, liquid electrolytes with often different
concentrations and low current densities (mA/cm?), comparability with real applications is

often not possible.

Significantly better comparability to real applications is achieved with small size (~50 cm?)

and the automotive size single cell (285 cm?). Here not only the performance or durability
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of the catalyst can be characterized, but also the composite of catalyst layers, polymer elec-
trolyte membrane and gas diffusion layers (more on this in chapter 2.2). In this way, ther-
modynamic, hydrodynamic and reactant flow effects can be considered. This, in turn, ex-
tends the possibility of characterization and reveals new degradation mechanisms that can-
not be determined ex-situ, e.g. by RDE measurements. But here, too, the comparability
strongly depends on the measurement setup and the operating parameters. In the direction
of the operating parameters, the cell temperature plays an important role. Not only electro-
chemical processes, such as charge transfer resistance (Rct), are temperature dependent, but
also thermodynamic processes inside and outside of the CL [37, 38]. A further point with
the automotive size single cell is that depending on which cell (edge cells or inner cells) is
considered, different temperature gradients and effects occur in a fuel cell stack, which can
only be simulated to a limited extent on an ordinary single-cell setup. Therefore the accu-
racy and distribution of the temperature over the active surface area of a single cell, regard-

less of size, play a major role [31, 39].

If the fuel cell is operated outside the normal operating temperatures, increased degradation
will occur under certain circumstances. Excessively high operating temperatures can be
avoided by means of sophisticated thermal and operational management of the fuel cell
system [40]. In contrast, low or subzero temperatures can be caused by the influence of the
environment and, therefore, cannot be avoided. Since low-temperature stress tests in real
applications are not reproducible and too costly, they are often performed in the test bench
environment. For this type of experiment, special measurement setups, such as a cooling
unit or cooling chamber, are required. Here, however, it is questionable whether the com-
parability to the real application is given. Due to the thermal mass of the cell hardware and
the heat produced at low temperatures start-up of a fuel cell system (with approx. 400 cells),
temperature change rate as well as temperature distribution across the cell significantly
distinguish in a stack from that of a single cell [41, 42]. This, in turn, influences the degra-
dation behavior and thus also the test procedure derived from the automotive application.
Therefore, comparability between a fuel cell stack and a typical single cell in such a stress

test is not given.

Another topic besides the measurement setup is the determination of the changes in the fuel
cell during a stress test. Measuring methods such as cyclic voltammetry, polarization curves

and electrochemical impedance spectroscopy (EIS) are especially suitable for determining
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the degradation behavior in-situ. In particular, the EIS is a powerful tool that can show not
only changes in the fuel cell during a stress test run, but also temperature-sensitive electro-
chemical processes. However, choosing the right physical impedance model and under-
standing it is often a hurdle. Although many models fit the recorded impedance spectrum,
but they do not have a physical meaning and the relationship between the changes in the
cell components, such as the catalyst layer, and the calculated electrical equivalent circuit
values is often not given. Furthermore, a subsequent post-mortem ex-situ analysis is often
missing for a complete understanding of the generated measurement results. Therefore
many degradation mechanisms remain undiscovered or unexplained, and subsequent opti-

mization of the cell components is often not possible.

1.5. Aim of the work

As described in the previous chapter, the operating temperature of a PEMFC plays a

significant role. This is precisely the direction in which the aims of this thesis are directed.

A major aim of this work was to develop a new “tempering” method for PEMFC single
cells. The new development is designed to eliminate all known disadvantages of the previ-
ous techniques and provide an all-in-one solution for temperature control. The new “tem-
pering” concept should make it possible to approach cell temperatures between -20 °C and
120 °C, heating or cooling rates of more than 0.5 °C/s and to temperature stability of
<+0.5 °C over the entire temperature control range. Furthermore, the new concept should
be cost-effective, both in terms of acquisition and maintenance. In the course of the new
development of the tempering units, several design stages took place, reaching their final
state after more than three years of development. With the two final tempering designs, the
remaining aims of the work could be fulfilled.

Since the cell temperature of a PEMFC single cell is one of the most important operating
parameters and in a fuel cell stack, the individual cell temperatures cannot be monitored,
the next objective of this work was to determine the cell temperature of PEMFC single cells
without using a resistive temperature sensor. For this purpose, a novel method had to be
developed to fully automatically and reproducibly precondition the PEMFC and then de-

termine the cell impedance at different temperatures. Using this method, it was possible to
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accurately determine the cell temperature in the temperature range between -5 °C and 60 °C

without a commercially available resistive temperature sensor.

The next aim of this work was also to determine whether the newly developed tempering
method can be used to perform a complete low-temperature stress test on a PEMFC single
cell with a size of ca 43.56 cm? inexpensively and quickly, without the aid of an additional
cooling device. Furthermore, it should be examined whether the degradation mechanisms
could be determined using the cell impedance. For this purpose, the first low-temperature
stress test was carried out with 100 temperature cycles between -5 °C and 60 °C, and the

performance change as well as the degradation mechanisms were evaluated in- and ex-situ.

Building on the first low-temperature stress test, the aim of the second run was to investi-
gate the effect of different cathode ionomer to carbon weight ratios (1/C-ratio) (0.5/1.0/1.5)
on long-term stability during 120 low-temperature cycles between -10 °C and 80 °C. For
this purpose, a method almost completely derived from the automotive sector was adapted
to a single-cell test bench, and the degradation mechanisms of the individual 43.56 cm?
membrane electrode assemblies (MEA) were analyzed in-situ during the stress test. To bet-
ter determine the degradation mechanisms, additional detailed post-mortem ex-situ anal-

yses were performed.

The final aim of this experiment was to perform a stress test simulating a parked vehicle in
which the fuel cell stack is not completely cooled down. For this purpose, the automotive-
sized tempering design with an active area of 285 cm? was used to approach a temperature
gradient on the PEMFC surface from -8 °C to +2 °C in the shutdown part. During this stress
test, a total of 132 temperature cycles were performed between 80 °C and the temperature
gradient. Since a major objective of this test is to amplify local degradation mechanisms, a
novel measurement setup was built that can measure in-situ both locally resolved imped-

ances and current densities.
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2 Theory

Since the thesis covers a broad field of research, this chapter deals with the fundamental
knowledge and the historical aspects of electrocatalysis, the PEM fuel cells and the ther-
moelectric effect. The derivations to the fundamental equations are not discussed but can

be found in various electrochemistry books dealing with this topic.

2.1. The history of catalysis

The first known use of an inorganic catalyst can be traced back to 1552 when V. Cordus
used sulfuric acid to convert alcohol into ether [43]. It was not until many centuries later,
in 1835, when the chemist J.J. Berzelius described the property of a substance that influ-
ences the chemical reaction but is not consumed even in the reaction [44]. J.J. Berzelius
was thus the first natural scientist to describe the decomposition of bodies by a new force,
which he named the "catalytic force". This was the first recognition of catalysis as a driving
force [45]. However, the term catalyst was first introduced in 1895 by another chemist W.
Ostwald and defined as follows: “A catalyst is a substance that accelerates the rate of a
chemical reaction without being part of its final products”. W. Ostwald was awarded the
Nobel Prize for Chemistry in 1909 for his excellent work on catalysis and its influence on

the dynamics of chemical reactions [46].

In summary, it can be said that the catalyst accelerates the reaction path of often two mol-
ecules or species through the formation of intermediate compounds and thus offers a faster
route to the reaction products [47]. In the field of chemistry, catalysis is divided into two
main areas. Homogeneous catalysis, where the catalyst is in the same phase as the reactants,
such as in biological processes, where biocatalysts such as enzymes reduce the activation
energy and accelerate chemical reactions within an organism [48]. Heterogeneous catalysis,
where the catalyst is in a different phase than the reactants [49]. The latter plays a decisive
role in the direction of the automotive industry. A well-known example would be the cata-
lytic converter of combustion engines, which lowers the reaction energy barrier, catalyzes
a redox reaction, and largely neutralizes toxic gases and pollutant emissions [50]. The cat-
alytic converter is one of many examples of surface catalysis, in which the molecules of
the reactants are adsorbed on the surface of the catalyst before they reach their final form

via a modified reaction path.

15



The adsorption of atoms, molecules and other species on the catalyst surface plays a deci-
sive role in catalysis. The bond formed by adsorption must be just right, i.e. it must be
neither too strong nor too weak [51]. If the bond is too strong, the surface may be blocked,
and desorption may be hindered. This qualitative concept was defined in 1902 by the
French chemist P. Sabatier and is a basic characteristic of heterogeneous catalysis [52].
Since this principle represents only a concept of ideal binding, no statement could be made
about the binding energy or the maximum activity of the catalyst [53]. In 1916 the chemist
I. Langmuir dealt with this problem and created a simple model for the adsorption of spe-
cies on simple surfaces. I. Langmuir also believed that only a certain part of the catalyst
surface can be responsible for the adsorption of atoms or molecules and that the activity of
the surface is related to the arrangement and spacing of the atoms in the surface layer [54].
This assumption was further advanced in 1925 by H. S. Taylor, who described that a cata-
Iytic chemical reaction does not occur on the entire surface, but only on active sites of the
catalyst. He also went further and described that the active sites would contain terraces,
ledges, kinks, and empty spaces with different coordination numbers and contribute to a
large extent to the catalytic activity [55].

Based on the Sabatier principle, A. A. Balandin introduced in 1969 for the first time a
graphical representation for the catalytic activity, which he defined as so-called volcano
plots [56]. With the volcano plots, the catalytic activity of different catalysts, especially the
correlation between reaction energy and adsorption heat, can be displayed graphically in
the simplified form [57]. The advantage of volcano plots was also recognized by the elec-
trochemist S. Trasatti, who three years later presented the first volcano plot for the hydro-
gen evolution in acid solutions based on collected experimental data [58]. Trasatti's volcano
plot continues to form the basis for the development and classification of novel heteroge-

neous catalysts for use in electrochemistry, such as PEM fuel cells.
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2.2. PEM fuel cells

Due to the fact that the PEM fuel cell is an energy converter and the range ultimately
depends only on the size of the hydrogen pressure storage, interest in the automotive sector
is growing steadily. Figure 2 shows a PEMFC system with peripherals and the hydrogen
pressure storage tanks. The periphery supplies the fuel cell stack with preconditioned reac-
tants, where hydrogen is injected from the pressure tank into the anode side, and the air is
compressed from the environment by a compressor and directed to the cathode side of the
cells. In contrast to the anode, which forms a closed volume, in the cathode, the unused air
with the excess product water is fed directly into the exhaust gas. Since in practice an MEA
only achieves an OCV voltage ofca 1 V and under load significantly less, several MEAS
must be connected in series to form a stack. The enlarged section (Figure 2) shows in sim-
plified form the series connection of several cells as it exists in a fuel cell system. Due to
the series connection, system voltages of up to ~400 V can be easily achieved. The subse-
quent DC/DC or DC/AC converters then supply the vehicle electrical system as well as the

battery and the power electronics of the e-machines.

@ .

Figure 2: PEM fuel cell system with the simplified representation of the cells connected in series

to achieve the required operating voltage.
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2.2.1. Structure of a PEM fuel cell

The expression PEM fuel cell is the generic term for the type of fuel cell in which the
polymer electrolyte membrane (PEM) is the proton-conducting Nafion® membrane sepa-
rating the two electrodes as well as the reactants from each other. When considering a
PEMFC single cell, the active region involved in the reaction is called the membrane elec-
trode assembly (MEA). As the name implies, an MEA consists of the PEM and the anode
and cathode catalyst layers (CL). Whereby the gas diffusion layers (GDL) as well as the
gasket, which forms the outer frame, are often also an integral part of the MEA and are
included in the definition. The MEA can be prepared either by hot pressing the individual
layers (decal transfer method) or by direct application, e.g. by spraying the CL onto the
membrane [59]. Figure 3 shows a simplified cross-section through an MEA with the reac-
tants Hz and air, the protons H* and the output product water H.O. The generated electrons
flow via the flow fields (not shown here, for further details, see chapter 3.1.4) to the current
collectors and to the electrical load. This principle allows the voltage and thus the output

power to be increased as required.

GDL+MPL Anode CL Membrane Cathode CL GDL+MPL
235 um . ~7 um ) ~15 pm ~8 pm . 235um

Figure 3: A simplified cross-section through an MEA showing the individual layers, as well as the
reactants H, and air, the protons H* and the output product water HO.
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If we now go through the individual layers from the outside to the inside, they can be di-
vided as follows:

Gas diffusion layer (GDL) + Microporous layer (MPL)

The gas diffusion layer (GDL) forms the end of the MEA and is in direct contact with the
flow field. Although the GDL is not involved in the electrochemical reaction, it serves sev-
eral important functions. On the one hand, the GDL must distribute the reactants arriving
via the flow fields as uniformly as possible over the active CL, whether in the flow field
channel or below the bars. On the other hand, the GDL must provide sufficient flow paths
for the removal of the product water, especially at the cathode, and ensure the electrical
connection between the microporous layer (MPL) and the flow field. In order to achieve
all these properties and also ensure sufficient mechanical stability, the GDL is made of
highly porous carbon papers or structural fabrics. Here it should also be mentioned that
depending on the GDL compression, the listed properties change. The MPL is usually an
integral part of the GDL and is therefore often not mentioned. Due to the highly porous and
strongly hydrophobic layer, the MPL supports the back transport of the product water, es-
pecially at higher current densities from the CL to the GDL [60]. In addition, similar to the
GDL, the MPL supplies reactants to the CL and provides electrical conduction between the
CL and the GDL.

Catalyst layer (CL)

The anode or cathode CL forms the reaction center where the reduction or oxidation of the
reactants occurs. In simple terms, the catalyst lowers the activation energy and thus in-
creases the speed of the electrochemical reaction. Here, it is not the quantity of the catalyst
that is decisive, but much more its active surface and its catalytic activity. Other factors
also influence the speed of the reaction. The electrochemical reactions themselves can only
take place in the 3-phase boundary, where the catalyst, proton conduction, and reactants
are all present at the same time. In this process, the H* protons can only flow through the
ionomer proton conductors. The electrons e can only flow through the electrically conduc-
tive materials, such as carbon and platinum, and the gases can only flow through the cavities
in the porous carbon support material. Depending on the structure of the carbon support

material and the ionomer loading in the CL, the gas pathways can be blocked by the product
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water at high current densities, leading to a reduction in the conversion efficiency of the
CL.

The most commonly used catalyst material in the PEM fuel cell is pure or alloyed platinum.
With alloyed platinum, core-shell structures can be used to reduce the loading of the plati-
num or increase efficiency. One of the most common strategies is to put one or more layers
of platinum on top of another material such as palladium, ruthenium or gold [61]. Typically,
the catalyst particles have a size of less than 5 nm and are finely dispersed on a highly
porous carbon support material, such as Vulcan XC-72, with a size of about 40 nm [59,
62]. However, metal-organic frameworks (MOF) are also becoming increasingly interest-
ing due to their long-term stability and insensitivity to higher potentials [63]. Regardless of
the support material, ionomer (usually Nafion®) must be incorporated into the catalyst
composition during catalyst preparation or premixing. This is necessary to increase the ac-
tive catalyst surface area and to ensure proton conduction throughout the CL. During pro-
duction, the catalyst suspension is applied either to the decal substrate or directly to the
membrane, e.g. by spraying [64]. In this process, the catalytically active layers should be
as thin as possible and as thick as necessary. Typically, layer thicknesses of approx. 5-8 pum

and platinum loadings of 0.2-1.0 mg/cm? are used.
Polymer electrolyte membrane (PEM)

The PEM at the center of each MEA forms the barrier between the anode and cathode. This
means that the PEM must separate the reactants from each other and be electrically insu-
lating while at the same time having a high proton conductivity. As with the ionomer in-
troduced into the CL, the same proton transport mechanism occurs with the Nafion® PEM.
The best-known approach to proton conductivity is the so-called cluster network model
[65]. According to this model, proton transport occurs along with the sulfonic acid anions
(SO3"). Due to the free volume in the polymer, the sulfonic acid anions form clusters and
channel structures in which an interaction between SO3™ groups and the H>O dipoles takes
place. This results in all the wetting water being in the hydrophilic clusters. The H* form
hydronium complexes (HsO") with the water present in the clusters, which can then be
transported in the aqueous solution [66, 67]. Here it is clear that the proton conductivity is
directly related to the stored water and that drying out the membrane leads to an increase
in membrane resistance and thus to a decrease in reactant conversion and efficiency [65,

68]. Furthermore, the membrane resistance is directly related to the membrane thickness.
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Nevertheless, to ensure sufficient mechanical stability, the membrane should be as thin as
possible and as thick as necessary. Usually, PEMs with a thickness between 10-200 um are

used.

2.2.2. Theoretical cell potential

Considering the direct combustion of hydrogen, this energy is released in the form of
heat. The reason for the exothermic reaction is the different energy levels, more precisely
the enthalpy of reaction 0H between the two reactants H2 and O, and the end product H.O

[69]. The reaction can be simplified described as follows:

H, + 10, - H,0 + 0H (2.2.1)

Since an ideal combustion process is described here and the higher heating value of hydro-
gen can be assumed, the enthalpy of reaction is 0H = -286 kJmol™ at 25 °C. In the PEMFC,
the reaction takes place by means of silent combustion, and therefore, not the entire en-
thalpy can be converted into usable energy (e.g. electricity). The energy conversion leads
to an increase in entropy oS and thus to irreversible losses [69]. The amount of energy that

can be used is equal to Gibbs' free energy and can be described by the following equation:

dG = dH — T - dS (2.2.2)

With an entropy S of -0.1633 kJmolK™ and the assumption that the final product is in
the liquid phase, a Gibbs' free energy of 6G = -237.34 kJmol™ can finally be used [69]. The
Gibbs' free energy oG corresponds to the molar electrical energy -Wm.elec and can therefore
be calculated with the number of electrons n, the Faraday’s constant F and the potential

difference E:

3G = —Wyerec = —n-F-E (2.2.3)

With the number of electrons released by the oxidation reaction at the anode per hydrogen
molecule n = 2 and the constants 0G and F, the theoretically achievable cell voltage Eq can
be calculated:
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190Gl 23734k (2.2.4)

E. = — =123V
T n-F " 2-96.485 Asmol-1

2.2.3. Reaction kinetics

Since this work deals solely with PEM fuel cells, only the basic electrochemical reac-
tions that are crucial at the anode and cathode (two-electrode arrangement) are explained
in more detail here. The PEMFC works as an electrochemical converter so that the overall
reaction, i.e., the redox reaction, can be divided between the anode and cathode reactions.
The oxidation of hydrogen takes place at the anode, where 2 electrons are delivered to the
consumer and protons are passed through the Nafion® electrolyte membrane to the cathode
[59]:

Hy, » 2H* + 2e~ (2.2.5)

Simultaneously, the reduction of oxygen O, electrons e~ and H* protons takes place at the

cathode, as a product of which water H,O is formed:

1 2.2.6
502+ 2H* +2¢™ > H;0 (2:26)

In this redox reaction, the reaction rate depends on the cathode because the oxygen reduc-
tion reaction (ORR) involves sequential and parallel steps and is much more sluggish than
the hydrogen oxidation reaction (HOR).

Simplified, the redox reaction described above, in which the reaction rate depends on the

Faradaic process, can be represented as follows [70]:

K (2.2.7)
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Where Oy describes the oxidized form and Rq the reduced form. The reaction rate depend
on the forward and reverse oxidation reaction rates ki and kp, which can be described as

follows:

—aggnFE (2.2.8)
ke = kojfexp[T]

ao nFE (2.2.9)
kp = kopexp[ RT ]

Where kot and ko are the standard rate constants, o the transfer coefficient, F the Faraday
constant, and E the potential. From the forward and reverse oxidation reaction rates, the net
current can be calculated, which is the difference between the electrons released and con-

sumed:

i = nF (ksCo, — kpCra) (2.2.10)

By substituting equations (2.2.8) and (2.2.9) into equation (2.2.10), the net current density
is obtained:

i =nF {ko,f Co, exp [—II;T ] — koleRdexp[ RT ]}

At the equilibrium potential Erey, the reaction proceeds simultaneously in both directions,
and the net current density here is zero. The rate of the reaction occurring at equilibrium is

called the exchange current density io and can be calculated as follows [70]:

—aRdFEeq

ao FE
o = nFkgsCo, exp [T] = anO,bCRdeXp[ Ox eq] (2.2.12)

RT
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Combining the two equations from 2.2.11 and 2.2.12 yields the Butler-Volmer equation,

which is the cornerstone of electrochemical kinetics:

.. _aRdF(E - Eeq) anF(E - Eeq) (2-2-13)
I =iy{exp BT — exp BT

The Butler-Volmer equation describes that the exchange current i generated by the electro-
chemical reaction increases exponentially with the activation overvoltage and depends di-

rectly on the potential difference E-Eeq.

2.3.  Thermoelectric effect

The thermoelectric effect, also called the Peltier effect, refers to the reversible interac-
tion between electricity and temperature. This interaction was first discovered by the
French watchmaker Jean Peltier (1785-1845), who observed that when current flows
through an existing conductor circuit made of two different metals, heat or cold is generated
at the solder joints [71]. This effect occurs in electrothermal transducers, such as Peltier
elements. When a current flow is applied, a temperature difference occurs on both sides of
the Peltier element. The direction of the current flow determines which side of the Peltier
element heats and which side cools. Figure 4 (a) shows a high-performance Peltier element
that was used in the PET single cells (for more details, see chapter 4). The advantages of
Peltier elements are obvious. The compact design, combined with the simultaneous ability
to heat and cool, create new ways to control the temperature. The basic operating principle
and internal structure of a Peltier element are shown in simplified form in Figure 4 (b). If a
voltage source is now applied to the two leads of the Peltier element, electrons flow from
the conductive undoped material into the n- or p-doped material. Since the transfer of elec-
trons is not readily possible due to the different energy levels between the doped and un-
doped materials, heat or cold is generated at the boundary of the two materials. In summary,
the flowing electrons must assume a higher energy level as they enter the n-doped material
and a lower energy level as they exit, resulting in cooling and heating, respectively. The
same applies to the p-doped material only in the opposite direction [72]. Depending on the
size of the Peltier element and the operating voltage, different numbers of semiconductors

are connected in parallel or in series.

24



- & Onmas

Figure 4: (a) High-performance Peltier element used in the PET single cell, and (b) its basic oper-

ating principle with a simplified representation of the internal structure.

The total electrical power Py, of a Peltier element can be calculated as follows [73]:

PEl = thax - Qcmax (2'3'1)
With the total heating power Qg and the maximum cooling capacity Q mayx, Which in

the optimum case can be described without losses by the heat transfer Qpeysier caused by
the Peltier effect:

Qcmax = QPeltier =1-a;T; (2.3.2)
With the temperature of the cold side T, the material-dependent thermal force o: and the

current I. Due to the ohmic resistance R of the current-carrying materials, a Joule heating

Q, occurs on both sides of the Peltier element as a function of the current flow:

. 1 3.
0y =51*-R (233)

In addition to Joule heating Qj, the heat transfer and thus the maximum cooling capacity

Q. is additionally reduced by the specific heat capacity ¢ of the Peltier element:

Opr = ¢+ 0T (2.3.4)
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If now all occurring losses are added, the real cooling capacity of a Peltier element can be

calculated as follows:

QTC = QPeltier - Q] - QBT (2.3.9)

Since the Joule heating Q] increases quadratically and thus much faster than the heat trans-
fer Qpeieier With the current flow |, it can be seen here that the efficiency and thus the
maximum cooling power Q. depends mainly on the current flow. If the Peltier element is
also used for heating, the losses Q, and Q,r add up, which in practice results in a heating

capacity that is about 50 % higher than the cooling capacity.
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3 Experimental

This chapter deals with the experimental part of the work. The first chapter describes
the measurement hardware, such as the commercially available test bench, the cell hard-
ware and the electrical measurement setup. In the second part, the measurement techniques
for in- and ex-situ characterization are described. These techniques played an important
role in determining performance changes during the stress test run and in determining deg-
radation mechanisms after that.

3.1. Measurement setup

3.1.1. Test bench setup

The performance of a PEMFC depends primarily on the operating parameters. In this
context, general parameters such as temperatures, pressures, stoichiometries or humidity of
the reactants play a decisive role. Characterization of the PEMFC independent of the num-
ber of cells is therefore only possible with the help of a test bench. The test bench provides
a precisely defined test environment and ensures that the reproducibility and comparability
of different test cases are given. It is evident that besides the quality of the PEMFC, the
control and measurement accuracy of the operating parameters is particularly important for
the quality of the final measurement results. However, even if the measurement system is
of a high standard, errors can often occur in the configuration of the cell hardware. A typical
error that should not be underestimated is, for example, insufficient insulation of the gas
supply lines. The so-called cold bridges cause water condensation, deviating operating pa-
rameters, and last but not least deterioration of performance. This is one of many examples
of why the test setup, especially the interfaces between the test object and the test bench, is

crucial for the generation of reproducible measurement data.

All measurements presented in this thesis were performed on a commercially available
Horiba FuelCon test bench type C1000-LT (shown in Figure 5). Depending on the cell
surface and thus the size of the test sample (TP50 or TP285, for more details, see chapter
3.1.4), there are different configuration levels of the same type of test bench. The various
configuration levels differ mainly in the limiting characteristics of the test bench, such as

the maximum possible reactant flows or the maximum possible load current. Since the work
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deals with two cell sizes, the measurements were performed on two different configuration
levels of the C1000-LT test benches.

Figure 5: Two Horiba FuelCon test benches of the type Evaluator C1000-LT.

The C1000-LT type test benches consist of a front and a rear part. The front part contains
the test chamber and, below that, the electrical components, such as the load, the power
supply and the power contactor. The test chamber forms a closed unit in which a permanent
air exchange takes place. The air is systematically extracted in the test chamber and guided
past the safety Ho- and CO-sensor. This is necessary in order to be able to react quickly in
the event of a fault, such as an unintentional hydrogen leakage, and to shut down the test
item in time. In the rear part, the whole periphery is installed, like the components for the
conditioning of the gases, the control electronics and the fuse box of the test bench. All
components that are in contact with gases or liquids, such as the humidifiers, gas lines or
valves, are made of v4a stainless steel. Figure 6 shows a simplified technical representation
of the C1000-LT test bench. For a better overview, some valves, pipelines or other periph-

erals are not shown or are very simplified in this representation. The test chamber with the
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connected fuel cell test item is shown in the middle. For easier identification of the compo-
nents, all kinds of valves are shown in green, components that work with water in blue and

different electric heaters in red. The detailed description of the numbered elements in Fig-

ure 6 is given in Table 1.

Figure 6: Simplified technical drawing of test bench type C1000-LT.

Table 1: Detailed description of the numbered components in Figure 6. Please note that the work-
ing ranges of the individual components, as well as the tolerance specifications, are provided by the

test bench manufacturer.

Nr. [Description of the corresponding component

1 [Supply lines of the respective gases to the test bench. The gases are provided by
the infrastructure of the test facility and are supplied, with the exception of air,
from a pressure tank. All gases with the exception of the air have a purity of at
least 5.0, which means that the gases used here contain a minimum content of
99.999 % pure gas. The air is compressed by an oil-free compressor and cleaned
in several stages. All gases are provided at a pressure level between 500-700 kPa.
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Nr.

Description of the corresponding component

The mass flow controllers (MFC) measure and control the flow of the gases. The
extension of the control range of the Hz and airflow is achieved by a twin-flow
cascading (marked as MFC 3/1 or 3/2). Using this principle, the flow control
range can be extended from 50 to 2500. This allows setting both very low and
very high flows. Depending on the configuration level of the test bench, flows of
0-83.3 or 0-333.3 cm?/s H, on the anode and 0-333.3 cm3/s or 0-1666.6 cm?/s air
on the cathode can be set with an accuracy of +0.2 % (related to the working

range of the respective MFC)'.

Since the MFC is sensitive to moisture, a non-return valve is installed after each

MFC to prevent the gases from flowing back in case of a fault.

The gases are humidified to the desired dew point by a bubbler-humidifier. This
humidification system regulates the dew point of the gas via the water tempera-
ture and is therefore very accurate within a working range of 35-90 °C with a
control accuracy of +1 K'. However, the water temperature can only be actively
increased by means of the jacket heating. To increase the dynamics of the hu-
midifier, this system is therefore often combined with a dry gas bypass (see

point 5).

Dry gas bypass with which the gas flow of the three H, MFCs (3/1, 3/2 and 1)
can be mixed on the anode side. This allows a dew point range of <10-90 °C to

be covered dynamically.

The gases can be heatedvia the inlet heating hoses, to a temperature of 40-180 °C.
Since the heating hoses are very sluggish, the temperature is usually set once

before the test run begins.

The test item bypass is used for the defined isolation of the test item from the test

bench environment.

Transition heating to avoid cold bridges and the condensation of water. As with

the heating hoses, the temperature can be set variably between 40-120 °C.
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Nr.

Description of the corresponding component

Fuel cell test item (more details in chapter 3.1.4) with one or more stacked cells.

10

A temperature measuring point which measures the temperature by means of a
resistive sensor (usually a Pt100 sensor). Other measuring points have the fol-
lowing abbreviation:

e P for pressure measurement.

e Q for measuring the flow velocity of the exhaust air.

e H; or CO for the measurement of the hydrogen or carbon monoxide con-

centration in the circulating air.

11

Temperature control and balancing tank of the cooling circuit. This can be both
actively heated and cooled in a temperature range between 35-105 °C. Water
temperatures above the boiling point can only be reached by applying additional

pressure in the cooling circuit.

12

Water pump to control the coolant flow. On the C1000-LT series test benches, a
coolant flow between 25-166.7 cm?/s can be set with an accuracy of 2 %!.

13

Safety sensors for monitoring the test chamber exhaust air. Since all sensors have
to switch off the test bench as well as the fuel cell test item in the case of failure,
they are designed according to SIL Level 2 (probability of dangerous failure per
hour (>107 to <10°) [74].

14

To dehumidify and cool down the residual gases, heat exchangers and condensers

are connected in series in both exhaust lines.

15

Pneumatically controlled membrane pressure control valve for setting a working

pressure between 110-300 kPa with control stability of +5 kPa'.

16

Load cable and sense cable for the electrical connection between test bench load

and fuel cell test item.
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Nr. |Description of the corresponding component

17 |Water-cooled electronic load for adjusting the working current. Depending on
the number of load modules, up to 1000 A current or 3 KW electrical power can
be drawn from the fuel cell test item. With the integrated zero-volt option, the
voltage drop caused by the fuse or relay (see point 20) can be compensated, and
voltages around 0 V can be adjusted for a single cell. Depending on the working
range, which is automatically adjusted by the load (0-22 A or 0-<1000 A) a max-

imum accuracy of +0.1 % can be achieved'.

18 |Potentiostat for applying a defined voltage or current to the fuel cell test item.

19 |Cell Voltage Monitoring (CVM) for monitoring and measuring the single-cell
voltage with an accuracy of £0.08 % (referred to as the measured value).

20 |Load contactor and fuse to unload the fuel cell test item in the case of a failure.

To guarantee a constant measuring quality, all sensors installed in the test bench are main-
tained and adjusted yearly. This yearly maintenance is especially important to detect any

drift of the sensors at an early stage.

3.1.2. Electrical setup for the cell characterization

Analogous to the standard test bench setup described in chapter 3.1.1, the test bench
used in this work with the TP50 cell hardware was equipped with an EIS capable measuring
device. Figure 7 shows a simplified technical representation of the electrical measurement
setup with the TP50 cell hardware, the TrueData-EIS impedance spectrum analyzer (ISA)
(Figure 7 (a)) and the potentiostat (Figure 7 (b)). The TrueData-EIS ISA works here simul-
taneously as a load module and impedance measuring device and is directly connected in
series with the internal potentiostat. The advantages of such a system built into the test
bench are obvious: On the one hand, the measuring system is matched to the individual
components, i.e. all internal resistances or capacitances are taken into account when calcu-
lating the impedance. Furthermore, the measuring system can be controlled by FuelCon
software and automated by script without additional effort. However, this system also has

i The technical specifications are provided by test rig manufacturer Horiba FuelCon.
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disadvantages. A major one is that the impedance measurement can only be performed in
the galvanostatic mode. This means that only the current can be impressed as a sine wave
and measurements in partially inerted mode (H> - anode/N> - cathode) are not possible.
Therefore, the impedance of a fuel cell can only be measured during "running operation™,
i.e. only with Hz on the anode and air on the cathode. The load cables with a cable surface
of 50 mm2 (Figure 7 (c)) as well as the sense cables of the TrueData EIS ISA (Figure 7
(d)) are twisted up to the PEMFC test item. This significantly reduces the inductive com-
ponents in the higher frequency range (>2 kHz) and increases the accuracy of the measure-
ment results. The TrueData EIS ISA can imprint frequencies between 200 pHz and
100 kHz with a maximum current amplitude of 2.5 A. This allows an impedance range
between 0.1 mQ and 15 Q to be covered with an impedance accuracy of 1 %. The addi-
tional potentiostat allows currents and voltages of a maximum 150 A and 10 V to be im-
pressed on the PEMFC test item. This enables CV measurements which are described in
detail in chapter 3.2.2.

®
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Figure 7: (a) Simplified technical representation of the electrical measurement setup used on the
TP50 cell with the load cables, (b) the sense cables, (¢) the TrueData-EIS impedance spectrum
analyzer and (d) the potentiostat.

In contrast to the test bench and TP50 cell configuration, the TP285 cell hardware used a
completely different measurement hardware concept for the impedance measurements.
While in the TP50 configuration, the impedance response was tapped directly via the sensor
cables and evaluated via the TrueData EIS ISA, the TP285 cell hardware used a current

scan shunt board from the company S++®, which was directly built into the cell hardware.
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The main advantage of this setup with the current scan shunt board is that up to 612 meas-
urement points can be measured over the active area of the MEA. A further advantage is
that with this cell configuration, not only the impedance response can be tapped via the
individual measuring points, but also the current flow and local temperature can be meas-
ured and evaluated independently. This allows a comparison between the current density
and the impedance behavior over the active surface of the MEA. Figure 8 (a) shows the
current scan shunt board with the detailed functional description of one measuring point.
To calculate the impedance, the directly measured voltage U1, which corresponds to the
local voltage on the monopolar plate, is used (Figure 8 (b)). This voltage is tapped with a
separate connection at the current scan shunt board and led to the electrochemical work-
station (more about this in the further course of the chapter). The current flowing through
each measuring point can be calculated relatively easily using the Ohm's law. With the
known shunt resistance (Figure 8 (c)) and the voltage drop between U; and Uy, the current

In can be calculated as follows:

U (3.1.1)

The same applies to the determination of temperature (Figure 8 (d)). Here a constant cur-
rent is used, and the voltage drop across the resistive temperature sensor is determined. In
a further step, the measured voltage drop of the shunt resistor and the resistive temperature
sensor is digitized via the multiplexer and the analog/digital converter (A/D converter) and

transmitted to the measuring computer via USB interface (Figure 8 (e)).
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Figure 8: (a) Simplified CAD (Computer-Aided Design) representation of the current scan shunt
board from the company S++® with the detailed magnification of one measuring point: (b) The
separately tapped input voltage of each measuring point U;, which also corresponds to the local
impedance behavior, (c) the shunt resistor and (d) the resistive temperature sensor, with which the

current and temperature can be read out in digital form via (e) the USB interface.

As described above, theoretically, up to 612 voltages Ui.n and impedance responses can be
tapped and evaluated. However, the measurement technology required for this would be
practically unaffordable, and the number of measurement lines would be unmanageable.
Furthermore, since the measuring points are very close to each other and the voltage re-
sponse is evaluated here, the relative lateral influence would be relatively high if too many
measuring points were used, which would lead to a falsification of the measurement result.
Therefore, in this thesis, the measurement points were reduced to 46 and distributed evenly
over the active surface, which significantly improved the handling of the measuring system.
Figure 9 shows the top view of the current scan shunt board with the red-framed active
surface area of the MEA and the measuring points used in this work, displayed in different

colors.
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Figure 9: The top view of the current scan shunt board from the company S++® with the red-
framed active surface of the MEA. The measuring points used in this thesis are colored and divided
into 4 measuring groups (red, violet, green and blue), which are individually switched through the

multiplexer to the impedance evaluation unit.

Since not all measuring points can be recorded and evaluated at the same time, they are
divided into groups. Each color (red, violet, green and blue) represents a measuring group
with a maximum of 16 measuring channels, which are individually switched to the imped-
ance evaluation unit by the multiplexer. This means that an impedance measurement must
be repeated four times, and the multiplexer automatically switches to a different measure-
ment channel group with each cycle. Figure 10 shows the complete electrical measurement
setup with commercial TP285 cell hardware and the current scan shunt board. The detailed

description of the numbered components in Figure 10 is given in Table 2.

As described above, the current scan shunt board is installed directly into the TP285 cell
hardware between the cathode monopolar plate and the cathode current collector. The
TP285 cell unit is connected in parallel to two loads. The main load, which draws up to
99 % of the current, is the internally installed load of the test bench manufacturer FuelCon
(see chapter 3.1.1). The secondary load is used to impress the sinusoidal current and can
take a maximum of 10 A from the main current. In other words, if impedance measurements
are made at an operating point of 600 A, for example, 590 A are drawn from the main load
and 10 A from the secondary load. The secondary current is then modulated with a defined
current amplitude and frequency. Since the entire measurement setup harmonizes with each
other, the test bench works as the “master” and the rest of the measurement equipment as a
“slave”. This means that the test procedure is started directly at the test bench and controls
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the additional measuring equipment via software trigger. In parallel to this, another auto-
mation script runs on the additional measuring computer, which sets the measuring param-
eters, such as the secondary current, the current amplitude, the frequency ranges, etc., and

names and sorts the measuring data.

Test bench

P2 L LTI L L ASNN
PZZ L LTSS S
—

Figure 10: Simplified representation of the complete electrical measurement setup with commer-
cial TP285 cell hardware and the built-in current scan shunt board, which can be used to measure
the local impedance, current density distribution and temperature distribution over the active area
of the MEA.
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Table 2: Detailed description of the numbered components in Figure 10. Please note that the spec-
ified measuring tolerances of the individual electrical components were provided by the respective

manufacturers.

No. [Description of the corresponding component

1 (Current scan shunt board of the company S++® with 612 measuring points,
which is installed between the cathode monopolar plate (part of the MEA “sand-
wich structure”, more on this in chapter 3.1.4) and the cathode current collector.

2 |USB interface and connectors for measuring the current, temperature and voltage

response of the individual measuring points.

3 |300 mm?2 load cables, which conduct the main current to the test bench load and
the partial current to the secondary load. The current for the impedance measure-

ment is modulated by the secondary load.

4 | Digital multiplexer from the company National Instruments, which automatically
switches the measuring groups for the impedance measurement. The multiplexer

is controlled by an additional measuring computer.

5 |The 16-channel electrochemical workstation Zahner Zennium X from the com-
pany ZAHNER-elektrik GmbH & Co. KG. With this electrochemical station,
potentiostatic impedance responses in a frequency range from 10 pHz to 12 MHz

can be evaluated with an accuracy <0.0025 %',

6 |The Zahner PP241 4-quadrant power potentiostat, which was used in this setup
as secondary load and potentiostat for the modulation of the current. The poten-
tiostat can tap a maximum of 40 A from the main current and modulate it with a
maximum amplitude of up to 10 A. Thus frequencies in the range of 10 uHz up
to 200 kHz are possible. The adjustment accuracy of the current is +0.25 %"

i The technical specifications are provided by the measuring equipment manufacturer ZAHNER-elektrik
GmbH & Co. KG.
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No. [Description of the corresponding component

7 |Additional measuring computer, which controls the electrochemical workstation,
the secondary load and the multiplexer. The computer works as a “slave” and is
controlled by the test bench via software trigger.

8 |Test bench main load package to adjust the main current. For further details, see
Table 1, points 17 and 18.

3.1.3. Software

The test stand is controlled by a software environment called "Testwork", which was
specially developed by the test stand manufacturer. The user interface consists of several
windows. The main window, which is displayed in the form of a simplified technical piping
and instrumentation diagram (P&ID), is called the cockpit (Figure 11). The cockpit is sep-
arated into color-coordinated areas and can be divided as follows: Under (a) the gases can
be released, and their flow can be adjusted, under (b) the dew points, gas temperatures, and
the heat tracing can be set, (c) shows the test item, the characteristics and the pressure in
the compression plate, under (d) the pressures in the two gas paths can be adjusted, (e)
describes the load and (f) the complete cooling circuit where the coolant flow and the test
item temperature can be adjusted. The circled abbreviations such as F1040 describe the so-
called TAG variables, which are used in the Siemens SIMATIC control system for data
processing, calculation and control of the test bench system. The light blue or gray numeric
areas, usually in pairs, represent the set point or actual value of the respective parameter.
Here the individual operating parameters can be set and monitored.
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Figure 11: Testwork main window for the manual control of the test item's operating parameters,

divided into color-coordinated areas.

Since only the essential operating parameters are displayed in the main window, all TAG
variables and constants available on the test bench can be searched and changed in the so-
called TAG manager (see Figure 12 (a)). This includes the set point values of the operating
parameters, the alarm values or also the control parameters of the individual controllers. In
the trend-viewer window, the operating parameters or other TAG variables can be evalu-
ated live or historically in a variable timeline (see Figure 12 (b)). The advantage of this
window is obvious. Due to the graphical and historical representation, both test bench and
test item anomalies can be evaluated and corrected quickly. All TAG variables that can be
changed manually in the user interface or in TAG manager can also be used automatically
via script. The scripts are described in the programming language Visual Basic for Appli-
cations (VBA) and can be started and stopped in the script manager (see Figure 12 (c)). In
this way many test procedures can be automated, such as the experiments in this thesis. The
state or current action of the running script can be tracked in the script monitor (see Figure
12 (d)). This output is often used for error analysis of newly developed scripts or to deter-

mine the current script runtime.
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Figure 12: (a) Additional Testwork views with the TAG manager, (b) the trend-viewer for quick

analysis of current and historical measurement data, (c) the script manager for starting and stopping

automated testing procedures and (d) the script monitor.

3.1.4. Tandem Technologies TP cell hardware

For the characterization of PEM fuel cells on a C1000-LT test bench, whether single
cell or stack (>2 cells), cell hardware is required. The hardware primarily serves as a stable
and sealed housing and forms the interface between the test bench and the PEMFC. In this
thesis, two different sizes of cell hardware were used. Both are based on the commercially
available TP unit of the company Tandem Technologies Ltd. In the following, the func-
tionality of the two basic hardware TP50 and TP285 is explained.

The small size hardware with the designation TP50 can be used for MEA with a maximum
active area size of 50 cm? and is particularly suitable for the characterization of single cells
(see Figure 13 (a)). Due to their small size (compared to an automotive-sized cell with
~285 cm?), the MEAs are much more cost-effective and the handling correspondingly eas-
ier, which in turn leads to a shortened assembly time of the single cell. The larger of the
two hardware is designated TP285 and can accommodate an MEA with a size of 285 cm?
(see Figure 13 (b)). Although the preparation of the cell hardware is more complex, it

offers the advantage that the same MEA that is used in the automotive application can also
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be characterized on the test bench. As a result, the test bench's measurement results are

largely comparable with those in real applications.

Figure 13: (a) Commercially available TP units from the company Tandem Technologies Ltd, in-
cluding the TP50, which can accommodate MEAs with a maximum active surface area of 50 cm2,

and (b) the TP285, which can accommodate automotive-size MEAs with a size of 285 cmz2.

Since both cell hardware sizes are similar in terms of technical design, only the exploded
view of the CAD (Computer-Aided Design) model of the TP285 is shown in Figure 14 and
subsequently explained in detail in Table 3. Here it is immediately apparent that the com-
ponents of the cell hardware resemble a stacked structure. The advantage of this design is
that the components are stacked during assembly and then compressed to a defined pressure
using the compression plate. In the compression plate, the air pressure of the pneumatic
pressure pads is permanently controlled by the test bench and can be changed flexibly dur-
ing the test run. In this way a defined and homogeneous compression of the active surface
area can be achieved even at fluctuating operating temperatures. A further advantage of this
stacked structure is that the individual components and thus the internal structure of the cell
hardware can be modified as desired. This allows improving of the cell hardware, as de-

scribed in the further course of this thesis (see chapter 4.1 and 4.2).
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Figure 14: Detailed view of the CAD (Computer-Aided Design) model of the TP285 cell hardware.

The numbers for the individual cell components are explained in detail in Table 3.

Table 3: Detailed description of the numbered cell components in Figure 14.

No.

Description of the corresponding component

Screw-in units for gas and cooling water connections from Swagelok®. The
screw-in units are made of v4a stainless steel and form the direct interface be-
tween the cell hardware and the test bench. Since the screw-in elements represent

a cold bridge, they must be insulated or heated to prevent water condensation.

Massive end plate made of aluminum, which primarily ensures the stability and

cohesion of the individual components.

O-rings for sealing the gas and water channels made of Viton®.

Tie rods for clamping the cell components and the MEA.

Anode insulation panel made of Ultem™ Resin 1000 with gas passages that en-

sure electrical and thermal insulation from the end plate.

Anode current collector made of gold-plated copper with gas passages and direct

connection for the load cable.
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No. [Description of the corresponding component

7 |“Sandwich structure” of the MEA and the anode and cathode monopolar plates.
In the TP285 cell hardware, MEASs with the A3 design level are characterized.

8 [Cathode current collector made of gold-plated copper with direct connection for

the load cable.

9 |Cathode insulation plate, made of Ultem™ Resin 1000.

10 [Compression plate made of aluminum with integrated pneumatic pressure pads.
With the gas pressure, the force and thus the compression of the MEA can be

adjusted. Maximum pressure of 300 kPa can be set here.

11 [Gas connection and pressure gauge of the compression plate.

12 |Feet for lateral positioning of the cell hardware.

Apart from the size of the active area, the main difference between the two cell sizes is the
“sandwich structure” of the MEA and the anode and monopolar cathode plates described
in Table 3 - point 7. Figure 15 shows the “sandwich structure” of the TP50 cell hardware
with the two monopolar plates per electrode, the MEA and the brownish gaskets. The flow
fields as well as the coolant channels, which regulate the cell temperature with the help of
the test bench cooling water, are integrated into the monopolar graphite plates and are con-
sidered an essential part of the cell hardware. More precisely, two monopolar plates are
stacked per electrode, one of which contains the gas channels for the gas supply of the MEA
(see Figure 15 (b)) and the other the coolant channels for adjusting the cell temperature
using cooling water (see Figure 15 (a)). To get as close as possible to the real application,
a flow field with low-pressure drop was used in this thesis. The flow field consists of 14
parallel channels with an area of 0.2544 mm? per channel. In contrast to the automotive
size cell, the compression of the GDL is adjusted by means of a glass fiber gasket (see
Figure 15 (c)). In this way, an exact compression of the two GDLs can be achieved, which
in this thesis was ~20 % for all tested MEAs.
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Figure 15: (a) Detailed view of the CAD (Computer-Aided Design) model of the “sandwich struc-
ture” with the graphite monopolar plates with integrated cooling channels, (b) the monopolar graph-
ite plates with integrated gas channels, (c) the glass fiber gaskets ensuring a correct compression of
the GDLs and (d) the membrane electrode assembly (MEA).

In the automotive-sized TP285 cell hardware, the anode and monopolar cathode plates (see
Figure 16 (a, ¢)) are made of thin stainless steel. In contrast to the TP50, where the channels
are milled into the monopolar graphite plates, the shape and thus the gas and water channels
of the automotive-sized monopolar plates are created by a special stamping and welding
process. Both the gas channels and the cooling channels are incorporated into the metallic
monopolar plate. This means that only one plate is used per electrode side. When the “sand-
wich structure” of monopolar plates and MEA (see Figure 16) is built up, a specific defor-
mation of the monopolar plates occurs during compression. As a consequence, the mono-
polar plates must be replaced with each new configuration of the cell hardware. The com-
pression of the GDL and the sealing surfaces of the monopolar plates is achieved by the
adjusted gas pressure in the pneumatic pressure pads of the previously described cell hard-
ware compression plate. A pressure of ~804 kPa is typically set for this cell design, which

corresponds to a vertical force of 32 kN.
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Figure 16: (a) Exploded view of the CAD (Computer-Aided Design) model of the “sandwich struc-
ture” with the automotive-sized metallic cathode monopole plate, (b) the membrane electrode as-

sembly (MEA) with 285 cm? active area and (c) the automobile-size metallic anode monopole plate.

3.2. Experimental techniques

In the following section, the electrochemical measurement methods used in this thesis

are explained.

3.2.1. U-l-curves

The easiest way to determine the power output of a fuel cell is to perform a polarization
curve (U-I-curve). Two methods have been established for performing U-I-curve measure-
ments: In the potentiostatic method, the potential of the cell is stepwise reduced in potenti-
ostatic mode between the open-circuit voltage (OCV) and a defined full load voltage, e.g.
0.5 V. At each potential point, a working current is established. Since the output current at
each potential step is unknown, these U-I-curves can only be performed at very high stoi-
chiometric reactant flows. Therefore the comparability between different MEAs and cell
sizes is limited with this method. With the galvanostatic method, the cell is operated in
galvanostatic mode, and the current is reduced from 0 A to a full load current. In most
cases, however, the cell voltage is taken into account as in the potentiostatic method. As
soon as a previously defined lower cell voltage has been reached, the measurement is con-
sidered to be completed and a comfortable operating point is approached. The advantage
of this method is that the reactant flows can be precisely adjusted on the basis of the load
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current, and thus the stoichiometries for each current step are known. In this way, a defined
stoichiometry can be determined for each current step, and much better comparability be-

tween different cell sizes can be achieved.

U-I-curves are usually displayed in a 2D coordinate system, where the y-axis describes the
potential and the x-axis the current. Figure 17 shows the typical course of the U-I-curve of
a hydrogen PEMFC. As previously described in chapter 2.2.1, the theoretically possible
cell potential of a hydrogen PEMFC is 1.23 V. However, this potential is never reached in
practice due to various mechanisms, such as the formation of mixed potentials at the cath-
ode caused by the crossover of hydrogen through the membrane [75]. In practice, an OCV
potential of approx. 1 V is established and decreases steadily with increasing the current
density. The further course of the U-I-curve can be divided into 3 main sections. As the
current density increases, the cell voltage drops relatively strongly in the first moment. This
first section (shown in blue in Figure 17) describes the activation area and is significantly
influenced by the oxygen reduction at the cathode. By further increasing the current density,
a linear voltage drop occurs, which is significantly lower than the voltage loss in the acti-
vation area. Due to the linear voltage drop, this section of the characteristic curve is called
the ohmic region and is primarily caused by the internal resistances of the fuel cell (shown
inred in Figure 17). At the end of the linear range comes the so-called full load point, which
is usually the last point when recording a U-I-curve. The last section of the characteristic
curve is called the transport or diffusion section (shown in green in Figure 17). Due to the
high reactant flows and a large amount of product water, there is an increased flow re-
sistance and diffusion limitation. This, in turn, results in a lower oxygen concentration at
the reactive zones and causes an increased voltage drop up to a complete voltage collapse.
The voltage loss between the theoretically possible OCV voltage and the voltage that settles
under a defined current density is called overvoltage. Thus at very high current densities,
the individual overvoltages, such as Tcross, Nkinetic, Nohmic and Nitfusion add up to the total volt-

age loss.
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Figure 17: Typical course of a polarization curve (U-I curve) of a hydrogen PEMFC, divided into
3 main sections: Blue area describes the activation range; red area describes the ohmic range; green

describes the diffusion limiting range.

3.2.2. Cyclic Voltammetry (CV)

Besides the catalyst activity, an essential factor for the performance of the PEMFC is
the electrochemical catalyst surface area (ECSA) involved in the oxygen reduction reaction
(ORR). For the determination of the ECSA, the CV measurement method can be used. This
allows detailed information to be obtained about the course of electrochemical reactions on
the catalyst surface and absorption processes at the electrode/electrolyte interface. Since
the configuration of a PEM fuel cell is a 2-electrode arrangement and the anode is both the
counter (CE) and reference electrode (RE), the measurement is performed in a partially
inerted state. This means that the cathode, which is the working electrode (WE), is inerted
with nitrogen, and the anode is still supplied with hydrogen. For the measurement, the elec-
trode potential is moved in a window between the lower reversal potential E. and the upper

reversal potential Ey at a defined speed:

O (3.2.1)
UE == E

48



In response, a potential-dependent current is measured, which can be displayed in a volt-
ammogram (see Figure 18). The current flow can be traced back to two basic electrochem-

ical processes:

Faraday currents: These are generated by the electrochemical reaction (oxidation/reduc-
tion) taking place on the catalyst surfaces and are connected to the passage of charge at the
electrode/electrolyte interface. Depending on the active catalyst surface and the resulting
adsorption of the electroactive species, this process becomes visible in a defined current
flow.

Capacitive currents: If no Faraday reaction occurs, the electrochemical double layer is
formed at the electrode/electrolyte interface. Depending on whether the applied potential
rises or falls, the double layer is built up or reduced, which in turn becomes visible in a
current flow. The electrochemical double layer capacitance (Cai) can be compared approx-

imately to a plate capacitor.
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Figure 18: Cyclic voltammetry (CV) measurement with the CO-stripping method. Blue hatched
area corresponds to the monolayer adsorption of hydrogen, red hatched area corresponds to the
carbon monoxide (CO) monolayer oxidation. By integrating the corresponding areas between E;

and E2 (blue or red hatched) the electrochemical catalyst surface area (ECSA) can be calculated.
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In the standard method, the hydrogen adsorption area is integrated within the two potential
limits E1 and E> (hatched blue in Figure 18), and the result is the charge flowing due to the

Faradaic reaction:

E2 (3.2.2)
E1l

In this thesis, the CO-stripping method was also used. Before measuring the active area,
nitrogen with 0.1 % carbon monoxide (CO) was applied to the cathode. This forms a stable
monolayer of CO on the active catalyst surface, which is retained when the cathode flow is
switched to pure nitrogen. If the electrode potential in a window of E; and E> (hatched red
in Figure 18) is moved with a defined speed, an oxidation of the CO monolayer takes place.
By integrating the CO-oxidation peak, the electrochemical catalyst surface area (Aecsa) can

be calculated as follows:

cm? Ag (3.2.3)

mgPt] - MpQrv

Agcsa = |

Where Ay represents the integrated area between Ei1 and E», mget the platinum mass, Qs
corresponds to the monolayer adsorption with Qm = 210 puC(cm?)* for hydrogen and

Qrco = 420 pC(cm?)™ for carbon monoxide and the potential scan rate v.

3.2.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a useful and powerful tool for ob-
taining reliable information about electrochemical processes, electrode capacitances or
ohmic resistances in the PEMFC. To determine the impedance characteristics and complex
resistance of a PEMFC, a sine probing signal is applied, and the response at the output is
measured and evaluated. To perform the EIS measurement, there are two possibilities to
impress the sine wave: With the potenstiostatic method, the potential E is kept constant, a
sinusoidal potential signal JE is applied, and the current response ol is measured. This
method is often used for measurements in partially inerted mode (Hz - anode/N> - cathode)
since no working current flows here, and thus the potential and the potential wave are ap-
plied by the potentiostat [76]. With the galvanostatic method, the current I is kept constant,
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a sinusoidal current probing signal ol is applied, and the potential response JE is measured.
The main advantage of this method is that even in fuel cell stacks, the individual cell im-
pedance can be determined via the voltage response oE. Therefore, this is the most common
method to determine the cell impedance of a PEMFC in quasi-stationary operation. In con-
trast to a classical electrical circuit, an electrochemical system response is generally non-
linear. Under certain operating conditions, especially in the “ohmic range” (see chapter
3.2.1) and a sufficiently small perturbation, the system and the response can be considered
quasi-linear. In this case, the response has the same frequency f, but the phase and ampli-
tude are shifted by dp and JA, respectively. However, since Ohm's law also applies here,
as a rule, the selected disturbance should be as large as necessary and as small as possible.
If the selected amplitude A is too large compared to the total cell resistance, the voltage
response is excessive, and the quasi-linearity of the system is disturbed. Again, if the am-
plitude A is too small, the noise predominates, and the response is difficult, if not impossi-

ble, to evaluate.

The measured impedance data are usually represented in a Cartesian coordinate system,
more precisely the so-called Nyquist plot, where the y-axis represents the imaginary part
(-)Im(Z) and the x-axis - the real part Re(Z) (see Figure 19 (a)). This simple and under-
standable form of presentation is probably the most commonly used way to display imped-
ance data. However, this form of representation lacks the possibility to show frequency
dependencies. Therefore the Bode representation is used in addition to the Nyquist repre-
sentation, which shows the absolute impedance |Z| and the phase shift oy with respect to

the frequency f.
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Figure 19: (a) Exemplary EIS-data (open symbols), and fitting of these data to (b) the equivalent
electric circuit (EEC).

The final aim of the EIS characterization is to convert the measured raw data into physical
models and their parameters to describe reactions and mechanisms in the PEMFC. There
are many approaches to this, whereby the probably simplest form is the so-called structural
modeling. With structural modeling, the mathematical impedance model can be represented
in the measured frequency range as equivalent electric circuit (EEC) elements (Figure 19
(b)) [77]. Each EEC element can describe a single physical object or a processthat takes
place in the PEMFC. One should however, note that many EEC elements can often guar-
antee a good fit, but too many elements can “falsify” the calculated values of each element.
After the composition of a suitable physical equivalent circuit, the parameter identification
can be made in two ways: The most common method is the approximation with the so-
called complex nonlinear least square (CNLS) method [78]. The goal of the least-squares

fitting method is to find a set of parameters P which are as small as possible in the sum:

n (3.2.4)
S(P) = ) wilyi = Vi(P)]?
i=1

where S(P) represents the sum, w; the weighting of the respective points, y; the data point
to be fitted, and Yi is the value of the calculated fitting function. With the mathematical
function, which corresponds to the physical equivalent circuit (Figure 19 (b)), the approxi-
mation can be calculated with the graphical CNLS method and thus the values of the indi-

vidual EEC elements.

52



1 ), (3.25)
1 1 1

( + + )
(Ree + 22 (1= Deanh[WscFo]) (=) (Radﬁ(ii))

Z(w) =R, + (

The main disadvantage of this method is the complexity, the many adjustable boundary
parameters and the model finding, which requires a more profound knowledge of the mean-
ing of the individual EEC elements. This makes the method particularly well suited for the
more precise analysis of individual elements but carries a risk in automation, such as real-

time monitoring of impedance in the automotive application.

Since, as a rule, only values such as uncompensated (Nafion® -electrolyte) resistance Ry,
charge transfer resistance Rct or double layer capacitance Cqi are required in automotive
applications for monitoring the life parameters of the PEMFC, a much simpler calculation
method can be used here. This would be the second method, named Differential Impedance
Analysis (DIA) [79]. The core of the DIA is the local scanning analysis, which uses a Local
Operation Model (LOM) to determine the frequency dependent parameters (Ru(w), Ret(®),

%,%} to calculate the Ry, Rct and Cq) of a Randles circuit.

This method's main advantage is the fast calculation and in contrast to the CNLS method,

Cuai(w)) and their derivatives (

which has a lot of calculation latitude, the fixed calculation path. For an exact determination
of the EEC element parameters, the impedance measurement should be performed in the
quasi-linear working range of a PEMFC (see chapter 3.2.1). Another positive aspect is the
small number of measurement points. While in the CNLS method, the more measurement
points, the more accurate the fit, the parameters of the EEC elements (Ry, Ret and Cqi) can
be determined quantitatively with at least three measuring points. This makes the DIA
method particularly suitable for automated and fast analysis in between, up to the real-time
monitoring of a PEMFC [80]. Since the LOM is based on the Randles circuit, the imped-

ance can be described as follows [81]:

Ree(w) WRe¢(w)T(w) (3.2.6)
1+ w?t(w)? R w?T(w)?

Z(W)rom = Ry(w) +
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with the uncompensated resistance Ry, the charge transfer resistance Rt and the effective
time constant T. Based on the derivative of the effective inductance dLes (@) and the meas-
ured impedance data (Zim(®), Zre(w)), equation 3.2.6 can be rewritten to determine the ef-

fective time constant T:

_OLeps(@)  (07'0Zim(w)) - 0w (3.2.7)

) = (@)~ 9w (9Zne(@))

With this, it is then possible to calculate the Rct at a given frequency:

0Zge(w) (1+ w?t(w)?)? (3.2.8)
ow 2wt (w)?

Ret(w) = —

Finally, the calculated R¢t can be used to determine the Ru and Cq of a PEMFC:

R, 3.2.9
Ry (w) = Zge(w) — 1-|-a+;u()w)2 ( )
3.2.10
Cole) = T}(?wt) (3.2.10)

3.2.4. Ex-situ (post mortem analysis)

In a durability test, the determination of degradation is important both in-situ, i.e. non-
destructively during the test run, and ex-situ as post-mortem analysis. The latter is particu-
larly important if the cause of the performance loss is unknown, and thus, the degradation
mechanisms have to be determined. One part of this thesis deals with the degradation of
PEMFC single cells in a temperature stress test with temperature cycles between -10 °C
and 80 °C. Using the in-situ measurement methods described above, it was possible to
observe how the respective performance and test item parameters, such as ECSA or imped-
ance, changed during the temperature stress test. As this was a completely new test method,
it was difficult to establish the relationship to the responsible degradation mechanisms.
Therefore, in this case, it was imperative to perform ex-situ analyses, such as highly mag-

nified images of the object structure or the determination of the object composition, in order
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to gain a better understanding of the cause of the loss of performance. The ex-situ analysis
methods performed in this thesis are described in detail below:

A simple and yet efficient way to detect changes in an object is creating detailed and high-
resolution images. If the object magnification of a normal light microscope is not sufficient,
the scanning electron microscope (SEM) is usually used. In the SEM, an electron beam
generated by an electron source is passed over the object in a certain pattern, and the re-
sulting interaction between the object and the electron is used for a magnified image (see
Figure 20 (a)). Two types of electron sources can be used to generate an electron beam: The
cheaper variant usually uses a hairpin-shaped tungsten wire or a LaB6 crystal. It emits
electrons when heated, which are then accelerated onto the object in an electric field with
a voltage of ~6 kV to 30 kV. The more complex variant uses the technique of field emission.
Here, a very high electric field strength is applied to the field emission cathode, and thus
electrons are released. The advantage of this method is the particularly good image quality,
even at low acceleration voltage. The electron beam, finely focused by the magnetic coils,
hits the object with defined energy and scans its surface step by step. This scanning process
usually takes place in a high vacuum to avoid interactions between other atoms and mole-
cules in the air. Depending on the angle of reflection, the interaction between the object
and the primary electron beam produces several responses. For object magnification, the
secondary electrons (SE) or the backscattered electrons (BSE) are detected and evaluated.
The resolution and contrast of the image depend primarily on the beam diameter, the incli-
nation of the surfaces, and the material of the object. Furthermore, the BSE method offers
the advantage that the intensity of the signal varies depending on the atomic number of the
material. Thus, conclusions about the composition of the material can be drawn from the
intensity of the response. However, the topography (surface inclination, shadows, surface
charge, etc.) of the object surface also influences the contrast of the image. Therefore, im-
ages generated by BSE usually have a lower resolution than the images created by SE [82,
83]. Figure 20 (b) shows a typical SEM image which is discussed in detail in chapter 5.3.4.

Therefore, the surface composition is often qualitatively determined by X-ray surface anal-
ysis (EDX). The X-ray analysis method is usually an integral part of the SEM and uses the
characteristic X-ray radiation of the object. Like the secondary electrons or the backscat-
tered electrons, X-rays are part of the response caused by the primary electrons and the

interaction between the object surface. More precisely, the reaction is caused by the ejection
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of an electron close to the nucleus from its position by the primary electrons and the imme-
diate replenishment of a more energetic electron from a higher orbital. The resulting energy
difference is released in the form of an X-ray quantum and can be directly assigned to the
atom or element. Using special semiconductor detectors, the energy generated here can be

absorbed and assigned to the scanned object surface [84, 85].

a) Cathode -
electron source
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Figure 20: (a) Simplified technical description of a scanning electron microscope (SEM) and (b) a

typical SEM image, which is discussed in detail in chapter 5.3.

Especially with temperature cycles, as they have been carried out in this work, structural
surface changes can occur. The laser scanning microscope (LSM) can be used to detect and
evaluate such superficial changes. Using an LSM, images can be taken with a magnification
of up to ~28800 times, and the surface can be scanned using point-by-point scanning or a
scanning line [86]. Here, fluorescence-exciting laser light is continuously passed over the
object, and the time-delayed fluorescence response of an image pixel is recorded by means
of a photomultiplier. Both the fluorescence lifetime and the fluorescence intensity can be
evaluated and used for image generation. Since no complete image is captured during im-
age acquisition and the surface is scanned point by point, the final step is to digitally as-

semble the complete image, similar to SEM [87].
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4 Development of a dynamic temperature con-
trol unit

This chapter deals with the tempering units for small (50 cm?) and for automotive-size
PEMFC single cells (285 cm?). It is mainly based on the following publication: J.P.
Sabawa, F. Haimerl, F. Riedmann, T. Lochner, A.S. Bandarenka. Dynamic and precise
temperature control unit for PEMFC single-cell testing // Engineering Reports 3 (2021)
accepted (https://doi.org/10.1002/eng2.12345).

4.1  PET TP50 single cell

4.1.1. State-of-the-art

Improving the cost and lifetime of PEMFCs is now an important factor in becoming
competitive with conventional internal combustion engines [22, 88]. In terms of durability,
the operating temperature of PEMFCs plays a crucial role. PEMFCs must be able to operate
over a wide temperature range. At very low temperatures, such as -20 °C, a start-up, in
particular, is a challenge for the long-term stability of PEMFCs [89, 90, 91]. At the other
end of the temperature range, there is again growing interest in high-temperature PEMFCs.
Operating temperatures between 120 °C and 200 °C increase the kinetics and thus also the
efficiency [92, 93]. Therefore, single-cell test equipment must be able to reproduce such
conditions. As already described in chapter 3.1.4, water-cooled cell hardware is usually
used to simulate ambient conditions. However, with this type of temperature control, the
only temperature ranges from 0 °C to just above 100 °C are possible. At temperatures below
0 °C, frost-resistant substances such as glycols must be added to the cooling water [94].
This allows the cooling medium to be cooled down to a temperature of -55 °C but creates
a new source of contamination for the PEMFC [95]. Therefore, special measurement setups
such as environmental chambers [96, 97] or/and additional cooling equipment [41] are usu-
ally required for investigations at low temperatures. However, durability tests in environ-
mental chambers are expensive, very time-consuming, and at this cell size, it is questiona-
ble whether there is any comparability at all with real applications. In addition, only low
temperatures can be achieved with such an experimental setup. High temperatures can gen-
erally only be achieved with an electric auxiliary heater, which can act very dynamically in

the direction of rising temperatures, but has no active cooling. With this heating method,
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high cell temperatures can be covered, but dynamic temperature jumps are still not possible.
The lack of possibility to cover all temperature ranges dynamically, without an additional
source of contamination or great effort, requires further or new development of the meas-

urement technology.

4.1.2. Characteristics

The temperature control of the cell hardware via the cooling water is relatively easy to
realize since this method is offered as an option by almost every test bench manufacturers.
The cooling water temperature, which later adjusts the temperature of the active surface, is
already tempered in the temperature control and balancing tank of the test bench (see 3.1.1)
and then pumped to the cell hardware. As adjustable parameters, the tank temperature and
the cooling water flow can be adjusted and varied. In the following, all advantages and

disadvantages of the tempering method are listed:

Table 4: All summarized advantages and disadvantages of the commercial TP50 cell hardware,

which is used on a test bench with common water cooling circuit.

Advantages Description

Cost and probability of|Since the water temperature is controlled directly in the tem-
default perature control and compensation tank of the test bench, no
additional heaters or control electronics are required. This
eliminates wear parts, and the cell hardware itself is much

more cost-effective.

Flexibility Since the cell is tempered by the cooling water, which is ad-
justed in the test bench, different types of cell hardware can
be used on the same test bench. On the other hand, the same
cell hardware can be operated without much effort on an-

other test bench of the same type.
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Disadvantages

Description

Long controlled

loop

Usually, the actual temperature is measured directly in or in
front of the cell hardware. As a result, the control loop is
very long, which makes it extremely difficult to define suit-
able PID control parameters. Depending on the coolant flow
and temperature, temperature jumps of varying intensity can
cause overshoots or undershoots and, in the worst case, the
cell temperature is not controllable, i.e. it oscillates perma-

nently.

Dynamics of temperature

control

A further disadvantage of the long controlled loop is the

slow dynamics of the method.

Temperature range

Since distilled water is generally used as the coolant, cell
temperatures between ~35 °C and 105 °C can be set. Tem-
peratures above the boiling point are only possible with ad-
ditional pressurization of the temperature control and expan-
sion tank, leading to increased wear of the entire cooling cir-

cuit.

The last two disadvantages are often the limiting factors for various stress tests and there-

fore finally led to the search for a new way to control the temperature of the PEMFC. Dur-

ing the search for a new temperature control option, the following boundary conditions had

to be met:

A cell temperature between -20 °C-140 °C should be possible.

e Heating and cooling rates of more than 1 K/s and 0.5 K/s should be possible.

e A temperature stability of <+0.5 °C (at all temperature points).

e No additional source of contamination.

e Easy handling, i.e., easy set-up with a new PEMFC, should be given.
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With the help of electro thermal transducers, the so-called Peltier elements, temperatures
outside the normal operating range, such as below freezing point and well above the boiling
point of water, can be easily reached [98, 99, 100]. In the case of temperature control of a
PEMFC, however, there has never been such a combination between an electrothermal
converter and commercial single-cell hardware before, so that the entire cell structure had

to be redesigned and developed (more on this in chapter 4.1.3).

The newly developed and patented'™ Peltier-Element Tempering (PET) single-cell repre-
sent a significant step forward compared to conventional temperature control methods and

therefore offer many advantages, but also some disadvantages, which are listed below":

Table 5: All summarized advantages and disadvantages with the associated technical data of the
newly developed single-cell PET SC TP50.

Advantages Description

Extended temperature Due to a dTp of a maximum of 79 °C, temperatures between
range -30 °C and 170 °C are possible in practice.

Dynamics of temperature [ Due to the high cooling power of up to 246 W per electrode,

control heating rates of more than 1 K/s are possible.
Short controlled The short control loop allows the temperature to be set
loop within a control window of 0.3 °C (in the regulated state).

In this way, the influence can also be quickly compensated
for dynamic disturbance variables (e.g. spontaneous in-

crease in current).

No further sources of The cooling water is needed to remove the waste heat of the
contamination Peltier elements but has no direct contact with the monopo-
lar plates or the MEA.

i patent was registered on 24.08.2018 with the file number DE 10 2018 214 366.8.

v All the following technical data and statements in this chapter (4.1.2) refer to the final version of the PET SC
TP50.
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Advantages Description

Cost effective Due to the high dynamics and the extended temperature
range, e.g. low-temperature tests can be carried out cost-ef-
fectively without additional hardware.

Disadvantages Description
Additional electrical For the control of the Peltier elements, an additional power
hardware supply, and an additional controller is required. More about

this can be found in chapter 4.1.4.

With the new PET single-cell hardware designs, all experiments were carried out in this
thesis, and in parallel, the robustness was tested. Basically, it can be said that the only wear
part in the new cell design is the Peltier elements and the O-rings. However, due to the
optimized design, they can be replaced in a very short time. After several tests, it can be
confirmed that the Peltier elements wear out after approximately 1000 repetitions at dy-
namic temperature cycles between -10 °C and 80 °C. It should be mentioned at this point
that this is the most intensive type of stress for the electrothermal transducers, especially
when the target temperatures are approached with the maximum rate of temperature

change.
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4.1.3. Design

As described in chapter 3.1.4, all components of the commercially available TP unit are
arranged in “sandwich” construction. This structure should be retained as far as possible in
the new development so that components such as endplate, pressure plate and flow fields
can be reused. Thus, the tempering units had to have the identical dimensions of the re-
maining components. The development of the final version of the PET TP50 with the Pel-
tier element tempering units took place in two stages. The first prototype was to be used to

verify whether
e Peltier elements are suitable for adjusting the cell temperature;

e long-term stability of the tempering units is given. Especially for wide and fast

temperature changes;

e temperatures outside the standard operating temperatures of a PEMFC, in par-

ticular below the freezing point of water, can be achieved.

The dynamics and the higher temperature edge points did not have to be achieved in the
first prototype. Much more, the cost and the previously listed points were more important.
Additionally, the first prototype was used to develop the software algorithm for temperature
control, which was also used in the final version of the PET TP50 single cell. The test runs
and thus the recording of the measurement data were carried out with the PET TP50 single
cell prototype [30, 101]. Figure 21 shows the PET SC TP50 prototype during commission-
ing and the CAD model with the exploded view of the anode side. The principle of how the
tempering units set the cell temperature is identical to the final version of the PET SC TP50.
When the modulated current flows through the Peltier elements (see Figure 21 (b)), a tem-
perature difference is formed due to the dissimilar energy levels, with which the MEA is
actively tempered on one side, and the waste heat is dissipated via the waste heat transfer
plate (WHTP) (see Figure 21 (d)) and the test bench cooling water on the other.
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Figure 21: (a) The PET SC TP50 prototype during initial commissioning with the CAD model.

The anode side is shown in exploded view with the thermal transfer plate (TTP), (b) the Peltier
element, (c) the waste heat transfer plate (WHTP) and (d) the polyoxymethylene plastic (POM)
base plate (BP).

The prototype was made of aluminum and polyoxymethylene plastic (POM). The main
advantage of the plastic used here is its low price, high hardness and good machinability.
However, it can only be heated up to ~90 °C permanently and up to ~140 °C for a short
time, which unfortunately did not meet the previously defined requirement [102]. Moreo-
ver, due to the significantly different coefficient of linear expansion o between aluminum
and POM (~23.5-10° K* vs. ~1.4-10° K1), components made of different materials could
only be built on top of each other and not side by side [103]. Therefore, the thermal transfer
plate (TTP) (see Figure 21 (a)) and the base plate (BP) (see Figure 21 (d)) had to have the
same dimensions as the flow fields or other components of the “sandwich structure”. Since
the Peltier element "floats™ between two layers of thermal paste and the area in the center
of the TTP has to absorb most of the force, there was the risk that the TTP would distort
during compression. This would result in an inhomogeneous or distorted contact area be-
tween the current collector and the TTP. For this reason, the TTP had to be designed rela-
tively massively, which in turn meant that the previously defined target dynamics and the

desired temperature ranges could not be achieved. Nevertheless, the first trial with the PET
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SC TP50 prototype was a complete success and was subsequently developed further. How-

ever, before the new design and construction could be defined, it was necessary to deter-

mine which points need to be improved. As previously mentioned, two of the previously

defined points could not be achieved, including the desired dynamic range (1 K/s) and the

outer working range (-20 °C-140 °C). Therefore, the following points need to be improved
in the new version of the PET SC TP50:

Reduction of the thermal mass of the TPP. In the PET SC TP50 prototype,
the TPP was designed to be very massive for stability reasons. For higher dy-
namics and higher power reserves of the Peltier elements, this must be signifi-

cantly reduced in size and installed in the BP.

More resistant material of BP. To achieve the required limit operating points,
new material must be selected for the BP. Besides, the material should have a

similar coefficient of expansion to the TPP material.

More powerful Peltier elements. More powerful Peltier elements increase the
dynamics and the cooling capacity so that a power reserve remains even at limit

operating points.

Higher cooling capacity of the WHTP. More powerful Peltier elements re-
quire improved dissipation of the waste heat generated into the test stand cooling

water.

Figure 22 shows the final version of the PET SC TP50 design and the CAD model with the

exploded view of the anode side. Similar to the prototype, a tempering unit consists of

several main parts, namely the integrated thermal transfer plate (TTP) (a), the Peltier ele-

ment with the heat-conducting pads (b), the waste heat transfer plate (WHTP) (c), the base
plate (BP) (d) and the water-conducting plate (WCP) (e).
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Figure 22: (a) The final version of the PET SC TP50 with the CAD model. The anode side is shown
in exploded view with the significantly reduced thermal transfer plate (TTP), (b) the Peltier element
with the 0.5 mm thick heat-conducting pads, (c) the waste heat transfer plate (WHTP), (d) the base
plate (BP) and (e) the water-conducting plate (WCP).

The exact function and properties of the individual components are described step by step

in the following section.
Operating principle of the PET SC TP50

Figure 23 shows a simplified technical representation of the entire PET SC TP50 structure.
The letters (a)-(e) correspond to those used in Figure 22. As described in chapter 3.1.4, the
compression plate and the solid end plate (Figure 23 (f)) establish the desired contact pres-
sure F and thus the necessary pressure on the glass fiber gasket and the GDL of the stacked
structure. For simplified representation, both the reactant channels (H2 and air) and the
water channels (H20) were shown on a cross-sectional axis. Depending on the desired cell
temperature, which is tapped via the temperature measuring points T, the corresponding
heat flow Q must be dissipated via the WHTP and the cooling water. Thereby the direction
of the heat flow as well as the power of the heat flow depends on the flow direction of the

current through the Peltier element and the power release of the control unit. Furthermore,
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the dissipation of waste heat by the WHTP is crucial here, which depends primarily on the

cooling water temperature and the cooling water flow rate.

Figure 23: Simplified technical representation of the entire PET SC TP50 structure. For better
understanding, both the reactant channels (H and air) and the water channels (H.O) were shown
on a cross-sectional axis. The letters (a)-(e) correspond to those used in Figure 22.

Thermal transfer plate (TTP)

Besides the better material, the main difference to the PET SC TP50 prototype is the sig-
nificantly smaller TPP and its arrangement. The aluminum TTP was incorporated directly
into the base plate (BP), resulting in a considerably lower mass of temperature-active parts.
In addition, with this design, the TTP no longer has any contact with the surrounding air,
which increases the efficiency of the temperature control unit (comparison TTP prototype
16.14-10° mm?). Using the direct relationship between the heat quantity for heating Qr,
and cooling Qr., the mass of the current collector mcg and of the graphite monopolar plate
mwp, the specific heat quantity of copper ccy and aluminum cai, and the temperature change

rate T, the permissible material mass of the TTP mrrp can be calculated:

-1

T=m"1c™Qr = (Mrp-ca +Mee Cou+Mup - Cer) 1 Qr (3.3.1)

Myrp = QrelQrn * =T (Mec * Cou + My * Cor) - (T ca)™? (33.2)
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_ 246|369 Ws — 0.5|1 K~'s(0.351 kg - 385 JKg'K~* + 0.085 Kg - 841 JKg—'K™")  (3.3.3)
mrre = 05[1K1s -896 JKg—1K1
Myrp_coor = 0.3187 Kg Mrrp-pear = 0.1814 Kg (3.3.4)

It follows that a material mass of the TPP mrp of 0.1814 kg must not be exceeded when
redesigning the TPP. Ultimately, the optimized design reduced the TTP mass by 84 % to
0.103 kg.

Peltier element

Besides the more compact and optimized cell design, two more powerful Peltier elements
with a total cooling power of 492 Watts (PET SC TP50 prototype ~280 Watts) were used,
which significantly increase both the dynamics and the operating range. The key data for

the selected Peltier elements are shown in Table 6.

Table 6: The main physical properties of the selected Peltier element used with the PET SC TP50.

Property ValueY

Maximum voltage Umax 33.1V

Maximum current Imax 121 A

Maximum cooling capacity Qcmax 246 W

Maximum temperature difference oTmax 79 °C

Maximum working temperature Twmax 180 °C

Dimensions 554£0.1 mm x 55+0.1 mm x 3.75£0.1 mm

V' With a tolerance of £10 % for thermal and electrical parameters specified by the manufacturer.
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Here, the Peltier element works like a heat pump when heating, and thus the heating capac-

ity is about 50 % higher than the cooling capacity.
Waste heat transfer plate (WHTP)

Like the TTP, the metallic WHTP was built directly into the BP, which also results in good
isolation from the environment. For better heat dissipation, the active cooling surface Acs
of the WHTP was increased by ca 37 % to 15-10° mmz. In addition, the averaged cooling
channel diameter of the WHTP was increased to 20 mmz2. This allows the cooling water
pressure rise in the cell to be kept as small as possible and as large as necessary. These
dimensions are sufficient to dissipate the waste heat from the Peltier element while ensuring
adequate stability. Depending on the desired cell temperature, the cooling water flow is
adjusted accordingly. At very low temperatures, such as below the freezing point of water,
an increased cooling water flow is required to dissipate the waste heat generated and thus
achieve a maximum o7 between both sides of the Peltier element. Here, a cooling water
flow rate of 33.3 cm3/s per tempering unit proved to be optimal. This results in a water
supply pressure of ~280 kPa. Higher flow rates are possible but put unnecessary strain on
the entire system. Since the Peltier element works like an electrical resistor at higher tem-

peratures (e.g. 80 °C), significantly lower cooling water flows can be set here.
Base plate (BP) & water-conducting plate (WCP)

As already described, the TTP was made of aluminum and installed directly in the BP. For
this design leap, a material with a coefficient of thermal expansion almost equal to that of
aluminum had to be selected for the BP. In addition, the material should be very robust,
electrically insulating and insensitive to acids. Only one material was suitable here, namely
amorphous polyimide Ultem™ (Type 2300). The main advantage of this material is the
low thermal conduction of 0.22 Wm™K, the high hardness, and the coefficient of linear
expansion a, which is comparable to aluminum (~30.0-10° K vs. 23.5-10% K1) [104, 105].
In addition, the polyimide can be permanently heated to a temperature of ~170 °C and up
to ~210 °C for the short term. In contrast to the prototype, the BP now consists of two
components, namely the redesigned base plate (BP) and the water-conducting plate (WCP).
Like the BP, the WCP was also made of the amorphous polyimide Ultem™. This had to be

solved constructively in order to keep the tempering unit as flat as possible.
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Constructive properties

Figure 24 shows the CAD model of a tempering unit from different perspectives and the
main design features with which the enormous heating and cooling performance is
achieved. One of the most essential points of any tempered unit is the flat contact surface
to the current collector. Only a flat contact surface can ensure optimum heat transfer to the
current collector and thus to the PEMFC. Due to the risk of contamination, no contact pastes
or the like may be used here (see chapter 3.1.4). As mentioned before, the expansion
coefficient of the TTP and the BP plays an essential role here. lttp describes the thickness
of the TTP and thus the measure that changes at different temperatures. Since the TTP was
manufactured at a temperature of approx. 30 °C, this is taken as the zero point at which the
TPP is exactly Itte = 6.15 mm thick (see Figure 24 (a)). Thus, the thickness change at the

max/min desired temperature can be calculated using the following equation:
Olr1a0 = Aap * lppp * 0T = 23.5-1076 K1 % 0.00615m - 110K = +1.6- 105 m
alT_ZO = Qay lTTP -dT = 23.5- 10_6 K_l -0.00615m+-—-50K =-7.2" 10_6 m

It should be mentioned here that in operation, the BP does not have exactly the same
temperature as the TP. The values Olt-20 and Olr140, therefore, correspond to the maximum
step dS that can occur between the TP and the BP. After a longer standing time at a required
cell temperature of 120 °C, the BP also reaches a temperature of approx 76 °C"' despite its
low thermal conductivity value. It can therefore be said that the step is minimized at longer
constant operating temperatures. Soft thermal pads with a thickness of 0.5 mm and a
thermal conductivity value of 6 Wm™K™! were used to contact the Peltier element with the
TPP and the WHTP. With a thickness of the Peltier element of 3.75 mm and an installation
height Ipe of 4.55 mm, an optimum compression of 20 % of the two heat-conducting pads
is achieved. Figure 24 (b) shows a bottom sectional view of the BP together with the WHTP.
Figure 24 (c) shows the top view of the cathode tempering unit without the TPP. For better
illustration, the hidden edges were faded in, and the Peltier element was colored red. While

with air, the connections are offset on both sides, the cooling water connections are on one

Vi Value was determined experimentally in operation at 120 °C and a holding time of 30 minutes.
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side. The offset reactant connections are due to the monopole plates and are decisive for

the cross-flow configuration.

H,0 in H,0 out

lTat

Air out

Figure 24: (a) The CAD model of a tempering unit from different perspectives with a partial cross-
section, (b) the bottom sectional view of the BP and the WHTP and (c) the top view without the
TPP and faded-in hidden edges.
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4.1.4. Control unit

Hardware

In contrast to the commercial TP50 cell hardware, the cell temperature of the PET SC
TP50 is set electrically. Therefore, the PET SC TP50 requires an additional control unit
that includes a 24 VV DC power supply and H-bridge-based power electronics. In contrast
to the control cabinet of the PET SC TP285 design (see chapter 4.2.4), the control unit here
is only an amplifier, which amplifies the +24 V signal coming from the test bench interface
(Siemens SIMATIC interface card) (see Figure 25). The amplification per tempering unit
is provided by an H-bridge circuit consisting of two BTN8982TA high-current half-
bridges. The main advantage of this H-bridge circuit is that the polarity on the Peltier ele-
ment can be reversed, allowing heating or cooling with the tempering unit. Another ad-
vantage is the design of the BTN8982TA high-current half-bridges. In contrast to conven-
tional coupling relays, the current is switched here with the aid of a p-channel high-side
MOSFET and an n-channel low-side MOSFET. Thus, very high currents can be switched
quasi loss-free, and switching speeds in the kHz range can be easily achieved, which ena-
bles pulse width modulation (PWM) [106].
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Figure 25: Simplified interconnection of the PET SC TP50 with the H-bridge-based control unit,
which amplifies the +24 V signal of the test bench interface and the test bench. For a better under-
standing of the operation of the H-bridges, the switching states of the MOSFETSs of the anode side

during the heating and cooling modes have been magnified.
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Software

The software and thus the algorithm that processes the temperature data from the resistive
PT100 temperature sensors and controls the performance of both tempering units is exe-
cuted on the test bench controller (Siemens SIMATIC controller). As already described in
3.1.3, the control software is programmed in the VBA programming language and must be
started separately before the test run. Since VBA is a very simple programming language,
tasks can only be processed serially. Therefore the over-temperature alarms were not stored
in the software but directly superordinated in the TAGs of the test bench controller. Figure

26 shows the simplified sequence of the programmed software for the control of the anode

and cathode cell temperature.

Variah les Main procadure
Target cell temperature Tet =-30-170°C
Actual tem perature anode Ata =-30-170°C
Actual tem perature cathode At =-30-170°C
Temperature difference Td =20°C
Actual coolant flow Acf =2- 10lmin
Set coolant tem perature Sct =0.1-20°C
Contral il
Actual coolant temp. Act =01-90°C =
Stop
Control algoritho

Anode

_________ Brmk |- """ T T T T T T T T T T TS T T T T T T T T T
Exzoutz

Tet ) —s{ PLControtier | —a|  Controtunit |—P>| Paltisr slement |

Fl-Controller

Figure 26: Simplified flow of the programmed software for anode and cathode cell temperature
control. From the main procedure, the control algorithm is called, and in it, the algorithms Al and
A2 are arranged hierarchically further below.
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When starting the software and thus executing the main procedure, the target cell temper-
ature is first adopted, and the required coolant temperature is set. The variable Td is freely
selectable, but the control of the temperatures was most stable at a temperature difference
between coolant and target cell temperature of 20 °C. The limitation at 0.1 °C had to be
chosen because of the test bench. Temperatures equal to or below 0 °C stop the coolant
flow, and thus the temperature control process of the test stand cooling water.

After setting the coolant temperature, the control algorithm is executed, which describes
the actual temperature control algorithm for the anode and cathode. A proportional—inte-
gral—derivative (PID) controller was used to control the temperatures. The PID algorithm

generally follows the following equation:

t

(3.3.1)

Y(t) = Kpe(t) + Kl-f e(r)ot + Kd%e(t)

0

Where e is the control deviation, Kp the proportional component, K;j the integral component
with 7 [0...t], and Kq the differential component with the difference d. Since the D compo-
nent does not react to the duration but to the speed at which the difference between the
setpoint and actual value changes, it is only required for extremely dynamic systems. In the
case of the PET SC TP50, the D component could be deactivated, and the control of the
cell temperature could only be handled with the aid of two PI controllers. The parameters
of the two PI controllers were determined heuristically using the Ziegler/Nichols oscillation
method [107]. This method could be used without further ado, as the system cannot cause
any damage even in a very unstable state. The specification of whether a positive (heating)
or negative (cooling) temperature change is necessary is determined based on the coolant
temperature Act and target cell temperature Tct (see Figure 26 Al). More precisely, when
a target temperature of the cell below the cooling water temperature has to be reached, the
Peltier element is triggered for cooling. This principle is derived from the operation of the
Peltier element, where it is assumed that when the Peltier element is actuated, there arises
a OT between the two sides, and the amount of generated waste heat Q,, must be dissipated
through the cooling water. The same controller parameters were used for both temperature
control cases. However, depending on the test protocol, the minimum and maximum pos-

sible value of the Ki component is limited. This can avoid excessive overshoot, especially
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with significant temperature changes (e.g., -10 °C to 80 °C), where it takes more time to
reach the target temperatures. Since the cooling water is essential for achieving low tem-
peratures and its failure would lead to uncontrollable heating of the Peltier element, the
flow is verified during each cyclic run of the control algorithm (see Figure 26 A2). If the
coolant flow falls below the minimum value of 2 I/min, the control algorithm is interrupted,
and the power supply to the Peltier elements is switched off. Should the coolant flow be
present again during the next run of the control algorithm, the temperature control will be
continued. The cycle time, which describes the period duration of a PWM signal, is speci-
fied by an internal timer of the test bench controller. For each PI controller, 1000 ms was
specified as the PWM cycle time. This means that depending on the calculated and required
power, the Peltier element is switched on for 0-1000 ms per cycle. For example, if 50 % of
the output power is required, the Peltier element is turned on 500 ms of the cycle time
(1000 ms). With this principle, on the one hand, very high outputs and thus fast rates of

temperature change can be achieved, but slow and steady ones are also possible.

4.1.5. New opportunities with PET SC TP50

The new tempering units offer various advantages that are not available with conven-
tional tempering using test stand cooling water. The cell temperature and thus its stability
is crucial for accurate measurement results. Figure 27 (a) shows a typical control behavior
of the PET SC TP50 anode temperature. At this point, it must be mentioned that the control
accuracy of 0.3 °C depends on the processing performance of the test bench computer and
the switching speed of the Siemens SIMATIC interface card. Here, with the aid of an ad-
ditional microcontroller (similar to the PET SC TP285, see chapter 4.2), which takes over
the control, a significantly better control accuracy could be achieved. Figure 27 (b) shows
a temperature cycle between 80 °C and -10 °C of the anode temperature used for the low-

temperature stress test (LTST) in Chapter 5.3.
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Figure 27: (a) The anode temperature control behavior of the PET SC TP50, and (b) a temperature
cycle between 80 °C and -10 °C as performed in chapter 5.3.

Besides the wide working temperature range, the temperatures can be approached with high
dynamics and low overshoots. Figure 28 (a) shows the cooling behavior of the PET SC
TP50 at a temperature jump from 80 °C to 10 °C. The cooling rates determined are strongly
dependent on the outside and the test chamber temperature. Higher dynamics are possible
but require colder cooling water to dissipate the waste heat more efficiently and achieve
better cooling rates of the tempering units. Figure 28 (b) shows the heating behavior during
start-up at a temperature of -10 °C. At the first moment, a tremendous heating rate of more
than 2 K/s is achieved, decreasing to 0.66 K/s from a temperature of 40 °C onwards. A
standard Horiba FuelCon test bench of type C1000-LT achieves an average temperature
change rate of 0.02 K/s, which is well below the dynamics of the PET SC TP50 at all times.
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Figure 28: (a) Cooling behavior of the PET SC TP50 at a temperature jump from 80 °C to 10 °C,

and (b) the heating behavior during start-up at a temperature of -10 °C.
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4.2  PET TP285 single cell

4.2.1. State-of-the-art

The supreme challenge is the characterization of PEMFCs of an automotive size. Due
to the significantly larger active surface area of 285 cm?, a different flow and coolant flow
field, and the fact that several hundred cells are stacked, which influence each other during
operation, inhomogeneous operating parameters occur in the cells. A decisive inhomoge-
neous operating parameter is the non-uniform temperature distribution on the PEMFC sur-
face. A well-known example is an operation at sub-zero temperatures. As a rule, the stacks
are cooled down to the desired temperature in a climate chamber. At the start-up, an uneven
temperature distribution then occurs during the heating process [41, 42]. This temperature
distribution and the heating rate strongly depend on the output power and the thermal mass
of the fuel cell stack. Here, the closer the number of cells is to that of a real automobile
stack, the more realistic the experiment. The same applies to normal operation. Since a
liquid coolant is usually used and the supply can vary from cell to cell, uneven temperature
distribution can occur at higher current densities. This leads to a local reduction in perfor-
mance and ultimately to degradation of the affected cells [31]. All conventional tempera-
ture control methods lack the ability to simulate temperature gradients or local hot spots at
the surface of a PEMFC single cell. Furthermore, even with this cell size, cell temperatures
outside the usual operating range and high rates of temperature change are complicated or
require increased effort to achieve. All missing options require a further or new develop-

ment of measurement technology for single cells in automotive size.

4.2.2. Characteristics

As with the small TP50 unit, the cell temperature of the TP285 unit is adjusted by means
of the cooling water, which is tempered by the test bench. Therefore, the automotive size
TP285 cell hardware has the same advantages and disadvantages as the TP50 cell hardware
(listed in Table 4) and will not be enumerated again. Due to the identical points, it is obvious
that further development of the tempering design would be beneficial for this size. Here,
too, the last two disadvantages were decisive for further developing the cell hardware and

partly determined the development of the new tempering units.
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Therefore, the following boundary conditions had to be met in the final design of the PET
TP285 single cell:

e A cell temperature between <-20 °C-120 °C should be possible.

e Heating and cooling rates of more than 1 K/s and 0.5 K/s should be possible.
e A temperature stability of <+0.5 °C (at all temperature points).

e Temperature gradients or local hot spots should be possible on the cell surface.
e Easy handling, i.e. easy set-up with a new PEMFC, should be given.

The fast dynamics, as well as the extended temperature range are also two decisive points
for this PET cell hardware size, which can only be achieved by using Peltier elements.
Nevertheless, due to the significantly larger cell size, a complete redesign of the tempering
units must take place. On the one hand, there are no Peltier elements with an area of approx.
285 cmz, and on the other hand, the newly added point (4) can only be achieved with several
individually controllable Peltier elements per electrode. Like the small PET SC TP50 single
cell, the PET SC TP285 single cell offers many advantages, but also some disadvantages.
Although these are largely identical to those of the PET SC TP50, they are listed again

below because of the associated technical data:

Table 7: All summarized advantages and disadvantages with the associated technical data of the
newly developed single-cell PET SC TP285.

Advantages Description

Extended temperature Temperatures between -30 °C and 125 °C are possible in
range practice. The limitation at 125 °C is given by the used re-
sistance-to-digital converters of the PT1000 temperature
sensors (more information about this can be found in chapter
4.2.3).

Dynamics of temperature [ Due to the high cooling power of up to 2.368 W per elec-

control trode, heating rates of more than 1 K/s are possible.
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Advantages

Description

Short controlled

loop

Due to the smaller tempering areas and the short control
loops, the temperature can be set within a control window
of £0.1 °C (in the controlled state).

Individually controllable

tempering areas

Temperature gradients 9T, of up to 70 °C over the temper-

ature control surface can be achieved using the 64 control-

lable Peltier elements.

No further sources of

contamination

Since glycol compounds are often added to the cooling wa-
ter in the automotive sector in order to achieve low temper-
atures, this point was not listed in the boundary conditions.
Nevertheless, the probability of contamination is also sig-
nificantly lower here since no cooling water is used in the
PET SC TP285.

Cost effective

With the all-in-one solution, temperature stress tests outside
the usual working range of PEMFCs as well as standard
long-term tests can be performed cost-effectively without

the use of additional hardware (e.g. climate chamber).

Disadvantages

Description

Additional electrical

hardware

For the control of the Peltier elements, an additional control
cabinet is required, which regulates the power and the tem-
perature of the 64 tempering areas. More information about
this can be found in chapter 4.2.4.

Since the PET SC TP285 is in operation for a significantly shorter time than the PET SC

TP50, no clear statement can yet be made about its long-term stability. As with the PET SC

TP50, it can be said that the only wear parts in the new automotive size cell design are the

Peltier elements and the O-rings. Nevertheless, due to the similar operating principle, long-
term stability similar to that of the PET SC TP50 can be assumed.
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4.2.3. Design

As with the PET SC TP50 single cell, the “sandwich structure” has been retained for
the automotive PET SC hardware. This means that, ideally, only one new MEA needs to
be used to rebuild the PET cell hardware. Nevertheless, the development of the final PET
SC hardware also took place in two development steps. At the beginning of the automotive
PET SC hardware development, the MEA design level A2 was used. The MEAs of this
design level could be characterized with a Tandem Technologies Ltd. TP288 cell hardware
and had an active area of about 288 cmz2. During the development of the PET SC TP288
hardware, the MEA design level A3 was introduced, which can be characterized with a
TP285 cell unit. Except for the dimensions of the components, the basic design and func-
tionality of the TP288 components are identical to those of the TP285. Since the possibility
of temperature control with Peltier elements was confirmed with the PET SC TP50 hard-
ware, substantially different aspects had to be investigated for the PET SC TP prototype.
In summary, the PET SC TP288 prototype served to verify whether

e the possibility exists to integrate several Peltier elements in parallel in one tem-

pering unit;
e itis possible to create a temperature gradient or a local hot spot on the surface;
e such a large temperature control unit can be made of Ultem™ without warping;

e the electrical components, which are located close to the tempering components,

can withstand temperature fluctuations.

Figure 29 shows the CAD model of the PET SC TP288 prototype with the cathode temper-
ing unit in exploded view. Most of the components of the tempering unit, such as the water-
conducting plate (a), waste heat transfer plate (c), the 32 Peltier elements (d), base plate (e)
and thermal transfer plate (f) of the prototype PET SC TP288 have almost the same design
and function as those of the final PET SC version, namely the PET SC TP285. The exact
function of the individual components is, therefore, described in detail later in the chapter.
The main difference between the PET SC TP288 and the PET SC TP285 are the electrical
components used for the power electronics (b) and the temperature sensor fingers (g), as

well as their arrangement and structure.
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Figure 29: (a) The CAD model of the PET SC TP288 prototype with the cathode tempering unit
in exploded view with the water-conducting plate, (b) the power electronics, (c) the waste heat
transfer plate, (d) 32 Peltier elements, (e) the base plate, (f) the thermal transfer plate and (g) the

temperature sensor fingers.

In contrast to the PET SC TP50, the PET SC TP288 is a redundant system that could theo-
retically also operate without a test bench. This means that the test bench communicates
only with the PET cell hardware, or more precisely with the controller of the PET cell
hardware, and transmits set point and actual values via the common Control Area Network
(CAN) bus. Thus, the main task of the controller is to ensure the communication between
the test bench and the PET cell hardware and to control the 64 tempering segments. As with
the PET SC TP50, the respective PI controller increases or decreases the power of the in-
dividual Peltier elements via the cycle time of the PWM signal. To be able to process the
data from the 64 PI controllers in quasi-real-time, a powerful microcontroller had to be
selected. Therefore, the core of the controller is a Teensy 3.5 microcontroller from the com-
pany PJRC. The advantage of this microcontroller is the high clock rate of 120 MHz, the
integrated buses, and the simple programming environment (more about this in chapter
4.2.4). Figure 30 shows the CAD top view of the anode tempering unit and the simplified

representation of the power supply and the controller.
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Figure 30: CAD top view of the cathode tempering unit with a simplified representation of the
power electronics unit components and their arrangement. For better understanding, the current-
carrying copper wires between the Peltier elements and the power electronics are shown in dashed
red and the Inter-Integrated Circuit (12C) bus wires in green.

Since the power electronics are virtually a part of the tempering unit, the communication
between each power electronics and the controller takes place via two separate Inter-Inte-
grated Circuit (12C) buses (shown in green). Per tempering unit, the 12C bus is used to es-
tablish communication between two essential components of the power electronics: The
central multiplexer, which switches the 12C bus for sensor evaluation between the eight
identically addressed temperature sensor fingers with four 12C temperature sensors each,
and the two General-Purpose 1/0 (GP10) drivers with 16 outputs each for switching the H-
bridge driver modules with which the electrical power for the respective Peltier elements
is enabled. The Peltier elements are directly connected to the respective H-bridges of the
power electronics by means of single-core sheathed copper wire (shown in dashed red).
More precisely, two sheathed copper wires are required per Peltier element and thus a total
of 64 wires per temperature control unit. Since each Peltier element can draw a maximum
current of 4.2 A, wires with a diameter of 0.65 mm (0.332 mm?2) were used. This was also
the maximum possible wire diameter since the space for passing the cables between the
individual layers of the tempering unit was limited. Figure 31 (a) shows a section of the
anode power electronics and the wiring with the Peltier elements and the temperature sensor
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fingers. The 12C temperature sensor fingers are screwed directly onto the temperature trans-
fer plate (TTP) and contacted it via heat-conducting pads. The communication of the indi-
vidual temperature sensor fingers with the power electronics is ensured via a Molex® pico
flat connector and a ribbon cable. In this case, a pluggable connection was necessary since
bus systems are very susceptible to interference and all temperature sensors communicate
with the controller via the same 12C bus. Figure 31 (b) shows the commissioning of the PET
SC TP 288 prototype. In the course of commissioning, the design, the electronics, and the
software could be tested for their function, and thus the results could be incorporated into
the further development of the PET cell hardware. In summary, the PET SC TP288 served
as a proof of concept (POC) to verify whether the construction of such a segmented tem-

pering unit was at all possible.

Figure 31: (a) Enlarged view of the tempering unit and the associated power electronics with the

wiring of the Peltier elements and the temperature sensors, as well as (b) the commissioning of the
PET SC TP288 prototype.

Although the first commissioning was successfully completed, stable and, above all, fail-
ure-free operation of the PET SC TP288 was only possible to a limited extent. Since the
concept was not yet fully matured, some failures occurred during commissioning, which

are described in detail in Table 8.
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Table 8: The most essential failure cases detected during commissioning with the associated failure

cause.
Failure Triggered by Error cause
Uncontrolled * GPIO communication error |+ I2C bus overload
heating or cooling * 12C bus breakdown
Temperature » Temperature sensor failure |+ I2C bus overload
detection failure * I2C bus breakdown

« Short circuit of the 12C bus

Heating or cooling |+ Burned out H-bridge « Short circuit of the copper wires
failure » Wire break * Wiring ducts too narrow

* GPIO communication error |« 12C bus overload
* I2C bus breakdown

Broken housing for |+ Carelessness during assembly [« Unhandy cell components

power electronics

Inhomogeneous » Temperature cycles * Material tension (Ultem™)

tempering surface

In addition to all the failures that occurred, there was also the safety aspect. This was not
considered with the PET SC TP288, because, as already mentioned, the cell served as a
POC. However, since the next version of the PET cell hardware will also be operated in
24/7 mode, the test bench must be able to shut down the PET cell hardware in the event of
a fault. This made it all the more important to eliminate all the listed points of failure and
enable the next generation of PET cell hardware for stable endurance-capable operation. If
we now summarize all the listed error causes from Table 8 and take into account the re-
quirement of 24/7 operation, the following system-specific need for improved results for

the next version:
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e A more stable and faster data bus. Since many errors that occur can be traced
back to the I12C bus, a data bus must be selected for the next PET cell concept

that has both higher bandwidth and is less sensitive to EMC influences.

e A new concept of temperature measurement. In locations where the temper-
ature fluctuates strongly (in this case -20 °C to 120 °C), the use of resistive
temperature sensors is recommended. In contrast to digital sensors, these are

much more robust, less sensitive to moisture, and have no logic of their own.

e  The more robust concept for the power supply of the Peltier elements. The
power lines must be robust and insensitive to environmental influences. Besides,
the replacement of a Peltier element should be possible quickly and without

complications.

e Generation and provision of relevant data of individual components. Im-
portant components, such as the H-bridges, must be able to transmit diagnostic
information. This can reduce the overall probability of failure, improve trans-

parency and shorten troubleshooting.

e  Customer-friendly and modular design. First and foremost, the design should
be modular and ensure easy handling during commissioning. A crucial point is
the separation of the power electronics from the temperature control unit. But it
should also be possible to replace wearing parts, such as the Peltier elements,

without complications.

e Safety functions must be guaranteed. In the event of a malfunction, both the
test bench must be able to shut down the PET cell hardware, and the PET cell
hardware must be able to shut down the test stand safely. In addition, the internal
control electronics must be fail-safe and shut down all hardware in the event of

a fault.

All the points listed ultimately lead to a reduction in the probability of failure and must be
taken into account in the next PET cell hardware design. In summary, the overriding goal
in developing the next PET cell hardware concept was to create cell hardware that is stable

over the long term, customer-friendly, and, above all, self-safe.
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Figure 32 shows the CAD model of the final PET SC TP285 with the exploded view of the
anode tempering unit. Each tempering unit consists of 8 basic components, namely the
temperature sensor printed circuit board (PCB) (a), the thermal transfer plate (b), the base
plate (c), the 32 Peltier elements (d), the power-unit PCB (e), the waste heat transfer plate
(F), the water-conducting plate (g) and the stabilization plate (h). All components are
screwed together and can be replaced very easily and quickly in the case of a failure. In
contrast to the prototype PET SC TP288, the two temperature control units of the PET SC
TP285 form a closed unit. The power electronics have been completely outsourced, and the
two tempering units have the regular dimensions of the commercial TP285. This has sig-
nificantly improved the handling and thus the customer-friendliness of the PET cell hard-
ware. Furthermore, the tempering units can be installed in any TP285 cell hardware and are

therefore not location-bound.

Figure 32: (a) The CAD model of the final PET SC TP285 and the exploded view of the anode
tempering unit with the temperature sensor PCB, (b) the thermal transfer plate, (c) the base plate,
(d) the 32 Peltier elements, (e) the power-unit PCB, (f) the waste heat transfer plate, (g) the water-

conducting plate and (h) the stabilization plate.
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Figure 33 (a) shows the fully assembled anode tempering unit and (b) the PET SC TP285

during initial commissioning at -20 °C.

Figure 33: (a) The fully assembled anode tempering unit and (b) the PET SC TP285 during initial

commissioning at -20 °C.

The components and their exact function of the anode tempering unit are described step by
step below. It should be mentioned at this point that the cathode tempering unit is identical

in construction but has no gas-carrying channels.
Temperature sensor PCB

One of the main differences to the PET prototype is the temperature measurement concept.
While digital 12C temperature sensors with their own evaluation unit were used for the PET
SC TP288 prototype, resistive Pt1000 sensors with a three-wire connection were used for
the PET SC TP285. Pt1000 sensors belong to the family of resistance temperature detectors
(RTD) with a positive temperature coefficient. These are based on the relationship between
temperature and the associated lead resistance and have a resistance of 1000 Q at a refer-
ence temperature of 0 °C [108]. The resistance of the respective Pt1000 sensor as a function

of temperature can be calculated as follows:

Rpt1000 = Ro,pt1000 - (1 + ap; - 0T) (3.4.1)

With the resistance at the current temperature Rptio00, the reference resistance at 0 °C
Ro,pt1000, the temperature coefficient apt, and the deviation temperature between 0 °C and
the current temperature 0T. The advantages of the measuring concept with Pt1000 sensors

are apparent. In addition to the simple measuring principle and the analog technology, the
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RTD sensors are very robust, have a compact design and are cost-effective. Furthermore,
due to the high resistance and the three-wire connection, overall measurement accuracy of
less than 0.5 % can be achieved. All relevant properties of the Pt1000 temperature sensors
used in the PET SC TP285 are listed in Table 9.

Table 9: Relevant properties of the Pt1000 temperature sensors used in the PET SC TP285.

Property Value

Standardization DIN EN 60751

Nominal resistance Ro pt1000 1000 Q

Tolerance Class B (Ro,pt1000 £0.12 %)
Temperature coefficient apt 3.85:10° K1

Temperature range -50 °C to +130 °C
Self-heating 0.8 Km1wtat0°C

In the PET SC TP288 prototype, the temperature sensor fingers were arranged transversely
with four digital temperature sensors each. The main disadvantage of this arrangement was
the proximity to the thermal transfer plate. During temperature cycles, condensation formed
on the Molex® pico flat connectors, which caused the I2C bus system to malfunction. In
the PET SC TP285, the temperature sensor board consists of a longitudinally arranged unit
with 32 temperature measuring points and a central plug connection. A significant ad-
vantage of this arrangement is the increased distance between the central connector and the
heat transfer plate.

Furthermore, by merging the measuring lines, it was possible to select a significantly more
robust connector from the company Harting®, which increases user-friendliness. The eval-
uation electronics for the individual temperature sensors are located in the additional con-
trol cabinet (more on this in chapter 4.2.4). The front and connector side of the temperature
sensor PCB of the anode tempering unit is shown in Figure 34 (a) and (b).
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Figure 34: (a) The front and (b) the connector side with the Harting® connector of the anode
temperature sensor PCB used in the PET SC TP285.

Thermal transfer plate

As with the PET SC TP50, the essential task of the thermal transfer plate (TTP) is to transfer
the amount of heat Q. To achieve the previously defined heating and cooling rates, the
mass of the TTPs was also not allowed to exceed a specific value. With the performance
data of the Peltier elements (more under the Peltier element) and the formula 3.4.1, the
maximum permissible mass of the TTP can be calculated. Since the monopolar plates are
made of thin stainless steel and the exact mass is not known, they are neglected in this
calculation. Due to the good thermal conductivity and stability, aluminum was again used
for the calculation of the maximum permissible mass mrrp, as well as for the production of
the TTP. Using the direct relationship between the heat quantity for heating Q, and cool-
ing Qrc, the mass of the current collector mec, the specific heat quantity of copper ccy and
aluminum cai, and the temperature change rate T', the permissible material mass of the TTP

mttp can be calculated:

j— 0 o v - -1
Mmrrp = QresumlQrasum = —T(Mee * ¢cu) * (T car) (3.4.1)
_ 1184|1776 Ws — 051 K~"5(1.879 kg - 385 JKg™'K™) (34.2)
e = 05/1K1s-896JKg— 1K1
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Mrrp—coor = 1.835 Kg Mrrp—pear = 1.175Kg (3.4.3)

With a maximum permissible mass mrrp of 1.175 Kg, there was sufficient scope for the
design of the TTP. Two crucial points were decisive for the design: the reduction of the
transverse influence of the neighboring Peltier elements and the flat contact surface to the
current collector. Both points are indirectly related to each other, as intermediate webs had
to be incorporated into the TTP to ensure a flat and at the same time stable surface. On the
one hand, this design feature reduces the thermal mass and thus the transverse influences
between the Peltier elements, and on the other hand, they provide sufficient contact surface
to support the TTP with the help of the base plate. In the end, a mass of 0.53 kg was
achieved by design, which is significantly below the calculation. Figure 35 (a) shows the
bottom side of the TTP, which is in contact with the 32 Peltier elements via heat-conducting
pads, and (b) the top side with the cutouts for the temperature sensor PCB. The temperature
sensor PCB is screwed directly onto the TTP and the heat conduction between the Pt1000

temperature sensors and the TTP is ensured via heat conduction pads.

Figure 35: (a) The bottom side of the thermal transfer plate (TTP), which is in contact with the 32

Peltier elements via heat-conducting pads and (b) the top side with the cutouts for the temperature
sensor PCB.
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Base plate

As with the PET TP 50, the main task of the base plate (BP) is to isolate the individual
components from each other and to support the TTP. Figure 36 (a) shows the BP placed on
the waste heat transfer plate of the cathode tempering unit. In the standard configuration,
the power-unit PCB is still screwed between the two components, while the Peltier ele-
ments are placed in the individual recesses. Due to the wide temperature range and the
necessary hardness of the BP, Ultem™ was also used as the material here. This made it
possible to manufacture the intermediate webs, which also support the TTP, narrow and
still ensure sufficient stability. To ensure sufficient and, above all, even compression of all
heat conduction pads, the TTP is screwed to the waste heat plate with 18 continuous screws.
Figure 36 (b) shows the connector side of the tempering unit with the cut-out in the BP for
the temperature sensor PCB. The temperature sensor PCB is screwed reinforced to the edge
of the BP, which provides additional stability during the plugging process. Figure 36 ()

shows the gas guide adapter of the hydrogen channel. With the help of this adapter piece,
other PEMFC single-cell formats can be installed in the PET SC TP285.

Figure 36: (a) The base plate placed on the waste heat transfer plate of the cathode temperature
control unit without the power-unit PCB and (b) the connection side of the tempering unit with the
cut-out in the base plate for the temperature sensor PCB.
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Peltier element

Probably the most significant challenge in the development of the PET SC TP285 was the
possibility of targeted temperature spreading over the active area of 285 cm2. A crucial
point was the selection of the suitable Peltier elements. Since most of the doped semicon-
ductor bars in a Peltier element are connected in series, the smaller the Peltier element, the
lower the operating voltage. In other words, the more individually controllable Peltier ele-
ments, the lower the operating voltage and the higher the total operating current at full load.
This, in turn, increases the cross-section of the system's power supply lines and is reflected
in the manufacturing costs of current-carrying components. Therefore, as with the PET SC
TP288 prototype, Peltier elements with dimensions of 30 x 30 mm were selected, which in
turn corresponds to 32 Peltier elements per tempering unit. The key data for the selected

Peltier elements are shown in Table 10.

Table 10: The key physical properties of the selected Peltier element used with the PET SC TP285.

Property Value"

Maximum voltage Umax 16.4V

Maximum current Imax 4.2 A

Maximum cooling capacity Qcmax 37T W

Maximum temperature difference oTmax 71°C

Maximum working temperature Twmax 200 °C

Dimensions 30£0.3 mm x 30+0.3 mm x 3.6+£0.2 mm

Vil With a tolerance of +10 % for thermal and electrical parameters specified by the manufacturer.
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With the known cooling capacity of a Peltier element, the total cooling, as well as the heat-

ing capacity of one tempering unit, can thus be calculated:
QTc,sum = Npertier " Qrc =32-37W =1184 W
QTh,sum = Npeitier * QTC =32:-55.5W=1776 W

Power-unit PCB

The power supply of the Peltier elements is one of the main differences to the PET SC
TP288 prototype. While the Peltier elements of the PET SC TP288 were supplied with
power via sheathed single-core copper wires, this is done via the power-unit PCB in the
PET SC TP285. The power-unit PCB thus represents the interface between the Peltier ele-
ments and the Harting® connector and is therefore installed between the base plate and the
waste heat transfer plate/water-conducting plate. Due to the stacked arrangement, the power
supply board must have high planarity, withstand temperatures of up to 90 °C and contact
pressure of 1.5 N/mmz2. Figure 37 shows the layout of the anode power- unit PCB of the
PET SC TP285. Due to the installation space, it was not possible to combine all power
supply lines (shown in red) in one Harting® connector. For this reason, the power supply

lines of 16 Peltier elements were combined on two Harting® connectors.

Figure 37: Layout of the PET SC TP285 anode power supply board with the power supply lines

shown in red.

The power-unit PCB was manufactured in double layers with a copper layer thickness of
70 um each. With an average power supply line length Ips of 15 cm and 1 mm width, the

line resistance Rps and finally the waste heat of the power unit board can be calculated here:
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Rpsi =2 lps* pco-Apsy * =2-15cm-1.69-1078 Om- (1 mm - 70 pm)~1 = 0.072 2

With the power supply line resistance per Peltier element, the total power dissipation of the

power-unit PCB can be calculated:
Pojoss =32 Rpg * Ipax = 32-0.0720-42 A= 40.6 W

It is imperative that the power loss is dissipated in full-load operation to avoid unnecessary
heating of the power-unit PCB and thus keep the line resistance as low as possible. For this
reason, the waste heat transfer plate was designed to be as large as possible so that most of
the power-unit PCB surface can rest on it. This prevents overheating, and the waste heat
can be dissipated directly into the cooling water of the test bench. The power-unit PCB of
the anode tempering unit, which is equipped with the Peltier elements and the Harting®
connectors, is shown in Figure 38 (a). Each Peltier element is only connected to the circuit
board via the two release points. This allows easy replacement in case of a defect. The
enlarged view of the power-unit PCB, in which the solder joints are clearly visible, as
shown in Figure 38 (b).

Figure 38: (a) the overall view of the assembled anode power-unit PCB, as well as (b) the magni-
fied view, in which the solder joint of the respective grid and Peltier element can be seen in figure.
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Waste heat transfer plate & water-conducting plate

The waste heat transfer plate forms the direct interface between the test bench coolant cir-
cuit and the thermal actuator. The main task of the waste heat transfer plate (WHTP) is
therefore, to dissipate the generated waste heat via the Peltier elements and the power-unit
PCB. To optimally dissipate the waste heat and ensure sufficient stability, the WHTP is
made of aluminum. As with the PET SC TP50, a balance had to be found between stability
and cooling performance. Therefore, the average cooling channel diameter of the WHTP is
54 mmz2, which corresponds to an active cooling surface Acs of 31.23-10* mmz2. Due to the
large channel diameter, the limiting factor here is the maximum flow rate of the test rig's
cooling water pump. At a maximum of 166.7 cm?/s, the water pressure of ~180 kPa is sig-
nificantly lower than that of the small PET cell hardware. Nevertheless, the cooling surface
was ultimately sufficient to dissipate the waste heat generated. More information on this
topic can be found in chapter 4.2.5. Like the BP, the water-conducting plate (WCP) is made
of Ultem™. The main functions of the WCP are to direct the cooling water to the WHTP
and to enclose it. The test bench coolant hoses are connected directly to the two sides of
the WCP using Festo quick couplings.

Figure 39 shows the underside with the cooling channels of the WHTP in the assembled
state with the WCP.

Figure 39: Underside of the aluminum heat transfer plate with the visible cooling channels in the

assembled state with the water-conducting plate made of Ultem™.
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Stabilization plate

Due to the size and, in particular, the long format of the tempering unit, distortion and thus
an uneven support surface would occur without the stabilizing plate (SP). Therefore, the
tempering unit is built on an SP, which is milled from a precision aluminum plate. The
main characteristics of the precision aluminum plate are high stability, high surface quality,
and, above all, a uniform surface. In addition, the direct contact between the SP and the
endplate also allows the Tandem Technologies Ltd. endplate to be tempered, which mini-
mizes cold bridges and water condensation. Viton™ O-rings were used to seal the water-
and gas-carrying spaces between the SP and WHTP. Figure 40 shows the bottom view of
the SP.

Figure 40: The stabilizing plate made of precision aluminum with the Viton™ sealing rings.

Constructive properties

Similar to the PET TP50, a homogeneous contact surface to the current collector must be
ensured at all operating temperatures. Therefore, it was also important to consider the
thermal expansion of the materials at both high and low temperatures. Figure 41 (a) shows
the side sectional view (longitudinal direction) of the tempering unit with the enlarged
sectional view of one temperature control loop. Due to the very limited installation space
and the short cable lengths between the Peltier element and the power unit PCB, heat
conduction pads with a thermal conductivity value of 6 Wm™K™ and a thickness of 1 mm
were used. With a Peltier element thickness of 3.6 mm and an installation height lpe of

5.2 mm, the heat-conducting pads of the 32 Peltier elements can be compressed by approx.
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20 %. Figure 41 (b) shows the front sectional view of the tempering unit. As with the PET
TP50, the TPP partially rests on the BP. The most critical point here is step oS, where the
TPP has the greatest material thickness (here lrtp) of 4 mm and at the same time rests on
the BP. Here, the greatest thermal expansion occurs at the possible edge temperatures
(-20 °C and 120 °C) of the tempering unit. If it is also assumed that the TPP was
manufactured at a temperature of 30 °C, the thickness change can be calculated with the

following equation:
Olr1ao = Aap * lppp - OT = 23.5-107° K™1 % 0.00520m- 110K = +1.1-10"°m

Olp_p0 =g lppp - 0T = 23.5-107°K~1-0.00520m-—50K = —6.1-10"° m
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Figure 41: (a)The side sectional view (longitudinal direction), with (b) the front sectional view of

the anode tempering unit.

4.2.4. Control cabinet

Decoupling the power electronics from the tempering unit was an important step to
increase both the handling and the modularity of the system. In contrast to the PET SC
TP288 prototypes, the tempering units of the PET SC TP285 consist of 32 analog sensors
and actuators, which are completely controlled by the control cabinet. Thus, it can be sum-

marized that the control cabinet has the following main tasks:
e Control of the 64 temperature control loops, including the power supply
e Communication with the test bench

e Ensure the safety of the system
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Hardware concept

The internal structure of the control cabinet is shown in simplified form in Figure 42. Due
to the high electrical power, the control cabinet is connected directly to the 400 V power
supply of the house mains via a CEE plug. The other two connections are, on the one hand,
for the CAN communication between the control cabinet and the test bench and, on the
other hand, for enabling the load breaker, which is directly connected to the 24 V voltage
supply of the test bench and is switched off in the event of a fault.

Control cabinet Air filter
Load cables : Fuse —i|
Power board Power
— supply :|
| Load |
breaker
Temperatur =
sensor cables Gathode
evaluation
L board
Power Power
supply supply
1 2
Anode
Fan evaluation
board
-— 400VAC = - 12 V DC logic
""" CAN 1 —— 12V DC high current
— CAN2 Temperature analog signals

— 24V DC control line

Figure 42: Simplified representation of the internal structure of the control cabinet for the PET SC
TP285

The internal 12 V voltage supply for the electrical components of the control cabinet is
provided by three power supply units. Two of these parallel-connected high-current power
supplies connected to one phase of the 400 V mains, provide the electrical energy for the
Peltier elements. The third power supply unit supplies the logical components of the boards,
including the three microcontrollers, and is not switched off by the load breaker in the event
of a fault. This arrangement is necessary to be able to continue communicating with the
PET SC TP285 in the event of a fault. As with the other components of the PET SC TP285
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cell hardware, attention was paid to the modularity of the control cabinet. For this reason,
a strict separation was made between the electrical components that release the electrical
power to the Peltier elements and those that evaluate the temperatures. The electrical power
for the 64 Peltier elements is provided by the power board. Each channel consists of an
IFX9201SG H-bridge from the company Infineon Technologies. The output stage of each
H-bridge consists of four n-channel MOSFETS that allow the polarity on the Peltier element
to be changed for heating or cooling. To reduce the probability of system failure, the H-
bridges are controlled via digital pins, one for direction and one for on/off state, and via the
serial peripheral interface (SPI). The advantage of the SPI is the possibility of communica-
tion with the respective H-bridge. Important information such as over-temperature, over-
current or under voltage of the respective H-bridge can be queried here. A PJRC Teensy
3.6 microcontroller was used here as the central processing unit. The core of this micro-
controller is an MK66FX1MOVMD18 chip from the company NXP Semiconductors,
which has a clock frequency of 180 MHz. Another highlight of the microcontroller are the
many available analog and digital interfaces, including the two CAN buses that can be used
in parallel. The CAN 1 bus is used for internal communication with the anode and cathode
evaluation boards, and the CAN 2 bus for communication with the test bench. The micro-
controller cyclically receives the actual temperatures via the CAN 1 bus, evaluates them
and controls the 64 temperature control loops. Each tempering unit has its own evaluation
board, which sends the temperature messages cyclically to the CAN 1 bus system. As al-
ready mentioned, analog Pt1000 temperature sensors were used for the PET SC TP285. For
the conversion of the analog signal, an analog-to-digital converter (ADC) of the type
MAX31865 was used. Besides the SPI, the advantage of these devices is the high resolution
of 15 bits and a measuring frequency of up to 47.6 Hz. Furthermore, the current status of
the ADC can be queried via the SPI, which facilitates the detection of short circuits or open
circuits. Data processing and transmission of the measurement data into the CAN 1 bus is
performed by a Teensy 3.5 microcontroller from the company PJRC. To be able to detect
a bus failure in time, a watchdog is implemented on the Teensy 3.6 of the power board.
This receives cyclical feedback from the two evaluation boards. If no feedback is received
within a defined time, the temperature control is stopped, and an error message is an output
on the test bench. The interior of the control cabinet is shown in Figure 43 (a), and the
exterior front and rear view with the Harting® connectors and the 400 V mains connection
in (b).
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Figure 43: (a) The interior of the control cabinet of the PET SC TP285, as well as (b) the front and

rear view with the Harting® connectors and the 400 V mains connection.

Software

Due to the local separation of the microcontrollers and the internal and external communi-
cation via the two CAN buses, each bus participant has its own software algorithm. There-
fore, it is all the more important that individual safety functions are implemented at the
respective bus nodes and that no dangerous states can occur in the event of a complete or
brief failure of communication. Figure 44 shows the VBA software algorithm that must be
run on the test bench to operate the PET SC TP285. The TAG variables that are displayed
in the test work main view for the input or output of values are shown in orange. The most
important input variables here would be the set temperature of the individual areas Tat, the
activation or deactivation of the temperature control Ca and the setting of the ramp function
Rf. With the latter, defined temperature ramps can be run that protect the system and reduce
wear on electronic components. In addition to the 64 current range temperatures Cat, the
current states of the H-bridges Aps, the watchdog timer alarms Ewt, and the temperatures
alarms Aat are displayed in the test work main view. Since all necessary safety functions
are executed on the power board's microcontroller, only the actual coolant flow Acf is mon-
itored in the test bench software. If the coolant flow falls below the minimum permissible
value Mcf, the temperature control is deactivated via the control variable Ca. Besides the

active monitoring of the coolant flow Acf, alarm values are stored on all actual temperatures
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TAGs, which switch off the test bench and thus the PET SC TP285 at temperatures above
125 °C.

|
|
|
Tat Cat Aps L1/L2 Ewt, Aat
[0..63] ‘I‘ [0...63] [0..63] [0..63] :
|
|
|

1 | =

= Transmit Receive CAN2
"1 Ca, Tat, Rf Cat, Ewt, Av, Aps L1/L2 |
|
| CAN 2
T »
|

Variables

Target area temperature Tat -30-170°C Ramp function Rf On/Off & Values
Current area temperature ~ Cat -30-170°C Actual coolant flow Acf 2-10 V/min

Alarm area temperature Aat 125°C Minimum coolant flow Mcf 2 I/min

Control active Ca 0/1/2 - Oft/On/Break Alarm power semiconductor  Aps LI/L2  Alarm values level 1/2
Watchdog time wt Error Watchdog timer Ewt

Figure 44: Algorithm of the test bench VBA software for the control of the PET SC TP285.

While the software algorithm on the test bench is written in the VBA language and executed
on the Siemens SIMATIC controller, the Arduino programming environment with a C-like
language is used to program the Teensy microcontrollers. When starting the microcontrol-
lers, all data bus systems, as well as interfaces, are initialized once. Afterward, the pro-
grammed algorithm starts and is then in the endless data processing loop. Figure 45 shows
the simplified algorithm of the anode and cathode evaluation board. The 64 analog temper-
atures are read out via the ADC converter, digitized and written to the CAN 1 bus with an
update rate of 10 ms.

:_E\'alualion board anode/cathode |
|
: Read temperature |
| [0...31], [32...63] |
|
|
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| o Watchdog " Send CAN1
aliz : = X kdeaanssass
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Figure 45: Simplified software algorithm of the anode and cathode evaluation board.

Figure 46 shows the simplified algorithm which is performed on the power board. Due to
the complexity of the algorithm, it becomes immediately clear that the actual master par-
ticipant of the CAN 1 bus is the power board. The main loop shows the simplified main
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program sequence with the respective subroutines, such as the transmission subroutine TS,
the alarm subroutine AS, and the control subroutine CS. As with the evaluation board, all
data bus systems and interfaces are initialized once at the beginning and then executed in
the endless loop. The first subroutine TS is mainly responsible for receiving and sending
data via the two CAN buses. In addition to the reception and forwarding of the temperatures
and the communication with the test bench, the communication to the two evaluation cards
is also monitored here. In the event of an error, the variable Ewt is written, which is then
evaluated later in the alarm subroutine. When all values have been received and sent, the
alarm subroutine AF is executed. In the first step, it is checked whether one of the 64 meas-
ured actual temperatures exceeds the maximum permissible working temperature Aat and
in the next step whether one of the 64 power semiconductors reports a level 2 alarm or the
variable Ewt was activated before. If an alarm activation AA occurs, the temperature con-
trol is deactivated, and the PET SC TP285 is transferred to the safe state. Leaving this state
can only be done by restarting the control cabinet and thus the microcontroller. Before
starting the control subroutine CS, a check of the control-active variable Ca is made
whether the temperature control is to be activated or stopped. Besides the two states, the
value transfer to the control subroutine CS can additionally be interrupted. In this way, the
64 temperature values, as well as the ramp functions, can be entered without the control
subroutine immediately adopting the newly entered values. This allows easy parameteriza-
tion and simultaneous approach of the desired temperatures. The core of the whole algo-
rithm is the control subroutine CS, which controls the 64 temperature areas simultaneously.
As with the PET SC TP50, PI controllers without a D component were used here. Each of
the 64 control loops thus has its own PI controller, whereby the parameters of the PI con-
trollers were also determined heuristically here using the Ziegler/Nichols oscillation
method d [107]. A significant difference between the PET SC TP50 control is the choice
between heating and cooling mode. While in the small cell hardware, the coolant tempera-
ture is taken into account; here the mode is selected according to the sign of the correction
value P. This means that if the sign is negative, the cooling mode is used, and if the sign is
positive, the heating mode is used. Another difference is the limitation of the controller.
Each PI controller has a setting range for the output variable P between 0 and 100. With a
cycle time of 1000 ms, an increase by 1 corresponds to an extension of the duty cycle by
10 ms. To avoid possible overshoots or undershoots, an anti-windup filter has been imple-

mented. In contrast to the direct limitation of the | component, with the anti-windup filter
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the P and | components are only limited when the maximum output variable Y is reached.

When the set point is reached, there is then a decrease in the | component and thus in the

outpu

t variable Y.
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Figure 46: The simplified algorithm performed on the power board, which controls the tempering
of the 64 surfaces of the PET SC TP285.
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4.2.5. New opportunities with PET SC TP285

Besides the PET SC TP50, the PET SC TP285 also offers significant advantages over
a commercial single cell tempered with test bench cooling water. The control stability of
the temperature control of the 64 tempering areas is shown in Figure 47 a). Here, the sig-
nificantly more stable control compared to the PET SC TP50 is immediately apparent. Due
to the faster calculation of the PID parameters and the significantly faster PWM modula-
tion, an average control deviation of 0.1 °C can be achieved. Short-term over- or under-
shoots do occur during stable operation or dynamic temperature jumps, but they are com-
pensated quickly and specifically. Figure 47 b) shows a temperature jump from 120 °C to
-20 °C. The different temperature dynamics can be attributed to the position of the individ-
ual tempering areas. While the inner areas cool down more quickly, the outer areas take
significantly longer. In addition, the contact points to the solid power cables (300 mm?)
influence the cooling dynamics of the outer areas. Nevertheless, cooling rates of up to
1.4 K/s (from 120 °C to 100 °C) can be achieved. Figure 47 ¢) shows a temperature jump
in the opposite direction, from 0 °C to 120 °C. Due to the 50 % higher heating power,

temperature rates of up to 2 K/s (Low-temperature start-up at -20 °C) can be achieved here.
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Figure 47: (a) Temperature profiles of all 64 temperature sensors with the visible control stability

at 80 °C, a (b) temperature jump from 120 to -20 °C with the cooling rates, and (c) an opposite
temperature jump from 0 to 120 °C with the heating rates.

With the mentioned tempering rates, a typical low-temperature cycle between 80 °C
and -10 °C can be carried out in less than 10 min with the presented design. On the other
hand, a low-temperature cycle between 120 °C and -20 °C can be performed in less than
30 minutes. The individually controllable tempering segments of the PET SC TP285 make
it possible to simulate several scenarios of a fuel cell stack during operation. In addition to
the possibility of running a temperature jump over a defined ramp function (see Figure 48
(a)), temperature gradients in the plane as well as across the cell between anode and cathode

(see Figure 48 (b)) or even local hot spots (see Figure 48 (c)) can be simulated.
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Figure 48: Temperature profiles of all 64 temperature sensors while performing cycles between (a)
80 °C and -10 °C with a defined ramp, (b) with the subsequent spreading of the anode and cathode
temperatures to a final temperature of 40 °C/80 °C, and (c) finally setting a local hot spot of 66 °C
vs. 60 °C cell temperature.

Figure 49 (a) shows a temperature gradient of 70 °C in the plane during operation, i.e. with
an MEA and closed-cell unit. In the longitudinal direction, a temperature difference of up
to 10 °C is therefore possible between adjacent segments. This temperature gradient can be
used to demonstrate once again how small the overshoots are and how accurately the tem-
perature is ultimately set. The set temperature gradient of 10 °C to 80 °C over the anodic

current collector surface was also confirmed by a thermal infrared image (Figure 49 (b)).
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Figure 49: Temperature profiles of all 64 temperature sensors when a horizontal temperature gra-
dient of (a) 10 °C to 80 °C is set in ramp mode, and (b) the corresponding thermal infrared image

of the anodic current collector surface.

105



5 Results and discussion

This chapter deals with the experimental procedures and the associated measurement
results. This chapter's main focus is the targeted degradation of PEMFC single cells caused
by temperatures below the freezing point of water. Since temperature is a major factor in
degradation, the ability to determine the local temperatures of a PEMFC single cell via
impedance was also demonstrated. Since different cell sizes, as well as different versions
of the PET SC TP were used to set the cell temperature, the individual test procedures and

the associated measurement results are divided into separate sub-chapters.

5.1. Determination of the local temperature using the cell
Impedance

5.1.1. Introduction

As mentioned earlier, the cell temperature of a PEMFC is one of its most important
operating parameters. Various degradation mechanisms and diverse electrochemical pro-
cesses, such as the HOR, proton transport across the membrane or the ORR, are strongly
dependent on the cell temperature. Therefore, the individual cell temperature determination
after shutdown and prolonged downtime, especially at ambient temperatures below 0 °C,
can be of immense importance. Due to their heat capacity, the inner cells of a stack can still
be well above 0 °C, while the edge cells can already be below this value. This could lead
to uneven degradation of the cells. To avoid this and keep the degradation as low as possi-
ble, the individual cell temperature can be used to adjust the start-up and thus the operating
strategy [91, 109, 110]. Probably the simplest and at the same time cheapest way to deter-
mine the cell temperature would be to use a commercially available resistive temperature
sensor placed close to the active surface. In a full-scale automotive stack (active area of
~285 cm?) with ~400 cells, where the space between the cells is very limited, measuring
the temperature with a standard temperature sensor is hardly possible. An alternative is to
measure the coolant temperature. However, the measured temperature does not correspond
to the actual membrane or CL temperature. The cell impedance measurement is an attrac-
tive alternative to determine the cell temperature without using a resistive temperature sen-
sor. With the impedance response and the corresponding EEC model, the model parameters

can be used to accurately determine the cell temperature in a range between -5 °C and
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60 °C. In this experiment, the cell temperature was adjusted with the PET SC TP50 proto-
type, and an MEA with an active area size of 43.56 cm? was used. The MEA has a 15 pm
thick polymer electrolyte membrane with an anode/cathode platinum loading of
0.05/0.45 mg Pt/cm2. A GDL with a total thickness of 235 um was used on both coated

CLs. More detailed data on the MEA are not known and may also not be published.

5.1.2. Test methodology

The entire test run was programmed in the test bench programming language VBA and
fully automated. Figure 50 shows the simplified sequence of a measurement procedure
loop. To ensure reproducibility, the measurement procedure loop was repeated three times

for each temperature step.
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Figure 50: Simplified sequence of the measurement procedure loop, with the stable operating point
(SOP), preconditioning to maintain the same measurement parameters, and determination of the

cell impedance (DCI).

The measurement procedure loop, or more precisely one temperature measurement cycle,

can be divided into the parts described below.
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Stable operation point (SOP)

The main task of the SOP is to bring the cell carefully and in a defined way to the standard
working parameters. In this process, the start-up has been programmed so that it is irrele-
vant whether the cell was previously at a temperature below 0 °C or at 60 °C. Therefore, in
the first phase, the cell was bypassed and heated to a target temperature of 60 °C. Parallel
to the heating of the cell, the reactants were heated to the desired temperatures of 80 °C.
When a gas temperature of 60 °C was reached, the anode/cathode humidification was
turned on and set to dew point temperatures of 46 °C (50 % RH). Once all target tempera-
tures were reached, the bypasses were opened, and humidified H, and air were fed directly
into the cell at flow rates of ~8.3 cm3/s and ~16.7 cm3/s, respectively. Upon reaching an
OCV of ~0.9 V, the cell output pressure was set to 200 kPa with a defined ramp, and sub-
sequently, the current was ramped up to the current density of 0.5 A/cm? at a ramp rate of
0.0023 A/cm? per s and held at this current density for 3600 s. In the final step, the target
current density of 0.8 A/cm2 was set and held for 4600 s until the preconditioning procedure

was subsequently started.
Preconditioning procedure

Besides the cell temperature, the cell's residual water content is one of the most important
influencing parameters in impedance measurements. Therefore, the preconditioning pro-
cess is one of the key steps in temperature determination. Before starting the drying and the
actual preconditioning, the cell must be prepared. Therefore, the first step is to set the load
to 0 A (for OCV), turn off humidification, and set the output pressure and all heaters to
ambient conditions. To dry the gas lines and remove residual liquid water, the cell was
bypassed, and the lines were purged for 600 s with maximum flows of H> and air. Subse-
quently, the flow rates of H2 and air were adjusted to 0.5 cm?3/s and 28.7 cm3/s, respectively,
and passed back into the cell. Since the humidity on the anode side remains constant, the
water content of the membrane and the proton network is controlled only by the cathode
airflow. During the drying process, the water content in the membrane and protonic net-
work is determined from the measured impedance at a frequency of 2 kHz. After reaching
the desired high-frequency resistance (HFR) of 6.53 Qcm?, the cell was bypassed and tem-

pered to the target temperature.
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Determination of the cell impedance (DCI)

To stabilize the entire system, the cell was kept in bypass for 3600 s at the desired temper-
ature. After this waiting time, the anode and cathode bypasses were opened and reactants
with flows of 0.5 cm3/s and 2 cm3/s were introduced into the cell. After a waiting time of
60 s at OCV, the impedance spectra were subsequently recorded in a frequency range be-
tween 10 kHz and 0.11 Hz and current amplitude of 20 mA. Since the gases were fed into
the cell, both unpressurized and unheated at minimal flows, dehydration of the membrane

and the proton-conducting network in the CL was avoided.

5.1.3. Measurement results

To fit the measured impedance data, an EEC model was used, which consists of 5 EEC
elements (see Figure 51 (a)). These include the uncompensated (Nafion® -electrolyte) re-
sistance Ry, the charge transfer resistance, R, the double layer capacitance, Ca , the ad-
sorption resistance, Rags and the adsorption capacitance, Cags, Which originate from the spe-
cific quasi-reversible adsorption of the sulfonate-groups of Nafion® on the surface of the
Pt-electrocatalyst [76, 111, 112, 113, 114, 115]. The fitting and calculation of the numerical
values of the model parameters were performed using the freely available software EIS
Data Analysis 1.3 [116]. Figure 51 (b) shows two examples of fitting impedance data to the
EEC model.
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Figure 51: (a) Physical impedance model consisting of 5 equivalent circuit elements for fitting the
impedance data measured with the PEM single cell at OCV, and (b) typical examples of the imped-

ance spectra (open symbols) together with the fit to the equivalent circuit (solid lines).
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It can be seen that both the visible quality of the spectra shown in Figure 51 (b) and the
calculated individual parameter error values are sufficiently low for each fitted spectrum.
A prerequisite for the accuracy and good reproducibility of the low-frequency points is the
consistent preconditioning procedure and the stable operating parameters during the im-
pedance measurements [117]. The temperature dependencies of the equivalent circuit pa-

rameters (except for the Cq, which will be discussed later) are shown in Figure 52.
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Figure 52: The temperature dependences of the equivalent circuit parameters (corresponding to
Figure 51 (a), without the double layer capacitance Cq). The dashed lines are given as guides for
the eye.

The uncompensated resistance Ry (mainly related to the Nafion® electrolyte) shows a sig-
nificant decrease with cell temperature (see Figure 52 (a)). One interpretation of this phe-
nomenon discussed in the literature is that at cold Nafion® electrolyte, the repulsion energy
between the hydrophobic and hydrophilic parts of the matrix domains is present and less
water can be absorbed at the hydrophilic sulfonate groups. Conversely, at higher tempera-
tures, more hydrophilic groups are dispersed into the hydrophobic matrix (entropy-driven),
leading to an increase in the number of water molecules absorbed at the hydrophilic groups,

thus improving proton conductivity [65, 118, 119]. However, the determination of the exact
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individual high-frequency resistances, such as the membrane resistance and the exact pro-
ton path resistance in the CL, is not possible with the impedance model used in this work.
A dependence of the R-C elements with respect to the cell temperature, which are related
to the specific quasi-reversible adsorption of the sulfonate groups of the Nafion® electro-
Iyte on the Pt electrocatalyst, can also be observed (see Figure 52 (c), (d)) [120]. Since the
Rads and Cags have a high sensitivity to the residual moisture in the system, the interpretation
of the dependencies for both parameters in this series of measurements is difficult. In con-
trast, the temperature dependence of the R, which is mainly related to the ORR and is
shown in Figure 52 (b), is more predictable. The R at a defined electrode potential (E) can

be given as follows [77]:

RT (5.2.1)
n?F2ak(E, T)Cs(E, T)Ag(E)

Rct(E) =

with the transfer coefficient, a, the active surface area of the Pt catalyst, Asc, the surface
oxygen concentration, Cs, the electron number, n, the Faraday constant, F and the rate co-
efficient, k, whose temperature dependence can be described by the Arrhenius equation
[121]. All parameters in equation (5.2.1) except temperature, T, oxygen concentration, Cs,
which should have a small effect at OCV, and rate coefficient, k, should behave consistently
at the measured temperature points. Due to the quantitative relationship between the local
catalyst temperature and the activation energy, the rate coefficient k changes significantly
with temperature, which in turn leads to a corresponding change from the R¢t.. However, if
the Ret were to be used as an indicator of temperature in automotive applications, the tem-
perature determination would only work if the constant amount of O- is available as a re-
actant. On the other hand, R¢t is much more sensitive to certain degradation mechanisms of
the CL compared to Cai. More specifically, the Cqi is formed between the carbon and iono-
mer interfaces. The reduction of the ECSA due to, for example, Ostwald ripening changes
the R¢t at the OCV, whereas the Cqi should remain constant [122]. Therefore, it is more

appropriate to use the Cqi as an indicator for temperature determination.
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Figure 53 shows the temperature dependence of the Cqi. In contrast to various approxima-
tions (e.g. mean spherical approximation (MSA)), the calculated EEC values show a quasi-

linear temperature profile [123].
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Figure 53: Temperature dependence of the double layer capacitance Cq in a temperature range
from -5 °C to 60 °C.

One can suspect that the observed experimental dependence in the case of the Cg is the
consequence of several influencing factors. In this context, two main mechanisms could be
responsible for the behavior of the measured Caq. Firstly, the proportion of free ions de-
creases sharply at low temperatures, which leads to a decrease in capacitance. Secondly,
the influence of the volume change triggered by the different temperatures cannot be ne-
glected. This means that due to the volume reduction towards lower temperatures, a smaller
amount of sulfonate groups comes into contact with the electrically conductive carbon sur-
face, resulting in a reduction of the interface and thus the capacitance.
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5.2.  Investigation of degradation mechanisms caused by
freeze-cycles

5.2.1. Introduction

As described earlier, temperatures below the freezing point of water, as well as the
wrong operating strategy at such temperatures, have a negative impact on the long-term
stability of the PEMFC. This chapter presents the first low-temperature stress test that was
not performed using a conventional cooling device such as a climatic chamber. The cell
temperature was set here using the newly developed PET SC TP50 prototype (for further
details, see chapter 4.1). Ultimately, the aim of the first low-temperature stress test (LTST)
was to verify whether

e the low-temperature stress test can be performed with the new PET SC TP50

prototype without an additional cooling device;

e the test procedure can be derived from a real automotive application and applied

to a single cell;

e the measurement results are in agreement with the in-situ and ex-situ measure-

ments of other publications.

In addition, the first LTST was a POC for the entire new tempering design and was decisive
in determining whether development should continue or the whole idea should be dis-

carded.

For this stress test, an identical MEA with an active area size of 43.56 cm? was used, as
already described in chapter 5.1. Also, here, more precise data on the MEA are not known

and, moreover, may not be disclosed.
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5.2.2. Test methodology

The entire accelerated LTST was programmed in the test bench programming language
VBA and fully automated. Figure 54 shows the simplified sequence of the entire LTST, in

which the procedure loop was executed 100 times.
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Figure 54: Simplified description of the low temperature stress test sequence, with the procedure
loop (break-in, stable operation point, pre-conditioning, low-temperature part and start-up) and the

characterization part (polarization curves, EIS and cyclic voltammetry).

Before the first procedure loop, the break-in was performed with a mixed load profile. For
this purpose, the MEA was ramped up fully automatically to a constant operating point and
then run with a load profile at current densities of 0 A/cm?2 to 2 A/cm?2. The operating pa-
rameters of the stable operating point were used for the break-in procedure. After the break-
in procedure, the BOL (begin of life) characterization with polarization curves, cyclic volt-
ammetry and electrochemical impedance spectroscopy was performed for the first time. If
the BOL performance of the characterized MEA differed significantly from the reference
data, the MEA was discarded, and a new MEA was subsequently used. When the desired
output performance was obtained, the procedure loop was started, which can be divided

into the subroutines described below.
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Stable operation point (SOP)

On the one hand, the SOP ensures identical operating conditions before each precondition-
ing procedure, and on the other hand, it serves as a recovery phase for the MEA. Therefore,
this point was performed with a hold time of 1800 s in the potentiostatic mode at 0.7 V and
a cell temperature of 60 °C. In this process, the reactants H» and air are fed into the cell at
a flow rate of 8.33 cm3/s and 16.67 cm?3/s, with a gas temperature and dew point of 85 °C
and 46 °C (50 % RH), respectively. In this phase, the cell runs under an initial pressure of
200 kPa.

Preconditioning procedure

Since preconditioning before the low temperature phase indirectly affects the degradation
rate, this is one of the most critical parts of the whole procedure. Before starting the pre-
conditioning process, the MEA was unloaded, and the load was set to 0 A. After reaching
the OCV, the outlet pressure was reduced to ambient pressure with a defined ramp of
5 kPa/min, and then the humidification and heating of the anode and cathode lines were
switched off. To keep the residual water content in the lines as low as possible, the cell was
bypassed for a short time, and the lines were blown through with maximum Hz and air
flows. After the short purge phase, the reactants H> and air were again passed through the
cell with flow rates of 0.5 cm3/s and 28.67 cm?/s, respectively. As a result, the moisture on
the anode side is maintained, and the water content in the membrane and in the cathode CL
is reduced only via the cathode airflow. During drying, the moisture content of the mem-
brane and the protonic network is determined from the measured HFR at a frequency of
2 kHz. After reaching the target HFR of 21.8 Qcm?, the cell was bypassed again, and the

low-temperature part was started.
Low-temperature part (LTP)

After preconditioning, the cell was cooled down to -5 °C and held at this temperature for
3600 s. During the entire low-temperature part, the cell was separated by the bypasses and

thus isolated from the environment.
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Start-up

Like preconditioning, the start-up from temperatures below 0 °C is one of the most im-
portant procedures in the accelerated stress test since the start-up procedure directly affects
the degradation rate. In the first step, the bypasses are opened, allowing dry H> and air to
enter the cell at flow rates of 8.33 cm3/s and 16.67 cm3/s, respectively. After reaching OCV,
the cell was galvanostatically ramped up to a lower voltage limit of 0.6 V with current steps
of 0.05 A/cm? and a hold time of 2 s/step. The heating process of the cell was started 4 s
after setting the first current stage. During the first heating phase, heating rates of 0.37 K/s
were achieved. After exceeding a cell temperature of 50 °C, both humidification and heat-
ing of the gas lines were switched on. The start-up process was considered successful when
the cell reached the target temperature of 60 °C, and no performance anomalies were Visi-
ble.

Characterization

The characterization part determines the performance loss of the MEA during the acceler-
ated stress test. This part of the script takes significantly longer compared to a low-temper-
ature cycle, so the characterization was performed only every 20 cycles, i.e. after 0, 20, 40,
60, 80 and 100 cycles. The characterization part consists of 3 in-situ diagnostic methods:
The direct performance loss was determined from polarization curves. The polarization
curves were run in galvanostatic mode with a reversal point at 0.3 V. During the procedure,
the H> and air flows were kept constant at 20.67 cm?/s and 65.17 cm?/s, respectively. All
other operating parameters, such as the cell temperature, gas temperature, dew points and
outlet pressures, correspond to those of the SOP. The change in ECSA was determined by
CV measurement using the CO-stripping method. The measurement was performed in a
potential range of 0.1-1.0 V (RHE) and a cell temperature of 60 °C. The reactants H> and
0.1 % CO in N2 were heated to a gas temperature of 60 °C and humidified to a dew point
of 60 °C (100 % RH) throughout the measurement. Before starting the ECSA measurement,
three purification cycles were performed with H> and N2 in a potential range of 0.05-1.2 V
(RHE). For the ECSA measurement, as for the cleaning cycles, flow rates of 8.33 cm?3/s
and 8.33 cm?3/s were used. The cell impedance was recorded within a frequency range from
10 kHz down to 0.3 Hz at current density of 0.8 A/cm? and an AC amplitude of 1.0 A.
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The distribution of the 91 measurement points was determined experimentally before the
experiment. For the impedance measurement, the flow rates of H, and air were set to
16.67 cm?/s and 33.33 cm?/s, respectively. The other operating parameters such as cell tem-
perature, gas temperature, dew points and outlet pressures were the same as for the previ-
ously described SOP.

5.2.3. In-situ measurement results

Preconditioning procedure

Figure 55 shows the HFR curves during cathode drying for the repetitive precondition-
ing procedures. It is immediately apparent that achieving the target HFR of 21.8 Qcm?
never occurs at the same drying time. This is because the drying time strongly depends on
the water content in the membrane and the protonic network and thus ultimately on the
mode of operation prior to the preconditioning process. If the MEA was previously oper-
ated at higher current densities, drying and thus reaching the target HFR takes much longer

than if the MEA was previously operated near OCV.
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Figure 55: High frequency resistance (HFR) measured during several preconditioning procedures

with the target resistance of 21.8 Qcm? and a visible relaxation of the HFR.

Table 11 shows a summary of the HFR values obtained during the different preconditioning
procedures, including drying time and resistance after HFR relaxation. The relaxation of

the HFR is due to the residual water present on the anode side flowing back through the
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ionomer network into the membrane, and the cathode proton network after the drying pro-
cess is completed. This is particularly evident in the relaxation of the HFR value during the
low-temperature part. The HFR relaxation after drying depends strongly on the achieved
drying resistance and the moisture content on the anode side. Even with different drying
times, the HFR value settled at a resistance between ca 0.81 Qcm? and ca 0.88 Qcm? after
the preconditioning process, i.e. during the low-temperature part. Reproducible drying is

therefore only possible by measuring the HFR value during the drying process.

Table 11: Summary of the measured HFR values obtained in the different preconditioning pro-

cesses, including drying time and resistance after HFR relaxation.

Cycles 0 20 40 60 80 100
Target HFR, Qcm? 21.8 21.8 21.8 21.8 21.8 21.8
Reached HFR, Qcm? 22.0 22.1 21.9 22.5 21.9 21.8
Reached HFR after, s 277 382 275 756 408 326
Relaxed HFR, Qcm? 0.83 0.87 0.88 0.86 0.81 0.82

Polarization curve

The polarization curves and the current density points derived from the polarization curves
vs. the number of cycles are shown in Figure 56 (a) and (b). The performance loss is much
more pronounced at current densities above 0.5 A/cm?, indicating an increase in cell re-
sistance. After 100 cycles performed, a performance loss of 118 mV occurred at a current
density of 1.5 A/lcm2,
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Figure 56: (a) Polarization curves recorded after different stress cycles, and (b) the current density
points extracted from the polarization curves to visualize the degradation characteristics.

Cyclic voltammetry (CV)

Using the CV measurement, the degradation of the catalytically active surface could be
assessed during the LTST. Figure 57 shows the ECSA curve, which had a BOL value of
46.2 m?/g and decreased by 20.6 % during the LTST. The reduction in ECSA per cycle can
be attributed to many reasons. One of the main reasons is the start-up from temperatures
below 0 °C. The product water floods the pore structures of the MPL and GDL, changes
the aggregate state and freezes [109]. This leads to deformation of the pore structure, block-
age of the reaction pathways and possible starvation during start-up [124, 125]. Another
reason for the high degradation of the ECSA could be the high water content on the anode
side. In this experiment, the anode was not preconditioned before the low-temperature
phase, i.e. the cell was shut down with high residual anode moisture. As a result of the
temperature change, the condensed water, which was not adsorbed by the ionomer network,
could freeze. This ultimately led to blockage of the gas pathways, followed by starvation
and shift of the cathode potential to higher potentials [126, 127]. Both effects lead to the
oxidation of carbon, which is driven by the carbon oxidation reaction (COR). This, in turn,
leads to a redistribution of the Pt catalyst particles and finally to a reduction of the ECSA
[128, 129]. A smaller, non-negligible influence is also likely to be the potential changes
during commissioning and CV measurement, where the potential was in the range between
0.05 V-1.2 V (CV measurement) and 0 V-OCV (during commissioning). These potential

changes also lead to a reduction in ECSA, but not to the same extent as the previously
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described effects. However, the literature indicates that the dominant degradation mecha-
nism must be the COR [130].

a) 1.00 A by 41
0.95 ", |
X <05
= 0.90 A %
5 0.85 Bnp 5 of
0.80 g
-0.5

0.75 (- | . . .

0 20 40 60 80 100 02 04 06 08 1

Number of cycles Potential, E vs. RHE/V

Figure 57: (a) Decrease of the electrochemical surface area ECSA (in %) during the accelerated
low-temperature stress test, and (b) the cleaning cycle before ECSA measurement with a small
desorption current peak at ~0.65 V.

Electrochemical impedance spectroscopy (EIS)

The impedance measurements were performed at current densities from 0.2 A/cm? up to
0.8 A/cmz2. For current densities above 0.8 A/cm?, impedance measurements were also per-
formed, but the voltage response at lower frequencies was too noisy and could not be eval-
uated. Analogous to the polarization curves, a significant change in the impedance during
LTST was observed at current densities above 0.5 A/cm2. Therefore, the impedance re-
sponse at a current density of 0.8 A/cm? was evaluated using a physical impedance model
consisting of 6 EEC (shown in Figure 58 (a)). Because of the second time constant repre-
senting the diffusion, the only difference from the EEC model used in chapter 5.1 is the
additional Warburg short element (Ws) with a finite-length diffusion and reflective bound-

aries. The impedance of the Ws element is given by formula (5.1.1).

A
Zis(w) = %(1 _ j)tanh(Avy/j@) (5.1.1)

The Ws element has two parameters, the Warburg coefficient Ay and the parameter Ay,
which can be described by formula (5.1.2) with the Nernst diffusion layer thickness d and

the diffusion coefficient D of the electroactive species [131, 132].
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Av = d/D°5 (5.1.2)

In both LTST experiments (see chapter 5.3), the fitting and calculation of the numerical
values of the model parameters were performed using the EIS Data Analysis 1.3 software
[116]. With the EEC model, a good fit was achieved. The recorded and fitted impedance
spectra after different cycles are shown in Figure 58 (b). It can be clearly seen that the
spectra and, in particular, the low frequency intercept of the spectrum with the real axis
(Total R) change due to the low-temperature cycles. As with various potential cycling du-
rability tests, the low frequency intercept shows the most significant change and can also
be used as an indicator of CL degradation [130, 133].
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Figure 58: (a) Physical impedance model, which was used to fit (b) the measured impedance data

during the low temperature stress test at a current density of 0.8 A/cmz2.

The dependencies of the resistors used in the EEC model on the cycle number during the
stress test are shown in Figure 59 (a). The uncompensated (Nafion®-electrolyte) re-
sistance, Ry shows a constant behavior during the 100 cycles. This suggests that no signif-
icant degradation of the proton network occurred. A correlation between the performance
loss and the number of cycles is clearly visible in the dependence of the charge transfer
resistance, Ret. In this case, the R is directly related to the loss of ECSA, indicating a
structural change in the cathode CL [130]. In other words, with a reduced cathode ECSA,
the charge transfer can only occur with more resistance at the same current density. The Ret

at a defined electrode potential (E) can be given by equation (5.1.3) [77]:
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RT (5.1.3)
n2F2ak gy, (E)Cs(E)Agc(E)

Rct(E) =

with the transfer coefficient, a, the active surface area of the Pt catalyst, Asc, the surface
concentration of oxygen, Cs, the electron number, n, the Faraday constant, F, and the cu-
mulative apparent rate coefficient, kapp, which describes the relative contribution of the lo-
cal rate coefficients at different active sites. The slight increase in adsorption resistance Ragds
can also be attributed to the decrease in ECSA. Due to the reduction of Pt active surface
area, there is less specific adsorption of ionomer and *OH/*O-groups, which leads to an
increase in resistance. The behavior of the two capacity parameters, Cq and Cags, during
LTST is shown in Figure 59 (b). The significant increase of the double layer capacity Cq
during the performed cycles is closely related to the reduction of the cathode CL thickness.
The reduction increases the contact area between carbon and ionomer, which ultimately
leads to an increase in the Cq. In contrast to the Cq, the adsorption capacity Cads decreases
during LTST and is directly related to the degradation of the cathode ECSA. Due to the
reduction of the active surface area, a smaller amount of sulfonate groups, *OH, *O, and
other species can be adsorbed on the Pt surface, leading to a reduction of the interface to a

decrease of the capacity.
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Figure 59: (a) Summary related to the ohmic parameters with the uncompensated (Nafion® -elec-
trolyte) resistance, Ry, charge transfer resistance, Re, and adsorption resistance, Rags, and (b) the
summary related to the capacitance parameters with the double layer capacitance Cq and adsorption

capacitance Cags.

Besides the charge transfer resistance, the Warburg coefficient Ay also shows the largest

correlation between the cycles performed and the resulting performance loss (shown in
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Figure 60 (a)). This could be strongly related to the decrease of the CL thickness and thus
to the dissolution of Pt. Ultimately, the reduction in CL thickness leads to a decrease in
ECSA, higher mass transport resistances, and thus a change in the oxygen concentration at
the catalyst surface. Since mass transfer limitation basically occurs at higher current densi-
ties and diffusion of the electroactive species plays a decisive role here, the Warburg coef-
ficient can also be used as an indicator for the degradation state of the cathode CL. The Aw
can be given by equation (5.1.4) with the diffusion coefficient D [132]:

RT (5.1.4)
n2F2a+2DC,(E)As.(E)

Aw(E) =

The slight increase in the parameter Ay during the 100 temperature cycles performed (shown
in Figure 60 (b)) suggests that the relationship between the Nernst diffusion layer thickness
d and the diffusion coefficient D has changed. This could be related to the change in cathode
CL thickness and thus a slight increase in Nernst diffusion layer thickness d with constant

diffusion coefficient D.
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Figure 60: (a) Trend of the calculated Warburg coefficient, Aw, and (b) the calculated parameter A,

during the performed temperature cycles.

The cumulative apparent reaction rate coefficient, kapp (a sSimplified representation is shown
in Figure 61), can be used to provide important information about the relationship between
the performance loss and the change in structure as well as crystal faces of the Pt catalyst
particles. More specifically, if the main mechanism for degradation is the so-called Ostwald
ripening during the stress test, the Pt particles grow, and as a result, the structure and crystal

faces of the Pt change [122]. Furthermore, a structural change in the Pt crystal faces leads
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to a change in the turnover frequency and directly affects the performance [134]. The co-
efficient kapp can be calculated from the ratio of Aw/Rct and the diffusion coefficient D as

shown in equation (5.1.5).

Aw(E) (5.1.5)

mm = kapp(E)

Since the diffusion coefficient is not known in this case, the exact determination of the kapp
is not possible. Nevertheless, based on the calculated values of Aw, Ret and their ratio, a
statement can be made about the change in the surface structure during the stress test. Fig-
ure 61 (b) shows the constant trend of the Aw/Rct ratio during the performed stress test. If
the diffusion coefficient D is considered stable, it can be assumed that there were no
changes in the structure and crystal faces of the Pt particles. Thus most likely, no Ostwald
ripening occurred during the 100 performed cycles. When the diffusion coefficient is as-
sumed according to the values reported in [135], the calculated kapp Values agree well with
the turnover frequencies for small Pt nanoparticles that were reported for 0.8 V and 80 °C
in [134].

40 60 80 100
cycle

Figure 61: (a) Simplified representation of the oxygen reduction reaction (ORR) on a Pt particle
with the reaction rate coefficient kappm) OF different active sites, and (b) the trend of the ratio Aw/Rc

during the performed stress cycles.
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CNLS vs. DIA

As described in chapter 3.2.3, EEC model parameters such as Ry, Ret and Cqi can also be
estimated by differential impedance analysis (DIA). For the determination of the EEC
model parameters using the DIA method, 20 measuring points per characterization cycle
were used here in a frequency range between 1 kHz and 40 Hz. Figure 62 (a) shows the
ohmic resistances Ry, and Rct obtained by the classical CNLS and the DIA methods. The
curves of the Ry and Rt for both methods are almost superimposed and show the same
evolution during the performed cycles. This confirms that the ohmic EEC parameters can
be determined with the DIA with nearly the same quality as with the CNLS, but the fitting
process is much easier and faster. Figure 62 (b) shows the dependence of the two double
layer capacities Cqi obtained with the CNLS and DIA. A clear difference can be seen here
in the individual points calculated but also in the overall trend of the two capacities. This
could be explained by the fact that a more complex model was used in the CNLS fitting,
which takes into account the Cags in addition to the Cqi. Thus, with the CNLS method, there
is a clear separation between the individual capacities, which is not the case with the DIA.
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Figure 62: (a) Curves of the ohmic model parameters R, and R calculated by the CNLS and DIA

methods, and (b) the curves of the two double-layer capacitances Cgi.
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5.2.4. Ex-situ measurement results

To understand the degradation mechanisms deeper, ex-situ cross-sectional microscopy
was used, and SEM images were obtained after the low-temperature stress tests. Based on
the cross-sectional images shown in Figure 63 (a) and (b), the cathode CL thickness of the
MEAs used could be determined. As previously indicated, there was a significant reduction
in the cathode CL thickness, which decreased by ca 21.6 % to ~7.7 um during the stress
test (reference cathode CL ~ 9.8 um). This could be due to a potential shift on the cathode
side, which favored the COR and ultimately led to a redistribution of platinum [136]. The
dissolved platinum can be seen in the cross-sectional image as a Pt band in the membrane.
This, in turn, substantiates the previously described mechanism and clearly shows the rela-
tionship between the change in the cathode CL thickness, the redistribution of Pt, and ulti-
mately the decrease in ECSA. Based on the cross-sectional SEM image (Figure 63 (b)), it
can be assumed that no delamination occurred between the membrane and the two CLs
during the performed stress test. Both the membrane and the ionic network connecting the
membrane to the CLs appear to be completely intact. It should be mentioned here that de-

lamination could occur at even lower temperatures [91].

4

3 Pt-band

.

Figure 63: (a) Cross-sectional micrograph showing the reduced thickness (~7.7 pum vs. ~9.8 pum)
of the cathode catalyst layer and visible Pt band in the polymer electrolyte membrane, and (b) cross-
sectional SEM image of the used MEA [137].

SEM analysis in material contrast mode (BSE mode) and energy dispersive X-ray spectros-
copy (EDXS) were performed to characterize the visible Pt band within the PEM further.
EDX analysis shows that, in addition to the standard elements contained in the PEM, Pt is
also present as a catalyst (bright spots in Figure 64 (a) and (b)). Thus, it is again clear that
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due to the oxidation of carbon, the released platinum migrated into the membrane during
the LTST.

Figure 64: (a) Cross-sectional SEM image of the transition region in material contrast mode (BSE

mode) of the cathode catalyst layer and membrane, and (b) more detailed SEM image of the poly-
mer electrolyte membrane [137].
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5.3. Effect of different ionomer to carbon weight ratios on
the degradation

5.3.1. Introduction

Based on the measurement results from chapter 5.2, the low-temperature stress test was
further developed. While the previously performed stress test was more like a POC and was
carried out with the PET SC TP50 prototype, further points were developed in this test as
described below.

e The final version of the PET SC TP50 was used for the test series.

e Parts of the test procedure were brought even closer to the procedures in real

automotive applications.

e In this series of tests, three different MEAS with different cathode ionomer-car-

bon (1/C) weight ratios were characterized.

Furthermore, the temperature of the low-temperature part was lowered to -10 °C, and the
number of cycles per test item was increased to 120. All MEAs used in this test series have
an active area of 43.56 cm2 and were equipped with SGL 29BC type GDLs for the anode
and cathode. All other parameters, except for the composition of the cathode CL, were
identical for all MEAs. The key data of the MEAS used in this chapter are listed in Table
12.

Table 12: Summarized key data of the MEAS used in the test series.

Anode Cathode Membrane

Pt-loading  1/C-ratio Pt-loading  1/C-ratio Type Thickness

mgPt/cm? mgPt/cm?2 pum
MEA1 | 0.08 X 0.29 0.5 Gore M815 18
MEA 2 | 0.08 X 0.34 1.0 Gore M815 18
MEA 3 | 0.08 X 0.3 1.5 Gore M815 18
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5.3.2. Test methodology

By further approximating the test sequence to the real automotive application, perform-
ing the test with the PET SC TP50 and varying the cathode composition, a conclusion can
be drawn cost-effectively as to which MEA has the lowest degradation in such an applica-
tion. As with the previous chapters, the entire test sequence was programmed in the test
bench programming language VBA and fully automated. Figure 65 shows a simplified de-
scription of a whole test procedure loop, i.e., a low-temperature cycle. All significantly
changed or newly added sequences (compared to the procedure in chapter 5.2) are shown

in blue.

|

\ | \
\ Polarization } | | Close bypass J Cool-down to | Open Anode ) Flush anode }
| curves ‘ | valves 10 °C bypass valves 10% N2 /H2 |

\ | T
| ¥ : ‘
‘ ‘ | | Drying cathode Close anode |
‘ Impedance || | Air, 21.8 Qem? bypass valves | |
| measurement ‘ ‘
| TP e |
} J \ Cool-down to |

. -10°C

| Cyclic || 1 Cycle | |
‘ voltammetry \ \ |
L | ‘ Wait 1200s |
B T |
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Break-in Start-up 1n L Open bypass |
current mode valves |

Figure 65: Simplified representation of an entire test procedure loop, i.e., a low-temperature cycle.
The newly added or significantly changed sequences (compared to the procedure in chapter 5.2) are

shown in blue.

Since the initial performance of the MEAs was not known, the break-in had to be adjusted.
A mixed load profile was used, where at low current densities up to 0.15 A/cm?, the cell
was operated in galvanostatic mode and at higher current densities in the potentiostatic
mode at a cell voltage of 0.55 V. The hold times for the galvanostatic and potentiostatic
modes were 900 s and 2700 s, respectively. After ten repetitions, the break-in procedure

was completed, and the first BOL characterization was performed.
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With successful BOL characterization, the first procedure loop was started, which can be

divided into the parts, as described below.
Stable operating point (SOP)

As with the first LTST (see chapter 5.2), the SOP should provide identical baseline condi-
tions before the preconditioning procedure and should serve as a recovery period for the
system. The main difference from the SOP in the first LTST is the extended waiting time
of 2400 s, the cell temperature of 80 °C and the higher dew points of 63.8 °C (50 % RH).
The reactant flows were 8.3 cm®/s and 16.7 cmd/s, respectively. All other parameters are

the same as in the previously presented SOP.
Preconditioning procedure

While in the first LTST, only the cathode was preconditioned, in this test series, the anode
is also prepared for the low temperatures. Since the preconditioning of the cathode has
remained the same, only that of the anode will be described in more detail. After drying the
cathode and reaching the desired HFR of 21.8 Qcm?, the cell is bypassed and sealed from
the environment. At this point, the preconditioning of the anode begins. As liquid water
condenses out at the anode due to the cooling of the cell, this phase aims to remove the
remaining liquid water. For this purpose, the cell was cooled down to a temperature of
10 °C, and then the anode bypass was opened. The gas mixture (H2 with 10% N) with a
dew point of 10 °C and a flow rate of 28.7 cm?/s is passed through the anode for 60 s. In
the last step, the bypass is closed again, and the low-temperature part begins.

Low-temperature part (LTP)
In this test series, the cell was cooled to a temperature of -10 °C and held for 1200 s.
Start-up

In the first step of the start-up, the bypasses are opened and reactants with flow rates of
8.3 cm?/s and 16.7 cm3/s were fed into the cell. Two seconds after reaching OCV, a current
density of 0.05 A/cm? was set for 20 s. During this time, the cell was kept at a temperature
of -10 °C. After this holding time, the heating phase of the system begins. In this phase, all
transition heaters and the cell temperature were set to the target temperatures of 85 °C and

80 °C, respectively. During the heating phase, the current was increased in the galvanostatic
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mode in steps of 0.05 A/cm? with a hold time of 2 s/step until a lower voltage limit of 0.6 V
was reached. When all working parameters have been reached, and no alarm criterion has

been violated, the load is switched to the potentiostatic mode, and a voltage of 0.7 V is set.
Characterization

The measurement methods used in the characterization section are mainly identical to those
presented in the first LTST. The main difference is in the parameterization. The polarization
curve was measured at flow rates of 22.9 cm?/s and 73.3 cm3/s, cell temperature of 80 °C,
dew points of 52.8 °C (30 % RH), and outlet pressure of 200 kPa. The CV measurement
using the CO stripping method was performed with Hz and 0.1 % CO in N2 at flow rates of
8.3 cm?/s and 41.7 cm?3/s, respectively. In this series of experiments, the ECSA measure-
ment was also performed twice, at a cell temperature and a dew point of 60 °C each. The
impedance measurement was also repeated three times at a current density of 0.8 A/cm?2
and a frequency range from 10 kHz to 0.3 Hz. All other operating parameters correspond

to those in the previously described SOP.

5.3.3. In-situ measurement results

Polarization curves

The summarized current density points during the 120 low-temperature cycles are
shown in Figure 66 (1.0 A/cm? (a) and 2.0 A/cmz (b)).
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Figure 66: Current density points derived from polarization curves ((a) 1.0 A/cm? and (b)
2.0 A/cm?) to visualize the degradation behavior of the MEASs used during the low-temperature

stress test.
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The course of the individual MEAs and the possible mechanisms are explained below.
Since the MEA with the cathode ionomer to carbon weight ratio (I/C-ratio) of 1.5 never
reached the current density of 2.0 A/cmz, only the current density points at 1.0 A/cm?2 could
be shown. The MEA yc- 0.5 with the lowest cathode 1/C-ratio of 0.5 shows the most stable
behavior during LTST. Due to the low ionomer content at the cathode and better gas per-
meability than the other MEAs (cathode 1/C-ratio of 1.0, 1.5), there is smaller decrease in
oxygen concentration in deeper layers of the CL. As a result, the core reaction area is more
uniformly distributed over the cathode CL [138]. Therefore, the performance shows a
"break-in" behavior during the first 20 cycles and improves by ca +1.47 % (ca +8.5 mV).
As with the first LTST, it can be assumed that the oxidation of carbon, driven by the COR,
led to a decrease in the cathode CL thickness and thus to an accumulation of ionomer. This
leads to better platinum utilization and more efficient proton conductivity, which improved
the performance of MEA\c-05 [139, 140, 141]. Between cycles 20 and 100, the MEAicos
shows stable behavior, and no significant degradation is visible. During the last 20 cycles,
there is a slight drop in the performance with an average degradation rate of about -
0.47 mV/cycle. Despite the slight degradation, the MEA\c.o5 reaches ~571 mV at the last
characterization point (end of life (EOL)), which is close to the BOL performance of
~580 mV (BOL vs. EOL ca -1.49 %).

The MEA with the balanced cathode 1/C-ratio of 1.0 shows significantly better performance
compared to the MEAc-05. This can be attributed to the higher amount of ionomer in the
cathode CL, which leads to more efficient proton conductivity at higher current densities
[142]. In contrast to the MEAc.05, the initial voltage here was ~675 mV and decreased by
~52 mV during the stress test (BOL vs. EOL ca -7.75 %). The degradation behavior is very
similar to the MEA used in the first LTST (see chapter 5.2) and can be directly attributed
to the COR and the reduction in the thickness of the cathode CL.

With an initial voltage of ~535 mV, the third characterized MEA showed the worst BOL
performance. The high ionomer loading causes the poor performance. Consequently, this
leads to reduced pore sizes, high oxygen transport resistances, and thus a larger drop in
oxygen concentration in deeper layers [143, 144, 145, 146]. During the first 40 cycles (Fig-
ure 66 (a)), a performance loss of ~-1.7 mV/cycle is visible. One of the main reasons for
this is the shifted core reaction area. The COR triggered enrichment of ionomer near the
interface between the cathode CL and GDL leads to a much faster blocking of the outer
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reactant pathways [128]. In the mid-life, between cycle 40 and 100, the degradation behav-
ior stabilizes and levels off at a degradation rate of ~-0.6 mV/cycle. From cycle 100 until
the end of the stress tests, the degradation rate increases again to a rate of ~-1.32 mV/cycle.
Here it can be assumed that another degradation mechanism is responsible for the acceler-
ated drop (more on this in chapter 5.3.4). During the entire stress test run, the voltage drops
by ~132 mV (BOL vs. EOL ca -24.7 %).

Cyclic voltammetry

The change in ECSA of each MEA during the stress test is shown in Figure 67.
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Figure 67: The decrease in electrochemical surface area ECSA (in %) of the MEASs used during

the low-temperature stress test.

It is immediately apparent that the three characterized MEASs exhibit an almost identical
loss of Pt active surface area of ~35+2 % after the 120 low temperature cycles. This illus-
trates that the mechanism responsible for the decrease in ECSA appears to be independent
of the cathode 1/C-ratio and is more or less identical for all MEAs. In this case, it can also
be assumed that the decrease in ECSA was driven by the COR, leading to a decrease in
cathode CL thickness and thus redistribution of Pt [128, 129, 147, 148, 149].
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Electrochemical impedance spectroscopy (EIS)

As in Section 5.2, the same EEC model was used to fit the impedance response (see Figure
68 (a)). The fitting results for the MEA/c-05and MEA\c-1.0 during the BOL characterization
are shown in Figure 68 (b). The color of the fitted data (solid line) corresponds to the color-
framed equivalent circuit elements of Figure 68 (a). For example, the blue-framed Warburg
short element Ws in Figure 68 (a) corresponds to the measured response of the second blue
warped semicircle in the Nyquist plot in Figure 68 (b) [77]. Considering now the impedance
response of the MEA\c-1.0 (shown as X in Figure 68 (b)), it is immediately noticeable that
the first semicircle, which usually refers to the Faradaic impedance R, the double layer
capacitance Cq, and the quasi-reversible adsorption Rads and Cags, sShows a clear difference
from the impedance profile of the MEAco5 (shown as + in Figure 68 (b)). This can be
attributed to an additional time constant, which thereby warps the high-frequency semicir-
cle of the impedance response of the MEAc.05. As a result, the impedance response cannot
be completely matched with the previously presented EEC model (solid red line). It can be
surmised here that due to the low ionomer content in the cathode CL and the associated low
mass transport limitation, the gas permeability of the cathode CL is close to or equal to that
of the anode CL. This results in an additional time constant, which becomes visible in the

medium frequency range (~8 kHz-0.35 kHz) of the measured impedance response [133].
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Figure 68: (a) Physical impedance model showing the color-framed EC elements, each correspond-
ing to sections of the impedance response, and (b) the impedance response at the beginning of the
lifetime (BOL) for the MEAs with a cathode ionomer carbon weight ratio (I/C) of 0.5/1.0 (open

symbols) along with the fit to the equivalent circuit (solid lines).

Figure 69 shows the summarized behavior of the uncompensated resistance Ry. To deter-

mine the resistance Ry, the HFR at 10 kHz was evaluated for all MEAs.
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Figure 69: Summary and trends of the calculated ohmic resistances Ry of the tested MEAsS meas-
ured at a current density of 0.8 A/cm? during the low temperature stress test.

The resistance Ry iic-05 shows a significant decrease during the first 60 cycles and then
stabilizes near the resistance Ruic-10. As described earlier, the enrichment of the ionomer
and the enhancement of the ionomer network in the CL results in improved proton conduc-
tivity, which ultimately affects the resistance Ry iic-0.5. In contrast to the Ry iic-05, the Ry ic-
1.0 resistance shows stable behavior during the 120 stress cycles. The Ry ic-1.5 behaves al-
most stably until cycle number 100 and shows an interesting behavior towards the test's
end. As can be seen from the current density points, there was a significant drop in the
performance over the last 20 cycles. Since the resistance Ry generally describes the proton
conductivity in the MEA, it can be assumed that in this case, there was a deterioration or
decrease in the protonic pathways. This means that the increase in Ry 1/c-1.5 was most likely
induced by the rupture and delamination of the anode CL, resulting in a disruption of the

protonic pathways (see chapter 5.3.4 for more details) [150].

Figure 70 (a) shows the trend for the summarized charge transfer resistances Rct during the
LTST. As seen previously in the current density points of the polarization curves, the per-
formance of the MEA\c-05 with the lowest cathode I/C-ratio increased during the first cy-
cles. This trend is also visible in the Rctic-05. It can be partially attributed to the morpho-
logical change of the CL and the more efficient platinum utilization. In contrast to the Rt
iic-1.0, Which is almost stable during the 120 temperature cycles, the Ret i/c-1.5 Shows the big-

gest change. The visible gap compared to the other charge transfer resistances is due to the
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higher flow resistance through the CL. This leads to a shift in the core reaction area and

decreased surface oxygen concentration Cs [140].

For the double layer capacitances Cqai (Summarized in Figure 70 (b)), it is worth noting that
the capacitance is to some extent related to the ionomer to carbon weight ratio in the cath-
ode CL [151]. This is particularly evident in the gap between the Cqii/c0.5 and the other two
capacitances (Cqi ic-1.0and Caiic-1.5). Due to the low ionomer content, the reduction of the
cathode CL thickness causes a morphological change. This, in turn, increases the contact
area between ionomer/carbon and thus the capacitance Ca ic-o5 during the first 20 cycles.
After 20 cycles, quasi-saturation was reached, and the trend stabilized until the end of the
stress test. In contrast to the Cai1/c-05, the Caivc 1.0and Cai i/c 1.5 Show a stable behavior during
the first 40 cycles, followed by a significant decrease until the end of the test. In this case,
maximum saturation was reached after only 40 test cycles. The continuous reduction in
capacity can be directly attributed to the enrichment of the ionomer and the shift in the core

reaction area described earlier.
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Figure 70: (a) Summary and trend of the calculated charge transfer resistances R and (b) the
calculated double layer capacitances Cg of the tested MEASs at a current density of 0.8 A/cm2 during

the stress test.

The changes in the R-C elements related to the specific quasi-reversible adsorption of the
sulfonate groups of Nafion® on the Pt catalysts are summarized in Figure 71 [115, 120]. In
addition to the Rct 1/c-05, the Rads ic-0.5 also decreases during the first 60 cycles. This again
indicates enrichment of the ionomer and increased adsorption of sulfonate groups on the
surface of the Pt catalyst in the core reaction area of the cathode. However, the development
of the adsorption capacity Cads /c-05, Which is not visible at first glance, is interesting. Here

it can be assumed that the decrease from the 20th cycle onwards is related to the loss of the
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active Pt surface. The Rags iic-1.0and Cags iic-1.0 exhibit expected behavior and are very similar
to the results presented in chapter 5.2. Oxidation of carbon and loss of ECSA results in
lower specific adsorption of sulfonate groups, leading to an increase in Rads i/c-1.0and a de-
crease in Cagi/c-1.0. The course of the adsorption resistance Rad iic-1.5 can be divided into two
main sections (the same applies to the capacitance Cags 1/c-1.5, but here the behavior is mir-
ror-inverted): In the first section, the resistance increases, which is related to the decrease
of the cathode CL thickness. In the second section, the resistance changes direction and
starts to decrease, indicating a morphological change in or around the core reaction area

(see chapter 5.3.4 for more details).
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Figure 71: Summary of the trends of estimated R-C elements with (a) the adsorption resistance
Rags and (b) adsorption capacitance Cags 0f the studied MEAs measured at a current density of 0.8

A/cm? during the low temperature stress test.

The behavior of the calculated Warburg “short” elements Ws with the coefficients Aw and
Ay are shown in Figure 72. As expected, the Warburg coefficients Ay (Figure 72 (a)) be-
have identically to the individual charge transport resistances Rt and can also be used here
as an indicator of the degradation state. As also expected here, the individual associated
coefficients Ay remain nearly stable during LTST (see Figure 72 (b)).
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Figure 72: Summary and trend of the calculated (a) Warburg coefficients Ay and (b) the associated

parameter A, of the studied MEAs measured at a current density of 0.8 A/cm? during the low-tem-

perature stress test.

Figure 73 shows the Aw/Rc: ratio of the characterized MEAs during the performed stress

test. As in chapter 5.2, the diffusion coefficient D is assumed to be constant during the test.

Here it is immediately noticeable that the kapp depends strongly on the cathode 1/C-ratio,

which in turn means that the ionomer/Pt ratio must ultimately influence the kapp. Neverthe-

less, all calculated coefficients kapp Show a relatively stable behavior during the stress test.

Again, it can be assumed that, assuming a constant diffusion coefficient D, no changes

occurred in the structure and crystal faces of the Pt particles, and thus most likely, no Ost-

wald ripening happened at the individual MEAs.
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Figure 73: Summary of the trends for the calculated Aw/Rc ratios of the investigated MEAs.

138



5.3.4. EXx-situ measurement results

Since the behavior of each MEA toward the stress test was individual, the MEAs were
evaluated after the stress test using scanning electron microscope (SEM) images, micro-
scope images, and energy dispersive X-ray spectroscopy (EDXS). These analyses were im-
perative because some individual behaviors were difficult to attribute to the respective deg-
radation mechanisms. Table 13 shows a summary of the physical damage revealed by the

ex-situ analyses.

Table 13: Summary of defect patterns for the anode and cathode catalyst layers of the MEAS used,
with different weight ratios of cathode ionomer to carbon (I/C).

Error indication MEA1 | MEA2 | MEA3
I/C-05|1/C-10 ]| l/IC-15
Anode Adhesive break and lift off of the CL X
Crack formation X X X
CL thickness BOL / EOL (um) 72169 | 72/71 |72/64
Worms deformation X
Cathode | Worms / Buckling deformation X X
Crack formation X X X
CL thickness BOL / EOL (um) 93/7.7 |175/69 | 53/48
Bonding of CL and MPL X

The destructive mechanisms can be divided into two main categories: One is driven by
rapid enthalpy changes that lead to mechanical failure of MEA components. The others are
driven by rapid potential changes or potential shifts (overpotentials), which are directly

related to the test sequence.

In order to determine the CL thicknesses of the individual MEAS, cross-sections were made
at different positions of the active surface area using a computer-controlled ion milling
system. All MEAs show a significant decrease in cathode CL thickness (see Table 13) and
redistribution of Pt (visible as a Pt band in the membrane). Considering the fact that all
three MEAs showed almost identical loss of ECSA, it can be assumed that the mechanism

responsible for the decrease in cathode CL thickness must be the same in all cases. Since
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the same anode CL was used for all three MEAS, two main mechanisms seem to be respon-
sible for the loss of ECSA. First, the condensed water on the anode side could not be ad-
sorbed by the ionomer network, which most likely froze during the low-temperature step.
This blocked the gas pathways during low-temperature start-up, resulting in H. starvation
and a shift of the cathode potential toward higher values. Second, the slight overpressure
on the anode side during the low-temperature phase causes an Hz crossover from the anode
to the cathode, which leads to a gradual local reaction of H» and air in the cathode CL. Due
to the continuous local exothermic reaction, the OCV decreased to 0 V after about 1800 s
(duration of the low-temperature phase about 3200 s). This, in turn, means that the oxygen
on the cathode side was used up after 1800 s and both N2 and Hz had to be present at the
end of the low-temperature part. During start-up, the air was directed back into the cathode
(opening the test item bypasses), forming an Ho/air front with the accumulated H>. Both
mechanisms resulted in high overvoltages and higher local temperatures in the cathode,

which promoted carbon oxidation as well as dissolution and redistribution of Pt [139, 140].

The next degradation mechanism that became visible in all MEAs was the formation of
cracks (with a length of up to 500 um) over the entire active anode and cathode area (see
Figure 74). There is much evidence to suggest that the main cause of cracking is the inter-
action between the rapid temperature change and the residual water stored in the anode CL
and cathode CL during the low-temperature phase and start-up. In other words, the rapidly
changing parameters (in water content and temperature) caused contraction and expansion
longitudinally (thermally driven) of the MEA, leading to material failure and cracking in
both CLs [152].
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Figure 74: Scanning electron microscope (SEM) images (15 kV, 200 pA) at different scales show-
ing the visible cracks on the surface of the anode catalyst layer [153].

Another mechanism, also driven by the rapid enthalpy and moisture changes, caused worm
and buckling deformations over the entire active area of the cathode (see Figure 75 (a) and
(b)). In contrast to the cracking, the worm and buckling deformations protruded out of a
plane or formed dents and bulges with diameters predominantly between ca 100 um and ca
150 pum. However, this degradation mechanism occurred only in the two MEAs with the
higher ionomer loading (MEAc-1.0and MEAJc-1.5). The MEA|c-05 did not show any visi-
ble deformation in this direction. Therefore, one can suspect that this destruction mecha-
nism is related to the ionomer loading of the cathode CL and the difference in water move-
ment from anode to cathode [154].

Figure 75: Scanning electron microscope (SEM) images (15 kV, 200 pA) of the surface of the
anode catalyst layer showing (a) the visible worms and (b) buckling deformations [153].
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As mentioned previously, the MEA with the highest 1/C-ratio of 1.5 showed an increased
performance loss and an accelerated increase in the measured resistance Ry i/c-1.5 during the
last 20 cycles. One can hypothesize that this increase is related to the rupture and detach-
ment of the anodic CL (Figure 76 (a) and (b)) and a disruption of the proton pathways
[150]. The ex-situ results indicate that a locally higher amount of water was stored in the
anode CL due to the high ionomer loading and pronounced water movement. During the
low-temperature phase, the stored water changed the aggregate state, led to volume expan-
sion and gradual fracture and breakage of the anode CL.

Figure 76: 3D microscopy images and generated height profile sections showing the visible exten-

sive fracture and detachment of the anode catalyst layer of the MEA with a cathode ionomer carbon
weight ratio (I/C) of 1.5 [153].

All these mechanisms damage the CLs in the long term but are probably not the main origin
of the significant performance loss. However, a critical issue is a decrease in cathode CL
thickness, which leads to excessive ionomer loading towards the GDL. The following SEM
images of the MEA\c-1.5 cathode catalyst structure (see Figure 77 (a) reference, (b) used -
after 120 freeze cycles) clearly show that the porosity of the cathode CL has changed sig-
nificantly due to the LTST. This change in porosity and the resulting increased mass
transport limitation was particularly visible at the current density points and for almost all
calculated EEC parameters described in Section 5.3.3. This hypothesis is also supported by
the EDXS and the peak ratio between Pt and F (ionomer) (see Figure 77 reference (c), used
(d)). The peak ratio between Pt and F decreased during the stress test (reference/used -
2.1/1.8), indicating that more ionomer must be present at the surface of the cathode CL.
Another indication of ionomer accumulation at the interface was the binding between the

cathode CL and the GDL. During the preparation for the SE micrographs, the GDL was
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practically glued to the CL, which made the separation of the two layers extremely difficult.
In this context, two main mechanisms could be responsible for the bonding of the two lay-
ers. First, as mentioned above, the reduction of the cathode CL thickness and thus the ac-
cumulation of ionomer at the interface with the GDL. Second, the cold and hot cycles fa-

vored the contraction and expansion of the materials and, thus, the two layers' interlinking.
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Figure 77: Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy results
of the cathode catalyst structure of the MEA with a cathode ionomer carbon weight ratio of 1.5.
The analysis was performed before and after the stress test. (a) Reference SEM, (b) SEM of the
used sample , (c) reference EDX, (d) EDX of the used sample [155].
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5.4. Investigation of local degradation caused by tempera-
ture gradients

5.4.1. Introduction

Based on the two low-temperature stress tests performed previously, a novel test was
performed using the automotive-size PET SC TP285. Besides the other quantity, the main
difference is the low-temperature part (LTP), which was modified by a temperature gradi-
ent. In other words, whereas in the two previous tests a negative cell temperature of -5 °C
and -10 °C was set, here a gradient from -8 °C to +2 °C was set above the active surface.
The background of this gradient is the simulation of a stationary vehicle where the stack is
not completely cooled down. In other words, the stack in the vehicle cools from the outside
inwards so that after a certain time, there is a homogeneous negative temperature over the
active area. However, suppose the vehicle is started in the middle of the cooling process.
In that case, the central area of some cells may be in the positive temperature range and the
outer areas in the negative temperature range. The aim of this temperature gradient during
the LTP phase is to stimulate the degradation mechanisms on the active surface to different
degrees, depending on the temperature. This should ideally result in differential degrada-
tion on the active surface, which could be represented by measuring the local impedance
and current density. In summary, the following points were changed compared to the last

stress test:
e The PET SC TP285 was used for the stress test.

e Inthe LTP, no uniform negative temperature is set over the active surface, but

a temperature gradient from -8 °C to +2 °C.

e In addition to standard in-situ measurement methods, local impedance and cur-

rent density were measured over 46 and 612 measurement points, respectively.

Since an automotive-sized MEA with an active surface area of 285 cm? was used in this
stress test, no further details on the composition of the MEA can be provided for confiden-

tiality reasons.
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5.4.2. Test methodology

Similar to the stress test presented in chapter 5.3, the entire test sequence was pro-
grammed in the test bench programming language VBA and fully automated. The main
difference in the test bench setup is in the measurement technique. While the test bench
load was used, all in-situ measurements, with the exception of the polarization curves, were
performed with additional measurement hardware from ZAHNER-elektrik GmbH & Co.
KG and S++® (for more details, see chapter 3.1.2). The entire test sequence, with the ex-
ception of the LTP, was taken from Chapter 5.3.2 and adapted to the automotive-sized cell
hardware. More precisely, the complete sequence remained, but some operating parameters

were adapted to the cell size. The changed operating parameters are shown in detail below:

Due to the cell size, only the reactant flows were adjusted during the break-in procedure.
The anode and cathode flows were increased to 133 cm3/s and 400 cmd/s, respectively. All
other parameters corresponded to those of the SOP described in chapter 5.3.2.

Stable operating point (SOP)

At the SOP, the anode and cathode reactant flows were increased to 33.3 cmd3/s and
78.83 cm3/s, respectively. During this phase, the load is switched in galvanostatic mode at
0.8 A/cm? and held for 1800 s. The long waiting time is necessary because the local imped-
ance and current density measurements were subsequently performed. In contrast to the last
stress test, the impedance measurements were performed at each cycle and are therefore
not a part of the characterization section. The impedance of each measuring point is meas-
ured in a frequency range between 0.3 Hz to 10 kHz. To exclude hysteresis effects, the
impedance measurement starts at a frequency of 1 kHz and initially goes up to 10 kHz.
After that, the measuring direction is reversed and goes back to a frequency of 0.3 Hz. In
total, 47 frequencies are recorded, which are evenly distributed on a logarithmic scale. A
current amplitude of 10 A was selected for the impedance measurements. The current den-
sity distribution was recorded simultaneously at a frequency of 0.1 Hz. Faster recording
frequencies would have been possible but hardly manageable due to the enormous amount
of data.
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Preconditioning procedure

During preconditioning of the cathode side, an HFR resistance of ca 8.55 QQcm? was ap-
proached with a drying flow of 333.3 cm?/s. The preconditioning of the anode side was also
performed at a cell temperature of 10 °C. As before, a gas mixture (Hz> with 10 % N2) with
a dew point of 10 °C and a flow rate of 150 cm?/s was used. The gas mixture was directed

to the anode side for 120 s.
Low-temperature part (LTP)

As mentioned before, the main difference to the previous stress tests is the LTP. Figure 78
shows a simplified representation of the MEA with the monopolar plate and the tempera-
ture gradient from -8 °C to +2 °C on the active surface. Once the temperature gradient was

reached, the temperatures were held for 600 s.

Figure 78: A simplified representation of the MEA with the monopolar plate and the temperature

&

gradient from -8 °C to +2 °C on the active surface.
Start-up

In the first part of the start-up procedure, the reactants were fed into the cell at anode and
cathode flow rates of 33.3 cm?3/s and 78.83 cm?3/s, respectively. After reaching OCV, a cur-
rent density of 0.1 A/cm? was set for 20 s, and the current was then ramped up to a lower
voltage limit of 0.6 V with current steps of 0.05 A/cm? and a hold time of 2 s/step. When
all working parameters have been reached and no alarm criterion has been violated, the

load is switched to the potentiostatic mode, and a voltage of 0.7 V is set.
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Characterization

In contrast to the previous stress tests, only a polarization curve and a classic H2/N2 cyclic
voltammetry measurement are performed in the characterization part after the break-in and
every 20 cycles. The polarization curves were measured at flow rates of 166.7 cm?/s and
400 cm?3/s and dew points of ca 63.8 °C (50 % RH). The cyclic voltammetry measurement
was performed with anode and cathode flow rates of 33.3 cm?/s and 66.7 cm3/s, respec-
tively. For better reproducibility, the ECSA measurement was performed twice, each time

at a cell temperature of 80 °C and a dew point of ca 63.8 °C.

5.4.3. In-situ measurement results

Preconditioning procedure

Figure 79 shows the drying times for cathode preconditioning with the target HFR
of ca 8.55 Qcm? during the stress test. As with the stress test presented in Chapter 5.2, the
target HFR is never reached at the same drying time. This can be due to a variety of causes,
including random water deposits in the flow field or cells that are detached by the increased
air flow. However, the quasi-exponential decrease in average drying time over the course
of the stress test is very interesting. Now, assuming that similar degradation mechanisms
occurred as in the first two stress tests, the decrease in drying time can be directly related
to the decrease in cathode CL thickness.

0:10
y = 0.0039¢-0.015

0:08

0:06

<
(e
=

Drying times, min
e
S
9

‘o

1 20 39 58 77 9% 115
Cycle

e
S
S

Figure 79: Drying times for cathode preconditioning with the target HFR of 8.55 Qcm? during the

stress test.
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Polarization curve

The current density points vs. the number of cycles derived from the polarization curve are
shown in Figure 80. The change in the performance is more pronounced at higher current
densities, indicating a change in cell resistance. If one now looks at the current density at
1.5 A/cm?, one can see a pronounced dip during the first 20 cycles, where the performance
increased by +6.84 % (ca +32 mV). Between cycles 20 and 80, the performance continues
to grow slightly, resulting in an overall increase of +2.4 % (+12 mV). As described in
section 5.3, the growth can be attributed to an improvement of the protonic network due to
the reduction of the cathode CL thickness, which is also shown later in the higher frequency
impedance response (uncompensated resistance, Ry). A slight decrease with subsequent in-
crease in the performance is seen from cycle 80. If the measuring point at cycle 100
(498 mV) is left out, stabilization occurs between cycles 80 and 120 (512 mV and 509 mV).
Similar behavior was seen in Figure 79, where the exponential drop gradually stabilized

from cycle ~80.
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Figure 80: Current density points vs. number of cycles derived from polarization curve.
Cyclic voltammetry

The percent decrease in ECSA during the low-temperature test is shown in Figure 81. Sim-
ilar behavior was observed in the two low-temperature stress tests conducted previously.
Overall, there was an ECSA decrease of 27 % during the 120 cycles performed. The reduc-
tion in ECSA can be attributed to many causes. As in the experiments before, it is suspected
that a change in ECSA was also induced by the COR in this case, leading to a decrease in
cathode CL thickness and dissolution and redistribution of Pt [128, 129, 147, 148, 149].
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Although no uniform subzero temperature was set on the active surface in the LTP, the
entire area at the flow field inlet and most of the active surface were well below the freezing
point of the water. Therefore, hydrogen starvation and thus a potential shift could still oc-
cur. As in the experiments before, the potential changes during commissioning and CV
measurement are likely to have a small, non-negligible influence. But again, it should be
mentioned that the literature indicates that the dominant degradation mechanism is COR
[130].
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Figure 81: The decrease in electrochemical active surface area (ECSA) in % during the low-tem-

perature stress test (LTST).
Current density distribution

In addition to the locally resolved impedance measurements, the current density distribu-
tion in the SOP was measured. The current density distribution measurement can be used
to measure a PEMFC single cell's local performance, which depends mainly on the con-
ductivity of the electrolyte, the diffusion or activation overvoltage, or the design of the
system. This makes this measurement principle particularly convinient for optimizing op-
erating strategies or fuel cell components, such as the flow field. In the case of this stress
test, where a temperature gradient was set in the LTP, the current density distribution can
provide important information about the local change or degradation of the active surface.
Figure 82 shows the current density distribution of the active surface during the LTST. The
red or blue arrow indicates the flow direction of the respective reactant. More precisely, the

air flows from right to left on the x-axis, and the hydrogen flows in the opposite direction
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due to the cross-flow arrangement (more on this in chapter 3.1.4). It can be seen immedi-
ately that there was no homogeneous current density distribution in the BOL measurement

either. Nevertheless, a change in current density can be observed during the LTST.

BOL 40 Cycles
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Figure 82: Current density distribution of the active surface measured in the stable operation point
(SOP) during low-temperature stress test (LTST).

For a better overview, Figure 83 shows the absolute difference of the measured current
density between BOL and after 120 temperature cycles. In this case, an apparent decrease
in current density of up to -0.05 A/cm? can be seen directly at the sides (flow field inlet
and outlet) that were exposed to a temperature of -8 °C. Here it can be assumed that the
trigger for the increased degradation was the significantly lower temperature. The lower
performance at the sides is compensated by the rest of the active area, resulting in a meas-
urable increase in the current density. However, regions that already had significantly
higher current densities at the beginning (e.g., the two mound-like formations in the mid-
dle) appear to contribute less to compensation than areas where current densities were

lower. To be able to make a more precise statement, post-mortem ex-situ analyses would
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be necessary in this case. Since these are very time-consuming, they could no longer be
carried out within the scope of this thesis.
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Figure 83: The absolute difference between the measured current density between BOL and after
cycle 120.

Electrochemical impedance spectroscopy (EIS)

As in the experiments before, the cell impedance can provide valuable information about
the state of the PEMFC. In contrast to the previously conducted experiments, an attempt
was made here to measure the locally resolved impedance. The measurement setup for re-
cording the local impedances is explained in more detail in chapter 3.1.2. As described
before, the total current is modulated similarly to the usual impedance measurement, but
the voltage response is tapped at 46 measurement points distributed on the active surface.
At this point, it should be mentioned that due to the velocity of the potential change, the
cross-influence by opposing surfaces is probably very high. Thus the individual impedance

responses could be distorted.

Figure 84 (a) shows the EEC model used to fit the locally measured impedance responses.
Like the previously used EEC models, this one is also based on the modified Randles
model, but a good approximation could be obtained even without the R-C part describing
the quasi-reversible adsorption. Therefore, the meaning of the individual elements will not
be discussed in detail in this chapter. Due to the enormous amount of measurement data,
the measured raw data were automatically processed using a Matlab script based on the Zfit
function [156]. Despite the best possible shielding, inductive effects occurred probably due
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to the high number of measurement data lines between the measuring device and the cell
hardware. To avoid these artifacts, the fitting was performed only for the frequency range
from 1 kHz to 0.3 Hz. Figure 84 (b) shows the measured impedance response of the 46

measurement points at BOL.
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Figure 84: The EC model used to fit the locally measured impedance responses (a), and the im-

pedance responses of the 46 measurement points at BOL (b).

During the stress test, three measuring points showed open-circuit characteristics, indicat-
ing a wire break. Unfortunately, the source of the fault could not be identified. Therefore,
the three faulty measurement points were deleted from all subsequently presented plots.
Furthermore, a prolonged impedance measurement failure occurred between cycles 83 and
97. The evolution of the calculated model parameters of the uncompensated (Nafion® elec-
trolyte) resistance Ry and the charge transfer resistance Rct of the total cell impedance is
shown in Figure 85. Similar to the drying time (Figure 79), the ohmic resistance Ry shows
an exponential decrease. A similar trend was already observed in section 5.3 (MEAc-0s),
where temperature changes led to an enrichment of the ionomer. The increase of the iono-
mer network in the CL leads to an improved proton conductivity. The Rct again shows a
significant decrease during the first cycles and stabilizes by the end of the stress test. Since
the Rt is directly related to the performance and thus to the degradation state, a similar
behavior could be observed for the current density points shown in Figure 80.
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Figure 85: The evolution of the calculated model parameters R, and R of the total cell impedance
during LTST.

Figure 86 (a) shows the locally resolved model parameters of the ohmic resistance Ry. The
two centered mound-like formations, which were clearly visible in the current density dis-
tribution, are again visible here as two regional depressions. It can be assumed that the
higher current density at these locations improves the degree of wetting of the protonic
network, and thus the calculated Ry is significantly lower here. Figure 86 (b) shows the
absolute difference of the locally calculated resistance Ry between BOL and the 120 cycles.

An approximately uniform decrease in Ry can be seen here, indicating a uniform improve-

ment in proton conductivity.

b)

Figure 86: Locally resolved model parameters of (a) the ohmic resistance R, and (b) the absolute

difference in resistance R, between BOL and the 120 cycles.
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Figure 87 (a) shows the locally calculated Rct at BOL. In this case, the two mound-like
formations that were visible in the current density distribution are not directly identifiable
as depressions. In the area of the mound-like formations, the Rc: seems to be higher than in
the areas where a lower current density was present. Figure 87 (b) shows the absolute dif-
ference of the locally calculated Rct between BOL and after 120 cycles. All the depressions
visible in Figure 87 (a), indicating a lower R, decrease less during the stress test (visible

in the areas shown in yellow). It appears that a harmonization of the surface has taken place.

Figure 87: Locally resolved calculated charge transfer resistances R at (2) BOL and (b) the abso-

lute difference of the charge transfer resistances R¢ between BOL and after 120 cycles.

Very interesting, however, is the course of the double layer capacitance Cq of the total cell
impedance, which is shown in Figure 88. Similar to the current density points (Figure 80),
an increase in Cqi occurs during the first cycles. This increase could be related to the reduc-
tion of the cathode CL thickness and the accumulation of ionomer. In other words, the
contact area between carbon and ionomer increases in the core reaction area, which ulti-
mately leads to an increase in capacitance. Similar behavior could be observed in chapter
5.3 with the MEA\co5, where first an increase in Cqi could be observed and subsequently a
stabilization. In this case, however, no stabilization occurs, but again an exponential de-
crease of the Cqi, which is directly related to the reduction of the cathode CL thickness and
thus also of the ECSA.
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Figure 88: Course of the calculated double layer capacitance Cq of the total cell impedance during
LTST.

The calculated local Cqi values at BOL are shown in Figure 89 (a). It can be clearly seen
that the area of the mound-like formations loses capacity during the LTST (see Figure 89
(b)). Those areas that had lower capacitance at the BOL time point degraded significantly
less than those areas that had increased capacitance and higher current density. At this point,
it can only be speculated how the degradation behavior comes about. An inhomogeneous
CL or enhanced degradation mechanisms directly related to the test procedure are conceiv-
able. Ultimately, the behavior would have to be investigated in more detail in further stud-

ies.
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Figure 89: Locally resolved calculated Cq at (a) BOL and (b) the absolute difference of the double

layer capacities Cq between BOL and after 120 cycles.
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The behavior of the calculated Warburg short element Ws parameters with the coefficients
Aw and Ay of the total cell impedance is shown in Figure 90. As expected, the Warburg
coefficient Aw (Figure 90 (a)) behaves identically to the Rct. The parameter Ay (Figure 90
(b)) shows a clear decrease during the first cycles followed by an increase until the end of
the LTST. Here it can be assumed that the relationship between the Nernst diffusion layer

thickness d and the diffusion coefficient D has changed.
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Figure 90: Trend of the calculated (a) Warburg coefficients Ay and (b) the associated coefficient

A, of the total cell impedance during the LTST.

The calculated local coefficients Ay at BOL are shown in Figure 91 (a). A clear increase of
the calculated coefficient along the x-axis can be seen. This increase can be directly coupled
with the diffusion resistance along the air flow field. Very interesting is the clearly visible
peak where a locally increased flow resistance occurs. This could be caused by a different
catalyst morphology leading to an increased drop in oxygen concentration in this region.
Figure 91 (b) shows the absolute difference of the local coefficients Aw between BOL and
after 120 cycles. Assuming the progression shown in Figure 90 (a), the overall decrease
occurs during the first cycles. The regions where the capacitance Cq hardly decreased dur-
ing the LTST (see Figure 89 (b)) also show a smaller decrease in the diffusion coefficient
Aw here. In summary, the areas that have a higher current density have a more significant
decrease in the diffusion resistance. By reducing the cathode CL thickness during the
LTST, the increased current density, which is simultaneously accompanied by increased
production of product water, presumably leads to the removal of excess ionomer. This may
prevent the accumulation of ionomer in these areas. Furthermore, the COR leads to a re-
duction in carbon content and thus to a change in morphology. The question here is whether

COR occurs only at the surface of the cathode CL or throughout the entire layer. In the
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latter case, the CL structure and probably the pore size could change, leading to a change

in the core reaction area and ultimately the coefficient Aw.

Figure 91: Locally resolved calculated Warburg short element Ws parameters with the coefficient
Ay at (2) BOL and (b) the absolute difference of the coefficient Ay between BOL and after 120

cycles.

The calculated local coefficients Ay at BOL are shown in Figure 92 (a), and the absolute
difference of the coefficient A, between BOL and after 120 cycles is shown in (b). It can
be clearly seen that similar regions as for the locally calculated capacities Cai (Figure 89
(b)) change. This similar behavior can again be attributed to the different decrease in cath-
ode CL thickness.

a) b)

Figure 92: Locally resolved calculated coefficient Av at (a) BOL, and (b) the absolute difference
of the coefficient Avbetween BOL and after 120 cycles.
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6 Conclusion and Outlook

The topics covered in this thesis range from completely new methodology development

to its use to generate meaningful measurement results.

In the first part of the work, a new method for temperature control of PEMFC single cells
was presented. With these two novel tempering units, which can be used to temper single
cells with a size of 50 cm? and of 285 cm?, the scope of single-cell testing can be signifi-
cantly extended compared to the conventional measurement setups. The core of the tem-
pering units is powerful Peltier elements, which directly control the temperature of the
PEMFC single cell surface. As a result, the new designs achieve temperatures from -30 °C
to over 125 °C, temperature change rates of up to 80 Kmin and, due to the short control
loop, a temperature control accuracy of less than £0.3 °C. In addition, the automotive-sized
design provides individual control of the 64 Peltier elements, enabling local hot spots, dif-
ferent anode and cathode temperatures, and longitudinal temperature gradients of up to
70 °C. This makes the temperature control method clearly superior to all conventional

methods and offers an all-in-one solution for the temperature control of single cells.

For the second part of the work, the newly developed cell designs were used, and two main
questions were addressed. First, is it possible to quantitatively determine temperature using
cell impedance, and second, can qualitative degradation experiments be performed using
the newly developed cell designs? The latter question can be divided into several stress
tests, each with a different focus. A novel method for determining the PEMFC cathode
temperature after shutdown was developed here. In this method, impedance spectra are
recorded and evaluated at temperatures between -5 °C and 60 °C. All evaluated EEC ele-
ments are sensitive to temperature changes. However, the dependence of the double layer
capacitance Cqi on temperature appeared to be interesting. In contrast to various approxi-
mations (e.g., Mean Spherical Approximation), a quasi-linear dependence was observed
for the PEMFC cathodes. Based on this finding, a novel method for estimating the temper-
ature at the cathode using the double layer capacitance values is proposed. For the second
question, a total of three low-temperature stress tests were performed. The first low-tem-
perature stress test was a concept test for the new temperature control design and was there-
fore conducted with the new PET SC TP50 prototype. It was shown that with the new

temperature control method, a complete low-temperature stress test on a PEMFC single
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cell with a size of 43.56 cm? could be carried out quickly and cost-effectively without the
aid of a climatic chamber. Furthermore, it was shown that electrochemical impedance spec-
troscopy can be used to determine the degradation state and that the degradation mecha-
nisms are directly related to the test procedure used. This includes preconditioning, which
is an essential part of the test procedure. Here it has been shown that reproducible drying
of the cathode cannot be carried out with the drying time but only with the aid of the high-
frequency resistor. Building on the first low-temperature stress test, the second run inves-
tigated the effect of different cathode ionomer-carbon weight ratios (0.5/1.0/1.5) on long-
term stability during 120 low-temperature cycles. The test procedure for the low-tempera-
ture stress test was largely derived from the automotive application and performed with the
advanced PET SC TP50. The generated in-situ measurement data clearly show that the
performance of each PEMFC single cell changes individually depending on the cathode
ionomer-carbon weight ratios. In addition, post-mortem ex-situ analysis was able to deter-
mine the exact damage pattern of each individual cell, allowing conclusions to be drawn
about the exact degradation mechanisms. In summary, the destruction mechanisms respon-
sible for the damage can be divided into two categories. One part was driven by the rapid
enthalpy change leading to mechanical failure. The other part was driven by rapid potential
changes and potential shifts (overpotentials). In the last stress test performed, the automo-
tive size design PET SC TP285 was used, which in addition to low temperatures, can also
map temperature gradients on the PEMFC surface. With this additional feature, as well as
the ability to perform local impedance spectroscopy over 64 measurement points, a novel
experiment was conducted where the shutdown temperature exhibited a gradient on the
PEMEFC surface from -8 °C to +2 °C. The aim of this experiment was to simulate a parked
vehicle where the fuel cell stack had not completely cooled to a homogeneous temperature.
Ultimately, 132 temperature cycles could be performed until the PEMFC single-cell finally
suffered irreparable damage. The locally resolved measurement methods, such as the cur-
rent density distribution and impedance measurements, as well as the other results of the
in-situ methods, indicate a significant change in the cathode catalyst layer. It could be
clearly shown that the changes in the catalyst layer are directly related to the test procedure
and the set surface temperature gradient during the shutdown phase. Furthermore, a clear
correlation between the two cell sizes can be seen, further confirming that with the right
measurement hardware, meaningful degradation experiments can be performed even at the

small single-cell level.
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Symbols and abbreviations

QAl

at
Acs
ADC
Asc
Aw
Ay

BP

BEV
BSE
BOL

CAD
Cal
CAN
Chads
Ccu
Cal
CE
Cer
CL
CNLS
COR
CS
Cv
CVM

DClI
DIA

d Leff
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transfer coefficient
thermal conductivity aluminum

material-dependent thermal force

active cooling surface
analog to digital converter
Pt active surface area
Warburg short coefficient

Warburg short parameter defined

by formula 5.1.2

base plate

battery electric vehicle
backscattered electrons

begin of life

specific heat capacity
computer-aided design

heat quantity of aluminum
control area network
adsorption capacitance

heat quantity of copper

double layer capacitance
counter electrode

heat quantity of graphite
catalyst layer

complex nonlinear least square
carbon oxidation reaction
concentration of oxygen

cyclic voltammetry

cell voltage monitoring

Nernst diffusion layer thickness
diffusion coefficient
determination cell impedance
differential impedance analysis
effective inductance

EC
ECSA

EDLC
EDX
EIS

I/C-ratio
Im(2)
ISA

Ipe

Irp

Ko

kapp

Kqd

k

Kb

Ki

Kp
LOM
LSM

potential
equivalent circuit

electrochemical catalyst surface
area

electric double-layer capacitor
X-ray surface analysis

electrochemical impedance
spectroscopy

fuel cell electric vehicle
Faraday’s constant

gas diffusion layer
general-Purpose 1/0

Enthalpy

high frequency resistance
hydrogen oxidation reaction
current

exchange current density
inter-integrated Circuit
ionomer to carbon weight ratio
imaginary part impedance
impedance spectrum analyzer
thickness of the Peltier element

thickness of the thermal trans-
fer plate

standard rate constants

apparent reaction rate coeffi-
cient

differential component

forward oxidation reaction rates
reverse oxidation reaction rates
integral component
proportional component

local operation model

laser scanning microscope



LTP
LTST
Mcc
MEA
MFC
Mmp
MPL
MSA

mrrp

n
ocv
P&ID

PCB
PEMFC

Pei
PET
PHEV
PID
POC
POM
PWM
Qr
ORR
Ox
Qcmax
Qnhmax
Qu
Qpreltier

QTC

low-temperature part

low temperature stress test
material mass current collector
membrane electrode assembly
mass flow controller

material mass monopolar plate
microporous layer

mean spherical approximation

material mass thermal transfer
plate

number of electrons
open circuit voltage

piping and instrumentation dia
gram

printed circuit board

polymer electrolyte membrane
fuel cell

total electrical power

Peltier element tempered
plug-in-hybrid electric vehicle
proportional—integral-derivative
proof of concept
polyoxymethylene plastic
pulse width modulation
monolayer adsorption

oxygen reduction reaction
oxidized form

maximum cooling capacity
total heating power

Joule heating

heat transfer caused by the Pel-
tier effect

maximum cooling power

Rads
Ret

Rd
RDE
RE
Re(2)
RTD
Ru

SC
SE
SEM
SOP
SPI

TTP
WCP
WE
WHTP
Ws
VBA

resistance

adsorption resistance
charge transfer resistance
reduced form

rotating disk electrode
reference electrode

real part impedance
resistance temperature detectors
uncompensated resistance
Gibbs' free energy

single cell

secondary electrons
scanning electron microscope
stable operating point

serial peripheral interface
time constant

Temperature

thermal transfer plate
water-conducting plate
working electrode

waste heat transfer plate
Warburg short

visual basic for applications
impedance
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