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Characterization of High Temperature Polymer Electrolyte Fuel Cells
by Yasser Rahim
Abstract

A Fuel cell is a clean and efficient energy converting device. High temperature polymer
electrolyte fuel cell (HT-PEFC) is a particular type of fuel cell which offers fuel flexibility and
system level simplicity. It is considered to be a viable solution for the transition period from a
fossil fuel based economy to a sustainable, renewable energy based economy due to its potential
to be efficiently utilized in combined heating and power, transport and backup power applications
where fossil fuels continue to play a significant role.

This thesis concentrates on development of methods and strategies to quantify performance
related electrochemical parameters in HT-PEFC membrane electrode assemblies (MEA) at the
single cell level. Both commercial and in-house assembled MEAs are utilized for this purpose.
The in-house assembled MEAs are used for characterizing the most important material
parameters for the HT-PEFC MEAs such as the platinum (Pt) loading, cathode catalyst layer
(CCL) thickness and the phosphoric acid doping level (PADL) of the MEA. The parameter
settings for maximum cell performance are systematically determined. An MEA with these
parameters is used for investigating the effect of hydrogen and oxygen content in the anode and
cathode streams respectively on cell impedance.

The commercial MEAs are used to study the effect of various operating conditions on fuel cell
performance. The design of experiments (DoE) is utilized to analyze the effect of various
operating conditions on four different MEAs and regression models for each of the MEAs are
developed for a comparison of the effect of sample size on the accuracy of the regression models.
It is determined that a small sample size is accurate enough for an initial screening design, which
can reduce the experimental effort by one-sixth, thus saving valuable time and resources.

An accelerated degradation study is conducted on two different commercial MEAs to study the
dominant degradation mechanisms for the HT-PEFC MEA. Various stressors are used for both
MEA types for 100 hours. Polarization curves, EIS data and cyclic voltammetry data before and
after stressor operation are compared and analyzed. Thermal cycling, high temperature operation
and high cathode stoichiometry are determined to be the most effective stressors related to loss of
phosphoric acid, loss of platinum surface area and carbon corrosion as the degradation
mechanisms.



Charakterisierung von Hochtemperatur-Polymerelektrolyt-Brennstoffzellen

von Yasser Rahim

Kurzfassung

Eine Brennstoffzelle ist ein sauberer und effizienter Energiewandler. Die Hochtemperatur-
Polymerelektrolyt-Brennstoffzelle (HT-PEFC) ist ein spezieller Typ Brennstoffzelle, der
Brennstoffflexibilitdt und einen einfachen Systemaufbau bietet. Sie wird als eine praktikable
Losung fiir den Ubergang von einer auf fossilen Brennstoffen basierenden Wirtschaft zu einer
nachhaltigen, auf erneuerbaren Energien basierenden Wirtschaft angesehen, da sie in Kraft-
Wérme-Kopplung, Transport- und Notstromanwendungen, in denen fossile Brennstoffe weiterhin
eine bedeutende Rolle spielen, effizient genutzt werden kann.

Diese Arbeit konzentriert sich auf die Entwicklung von Methoden und Strategien zur
Quantifizierung leistungsbezogener elektrochemische Parameter in HT-PEFC Membran-
Elektroden-Einheiten (MEA) auf Einzelzellebene. Zu diesem Zweck werden sowohl
kommerzielle als auch intern hergestellte MEAs verwendet. Die selbst assemblierten MEAs
werden zur Charakterisierung der wichtigsten Materialparameter fiir die HT-PEFC MEAs wie die
Platin- (Pt) Beladung, die Kathodenkatalysatorschichtdicke und der Phosphorsdure-
Dotierungsgrad der MEA verwendet. In einer Studie werden die Parameter systematisch variiert
und die Kombination ermittelt, die insgesamt zu einem Leistungsmaximum im untersuchten
Bereich fiihrt. Eine MEA mit diesen optimalen Parametereinstellungen wird verwendet, um die
Wirkung des Wasserstoff- und Sauerstoffgehalts in den Anoden- und Kathodenstrémen auf die
Zellimpedanz zu untersuchen.

Die kommerziellen MEAs werden verwendet, um die Auswirkung verschiedener
Betriebsbedingungen auf die Brennstoffzellenleistung zu untersuchen. Die Statistische
Versuchsplanung wird verwendet und Regressionsmodelle fiir jede der MEAs werden fiir einen
Vergleich der Auswirkung der Stichprobengrofle auf die Genauigkeit der Regressionsmodelle
entwickelt. Es wird festgestellt, dass eine kleine Stichprobengrofle fiir ein anféngliches
Screening-Design ausreichend genau ist, was den experimentellen Aufwand auf ein Sechstel
reduzieren kann und somit wertvolle Ressourcen spart.

Eine Studie zur beschleunigten Alterung wird an zwei verschiedenen kommerziellen MEAs
durchgefiihrt, um die dominanten Alterungsmechanismen fir die HT-PEFC MEA zu
untersuchen. Beide MEAs werden verschiedenen Stressfaktoren iiber 100 Stunden ausgesetzt.
Polarisationskurven, Impedanzdaten und Daten aus der Zyklischen Voltammetrie vor und nach
der Stressphase werden miteinander verglichen und analysiert. Thermische Zyklisierung,
Hochtemperaturbetriecb und hohe Kathodenstdchiometrie werden als die effektivsten
Stressfaktoren im Zusammenhang mit Phosphorsdureverlust, Verlust der Platinoberfldche und
Kohlenstoffkorrosion als Alterungsmechanismen bestimmt.
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1 Introduction and Literature Review

The fossil fuel based economy is not sustainable. Besides that, the depleting resources of fossil
based fuels, the dependence on politically unstable foreign nations for its supply and the global
warming caused by its consumption make the fossil fuel economy unattractive as a long term
choice [1]. Although there is disagreement about the way forward, the foreseeable implications
of climate change on the society [2—4] more or less necessitate immediate action.

Fuel cell technology offers realistic hope of decarbonizing the energy sector in our quest to
mitigate the environmental impact of the industrial age [5]. Renewable energy resources like
wind and solar energy, coupled with fuel cells and electrolyzers form the basis of the envisaged
environment friendly and sustainable hydrogen based economy [6]. The road ahead however, is
not without its fair share of obstacles. On one hand, the intermittent nature of the renewable
energy sources is challenging for grid compatibility and storage, while on the other hand,
electrolyzers and fuel cells are far from being commonplace at the moment, with cost,
performance and lifetime being the main hurdles to commercialization and subsequent
widespread utilization [7].

Fuel cells are clean energy converting devices. They present many advantages in comparison to
conventional energy converting devices like internal combustion engines (ICE). They convert
the chemical energy of the fuel directly to electrical energy by means of an electrochemical
reaction and thus have the potential for high efficiency, especially in the low power range. They
don’t have moving parts so they are quiet and do not need frequent maintenance. If hydrogen is
used as a fuel, there is no emission of greenhouse gases (GHG) and if a fossil based fuel is used,
the emission is still lower than comparable conventional energy sources [8]. Fuel cells find many
applications in the energy sector such as portable, transport and stationary power.

In its simplest form, a fuel cell consists of two electrodes (anode and cathode) separated by an
electrolyte material. An electrochemical reaction is separated into two parts by using a catalyst
and the electrolyte. One of these reactions takes place at the anode side and the other at the
cathode side of the fuel cell. Since the electrolyte material conducts only ions but not electrons,
the electrons are forced to travel to the other side of the fuel cell through a load. This flow of
electrons is then harnessed as electrical energy. The electrons, ions and an oxidant react on the
other side of the fuel cell to complete the electrochemical reaction and form the products. Table
1.1 lists the major types of fuel cells with their electrolyte materials, operating temperatures,
commonly used fuels and application areas.
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Table 1.1: Major types of fuel cells with their properties and application areas

Operating

Commonly Application
Fuel Cell Type Electrolyte Temperature
used fuel areas
(Range)
Alsifme Rl eall (AmEy Ry Transport
oxide 60-220°C Hydrogen
(KOH) (Space shuttles)
Llo W tem})eratlire Proton conducting
polymer electrolyte Hydrogen, Transport,
membrane fuel cell membrane 60-80°C Ref Stati
- 0 eformate tationary
(PEFC) or (LT-PEFC) (Nafion® based)
: Proton conducting
High temperature
membrane (PBI based, Hydrogen, Transport,
polymer electrolyte fuel : : 140-200°C :
doped with phosphoric Reformate Stationary
cell  (HT-PEFC) :
acid)
Direct methanol fuel cell Proton conducting Portable,
(DMFC) membrane 80-130°C Methanol Special
(Nafion® based) applications
Phosphoric acid fuel cell Concentrated
(PAFC) phosphoric acid 160-200°C Natural gas Stationary
(H3POy4)
Molten carbonate fuel Molten carbonate salt Natural gas,
cell (MCFC) 650°C Stationary
(LizCO3, KzCOg) Biogas
Solid oxide fuel cell Metal oxide ol s,
(SOFC) (Commonly Yttria- 800-1000°C . Stationary
stabilized Zirconia Biogas
(YSZ))

1.1 Polymer electrolyte membrane fuel cells (PEFC)

Polymer electrolyte membrane fuel cells (PEFC) have received much attention recently due to
their potential in mobile applications for the decarbonization of the transport sector [9—-12]. A
polymer based membrane is used as the electrolyte in these fuel cells. In the case of low
temperature PEFC (LT-PEFC), this membrane is Nafion™ based. For high temperature PEFC
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(HT-PEFC), this membrane is usually polybenzimidazole (PBI) based and doped with phosphoric
acid (PA).

Load

H;
02\\\\\\‘Gaschannel
Catalyst Layer (CL) Gas diffusion layer
Membrane (GDL)
Flowplate Microporous Layer
section (MPL)

Figure 1.1: Working principle of a PEFC

Figure 1.1 presents a schematic of a PEFC and its working principle. Hydrogen is fed into the
anode side whereas oxygen (or air) is fed into the cathode side. The hydrogen diffuses from the
gas channel into a porous gas diffusion layer (GDL) and passes through another porous layer
called the microporous layer (MPL) before reaching the catalyst layer (CL). The CL (also called
the electrode) contains the platinum catalyst supported on carbon (Pt/C catalyst). The electrodes
are often assembled with the GDL to produce the so called gas diffusion electrode (GDE). The
combination of the membrane and the GDEs assembled together is called the membrane
electrode assembly (MEA). The interface between carbon support, CL pores and the electrolyte
membrane is called the triple phase boundary (TPB). When a platinum (Pt) particle is present in
the vicinity, the electrochemical reaction can take place and separates the hydrogen molecules
into ions and electrons. The anode side reaction is the hydrogen oxidation reaction (HOR) as
shown in Eqn. (1.1);

H, — 2H* + 2e” (1.1)
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The oxygen on the cathode side also reaches the TPBs after passing through the GDE on the
cathode side. The hydrogen ions produced on the anode side pass through the proton conducting
membrane to the cathode side, whereas the electrons pass through an outer route through a load
to the cathode side, thereby producing an electric current which can be utilized. The hydrogen
ions, electrons and oxygen combine on the cathode side for the oxygen reduction reaction (ORR)
and formation of water as follows;

1
502+ 2H" +2¢7 > H,0 (1.2)

The overall reaction of the PEFC is also called a Redox reaction and is given by Eqn. (1.3)
below;

1
Hz + 502 d H20 + Heat (1.3)

Thermodynamically, the heat or enthalpy change (AH) of the chemical reaction in the PEFC can
be given as;

AH = AG + TAS (1.4)
Where,

AG = change in Gibbs free energy of the reaction (kJ mol™)
T = reaction temperature (K)
AS = change in entropy of the reaction (kJ mol™ K™

The Gibbs free energy represents the maximum energy available for utilization as electrical
energy in the fuel cell and therefore, the maximum theoretical efficiency (nmax) of the fuel cell
can be calculated as;

AG
Nmax = H (1.5)

The values of AG and AH for standard temperature and pressure (STP) conditions (latm and
298K) for production of water in liquid or vapor state are different. The value of AH related to
liquid water production is called the higher heating value (HHV) of hydrogen (286.02kJ mol™)
and the value related to water vapor production is called the lower heating value (LHV) of
hydrogen (241.98kJ mol'l) [13]. The maximum theoretical efficiency of the PEFC when
calculated with the HHV of hydrogen is about 83% and 94.5% when calculated using the LHV of
hydrogen.

The theoretical fuel cell potential is given by;
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—AG
E, = —— 1.6
0 n-F (16)
Where,

E( = Theoretical fuel cell potential (Volts)

n = number of electrons per molecule of Hy =2
F (Faraday’s constant) = 96485C mol™!

So the theoretical fuel cell potential for hydrogen/oxygen fuel cell comes out to be 1.23V at STP.
However, real fuel cell operation is seldom under STP conditions and the dependence of the
Gibbs free energy on temperature and pressure is stipulated on the cell potential through the
following form of the Nernst equation;

RT Py P35
E=Ey+ —In|—22% 1.7
ot IF "( Puzo (1.7

Where,

E = Nernst fuel cell potential (Volts)

R (Universal gas constant) = 8.314J mol 'K

T = Operating temperature of the fuel cell (K)

P2, Po2, Papo = normalized partial pressures (%) of hydrogen, oxygen and water vapor, where
Po is atmospheric pressure

Eqn. (1.7) is valid for reactants and product water in gaseous state. For water produced in liquid
state, Pigpo =1. The actual fuel cell potential is different from the Nernst potential due to
characteristic losses encountered during fuel cell operation. These losses can be divided into three
categories and the regions dominated by them can be readily identified in a polarization curve,
which is a plot of the fuel cell voltage against the current density.
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A Theoratical fuel cell voltage

T Nernst voltage
Activation loss

Ve

Ohmic loss

Ve

Concentration loss

%

Cell Voltage (V)

v

Current density (A cm™)

Figure 1.2: A typical polarization curve for a PEFC with regions of each dominant loss indicated

A typical polarization curve (UI curve) for the PEFC is shown in Figure 1.2. It is the standard
way of evaluating the fuel cell performance and the three losses can be identified by the different
slopes of the UI curve. The high losses encountered at low current density are related to the
activation energy required for the electrochemical reaction and hence termed as activation losses
(Mact)- The losses encountered at intermediate current densities are related to the ohmic resistance
of the cell. Since these losses follow the ohm’s law, they are called ohmic losses (nonm). Finally,
at very high current density, the slope of the UI curve increases dramatically again due to
limitations to the transport of reactants to the reaction site (CL). These losses are called
concentration losses (Neonc). The actual cell voltage (Ece) can be calculated by the Eqn.(1.8)
given below [14];

Ecell = ENernst — Nact — Nohm ~ Nconc (1~8)

Since the maximum theoretical potential of a fuel cell is fixed by thermodynamics, the fuel cell
performance can only be improved by reducing the characteristic fuel cell losses.



1. Introduction and Literature Review
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Figure 1.3: Exploded view of a PEFC single cell at IEK-3

Gas inlet Flowplate

The main components of a typical PEFC single cell construction at IEK-3 can be seen in Figure
1.3. The membrane is in the middle and is considered to be the heart of the fuel cell. It facilitates
the electrochemical reaction as described above in detail. It also acts as a barrier to prevent the
gasses passing through to the other side of the fuel cell besides providing the protonic
conductivity for the hydrogen ions to flow through to the cathode side. The GDE is a porous
layer (GDL) that also hosts the electrodes. It also provides an electric contact to the flowplates for
the electrons. Also, product water can pass through the GDL into the gas channels for ultimate
removal. GDLs based on carbon paper as well as carbon cloth are used in PEFC [15,16].

The gaskets and sub gaskets, usually made of polytetrafluoroethylene (PTFE) or perfluoroalkoxy
(PFA) are used as hard stops for sealing of the MEA [17]. Selecting proper thicknesses of the
hard stops also provides adequate compression of the MEA when the cell components are bolted
together through the endplates [18]. The graphite based flowplates used on both sides contain the
flow fields for the gases and also provide the electrical path for the electrons. In the case of a fuel
cell stack (many single cells stacked together in series to generate higher power), they contain
flow fields on both sides and hence are called bipolar plates. In the case of a single cell, however,
only one side has the flow field and thus it is more accurate to call it a flowplate. The material of
flowplates needs to be electrically conductive, chemically and thermally stable, mechanically
tough and impermeable to gases [19]. Graphite based composites possess these properties and are
usually used as flow/bipolar plate material. A modern alternative is to use metallic bipolar plates
to reduce stack weight, but that presents challenges of its own such as corrosion and formation of
a passivation layer reducing the electrical conductivity of the bipolar plate [20,21]. Sigraflex (a
specialized graphite based conductive material from the SGL group) gaskets are used for sealing
between the flowplates and the endplates on either side. The endplates used on both the anode
and cathode sides of the single cell contain the inlets and outlets of the respective gases as well as
bolting arrangements for screwing the cell together. They are usually made of stainless steel (SS)

7
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and hold the fuel cell components together and provide mechanical stability to them. They are
also used to accommodate heating elements for heating the cell as well as thermocouples for
measuring the cell temperature during operation.

1.1.1 Comparison of LT-PEFC and HT-PEFC

The PEFC can be further classified into LT-PEFC and HT-PEFC with the main differences being
the electrolyte membrane (Nafion® based for LT-PEFC while PBI based doped with PA for HT-
PEFC) and the operating temperatures at atmospheric pressure as listed in Table 1.1. The proton
conductivity of the Nafion® based membrane is highly dependent on the liquid water content of
the membrane [22]. The fuel cell must be operated below the boiling point of water within a
narrow window of operating temperature (about 60-80°C at 1 atm) due to a dramatic increase in
voltage loss above 90°C [23]. These limitations necessitate LT-PEFC operation below this
temperature and also the inlet gases must be humidified and complex water and heat management
systems must be employed for constant water and heat removal for the proper functioning of the
fuel cell [24-27]. The sluggish reaction kinetics of the ORR is also considered to be a major
challenge for better PEFC operation and commercialization [28-31].

High temperature operation presents many advantages such as improved reaction kinetics, much
higher tolerance to fuel impurities like carbon monoxide (CO), little need for humidification of
inlet gases and much simpler heat and water management [32-35]. The HT-PEFC is designed
for high temperature operation to harness some of these advantages by employing a PBI based
membrane doped with phosphoric acid (PA) as the electrolyte. The protonic conductivity of this
membrane does not depend on liquid water and is mainly provided by the PA, which can
maintain good protonic conductivity upto 200°C [36]. The HT-PEFC can therefore be operated at
temperatures from 140°C upto 200°C at atmospheric pressure and with dry gases [37]. Also, CO
tolerance in the fuel stream of the HT-PEFC is 1 to 3% [38-44], which is much higher than
the LT-PEFC, whose performance can be significantly affected by as little as 5-10 ppm of CO in
the fuel stream [45]. This allows the use of a hydrogen rich gas (reformate) containing CO within
the range tolerable by HT-PEFC, produced by reforming onboard fuels in heavy transport
applications, as the fuel in HT-PEFC stacks for auxiliary power generation [46].

There are not many direct comparisons published in the literature between the performance of
LT-PEFC and HT-PEFC at the single cell level. However, Zhu et al. [47] compared the
performance of an LT-PEFC and HT-PEFC stack by electrochemical impedance spectroscopy
(EIS) and determined that the ORR reaction kinetics of the HT-PEFC stack was much better.
Authayanun et al. [48] compared HT-PEFC and LT-PEFC systems integrated with a glycerol
steam reformer. They determined that the LT-PEFC system performed better under pure
hydrogen operation and atmospheric pressure, but the HT-PEFC system performed better under
high current density operation as well as pressurized and reformate operation. The HT-PEFC
system with a water gas shift reactor also showed the highest system efficiency (60%) for the
systems tested. Further comparative studies and investigation is required for a broader
understanding of the effect of temperature on the rate of ORR at the single cell, stack and system
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level. Also, a common testing and comparison protocol among various research groups and the
industry would help standardize such investigations.

1.1.2 Challenges faced by the HT-PEFC and current research

A lot of research has been conducted recently in the field of HT-PEFCs due to their potential
advantages as discussed in the previous section. The higher operating temperature also causes
some serious challenges for the HT-PEFC. This includes much longer start-up times in
comparison with LT-PEFC [49,50], which is critical for transport applications. The degradation
rates of cell components are also much higher [32,35], with severe degradation expected for
operation above 180°C [33] . Loss of PA due to PA leaching [51] , uptake of the PA by the
bipolar plates [18], dehydration and unfavorable redistribution of PA [52—-54] in the MEA is also
a main cause for lower performance and MEA degradation. Pt particle size growth due to
agglomeration at elevated temperatures has also been reported as a major cause of performance
degradation [55,56]. Pt dissolution also causes loss of electrochemical surface area (ECSA) at
high temperature operation [57,58]. Severe corrosion of the carbon support of the Pt catalyst
takes place at the cathode at high potential and high oxygen partial pressure [59,60]. This can
cause a significant loss in ECSA and thus cause significant irreversible losses in the fuel cell
performance [61,62]. Carbon corrosion can also effect the GDL material and cause loss of
hydrophobicity [63] resulting in pore blockage and possible flooding of the GDL at higher
current densities, thus reducing the operational window of the fuel cell. Thinning of the PBI
membrane [64] and creep failure has also been reported in the literature as a major cause of
membrane degradation [55,65—67]. The adsorption of phosphate anions onto the Pt surface is also
an area of serious concern for HT-PEFC operation [68,69].

Most of the current research in the field of HT-PEFC is focused on resolving the issues faced by
the HT-PEFC as described in the previous paragraph. At the component level, there has been a
lot of research on membranes with higher protonic conductivity and more thermal, chemical and
mechanical stability for increased longevity. Ozdemir et al. [70] achieved a protonic conductivity
of 0.2S cm™ and improved thermal stability by dispersion of 5 wt. % ZrP nanoparticles in the PBI
polymer before doping with phosphoric acid to obtain a high phosphoric acid doping level
(PADL). The GDE is also a vital component of the MEA with several important functions as
described previously. Mazur et al. [71] optimized the preparation procedure and chemical
composition of the GDE for HT-PEFC and found spraying and brushing to be the most effective
methods for CL deposition. They also tested PTFE and PBI as binder materials and found similar
performance of the GDEs prepared by the spraying method with each binder. Lowering the Pt
loading of the CL of the HT-PEFC is of utmost importance from a cost viewpoint. Martin et al.
[72] achieved a stable performance of a HT-PEFC for over 1700 hours with a Pt loading of
0.lmg cm™ by using no binder material to prepare the CL. Zamora et al. [73] demonstrated
improved electrochemical stability of the MPL by using carbon nanostructures (CNS) based
MPLs and comparing it to carbon black (CB) based MPLs.
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Studying the effects of various operating conditions on fuel cell performance is vital for
determining the best operational window. Yan et al. [74] compared the steady state and dynamic
performance of a LT-PEFC single cell under widely varying operating conditions. They tested
the cell performance with different feed gas humidity and stoichiometry, operating temperature,
operating pressure and fuel cell size. They used polarization curves and EIS to analyze and
compare the cell performance at different operating conditions and determined the optimum level
for each operating condition. Zhang et al. [75] compared the steady state and dynamic behavior
of a HT-PEFC by comparing cell performance in flow-through mode and dead end mode. Rastedt
et al. [76] investigated the effect of contact pressure cycling between 0.2 and 1.5MPa on single
cell performance with a non-woven GDL. They determined a correlation between the loss of
internal resistance and hydrogen crossover current and the emergence of small cracks and fiber
intrusions in the GDL. Andreasen et al. [77] analyzed the performance of a single cell with
varying CO, CO, and H, content in the anode gas by utilizing EIS. They measured impedance at
different operating temperatures and currents in addition to the anode gas composition and found
undesirable transient effects for measurements conducted at low temperatures and high CO
content in the anode gas. Taccani et al. [78] investigated the effects of different flow field
geometries on single cell performance and found that using a serpentine flow field results in
better performance than a parallel flow field but also causes higher pressure drop. Finally,
Korsgaard et al [79] developed a semi empirical model for fuel cell voltage versus current
density, cathode stoichiometry and operating temperature by using linear regression and found
excellent agreement with the experimental values.

Determination of the electrochemical parameters representing the electrode performance is a very
useful way of understanding the causes of lower fuel cell performance. Mitigation strategies can
then be developed for the isolated causes. EIS has been used successfully by many researchers
around the world not only for this purpose, but also to identify and isolate different
electrochemical processes within the cell, although the models used for fitting EIS data and the
interpretation of the results differ considerably. Numerical, analytical and equivalent circuit
models (ECM) have been used in the literature for fitting EIS data. Springer et al. [80] applied
EIS to differentiate between the three different types of PEFC losses in the low and high
frequency loops present in typical impedance spectra. Makharia et al. [81] applied the
transmission line model to extract the ohmic resistance, catalytic layer electrolyte resistance and
the double layer capacitance by fitting EIS data of a PEFC. Yi et al. [82] presented a numerical
model based analysis of EIS data of PEFC to determine the charge transfer resistance, protonic
resistance and the double layer capacitance along the thickness of the CL. Kulikovsky [83]
presented an exact solution based analytical model for PEFC cathode impedance at low current
densities and high cathode stoichiometry. EIS continues to be an intense area of research due to
its powerful in situ characterization potential for PEFC, but interpretation of EIS data with simple
and reliable fitting models for extraction of physically relevant fuel cell electrochemical
parameters remains disputed.
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Degradation of HT-PEFC is a very important issue since the higher operating temperature causes
faster degradation of cell components. Modestov et al. [55] determined Pt particle growth as the
main cause of degradation in a 780 hour life test of a HT-PEFC with more than double increase
in the average Pt particle size. Galbiati et al. [84] determined that increased gas crossover and
short circuit currents were the main causes of performance loss for the HT-PEFC in a 600 hour
parametric test. Sondergaard et al. [85] found a correlation between the operating temperature
and the accumulated gas-flow volume through the HT-PEFC and loss of PA by evaporation.
They determined the loss of PA as the major degradation mechanism. Ossiander et al. [86]
examined the effect of molecular weight and different reinforcement strategies for PBI based
membranes and achieved significant reduction in degradation by enhancing the interactions
between PBI polymer chains by cross-linking. Tang et al. [87] used a single and dual cell
configuration to measure cathode potentials as high as twice the open circuit voltage in PEFC
during startup and shutdown due to the air/fuel boundary developed at the anode. They
determined the carbon corrosion at the cathode as the main degradation mechanism at high
potentials. Eberhardt et al. [88] found the loss of PA to be only a function of gas flowrates and
operating temperature. They suggested a PA management strategy to be employed for operating
temperatures higher than 160°C at high current densities in HT-PEFC to achieve the 50,000 hour
lifetime goal of the US department of energy for HT-PEFC. Accelerated degradation testing
helps determine the main causes of degradation in a relatively small amount of time so that
relevant mitigation strategies can be formulated to achieve lifetime goals for HT-PEFC set by the
department of energy of United States. Reimer et al. [61] used load cycling to investigate four
different HT-PEFC single cells. They used a simple polarization curve model to explore different
possible degradation mechanisms. They concluded that loss of PA due to overall heat flux was a
more likely interpretation under the operating conditions used than corrosion of the carbon based
catalyst support due to high potential. De Beer et al. [63] used an accelerated acid leaching
procedure to investigate degradation in HT-PEFC. Zhou et al. [89] used hydrogen starvation as
the stressor to investigate HT-PEFC degradation. Park et al. [90] tested the mechanical stability
of PBI based membranes under thermal cycling conditions and found that PBI composite
membranes with pretreated PTFE had lower degradation rates than membranes with untreated
PTFE. High temperature operation, start/stop cycling and potential cycling have also been
applied as stressors to HT-PEFC for accelerated degradation testing.

1.2 Motivation and experimental goals

As discussed in the previous section, there are many areas of improvement for HT-PEFC
operation. This thesis is mainly concerned with addressing some of the challenges faced by
HT-PEFC as described above. The focus is at the MEA level and the experiments concentrate on
identifying the effects of important operational and material parameters on the MEA performance
in single cell operation. The underlying physical phenomena are identified and ideas for
improvement are developed and tested. The overall goal of this study is to suggest ways to
improve the long term single cell performance of the HT-PEFC by;
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e Identifying the effects of important operational parameters on the performance of the fuel
cell and selecting the most suitable operating conditions for long term operation.

e Investigating the material parameters of the MEA and their interactions to compare the
effect of different combinations of these parameters and suggest the best combinations.

e Minimizing the cell resistance by studying the effects of different operating conditions on
characteristic electrochemical parameters related to the cathode catalyst layer (CCL)
using EIS.

e Examining the effect of different stressors on fuel cell performance degradation and
identifying the underlying degradation mechanisms for the development of mitigation
strategies.

These four goals lead to the experimental studies presented in chapters 4, 5, 6 and 7. Chapter 4
addresses the issue of determination of the best operating conditions for fuel cell operation as
well as development of statistical models to predict the cell performance with a small amount of
experimental data available by utilizing the design of experiments (DoE). Chapter 5 is devoted to
investigation of the effects of the most important material parameters on MEA performance and
evaluation of their interactions and effects on cell impedance by the DoE and EIS methods.
Chapter 6 covers the effects of gas composition on cell impedance and compares the different
electrochemical parameters determined by the ECM and analytical models for analyzing EIS
data. Finally, in chapter 7, a short accelerated degradation study is conducted to determine the
effects of various stressors on cell performance and postulate some of the related degradation
mechanisms and mitigation strategies.
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This chapter presents the two most extensively used experimental methods in this thesis, the
design of experiments (DoE) and electrochemical impedance spectroscopy (EIS) in detail.

2.1 Design of experiments (DoE)

2.1.1 One factor at a time (OFAT) method and DoE comparison

Fuel cell technology is a relatively complex field with electrochemistry, heat transfer, fluid
mechanics and structural mechanics playing an important part among others in the overall cell
performance. Also, as the search for cheaper and more efficient materials goes on, there are a
large number of material and operating parameters which can affect the fuel cell performance.
The traditional method used for investigating the effect of different variables on an output
variable of interest has been the one factor at a time (OFAT) method. The procedure is to hold all
variables constant except one, and then study the effect of varying this variable on the output
variable. This method works well for a small number of variables. However, an increase in the
number of variables to be analyzed requires a greater experimental effort, which is sometimes
unrealistic. Another drawback of the OFAT method is the inability to determine interactions
among the studied variables (different effect of varying a variable on the output variable, when
another variable has a different value), which may be very important in some cases. Disregarding
interactions may lead to incorrect interpretation of the obtained results. The DoE is a statistical
approach to planning and analyzing scientific experiments, with many advantages. As most of the
experimental characterization in fuel cell materials and operation usually involves a large number
of variables, it is suggested as an alternative approach to the OFAT method. DoE has been
around for quite a while now, especially in industrial quality control, where it is routinely a part
of product and process improvement campaigns with a large number of variables. The DoE has
the twofold advantage of not only reducing the experimental effort required for a large number of
variables, but also yielding more reliable results in the cases where interactions are significant.
The DoE method has enormous potential for application in the field of fuel cells and electrolyzers
due to its versatility and suitability to the wide range of variables usually involved in typical
characterization campaigns.

In DoE terminology, the independent variables, whose effect on the output is desired to be
analyzed, are called factors. The dependent variable or the output, whose change with respect to
the factors is to be analyzed, is called the response. Multiple responses can also be analyzed
simultaneously. The effect of each factor on the response in isolation is called its main effect. The
effect on two or more factors combined is called a factor interaction. Although, higher order
factor interactions (involving 3 or more factors) exist for a DoE with k factors, usually the most
important ones are the two factor interactions. Interactions involving more than two factors are
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usually assigned to random noise and used as degrees of freedom for calculating the experimental
error [91-93].

The so called 2" design of the DoE refers to the case with k factors, each with 2 levels. These
levels are usually carefully selected minimum and maximum values of interest of the factor, but
they can also be qualitative attributes. The DoE can be either a full factorial or a fractional
factorial depending on the number of experiments conducted. A full factorial design has the
maximum number of experiments and also the maximum detail possible in the results, whereas a
fractional factorial can be conducted with lesser number of experiments but the level of detail and
accuracy is also reduced.

It is easy to verify that as the number of factors increases, the experimental effort required for the
OFAT method increases many-fold. This renders planning and executing an effective
experimental plan very tedious if not impossible when a large number of factors are involved.

A 2" full factorial DoE requires 2* experiments, whereas an OFAT with same detail and accuracy
would require (k+1)*2°! experiments [94]. Therefore, a full factorial DoE would reduce the
experimental effort by a factor of (k+1)/2 in comparison to the OFAT as depicted in Figure 2.1.

1200
——-OFAT
-=-DoE
1000
—5 k-1
- * k-
< 800 n = (k+1)*2
£
g Reduction Factor \
x
Q
§ 600 (k+1)/2 times
3 less exps. for DoE
£
i 400 |
<
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0 -
0 1 2 3 4 5 6 7 8
k (Number of factors to be analyzed)

Figure 2.1: OFAT and DoE; comparison of experimental effort

When all the experiments required by a DoE design are performed, it is known as the full
factorial design. When only a part of these experiments is performed, it is known as a fractional
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factorial design. A fractional factorial design is preferred in the case of a large number of factors
or expected linearity of the process under investigation [95].

It is evident from the above discussion that DoE should be the preferred method for dealing with
a large number of variables. Nevertheless, it is still far from being the universally accepted
methodology and there remains plenty of untapped potential for application of DoE in all areas of
fuel cell research, mainly due to lack of knowledge and resistance to change, given its clear
superiority over OFAT for experimental campaigns with a large number of factors. This is so,
because, the DoE not only optimizes the experimental process itself by reducing the required
number of experiments to a manageable minimum, but also improves the reliability and
repeatability of the results by including the effects of factor interactions in the results alongside
the main effects of the investigated factors.

2.1.2 DoE approaches and methodology

There are three main approaches to applying the DoE method to experimentation. These are the
classical approach, the Taguchi approach and the Shainin system ™. The classical approach was
first developed and used by R.A. Fischer in 1920 [96] to an agricultural problem to produce the
best crop of potatoes by analyzing many factors affecting the crop. The Taguchi approach was
first published in Japan and gained popularity in the west after the 1980s. The Shainin system "™
is a legally protected system with little literature available. The Taguchi and Shainin approaches
may be considered quality improvement strategies rather than just experimental designs [97] and
their use in the industry for various purposes, especially quality control is increasing. The
classical approach is especially suitable, valid and robust in the case of cheap experimentation or
a small (less than five) number of factors or both [98]. Through the contributions of many
scientists and authors, this remains to be true till this day with classical textbooks from Hunter et
al. [91] and Montgomery [92] available for reference. All the three approaches to applying the
DoE are superior to the OFAT methodology [98]. The response surface methodology (RSM) as
developed by Box & Wilson [99], enhanced the classical approach by providing the ability to
obtain results quickly and plan the experiments sequentially to improve new experimental
designs on the basis of the results from the previous experiments [92]. The classical approach is
followed in this thesis since the number of factors is small and experimental costs are also not
prohibiting. Also, most of the literature and software available about DoE presume the classical
approach.
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Figure 2.2: Typical steps for conducting a classical DoE procedure

Figure 2.2 shows the typical steps required for conducting a classical DoE procedure. After
selecting the response and factors with their ranges of interest, the goal of the experiment is
defined. It maybe only to see the most important factors affecting a response (screen) or to find
the factor settings to minimize or maximize the response (optimize). A 2 level DoE is most
common, but a 3 level design can be selected when more details are required on the response
behavior or non-linearity is expected in the response [100]. After selecting either full or fractional
factorial design (full factorials are used in this thesis due to relatively low number of factors), the
design matrix is constructed in its standard form as detailed in [91]. A sample size is selected and
the experiments are then performed and the results are analyzed to construct and validate a
regression model in steps 8 to 10. An example of a two level two factor full factorial DoE and its
comparison with an equivalent OFAT plan is presented next.

The aim of a full factorial DoE is to develop a regression model for the response and factors by
statistical analysis. This model is then valid within the selected ranges of each factor. The actual
procedure of conducting a DoE is best explained with a simple example. Let us assume that a
chemist wants to investigate the effects of pressure (P) and temperature (T) on the yield (Y) of a
particular chemical reaction. He has selected the range of interest for pressure as 1 atm to 2 atm
and for temperature as 100°C to 200°C. As there are two factors, using the OFAT methodology,
he will have to conduct (2+1)*2%" = 6 experiments, whereas the 2* full factorial DoE requires
22 = 4 experiments. Table 2.1 and Table 2.2 show the OFAT and DoE experimental designs
respectively.
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Table 2.1: OFAT experimental design for two factors

Exp.# P (atm) T(°C) Y(Grams)

1 1 100 ?

1 150 ?
3 1 200 ?
4 2 100 ?
5 2 150 ?
6 2 200 ?

Table 2.2: A 2 Level full factorial DoE for two factors

Exp.# P (atm) Factorlevel (P) T(°C) Factor Level (T) Y(Grams)

1 1 - 100 - ?
2 2 + 100 - ?
3 1 - 200 + ?
4 2 + 200 + ?
200 @ @
180
gﬁo
120
100 § @
1 12 14 16 18 2
P (atm)

Figure 2.3: Design points for a 2 level 2 factor full factorial DoE

Figure 2.3 shows the design points for the DoE design in graphical form with the four
experimental points shown as blue dots. In this case, the design points can be represented with a
rectangle, but in the case of three factors, they will be the eight corners of a three dimensional
cube. It should be noted that additional experiments are required in the OFAT method to
“capture” the effects of the factors at “all corners” in the range of interest as visible in Table 2.1.
This is not required in the DoE, as will be apparent, shortly. This is also the reason for the
exponential increase in the required number of experiments in the OFAT method with increasing
number of factors.

The formulation of the experimental campaign as given in Table 2.2 is called the “design matrix”
in DoE terminology. It consists of each factor at its low (-) and high (+) value in successive
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columns in a special order called the standard order. It is optional to add center points to the
design matrix to check for the linearity of the response. The number of times the experiments in
the design matrix are repeated or replicated is called the sample size and usually denoted by n.
Increasing the sample size requires more experimental effort but provides higher accuracy by
increasing the confidence interval of the constructed statistical model and vice versa [101]. Since
the DoE is primarily a statistical method, a fine balance between sample size and model accuracy
is very important.

Once the experiments are performed and results are available for the rightmost column (Y) of
Table 2.2, the results are processed with a special algorithm called the Yates algorithm (detailed
procedure can be found in [91] ) to yield the required constant and coefficients for the regression
model of the following form;

Y=ay+ a;P+ a,T +a3PT + ¢ (2.1)

Where a, is the constant term and a,, a, and a3 are the coefficients of the pressure, temperature
and their interaction respectively and € is the experimental error. The term involving the factor
interaction may be very important and cannot be determined using the OFAT approach. It
captures the behavior of the response, when one factor is changed while holding another factor at
different levels. For our example, this means that the chemist may observe that if he holds the
pressure at latm and varies the temperature from 100°C to 200°C, this affects the yield not so
much, but when he holds the pressure at 2atm and varies the temperature, this has a much larger
effect on the yield of the reaction. The pressure and temperature are said to have a strong
interaction in this case, quantified by the coefficient a; in Eqn.(2.1). In case of no or only a weak
interaction between factors, the DoE and OFAT results are expected to be close, but the DoE
achieves this result much more efficiently. In the presence of strong interactions, the OFAT
results can actually be misleading [91]. The coefficients a; and a, are called the main effects of
pressure and temperature in this case and quantify the sole effect of each factor on the response in
the selected ranges.

Once the main effects and interactions are determined, the next step is to plot them on a normal
probability plot to determine outliers. It is actually the outliers (which do not fall along the
normal probability trend line) which are statistically significant, and must be included in the
regression model. The normally distributed main effects and interactions are statistically
insignificant and can be discarded from the regression model without significant effect on the
response for a high sample size [102]. In our example, if the interaction of pressure and
temperature was to be along the normal probability line and thus statistically insignificant, we
would then simplify our regression model from Eqn. (2.1) as follows;

Y = (21 + a]_P + azT (2.2)
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Eqn. (2.2) is the required regression model for the evaluation of the yield within the selected
ranges of temperature and pressure. However, if the interaction is not normally distributed and
thus statistically significant, then the regression model would contain the additional term of the
interaction with its coefficient a3 as given below in Eqn. (2.3);

Y=aq+ a;P+ a,T +azPT +¢ (2.3)

Figure 2.4 contrasts the scenarios where the two factor interaction is insignificant and significant
respectively.

Yield (g)
Yield (g)

T=200°C T=200°C /

T=100°C T=100°C

\
\

P (Atm) P (Atm)

Figure 2.4: Comparison of an insignificant (left) and significant (right) interaction of pressure and
temperature.

It should be noted that when a strong interaction is present between two factors, the lines
connecting the two values of one variable at a particular level of the other are not parallel,
whereas they are almost parallel in case of insignificant interaction.

Although it is possible to analyze the results using simple tools like Microsoft® Excel, for larger
experimental campaigns performed with the DoE, it is recommended to use commercial software.
This is especially useful for arranging and depicting the results readily in many useful forms
typically used in DoE analysis. Some of the DoE analysis in this thesis was performed by
utilizing the commercial software Statgraphics Centurion XVII version 17.1.12 (64 bit).

The DoE has been successfully utilized by many research groups in the area of fuel cells,
however, given its capabilities, it still remains vastly underutilized. Wahdame et al. reviewed the
application of DoE in various areas relevant to fuel cells [103]. Flick et al. applied the
methodology for material properties and performance characterization for the PEFC [104]
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whereas Kahveci et al. applied response surface methodology to water and heat management
investigations in PEFC [105]. Lohoff et al. applied the DoE methodology for the characterization
of a DMFC stack [106] and finally, Barari et al. applied DoE to improve the temperature
measurement accuracy in a SOFC [107].The list is long, but this should suffice as evidence of the
growing popularity of application of DoE in fuel cell research worldwide.

2.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful in-situ technique for the
characterization of interfacial processes involving redox reactions at electrodes. EIS is a special
electrochemical method as it presents the signal as a function of frequency at a constant voltage
(or current) in contrast to classical electrochemical methods, which present current, voltage or
charges as a function of time. This provides a potentially large amount of information about the
behavior of the process under study at different frequencies, but special techniques and
knowledge is required for the correct interpretation of this data and there exists significant
difference of opinion in this regard. This is one of the reasons that EIS data is not always
analyzed or interpreted in a similar fashion in the literature.

In the case of fuel cells it can be used to isolate and quantify the three main sources of voltage
loss in fuel cells; the activation loss Ry, the ohmic loss Rq and the mass transport loss Ry, as
well as the charge storing capacity of the electrode/electrolyte interface (termed as the double
layer capacitance (Cq;) in most fuel cell literature). The physiochemical processes causing the
losses have unique characteristic time constants due to the nature of the process and thus occur at
different AC frequencies. Therefore, they can be easily identified in the impedance data and the
information gained can then be used to minimize the losses and improve fuel cell performance.

2.2.1 EIS basics

Electrochemical systems are inherently non-linear systems. However, if a small enough voltage
or current perturbation is applied, the response of the system is almost linear. This is called
pseudo linearity. EIS measurements of electrochemical systems utilize the pseudo linearity of
their response for very small AC voltage or current perturbations [108]. EIS measurements in fuel
cells utilize a frequency response analyzer (FRA) to impose an AC signal (current or voltage) of
very small amplitude on the fuel cell through a load. If a small current signal is applied, it is
called a galvanostatic measurement and if the signal applied is voltage, it is termed as a
potentiostatic measurement.
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Figure 2.5: Measurement principle of fuel cell impedance

Figure 2.5 shows the schematic of the hardware and connections for an EIS measurement. The
four terminal measurement technique is recommended for low impedance systems such as fuel
cells to avoid large measurement errors [109]. These four terminals includes a counter electrode
(CE), which provides current to the cell, a working electrode (WE), which measures the current
through the cell and two reference electrodes for voltage measurement. The FRA analyzes the
AC voltage and current response of the fuel cell to determine the resistive, inductive and
capacitive behavior (the impedance) of the cell at that frequency. When conducted over a broad
range of frequencies, EIS can provide a wealth of information about cell behavior with a single
measurement.

Since the resistive, inductive and capacitive behavior of the cell at a particular frequency in
response to a small AC perturbation signal determines the overall impedance of the cell [110], it
is useful to list these basic electrical elements with their ideal impedances. Table 2.3 lists this
information along with the symbols and voltage and current relationships for each element. As
can be seen, the ideal impedance of the resistor is a real number, but the impedances of the
inductor and capacitor are complex, therefore, the total impedance is represented by a complex
number. The real part is called the real impedance (Re Z) and the imaginary part is called the
imaginary impedance (Im Z).
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Table 2.3: Basic electrical elements with their voltage and current relation and ideal impedances

Voltage current

Electrical element Symbol relationship Impedance
Resistor (R) VNV V=iR Z=-R
Inductor (L) AN V=L di/dt Z=joL

Capacitor (C) —— i=CdV/dt Z=1/joC

The series and parallel connections of the basic electrical elements follow the laws of electrical
connections as shown in Figure 2.6. The total impedance is the sum of the impedances of
elements connected in series, however, in the case of a parallel connection, the inverse of the total
impedance equals the sum of the inverses of the impedances of the individual elements.

a) Series connection

Zyora =21+ 22

b) Parallel
connection

Z1

1/Zora = 1/21 + 1/22

22

Figure 2.6: a) series connection of impedances b) parallel connection of impedances

EIS offers many advantages such as:

e Measurements possible for typical fuel cell operating conditions
e Measurements can be automated in many cases

e Measurements are non-intrusive and highly precise

e Many parameters can be determined from a single measurement

The main disadvantage of EIS is the ambiguity and complexity in the interpretation of the data.

There are two basic plot types used to represent EIS data. They are the Nyquist plot and the Bode
plot. Examples of both of these plots are shown in Figure 2.7. The Nyquist plot presents
impedance data as shown in Figure 2.7 a); the real part of impedance is plotted on the x-axis,
while the negative of the imaginary part is plotted along positive y-axis. The impedance vector in
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2. Experimental Methods

the complex plane makes an angle ® (phase angle) with the x-axis and its magnitude |Z|
represents the absolute value of impedance. One obvious disadvantage of this representation is
that frequency is not explicitly shown. The negative x direction is the direction of increasing
frequency in a Nyquist plot.

a) b)

log |2 \

Increasing w

-Imz log «

w = max Rez ¢

log «

-90°

Figure 2.7: Representation of impedance data in the form of Nyquist (a) and Bode (b) plots

The Bode plot can show the impedance data in two different forms as depicted in Figure 2.7 b).
The log of the magnitude of impedance can be plotted with the log of frequency on a log-log plot
(top); or the phase angle (®) can be plotted against the log of frequency on a semi-log plot
(bottom). Both forms of the Bode plot have the frequency as an explicit parameter.

2.2.2 Equivalent circuit models (ECM) for EIS data analysis

Since impedance measurements determine the resistive, capacitive and inductive behavior of the
electrochemical system under study at a particular frequency, an equivalent circuit model (ECM)
can be used to fit the impedance data. Physical processes do not always behave in ideal manner,
but a resistor can model the bulk resistance pretty accurately. However, the charging of a double
layer (electrolyte — electrode interface) can be better modeled by a constant phase element (CPE)
rather than a pure capacitor as its distributed nature is a better representation of the
inhomogeneous double layer interface [109]. It is common practice to use the CPE in ECMs for
modelling the double layer in fuel cells [111]. The CPE is defined by a pre-factor Q representing
capacitance and an exponent n and its impedance is defined as below in Eqn.(2.4) [112];

1

ZCPE

=Q (o) 24

The CPE behaves as an ideal capacitor when the exponent n is 1.
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2.2. Electrochemical impedance spectroscopy (EIS)

The capacitance of a CPE can be calculated by using the relation from Abouzari et al. [113] or M.

Boudalia et al. [114]. The relation from Abouzari et al. is used in this thesis as shown below in
Eqn.(2.5);

1-n 1 (2.5)
C=Rn -Qn

The value of R is taken from the resistance in parallel with the CPE (Figure 2.8). This equation is
only valid if the product RQ or the value of the exponent n is close to unity [115].

ECM for cell operation at
Low current density < 100mA cm™
High cathode A > 10

Anode GDL
L(Cable impedance CPE(Ca) impedance
Inductance) [
neglected neglected
YY)
(Ra) (R
(Ract)
©—* v
t <«
> H)—> (0,) ¢—
Anode Membrane
CCL GDL
L(Cable _Ancde CPE1(Ca)  CPE2(Cun)
impedance I I
Inductance) neglected 1T I
2220% m B
(Ra) (R
(Ract) (Rm)
ECM for cell operation at
High current density >100mA cm
Low cathode A < 10
® : >
10/100KHz Decreasing Frequency

50/100mHz

Figure 2.8: Schematic of EIS data analysis with ECM and the physical domains modelled in the
low cathode A, high current density (bottom) and the high cathode A, low current density (top)
regimes with pure H, on the anode side for both cases
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Two different ECMs as shown in Figure 2.8 have been used in this thesis to fit the EIS data for
extracting the electrochemical parameters of the fuel cell. Since pure hydrogen is used on the
anode side, the anode impedance is neglected [116] in both cases. For high cathode A and low
current density, the model (top) is used with only one parallel R/CPE combination to model the
double layer of the CCL, along with the ohmic resistance of the fuel cell (mainly membrane)
(Rq) and the protonic resistance of the CCL (R;). The resistance in the parallel R/CPE
combination models the activation resistance (R,) of the CCL and the CPE element models the
double layer capacitance (Cq;) of the CCL. GDL mass transport losses are neglected in this case.
The model (bottom) for low cathode A and high current density uses an additional parallel R/CPE
combination to model the mass transport resistance in the GDL (R,,) and the double layer
property of mass transport Cgj,, respectively. The frequency increases from right to left in the
figure. Table 2.4 summarizes the electrical elements used in the two ECMs and the physical
parameters they model.

Table 2.4: Elements used to fit the impedance data in the two ECMs with the physical parameters
they are used to model

Element Unit Physical parameter modelled

L H (Henry) cable inductance
Ro Q (Ohm) Ohmic resistance (mainly membrane resistance)
R, Q (Ohm) Protonic resistance of the CCL
Ract Q (Ohm) Activation resistance (CCL)

CPE, F (Farad) Double layer capacitance (Cgj)
Rn Q (Ohm) Mass transport resistance (GDL)

CPE, F (Farad) Capacitance property related to mass transport

2.2.3 Analytical modeling for EIS data analysis
Physical modelling of fuel cell impedance can be divided into numerical and analytical
modelling. Many numerical models for fuel cell impedance have been presented in the literature

25



2.2. Electrochemical impedance spectroscopy (EIS)

[82,117-120] . Using numerical models in least square fitting algorithms for fitting impedance
data is theoretically possible, but it is a very time consuming process due to the need to solve
complex differential equations multiple times numerically. Analytical equations for the CCL
impedance have been derived for the case of fast oxygen transport in [81,121,122]. A simplified
1D analytical model of the CCL impedance has been suggested as a fast and reasonably accurate
alternative to numerical models for sufficiently low current densities by Kulikovsky [83,123].
This model also allows calculating the oxygen diffusivity in the CCL which is a key CCL
transport parameter not readily measureable. This model is described in more detail below and is
used for fitting the low current density impedance of the in-house assembled MEA in this thesis
for a comparison with the fitted electrochemical parameters by ECM modelling.

; 0,
+——Jp Protonic .
current concentration
<+

Membrane
GDL

\/ Nact 4*

ccL |

Figure 2.9: Schematic depicting the variations in the O, and protonic concentrations and the local
activation loss in the CCL for high cathode A and low current density operation redrawn from
[123].

The model assumes small changes in oxygen concentration and local ORR overpotential (see
Figure 2.9) within the CCL at low current densities (typically upto 100mA cm™) and high
cathode stoichiometry (A > 10). The model then solves the physical equations for characteristic
cell parameters analytically, which can be obtained by fitting the impedance spectra by the
Maple® worksheet provided in [83,123]. This is a fast analytical model for impedance data fitting
which is valid for low current densities. It is interesting in the sense that it uses actual physical
relationships for fitting rather than equivalent circuits, whose interpretation is still disputed
among the EIS community [124,125].
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The basic nomenclature followed by this 1D analytical model (called AM from here on for
brevity) is as follows;

b = Tafel slope (V)

Iy = CCL thickness (cm)

6, = Protonic conductivity of the CCL @' em™)

jo = Current density (A cm™)

F = Faraday’s constant (C mol'l)

Doxp = Diffusion constant of oxygen in the CCL (ecm?®s™)

C..r = Reference oxygen concentration (mol cm'3)

R, = Protonic resistance of CCL (Q cm?)

Ract = Activation resistance of the CCL (Q sz)

Roxp = Oxygen transport resistance of the CCL (Q cm?)

Ca = Volumetric double layer capacitance (F cm™)

The values of jo, F, Cier and I; are known in our case (I; is 0.012 cm for the in-house assembled
MEA). The Maple® worksheet implementing the analytical model calculates the values of b, Op,
Ca and Dy, analytically by fitting the impedance data. The characteristic fuel cell resistances are
then calculated by using the Eqns. (2.6) to (2.8) below;

= (2.6)
P 30,
b

Race = — 2.7)
Jo

R bl 28

OXP " 3(4FDCpey) 23)

The double layer capacitance is calculated according to Eqn. (2.9);
Cay = ! 2.9
4= Rt 29
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2.2. Electrochemical impedance spectroscopy (EIS)

Where w, is the angular frequency at the peak value of negative imaginary impedance (top of the
semi arc in the Nyquist plot) in radians per second with the conversion from the regular
frequency (f) in Hertz (Hz) is as in Eqn. (2.10);

w = 2nf (2.10)

The impedance data needs to be entered into the Maple worksheet along with initial guesses for
each of the parameters to be calculated. It is essential to use reasonable initial guesses otherwise
the solution may not converge.

The AM does not explicitly calculate the ohmic resistance R, but it can be obtained from the left
intercept of the Nyquist plot. The AM instead calculates the mass transport resistance of the CCL
Roxp (indirectly) based on the value of the diffusion coefficient of oxygen inside the CCL (Doxp).
This is a parameter not provided by the ECM. In fact, another parameter Dy, the diffusion
coefficient of oxygen in the GDL can also be calculated by the AM for sufficiently thin CCLs
(around 40pum which is typical for LT-PEFC) but the actual used CCL in this thesis is much too
thick (120um) therefore the value of Dy, is not realistic and thus not used. These two parameters
are of very high practical importance and methods for their accurate determination are scarce in
the literature.
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3 Experimental Setup and Procedures

This chapter describes the used test cells and their components and preparation, the test station,
and EIS and CV measurement equipment and settings in detail.

3.1 Test cells

Two different types of test cells are used in the experiments for this work. They differ only in the
maximum cell area available for electrochemical reaction. The hardware components have a
similar design with minor differences and different sizes. The smaller test cell has a maximum
area of 17.64cm’” while the larger cell has a maximum area of 50cm’.

Figure 3.1: a) A stainless steel endplate, graphitic flowplate, PFA gasket and commercial MEA
for the single cells b) In-house assembled single cell

Figure 3.1a) presents a graphite based flowplate and a stainless steel based endplate used for
single cell construction. The flowplate for the smaller test cell (17.64cm?) has a 3-fold serpentine
flow field, whereas the flowplate for the larger test cell (50cm?) has a 5-fold serpentine flow
field. Figure 3.1b) shows an assembled single cell. The single cell is prepared by sandwiching a
MEA (in-house or commercial) between PFA gaskets and placing it between the anode and
cathode flowplates. This assembly is then bolted together between the two endplates.
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3.1. Test cells

a) b)

Figure 3.2: a) Left: Freudenberg H2315C2 GDL Right: PBI based membrane (AM-55) from
FUMA-Tech, Germany b) An in-house assembled MEA with PFA gasket

An in-house assembled MEA is presented in Figure 3.2. The MEA is prepared by doping a PBI
membrane with PA and pressing it between two gas diffusion electrodes (GDE). The membrane
used in this study is PBI based (AM-55), purchased from FUMA-Tech, Germany. It is immersed
in 85% PA solution for 12 hours at a temperature of 110°C to achieve a PADL of 155 *
0.5mg cm™.

The GDEs are prepared by the doctor blade method. To produce the catalyst ink, Pt/C catalyst
(Alfa Aesar) is mixed with the solvent (Propan-1-ol: Propan-2-ol (1:1)), deionized water and the
PTFE binder and then the mixture is sonicated for 30 minutes. The catalyst ink is then coated
onto a commercial non-woven GDL with microporous layer (MPL) (Freudenberg H2315C2).
The GDE is then left overnight for drying. Each MEA is prepared just one day before its intended
use to avoid loss of PA from the membrane.

PFA gaskets are used as hard stops between the MEA and the flowplates on both sides. The total
thickness of the gaskets is calculated as 80-85% of the total MEA thickness to achieve 15-20%
MEA compression which is suggested as the optimum compression by BASF. Sigraflex gaskets
are used between the flow plates and the stainless steel endplates on both sides for sealing as well
as maintaining good electric conductivity. The endplates are also used as the current collectors
for the single cells.

The single cell is screwed together with eight bolts on the endplates. The torque applied on each
bolt is usually 6Nm, but it is permissible to go upto 8Nm to prevent gas leakage in the cell. A
torque higher than this value may cause permanent damage to the flowplates and the MEA. A
leakage test is conducted with dry nitrogen after tightening the bolts on each single cell. A
leakage of more than 40mbar per minute is not allowed on either of the anode or cathode sides to
the environment or between the anode and cathode side (across the membrane). This value
translates to 10”mbar 1 s™' if the total volume of the system including the pressure testing device
is taken into account. If this is the case, the cell is disassembled and all the components,
especially the MEA and gaskets are examined again and replaced if necessary. The cell
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3. Experimental Setup and Procedures

preparation procedure is standardized in this way to minimize the variance in cell assembly due
to change of personnel.

Endplate

Figure 3.3: Exploded view of a single cell at I[EK-3

An “exploded” single cell is presented in Figure 3.3. It can be seen that the current collecting
cables are directly connected to the endplates on both the anode and cathode sides. Also, there is
no separate heat removal system for the single cell. The endplates are also used to dissipate the
heat produced during cell operation by heat convection to the environment.

The heating of the cell is done through heating tubes inserted in the endplates. Also, the gas inlets
and outlets are available in each endplate. The endplates also have special holes for temperature
measurement as shown in Figure 3.3. Voltage measurement is done through special holes in the
flowplates.

Once the cell is correctly assembled and the gas leakage is below the specified limit, it is installed
in the test station and a standardized break-in procedure is run on the cell. This procedure is
necessary before any testing for optimized cell operation as the PA redistributes from the
membrane into the CLs and the PA in the membrane reaches its equilibrium concentration [18].
The break-in procedure is described in detail in the next section.
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3.1.1 Break-in procedure and BOL and EOL data acquisition

Current density mA cm™

A

72 hour constant

current density BOL Ulcurves,  EOL Ul curves,
ope;atlon at 200mA EIS and CV EIS and CV
8 steps of 5 cm™”at An/CaA 2/2 measurements  measurements
200 mins. Eachwith @~ —MM & >
fixed gas
flowrates
. >
Cell Operation at desired
conditions
Break-in procedure
P »
0 ‘ >
73 Time (hours)

Figure 3.4: Break-in procedure and typical testing of a single cell

Once the leakage of the cell is below the specified limit, it is installed into the test station and a
break-in procedure is run on the cell before any testing. Figure 3.4 shows the details of the break-
in procedure and later testing of a single cell. The break-in procedure consists of initially heating
the cell above 100°C without gas flow on either side. After the temperature is higher than 100°C,
flow of the gases is started on both the anode and cathode sides. The anode is fed with dry
hydrogen and the cathode is fed with dry air. The flowrates of the gases are kept constant for an
anode/cathode stoichiometry of 2/2 at a current density of 200mA cm™. After 20 minutes, the
load is applied to the cell and eight steps of five minutes each are used to reach the current
density of 200mA cm™.

When the cell reaches a current density of 200mA cm™, it is operated at this current density for
72 hours continuously. This completes the break-in procedure. Beginning of life (BOL) Ul
curves, EIS and CV measurements are performed immediately after the break-in procedure
finishes. Then the cell is operated on the desired operating conditions as planned. The end of life
(EOL) testing is performed before disassembling the cell for EOL data acquisition and
comparison with BOL.
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Figure 3.5: UI curve procedure for a single cell

A Ul curve is obtained as shown in Figure 3.5 Firstly, the load is set to 0A cm™ so that the cell is
at the open circuit voltage. The gas flowrates are fixed below the current density of 200mA cm™
to the values of the required anode/cathode A at this current density. The current density is
increased in steps of 50mA cm™ in time steps of 1 minute and the corresponding cell voltages are
saved. This process is automatically stopped if the cell voltage falls below a value of 350mV.
Sometimes, the steps used below 200mA cm” are 10mA cm™ instead of 50mA cm™ to have more
data points in the activation region (for low current density and high cathode A measurements of
EIS) for comparison with EIS data. The procedures for break-in and Ul curves are automated
with prewritten Microsoft Excel sheets loaded into the LabVIEW program of the test station.
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3.2. Test station

3.2 Test station
S I i = i

Figure 3.6: The test station for single cell testing

The test rig used for most of the single cell testing is shown in Figure 3.6. It is equipped with
supply of hydrogen or reformate on the anode side and oxygen or air on the cathode side. In
addition to this, there is a nitrogen connection to both sides of the cell to spray the cell with
nitrogen in the case of an unexpected shutdown during automated operation. The attached
computer runs the LabVIEW program which can be used to operate the cell remotely for long
time periods. A Microsoft excel sheet can be loaded into the computer with predefined operating
conditions and duration of cell operation. This makes it possible to automate cell operation and
collect continuous data without interruption. A maximum of four single cells can be operated
simultaneously at the test station. A simplified flow diagram of the test station is presented in
Figure 3.7.
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Figure 3.7: Simplified flow diagram of the single cell test station used for the experiments

A single cell installed in the test rig with gas inlets and outlets and voltage and current
measurement cables and heating arrangements for the cell are shown in Figure 3.8. Both of the
available cell types at the IEK-3 were utilized in this study, sometimes depending on the size of
the available MEA. The results are always normalized with the cell area for a reliable comparison
in case of different cell areas for two MEAs.
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3.2. Test station

Figure 3.8: Single cell installed in the test station for testing, co-flow configuration

The measurement equipment along with their ranges and accuracies of different important
physical values of the test cell in the test station are presented in Table 3.1.

Table 3.1: Measurement equipment and their range and accuracy (Source: Test station manual)

Physical value 2/([1?1“::)‘:;::111% Mea::;;nent Accuracy Resolution
Cell current in B
Amperes Electronic 0— 60A 0.2 % of the set value +
aﬁ g Load (Model 0 60V 15mA 0.01A
Cell voltage in ZS506-4NV) Max. 500W 0.2% of the set value 0.01V
Voltsg [Hocherl & Hackl : +15mV
GmbH: S. 23 ff]
Volume Bronkhorst EL- 0'16le“¥““ to
® 6N1/min +0.1%V
. 0
flowrate of the Flow + 0.5 % of measured value
(cathode) of the set

reactant gases in  [Bronkhorst High
Nml/min Tech B.V.]

0,
0.16Nml/min to plus £ 0.1 % of set value

3NI/min (Anode)

value
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Keithley
Temperature of ~ Thermocouple
the endplates in ~ Type K [Keithley  -20 to 1372°C 1.26°C 0.001°C
Degree C Instruments Inc.
2003: S. 1]

3.3 EIS and CV measurement equipment and settings

The EIS and CV measurements are performed by a Zahner Zennium electrochemical workstation
by ZAHNER-Elektrik GmbH & Co. KG with an additional PP series power potentiostat PP241
for high current measurements. These potentiostats are designed to apply and sink high currents
upto + 40A at a total power dissipation upto 200W. Both devices can be operated in galvanostatic
and potentiostatic modes. Table 3.2 presents some relevant specifications of the Zennium

workstation while Table 3.3 presents those of the PP241 power potentiostat.

Table 3.2: Important specifications of the Zahner Zennium workstation used for EIS
measurements (Source: Zahner product catalog)

Characteristic Value Accuracy
Frequency range 10pHz to 4Mhz <0.0025%
Output current range +100nA to £2.5A +1% of set value
Maximum voltage +4V +250uV (0.025%)

Table 3.3: Important specifications of the PP241 power potentiostat used for EIS measurements
(Source: Zahner product catalog)

Characteristic Value Accuracy
Potential range +5V +0.1% / £1mV
Current range 0A to +40A +0.25% / +1mA
Output power 200W --

Frequency range 10uHz - 200kHz --

Impedance range 1pQ - 1kQ --

The EIS and CV data obtained can be analyzed by the pre-installed Thales Z software package on
the PC connected to the Zahner Zennium electrochemical workstation. Standardized procedures
are used for in-house EIS and CV measurements too as described below.
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3.3.1 EIS measurements

EIS is used to obtain impedance measurements for different cells at different operating
conditions. The setup for the EIS measurements consists of a conventional two-electrode setup
with the anode serving as a quasi-reference and counter electrode and the cathode serving as the
working electrode. A frequency range of 10" — 10°Hz and AC signal voltage amplitude of
+ 10mV is usually chosen in this study; however a minimum frequency of 50mHz is also chosen
at times when higher resolution is required at the low frequency end of the impedance spectrum.
Other important parameters which must be selected include measurement points to be recorded
per decade of frequency (steps per decade) and measure periods for each EIS measurement. For
each of these parameters, two values must be given, one below 66Hz and the other above this
frequency. This enables optimization of resolution over measuring time and accuracy over
measuring time since measuring time is dominant below the frequency of 66Hz. In this thesis,
four measure points per decade are used below 66Hz for both of these parameters and ten
measure points per decade are used above 66Hz. Also, four measure periods are selected below
66Hz and ten measure periods above 66Hz. These settings are used for all the measurements
unless otherwise stated. This helps achieve better reproducibility and comparable results as well
as optimization of the measuring time for each EIS measurement while maintaining reasonable
accuracy. Care is taken to measure impedance at stationary conditions for reliable measurements.
The fuel cell is first run on the required conditions for at least five minutes and then the
impedance measurement is started. The cables connecting the Zennium workstation to the cell are
twisted together properly to minimize cable inductance and noise. Each measurement is repeated

at least once for comparison of the reproducibility and backup of the impedance spectra.

3.3.2 CV measurements
The Zahner Zennium electrochemical workstation is also used for the CV measurements. The CV

measurements are done in potentiostatic mode. In order to perform the measurement, the fuel cell
is fed with dry hydrogen (70Nml min'l) and dry nitrogen (100Nml min'l) at the anode and
cathode sides respectively. The anode works as pseudo-reference and counter electrode, while the
cathode is the working electrode. The potential of the working electrode is scanned between
0.05Vand 1.2V with a scan rate of 50mV s and four cycles are performed. The CV data is
analyzed using the Thales Z CV software. The cathode catalyst active area is estimated

considering the positive current density peak related to hydrogen desorption for the last cycle.
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The estimation is done according to Eqn. (3.1) assuming that the cathode catalyst (Pt loading =
Img cm™) is covered by a monolayer of hydrogen with a charge density of 210pC m™ as

suggested by Liang et al. [126];

ECSA(m2g™' Pt) = Q(C em”7) G-
(m°g ) = {210 x 10* (u€ m~=2 Pt) X Pt loading (mg cm=2)}
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4 Commercial MEA Characterization

This chapter is devoted to the characterization of the commercially available HT-PEFC MEAs at
TIEK-3. It is imperative to characterize the MEAs for performance with similar operating
conditions not only to be able to judge them from a performance viewpoint, but also to
investigate the effect of important operating conditions on the performance of each MEA.

4.1 HT-PEFC MEA characterization with DoE
The commercially available HT-PEFC MEAs at IEK-3 are listed in Table 4.1 below.

Table 4.1: Commercial HT-PEFC MEA information

Active Date of
Serial # MEA Name Code area Manufacturer
2 Purchase
(cm”)
Celtec®
1 P1100W A 45 BASF Oct 2013
2 Advent TPS®™ B 50 Advent Jan 2014
Technologies
3 Elcomax C 50 Elcomax March 2012
4 Dapozol 100 D 46.2 Danish power Jan 2014
systems®

The Celtec® PW1100 MEA from BASF is a PBI based membrane doped with PA using a
proprietary membrane doping method with the sol-gel technique. This method can increase the
PA content in the membrane by a factor of 3 or more in comparison to other doping methods
[36]. The GDL material is woven carbon cloth. The Advent TPS® MEA is based on pyridine type
structures incorporated around a stable polymer backbone [127]. A carbon cloth material is used
as GDL. Dapozol 100 MEAs are PBI based membranes with carbon paper based GDL materials
[128].The Elcomax MEA also has a PBI based membrane with a carbon paper based GDL.

The standard 50cm? cell at IEK-3 (as described in section 3.1) is used for operating all the MEAs
in this chapter. The standard break-in procedure is run prior to any testing. Dry gases are used
with hydrogen on the anode side and air on the cathode side for actual cell testing.

The DoE is used to characterize all four MEAs. The four most important operating parameters
affecting cell performance as listed in Table 4.2 are considered as factors with two levels. The
cell voltage (V) is considered as the only response variable. A two level four factor (2%) full
factorial design is used for this purpose with the aim of extracting maximum information for
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developing reasonably accurate statistical regression models [129]. The ranges for the factors are
selected by keeping realistic fuel cell operation in mind.

Table 4.2: List of factors and their investigated levels

Low level High level

Serial # Factor Symbol  Code Mean (0
Y 1) (+1) ©
Anode
1 stoichiometry A £ = 5 2l
Cathode
stoichiometry Ae c 2 4 3
Current . 2
3 density i(Acm™) 1 0.2 0.6 0.4
Operating T (°C) T 140 180 160
temperature

A 2* DoE requires a total of (24) sixteen experiments for each MEA to obtain one replication
(run) excluding any middle points. It is decided to introduce middle points systematically into the
experiments to cater for any non-linearity in the response [93] (in which case a 3* DoE maybe
required for more accurate results) as well as cell degradation. One middle point is decided at the
beginning, and then one after every four data points. This translates into a total of five middle
points for each run. The design matrix for the 2* DoE with middle points is given in Table 4.3.
The actual experimental order is randomized to avoid systematic influences to the response
variable [100].

Table 4.3: Design matrix for a 2 level four factor (24) DoE with middle points

. Treatment 2 o
Serial # combination C I(Acm™) T(C)
1(M) Middle 2.1 3 0.4 160

1 (1) 1.2 2 0.2 140
2 A 3 2 0.2 140
3 C 1.2 4 0.2 140
4 AC 3 4 0.2 140
2(M) Middle 2.1 3 0.4 160
5 1 1.2 2 0.6 140
6 Al 3 2 0.6 140
7 CI 1.2 4 0.6 140
8 ACI 3 4 0.6 140
3M) Middle 2.1 3 0.4 160
9 T 1.2 2 0.2 180
10 AT 3 2 0.2 180
11 CT 1.2 4 0.2 180
12 ACT 3 4 0.2 180
4(M) Middle 2.1 3 0.4 160
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13 IT 1.2 2 0.6 180
14 AIT 3 2 0.6 180
15 CIT 1.2 4 0.6 180
16 ACIT 3 4 0.6 180
5(M) Middle 2.1 3 0.4 160

It is decided to use two sample sizes for the whole campaign. One small sample size (n=5) and a
large sample size (n=30). A large sample size is normally recommended for achieving a
confidence interval higher than 95% [101]. As described earlier, one run takes 21 experimental
readings (including middle points) with varying operating conditions. The required number of
experiments rises dramatically with sample size. It is intended to compare the results of the two
sample sizes to evaluate the possibility to reduce the sample size without compromising too much
on accuracy. This can result in significant savings in time, money and effort while maintaining
reasonable accuracy.

4.1.1 Detailed calculation procedure for MEA D

As a comparison is planned between a low sample size (n=5) and a high sample size (n=30) to
estimate the effect of sample size on the regression model, this translates to a minimum of 30
runs and thus (21 * 30 = 630) experimental values of the cell voltage per MEA. This task is
automated via an excel program loaded in the LabVIEW program at the test station to run the cell
continuously under desired conditions and retrieve the corresponding results. Table 4.4 depicts
the calculation of the average response variable (cell voltage) for the small sample size (n=5) in
the case of Danish Power Systems” (Daposy) MEA which has the MEA code D.

Table 4.4: Calculation of average cell voltage for Daposy MEA (n=5)

2 o V(n=1 V(n=2 Vn=3) Vm=4) V{m=5 Avg. V

s# A c 1aem? 100 GU) VY 0N vy Yy (mw)
1 1.2 2 0.2 140 595.79 593.90 601.68 600.27 599.80 598.29

2 3 2 0.2 140 593.66 596.49 596.02 600.74 603.81 598.14

3 1.2 4 0.2 140 606.64 608.05 61230 615.13 619.14 612.25

4 3 4 0.2 140 606.64 608.05 615.84 614.19 616.07 612.16

5 1.2 2 0.6 140 467.22 463.69 466.99 470.76 467.22 467.18

6 3 2 0.6 140 450.00 456.61 462.74 460.38 463.21 458.59

7 1.2 4 0.6 140 478.78 479.26 485.39 486.57 487.04 483.41

8 3 4 0.6 140 479.02 478.55 482.79 481.38 486.33 481.61

9 1.2 2 0.2 180 638.72 642.26 644.85 644.85 648.15 643.77

10 3 2 0.2 180 637.77 644.62 644.14 645.79 647.45 643.95
11 1.2 4 0.2 180 650.28 654.52 655.70 656.88 659.24 655.32
12 3 4 0.2 180 648.86 651.22 654.29 655.70 658.30 653.67
13 1.2 2 0.6 180 523.13 528.79 529.50 53233 533.75 529.50
14 3 2 0.6 180 521.72 525.96 524.31 527.85 528.79 525.73
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15 12 4 0.6 180 539.88  538.70  543.18 545.07 54530 54243
16 3 4 0.6 180 535.16  536.11 538.46 542.00 54295 538.94

The Yates algorithm is applied as described by Box et al. [91] to determine the main effects of
each factor and the factor interactions. Table 4.5 shows the estimates and codes of each main
effect and interaction. A similar calculation is carried out with the average cell voltages obtained
from 30 replications (n=30) (not shown here).

Table 4.5: Yates algorithm for calculation of main effects and interactions for Daposy MEA

1 2 3 4 Divisor Es(ﬂln\llz;te Effect/interaction Effect(/g:)tggl ction
1196.43 2420.84 4311.63 9044.93 16 565.31 Grand Avg. (D)
1224.41 1890.79 4733.31 -19.35 8 -2.42 Aa A
925.76  2596.72 -10.62 114.65 8 14.33 Ae C
965.02 2136.59 -8.73 5.29 8 0.66 ha ¥ AC
1287.72  -0.24 67.24 -990.19 8 -123.77 i I
1309.00 -10.38  47.41 -15.95 8 -1.99 Ao ¥ 1 Al
1055.23 -1.46 6.84 16.14 8 2.02 A XA CI
1081.36  -7.26 -1.55 8.87 8 1.11 Aa* A ¥ 1 ACI

-0.14 2798 -530.06 421.68 8 52.71 T AT
-0.09 39.26  -460.13 1.89 8 0.24 A *T T
-8.59 21.28  -10.14 -19.82 8 -2.48 AKT CT
-1.79 26.14 -5.80 -8.40 8 -1.05 A *¥A*T ACT
0.19 0.05 11.28 69.93 8 8.74 i*T IT
-1.65 6.79 4.86 4.34 8 0.54 ha¥1*%T AIT
-3.77 -1.84 6.74 -6.42 8 -0.80 AFI*T CIT
-3.49 0.28 2.12 -4.62 8 -0.58 ANF¥A o *T*i ACIT

The first thing to check is the middle points. Remember that we included them for two specific
reasons. To check for the linearity of the response variable and also to check for significant cell
degradation. Table 4.6 shows the comparison of middle points for the Daposy MEA for both
sample sizes.

Table 4.6: Comparison of middle point standard deviation for Daposy MEA

Sample Avg. value Avg.value Avg.value Avg.value Avg.value Standard

size 1M) 2(M) 3M) 4M) 5(M) deviation
(n) (mV) (mV) (mV) (mV) (mV) (mV)

5 566.11 565.01 563.33 567.01 567.71 1.73
30 579.77 577.88 576.74 579.62 580.02 1.43

It can be seen that the standard deviation of the cell voltages at the middle points changes very
little in going from a small sample size (n=5) to a very large sample size (n=30). This proves that
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the response variable behaves in a linear manner [130] and also no significant cell degradation
has taken place. In fact the Daposy MEA improves performance over time as will be seen in
section 4.2, and thus the average values of the middle points are significantly higher for the
sample size of 30.

The next step is to determine the statistically significant main effects and interactions (outliers)
by plotting them on a normal probability plot. To plot the effects and interactions normally on
standard graph paper, first, all the effects and interactions are arranged in ascending order and a
serial number (i) starting at 1, is assigned to each entry. The individual frequency or f score (fj)
and the expected Z value (Z;) are determined for each of the effects by using the relations given
in Eqns. (4.1) and (4.2) below [131];

i—0.375
= — 4.1
fi n+0.25 @D
Where n is the total number of effects (15 in this case).
Zi=P(Z<Z)=P() (4.2)

The probabilities can be calculated using the NORM.INV.S function in Microsoft Excel or found
in the standard normal distribution tables. Table 4.7 shows f; and Z; values for each of the effects
and interactions.

Table 4.7: Normal probability calculation table for Daposy MEA

. . . . i fi Zi
Effect/interaction  Effect/interaction E ff(fc)t Jint ( f) ExpE:c t)e d7Z
code Value

# score value
1 -123.77 1 0.041 -1.74
AT -2.48 2 0.107 -1.25
AIT -2.42 3 0.172 -0.95
Al -1.99 4 0.238 -0.71
ACI -1.05 5 0.303 -0.51
AT -0.80 6 0.369 -0.33
CIT -0.58 7 0.434 -0.17
AC 0.24 8 0.500 0.00
ACT 0.54 9 0.566 0.17
ACIT 0.66 10 0.631 0.33
CI 1.11 11 0.697 0.51
A 2.02 12 0.762 0.71
IT 8.74 13 0.828 0.95
C 14.33 14 0.893 1.25
T 52.71 15 0.959 1.74
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Figure 4.1: Normal probability plot for main effects and factor interactions for Daposy MEA
(n=5) (Redrawn from [132])

Figure 4.1 shows the normal probability plot of all the effects and interactions. The
effects/interactions lying along a straight line are normally distributed and thus statistically
insignificant [91]. In other words, these effects/interactions do not have a significant effect on the
response variable (the cell voltage) and thus can be safely ignored when building a statistical
regression model. It is the effects/interactions that do not lie along the normal probability trend
line and hence are not normally distributed (outliers), which have a statistically significant effect
on the response variable and must be included in the regression model [91]. It can be seen that
there are four outliers in this case. Three of them are main effects of current density (I), operating
temperature (T) and cathode stoichiometry (C). The two factor interaction of current density and
operating temperature (IT) is also an outlier. Table 4.8 shows the estimates and statistical
significance of all factors and their interactions.

Table 4.8: Main effects and interactions with their statistical significance for Daposy MEA (n=5)

Effect/Interaction (code) Estimate Coefficients Outlier

) 565.31 565.31 y
A 242 -1.21 n
C 14.33 7.17 y
AC 0.66 0.33 n
I -123.77 -61.89 y
Al -1.99 -1.00 n
CI 2.02 1.01 n
ACI 1.11 0.55 n
T 5271 26.35 y
AT 0.24 0.12 n
CT 248 -1.24 n
ACT -1.05 -0.52 n
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IT 8.74 437 y
AIT 0.54 0.27 n
CIT -0.80 -0.40 n

ACIT -0.58 -0.29 n

The final task is to develop the statistical regression models based upon the outliers. A
transformation of each factor range to a scale of -1 to 1 is used for this purpose, which is given in
Table 4.9. The transformed values between -1 and 1 will be used in the regression model for
calculation of the predicted cell voltages. It is also possible to build a regression model that does
not require this transformation [101].

Table 4.9: Transformation of factors to a range of -1 to 1

Transformation -1 -0.5 0 0.5 1
A 1.2 1.65 2.1 2.55 3
C 2 2.5 3 3.5 4

I(A em?) 0.2 0.3 0.4 0.5 0.6

T (°C) 140 150 160 170 180

The regression model for the Daposy MEA with the smaller sample size (n=5), is formed by only
considering the intercept along with the outliers. The coefficients of the outliers are simply half
of the calculated estimates in Table 4.5 [133]. Eqn. (4.3) shows the regression model for
calculating the cell voltage of this MEA. Note the two subscripts of V (cell voltage). The first
one, D in this case, is the MEA code and the second one, 5 in this case, denotes the sample size.
This nomenclature is maintained for all the subsequent regression models of different MEAs.

Vs = 565.31—61.891 + 7.17C + 26.35T + 4.37IT (4.3)

Model validation

Table 4.10 shows the comparison of actually measured cell voltages at selected points and the
predicted values using the regression model given in Eqn. (4.3). It is clear that the model is very
accurate for such a small sample size, the largest percentage error being 0.57%.

Table 4.10: Comparison of predicted and measured cell voltages at selected points for MEA D

C I . Avg.
(Cathode (Current T Predicted measured Residual  %age
N . (Temperature) value
stoichiometry) density) level (mV) value (mV) error
level level (mV)
-1 -1 -1 598.05 598.22 0.17 0.03
-1 -1 1 642.01 643.86 1.85 0.29
-1 1 -1 465.53 462.88 -2.65 0.57
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-1 1 526.97 527.61 0.64 0.12
1 -1 -1 612.39 612.21 -0.18 0.03
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Figure 4.2: Normal probability plot of residuals for Daposy MEA (Redrawn from [132])

Figure 4.2 shows the residuals from Table 4.10 plotted on normal probability graph. The
residuals are found to be normally distributed indeed. This authenticates the accuracy of the

regression model [91].

Individual regression models based on the same procedure as presented above are formed for
each MEA and sample size. These models are presented in Eqns. (4.4) to (4.10) below;

VB,S

VC,S

528.27 —99.431 + 11.13C + 39.07T + 9.02IT

505.37 — 87.101 + 4.99C + 22.93T + 3.96IT

Vys = 527.96 —82.18] + 13.01C + 31.31T + 6.78IT

Vpso = 577.93 — 64.541 + 7.93C + 30.05T + 4.54IT
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Vgso = 529.27 —103.15I + 11.66C + 41.99T + 8.92IT (4.8)
Veso = 491.53 4+ 96.011 + 6.97C + 25.72T + 2.98IT (4.9)
Vizo = 527.77 — 80.831 + 13.49C + 33.10T + 6.601 (4.10)

4.1.2 Comparison of regression coefficients and discussion
A comparison of the effect of the sample size on the coefficients of the regression variables is
conducted for all four MEAs and is presented below with discussion.

A
v B
-
o
Q
5 M intercept, n=30
2 C

M Intercept, n=5
D
400 450 500 550 600
(mV)

Figure 4.3: Comparison of intercepts (Redrawn from [132])

It can be seen in Figure 4.3 that the intercepts for MEAs A and B show negligible change in the
cell voltage from the smaller sample size to the larger sample size, whereas the intercept for
MEA C decreases by about 15mV, indicating decreased cell performance over a longer period of
time (one replication takes about nine hours for completion, with load cycling between a current
density of 200mA cm™ and 600mA cm™, and also temperature cycling from 140°C to 180°C).
MEA D intercept actually increases by about 15mV indicating slightly increased cell
performance at the end of testing. Since the intercept is mathematically the value of the response
variable with all the significant factors and interactions at their respective mean (0) levels [134], a
higher intercept can be interpreted as an indicator of higher cell performance for similar operating
conditions in this case.
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Figure 4.4: Comparison of current density coefficient (I) (Redrawn from [132])

Figure 4.4 shows that the current density coefficients of MEAs B and C decrease slightly for the
higher sample size indicating a performance loss (as the current density coefficient is negative)
whereas in the case of MEAs A and D, the current density coefficient (I) remains more or less
constant. A larger current density co-efficient relates to a narrow operating window for the
relevant MEA due to higher voltage loss by the same increase in the load applied. Since the range
of the current density (0.2 - 0.6A cm™) falls typically in the ohmic region, a higher current
density co-efficient indicates a higher ohmic resistance (Rq) for the corresponding MEA. MEA
D, therefore, has the lowest Rq.
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Figure 4.5: Comparison of cathode A coefficient (C) (Redrawn from [132])

The cathode A coefficient (C), as depicted in Figure 4.5, increases for all MEAs in moving from
the lower to the higher sample size. This indicates increased cell performance with a higher
cathode A with an aging cell. This effect has been reported in the literature [135] and can be
attributed to the higher mass transport loss at a lower cathode A, however, it is interesting to note
that the effect of cathode A for MEAs A and B (carbon cloth GDL) is about two times that of
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MEA C and D (carbon paper GDL). This indicates that a higher cathode A has a larger (positive)
effect on the cell voltage in case of the MEAs with carbon cloth as the GDL material. This is due
to major differences in the properties of the GDL materials regarding porosity, hydrophobicity,
conductivity [136] and compressibility leading to different mass transport behavior [137-140]
with similar cell assembly and operating conditions.
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Figure 4.6: Comparison of temperature coefficient (T) (Redrawn from [132])

The temperature coefficient shows a proportional increase in all the investigated MEAs from
n =5 to n =30 (Figure 4.6). Higher temperature increases the cell performance by improving
reaction kinetics, but it also increases cell degradation [141].

A
o B
°
o
o
g ®IT, n=30
2 c

M |T, n=5
D
0 2 4 6 8 10
(mv)

Figure 4.7: Comparison of current density and temperature interaction (I *T) (Redrawn from
[132])
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4.2. MEA degradation

The only significant change (2mV decrease) for the current density and temperature interaction
(IT) is seen in MEA C (Figure 4.7). This is also a factor causing slightly lower cell performance
due to the weaker interaction, since the interaction is positive and decreases for the higher sample
size. Another point of interest is the much higher (almost two times) values of the interaction in
MEAs A and B in comparison with MEAs C and D. This can also be explained by the different
GDL materials used by the MEAs signifying a stronger interaction of current density and
temperature with carbon cloth as GDL material than carbon paper.

A possible extension to the idea of building statistical regression models to characterize MEA
performance is to remove the current density from the regression model itself and instead take a
complete UI curve for the remaining factor settings. This would give rise to a two level three
factor (2°) DoE in our case with operating temperature and the anode and cathode stoichiometries
as the three factors. The advantage is that not only current density data is available for the
complete range of cell operation (upto the maximum current density of the cell), but also more
measured data points are available for validation of the regression models. These UI curves are
termed as DoE UI curves.

4.2 MEA degradation

Since all the four MEAs were operated for about 270 hours excluding the break-in procedure
with extensive load and temperature cycling to obtain the necessary data for the DoE
characterization campaign therefore some degradation, at least in some of the MEAs, was
expected. Figure 4.8 through Figure 4.11 compare the BOL and EOL UI curves for all the four
MEAs at the standard operating conditions of 160°C and anode/cathode A of 2/2 for HT-PEFC
MEAs at IEK-3.

14
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Figure 4.8: BOL and EOL UI curve comparison for MEA A at 160°C with anode/cathode A of
2/2
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Figure 4.9: BOL and EOL Ul curve comparison for MEA B at 160°C with anode/cathode A of 2/2
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Figure 4.10: BOL and EOL UI curve comparison for MEA C at 160°C with anode/cathode A of
2/2

53



4.2. MEA degradation

1
0.9 -
0.8 -
0.7 -
0.6 -
0.5 4
0.4 -

Cell Voltage (V)

0.3
0.2
0.1

MEA D BOL
MEA D EOL

0

0.1

0.2 0.3

0.4 0.5

Current Density (A cm2)

0.6 0.7

0.8 0.9

Figure 4.11: BOL and EOL UI curve comparison for MEA D at 160°C with anode/cathode A of

2/2

The BOL and EOL UI curve comparison of all the four MEAs shows that there is some
degradation in the MEAs B and C where as MEAs A and B show little degradation. MEA A
shows a significant improvement in the high current density region (I > 0.5A cm'z), while MEA
D shows improvement in the low current density region (I < 0.3A cm™). Table 4.11 below lists
the calculated degradation rates for each MEA upto a current density of 0.6A cm™.

Table 4.11: Degradation rates for all MEAs at current densities upto 0.6A cm™

Current density

Degradation Rates (uV )

(A cm'z)
MEA A MEA B MEA C MEA D
0 33.96 10.50 -158.89 3.58
0.05 28.98 69.44 -1.85 -133.58
0.1 24.00 86.50 43.70 -83.69
0.15 23.15 66.83 77.16 -66.81
0.2 12.42 77.27 103.14 -59.17
0.25 -0.80 66.83 126.37 -46.52
0.3 -4.14 53.72 151.49 -38.02
0.35 -20.70 48.44 172.87 -31.29
0.4 -28.14 18.33 190.55 -25.37
0.45 -36.42 10.50 211.92 -16.91
0.5 -48.00 -13.11 241.65 -6.77
0.55 -61.22 -38.00 268.62 -7.63
0.6 -72.80 -60.27 315.59 2.50

It can be seen that MEAs A and D show mostly a negative degradation rate (and hence improved
cell performance) at the EOL, whereas MEAs B and C have mostly a positive degradation rate.
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MEA C shows the highest degradation at almost all current densities. It is deduced that MEAs A
and D are more robust for operation in fluctuating operating conditions.

4.3 Summary

This chapter deals with the characterization of four commercially available HT-PEFC MEAs by
using the DoE method. The main results are listed as follows;

1. It is demonstrated that the DoE can be successfully employed to characterize¢ MEA
performance, hence considerably reducing the experimental effort while maintaining or
improving the accuracy of results.

2. Statistical regression models are developed to predict MEA performance within a
preselected range of operating parameters. These models are based on a low sample size
(n=5) and a high sample size (n=30). A comparison of the model coefficients stipulates
that the smaller sample size (n=>5) is adequate for a first evaluation of the MEA.

3. The DoE application can be further extended by utilizing the DoE UI curves for MEA
characterization.

4. Two of the MEAs (A and D) improve in performance while the other two (B and C) show
some degradation.
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5 In-house Assembled MEA Study

This chapter is dedicated to finding the best material parameters for the construction of the
HT-PEFC MEA assembled at the IEK-3. The previous chapter focused on the characterization of
commercial HT-PEFC MEAs on the basis of most important operating conditions such as current
density, anode and cathode stoichiometries and the operating temperature. Besides developing
some valuable statistical models for reasonably accurate performance prediction of the MEAs,
this also helped in estimating the effects of each operating condition on the cell voltage in the
form of main effects and factor interactions of the considered operating conditions. The next step
is to evaluate the effect of material parameters on the HT-PEFC performance, which is
unfortunately not possible with the commercial MEAs. On one hand, the material parameters are
fixed and quite often confidential, for the commercial MEAs and on the other hand, no post
mortem analysis of the used MEAs is allowed due to non-disclosure agreements (NDA) with the
manufacturers.

The influence of many important material parameters on the MEA performance is nevertheless,
very significant and hence, must be investigated in a detailed manner to come up with a better
performing MEA. It is therefore decided, to use in-house assembled HT-PEFC MEAs to
investigate the most important material parameters influencing cell performance in a systematic
manner utilizing both the DoE and EIS methods.

5.1 Material parameters and MEA preparation

5.1.1 Material parameters
Three of the most important material parameters (factors) for HT-PEFC operation are the Pt
loading, CCL thickness and the PADL. A brief literature review of these parameters is already
presented in section 1.1.2 and a short discussion of each factor is given in the next paragraphs.

The Pt loading is of course vital for the respective anode and cathode electrochemical reactions,
but also it is very important from a cost point of view as Pt costs can account for upto 50% of the
total cost of a fuel cell stack [72]. Different manufacturing techniques for the electrodes and the
whole MEA have been tried to improve cell performance while reducing Pt loading in HT-PEFCs
[126,142]. This will continue to be a very intense area of research until a reliable non-noble metal
catalyst can replace platinum for PEFC operation.

The CCL thickness is also of utmost importance, since the ORR taking place on the cathode side
is known to be the rate determining step with hydrogen operation [13] . The CCL thickness also
affects vitally important electrochemical parameter such as the exchange current density and the
Tafel slope [143].The CCL thickness faces contradicting requirements from a design viewpoint.
On the one hand, enough catalyst loading is needed for the required catalytic activity

57



5.1. Material parameters and MEA preparation

necessitating a thicker CCL, while on the other hand increasing CCL thickness beyond a certain
limit can dramatically increase the protonic and mass transport resistances of the fuel cell [144].
Therefore, a delicate balance is required between catalyst loading and the CCL thickness to
achieve maximum cell performance.

The PADL is important because the PA provides the protonic conductivity in the HT-PEFC, and
an optimum PADL is therefore necessary for best cell performance. As the cell is operated, the
PA is redistributed within the membrane as well as in the catalyst layers, and this redistribution is
known to influence the overall cell performance strongly [52,145]. Furthermore, there is a strong
interaction between CCL thickness and PADL [146], which must be investigated in detail.

The ranges for each of these factors are chosen based on literature and in-house experience
regarding HT-PEFC MEA assembly and performance. Typical Pt loading values for both anode
and cathode CLs in PBI based HT-PEFC are above 0.7mg cm™ [142], with 1mg cm™ being the
norm in the CCL of commercial MEAs [127,128]. A range of 0.6 to Img cm™ is selected based
on these observations with the goal of reducing Pt loading of the CCL without much performance
loss if possible. The CCL thickness is significantly higher in HT-PEFC in comparison with the
LT-PEFC due to the higher Pt loading [34]. For LT-PEFC it can be as low as 15um [147],
whereas the norm in HT-PEFC is from 40pm upto 125um [148,149]. The PADL range described
in literature is also wide but a doping level of 15mg cm™ has been used with reasonable cell
performance in the in-house MEAs and it is decided to try to increase this level upto 25mg cm™
in an effort to increase the protonic conductivity of the membrane [150] and achieve better cell
performance. Table 5.1 summarizes the ranges and codes of each of the factors used in this study.

Table 5.1: Considered factors with their respective ranges

Serial # Parameter Code Unit Range
1 PADL A (mg cm™) 15-25
2 Pt loading B (mg cm™) 0.6-1
3 CCL thickness C (um) 60-120

Since a DoE study is planned, a 2 level 3 factor (2*) design matrix is formed with the three
factors and their respective ranges. This results in eight unique MEAs with different factor levels
as shown in Table 5.2.

Table 5.2: MEA IDs and their factor levels

. CCL
Serial # MEA ID PADL (4) Ptloading (B) thickness (C)
(mg cm™) (mg cm™)
(um)
MEA 1 15 0.6 60
MEA 2 25 0.6 60
3 MEA 3 15 1 60
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4 MEA 4 25 1 60
5 MEA 5 15 0.6 120
6 MEA 6 25 0.6 120
7 MEA 7 15 1 120
8 MEA 8 25 1 120

Each of these MEAs is also given a unique ID for easier subsequent referencing. The next step is
to prepare these MEAs.

5.1.2 MEA preparation

The membranes and GDEs are prepared as described in section 3.1. The MEAs with a PADL of
25mg cm™ use the normally doped membrane and additional 5Smg cm™ PA is added on both the
anode and cathode GDEs. Two different types of catalysts, 20 wt % and 40 wt % Pt/C, are used
for preparing the catalyst ink. To achieve different catalyst loadings and CCL thicknesses, inks
with different proportion of ingredients are used. The anode GDEs are always prepared with a Pt
loading of 0.6mg cm™. The absolute deviation of the Pt loading is 0.05mg cm™. Table 5.3
summarizes the prepared MEAs and their respective recipes for the CCL. The anode catalyst
layer recipe is always the same with 1000mg 20 wt% Pt, 3mL water, 19.5mL isopropanol and
744uL PTFE. This leads to a Pt loading of 0.6mg cm™ and a CL thickness of 60um for all the
anodes.

Table 5.3: Cathode catalyst layer recipes and spacer thicknesses used for GDE preparation
(Reprinted with permission from [151], Copyright [2017], The Electrochemical Society.)

Thickness of spacer

MEA ID Recipe for the CCL
(mm)

1000mg 20 wt.% Pt/C, 3.0mL
MEA 1 water, 19.5mL isopropanol, 0.5
744uL PTFE

1000mg 20 wt.% Pt/C, 3.0mL
MEA 2 water, 19.5mL isopropanol, 0.5
744uL PTFE

500mg 40 wt.% Pt/C, 1.178mL
MEA 3 water, 7.66mL isopropanol, 0.4
225uL PTFE

500mg 40 wt.% Pt/C, 1.178mL
MEA 4 water, 7.66mL isopropanol, 0.4
225ul PTFE

MEA 5 16 wt.% Pt/C (800mg 20 wt.% 0.8
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Pt, 200mg C), 3.0mL water,
19.5mL isopropanol,
744uL PTFE

1000mg 20 wt.% Pt/C, 3.0mL

water, 19.5mL isopropanol,
744uL PTFE

The ratios of PTFE binder, Pt/C catalyst and additional carbon (if any) in the CCL of each of the
MEAs are presented in Table 5.4.

Table 5.4: Ratios (by weight) of PTFE, Pt/C catalyst and additional carbon in the CCL of each
MEA

MEA ID PTFE Binder Pt/C Catalyst Additional Carbon

MEA 2 2 3 0

MEA 4 2 5 0

MEA 6 2 2.4 0.3

MEA 8 2 3 0
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5. In-house Assembled MEA Study

5.2 DoE study

5.2.1 Experimental
The MEAs presented in Table 5.2 are used as the design points for the DoE study of the in-house
assembled MEAs. These MEAs are assembled, one by one and then after running the break-in
procedure, three Ul curves are measured for anode/cathode stoichiometries of 2/2 and 2/6
respectively with hydrogen on the anode side and air on the cathode side and an operating
temperature of 160°C.

The UI curves are averaged and the cell voltage at selected points (200, 400 and 600mA cm'z) is
used as the response variable for the DoE design matrix. This gives two separate sets of data for
the designed experiment for stoichiometries of 2/2 and 2/6 respectively. This is done not only to
compare the effects of cathode stoichiometry on cell performance, but also due to the fact that the
important electrochemical parameters of the CCL are determined by EIS analysis in section 5.3 at
a stoichiometry of 2/6. The cell performance at a high cathode stoichiometry can then be matched
with the corresponding electrochemical parameters. Table 5.5 and Table 5.6 present the
(averaged) cell voltages at the predetermined current densities for stoichiometries of 2/2 and 2/6
respectively for each MEA.

Table 5.5: Cell voltage at selected current densities for anode/cathode A of 2/2, T= 160°C

Cell voltage in mV @

MEA ID
200mA cm™ 400mAcm™ | 600mA cm™

1 576 490 410

2 502 363 220

3 582 495 414

4 440 274 108

5 609 524 446

6 534 391 214

7 591 509 435

8 602 496 396

Table 5.6: Cell voltage at selected current densities for anode/cathode A of 2/6, T= 160°C

Cell voltage in mV @

MEA ID
200mA cm” 400mAcm® | 600mA cm™

1 587 503 434

2 584 480 378

3 595 513 440

4 528 415 315
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5 616 539 470
6 598 506 411
7 601 510 430
8 628 537 452

Each MEA is replicated twice and both sets of data are used for analysis of MEA performance
since it is impractical to use a new MEA for each UI curve. This gives us a sample size of 6,
which is admittedly low, but still can give a reasonably accurate model for cell performance
based on the results from the previous chapter. The data and results are analyzed with the help of
the commercial statistical software Statgraphics Centurion XVII version 17.1.12 (64 bit) which
has a dedicated DoE experimental design wizard for constructing and analyzing experiments with
the DoE. The cell voltages from all the MEAs are used as input response values to the
experimental design wizard. The main effects of each factor and the three factor interactions are
determined. Due to a low sample size, all the factors and their interactions are evaluated. The
region of best cell performance is determined with contour plots using the desirability approach.
The desirability is defined as the factor settings that maximize the response variable [152] (cell
voltage, in our case). Therefore, a desirability level close to 1 suggests best factor setting and vice
versa. The goal of most DoE studies is to find the factor settings which can maximize the
desirability.

5.2.2 Results

The results are presented in the form of Pareto charts, which simply list the factors affecting cell
performance in descending order, and contour plots, which help depict the best factor settings to
maximize the response variable as described in the previous section.

Case of 2/2 Stoichiometry

I

BC

C:CCL Thickness

AC

AB

B:Pt. Loading !
1 L L L L 1 L L L
0 20 40 60 80
Cell Voltage (mV)

Figure 5.1: Pareto chart for 200mA cm” and anode/cathode X of 2/2, T=160°C
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The PADL main effect is the dominant factor at this current density with a voltage loss of slightly
above 60mV by increasing the PADL from 15 to 25mg cm™. The two factor interaction of Pt
loading and CCL thickness (BC) is the second largest in magnitude. It can be seen in Figure 5.1
that PADL, Pt loading and their interaction (AB) all have a negative effect on the cell voltage
(i.e. the cell voltage goes down as their level is increased). This is especially significant for the
case of Pt loading as it indicates a potential for decreasing the Pt loading of the CCL without
significant performance loss resulting in sizable cost reduction. But since the two factor
interaction of Pt loading with CCL thickness (BC) is much higher in magnitude and also positive,
it turns out that a higher Pt loading is still desirable due to its interaction with the CCL thickness.
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Figure 5.2: Contour plots of desirability for 200mA cm™ and anode/cathode A of 2/2, T= 160°C

Figure 5.2 shows the desirability of the factors. Keeping in mind that a higher desirability shows
the factor settings that tend to maximize the response variable, it can be seen that the highest
desirability (close to 1) is with values of CCL thickness 120pm, PADL 15mg cm™ and Pt loading
of Img cm™, whereas the desirability approaches zero with values of CCL thickness 60pum,
PADL 25mg cm™ and Pt loading of Img cm™. This means that a higher CCL thickness along
with a high Pt loading and a low PADL maximize cell performance. This seems to contradict the
fact that the Pt loading main effect is negative. This is not the case, since as discussed previously,
the two factor interactions of the Pt loading are much larger in magnitude than its main effect and
since they are implicitly included in the contour plot, we can see that although the main effect of
Pt loading is negative, a higher Pt loading is still best for cell performance when both the
interactions are taken into account.

Another point of interest is the corner with factor settings of CCL thickness 60um, PADL
15mg cm™ and Pt loading of 0.6mg cm™ (Figure 5.2a). The desirability value is still in the
vicinity of 0.9 indicating close to maximum cell voltage. The other corner with factor settings of
CCL thickness 120um, PADL 15mg cm™ and Pt loading of 1mg cm™ (Figure 5.2¢) has slightly
higher desirability. It can be seen that the biggest decline in cell voltage is by moving from the
left to right in Figure 5.2a, i.e. by increasing the PADL. This means that an increase in the PADL
is very bad for cell performance with a 60pm CCL. This effect is not so pronounced in the case
of a 120um CCL. Increase in the PADL has a much lower effect on the desirability at a Pt
loading of 0.6mg cm™ than in the case of Img cm™ at the CCL thicknesses of 90 and 120pm.
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Figure 5.3: Pareto chart for 400mA cm™ and anode/cathode A of 2/2, T= 160°C

The main effects and interactions of the factors for a current density of 400mA cm™ are depicted
in Figure 5.3. The trends are quite similar to those in the case of 200mA c¢m™ but the magnitudes
of the effects are higher due to the higher current density and thus lower cell voltage.
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Figure 5.4: Contour plots of desirability for 400mA cm™ and anode/cathode A of 2/2, T= 160°C

The desirability trends are also similar to the trends of 200mA cm’™ (see Figure 5.2) for this
current density as depicted in Figure 5.4 with a notable improvement in the cell performance at
intermediate doping levels (upto 20mg cm™).
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Figure 5.5: Pareto chart for 600mA cm™ and anode/cathode A of 2/2, T= 160°C

The trend remains similar for a current density of 600mA c¢m™ with the exception that the CCL
thickness main effect is now slightly lower than its interaction (AC) with PADL as shown in
Figure 5.5. It shows that the CCL thickness main effect decreases whereas its interaction with
PADL increases with current density.
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Figure 5.6: Contour plots of desirability for 600mA cm™ and anode/cathode A of 2/2, T= 160°C

The contour plots shown in Figure 5.6 also have similar trends as for the previous two current
densities but the high desirability areas from the bottom left of Figure 5.6a and the top left of
Figure 5.6c have grown larger indicating increased tolerance of a higher PADL at higher current
density.

Case of 2/6 Stoichiometry
The dataset for anode/cathode stoichiometry of 2/6 is analyzed in similar fashion.
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Figure 5.7: Pareto chart for 200mA cm™ and anode/cathode A of 2/6, T= 160°C

Figure 5.7 depicts the main effects and interactions for a current density of 200mA cm” with a
higher cathode stoichiometry and the results are in stark contrast to those for the lower
stoichiometry case. First of all, the negative effects remain the same as before; the PADL, Pt
loading and their two factor interaction (AB), but their magnitudes are much lower and they are
the last three effects listed on the Pareto chart signifying that they affect the cell performance the
least. The CCL thickness and its interactions with the other two factors all affect cell performance
positively and the CCL thickness and Pt loading interaction (BC) is the largest in magnitude. This
again shows that although the main effect of Pt loading is negligible, yet it is involved in a highly
significant interaction and therefore cannot be judged on the basis of its main effect alone. The
combined effect of the main effects and two factor interactions is only visible in the contour plots
presented in Figure 5.8. The highest desirability is on the top left for the higher CCL thickness of
120pum (Figure 5.8¢) signifying best cell performance with high CCL thickness and platinum
loading, but the lowest PADL level. Interestingly, the cell performance does not deteriorate
dramatically even with increasing PADL, reaching a desirability of about 0.8 on the highest level
of PADL, which is slightly higher as compared to the corresponding case for a stoichiometry of
2/2. This shows that the negative effect of PADL on cell voltage is significantly reduced in this
case; a deduction also apparent from the Pareto chart. The worst desirability is still seen in the
same region with high Pt loading and PADL, but low CCL thickness as for the case of 2/2
stoichiometry (Figure 5.8a, top right corner).
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Figure 5.8: Contour plots of desirability for 200mA cm™ and anode/cathode A of 2/6, T= 160°C

70



5. In-house Assembled MEA Study

BC

'+

=
==

AC

AB

A:PADL

C:CCL Thickness

B:Pt. Loading

10 20 30 40 50
Effect (mV)

o

Figure 5.9: Pareto chart for 400mA cm™ and anode/cathode A of 2/6, T= 160°C

The trends of the effects seen in Figure 5.9 and Figure 5.10 (below) are similar to those at the
current density of 200mA cm™, with the exceptions that the CCL thickness main effect is now the
second lowest but it is still involved in two of the greatest interactions, with Pt loading (BC) and
with PADL (AC) respectively.
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Figure 5.10: Contour plots of desirability for 400mA cm™ and anode/cathode A of 2/6, T= 160°C

All the effects have a higher magnitude and the overall desirability is higher in the investigated
region which is evident by the large yellow region (desirability between 0.7 and 0.8) as compared
to the same region at a current density of 200mA cm™ (see Figure 5.8), where it is mostly green
(desirability between 0.4 and 0.6). The extreme value trends for the desirability remain the same,
albeit, the worst desirability region is slightly shrunk in comparison to 200mA cm™ and at
intermediate doping levels (upto 20mg cm™) for a low CCL thickness, there is a high desirability.
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Figure 5.11: Pareto chart for 600mA cm™ and anode/cathode A of 2/6, T=160°C

At the highest current density of 600mA cm?, the PADL main effect once again rises to the

second largest effect in magnitude and all the effects are higher in magnitude than their previous
counterparts (Figure 5.11).

a)
CCL Thickness=60.0pm Desirability
S 1F — 0.0
< 0.1
E 0.2
o9 10003
g 0.4
20.8 0.5
g 0.6
20.7 0.7
= 0.8
Eo. 6 0.9

15 17 19 21 23 25 0
PADL (mg cm”-2)

73



5.2. DoE study

b)

CCL Thickness=90.0pm Desirability

0.0
MO0.1
0.2
0.3

—

g (mgccm'\-l)
© ©
S

Pt. Loadin
e
Q
T
1
=}
~

S
=y

0.9
1.0

15 17 19 21 23 25
PADL (mg cm*-2)

¢)

CCL Thickness=120.0pm Desirability

0.0

0.1
0.2
1703

—
T

14 (mgacm"-Z)
g )

=]
T
L
S
w

Pt. Loadin
5 4
Q
T
1
1=}
~

=]

=)
[
(=}
o

n n n n

15 17 19 21 23 25
PADL (mg cm*-2)

Figure 5.12: Contour plots of desirability for 600mA cm™ and anode/cathode A of 2/6, T= 160°C

The contour plots of desirability (Figure 5.12) now have a very small low desirability region,
which continues to shrink from the previous current density (400mA cm™) result and similarly
PADL tolerance zone for low CCL thickness has grown following the trend from the last current
density upto 22mg cm™.

Discussion
It can be seen from the presented results that there are some trends to the variation of cell voltage
which are summarized below;

1. PADL has a highly negative effect on cell voltage in most cases. Only in the case of high
stoichiometry (2/6) and low current density (200 and 400mA cm'z) it is the second highest
negative main effect after its interaction with Pt loading (AB). Its interaction with CCL
thickness (AC) is positive and significant in all cases with higher magnitudes in the high

74



5. In-house Assembled MEA Study

stoichiometry case (2/6). AB, the interaction of PADL with Pt loading, is negative in all cases
but much more significant in the high stoichiometry case.

2. Pt loading itself does not have a significant effect on the cell voltage but its two factor
interactions with CCL thickness and PADL are always significant. The former is always
positive and higher in the high stoichiometry case than the low stoichiometry case. Whereas
the latter is always negative and more significant in case of high stoichiometry.

3. CCL thickness main effect has always a positive value in all cases, signifying an
increased cell performance with a higher CCL thickness. Also, its interactions with Pt loading
and PADL are positive and significant in all cases.

It is evident from the above that all three factors interact with each other strongly and also have
significant main effects with the exception of Pt loading. It makes sense to compare these
interactions for the two cases one by one. This is done in Figure 5.13 through Figure 5.18. The
discussion is presented below each figure.
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The negative effect of PADL is slightly lower at the lower Pt loading (0.6) at both current
densities. It is known that a high amount of PADL fills the CCL pores thus impeding diffusion of
oxygen to the TPBs [151,153]. This is the chief cause of decreased cell performance as observed
here.

@
R
S
T
|

Pt. Loading=1.0 4

@

=

o
T

Pt. Loading=0.6
Pt. Loading=0.6

Cell Yoltage (mV)
o
8
T

(2]
=3
=]
T
1

Pt. Loading=1.0

o
~
=]
T
1

15.0 25.0
PADL

(a) Current density of 200mA cm™?

-~
=S
o
T
|

Pt. Loading=1.0 4

3

a

=]
T

'

w

=1
T

Pt. Loading=0.6
Pt. Loading=0.6

Cell Yoltage (m¥)
(%] -~
g o
T T
1

I
b=
o
T
|

Pt. Loading=1.0

o
a
=]
T
1

15.0 25.0
PADL

(b) Current density of 600mA cm™=

Figure 5.14: PADL and Pt loading interaction (AB) comparison for anode/cathode A of 2/6

The lower effect of PADL on lower loadings is more pronounced in the high stoichiometry case.
In fact, there is a slight increase in cell voltage in Figure 5.14 (a) for the lower Pt loading at the
higher PADL. This is consistent with the explanation provided in the last paragraph regarding
lower oxygen diffusibility to the TPB in case of higher Pt loading for the same CCL thickness.
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Figure 5.15: Pt loading and CCL thickness interaction (BC) comparison for anode/cathode A of
2/2

Cell voltage increases by increasing the Pt loading in case of a thicker CCL where as it decreases
in the case of thinner CCL. Again this is due to the better diffusion of oxygen in the thicker CCL
than the thinner CCL as discussed previously. It also indicates that a strong interaction between
two factors as here can actually completely change the behavior of the response. As in this case,
the Pt loading has an opposite effect for cell voltage for different CCL thicknesses. This effect
would be hard to discover by using the OFAT method.
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Figure 5.16: Pt loading and CCL thickness interaction (BC) comparison for anode/cathode A of
2/6

The trends here are very similar to the low stoichiometry case.
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Figure 5.17: PADL and CCL thickness interaction (AC) comparison for anode/cathode A of 2/2

Increasing the PADL affects the thinner CCL more severely. The physical reason for this is
postulated as faster/more flooding of the thinner CCL pores in comparison to the thicker one. The
PA is also known to adsorb on the Pt surface and thus affect the proton mobility in the CCL
[154,155]. This would also be relevant in this case since the faster loss of cell voltage in the case
of a thin CCL can be due to lower protonic conductivity in the CCL caused by the PA adsorption
on Pt particle surfaces.
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Figure 5.18: PADL and CCL thickness interaction (AC) comparison for anode/cathode A of 2/6

Increased PADL at higher cathode stoichiometry has very little effect on the thicker CCL (in fact,
there is slight increase in cell performance for the 200mA cm™ case), but the thinner CCL cell
still loses voltage as for the lower stoichiometry case, although the actual cell performance is
better. The same reasoning as for the low stoichiometry case for the decreasing cell voltage with
increasing PADL also applies here. As for the reduced voltage loss in case of the thicker CCL,
this means that the higher stoichiometry improves cell performance. This is well known in the
literature [32,35], but the improvement is much more pronounced for the thicker CCL because of
lesser pore blockage and PA adsorption on the Pt particles, thus enhancing the TPB sites.

In the overall comparison of the desirability of the factors for the low stoichiometry case (see
Figure 5.2, Figure 5.4 and Figure 5.6), it is obvious that the maximum desirability occurs for the
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thicker CCL (120pm) with a PADL of 15mg cm™ and a Pt loading of 1mg cm™ for both current
densities. Also, the PADL tolerance of the thicker CCL is much higher than its thinner
counterpart. There is decrease in desirability by increasing the Pt loading for the thinner CCL and
vice versa.

The desirability follows a similar pattern for the higher stoichiometry case (see Figure 5.8, Figure
5.10 and Figure 5.12) as for the lower stoichiometry case. There is still strong negative PADL
effect for the thinner CCL, whereas the thicker CCL is more or less stable in this regard. The loss
in desirability by increasing the Pt loading for the thinner CCL is much less pronounced but the
increase in the thicker CCL is much more pronounced for a lower PADL while stable at the
higher PADL. Since a higher PADL improves the protonic conductivity of the membrane and the
CCL [156], the method of doping the membrane and the doping time can be improved to get
better performing MEAs [52] as many high performing HT-PEFC MEAs have a high phosphoric
acid content with specialized doping methods such as the sol-gel method of the Celtec™ PW 1100
BASF MEA.

The highest desirability is achieved for the factor settings of low PADL (15mg cm™), high CCL
thickness (120um) and high Pt loading (1mg cm'z) for most cases. The corresponding MEA with
these settings is MEA 7, which is therefore selected as the MEA with the most desirable factor
settings, but still with further room for improvement, especially with regard to PA doping due to
its high influence on cell performance.

5.3 EIS study

The EIS study is done as a supplement to the DoE study to verify the findings and also
investigate the important electrochemical parameters of the cell to have a clearer picture of the
dominant parameters affecting cell performance. This will help to pinpoint improvement areas
and determine the methodology to implement those improvements to have better performing PBI
based HT-PEFC MEAs in future.

5.3.1 Experimental

All the MEAs are subjected to EIS measurements immediately after the break-in procedure is
finished and the UI curves have been taken. The aim is to characterize the CCL and determine its
most important electrochemical parameters. This can be achieved by measuring the cell
impedance at very low current densities (typically upto 100mA cm™) and a high cathode
stoichiometry (minimum 10) to ensure very high and constant oxygen concentration throughout
the catalyst layer. This ensures almost no contribution to the mass transport losses from the lack
of oxygen diffusion to the TPB at the membrane/CCL interface and instead all the resistance
shown by the cell in the low frequency region of the Nyquist plot can be attributed exclusively to
the CCL itself [123,151,157] . The relevant electrochemical parameters of the CCL can therefore
be extracted by fitting a simple ECM to the impedance data [158,159].

Four current densities are selected for impedance measurements, 10, 20, 50 and 100mA cm’™
respectively. The aim is to observe the variation in the electrochemical parameters of the cell
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5.3. EIS study
with increasing current density in the low current density regime, since they are known to be a
function of current density [160].

The actual flowrate of the gases on the anode and cathode side respectively is kept constant at the
values of a 2/6 stoichiometry for a current density of 200mA cm™. This means that the actual
stoichiometries for the impedance measurements are much higher as shown in Table 5.7.

Table 5.7: Stoichiometries of the anode and cathode sides for the impedance measurements

Anode/cathode stoichiometry (A ) for

Current density (mA cm™) -
impedance measurements

10 40/120
20 20/60
50 8/24
100 4/12

The high values of the cathode A (minimum value is 12 for the highest current density) ensure
that the reference concentration of oxygen in the CCL can safely be assumed as constant.

The ECM for cell operation at low current density (<100mA cm™) and high cathode
stoichiometry (> 10) is used for fitting the impedance data as given and explained in Figure 2.8.
The inductive element models the cable noise and inductance, the first resistance Ry models the
ohmic resistance Rq of the cell (left intercept on the Nyquist plot), the porous electrode models
the protonic resistance of the CCL Ry, the resistance R; models the activation resistance R, of
the ORR (taking place in the CCL) and the constant phase element (CPE) models the double
layer capacitance Cg4 of the membrane electrode interface.

The Nyquist plots for the selected current densities are fitted with the ECM presented above by
using the THALES software and the corresponding resistances and double layer capacitances are
then determined. The overall DC resistance Ry (which is the right intercept of the Nyquist plot)
is determined by summing up all the resistances.

5.3.2 Results

The UI curves taken immediately after the break-in procedure for each MEA are compared in
Figure 5.19. It is seen that MEAs 3, 5, 6 and 7 seem to have better performance. All of these
MEAs lie in the same range.
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Figure 5.19: Ul Curve comparison for all the MEAs immediately after the break-in procedure,
operating conditions: A (An (H,)/Ca (Air)) = 2/6 for current densities higher than 200mA cm™
(below 200mA cm™, the gas flowrate for A = 2/6 at 200mA cm™ is maintained) T = 160°C (See
Table 5.2 for MEA specifications)

The Nyquist plots for all the MEAS are recorded for the four selected current densities of 10, 20,
50 and 100mA cm™. The Nyquist plot for MEA7 is shown in Figure 5.20 below as an example.

2.5 - =9=10mAcm? =fll=20mA cm?

50mMA cm 2 ==é=100mA cm2

1.5 4

0.5 -

Negative imaginary impedance (Qcm?)

Real impedance (Qcm?)

Figure 5.20: Nyquist plot of MEA7 for the selected current densities and stoichiometries as
shown in Table 5.7.
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5.3. EIS study

The ohmic resistance (Rq), protonic resistance (R;), activation resistance (R,c;) and double layer
capacitance (Cq) of all the eight MEAs are calculated by fitting the data of the Nyquist plots with
the ECM mentioned above. A comparison of these values for all the MEAs is presented and
discussed next.
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Figure 5.21: Ohmic resistance (Rq) values of all MEAs from ECM fitting of EIS data

The ohmic resistances for all the MEAs are presented in Figure 5.21. Since the ohmic resistance
is dominated by the membrane resistance [161], we expect it to go down with current density due
to production of more water at higher current densities and the conversion of less conductive
pyrophosphoric acid to the more conductive orthophosphoric acid by hydration [159,162] in
accordance with Eqn. (5.1);

H,P,0, + Hy,0 & 2H;PO, 5.1

The ohmic resistance does indeed follow this trend with the exception of the first step (from 10 to
20mA cm?) in some cases. This is due to the lack of sufficient water vapour accumulation in the
membrane and the CCL at these very small current densities and very high cathode
stoichiometries (see Table 5.7). The high cathode stoichiometry causes blowing out of the tiny
amount of water vapour produced. The ohmic resistance decreases nevertheless for most MEAs
and reaches values between 0.012 and 0.015Q cm?, where it should stabalize as the transition
from the activation region to the ohmic region is completed. Another point of interest is the fact
that ohmic resistances for even numbered MEAs are comparable to those of odd numbered
despite the fact that even numbered MEAs have additional PA content (25 vs 15mg cm™ for odd
numbered MEAs) showing that not much of the additional PA added onto the GDEs actually
made its way to the membranes else the ohmic resistance should be notably lower. There doesn’t
seem to be a trend for high Pt loading MEAs (1, 2, 5, 6) vs. low Pt loading MEAs (3, 4, 7, 8).
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Figure 5.22: Protonic resistance (Rp) values of all MEAs from ECM fitting of EIS data

As discussed previously, R, the protonic resistance of the CCL shows the resistance to proton
transport in the CCL and it has a decreasing trend for increasing current density in all the MEAs
as shown in Figure 5.22. Since R, depends mainly on the amount of PA in the CCL, even
numbered MEAs do indeed have lower values than odd numbered MEAs. MEA 7 has the highest
R, values at most current densities, indicating room for improvement in this regard, since all
other parameters for this MEA are very promising. There is a greater drop in MEAs 5-8 (thick
MEAs) of R, values as compared to MEAs 1-4 Thin MEAs. However, the final R, values for
100mA cm™ are comparable (around 0.1Q cm?” with the exception of MEA 1 and 7 which are
close to 0.2Q cm?). It has to do with water vapor production and blowing out of the vapor as
described in the case of ohmic resistance since the thinner MEA is more susceptible to PA
flooding and blowout. Again, there is no trend for high Pt loading MEAs (1, 2, 5, 6) vs. low Pt
loading MEAs (3, 4, 7, 8).
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Figure 5.23: Activation resistance (R,.) values of all MEAs from ECM fitting of EIS data

The activation resistance dominates the fuel cell losses in the activation region as can be seen in
Figure 5.23. The activation resistance decreases exponentially with current density as predicted
by the Butler - Volmer relationship. The physical reason for this is the increased water vapor
content at higher current densities increasing the oxygen solubility in the PA and water mixture,
which in turn increase the oxygen concentration and the exchange current density. This reduces
the activation resistance with increasing current density.

It should be noted that the R and R;, values are of the same order of magnitude but the dominant
resistance at these conditions is the activation resistance which is at least an order of magnitude
higher than both at all current densities. Therefore, this is the single most important parameter for
deciding the best in the range of current density investigated. It can be seen that the high PADL
MEAs (even numbered) have considerably larger activation resistances than the low PADL (odd
numbered) with the exception of MEA1 at 10mA cm™. Also the thinner MEAs (1-4) have much
higher activation resistances than the thicker ones (5-8). MEA 7 has the lowest activation
resistances for all current densities.
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Figure 5.24: Double layer capacitance (Cq;) values of all MEAs from ECM fitting of EIS data

Figure 5.24 shows the double layer capacitance (Cqi) of all the MEAs. Larger Cq values can be
generally attributed to larger electrochemical surface area (ECSA) [163]. The slightly decreasing
trend for all the MEAs is explained by the change of the wetting angle between PA and the Pt
particles and the carbon support due to additional water production since it leads to change in the
concentrations of the PA species present in the MEA. The wetting angle is affected by change in
the concentration of PA as determined by Mack et al. [164]. The actual values for all the MEAs
are in the same range from 0.06F cm™ for 10mA cm™ to around 0.055F cm™ for 100mA cm™.
The decrease in the thicker MEAs (5-8) is slightly more pronounced as compared to the thinner
ones (MEA 1-4), arguably, due to different wetting angles between PA and the catalyst due to the
difference in PA and water vapor distribution in the MEAs with different thicknesses. No other
trends are observed.

87



5.4. Summary

Current density

8 P 10 mAZem?
I B 20 mAem?
7 i Il 50 mA/c?
6L I 100 mA/em?

2
Rm/Qcm

MEA1 MEA2 MEA3 MEA4 MEA5 MEA6 MEA7 MEAS8

Figure 5.25: Total DC resistance (Rqc) values of all MEAs from ECM fitting of EIS data

The DC resistance is the sum of all characteristic resistances and the right intercept of the
Nyquist plot. As seen in Figure 5.25, the thicker MEAs (5-8) have a much lower DC resistance
than the thinner ones (1-4).

As seen from the Ul curves (Figure 5.19), the activation resistance (Figure 5.23) and the DC
resistance comparisons (Figure 5.25), the thicker MEAs generally have lower Rgy. values. The
magnitudes of ohmic and protonic resistances are comparable to each other but an order of
magnitude lower than the activation resistance. The double layer capacitance comparison shows
that the ECSA for all MEAs is comparable. The DoE study also showed that a lower PADL and
higher CCL thickness and Pt loading are more desirable for best cell performance. MEA7 has the
lowest activation resistances while other values are comparable. Therefore it is selected as the
best performing MEA and MEAS is a close second with potential for further testing and
improvement.

5.4 Summary

A study of the in-house assembled MEAs is undertaken with the aim of studying the effects of
PADL, CCL thickness and Pt loading on single cell performance. Eight different MEAs are
assembled and tested with an experimental plan made by the DoE method. All the MEAs are also
subjected to EIS testing in the low current density regime to characterize the CCL. Results from
both studies indicate that a lower PADL and higher CCL thickness and Pt loading are best for cell
performance.
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6 Effects of Anode and Cathode Gas Concentration on
Cell Impedance

The effects of changing the concentration of the anode and cathode side gases on the cell
impedance are studied in a systematic manner in this chapter. This is done not only from a CCL
characterization view point, but also in an effort to improve the CCL performance by pinpointing
the problem areas indicated by the characteristic cell resistances determined from the cell
impedance. The EIS data is analyzed with a conventional ECM and a literature based 1D
analytical model for a comparison and discussion. An improved ECM is suggested for the
operating conditions investigated to extract the value of mass transport resistance of the CCL
based on the effective diffusion coefficient of oxygen in the CCL as a fitting parameter.

6.1 Experimental

An experimental plan is devised to vary the gas concentration on the anode and cathode sides
separately; the gas concentration is fixed on the other side. It is done to extract in depth
information of the effects on cell performance, particularly, the cell impedance. Table 6.1 lists the
concentrations of the gases used on the anode and cathode sides. When varying the anode gas
concentration, both air and pure oxygen is used for all anode gas concentrations. Pure hydrogen is
used as the anode gas when varying the cathode gas concentration.

Table 6.1: Different gas concentrations used for the anode and cathode side

H; %age (by volume) in 0O, %age (by volume) in
Anode Gas Cathode Gas
(Rest is N,) (Rest is N,)
5 5

20 21 (Air)

40 40

60 60

80 80

100 100
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6.2. Ul curves and Nyquist plots

MEA, break-in and operating conditions

The in house assembled MEA with a PADL of 15mg cm™, CCL thickness of 120um and a Pt
loading of 1mg cm™ is used for assembling the single cells for all the experiments. This is the
MEA?7 from chapter 5, which was determined to be the best performing MEA.

The standard 17.64cm? cell is used for all the experiments and the standard break-in procedure
(See section 3.1.1) is run on all cells before any testing is done. After the break-in, three Ul
curves are performed with an anode/cathode stoichiometry of 2/6 (gas flowrates are kept constant
below 200mA cm™ at the values of a stoichiometry of 2/6 for a current density of 200mA cm™)
and an operating temperature of 160°C. Twenty points are measured in the activation region
(below 200mA cm?) for each curve with a step size of 10mA cm™. Then two impedance
measurements are taken for each combination of anode/cathode gas compositions with current
densities of 50 and 100mA cm™ and stoichiometries of 8/24 and 4/12 respectively (due to fixed
gas flowrates below 200mA cm™). This ensures practically constant concentration of oxygen
throughout the CCL and allows interpreting the impedance data collected to be mainly relevant to
the CCL electrochemical parameters.

6.2 UI curves and Nyquist plots

The UI curves presented below reflect averaged values from three measurements. The Nyquist
plots are single measurements for each current density.

%age H,
(Restis N,)
=—0—5%
== 20%
=fe=40%
==60%

Cell voltage ( Volts)

=e=80%
=0-100%

0 0.2 0.4 0.6 0.8 1 1.2
Current density (A cm™?)

Figure 6.1: UI curves for single cell with varying hydrogen concentration on the anode side,
cathode gas: air, anode/cathode A = 2/6, T= 160°C
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It can be seen from Figure 6.1 that increasing hydrogen concentration in the fuel stream has a
significantly positive effect on the fuel cell performance. This is very much pronounced for the
cases of 5 and 20% Ho, but also in the other four cases the cell performance increases steadily
before reaching the peak values for 100% H,. This is explained by the fact that for a lower
percentage of H in the anode feed, there is a lower partial pressure of H,. Since the activity of a
reactant is proportional to its partial pressure in case of an ideal gas [165], there is a decrease in
the Nernst voltage of the fuel cell. Also, there is a strong gradient of the concentration of H,
along the channels for lower concentrations of H,, whereas the reactant concentration is
practically constant in the case of higher percentages of H,. It can be seen that for the cases of 5
and 20% H; there is a lower performance even in the activation region and the ranges of the Ul
curves are significantly shorter.
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r |
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[
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2 |8
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Figure 6.2: Nyquist plots for different anode gas concentrations for 50mA cm™ anode/cathode
L =8/24, T=160°C
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Figure 6.3: : Nyquist plots for different anode gas concentrations for 100mA cm™ anode/cathode
L =4/12, T=160°C

The Nyquist plots presented in Figure 6.2 and Figure 6.3 for the cell impedance at 50 and
100mA cm™ respectively show that there is little effect on cell impedance of the changing H,
concentration except for the case of 5% H,. In the case of S0mA cm'z, even that is not too high,
but in the case of 100mA cm™, it is significant (about 0.3Q cm® higher than the other curves).
Since with pure hydrogen operation, the fuel cell impedance is mainly attributed to the cathode
impedance [124], this result is expeccted. In the case of 5% Ha, the concentration gradient along
the channel causes the higher impedance at higher current densities as mentioned before and
observed here in the case of 100mA cm™. The cases with higher percentages of H,, have almost
identical impedance spectra.
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Figure 6.4: UI curves for single cell with varying hydrogen concentration on the anode side,
cathode gas: oxygen, anode/cathode A = 2/6, T= 160°C

Figure 6.4 shows the UI curves for changing H, concentration, but with pure O, used as the
cathode gas instead of air. The trend here is similar to the case with air, although the overall
performance and range of the cell is much better when compared to the air case. The obvious
cause is the higher O, concentration. It should be noted however, that even in this case the
polarization curves for 5 and 20% H are still the worse, although improved from the air case.

Figure 6.5 and Figure 6.6 show the Nyquist plots for the two selected current densities. It can be
seen that the overall resistance (also called the DC resistance) which is the right intercept of the
x-axis on the Nyquist plot is considerably lower from the case with air on the cathode side. There
is still a considerable increase in the DC resistance for the case of 5% H,.
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Figure 6.5: Nyquist plots for different anode gas concentrations for 50mA c¢m™ anode/cathode
L =8/24, T=160°C
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Figure 6.6: Nyquist plots for different anode gas concentrations for 100mA cm™ anode/cathode
L=4/12, T=160°C
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Figure 6.7: UI curves for single cell with varying oxygen concentration on the cathode side,
Anode gas: hydrogen, anode/cathode A = 2/6, T= 160°C

Figure 6.7 gives the Ul curves for different O, concentrations with the anode gas fixed as H,. It is
evident that O, percentages of 5 and 20% are the worst for cell operation whereas there is much
slower improvement in cell performance at higher O, percentages. The effect of gas
concentration here is much higher than in the case of H, concentration change due to the fact that
O, concentration affects the ORR, whose exchange current density is much smaller than that of
the HOR [65]. The Ul curve at 5% oxygen is especially interesting when compared to the curve
with a H, concentration of 5%. The limiting current density seems to be reached much earlier in
this case (about 0.5A cm™ in case of 5% H, but less than 0.4A cm™ here).

Figure 6.8 and Figure 6.9 show the Nyquist plots for changing O, concentration for the current
densities of 50 and 100mA cm™ respectively. It is observed that the impedance in the case of the
lower two O, concentrations (5 and 20%) is much higher than for the other four cases. This
signifies the point that a lower O, concentration increases the cell impedance (thus reducing
performance) even at very high cathode stoichiometries (12 and 24 in this case respectively). The
Nernst equation and the O, concentration along the channel provide the theoretical explanations
for this just as in the case of H, concentration change. A third reason here is the cathode side
reaction kinetics, which is more sensitive to reactant molar concentration than the H, case due to
a much lower exchange current density.
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Figure 6.8: Nyquist plots for different cathode gas concentration for 50mA cm™ anode/cathode
L =8/24, T=160°C
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Figure 6.9: Nyquist plots for different cathode gas concentration for 100mA c¢m™ anode/cathode
A=4/12, T=160°C
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6. Effects of Anode and Cathode Gas Concentration on Cell Impedance

6.3 Comparison of fitting results

The impedance data shown in the previous section for different gas concentrations in the form of
Nyquist plots is analyzed with the classical ECM called the transmission line model for low
current density and high cathode stoichiometry as well as the one dimensional analytical model
valid for low current densities by Kulikovsky [83,166,167] (See section 2.2.3 for detailed
description). The aim is to compare the ECM with the analytical model and determine the
characteristic CCL resistivities for comparison.

There are three parameters that can be directly compared from both models; the protonic
resistance (Rp), the activation resistance (Rqe) and the volumetric double layer capacitance
(Ca1).The ohmic resistance Rgq is determined explicitly only by the ECM and the mass transport
resistance of the CCL Ry, is determined only by the AM. The overall DC resistance (sum of all
resistivities or the right intercept of the Nyquist plot) can also be compared. Below, we compare
and discuss these parameters for the three different cases of gas concentrations. Firstly H,
concentration change with air on the cathode side, then H, concentration change with pure O, on
the cathode side and finally O, concentration change with pure H, on the anode side.

6.3.1 Hydrogen concentration change with air on the cathode side
Figure 6.10 through Figure 6.15 show the comparison of the calculated cell parameters for both
investigated current densities. The discussion is presented one by one below each figure.
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Figure 6.10: Comparison of R, for increasing hydrogen content in the fuel stream, anode/cathode
L = 8/24 (left) and 4/12 (right), T= 160°C

The R, values predicted by the ECM and the AM agree at the lowest H, percentage (5%) well, but
then their paths diverge (Figure 6.10). The AM value has an increasing trend whereas the ECM value

has a decreasing trend. Since the CCL protonic conductivity depends not only on the amount of PA in
the CCL, but also on the solubility of O, in the PA and water vapor mixture [36] the overall effect is
not that straight forward. In the case of increasing H, %age in the fuel stream, it can be argued that it
should not affect the CCL protonic conductivity dramatically as H, concentration has no direct effect
on this. This result is unexpected not only from a trend point of view (decreasing in the case of ECM,
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6.3. Comparison of fitting results

whereas constant or increasing in case of AM) but also the great difference in magnitude of the
calculated Ry, the value calculated by AM being many times higher than the ECM value. The only
thing that can be said is that the ECM and AM R, values differ quite significantly as the AM R,
values are higher than the ECM values by a factor of 2 or more for all H, percentages higher than 5%.
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Figure 6.11: Comparison of R,y for increasing hydrogen content in the fuel stream,
anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

The activation resistance trend is consistent and relatively independent of the H, %age in the fuel
stream due (Figure 6.11) to dominant cathode side charge transfer overpotential [168] but the
ECM value is consistently higher than the AM values for all H, percentages. The AM value uses
actual physical parameters (Tafel slope b and current density jo as per Eqn. (2.7). Whereas the
ECM value is just a resistance value fit to the impedance data. The ECM value is higher by about
0.3-0.4Q cm” for all data points than the respective AM values. The R, values of the ECM are
less by about the same amount from the AM values (Figure 6.10). It seems that the ECM mixes
up the magnitudes of some of the resistances (R, and R, in this case) as the total DC resistance
must add up to the same value for a good fit since the right intercept of the Nyquist plot is the
same. A possibility to verify this is to use pure oxygen on the cathode side to isolate the effect of
H,. This is done in section 6.3.2.
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Figure 6.12: Comparison of Cq; for increasing hydrogen content in the fuel stream, anode/cathode
L = 8/24 (left) and 4/12 (right), T= 160°C

Although the Cg values differ in magnitude by a factor of 2 for the lowest H, percentage, the
values for 40 and 60% H, are much closer (Figure 6.12). The agreement in values of Cgy diverges
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6. Effects of Anode and Cathode Gas Concentration on Cell Impedance

again for the higher H, %ages. The best agreement is obtained at the H, percentages of 40 and
60%. For 80 and 100% H, the AM values are higher than the ECM values and for 5 and 20% H,
they are lower than the corresponding ECM values. A higher Cg4 generally indicates a higher
ECSA [158]. This implies constant or slightly increasing electrochemically active area with
increasing H, percentage in the fuel stream for the AM values. The ECM values are higher at
lower H, %ages (5 and 20) and lower at higher H» %ages (80 and 100). Higher H, percentage in
the fuel stream enhances the charge accumulation along the porous double layer in the electrode
and we expect the Cg; to change slightly with increasing current density due to subtle changes in
the wetting angle between PA and the Pt catalyst particles and the carbon support caused by the
addition of a dipole (water) to the PA [151,164]. This is what is seen in this case. However, since
the ECM shows a decreasing trend for Cdl values and the AM shows an increasing trend, it is
hard to conclude something concrete on the evidence available.
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Figure 6.13: Royp (as calculated by AM) with increasing hydrogen content in the fuel stream,
anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

Roxp, the mass transport resistance of the CCL is a parameter that is only calculated by the AM.
Roxp 18 determined analytically by the AM only and the trends are shown in Figure 6.13. Ry,
depends on the diffusion coefficient of O, in the CCL which depends on the amount of water
vapor and PA inside the CCL and the solubility of O, in it, among other factors [36]. It can be
seen that it has a decreasing trend for both current densities. It means that H, %age in the fuel
stream does have some indirect effect on this parameter perhaps due to the permeation of H,
through the membrane for additional water formation at higher H, %ages, thus reducing the
resistance to oxygen transport in the CCL.
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Figure 6.14: Rp as calculated by ECM with increasing hydrogen content in the fuel stream,
anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

The ohmic resistance R, is only calculated by the ECM but it is easy to determine as it is the left
intercept of the Nyquist plot and as seen in Figure 6.14, it is relatively constant for all H, %ages.
This is expected as the ohmic resistance is mainly due to the membrane resistance and the contact
resistance [135,168] which are expected to remain more or less constant because the PADL is the
same for all the membranes and the same cell materials are used. The value around 0.15Q cm” is
also typical for HT-PEFC single cells with PBI based membranes [169].
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Figure 6.15: Comparison of Ry for increasing hydrogen content in the fuel stream, anode/cathode
L = 8/24 (left) and 4/12 (right), T= 160°C

Finally, we compare the DC (total) resistances at the selected current densities. It is seen in
Figure 6.15 that the DC resistances match very well, but more so at the current density of
100mA cm™. This must be so as the same Nyquist plot is used by both models to calculate the
parameters. The only differences are in the magnitudes of the resistances.

6.3.2 Hydrogen concentration change with oxygen on the cathode side
In this section, again the effect of H, on cell impedance is analyzed, but with a vital difference.
O, is now used as the cathode gas instead of air, which should in theory clarify the effect of
H, %age only in the fuel stream on cell impedance as the cathode side operating conditions are
practically the best which can be achieved (i.e. high stoichiometry, pure oxygen and low current
density). The results are shown in Figure 6.16 through Figure 6.21.
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Figure 6.16: Comparison of R;, for increasing hydrogen content in the fuel stream (O, on cathode
side), anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

Although there is still a small difference in the R, values for the ECM and the AM, the trends are
similar and the R;, value remains essentially constant for the H, %ages of 40 and more (Figure
6.16). This fits with the fact that R, should not be affected too much by changing H,
concentration in the fuel stream, since it represents the CCL protonic resistance. However, the
AM values are still slightly higher than the ECM values as observed in Figure 6.10. This
indicates that the porous electrode used for fitting the R, value from the ECM is not the ideal
choice since the AM uses fitted values of the protonic conductivity of the CCL which ranges
between 0.007 (5% H,) and 0.012S cm™ (100% H,), which fits well with literature values [170].
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Figure 6.17: Comparison of R,y for increasing hydrogen content in the fuel stream (O, on
cathode side), anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

The activation resistance does not show much dependence on the H, concentration as discussed
before, but the ECM values are again slightly higher as in the case of air on the cathode side
(Figure 6.17). This compensates for the lower R, value calculated by the ECM since the DC
resistance must always be the same (as the same Nyquist plot is fitted by both models)
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Figure 6.18: Comparison of Cq; for increasing hydrogen content in the fuel stream (O, on cathode
side), anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

The double layer capacitance follows similar trends as in the case of air on the cathode side (see
Figure 6.12), as depicted in Figure 6.18 above. The agreement between the ECM and AM values
for the case of 50mA cm™ is much better for H, %ages of 60, 80 and 100 respectively.
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Figure 6.19: Ry, (as calculated by AM) with increasing hydrogen content in the fuel stream (O,
on cathode side), anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

The mass transport resistance to O in the CCL is only calculated by the AM based on the
calculated O, diffusion coefficient in the CCL and shows a clear decreasing trend (Figure 6.19) in
the case of both current densities. This fits to our discussion of Figure 6.13.
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Figure 6.20: Rq, (as calculated by ECM) with increasing hydrogen content in the fuel stream (O,
on cathode side), anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C
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6. Effects of Anode and Cathode Gas Concentration on Cell Impedance

The ohmic resistance of the cell remains constant for all H, concentrations other than 5 %, where
it is slightly lower as shown in Figure 6.20. This reasoning is similar to the discussion of the
ohmic resistance in case of air on the cathode side (see Figure 6.14).
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Figure 6.21: Comparison of Ry, for increasing hydrogen content in the fuel stream (O, on cathode
side), anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

Finally, the DC resistance is compared in Figure 6.21 and is found to be in good agreement for
both current densities. The DC resistance of the ECM is slightly higher for all H, percentages at
50mA cm™ and upto 60% H, for 100mA cm?, indicating that the results from the ECM and the
AM converge as the H, concentration approaches 100% (negligible anode contribution to cell
impedance). The match of Ry, for 80 and 100% H, for 100mA c¢m™ is also quite good verifying
the validity of the AM upto this current density.

6.3.3 Oxygen concentration change with hydrogen on the anode side
In this section the effect of O, concentration change in the cathode gas is shown while the anode
gas is kept as 100% H,. The comparisons of the characteristic cell parameters are shown in
Figure 6.22 through Figure 6.27.
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Figure 6.22: Comparison of R;, for increasing oxygen content in the cathode gas, anode/cathode A
= 8/24 (left) and 4/12 (right), T= 160°C
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6.3. Comparison of fitting results

As can be seen in Figure 6.22, the R, agreement for both models for 50mA cm™ is particularly
good. For 100mA cm™, the first two points are far apart but then again the AM values are slightly
higher than the ECM values. The fitted values for O, concentrations of 5 and 20% are not the
most reliable due to very high cathode flowrates to maintain the required stoichiometric ratios (24
for 50mA cm? and 12 for 100mA cm™). This would affect the performance in many ways
including drying out of the CCL and membrane and removal/redistribution of PA.
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Figure 6.23: Comparison of R, for increasing oxygen content in the cathode gas, anode/cathode
L = 8/24 (left) and 4/12 (right), T= 160°C

Figure 6.23 shows that the activation resistance remains constant for all O, concentrations except
for 5%, where the ECM calculates a much higher value. The AM , however, calculates the same
value as the calculated Tafel slope (b) does not change much. The takeaway here is that even
going to 100% O, on the cathode side from 21% (air) does not reduce the R, appreciably.
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Figure 6.24: Comparison of Cgy for increasing oxygen content in the cathode gas, anode/cathode A
= 8/24 (left) and 4/12 (right), T= 160°C

It is visible in Figure 6.24 that the double layer capacitance is comparable and has similar trends
for all O, %ages at both current densities (except for 5% O,). The difference in values predicted
by both models is still there, although much less pronounced.
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Figure 6.25: Royp (as calculated by AM) with increasing oxygen content in the cathode gas,
anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

Figure 6.25 shows that the mass transport resistance of the CCL is high only for 5% O, (which is
expected due to the very high cathode side gas flowrate as mentioned earlier) but it reduces
suddenly for 21% O, and then increases slightly for 40 and 60 % O, and finally decreases again
for 80 and 100% O,. The trend is similar for both current densities and is explained by an initial
drying out of the CCL due to the high gas flowrate and then an instable process of rehydration
approaching equilibrium at the highest O, concentrations.

Roxp is nevertheless an interesting and novel parameter which can only be calculated by the AM
at low current densities. It would be interesting to be able to fit this parameter with a slightly
modified ECM and be able to compare with the AM values.
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Figure 6.26: Rg (as calculated by ECM) with increasing oxygen content in the cathode gas,
anode/cathode A = 8/24 (left) and 4/12 (right), T= 160°C

The ohmic resistance remains constant other than the first two points (5 and 20% O,) where it is
slightly higher (Figure 6.26). The ohmic resistance of the cell is observed to be more or less
stable at about 0.15Q cm? throughout this study.
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Figure 6.27: Comparison of Ry, for increasing oxygen content in the cathode gas, anode/cathode
L = 8/24 (left) and 4/12 (right), T= 160°C

The

DC resistance of the AM is consistently higher than that of the ECM for a current density of

50mA cm™ as shown in Figure 6.27. The first two points of the 100mA ¢cm™ comparison are not
in agreement due to the much higher values of R, and Ry of the ECM, but other values are in

good agreement.

6.4 Summary

The

summary regarding the effect of anode and cathode gas concentration on cell impedance are

as follows:

The

1. The anode or cathode gas concentrations do not affect the ohmic resistance Rg
significantly.

2. The H; concentration in the anode gas does not affect the R;, or Ry too much.

3. The H; concentration does affect the Cq and Ry, as calculated by the AM.

4. Impedance measurements at very low O, concentration (5% in the cathode gas) are not
reliable for parameter calculation since the very high gas flowrates create temporary but
significant artifacts in the cell performance and hence the impedance measurements.

conclusions from this study regarding the ECM and AM used for fitting impedance data are

listed below:
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1. R, values from the ECM and AM are in strong disagreement with the AM values being
much higher than the ECM values in general. Since the AM calculates the values from actual
physical parameters whereas the ECM just fits a resistance to the theoretical 45° line at the
high frequency end of the Nyquist plot by using the porous electrode element of the Thales
software, a better fitting element can be used.

2. The ECM always calculates a higher R, than the AM. Again since the calculated value
of the Tafel slope (b) by the AM is very realistic for the Tafel region (very low current
density), the ECM overestimates the R,y The possible reasons for this could be the
underestimation of the protonic resistance as mentioned in the previous point, or the fact that
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Roxp 18 not calculated by the ECM and therefore the ECM overestimates the Ry since the
total DC resistance must be the same.

3. The double layer capacitance trends are consistent for both models. The values differ
quite a bit for low gas concentrations.

4. The mass transport resistance of the CCL (Ry,) calculated by the AM is a novel
parameter and agrees well with the diffusion coefficient of O, in PA found in the literature.

5. The DC resistance Ry, as determined by the ECM and AM are usually in agreement.

Since the mass transport resistance in the CCL (Royp) is a critical factor for CCL characterization,
and present ECMs are unable to determine this factor, it is suggested to use the ECM in Figure
2.8 (for high current, low stoichiometry), but with a different interpretation of the second semi
arc, which is related to the CCL mass transport at these operating conditions. Since mass
transport is a slow process, it is usually seen at the low frequency end of the Nyquist plot.
Furthermore, since the value of Roy, is quite small, it is required to go to very low frequencies to
properly capture this second semi arc. The present measurements are always done in the
frequency range of S0mHz to 100kHz. The problem with going to even lower frequencies is that
it needs considerably longer to take the impedance measurement. For example, going to 1mHz
requires running the impedance device overnight for just one measurement. As for the R;, values,
the porous electrode is currently the best modelling element available in the Thales software, but
care should be taken in interpreting the results and the results should be verified when possible.

The comparison of R, values fitted by the AM and the suggested ECM is presented in Figure
6.28 and Figure 6.29 below for the cases of changing hydrogen (with pure oxygen on the cathode
side) and oxygen content on the anode and cathode sides respectively. It can be seen that the
trends are similar, but the ECM values are higher. This issue can be resolved by going to lower
frequencies for the EIS measurements as mentioned before.
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Figure 6.28: Comparison of the predicted values of Roy, by the suggested ECM with AM values
for increasing hydrogen content on the anode side with pure oxygen on the cathode side and
anode/cathode A of 8/24 (left) and 4/12 (right). T= 160°C
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Figure 6.29: Comparison of the predicted values of Roy, by the suggested ECM with AM values
for increasing oxygen content on the cathode side with hydrogen on the anode side and
anode/cathode A of 8/24 (left) and 4/12 (right). T= 160°C
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7 Accelerated Degradation Study

Degradation of materials and components is a very important issue in PEFCs. It is especially so
for the HT-PEFC as the higher operating temperature causes much faster degradation of cell
components. Not many comprehensive publications on the degradation of the HT-PEFCs are
found in the literature; for example, one such detailed work was published by Schmidt et al [171].
Standardization of accelerated stress tests (AST) and degradation protocols for HT-PEFCs is also
an important task for better comparisons between different groups. It is hoped that this chapter
will be a small but significant step in this direction.

7.1 Experimental

A degradation testing plan is devised for five stressors for accelerated degradation of the
HT-PEFC MEAs. The standard 17.64cm” cell is used for testing all MEAs and the standard
break-in procedure is run on the cells before any testing (see section 3.1). The BOL UI curves are
taken immediately after the break-in procedure. Then BOL impedance and CV measurements are
performed to obtain the BOL characteristic parameters and ECSA of the fuel cell. Then each cell
is run for 100 hours of uninterrupted operation on a particular stressor. At the end of testing, the
EOL UI curves are taken and also EOL Impedance and CV measurements are performed. When
taking UI curves, always three curves are taken one after the other and averaged. Impedance and
CV measurements are always performed with similar settings to maintain comparability. The
impedance measurements are always taken with an anode/cathode stoichiometry of 2/2 at 200mA
cm™. Stable conditions are ensured before taking the impedance measurements. The impedance
data is analyzed with a standard ECM for fitting high current density impedance which has two
parallel R/CPE combinations to model the two semi arcs expected in the data. The first semi arc
represents the activation losses, whereas the second one represents the mass transfer losses of the
fuel cell. Since with pure H, operation, the anode losses can be neglected, these losses are mainly
affiliated with the cathode side.

Three commercially available HT-PEFC MEAs from Advent technologies® are used for this
campaign. Advent technologies® recently acquired the patented materials and manufacturing
processes of the Celtec® PW1100 HT-PEFC MEA from BASF. This MEA is now available
under the product series APM of Advent. The MEAs used for this campaign along with relevant
information are shown in Table 7.1.
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Table 7.1: List of commercial MEAs from Advent technologies® used for degradation testing

Product
Serial # MEA series Membrane type GDE type
name
1 AAM TPS Advent GDE
2 ABM TPS BASF GDE
3 APM PBI BASF GDE

The TPS type membrane is a specialized membrane by Advent which consists of pyridine type
structures around a stable polymer. The PBI type membrane is the one previously available under
the name of Celtec® by BASF and now by Advent under the MEA series APM. This PBI
membrane is doped with PA using the sol-gel technique previously patented by BASF and now
by Advent. The PBI membrane has a high PA content (34mg em™ 4) [172] and thus higher
protonic conductivity than the TPS membrane (0.1Q" cm™ vs. 0.08Q" cm™) [127], which is more
robust for harsh operating conditions. The BASF carbon cloth GDE is also now used by Advent
in the product series ABM and APM respectively. In effect, the AAM series is the same as the
previously known Advent TPS MEA; the APM series is the same as the Celtec® PW1100 MEA
from BASF previously, while the ABM series is a new mixture of both MEAs with the
membrane of the former and the GDE of the latter [127].

7.1.1 Stressors and their implementation
Five different stressors are used to test the MEAs. The stressors and their respective ranges or
values along with implementation mode and dominant degradation modes are given in Table 7.2.
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Table 7.2: Used stressors, their ranges, implementation modes and dominant degradation modes

Stressor

Range/Value

Implementation mode

Dominant
degradation mode(s)

OCYV operation

Potential cycling

Thermal cycling

i=0.0A cm>

I1=0.2-0.6-0.2A cm™

Current step = 0.05A cm”

Time step = Smin

140-180-140°C
Temp. step = 10°C
Time step = lhr.

Carbon corrosion [61]

Pt particle growth and
migration
Carbon corrosion
[173,174]

Mechanical and
thermal degradation
Pt sintering and
dissolution [84]

Water vapor and PA

High cathode stoich. Cathode A > 10 ca.A=12 removal [88,175]
Tonomer degradation
High temperature 0 Pt particle growth
operation T=180C Pin hole formation
[55,176]

Although it is impossible to perfectly isolate a single degradation mechanism, it is hoped to make
the relevant mode of degradation the most dominant by operating the cell at a particular stressor.

7.1.2 Benchmarking with BOL UI and Ut curves for constant

current density operation

UI curves are taken for each MEA after the break-in procedure and then it is run on a constant

current density of 0.2A c¢m™ for 100 hours.
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Figure 7.1: Ut curves for constant current density operation for 100 hours of the three Advent
MEAs. Operating conditions: current density: 0.2A cm™, anode A: 2 (gas: Hy), cathode A: 2 (gas:
air), T=160°C.

The voltage vs. time (Ut) curves for a constant current density operation of the three commercial
MEAs are shown in Figure 7.1. This is generally the best operating mode with the least
degradation and therefore can be used as a benchmark for comparison with the harsh operating
conditions of different stressors. It can be seen that the APM MEA has the best cell voltage
throughout the 100 hour operation by a large margin (20mV higher than AAM MEA and about
45-50mV higher than the ABM MEA). The AAM MEA is clearly the second best MEA.
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Figure 7.2: BOL averaged UI curves for the three MEAs, anode/cathode A = 2/2, T=160°C

The BOL comparison of the averaged Ul curves for all three MEAs is presented in Figure 7.2.
The APM MEA is again clearly the best. The comparison between the AAM and ABM MEAs is
close with the AAM MEA better in the low to medium current density regime while ABM
performing better in the high current density regime.
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Figure 7.3: EOL averaged Ul curves for the three MEAs, anode/cathode A = 2/2, T= 160°C

The EOL UI curve comparison is shown in Figure 7.3. It is observed that the APM MEA is still
by far the best whereas the competition between the AAM and ABM MEAs has intensified with
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the AAM MEA not only improving a lot in the low current density regime, but also approaching
the ABM MEA performance in the high current density regime.
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Figure 7.4: Degradation rates (voltage loss over time) of the three MEAs as a function of current
density, anode/cathode A = 2/2, T=160°C

A cursory inspection of the degradation rates for the three MEAs in Figure 7.4 reveals that the
AAM and APM MEAs have negative degradation rates (other than the OCV of the AAM MEA
which shows a high degradation). Negative degradation rates imply improved cell performance
after 100 hours of constant current density operation as observed by comparing the BOL and
EOL UI curves as well. The ABM MEA however has a positive degradation rate for almost all
current densities ranging upto 200pV h™'. Since we want to see the effect of stressors on cell
performance, we therefore select the two MEAs which show the minimum degradation for
constant current density operation for further testing with stressors. The AAM and APM MEAs
are therefore selected for further testing while the ABM MEA is discarded from further testing
due to its lower performance and higher rate of degradation at constant current density operation.

7.2 Results

The results for EOL cell performance of each of the AAM and APM MEAs for all the stressors
are compared with the BOL and the constant current density results for evaluation of the effects
of the stressors on cell performance and quantification of the degradation. A comparison of the
BOL and EOL characteristic resistances and ECSA is also done to gain further insights into the
effects of each stressor and determination of the degradation modes. It is hoped that isolation of
these electrochemical characteristics will shed more light on the specific causes of each of these
degradation modes and better mitigation strategies can thus be developed.

114



7. Accelerated Degradation Study

7.2.1 UI curves and degradation rate comparison (AAM MEA)
As discussed in section 7.1.1, the AAM MEA series from Advent technologies” has a TPS
membrane, which has a lower protonic conductivity, but is considered to be more robust for harsh
operating conditions.

1.2 w —#—BOL —f=—constant current —4—0CV

1 == high cathode stoich. high temperature thermal cycling

potential cycling

o
o

Cell voltage (Volts)
o o
i o

0.2

T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Current density (A cm2)

Figure 7.5: Comparison of EOL UI curves after different stress modes (AAM MEA,
anode/cathode A = 2/2 T= 160°C)

The EOL UI curve comparison for this MEA with various stressors is presented in Figure 7.5. Tt
is seen that not only constant current density operation improves cell performance after 100 hours
as discussed in the previous section, but also potential cycling slightly improves the cell
performance. This is an interesting result since potential (or load) cycling is meant to be a stressor
which accelerates degradation, but has been reported in the literature recently[177]. The cell
performance decreases considerably in case of all the other stressors and high cathode
stoichiometry operation seems the worst stressor for the cell with consistently the highest voltage
loss in the operating range due to removal of water vapor and PA from the TPB, thus reducing
active sites for the ORR to take place. Also, the removal of water vapor reduces the concentration
of the more conductive orthophosphoric acid [178], thus affecting the cell performance
negatively. However, this has been reported as a reversible mode of degradation unless there is a
PA loss of more than 40% [88]. The thermal cycling and high temperature operation are the next
worst for the AAM MEA and then the OCV operation. There is a sharp decrease of cell voltage
in case of high cathode stoichiometry and OCV operation after a current density of 0.65A cm™,
indicating increased concentration resistance and hence a lower limiting current density. The
changes in characteristic resistances are discussed in detail in section 7.2.3.
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Figure 7.6: Comparison of EOL degradation rates for stressors (AAM MEA, anode/cathode
L=2/2, T=160°C)

The degradation rates for each stressor are shown in Figure 7.6. The first thing to note is that the
OCV of the fuel cell goes down a lot in the case of constant current density and OCV operation.
The degradation rate is in excess of 1000pV h™' in both cases which signifies considerably lower
EOL OCV (loss of about 100mV in 100 hours). The opposite is true in the case of high
temperature operation where the EOL OCV is much higher (in excess of 100mV). The OCV is
more or less stable for the other stressors. The highest rate of degradation is observed in the case
of OCV operation for higher current densities and for high cathode stoichiometry operation for
lower current densities. Thermal cycling causes a higher degradation than constant high
temperature operation in case of the AAM MEA; however there is no increase in OCV in the case
of thermal cycling.

7.2.2 UI curves and degradation rate comparison (APM MEA)
The APM MEA differs from the AAM MEA in that it uses a PBI based membrane with a much
higher PA content as described previously; therefore the degradation trends are different from the
AAM MEA due to different degradation modes affecting the MEA performance.
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Figure 7.7: Comparison of EOL UI curves after different stress modes (APM MEA,
anode/cathode A = 2/2, T=160°C)

It can be seen in Figure 7.7 that the BOL performance is only surpassed by constant current
density operation as discussed previously. There is some degradation for all the stressors,
especially so in the high current density regime. High temperature operation and thermal cycling
seem to cause the most degradation in this case. OCV operation is the next stressor which affects
the cell performance and finally, potential cycling and high cathode stoichiometry operation are
the least destructive stressors in this case. There is no performance improvement for this MEA in
case of potential cycling as was the case for the AAM MEA. It should be noted that for most
stressors, a significant difference from the BOL performance appears at a higher current density
signifying an increased mass transport resistance. There is no indication of any cell approaching
the limiting current density though, as in the case of the AAM MEA.

Figure 7.8 shows the degradation rates as a function of current density for all the stressors.
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Figure 7.8: Comparison of EOL degradation rates for stressors (APM MEA, anode/cathode
A=2/2, T=160°C)

It is observed firstly, that the OCV is stable for the APM MEA for all the stressors, unlike the
AAM MEA, where different stressors caused large deviation in the OCV. The effect of most of
the stressors is linear; i.e. increasing degradation rates with current density. The lowest
degradation rate is for potential cycling. In case of the AAM MEA there was actually improved
cell performance for potential cycling.

High cathode stoichiometry operation also does not cause very high degradation (maximum
values of 100uV h') for the APM MEA as was the case for the AAM MEA with a peak
degradation rate of 600pV h™'.

Thermal cycling and OCV operation both cause degradation in the range of 100 to 300V h™ for
all current densities which are much lower values in comparison with the AAM MEA especially
for higher current densities.

The constant high temperature operation causes the most degradation for the APM MEA at
higher current densities (i > 0.4A cm?). There is a systematic quadratic increase in the
degradation rate for this stressor as compared to the linear increase for the other stressors.
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7.2.3 EIS and CV analysis

The impedance and CV data collected as described in section 7.1 is used for gaining further
insights into the degradation mechanisms for each stressor. Each of these analyses is presented
below.

EIS analysis
The characteristic electrochemical resistances are determined and analyzed by fitting the
impedance data.

The impedance data is analyzed using the ECM for cell operation at high current density
(>100mA cm™) and low cathode stoichiometry (<10) as presented in Figure 2.8. The model uses
two parallel R/CPE combinations to model the two expected semi arcs in the Nyquist plot at a
high current/low stoichiometry measurement. The first semi arc models the activation resistance
and the double layer capacitance and the second semi arc models the mass transport resistance.
Since pure H, is used as the anode gas, these resistances mainly represent the cathode side
resistance of the fuel cell, as the anode resistance is negligible in this case [121]. Therefore, the
calculated resistances and double layer capacitance can be attributed to the ORR taking place at
the cathode side. The actual operating conditions used for measuring the Nyquist plots are a
current density of 200mA cm™, anode/cathode stoichiometry of 2/2 and an operating temperature
of 160°C (unless otherwise mentioned).
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Figure 7.9: Comparison of the EOL ohmic resistance (Rgq), current density = 200mA cm?,
anode/cathode A = 2/2
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All the fitting is done with the Thales software and the total error in the fit is always below 3%.
The results are presented in the form of comparisons of the resistances and the double layer
capacitance in Figure 7.9 to Figure 7.13.

It is seen in Figure 7.9 that the BOL ohmic resistances of both MEAs are very close to each other
around 0.1Q cm’. The Rq values for the APM MEA remain pretty close to the original value
indicating minimal loss of PA from the membrane as the overall ohmic resistance is dominated
by the membrane resistance [157]. The ohmic resistance of the AAM MEA however increases
two to three times of its original value indicating either a significant loss of PA from the TPS
membrane or a non-optimum redistribution or leaching of PA in the MEA during cell operation
[51,179]. Further experiments would be necessary to come to concrete conclusions about the
reasons of this but it is clear that there is significant room for improvement in the design and PA
doping process of the AAM MEA as only 100 hour operation of all the stressors result in
significant increase in the ohmic resistance of the MEA.
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Figure 7.10: Comparison of the EOL activation resistance (Rqc), current density =200mA cm>,
anode/cathode A = 2/2

Figure 7.10 shows a comparison of the activation resistances of both MEAs after stressor
operation. It is observed that the activation resistance increases for the APM MEA in case of
constant current density by about 0.1Q cm®. Infact, this is the highest increase in the activation
resistance for this MEA. Potential cycling and high temperature operation also increase the
activation resistance for the APM MEA but for other stressors it is relatively constant.

The activation resitance decreases by about 0.1Q cm® for the AAM MEA in case of constant
current density operation. It also decreases in the case of thermal cycling by approximately the
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same amount, whereas for other stressors it remains the same but an increase of more than
0.15Q cm? is observed in the case of OCV operation possibly due to corrosion of the carbon
based catalyst support and Pt particle growth and dissolution [174].

Since the activation loss is one of the major factors for performance loss [168], any stressors
causing a significant increase must be avoided. It can be seen here that OCV operation is
detrimental for the AAM MEA, increasing its activation resistance by more than 30% and thus,
must be avoided. The constant current density operation is not really a stressor and the slight
increse in the activation resistance of the APM MEA cannot be avoided. Other stressors do not
increase the activation resistance of either MEA significantly.
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Figure 7.11: Comparison of the EOL protonic resistance (R;), current density =200mA cm™,
anode/cathode A = 2/2

The protonic resistance of the CCL is depicted in Figure 7.11. It gives a striking reminder of the
fact that the APM MEA contains much more PA as compared to the AAM MEA by the
comparison of the BOL R, value (AAM has a multiple times higher value than APM). As the
cells are operated though, the R,, value for the AAM MEA is reduced drastically indicating much
improved PA distribution in the CCL after 100 hours of constant current density operation. In
fact the R, value for APM is more or less the same for all the stressors indicating that the protonic
conductivity is not the problem in any of the cases, and it also improves by varying degrees from
the BOL value for the AAM MEA as well, the largest improvement coming from constant
current density operation as noted above.
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Figure 7.12:  Comparison of the EOL mass transport resistance (Ry),
current density = 200mA cm™, anode/cathode A = 2/2

Figure 7.12 depicts the mass transport resistances at the EOL for each stressor as well as BOL
and constant current density operation values. Since the impedance measurements have been
taken at a low stoichiometry (2/2) and higher current density (200mA cm™), these values cannot
just be attributed to the CCL, but instead also includes the GDL resistance [180].

It is observed that the BOL value of Ry, for the APM MEA is more than six times higher than that
of the AAM MEA. This is explained by the additional PA flooding the CCL and GDL pores at
BOL. As the cells are operated for 100 hours at constant current density, the Ry, value of the
APM MEA comes down significantly but still is more than double the value of the AAM MEA.
The AAM MEA shows almost double mass transport resistances in the case of high temperature
operation and OCV operation and thus the reduction in the limiting current densities in these
cases is verified. In the case of the APM MEA, OCV operation actually reduces the Ry,
considerably, possibly due to dehydration of the cell, but it remains high in the case of other
stressors. This analysis indicates that the GDL and CCL for the APM MEA can be optimized to
reduce the high Ry, value for further improvement in its long term performance.
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Figure = 7.13:  Comparison of the EOL double layer capacitance (Cy),
current density = 200mA cm?, anode/cathode A = 2/2

Figure 7.13 presents the comparison of the double layer capacitance (Cgj) of the two MEAs for
different stressors. The Cgy value is proportional to the ECSA and it is seen that it increases for
both the MEAs from BOL to the constant current density operation whereas it decreases for all
stressors for both MEAs. The most significant decrease in the Cgq is in the case of high
temperature and OCV operation as well as thermal cycling.

CV analysis
The BOL and EOL ECSA for each cell is calculated according to the procedure described in
section 3.3.2.
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Figure 7.14: Comparison of the EOL electrochemical surface area (ECSA)

The EOL ECSA for both MEAs after 100 hour operation with each stressor is presented in Figure
7.14. 1t is observed that the ECSA increases in the case of constant current density operation as
indicated by the increase in the Cq value in Figure 7.13 and decreases for all the stressors. The
largest decrease in ECSA for both MEAs is in the cases of high temperature operation and
thermal cycling with a reduction of more than 50%. This is however, a partially recoverable
change by reverting back to more normal operating conditions [181]. These results just indicate
the immediate effects of the stressors on the ECSA.

7.3 Summary

The loss in OCV of the AAM MEA in the case of constant current density and OCV operation is
significant and repeatedly measured. A loss in OCV loss can be attributed to the following
causes:

e Partial pressures of the reactant gases according to the Nernst equation

e Partial pressure of water vapor produced according to the Nernst equation
e Gas crossover and leakage currents [182,183]

e Different solubility of gases in ortho and pyro PA [178]

Since the gases used are nearly constant in composition, the effect of the partial pressures of H,
and O, respectively in accordance with the Nernst equation on the OCV can be neglected. The
partial pressure of the water vapor produced on the cathode side is however, not constant in the
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case of most stressors. This will not only have an influence in accordance to the Nernst equation,
but also it affects the PA hydration/dehydration processes which lead to variation of the PA
species concentration and PA distribution in the MEA and hence affects the fuel cell performance
as mentioned above due to the different protonic conductivity and solubility of gases in the two
PA species. Gas crossover and leakage currents can also affect the OCV and cell performance
according to the literature [84,184]. The APM MEA shows a very stable OCV behavior for all
the stressors with little change in the OCV.

Qi et al. [185] reported a mostly unrecoverable performance loss due to OCV operation of a HT-
PEFC. They associated this loss of performance to loss of catalytic activity, increased mass
transport resistance and increased Pt particle size by EIS and XRD measurements. In case of both
AAM and APM MEAs, significant loss of performance for just 100 hours of cell operation is
observed. The loss of ECSA in this case is not too large for either MEA, but the EOL mass
transport resistance is large for both MEAs possibly due to increased Pt particle size and a
resulting loss in catalytic activity as seen in the double layer capacitance comparison for OCV
operation.

Yu et al. [186] reported significant loss of PA as a major cause for degradation of HT-PEFCs at
higher temperatures (180°C or more). In the case of each MEA, high temperature operation and
thermal cycling are indeed very effective stressors and cause significant degradation at higher
current densities. This can be attributed to the loss of PA content. Since the AAM MEA has a
lower PA content, the observed degradation rates for high temperature operation and thermal
cycling for this MEA are much higher than for the APM MEA.

The effect of potential cycling on MEA performance is the least destructive in the case of both
MEAs. An increased EOL performance is observed in the case of the AAM MEA, whereas very
small degradation rates are observed for the APM MEA. There are contradicting reports in the
literature regarding the effect of potential cycling and reports of performance loss [58] and also
performance increase [177]. Further investigation is required to reach concrete conclusion about
the effects of potential cycling on HT-PEFC MEAs.

The effect of high cathode stoichiometry is radically different for the investigated MEAs. It is the
stressor with the most pronounced effect upto a current density of 550mA cm™ (degradation rate
of 820puV h') for the AAM MEA, whereas its effect is more than six times less for the APM
MEA at the same current density (degradation rate 132V h™). This can be attributed to the loss
of PA (APM has much higher PA) as discussed previously and is a major degradation mechanism
for HT-PEFC operation [63].

This chapter has just scratched the surface of the degradation related issues for HT-PEFC. It is
hoped that it will inspire in depth and detailed analysis of the effects of different stressors on the
performance of the HT-PEFC and the associated degradation mechanisms which will ultimately
lead to a standardized AST for the HT-PEFC.
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8 Discussion and Conclusions

The experimental work of this thesis can be broadly divided into two parts. The first part
concentrated on the determination of the best operating conditions and the degradation
mechanisms and rates for different stressors of the HT-PEFC MEAs in single cell operation.
Since material parameters and their effects on cell performance were not being directly
investigated in this part, commercially available HT-PEFC MEAs were used for these campaigns.
Chapters 4 and 7 covered this part. The second part concerned analyzing the material parameters
of the in-house assembled HT-PEFC MEA and determining the underlying physical phenomena
causing different cell performance. Possible improvements were also suggested by utilizing both
the DoE and the EIS methods. Chapters 5 and 6 addressed this issue. The overall discussion of
the results is presented in the next section.

8.1 Discussion

The DoE has been used in various research areas related to fuel cell technology and is gaining
popularity due to its obvious advantages regarding resources, experimental planning and
incorporation of factor interactions. Al-Hadeethi et al. [187] used the response surface
methodology to determine the effect of temperature, gas flowrate and different flow
configurations (co and counter-flow) on the performance of a LT- PEFC. This is interesting in the
fact that a qualitative variable (flow configuration) is included in the analysis. Usually, inclusion
of such a variable sways the planners towards OFAT, but the authors used the DoE successfully
and determined a strong interaction between the temperature and flowrate of gases for the
investigated range. They used the regression models to predict the cell performance very
accurately. Other examples of successful DoE application in fuel cell research can be seen in
[104-107,188-190].

The impact of four important operating conditions (current density, operating temperature, and
anode and cathode stoichiometries) on the performance of four commercial MEAs was
investigated using a full factorial DoE in chapter 4. The main effects and interactions of the
factors were determined to build statistical models for predicting cell voltages in the range of
investigation of each factor. A comparison of the two sample sizes used (5 and 30) revealed the
reliability of the statistical models based on a smaller sample size for a screening design. This
indicates potential for significant savings in resources (costs, time and human resources) without
compromising on the accuracy of results. It was determined that current density, operating
temperature and their interaction were statistically significant for all the tested MEAs and hence
featured in the corresponding statistical models. Taking UI curves at different factor setting
allowed construction of reliable statistical models for different current densities while eliminating
the current density explicitly from the models. These UI curves were named “DoE UI curves”
and add a new dimension to MEA testing in single cells. It was also observed that the MEAs
Celtec® PW1100 and DPS showed performance improvement and little or no degradation at the
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EOL whereas the other two MEAs tested showed some degradation. Although, the impact of the
four investigated factors on HT-PEFC has been previously published in the literature [75,191—
193], these are mostly stack based studies with different goals and therefore no direct
comparisons of screening designs of HT-PEFC MEAs are available in the literature. However, it
is hoped that the methodology presented in this thesis will become the norm for screening designs
in the future.

The Celtec® PW1100 MEA (previously manufactured by BASF) materials and manufacturing
processes have been recently acquired by Advent Technologies® and the same MEA is now
available under the product series APM from Advent Technologies®”. This MEA, along with
another HT-PEFC MEA (AAM) with a TPS membrane and a carbon cloth based GDL material,
also from Advent technologies” were selected for the degradation testing campaign (Chapter 7).
The degradation testing showed a significant amount of degradation in both the MEAs with only
100 hour operation under the selected stressors. However, both MEAs showed performance
improvement (in excess of 200uV h™' at 600mA cm™) for 100 hours of constant current density
(200mA cm™) operation. The trend for performance improvement is even higher for higher
current densities implying reduced mass transport losses due to increased diffusion of the reactant
gases to the TPB sites and improved PA distribution in the MEA. This would suggest considering
increasing the currently standard break-in procedure time from 72 hours to 100 hours to
maximize the constant current density operation at BOL of the cell, since it seems to optimize the
PA redistribution in the MEA and improve the cell performance. Rabjerg [194] concluded the
opposite for both sol-gel and post doped (doped after casting) HT-PEFC MEAs and suggested
reducing the break-in duration for both types. This, however, contradicts our observations as
discussed above.

The trends of the actual stressors on the MEA performance were much different for the AAM and
APM MEAs. This has to do with the different membranes (PBI based for APM and TPS for
AAM) as well as the different PA content (much higher in APM) and the doping procedures (sol-
gel for APM and post doping for AAM MEA) of the MEAs. Also, both MEAs use carbon cloth
as the porous material for the GDE, albeit, different carbon cloth materials [127] and the catalyst
layers have similar Pt loadings. High cathode stoichiometry and thermal cycling caused the
greatest degradation rates for the AAM MEA with a linear increase in the degradation rates with
current density. The degradation rate caused by constant high temperature operation and OCV
operation was also linear upto a current density of 450mA cm?, but the AAM MEA showed an
exponential increase in the degradation rates at higher current densities signifying a much
reduced limiting current density for the AAM MEA after 100 hour OCV operation, presumably
due to loss of catalytic activity, increased concentration resistance and increased size of Pt
particles. Since the measured ECSA shows less than 10% decrease from BOL, the exponential
increase in the degradation rates at higher current densities can be attributed mainly to the
increased concentration resistance and Pt particle sizes. The Pt particle sizes could not be
examined in this case, since it is not allowed to do post mortem analysis of the commercial HT-
PEFC MEAs due to non-disclosure agreements (NDA) with the MEA suppliers; however the
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EOL concentration resistance as calculated by the EIS data indicated almost 100% increase from
the BOL value, thus supporting the above argument. The increase in Pt particle size is also well
documented in the literature with Qi et al. [185] reporting a Pt particle size increase of as much as
430% with OCV operation of 244.5 hours of a PBI based HT-PEFC MEA. De beer et al. [63]
operated a HT-PEFC for 24 hours at OCV conditions without any flow of gases on either side
and measured a substantially worse polarization curve and higher low frequency resistance in the
Nyquist plot. They attributed these changes mainly to carbon corrosion of the catalyst support as
well as in the GDL. The OCV operation in this study however, is different in that the flow of the
gases was not completely shut off, but held constant for the values of anode/cathode
stoichiometry of 2/2 at a current density of 200mA cm™. This resulted in a smaller decrease in the
ECSA. Oono et al. [195] operated HT-PEFC single cells for about 18,000 hours at constant
current density (200mA c¢cm™) and attributed the steady decrease in cell performance during the
first 14,000 hours to Pt agglomeration and the later more pronounced degradation to the
membrane thinning and migration into the CL with the PA.

Load cycling for 100 hours actually improved cell performance for the AAM MEA and caused
insignificant degradation in the case of the APM MEA. Due to the scarce and contradicting
reports in the literature with regard to effect of load cycling on HT-PEFC performance, with
some reporting a performance loss and some reporting an improvement, it was concluded that
100 hour operation is not enough to come to any concrete conclusions about the effects and
causes of load cycling on the tested MEAs. The actual structure of the cycle used also has a
profound effect. The cycle used in this study uses current density steps of 0.05A cm™ with time
steps of 5 minutes in the range of 0.2 to 0.6A cm™. This implementation mode seems to be
favorable for both MEAs. Other cycles used in the literature usually have smaller time steps
combined with larger current density steps resulting in different degradation rates. Thomas et al.
[177] cycled four HT-PEFC single cells under load cycling between current densities of 200 and
800mA cm™ and compared the degradation rates with a cell that was operated at a constant
current density of 200mA em™ to find that load cycles which spent higher time at the lower
current density actually had 1.5 times less degradation than the cell operated continuously at
constant current density. They used rest times (operation time at the lower current density, the
cells were operated at the higher current density for the rest of the time) from 15 seconds to 2
minutes and that the cell with the highest rest time showed the least degradation in a total
operation time of about 2000 hours. Jeon et al. [196] found much more degradation of the cycled
cells in comparison to the reference cell which was operated at a constant voltage of 0.6V. The
cycles also used very small time steps (500 cycles in 35 hours) and different voltage ranges upto
1V. Rastedt et al. [197] used 6 minutes at 0.6A cm™ and 14 minutes at 1A cm™ as their load
cycling protocol. They tested four different HT-PEFC MEAs with varied degradation. This
discussion can be concluded by reasserting the need of a harmonized protocol for load cycling
among the fuel cell industry to have more comparable results.

The degradation of the APM MEA had a different pattern altogether, with high temperature
operation, OCV operation and thermal cycling causing the highest degradation rates. The
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degradation rates for constant high temperature operation for current densities higher than
500mA cm” were quadratic indicating an increased concentration resistance. This can be
attributed to the considerable loss of PA, since the APM MEA has a high PA content and at high
temperature operation (T > 180°C), significant PA loss has been reported to be a dominant
degradation mode for HT-PEFC MEAs [186]. The degradation rates for the AAM MEA were
also very high for high temperature operation and thermal cycling, reinforcing this fact. High
cathode stoichiometry, which causes drying out of the cell and a change in the PA species
concentration in the MEA, did not cause a very high degradation for the APM MEA as for the
AAM MEA, signifying the presence of additional PA for the APM MEA leading to a lesser
dehydration effect. Sendergaard et al. [85] attributed the total amount of gas volume passed
through a HT-PEFC during its lifetime, as well as other operating conditions such as current
density and operating temperature to the rate of acid loss. They operated their cells in the range of
2 to 25 gas stoichiometries, 200 to 800mA cm™ current density and 160 to 180°C operating
temperatures. This study also used comparable conditions, although the high cathode
stoichiometry used was 12. PA loss contributed significantly in most cases as discussed in section
7.3 to the observed degradation of the MEAs. Oono et al. [198] determined Pt agglomeration to
be temperature dependent in early degradation, but found no effect of temperature on the
depletion of PA rate, which caused a much higher degradation in the terminal stages of a long
term test conducted on three HT-PEFC MEAs at cell temperatures of 150, 170 and 190°C
respectively. They also found the least degradation in the cell operating at the lowest temperature.

The impedance analysis of both MEAs after 100 hour of stressor operation showed that Rg and
R, significantly increased for the AAM MEA while remaining more or less constant for the APM
MEA. The R;, value was the limiting factor for the APM MEA, increasing significantly from the
constant current density value for each stressor. The CV analysis showed a loss of ECSA for
most of the stressors for both MEAs, but its recoverability was not quantified by reverting back to
normal operating conditions for a substantial amount of time in this study. The main differences
in the degradation behavior of the two investigated MEAs can also be attributed to the different
materials (GDEs) and doping procedures (sol-gel vs. post doping after casting) to a certain extent
[199], however, the separation and quantification of these effects was not a part of this study.

The second part of this experimental study concentrated on the improvement of the in-house
assembled HT-PEFC MEA (Chapters 5 and 6). The idea was to characterize the performance of
the CCL as it is the performance limiting part of the MEA (for pure hydrogen operation). Chapter
5 considered three major material parameters for the MEA and evaluated their combined effect
on the single cell performance by using the DoE method for three different current densities (200,
400 and 600mA cm'z). The considered factors were CCL thickness, PADL of the MEA and Pt
loading of the CCL. Analysis of the results indicated significant interactions between the factors
and the response surface indicated maximum cell performance with a CCL thickness of 120um, a
PADL of 15mg cm™ and a CCL Pt loading of 1mg cm™. A Pt loading of 0.6mg cm™ also showed
promising results, but the factor interactions favor the higher Pt loading value. An impedance
analysis of the CCL electrochemical parameters indicated that the MEA with the suggested
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material parameters of 120pm CCL thickness, 15mg cm™ PADL and 1mg cm™ Pt loading had a
much lower R, in the low current and high stoichiometry regime than the other MEAs. Since
Rat dominates the Tafel region, this MEA was determined to be the better one in comparison
with the MEA with same CCL thickness and PADL, but a lower Pt loading of 0.6mg cm™ also
showing promising performance. The improvement area for the selected MEA was the R;,, which
was almost double than the other MEAs (0.175Q cm?® compared to values close to 0.1Q ¢cm? for
the other MEAs) and must be improved for better cell performance at higher current densities.
The PADL is a very important material parameter for HT-PEFC MEA performance. Oono et al.
[200] investigated different doping levels for HT-PEFC single cells and concluded that a doping
level of 10mg cm™ is optimum for a CL thickness of 20pum and a Pt loading of 0.7mg cm™. The
present study would seem to contradict this result as the CCL thickness is 3 to 6 times higher (60
and 120pum) and yet an increase in the doping level above 15mg cm™ causes a decrease in cell
performance with the main effect of Pt loading being insignificant but a strong interaction
between Pt loading and the CCL thickness. The PA doping process is also similar to the one used
by Oono et al. (post doping after casting the membrane). They immersed the PBI membranes (no
details provided) in 85% PA solution for a calculated amount of time (determined by an ex-situ
survey) at 20, 40 and 60°C. The AM-55 membrane by FUMA-Tech was also doped by
immersing it in 85% PA solution, but the temperature used was 110°C and the immersion time
was 2 hours. The GDL material used was also different (TGP-H-090 Toray paper). Also, the
catalyst ink recipe was different. Although, the two studies are not directly comparable, lessons
can be learnt from this study, as a thinner CCL is highly desirable (reduced losses across the
CCL) if it can withstand a higher PADL. The Pt loading of a HT-PEFC is generally in the range
of Img cm™ or even higher for commercial MEAs [127,128,201,202]. This is much higher than
the Pt loading of the LT-PEFC electrodes which are currently in the range of 0.1 to 0.4mg cm™
[203] with intense ongoing research for further reduction. The research in this regard in the field
of HT-PEFC also needs to be increased. Liang et al. [126] achieved cathode loadings as low as
0.3mg cm™ by using the CCM method for manufacturing the HT-PEFC MEA and Su et al. [142]
reported achieving a peak power density of 0.339W cm™ and peak cathode mass power of
0.967W mg™" Pt with a cathode loading of 0.350mg cm™. Martin et al. [72] achieved a peak
power density of 0.482W cm™ with oxygen and 0.321W cm™ with air on the cathode side with
PBI based membranes using no binder material in the CCL and Pt loading of 0.1mg cm™. They
attributed this to the extended TPB in the CCL due to avoidance of the PA flooding of the CCL.
These results are encouraging, but still laboratory based and a higher Pt loading remains the norm
for HT-PEFC for now until long term stability and acceptable degradation rates can be achieved
in addition to high performance. Unfortunately, not much experimental work has been done on
optimizing the CCL thickness in HT-PEFC MEAs, and further research needs to be done in this
area to determine the optimum balance between these three critical CCL material parameters.

Chapter 6 investigated the effect of varying anode and cathode gas composition on cell
impedance in the high stoichiometry and low current density regime. The impedance data was
analyzed with an ECM and also an analytical model by Kulikovsky valid for the low current
density regime and the results were compared. An improved ECM was suggested on the basis of
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the comparison, which would use two parallel RC combinations in the low current density
regime, where the second RC combination can be used to calculate the oxygen transport
limitation in the CCL. Although there are many reports of ECM based, numerical and analytical
modelling of PEFC impedance in the literature [80-83,116,121—
123,147,157,160,166,167,180,204-218], the novelty of the present work lies in the comparison
with an ECM and extraction of means to determine relevant physical parameters to the CCL in
the HT-PEFC MEA by improving the ECM.

The issues regarding HT-PEFC operation, performance and degradation investigated in this thesis
represent some of the main obstacles to its commercialization. If addressed, the HT-PEFC has the
potential to serve the energy sector, especially in transport and CHP applications, in the transition
period to a completely hydrogen based sustainable economy.

8.2 Conclusions

This thesis concentrated on analyzing and quantifying the effects of different operating
conditions and material parameters on the performance of the HT-PEFC MEA at the single cell
level. The DoE methodology was used extensively to determine statistical models and response
surfaces for the factors being considered. EIS was used for the quantification and comparison of
the characteristic electrochemical parameters of the fuel cell and compare them to determine the
most desirable conditions/parameters for MEA performance improvement. The main conclusions
of this work are presented below.

e A small sample size (n=5) can be used for a full factorial DoE for screening MEA
designs.

e PA loss, loss of Pt surface area by particle size growth, migration, agglomeration and
dissolution, and carbon corrosion are three of the main degradation mechanisms
responsible for performance loss in HT-PEFC operation with pure hydrogen.

e An in-house assembled MEA with a CCL thickness of 120um, PADL of 15mg em™ and
cathode Pt loading of 1mg cm™ is recommended as the most suitable from a performance
viewpoint with further suggestions for improvement.

e A novel interpretation of a classical ECM is suggested in the low current density and high
stoichiometry regime, for the approximation of mass transport resistance of the CCL from
EIS data.
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Nomenclature

Abbreviations

AFC alkaline fuel cell

AM analytical model

AST accelerated stress test

BOL beginning of life

CCL cathode catalyst layer

CE counter electrode

CL catalyst layer

CPE constant phase element

Ccv cyclic voltammetry

DMFC direct methanol fuel cell

DoE design of experiments (method)
ECM equivalent circuit model

ECSA electro chemical surface area
EIS electrochemical impedance spectroscopy
EOL end of life

FRA frequency response analyzer
GDE gas diffusion electrode

GDL gas diffusion layer

GHG greenhouse gases

HHV higher heating value

HOR hydrogen oxidation reaction
HT-PEFC high temperature polymer electrolyte fuel cell
ICE internal combustion engine
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Nomenclature

LHV lower heating value

LT-PEFC low temperature polymer electrolyte fuel cell

MCEC molten carbonate fuel cell
MEA membrane electrode assembly
MPL micro porous layer

ocv open circuit voltage

OFAT one factor at a time (method)
ORR oxygen reduction reaction

PA phosphoric acid

PADL phosphoric acid doping level
PAFC phosphoric acid fuel cell

PBI polybenzimidazole

PFA perfluoroalkoxy

PEFC polymer electrolyte fuel cell
PTFE polytetrafluoroethylene
SOFC solid oxide fuel cell

SS stainless steel

STP standard temperature pressure
TPB triple phase boundary

WE working electrode
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Latin Symbols

P

Po

mV per decade
Farad

Farad cm™
Farad cm™

mol cm™

96485C mol’!

A

Acm

Henry

cm

atm

atm

Nomenclature

Tafel slope

capacitance

double layer capacitance

volumetric double layer capacitance
reference oxygen concentration
diffusion constant of oxygen in the GDL
diffusion constant of oxygen in the CCL
Nernst fuel cell potential

fuel cell voltage

electrochemically active Pt surface area
theoretical fuel cell potential

frequency

individual frequency (of effects)
Faraday’s constant

current

imaginary number prefix

current density

number of factor to be analyzed
Inductance

CCL thickness

pressure

probability of the occurrence of an event
normalized partial pressure of hydrogen

atmospheric pressure

135



Nomenclature

Po>

Pizo

Q C cm?
n

n

n

n

n

R Q

Ract Qcm’
Rac Q cm?
Rq Q cm?
R, Q cm?
R, Q cm?
Roxp Q cm?
T K

v v

zZ Qcm’
Z; Q cm?
ZcpE Q cm?
Greek Symbols
AG kJ mol”
AH kJ mol™
AS kJ mol'K!
Nact \
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normalized partial pressure of oxygen
normalized partial pressure of water vapor
charge per unit area/ pre-factor of a CPE
exponent of a CPE

number of samples

number of experiments required

total number of effects

number of electrons per molecule of hydrogen
resistance

activation resistance

DC resistance

ohmic resistance

protonic resistance

mass transport resistance

mass transport resistance of the CCL
absolute temperature

voltage

impedance

Z score of the ith effect

impedance of the CPE

change in Gibbs free energy of the reaction
enthalpy change of the reaction
entropy change of the reaction

activation overpotential



TNconc

MNmax

Nohm
A

0]

Op

degrees

1
S cm

rad s

Nomenclature

concentration overpotential
maximum efficiency
ohmic overpotential
stoichiometric ratio

phase angle

protonic conductivity
experimental error

angular frequency
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